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A B S T R A C T   

The effect of acidolysis time, hydrochloric acid concentration, ozonization time and pH on the yield of indigo 
were investigated by single factor experiment using dried leaves of Baphicacanthus cusia (Nees) Bremek (DLB) as 
raw material. On this basis, the technological condition for preparing new indigo extract (NIE) by directional 
chemical conversion method was optimized by orthogonal experiment. Then, the physiochemical properties of 
NIE were analyzed by combustion assay, nitric acid assay, thin layer chromatography identification assay, 
moisture detection and water-soluble pigment observation assay. Moreover, UPLC-Q-TOF-MS/MS technology 
was utilized to compare chemical composition difference between the NIE and traditional indigo naturalis (TIN). 
Finally, NIE emulsion was prepared by ultrasound assisted high pressure homogenization method and its sta
bility, antibacterial activity as well as antibacterial mechanism were evaluated. The experimental results showed 
that optimum process for preparing NIE were hydrochloric acid concentration of 2 %, ozonization time of 3 min, 
pH of 7 and acidolysis time of 1 h; Under this condition, the content and yield of indigo in the NIE were 
significantly improved, which could reach up to 42.6 ± 0.28 % and 2.26 ± 0.04 %, separately. NIE possessed 
similar physiochemical properties with TIN described in Chinese pharmacopoeia 2020, and had more diverse 
active ingredients than TIN. The prepared NIE emulsion demonstrated excellent stability, whether at dark or 
bright place, and no matter at low temperature (4 ℃) or room temperature (25 ℃), the particle size, PDI, pH and 
indigo content of which displayed little variation. In addition, the NIE emulsion owned good inhibitory activity 
against S. aureus, and its MIC and MBC values were 40 and 80 μg/mL, respectively. Moreover, NIE emulsion 
exhibited antibacterial effect by influencing cell membrane integrity, Ca2+-Mg2+-ATPase activity on the cell 
membrane and intracellular Ca2+ levels of S. aureus. All of above results will lay the foundation for the green and 
sustainable utilization of Baphicacanthus cusia (Nees) Bremek.   

1. Introduction 

Baphicacanthus cusia (Nees) Bremek (BCB) is a characteristic under
growth medicinal resource, which widely distributed in China, India and 
Myanmar (Xu et al., 2021, Zhou et al., 2017). The existing BCB planting 
area in Guizhou province of China is more than sixty thousand hm2, 
which is an important economic income for local minorities. Indole 
glycoside is a main active ingredient in the BCB, which is also a pre
cursor substance that generates indigo and possesses good stability in 

the circumstance of liquid phase (Yu et al., 2008, Su et al., 2009). 
However, indole glycoside is easy to be transformed into unstable 
indoxyl by the hydrolytic action of endogenous enzyme in the BCB 
(Zheng et al., 2022). Traditionally, BCB were processed by drying in the 
shade or sun, or directly being soaked and fermented in the water, most 
of the indole glycosides were oxidized and inactivated under the action 
of endogenous enzymes (Garciamacias et al., 2004). Moreover, as the 
unstable and degradable characteristics of indoxyl, the content and yield 
of indigo will decrease if the BCB are not able to be processed in time, 
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leading to they are difficult to be stored and used for a long time (Dong 
et al., 2008). Therefore, how to effectively stabilize the indole glycoside 
in the BCB, so as to solve the sustainable processing and utilization 
problem of BCB, is extremely urgent. 

The traditional industry of BCB was mainly to produce indigo paste/ 
indigo naturalis, and corresponding process were as follows: the BCB 
were naturally fermented in a fermentation tank, indigo and indirubin 
were formed after indole glycoside being hydrolyzed, reduced and 
condensed under the action of endogenous enzymes, and then coarse 
indigo paste and indigo naturalis were obtained by adding a large 
amount of lime for flower beating, foam flotation, adsorption and pre
cipitation (Yan et al., 2009). However, lots of alkaline wastewater and 
smelly waste residue were also produced in the above production pro
cess, which seriously polluted the environment. At the same time, the 
conversion rate of indole glycoside was low, only reached 40–50 %. In 
addition, the quality of the gained indigo paste/indigo naturalis was 
poor which contained more than 90 % of calcium oxide, and the content 
of indigo in which only arrived at about 2 % (Saiki et al., 2021). As the 
added value of indigo paste/indigo naturalis is low, resulting in it cannot 
meet the application demand in terminal products such as daily chem
icals and medicine etc.. 

Hsu et al prepared indigo by biotransformation of exogenous 
glucosidase using biosynthetic indole glycoside as raw material, the 
conversion rate and the content of indigo were both more than 85 % 
(Hsu et al., 2018). Japanese patent reported that the conversion rate of 
indole glycoside reached more than 90 % under collaborative trans
formation of endogenous enzyme and exogenous β-Glucosidase. How
ever, these technologies are difficult to realize industrial production due 
to the high cost and harsh conditions of producing indigo through effi
cient conversion of exogenous and endogenous enzymes. So, how to 
realize the efficient and directional conversion of indole glycoside with 
low cost and simple way, and could reduce environmental pollution, is a 
key scientific problem that needs to be solved. 

In view of the technical problems existing in the BCB industry, high- 
temperature and quick-drying technology was firstly adopted to obtain 
dried leaves of Baphicacanthus cusia (Nees) Bremek (DLB) with stable 
and high content of indole glycoside, and the technological condition for 
preparing new indigo extract (NIE) from DLB by directional chemical 
transformation method was optimized in this study. On this basis, the 
physiochemical properties of the NIE were analyzed by combustion test, 

nitric acid test, TLC identification test, moisture detection test, water- 
soluble pigment observation test, and the chemical compositions dif
ference between the NIE and traditional indigo naturalis (TIN) were 
analyzed by UPLC-Q-TOF-MS/MS technology. Finally, NIE emulsion 
was prepared by ultrasound assisted high pressure homogenization 
method to solve the hydrophilicity issue of NIE, and its inhibitory ac
tivity and mechanism against Staphylococcus aureus (S. aureus) were 
evaluated by Oxford cup method, biofilm formation inhibition assay, 
mature biofilm disruption assay, Ca2+ mobilization assay and Ca2+- 
Mg2+-ATPase activities detection assay. All of above researches (Fig. 1) 
are very vital for developing green and sustainable processing technol
ogy, promoting industrial upgrading, as well as expanding the public 
demand and realizing high value-added application of BCB. 

2. Materials and methods 

2.1. Chemical reagents and samples 

S. aureus CGMCC 1.89 was obtained from China General Microbio
logical Culture Collection Center. Hydrochloric acid, sodium hydroxide, 
N, N-dimethylformamide, Tween-80 (T-80), caprylic/capric triglyceride 
(ODO), nutrient broth, Mueller-Hinton agar, gentamicin sulfate, mi
conazole nitrate, Tryptic Soytone Broth Medium, paraformaldehyde, 
crystal violet, phosphate buffer saline, glutaraldehyde, ultramicro- 
ATPase kits, indigo (97 %), indirubin (98 %) and nitric acid were all 
purchased from Aladdin Reagent (Shanghai) Co., Ltd. 

2.2. Preparation of DLB 

Firstly, 100 kg of fresh BCB (harvest time is August) were weighed 
and their branches and leaves were separated manually, then 60 kg of 
BCB leaves and 40 kg of BCB branches were individually gained. The 
fresh BCB leaves were put into wilting trough equipped with cold wind 
device for 16 h, and then withered BCB leaves were achieved. The 
withered BCB leaves were conducted stir-fly for 6 min in the 200 ℃ of 
tea drying machine, and then spreaded them on the ground and cooled 
for 10 min to accelerate water loss. The cooled BCB leaves were placed 
into 80 ℃ of tea drying machine to perform 50 min of fast drying, and 
then dried in the 65 ℃ of tea baking oven. Finally, 10 kg of DLB was 
obtained, and the content of indole glycosides (CAS:487–60-5) in which 

Fig. 1. Graphical abstract.  
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was analyzed by the following HPLC method: column Absolute® C18 (5 
μm, 250 mm × 4.6 mm), the column temperature was 30℃, the detec
tion wavenumber was 230 nm, the mobile phase was ultrapure water 
and methanol (v/v, 0.8/0.2), and the flow rate was 1.0 mL/min. 
Moreover, the contents of indole glycoside in DLB were singly detected 
after being stored for 2, 4, 6, 8, 10 and 12 months. 

2.3. Determination of ozonization times by pre-experiment 

50 g of DLB were weighed and put into 2 L of beaker, solid–liquid 
ratio was set as 1:20, temperature was set as 30 ℃, ultrasonic extraction 
time was set as twice, ultrasonic time was set as 30 min, and 2 L of 
extraction solution was gained. The extraction solution was divided into 
four equal parts, and named a, b, c, d, respectively. a was placed into 60 
℃ of water bath, and 10 mL of hydrochloric acid was added to perform 
acidolysis at 60 ℃ for 1 h, then pH of the solution was adjusted to 7 with 
sodium hydroxide solution. Finally, precipitation A was achieved after 
staying overnight, centrifugation and drying. b was placed into 60 ℃ of 
water bath, and ozone was introduced for 3 min after 10 mL of hydro
chloric acid was added. The acidolysis was conducted at 60 ℃ for 1 h, 
then the pH of solution was adjusted to 7 with sodium hydroxide solu
tion after acidolysis was carried out for 1 h. Finally, precipitation B was 
gained after staying overnight, centrifugation and drying. c was placed 
into 60 ℃ of water bath, and ozone was introduced for 3 min after 10 mL 
of hydrochloric acid was added, ozone was passed through again for 3 
min after acidolysis was carried out for 30 min. Keeping acidolysis for 
another 30 min, then the pH of solution was adjusted to 7 with sodium 
hydroxide solution. Finally, precipitation C was obtained after staying 
overnight, centrifugation and drying. d was placed into 60 ℃ of water 
bath, and ozone was imported for 3 min after 10 mL of hydrochloric acid 
was added, ozone was brought into again for 3 min after acidolysis was 
carried out for 30 min. The ozone was introduced again for 3 min after 
acidolysis was performed for another 30 min, then the pH of solution 
was adjusted to 7 with sodium hydroxide solution. Finally, precipitation 
D was got after staying overnight, centrifugation and drying. The mass of 
precipitation A, B, C and D were weighed, and the content and total yield 
of indigo in which were calculated and analyzed by HPLC method as 
follows: column Thermo SCIENTIFIC (5 μm, 250 mm × 4.6 mm), the 
column temperature was 30 ℃, the detection wavenumber was 289 nm, 
the mobile phase was ultrapure water and methanol (v/v, 0.3/0.7), and 
the flow rate was 1.0 mL/min. 

2.4. Process optimization of chemical conversion 

The effect of ozonization time, acidolysis time, hydrochloric acid 
concentration and pH on the content and total yield of indigo were 
investigated using DLB as raw material. 50 g of DLB were weighed and 
put into 2 L of beaker, solid–liquid ratio was set as 1:20, temperature was 
set as 30 ℃, ultrasonic extraction time was set as twice, ultrasonic time 
was set as 30 min, and 2 L of extraction solution was gained. The 
extraction solution was divided into five equal parts. The ozonization 
time was set as 1 min, 2 min, 3 min, 4 min and 5 min, respectively. The 
hydrochloric acid concentration was set as 3 %, acidolysis time was set 
as 2 h, pH was set as 7, and the optimal ozonization time was determined 
using the content and total yield of indigo in the precipitation as index. 
Similarly, the best hydrochloric acid concentration (0.5 %, 1 %, 1.5 %, 2 
% and 3 %), acidolysis time (0.5 h, 1.0 h, 2 h, 3 h, 4 h) and pH (5, 6, 7, 8, 
9) were individually confirmed by following the above chemical con
version method. Based on this, orthogonal experiment was performed to 
obtain optimum chemical conversion process for preparing NIE. 

2.5. Physicochemical properties analysis of NIE 

According to the above optimal process of chemical conversion, the 
scale-up experiments (repeated for 5 times) were carried out to obtain 
NIE, and the following physicochemical properties were analyzed. 

Firstly, the shape, color and smell of the NIE were observed, and its 
properties were described according to the actual situation. Combustion 
test: a small amount of NIE was taken and put on the tinfoil to burn it 
with a small fire, then related phenomena were observed. Nitric acid 
test: a small amount of NIE was taken and placed into a small beaker, 
then nitric acid was added and corresponding phenomena were 
inspected. TLC identification test: indigo, indirubin and NIE solutions 
were prepared using chloroform as solvent, then the above three solu
tions were respectively sucked with capillary according to the thin layer 
chromatography (TLC) method, and pointed on the corresponding po
sitions of the same silica gel G thin layer plate; Petroleum ether- 
trichloromethane-ethyl acetate (1:8:1, v/v/v) was utilized as the 
unfolding agent, and then the thin layer plate was placed in the chro
matography cylinder, the Rf values of indigo, indirubin and NIE were 
calculated after the process of climbing plate, drying and color rendering 
being completed. 

Water-soluble pigment observation test: 50.0 mg of NIE was weighed 
and put into a tube, and 10 mL of water was added, the tube was shacked 
and placed overnight, then related phenomena were recorded. Moisture 
detection test: five batches of NIE were separately weighed and laid in a 
flat weighing bottle which dried to constant weight, the bottle caps were 
opened and the samples were dried in a 100 ℃ of oven for 5 h, then the 
bottle caps were closed and the samples were transferred into a dryer; 
Finally, the samples were accurately weighed after being cooled at room 
temperature for 30 min, then being transferred to a oven for drying 1 h, 
cooled, weighed, and repeated the operation until the difference be
tween the two consecutive weighing did not exceed 0.3 mg. At last, the 
water contents of the samples were calculated according to the reduced 
weight. In addition, the contents of indigo and indirubin for 5 batches of 
NIE were also determined by HPLC method. 

2.6. Chemical components identification of NIE 

0.40 g of TIN and NIE were individually dissolved ultrasonically in 
100 mL mixed solution of methanol and water (5:2, v/v), and the 
chemical components in which were analyzed by UPLC-Q-TOF-MS/MS 
after being filtered by 0.25 μm filter membrane. Chromatographic 
conditions: UltraMate 3000 ultra-high pressure liquid phase; Chro
matographic column (ACQUITY UPLC HSS T3 1.8 μm 2.1 × 100 mm); 
Column temperature was 40 ℃, sample loading was 3 μL; Mobile phase 
conditions: Negative ion mode: A: water (2 mM ammonium acetate); B: 
Acetonitrile. Gradient elution: (0 ~ 2 min, 95 % A; 2 ~ 30 min, 95 % 
~7% A; 30 ~ 40 min, 7 % A). Mass spectrometry conditions: AB 5600 
Triple TOF mass spectrometer; Electric spray ion source: negative ion 
detection mode; Primary acquisition range (m/z): 50–1200; Bombing 
energy: 30 eV, 10 secondary spectra every 50 ms. ESI ion source pa
rameters were set as follows: Atomization pressure (GS1): 60 Psi; 
Auxiliary air pressure: 60 Psi; Curtain air pressure: 35 Psi; Temperature: 
650 ℃; Spray voltage: − 4000 V. 

2.7. Fabrication and characterization of NIE emulsion 

The NIE emulsion was prepared by high pressure homogenization 
method with some modifications (Shi et al., 2022). Firstly, T-80 and 
ODO with a mass ratio of 6:4 were uniformly mixed to gain a complex 
emulsifier. Then, NIE and the complex emulsifier (w/w, 1/2) were 
blended by a magnetic stirrer at room temperature for 20 min, and a 
dispersed phase was achieved. The deionized water and dispersed phase 
(w/w, 5/1) were regularly merged, and a crude emulsion was got after 
shearing at 10,000 r/min for 5 min utilizing a high speed shearing 
machine. The crude emulsion was homogenized 2 times by high pressure 
homogenizer, and its pH was adjusted to 7 by 0.5 mol/L citric acid so
lution. Finally, NIE emulsion (concentration of indigo was 2.56 mg/mL) 
was obtained. Similarly, TIN emulsion (concentration of indigo was 
2.05 mg/mL), indigo standard (IS) emulsion (concentration of indigo 
was 2.56 mg/mL) and blank emulsion (without addition of NIE, TIN or 
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IS, other steps as above) were also gained. 
The appearance images of the IS emulsion, NIE emulsion and TIN 

emulsion were displayed in Fig. 2. The physical stability of the NIE 
emulsion was evaluated by a high speed centrifuge. Firstly, the NIE 
emulsion was pre-treated at a low speed of 4000 r/min for 15 min, and 
then at a high speed of 10,000 r/min for 15 min. In addition, NIE 
emulsion was stored at a bright place with light intensity of 4500 ± 500 
lx and darkness place at 4 ℃ and 25 ℃ for 5 months, respectively. The 
particle size, pH value and polydispersity index (PDI) were measured at 
one month intervals, and the contents of indigo in all samples were also 
detected by HPLC method after the storage period. 

2.8. Evaluation of antibacterial activity 

Antibacterial activity experiments were carried out according to the 
method proposed by Zhang et al with some modifications (Zhang et al., 
2020). A small piece of S. aureus were individually picked from bacterial 
tubes in the sterile environment with a sterile inoculating loop, and 
inoculated into 100 mL of nutrient broth (NA, HiMedia), then placed in a 
shaker at 30 ℃ and activated for 2 d. The final concentration of S. aureus 
was 2.3 × 109 colony forming units (CFU/mL). 100 μL of suspension of 
S. aureus was separately pipetted with a sterile pipette before coated on 
the Mueller-Hinton agar (MSA, Hi-Media). After the bacterial suspen
sion were fully permeated into the media, three sterilized oxford cups 
were evenly placed in a petri dish with sterile forceps. Then, 100 μL of 
previously prepared NIE emulsion, TIN emulsion and IS emulsion were 
separately added to the oxford cups, and emulsion including gentamicin 
sulfate (GS) and emulsion containing miconazole nitrate (MN) were 
served as a positive control. The culture dishes were placed in an incu
bator (30℃, light irradiation and 36 % rh humidity) for a period of time 
so as to observe antibacterial effect of the samples and measure di
ameters of inhibition zone with a vernier caliper. 

2.9. Measurement of MIC and MBC values 

The minimum inhibitory concentration (MIC) and the minimum 
bactericidal concentration (MBC) values of GS, MN, IS, NIE and TIN 
emulsions were calculated according to the modified method proposed 
by Wang et al (Wang et al., 2021). 100 μL of nutrient broth was singly 
pipetted into every well of 96-well microtitration plate. Then 100 μL of 
NIE emulsion (concentration of indigo was 2.56 mg/mL), TIN emulsion 
(concentration of indigo was 2.05 mg/mL), IS emulsion (concentration 
of indigo was 2.56 mg/mL), emulsion including GS (0.5 mg/mL) and 
emulsion containing MN (0.5 mg/mL) were transferred into the first row 
of microtitre plates. These solutions were separately diluted (two-fold 

dilutions) in nutrient broth. At last, 100 μL of S. aureus suspension 
(adjusted to 0.5 McFarland, approximately 108 CFU/mL) was separately 
added in each well. All of the microtitre plates were incubated at 37 ℃ 
for 24 h. The MIC value was determined as the lowest concentration 
inhibiting the growth of bacteria. The final concentrations of indigo in 
the diluted solution of NIE (ranging from 5 to 320 μg/mL), TIN (ranging 
from 8 to 512 μg/mL) and IS (ranging from 10 to 640 μg/mL) emulsions 
were detected by HPLC method. Emulsion including GS (ranged from 
0.5 to 128 μg/mL) and emulsion containing MN (ranged from 0.5 to 128 
μg/mL) were used as a positive control in the assay. After broth 
microdilution tests, 10 μL of sample was pipetted from wells and sub
cultured on the new agar nutrient plates under 37 ℃ for 24 h to observe 
possible microbial development and also determine MBC values of GS, 
MN, IS, NIE and TIN emulsions. 

2.10. Antibacterial mechanism of NIE emulsion 

2.10.1. 1. Biofilm formation inhibition assay 
The effect of NIE emulsion on the biofilm formation of S. aureus was 

evaluated according to the modified method (Tao et al., 2022). S. aureus 
was cultured in Tryptic Soytone Broth Medium (TSB) at 37 ℃ for 15 h in 
the absence of NIE emulsion. Then, 100 μL of NIE emulsion (0.5 × MIC: 
20 μg/mL, 1 × MIC: 40 μg/mL, 2 × MIC: 80 μg/mL) and 100 μL of the 
bacterial suspension (5.0 × 107 CFU/mL) were added to 96-well plates 
and incubated at 37 ℃ for 36 h to cultivate biofilm. TSB was utilized as a 
negative control. Removing the plate and discarding the suspension, 
then the cells were fixed for nearly 30 min after adding para
formaldehyde (4 %) solution to the plate. Afterwards, the para
formaldehyde solution was filtered out by suction, and a crystal violet 
(0.1 %) solution was added to stain the biofilm for 25 min and then 
washed with phosphate buffer saline (PBS) at room temperature. After 
the above treatment steps, the stained biofilm was exposed to 30 % 
acetic acid for 20 min, and the crystal violet solution was measured by 
absorbance at 550 nm. The amount of biofilm formation was propor
tional to the OD value of the crystal violet solution. 

2.11. 2. Mature biofilm disruption assay 

To determine the influence of NIE emulsion on the mature biofilm, S. 
aureus was allowed to form biofilms on the surface of 96-well plates at 
37 ℃ for 24 h according to a previous method (Li et al., 2022). After the 
supernatant was aspirated, 200 μL of TSB containing NIE emulsion (0.5 
× MIC: 20 μg/mL, 1 × MIC: 40 μg/mL, 2 × MIC: 80 μg/mL) was added to 
the plates and incubated at 37 ℃ for another 24 h. TSB was adopted as a 
negative control. At last, crystal violet staining was carried out, and the 

Fig. 2. The appearance images of the IS emulsion (a), NIE emulsion (b), TIN emulsion (c) and blank emulsion (d).  
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OD value of the crystal violet solution was measured as described above. 

2.12. 3. Scanning electron microscopy (SEM) assay 

S.aureus cell (1.0 × 108 CFU/mL in TSB) were seeded in 6-well plates, 
and 2 mL of TSB with 1 × MIC (40 μg/mL) or 2 × MIC (80 μg/mL) of NIE 
emulsion were added to the plates. After incubation at 37 ℃ for 24 h, the 
supernatant was aspirated and washed with PBS. Then, the samples 
were fixed with 2.5 % glutaraldehyde at 4 ℃ for 24 h. After washing 
with PBS again, the samples were dehydrated in different concentrations 
of ethanol (from 60 % to 100 %). The samples were attached to metallic 
stubs and sputter-coated with gold for 30 s. Finally, Images were ach
ieved with SEM. 

2.13. 4. Ca2+ mobilization assay 

The Ca2+ level in the cells of S.aureus was analyzed by Fluo-3/AM 
fluorescence staining in the light of the manufacturer’s protocols. 
Firstly, S.aureus cells (1.0 × 106 CFU/mL) were centrifuged twice at 
5000 r/min for 10 min at 4 ℃ and resuspended in PBS. Intracellular 
calcium was marked through adding 5 μM Fluo-3/AM solution to the cell 
suspension. Then, S.aureus cells were incubated for 20 min at 25 ℃, 
centrifuged twice and suspended in PBS. The cell suspension was incu
bated in the dark for 10 min at 37 ℃. Every well of the 96-well plates 
was loaded with 100 μL (total volume) containing the prepared cell 
suspension and the tested NIE emulsion under 1 × MIC (40 μg/mL) or 2 
× MIC (80 μg/mL) conditions. The S.aureus suspensions (1.0 × 106 CFU/ 
mL) without NIE emulsion were served as controls. The fluorescence was 
recorded at 30-s intervals and measured with a Multi-Mode Microplate 
Reader (Thermo Scientific, Finland). 

2.14. 5. Ca2+-Mg2+-ATPase activities assay 

The influence of NIE emulsion on the Ca2+-Mg2+-ATPase activities of 
S.aureus cell membranes were analyzed in accordance with the manu
facture’s protocols (measured with ultramicro-ATPase kits). Firstly, S. 
aureus cells (1.0 × 106 CFU/mL) were incubated in 100 mL of nutrient 
broth and oscillated at 150 r/min at 37 ℃. Then 10 mL 1 × MIC (40 μg/ 
mL) or 2 × MIC (80 μg/mL) of NIE emulsion and 90 mL suspension of 
tested S.aureus cells were merged and cultured at 37 ℃ for various times 
(1, 3, 5, 7 and 9 h). Then, the suspension was centrifuged for 20 min to 
gather the cells. The cells were washed and suspended in saline and then 
disrupted by ultrasonic waves to prepare cell homogenates. Finally, 
Ca2+-Mg2+-ATPase activities on the cell membrane of S.aureus affected 
by NIE emulsion were detected by means of ultramicro-ATPase kits. The 
S.aureus suspensions (1.0 × 106 CFU/mL) not including the NIE emul
sion were adopted as controls. 

3. Results and discussion 

3.1. Optimization of chemical conversion process 

The pretreatment and drying methods of BCB have an important 
impact on the content of indole glycoside, but few related researches 
have been reported. In this study, high-temperature and quick-drying 
technology was firstly applied to process the BCB, it not only could 
completely inactivate endogenous enzymes, but also quickly dehydrate 
the BCB, thereby preventing the encounter of indole glycoside and 
endogenous enzymes. The content of indole glycoside in DLB and fresh 
BCB (moisture content was 80 %) were measured as 9.26 ± 0.08 % and 
1.87 ± 0.02 % (equivalent to 9.35 % in DLB) (w/w), respectively. This 
proved that the loss of indole glycoside in fresh BCB was minimal after 
being processed by the high-temperature and quick-drying technology. 
Moreover, indole glycoside in DLB presented little difference after being 
stored for 2, 4, 6, 8, 10 and 12 months (Table S1). This indicated that the 
DLB could be used as a stable raw material in the industrial production 

of indigo extract, thereby solving the problem of BCB sustainable utili
zation throughout the year. Indole glycoside will be transformed into 
indoxyl in the chemical conversion process, while indoxyl is an unstable 
ingredient and its stability will be affected by oxygen transfer in the 
liquid phase, leading to the yield and purity of indigo being influenced 
(Zheng et al., 2022). Based on this, the effect of ozonization times on the 
content of indigo and total yield of indigo were investigated and related 
results were demonstrated in the Table 1. It can be seen from Table 1 
that both the content and total yield of indigo in the precipitates ach
ieved by passing ozone once and twice were higher than other ozone 
introduced times. In comprehensive consideration, the ozonization 
times was selected as twice. 

As ozonization time, hydrochloric acid concentration, acidolysis 
time and pH are vital factors influencing directed generation of indigo 
and degradation efficiency of indole glycoside, the effect of these factors 
on the content and total yield of indigo were investigated, and related 
results were illustrated in the Fig. 3. It was obvious from Fig. 3a that the 
content of indigo in the precipitate firstly increased and then decreased 
with the prolongation of ozonization time, and the total yield of indigo 
displayed similar trend. This is because that the introduction of ozone 
can promote indoxyl to be oxidized and condensed to form indigo, but a 
portion of indoxyl will be transformed into indirubin with the extension 
of introduced ozone time. Therefore, the conversion rate of indigo was 
the best when ozonization time was 3 min. It can be seen from Fig. 3b 
that the content of indigo was highest when the hydrochloric acid 
concentration was 1.0 %, while the total yield of indigo reached 
maximum when the hydrochloric acid concentration arrived at 2.0 %. 
Overall consideration, 1.5 % was the optimal selection. As the higher the 
concentration of hydrochloric acid, the faster the degradation rate of 
indole glycosides. It is concluded that the concentration of indoxyl may 
be the main reason for the above results. From Fig. 3c, both the content 
of indigo and total yield of indigo were the highest when the acidolysis 
time was 2 h. It can be inferred that excessive acid hydrolysis time is not 
conducive to the generation of indigo. In Fig. 3d, indigo had the best 
directional conversion effect when pH was 6. It is indicated from above 
results that strong acidic and alkaline environments were not beneficial 
to the generation of indigo. In summary, the ozonization time, hydro
chloric acid concentration, acidolysis time and pH were chosen as 3 min, 
1.5 %, 2 h and 6, respectively. 

The phenomena of foam formation in the chemical conversion pro
cess were also observed and recorded. The longer the ozonization time 
was, the more foam would be generated. When the ozone introduced 
time was 1 min, the color of foam changed from blue to white mixed 
with yellow, indicating that too short ozonization time may affect the 
generation of indigo. When the ozonization time was 3 min, the color of 
foam was dark blue, while the ozonization time was more than 3 min, 
the color of foam was changed from blue to light blue mixed with yel
low. It was reported the content and yield of indigo continue to reduce 
with the enhancement of ozone introduced time (Zhou et al., 2019). This 
result can also fully explain the experimental phenomenon mentioned 
above. Moreover, the higher the hydrochloric acid concentration was, 
the darker the color of the generated foam was. In addition, as the pH of 
solution after acidolysis was different, resulting in the color of foam 
produced by stirring demonstrated various, which presented light blue 
(pH = 5), light blue mixed with white (pH = 6), white mixed with light 

Table 1 
The effect of ozonization times on the content and total yield of indigo.  

Ozonization times 0 1 2 3 

Precipitate mass/g 0.40 ±
0.01 

0.41 ±
0.01 

0.63 ±
0.01 

0.32 ±
0.01 

Content of indigo/% 20.0 ±
0.15 

43.2 ±
0.33 

37.4 ±
0.20 

29.0 ±
0.11 

Total yield of indigo/ 
% 

0.64 ±
0.01 

1.42 ±
0.02 

1.89 ±
0.03 

0.74 ±
0.01  
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yellow (pH = 7), light green (pH = 8), dark green (pH = 9), and the 
larger the acidolysis pH was, the less foam produced by stirring. All of 
these phenomena will provide guidance for the quality control of indigo 
extract with different specifications. 

The Factor level table was illustrated in Table S2, and the results of 
orthogonal experiment and variance analysis were showed in Table 2 
and Table 3, singly. It can be seen from Table 2, the order of influence on 

the total indigo yield was B > D > A > C, that is, hydrochloric acid 
concentration > pH > ozonization time > acidolysis time. By comparing 
the k value, the optimal level of each factor was A2, B2, C3, D3. Therefore, 
A2B2C3D3 was the best combination for preparing indigo from DLB by 
directional chemical transformation method. It was suggested from 
Table 3 that ozonization time, hydrochloric acid concentration and pH 
had a significant impact on the total yield of indigo, while acidolysis 
time possessed no remarkable influence on the total yield of indigo. 
Therefore, the optimal process combination was adjusted to A2B2C1D3, 
that is, the ozonization time was 3 min, hydrochloric acid concentration 
was 2 %, acidolysis time was 1.0 h, and pH was 7. Under these condi
tions, the content and total yield of indigo could reach 42.6 % and 2.26 
%, separately. Moreover, the conversion rate of indole glycosides was 
able to arrive at 90 %. Compared with traditional preparation process of 
indigo naturalis, the content of indigo and total yield of indigo in the NIE 
were increased to over 15.6 and 2.2 times, respectively (Pei et al., 2017). 
The mechanism of the new chemical conversion method proposed in this 
study were as following: Indole glycoside extracted from DLB was dis
solved in aqueous solution, it conducted hydrolysis and converted to 
indoxyl when hydrochloric acid was added; After hydrolysis, ozone was 
introduced, it could produce oxygen molecules and oxygen atoms and 
create an oxidizing environment in the aqueous solution; At the same 
time, indoxyl was firstly oxidized to indolinone, then was condensed to 
form indigo (Zhou et al., 2019). The optimal chemical conversion pro
cess not only greatly decreased the time for producing indigo extract, 
but also reduced environmental pollution on account of quicklime not 
being used. Thus, it is a relatively green and efficient process which 
suitable for the industrial production of indigo with high quality. 

3.2. Physical and chemical properties of NIE 

The physical and chemical properties of the NIE were observed and 

Fig. 3. Effect of different factors on the content of indigo and total yield of indigo. a, b, c and d represent the ozonization time, hydrochloric acid concentration, 
acidolysis time and pH, respectively. 

Table 2 
Results and analysis of L9 (34) orthogonal experiment.  

No. A ozonization 
time/min 

B hydrochloric acid 
concentration/% 

C acidolysis 
time/h 

D 
pH 

Total yield 
of indigo/ 
% 

1 1 1 1 1 1.43 ±
0.02 

2 1 2 2 2 1.58 ±
0.03 

3 1 3 3 3 1.76 ±
0.01 

4 2 1 2 3 1.79 ±
0.02 

5 2 2 3 1 1.95 ±
0.04 

6 2 3 1 2 1.71 ±
0.02 

7 3 1 3 2 1.52 ±
0.03 

8 3 2 1 3 2.01 ±
0.05 

9 3 3 2 1 1.72 ±
0.03 

k1 1.59 1.58 1.72 1.70  
k2 1.82 1.85 1.70 1.60  
k3 1.75 1.73 1.74 1.85  
R 0.23 0.27 0.04 0.25   
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analyzed. As shown in Fig. 4(a), the NIE presented properties of blue- 
black powder, light and easy to fly, mild gas and tasteless. It can be 
seen from Fig. 4(b) that purplish red smoke was appeared in burning 
test. It was obvious from Fig. 4(c) that the water layer demonstrated the 
color of light blue. From Fig. 4(d), bubbles occurred and presented the 
color of yellowish brown. All of the above experimental phenomena 
were similar with TIN described in Chinese Pharmacopoeia (2020 Edi
tion). In the TLC chromatogram, the same light blue and purplish red 
spots exhibited at the positions corresponding to the standard color 
spectrum of indigo and indirubin, as shown in Fig. 4(e), wherein the Rf 
values of indigo and indirubin was 0.64 and 0.38, respectively. The 
contents of indigo, moisture and indirubin for five batches of NIE were 
detected, and the corresponding results were exhibited in Fig. 5. It can 
be seen from the Fig. 5 that the content of moisture for five batches of 
NIE were all not more than 5.79 %, and the contents of indigo and 
indirubin were not less than 42.3 % and 2.19 %, separately. Moreover, 
the contents of indigo, moisture and indirubin among the five batches of 
NIE displayed little difference. Thereby, the above chemical conversion 
process for preparing the NIE was stable and reliable. 

The UPLC-Q-TOF-MS/MS spectrum of TIN and NIE were illustrated 
in Fig. 6, and their chemical compositions statistical analysis were 
demonstrated in Table 4. From Table 4, it can be seen that TIN was 
mainly composed of six components: organic acids, polysaccharides, 
flavonoids, alkaloids, polyphenols and esters, in which organic acids and 
alkaloids accounted for 51.7 % and 38.7 % respectively; Poly
saccharides, flavonoids, polyphenols and esters accounted for a rela
tively small proportion of 3.11 %, 2.12 %, 2.77 %, and 1.60 %, singly. 
The NIE was mainly made up of nine ingredients: organic acids, poly
saccharides, flavonoids, alkaloids, glycosides, polyphenols, aldehydes, 
proteins and esters. Among them, organic acids and polyphenols 
accounted for a relatively high proportion of 86.9 % and 8.15 %, 
separately, followed by flavonoids and alkaloids, accounting for 3.05 % 
and 1.35 %, individually; Polysaccharides, glycosides, aldehydes, pro
teins, and esters accounted for the lowest proportion of 0.05 %, 0.14 %, 
0.25 %, 0.04 %, and 0.07 %, respectively. 

Compared with TIN, the NIE possessed more kinds of organic acids, 
and mainly were unsaturated fat acids (Table S3). It was reported that 
unsaturated fat acid had a good effect in improving feed utilization and 
meat quality of livestock and poultry (Tartrakoon et al., 2016). The type 
and proportion of flavonoids and polyphenols in the NIE were higher 

than TIN (Table S3). Due to the antioxidant and antibacterial activities 
of flavonoids and polyphenols, the NIE may has higher added value and 
greater potential in the fields of feed additives and cosmetics etc. In 
addition, the proportion of alkaloids in the NIE was lower than TIN 
(Table S3). This was because that some alkaloids reacted with hydro
chloric acid during the chemical conversion process, but the contents of 
the main alkaloid markers such as indigo and indirubin were not 
affected, and on the contrary, they were significantly higher than TIN. 
Researches showed that alkaloid can easily cause animal diarrhea, so the 
NIE with fewer types of alkaloids will be more safety when it was applied 
to the fields of feed additive and food (Zhang et al., 2012). 

3.3. Stability of NIE emulsion 

Physical stability experiments revealed that the appearance of NIE 
emulsion did not change and there was no precipitation phenomenon 
after it was respectively treated by low-speed centrifuge and high-speed 
centrifuge. Moreover, it can be seen in Fig. 7, whether at dark or bright 
place, and no matter at low temperature (4 ℃) or room temperature (25 
℃), the particle size, PDI, pH and indigo content of NIE emulsion 
demonstrated little variation during 5 months. These experiment results 
showed that the fabricated NIE emulsion possessed excellent physical 
and chemical stability. Indigo had the function of anti-ultraviolet, anti- 
oxidation, anti-inflammatory and immunosuppressive activities (Lin 
et al., 2019). Thus, the prepared NIE emulsion containing indigo will 
present outstanding development potential in the cosmetic field. 

3.4. Inhibitory activity of NIE emulsion against S. Aureus 

It was reported that indigo possessed antibacterial activity (Zeng 
et al., 2016, Andreazza et al., 2015). Besides, flavonoids and poly
phenols in the NIE also have antibacterial potential. Therefore, it is 
meaningful to explore whether have synergistic antibacterial effects 
among indigo, flavonoids and polyphenols in the NIE. Inhibition zone 
pictures of IS, TIN, NIE GS and MN emulsions against S. aureus were 
demonstrated in Fig. 8, and indigo concentrations in those emulsions 
were 80, 128, 160, 32, 32 μg/mL, respectively. It was obvious that IS, 
TIN and NIE emulsions had inhibitory effect on the S. aureus. From 
Table 5, it was indicated that the inhibition zone values range, MBC and 
MIC value ranges of TIN emulsion were 12.0–20.4 mm, 128 μg/mL and 

Table 3 
Variance analysis.  

Source of 
variance 

Degree of 
freedom 

Sum of 
squares 

Means 
quare 

F value F0.05 F0.01 Signifificance 

A 2  0.083  0.028  28.00 19 99 * 
B 2  0.110  0.037  37.00   * 
C 2  0.002  0.001  1.000    
D 2  0.095  0.032  32.00   * 
Error 2  0.002      
Total 8        

Fig. 4. The phenomena of appearance (a), burning test (b), nitric acid test (c), water soluble pigment inspection test (d) and TLC test (e) for NIE. 1, 2 and 3 rep
resented indigo standard, NIE and indirubin standard, respectively. 
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64 μg/mL, respectively; The inhibition zone values range, MBC and MIC 
values range of NIE emulsion were 11.3–22.6 mm, 80 μg/mL and 40 μg/ 
mL, separately; The inhibition zone values range, MBC and MIC values 
range of IS emulsion were 8.3–15.3 mm, 160 μg/mL and 80 μg/ mL, 
separately. From an overall perspective of above results, the inhibitory 
effect of NIE emulsion on S. aureus were higher than IS and TIN emul
sions. According to the UPLC-Q-TOF-MS/MS results in Table S3, NIE 
possessed more plentiful ingredients (organic acids, flavonoids, alka
loids, polyphenols) than TIN. Moreover, some of these ingredients have 
good antibacterial activity, such as kaempferol, genistein, sinomenine, 

terpineol etc.. Thus, high content of indigo and synergistic effects of 
multiple antibacterial ingredients may be the main reasons of the above 
results. 

3.5. Effect of NIE emulsion on the biofilm formation 

To know the antibacterial mechanism of the NIE, it is important to 
study the formation and damage of bacterial biofilms because these two 
factors have close relationship with bacterial growth and apoptosis 
(Zhang et al., 2020). Therefore, absorbance measurements and micro
scopic observations were firstly adopted to confirm the effect of NIE 
emulsion on the biofilm formation of S.aureus. As shown in the Fig. 9, the 
absorbance values in the 96-well plate explained that the amount of 
biofilm displayed not much difference with the enhancement of the NIE 
emulsion concentration. This also could be verified from the micro
scopic images of Fig. 10. As a result, it was concluded that the inhibitory 
activity of NIE emulsion against S. aureus was not achieved by inhibiting 
the biofilm formation. Inhibition of biofilm formation can not be easy to 
kill bacterial with mature biofilm, but be able to inhibit bacterial pro
liferation from the root cause. Thus, NIE emulsion needs to exert its 
maximized antibacterial effect under specific conditions. 

Fig. 5. Contents of indigo, moisture and indirubin for five batches of NIE.  

Fig. 6. UPLC-Q-TOF-MS/MS spectrum of TIN (a) and NIE (b).  

Table 4 
Statistical table for the chemical compositions of TIN and NIE.  

NO. Category TIN NIE 

1 Organic acids 31 97 
2 Polysaccharides 4 4 
3 Flavonoids 4 19 
4 Alkaloids 15 35 
5 Glycosides 0 6 
6 Polyphenols 4 8 
7 Aldehyde 0 8 
8 Proteins 0 2 
9 Esters 3 5  

Total 61 184  
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3.6. Effect of NIE emulsion on biofilm disruption 

The mature biofilms of S.aureus is vital for the persistence of chronic 
infections (Lister et al., 2014). Researching the influence of antimicro
bial agents on the mature biofilms disruption of bacterial is an essential 
part of investigating their efficacy (Maria et al., 2018). The antibiofilm 

efficacy of the NIE emulsion on the mature biofilms of S.aureus were 
assessed by a mature biofilm disruption assay. As shown in the Fig. 11, 
the biofilm amount of S.aureus decreased with the 20 and 40 μg/mL NIE 
emulsion treatments. Meanwhile, 80 μg/mL of NIE emulsion presented 
extremely destructive effect on the preformed biofilms of S.aureus. In 
conclusion, the effect of NIE emulsion on the biofilm disruption of S. 
aureus emerge concentration dependence, this trend is consistent with 
the research result of Tao et al (Tao et al., 2022). Furthermore, similar 
results were also illustrated in the micrographs of Fig. 12. In order to 
further verify the damage effect of NIE emulsion on the biofilm of S. 
aureus, SEM was utilized to observe the related phenomena and corre
sponding results were presented in Fig. 13. From Fig. 13, it was obvious 
that the mature biofilms of S.aureus were destroyed more seriously with 
the enhancement of the NIE emulsion concentration, and invagination, 
deformation and rupture were also observed in the NIE emulsion-treated 
group. 

3.7. Ca2+ mobilization assay treated with NIE emulsion 

Fig. 14 demonstrated the cell membrane permeability utilizing the 
Ca2+ mobilization assay in S.aureus cells processed by different MIC of 
NIE emulsion. It was obvious that both the 1 × MIC (40 μg/mL) and 2 ×
MIC (80 μg/mL) concentrations of NIE emulsion dramatically raised the 
fluorescence intensity in contrast to the control in S.aureus cells. This 
meant that S.aureus cells processed by NIE emulsion indicated an 
apparent enhancement in intracellular Ca2+ concentrations compared 
with the control. In addition, intracellular calcium levels (the 

Fig. 7. Particle size (a), PDI (b), pH (c) and indigo content (d) of NIE emulsion at different months.  

Fig. 8. Inhibition zone pictures of IS, TIN and NIE emulsions against S. aureus.  

Table 5 
Values of MIC and MBC for IS, TIN and NIE emulsions against S. aureus.   

TIN NIE IS GS MN 

Values of MIC (μg/mL) 64 40 80 4 16 
Values of MBC (μg/mL) 128 80 160 8 31  

C. Zhang et al.                                                                                                                                                                                                                                   



Arabian Journal of Chemistry 17 (2024) 105801

10

fluorescence intensity value range) in the 2 × MIC (80 μg/mL) group 
were always higher than 1 × MIC (40 μg/mL) group at the same time. It 
was concluded that NIE emulsion could improve the intracellular cal
cium levels of S.aureus, and possessed a positive correlation with its 
concentration within the time frame of this experimental design. 

3.8. Ca2+-Mg2+-ATPase activities treated with NIE emulsion 

Ca2+-Mg2+-ATPase is a Ca2+ pump on the cell membrane and is 
involved in regulating intracellular Ca2+ concentration (Yang et al., 
2021). It can hydrolyze ATP to pump intracellular Ca2+ to the extra
cellular space to keep relatively low intracellular Ca2+ concentrations, 
so as to guarantee the general function of cells. From Fig. 15, it was 
suggested that Ca2+-Mg2+-ATPase activity on the cell membrane of S. 
aureus emerged a descending trend with the extended processing time by 
NIE emulsion. Moreover, it was obvious that NIE emulsion could inhibit 
Ca2+-Mg2+-ATPase activities on the cell membrane of S.aureus in the 
antibacterial process, and the inhibitory effect presented a positive 
correlation with NIE emulsion concentrations that showed as an inhib
itory effect of 2 × MIC group higher than 1 × MIC group. Ca2+-Mg2+- 
ATPase activity was inhibited meant that NIE emulsion could induce S. 
aureus to produce high intracellular Ca2+ level. Furthermore, the cell 
wall permeability of S.aureus was changed, leading to its death. 

4. Conclusion 

In this study, DLB with stable and high content of indole glycoside 
within a year was firstly achieved by high-temperature and quick-drying 
technology, solving the long-term utilization problem of BCB. Then, the 
optimal chemical conversion condition for efficiently and greenly pre
paring NIE from DLB was determined and conducted as follows: Hy
drochloric acid concentration was 2 %, ozonization time was 3 min, pH 
was 7, acidolysis time was 1 h; Under these conditions, the content and 
total yield of indigo in the NIE were greatly improved, which could 
reach 42.6 % and 2.26 %, separately. These improvements of NIE make 
the preparation of natural indigo monomer with high purity become 

Fig. 9. Aborbance values of crystal violet solution dealt with different MIC of NIE emulsion in the biofilm formation inhibition assay. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 10. The biofilm inhibition micrographs of S.aureus processed by different MIC of NIE emulsion.  

Fig. 11. Aborbance values of crystal violet solution processed by different MIC 
of NIE emulsion in the mature biofilm disruption assay. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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more easy and simple. The prepared NIE demonstrated similar physi
ochemical properties with TIN described in Chinese pharmacopoeia 
2020, and possessed more diverse chemical compositions than TIN. In 
addition, the NIE emulsion prepared by high pressure homogenization 
method displayed excellent stability, and possessed good antibacterial 
activity against S. aureus. Moreover, the NIE emulsion realized anti
bacterial effect by influencing cell membrane integrity, Ca2+-Mg2+

− ATPase activity on the cell membrane and intracellular Ca2+ levels of 
S. aureus. All of these systematic researches could pave the way for the 
green, sustainable and high-value development and application of BCB. 
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Fig. 12. The biofilm disruption micrographs of S.aureus dealt with different MIC of NIE emulsion.  

Fig. 13. SEM images of S.aureus biofilm disruption for NIE emulsion with different MIC.  

Fig. 14. Effect of NIE emulsion on cell cmembrane Ca2+ mobilization.  Fig. 15. Ca2+-Mg2+-ATPase activities of S.aureus processed by different MIC of 
NIE emulsion. 
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