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ARTICLE INFO ABSTRACT
Keywords: Ultrasonic-assisted activated carbon separation (UACS) was first employed to improve product quality by
Salvia miltiorrhizae injection regulating adsorption rate and removing bacterial endotoxin from salvia miltiorrhizae injection. The adsorption

Bacterial endotoxin

Ultrasonic-assisted activated carbon separation
Nanofiltration

Anaphylaxis

rate was related to three variables: activated carbon dosage, ultrasonic power, and pH. With the increase of
activated carbon dosage from 0.05 % to 1.0 %, the adsorption rates of salvianolic acids and bacterial endotoxin
increased simultaneously. The adsorption rates at which bacteria endotoxins increased from 52.52 % to 97.16 %
were much higher than salvianolic acids. As the ultrasonic power increased from 0 to 700 W, the adsorption rates
of salvianolic acids on activated carbon declined to less than 10 %, but bacterial endotoxin increased to more
than 87 %. As the pH increased from 2.00 to 8.00, the adsorption rate of salvianolic acid dropped whereas
bacterial endotoxin remained relatively stable. On the basis of response surface methodology (RSM), the optimal
separation conditions were established to be activated carbon dose of 0.70 %, ultrasonic power of 600 W, and pH
of 7.90. The experimental adsorption rates of bacterial endotoxin were 94.15 %, which satisfied the salvia mil-
tiorrhizae injection quality criterion. Meanwhile, salvianolic acids’ adsorption rates were 1.92 % for tanshinol,
4.05 % for protocatechualdehyde, 2.21 % for rosmarinic acid, and 3.77 % for salvianolic acid B, all of which were
much lower than conventional activated carbon adsorption (CACA). Salvianolic acids’ adsorption mechanism on
activated carbon is dependent on the component’s molecular state. Under ideal separation conditions, the mo-
lecular states of the four salvianolic acids fall between 1.13 % and 6.60 %. The quality of salvia miltiorrhizae
injection can be improved while maintaining injection safety by reducing the adsorption rates of salvianolic acids
to less than 5 % by the use of ultrasound to accelerate the desorption mass transfer rate on the activated carbon
surface. When activated carbon adsorption was used in the process of producing salvia miltiorrhizae injection, the
pH of the solution was around 5.00, and the proportion of each component’s molecular state was tanshinol 7.05
%, protocatechualdehyde 48.93 %, rosmarinic acid 13.79 %, and salvianolic acid B 10.28 %, respectively. The
loss of useful components was evident, and the corresponding activated carbon adsorption rate ranged from
20.74 % to 41.05 %. The average variation rate in plasma His and IgE was significant (P < 0.05) following
injection of 0.01 % activated carbon, however the average variation rate of salvia miltiorrhizae injection was
dramatically decreased with the use of UACS and CACA (P > 0.05). The ultrasonic at a power intensity of 60 W/L
and the power density of 1.20 W/cm? may resolve the separation contradiction between salvianolic acids and
bacterial endotoxin, according to experiments conducted with UACS at different power intensities. According to
this study, UACS has a lot of potential applications in the pharmaceutical manufacturing industry and may
represent a breakthrough in the field of ultrasonic separation.
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1. Introduction

In the fields of medicine, food and water treatment, activated carbon
is a common adsorbent that has the dual properties of physical
adsorption and chemical adsorption [1-3]. It is frequently used for the
removal and decolorization of hazardous compounds. To assure the
safety of the clinical usage of the injection, activated carbon is
frequently employed as an adsorbent in the manufacturing process to
efficiently adsorb pyrogen in the drug solution, increase the safety of the
injection, and effectively improve the clarity of the preparation [4-6].
However, as activated carbon lacks the unique property of pyrogen
adsorption and instead primarily uses the van der Waals force to adsorb
pyrogen and other compounds to carbon chains, it will result in the loss
of pharmaceutical components during the adsorption process [7]. There
is currently no feasible solution for this problem.

Salvia miltiorrhizae injection is made using various production pro-
cedures, including extraction, alcohol precipitation, hydrolysis, acti-
vated carbon adsorption, filtration, and other steps. It serves as a typical
drug in the clinical treatment of cardiovascular and cerebrovascular
diseases like cerebral infarction, hypertension, and coronary heart dis-
ease [8,9]. The representative salvianolic acids in salvia miltiorrhizae
injection that are lost during the pharmaceutical process, particularly in
the process of activated carbon adsorption and pyrogen removal,
include tanshinol, rosmarinic acid, protocatechualdehyde, and salvia-
nolic acid B [10]. Salvianolic acids are lost as much as 5-70 %
throughout the drug preparation process when the activated carbon
dose is 0.1-1.0 %. This loss is difficult to prevent. As a result, when
pyrogen is removed to assure the safety of injection, the drug’s quality is
inexorably impacted.

Bacterial endotoxin, the primary cause of clinical pyrogen adverse
responses, is lipopolysaccharide on the outer wall of gram-negative
bacilli [11,12]. It is simple to be adsorbed by activated carbon due to
the lipopolysaccharide structure’s surface-like activity, which might
encourage the creation of bacterial endotoxin micelles or colloidal
particles with molecular weights up to 400,000 Da — 1000,000 Da [13].
Salvianolic acids have a molecular weight of less than 1000 Da and have
a van der Waals force that is significantly lower than that of bacterial
endotoxin, but they still have a competitive adsorption effect with
endotoxin on the surface of activated carbon [14].

Ultrasonic technology is one of the most frequently applied non-
thermal processing methods in the green separating industry [15]. The
nearby material receives the ultrasonic energy once the surrounding
medium begins to vibrate due to the ultrasonic emission. The ultrasonic
cavitation effect is caused by microscopic bubbles that form in the liquid
nucleation under the influence of ultrasonic activity. Ultrasonic waves
exhibit mechanical wave properties, including acceleration, sound
pressure, and intensity. The ultrasonic thermal effect is caused by the
medium’s internal friction heat, which is produced by the medium’s
powerful high-frequency oscillation [16]. Ultrasound can regulate the
adsorption mass transfer efficiency of the adsorbent surface, allowing
for the orderly separation of the target components. Copper oxide
nanoparticles loaded on activated carbon (CuO-NPs-AC) was used for
simultaneous ultrasound-assisted adsorption of brilliant green, aur-
amine O, methylene blue and eosin yellow dyes [17]. Activated carbon
composite with HKUST-1 metal organic framework was applied for the
simultaneous ultrasound-assisted removal of crystal violet, disulfine
blue and quinoline yellow dyes in their ternary solution [18]. By
changing the disparities in the adsorption behaviors of salvianolic acid,
bacterial endotoxin, and activated carbon with the assistance of ultra-
sonic cavitation-turbulence effects [19,20], an adjustable adsorption
separation method was produced. The technical problem of salvianolic
acid and activated carbon adsorption was resolved, and the adsorption
capacity of salvianolic acid and activated carbon was decreased without
affecting the structure and adsorption properties of bacterial endotoxin.
In this experiment, the pH of the solution was modified to change the
molecular proportion of salvianolic acids, and ultrasonic power was
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combined to adjust the adsorption effect of activated carbon.

Response surface methodology (RSM) is a powerful statistical model
that has been frequently applied in adsorbent research to optimize
process parameters [21,22]. RSM is used to establish a relationship be-
tween input items and output responses [23]. In this paper, the influence
of solution pH, ultrasonic power, and activated carbon dose on activated
carbon adsorption behavior of bacterial endotoxin and salvianolic acids
were investigated using RSM [24,25]. Simultaneously, in order to assess
the potential problem of activated carbon shedding caused by ultrasonic
treatment, a safety evaluation of an animal model for allergic evaluation
of injection was performed [26], while ultrasound assisted optimization
of activated carbon adsorption parameters was performed, which not
only expanded the application scope of ultrasound in the pharmaceu-
tical industry [27], but also provided the research foundation for effi-
cient and standardized injection production.

2. Materials and methods
2.1. Materials

The reference substances of tanshinol (purity > 97.8 %), rosmarinic
acid (purity > 98.6 %), protocatechualdehyde (purity > 98.2 %), sal-
vianolic acid B (purity > 96.2 %) were purchased from the National
Institute for the Control of Pharmaceutical and Biological Products
(Beijing, China). Salvia miltiorrhizae injection obtained from Jiangsu
Shenlong Pharmaceutical Co., Ltd. (Yancheng, China). Bacterial endo-
toxin standard substance (Lot No. 150601-201783, 80 EU/Amp) was
bought from the National Institute for the Control of Pharmaceutical and
Biological Products (Beijing, China). Limulus amebocyte lysate (LAL)
(Lot No. 17070312, A = 0.03 EU/mL) and bacterial endotoxin test water
(Lot No. 1709130, 50 mL/Amp) were manufactured by Zhanjiang A&C
Biological Ltd. (Guangzhou, China). Egg albumin was obtained from
Sigma (Missouri, USA). Guinea pig 5-hydroxytryptamine (5-HT) and
histamine (HIS) ELISA test kits were purchased from Shanghai Enzyme-
linked Biotechnology Co., Ltd. (Shanghai, China). Methanol, acetonitrile
and trifluoroacetic acid were all chromatographic grade and purchased
from Merck Chemical Technology Co. Ltd. (Shanghai, China). Activated
carbon was pharmaceutical grade and purchased from Ruichengkang
Medical Technology Co. Ltd. (Xi’an, China). Ultrapure water was pre-
pared by Millipore Direct-Q5 water purification system.

Male guinea pigs weighing 300 + 50 g were acquired from Qin-
glongshan Animal Breeding Center in Nanjing, Jiangning District (li-
cense number SYXK 2017-0011). Animals were fed at 22 °C and 55 %
+5% relative humidity in the animal breeding center of Nanjing Uni-
versity of Chinese Medicine. The Nanjing University of Chinese Medi-
cine’s institutional ethical council authorized this anaphylactic reaction
study.

2.2. Conventional activated carbon adsorption (CACA)

After pharmaceutical processes such as extraction, concentration,
and alcohol precipitation, salvia miltiorrhiza injection was diluted with
water in injection and boiled with activated carbon for 30 min before
being filtered. The removal impact of bacterial endotoxin by activated
carbon adsorption was thoroughly investigated using the changes in the
concentrations of bacterial endotoxin, tanshinol, rosmarinic acid, pro-
tocatechualdehyde, and salvianolic acid B before and after adsorption by
activated carbon. And the adsorption rate of solutes was calculated by
Equation (1).

M
Adsorption rate = (1 7—1) x 100% 1
Mo

Where My and M; were the content of the index components before and
after adsorption by activated carbon.
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2.3. Ultrasonic-assisted activated carbon separation (UACS)

In accordance with the injection process of salvia miltiorrhiza, the
solution had been exposed to activated carbon adsorption in the SCQ-
9200E ultrasonic apparatus, which purchased from Shanghai
Shengyan ultrasonic instrument Co. Ltd. (Shanghai, China). The ultra-
sonic apparatus consisted of an ultrasonic generator and an ultrasonic
transducer, with adjustable ultrasonic power ranging from 100 W to
700 W and an ultrasonic frequency of 40 KHz.

2.4. Anaphylaxis evaluation

The Nanjing University of Chinese Medicine Institutional Review
Board gave its approval for this study on anaphylactic reaction. The fifty
male guinea pigs were split into four equal groups at random: saline, egg
albumin, 0.01 % activated carbon, the CACA and UACS of the salvia
miltiorrhiza injection. The Chinese Pharmacopoeia 2020 states that egg
albumin with sodium chloride injection was used to generate a 5.0 mg/
mL egg albumin solution. Guinea pigs used in allergy investigations
received subcutaneous injections of 0.2 mL test solutions. The guinea
pigs were fed according to regular procedures following their initial
injection. The guinea pigs were given a 10 % chloral hydrate anesthesia
on the sixteenth day, and 1.0 mL of arterial blood was drawn from the
carotid artery using a heparin anticoagulation tube. Following the ju-
gular vein injection of the 0.5 mL test solutions, 1.0 mL of arterial blood
was drawn using the same procedure 30 min later. Following a 5-minute
centrifugation at 4000 rpm, the guinea pig plasma was separated from
anticoagulant tubes and kept at —80 °C. Utilizing ELISA test kits, the
content of IgE and histamine (His) in plasma samples were examined
[28]. Furthermore, the animal breeding center of Nanjing University of
Chinese Medicine handled the cadavers after all guinea pigs were put to
death under anesthesia.

2.5. Calculation of molecular proportion of salvianolic acids

Salvianolic acids were quantitatively calculated based on the previ-
ously established quantitative calculation method for the existence
state, based on the changes in nanofiltration mass transfer behavior
caused by the existence state of components [29], and the correlation
analysis was conducted with activated carbon adsorption characteris-
tics, in order to explain the adsorption mechanism of salvianolic acids by
activated carbon.

In summary, the equipment for nanofiltration separation was pur-
chased from Nanjing Tuozhu Co. Ltd. and was assembled on a laboratory
bench. It included a spiral nanofiltration membrane, a single variable-
speed gear pump for pressure and recirculation, a digital pressure
gauge for monitoring operating pressure, and the necessary tubings.
Following precise weighing, the four extracts of salvianolic acid were
ultrasonically dissolved in ultrapure water at concentrations of,
respectively, 1.240 mg/mL for salvianolic acid B, 0.210 mg/mL for
rosmarinic acid, 0.360 mg/mL for tanshinol, and 0.820 mg/mL for
protocatechualdehyde, respectively. To ensure that all four components
were 99 % present in their molecular forms, the extract solution’s pH
was adjusted based on the dissociation constants (pKa) of each compo-
nent (salvianolic acid B 2.77, rosmarinic acid 4.01, proto-
catechualdehyde 7.56, and tanshinol 3.82).

The solutions of the four salvianolic acids were diluted with ultra-
pure water 2, 4, and 8 times, respectively. Then, the solutions of the
series concentration were separated by nanofiltration, with the trans-
membrane pressure difference being controlled at 0.6, 0.8, 1.0, 1.2, 1.4,
and 1.6 MPa. Solutions both prior to and following nanofiltration, as
well as the membrane flux (Jv) under series pressure, were gathered.
The rejection rate (R) is calculated by Equation (2).

R=(1-55) x 100% )
Co
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Where Cg and C were the concentrations of the index components in the
filtrate and original solution, respectively.

According to the nanofiltration solution-diffusion theory [30,31],
the membrane flux, rejection rate, and membrane separation layer pa-
rameters in the nanofiltration separation process of salvianolic acids
were fitted, and the mass transfer coefficient (k) was calculated using
Equation (3), and the power function relationship between the mass
transfer coefficient (k) and solute concentration (C) was calculated using
Equation (4).

In[(1 — R) ® Jy/R] = In[DK /5] +% @)

k=mC" (C)]

Where § was the membrane thickness (cm), and DK/§ was the mem-
brane’s mass transfer performance (cm/s).

Equation (3)’s regression coefficient was greater than 0.90, sug-
gesting a strong link between k and C. Based on this, a mathematical
model for the existence state was created. Before activated carbon
adsorption, a series of salvia miltiorrhiza solutions were separated by
nanofiltration, and the power function equations of k and C were fitted
using the mass transfer coefficient and solute concentration power
function equations produced by salvianolic acid monomer. Using the
same k value, the concentration differences between the salvianolic acid
monomer solution and the salvia miltiorrhiza solutions were compared,
and the relationship between the component transfer rate and existence
state was examined in order to understand the mechanism of the acti-
vated carbon process.

2.6. Single factor experiment

Adsorption specificity is a problem that makes it challenging to
prevent salvianolic acid loss when employing activated carbon adsorp-
tion for removing bacterial endotoxin from solution. Bacterial endotoxin
adsorption and removal in injection are directly correlated with the
amount of activated carbon because the lipopolysaccharide structure of
bacterial endotoxin and activated carbon adsorbed each other through
van der Waals force. When weighing the adsorption of bacterial endo-
toxin and salvianolic acid by activated carbon, ultrasonic induced
cavitation, turbulence, and other factors will modify the adsorption
behavior of the solute and activated carbon [32]. Meanwhile, changing
the pH of the solution will affect the existing state of salvianolic acids in
solution, impacting the van der Waals force between activated carbon
and salvianolic acids. Consequently, the main variables influencing
activated carbon adsorption are the dosage of activated carbon, the pH
of the solution, and the ultrasonic power.

As the single factor experiment proceeds, adjust one factor at a time
while keeping the other two unaltered. The fixed level of variables
included an activated carbon dosage of 0.5 %, an ultrasonic power of
300 W and a solution pH of 5.00. The dosage of activated carbon was
examined at 0.05 %, 0.1 %, 0.2 %, 0.5 %, 0.8 %, and 1.0 %, respectively,
in accordance with the injection’s manufacturing requirements. 0 W,
100 W, 200 W, 300 W, 400 W, 500 W, 600 W, 700 W, and 800 W were
examined based on the power range of the ultrasonic apparatus. The pH
values of the solution were 2.00, 3.00, 4.00, 5.00, 6.00, 7.00 and 8.00,
based on the pKa of salvianolic acids [33].

2.7. Experiment design and statistical analysis

To optimize process parameters, pharmaceutical research has made
extensive use of RSM, an efficient statistical model [34]. The evaluation
indicators for salvianolic acid transfer rate and bacterial endotoxin
removal rate were determined through a single factor investigation.
There were 17 experimental runs used, with 5 replicates at the center
point. Regression analysis was performed using the following quadratic
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polynomial model based on the experimental data. Each response’s
quadratic model appeared as the following:

Y =Byt D BXi+ D BXI+ Y BXiX; 5

Y represents the response value, fy denotes the constant, f;, f;;, and fj
denote the linear and quadratic regression coefficients, while X; and X;
are the independent variables. The analysis of variance (ANOVA) was
utilized to evaluate the statistical significance of the equation. The P-
value was used to assess each coefficient’s significance as well as the
interactions between each independent variable. Each experiment was
carried out three times, and the average result was presented.

2.8. Sample analysis

2.8.1. Bacterial endotoxin

With the use of limulus agent dynamic turbidity, the bacterial
endotoxin in the samples was quantitatively identified. For the purpose
of examining bacterial endotoxins, the bacterial endotoxin standard
substance was diluted with water to get final concentrations of 2, 0.5,
0.125, and 0.03125 EU/mL, respectively. The reaction tube was filled
with 0.1 mL of each product and placed in front of 0.1 mL of limulus
agent before being placed into the bacterial endotoxin detector for
absorbance examination. Negative control was run twice and each
concentration was run three times. When the absorbance reached 0.20,
the reaction time (T) and bacterial endotoxin concentration (C) were
computed as a logarithmic function using the least square approach. The
standard curve was LogT = 3.0117-0.3620LogC, r = -0.9965.

Each sample solution was diluted with a specific multiple of water. In
parallel, the diluent of this multiple was prepared into a solution con-
taining bacterial endotoxin standard 0.5 EU/mL. 0.1 mL of the afore-
mentioned solution was added to the reaction tube along with 0.1 mL of
limulus reagent beforehand, mixed with a vortex, and placed inside the
bacterial endotoxin quantitative detector for detection. For every con-
centration, two tubes were used twice. Calculations were made to
determine the bacterial endotoxin content and average recovery rate.
The bacterial endotoxin content of the sample was determined by
measuring the bacterial endotoxin value at a dilution ratio closer to 100
% when the average recovery fell between 50 % and 200 %.

2.8.2. Salvianolic acid

The concentrations of salvianolic acid B, rosmarinic acid, proto-
catechualdehyde and tanshinol were determined by Agilent 1100 HPLC
system equip with a PDA detector and Hanbon ODS-2 C; g reverse-phase
column (4.6 mm x 250 mm, 5 pm). The binary mobile phase consisted of
acetonitrile (A) and 0.1 % phosphoric acid aqueous solution (B) was
used for gradient elution (0-8 min, 5-13 % A; 8-14 min, 13-15 % A;
14-17 min, 15-23 % A; 17-22 min, 23-25 % A; 22-27 min, 25-27 % A;
27-30 min, 27-35 % A; 30-34 min, 35-5% A; 34-38 min, 5 % A). In
addition, the flow rate was 0.8 mL/min, column temperature was 30 °C,
detection wavelength was 285 nm and injection volume was 10 pL,
respectively.

50 % methanol was used to make a mixed reference solution
including tanshinol, protocatechualdehyde, rosmarinic acid, and sal-
vianolic acid B. The mass concentrations of the components were 2.66,
2.40, 1.80, and 3.86 mg/mL, respectively. Gradient was used to properly
absorb and dilute the mix of reference solution into six mass concen-
trations. Following the chromatographic conditions mentioned above,
the samples were injected and examined. The linear equation was then
computed using regression, using the peak area as the ordinate (Y) and
the component mass concentration as the abscissa (X). Ytanshinol = 5480
X 4 9320, r = 0.9993; Yprotocatechualdehyde = 34900 X 4 15500, r =
0.9996; Yrosmarinic acid = 18650 X + 8510, r = 0.9992; Yavianolic acid B =
12240 X + 5920, r = 0.9995. The method’s precision, repeatability, and
recovery rate met the analysis requirements, and the stability of the
tested solution was good within 24 h.
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2.8.3. IgE and His

The plasma IgE and His level in guinea pigs was measured using
ELISA kit (double antibody one-step sandwich method) which pur-
chased from mlbio Co. Ltd. (Shanghai, China). The sensitization of
guinea pigs was evaluated by the variation rate of IgE and His, which
calculated by Equation (5). Where Cg and Cp are the concentration of IgE
and His in plasma before and after stimulating by samples, respectively.
Variation rate (%) = % x 100% 6)

B
3. Results and discussion
3.1. Single factor test

3.1.1. Activated carbon dosage

A popular pharmaceutical technique is the removal of contaminants
from medications via activated carbon adsorption. As demonstrated in
Fig. 1a, the adsorption rates of salvianolic acids and bacterial endotoxin
rose in tandem with the rise in activated carbon, which went from 0.05
% to 1.0 %. Significantly greater than salvianolic acids were the bacte-
rial endotoxin adsorption rates, which rose from 52.52 % to 97.16 %
among them. Activated carbon’s van der Waals force is more noticeable
due to the bacterial endotoxin’s larger molecular weight [35]. The
sequence of salvianolic acid adsorption rates was protocatechualdehyde
> salvianolic acid B > rosmarinic acid > tanshinol, but the order of
molecular weight (salvianolic acid B > rosmarinic acid > proto-
catechualdehyde > tanshinol) was not followed by the adsorption
behavior of activated carbon. The fundamental explanation is because
the salvia miltiorrhizae injection pH is 5.00. Except for proto-
catechualdehyde, the other three phenolic acid components all exist in
ionic state, so the adsorption rate of protocatechualdehyde is the highest
on activated carbon, and the adsorption rule of other phenolic acid
components is positively correlated with molecular weight.

3.1.2. Ultrasonic power

The adsorption and exchange efficiency of solute on the surface of
activated carbon particles can be accelerated by ultrasonic cavitation
and turbulence effects [36,37]. As shown in Fig. 1b, the effect of ultra-
sonic power on adsorption rate fluctuates. The adsorption rate of bac-
terial endotoxin is rather steady, but the adsorption rate of salvianolic
acids varies substantially. The adsorption rates of salvianolic acids on
activated carbon decreased to less than 10 % with an increase in ultra-
sonic power from 0 to 700 W, whereas the adsorption rates of bacterial
endotoxin on activated carbon were all higher than 87 %. This suggests
that the adsorption differences between salvianolic acids and bacterial
endotoxin on activated carbon may be amplified by the separation mode
of ultrasonic-assisted activated carbon adsorption. It offers a workable
separation strategy to decrease the loss of active components and in-
crease the safety of salvia miltiorrhiza injection. Nevertheless, there are
differences in the impact of ultrasonic assist on the adsorption rate of
salvianolic acid on activated carbon. The phenomenon of first
decreasing and then increasing salvianolic acid adsorption on activated
carbon is observed during the process of increasing the ultrasonic power
from 0 W to 700 W. Among these, procatechualdehyde is relatively
evident, suggesting that when the ultrasonic power is higher than 600
W, the adsorption rate of salvianolic acids on activated carbon decreases
and then increases. Salvianolic acids reabsorb onto the surface of the
activated carbon. The observed anomalous adsorption behavior could
potentially stem from the augmentation of adsorption sites on the acti-
vated carbon particle surface, resulting from the partial desorption of
bacterial endotoxin during the ultrasonic assisted activated carbon
adsorption procedure [38]. This, in turn, facilitated the secondary
adsorption of salvianolic acids. The results of ultrasonic assisted acti-
vated carbon adsorption for bacterial endotoxin elimination in salvia
miltiorrhiza injection are consistent with prior investigations because it
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Fig. 1. Effect of factors on the adsorption rate of bacterial endotoxin and salvianolic acids, (a) Activated carbon dosage, (b) Ultrasonic power and (d) pH.

has been demonstrated that ultrasound can destroy the bacterial endo-
toxin micelle state [13]. The rule of ultrasonic influence on the mass
transfer behavior of salvianolic acids by means of activated carbon
adsorption is as follows, as shown in Fig. 1b: tanshinol > rosmarinic
acid > salvianolic acid B > protocatechualdehyde.

3.1.3. pH

Salvianolic acids’ presence in a solution can be controlled by pH. The
zero charge (pHzpc) of activated carbon was determined to be 10.70 in
order to clarify the adsorption behavior of salvianolic acids on activated
carbon. Nevertheless, some of the salvianolic acid B was hydrolyzed
when the pH reached 10.7, which had an impact on the adsorption rate
computation. After the activated carbon had finished the adsorption
experiment, the adsorption rates of four salvianolic acids were less than
1 % after the methanol ultrasonic desorbed the activated carbon. As
illustrated in Fig. 1c, there is a transition rule from molecular state to
ionic state as pH increases from 2.00 to 8.00, based on the dissociation
constants of the four phenolic acids. The adsorption rate of salvianolic
acids also exhibit a downward trend because of the weakening of van der
Waals force between activated carbon and salvianolic acids. Bacterial
endotoxin possesses a lipopolysaccharide structure like to non-ionic
surfactants, and the adsorption rate of activated carbon remains
generally constant despite variations in solution pH. Salvianolic acids in
solution generally reside in an ionic state when the solution pH is 5.00,
in contrast to the activated carbon adsorption rate data shown in Fig. 1b
and Fig. 1c. The adsorption rates of four phenolic acids fall between
16.96 % and 42.62 % in the absence of ultrasonic treatment. Salvianolic
acids are mostly found in molecular form when the pH is raised to 2.00,
which increases the van der Waals force between salvianolic acids and
activated carbon. Salvianolic acids adsorb at a rate of 18.89 % — 32.37

Table 1
Response surface design and content results of UACS.

% when treated with an assisted 300 W ultrasonic power, suggesting
that ultrasonic can control the van der Waals force between salvianolic
acids and activated carbon [39]. By modifying the solution’s pH and the
dosage of activated carbon, the separation contradiction between the
removal of bacterial endotoxin and the retention of phenolic acid in
salvia miltiorrhiza injection can be resolved.

Lastly, the primary variables were determined to be the pH, ultra-
sonic power, and dosage of activated carbon, which varies from 5.00 to
8.00, 400 to 600 W, and 0.2 % to 0.8 %, respectively.

3.2. Statistical analysis and model fitting using RSM

To maximize UACS conditions, 17 experiments (12 factorial and 5
central) were organized and carried out using the Box-Behnken design of
RSM. The results are shown in Table 1. The adsorption rates of bacterial
endotoxin, tanshinol, protocatechualdehyde, rosmarinic acid and sal-
vianolic acid B were 69.06 % — 97.06 %, 0.21 % — 7.63 %, 0.75 % —
17.19 %, 0.86 % — 13.91 % and 2.03 % — 14.63 %, respectively.

Consequently, the response equation for coded variables was con-
structed as follows:

Bacterial endotoxin (Y, %) = 81.42 +9.69X, — 4.36X, + 1.29X; + 1.21X, X,
— 1.28X,X; +4.73X,X; +2.56X; — 0.34X;
+2.74X3

@)

Tanshinol (¥>%) = 1.91+2.18X; — 1.04X, — 1.33X; + 0.13X, X, — 0.48X,X;
+0.48X,X; + 1.78X] + 0.48X; — 0.24X;
®

Run X, X> X3 Bacterial endotoxin (%) Tanshinol (%) Protocatechualdehyde (%) Rosmarinic acid (%) Salvianolic acid B (%)
1 0 -1 1 86.24 1.53 1.67 1.82 3.36
2 0 0 0 82.71 1.66 8.43 2.71 2.85
3 0 0 0 79.78 2.02 9.50 2.04 2.72
4 0 0 0 83.09 1.88 8.57 2.52 2.25
5 -1 -1 0 80.05 3.20 6.73 0.86 5.08
6 0 0 0 81.08 2.05 8.25 2.49 2.68
7 0 0 0 80.44 1.92 8.77 2.62 2.80
8 0 1 -1 73.29 1.80 5.87 5.34 5.02
9 -1 0 -1 75.30 2.25 1.86 3.85 4.06
10 1 0 1 95.58 3.68 5.83 3.98 6.75
11 1 1 0 91.02 5.39 13.67 6.29 8.24
12 0 1 1 86.85 0.42 1.24 1.45 2.03
13 1 -1 0 97.15 7.22 15.76 10.64 12.87
14 -1 1 0 69.06 0.26 0.74 0.85 1.89
15 1 0 -1 97.06 7.63 17.19 13.91 14.63
16 0 -1 -1 91.62 4.82 10.31 9.65 9.97
17 -1 0 1 78.92 0.21 0.75 0.93 2.49

X;: activated carbon dosage; X»: ultrasonic power; X3: pH.
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Table 3

Statistical tests of compressive strength responses.
Index Standard deviation Mean CV. % PRESS R? Adjusted R? Predicted R? Adequate Precision
Bacterial endotoxin 1.36 84.07 1.61 87.34 0.9882 0.9731 0.9202 26.996
Tanshinol 0.23 2.82 8.21 4.63 0.9953 0.9893 0.9424 41.257
Protocatechualdehyde 0.61 7.36 8.29 28.16 0.9938 0.9858 0.9327 36.390
Rosmarinic acid 0.38 4.23 8.92 12.08 0.9957 0.9902 0.9481 45.698
Salvianolic acid B 0.29 5.28 5.49 6.10 0.9976 0.9946 0.9754 57.231

100

Bacterial endotoxin (%)

0.00

Xz: Ultrasonic power

CE0RE
3 i
T Ty T
e
CEEeEles?

Xs: pH

1.00 -1.00

Fig. 2. Interaction effects of ultrasonic power and pH on the adsorption rate of bacterial endotoxin.

a deviation from the predicted data. The mathematical model adjusted
R? and the predicted R? coincided quite well, though, and each group of
experiments has been verified three times. As a result, this model can be
applied to the experimental research of ultrasonic assisted activated
carbon.

The three-dimensional response surface plots were made against two
experimental variables while holding the other variable constant in

@ (b)

8
2 2
& d

0.00 < 0.00

Xi: Activated carbon dosage h\%

100 -1.00

Xa: Ultrasonic power  Xi: Activated carbon dosage %

100 -1.00

order to assess the effects of all the independent variables and their
interactive effects on removing bacterial endotoxin from salvia miltior-
rhizae injection. As shown in Fig. 2, effect of the interactions between X,
(ultrasonic power) and X3 (pH) was obvious, the adsorption rate of
bacterial endotoxins exhibited a declining trend with an increase in
ultrasonic power, and the influence of pH on the adsorption rate shown
diversity. Bacterial endotoxin adsorption first increased and then

(©)

Tanshinol (%)

Xa: Ultrasonic power

100 -1.00

Fig. 3. Interaction effects of (a) Activated carbon dosage and Ultrasonic power, (b) Activated carbon dosage and pH, and (c) Ultrasonic power and pH on the

adsorption rate of tanshinol.
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reduced with increasing pH within a specific range of ultrasonic power.
Presumably, the adsorption rate of bacterial endotoxin rose as a result of
the released adsorption site, while the adsorption rate of salvianolic
acids reduced as the degree of ionization increased. The bacterial en-
dotoxin’s micelles were broken up into smaller ones by ultrasound,
which resulted in a decrease in the adsorption rate. Additionally, the
alcohol hydroxyl group in the lipopolysaccharide structure of the bac-
terial endotoxin showed partial ionization with rising pH, further
weakening the van der Waals force between the endotoxin and activated
carbon.

The degree of X; (activated carbon dosage), X5 (ultrasonic power),
and X3 (pH) influencing the rate of salvianolic acid adsorption is
complicated due to the significant interaction among the parameters
under investigation. The four salvianolic acids’ adsorption rates are
positively connected with the X; and negatively associated with X, and
X3, as shown in Figs. 3-6. To balance the interactions of factors, it is
therefore required to determine a point of equilibrium between the
adsorption rates of salvianolic acid and bacterial endotoxin. According
to Fig. 3, at pH 6.50 and 450 W of ultrasonic power, the adsorption rate
first slightly decreased before increasing as the dosage of activated
carbon increased from 0.2 % to 0.8 %. This phenomenon became more
evident as pH increased, suggesting that ultrasonic accelerated the mass
transfer rate of ionic tanshinol on the surface of activated carbon par-
ticles when the dosage of activated carbon was low. Tanshinol’s
adsorption rate steadily dropped as both X5 and X3 increased, in line
with the adsorption mass transfer theory [40].

Regarding the effect of X3X3 and X»X3 interaction on the proto-
catechualdehyde adsorption rate, Fig. 4 illustrates that the adsorption
rate first increases and subsequently drops when the ultrasonic power is
500 W and the pH is in the 5.00—8.00 range. The pKa7.56 of proto-
catechualdehyde indicates that at this point in the solution, the com-
pound underwent a transition from the molecular to the ionic state. The
increased adsorption rate during this phase was caused by the presence
of three other salvianolic acids in the ionic state, as well as the accel-
erated desorption of 500 W ultrasound, which released the activated
carbon adsorption site and made it easier for the molecular proto-
catechualdehyde to adsorbed on the surface of the carbon. As pH
increased further, protocatechualdehyde’s degree of ionization
increased as well. Ultrasound was employed to accelerate up the
adsorption process, which reduced the adsorption rate.

The interactions between the variables of the rosmarinic acid
adsorption rate are displayed in Fig. 5’s three-dimensional graphs. Sig-
nificant interaction was seen between X7X,, X1X3 and X»X3. The
adsorption rate of rosmarinic acid decreased as ultrasonic power
increased while activated carbon dosage was fixed. Similarly, a pH-
induced fluctuation in adsorption rate was also observed. The adsorp-
tion rate of salvianolic acid B decreases with increasing ultrasonic power
and pH when X; is fixed, as illustrated in Fig. 6. Salvianolic acid B’s

~
(=
=

Protocatechualdehyde (%)
Protocatechualdehyde (%)

o0 8 o«

Xi: Activated carbon dosageM %

100 -1.00

Xa: Ultrasonic power Xi: Activated carbon dosage °*’
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molecular weight is greater than that of the other three salvianolic acids,
which results in a greater attraction between it and activated carbon.
However, since of its lower adsorption mass transfer efficiency, salvia-
nolic acid B is less sensitive to ultrasonic power. Consequently, in order
to achieve a low adsorption rate, a larger ultrasonic power must be
applied.

The desirability function was applied to figure out the optimal con-
ditions of UACS. It was discovered that the model’s desirability value
was 0.996 when the pH was 7.92, the ultrasonic power was 598.34 W,
and the activated carbon dose was 0.67 %. Target adsorption rates under
ideal conditions were, in order, 92.00 %, 2.00 %, 4.00 %, 2.30 %, and
3.85 % for bacterial endotoxin, tanshinol, protocatechualdehyde, ros-
marinic acid, and salvianolic acid B. Verification experiments were
carried out under optimal conditions to test the accuracy of the response
model: activated carbon dose of 0.70 %, ultrasonic power of 600 W, and
pH of 7.90. The experimental adsorption rates of bacterial endotoxin
were 94.15 + 1.01 %, while the adsorption rates of salvianolic acids
were as follows: 1.92 + 0.22 % for tanshinol, 4.05 + 0.48 % for proto-
catechualdehyde, 2.21 + 0.40 % for rosmarinic acid, and 3.77 & 0.55 %
for salvianolic acid B. The application of ultrasonic cavitation effect and
turbulence effect resulted in an improvement in the mass transfer effi-
ciency of solute adsorption on activated carbon surface [41]. Addi-
tionally, the intermolecular force between activated carbon and
salvianolic acids was decreased without impacting the adsorption of
bacterial endotoxin, and the desorption efficiency from the surface of
activated carbon particles to solution was accelerated. The precision and
dependability of RSM in identifying the ideal UACS procedure for
eliminating bacterial endotoxin from salvia miltiorrhiza injection was
validated by the resemblance between the predicted and experimental
values.

3.3. Comparison of UACS with CACA

The adsorption rate of bacterial endotoxin was chosen as an index
based on RSM’s optimal conditions. The experimental adsorption rate
with UACS was 94.15 %, which was close to the 97.58 % obtained with
CACA, but the experimental adsorption rates of salvianolic acids with
UACS were 1.92 % —4.05 %, which was much lower than the 20.74 % —
41.05 % obtained with CACA (Table 4). Salvianolic acids and bacterial
endotoxin both showed declining adsorption rates as the amount of
activated carbon was reduced. Nonetheless, it was challenging to resolve
the conflict between salvianolic acids and bacterial endotoxin regarding
activated carbon separation. Due to the bacterial endotoxin’s 31.50 %
adsorption rate and the salvianolic acid’s less than 5 % adsorption rate
while using 0.025 % activated carbon, salvia miltiorrhiza injection was
unable to meet product quality and safety standards [42].
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Fig. 4. Interaction effects of (a) Activated carbon dosage and Ultrasonic power, (b) Activated carbon dosage and pH, and (c) Ultrasonic power and pH on the

adsorption rate of protocatechualdehyde.
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Fig. 5. Interaction effects of (a) Activated carbon dosage and Ultrasonic power, (b) Activated carbon dosage and pH, and (c) Ultrasonic power and pH on the
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Table 4
The adsorption rates (%) of active carbon dosage using CACA.

Active carbon dosage (%) Bacterial endotoxin Tanshinol Protocatechualdehyde Rosmarinic acid Salvianolic acid B
0.025 31.50 £ 2.10 1.25 £ 0.40 4.60 £ 0.78 1.73 £ 0.28 2.66 £ 0.61
0.05 54.68 + 3.67 3.55 + 0.55 9.52 + 0.96 4.08 £ 0.53 4.37 £0.73
0.1 68.17 + 3.16 5.40 + 0.82 14.67 + 1.61 6.94 +1.31 8.58 £ 0.77
0.2 81.39 + 2.59 7.02 £ 0.95 19.97 +2.83 7.70 £ 1.28 10.57 £ 1.10
0.5 92.54 + 2.03 9.91 + 1.08 25.04 + 1.99 13.82 + 1.70 15.25 + 1.08
0.7 95.58 + 1.50 20.74 + 1.54 41.05 + 2.55 24.06 + 3.57 29.72 £ 2.57
1.0 98.42 +1.02 31.79 £1.77 67.85 + 2.90 38.29 +2.74 45.34 + 3.62

3.4. Correlation between molecular state and adsorption rate

The correlation equation is as follows, obtained via power function
fitting of the concentration of salvianolic acids (C) and the nanofiltration
mass transfer coefficient (k): Tanshinol k = 10.5090C%1°%5, R? = 0.9982;
Protocatechualdehyde k = 8.9985C%2061 R2 — 0.9912; Rosmarinic acid
k = 29.5700C*1%76, R? = 0.9923; Salvianolic acid B k = 12.3990C%14%7,
R%=0.9923. Additionally, as shown in Fig. 7, a correlation analysis was
conducted with the activated carbon adsorption rate (A) and the mo-
lecular proportion (M) of salvianolic acids were determined using the
above-mentioned power function equations as the pH rose from 2.00 to
8.00. As the pH of the solution reduced from 8.00 to 2.00, the molecular
proportions of the four salvianolic acids increased, and the molecular
proportion had a logarithmic association with the adsorption rate of
activated carbon. When activated carbon adsorption was used in the
process of producing salvia miltiorrhizae injection, the pH of the solution
was around 5.00, and the proportion of each component’s molecular

state was tanshinol 7.05 %, protocatechualdehyde 48.93 %, rosmarinic
acid 13.79 %, and salvianolic acid B 10.28 %, respectively. The loss of
useful components was evident, and the corresponding activated carbon
adsorption rate ranged from 20.74 % to 41.05 %. The pH of the solution
was adjusted to 7.90 in accordance with the parameters of the UACS,
and the component’s molecular proportions were as follows: salvianolic
acid B1.13 %, rosmarinic acid 2.62 %, tanshinol 3.51 %, and proto-
catechualdehyde 6.60 %. Even when employing the conventional acti-
vated carbon adsorption method, the loss rate of salvianolic acid B was
still more than 15 %. The technical difficulties with the salvia miltior-
rhizae injection manufacturing process was resolved when ultrasound
accelerated up the solute’s desorption rate on the surface of activated
carbon. Bacterial endotoxins were removed at a rate that exceeded 94 %,
and the rate of salvianolic acid loss was kept under control at less than 5
%.
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3.5. Anaphylaxis of salvia miltiorrhizae injection

In the salvia miltiorrhiza injection manufacturing process, activated
carbon serves as a bacterial endotoxins’ adsorbent. The ultrasonic
treatment increases the frequency of contact between the solute and
activated carbon while also modifying their stability, when activated
carbon nanoparticles enter salvia miltiorrhiza injection perhaps leading
to allergic reactions. As shown in Fig. 8, one-way ANOVA was used to
assess the sensitization based on the variation rate of IgE and His. IgE
and His produced comparable results, in the positive drug group (egg
albumin), the average variation rates of IgE and His were 68.96 % and
27.89 %, respectively, and these were significantly greater than in the
negative drug group (saline) (P < 0.05). The average variation rate in
plasma His and IgE was significant (P < 0.05) following injection of 0.01
% activated carbon, however the average variation rate of salvia mil-
tiorrhizae injection was dramatically decreased with the use of UACS and
CACA (P > 0.05). The application of ultrasonic-assisted activated carbon
has the potential to remove bacterial endotoxin from salvia miltiorrhizae
injection while having no discernible effect on the components of sal-
vianolic acids and posing no risk of allergic reactions or other potential
hazards [43].

10

4. Conclusion

In this study, an efficient and green UACS method was established to
remove bacterial endotoxin from salvia miltiorrhizae injection. The ob-
tained second-order polynomial model could fully reflect the influence
of independent variables on the response. Since the adsorption behavior
of activated carbon is dependent on van der Waals force for non-specific
adsorption, it is challenging to prevent the loss of salvianolic acids
during the removal of bacterial endotoxins, and the adsorption rate can
be affected by activated carbon, ultrasound and pH. As pH rises, the
percentage of salvianolic acid molecular states falls. salvianolic acids
loss are decreased by the acceleration of desorption efficiency on the
activated carbon surface due to the combined effects of ultrasonic
cavitation and turbulence. However, there were differences in the effects
of pH and ultrasound on salvianolic acids and bacterial endotoxin. By
modifying the factor levels, the variations offered a workable strategy
for removing the bacterial endotoxin from the salvia miltiorrhizae
injection.

The RSM approach yielded the following optimal UACS conditions: a
pH of 7.90, an activated carbon dosage of 0.70 %, and an ultrasonic
power of 600 W. The conflict about the separation of salvianolic acids
and bacterial endotoxins has been resolved by UACS as opposed to
CACA. UACS can increase the effectiveness of activated carbon’s
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adsorption and separation while having little effect on injection safety or
efficiency.
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