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A B S T R A C T   

Ultrasound is a green technology for intensifying enzymatic reactions. In this study, an ultrasonic water bath 
with equipment parameters of 28 kHz, 1750.1 W/m2, 60% duty cycle was used to assist the synthesis of butyric 
acid-lauric acid designer lipid (BLDL), which was catalyzed by Lipozyme 435. A convincing three-layer feed- 
forward artificial neural network (ANN) model was established (R2 = 0.949, RMSE = 4.759, ADD = 7.329) to 
accurately predict the optimal parameters combination, which was described as 13.72 mL reaction volume, 
15.49% enzyme loading, 0.253 substrate molar ratio (tributyrin/lauric acid), 56.58 ◦C reaction temperature and 
120 min reaction time. The ultrasonic assistance increased actual butyric acid conversion rate by 11.38%, and 
also enhanced the consumption rate of tributyrin and lauric acid during the reaction. Meanwhile, the esterifi-
cation activity of Lipozyme 435 was enhanced and its effectiveness up to 6 cycles. Structurally, ultrasound 
assistance significantly disrupted the secondary structure of the Lipozyme 435: reduced the content of α-helices, 
increased the content of β-sheet and β-turn. In addition, sonication caused an increase in crevice and micro- 
damage on the surface of the immobilized enzyme. In conclusion, low-intensity ultrasound at 28 kHz 
improved the synthesis efficiency of BLDL, which was scientifically predicted by ANN model, and the change of 
enzyme structure may be the vital reason for ultrasound enhanced reaction. However, the effect of ultrasound on 
immobilized enzymes’ activity needs to be further explored.   

1. Introduction 

Designer lipids are novel lipids formed by artificially altering the 
fatty acid (FA) composition or its position on the glycerol backbone, 
which often have superior organoleptic properties and are more health- 
friendly than natural lipids. Nowadays, designer lipids are widely 
applied in food, nutraceutical and pharmaceutical industries, such as 
baby food, diet food and anti-cardiovascular products [1]. Wei et al. 
synthesized 1,3-dioleoyl-2-palmitoylglycerol (OPO) through the catal-
ysis of Lipozyme RM IM using tripalmitin and oleic acid as raw 

materials, the designer lipid can improve the symptoms of energy defi-
ciency, calcium deficiency and constipation in infants [2]. Another study 
documented that designer lipid synthesized from palm olein and cap-
rylic acid has lower viscosity, lighter color and better thermo-oxidative 
stability [3]. Due to the multiple health benefits and processing prop-
erties of designer lipids, there is an increasing need for greener and more 
effective designer lipids synthesis methods. 

Traditionally, acid hydrolysis is an ideal method to change the FA 
composition on the glycerol backbone to form new designer lipids [4]. 
Nevertheless, the acid hydrolysis transesterification catalyzed by 

Abbreviations: FA, fatty acid; OPO, 1,3-dioleoyl-2-palmitoylglycerol; MCFA, medium chain fatty acid; BLDL, butyric acid-lauric acid designer lipid; ANN, artificial 
neural network; GA, genetic algorithm; CCD, central composite design; R2, coefficient of determination; RMSE, root mean square error; AAD, absolute mean de-
viation; FT-IR, Fourier transform infrared spectroscopy; CD, circular dichroism; TAG, triacylgycerol; DAG, diacylglycerol; MAG, monoacylglycerol; FFA, free fatty 
acid. 

* Corresponding authors at: College of Biosystems Engineering and Food Science, Zhejiang University, No. 866, Yuhangtang Road, Hangzhou 310058, China (F. 
Feng). School of Food Science and Technology, Jiangnan University, No. 1800, Lihu Avenue, Wuxi 214122, China (W. Wei). 

E-mail addresses: fengfq@zju.edu.cn (F. Feng), weiw@jiangnan.edu.cn (W. Wei).  

Contents lists available at ScienceDirect 

Ultrasonics Sonochemistry 

journal homepage: www.elsevier.com/locate/ultson 

https://doi.org/10.1016/j.ultsonch.2022.106100 
Received 12 June 2022; Received in revised form 10 July 2022; Accepted 19 July 2022   

mailto:fengfq@zju.edu.cn
mailto:weiw@jiangnan.edu.cn
www.sciencedirect.com/science/journal/13504177
https://www.elsevier.com/locate/ultson
https://doi.org/10.1016/j.ultsonch.2022.106100
https://doi.org/10.1016/j.ultsonch.2022.106100
https://doi.org/10.1016/j.ultsonch.2022.106100
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Ultrasonics Sonochemistry 88 (2022) 106100

2

chemical catalysts often involves random insertion of fatty acids, and the 
subsequent purification costs are high, which limit the application of 
designer lipids. In comparison, immobilized enzymes have the advan-
tages of safety, environmental friendliness, fewer by-products, and easy 
recycling. For enzymatic reactions, the substrate molar ratio, reaction 
temperature and enzyme loading are important factors affecting the 
reaction efficiency. When a variety of substrates with different polarities 
are mixed in the reaction system, the change of the substrates molar 
ratio will directly change the polarity of the reaction system, which 
affect the enzyme activity and mass transfer [5]. In addition, a moderate 
increase in reaction temperature and enzyme loading may accelerate the 
reaction, while improper adjustment may bring economic burden and 
reduce reaction efficiency [6]. Therefore, the optimization of the enzy-
matic esterification reaction is very important. The artificial neural 
network (ANN) model is especially suitable for solving complex 
nonlinear relationship problems, which can reflect the relationship be-
tween the independent variable and the dependent variable more 
accurately than the response surface model [7,8]. At present, ANNs have 
been widely used to guide the synthesis of biodiesel [7,9]. However, the 
potential role of ANNs in guiding designer lipid synthesis remains to be 
explored. For the choice of immobilized lipase, Lipozyme 435 is a 
commercial enzyme derived from Candida antarctica with sn-1,3 speci-
ficity [10]. Zhang et al. used Lipozyme 435 to catalyze herring oil, 
caprylic and stearic acids to synthesize designer lipids that can replace 
butter [10]. Additionally, Lu et al. compared the ability of Lipozyme 
435, Novozyme 435, Lipozyme RM IM and Lipozyme TL IM to catalyze 
the synthesis of medium and long chain triglycerides from soybean oil 
and medium chain triglycerides [11]. Among them, Lipozyme 435 was 
the most efficient. However, the immobilized support increases the mass 
transfer resistance and reduces the catalytic efficiency of the immobi-
lized enzyme. Long reaction time will cause more acyl migration, so it is 
necessary to shorten the reaction time to reduce the chance of this 
phenomenon [12]. Therefore, it is meaningful to improve the catalytic 
efficiency of immobilized enzymes with new technologies. 

Ultrasound is a green and economic processing technology, which is 
widely used in enhancing enzyme-catalyzed reactions with a frequency 
range of 20 kHz-100 kHz. The propagation of high-amplitude ultrasonic 
waves in the liquid medium results in micro-bubbles generation and 
expansion. Subsequently, the shock waves will be generated when the 
bubbles collapse [13]. Such shock waves create highly turbulent flow in 
the reaction mixture accompanied by transient high temperatures and 
pressures, which in turn alter the enzyme structure, disrupt interactions 
between reaction substrates and facilitate material diffusion [13,14]. 
Therefore, ultrasonic-assisted enzymatic catalysis is a potential green 
technology that can improve the yield and reaction efficiency of 
designer lipids. Ultrasonic enhancement comes from two aspects: one is 
to enhance mass transfer, and the other is the activation of lipase itself 
[15]. Liu et al. used ultrasound assisted Lipozyme RM IM (20 kHz, 130 
W) to catalyze the synthesis of OPO. They reported that ultrasound 
enhances the affinity of the enzyme for the substrate, and the apparent 
kinetic constant of the reaction was 2.52 times higher than that of 
conventional mechanical stirring [16]. In another study, with the 
assistance of ultrasound at the condition of 20 kHz, 70% duty cycle and 
240 W, the yield of palm olein designer lipid was increased from 28% 
(conventional process) to 92% within 360 min [3]. Similarly, More et al. 
obtained higher designer lipid yields than conventional processes with 
different MCFA and long-chain oils under the combined action of ul-
trasonic and enzyme [17]. Notably, ultrasonic parameter plays an 
important role in its assisted enzymatic synthesis. Under the condition of 
fixed ultrasonic intensity, frequency and duty cycle, the increase of ul-
trasonic volume will lead to the decrease of energy density, and finally 
weaken the cavitation effect caused by ultrasonic in the reaction system 
[18,19]. In addition, ultrasonic duration is also one of the ultrasonic 
parameters that worthy of attention. Taken together, ultrasound is an 
ideal and feasible technology to assist enzyme-catalyzed synthesis of 
designer lipids, and the effect of ultrasound on the structure of enzymes 

is also worthy of attention. 
Tributyrin as a butyric acid precursor has been successfully used for 

antibacterial effects [20], anticancer [21] and regulation of lipid 
metabolism [22]. However, tributyrin will be rapidly decomposed into 
butyric acid and metabolized in vivo, which greatly decreases its stability 
and physiological activity [23,24]. Meanwhile, lauric acid (C12) is a 
medium-chain fatty acid (MCFA), its glyceride has antibacterial activity 
and good resistance to digestion, and is rapidly metabolized into energy 
after being transported to the liver [25]. Therefore, lauric acid may be a 
potential option to modify tributyrin structure, which improves its 
nutritional value and stability. In this study, Lipozyme 435 assisted by 
ultrasonic (28 kHz) synthesized the butyric acid-lauric acid designer 
lipid (BLDL) for the first time. In particular, the ANN was used to 
simulate the relationship between butyrate conversion rate and reaction 
parameters (ultrasonic volume, enzyme loading, substrate molar ratio, 
reaction temperature and time). On this basis, the optimal parameters 
combination to achieve the maximum conversion rate of butyric acid 
was predicted by genetic algorithm (GA). In addition, the structures of 
Lipozyme 435 with and without ultrasonic treatment were compared. 
Finally, UPLC-Q-TOF-MS and GC were used to analyze the structure and 
composition of BLDL. This study is expected to provide innovative ideas 
for the ultrasound-assisted synthesis of designer lipids, and broaden the 
application of ANNs in designer lipid synthesis. 

2. Materials and methods 

2.1. Materials 

The reagents purchased from Aladin Co., ltd (Shanghai, China) were 
listed as follows: lauric acid, tributyrin, butyric acid, glyceryl mono-
butyrate, glyceryl dibutyrate and lipase from pig pancreas. Lipozyme 
435 was purchased from Gaorisen Technology Co., ltd (Beijing, China). 
All other chemicals used were analytical grade. The trough ultrasonic 
equipment (JM-03D-28/45) was provided by Shenzhen Jiemeng Tech-
nology Co., ltd. (28 kHz, 100 W, 9 s on/6s off). The actual ultrasonic 
intensity of the device at 100 W power is 1750.1 W/m2, which was 
measured by calorimetry [26]. 

2.2. Ultrasound-assisted BLDL synthesis 

2.2.1. Prediction model based on artificial neural network (ANN) 
A three-layer feed-forward artificial neural network was used to 

study the nonlinear relationship between variables (ultrasonic volume, 
enzyme loading, molar ratio of the substrate, reaction temperature, re-
action time) and butyric acid conversion rate. Five variables mentioned 
above were set as the input layer, while the butyric acid conversion rate 
was set as the output layer (Fig. 1). Before ANN modeling, a central 
composite design (CCD, Design Expert 8.0.6) was used to generate 30 
experimental runs with ultrasonic volume (11 mL to 16 mL), enzyme 
loading (8% to 13%, w/w), substrate molar ratio (tributyrin/lauric acid, 
0.25 to 0.5), and reaction temperature (55℃ to 70℃) as independent 
variables and the conversion rate of butyric acid as the dependent var-
iable. The combinations of experimental parameters were shown in 
Supplementary Table 1. On this basis, each experimental run was 
sampled by reaction time (0, 30, 60, 120, 180, 240, 360, 480 min), and 
the raw data for ANN modeling was finally obtained. 

In this study, only one hidden layer was selected to prevent over 
fitting of the model [27]. The training process of the model adopts 
Marquardt Levenberg learning algorithm, which was a back- 
propagation training algorithm with high nonlinear mapping ability 
[28]. In addition, the linear transfer function (purelin), log sigmoid 
transfer function (logsig) and hyperbolic tangent sigmoid transfer func-
tion (tansig) were used for the hidden layer and output layer to obtain 
the best topology structure of the ANN model for predicting the con-
version of tributyrin. The ANN model was constructed by using the 
“newfit” function in MATLAB, r2009a (the MathWorks, Inc., Ma, USA). 
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Details of modeling could be found in previous studies [27,29]. 
Finally, the accuracy and predictability of the ANN model were 

evaluated by coefficient of determination (R2), root mean square error 
(RMSE) and absolute mean deviation (AAD). After the ANN model was 
established, the “slice” function in MATLAB was used to generate a 4D 
diagram reflecting the effects of ultrasonic volume, enzyme addition, 
substrate molar ratio, reaction temperature and reaction time on the 
conversion of tributyrin. 
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In the formulas, qi,p represented the experimental value, qi,e repre-
sented the predicted value, qavg meant the average value of the experi-
mental value, and n represented the number of samples. 

2.2.2. Optimization based on GA 
GA is an adaptive heuristic search and optimization method, which 

finds the optimal solution by simulating genetics and natural selection 
[8]. Specifically, each individual with five input variables including the 
volume of ultrasonication, enzyme loading, molar ratio of the substrate, 
reaction temperature, and reaction time was defined as chromosome. 
After these chromosomes were evaluated by adaptability function, the 

individual with a high fitness score was selected as the parental chro-
mosome. The parental chromosomes repeatedly generated new parental 
chromosomes and daughter chromosomes through genetic operators 
such as crossover, mutation and reproduction until the optimal chro-
mosome was obtained, which was the optimal solution [27]. The GA- 
based optimization process was realized through the optimization 
toolbox in MATLAB, r2010a (the MathWorks, Inc., Ma, USA). 

2.3. Conventional synthesis of BLDL 

The stirring-enzyme catalysis method (shaker, 55 rpm) was chosen as 
the conventional designer lipid synthesis method. The reaction param-
eters of this protocol were consistent with the best ultrasound assisted 
lipid synthesis scheme, except that sonication was not added. 

2.4. Designer lipid synthesis kinetics 

The designer lipid synthesis reaction progress of conventional 
methods and ultrasound-assisted methods was monitored under optimal 
reaction conditions. Specifically, samples were taken at 5, 10, 20, 40, 60, 
90, and 120 min of the reaction to determine the concentrations of 
tributyrin and lauric acid. 

2.5. Enzyme stability 

The stability of Lipozyme 435 was investigated under optimal 
ultrasound-assisted conditions. Specifically, the enzyme after 
ultrasound-assisted reaction was collected to washed with n-hexane and 
dried at 40 ◦C for 60 min. Then, it was cooled in a desiccator for 24 h. 
Subsequently, the enzyme was used in a second reaction and circulated 
in this way [30]. The butyric acid conversion rate was determined to 
assess the stability of enzyme. 

2.6. Enzyme activity 

2.6.1. Hydrolytic activity of enzyme 
Tributyrin (0.02 mol) was mixed with 0.1 g of Lipozyme 435. After 

10 min of reaction (56.58 ◦C), the content of tributyrin was detected 
through GC (described in section 2.8.1). One unit (U) of Lipozyme 435 
hydrolytic activity was defined as the consumption of 1 μmol of tribu-
tyrin by 1 mg Lipozyme 435 at 1 min. 

Fig. 1. Architecture of ANN model to predict butyric acid conversion rate as a function of ultrasonic volume, enzyme loading, substrate molar ratio, reaction 
temperature, and reaction time. 

Table 1 
Effects of different treatments on secondary structure components of Lipozyme 
435 lipase estimated using circular dichroism.  

Treatments α-Helix 
(%) 

β-Sheets 
(%) 

β-Turns 
(%) 

Random coil 
(%) 

Unreacted  71.7  2.3  14.3  11.7 
Conventional 

reaction  
5.2  32.2  18.9  43.5 

Ultrasound assisted  8.0  35.8  23.9  32.3  
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2.6.2. Esterification activity of enzyme 
Lauric acid (0.02 mol) and 0.02 mol of glycerol were mixed with 0.1 

g of Lipozyme 435. After 10 min of reaction (56.58 ◦C), the content of 
lauric acid was detected through GC (described in section 2.8.1). One 
unit (U) of Lipozyme 435 esterification activity was defined as the 
consumption of 1 μmol of lauric acid by 1 mg Lipozyme 435 at 1 min. 

2.7. Structure of enzyme 

2.7.1. Circular dichroism (CD) 
Enzymes with or without sonication treatment (optimal ultrasonic 

conditions) were dissolved in 10 mmol/L phosphate buffer (0.3 mg/mL, 
pH 7.0). The CD (JASCO, J-1500-150ST) was captured in the wave-
length range 190–260 nm, with a bandwidth of 1 nm and a scan speed of 
100 nm/min, using a 1.0 mm quartz cell. Each spectrum was the average 
of three consecutive scans and background signal subtracted (phosphate 
buffer (10 mmol/L, pH 7.0)). The raw data was analyzed on the 
DichroWeb (http://dichroweb.cryst.bbk.ac.uk/) [31]. 

2.7.2. Intrinsic fluorescence 
The enzymes with or without sonication treatment (optimal ultra-

sonic conditions) were dissolved in deionized water at a concentration of 
0.5 mg/mL. Fluorescence spectra of enzyme samples were measured at 
room temperature (25 ± 1 ◦C), using a spectrofluorometer (Model Cary 
Eclipse, Varian Inc., Palo Alto, USA) equipped with a 1 cm path length 

cell. The excitation wavelength was 280 nm (slit = 5 nm), the emission 
wavelength range was 300–400 nm. The voltage applied to the photo-
multiplier in the detector was 600 V, and the scan speed was 10 nm/s 
[32]. 

2.7.3. Fourier transform infrared spectroscopy (FT-IR) 
The enzymes with or without sonication treatment (optimal ultra-

sonic conditions) were freeze-dried to obtain a dry powder (2 mg), 
which was then pressed into 1–2 mm flakes. Using an FT-IR spectrom-
eter (Thermo Scientific Co., ltd, USA), infrared spectra were recorded by 
scanning in the 4000–400 cm− 1 range with 4 cm− 1 resolution, and 32 
scans were performed in each sample. 

2.7.4. Scanning electron microscope (SEM) 
The microscopic morphology of Lipozyme435 with or without son-

ication treatment (optimal sonication conditions) was observed by 
scanning electron microscopy (FEI QUANTA 650). Specifically, the 
samples were coated with a thin layer of gold for observation with an 
accelerating voltage of 3–20 kV. 

2.7.5. Molecular docking 
Molecular docking analysis was performed on tributyrin and lauric 

acid with Lipozyme 435 lipase, respectively. AutoDockTools (version 
1.5.7) software was used for molecular docking studies. According to the 
research by He et al., the high-resolution (2.60 Å) crystal structure of 
lipase from Candida antarctica (PDB ID: P41365) was downloaded from 
the Protein Data Bank (PDB) [33]. The PyMOL software (version 2.5.2) 
was used to remove water and other interfering receptors in the original 
protein crystal structure to obtain the processed protein crystal. The 
structures of tributyrin and lauric acid were downloaded from the 
PubChem website as the SDF files. The minimum energy structures 
(mol.2 file format) of tributyrin and lauric acid were obtained using 
Chem3D software. Molecular docking parameters were as follows: 

adjust the value to cover the active center of the protein, XYZ-dimension 
was size_x = 90, size_y = 50, size_z = 58, and xyz-center was center_x =
34.018, center_y = 169.501, center_z = 37.134, respectively. The energy 
range was 5 and the number of runs was 20. Then, the treated protein 
crystal was docked with tributyrin or lauric acid respectively, the 
binding mode with the lowest binding energy and the highest binding 
degree was simulated, and the binding region and site, the active amino 
acid residues and the main binding force were also obtained. The visu-
alization of molecular docking is realized in PyMOL software. 

2.8. Detection of BLDL 

2.8.1. Detection of butyric acid conversion rate and lauric acid content 
Analysis was performed using a GC-2014 (Shimadzu Co., ltd., Japan) 

gas chromatography and flame ionization detector (FID). The corre-
sponding conditions were as follows: column: HP-5 (30 m*0.25 mm, 
inner diameter 0.2um); injection volume: 1 uL; inlet temperature: 
310 ◦C; detector temperature: 320 ◦C; carrier gas: nitrogen; column 
pressure: 77 kPa; split ratio: 20:1; heating program: the initial temper-
ature of the column was 50 ◦C, heated to 260 ◦C at a rate of 18 ◦C/min, 
held for 0.5 min, and then heated to 300 ◦C at a rate of 20 ◦C/min. The 
content (mol) of lauric acid, tributyrin, butyric acid, glyceryl mono-
butyrate and glyceryl dibutyrate were quantitatively analyzed by stan-
dards and standard curve.   

In the formulas, 0 indicates content before reaction (mol), 1 indicates 
content after reaction (mol). 

2.8.2. Lipid composition analysis of designer lipid 
The designer lipid obtained from the reaction was purified, and the 

specific purification methods were referred to previous studies [34]. 
UPLC-Q-TOF-MS (Waters, Milford, MA, USA) was used to analyze tri-
acylglycerol (TAG), diacylglycerol (DAG), monoacylglycerol (MAG) and 
free fatty acid (FFA) in the designer lipid. Briefly, the UPLC conditions 
were: BEH C18 (2.1 mm × 150 mm × 1.7 μm, Waters, USA), mobile 
phase consisted of 90% isopropanol (solvent A), 40% acetonitrile (sol-
vent B), and 10 mmol/L ammonium acetate composition. Lipid was 
performed at a column temperature of 65 ◦C with a flow rate of 0.3 mL/ 
min. The gradient program started at 20% A, increased to 75% at 5 min, 
90% at 11 min, and then returned to the original 20% at 15 min. The 
injection volume and concentration were 1 μL and 0.3 mg/mL, 
respectively. 

The Q-TOF-MS was set to positive and negative ion electrospray 
ionization (ESI) mode. The detailed parameters were described as fol-
lows: capillary voltage: 3.5 kV; cone voltage: 20 V; ion source temper-
ature: 100 ◦C; desolvation temperature: 400 ◦C; desolvation gas flow 
rate: 700 L/h; cone gas flow rate: 50 L/h; collision voltage: 6 eV and 30 
eV for positive and negative ESI modes, respectively; scan range: 
100–1500 m/z. Each sample was injected twice, once to detect TAG and 
MAG in a positive ESI mode and once to detect DAG and FFA in a 
negative ESI mode. Data processing and analysis using Waters MassLynx 
software (Waters, Milford, MA, USA) [35]. 

2.8.3. Analysis of fatty acid composition at sn-2 position 
Following the method of Qi et al. with slight modifications, the pu-

rified designer lipids were hydrolyzed into sn-2 (MAG) using porcine 
pancreatic lipase in a water bath (37 ◦C) [36]. The hydrolyzate was 

Butyric acid conversion rate (%) =

(

1 −
butyric acid1 + glyceryl monobutyrate1 + glyceryl dibutyrate1*2 + tributyrin1*3
butyric acid0 + glyceryl monobutyrat0 + glyceryl dibutyrate0*2 + tributyrin0*3

)

*100   
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separated on a silica gel plate (G TLC) with the developing solvent of n- 
hexane/diethyl ether/acetic acid (50:50:1, v/v/v). Bands of sn-2 MAG 
were scraped, methylated and analyzed by GC [36]. 

2.9. Statistical analysis 

All experiments were performed at least three times, and the data 
were expressed as mean ± SD. Prism GraphPad software (version 8.4.0, 
USA) was used to statistically analyze the data with one-way ANOVA 
and Turkey test, and p < 0.05 was considered as a significant difference. 

3. Results 

3.1. Establishment of ANN model and parametric study 

A three-layer feed-forward ANN model was built to simulate the ef-
fects of reaction parameters (ultrasonic volume, enzyme loading, sub-
strate molar ratio, reaction temperature, and reaction time) on butyric 
acid conversion rate (Fig. 1). The model had an R2 (0.949) value close to 
1, and the RMSE and ADD values were 4.759 and 7.329, respectively 
(Fig. 2A). Therefore, the ANN model was robust enough to accurately 
and scientifically fit the relationship functions between reaction pa-
rameters and butyric acid conversion rate. Meanwhile, this model could 

predict the butyric acid conversion rate under specific parameter com-
binations. In addition, the corresponding weight and bias values of 
neurons in the hidden and output layers of the model are given in 
Supplementary Table 2. 

Based on ANN and GA tools, the highest predicted conversion rate of 
butyric acid was obtained, which was 81.39%. In this case, the reaction 
parameters were combined as follows: treatment volume, enzyme 
loading, substrate molar ratio (tributyrin: lauric acid), reaction tem-
perature and reaction time were 13.72 mL, 15.49%, 0.253, 56.58℃ and 
120 min, respectively. Herein, the experiment with above optimal 

Fig. 2. Predictive accuracy and slice analysis of ANN model. (A, B) Predictive accuracy of ANN model. (C) 4D graph showing the effects of ultrasonic volume, enzyme 
loading and substrate molar ratio on the adsorption of phenolics on butyric acid conversion rate. (D) 4D graph showing the effects of ultrasonic volume, enzyme 
loading and reaction temperature on the adsorption of phenolics on butyric acid conversion rate. (E) 4D graph showing the effects of reaction temperature, enzyme 
loading and substrate molar ratio on the adsorption of phenolics on butyric acid conversion rate. (F) 4D graph showing the effects of reaction temperature, ultrasonic 
volume and substrate molar ratio on the adsorption of phenolics on butyric acid conversion rate. 

Table 2 
Lipid composition of BLDL.  

TAG Relative 
content (%) 

DAG Relative 
content (%) 

FFA Relative 
content (%) 

La-La-Bu  30.16 La- 
Bu  

4.45 P  1.59 

La-La- 
La  

32.12 La- 
La  

20.39 S  1.71 

S–O–P  1.54 S–P  2.08 O  0.23 
S–O–O  1.10 O–P  2.06   
S–S–O  1.00 S–S  1.30   

La: lauric acid; Bu: butyric acid; S: stearic acid; O: oleic acid; P: Palmitic acid. 
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parameters combination was performed. The results indicated that the 
real butyric acid conversion rate was 77.81% which was close to the 
predicted value. This result further verified the reliability of the estab-
lished ANN model. Moreover, under the fixed reaction time of 120 min, 
4D diagrams of butyric acid conversion rate with independent variables 
were generated by using slice function (Fig. 2). As shown in Fig. 2C, the 
promoting effect of ultrasound assistance on the reaction was decreased 
with the increasing of reaction volume. Additionally, the conversion rate 
of butyric acid was increased at the molar ratio of substrates (tributyrin/ 
lauric acid) in the range of 0.1–0.3, and started to decrease when the 
ratio was greater than 0.3. When the molar ratio was greater than 0.5, 
the impact of enzyme loading and reaction volume on the butyric acid 
conversion rate was reduced. Interestingly, the results also showed that 
too high enzyme loading against the synthesis of designer lipid. 
Combining the results presented in Fig. 2D, E, and F, the thermal inac-
tivation of the enzyme might be the key reason for inhibiting the syn-
thesis of designer lipids when the reaction temperature was higher than 
70℃. Furthermore, reaction volume greater than 16 mL were proved to 
be an unacceptable reaction condition. In all, the ANN is a reliable tool 
to avoid large tedious experimental operations and improve research 
efficiency. This study successfully obtained an ANN model, which could 
well predict and guide the synthesis of BLDL. The optimal parameters 
combination was used in subsequent experiments, and the optimal 
butyric acid conversion rate was 77.81%. 

3.2. Kinetics of conventional and ultrasound-assisted designer lipid 
synthesis 

As shown in Fig. 3A, 28 kHz ultrasonic assistance significantly 
increased the butyric acid conversion rate from 69.86% to 77.81%. 
Notably, the lauric acid content decreased slowly by conventional stir-
ring treated alone, while 28 kHz ultrasound significantly accelerated the 

consumption of lauric acid, especially in the first 30 min (Fig. 3B). At the 
end of the reaction, about 20% and 30% of the lauric acid were 
consumed by conventional stirring and ultrasonic-assisted reaction, 
respectively. Meanwhile, ultrasound assisted improved the hydrolysis 
rate of triglyceride. At the end of the reaction, only 6.97% of triglyceride 
was left, which had a significant downward trend compared with 
15.75% in the conventional stirring group (Fig. 3C). Summarily, soni-
cation at 28 kHz distinctly improved the yield of BLDL by increasing the 
consumption rate and availability of substrates. 

3.3. Effect of ultrasound on the stability and vitality of Lipozyme 435 

The above results show that BLDL can be successfully obtained by 
enzymatic catalysis, which should be attributed to the binding of lauric 
acid and tributyrin to the active site of Lipozyme 435. As shown in 
Fig. 4A, B, the molecular simulation dockings indicated that the gluta-
mine residue, tryptophan, alanine and isoleucine in the active pocket 
might be the key site for the reaction of tributyrin and lauric acid 
catalyzed by Lipozyme 435. In this study, the change of the enzyme 
activity in the ultrasonic field is an important reason to increase the 
reaction efficiency. The ultrasonic parameters used in this study (28 
kHz, 1750.1 W/m2, 60% duty cycle, 120 min) did not significantly affect 
the catalytic synthesis ability of the enzyme within 6 cycles (Fig. 4C). 
This implied that the effects of ultrasound on enzymes were reversible to 
some extent. Additionally, it was found that ultrasound dramatically 
reduced the hydrolysis activity of Lipozyme 435 (p < 0.01), while 
enhancing the esterification activity of the enzyme (p < 0.05) (Fig. 4 D, 
E). This was contrary to the phenomenon that ultrasound enhanced the 
consumption of tributyrin and lauric acid (Fig. 3B, C). It was suggested 
that ultrasonic treatment may stimulate acidolysis transesterification 
through multiple pathways. Due to the changes in the enzyme activity 
by ultrasonic treatment, the related indexes of the enzyme structure 

Fig. 3. Comparison of conventional and ultrasound- 
assisted designer lipid synthesis. (A) Butyric acid 
conversion rates of conventional (55 rpm) and 
ultrasound-assisted (55 rpm + 28 kHz ultrasonic) 
designer lipid synthesis. (B) Lauric acid content dur-
ing conventional (55 rpm) and ultrasound-assisted 
(55 rpm + 28 kHz ultrasonic) synthesis. Significant 
difference markers indicated that there were signifi-
cant differences between different treatment groups. 
(C) Tributyrin content during conventional (55 rpm) 
and ultrasound-assisted (55 rpm + 28 kHz ultrasonic) 
synthesis. Significant difference markers indicated 
that there were significant differences between 
different treatment groups. ** indicated significant 
differences (p < 0.01), *** indicated extremely sig-
nificant differences (p < 0.001).   
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were further monitored below. 

3.4. The effect of ultrasound on the structure of Lipozyme 435 

3.4.1. FT-IR spectrum analysis 
FT-IR spectroscopy was used to determine the structural changes of 

Lipozyme 435 before and after ultrasonic treatment (Fig. 5A). Compared 
with the unreacted enzyme, both the 3420 cm− 1 and the 2950 cm− 1 

positions of the conventional reaction enzyme and ultrasonic treatment 
enzyme were shifted to lower wavenumbers. These peaks were gener-
ated by the O–H stretching vibration and the C–H stretching vibration 
respectively, which implied that the enzyme-catalyzed reaction may 
lead to partial hydrogen bond formation. In addition, the amide struc-
ture is an important structure in proteins. According to the wavenumber 
range, amides can be divided into amide I (1700–1600 cm− 1), amide II 
(1550–1530 cm− 1) and amide III (1300–1260 cm− 1). In the amide I 
region, the waveforms of the conventional reaction enzyme and ultra-
sonic treatment enzyme changed greatly (1730 cm− 1) and the peak in 
the 1650 cm− 1 region became flat. This change might be reversed by 
washing with n-hexane after the reaction. Compared with conventional 
reactive enzyme, ultrasonic treatment sharpened the shape of the 
enzyme peak at 1730 cm− 1. In amide II region, Lipozyme 435 after 

reaction had no obvious peak. Fig. 5A also showed that after catalytic 
reaction, the peak shape in 1300–1200 cm− 1 band was slightly changed, 
which still occurred after n-hexane washing. 

3.4.2. Intrinsic fluorescence analysis 
Disruption of the protein structure results in the exposure of tryp-

tophan residues, which is ultimately revealed in fluorescent properties. 
In this study, intrinsic fluorescence was used to observe the effect of 
sonication on Lipozyme 435. As shown in Fig. 5B, the maximum fluo-
rescence emission wavelength of unreacted Lipozyme 435 was 326 nm 
with an intensity of 632.5 a.u.. Compared with the unreacted Lipozyme 
435, the maximum fluorescence emission wavelength of the reacted 
ones showed an obvious red-shift phenomenon and its fluorescence in-
tensity decreased sharply. Specifically, the maximum fluorescence 
emission wavelengths of Lipozyme 435 after the conventional and 
sonication reaction were shifted to 357 nm and 346 nm, respectively 
(Fig. 5C). Besides, the maximum fluorescence intensity of the enzyme 
after ultrasonic-assisted reaction was significantly reduced compared 
with the conventional reaction group. These results implied that soni-
cation caused unfolding of the tertiary structure of lipase, changing the 
spatial position of tryptophan residues. However, the red-shift of the 
maximum fluorescence emission wavelength might be due to the 

Fig. 4. Effect of ultrasound on the stability and vi-
tality of Lipozyme 435. (A) The molecular docking 
between lauric acid and un-ultrasonic treatment 
Candida antarctica lipase B (Lipozyme 435), the yel-
low dashed line represented the simulated hydrogen 
bond connection, and the number indicated the 
hydrogen bond distance (Å). (B) The molecular 
docking between tributyrin and un-ultrasonic treat-
ment Candida antarctica lipase B (Lipozyme 435), the 
yellow dashed line represented the simulated 
hydrogen bond connection, and the number indicated 
the hydrogen bond distance (Å). (C) Stability of Lip-
ozyme 435 assisted by ultrasound. (D) Hydrolysis 
activity of Lipozyme 435 after conventional and ul-
trasonic treatment. (E) Esterification activity of Lip-
ozyme 435 after conventional and ultrasonic 
treatment. * indicated significant differences (p <
0.05), ** indicated p < 0.01. (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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heating. 

3.4.3. Circular dichroism analysis 
The secondary structure of the reacted lipase changed obviously 

(Fig. 5 D, E; Table 1). In unreacted Lipozyme 435, the α-Helix structure 
occupied 71.7%, accompanied with 2.3% β-Sheets, 14.3% β-Turns and 
14.4% random coil (Table.1). It was worth noting that the effect of 
heating as well as ultrasound on the secondary structure of lipase was 
strong. The α-Helix of the enzyme decreased after the reaction, and the 
β-Sheets of enzymes in the conventional treatment and ultrasound 
groups contained 32.2% and 35.8%, respectively, which were increased 
after reaction. Meanwhile, the β-Turns also increased from 14.3% before 
the reaction to 18.9% after the conventional reaction and 23.9% after 
sonication. In addition, a dramatic increase in the proportion of random 
coils was also observed after the reaction. Compared with the conven-
tional treatment, the ultrasonic treatment transformed less α-Helix into 
random coil, and its content was 11.2% lower than that of the conven-
tional treatment group. 

3.4.4. Microstructure of Lipozyme 435 
The effect of ultrasonic treatment on Lipozyme 435 microstructure 

was observed by SEM (Fig. 6). The Lipozyme 435 without ultrasonic 
treatment presented the original smooth and dense spherical structure of 
the carrier resin. However, ultrasound at 28 kHz resulted in fractures 
and voids on the surface of the immobilized carrier, and even irregular 
deformation of the spherical structure. Those larger voids in the 
encapsulating material of the immobilized enzyme contribute to facili-
tating the binding of substrate and enzyme. In addition, conventional 
treatment (56.5 ◦C, 55 rpm) did not cause significant changes in the 
surface structure of Lipozyme 435. 

3.5. Lipid composition and sn-2 fatty acid of BLDL 

In this study, the lipid composition of BLDL was analyzed using 
UPLC-Q-TOF-MS. As shown in Table. 2, the BLDL contained 34.61% of 
butyric lauric acid structural lipids (including La-La-Bu and La-Bu). 
Moreover, glyceryl trilaurate and glyceryl dilaurate were the main re-
action by-products, accounting for 32.12% and 20.39%, respectively. 

Fig. 5. The effect of ultrasound on the structure of 
Lipozyme 435. (A) FT-IR spectrum analysis. (B) 
Intrinsic fluorescence of unreacted (unreact), 
conventionally reacted (55 rpm), and ultrasound- 
assisted reacted (55 rpm + 28 kHz ultrasonic) Lip-
ozyme 435. (C) Intrinsic fluorescence of convention-
ally reacted (55 rpm) and ultrasound-assisted reacted 
(55 rpm + 28 kHz ultrasonic) Lipozyme 435. (D) 
Circular dichroism of unreacted (unreact), conven-
tionally reacted (55 rpm), and ultrasound-assisted 
reacted (55 rpm + 28 kHz ultrasonic) Lipozyme 
435. (E) Circular dichroism of conventionally reacted 
(55 rpm) and ultrasound-assisted reacted (55 rpm +
28 kHz ultrasonic) Lipozyme 435.   
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Small amounts of free or esterified stearic acid, oleic acid, and palmitic 
acid were also detected. On the other hand, lauric acid was the main 
fatty acid distributed in the sn-2 position of the glycerol backbone of 
purified BLDL, accounting for about 96.2%. In conclusion, ultrasound- 
assisted Lipozyme 435 catalyzed acid hydrolysis and trans-
esterification, successfully synthesizing objective butyric lauric acid 
structural lipids. 

4. Discussion 

In this study, ultrasound was used for the first time to enhance Lip-
ozyme 435 catalyzed synthesis of BLDL, whose treatment condition was 
optimized guided by the ANN model. ANN model is an evolutionary 
computational model. Compared with the response surface, which only 
considers the quadratic nonlinear correlation between factors, ANN can 
combine multiple dependent variables and independent variables 
together to more accurately solve complex nonlinear system 

identification and control problems [7,37]. This study established an 
ANN reflecting the effects of independent variables (ultrasonic volume, 
enzyme loading, substrate molar ratio, reaction temperature, and reac-
tion time) on the butyric acid conversion. The model contained only one 
hidden layer and reached a comfortable accuracy after training (R2 =

0.949, RMSE = 4.759, ADD = 7.329). The optimized synthesis protocol 
of the ANN established in this study was an ultrasonic reaction volume 
of 13.72 mL, an enzyme loading of 15.49%, a substrate molar ratio of 
0.253, a reaction temperature of 56.58 ◦C, and reaction time of 120 min. 
The BLDL synthesized under this scheme contains 30.16% La-La-Bu and 
4.45% La-Bu, and the main fatty acids distributed at the sn-2 position 
were butyric acid and lauric acid, containing 3.8% and 96.2%, respec-
tively. Similarly, Esonye et al. optimized biodiesel production from 
sweet almond (Prunus amygdalus) seed oil using a response surface 
approach and ANN [7]. In their study, ANN showed strong prediction 
and fitting ability (R = 0.9663), and finally obtained the optimal syn-
thesis scheme was catalyst concentration of 1.5 (w/w%), reaction time 

Fig. 6. Scanning electron microscopic photograph of Lipozyme 435 (with different treatment).  
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of 65 min, oil/methanol molar ratio of 1:5 and 50 ℃ reaction temper-
ature. In this research, ultrasound-assisted treatment (28 kHz, 100 W, 
120 min, 60% duty cycle) significantly improved the BLDL yield (Fig. 3), 
from 69.86% of conventional reaction to 77.81%. This phenomenon 
may be related to the turbulent flow caused by the cavitation phenom-
enon of ultrasound in the liquid medium, which accelerates the mass 
transfer process of the material [1]. Consistently, slice analysis found 
that the decrease in ultrasonic energy density caused by the increase of 
ultrasonic reaction volume may further lead to the decrease in butyric 
acid conversion rate (Fig. 2) [38]. Moreover, the consumption rate and 
degree of tributyrin and lauric acid under ultrasonic assistance were 
higher than those of the conventional treatment group. Previously, ul-
trasound in the frequency range of 20 kHz-100 kHz was also reported to 
enhance mass transfer and enzyme catalysis [39,40]. Jadhav et al. used a 
22 kHz, 240 W, 50% duty cycle ultrasonic probe to enhance the syn-
thesis of medium-chain fatty acid designer lipids with linseed oil, cap-
rylic acid, and capric acid [41]. They reported that sonication increased 
designer lipid yields from<20% for conventional reactions to 96% 
within 90 min, demonstrating the intensification advantage of the 
sonication-assisted method. In 2021, this team also revealed the positive 
effect of ultrasound assistance (20 kHz, 240 W, 70% duty cycle, 360 min 
action time) in improving the efficiency of the acid hydrolysis reaction 
between palm olein and caprylic acid, and obtained designer lipids with 
stronger oxidative stability [3]. Additionally, our study found that under 
the ultrasonic conditions of 28 kHz, 100 W, 56.5℃ and 60% duty cycle 
for 120 min, the lauric acid esterification activity of lipozyme 435 could 
be significantly improved (p < 0.05), and its hydrolysis activity to tri-
glyceride was significantly reduced (p < 0.01). The vibration and 
collapse of bubbles caused by ultrasound in the medium may lead to the 
destruction of hydrogen bonds and van der Waals force in protein 
molecules, and then the partial dissociation of enzyme structure and the 
positive or negative changes of enzyme activity [42]. However, the 
changes in enzymatic activity by sonication appear to be reversible to a 
certain extent. In this study, it was found that Lipozyme 435 could be 
recycle stably for 6 times in an ultrasound condition. 

In addition to facilitate the contact between the enzyme and sub-
strate, direct stimulation of enzyme activity by ultrasound is also a po-
tential mechanism [43]. The structural changes of the enzymes induced 
by ultrasound might ultimately mediate the changes in enzyme activity. 
FT-IR can display the position and intensity changes of protein amide I 
band, amide II band and amide III band, providing information on the 
secondary structure of the peptide chain. According to the FT-IR results, 
the amide I band (1700–1600 cm− 1) of the reacted Lipozyme 435 moved 
to around 1700 cm− 1 relative to the unreacted enzyme. In particular, the 
ultrasonic treatment group showed a stronger amide I band signal than 
the conventional reaction group (Fig. 5). The amide I band was reported 
to correspond to the side chain uptake of glutamine, asparagine, and 
arginine. Thus, sonication assistance exposed more asparagine, arginine, 
glutamine, and glutamate residues, which might be related to the strong 
shear force and partial high temperature generated by the ultrasonic- 
induced collapse of cavitation bubbles [43,44]. Glutamine is an 
important amino acid residue in the active pocket of Lipozyme 435 
(Fig. 4A, B). The changes of enzyme activity caused by ultrasound may 
be related to the spatial position changes of glutamine residues. 
Furthermore, CD is a non-destructive tool for monitoring protein 
conformational changes, which was used to identify the effect of soni-
cation on the ratio of α-helix, β-sheet, β-turn and random coil structure of 
Lipozyme 435. The results showed that heating and ultrasound signifi-
cantly reduced the ratio of α-helix, and ultrasound treatment more 
violently increased the proportion of β-turn and β-sheets compared with 
conventional treatment. A similar phenomenon was also reported by 
Wang et al., who found that the α-helical structure of free cellulase was 
partially deformed and the random coil content increased after 10 min of 
low-intensity sonication dispose at 15 W, 24 kHz [45]. These changes 
may be caused by mechanical shearing and local transient heating in the 
duration of ultrasound. Admittedly, ultrasound-mediated changes in 

protein conformation are multidirectional. Another study indicated that 
sonication was able to increase α-helix and random coil content and lead 
to loss of β-sheets [46]. Moreover, intrinsic fluorescence was used to 
explore ultrasound-induced changes in the tertiary structure of the 
enzyme. The result presented that the maximum fluorescence emission 
wavelength of Lipozyme 435 after the reaction (both conventional and 
ultrasonic treatment) showed an obvious red-shift phenomenon, and its 
fluorescence intensity also dropped sharply. Among them, the fluores-
cence intensity of the ultrasonic treatment group was lower than that of 
the conventional treatment group (Fig. 5). The intrinsic fluorescence of 
proteins is mainly contributed by tryptophan, tyrosine and phenylala-
nine residues, especially tryptophan residues. The decrease of fluores-
cence intensity may be related to the mechanical and thermal effects of 
ultrasound. These effects induce protein conformational changes and 
lead to the exposure of more hydrophobic groups inside the molecule to 
the outside, covering the original tryptophan residues on the protein 
surface [42]. Similar results were also reported by Ma et al. [47] and 
Wang et al. [45]. These ultrasonic-induced changes in the enzyme 
structure may lead to expose internal active pocket of the enzyme, 
making it easier for the substrate to contact the active site, and ulti-
mately improve the catalytic activity of the enzyme. Besides, sonication 
significantly changed the surface morphology of the immobilized 
enzyme particles (Fig. 6). Mechanical shear, shock waves, and turbu-
lence introduced by ultrasonic waves could lead to more voids and 
fractures on the surface of the fixed substrate [48]. To a certain extent, 
this slight destructive effect can increase the specific surface area of the 
immobilized enzyme and accelerate the reaction. However, the mech-
anism of the differential effects of ultrasound on the esterification hy-
drolysis activity of Lipozyme 435 requires further investigation. 

5. Conclusion 

Ultrasound-assisted treatment significantly improved the BLDL yield 
up to 77.81%, and the purified BLDL contained about 34.61% of butyric 
acid-lauric acid structural lipids. Meanwhile, the optimal reaction of 
parameters predicted by ANN was as follows: reaction volume, enzyme 
load, substrate molar ratio (tributyrin/lauric acid), reaction temperature 
and reaction time were 13.72 mL, 15.49%, 0.253, 56.58 ◦C and 120 min, 
respectively. With ultrasonic treatment, the secondary structures of the 
enzyme were altered, such as the vibrational change of the amide I band, 
the decrease of α-helix, the increase of β-sheet and β-turn content. The 
ultrasonic treatment also increased the cracks and voids on the surface 
of the immobilized support. Moreover, the change in enzyme structure 
could be partially reversed by n-hexane, and the enzyme synthesis ac-
tivity showed stability within 6 reaction cycles. 
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