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A B S T R A C T   

Ochratoxin A (OTA) contamination in grape juice has attracted widespread concern as OTA can lead to kidney 
disease and cause adverse neurological effects. An effective method to remove OTA is to make use of highly 
adsorbent materials that are able to remove the toxic contaminant. Recently, inactivated Lactobacillus plantarum- 
based biosorbents have shown to be an efficient, cost-effective and environmentally friendly bioremediation 
method in removing toxic pollutants such as OTA. We used five chemical thiol-modification methods to improve 
the adsorption efficiency of OTA in grape juice. The esterification of Lactobacillus plantarum (L-Es) significantly 
increased the sulfhydryl contents (-SH) by 251.33 μmol/g and >90% of OTA was removed. However, the 
inactivated microbial adsorbent was difficult to separate after adsorption and therefore, the prepared L-Es were 
embedded into the cellulose nanocrystals (L-Es@CNCs). Moreover, L-Es@CNCs significantly increased the 
adsorption rate of OTA in grape juice samples by 88.28% with negligible effects on juice quality due to the 
properties of easy re-use and excellent biodegradability. This showcases its potential application for OTA 
removal in the grape juice industry.   

1. Introduction 

Grapes are one of the most popular fruits and make a significant 
contribution to the economy around the world (Mehri, Esfahani, Hesh
mati, Jenabi, & Khazaei, 2022; Spinelli et al., 2016). Grape products, 
especially grape juice, are good sources of organic acids, minerals, 
phenols, and vitamins (Behfar, Heshmati, Mehri, & Khaneghah, 2022). 
However, they are extremely susceptible to bruising due to physical 
collision during transport and are susceptible to fungal infections during 
cultivation and harvesting (Heshmati, Ghadimi, Ranjbar, & Khaneghah, 
2019). Ochratoxin A (OTA) is a secondary metabolite widely present in 
various foods produced by Aspergillus and Penicillium fungi, posing a 
great threat to human health (Schrenk et al., 2020). OTA is a potential 
safety hazard for grape juice and other grape products because of its 
genotoxicity, nephrotoxicity, carcinogenicity, teratogenicity, immuno
suppression, and hepatotoxicity (Dammak et al., 2022). 

OTA is difficult to remove due to the high molecular structure sta
bility and thermal stability (Khoi, Chen, Lin, Chiang, & Hung, 2021). As 

such, traditional ultraviolet irradiation or ultra-high temperature (UHT) 
sterilization has a poor effect on OTA removal (Mitchell et al., 2017). 
Methods for OTA degradation using chemical agents such as acids, 
chlorides, oxidants, and salt compounds have also been developed. 
However, this method has certain limitations, including unstable effects, 
high processing costs, and the use of chemical additives that have a 
certain impact on the natural flavor of food (Farbo et al., 2016). 
Therefore, there is an urgent need to develop a method that effectively 
removes toxins from grape juice, while ensuring its quality. Biosorption 
mainly utilizes the surface of inactivated microbial cells to bind various 
fungal toxins (Peng, Meng, Yue, Wang, & Gao, 2021) thereby effectively 
removing the fungal toxins. Inactivating microorganisms, especially 
Lactobacillus plantarum (L. plantarum) have been used to bind with toxins 
including OTA, zearalenone (ZEN) and patulin (PAT) thereby seques
tering them. Other mechanisms of actions include breaking down toxins 
into less toxic compounds (Li et al., 2023; Li et al., 2023). These appli
cations have generated much attention to their potential use in the 
removal of toxins in the food industry. Piotrowska (2014) found that L. 
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plantarum LOCK 0862 removed OTA solely using a binding mechanism, 
adsorbing >80% of total OTA during the first half-hour. The results of 
Ignacio, Felipe, Carlos, and Verónica (2022) demonstrated that the 
encapsulation of L. plantarum in a polymeric matrix composed of poly
vinyl alcohol (PVA) and alginate can be used as a bioremediation 
method for removing OTA from contaminated wines. 

The adsorption capacity of inactivated microorganisms in fruit juice 
will sharply decrease when applied, most likely due to certain sub
stances in the juice occupying some binding sites (Dallagnol, Bustos, 
Martos, Valdez, & Gerez, 2019). The adsorption performance of L. 
plantarum can be improved by increasing the number of binding sites 
(that have high affinity for OTA) through chemical modification. A 
major disadvantage of inactivating microbial adsorbents is that they are 
difficult to separate after adsorption. In recent years, the application of 
polymer adsorbents has received increasing attention because their 
structures can be synthesized and modified (Huang, Wang, Xue, & Mao, 
2018). Aerogel is a special material, which is primarily prepared by 
removing the liquid solvent in the hydrogel and using gas instead of 
liquid solvent as the dispersion medium (Ignacio et al., 2022). Nano
cellulose is the basic fiber of natural cellulose separated from the ag
gregation form by chemical, physical, or biological methods (Xu et al., 
2021). It has high surface activity, excellent hydrophilicity, mechanical 
strength, and good biocompatibility (Omran et al., 2021). Nanocellulose 
is sees as a highly promising material as it combines the advantages of 
traditional aerogel such as environmental protection, stable chemical 
properties, simple preparation, and high adsorption with the excellent 
performance of nanocellulose material (Farbo et al., 2016). As such, the 
preparation of a convenient and easily separable composite aerogel 
biosorbent by entrapping inactivated microbial cells in cellulose nano
crystals is likely to be an effective method for OTA control. 

In this study, we aimed to evaluate the OTA adsorption effect of 
thiol-modification L. plantarum (L-Es) embedded into the cellulose 
nanocrystals on grape juice (L-Es@CNCs). The adsorption of OTA by 
sulfhydryl functional group modification methods of inactivated L. 
plantarum was shown improve adsorption performance. Following this, 
composite aerogel containing cellulose nanocrystals was prepared and 
sulfhydryl-modified L. plantarum was embedded within. We then 
established the adsorption kinetics model and isothermal model of L- 
Es@CNCs for OTA and determined the effects of L-Es@CNCs on the 
quality of soluble solids, color, and total phenol of grape juice. Our ef
forts provide a promising application of L-Es@CNCs in the degradation 
of OTA in grape juice. 

2. Materials and methods 

2.1. Materials and chemicals 

OTA standard, 3-Mercaptopropyltriethoxysilane, N-hydrox
ysuccinimide, L-cysteine, thioglycolic acid, and microcrystalline cellu
lose, were purchased from Aladdin (Shanghai, China). L. plantarum 
PA01 was isolated from pickles and registered by the China Common 
Microbial Collections Management Center (CGMCC No.15660). All 
chromatographic pure reagents (acetonitrile, methyl alcohol, etc) were 
purchased from TEDIA (USA). Lipase, Folin-Ciocalteu, and Gallic acid 
were purchased from Solarbio (Beijing, China). All other annular-grade 
chemicals (glutaraldehyde, sodium hydroxide, hydrochloric acid, etc) 
were purchased from Sichuan Xilong Chemical Works (Sichuan, China). 
Grape juice was provided by Huiyuan Group (Beijing, China) and stored 
at − 20 ◦C. Grape juice was thawed to room temperature before using. 

2.2. Inactivation and thiol modification of L. plantarum 

L. plantarum stored at − 80 ◦C was activated three times for 
fermentation. The activated strain was inoculated into MRS liquid me
dium according to the inoculation amount of 5% bacterial solution and 
then placed in a 37 ◦C shaking table to extend culture for 24 h, and then 

centrifuged to collect the bacterial sludge (Bayraç & Camızcı, 2019). 
After washing the bacterial sludge obtained by centrifugation with PBS 
buffer solution, it was placed in the autoclave, inactivated at 121 ◦C for 
15 min, cooled in the refrigerator at 4 ◦C, and finally put the pre-cooled 
bacterial sludge into the freeze dryer for drying. 

2.2.1. Silylation modification of L. plantarum 
The inactivated L. plantarum powder (1.0 g) was washed once with 

deionized water and three times with 95% ethanol, and then dispersed 
in 30 mL 95% ethanol. The pH of the cell suspension was adjusted to 4.0 
with acetic acid and 1.21 mL (5 mmol) of 3-mercaptopropyltriethoxysi
lane was added. The mixture was stirred for 24 h, centrifuged at 4 ◦C, 
4000 ×g for 5 min for separation, and then lyophilized after washing 
with ethanol and deionized water (Geng et al., 2017). 

2.2.2. Amidation modification of L. plantarum 
The inactivated L. plantarum powder (1.0 g) was dispersed in 30 mL 

deionized water. 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hy
drochloride (0.48 g), N-hydroxysuccinimide (0.58 g), 0.606 g (5 mmol) 
L-cysteine were then added, and the pH of the mixture was adjusted to 
7.5 with NaOH, with constant stirring at room temperature for 12 h. The 
bacterial sludge was then lyophilized after washing with deionized 
water three times (Qiu et al., 2020). 

2.2.3. Esterification modification of L. plantarum 
The inactivated L. plantarum powder (1.0 g) was dispersed in 20 mL 

n-hexane, following which 0.345 mL thioglycolic acid and 0.4 g lipase 
were added. The mixture was stirred at 45 ◦C for 8 h and then washed 
with deionized water and lyophilized (Liu, Luo, Wan, Chen, & Wu, 2019; 
Liu et al., 2019). 

2.2.4. Glutaraldehyde crosslinked modification of L. plantarum 
The inactivated L. plantarum powder (1.0 g) was dispersed in 30 mL 

deionized water and 0.606 g (5 mmol) L-cysteine was added. The 
mixture was stirred at room temperature for 2 h and the cells were 
collected by centrifugation. The L. plantarum sludge was then suspended 
in 40 mL 2.5% (v/v) glutaraldehyde solution and stirred at room tem
perature for 2 h. 

2.2.5. Thiourea modification of L. plantarum 
1.0 g of L. plantarum was added to a 50 mL flask containing 0.38 g 

thiourea and 20 mL hydrochloric acid. The mixture was stirred at room 
temperature for 24 h, centrifuged and then washed with deionized water 
until a value of pH 7.0 was reached. The precipitate was transferred 
NaOH solution (pH 11.5) and stirred at room temperature for 6 h. 

2.3. Characterization and adsorption capacity of thiol-functionalized 
inactivated microorganisms 

We used the Ellman method was used to determine the thiol contents 
on the surface of L. plantarum after thiol modification. Phosphate buffer 
(0.5 M, pH 8.0, 0.25 mL) and 0.5 mL of 1.6 g/L Ellman solution were 
mixed for 2 h at room temperature. The mixture was then centrifuged to 
remove cells, and the absorbance of the supernatant was measured at 
450 nm. Sulfhydryl contents were calculated with an L-cysteine cali
bration curve (Bhatia, Ahuja, & Mehta, 2015). The thiol modified L. 
plantarum were freeze-dried and then ground. Potassium bromide and L. 
plantarum sample were prepared in a ratio of 100:1. The microbial cells 
were analyzed by Fourier transform infrared (FT-IR, Bruker, Germany) 
spectroscopy to identify the changes of groups and sulfhydryl groups on 
the surface of L. plantarum cells. A scanning electron microscope (FEI, 
USA) was used to observe the morphology of the bacterial adsorbent, 
and the elemental composition and content changes were analyzed by 
energy-dispersive X-ray photoelectron spectroscopy. The particle size 
distribution and potential distribution of cellulose nanocrystals (CNCs) 
were determined by a zeta-sizer instrument (Malvern, England). The 
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OTA standard was diluted into 0, 50, 100, and 1000 μg/L and stored at 
− 18 ◦C away from light. The adsorption capacity of bacterial adsorbents 
in grape juice solution was evaluated based on OTA concentration 
changes using high-performance liquid chromatography (HPLC, Shi
madzu, China) equipped with a fluorescence detector to detect OTA 
contents (Shukla, Park, & Kim, 2020). The instrument parameter was as 
follows: column temperature: 30 ◦C, sample size: 10 μL, flow rate: 1 mL/ 
min, detection (excitation) wavelength: 333 nm, emission wavelength: 
460 nm, mobile phases and elution conditions: glacial acetic acid: 
acetonitrile: water (2 + 99 + 99). 

2.4. Preparation of cellulose nanocrystals composite aerogel 

The suspension of cellulose nanocrystals (CNCs) with a mass fraction 
of 4% was prepared, and added dropwise to 5% 3-chloropropyltriethox
ysilane (CPTES) to the suspension as the crosslinking agent and stirred at 
80 ◦C for 2 h (Qiu et al., 2020). Subsequently, thiol-functionalized 
inactivated L. plantarum cells were added to the mixed solution, and 
the amount of thiolated L. plantarum powder was adjusted to obtain a 
series of mixed solutions with different loading amounts of thiolated L. 
plantarum (1 mg/mL, 2 mg/mL, 5 mg/mL, 10 mg/mL, 15 mg/mL and 20 
mg/mL). The mixture was then transferred into the wells of the 48-well 
plate (1.0 cm2) to form hydrogels. The hydrogels in the plates were 
frozen at − 80 ◦C for 2 h and then lyophilized to obtain cellulose nano
crystal composite aerogel adsorbents with different thiolated L. planta
rum loads (Zhang, Elsayed, Navarathna, Schueneman, & Hassan, 2019; 
Zhang, Yin, Lin, & Kin, 2019). 

2.5. Characterization of cellulose nanocrystals composite aerogel 

L-Es/CNCs composite aerogel (L-Es@CNCs) with different thiol 
functionalized L. plantarum addition amounts (0 mg/mL, 1 mg/mL, 2 
mg/mL, 5 mg/mL, 10 mg/mL, 15 mg/mL and 20 mg/mL) in 30 mg was 
added to 3 mL of working solution containing 50 μg/L OTA, and then 
placed in a constant temperature shaker (160 r/min, 25 ◦C) for 4 h. The 
adsorption solution was collected using a 0.22 μM filter membrane, and 
the contents of OTA were then detected by HPLC. The morphology of the 
L-Es@CNCs was characterized by scanning electron microscopy (SEM) 
with the acceleration voltage set to 15.0 kV and a working distance of 
9.0 mm. The L-Es/CNCs were obtained on the X-ray diffractometer 
(Tianmei China) using a Ni-filtered Cu-Kα radiation at an anode voltage 
of 45 kV and 40 mA. Diffractograms were recorded from 5◦ to 90◦ at a 
scan rate of 2◦ per min. 

2.6. Adsorption kinetics models 

L-Es@CNCs (30 mg) were added to 3 mL of OTA with an initial 
concentration of 50 μg/L, 100 μg/L, and 150 μg/L working solution, and 
then put into a constant temperature shaker (160 r/min, 25 ◦C) for 0.5, 
2, 4, 8, 12, 6, 20, 24 h for the adsorption experiment. The adsorption 
solution was collected using a 0.22 μM hydrophilic filter membrane 
filtration. The OTA content was then detected using HPLC and the OTA 
adsorption capacity was calculated. Experimental data were fitted by the 
Lagergren pseudo-first-order and pseudo-second-order models to predict 
the adsorption kinetic of OTA adsorbed by L-Es@CNCs (Bayraç & 
Camızcı, 2019). The Eq. (1) and (2) are expressed as follows, 
respectively: 

Qt = Qe • [1 − exp( − k1 • t) ] (1)  

Qt =
Qe

2 • k2 • t
[k2] • Qe • t + 1

(2)  

where Qe (μg/g) and Qt (μg/g) are the amounts of adsorbed OTA on the 
adsorbent at equilibrium and at time t (h), respectively, and k1 and k2 
are the adsorption rate constants for the pseudo-first-order adsorption 

and pseudo-second-order adsorption, respectively. 

2.7. Adsorption isotherm models 

L-Es@CNCs (30 mg) were added into 3 mL of OTA working solution 
at three different temperature conditions (25 ◦C, 35 ◦C, and 45 ◦C). The 
working solution concentrations of OTA were 50, 75, 100, 125, 150, 
200, 250, 300, and 400 μg/L, respectively. L-Es@CNCs were then placed 
in a constant temperature shaker (160 r/min) for a 6 h adsorption test, 
after which, the adsorption solution was collected using a 0.22 μM filter 
membrane. The OTA content was then detected using HPLC, and the 
equilibrium adsorption of OTA was calculated. In order to predict 
whether the biosorption system is favorable or unfavorable, we dis
cussed the shape of the Langmuir isotherm. The Langmuir model is 
suitable for monolayer sorption of surfaces with a finite number of 
identical sites Eq. (3): 

Qe =
Qmax • KL • Ce

1 + KL • Ce
(3)  

where Qe is the adsorbed toxin quantity per gram of biomass at equi
librium (μg/g), and Qmax is the maximum specific amount of toxin per 
gram of biomass corresponding to site saturation (μg/g). Ce is the re
sidual toxin concentration at equilibrium (μg/L). KL is the Langmuir 
adsorption constant (L/μg). A plot of Ce/Qe versus Ce should indicate a 
straight line of slope 1/Qmax and intercept of 1/ KLQmax. 

The Freundlich model supposes that the adsorbent surface is het
erogeneous, active sites, and their energy exponential distribution. 
Experience the Freundlich equation can be written as: 

Qe = KF • Ce
1/n (4)  

where KF and n are the indexes of adsorption capacity and adsorption 
strength, respectively. KF is the Freundlich adsorption constant (μg/g)/ 
(μg/L), n is the degree of difficulty of adsorption, Ce is the OTA con
centration in the equilibrium state (mg/L), and Qe is the OTA amount 
adsorbed per gram of biomass (μg/g). 

2.8. Adsorption of cellulose nanocrystals composite aerogel in grape juice 

Appropriate amount of standard stock solution was evaporated 
under nitrogen flow at 45 ◦C, and then the toxin was dissolved in grape 
juice to prepare working solutions with different concentrations. L- 
Es@CNCs (30 mg) were added into 3 mL of grape juice containing OTA 
50 μg/L, and the adsorption experiments were carried out in a constant 
temperature shaker at 25 ◦C and 160 r/min for 10, 30, 60, 120, 240, and 
360 min. Grape juice samples were then collected for OTA extraction 
and purification. OTA standard residence time was about 11.0 min as 
per the HPLC chromatogram. The contents of soluble solids in grape 
juice after OTA adsorption were determined by a handheld refractom
eter (Yike, China). The pH of grape juice was measured by a pH meter 
(Weifeng, China) to quantify the effective acidity in grape juice and the 
color of grape juice was determined using a spectrophotometer (Caipu, 
China). The Folin phenol method was used to determine the total phenol 
contents in grape juice after OTA adsorption (Liu, Luo, et al., 2019; Liu, 
Wang, et al., 2019). 

2.9. Statistical analysis 

Each experiment was carried out in three independent replicates and 
all values were expressed as mean values ± standard deviation. Minitab 
18.0 was used for one-way ANOVA statistical analysis. A value of p <
0.05 was considered statistically significant. 
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3. Results and discussion 

3.1. Comparison of Thiol-modification L. plantarum prepared 

3.1.1. The -SH contents and OTA adsorption capacity of thiolated L. 
plantarum 

Inactivated microorganisms are inexpensive and easy to obtain, 
making them a good method for toxin adsorption (Ge, Xu, Li, Peng, & 
Pan, 2017; Qiu et al., 2020). Inactivated L. plantarum powder was 
modified with sulfhydryl functional groups by five different methods 
including silylation (L-Si), amidation (L-Am), esterification (L-Es), 
glutaraldehyde crosslinked (L-Gl), and thiourea modified (L-Tu) as 
shown in Fig. 1A. Piotrowska (2014) also found that there is an aggre
gation reaction between penicillin and sulfhydryl (-SH). Therefore, we 
speculated that an increase in -SH contents could be beneficial for 
removing OTA. 

All five methods significantly increased the -SH contents on the cell 
surface as shown in Fig. 1B. The -SH contents of L. plantarum were the 
highest (251.33 μmol/g) in samples modified by esterification reaction 
(L-Es). Meanwhile, the -SH contents of L. plantarum were the lowest 
(60.01 μmol/g) when modified by thiourea (L-Tu). Qiu et al. (2020) also 
observed that crosslinking glutaraldehyde significantly increased the 

-SH contents in yeast cells, and the chemical bond between -SH and 
patulin played an important role in improving the adsorption capacity. 
The -SH contents of thiolated L. plantarum were different from the Qiu 
et al. (2020), possibly due to differences between strains, as well as 
differences in cell wall composition and structure between L. plantarum 
and yeast (Shukla et al., 2020). The four thiol-modification methods 
were observed to significantly improve the OTA adsorption capacity of 
L. plantarum except for the amidation reaction. The OTA adsorption 
rates of L. plantarum prepared by these treatment methods reached 
93.92%, 94.05%, 96.07%, 97.00% (L-Gl, L-Si, L-Tu, L-Es) as shown in 
Fig. 1C. 

The FT-IR spectra showed the unmodified L. plantarum and L-Es 
characteristic absorption band (Fig. 1D). The wide adsorption band of 
unmodified L. plantarum centered at 3301 cm− 1 could be attributed to 
O–H/N–H stretching vibration (Omran et al., 2021). The peaks at 1542 
cm− 1 and 1063 cm− 1 were attributed to N–H bending/C–N stretching 
vibrations and the C–O–H stretching vibrations, respectively (Mehri 
et al., 2022). The -SH modified L. plantarum after esterification had the 
-SH stretching vibration peak at 2595 cm− 1. The L-Es peak of S–H was 
weaker due to the aggregation of thiol groups and the binding effect of 
hydrogen at 2595 cm− 1 (Bayraç & Camızcı, 2019). 

Fig. 1. Preparation and characterization of thiol functionalized inactivated microorganisms. (A) Thiol-modified preparations of L. plantarum, L, L-Si, L-Am, L-Es, L- 
Gl, L-Tu from I to VI. (B) Measurement of -SH contents of L. plantarum prepared by different modification methods. (C) OTA adsorption capacity of L. plantarum by 
different modification methods. (D) FT-IR spectrums of L. plantarum after esterification modification. The data are shown as means ± SD. Different letters (a, b, c, and 
d) indicated significant differences between groups (p < 0.05). 
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3.1.2. Scanning electron microscopy energy dispersive spectroscopy (SEM- 
EDS) of thiol functionalized inactivated L. plantarum 

The surface morphologies of thiol-modification L. plantarum ob
tained by esterification are shown in Fig. S1. Although the L. plantarum 
surface in the decline phase was slightly ruptured, unmodified L. plan
tarum (Fig. S1A) was elliptical with a smooth surface. Esterification 

modification (Fig. S1B–D) results in a rough surface of L. plantarum and 
apparent adhesion between cells, which is likely due to certain 
adsorption sites being encapsulated internally (Zhang, Elsayed, et al., 
2019; Zhang, Yin, et al., 2019). The energy dispersive spectroscopy re
sults showed that the main elements on the cell surface of L. plantarum 
were C, N, and O. As shown in Fig. S1E, the elemental image showed the 

Fig. 2. The adsorption capacity of thiol functionalized inactivated L. plantarum to OTA in grape juice. (A) HPLC spectrum of OTA standard. (B) HPLC spectrum of 
OTA extract from grape juice. (C) HPLC spectrum of OTA extract from grape juice after absorbed by L-Es for 4 h. (D) Adsorption capacity of L-Es to OTA in grape 
juice. (E) -SH contents of L-Es to OTA adsorption in grape juice. The data are shown as means ± SD. Different letters (a, b, c, d, and e) indicated significant differences 
between groups (p < 0.05). 
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distribution of sulfur elements in L. plantarum, confirming the existence 
of -SH. In addition, EDS indicated an increase in sulfur elements after 
thiol-modification, indicating that -SH has been added to the L. planta
rum (Fig. S1F) (Moeinzadeh, Ghadam, Lau, & Emadzadeh, 2019). 

3.1.3. Adsorption of OTA by thiol functionalized inactivated 
microorganisms in grape juice 

This study further determined the adsorption efficiency of L-Es on 
OTA in grape juice, and the results are shown in Fig. 2A-C. As shown in 
Fig. 2B, the extraction and purification method adopted for OTA from 
grape juice had better separation efficiency (Shukla et al., 2020). The 
OTA content in grape juice decreased significantly after 4 h treatment 
with thiol functionalized inactivated L. plantarum adsorbent (Fig. 2C). At 
the start of adsorption, the -SH contents decreased rapidly, and the 
corresponding adsorption capacity increased rapidly. The -SH contents 
of the L-Es fluctuated after 10 min, while the adsorption capacity of the 
L-Es continued to increase and then reached equilibrium, which was 
similar to the research conclusion of Liu, Luo, et al. (2019)), Liu, Wang, 
et al. (2019)). When the adsorption time was 1 min, the adsorption rate 
of L-Es exceeded 90.0% until equilibrium (95.5%) (Fig. 2D). This sug
gested that -SH was mainly involved in early adsorption, while other 
sites on the L. plantarum might play a major role in the later stages 
(Haskard, Binnion, & Ahokas, 2000). The -SH contents decreased to 125 
μmol/g after L-Es, and the results showed that the -SH on the surface of 
L-Es was involved in OTA adsorption (Fig. 2E). This result indicates that 
the -SH groups on L-Es play a key role in the removal of OTA (Qiu et al., 
2020). 

3.2. Characterization of L-Es@CNCs and study of adsorbing OTA 

3.2.1. Characterization of cellulose nanocrystals 
Cellulose nanocrystals (CNCs) were prepared using concentrated 

sulfuric acid hydrolysis method. This method destroys the amorphous 
region of cellulose and preserves the crystalline region of cellulose. The 
CNCs solution system was appeared to be uniformly dispersed and stable 
(Fig. S2A). The micromorphology of CNCs was observed by trans
mission electron microscopy (TEM). As shown in Fig. S2B, the CNCs 
show a short rod-shaped morphology, with a length range of about 
200–400 nm and a diameter ranging from 20 to 40 nm (Danial et al., 
2015). The average size and zeta potential of CNCs were measured by 
zeta-sizer instrument. The average length of the CNCs was 277.30 nm, 
while the average width was 39.01 nm, respectively (Fig. S2C). The 
zeta-sizer instrument used dynamic light scattering in the solution 
sample to measure size with greater accuracy than transmission electron 
microscopy (Shaheen & Emam, 2018). Furthermore, the stability of the 
prepared CNCs was confirmed by monitoring the charge of particles 
dispersed in solution through zeta potential analysis. The average zeta 
potential of the CNCs (Fig. S2D) was − 46.4 mV which confirms that the 
CNCs are electrically stable due to the attachment of negative sulfate 
groups to their surface. 

The XRD pattern of CNCs had a higher peak at 2θ = 22.6◦ and two 
weaker diffraction peaks at 2θ = 14.7◦ and 2θ = 16.8◦, which were 
assigned to the typical spectrogram of cellulose I (Fig. S2E). (Jin et al., 
2016). It can be seen from the peak shape that the proportion of 
amorphous regions in cellulose was small and the crystallinity was high 
after hydrolysis with concentrated sulfuric acid. The crystallinity of 
CNCs was 63% calculated by the crystallinity calculation formula. The 
FT-IR spectra characterization result of CNCs is shown in Fig. S2F. The 
absorbances at 3352 cm− 1, 2900 cm− 1, 1644 cm− 1, 1429 cm− 1, 1063 
cm− 1, 1031 cm− 1, 891 cm− 1 were related to cellulose I, similar to that 
observed by Tang et al. (2013). A weak absorption peak appeared in the 
S––O area around 1205 cm− 1, which further confirmed the success of 
esterification (Xu et al., 2021). The strong broad absorption peak 
appeared -OH stretching vibration peak on the CNCs glucan ring, which 
indicated that the esterification reaction mainly occurred on the surface 
and disordered areas of cellulose, with only a small portion occurring 

inside the crystal structure (Liu, Luo, et al., 2019; Liu, Wang, et al., 
2019). 

3.2.2. Scanning electron microscope topography analysis 
Cellulose nanocrystal composite aerogel was prepared by using 3- 

chloropropyl triethoxysilane (CPTES) as a crosslinking agent to immo
bilize L-Es. The influence of different amounts of L-Es on the adsorption 
capacity of CNCs composite aerogel are shown in Fig. S3 A. The 
adsorption efficiency of composite aerogel on OTA reached about 80% 
saturation state when the amount of L-Es reached 5 mg/mL. The CNCs 
composite aerogel obtained by freeze-drying treatment appears to have 
a good structure (Fig. S3B). Morphological changes of CNCs composite 
aerogel could be observed from SEM. This weak mechanical response is 
due to the absence of chemical crosslinking reagents during hydrogel 
preparation (Fig. 3A-B) (Zhang, Elsayed, et al., 2019; Zhang, Yin, et al., 
2019). The pores of the aerogel increased and the pore size became more 
uniform after the crosslinking reaction with CPTES (Fig. 3C), which 
indicates the amount of CPTES crosslinking added was appropriate 
(Fig. 3D). As shown in Fig. 3E-F, with the addition of L-Es, the aerogel 
became thicker, but the composite aerogel still maintained a three- 
dimensional porous structure (Geng et al., 2017). 

3.2.3. X-ray diffraction analysis 
The XRD spectrum of L-Es added CPTES to the CNCs composite 

aerogel is shown in Fig. S4. The XRD spectrum of all samples exhibited a 
sharp peak at 2θ = 22.7◦ and two weaker diffraction peaks at 2θ = 14.7◦

and 2θ = 16.8◦, which was consistent with our previous research. 
Compared with CNCs composite aerogel, the new diffraction peak 
appeared on the XRD spectrum of CNCs composite aerogel after adding 
CPTES. The XRD spectrum was the same after adding L-Es, which indi
cated that L-Es had little effect on the crystal structure of CNCs (Jin et al., 
2016). 

3.3. Adsorption of OTA by L-Es@CNCs in grape juice 

The pH values of adsorption solution were varied from 3.0 to 7.0 to 
understand the difference in adsorption capacities from a practical view, 
since most of the liquid foods and grape juice are neutral or slightly 
acidic (Liu, Luo, et al., 2019; Liu, Wang, et al., 2019). The results 
(Fig. 4A) showed that the OTA adsorption rate of L-Es@CNCs signifi
cantly decreases with the increase of pH. When the pH increased from 
3.0 to 7.0, the OTA adsorption rate decreased from 87.56% to 10.20%, 
which was similar to the research results of Haskard et al. (2000). The 
OTA adsorption rate of L-Es@CNCs is not affected in the temperature 
range of 25–45 ◦C (Fig. 4B). Higher temperatures are not conducive to 
OTA adsorption, indicating that adsorption is an exothermic process 
(Farbo et al., 2016). The reaction time of the interaction between L- 
Es@CNCs and OTA grape juice samples showed that the adsorption rate 
of OTA was significantly increased (88.28%) with the reaction time of 4 
h (Fig. 4C). The results confirmed the efficiency and practicability of the 
L-Es@CNCs in reducing OTA contents in the actual production of fruit 
juice drinks (Shukla et al., 2020). The higher initial OTA concentration 
will increase the collision probability between adsorption weight and 
adsorption sites. As shown in Fig. 4D, the OTA adsorption rate of L- 
Es@CNCs was above 80% and increased with the decrease of tempera
ture (Qiu et al., 2020). The OTA adsorption rate begins to decrease 
gradually when the adsorption system reached the adsorption- 
desorption equilibrium state. 

3.4. Adsorption kinetics and thermodynamic analysis 

3.4.1. Adsorption kinetics 
The influence of initial concentration of the OTA biological adsorp

tion as shown in Fig. 5A-B. It can be seen that the initial concentration of 
OTA increased from 50 μg/L to 150 μg/L, and the adsorption capacities 
of L-Es@CNCs increased significantly from 0 to 13.9 μg/g. The rapid 
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initial adsorption rate gradually stabilized after 5 h. Similar findings 
were also made by Liu, Luo, et al. (2019)), Liu, Wang, et al. (2019)) of 
patulin adsorption. The pseudo-first-order kinetic model is based on the 
assumption that adsorption is controlled by diffusion steps. The pseudo- 
second-order kinetic model describes that the arrival of adsorbent from 
the solution to the adsorbent surface is controlled by chemisorption 
mechanism (Chen et al., 2018). The parameters of the two kinds of 
dynamic model summary as shown in Table S1. The R2 of the pseudo- 

second-order kinetic model was greater than that of the pseudo-first- 
order kinetic model, and the theoretical adsorption amount (Qe, cal) 
calculated by the pseudo-second-order kinetic model was close to the 
actual adsorption quantities (Qe, exp) (Bhatia et al., 2015). These results 
indicated that the pseudo-second-order kinetic model better described 
the adsorption process than the first second-order model, which further 
suggests that the covalent bond between -SH and OTA plays a key role in 
adsorption process (Bhatia et al., 2015). 

Fig. 3. SEM images of CNCs composite aerogel. (A, B) Pure CNCs composite aerogel. (C, D) CPTES crosslinked CNCs composite aerogel. (E, F) CNCs composite 
aerogel embedded with L-Es. 

Fig. 4. OTA adsorption capacity of L-Es@CNCs. (A) Effect of pH on OTA adsorption. (B) Effect of temperature on OTA adsorption. (C) Effect of contact time on OTA 
adsorption. (D) Effect of OTA initial concentration on OTA adsorption capacity. The data are shown as means ± SD. Different letters (a, b, c, d, e, and f) indicated 
significant differences between groups (p < 0.05). 
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3.4.2. Adsorption isotherms 
Adsorption isotherm refers to the relationship between toxin and 

adsorption material at a certain temperature when the adsorption pro
cess reaches equilibrium between them and the concentration curve 
(Dallagnol et al., 2019). The Langmuir and Freundlich models are the 
two most commonly used equations to describe adsorption isotherms in 
toxin adsorption systems (Farbo et al., 2016). The Langmuir adsorption 
isotherm describes the adsorption as a monolayer without any other 
molecular covering layer, whereas the Freundlich isotherm presumes 
multilayer adsorption processes on an inhomogeneous surface under 
non-ideal conditions (Ge et al., 2017). As shown in Fig. 5C, the OTA 
adsorption by L-Es@CNCs was more favorable at 25 ◦C. The OTA 
adsorption capacity of L-Es@CNCs significantly increased as the OTA 
concentration increased from 50 μg/L to 400 μg/L (Fig. 5C). Table S2 
shown that the adsorption data were more consistent with the Langmuir 
model with a higher fitting coefficient (R2). This result suggested that 
OTA adsorption on the L-Es@CNCs was mainly monolayer adsorption, 
and the whole adsorption process is mainly chemisorption, similar to 
results reported by Luo, Li, Yuan, and Yue (2016). 

3.5. Effects of L-Es@CNCs treatment on the quality of grape juice 

3.5.1. Color changes of grape juice adsorbed by L-Es@CNCs 
An important aspect of consumer preference for grape juice is its 

color. For our experiments, the L-Es@CNCs remained floating in grape 
juice for 0–24 h. With the extension of adsorption time, grape juice 
gradually penetrated the interior of the L-Es@CNCs with the structure of 
L-Es@CNCs remaining intact (Fig. S5A). The state of grape juice 
remained unchanged during the whole adsorption process, which in
dicates that the constructed L-Es@CNCs have good adsorption stability 
and structural stability when added to grape juice. Zhang, Elsayed, et al. 
(2019)), Zhang, Yin, et al. (2019)) used CPTES as a crosslinking agent to 
prepare a nanocomposite aerogel based on CNCs for selective oil/water 
separation. The aerogel floated on the water’s surface during the 
adsorption process, which was consistent with our results. 

Because color change is often considered a nutrient concern in juice, 
we measured the chromaticity change of grape juice after L-Es@CNCs 
adsorption using a spectrophotometer. We observed a minor color 
change in the grape juice during the L-Es@CNCs adsorption process 
(Fig. S5B). The L* value represents the degree of lightness, varying from 
0 (black) to 100 (white). The a* value represents the degree of greenness 
(negative) to redness (positive), and the b* value represents the degree 
of blueness (negative) to yellowness (positive). With the extension of the 
adsorption time of L-Es@CNCs, a* and b*of grape juice decreased 
significantly (p < 0.05), while the L* increased significantly (p < 0.05). 
The lower a* and b* value indicates that the grape juice is lighter with 
fewer red and yellow components, indicating L-Es@CNCs adsorption 
reduced the Maillard reaction, similar to observations reported by 

Shukla et al. (2020). 

3.5.2. Physicochemical quality changes of grape juice adsorbed by L- 
Es@CNCs 

Soluble solids are used to describe all compounds in liquid or fluid 
foods that can be dissolved in water. The acidity of grape juice affects its 
edible quality and taste. The refractometer and pH indicator were used 
respectively to measure the changes in soluble solids and pH of grape 
juice during the OTA process of L-Es@CNCs adsorption. There was no 
significant difference (p > 0.05) between the soluble solids and titrable 
acidity (pH) after adsorption in 0–8 h (Fig. 6A-B). The results of Ge et al. 
(2017) showed that within 15 h of removing patulin, the added bio
sorbent had no significant effects on the quality parameters, Brix, 
Vitamin C, and titratable acidity of grape juice samples, which suggest 
that the adsorbent used for OTA removal should not have a serious 
impact on the quality of grape juice. The change of total phenol contents 
in grape juice during the OTA adsorption process at L-Es@CNCs was 
measured by ultraviolet spectrophotometer (Fig. 6C). With the extension 
of adsorption time, the total phenol contents of grape juice gradually 
decreased, which indicated that some polyphenol compounds may also 
bind to the L-Es@CNCs, resulting in the loss of polyphenol contents (Liu, 
Luo, et al., 2019; Liu, Wang, et al., 2019). 

4. Conclusion 

In summary, L. plantarum was prepared by esterification reaction and 
then embedded in cellulose nanocrystals composite aerogel to success
fully remove OTA. The new polymer material has the advantages of 
reusability and superior OTA adsorption capacity. The adsorption ki
netics of the L-Es@CNCs toward OTA conforms to the pseudo-second 
order model, and the endothermic process was consistent with the 
Langmuir isotherm model. Moreover, the high OTA removal efficiency 
of L-Es@CNCs was also achieved in grape juice, and the adsorption 
process not causing any observable deterioration in juice quality. These 
findings make the L-Es@CNCs as a useful method in the removal of OTA 
in the grape juice. The adsorption mechanisms of L-Es@CNCs for OTA 
remain unclear, and further research is needed to improve the material 
properties, determine the adsorption mechanism, improve the OTA 
adsorption rate and apply it in the food industry. 
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