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Abstract

:

With the rapid development of synthetic biology, the production of 2′-fucosyllactose by biological fermentation gradually has the basis for industrialization. However, the lack of efficient downstream technology of biological fermentation, especially purification technology, has become the main factor limiting its commercialization. In this study, based on the general E. coli biosynthesis of 2′-fucosyllactose fermentation broth, most of the impurities were removed and concentrated using membrane filtration technology after simple flocculation. The target 2′-fucosyllactose was eluted in a targeted manner using activated carbon adsorption and ethanol gradient elution technology. The 2′-fucosyllactose product with 90% or even higher purity could be prepared efficiently. This study explored a new direction for the industrial production of 2′-fucosyllactose.
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1. Introduction


2′-fucosyllactose (2′-FL), the highest content component of human milk oligosaccharides, has gradually gained commercial interest due to its extensive prebiotic effects [1,2,3]. Its molecular weight is 488.44 Da, and it is formed by connecting a molecule of fucose and a molecule of lactose [4]. As a prebiotic, 2′-FL can resist gastrointestinal digestion to reach the colon and be selectively fermented by microorganisms, increasing the number of beneficial bacteria by regulating intestinal flora [5]. A large number of studies have shown that oral administration of 2′-FL can reduce the level of host inflammation [6,7], reduce the probability of allergy [8,9], enhance the intestinal barrier function [10], reduce the colonization and infection of foodborne pathogens [11,12], improve the cognitive ability of pigs [13], and even reduce the level of oxidative stress caused by aging in mice [14]. Clinically, oral administration of 2′-FL can increase the number of bifidobacteria in adults [15]. It is well known that Bifidobacterium is a typical class of probiotics. As a probiotic with strong regulatory effects on intestinal microecology, 2′-FL can not only selectively proliferate the Bifidobacterium but also increase the concentration of short-chain fatty acids in the intestinal tract and reduce the pH of the intestinal tract [16].



2′-FL is almost exclusively found in human milk [17]. However, due to some objective reasons, some infants can not obtain enough breast milk, as well as the 2′-FL from breast milk. In addition, due to different human genotypes, women who lack the secretor gene almost do not contain 2′-FL in their milk, which makes some infants unable to obtain sufficient 2′-FL even if they ingest breast milk [18]. Lack of 2′-FL intake leads to a higher risk of allergies, asthma, diarrhea, and vomiting [19]. Therefore, the additional intake of commercial 2′-FL should be an appropriate solution. However, it was almost impossible to obtain 2′-FL in large quantities in the past due to its limited sources. With the rapid development of synthetic biology, microbial fermentation of 2′-FL has become feasible and gradually commercialized [20]. Production of 2′-FL through microbial fermentation synthesis successively obtained the approval of the FDA in 2016. The EU had also ratified 2′-FL as a component of infant formula, a dietary supplement, and even a nutraceutical.



However, studies on the purification process of 2′-FL and other HMOs have hardly been reported. Only Priem and his colleagues have relevant applications for human milk oligosaccharides produced by biological fermentation with activated carbon separation [21], and no systematic research has been performed. There are also some reports on the purification of other oligosaccharides by activated carbon in recent years. Nobre et al. purified FOS from fermentation broth using the activated carbon column. Mixtures containing 50.6% (w/w) of FOS were purified to 92.9% (w/w) with a FOS recovery of 74.5% (w/w) [22]. Morales and his colleagues separated monosaccharides and oligosaccharides from honey using activated carbon [23]. In addition, there are studies on the extraction of sulfated Fucans by various purification methods, which show that the purity of the product obtained by the activated carbon method is the highest [24]. At present, commercial companies have applied for patents on the use of organic solvents to crystallize HMOs. However, the use of a large number of organic solvents brings obvious potential safety hazards to the factory. There are also some reports that membrane filtration is used to purify oligosaccharides. Fouling of membranes and related membrane flux decline have a great influence on the performance of membrane processes in biotechnology applications [25], specifically in the ultrafiltration of oligosaccharides [26,27,28]. Goulas and collaborator used cross-flow filtration in a continuous diafiltration module, obtaining yields of 81% and 98% for raffinose and GOS, respectively [29]. Cordova et al. tested the effect of the three-stage serial nanofiltration unit on the purification of GOS under critical transmembrane pressure and obtained a purity similar to that of commercial GOS [30]. Gulec and its collaborators successfully separated lactose, glucose, and galactose from a high-concentration sugar mixture using a cellulose acetate membrane modified by low-pressure plasma [31]. In addition, Kuhn and his colleagues used NP030 membrane to carry out separation experiments and purified FOS from mixtures containing monosaccharides and disaccharides, obtaining FOS with a purity of up to 80% [32].



However, the high production cost of 2′-FL leads to its high selling price, which is still an important problem restricting its commercialization. This study will mainly start with the downstream purification process of 2′-FL production by fermentation and explore a new purification method of 2′-FL that is more industrialized by combining an efficient membrane filtration process with cheap activated carbon adsorption and re-elution process.




2. Materials and Methods


2.1. 2′-FL Production


The fermentation strain is E. coli XYY1, which is stored in our laboratory. The strain can de novo synthesize 2′-FL from glucose and lactose. The strain was cultured in Luria Bertani (LB) medium (Becton, Dickinson and Company, Franklin Lakes, NJ, USA) (1% tryptone, 0.5% yeast extract, 1% NaCl) with appropriate antibiotic at 37 °C, 220 rpm. Inoculate 10% of the inoculum into 10 L fermentation medium in a 30 L fermentation tank after overnight culture [13.5 g/L KH2PO4, 4.0 g/L (NH4)2HPO4, 1.7 g/L citric acid, 1.4 g/L MgSO4·7H2O, 10 mL/L trace element solution (10 g/L Fe(III) citrate, 2.25 g/L ZnSO4·7H2O, 1.0 g/L CuSO4·5H2O, 0.35 g/L MnSO4·H2O, 0.23 g/L Na2B4O7·10H2O, 0.11 g/L (NH4)6Mo7O24, 2.0 g/L CaCl2·2H2O), pH 6.8]. In addition, add glucose with a final concentration of 20 g/L after autoclaving. After the first addition of glucose was depleted, IPTG and lactose were added to final concentrations of 0.2 mM and 10 g/L, respectively, and a feeding solution containing 600 g/L of glycerol and 20 g/L of MgSO4·7H2O was fed to minimize acetate production. The pH of the culture medium was maintained at 6.8 by adding 28% (w/v) NH4OH. Furthermore, to prevent dissolved oxygen deficiency, the agitation speed within the bioreactor was increased from 300 rpm to 900 rpm, and the airflow rate was also increased throughout the cultivation.



After fermentation, in order to prevent the spread of living bacteria, the temperature in the tank was raised to 70 °C for 30 min to kill most living bacteria effectively. Then, the pH was adjusted with NaOH, and a certain amount of polymerized ferric sulfate was mixed as the flocculant when the fermentation broth was hot at 100 rpm for 2 h until complete settlement. The clarified fermentation liquid was collected after being filtered using the plate and frame filtering equipment.




2.2. Study on Purification of Fermentation Broth by Membrane Filtration


The 1812 experimental spiral wound membrane separation equipment (Goodshine Biological Engineering Equipment Co., Ltd., Shanghai, China) was used for membrane filtration. The spiral wound membrane elements were purchased from Goodshine Biological Engineering Equipment Co., Ltd. Detailed information is shown in Table 1. The clear fermentation liquid was passed through the pore diameter of 0.1 μm microfiltration membrane to remove all particles and bacteria, and then the permeate was passed through the ultrafiltration membrane to remove macromolecular proteins and impurities. Finally, the intercepted products are concentrated through the nanofiltration membrane to remove some monosaccharides and inorganic salts. Specific procedure: All the clarified fermentation broth was poured into the membrane filtration equipment, select a microfiltration membrane was selected with a pore size of 0.1 μm, the pressure was set at 0.5 MPa, and the filtration speed was about 20 L/h. After filtration, the retentate was discarded, and the equipment was cleaned with pure water. The previous permeate was injected into the equipment, and ultrafiltration membranes were selected with pore diameters of 10,000 Da, 3000 Da, and 1000 Da, respectively, for the second filtration. The pressure was set at 0.5 MPa, and the initial filtering speed was about 7L/h. After filtration, the retentate was discarded, and the equipment was cleaned with pure water. Finally, 700 Da, 600 Da, and 500 Da nanofiltration membranes were selected respectively as the third filtration. The pressure was set at 1.5 MPa, and the initial filtration speed was about 3.6 L/h. When the filtration speed was lower than 0.1 L/h, the filter process was shut down, and all the retentate was collected in the tank and pipeline.



The ratio of recovery (R) of 2′-FL was computed using the following equation:


R = (c1∗V1)/(c2∗V2)



(1)







The c1 is the concentration of 2′-FL in the permeate or retentate, V1 is the volume of the permeate or retentate, c2 is the concentration of 2′-FL in the feed, and V2 is the volume of the feed. It should be noted that c1 and V1 permeate in the ultrafiltration step and retentate in the nanofiltration step. The recovery ratio of other substances is calculated in the same way.




2.3. Study on Elution Conditions of Activated Carbon Chromatographic Column


The coconut shell activated carbon sold in the market was soaked in 8% HCl and 4% NaOH overnight and then washed to neutral with water. The stainless steel screen was used to screen 30 mesh to 120 mesh powdered coconut shell activated carbon, and the screened activated carbon was placed in an oven at 105 °C overnight to dry it thoroughly. After drying, 20% ethanol-water solution was added to wash with a stir, then the washing solution was discarded. The 60% ethanol-water solution was added to wash with a stir; then, the washing solution was discarded. Finally, the absolute ethanol was used to wash with a stir, and then the column was loaded with the wet activated carbon. The adsorption column’s inner diameter is 16 mm, the adsorbent bed high is 400 mm, and the adsorbent bed volume is 80.425 mL. After standing overnight, the column was connected to AKTA low-pressure chromatography system, and 80%, 60%, 40%, and 20% aqueous ethanol solution and ultrapure water were used to balance the column with 4 bed volumes, respectively. The column loading of activated carbon was completed.



In order to explore the optimal ethanol elution concentration, 0–40% ethanol volume fraction was set to linearly wash the 2′-FL concentrated solution after membrane removal and filtration. The loading volume was 10 mL, the flow rate was 1 mL/min, and the total elution time was 960 min. The filtrate was collected in a tube every 16mL (i.e., 0.2 bed volume), for a total of 60 tubes. After collection, the concentration of 2′-FL and other impurity sugars were detected by HPLC.




2.4. Adsorption of Activated Carbon Kinetic Studies


2.4.1. Determination of Static Adsorption Capacity


The dry activated carbon was accurately weighed about 10 g, which was recorded as m, and 100 mL of 2′-FL with a concentration of 20 g/L was added to the activated carbon, stirred with a glass rod, and then stood still. The supernatant was taken at different time points to measure the concentration of 2′-FL, and the calculation formula of static adsorption capacity (Qs) is:


Qs(g/g) = (cs − ct)∗Vs/m



(2)







The cs is the concentration of the 2′-FL standard solution, and the ct is the concentration of 2′-FL at t minutes standing. Vs is the volume of the 2′-FL standard solution. The m is the mass of dry activated carbon.




2.4.2. Determination of Dynamic Adsorption Capacity


The dry activated carbon was accurately weighed about 10 g, which was recorded as mc. The activated carbon was ultrasonicated and stirred until there were no bubbles, stood overnight, and fully soaked. The upper liquid of the activated carbon was removed carefully, and the volume and mass of the wet activated carbon were recorded at this time, which was recorded as Vt and mt, respectively. Calculate the water phase ratio of the activated carbon chromatographic column by the following formula:


Rw(%) = (mt − mc)/(ρ∗Vt)



(3)







The ρ is the density of distilled water. The mc is the mass of dry activated carbon. The Vt and mt are the volume and mass of wet activated carbon, respectively.



The volume of the pretreated activated carbon column was measured, which was recorded as Vc. The 2′-FL standard solution with a concentration of 10 g/L was used to rinse the activated carbon column at a certain rate. The filtrate was collected in a tube every 0.1 bed volume, and the concentration of 2′-FL respectively was measured by HPLC. When 2′-FL was detected, the total volume of 2′-FL standard solution used from the beginning of rinsing to the end of collecting the previous tube of the filtrate was recorded as Vs, and the calculation formula of dynamic adsorption capacity is:


Qd(g/mL) = (Vs − Vc∗Rw)∗cs/Vc



(4)







The cs is the concentration of the 2′-FL standard solution. The Vc is the volume of activated carbon. The Vs is the adsorption volume of the 2′-FL standard solution. The Rw is the water phase ratio of the activated carbon.




2.4.3. Study on Adsorption Kinetics


Different kinetic models, such as pseudo-first-order and pseudo-second-order, were used to predict the mechanism involved in the adsorption processes [33]. In the present study, the application of the pseudo-first and pseudo-second-order models was tested for the sorption of 2′-FL from a fermentative broth onto activated charcoal.



The pseudo-first-order model was defined according to the following equation:


ln(qe − qt) = lnqe − k1t



(5)







The qt and qe are the amount of sugar adsorbed at time t and equilibrium, respectively, and k1 is the pseudo-first-order rate constant.



The pseudo-second-order equation was defined by the following equation:


t/qt = 1/k2qe2 + t/qe



(6)







The qe is the amount of sugar adsorbed at equilibrium, and k2 is the pseudo-second-order rate constant.





2.5. Liquid Phase Detection Method


Samples were analyzed by HPLC using Water Binary HPLC Pump 1525-Detector 2489 and Rezex ROA Organic Acid H+(8%) 300 × 7.8 mm Phenomenex. The mobile phase consisted of 5 mM dilute sulfuric acid. Elution was conducted at 0.8 mL/min flow rate, the column temperature was 50 °C, and the detector temperature was 40 °C. Before loading all samples, a nylon filter membrane with a 0.22 m pore diameter was used to filter in advance. The 2′-fucosyllactose standard was purchased from Glycarbo Co. Ltd., Takamatsu, Japan, with a purity ≥ 95%; the glucose, lactose, galactose, and acetic acid standard was purchased from Sigma-Aldrich LLC., America, with a purity ≥ 98%.




2.6. Qualitative and Quantitative Analysis of Protein


The SDS-PAGE method was used for protein characterization, and all electrophoresis equipment was purchased from BIO-RAD (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The protein was quantified by the Kjeldahl method. The test results of all fermentation broth were subtracted from the test results of undigested fermentation broth to eliminate the inorganic nitrogen in the fermentation broth. The K1160 automatic Kjeldahl nitrogen analyzer (Hanon Advanced Technology Group Co., Ltd., Jinan, Shandong, China) was used as the instrument and equipment.





3. Results


3.1. Fermentation Results


After 96 h of fermentation in a 30 L fermentor, the fermentation liquid rich in 2′-FL can be obtained. After simple determination, its parameters are shown in Table 2.



The results showed that the initial state of the fermentation broth was neutral and its conductivity was high, which meant that the fermentation broth contained many buffer salts. In addition, the lactose residue of the substrate was about 0.45 g/L, which was the main impurity and needed continuous attention in the subsequent purification process. Galactose and acetic acid, as by-products of E. coli substrate utilization and diversion metabolite of sugar, also had high contents in the fermentation broth. The protein residue was mainly produced by the aging and cracking of bacteria, which was higher in the initial fermentation liquid. After inactivation, flocculation, and filtration, the content decreased slightly (by about 0.02 mg/mL), indicating that the flocculation precipitation method had a certain effect on protein removal.




3.2. Effect of Different Pore Size Membranes on Purification of Fermentation Broth by Membrane Filtration


After being filtered by the first 0.1 μm pore diameter microfiltration membrane, it was ensured that there were no granular impurities in the fermentation liquid. Then, the filtrate was passed through the ultrafiltration membrane with different pore diameters to remove protein and polysaccharide impurities. The electrophoresis results (Figure 1) showed that the cell proteins were all macromolecular proteins with over 100 KDa molecular weight, and obvious protein aggregation was observed at the concentration of 34 KDa and 14 KDa. Therefore, three filter membranes below 10,000 Da with different concentrations were chosen to remove the residual proteins in the fermentation broth.



The results (Figure 2a) showed that the larger the pore diameter of the membrane was, the slower the attenuation of the filtration rate was, and the greater the flux was at the same time. After 4 h of continuous operation, the filtration rate of the 1000 Da filter membrane decreased to 39.6% of the initial filtration rate, while that of the 10,000 Da filter membrane remained at 70.7%. However, the protein determination results (Figure 2b) showed that the filter membrane with a large pore size led to more protein impurities passing through the filter membrane, reducing the efficiency of impurity removal. At the same time, the filter membrane with a small pore size can intercept more protein impurities; however, when the pore size was smaller, the interception rate of the target 2′-FL became higher, leading to a significant decline in the recovery ratio, which was undesired. Therefore, within the acceptable recovery ratio, a small pore-size ultrafiltration membrane should be used to remove protein. Preferably, the 3000 Da membrane performs best in this test.



After impurity removal of the first two filter membranes, the function of the third filter membrane was to intercept the target product 2′-FL, remove the substrate lactose with a molecular weight lower than the target and other monosaccharides such as glucose and galactose, and remove most of the small molecules of inorganic salts. Since the molecular weight of target 2′-FL is 488.44, a membrane with a molecular cutting weight slightly greater than the molecular weight of the target was chosen. The experimental results (Figure 2c) showed that the 500 Da membrane had the best retention effect, with a recovery ratio of more than 97%, but at the same time, the residual ratio of lactose was 86.4%, which could only remove a small amount of lactose. Meanwhile, the conductivity is also higher than the membrane with a larger molecular weight, indicating that more inorganic salts are retained. The 600 Da filter membrane had a better effect on removing small molecular impurities such as lactose and inorganic salts than the 500 Da filter membrane, at the cost of losing a part of the product recovery (about 5%). Filter membranes with a higher molecular weight of retention, such as 700 Da, had a worse retention effect on products and lactose and could hardly intercept products (about 18.5%). Therefore, 600 Da and 500 Da had better effects in this experiment. The difference was that 500 Da had a better product retention effect, and 600 Da had a better impurity removal effect. The specific selection needed to be comprehensively considered in combination with the subsequent purification steps.




3.3. Determination of Elution Conditions of Activated Carbon Column


The results of linear ethanol elution are shown in Figure 3a. The component with the highest conductivity was collected in tubes 5–7, and the component with the highest UV280 response value was collected in tubes 6–10. It indicated that the main impurities in the sample solution, inorganic salts and proteins, were first eluted. Subsequently, with the increase of ethanol concentration, other substances with absorption peaks at 280 nm were eluted. The elution results of product 2′-FL and other sugars are shown in Figure 3b. Glucose and galactose were detected in tubes 6–9, while the ethanol concentration was 4–6%, and the elution width was 1 bed volume (BV). Lactose was detected in tubes 14–23 with 9.3–15.3% of the elution concentration and 2.2 BV of the elution width. The product 2′-FL was detected in tanks 22–37; in the meantime, the ethanol concentration was 14.7–25.7%, and the elution width was 3.4 BV. Therefore, we think that the ethanol elution concentration of monosaccharide is 4%, that of lactose is 9.3%, and that of 2′-FL is 14.7%.



According to the linear elution results, we redesigned the elution procedure: 4 BV was eluted with pure water; 4 BV was eluted with 10% ethanol; 4 BV was eluted with 15% ethanol; the chromatographic column was regenerated with 80% ethanol; pure water was balanced. The eluate was collected throughout the process by one tube with 0.2 BV, and the concentration of sugar was detected by HPLC. The results are shown in Figure 4. Monosaccharides and lactose were eluted in pure water and 10% ethanol eluent, respectively. 2′-FL was eluted in 15% ethanol solution (recovery ratio was 87.3 ± 2.15%) and concentrated in 8–10 BV, indicating that the elution concentration was appropriate.



In addition, the experiment was repeated. The collection frequency of eluent was increased, the components were measured, and the product purity was calculated in the collected solution by using the area normalization method. The relationship between each tube’s product purity and the product recovery ratio was determined when the tube was collected (Figure 5). It was found that the product was detected after 1 BV was eluted with 15% ethanol, and its purity was 76.8%. Then the product purity reached its peak at 99%. The product purity gradually decreased, and the rate of decline increased. After 2.6 BV was eluted, almost no product was detected, indicating that the product had been eluted. The eluent with more than 75% purity was collected, while the eluent width was 9–10.4 BV. After recovery, it was used as the refined product of 2′-FL. The purity was 90.09 ± 2.74%, and the recovery ratio was 77.92 ± 4.02%.




3.4. Study on Adsorption Capacity and Kinetics of Activated Carbon


The static and dynamic adsorption capacity of activated carbon is an important basis for the loading range of the activated carbon chromatographic column. The static adsorption experiment results (Figure 6a) showed that the activated carbon was close to the maximum load after static adsorption for 2 h, which was about 47.52 ± 0.92 mg/g, and then gradually tended to balance. Dynamic adsorption results (Figure 6b) showed that the adsorption capacity was the highest when the product concentration reached 20–40 g/L. Interestingly, when the concentration of 2′-FL exceeded 40 g/L, the product concentration increased as the adsorption capacity decreased, which was different from our expectation. It is speculated that this may be due to the competitive adsorption effect between other oligosaccharides and the product due to the higher concentration of the product and the corresponding increase of the impurity concentration. Studies on different elution rates showed that when the elution rate was 0.25 BV, there was a maximum adsorption capacity of about 19.98 ± 0.21 mg/mL. Therefore, the maximum loading capacity was set based on 90% of the maximum dynamic adsorption capacity, i.e., 17.98 mg/mL. At the same time, the product concentration should also be within the range of 20–40 g/L so that the activated carbon chromatographic column can fully absorb the product.



The simulation results (Figure 7) of adsorption kinetics showed that the pseudo-second-order model seems to describe the 2′-FL adsorption mechanism better because the coefficients of determination (R2) obtained were higher compared to the ones obtained for the pseudo-first-order model. The equilibrium capacity q2 determined by the model was basically consistent with the experimental qe value (Table 3).





4. Discussion


Given the maturity of the membrane filtration process in recent years, it has gradually become the preferred process for the industrial separation of polysaccharides or oligosaccharides. In this study, membrane filtration technology was used to separate and purify human milk oligosaccharides produced by biological fermentation. Similar studies have not been seen, and the advantages of doing so are obvious. First of all, the membrane filtration process has high throughput characteristics and can better meet the needs of large-scale industrial preparation, which is not available in other purification technologies such as gel filtration or ion exchange chromatography. Moreover, membrane filtration can integrate three steps of concentration, desalination, and impurity removal by selecting the appropriate type of membrane in the impurity removal process. Hence, higher purification efficiency, higher recovery ratio, and lower production cost are expected, which is extremely important in industrialization. For the selection of membrane modules, this study only lists some attempts. In consideration of membrane pore size and molecular weight cut-off only, 3000 Da membrane modules can meet the requirements of product recovery and impurity removal simultaneously, while the selection of 500 Da and 600 Da membrane modules needs to be determined according to the subsequent purification process. If the subsequent process has a strong ability to remove salt and disaccharides, we can choose a 500 Da membrane with a smaller molecular weight to have a higher recovery. On the contrary, a part of the recovery ratio will be sacrificed for higher product quality. In addition, for some composite membranes, such as the GE 1812 type, although the molecular weight cutoff is 1000 Da, there is an additional interception effect on uncharged sugars in the aqueous solution, which will result in higher 2′-FL recovery than the typical 1000 Da membrane modules, while guaranteeing the same desalination and organic acid removal effects as them (data not shown).



For the fermentation industry, especially for the products whose titer is difficult to improve, simplifying the purification process represents a high recovery ratio and low production cost. However, a single purification process is often difficult to meet the basic qualification requirements, or it is necessary to sacrifice the product recovery ratio to significantly increase production costs. We tried to purify 2′-FL only by membrane filtration. After multi-stage purification, we could get a product with a purity higher than 95%, but the recovery ratio was less than 1% (data not shown). Therefore, it is the best choice to combine with other methods of refining oligosaccharides to obtain high-quality products. Figure 8 shows the flow chart of the best purification process and the recovery ratio and product purity of 2′-FL after each process treatment in this study.



Sugars are physically adsorbed onto the activated charcoal in a reversible process due to Vander Walls’ forces [34]. The major surface area of the activated charcoal is non-polar or hydrophobic [35]. Therefore, the more hydrophobic the solute is, the more adsorbed it will be. Compared with monosaccharides and disaccharides, oligosaccharides are more hydrophobic, so this feature can be used to separate the target oligosaccharides from smaller impurities. In this study, activated carbon showed excellent performance: when pure water was eluted, the residual inorganic salts were almost completely eluted; under the elution of 10% ethanol, both monosaccharide and lactose are completely eluted; the product can be eluted by 15% ethanol. From the perspective of adsorption capacity, the 100 L activated carbon column can achieve the purification of 2′-FL at the kilogram level. Later, extensive screening and modification research will be carried out on the activated carbon filler, which is likely to result in higher adsorption capacity, and even the production of 2′-FL at the kilogram level can be completed at the laboratory level. In addition, after the removal of macromolecular impurities by membrane filtration, the flux of the activated carbon fixed bed is guaranteed, and the sedimentation of macromolecular proteins or polysaccharides will not occur under the leaching of high-concentration ethanol, thus affecting the regeneration effect of activated carbon. This phenomenon is not easy to be found in the laboratory level preparation but is particularly obvious in the scale-up process. This process makes up for the shortcomings of the industrial application of activated carbon fixed beds, namely, the difficulty of regeneration and recovery and the instability of flux. Another problem with activated carbon is the instability of the batch. The adsorption capacity and adsorption characteristics of different batches of activated carbon may vary greatly, which is also an important problem limiting the industrial application of activated carbon. Therefore, it is particularly important to regenerate and reuse.




5. Conclusions


In this study, the product 2′-FL with a purity higher than 90.09% was finally obtained after three-stage membrane filtration and elution by the activated carbon chromatography column. For the selection of membrane pore size, 3000 Da and 500 Da are more appropriate choices. One can effectively remove macromolecular impurities, and the other can effectively remove small molecular impurities while ensuring a certain flux. The activated carbon chromatography process should select 10% ethanol to elute monosaccharide impurities and collect the product 2′-FL eluted by 15% ethanol. The sample loading should be less than 17.98 mg/mL, and the adsorption model should conform to the pseudo-second-order model. In little words, this study described a simple combined process to purify 2′-FL produced by biological fermentation. This collaborative process was completed based on a pilot scale test and had the scale-up feasibility and potential for industrial production.
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Figure 1. Results of fermentation supernatant protein after 48 h and 96 h fermentation. 
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Figure 2. Filtration results from different membrane modules. (a) Results of flux changes with time for membrane modules with different pore diameters; (b) Ratio of recovery of different substances filtered by different ultrafiltration membranes; (c) Conductivity of residual solution filtered by different nanofiltration membranes; (d) Ratio of recovery of different substances filtered by different nanofiltration membranes. 
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Figure 3. Results of linear elution of activated carbon by ethanol (by green line, concentration). (a) Conductivity (orange line, values on left axes in mS/cm) and UV280 absorbancy (blue line, right axes in mAU) vs. eluate volume (mL or number of sample tubes on horizontal axes); (b) Concentration of various sugars and ethanol concentration (green line) vs. eluate volume (number of sample tubes). 
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Figure 4. Results of gradient elution of activated carbon with ethanol (by green line, concentration) after optimization. (a) Conductivity (orange line, values on left axes in mS/cm) and UV280 absorbancy (blue line, right axes in mAU) vs. eluate volume (mL or number of sample tubes on horizontal axes); (b) Concentration of various sugars and ethanol concentration (green line) vs. eluate volume (number of bed volume). 
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Figure 5. Relationship between product purity and recovery ratio in product elution process. 
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Figure 6. Static adsorption and dynamic adsorption results of activated carbon. (a) Static adsorption; (b) dynamic adsorption on the feed concentration of 2′-FL with 10 g/L. 
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Figure 7. Linearized data of the pseudo-first-order kinetic model and the pseudo-second-order kinetic model. The solid line in this figure is the connecting line of the measured value, and the dotted line is the fitting straight line. (a) The pseudo-first-order kinetic model; (b) The pseudo-second-order kinetic model. 
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Figure 8. Flow chart of the optimal combination process and the recovery rate and product purity of 2′-FL after each process treatment. 
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Table 1. Detailed Information of Filter Membrane 1.
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	Type
	Pore Size or MWCO
	Material 2
	Membrane Area (m2)
	Flux (m3m−2d−1)
	Upper Pressure Limit (MPa)
	Temperature (°C)





	Microfiltration
	0.1 μm
	PVDF
	0.33
	5.45
	0.8
	15–50



	Ultrafiltration
	10,000 Da
	PES
	0.33
	3.64
	0.8
	15–50



	Ultrafiltration
	3000 Da
	PES
	0.33
	2.30
	0.8
	15–50



	Ultrafiltration
	1000 Da
	PES
	0.33
	1.82
	0.8
	15–50



	Nanofiltration
	700 Da
	PES/PA
	0.33
	1.39
	1.5
	15–50



	Nanofiltration
	600 Da
	PES/PA
	0.33
	1.15
	1.5
	15–50



	Nanofiltration
	500 Da
	PES/PA
	0.33
	1.03
	1.5
	15–50







1 Filter membrane parameters are measured under pure water conditions. The pressure difference between microfiltration and ultrafiltration under test conditions is 0.05 MPa, and that of nanofiltration is 0.1 MPa. 2 All filter membranes are made of composite materials, and their main materials and abbreviations are as follows: PVDF, polyvinylidene difluoride; PES, polyethersulfone; PA, polyamide.
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Table 2. Initial Parameters of Fermentation Broth.
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Physical and Chemical Parameters




	
pH

	
6.87 ± 0.03




	
Conductivity

	
11.00 ± 0.11 ms/cm




	
Dry cell weight (DCW)

	
29.68 ± 3.17 mg/mL




	
Main Components




	
2′-FL

	
8.40 ± 0.48 mg/mL




	
Lactose

	
0.45 ± 0.15 mg/mL




	
Glucose

	
0.28 ± 0.28 mg/mL




	
Galactose

	
0.15 ± 0.05 mg/mL




	
Acetic acid

	
0.45 ± 0.32 mg/mL




	
Protein

	
0.24 ± 0.04 mg/mL
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Table 3. Coefficients of determination of the linearized pseudo-first and pseudo-second-order models and the respective modeled and experimental parameters.
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Pseudo-First-Order

	
Experimental qe (mg g−1)




	
k1 (min−1)

	
q1 (mg g−1)

	
R2




	
0.0295

	
17.47

	
0.9206

	
49.20




	
Pseudo-Second-Order

	
Experimental qe (mg g−1)




	
k2 (min−1)

	
q2 (mg g−1)

	
R2




	
0.0201

	
49.75

	
0.9997

	
49.20
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