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Abstract:



Global interest towards lactic acid production has recently significantly increased because lactic acid can be used as raw material for the production of polylactic acid (PLA), a polymer used in biodegradable plastics for its special, environmentally-friendly properties. However, the high production costs have hindered the large-scale application of PLA due to the high price of lactic acid. Here we evaluated the potential of pear pomace and ricotta cheese whey (RCW) as a low-cost source of nutrients for lactic acid fermentation of Lactobacillus casei and Lactobacillus farciminis in microaerophilic conditions and mild sterility. After an initial lab-scale screening of 19 lactic acid bacteria (LAB) strains to select the highest producer of lactic acid, we reported the 1L-batch scale-up to test process efficiency and productivity of the most promising LAB strains. Batch fermentation of a 25:75 mixture of pear pomace and RCW, respectively, reached an overall yield factor of 90% and a volumetric productivity of 0.42 g/L·h.
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1. Introduction


Due to the limited use and strong environmental impact of petroleum, bio-based chemicals are gaining strength as concrete sustainable alternatives to the fossil oil-based economy [1]. In fact, the products obtained by fermentation are expanding beyond the traditional high-value low-volume compounds, such as pharmaceuticals, and are beginning to compete with the traditional high-volume synthetic production of commodity chemicals [2]. However, to fully win the battle, products based on renewable resources should be more competitive in terms of quality, technical performance, environmental impact, and at least be comparable for price [3]. Thus, it becomes strictly necessary to maximize productivity and minimize production costs. Whereas productivity has been greatly improved due to biotechnological research [4,5], cost-efficiency depends on technological variables and the cost of raw materials [6]. Pure nutrients (i.e., glucose and amino acids) are expensive and make most of the developed biotechnological processes economically unfeasible. Therefore, great attention has been focussed on the biotechnological potential of agro-industrial waste, such as cassava bagasse [7], sugarcane bagasse [8], sugar beet pulp [9], coffee husk and pulp [10], apple pomace [11], oil-cakes [12], wheat/rice bran [13] etc., for their use as raw materials in the production of several value-added products. Special attention must be paid to product recovery and purification costs [14].



Taking into account the actual market volumes and relevance of current or future biorefinery operations, lactic acid, together with glycerol, malonic and propionic acids, is largely considered at the top of the list of potential C3 building-block chemicals obtainable from renewable resources [15]. Due to its versatile applications as an acidulant, flavour enhancer and preservative, lactic acid has occupied a prime position in food, pharmaceutical, cosmetic and other chemical industries. Recently, use of lactic acid has expanded; it has been used as monomer in polymerization to form polylactic acid (PLA), a polymer of great interest because it is biodegradable [16]. Unfortunately, PLA production is now restricted worldwide due to the high production costs, although the increasing market demand is expected to reach 2170 billion USD by 2020 [17]. It has been reported that the cost of raw materials for the fermentative production of lactic acid accounts for about 35% of the total manufacturing costs [18]. Thus, the efficiency and economics of the up-stream fermentation is still a key factor, and the nutrients supply plays a vital role in the improvement of overall process sustainability. There have been several attempts to produce lactic acid from low-cost resources, such as rice bran [19], whey permeate [20], solid waste [21] and green microalgae [22]. Nowadays, lignocellulosic and starchy raw materials represent the most attractive substrates as feedstock for the production of lactic acid due to their abundance and cheapness [23]. Up to now, the principal factor, which limits their utilization on a large scale, is that these materials are not directly available for fermentation. Expensive pretreatments are necessary to remove lignin, separate cellulose and hemicellulose in order to increase the accessible surface area to the hydrolytic enzymes before microbial fermentation [24].



Up to now, lactic acid bacteria (LAB) have been the most common microorganisms used for the production of lactic acid at an industrial scale [25] since they are able to convert numerous mono- (both hexose and pentose) and di-saccharides [26], are tolerant to broad conditions of temperature (ranging from 20 to 55 °C) and pH (they can survive at pH 5 and lower), and are highly versatile. Depending on the metabolic pathways, they can produce l- or d-lactic acid (by homo-, hetero- or mixed-acid fermentation) [27]. In spite of the wide use and advantages of LAB strains for lactic acid production, economic feasibility often remains problematic. Since LAB have limited potential to biosynthesize amino acids, nucleotides, and/or vitamins, supplementation of these nutrients is necessary for optimal growth. These complex nutritional requirements limit the development of cost-effective lactic acid production due to the high costs of medium preparation (up to 38% of the total fermentation costs) [28]. Together with inexpensive carbon and nitrogen sources, low-cost operation processes are also essential to reducing overall production costs. For industrial fermentation, the use of nonsterile conditions as well as the possibility of fermenting without supplying or completely removing oxygen reduces equipment needs, energy consumption, and labour costs [29].



The aim of this study was to set up a facility for l-lactic acid production at a lab-scale. In this paper we report the use of local fruit processing residues (pear pomace) and ricotta cheese whey (RCW) as a low-cost source of nutrients for lactic acid fermentation in microaerophilic conditions and mild sterility. RCW is a by-product of ricotta cheese production and shows different characteristics. In particular, it is deprived of albumin and usually added with salts. It is estimated that Italian RCW production amounts to about 1000 tons/year [30], thus determining significant environmental problems related to its disposal. In fact, nowadays it is definitely considered a waste and is not reused in any way, although it contains a significant quantity of lactose and residual proteins that can be exploited as fermentation substrate. Unfortunately, due to its low dry matter content, it is a highly perishable material and needs to be reused rapidly and as close as possible to the site of production. Pear pomace, which belongs to the large family of fruit processing waste, could be an interesting alternative among the different raw substrates used to attempt lactic acid production by LAB, and in particular among the lignocellulosic materials, because of the presence of promptly fermentable sugars that do not need any further hydrolytic pretreatments. On the other hand, the narrow seasonal availability of pear pomace could represent limitations in its utilization, unless its use is integrated into an annual plan in which it is supplied together with other agri-food waste products and where RCW is used as continuous baseload.



After an initial lab-scale screening of 19 LAB strains to select the highest producer of lactic acid, we reported the 1L-batch scale-up to test process efficiency and productivity of the most promising LAB strains.



Our interest was principally focused on LAB, Lactobacilli in particular, since they are easily accessible and generally considered safe in industrial production, considering their long history of exploitation without any known adverse health effects on people nor in production workers. Moreover, commercially available LAB strains, similar to those used in this study, are particularly useful due to their acid tolerance and general robustness to stress conditions [31]. In fact, the rationale behind this study was not to search for “the best” lactic acid production process overall, but rather to obtain the best compromise between the urgent need to limit costs, on the one side, and maximize efficiency, on the other. The best fermentation conditions are not necessarily the most favourable from a financial point of view. Therefore, the purpose of this study was to provide producers with a convincing alternative to waste disposal, focusing their attention on the added value of lactic acid instead of the current value loss (environmental and economical) of waste.




2. Materials and Methods


2.1. LAB Strains and Chemicals


The 19 LAB strains belong to our lab bank (Table 1). The master cell bank is maintained at −20 °C in cryovials in a standard semisintetic De Man, Rogosa and Sharpe (MRS) medium (1 mL) mixed with glycerol (0.5 mL) as acrioprotectant agent. The standard MRS medium (Fluka Analytical) contained glucose 20 g/L, bacteriological peptone 10 g/L, meat extract 8 g/L, yeast extract 4 g/L, CH3COONa·3H2O 5 g/L, K2HPO4 2 g/L, ammonium citrate tribasic 2 g/L, MgSO4·7H2O 0.2 g/L, MnSO4·4H2O 0.05 g/L [32]. The working cell bank was conserved at 4 °C in MRS-agar slants for 6 months and used for seed cultures. All chemicals were purchased from Fluka Analytical (Steinheim, Germany) unless otherwise stated.



Table 1. Lactic acid bacteria (LAB) screened as lactic acid producers.







	
#

	
Genus

	
Species

	
DSMZ Code

	
ATCC Code






	
1

	
Lactobacillus

	
alimentarius

	
20249

	
29643




	
2

	
Lactobacillus

	
bifermentans

	
20003

	
35409




	
3

	
Lactobacillus

	
casei

	
20011

	
393




	
4

	
Lactobacillus

	
cellobiosus

	
20055

	
11739




	
5

	
Lactobacillus

	
collinoides

	
20515

	
27612




	
6

	
Lactobacillus

	
farciminis

	
20184

	
29644




	
7

	
Lactobacillus

	
curvatus

	
20019

	
25601




	
8

	
Lactobacillus

	
fructosus

	
20349

	
13162




	
9

	
Lactobacillus

	
viridescens

	
20190

	
35410




	
10

	
Lactobacillus

	
hilgardii

	
20051

	
-




	
11

	
Lactobacillus

	
kefiri

	
20587

	
35411




	
12

	
Lactobacillus

	
jensenii

	
20557

	
25258




	
13

	
Lactobacillus

	
fermentum

	
20049

	
-




	
14

	
Lactobacillus

	
fermentum

	
20052

	
14931




	
15

	
Lactobacillus

	
kandleri

	
20593

	
51149




	
16

	
Lactobacillus

	
reuteri

	
20015

	
-




	
17

	
Lactobacillus

	
reuteri

	
20016

	
23272




	
18

	
Lactobacillus

	
salivarius

	
20555

	
11741




	
19

	
Lactobacillus

	
sakei

	
20017

	
15521











2.2. Preparation of Raw Materials


The pear residues, supplied by the local fruit-processing industry, consisted of a mixture of unripe, overripe or damaged pears not suitable for market and classified by the producers as agri-food waste. Ricotta cheese whey (RCW) is the final liquid residue of dairy product production, obtained after the removal of ricotta cheese from milk whey. Pear pomace was mixed using a food blender up to obtain a thick puree and then roughly filtered to eliminate the coarser fibrous component, as well as skin residues, to avoid clogging of sample pipeline in the fermenter. Raw materials were stored in plastic tank at −18 °C, to be analyzed in the laboratory and used as substrate for fermentation.




2.3. LAB Screening Conditions


A loopful of the selected LAB cells was inoculated in 50 mL Erlenmeyer flasks containing 10 mL of sterile MRS medium. The pH was adjusted at 6.2–7.0 (depending on the optimum for each strain tested) and temperature maintained either at 30 °C (LAB 1–13, in Table 1) or 37 °C (LAB 14–19, in Table 1), respectively. Each microrganism was inoculated in three Erlenmeyer flasks, closed with cotton plugs and submitted to different air concentrations: (a) aerobic given by agitation at 130 rpm; (b) microaerophilic without agitation; (c) strictly anaerobic by use of AnaeroGen™ Compact boxes equipped with active carbon to absorb O2 residue and a CO2 generator. All tests were carried out in triplicate for statistical significance. Samples were withdrawn every 12 h up to 72 h of fermentation, immediately analyzed for biomass content and then filtered and stored at −20 °C until being analyzed. Results of chemical characterization of pear pomace and RCW are reported in Table 2.



Table 2. Effect of oxygen supply on lactic acid yield factor (YLA), specific cell growth rate (μ), substrate uptake (Suptake), specific rate of glucose consumption (qS) and specific productivity (qLA) for the 19 LAB strains tested. Time of fermentation was 48 h and initial glucose concentration 20.00 g/L.







	
Strain

	

	
Aerobic

	

	
Microaerophilic

	
Anaerobic




	
YLA/S

	
μ

	
Suptake

	
qS

	
qLA

	
YLA/S

	
μ

	
Suptake

	
qS

	
qLA

	
YLA/S

	
μ

	
Suptake

	
qS

	
qLA




	
(%)

	
(h−1)

	
(%)

	
(g/g·h)

	
(g/g·h)

	
(%)

	
(h−1)

	
(%)

	
(g/g·h)

	
(g/g·h)

	
(%)

	
(h−1)

	
(%)

	
(g/g·h)

	
(g/g·h)






	
L. alimentarius

	
0%

	
0.012

	
100%

	
0.23

	
0.00

	
0%

	
0.011

	
100%

	
0.24

	
0.00

	
68%

	
0.010

	
80%

	
0.21

	
0.14




	
L. bifermentans

	
16%

	
0.009

	
89%

	
0.25

	
0.04

	
8%

	
0.002

	
98%

	
0.37

	
0.03

	
27%

	
0.001

	
100%

	
0.40

	
0.11




	
L. casei

	
80%

	
0.015

	
99%

	
0.22

	
0.18

	
80%

	
0.018

	
99%

	
2.25

	
0.20

	
98%

	
0.024

	
100%

	
0.13

	
0.13




	
L. cellobiosus

	
15%

	
0.002

	
23%

	
0.09

	
0.01

	
21%

	
0.018

	
99%

	
0.18

	
0.04

	
44%

	
0.018

	
96%

	
0.17

	
0.08




	
L. collinoides

	
10%

	
0.001

	
87%

	
1.70

	
0.17

	
9%

	
0.004

	
97%

	
0.34

	
0.03

	
38%

	
0.001

	
96%

	
0.44

	
0.17




	
L. farciminis

	
71%

	
0.016

	
100%

	
0.18

	
0.13

	
78%

	
0.001

	
99%

	
1.84

	
1.45

	
92%

	
0.016

	
99%

	
0.19

	
0.18




	
L. curvatus

	
0%

	
0.001

	
20%

	
0.46

	
0.00

	
0%

	
0.001

	
50%

	
1.39

	
0.00

	
0%

	
0.001

	
50%

	
2.52

	
0.00




	
L. fructosus

	
0%

	
0.001

	
20%

	
0.40

	
0.00

	
0%

	
0.001

	
50%

	
0.45

	
0.00

	
19%

	
0.001

	
27%

	
1.60

	
0.30




	
L. viridescens

	
36%

	
0.006

	
90%

	
0.28

	
0.10

	
41%

	
0.002

	
99%

	
0.38

	
0.15

	
9%

	
0.001

	
88%

	
0.35

	
0.03




	
L. hilgardii

	
11%

	
0.008

	
87%

	
0.25

	
0.03

	
12%

	
0.002

	
98%

	
0.37

	
0.04

	
20%

	
0.001

	
98%

	
0.43

	
0.09




	
L. kefiri

	
13%

	
0.008

	
75%

	
0.22

	
0.03

	
13%

	
0.009

	
75%

	
0.21

	
0.03

	
1%

	
0.001

	
75%

	
0.40

	
0.00




	
L. jensenii

	
26%

	
0.004

	
98%

	
0.33

	
0.09

	
13%

	
0.009

	
75%

	
0.21

	
0.03

	
28%

	
0.015

	
99%

	
0.20

	
0.06




	
L. fermentum 20049

	
61%

	
0.001

	
24%

	
0.16

	
0.10

	
12%

	
0.009

	
99%

	
0.27

	
0.03

	
0%

	
0.001

	
50%

	
2.61

	
0.00




	
L. fermentum 20052

	
19%

	
0.006

	
99%

	
0.31

	
0.06

	
28%

	
0.005

	
98%

	
0.32

	
0.09

	
18%

	
0.001

	
99%

	
0.44

	
0.08




	
W. kandleri

	
11%

	
0.001

	
100%

	
0.97

	
0.35

	
10%

	
0.001

	
100%

	
1.14

	
0.11

	
57%

	
0.001

	
79%

	
0.45

	
0.25




	
L. reuteri 20015

	
0%

	
0.001

	
12%

	
0.27

	
0.00

	
0%

	
0.001

	
25%

	
0.78

	
0.00

	
0%

	
0.001

	
31%

	
0.62

	
0.00




	
L. reuteri 20016

	
32%

	
0.022

	
99%

	
0.14

	
0.05

	
13%

	
0.016

	
98%

	
0.19

	
0.03

	
14%

	
0.013

	
99%

	
0.22

	
0.03




	
L. salivarius

	
0%

	
0.003

	
61%

	
0.22

	
0.00

	
0%

	
0.001

	
16%

	
0.22

	
0.00

	
0%

	
0.001

	
96%

	
1.29

	
0.00




	
L. sakei

	
0%

	
0.001

	
20%

	
1.11

	
0.00

	
0%

	
0.001

	
20%

	
1.16

	
0.00

	
0%

	
0.001

	
20%

	
1.19

	
0.00











2.4. 1L-Scale Batch Fermentation Conditions


All batch fermentations were carried out in a thermoregulated autoclavable MiniforsTM bioreactor (Infors, Basel, Switzerland) (1 L of working volume, 1.5 L of overall capacity), equipped with probes for pH, temperature and O2 concentration monitoring (Mettler Toledo, Columbus, USA). The pH value of the cultures was automatically maintained at 6.2 by adding 1N NaOH solution. The inoculum in MRS medium (100 mL, 10% v/v) was incubated at 130 rpm for 24 h on a shaking thermostatic incubator before the addition to the fermenter. Temperature and pH of inoculum were initially set up at 30 °C and pH 6.2. Before inoculation, the fermenter was filled with a mixture of filtered pear pomace and RCW (ratio 25:75), without any other nutrients added. The culture was maintained at 50 rpm by a mechanical stirrer. An airflow of 0.5 L/min was fluxed on the head space of the fermenter, as needed to maintain a slight overpressure. Before each fermentation, the fermenter was sanitized under steam stripping conditions (100 °C for 30 min). Batch processes were followed for 72 h, and samples collected every 12 h.




2.5. Analytical Methods


Sugars (glucose, fructose, galactose, lactose) and sorbitol were analyzed by HPLC (Jasco, Easton, MD, USA) equipped with a refractive index detector (Jasco, Oklahoma City, OK, USA) and ion-exclusion column Aminex HPX-87H 300 mm × 7.8 mm (Bio-Rad Laboratories, Hercules, CA, USA). Isocratic elution was carried out at 65 °C with 6 mL/min of 5.0 mM H2SO4. l-lactic acid and d-lactic acid concentration was quantified using K-DLATETM enzymatic assay kit (Megazyme, Chicago, IL, USA), based on spectrophotometric determination of NADH (Nicotinamide Adenine Dinucleotide Hydrogenated) at 340 nm. Before the HPLC analysis, samples were placed at 80 °C for 10 min to eliminate possible interferences due to microbial enzymes. Nitrogen content was measured by means of FLASH 2000 Series CHNS/O analyzer (ThermoFischer Scientific, Waltham, MA, USA). Protein content was derived multiplying nitrogen concentration for the coefficient 6.25 [33]. Metals (Na, K, Ca, Mg, Fe) were measured with Analyst 800 instrument (Perkin-Elmer, Waltham, MA, USA). Biomass was monitored by measuring the turbidity at 600 nm. Biomass concentration (dry weight, DW) was determined gravimetrically after drying it overnight at 105 °C on a pre-weighed 0.2 μm filter.





3. Results and Discussion


3.1. LAB Screening and Selection


Screening tests were carried out in order to select the best lactic acid producers and investigate the effect of the presence of oxygen on microbial growth.



It is well known that LAB in general are facultatively anaerobic, and in presence of glucose they are able to produce lactic acid [34]. Thinking in terms of low-cost lactic acid production, the economic impact of air supply or air removal devices could be relevant, the best choice being to invest on microaerofilic LAB, which tolerate the presence of oxygen in the environment, reaching a sustainable combination of yield and productivity. For this reason, LAB were grown in aerobic, microaerophilic and strictly anaerobic conditions in order to compare cell growth and lactic acid production, as well as glucose depletion and glucose depletion rate. The results of the fermentation tests are shown in Table 2. As expected, anaerobic conditions appeared to favour lactic acid production and substrate consumption, whereas biomass growth rate was higher overall in the presence of oxygen [35].



Lactobacillus alimentarius, Lactobacillus curvatus and Lactobacillus reuteri 20015 were promptly excluded because they partially consumed glucose without producing lactic acid in any of the tested conditions. In anaerobic and microaerophilic conditions the majority of the strains completely depleted glucose in 72 h, whereas only four strains (Lactobacillus casei, Lactobacillus farciminis, Lactobacillus fermentum 20052 and Lactobacullus kadleri) consumed glucose in an aerobic environment although with a lower qs. Generally, except for a few cases, lactic acid yield factors (YLA) and specific productivity (qLA) were low, but comparable to those obtained in other batch fermentations on glucose without pH control [36]. The best lactic acid producers were L. casei and L. farciminis with YLA > 90% in all conditions, although YLA went down to 79% and 71%, respectively, with the proportional increase in oxygen availability.



L. casei is reported to be a facultative anaerobic microorganism with a homofermentative nature [37]. Consequently, the microorganism grows better in a static culture where the fermentation conditions favour low oxygen concentrations. Furthermore, L. casei is known to be acidotolerant with an optimum pH of 5.5 and it is relatively insensitive to product inhibition by lactic acid. In microaerophilic conditions, L. casei achieved a final lactic acid concentration of 15.89 ± 0.56 g/L compared to 20.00 ± 0.20 g/L of glucose, versus 19.50 ± 0.79 g/L obtained in anaerobic conditions. L. farciminis, known as a homofermentant microrganism isolated from meat and meat products [38], in our experimental conditions produced 18.37 ± 0.94 g/L of lactic acid in anaerobiosis and 15.71 ± 0.54 g/L in microaerophilia.



Several tested LAB were reported to produce both l-lactic and d-lactic acid stereoisomers in the different experimental conditions (Table 3). In particular, as shown in Figure 1, while L. casei, with increasing dissolved oxygen, proportionally increased the amount of d-lactic acid at the expense of l-lactic acid, L. farciminis only produced l-lactic acid in microaerophilic conditions. This could be an interesting point, because the stereochemistry of the monomer lactic acid has a great influence on the properties of the polylactide. In fact, the stereoregularity is the key factor that makes polylactic acid (PLA) a highly crystalline (pure l-lactic acid), fully amorphous or semicristalline polymer (by the inclusion of different percentages of the d-isomer) [39]. After recovery from the culture broth and cell biomass, the possibility to directly use the l-lactic acid produced without any further steps with respect to optical purification, could be of some interest.


Figure 1. Concentration of l-lactic, d-lactic and the sum of d + l-lactic for L. casei (a) and L. farciminis (b) with different oxygen supply (p < 0.05).
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Table 3. Total lactic acid (l + d-LA), d-lactic acid (d-LA) and l-lactic acid (l-LA) concentrations obtained by the screening of 19 LAB strains in different oxygen supply conditions.







	
Strain

	
Aerobic

	
Microaerophilic

	
Anaerobic




	
d-LA

	
l-LA

	
l + d-LA

	
d-LA

	
l-LA

	
l + d-LA

	
d-LA

	
l-LA

	
l + d-LA




	
(g/L)

	
(g/L)

	
(g/L)

	
(g/L)

	
(g/L)

	
(g/L)

	
(g/L)

	
(g/L)

	
(g/L)






	
L. alimentarius

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
10.99

	
10.99




	
L. bifermentans

	
0.00

	
2.84

	
2.84

	
0.00

	
1.68

	
1.68

	
3.91

	
1.55

	
5.46




	
L. casei

	
2.92

	
12.89

	
15.81

	
2.15

	
13.74

	
15.89

	
2.02

	
18.00

	
19.50




	
L. cellobiosus

	
0.00

	
0.71

	
0.71

	
0.00

	
4.07

	
4.07

	
3.65

	
4.85

	
8.50




	
L. collinoides

	
0.00

	
1.75

	
1.75

	
0.00

	
1.68

	
1.68

	
5.26

	
2.39

	
7.65




	
L. farciminis

	
3.52

	
10.66

	
14.18

	
0.00

	
15.71

	
15.71

	
5.32

	
13.05

	
18.37




	
L. curvatus

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
L. fructosus

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
1.03

	
0.00

	
1.03




	
W. halotolerans

	
4.77

	
1.84

	
6.62

	
4.33

	
3.75

	
8.07

	
0.00

	
1.75

	
1.75




	
L. hilgardii

	
0.00

	
1.94

	
1.94

	
0.00

	
2.33

	
2.33

	
2.82

	
1.16

	
3.98




	
L. kefiri

	
0.00

	
2.00

	
2.00

	
0.50

	
1.50

	
2.00

	
0.01

	
0.00

	
0.01




	
L. jensenii

	
5.19

	
0.00

	
5.19

	
0.49

	
1.51

	
2.00

	
5.58

	
0.00

	
5.58




	
L. fermentum 20049

	
0.00

	
2.97

	
2.97

	
1.54

	
0.84

	
2.38

	
0.00

	
0.00

	
0.00




	
L. fermentum 20052

	
1.09

	
2.72

	
3.80

	
1.79

	
3.81

	
5.61

	
1.41

	
2.26

	
3.67




	
W. kadleri

	
2.34

	
0.00

	
2.34

	
1.57

	
0.39

	
1.96

	
7.81

	
1.23

	
9.04




	
L. reuteri 20015

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
L. reuteri 20016

	
2.69

	
3.75

	
6.44

	
1.86

	
0.84

	
2.70

	
1.54

	
1.42

	
2.96




	
L. salivarius

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.19

	
0.00




	
L. sakei

	
0.00

	
000

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00











3.2. Waste Chemical Characterization and Fermentation Mash Preparation


The chemical characterization of pear pomace and RCW used in this study are reported in Table 4.



Table 4. Chemical composition of pear pomace and ricotta cheese whey (RCW).







	
Parameter

	
Pear Pomace (g/L)

	
RCW (g/L)






	
Dry matter

	
-

	
93.89 ± 0.85 (% w/v)




	
TFS *

	
85.36 ± 2.78

	
47.50 ± 1.22




	
Glucose

	
18.68 ± 1.15

	
-




	
Fructose

	
64.43 ± 1.51

	
-




	
Lactose

	
-

	
47.50 ± 1.22




	
Sorbitol

	
2.25 ± 0.10

	
-




	
N

	
0.496 ± 0.200

	
0.976 ± 0.19




	
Protein

	
3.1

	
6.1




	
Na

	
0.075 ± 0.020 (mg/L)

	
0.166 ± 0.088 (mg/L)




	
K

	
8.130 ± 0.700 (mg/L)

	
0.858 ± 0.099 (mg/L)




	
Ca

	
0.323 ± 0.092 (mg/L)

	
0.040 ± 0.011 (mg/L)




	
Fe

	
<0.001

	
<0.001




	
Mg

	
0.370 ± 0.017 (mg/L)

	
0.160 ± 0.022 (mg/L)




	
pH

	
4.08 ± 0.02

	
5.10 ± 0.02








* TFS: Total fermentable sugars.








Pear pomace puree used as raw material in these experiments was too dense to be fermented without dilution. The possibility of using water was taken into account only in the first lab test, but then discarded when the scale up to the fermenter was set up for the obvious impact of using fresh tap water on the overall environmental and economic balance of the process. Therefore, RCW was used both as a further supplier of nutrients and as a diluting agent up to the desired total fermentable sugar (TFS) concentration. Different mixtures were tested to reach the optimal substrate characteristics, which were identified in the 25:75 of pear pomace:RCW ratio, corresponding to a mixture containing 57.70 g/L of TFS (distributed as 4.67 g/L of glucose, 16.10 g/L of fructose, 0.56 g/L of sorbitol and 35.71 g/L of lactose) and an average N content of 0.86 g/L.




3.3. 1L Scale Batch Fermentation


Lactic acid is most commonly produced in the batch mode [40], but some examples of continuous culture exist [41], as well as several examples of fed-batch fermentation [42]. Batch strategy generally gives high lactic acid concentrations and yields, provided all carbon substrate is depleted. However, it provides lower productivity compared to continuous or fed-batch fermentation, due to unavoidable idle times (i.e., load and discharge) and consequently to a sub-optimal utilization of the bioreactor. In our experimental conditions, where simplicity and low managing cost were the main drives, batch mode was chosen for its simplicity. This closed system has the advantage to reduce the risk of contamination and to assure the complete consumption of the substrate. On the other hand, either substrate and/or product inhibition could limit the fermentation performance. Previous studies on lactic acid production have reported the highest lactic acid yield up to 96% in batch fermentation by LAB on glucose [43]. The fermentation mixture, constituted by a ratio of 25:75 of pear pomace and RCW, respectively, contained a total amount of fermentable sugars of 31.60 g/L, characterized by 2.10 g/L of glucose, 4.30 g/L of fructose, 24.20 g/L of lactose and 1.00 g/L of sorbitol.



3.3.1. Fermentation of L. casei


As reported in Figure 2, in 72 h complete depletion of fermentable sugars occurred, with l-lactic acid production of 30.0 g/L. In this experiment in particular, we did not measure the concentration of d-lactic acid. As expected, sorbitol was not consumed at all as a carbon source, since most Lactobacilli lack the proper metabolic pathway to break it down, except under certain genetic conditions [44]. It is worthwhile noting that, in experimental conditions similar to ours, L. casei has been reported to express diauxic growth [45], with uptake of lactose starting only when monosaccharides are completely depleted and after a lag phase of a few hours to allow the rearrangement of enzymatic assets. The trend of lactic acid concentration reflected the change in the metabolic pathway of carbon source utilization. Glucose and fructose were promptly depleted in 20 h. No accumulation of galactose and glucose was observed from lactose hydrolysis, indicating that both were produced and immediately consumed.


Figure 2. Batch fermentation of L. casei in the presence of glucose, fructose, lactose and sorbitol, derived from pear pomace and RCW mixtures, for the production of l-lactic acid.
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Overall, in 72 h, uptake of almost 97% of the sugars present in the waste mixtures occurred with L. casei to produce l-lactic acid with a yield factor (YLA/S) of 90%, which became 87% when calculated considering also sorbitol. Sugar uptake rates were 100% (Table 5). Ninety percent of yield factor for the sole l-lactic acid could be likely explained taking into account the unavoidable small quantity of d-lactic produced by L. casei in microaerophilic conditions.



Table 5. Best-fit kinetic parameters calculated from experimental data and statistical analysis.







	
Microrganism

	
YLA/S

	
YLA/Si

	
YX/S

	
SupGLU

	
SupFRU

	
SupLAC

	
QsGLU

	
QsFRU

	
QsLAC

	
qLA

	
QLA




	
(g/L·h)

	
(g/L·h)

	
(g/L·h)

	
(g/g·h)

	
(g/L·h)






	
L. casei

	
90%

	
87%

	
8%

	
100%

	
100%

	
100%

	
0.11

	
0.18

	
0.50

	
0.17

	
0.42




	
L. farciminis

	
98%

	
18%

	
15%

	
100%

	
100%

	
0%

	
0.11

	
0.09

	
0.00

	
0.14

	
0.13










In 1L batch fermentation, the overall volumetric rate of l-lactic acid was 0.42 grams per hour, while the specific productivity was 0.17 grammes of product per gramme of cell per hour. Yield factor for biomass was 8%, corresponding to 2.50 g/L of cells.



In the waste mixture, 2.5 g/L of l-lactic acid was already present, probably derived from side fermentation occurring in the non-sterile RCW by other LAB.




3.3.2. Fermentation of L. farciminis


When L. farciminis was exposed to fermentation at the same conditions and in the same waste mixture of pear pomace and RCW, the results were surprisingly different. Figure 3 shows the sugar depletion and l-lactic acid production profiles in the 72 h of the process. Interestingly, lactose and sorbitol uptake did not occur with L. farciminis in the same conditions. This meant that, out of the total 31.60 g/L theoretically available in the waste, only 6.4 g/L were effectively consumed to produce the product of interest. Moreover, L. farciminis was shown to prefer glucose and only when this was completely depleted did it switch to fructose. Biomass yield factor was 15%, corresponding to 0.96 g/L of cells.


Figure 3. Batch fermentation of L. farciminis in the presence of glucose, fructose, lactose and sorbitol, derived from pear pomace and RCW mixtures, for the production of l-lactic acid.
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Considering the previous results and taking into account the high yield factor (calculated on the total amount of sugars consumed, YLA/S), it is reasonable to conclude that all the lactic acid produced was the l-enantiomer. In our study, optical purity was not measured and was not considered as a key point since recent research has reported that the stereocomplex PLA, which is composed of both poly-l- and -d-lactic acid, has been attracting a lot of attention due to its high thermostability. Stereocomplex-type polymers show a melting point (ca. 230 °C) that is approximately 50 °C higher than that of the respective single polymers [46]. Therefore, d-lactic acid, in addition to l-lactic acid, which has been the focus of production to date, is becoming increasingly important [47].



Overall, L. farciminis was shown to be inappropriate for fermenting pear pomace together with RCW, pear pomace alone, or waste containing, in a broader perspective, only monosaccharides as principal carbon sources. Thus, the need to find a low-cost diluting agent for pear pomace, besides fresh water, obliged us, at this stage of our research, to pay special attention to more versatile microrganisms, such as L. casei.



Even in the case of L. casei, overall productivity values were lower in our experimental conditions compared to those reported in the literature and the reason could be principally due to the batch strategy chosen for the experiments. To limit operating costs, as well as minimizing the risk of contamination, continuous fermentation must surely be excluded, but a fed-batch process might be the best compromise to reach effective process performance.






4. Conclusions


Here we attempted to produce l-lactic acid, a monomer of important added value in bioplastic production, by exploiting agri-food waste. To reach this goal we performed a screening of several Lactobacilli, which are recognized as being among the highest producers of lactic acid. Microaerophilic fermentation, batch strategy and mild sterilization were the principal variables that guaranteed the realization of a cost-effective viable process. Lab-scale experiments with the two best strains selected showed that only L. casei had the potential to be used in the fermentation of a 25:75 mixture of pear pomace and RCW, respectively, reaching an overall yield factor of 90% and volumetric productivity of 0.42 g/L·h, obtained in the most cost-effective conditions possible. These values might be improved by further optimizing certain aspects of the process, i.e., the fermentation strategy or the use of other feedstock. Before being applicable on an industrial scale, these results need to be scaled up and all variables re-tested to obtain maximum productivity. Moreover, it should be not forgotten that the principal bottlenecks of bio-based productions are often represented by the subsequent purification process (known as downstream processing), which could comprise up to 80% of the entire production costs.
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