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Abstract. The environmental awareness and concerns (plastic pollution) worldwide have driven the 
development of sustainable and environmentally friendly biopolymer derived from renewable materials. 
Biopolymers, especially L-lactic acid (L-LA) have played a crucial role in manufacturing polylactic acid, 
a biodegradable thermoplastic. Recently, L-LA production from non-edible macroalgal biomass has gained 
immense attraction due to it offers the simplest saccharification process for the biorefinery route. However, 
the commercialization of macroalgal-based L-LA is still limited due to high production costs. This paper 
has comprehensively reviewed the potential and development of third-generation feedstock for L-LA 
production, including significant technological barriers to be overcome for potential commercialization 
purposes. Then, an insight into the state-of-the-art hydrolysis and fermentation technologies using 
macroalgae as feedstock are also deliberated in detail. Furthermore, this review provides a conceivable 
picture of macroalgae-based L-LA biorefinery and future research directions that can be served as an 
important guideline for scientists, policymakers, and industrial players. 

1. Background 
In the last decades, the interest in synthetic petrochemical-based plastics has increased in various 
industrial applications including packaging and biomedical applications [1]. The annual production of 
plastics in 2018 had increased dramatically to approximately 300% compared to the year 1950s (1.5 
million tons) and reached 360 million tons per annum [2]. The generality of plastic products consisted 
of single-use packaging, which has a short service lifespan before ending as pollutants entering the 
oceans and natural environment [3]. Approaching 7 million tons per annum of plastic waste entering the 
oceans, the total volume of plastic waste in the oceans is approximately 270 million tons, which has 
resulted in devastating damage and deaths of aquatic animals [4]. Besides, the global contradiction 
between the COVID-19 pandemic and increased content of plastic waste as a human propensity towards 
wearing personal protective equipment and slowly shifted their lives online by getting their meals, 
groceries, and goods delivered, which drive the interest toward the development of biodegradable 
polymer materials through the biorefinery concept for substituting synthetic plastics.  
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Poly-L-lactic acid (PLLA) shows great potential as an alternative to synthetic plastics and is 
considered one of the most commercially popular bioplastics due to its good mechanical properties, 
biodegradability, and processability [3]. Recently, PLLA application has seen tremendous growth in 
various fields, including packaging, biomedical applications (implants, bone fixation, and sutures), 
printing filament, and regulated drug delivery [5]. Further, the annual production volume of PLLA 
worldwide had increased by approximately 35% in 2020, corresponding to 395 kilotons as compared to 
293 kilotons in 2019 [6]. PLLA is a type of biodegradable and aliphatic polymer of L(+)-lactic acid (L-
LA), which is produced via ring-opening polymerization of L-LA; while L-LA can be derived from 
carbohydrate-rich renewable resources such as starchy materials, cellulosic materials, and agricultural 
wastes through a biotechnological approach using lactic acid bacteria (LAB) for microbial fermentation 
[7]. Thus, an effective and economically feasible production route must be discovered to intensify the 
production rate of L-LA from renewable resources to cope with the high demands of PLLA as polymer 
for bioplastics.  

2. L-lactic acid Production Route 
L-LA can be derived either using chemical synthesis or a biotechnological approach. The L-LA 
produced under the chemical synthesis approach mainly include base-catalyzed degradation of sugars, 
oxidation of propylene, and hydrolysis utilizes non-renewable resources including acetaldehyde and 
lactonitrile with the aid of hydrogen cyanide and concentrated acid as catalysts and reagents, 
respectively [8].Although chemocatalytic approach may produce L-LA in a variety of routes, none of 
these routes are technically and economically practical as these processes yield a racemic lactic acid 
which is inapt for bio-based industries [9]. In contrast, the biotechnological route utilizes carbohydrate-
rich renewable resources to produce L-LA through microbial fermentation [10]. In recent decade, the 
biotechnological approach was chosen over the chemical synthesis approach as L-LA production route 
due to it offers the strength to target the enantiomer of lactic acid produced by implementing a specific 
type of LAB [11]. Several strains have been reported to produce L-LA naturally, such as Bacillus 
coagulans, Lactobacillus helveticus, and Lactobacillus lactis [12, 13]. Whilst, Lactobacillus plantarum 
is the strain that is commonly applied in D(-)-lactic acid (D-LA) production as it can produce only the 
D-enantiomer [14]. However, the lactic acid produced through the chemical synthesis route was only in 
racemic enantiomer which consists of D-LA and L-LA that could increase the separation cost [15].  

Based on the feedstocks implemented for L-LA production via microbial fermentation, the 
biopolymers produced can be distinguished into three different generations. First-generation (1G) L-LA 
is generally derived from edible food, which consists of starch-based (barley, corn, and soybean) and 
sugar-based (sugarcane molasses, sweet sorghum, and sugar beet) materials [16–18]. The utilization of 
edible food as raw material raises a strongly polarized debate and substantial ethical dilemma, generally 
referred to as the "food vs. biopolymer". Thus, the global food security caused by 1G L-LA makes it 
unfeasible for large-scale production [10]. To address the detrimental impacts associated with 1G L-LA, 
second-generation (2G) L-LA incorporated lignocellulosic biomass (LCB) and agricultural residues as 
the feedstocks [11, 12]. However, the commercialization of 2G L-LA is constrained due to the associated 
environmentally unfavorable pretreatment (delignification) and the use of arable land for cultivation 
[13]. The delignification process is one of the crucial and costly stages for 2G L-LA production as this 
process is carried out to optimize the sugar recovery from LCBs incorporated with chemicals [19]. 
Hence, the switch of L-LA using LCBs had arisen the problem of land-use competition and high 
production cost, which is unfeasible as compared to 1G L-LA production. Thus, a sustainable renewable 
resource must resolve the economic and technical challenges faced by 1G and 2G feedstocks.  

3. Utilization of Macroalgae as Feedstock for Third-generation L-lactic acid Production 
The detrimental properties of 1G and 2G L-LA have fuelled the search for an alternative low-cost and 
renewable substrate which will warrant the year-round availability of L-LA. While bioconversion of red 
macroalgae to third generation (3G) L-LA has become a research topic of interest in recent years 

 
 
 
 
 
 

attribute to its mild operating conditions, characteristics, and abundance in supply as its world 
production has reached approximately 17.3 million tons in 2018 [15, 20]. The absence of lignin complex, 
an obdurate lignocellulosic structure in macroalgal biomass implicates that less energy-extensive 
bioprocesses could be implemented to extricate high value-added bioproducts of commercialized 
interest, which favour techno-economic and life cycle analyses (TEA and LCA) of any presumptive 
macroalgal biorefinery process. Moreover, the speciality polysaccharides present in the macroalgal 
biomass are instinctive to macroalgal species that are categorized by the three different taxonomical 
groups which render unique properties for either platform biocompounds or direct use for the 
biorefinery. However, in Malaysia, red macroalgae Eucheuma denticulatum (ED) or known as spinosum 
have been widely cultivated at the east coast of Sabah (district of Semporna, Kunak, and Tawau) for the 
last 30 years [21]. Despite the vast ED production in Malaysia, macroalgal-based industry development 
has been limited, owing to the agricultural-livestock tradition such as oil palms, considering one of the 
nation’s principal economic activities [22]. Recently, the macroalgal-based business activity is confined 
to carrageenan and agar extraction. While ED species is cultivated mainly for the extraction of iota-
carrageenan phycocolloid, a thickening and emulsifying agent in food industries and a source of human 
food [23]. Besides being utilized for human consumption, there is a growing opportunity to produce 
biopolymers from i-carrageenan attributed to their high carbohydrate content, approximately 85.62 ± 
0.38 wt% dry weight basis [6, 24]. i-carrageenan is a heterogenous sulfated galactan that typically 
consists of repeating ester sulfate 3,6-anhydrogalactose and D-galactose which showed suitability as 
feedstock for carbohydrates-based biorefinery [6]. The hydrolysis process converts i-carrageenan into 
galactose, and it is further valorized or fermented using lactic acid bacteria to produce 3G L-LA. Hence, 
this paves the way in converting the food-grade i-carrageenan into L-LA which has higher commercial 
value and is considered as an alluring investment option from environmental, social, and economic 
points of view for Malaysia. Moreover, the sustainability of red macroalgae biorefineries had been 
assessed in various LCA [25–27]. 

4. Saccharification of Macroalgal Carrageenan 
Saccharification is an essential step prior to L-LA production, where the complex polysaccharides inside 
the biomass are hydrolyzed or disrupted into its monomer form, namely fermentable sugars (glucose, 
galactose, and rhamnose). An overview of the macroalgal biorefinery process can be shown in Fig. 1. 
Recently, chemical hydrolysis, namely acidolysis is a widely implemented approach for hydrolyzing the 
polysaccharides from the biomass into fermentable sugars [28, 29]. Acidolysis of green macroalgae 
Ulva rigida using hydrochloric acid (HCl) and sulfuric acid (H2SO4) as solvent with a 10:1 of liquid-to-
solid (L/S) ratio at condition of 121 oC for 1 h was conducted successfully by El Harchi et al. [30]. The 
authors reviewed that the total fermentable sugars (glucose and rhamnose) yield in the hydrolysate was 
significantly improved by 34% when replacing the acid type from HCl to H2SO4 under similar 
concentration [30]. Acids such as H2SO4 are superior to HCl and typically applied as the protic catalyst 
for chemical hydrolysis as it acquires an extra hydrogen (H+) ion that creates a more acidic medium 
which can facilitate the disruption of acid-sensitive glycosidic bonds of carrageenan, leading to a high 
hydrolytic efficiency on the fermentable sugar extrication process [31]. Noteworthy, the concentration 
of H2SO4 is one of the influential process parameters that needs to be optimized to augment the 
fermentable sugars yield. However, acid hydrolysis is constrained by the degradation of sugars into 5-
hydroxymethylfurfural and furfural, which are known as undesired products or toxic compounds that 
will inhibit microbial fermentation performance [32]. The undesired products can obviate the activities 
of the fermentative microorganisms by impeding the protein and RNA synthesis and damaging the 
DNA, which prevent the fermentation process of fermentable sugars [33]. These undesired products are 
generated from degradation or carbonization of fermentable sugars motived by the high acid 
concentration, long reaction duration, and high reaction temperature [34]. Ra et al. [35] revealed that the 
total fermentable sugars yield attained after acidolysis of red macroalgae K. alvarezii significantly 
decreased from 34.85 g/L to 7.20 g/L when the reaction temperature was increased from 140 oC to 200 
oC under the similar conditions (360 mM H2SO4, 10 min). Moreover, a longer reaction duration will also 
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Poly-L-lactic acid (PLLA) shows great potential as an alternative to synthetic plastics and is 
considered one of the most commercially popular bioplastics due to its good mechanical properties, 
biodegradability, and processability [3]. Recently, PLLA application has seen tremendous growth in 
various fields, including packaging, biomedical applications (implants, bone fixation, and sutures), 
printing filament, and regulated drug delivery [5]. Further, the annual production volume of PLLA 
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LA), which is produced via ring-opening polymerization of L-LA; while L-LA can be derived from 
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attribute to its mild operating conditions, characteristics, and abundance in supply as its world 
production has reached approximately 17.3 million tons in 2018 [15, 20]. The absence of lignin complex, 
an obdurate lignocellulosic structure in macroalgal biomass implicates that less energy-extensive 
bioprocesses could be implemented to extricate high value-added bioproducts of commercialized 
interest, which favour techno-economic and life cycle analyses (TEA and LCA) of any presumptive 
macroalgal biorefinery process. Moreover, the speciality polysaccharides present in the macroalgal 
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have been widely cultivated at the east coast of Sabah (district of Semporna, Kunak, and Tawau) for the 
last 30 years [21]. Despite the vast ED production in Malaysia, macroalgal-based industry development 
has been limited, owing to the agricultural-livestock tradition such as oil palms, considering one of the 
nation’s principal economic activities [22]. Recently, the macroalgal-based business activity is confined 
to carrageenan and agar extraction. While ED species is cultivated mainly for the extraction of iota-
carrageenan phycocolloid, a thickening and emulsifying agent in food industries and a source of human 
food [23]. Besides being utilized for human consumption, there is a growing opportunity to produce 
biopolymers from i-carrageenan attributed to their high carbohydrate content, approximately 85.62 ± 
0.38 wt% dry weight basis [6, 24]. i-carrageenan is a heterogenous sulfated galactan that typically 
consists of repeating ester sulfate 3,6-anhydrogalactose and D-galactose which showed suitability as 
feedstock for carbohydrates-based biorefinery [6]. The hydrolysis process converts i-carrageenan into 
galactose, and it is further valorized or fermented using lactic acid bacteria to produce 3G L-LA. Hence, 
this paves the way in converting the food-grade i-carrageenan into L-LA which has higher commercial 
value and is considered as an alluring investment option from environmental, social, and economic 
points of view for Malaysia. Moreover, the sustainability of red macroalgae biorefineries had been 
assessed in various LCA [25–27]. 
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Saccharification is an essential step prior to L-LA production, where the complex polysaccharides inside 
the biomass are hydrolyzed or disrupted into its monomer form, namely fermentable sugars (glucose, 
galactose, and rhamnose). An overview of the macroalgal biorefinery process can be shown in Fig. 1. 
Recently, chemical hydrolysis, namely acidolysis is a widely implemented approach for hydrolyzing the 
polysaccharides from the biomass into fermentable sugars [28, 29]. Acidolysis of green macroalgae 
Ulva rigida using hydrochloric acid (HCl) and sulfuric acid (H2SO4) as solvent with a 10:1 of liquid-to-
solid (L/S) ratio at condition of 121 oC for 1 h was conducted successfully by El Harchi et al. [30]. The 
authors reviewed that the total fermentable sugars (glucose and rhamnose) yield in the hydrolysate was 
significantly improved by 34% when replacing the acid type from HCl to H2SO4 under similar 
concentration [30]. Acids such as H2SO4 are superior to HCl and typically applied as the protic catalyst 
for chemical hydrolysis as it acquires an extra hydrogen (H+) ion that creates a more acidic medium 
which can facilitate the disruption of acid-sensitive glycosidic bonds of carrageenan, leading to a high 
hydrolytic efficiency on the fermentable sugar extrication process [31]. Noteworthy, the concentration 
of H2SO4 is one of the influential process parameters that needs to be optimized to augment the 
fermentable sugars yield. However, acid hydrolysis is constrained by the degradation of sugars into 5-
hydroxymethylfurfural and furfural, which are known as undesired products or toxic compounds that 
will inhibit microbial fermentation performance [32]. The undesired products can obviate the activities 
of the fermentative microorganisms by impeding the protein and RNA synthesis and damaging the 
DNA, which prevent the fermentation process of fermentable sugars [33]. These undesired products are 
generated from degradation or carbonization of fermentable sugars motived by the high acid 
concentration, long reaction duration, and high reaction temperature [34]. Ra et al. [35] revealed that the 
total fermentable sugars yield attained after acidolysis of red macroalgae K. alvarezii significantly 
decreased from 34.85 g/L to 7.20 g/L when the reaction temperature was increased from 140 oC to 200 
oC under the similar conditions (360 mM H2SO4, 10 min). Moreover, a longer reaction duration will also 
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enhance the interaction between the released fermentable sugars and acid solvent, leading to a low total 
fermentable sugars yield and hydrolytic efficiency [35–37]. The carbonization of fermentable sugars is 
considered a side reaction of acidolysis which cannot be eliminated completely. Thereby, lower reaction 
severity is preferable, and a neutralization process is considered to be performed after acidolysis to 
minimize the negative impacts of the undesired products on the activities of the fermentative 
microorganisms [38].  

Besides chemical hydrolysis, the biological hydrolysis assay is an attractive alternative assay 
to hydrolyze or disrupt the macroalgal biomass. This assay comprises the usage of biological 
microorganisms (bacteria or fungi) or enzymes to promote the disruption of the hydrogen bonding 
between the complex macroalgal polysaccharides into monomeric fermentable sugars, and typically 
acknowledged as enzymatic hydrolysis [39]. Recently, enzymatic hydrolysis is preferred over acidolysis 
for macroalgal cell wall disruption which attributes to the hydrolysis process can be performed under 
low reaction temperatures (35 – 50oC) and generate minimum amount of undesired products [40]. 
Differently from 1G and 2G raw materials, macroalgal polysaccharides are contrary in terms of 
macroalgal taxonomic, in which red macroalgae mainly consists of glucose and galactose; brown 
macroalgae consists of glucose, mannose, and fructose; while green macroalgae consist of glucose, 
xylose, and rhamnose [6, 41, 42]. Thus, a multiple-enzymes system, namely an enzyme cocktail is 
required to augment the extrication of the fermentable sugars [43]. Sharma et al. [18] demonstrated that 
48.65% of total fermentable sugars yield corresponds to 74 g/L of sugars (mannose and glucose) that 
can be released during enzymatic hydrolysis of brown macroalgae Saccharina latissimi using an enzyme 
cocktail consisting of cellulase (CellicCtec 2) and alginate lyase. The hydrolysis process was performed 
under different reaction conditions, in which reaction duration of 17 h at 50 oC for alginate lyase and 3 
h at 37 oC for CellicCtec2 to hydrolyze alginate and cellulose, respectively. From this study, the authors 
concluded that the distinctiveness of the enzyme was contingent on its strain and will only perform 
optimally under their optimum conditions [18]. Albeit high fermentable sugars and low undesired 
product yield can be attained, the employment of this process is still limited which is attributed to require 
a longer reaction duration that ranged between 1 – 4 days [18, 44]. Therefore, the employment of 
enzymatic hydrolysis normally entails with pretreatment process or other hydrolysis assays (chemical 
or thermal) to increase the fermentable sugar productivity and reduce the hydrolysis duration [39]. 

Thermal hydrolysis assay, namely hydrothermal hydrolysis or autohydrolysis, is substantially 
manipulated based on the nucleophilic substitution of water molecules to generate hydronium (H3O+) 
ions to acidify the reaction medium for hydrolyzing the biomass polysaccharides at elevated levels of 
pressure and temperature in a closed system by modifying their physiochemical and thermal properties 
[45]. Autohydrolysis assay is regarded as a cost-effective and environmentally friendly hydrolysis assay 
for macroalgal biorefinery purposes which benefits from (I) the process can be operated using only water 
as reagent without requiring additional of catalysts or chemicals; (II) minimized corrosion issues on 
equipment as the process is chemical-free; (III) simple and economical operation [46]. del Río et al. [47] 
conducted autohydrolysis of brown macroalgae S. muticum under the condition of 180 oC for a reaction 
duration of 25 min with a 7:1 L/S ratio in a pressurized batch reactor and attained the fermentable sugars 
yield of 34.89%. The authors concluded that the reaction temperature was the crucial parameter for 
optimum fermentable sugar yield, followed by reaction duration [47]. Comparable results were also 
discovered in the study of Gomes-Dias et al. [48] that the optimal fermentable sugar yield of 38.34% 
was attained from red macroalgae Gelidium sesquipedale through autohydrolysis at an optimum 
condition of 170 oC for 40 min compared to that at 127.60 oC and 212.40 oC for identical reaction 
duration. Further, the authors revealed that increasing the reaction temperature beyond the optimum 
reaction temperature (170 oC) would promote the generation of 5-hydroxymethylfurfural from 1.05% to 
3.24% after the hydrolysis [48]. Thus, an effective hydrolysis approach is required to minimize the 
formation of 5- hydroxymethylfurfural and maximize the rare sugars yield from the macroalgal biomass.  

 
 
 
 
 
 

For effective hydrolysis of macroalgal biomass, mild acid is incorporated with microwave 
irradiation. The sugar recovery of macroalgal biomass can be improved using microwave-assisted dilute 
acid hydrolysis as microwave heating and irradiation offers a rapid internal heating process that enhance 
the stereoselectivity and energy absorption by the polysaccharide particles, which can accelerate the 
hydrolysis process [49]. Dilute H2SO4 hydrolysis was conducted by Tong et al. [6] in a microwave 
reactor with power of 230 W to study the effect of acid concentration and reaction temperature on the 
fermentable sugar extrication and undesired products generation from i-carrageenan of ED. The authors 
concluded that the i-carrageenan was hydrolyzed effectively to attain the fermentable sugar yield of 
50.70% corresponding to 27.90 ± 1.64 g/L of galactose along with a low undesired products 5-
hydroxymethylfurfural of 0.74 ± 0.18 g/L with the collaboration of microwave heating and 0.1 M H2SO4 
for 25 min [6]. From the view of microwave heating, the superficial heat transfer circumstances created 
by the microwave irradiation to the feedstock can enhance the fermentable sugar extrication while 
surpassing the formation of undesired products [50]. In contrast to microwave irradiation, conventional 
heating manipulates convection and conduction heat transfer, where the heat energy generated during 
conventional heating are transferred from the superficial appearance to the centre of the biomass by 
convection and conduction [51]. Hence, the heating duration for conventional heating is longer than 
microwave irradiation for the biomass and solvent to obtain the targeted temperatures [52]. With these 
limitations, this process will result in an increment of the 5-hydroxymethylfurfural which attributed to 
the carbonization of fermentable sugars and decrement of the fermentable sugars during the heating 
process [53]. Moreover, seawater as a natural resource that is rich in Cl- ions can lead to significant 
improvements in reducing sugar production [54]. The involvement of Cl- ions in the carrageenan 
saccharification will interact extremely with the end hydroxyl group of the D-galactose unit of 
carrageenan in a 1:1 ratio, that enhancing the cleavage of both intra- and intermolecular hydrogen 
bonding of carrageenan polysaccharide [55]. In addition, the seawater-based reducing sugar production 
from red macroalgae in the process of microwave-assisted dilute-sulfuric acid could improve the sugar 
recovery as compared with the traditional fresh distilled water-based process [56]. Hence, seawater is 
considered one of the highly efficient catalysts for macroalgae hydrolysis and reducing sugar production. 
From the technical perspective, the hydrolysis process assisted with microwave irradiation is found to 
be the most promising emerging bioconversion process due to can lead to higher sugar recovery yield 
in a short period of reaction time.  
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product yield can be attained, the employment of this process is still limited which is attributed to require 
a longer reaction duration that ranged between 1 – 4 days [18, 44]. Therefore, the employment of 
enzymatic hydrolysis normally entails with pretreatment process or other hydrolysis assays (chemical 
or thermal) to increase the fermentable sugar productivity and reduce the hydrolysis duration [39]. 

Thermal hydrolysis assay, namely hydrothermal hydrolysis or autohydrolysis, is substantially 
manipulated based on the nucleophilic substitution of water molecules to generate hydronium (H3O+) 
ions to acidify the reaction medium for hydrolyzing the biomass polysaccharides at elevated levels of 
pressure and temperature in a closed system by modifying their physiochemical and thermal properties 
[45]. Autohydrolysis assay is regarded as a cost-effective and environmentally friendly hydrolysis assay 
for macroalgal biorefinery purposes which benefits from (I) the process can be operated using only water 
as reagent without requiring additional of catalysts or chemicals; (II) minimized corrosion issues on 
equipment as the process is chemical-free; (III) simple and economical operation [46]. del Río et al. [47] 
conducted autohydrolysis of brown macroalgae S. muticum under the condition of 180 oC for a reaction 
duration of 25 min with a 7:1 L/S ratio in a pressurized batch reactor and attained the fermentable sugars 
yield of 34.89%. The authors concluded that the reaction temperature was the crucial parameter for 
optimum fermentable sugar yield, followed by reaction duration [47]. Comparable results were also 
discovered in the study of Gomes-Dias et al. [48] that the optimal fermentable sugar yield of 38.34% 
was attained from red macroalgae Gelidium sesquipedale through autohydrolysis at an optimum 
condition of 170 oC for 40 min compared to that at 127.60 oC and 212.40 oC for identical reaction 
duration. Further, the authors revealed that increasing the reaction temperature beyond the optimum 
reaction temperature (170 oC) would promote the generation of 5-hydroxymethylfurfural from 1.05% to 
3.24% after the hydrolysis [48]. Thus, an effective hydrolysis approach is required to minimize the 
formation of 5- hydroxymethylfurfural and maximize the rare sugars yield from the macroalgal biomass.  

 
 
 
 
 
 

For effective hydrolysis of macroalgal biomass, mild acid is incorporated with microwave 
irradiation. The sugar recovery of macroalgal biomass can be improved using microwave-assisted dilute 
acid hydrolysis as microwave heating and irradiation offers a rapid internal heating process that enhance 
the stereoselectivity and energy absorption by the polysaccharide particles, which can accelerate the 
hydrolysis process [49]. Dilute H2SO4 hydrolysis was conducted by Tong et al. [6] in a microwave 
reactor with power of 230 W to study the effect of acid concentration and reaction temperature on the 
fermentable sugar extrication and undesired products generation from i-carrageenan of ED. The authors 
concluded that the i-carrageenan was hydrolyzed effectively to attain the fermentable sugar yield of 
50.70% corresponding to 27.90 ± 1.64 g/L of galactose along with a low undesired products 5-
hydroxymethylfurfural of 0.74 ± 0.18 g/L with the collaboration of microwave heating and 0.1 M H2SO4 
for 25 min [6]. From the view of microwave heating, the superficial heat transfer circumstances created 
by the microwave irradiation to the feedstock can enhance the fermentable sugar extrication while 
surpassing the formation of undesired products [50]. In contrast to microwave irradiation, conventional 
heating manipulates convection and conduction heat transfer, where the heat energy generated during 
conventional heating are transferred from the superficial appearance to the centre of the biomass by 
convection and conduction [51]. Hence, the heating duration for conventional heating is longer than 
microwave irradiation for the biomass and solvent to obtain the targeted temperatures [52]. With these 
limitations, this process will result in an increment of the 5-hydroxymethylfurfural which attributed to 
the carbonization of fermentable sugars and decrement of the fermentable sugars during the heating 
process [53]. Moreover, seawater as a natural resource that is rich in Cl- ions can lead to significant 
improvements in reducing sugar production [54]. The involvement of Cl- ions in the carrageenan 
saccharification will interact extremely with the end hydroxyl group of the D-galactose unit of 
carrageenan in a 1:1 ratio, that enhancing the cleavage of both intra- and intermolecular hydrogen 
bonding of carrageenan polysaccharide [55]. In addition, the seawater-based reducing sugar production 
from red macroalgae in the process of microwave-assisted dilute-sulfuric acid could improve the sugar 
recovery as compared with the traditional fresh distilled water-based process [56]. Hence, seawater is 
considered one of the highly efficient catalysts for macroalgae hydrolysis and reducing sugar production. 
From the technical perspective, the hydrolysis process assisted with microwave irradiation is found to 
be the most promising emerging bioconversion process due to can lead to higher sugar recovery yield 
in a short period of reaction time.  
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Fig. 1. Overview for macroalgal L-lactic acid production process.  

5. Bacteria Selection and Immobilization for Microbial Fermentation 
L-LA is widely produced through the biotechnological route by microbial fermentation of sugars 
extracted from carbohydrate-rich renewable resources [57]. The primary issue of this production assay 
is the enantiomer of lactic acid generated by fermentation depends on the lactate dehydrogenase (LDH) 
specificity of the microbial taxonomic implemented [58]. Among thousands of identified LAB strains, 
heterogeneous LAB such as Bacillus coagulans and Lactobacillus acidophilus species are the excellent 
producer of L-LA, which contains enzymes of L-LDH [59, 60]. With respect to the literature, high 
optical purity PLA can be developed either from optically pure D-lactic acid (D-LA) isomer or L-LA 
isomer through opening-ring polymerization [8, 61]. Nevertheless, isomer L-LA was preferred against 
D-LA as the monomeric block for PLA attributed to PLLA have higher tensile strength (14.5 – 140 
MPa) and melting point (165 – 195 oC) than that of developed by using D-LA [62]. Further, PLLA is 
widely applied for biomedical applications as D-LA possess harmful element that may harm human 
health in terms of neurotoxicity of the human body [14]. The titer of L-LA produced also relies on the 
fermentation technique employed, in which the most efficient route to increase the volumetric 
productivity is employing the high cell density culture (HCDC) technique. HCDC offers higher 
fermentation efficiency to the microbial fermentation process by offering a higher metabolization rate 
compared low cell density culture in the same system [63]. Furthermore, employment of HCDC will 
significantly reduce the cell propagation cost due to all the cells can be remain, recycle, and reused in 

 
 
 
 
 
 

the same system. Since the yeast or LAB cells are recycled throughout the fermentation process, the 
unproductive lag period of these cells during the cell development stages may be removed [64]. With 
respect to this, the anaerobic bioconversion of fermentable sugars to value-added bioproducts can be 
performed in a smaller fermenter volume [65]. Tong et al. [6] demonstrated the fermentation of 
microwave-assisted dilute acid hydrolyzed i-carrageenan at pH 5.2 and 37oC for 14 h and improved the 
L-LA productivity rate in the fermentation broth up to 89.4% when elevating the inoculum cell 
concentration of B. coagulans ATCC 7050 from 2% to 4 % (v/v). 

Moreover, mixed microbial culture (MMC) also offers a better conversion efficiency of sugars 
to L-LA. In fact, unlike monocultures, MMC shows a complementary metabolism and can utilize 
different carbon sources [66]. For this reason, the high density of MMC is considered a promising 
alternative approach, where it shows better performance than pure strain [11]. For effective microbial 
fermentation, a high density of MMC is incorporated with cell immobilization. Where immobilization 
of LAB offers several advantages over freely suspended cells in fermentation systems, including 
repeated usage of cells, high productivity of bio-products, and sustainable biological activity retained 
over a long fermentation duration [67]. Thus, a high density of immobilized MMC is a useful strategy 
for the continuous production of L-LA. Furthermore, the fermentation performance of the microbial 
strain is also constrained by the trace metals accumulated in the macroalgal biomass [52]. Some metal 
ions are essential in compact quantities for microbial life to burgeon, but this is dependent on the 
microbial taxonomic and fermentation route that is implemented, in which the metal ions can act as 
inhibit crucial biological processes in their exclusion or even a catalyst [68]. This can be supported by 
Bikker et al. [69], in which the presence of nickel chloride and sodium selenite with the concentration 
of 100 mg/L in the Ulva lactuca collected from the Irish coast for biobutanol production using the 
bacterial strain of Clostridium acetobutylicum was successfully increased the biobutanol yield with a 
nearly 2-fold increase compared to the absence of the trace metals [69]. Different bacterial strains show 
contradictory performances of response to metal ions exposure concentrations in macroalgae feedstock, 
while different metal ions possess varying ecotoxic potency to given bacterial strain [68]. Thus, for the 
purpose of improving microbial fermentation process for biochemical synthesis, a deeper 
comprehension of metal toxicity is required.  

6. Challenges and future perspectives  
The rapid growth rate and yield of macroalgae have led to the description of L-LA processing research 
as one of the sustainable and clean procedures. Nevertheless, the commercialization of 3G L-LA is still 
limited by several challenges which include existing technologies and biorefinery approaches for 
macroalgae bioconversion [70]. Further, all the recent research related to macroalgal L-LA production 
is restricted to only laboratory scale; therefore, the viability of a process in a continuous system is 
unreliable for large-scale commercialized performance in an industrial context [71]. Thus, the 
fermentation and hydrolysis procedures must be improved and refined in order to successfully scale up 
to higher amounts. Moreover, the implementation of enzyme cocktail or engineered enzymes, where 
modifying the genetic of the enzymes in the hydrolysis procedures, will be an interesting way for 
increasing the yield of extricated fermentable sugars as this can fully hydrolyzed the biomass [72]. 
Additionally, macroalgae competitiveness may be further boosted by optimizing the extraction of all 
accessible high value compounds by cascade biorefinery (lipids, ash, pigments, and proteins) [23]. In 
addition, because fourth generation (4G) bioproducts are mostly produced by genetically engineered 
yeast and macroalgae, thereby, macroalgae can be regarded as a potential feedstock for 4G L-LA [73]. 

Conclusion 
Literature related to macroalga-derived L-LA had a rising inclination with the inflating research outputs 
[18, 19]. However, the usage of macroalgae carrageenan as biomass for L-LA generation is still limited 
and in the early stages. Thereby, more advanced research is required to reveal the full potential of 
macroalgae carrageenan as 3G feedstock. In order to enhance the sugar recovery from carrageenan and 
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the productivity of L-LA, a process- and time-efficient innovative hydrolysis and fermentation approach 
is needed.  
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