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Abstract: Mannitol is the most abundant polyol in nature and has wide commercial applications
due to its properties in the food, chemical, medical, and pharmaceutical industries. Mannitol was
traditionally produced from kelp, but this process was eliminated due to high water and energy
consumption and gradually replaced by methods with less energy consumption and environmentally
friendly practices. Studies show that brown seaweed contains large amounts of mannitol. Therefore,
this paper intends to describe the structure of this sugar alcohol present in brown algae, its commercial
production, and its biosynthetic pathway in algae, as well as its medical and nutritional applications.
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1. Introduction

Sugar alcohols, also known as polyhydric alcohols or polyols, are mostly natural
substances and are considered natural alternatives to processed sugars [1]. They are
derived from carbohydrates by reducing the aldehyde or ketone group to a hydroxyl
group through chemical or biochemical processes. Therefore, they are different from
other polyols produced in the petrochemical industry, such as ethylene glycol, propylene
glycol, and pentaerythritol. The approved family of sugar alcohols used in food products
internationally includes hydrogenated mono- (erythritol, xylitol, sorbitol, mannitol), di-
(lactitol, isomalt, maltitol), or polysaccharides (maltitol and sorbitol extracts) [1,2]. Mannitol,
a six-carbon non-cyclic polyol/sugar alcohol, is naturally found in a variety of organisms,
except for Archaea and mammals, where it has a different physiological role. In some
photosynthetic organisms, mannitol is a prominent main photosynthetic product employed
as a carbon storage and translocator compound, as well as an essential osmolyte/compatible
solute and antioxidant [3].

Mannitol has numerous applications in the food, pharmaceutical, medical, and chemi-
cal industries [4]. Currently, the majority of commercial manufacturing is accomplished
through the chemical hydrogenation of a glucose and fructose mixture, resulting in the syn-
thesis of mannitol and sorbitol, which are then separated using selective crystallization [4,5].
However, due to issues associated with chemical manufacture and an increasing demand
for natural products, the production of mannitol from natural sources, particularly marine
sources, has received significant attention in recent years [4]. Brown algae (Phaeophyceae)
are marine photosynthetic organisms that can produce mannitol. They are classified as
multicellular eukaryotes, and their genomic content has been altered by horizontal gene
transfers and serial plastid endosymbiosis [6,7].

Research over the past 80 years has predominantly focused on kelps such as Lami-
naria [8–10], Macrocystis, and Nereocystis [11] when studying storage compounds in brown
algae. Only a limited number of studies have explored Sargassum [12,13] and other brown
algae species [14,15]. These investigations revealed that mannitol, along with other storage
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compounds like laminaran, tends to be lowest during the initial growth period and in-
creases as the algae mature [16]. Notably, mannitol constitutes approximately 20 to 30% of
the dry weight in brown algae, making it a valuable compound with diverse applications
in the food, chemical, medical, and pharmaceutical industries [17–19].

Algae, with their rapid growth rate and capacity to produce abundant mannitol, offer
an economically efficient option for industrial mannitol production. Additionally, extracting
mannitol from algae is more cost-effective than extracting it from terrestrial plants due to
reduced resource requirements and specific environmental conditions. Consequently, this
research aims to comprehensively explore algae-derived mannitol.

1.1. Primary Sources of Mannitol

Mannitol, as the most abundant sugar alcohol in nature, was initially extracted and
described from the manna tree (Fraxinus ornus) and was commercially produced for a
long time by heating the bark of the manna tree or its exudates [20]. Due to its role in
carbon and energy supply and osmoprotection, mannitol is found in many vegetables and
fruits, including pumpkin, celery, carrot, onion, and pineapple, albeit in small amounts [21].
Mannitol is also found in significant quantities in the secretions of trees and shrubs (such
as plane trees, approximately 80–90%) and in olive trees [22,23]. Studies in this field
have shown that plants under water-limited conditions accumulate nearly twice as much
mannitol as those under good irrigation conditions, indicating the role of mannitol in
osmotic regulation and protection against water stress [21].

Other sources of mannitol extraction include fungi, yeasts, bacteria, and lichens.
Filamentous fungi such as strains of Aspergillus and Penicillium, single-cell microscopic fungi
(yeasts), and some osmophilic fungi such as Torulopsis and Candida are capable of producing
mannitol [24]. Two homofermentative and heterofermentative lactic acid bacteria (LAB)
strains, namely Lactobacillus homohiochi and Lactobacillus heterohiochi, have been identified
as the main strains for mannitol production [4]. Several inexpensive carbon sources, such
as carob syrup [25] and molasses from sugar cane [26], have been used to support LAB
metabolism for mannitol production, but the fructose-to-total sugar ratio in these sources
is less than 50%, requiring supplementation with expensive fructose [27]. In some plants’
glands and roots, such as Jerusalem artichoke, dandelion, and rose, a natural carbon source
called inulin exists, which has a high content of fructose for mannitol production and can
be used as a raw material for the production of biofuels and bioproducts [28–30]. In a study,
inulin was used as a fructose source for mannitol production by the bacterium Lactobacillus
intermedius, resulting in a yield of 222 g of mannitol per liter [31].

1.2. Marine Algae as a Source of Mannitol

Marine algae, due to their specific chemical composition and the possibility of large-
scale cultivation, are potential raw materials for the production of chemicals and renewable
fuels. Some brown algae species, especially kelps, have been studied as a source of alginate,
ethanol, and butanol [32–35]. Moreover, marine algae, particularly brown algae, produce
10 to 20% mannitol as the main product of photosynthesis, with seasonal variations in
mannitol content. In summer and autumn, it can exceed 20% [36]. Some species that have
been investigated as substrates for bioconversion to ethanol include brown algae such
as Laminaria [24,37], Sacchoriza and Alaria [38], Turbinaria [39], Sargassum [40–42], green
algae Ulva [43], red algae Macrocystis [44], and Kappaphycus [45,46]. The most important
brown algae species with commercial significance due to their high mannitol content are
Laminaria digitata and Alaria nodosum. Horn et al. [24] also reported that mannitol constitutes
approximately 20–30% of the dry weight of Sargassum spp. brown algae [32,47], and the
absence of lignin in the cell walls of these macroalgae makes the extraction of fermentable
substrates easier [48].
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1.3. Chemical Properties of Mannitol

Non-cyclic alcohols and polyhydric alcohols, known as alditols due to the presence of
an additional hydroxyl group, are derived from the loss of the carbonyl group from aldoses
or ketoses and have broad commercial applications [49,50]. In this group, D-mannitol
was the first naturally occurring crystalline alditol to be discovered. D-mannitol is a
natural hexahedral sugar alcohol (six carbons) with an open chain structure, a chemical
formula of C6H14O6 (Figure 1A), a molecular weight of 182.17 g per mole, a melting
point of 165–170 degrees Celsius (it crystallizes in small white needles), a boiling point
of 290–295 degrees Celsius, and a specific gravity of 1.49 (at 25 degrees Celsius). It is an
isomer of sorbitol (Figure 1B), which is industrially produced by hydrogenating fructose
or pure glucose extract, resulting in white crystalline powder or granular forms. Its high
negative heat of solution (−121 kilojoules per kilogram) gives mannitol a cool, sweet taste.
Its sweetness is approximately half that of sucrose, with a caloric value of 1.99 kilocalories
per gram. It has low solubility in water, equivalent to 18% (w/v) at 25 degrees Celsius. In
alkaline solutions, it acts as a strong metal ion chelator and does not oxidize when exposed
to air [51].
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2. Mannitol Synthesis Methods
2.1. Chemical Synthesis of Mannitol

Currently, commercial production of mannitol is achieved through chemical meth-
ods, specifically catalytic hydrogenation of a fructose/glucose mixture at high pressure
(70–140 atmospheres) and elevated temperatures (120–160 degrees Celsius) [52–54]. In this
process, Raney-Nickel acts as a catalyst, resulting in a production yield of 50% mannitol and
50% sorbitol [55,56]. In this case, the lower solubility of mannitol compared to sorbitol can
be utilized for partial crystallization of the mixture and purification of mannitol. However,
subsequent time-consuming and energy-intensive purification steps cannot be avoided.

The difficulties associated with separating mannitol from other components prompted
researchers to develop alternative extraction methods. In the 1950s, the precipitation of
mannitol from marine algae using water, alcohol, pyridine, and aqueous calcium chloride
was proposed by Black et al. [57]. In the 1970s, in the United States, a method involving
mixing a mass containing mannitol with an aliphatic carbonyl compound (resulting in a
triester compound) and subsequent hydrolysis of the resulting compound using dilute
acid was suggested by Chapman [58]. Bambase et al. [59] employed the solvent extraction
method introduced by Black et al. [57] for extracting mannitol from the brown algae
Sargassum. In this method, for every 9.40 g of dried powdered marine algae, 132 milliliters
of methanol was added, homogenized, and boiled for 15 min. The resulting mixture was
filtered while still warm. The filtrate was then stored in a freezer for 3–5 days to allow for
crystallization. After storage at 4 ◦C, the crystallized mannitol precipitates were recovered
through filtration and drying. Chades et al. [60] used HCl for mannitol extraction from A.
nodosum and dH2O for L. digitata. Zhang et al. [61] extracted mannitol from four different
brown algae species (Carpophyllum flexuosum, Carpophyllum plumosum, Ecklonia radiate, and
Undaria pinnatifida) by first extracting pigments using ethanol to remove them, followed
by drying the remaining algae powder in an oven at 60 degrees Celsius. Subsequently,
mannitol was extracted using Milli-Q water (Elix® MILLIPORE, Merck; Boston, MA,
USA) at a 1:15 ratio of biomass to water, mechanically homogenized at room temperature,
filtered, washed with absolute ethanol, and precipitated with acetone. According to the



Processes 2024, 12, 1613 4 of 9

study, simultaneous extraction of aromatic polyphenols and alginate along with mannitol
extraction may result in partial impurities compared to pure commercial mannitol samples
when extracting mannitol from natural sources such as algae [61].

2.2. Enzymatic Method for Mannitol Production

In the presence of mannitol dehydrogenase (MDH) as the key enzyme, the direct
conversion of fructose to mannitol is catalyzed [51]. The requirement of cofactors (NADH
or NADPH) for MDH leads to increased production costs and serves as the primary limiting
factor in the utilization of this method. Wichmann et al. [62] proposed a two-enzyme system
in which the enzymes mannitol dehydrogenase and glucose dehydrogenase and a common
cofactor NADH2 are capable of simultaneously converting a mixture of glucose/fructose
into gluconic acid and mannitol. Continuous cofactor regeneration through reductive
reactions by the formate dehydrogenase enzyme occurs in this cycle. CO2 serves as the sole
byproduct of this cycle, which not only poses no issues regarding enzyme inactivation or
inhibition but can be easily separated. However, in practice, several challenging issues exist,
such as retaining the cofactor in reactors with specialized membranes, strong inhibition of
the mannitol dehydrogenase product, and its high Km value for residual fructose [55].

2.3. Stages of Biorefinery for Mannitol Extraction

Investigations have indicated that the production efficiency of D-mannitol using
chemical methods is low, and considering the major drawbacks in terms of technological,
economic, and especially environmental aspects, the development of suitable alternative
methods with high and optimized performance that can meet the increasing demand for
this substance appears to be essential [63]. In the early 1930s, mannitol production was
first proposed through fermentation. Fermentation, derived from the Latin word “fevere”,
is an ancient and important technology in food processing. Recently, due to its potential
application in converting a wide range of substrates, such as low-cost agricultural and
industrial by-products, into valuable products like microbial biomass and primary and
secondary microbial metabolites, fermentation has gained attention.

Certain fungi and yeasts can store mannitol intracellularly (several Penicillium strains),
while others can excrete it extracellularly (osmophilic yeasts). This group of organisms has
been considered suitable candidates for mannitol production [4]. In the literature, manni-
tol produced through fermentation is described as the result of the complete conversion
of fructose to mannitol by homofermentative and heterofermentative lactic acid bacteria
(LAB) [64]. Heterofermentative lactic acid bacteria (LAB) are efficient mannitol producers
due to their capability to convert fructose into mannitol through a one-step intracellular
reaction catalyzed by NAD(P)H-dependent mannitol-2-dehydrogenase (MDH) [65]. The
key enzymes involved in these fermentation pathways are mannitol 1-phosphate dehydro-
genase for homofermentative bacteria and mannitol dehydrogenase for heterofermentative
lactic acid bacteria [21,31,51]. The absence of hardly removable by-products, average
production conditions, and the lack of need for highly purified substrates are among the
advantages of this method [66], making it an excellent alternative for commercial mannitol
production [55].

2.3.1. Mannitol Production by Heterofermentative LAB

Several heterofermentative lactic acid bacteria (LAB) from the genera Lactobacillus,
Leuconostoc, and Oenococcus can utilize the intracellular enzyme MDH to transform fructose
into mannitol [4,64]. Researchers have conducted numerous studies over the last two
decades to explore mannitol production by heterofermentative lactic acid bacteria. These
investigations have focused on utilizing fructose, sucrose, or combinations of glucose and
fructose as substrates. Yun and Kim [67] isolated two heterofermentative lactobacillus strains
(Y-107 and Leuconostoc sp. Y-002) during kimchi fermentation. These strains produced
mannitol when cultivated on fructose, sucrose, or an equimolar glucose/fructose mixture.
Mannitol biosynthesis relies on fructose, as previously mentioned. It is suggested that the
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fructose component of the disaccharide plays a key role in mannitol formation, particularly
in the context of mannitol production from sucrose [68]. To our knowledge, no published
research exists on utilizing LAB for extracting mannitol or producing it from marine algae.
However, other bacterial genera contribute to mannitol production from marine algae, as
demonstrated by Chades et al. [60].

2.3.2. Production of Mannitol from Agro-Industrial Waste or Inexpensive Substrate

To make mannitol production via fermentation economically viable for large-scale
implementation, two cost-reduction alternatives exist. The first approach involves utilizing
more affordable sugar sources, particularly those rich in fructose. Fructose is crucial
for mannitol production in lactic acid bacteria (LAB) and constitutes nearly 50% of the
overall production cost [52]. Mannitol production can be achieved using various methods,
including microbial fermentation, enzymatic synthesis, and natural extraction. Among
these, biotechnological production using agro-industrial residues or low-cost substrates
has gained attention due to its advantages over chemical synthesis and plant extraction.
Another cost-reduction approach involves substituting expensive nitrogen sources (such
as yeast extract, peptone, or beef extract) with more economical organic or inorganic
alternatives. For instance, Ortiz et al. [65] modified the MRS medium by replacing costly
nitrogen sources with sugarcane molasses, enabling mannitol production by Lactobacillus
reuteri CRL 1101 in batch fermentation. The resulting mannitol volumetric productivity
was 1.60 g L−1 h−1, with a yield of 0.87 mol mannitol per mol of fructose consumed. In a
recent study, Ortiz et al. [69] designed a simplified culture medium using yeast extract and
beef extract as nitrogen sources, along with sugarcane molasses as the carbon source. They
conducted batch fermentations under constant pH conditions. Remarkably, the highest
mannitol volumetric productivity (1.73 g L−1 h−1) and yield (1.05 mol mannitol per mol of
fructose consumed) were attained at a pH of 5.0. In a study by Saha [70], the nitrogen and
carbon sources in the simplified MRS medium were replaced with low-cost alternatives.
Bacto-yeast extract and bacto-peptone were substituted with corn steep liquor (CSL) and
soy peptone D. CSL serves as a nitrogen source rich in essential vitamins and minerals.
Additionally, sugar cane molasses and fructose syrup replaced pure glucose and fructose.
A batch culture using this low-cost medium achieved a mannitol volumetric productivity
of 4.76 g L−1 h−1, comparable to the value reported by Saha and Nakamura [71] for
the simplified MRS medium (4.86 g L−1 h−1). Thus, the low-cost medium effectively
supported mannitol production. In a subsequent study, Saha [72] investigated the impact
of various salt nutrients on mannitol production by Lactobacillus intermedius NRRL B-3693.
Using fructose syrup as the carbon source and the same nitrogen sources as the low-cost
culture medium, they found that only MnSO4 was essential for mannitol production from
fructose. The highest mannitol concentration (200 g L−1) and volumetric productivity
(2.98 g L−1 h−1) were achieved with 0.033 g L−1 of MnSO4 and 50 g L−1 of CSL. Despite
lower volumetric productivity compared to the previous study [70], mannitol production
remained significant.

3. Physiological Functions

Mannitol can protect cells under stress conditions, including osmotic stress. This polyol
acts as an osmotic regulator, a transfer compound, and a coenzyme regulator [73], providing
cell protection through various mechanisms such as maintaining turgor pressure [73,74],
stabilizing the structure of lipids and membrane proteins [75], and preventing oxidative
damage. However, the precise mechanism of cell protection by polyols like mannitol has
not been fully elucidated. Mannitol is a potent antioxidant that can inhibit air pollutants
and hydroxyl radicals, which can cause DNA and tissue damage [76]. Additionally, the
addition of mannitol to foods and the use of lactic acid bacteria can lead to the production
of functional and nutritionally enhanced foods [21]. This substance can also contribute to
dental health and assist diabetic patients. Overall, mannitol is utilized as a valuable food
additive and sweetener [66].
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Bioactive compounds such as mannitol, sugar alcohol, and triterpenes such as maslinic
acid and oleanolic acid possess food-preserving properties (increased food shelf life by
reducing sugar crystallization) and low-calorie sweetening capabilities [77]. Furthermore,
mannitol is used as a medication for the treatment of acute stroke [78], as a potent osmotic
diuretic for toxicity treatment and preventive measures against diseases (such as anti-
inflammatory, antihyperlipidemic, antitumor, and antimicrobial activities) [79–83], and as a
protective and therapeutic agent in cases of neural or renal insufficiency [78,84]. Mannitol
can be extracted using aqueous alcohol solutions along with phenolic compounds [22]. It is
also utilized in scientific research, particularly in microbiology [85].

The safety of mannitol has been assessed and approved by health authorities world-
wide, including the World Health Organization, the European Union, and countries such
as Australia, Canada, Iran, and Japan. The United States Food and Drug Administration
(FDA) also recognizes mannitol as safe.

4. Other Applications

Today, the high heat value property of mannitol (3025 kJ/mol), which is higher than
glucose (2805 kJ/mol) as mentioned in previous sources, is utilized in the synthesis of
biofuels, particularly bioethanol [32,47]. The complex of boric acid with mannitol is used in
the production of solid-state electrolyte capacitors. In chemistry, it is used for the production
of resins and surfactants. Mannitol is used in analytical chemistry for the determination of
boron (B). Furthermore, it has extensive applications in scientific research, particularly in
microbiology [66].

5. Conclusions

Today, mannitol has found widespread applications as a beneficial food ingredient
in the food, chemical, medical, and pharmaceutical industries due to its unique and im-
portant properties. In comparison to chemical synthesis and extraction from plants, the
biotechnological strategy for mannitol production offers significant advantages. Addition-
ally, factors such as abundant resources, the ability to grow in water, and the presence
of unique metabolites in algae (especially marine species) have made them suitable can-
didates for extracting bioactive compounds. Despite the promising studies on mannitol
extraction as a bioactive and beneficial compound from marine sources, especially brown
algae, research on microbial production of mannitol from these sources is still in the early
stages. Therefore, there is a need for a comprehensive understanding of economically and
sustainably cultivating and harvesting algae, as well as exploring different perspectives
for commercial mannitol production from algae and marine sources. Technical and eco-
nomic evaluations are necessary to determine the profitability of mannitol production from
algae. The use of genetic techniques should be employed to improve microalgae strains
for simultaneous biomass and mannitol production in terms of technical and economic
feasibility. Despite this, the multi-dimensional use of primary raw algae in addition to
mannitol extraction (such as the production of pigments, aromatic phenols, alginate, etc.)
can be more economical from an economic standpoint.

Author Contributions: Conceptualization, H.E.D. and S.V.H.; methodology, H.E.D.; software, H.E.D.;
validation, H.E.D.; formal analysis, H.E.D.; investigation, H.E.D.; resources, H.E.D.; data curation,
S.V.H. and H.E.D.; writing—original draft preparation, H.E.D.; writing—review and editing, H.E.D.,
S.V.H. and R.T.; visualization, H.E.D.; supervision, S.V.H.; project administration, S.V.H.; funding
acquisition, S.V.H. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data are available within this manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.



Processes 2024, 12, 1613 7 of 9

References
1. Godswill, A.C. Sugar alcohols: Chemistry, production, health concerns and nutritional importance of mannitol, sorbitol, xylitol,

and erythritol. Int. J. Adv. Acad. Sci. Res. 2017, 3, 31–66.
2. Marcus, J.B. Carbohydrate basics: Sugars, starches and fibers in foods and health. Culin. Nutr. 2013, 149, 187.
3. Bonin, P.; Groisillier, A.; Raimbault, A.; Guibert, A.; Boyen, C. Molecular and biochemical characterization of mannitol-1-

phosphate dehydrogenase from the model brown alga Ectocarpus sp. Phytochemistry 2015, 117, 509–520. [PubMed]
4. Saha, B.C.; Racine, F.M. Biotechnological production of mannitol and its applications. Appl. Microbiol. Biotechnol. 2011, 89,

879–891.
5. Bhatt, S.M.; Mohan, A.; Srivastava, S.K. Challenges in enzymatic route of mannitol production. Int. Sch. Res. Not. 2013,

2013, 914187.
6. Cock, J.M.; Peters, A.F.; Coelho, S.M. Brown algae. Curr. Biol. 2011, 21, R573–R575. [PubMed]
7. Stiller, J.W.; Schreiber, J.; Yue, J.; Guo, H.; Ding, Q.; Huang, J. The evolution of photosynthesis in chromist algae through serial

endosymbioses. Nat. Commun. 2014, 5, 5764.
8. Black, W. Seasonal variation in chemical constitution of some common British Laminariales. Nature 1948, 161, 174.
9. Hatcher, B.; Chapman, A.O.; Mann, K. An annual carbon budget for the kelp Laminaria longicruris. Mar. Biol. 1977, 44, 85–96.
10. Honya, M.; Kinoshita, T.; Ishikawa, M.; Mori, H.; Nisizawa, K. Monthly determination of alginate, M/G ratio, mannitol, and

minerals in cultivated Laminaria japonica. Bull. Jpn. Soc. Sci. Fish. 1993, 59, 295–299.
11. Rosell, K.-G.; Srivastava, L.M. Seasonal variation in the chemical constituents of the brown algae Macrocystis integrifolia and

Nereocystis luetkeana. Can. J. Bot. 1984, 62, 2229–2236.
12. Rao, M.U. Seasonal variations in growth, alginic acid and mannitol contents of Sargassum wightii and Turbinaria conoides from the

Gulf of Mannar, India. Proc. Int. Seaweed Symp. 1969, 6, 579–584.
13. Zubia, M.; Payri, C.; Deslandes, E. Alginate, mannitol, phenolic compounds and biological activities of two range-extending

brown algae, Sargassum mangarevense and Turbinaria ornata (Phaeophyta: Fucales), from Tahiti (French Polynesia). J. Appl. Psychol.
2008, 20, 1033–1043.

14. Gómez, I.; Wiencke, C. Seasonal changes in C, N and major organic compounds and their significance to morpho-functional
processes in the endemic Antarctic brown alga Ascoseira mirabilis. Pol. Biol. 1998, 19, 115–124.

15. Kaliaperumal, N.; Kalimuthu, S. Changes in growth, reproduction, alginic acid and mannitol contents of Turbinaria decurrens Bory.
Bot. Mar. 1976, 19, 161–178.

16. Wong, S.Y.; Ang, P., Jr. Mannitol as a resource for the growth and reproduction of Sargassum siliquastrum (Mertens ex Turner) C.
Agardh. J. Appl. Psychol. 2024, 36, 995–1008.

17. Premarathna, A.D.; Tuvikene, R.; Somasiri, M.; De Silva, M.; Adhikari, R.; Ranahewa, T.H.; Wijesundara, R.; Wijesekera, S.K.;
Dissanayake, I.; Wangchuk, P.; et al. A novel therapeutic effect of mannitol-rich extract from the brown seaweed Sargassum
ilicifolium using in vitro and in vivo models. BMC Complement. Med. Ther. 2023, 23, 26.

18. Iwamoto, K.; Shiraiwa, Y. Salt-regulated mannitol metabolism in algae. Mar. Biotechnol. 2005, 7, 407–415.
19. Montaño, N. Mass Production of Mannitol from Sargassum Seaweeds; PCAMRD Book Series (Philippines); Philippine Council for

Aquatic and Marine Research and Development: Los Banos, Philippines, 1999.
20. Soetaert, W. Production of mannitol with Leuconostoc mesenteroides. Meded. Fac. Landbouwwet. Rijksuniv. Gent 1990, 55, 1549–1552.
21. Wisselink, H.; Weusthuis, R.; Eggink, G.; Hugenholtz, J.; Grobben, G.J. Mannitol production by lactic acid bacteria: A review. Int.

Dairy J. 2002, 12, 151–161.
22. del Mar Contreras, M.; Romero, I.; Moya, M.; Castro, E. Olive-derived biomass as a renewable source of value-added products.

Process Biochem. 2020, 97, 43–56.
23. Gómez-Cruz, I.; Contreras, M.D.M.; Romero, I.; Castro, E. Sequential extraction of hydroxytyrosol, mannitol and triterpenic acids

using a green optimized procedure based on ultrasound. Antioxidants 2021, 10, 1781. [CrossRef] [PubMed]
24. Horn, S.; Aasen, I.; Østgaard, K. Ethanol production from seaweed extract. J. Ind. Microbiol. Biotechnol. 2000, 25, 249–254.
25. Carvalheiro, F.; Moniz, P.; Duarte, L.C.; Esteves, M.P.; Gírio, F.M. Mannitol production by lactic acid bacteria grown in supple-

mented carob syrup. J. Ind. Microbiol. Biotechnol. 2011, 38, 221–227. [PubMed]
26. Gomaa, E.Z.; Rushdy, A.A. Improvement of Lactobacillus brevis NM101-1 grown on sugarcane molasses for mannitol, lactic and

acetic acid production. Ann. Microbiol. 2014, 64, 983–990.
27. Cao, H.; Yue, M.; Liu, G.; Du, Y.; Yin, H. Microbial production of mannitol by Lactobacillus brevis 3-A5 from concentrated extract of

Jerusalem artichoke tubers. Biotechnol. Appl. Biochem. 2018, 65, 484–489.
28. Chi, Z.-M.; Zhang, T.; Cao, T.-S.; Liu, X.-Y.; Cui, W.; Zhao, C.-H. Biotechnological potential of inulin for bioprocesses. Bioresour.

Technol. 2011, 102, 4295–4303.
29. Goharrizi, M.A.S.B.; Ghodsi, S.; Mokhtari, M.; Moravveji, S.S. Non-invasive STEMI-related biomarkers based on meta-analysis

and gene prioritization. Comput. Biol. Med. 2023, 161, 106997.
30. Yang, F.; Liu, Z.; Dong, W.; Zhu, L.; Chen, X.; Li, X. Ethanol production using a newly isolated S accharomyces cerevisiae strain

directly assimilating intact inulin with a high degree of polymerization. Biotechnol. Appl. Biochem. 2014, 61, 418–425.
31. Saha, B.C. Production of mannitol from inulin by simultaneous enzymatic saccharification and fermentation with Lactobacillus

intermedius NRRL B-3693. Enzyme Microb. Technol. 2006, 39, 991–995.

https://www.ncbi.nlm.nih.gov/pubmed/26232554
https://www.ncbi.nlm.nih.gov/pubmed/21820616
https://doi.org/10.3390/antiox10111781
https://www.ncbi.nlm.nih.gov/pubmed/34829652
https://www.ncbi.nlm.nih.gov/pubmed/20820868


Processes 2024, 12, 1613 8 of 9

32. Wei, N.; Quarterman, J.; Jin, Y.-S. Marine macroalgae: An untapped resource for producing fuels and chemicals. Trends Biotechnol.
2013, 31, 70–77. [PubMed]

33. Jacobsen, J.H.; Frigaard, N.-U. Engineering of photosynthetic mannitol biosynthesis from CO2 in a cyanobacterium. Metab. Eng.
2014, 21, 60–70. [PubMed]

34. Moravveji, S.S.; Khoshbakht, S.; Mokhtari, M.; Salimi, M.; Lanjanian, H.; Nematzadeh, S.; Torkamanian-Afshar, M.; Masoudi-
Nejad, A. Impact of 5HydroxyMethylCytosine (5hmC) on reverse/direct association of cell-cycle, apoptosis, and extracellular
matrix pathways in gastrointestinal cancers. BMC Genom. Data 2022, 23, 49.

35. Xia, A.; Jacob, A.; Herrmann, C.; Tabassum, M.R.; Murphy, J.D. Production of hydrogen, ethanol and volatile fatty acids from the
seaweed carbohydrate mannitol. Bioresour. Technol. 2015, 193, 488–497. [PubMed]

36. Adams, J.; Ross, A.; Anastasakis, K.; Hodgson, E.; Gallagher, J.A.; Jones, J.M.; Donnison, I.S. Seasonal variation in the chemical
composition of the bioenergy feedstock Laminaria digitata for thermochemical conversion. Bioresour. Technol. 2011, 102, 226–234.
[PubMed]

37. Ge, L.; Wang, P.; Mou, H. Study on saccharification techniques of seaweed wastes for the transformation of ethanol. Renew. Energy
2011, 36, 84–89.

38. Jung, K.-H.; Ji-Hyeon, Y.; Lee, S.; Choi, W.; Kang, D.H.; Lee, H.Y.; Jung, K.H. Repeated-batch operation of surface-aerated
fermentor for bioethanol production from the hydrolysate of seaweed Sargassum sagamianum. J. Microbiol. Biotechnol. 2011, 21,
323–331.

39. Quiñones, V. Parametric Study on Pretreatment and Saccharification of Turbinaria ornata (Phaeophyta) for Hydrolysate Production.
Undergraduate Thesis, University of the Philippines, Los Baños, Philippines, 2010.

40. Alquiros, A. Parametric Study on Fermentation of Cellulose and Mannitol from Macroalgae (Sargassum spp.) for Bioethanol
Production. Undergraduate Thesis, University of the Philippines, Los Baños, Philippines, 2013.

41. Atienza, G. A Parametric Study on the Fermentation of Mannitol from Sargassum sp. Forbioethanol Production Using Saccha-
romyces cerevisiae 2055. Undergraduate Thesis, University of the Philippines, Los Baños, Philippines, 2013.

42. Gatdula, K.M. Parametric Study on Ethanol Fermentation of Cellulose and Alginic Acid of Macroalgae (Sargassum spp.) Using
Saccharomyces cerevisiae 2055. Undergraduate Thesis, University of the Philippines, Los Baños, Philippines, 2013.

43. Isa, A.; Mishima, Y.; Takimura, O.; Minowa, T. Preliminary study on ethanol production by using macro green algae. J. Jpn. Inst.
Energy 2009, 88, 912–917.

44. Yoon, J.J.; Kim, Y.J.; Kim, S.H.; Ryu, H.J.; Choi, J.Y.; Kim, G.S.; Shin, M.K. Production of polysaccharides and corresponding sugars
from red seaweed. Adv. Mater. Res. 2010, 93, 463–466.

45. Meinita, M.D.N.; Hong, Y.-K.; Jeong, G.-T. Comparison of sulfuric and hydrochloric acids as catalysts in hydrolysis of Kappaphycus
alvarezii (cottonii). Bioprocess Biosyst. Eng. 2012, 35, 123–128.

46. Khambhaty, Y.; Mody, K.; Gandhi, M.R.; Thampy, S.; Maiti, P.; Brahmbhatt, H.; Eswaran, K.; Ghosh, P.K. Kappaphycus alvarezii
as a source of bioethanol. Bioresour. Technol. 2012, 103, 180–185. [PubMed]

47. Daroch, M.; Geng, S.; Wang, G. Recent advances in liquid biofuel production from algal feedstocks. Appl. Energy 2013, 102,
1371–1381.

48. Kawai, S.; Murata, K. Biofuel production based on carbohydrates from both brown and red macroalgae: Recent developments in
key biotechnologies. Int. J. Mol. Sci. 2016, 17, 145. [CrossRef] [PubMed]

49. Saraiva, A.; Carrascosa, C.; Raheem, D.; Ramos, F.; Raposo, A. Natural sweeteners: The relevance of food naturalness for
consumers, food security aspects, sustainability and health impacts. Int. J. Environ. Res. Public Health 2020, 17, 6285. [CrossRef]
[PubMed]

50. Maughan, R. Carbohydrate metabolism. Surgery 2009, 27, 6–10.
51. Chen, M.; Zhang, W.; Wu, H.; Guang, C.; Mu, W. Mannitol: Physiological functionalities, determination methods, biotechnological

production, and applications. Appl. Microbiol. Biotechnol. 2020, 104, 6941–6951. [PubMed]
52. Zhang, M.; Gu, L.; Cheng, C.; Ma, J.; Xin, F.; Liu, J.; Wu, H.; Jiang, M. Recent advances in microbial production of mannitol:

Utilization of low-cost substrates, strain development and regulation strategies. World J. Microbiol. Biotechnol. 2018, 34, 1–7.
53. Tanghe, A.; Prior, B.; Thevelein, J.M. Yeast responses to stresses. In Biodiversity and Ecophysiology of Yeasts; Springer: Berlin,

Germany, 2006; pp. 175–195.
54. Song, S.H.; Vieille, C. Recent advances in the biological production of mannitol. Appl. Microbiol. Biotechnol. 2009, 84, 55–62.
55. Dai, Y.; Meng, Q.; Mu, W.; Zhang, T. Recent advances in the applications and biotechnological production of mannitol. J. Funct.

Foods 2017, 36, 404–409.
56. Ohrem, H.L.; Schornick, E.; Kalivoda, A.; Ognibene, R. Why is mannitol becoming more and more popular as a pharmaceutical

excipient in solid dosage forms? Pharm. Dev. Technol. 2014, 19, 257–262.
57. Black, W.; Dewar, E.; Woodward, F. Manufacture of algal chemicals. II. Laboratory-scale isolation of mannitol from brown marine

algae. J. Appl. Chem. 1951, 1, 414–424.
58. Chapman, V.J. Seaweeds and Their Uses; Methuen & Co. Ltd.: New York, NY, USA, 1970.
59. Bambase, M.; Demafelis, R.B.; Borines, M.G.; Gatdula, K.M.; Joy, A.; Alquiros, A.; Atienza, E.A. Ethanol production from Mannitol

of Sargassum using Saccharomyces cerevisiae 2055. Philipp. J. Crop. Sci. 2015, 40, 76–85.
60. Chades, T.; Scully, S.M.; Ingvadottir, E.M.; Orlygsson, J. Fermentation of mannitol extracts from brown macro algae by Ther-

mophilic Clostridia. Front. Microbiol. 2018, 9, 1931. [CrossRef] [PubMed]

https://www.ncbi.nlm.nih.gov/pubmed/23245657
https://www.ncbi.nlm.nih.gov/pubmed/24269997
https://www.ncbi.nlm.nih.gov/pubmed/26163759
https://www.ncbi.nlm.nih.gov/pubmed/20685112
https://www.ncbi.nlm.nih.gov/pubmed/22050835
https://doi.org/10.3390/ijms17020145
https://www.ncbi.nlm.nih.gov/pubmed/26861307
https://doi.org/10.3390/ijerph17176285
https://www.ncbi.nlm.nih.gov/pubmed/32872325
https://www.ncbi.nlm.nih.gov/pubmed/32601737
https://doi.org/10.3389/fmicb.2018.01931
https://www.ncbi.nlm.nih.gov/pubmed/30177924


Processes 2024, 12, 1613 9 of 9

61. Zhang, R.; Yuen, A.K.; de Nys, R.; Masters, A.F.; Maschmeyer, T. Step by step extraction of bio-actives from the brown seaweeds,
Carpophyllum flexuosum, Carpophyllum plumosum, Ecklonia radiata and Undaria pinnatifida. Algal Res. 2020, 52, 102092.

62. Wichmann, R.; Wandrey, C.; Bückmann, A.F.; Kula, M.R. Continuous enzymatic transformation in an enzyme membrane reactor
with simultaneous NAD (H) regeneration. Biotechnol. Bioeng. 2000, 67, 791–804. [CrossRef]

63. Park, Y.-C.; Oh, E.J.; Jo, J.-H.; Jin, Y.-S.; Seo, J.-H. Recent advances in biological production of sugar alcohols. Curr. Opin. Biotechnol.
2016, 37, 105–113. [CrossRef] [PubMed]

64. Ortiz, M.E.; Bleckwedel, J.; Raya, R.R.; Mozzi, F. Biotechnological and in situ food production of polyols by lactic acid bacteria.
Appl. Microbiol. Biotechnol. 2013, 97, 4713–4726. [PubMed]

65. Ortiz, M.E.; Fornaguera, M.J.; Raya, R.R.; Mozzi, F. Lactobacillus reuteri CRL 1101 highly produces mannitol from sugarcane
molasses as carbon source. Appl. Microbiol. Biotechnol. 2012, 95, 991–999. [PubMed]

66. Soetaert, W.; Vanhooren, P.T.; Vandamme, E.J. The production of mannitol by fermentation. Carbohydr. Biotechnol. Protocols 1999,
862, 261–275.

67. Yun, J.W.; Kim, D.H. A comparative study of mannitol production by two lactic acid bacteria. J. Ferment. Bioeng. 1998, 85, 203–208.
[CrossRef]

68. Martínez-Miranda, J.G.; Chairez, I.; Durán-Páramo, E. Mannitol production by heterofermentative lactic acid bacteria: A review.
Appl. Biochem. Biotechnol. 2022, 194, 2762–2795. [CrossRef] [PubMed]

69. Ortiz, M.E.; Raya, R.R.; Mozzi, F. Efficient mannitol production by wild-type Lactobacillus reuteri CRL 1101 is attained at constant
pH using a simplified culture medium. Appl. Microbiol. Biotechnol. 2015, 99, 8717–8729. [CrossRef] [PubMed]

70. Saha, B.C. A low-cost medium for mannitol production by Lactobacillus intermedius NRRL B-3693. Appl. Microbiol. Biotechnol. 2006,
72, 676–680. [CrossRef]

71. Saha, B.C.; Nakamura, L.K. Production of mannitol and lactic acid by fermentation with Lactobacillus intermedius NRRL B-3693.
Biotechnol. Bioeng. 2003, 82, 864–871. [CrossRef] [PubMed]

72. Saha, B.C. Effect of salt nutrients on mannitol production by Lactobacillus intermedius NRRL B-3693. J. Ind. Microbiol. Biotechnol.
2006, 33, 887–890. [CrossRef] [PubMed]

73. Jennings, D. Polyol metabolism in fungi. Adv. Microb. Physiol. 1985, 25, 149–193.
74. Kets, E.P. Compatible Solutes in Lactic acid Bacteria Subjected to Water Stress Wageningen University and Research. Ph.D. Thesis,

Wageningen University, Wageningen, The Netherlands, 1997.
75. Leslie, S.B.; Israeli, E.; Lighthart, B.; Crowe, J.H.; Crowe, L.M. Trehalose and sucrose protect both membranes and proteins in

intact bacteria during drying. Appl. Environ. Microbiol. 1995, 61, 3592–3597. [CrossRef] [PubMed]
76. Chibbar, R.; Båga, M. Genetic modification of primary metabolism: Carbohydrates. In Encyclopedia of Applied Plant Sciences;

Elsevier: Amsterdam, The Netherlands, 2003; pp. 449–459.
77. Ribeiro, T.B.; Oliveira, A.L.; Costa, C.; Nunes, J.; Vicente, A.; Pintado, M. Total and sustainable valorisation of olive pomace using

a fractionation approach. Appl. Sci. 2020, 10, 6785. [CrossRef]
78. Chiang, S.-S.; Liang, Z.-C.; Wang, Y.-C.; Liang, C.-H. Effect of light-emitting diodes on the production of cordycepin, mannitol

and adenosine in solid-state fermented rice by Cordyceps militaris. J. Food Compos. Anal. 2017, 60, 51–56. [CrossRef]
79. Peng, M.; Zhao, X.; Biswas, D. Polyphenols and tri-terpenoids from Olea europaea L. in alleviation of enteric pathogen infections

through limiting bacterial virulence and attenuating inflammation. J. Funct. Foods 2017, 36, 132–143.
80. Medina, E.; Romero, C.; Brenes, M. Residual olive paste as a source of phenolic compounds and triterpenic acids. Eur. J. Lipid Sci.

Technol. 2018, 120, 1700368. [CrossRef]
81. Blanco-Cabra, N.; Vega-Granados, K.; Moya-Andérico, L.; Vukomanovic, M.; Parra, A.; de Cienfuegos, L.Á.; Torrents, E. Novel

oleanolic and maslinic acid derivatives as a promising treatment against bacterial biofilm in nosocomial infections: An in vitro
and in vivo study. ACS Infect. Dis. 2019, 5, 1581–1589. [CrossRef] [PubMed]

82. Daneshmehr, M.A.; Tafazoli, A. Providing evidence for use of Echinacea supplements in Hajj pilgrims for management of
respiratory tract infections. Complement. Ther. Clin. Pract. 2016, 23, 40–45. [CrossRef] [PubMed]

83. Mokhtari, M.; Khoshbakht, S.; Akbari, M.E.; Moravveji, S.S. BMC3PM: Bioinformatics multidrug combination protocol for
personalized precision medicine and its application in cancer treatment. BMC Med. Genet. 2023, 16, 328. [CrossRef]

84. Shawkat, H.; Westwood, M.-M.; Mortimer, A. Mannitol: A review of its clinical uses. Contin. Educ. Anaesth. Crit. Care Pain 2012,
12, 82–85. [CrossRef]

85. Burger, A.; Henck, J.-O.; Hetz, S.; Rollinger, J.M.; Weissnicht, A.A.; Stöttner, H. Energy/temperature diagram and compression
behavior of the polymorphs of D-mannitol. J. Pharm. Sci. 2000, 89, 457–468. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/(SICI)1097-0290(20000320)67:6%3C791::AID-BIT15%3E3.0.CO;2-I
https://doi.org/10.1016/j.copbio.2015.11.006
https://www.ncbi.nlm.nih.gov/pubmed/26723007
https://www.ncbi.nlm.nih.gov/pubmed/23604535
https://www.ncbi.nlm.nih.gov/pubmed/22350320
https://doi.org/10.1016/S0922-338X(97)86768-2
https://doi.org/10.1007/s12010-022-03836-5
https://www.ncbi.nlm.nih.gov/pubmed/35195836
https://doi.org/10.1007/s00253-015-6730-y
https://www.ncbi.nlm.nih.gov/pubmed/26084891
https://doi.org/10.1007/s00253-006-0364-z
https://doi.org/10.1002/bit.10638
https://www.ncbi.nlm.nih.gov/pubmed/12701154
https://doi.org/10.1007/s10295-006-0140-1
https://www.ncbi.nlm.nih.gov/pubmed/16736171
https://doi.org/10.1128/aem.61.10.3592-3597.1995
https://www.ncbi.nlm.nih.gov/pubmed/7486995
https://doi.org/10.3390/app10196785
https://doi.org/10.1016/j.jfca.2017.03.007
https://doi.org/10.1002/ejlt.201700368
https://doi.org/10.1021/acsinfecdis.9b00125
https://www.ncbi.nlm.nih.gov/pubmed/31268675
https://doi.org/10.1016/j.ctcp.2016.03.001
https://www.ncbi.nlm.nih.gov/pubmed/27157957
https://doi.org/10.1186/s12920-023-01745-y
https://doi.org/10.1093/bjaceaccp/mkr063
https://doi.org/10.1002/(SICI)1520-6017(200004)89:4%3C457::AID-JPS3%3E3.0.CO;2-G

	Introduction 
	Primary Sources of Mannitol 
	Marine Algae as a Source of Mannitol 
	Chemical Properties of Mannitol 

	Mannitol Synthesis Methods 
	Chemical Synthesis of Mannitol 
	Enzymatic Method for Mannitol Production 
	Stages of Biorefinery for Mannitol Extraction 
	Mannitol Production by Heterofermentative LAB 
	Production of Mannitol from Agro-Industrial Waste or Inexpensive Substrate 


	Physiological Functions 
	Other Applications 
	Conclusions 
	References

