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A B S T R A C T   

The implementation of cellulose as a green alternative to classical polymers sparks research on the synthesis of 
defined derivatives of this biopolymer for various high-tech applications. Apart from the scientific challenge, the 
in vitro synthesis of cellulose using a bottom-up approach provides specimens with absolutely accurate substit-
uent patterns and degrees of polymerization, not accessible from native cellulose. Synthetic cellulose exhibiting a 
comparably high degree of polymerization (DP) was obtained starting from cellobiose by biocatalytic synthesis 
implementing cellulase. Cationic ring-opening polymerization has been established in the last two decades, 
representing an excellent means of precise modification with regards to regio- and stereoselective substitution. 
This method rendered isotopically enriched cellulose as well as enantiomers of native cellulose (“L-cellulose”, “D, 
L-cellulose”) accessible. In this review, techniques for in vitro cellulose synthesis are summarized and critically 
compared – with a special focus on more recent developments. This is complemented by a brief overview of 
alternative enzymatic approaches.   

1. Introduction and scope 

Cellulose, as the essential building block of cell walls, is the most 
abundant natural organic polymer. Already in 1838, cellulose was 
discovered, isolated, and named as such by Anselme Payen, who also 
found the molecular formula of the biopolymer to be C6H10O5 (Klemm 
et al., 2005). Its structure was first determined by Hermann Staudinger, 
the “father” of polymer chemistry, in 1920, who identified cellulose as a 
linear homopolysaccharide consisting of covalently linked β-(1 → 4)D- 
glucose units (Staudinger, 1920). Since the glycosidic bond is formed by 
condensation of two glucose units and is thus accompanied by the loss of 
water, the repeating unit is often denoted as anhydroglucose unit (AGU). 
For a long time, the dimer of glucose, cellobiose, was given as a 
repeating unit and is still denoted as such in literature (Brown, 1996). 
However, the elucidation of the three-dimensional structure of the 
cellulose-synthesizing enzyme cellulose synthase (CesA) led to the 
conclusion that natural synthesis starts from glucose (as the respective 
UDP derivative), and thus D-anhydroglucopyranose/AGU is universally 

accepted nowadays as the fundamental building block that makes up 
cellulose (French, 2017). 

Cellulose – in contrast to starch and especially highly branched 
amylopectin – is arranged in a characteristic straight chain and can 
reach a length of up to several 1000 AGUs (French et al., 2018; Nunes, 
2017). Because of the inherent chirality of the repeating unit D-anhy-
droglucopyranose with its five chiral centers (C1-C5), the resulting 
polymer cellulose is also a chiral molecule. Due to the high number of 
hydroxy groups present in cellulose – three hydroxy groups per AGU – an 
exceptionally strong and complex inter- and intramolecular hydrogen 
bond network is formed, which is the reason why the cellulose molecule 
is insoluble both in water and many organic solvents. According to its 
degree of order, these hydrogen bond interactions are responsible for the 
formation of higher structures consisting of crystalline (highly ordered) 
as well as amorphous (less highly ordered) regions. The H-bonds are also 
held accountable for the biopolymer's rigidity and stability, both phys-
ically and chemically. Cellulose is a polysaccharide exhibiting poly-
morphism, with four main allomorphs being known. The major one is 
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cellulose I, which is the native form synthesized by the majority of living 
organisms, whereas natural cellulose II is only synthesized by a very 
limited number of species, most of which are bacteria (Brown, 1996; 
Nunes, 2017). Native cellulose I found as a structural polymer in cell 
walls is arranged in rod-shaped structures known as microfibrils. These 
microfibril rods make up the stiff, supporting part of the cell wall's 
biocomposite, “glued” together by xyloglucans, pectins, proteins, and 
lignin for providing additional strength and plasticity (Brown, 1996; 
French et al., 2018). 

Cellulose I consists of the allomorphs Iα/Iβ, which differ in their 
crystal packing, molecular conformation as well as H-bonding, and the 
ratio of the latter two forms can significantly vary depending on the 
source of cellulose (Atalla & Vanderhart, 1984). In contrast to cellulose 
I, which is packed in parallel strands, the chains in cellulose II are ar-
ranged in an antiparallel manner with extensive intersheet H-bonds 
resulting from differences in the crystal structure (Brown, 1996; French 
et al., 2018; Nunes, 2017). Cellulose II exhibits higher thermodynamic 
stability than cellulose I and can be obtained by mercerization, swelling 
in aqueous sodium hydroxide, or dissolution/regeneration. The modi-
fication of cellulose I to attain cellulose II typically comes with a sig-
nificant reduction in its molecular weight (Brown, 1996). Cellulose III 
can be accessed by reacting cellulose I or II with various amines (e.g., 
liquid ammonia). When cellulose is treated with glycerol at high tem-
peratures, cellulose IV is obtained (French et al., 2018; Nunes, 2017). 

While the chemical structure of cellulose is rather simple (only one 
monomer involved, strict linearity, strictly regioselective linkages), its 
biosynthesis is by far more complex (Brown, 1996). Besides vascular 
plants, which produce the majority of all naturally occurring cellulose, 
also other organisms like algae, bacteria, tunicates, or oomycetes can 
synthesize cellulose in a highly specific and orderly process (Bessueille & 
Bulone, 2008; Brown, 1996; Saxena & Brown, 2005). Using a freeze- 
fracture technique in 1976, Brown and Montezinos established that 
the production of this biopolymer involves a linear, rod-like assembly 
located at the growing end of a microfibril, which they called “terminal 
complex” (TC) (Brown & Montezinos, 1976). The TCs of different or-
ganisms show various morphologies, with the most frequent one being a 
hexagonal rosette-shaped structure found in higher plants and some 
Chlorophyta (green algae) as well as various linear structures found in 
other algae (Williamson et al., 2002). The dimensions of the synthesized 
microfibrils mainly depend on the precise geometry of the TC, more 
specifically the number of catalytic centers located there and the relative 
arrangement of the latter to one another, which are responsible for 
micro-sheet formation as the first stage of crystalline cellulose con-
struction (Brown, 1996; Brown & Montezinos, 1976). 

Within the terminal complex, the plant enzyme cellulose synthase 
(CesA) or bacterial cellulose synthase (BcsA), both examples of glyco-
syltransferases, catalyze the formation of cellulose by glycosidic bond 
formation and chain extension at the non-reducing C4 terminal unit 
(Koyama et al., 1997; Olek et al., 2014). Typically, the cellulose syn-
thases are arranged in hexameric clusters called rosettes, which are 
located in the plasma membrane of the cell, with each rosette subunit 
containing six CesA or BcsA and thus synthesizing a total of 36 cellulose 
strands per TC, which then form an elementary fibril by spontaneous 
lateral aggregation and bundling (Cosgrove, 2005; Heath, 1974; Olek 
et al., 2014). More recent investigations on the microfibrils' exact 
structure implementing X-ray diffraction techniques rather suggest an 
arrangement containing three CesA enzymes per subunit and thus only 
18 cellulose strands forming an elementary fibril, however, this is still a 
matter of ongoing discussion (Jarvis, 2013). The formation of β-linkages 
in the glucan chains starting from α-UDP-glucopyranose as the substrate 
is catalyzed within the active site of CesA, corresponding to the so-called 
inverting mechanism. This inversion of the stereogenic center at the C1 
position is coupled to the extension of the growing glucan chains from 
their non-reducing ends (Bessueille & Bulone, 2008). The catalysis oc-
curs at the cytoplasmic side of the membrane, where the formed cellu-
lose chains are extruded through the plasma to reach the cell wall by a 

so-far unidentified mechanism to fulfill their function as a structural 
biopolymer (Bessueille & Bulone, 2008). The biosynthesis of cellulose 
has been extensively described and reviewed (Bessueille & Bulone, 
2008; Brown, 1996; Delmer, 1999; Saxena & Brown, 2005). 

The isolation of cellulose from wood or other plant material is 
essential for the use of this biopolymer and is conducted by pulping the 
raw material. This technical process has been established especially in 
the paper industry and has already been described in the literature in 
detail (Biermann, 1996; Mboowa, 2021; Ragnar et al., 2014). 

Here the question arises why a chemist would synthesize cellulose 
when nature provides enormous amounts of this material every year. 
Methods for the utilization and purification of natural cellulose are 
available on a large scale. After all, the classic paper and pulp industry – 
one of the most important monetary pillars in many national economies 
– is based on the isolation and utilization of cellulose as a basic material 
for paper, textile fibers, and cellulose derivatives. So why prepare cel-
lulose in a complex multi-step synthesis, in small quantities probably 
below the gram scale? 

The first, general answer is scientific curiosity. Will it be possible to 
copy the process that nature has invented and optimized so perfectly for 
the production of the – in terms of mass – most prominent and important 
natural substance? The second answer is based on the fact that biosyn-
thesis naturally always generates cellulose. This is done with great 
perfection, but on the other hand, the possibilities for alterations, e.g., in 
isotope content or substituents/functionalities, are almost non-existent. 
If such modifications are desired, one must always start from the natural 
polymer. Reactions on cellulose are always “polymer analogous”, in the 
best cases they are almost regioselective, but just not completely. This 
would be different for chemically synthesized cellulose and cellulose 
derivatives. By using selectively modified monomers, which, for 
example, have different isotope or substitution patterns, celluloses or 
cellulose derivatives could be built up with 100% selectivity, which 
would otherwise not be accessible in this perfection starting from nat-
ural cellulose. A third question is hoped to be answered with the syn-
thesis of cellulose: which allomorph is obtained in such “non-natural” 
syntheses, cellulose I or II, or continuous amorphous material? 

Despite the structure of cellulose being determined already in 1920 
and numerous attempts of chemists to either enzymatically or chemi-
cally synthesize cellulose, the published examples of actually successful 
chemical in vitro synthesis of this biopolymer are rather limited. This can 
be attributed to the fact that bottom-up synthesis approaches are all 
quite challenging, mostly starting from glucose, the logical and obvious 
monomer choice. In 2001, Kobayashi and co-workers stated that a 
variable and convenient method for the synthesis of different poly-
saccharides had not yet been established (Kobayashi et al., 2001). 

Cellooligomers with a defined DP can be obtained employing a top- 
down approach. For example, Isogai et al. reported the hydrolysis of 
alkali-treated native and regenerated cellulose with dilute acid. The 
obtained products exhibited a DP of 35–101 for the major, high- 
molecular-mass fraction and around 20 for the minor low-molecular- 
mass fraction (Isogai et al., 2008). In 2016, Zweckmair et al. reported 
a method for the preparation and isolation of well-defined cellooligo-
saccharides from cellulose. The authors acetolyzed a native cellulose 
sample and isolated monodisperse peracetylated cellooligomers with a 
DP of up to 20 using preparative normal-phase HPLC (Zweckmair et al., 
2016). However, these top-down approaches do not present an in vitro 
cellulose synthesis and are not discussed further here. 

In this review, a brief overview of existing methods for the in vitro 
synthesis of cellulose using chemical as well as enzymatic methods is 
provided. Kobayashi and co-workers already discussed some of the 
chemical and especially enzymatic approaches for obtaining synthetic 
cellulose and related polysaccharides in 2001, including some mecha-
nistic aspects (Kobayashi, 2005; Kobayashi et al., 2001). Further reviews 
also discussing methods for the synthesis of polysaccharides (Kobayashi 
& Makino, 2009; Yoshida, 2001) as well as generally cellulose as a 
biopolymer (Klemm et al., 2005) have been published in the last 
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decades. The present article focuses on more recent developments 
within the last 20 years, with a special emphasis on the accessibility of 
cellulose via chemical synthesis. 

2. Chemical synthesis of cellulose 

To achieve the chemical synthesis of cellulose, three conditions need 
to be fulfilled: a) regioselectivity of the linkage (only 1 → 4 linkages and 
no disubstitution, which would cause branching), b) stereoselectivity 
(strictly β-configured anomeric carbon), and c) DP control (to allow 
precise regulation of the chain length or at least a low dispersity). While 
regiocontrol can be achieved by selective protection of the corre-
sponding monosaccharide glucose prior to the glycosylation reaction, 
the choice of the reaction type itself is crucial for accomplishing precise 
stereocontrol. The formation of the O-glycosidic linkage is usually 
conducted by nucleophilic attack of the free hydroxy group of the 
glycosyl donor at the anomeric carbon of the glycosyl acceptor carrying 
a leaving group. Complete stereocontrol of the conformation at the 
anomeric carbon (C1) can thus be achieved employing an SN2 reaction 
at an α-configured acceptor, in which the anomeric carbon undergoes 
complete inversion. On the contrary, an SN1 pathway via an oxocarbe-
nium cation intermediate (Hosoya et al., 2014; Xiao & Grinstaff, 2017) 
permits nucleophilic attack from both sides of the ring and consequently 
gives a racemic mixture of both the α- and β-anomers. Even though the 
latter one is preferred because of the often-discussed “anomeric effect” 
(in short, the adjacent oxygen atom in the pyranose ring exerts a sta-
bilizing effect on the β-anomer due to orbital interactions) (Graczyk & 
Mikolajczyk, 1994; Juaristi & Cuevas, 1992), the SN1 pathway is 
disadvantageous with regard to anomeric stereocontrol. To ensure ste-
reoregularity, precise selection of the type of leaving group, catalyst, 
protecting groups, and the reaction conditions is required to enforce 
selective progression of the glycosylation via an SN2 pathway (Fügedi, 
2006; Xiao & Grinstaff, 2017; Zhu & Schmidt, 2009). 

There are mainly two approaches to chemically synthesize cellulose: 
1) the stepwise addition method and 2) the polymerization and poly-
condensation method. 

2.1. Stepwise addition method 

The stepwise method is classically employed in oligosaccharide 
synthesis, where it is used to obtain a substance with defined composi-
tion, linkage pattern, and DP, or at least a very narrow dispersity. In this 
method, the glycosylation reaction is repeated until the desired DP is 
achieved using a derivative of the repeating unit. The glycosylation re-
action is formally a dehydrative condensation reaction between the 
hydroxy group of a glycosyl donor carrying the anomeric carbon of the 
new glycosidic bond and the hydroxy group of a glycosyl acceptor. An 
important example, directly illustrating the principle, is the acid- 
catalyzed Fischer glycosylation, which is depicted in Fig. 1. 

To control the configuration at the anomeric carbon, several glyco-
sylation methods utilizing glycosyl donors with specific leaving groups 
and reactivities and special catalysts have been developed, inter alia the 
Königs-Knorr method (Koenigs & Knorr, 1901), the Schmidt imidate 
method (Schmidt & Michel, 1980), the thioglycosylation method 
(Fügedi et al., 1987) and the pentenyl method (Mootoo et al., 1988). The 
imidate method, mostly relying on trichloroacetimidate, is the most 

widely used one because the imidoyl group can be easily introduced, the 
imidate is generally stable enough to outlast purification steps and at the 
same time reactive enough to allow high yields in the glycosylation 
reactions (Schmidt & Jung, 2000). The chemical structures of frequently 
used glycosyl donors are shown in Fig. 2. 

It is worth mentioning that the first regiocontrolled glycosylation 
was reported by Shapiro et al. in 1969 for the synthesis of lactose from 
2,3-di-O-acetyl-1,6-anhydro-β-D-glucopyranose with tetra-O-acetyl-α-D- 
galactopyranosyl bromide (acetobromogalactose) (see Fig. 3) (Shapiro 
et al., 1969). 

Tackles towards the chemical synthesis of cellulose from a bottom-up 
approach employing the stepwise addition method had begun with the 
synthesis of cellooligosaccharides. To achieve cellulose synthesis, the 
glycosylation reaction must regioselectively occur between C1 of a 
glycosyl donor and C4-OH of a glycosyl acceptor. Such regiocontrol is 
possible by selective protection of all other hydroxy groups except the 
glycosyl acceptor's C4-OH group. To obtain cellooligomers or cellulose 
and not just the dimer cellobiose, repetitive glycosylation is required to 
elongate the chain. After each glycosylation step, the obtained in-
termediates need to be isolated, purified and converted into the corre-
sponding glycosyl donor or acceptor once again. The first arrow using 
this stepwise addition method was fired by Freudenberg and Nagai to hit 
cellobiose synthesis (DP = 2) already in 1933. Starting from levoglu-
cosan (1,6-anhydro-β-D-glucopyranose) and acetobromoglucose (1- 
bromo-α-D-glucose tetraacetate), they reported the synthesis of octaa-
cetyl cellobiose, however, the yield was still very low (Freudenberg & 
Nagai, 1933). Another example of this stepwise addition method is the 
synthesis of α-cellotriose (DP = 3) by Hall and Lawler in 1971 by 
condensation of selectively protected 2,3,6-tri-O-substituted methyl β-D- 
glucopyranosides with tetra-O-acetyl-α-D-glucopyranosyl bromide in the 
first and hepta-O-acetyl-α-D-cellobiosyl bromide in the second step, 
respectively. After substitution of the methyl- by acetyl-groups, α-D- 
cellotriose hendecaacetate was obtained, which could be efficiently 
transformed into the β-anomer (Hall & Lawler, 1971). Ten years later, 
Takeo and co-workers reported a similar synthesis of these α- and 
β-cellotriose hendecaacetates and an additional pathway to obtain 
6,6′,6′′-tri-substituted derivatives of methyl β-cellotrioside (Takeo et al., 
1981). Cellotetraose (DP = 4) was first reported by Schmidt and Michel 
in 1982 (Schmidt & Michel, 1982). As a starting material, they used the 
α-trichloroacetimidate derivative of 2,3,4,6-tetra-O-acetyl-glucopyr-
anose, which they coupled stepwise with high β-selectivity to obtain 
both linear and branched cellooligomers. In this case, three steps were 
necessary to convert the obtained intermediates – the suitably protected 
mono-, di- and trisaccharide – after successful glycosylation to the next 
glycosyl donor (imidate) again before being able to couple it once more. 
Takeo and co-workers also reported the synthesis of cellotetraose by 
stepwise elongation in 1983. The authors described the selective 

Fig. 1. Acid-catalyzed Fischer glycosylation of glucose yielding a glucoside (R 
= alkyl or aryl, typically methyl). 

Fig. 2. Chemical structures of glycosyl donors comprising a) halide, b) tri-
chloroacetimidate, c) thioalkyl, and d) O-pentenyl leaving groups. 
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condensation of hepta-O-acetyl-α-D-cellobiosyl bromide with benzyl 
2,3,6,2′,3′,6′-hexa-O-benzyl-β-D-cellobioside and subsequent depro-
tection to yield the desired product (Takeo et al., 1983). 

An additional challenge the stepwise synthesis faced was the high 
number of steps involved, such as those that entail byproduct formation 
or require purification of the products, which significantly decrease the 
overall yield of the synthesis. To overcome this problem, Nakatsubo 
et al. proposed a convergent synthetic method (Nakatsubo et al., 1985). 
They used a precursor with active X and Y groups at the C1-OH and C4- 
OH, respectively, with the other hydroxy groups being protected (see 
Fig. 4). The X and Y groups can be cleaved selectively, and thus the 
glycosyl donor can be prepared in only two steps (removal of X group 
and introduction of the leaving group Z, see Fig. 4, left), and the glycosyl 
acceptor in only one step (removal of Y group, see Fig. 4, right). The 
product has the same combination of terminal protecting groups as the 
respective precursors (X and Y) and can thus be directly used as a re-
agent for subsequent repetitive coupling using the same chemistry and 
conditions. 

Using this strategy, cellopentaose to cellooctaose derivatives were 
synthesized by Kawada and co-workers in the form of perbenzylated 
allyl 4n’-O-p-methoxybenzyl cellooligosaccharides starting from 
2,3,6,2′,3′,6′-hexa-O-benzyl-4′-O-(p-methoxybenzyl)-β-D-cellobioside by 
repetitive alternating removal of the p-methoxybenzyl group on the one 
hand and stereoselective β-glycosylation using the imidate method on 
the other hand (Kawada et al., 1990). Further, the authors reported the 

first synthesis of cellooctaose acetate starting from allyl 2,3,6-tri-O- 
benzyl-4-O-(p-methoxybenzyl)-β-D-glucopyranoside (Kawada et al., 
1994). 

In this synthesis approach, the “1 + n” convergent method or linear 
synthetic method, they employed benzyl protective groups at O-2, O-3, 
and O-6, which significantly decreased the reactivity of both the glycon 
(i.e., glycosyl donor) and the aglycon (i.e., glycosyl acceptor) with 
increasing DP. Thus, an “n + n” convergent method could not be realized 
employing per-benzyl protection and the synthesis of cellooligo-
saccharides bearing a DP higher than eight was found to be challenging. 
Therefore, Takano and co-workers thoroughly studied the substituent 
effects on the glycosylation reactions, not only regarding their reactivity 
but also focusing on the stereoselectivity. They investigated various 
protective groups and found that an electron-withdrawing pivaloyl 
group at the O-2 and O-6 position of the glycon and an electron-donating 
benzyl group at the O-3 of the aglycon were the most convenient choice. 
This finely tuned protective system made an “n + n” convergent syn-
thesis of cellooligomers possible (Takano et al., 1990, 1994). 

Combining the new findings by implementing this convergent 
method and the ideal choice of protective groups as suggested by Takano 
and co-workers (vide supra), Nishimura and Nakatsubo synthesized a 
series of regioselectively substituted oligomers up to celloeicosaose (DP 
= 20) starting from cellooctaose by stepwise chain extension using a 
monomer derivative (Nishimura & Nakatsubo, 1997). This protective 
system proved the possibility of synthesizing cellooligosaccharides with 

Fig. 3. Regio- and stereo-controlled synthesis of a lactose precursor as described by Shapiro and co-workers (Shapiro et al., 1969).  

Fig. 4. Schematic of the glycosylation procedure in the convergent synthetic method reported by Nakatsubo and co-workers (Nakatsubo et al., 1985).  
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a higher DP, and thus opened up opportunities for later ring-opening 
polymerization methods using a similar arrangement. 

This stepwise method, of course, still required multiple stages to 
prepare the precursors, and individual glycosylation steps are required. 
In addition to these time-consuming, laborious chemical steps, also 
purification is usually required after each step. Moreover, solubility and 
reactivity usually get lower and lower as the DP of this “homologous 
series” of the cellooligomers increases. This is especially true in the case 
of a linear oligo- or polysaccharide with extensive inter- and intra-
molecular hydrogen bonds, such as cellulose, rendering the practical 
aspects of the synthesis even more challenging. However, despite its 
challenges, the stepwise method remains the method of choice for the 
synthesis of cellooligosaccharides or cellulose with a single, strictly set, 
and well-defined DP. 

2.2. Polycondensation method 

In contrast to the stepwise addition method, no intermediate pro-
tection or deprotection steps are required in the polycondensation 
method for the synthesis of cellulose. Only one single type of monomer 
precursor containing reactive groups at corresponding carbon atoms is 
used. To enable synthesis of cellulose implementing polycondensation, a 
monomeric glucose derivative exhibiting an anomeric leaving group at 
C1 and a free, unprotected hydroxy group at C4, which can simulta-
neously act as a glycosyl donor as well as an acceptor, is needed (Xiao & 
Grinstaff, 2017). 

Already in 1941, Schlubach and Lührs reported first attempts to 
polycondensate D-glucose by treatment with dry gaseous HCl. The au-
thors stated that these polyglucosans exhibited a spherical or highly 
branched structure and a high molecular weight of 12 000 g/mol, which 
had not been previously described in the literature for a synthetic 
molecule at that time. However, the authors did not state the confor-
mation of the anomeric carbon in the polymer or whether their product 
exhibited stereoregularity (Schlubach & Lührs, 1941). The first reported 
attempt to synthesize a stereoregular, linear polysaccharide based on 
glucose using a polycondensation approach in a controlled manner was 
conducted by Haq and Whelan in 1956, which was inspired by the 
Königs-Knorr method for stepwise addition (vide supra) (Haq & Whelan, 
1956). Implementing a regioselective polymerization, the authors star-
ted from selectively protected 2,3,4-tri-O-acetyl-α-D-glucopyranosyl 
bromide, which polycondensed upon treatment with silver oxide in 
chloroform. However, their attempt caused also intramolecular side 
reactions with the formation of O-acetylated levoglucosan (which is also 
known as a chemical biomass tracer of carbohydrate pyrolysis) and 
gentiodextrins, i.e., (1 → 6)-linked β-glucopyranose derivatives (see 
Fig. 5) with a low DP of up to only nine repeating units. 

A few years later, Husemann and Müller as well as Hirano attempted 
polycondensation of a glucose derivative inspired by a non- 
regioselective polymerization approach of different monosaccharides 
previously proposed by Micheel and co-workers (Micheel et al., 1961). 
Husemann and Müller reported polycondensation of selectively pro-
tected 2,3,6-tri-O-(N-phenylcarbamoyl)-D-glucopyranose (“2,3,6- 

glucose tricarbanilate”) in a mixture of chloroform and dimethyl sulf-
oxide (DMSO) in the presence of phosphorus pentoxide for the removal 
of water that is generated during polycondensation. After removal of the 
protecting groups, a predominantly β-(1 → 4)-linked, slightly branched 
glucan with a DP of 48–63 was obtained (Husemann & Müller, 1966). 
Shortly after, Hirano reported a similar synthesis procedure using the 
same glucose derivative, 2,3,6-glucose tricarbanilate, DMSO, and 
phosphorus pentoxide without any additional solvents to give a similar 
polysaccharide. The predominant formation of the β-linkage was 
attributed to the steric hindrance of the protective groups and thus the 
disfavoring of α-linkages (Hirano, 1973). Since then, no conceptually 
different attempts to synthesize cellulose by a polycondensation 
approach have been conducted and, to the best of our knowledge to 
date, no successful stereo- and regioselective synthesis route towards 
cellulose with a sufficiently high DP has been reported in the literature. 

2.3. Ring-opening polymerization method 

This polymerization method requires a monomer containing a 
strained ring system readily available for ring-opening polymerization. 
When synthesizing polysaccharides in a bottom-up approach, ring- 
opening polymerization of anhydrosugars has become the method of 
choice. An anhydroglucose derivative that either forms a strained ring 
system itself or carries a cyclic protecting group can be used as a pre-
cursor. These bi- or tricyclic ring systems are prone to undergo poly-
merization upon release of the ring strain as the respective driving force 
(Xiao & Grinstaff, 2017). 

The precursors are typically prepared by vacuum pyrolysis of 
monosaccharides and subsequent protection of the free hydroxy groups. 
After that, polymerization is started by adding a Lewis acid catalyst at a 
low temperature under the exclusion of water (Xiao & Grinstaff, 2017). 
This general approach was established by Ruckel and Schuerch in 1966. 
The reactivity of the monomers is based on the release of the strain in the 
monomers. They reported successful preparation of a stereoregular 
linear polysaccharide starting from 1,6-anhydro-2,3,4-tri-O-substituted 
β-D-glucopyranose monomers, yielding polymeric compounds with a DP 
of up to 300 (Ruckel and Schuerch 1966a and 1966b). Although this 
approach – employing levoglucosan (1,6-anhydrosugar) derivatives – is 
the most established and thoroughly studied one, obviously 1,4-anhy-
droglucose derivatives are needed as precursors for cellulose synthesis. 
Their synthesis is made more challenging, on the one hand, by much 
higher ring strain and, on the other hand, by the fact that they can be 
regarded as both 1,4-anhydropyranoses as well as 1,5-anhydrofurano-
ses. Thus, the precursors can polymerize according to two different 
ring-opening pathways to give either (1 → 4)-pyranosidic or (1 → 5)- 
furanosidic repeating units, both possibly with α- or β-linkages (see 
Fig. 6). 

Synthesis of cellulose-type polymeric compounds requires selective 
1,4-cleavage of a 1,4-anhydropyranose, in most cases via a tri-
alkyloxonium ion intermediate. As the 1,5-anhydro ring oxygen pos-
sesses higher basicity than the 1,4-anhydro ring oxygen (Xiao & 
Grinstaff, 2017), the formation of C1-O+-C5 oxonium ions as in-
termediates is preferred. Consequently, (1 → 5)-linked glucofuranosides 
are predominantly formed during polymerization. Thus, the precise se-
lection of catalyst, choice of protecting groups, and careful control of the 
reaction conditions are required to direct the preferred pathway and 
accomplish selective 1,4-scission for the successful synthesis of cellulose 
(Uryu, Yamanouchi, Hayashi, et al., 1983; Uryu, Yamanouchi, Kato, 
et al., 1983; Xiao & Grinstaff, 2017). The catalyst must selectively 
complex the 1,4-anhydro ring oxygen, and at the same time, the 1,4- 
anhydro ring oxygen of the co-reacting monomer must nucleophili-
cally attack C1 from the reverse side of the C1-O4 bond. Due to the 
involvement of the oxonium species, the reaction type is specified as 
“cationic”, and CROP is often used as an abbreviation for the “cationic 
ring-opening polymerization” sequence. 

The cationic ring-opening polymerization of 1,4-anhydro-2,3,6-tri- 
Fig. 5. Structures of levoglucosan (1,6-anhydro-β-D-glucopyranose) and gen-
tiobiose (1-β-D-glucopyranosyl-6-D-glucopyranose). 
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O-benzyl-α-D-glucopyranose was reported by Micheel and Brodde as 
well as Uryu et al., but mainly (1 → 5)-glucofuranose repeating units 
were obtained due to the preferred glucopyranose-scission pathway. 
However, they also attributed this outcome to the steric hindrance of the 
bulky benzyloxy-groups, suspecting inhibition of complexation by the 
catalyst (Micheel & Brodde, 1974; Uryu et al., 1985). 

In 1994, Kochetkov reported the synthesis of a completely stereo-
regular β-(1 → 4)-D-glucopyranoside under high pressure by poly-
condensation of 4,6-di-O-acetyl-3-O-trityl-1‚2-O-cyanoethylidene-α-D- 
glucose, however, the author did not reveal detailed information about 
the conditions or the product (Kochetkov, 1994). Kamitakahara and co- 
workers described a synthetic approach using 1,4-anhydro derivatives, 
such as 1,4-anhydro-3,6-di-O-benzyl-2-O-pivaloyl-α-D-glucopyranose, 
which led to a regular 3,6-di-O-benzyl-2-O-pivaloyl-β-(1 → 5)-D-gluco-
furanan and the respective non-natural polysaccharide after depro-
tection (Fig. 7, top) (Kamitakahara et al., 1994). The authors stated that 
only the 1,4-anhydro-3,6-di-O-benzyl-2-O-pivaloyl-α-D-glucopyranose, 
but not the 1,4-anhydro-2,3-di-O-benzyl-6-O-pivaloyl-α-D-glucopyr-
anose, led to a stereoregular polymer, which they attributed to a 
participation of the pivaloyl as the neighboring group at the O-2 during 
the polymerization. Zachoval and Schuerch already previously dis-
cussed this phenomenon of neighboring group participation of ester 
groups during polymerization of sugars in detail (Zachoval & Schuerch, 
1969). Additionally, coordination of the catalyst PF5 is facilitated, as the 
benzyl group at the O-6 position increases the electron density of the 
1,5-anhydro ring oxygen (Kamitakahara et al., 1994). Shortly after that, 
in 1996, Nakatsubo et al. achieved the first successful synthesis of 

cellulose by CROP using a derivative of the precursor implemented by 
Kamitakahara. Instead of incorporating simple 1,4-anhydro derivatives, 
they used a different intermediate in which O-1 and O-4 were separated 
by a C1-spacer. This way, sufficient strain – and thus reactivity – was 
maintained and the competitive glucopyranose ring scission was pre-
vented. The OH groups 1, 2, and 4 were integrated into an orthopivalate 
structure, a system with high ring strain, but different geometry from the 
above 1,4-anhydroglucopyranoses. Starting from D-glucose and 
involving several protection and deprotection steps, 3,6-di-O-benzyl- 
α-D-glucose 1,2,4-orthopivalate was synthesized as the reactive precur-
sor, which underwent highly selective ring-opening catalyzed by trity-
lium tetrafluoroborate (Ph3CBF4) to give a highly stereoregular, β-(1 → 
4)-linked cellulose derivative with a DP of about 20 after cleavage of the 
protecting groups (Fig. 7, bottom). The pivaloyl group remained at O-2, 
while O-6 and O-3 were protected by benzyl groups from the beginning. 
A careful selection of the protecting groups was crucial to direct the 
mechanism towards selective ring-opening (the desired 1,4-cleavage vs. 
the 1,2- and 2,4-alternatives) and thus the formation of selectively 
linked β-(1 → 4)-glucopyranose repeating units (Nakatsubo et al., 1996). 

Especially the 3-O-benzyl group was found to be essential for cellu-
lose formation when studying the substituent effect of the protecting 
group in the O-3 position. According to Kamitakahara and co-workers – 
due to the rather sterically demanding axial 3-O-benzyl group – the 
polymerization of this orthoester might proceed via the so-called diox-
alenium ion mechanism rather than the trialkyloxonium ion mechanism 
proposed for other stereoregular ring-opening polymerizations of 
anhydrosugars (Kamitakahara et al., 1996). Hori and co-workers further 
studied the influence of the orthoester group, which was implemented 
during this synthesis of cellulose. Studying orthopropionate-, orthoace-
tate- as well as orthobenzoate-derivatives and comparing their poly-
merization behavior to the respective orthopivalate derivative, they 
found that the latter was crucial for regioregularity, as the other de-
rivatives gave a mixture of β-(1 → 4)-linked and β-(1 → 2)-linked 
glucopyranose-derivatives (Hori et al., 1997; Yoshida, 2001). 

The authors further adapted their polymerization method and suc-
cessfully synthesized 13C-labeled cellulose with 99% isotopic enrich-
ment, which was otherwise not accessible employing in vivo synthesis 
(Adelwöhrer et al., 2009) and was used to study dynamic changes of the 
hydrogen bond patterns during swelling and dissolution (Rosenau et al., 
2019). Recently, also the enantiomeric mirror image of native cellulose, 
i.e., “L-cellulose”, was obtained by this approach (see Fig. 8 for the 
chemical structure). The successful synthesis of β-(1 → 4)-L-glucopyr-
anan starting from L-glucose exhibiting an average DP of 32.8 and an 
Mw/Mn ratio of 1.97 was reported by Yagura et al. in 2020, and its 
enantiomeric identity was confirmed by optical rotation of the respec-
tive peracetate derivative. The synthesized L-cellulose triacetate had a 
positive specific optical rotation of +8.3◦, whereas authentic D-cellulose 
triacetate had a negative specific optical rotation of − 23.4◦ (Yagura 
et al., 2020). 

Fig. 6. Ring-opening pathways of 1,4-anhydrosugar derivatives (redrawn from (Xiao & Grinstaff, 2017)).  

Fig. 7. First successful chemical synthesis of cellulose by CROP of orthopivalate 
precursors as reported by Nakatsubo and co-workers. Reprinted with permis-
sion from Nakatsubo et al., 1996. Copyright © 1996 American Chemi-
cal Society. 
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Shortly after, the authors also reported the synthesis of optically 
inactive cellulose using the same method, starting from a “racemic 
mixture” of D- and L-glucose. The equimolar mixture of the corre-
sponding orthopivalate precursors yielded “racemic” 3-O-benzyl-2,6-di- 
O-pivaloyl-β-(1 → 4)-D,L-glucopyranan, which was deprotected and 
subsequently derivatized to give an acetylated derivative with an 
average DP of 18.6 and a specific optical rotation of +0.01◦, suggesting 
that the underivatized biopolymer consisted of a nearly racemic mixture 
of D- and L-anhydroglucose units, namely “D,L-cellulose” (Ikegami et al., 
2021). 

Further, CROP was used to synthesize highly regioselectively alky-
lated cellulose derivatives. Kamitakahara and co-workers prepared 2,6- 
di-O-methylcellulose by CROP of the previously reported precursor 3,6- 
di-O-benzyl-α-D-glucose 1,2,4-orthopivalate, removal of the pivaloyl 
protecting groups, methylation using MeI in the O-2 and O-6 position, 
and subsequent three-step deprotection of O-3 (Kamitakahara et al., 
2008). Moreover, Kamitakahara et al. studied the influence of regiose-
lectively substituted synthetic cellulose bearing methyl and ethyl groups 
in the O-2 and O-3 positions on the biopolymer's solubility. The authors 
synthesized the cellulose derivatives by polymerization of 1,2,4-ortho-
pivalate-type precursors, partly already carrying ethyl or methyl sub-
stituents in the O-6 position of the monomer and thus demonstrating 
derivatization before CROP (Kamitakahara et al., 2009). In 2010, 
Kamitakahara and co-workers reported the successful synthesis of 
regioselectively substituted 2-O-, 3-O- and 6-O-ethyl celluloses. Starting 
from a 1,2,4-orthopivalate cellulose precursor carrying different sub-
stituents in O-2, O-3, and O-6 positions, they prepared the polymeric 
compound by CROP and subsequent (multiple) deprotection steps to 
study the structure/property relationship of the cellulose derivatives 
(Kamitakahara et al., 2010). 

3. Enzymatic synthesis of cellulose 

As nature is synthesizing cellulose through enzymes far more spe-
cifically and efficiently than any chemist in the laboratory, it is logical 
that several enzymatic in vitro approaches towards cellulose have been 
proposed. Regioselective and stereoregular formation of the β-(1 → 4)- 
glycosidic linkage is especially challenging by chemical synthesis, while 
native enzymes can do this with ease. Enzymatic catalysis for the in vitro 
synthesis of cellulose and similar polysaccharides, including mecha-
nistic aspects, has already been reviewed in detail by Kobayashi 
(Kobayashi et al., 2001; Kobayashi & Makino, 2009), Kadokawa 
(Kadokawa, 2011), and Shoda et al. (Shoda et al., 2016). Thus, only a 
brief overview is provided in this review for the sake of completeness. 

Using a UDP-forming cellulose synthase enzyme isolated from Ace-
tobacter xylinum, Aloni et al. and Lin et al. synthesized a β-(1 → 4)-D- 
glucan (Aloni et al., 1982; Lin et al., 1985). Aloni et al. used a PEG- 
supported enzyme to reach a rate of almost 40% of in vivo cellulose 
production. However, they only concluded that the reaction product was 
cellulose by using derivatization or digestion with cellulose hydrolyzing 
enzymes, but did not provide detailed analytical data or information 
about the crystalline and microfibrillar structure (Aloni et al., 1982). 
Shortly after, Lin et al. reported an in vitro synthesis of cellulose micro-
fibrils which, however, accumulated in clusters, according to electron 

microscopy, and were much shorter compared to the typical fibrils 
produced by Acetobacter xylinum cellulose synthase in vivo, which might 
be attributed to the absence of the TCs in the solubilized, isolated 
enzyme (Lin et al., 1985). 

A major drawback of cellulose synthesis by the biosynthetic pathway 
using glycosyltransferases is the comparatively high cost of the glycosyl 
donor in the case of UDP-forming cellulose synthase. Further, these 
enzymes are prone to product-inhibition, which significantly diminishes 
the yield (Kobayashi et al., 2001). Thus, also non-biosynthetic pathways 
are frequently employed. In 1991, the first confirmed enzymatic syn-
thesis of cellulose was accomplished by Kobayashi and co-workers. The 
authors reported an entirely non-biosynthetic pathway for cellulose 
synthesis implementing an enzyme catalyst, a glycosylase or glycosyl 
hydrolase of which the biocatalytic activity was reversed. Glycosylases 
are a convenient choice for biocatalysis since they usually have high 
glycosylation activity and are comparatively tolerant against organic 
solvents. They are, furthermore, readily available and relatively well- 
studied (Kobayashi et al., 2001). Cellulase, an example of glyco-
sylases, is originally a degrading (hydrolyzing) enzyme. As using cellu-
lase for cellulose synthesis is the reverse reaction, various ideas, mainly 
an equilibrium control and kinetic control, have been developed. Shoda 
and co-workers developed the glycosyl fluoride method as a new tech-
nology for glycosylation reactions (Shoda et al., 2016). Kobayashi and 
co-workers implemented this technique and used β-D-cellobiosyl fluo-
ride as a starting material, which was polymerized with cellulase as the 
enzymatic catalyst in acetonitrile/acetate buffer (pH 5) to obtain the 
first-ever example of in vitro synthesized cellulose. To promote the ste-
reoregular formation of the β-(1 → 4)-glycosidic linkage, the β-config-
uration of the starting substrate was crucial. The authors confirmed the 
structure of the isolated polymeric compound by comparing the 13C 
solid-state NMR and IR spectra to the respective spectra of native cel-
lulose and by conducting a hydrolysis experiment. Further, they acety-
lated the synthetic compound and measured a DP of at least 22 using gel 
permeation chromatography, which is still relatively low compared to 
native cellulose (Kobayashi et al., 1991). Using an extensively purified 
enzyme, Lee and co-workers achieved the first and highly remarkable in 
vitro synthesis of the native cellulose I allomorph (Lee et al., 1994). This 
technique was further extended to the synthesis of cellulose derivatives 
exhibiting, inter alia, alternating methyl groups at C6-OH (Okamoto 
et al., 1997) or glucose and N-acetylglucosamine units (Kobayashi et al., 
2006) using fluorinated disaccharide monomers and cellulase catalysis. 
A major drawback of this method, however, is the rather complex, 
multistep synthesis of the glycosyl fluorides, making the use of different 
monomers desirable (Shoda et al., 2016). 

Samain et al. successfully synthesized cellooligosaccharides 
employing cellodextrin phosphorylase (CDP) for catalysis, together with 
cellobiosyl derivatives and α-D-glucopyranosyl 1-phosphate as glycosyl 
donors. However, the rather costly glycosyl donor was also a major 
drawback in this case and the achieved DP of around eight was 
comparatively low (Samain et al., 1995). Starting from glucose and α-D- 
glucopyranosyl 1-phosphate, Hiraishi and co-workers synthesized 
highly ordered cellulose II cellooligosaccharides also using CDP as a 
catalyst (Hiraishi et al., 2009). Serizawa et al. were the first ones to 
implement C1-modified β-D-glucose derivatives as end-group substrates 

Fig. 8. Chemical structure of native “D”-cellulose compared to its artificial enantiomer “L-cellulose” as synthesized by Yagura et al. (Yagura et al., 2020).  
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(“primers”) in CDP-catalyzed polycondensation of α-D-glucopyranosyl 1- 
phosphate to allow precise end-group modification of the cellulose chain 
at its reducing end. Due to the poor substrate specificity of CDP, the 
modified glycosyl acceptors were readily accepted by the enzyme. For 
example, it was used as a catalyst in a related synthesis of alkyl β-cel-
lulosides, i.e., O-alkyl reducing-end-modified cellooligomers. By varying 
the length of this single alkyl group, the crystallization behavior of the 
oligomers could be influenced. While the use of n-butyl or shorter-chain 
alkyls promoted the formation of antiparallel cellulose II, n-hexyl or 
longer chains led to the parallel cellulose I allomorph, which also 
affected the self-assembly of the strands into different tertiary structures 
(Serizawa et al., 2021; Yataka et al., 2016). The authors also synthesized 
azide-containing cellulose oligomers by the same path. Implementing a 
β-glucosyl azide primer as the glycosyl acceptor, Yataka et al. synthe-
sized a cellulose II crystalline allomorph with reactive N3-groups situ-
ated at the reducing ends on the surface prone to post-functionalization 
by Cu(I)-catalyzed Huisgen alkyne-azide cycloaddition reactions (Yataka 
et al., 2015). The same group recently reported the synthesis of block 
copolymers of cellooligosaccharides and oligo(ethylene glycol) using 
bifunctional oligomeric primers and CDP catalysis, in which a cellulose 
II-like crystalline structure was observed for the products (Sugiura et al., 
2021). 

In 2007, Egusa et al. successfully synthesized cellulose exhibiting a 
high DP from non-substituted cellobiose, implementing catalysis with a 
commercially available cellulase. They employed the well-known N,N- 
dimethylacetamide (DMAc)/LiCl solvent system: first, to overcome the 
solubility issue of cellulose, and second, to prevent partial inactivation 
of the cellulase by acetonitrile, which were the main reasons for the low 
DP of the product previously obtained by Kobayashi and co-workers. 
The authors introduced the enzyme in the form of a cellulase/surfac-
tant complex. Using this method, synthetic cellulose exhibiting a DP 
>100 was obtained, whose structure was confirmed by NMR spectros-
copy as well as X-ray diffraction. However, the yield of higher molecular 
weight products (DP ≥6) was less than 5%, and more than half of the 
starting cellobiose was not consumed, which was attributed to a possible 
decreasing effect of aprotic polar solvents such as DMAc or DMSO on 
enzymatic activity (Egusa et al., 2007). Later, Egusa et al. further opti-
mized the conditions and were able to achieve higher conversion rates. A 
surfactant-enveloped enzyme (SEE) and a protic component (acid) as an 
additive in the same aprotic organic solvent system enabled the syn-
thesis of cellulose with a DP of more than 120 at approximately 26% 
conversion (see Fig. 9). Furthermore, the protective surfactant in the 
SEE, i.e., dioleyl-N-D-glucona-L-glutamate, largely prevented deactiva-
tion of the cellulase in the strongly polar, aprotic organic solvent system 
DMAc/LiCl and thus allowed for a more efficient biocatalytic synthesis 
(Egusa et al., 2012). 

4. Concluding remarks and outlook 

Only limited options are available to efficiently synthesize cellulose 
in vitro, even though much effort has been put into establishing efficient, 
convenient, and practical protocols. The complete regio- and stereo-
control during the synthesis of the polysaccharide is especially chal-
lenging and requires accurate fine-tuning of protecting groups and 
reaction conditions. The method of choice strongly depends on the 
purpose of the synthesis. If isotopically labeled and completely regio-
selectively substituted cellulose or cellulose with a discrete DP (defined 
chain length, no molar mass distribution) are needed, chemical synthesis 
might be a suitable choice. Especially the stepwise addition method can 
provide cellulose (cellooligosaccharides) with exactly defined DP (or at 
least a very low dispersity). However, the high number of synthetic steps 
required and the low amounts accessible are significant drawbacks, as is 
the limited accessibility of higher DPs. Chemical polymerization, espe-
cially the ring-opening polymerization approach, is also able to provide 
pure cellulose. Yet, this method is prone to various quenching mecha-
nisms, which again significantly limits the accessible DP range. With this 
method, however, D-cellulose, isotopically labeled celluloses, cellulose 
derivatives with complete substitution selectivity as well as the enan-
tiomers “L-cellulose” and optically-inactive “D,L-cellulose” have been 
synthesized. In general, celluloses chemically synthesized are identical 
to genuine celluloses according to all analytical techniques, and usually 
belong to the cellulose II allomorph. In vitro chemical synthesis of cel-
lulose exhibiting a type I crystalline structure may thus also be desirable 
and was already achieved under special conditions (Lee et al., 1994). If a 
higher molecular weight is required than accessible by chemical syn-
thesis, enzyme-mediated synthesis is a convenient choice, although the 
conversion yield of the literature protocols is still very low due to the 
deactivation of the implemented cellulases by the required organic (co-) 
solvent, and further purification of the product might be more 
challenging. 

A common challenge in all the discussed methods is the insolubility 
of cellulose in water as well as in almost all organic solvents. Especially 
with increasing DP, the biopolymer precipitates and renders efficient 
elongation of the chain challenging, both by chemical and enzymatic 
means. In terms of enzymatic catalysis, the available solvent systems, 
such as DMAc/LiCl, are critical for the enzyme's activity. For efficient 
polymerization, the careful exclusion of any type of quenching agent is 
crucial for obtaining a high DP. Even a solvent-free method might be 
accessible in the future, also rendering the synthesis more convenient in 
terms of workup and cellulose isolation. Soon, novel bottom-up ap-
proaches to cellulose and cellulose derivative synthesis can be expected, 
which make a completely regioselective substitution of the biopolymer 
or well-defined isotopomers easier accessible and thus more widely 
available for specialized studies. 

Fig. 9. Biocatalytic cellulose synthesis using a surfactant-enveloped enzyme (SEE) and a protic component (acid) in an organic medium. Reprinted with permission 
from Egusa et al., 2012, Copyright © 2012 American Chemical Society. 
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