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Biotechnologically produced chitosans with
nonrandom acetylation patterns differ from
conventional chitosans in properties and
activities

Sruthi Sreekumar1,2,3,5, Jasper Wattjes1,2,5, Anna Niehues 1,5, Tamara Mengoni1,
Ana C. Mendes 2, Edwin R. Morris4,6, Francisco M. Goycoolea 1,3 &
Bruno M. Moerschbacher 1

Chitosans are versatile biopolymers with multiple biological activities and
potential applications. They are linear copolymers of glucosamine and N-
acetylglucosamine defined by their degree of polymerisation (DP), fraction of
acetylation (FA), and pattern of acetylation (PA). Technical chitosans produced
chemically from chitin possess defined DP and FA but random PA, while
enzymatically produced natural chitosans probably have non-randomPA. This
natural process has not been replicated using biotechnology because chitin
de-N-acetylases do not efficiently deacetylate crystalline chitin. Here, we show
that such enzymes can partially N-acetylate fully deacetylated chitosan in the
presenceof excess acetate, yielding chitosanswith FA up to0.7 and an enzyme-
dependent non-random PA. The biotech chitosans differ from technical chit-
osans both in terms of physicochemical and nanoscale solution properties and
biological activities. As with synthetic block co-polymers, controlling the dis-
tribution of building blocks within the biopolymer chain will open a new
dimension of chitosan research and exploitation.

Chitosans are binary copolymers of partly hydrophobic N-acet-
ylglucosamine (GlcNAc) and, at ca. pH 6 or below, cationic glucosa-
mine (GlcN) linked by β−1,4-glycosidic bonds. In nature, chitosans are
prominently found in the specialised fungal cell walls formed during
host tissue penetration1,2. In the laboratory, chitosans can form gels,
films, sponges, and nanoparticles and have been shown to interact
with partly polyanionic/partly hydrophobic biomolecules such as
proteins, nucleic acids, mucins, and phospholipid membranes3,4. Both
the physicochemical properties and biological activities of chitosans
are directly influenced by their degree of polymerisation (DP), molar
fraction of acetylation (FA), and, possibly, pattern of acetylation (PA)5.

It is possible to synthesise chitosan with tight control of the DP and FA
by homogeneous or heterogeneous chemical de-N-acetylation of
chitin or N-acetylation of fully deacetylated chitosan, i.e., 1→)-β-D-
GlcpN-(→4 (in the following referred to as polyglucosamine for brev-
ity), so that the influence of these parameters can be studied in
detail6–8. The structure-function relationships thus derived, sum-
marised in the chitosan matrix which visualises bioactivities as a
function of DP and FA5, have allowed the development of chitosan-
based applications for food preservation and plant protection,
exploiting the antimicrobial properties of chitosans and their ability to
induce plant defence responses9,10. However, biomedically relevant
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activities of chitosans still remain poorly understood on amolecular or
nanoscale level, so that the development of chitosan-based bioma-
terials for medical applications lags behind the presumed potential of
these functional biopolymers, possibly because of the unknown roleof
PA in the interaction of chitosans with human or animal cells5.

In contrast to DP and FA, the PA is more difficult to analyse and
control11. Initially, chitosans produced by the heterogeneous de-N-
acetylation of chitin were thought to possess blocks of acetyl groups,
whereas chitosans produced by homogeneous de-acetylation or N-
acetylationwerepredicted tohave amore randomPA12–14. However, 13C
nuclear magnetic resonance (NMR) spectroscopy showed that dyad
frequencies of commercially available chitosans do not differ from
what is expected for random PA, regardless of the production
method15,16. It has therefore been impossible to investigate the
potential influence of acetylation patterns on the properties and
activities of chitosanpolymers, but theoretical considerations strongly
suggest that such an influence exists5. Importantly, natural chitosans
are likely to possess non-random acetylation patterns due to their
enzymatic route of synthesis.

One way in which PA could influence the biological activity of
chitosans is via the sequence-dependent activity of chitosanolytic
enzymes17,18. Partially acetylated chitosans can be depolymerised by
both chitinases and chitosanases. The former are ubiquitous whereas
the latter appear to be restricted to microorganisms. Both types of
enzyme tend to have more or less pronounced sequence specificity
because their substrate-binding cleft consists of multiple subsites,
eachbinding a singlemonomeric subunit and showing apreference for
either GlcN or GlcNAc19–21. The PA of the substrate therefore deter-
mines its position in the binding site, in turn specifying GlcNorGlcNAc
units at and near the reducing and non-reducing ends of the oligo-
meric products. The PA of the substrate and the subsite specificities
and preferences of the enzyme therefore combine to determine how
readily the polymer is degraded and the types of oligomers produced.
This is important because the biological activity of chitosan polymers
in a given tissue may be exerted by the polymer itself, such as by
electrostatic interactions with the plasma membrane of a target cell6,
or by enzymatic degradation products generated in situ, whichmay be
recognised by specific receptors8,22–25. In both cases, the PA can be
expected to strongly influence the pharmacodynamics and pharma-
cokinetics of the chitosan polymers, such as their bioavailability, their
metabolic fate, their absorption, distribution, and excretion from a
target tissue and organism, as well as their local or systemic,
immediate or retarded, long- or short-lived action in humans, animals,
or plants5.

Although chemically produced conventional chitosans feature a
random PA, natural chitosans produced by chitin deacetylases (CDAs)
may possess non-random acetylation patterns26–28. However, CDAs are
almost inactive on native chitin polymers in vitro probably because the
substrate is crystalline29,30. In contrast, CDAs do act on soluble chitosan
polymerswith a high FA, converting them to low-FA chitosans30–32. Such
chemo-enzymatically produced chitosans can exhibit non-random
acetylation patterns27,28. Depending on which CDA is used, the PA
ranges from Bernoullian randomness to a block-like or more regular
distribution of acetyl groups, as confirmed by 13C-NMR dyad analysis
and enzymatic mass spectrometry (EMS) fingerprinting27. However,
the PƩ values did not differ greatly from 1, the value expected for
randomPA15, because the high-FA chitosanpolymer used as a substrate
was produced chemically and thus had a random PA. Accordingly, the
products also tended towards randomness, with PƩ-values of
0.75–1.3127. To address this issue, we approached the problem fromthe
opposite perspective, using CDAs in reverse to partially N-acetylate
polyglucosamine in the presence of excess acetate as ameans to retain
their regioselectivity and generate chitosans with a specific PA, as
shown previously for GlcN oligomers17,33,34.

Here, we show that different recombinant chitin deacetylases are
able to N-acetylate polyglucosamine, yielding partially acetylated
chitosans ranging inFA all thewayup to0.7, i.e. in the full range of acid-
soluble chitosans. Depending on the enzyme used, the acetylation
patterns of these biotech chitosans can differ from randomness
towards a more block-wise or a more regular distribution. Extensive
functional tests show that these biotech chitosans possess different
physicochemical properties and biological activities compared to
conventional technical chitosans with random acetylation.

Results
CDA can N-acetylate polyglucosamine, yielding high-FA chit-
osans with non-random acetylation
We tested four recombinant fungal CDAs to determine whether they
would act in reverse on polyglucosamine, producing partially acety-
lated chitosan polymers in the presence of excess acetate (Fig. 1). This
yielded chitosans with a FA as high as 0.7 (Supplementary Fig. 1a) and
the process could be controlled by adjusting the reaction conditions
such as the incubation time or enzyme concentration, giving us access
to the full spectrum of soluble chitosan polymers (Fig. 1a). EMS fin-
gerprinting revealed that the enzymatically and chemically N-acety-
lated chitosans differed in terms of PA, with the former showing
average GlcN and GlcNAc block sizes that deviated from random PA
chitosans in different directions depending on which enzymewe used.
Detailed analysis of the chitinosanase products clearly showed that
chitosans with a similar FA produced by different enzymes showed
significantly different properties, confirming that each enzyme gen-
erated chitosan polymers with a unique PA (Fig. 1b). The oligomeric
products of PgtCDAmost closely resembled those of the conventional
random-PA chitosan, whereas the products of AnCDA and PesCDA
resembled each other but clearly differed from those of the conven-
tional chitosan, featuring larger oligomers that indicated block-wise
rather than random acetylation. In contrast, the products of CnCDA4
were dominated by smaller oligomers, indicating regular rather than
random acetylation. A comparative analysis of block size distributions
revealed that each enzyme generated unique products that differed
from the chemical control (Supplementary Fig. 1b). Interestingly, these
differenceswere already visible at early timepoints in theN-acetylation
reaction when the FA was low. We scaled up the PesCDA reaction to
yield sufficient product for 13C-NMR dyad analysis. We initially used a
sample with a FA of 0.5 but were unable to dissolve it in D2O following
treatment with HNO2. Unlike chemically N-acetylated chitosan poly-
mers with the same FA35, the enzymatically N-acetylated chitosan
polymer could not be solubilised using a stoichiometric quantity of
acid but required 5% acetic acid, again indicating a non-random PA.
This issue was not encountered with an enzymatically (also using
PesCDA) N-acetylated chitosan with a FA of 0.33, for which 13C-NMR
dyad analysis revealed a PƩ value of 0.3, verifying the strong block-wise
distribution of acetyl groups (Fig. 1c; Supplementary Fig. 1c).

All chitosans used in this study are named as CS.xxY-Ac, where.xx
represents the FA of the chitosan and the superscript denotes the type
of FA-modification applied, with D = chemical de-acetylation, N =
chemical N-acetylation, and E = enzymatic N-acetylation.

PA influences the physicochemical properties of chitosans in
solution
Next, we compared the physicochemical solution properties of the
enzymatically N-acetylated PƩ =0.3 block-PA chitosan polymer (FA =
0.33, DP = 800, dispersity (Đ) = 1.9) with those of a chemically N-
acetylated PƩ = 1.0 random-PA chitosan (FA = 0.34, DP = 700, Đ = 1.8)
(Fig. 2). The intrinsic viscosity of the biotech chitosan in water was
significantly lower than that of the conventional chitosan (Supple-
mentary Table 1). This differencewas strongly reduced in the presence
of 0.1M NaCl, indicating a more densely packed conformation in
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solution presumably caused by hydrophobic interactions between
poly-GlcNAc blocks. This solution behaviour was similar to that
reported for a chemo-enzymatically prepared chitosan polymer with
slightly more block-wise than random PA (PƩ =0.75)27. While the con-
ventional chitosan readily formed nanoparticles by ionic gelation with
tripolyphosphate (TPP)36,37, particle formation was limited with the
biotech chitosan (Fig. 2a). The Z-average hydrodynamic diameter of
the random-PA chitosannanoparticles increasedwith the chitosan:TPP

ratio, whereas that of the scarce block-PA chitosan nanoparticles
remained surprisingly stable, again possibly reflecting hydrophobic
interactions between poly-GlcNAc blocks which are not influenced by
the molar charge ratio. Block-PA nanoparticles showed a higher dis-
persity in size than random-PA nanoparticles, often exhibiting a
bimodal distribution indicative of the formation of small aggregates
(Supplementary Fig. 2). For both types of chitosan, the surface charge
increased with increasing NH2/TPP ratio from 1.2 to 2.1, reaching ca.
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Fig. 1 | CDAs canN-acetylate polyglucosamine, yielding high-FA chitosans with
non-random PA. A Polyglucosamine (FA = 0.03) was incubated in the presence of
1.5M sodium acetate for 24h (pH 7.5)with four different recombinant fungal CDAs
(AnCDA from Aspergillus niger, CnCDA4 from Cryptococcus neoformans, PgtCDA
from Puccinia graminis f. sp. tritici, and PesCDA from Pestalotiopsis sp.) or without
enzyme as a control. The FA (left panel) and average block sizes of DP 2–10 (right
panel) in the resulting chitosan polymers were analysed using chitinosanase-based
EMS fingerprinting. Chemically N-acetylated chitosans were used as positive

controls. B The chemically and enzymatically N-acetylated chitosans (see A) were
hydrolysed with chitinosanase, and products of DP 2–10 were analysed by HILIC-
ESI-MS to calculate the FA of the polymeric substrates (upper panel) and char-
acterise the oligomeric products (lower panel). C 13C-NMR analysis of one enzy-
matically (CS.33E-Ac) produced (using PesCDA) and two chemically N-acetylated
chitosans with a similar FA (CS.28 N-Ac and CS.35 N-Ac) (left panel) and magnification
of the C-5 resonance region (right panel). The four dyad peak areas (IDA, IDD, IAA,
and IAD) were integrated and used to calculate PΣ values

15.
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+30mV and remaining constant at higher ratios, as expected. In con-
trast, both types of chitosan readily yielded nanocapsules (chitosan-
coated nanoemulsions38) with no significant differences between the
two forms (Fig. 2b). Whereas chitosan forms the bulk of chitosan-TPP
nanoparticles, the nanocapsules feature a thin chitosan surface layer,
apparently with less influence on the overall properties of the system.
We also found that both types of chitosan were able to form

nanoparticles prepared using an electrospray technique (Fig. 2c) in the
presence of 30% acetic acid and 30% ethanol39,40. These conditions are
likely to reduce the influence of electrostatic and hydrophobic
interactions.

The quantitative solution properties of the two chitosan polymers
(Fig. 3) were compared by measuring the small deformation rheology
characterised by the frequency dependence profile of the elastic (G′)
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Fig. 2 | PA influences the nanoformulation of chitosans. A Physicochemical
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independent experiments plotted as means ± SD. B Physicochemical character-
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represent three independent experiments plotted as means ± SD. C Characterisa-
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and loss (G′′) moduli and the complex viscosity (η*). Intriguingly, the
profile of the conventional random-PA chitosan was typical of random
coil behaviour in a dilute polymer solution41, whereas the biotech
block-PA chitosan showed overall lower G′ and G′′ values but the fre-
quency dependence of both moduli displayed a similar slope (Fig. 3a).
This peculiarity was also illustrated by the frequency dependence of
tan δ (=G′′/G′) for both solutions, which showed amonotonic decrease
for the conventional chitosan, but was essentially independent of
frequency for the biotech chitosan apart from an abrupt upturn above
ca. 10 rad s−1, which corresponds to an anomalous downturn in G’ and

probably arises from the onset of resonance in the measuring geo-
metry of the rheometer at high frequency. Figure 3a also shows the
corresponding Cox-Merz superposition for both systems, represent-
ing the values of η* and the steady-shear viscosity (η) as a function of
oscillation frequency and shear rate, respectively. Notably, the
random-PA polymer showed almost Newtonian behaviour (with η* and
η showing little dependenceon frequency and shear rate, respectively)
and similar values ofboth viscosities, thus conforming to theCox-Merz
rule42. In contrast, the values of η* and η were almost an order of
magnitude lower for the block-PA polymer and yet it displayed much

Fig. 3 | PA influences the properties of chitosans in solution. A Rheological
analysis of enzymatically (CS.33E-Ac) and chemically (CS.30 N-Ac-1) produced chitosan
polymers prepared from 30mgml−1 chitosan dissolved in a 5% stoichiometric
excess of acetic acid at 25 °C: dependence of viscoelastic moduli G′ and G′′ and
complex viscosity (η*) on the frequency (strain = 20%) of CS.30E-Ac (upper left
panel) and CS.30 N-Ac-1 (upper right panel); dependence of tan δ (=G′′/G′) on fre-
quency (strain = 20%) (lower left panel) and Cox-Merz representation of η* and
steady-shear viscosity (η) as a function of frequency and shear rate, respectively

(lower right panel). All measurements were conducted within the linear viscoe-
lastic region. B Circular dichroism spectroscopy of enzymatically (CS.33E-Ac) and
chemically (CS.34 N-Ac) produced chitosan (0.5mgml−1 at 25 °C). C Ratio of pyrene
fluorescence emission intensities (I374/I385) from enzymatically (CS.33E-Ac) and
chemically (CS.30 N-Ac) produced chitosan as a function of chitosan concentration
(λex = 343 nm, 2 µM pyrene, 5% stoichiometric excess of acetic acid, 100mM
NaCl, 25 °C).
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greater shear thinning behaviour, while still conforming to the Cox-
Merz rule within experimental error. These results suggest that the
conventional chitosan behaves, as expected, as a polymer random coil
in the entangled regime, whereas the biotech chitosan adopts a dif-
ferent conformation. This difference in conformation was also indi-
cated by circular dichroism (CD) spectroscopy, which revealed subtle

but important differences in the peak bands of the two samples
(Fig. 3b). Indeed, both the peak and trough CD bands of the block-PA
chitosan appeared shifted by ca. 4 nm to a higher λ than the random-
PA chitosan. Finally, we investigated the dependence of pyrene fluor-
escence (I374/I385 ratio) on the concentration of both chitosan
solutions43,44 (Fig. 3c). The block-PA chitosan had a much stronger

Fig. 4 | PA influences the gelationproperties of chitosans. ADependence of the
viscoelastic moduli G’ and G” and of the complex viscosity (η*) on frequency for
CS.33E-Ac (left panel) and CS.30 N-Ac (right panel) (strain 5%, 40 °C) in 0.5M acetate
buffer pH 4.5 (ca. 14mgmL−1 chitosan) crosslinked with genipin (genipin/GlcN
molar ratio = 0.5). B Cox-Merz superpositions of steady-shear viscosity (η) and
complex viscosity (η*) for CS.33E-Ac (left panel) and CS.30 N-Ac (right panel).
C Dependence of the viscoelastic moduli G’ and G” and of the liquid-like character
(tanδ) on time for CS.33E-Ac (left panel) andCS.30 N-Ac (right panel) (strain 5%, 40 °C)

in 0.5M acetate buffer pH 4.5 (ca. 14mgmL−1 chitosan) crosslinked with genipin
(genipin/GlcN molar ratio = 0.5). D Multiwave variation of tan δ(t) at the funda-
mental and multiwave harmonic frequencies (as shown in labels), showing the
closest earliest crossover time for CS.33E-Ac (left panel) and the critical gel time (tgel)
for CS.30 N-Ac (right panel). E Endpoint (time 6000 s) dependence of the viscoe-
lastic moduli G’ and G” and of the complex viscosity (η*) on frequency for CS.33E-Ac

(left panel) and CS.30 N-Ac (right panel).
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dependency than the random-PA chitosan, thus confirming the greater
hydrophobicity of the block-PA polymer. The results support our
hypothesis that the biotech chitosan contains a greater proportion of
more hydrophobic block domains than the conventional polymer.

The above results suggest that the gelling behaviour of the
enzymatically produced, block-PA chitosan will differ from that of
conventional, random-PA chitosans. Therefore, we next compared the
process of gelation of conventional random-PA and biotech block-PA
chitosans by covalent genipin crosslinking (Fig. 4). While the viscoe-
lastic profile of the random-PA sample during the first minutes after
genipin addition shows the typical behaviour of an entangled polymer
solution as already seen in Fig. 3a, that of the block-PA sample differs
sharply, with G’ predominating over G” even at the lowest frequency,
and both moduli showing an increasing dependence on frequency up
to 10 rad s−1, beyond which the appearance of geometry resonance
leads to a more erratic behaviour (Fig. 4a). The different rheological
behaviour of the two types of chitosan at the outset of the gelation
experiment can also be seen in the Cox-Merz superpositions of η and
η* data (Fig. 4b). Interestingly, while the random-PA sample conforms
very closely with the Cox-Merz rule and again agrees with the results
shown in Fig. 3a, the block-PA sample violates this rule, with the values
of η* lying on top of thoseof η, characteristic of aweakgel system such
as concentrated aqueous xanthan gum solutions45. The rheological
behaviour of the biotech block-PA chitosan was unexpected and sug-
gests that the chitosan solution started to showaweakgel behaviour at
the outset of the rheological measurements. The most likely explana-
tion for this result is that the addition of the small aliquot of the
ethanolic genipin solution drove the chitosan chains with their blocks
of consecutive acetylated GlcNAc units to self-association, resulting in
the formation of a tenuous gel network and immediately starting the
covalent crosslinking.

The kinetics of gelation of the two chitosan samples is visualised
by the evolution of G’, G”, and tan δ over time registered at the fun-
damental frequency (1 rad s−1) (Fig. 4c). In the block-PA sample, G’ is
greater than G” from the outset of the experiment, and both moduli
steadily and strongly increase, G’ eventually reaching ca. 200 Pa, while
tan δ rapidly decreases from ca. 0.4 to ca. 0.04. Notably, an approx-
imate visual interpolation of G’ and G” traces to zero time reveals that
G’ would continue to predominate over G”, thus suggesting that since
the addition of the genipin aliquot to the chitosan solution, the system
exhibited a weak gel behaviour. By contrast, the conventional random-
PA chitosan shows a predominantly liquid-like behaviour at early
times, with G” predominating over G’ and a high tan δ value, followed
by an abrupt sigmoidal increase of both moduli, and G’ surpassing G”
at ca. 1750 s, eventually reaching ca. 1000 Pa. This behaviour has all the
hallmarks of a critical sol-to-gel transition as previously shown for
genipin-crosslinked gelation of conventional chitosans46,47. To deter-
mine the critical gelation time (tgel) with greater precision, we adopted
the criterion of Winter and Chambon48 and measured tan δ at varying
frequencies using the multiwave harmonics programme. The regis-
tered tan δ traces showed a sudden drop from values greater than 1.0
to below 0.1, converging tightly into a single point at tgel of 1873 s
(Fig. 4d). For the block-PA sample, it is impossible to pinpoint a single
time point where all the tan δ(t) converge, and the trace at the fun-
damental frequency lies lower than those at all other frequencies
throughout the entire period of the experiment. Again, this profile is in
sharp contrast to the tan δ(t) traces registered for the random-PA
sample.

Finally, we determined the endpoint mechanical spectra for both
chitosan-genipin gels, which both showed the characteristic features
of firmly set gels, namely a predominance of G’ over G”, with no
dependence of either on frequency, and a negative dependence of η*
with a slope of −1 (Fig. 4e). Endpoint amplitude (strain) sweeps on both
gelled systems confirmed that the measurements were recorded well
within the linear viscoelastic region assessed between 0.1 and 100%.

Both gels retained theirmechanical strength up to a strain of 47.8%. Of
note, however, the strain dependence of G’ and G” moduli within this
regime revealed subtle (though meaningful) differences between the
two samples (Supplementary Fig. 3). G’ of the block-PA chitosan gel
showed amonotonic increase inG’ from233.6 to 395.5 Pa up to a strain
of 46.8% (Δ = 69%) beyond which the gel started to yield at greater
strains, while the corresponding increase inG”was from 10.3 to 13.9 Pa
(Δ = 35%)up to a strain of 14.9%, beyondwhichan abrupt increase up to
30.9 Pa (Δ = 122%) up to a strain of 68.7% was recorded. The increases
in G’ and G” for the random-PA chitosan gel, within the same strain
range, were proportionally much smaller than those observed for the
block-PA gel (1361.1 to 1622.4 Pa (Δ = 19%) and 38 to 44.9 Pa (Δ = 4%),
respectively. The more pronounced increases in gel strength with
increasing deformation observed in the block-PA sample with respect
to the random-PA one is diagnostic for microstructural and possibly
thermodynamic differences between both gel networks, as discussed
below. The visual inspection of the vials containing the remaining
solutions kept at 40 °C confirmed that despite the different time
gelation profiles observed on both samples, both developed the
characteristic blue colour of chitosan-genipin covalently crosslinked
gels. After overnight storage of the gels kept in the glass vials under
refrigeration, it was interesting that the block-PA gels suffered slightly
greater synaeresis (i.e., expelling of water from the gel driven by its
contraction) than the random-PA ones (Supplementary Fig. 4).

Clearly, while both random-PA and block-PA chitosans are
undergoing the same chemical process that leads to the consolidation
of a firmly set genipin-crosslinked gel network, the process follows
very different kinetics in the two chitosans. Unlike the conventional
random-PA chitosan, the biotech block-PA chitosan appears to start
forming a gel immediately after the addition of genipin, possibly
triggered by a self-association phenomenon upon the addition of
ethanol (needed to dissolve genipin) driven by hydrophobic associa-
tions between the GlcNAc blocks and by the fast reaction step of the
covalent genipin-chitosan crosslinking49. This weak network is subse-
quently consolidated into a firm gel network by covalent crosslinking
with genipin, but eventually yielding a somewhat weaker gel than that
formed more slowly by the random-PA chitosan. As the mechanical
strength of a gel is governed by the number of elastically-active net-
work chains (EANCs) per repeat unit in the gel network50, such junc-
tions apparently occur less frequently in the block-PA than in the
random-PA gels. This could be diagnostic either of lower availability of
amino groups able to participate in the crosslinking process in the
former, as previously suggested for BSA-genipin compared with
gelatine-genipin-crosslinked gels49, or due to the formation of longer
junctions created by the deacetylated GlcN blocks, resulting in a lower
net number of EANCs than in the random-PA gels. Further studies
using complementary techniques such as UV-vis spectroscopy and
SAXS, and a range of different polymer and genipin concentrations,
temperature, and block-PA samples of varying FA will contribute to
elucidate the mechanisms at play.

PA influences the biological activity of chitosans
Wenext compared thebiological activities of the two chitosan samples
(Fig. 5). The enzymatically N-acetylated block-PA chitosan showed
stronger antibacterial activity than the chemically N-acetylated
random-PA chitosan against the Gram-negative bacterium Pseudomo-
nas syringae in liquid culture, while both chitosans were equally active
against the biofilm-forming Gram-positive bacterium Bacillus licheni-
formis (Fig. 5a; Supplementary Fig. 5). The antibacterial activity of
conventional chitosans against Gram-negative bacteria is inversely
related to the FA10. This probably reflects the decreasing charge den-
sity, because the antimicrobial activity of chitosans is thought to be
caused by electrostatic interactions involving GlcN-rich blocks in the
polymer chain that are large enough to disruptmembrane integrity51,52.
The block-PA chitosan appears to contain sufficiently large GlcN-rich
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blocks to confer antibacterial activity even at the rather high FA of 0.33,
where a random-PA chitosan would have an average GlcN block size of
only 3. The antibacterial activity of chitosans against Gram-positive
bacteria appears to rely on their interaction with teichoic acids10,53

whichmay be less influencedbyPA. Both the biotech and conventional
chitosans showed no cytotoxicity toward human keratinocytes
(HaCaT) or primary human umbilical vein endothelial cells (HUVEC)
(Supplementary Fig. 6). The most striking difference between the two
types of chitosan was their sensitivity to different chitosanolytic
enzymes (Fig. 5b). Incubation of the random-PA chitosan with a bac-
terial chitosanase that strongly favours GlcN units close to its cleavage
site21,54 predominantly yielded fully deacetylated and partially acety-
lated dimers and trimers. In contrast, the biotech chitosan yielded
almost exclusively fully deacetylated dimers and trimers, consistent
with a block-PA organisation (GlcN blocks are degraded to GlcN2 and
GlcN3, whereas GlcNAc blocks are not degraded). Conversely, incu-
bation of the random-PA chitosan with a bacterial chitinase that
strongly favours GlcNAc units19,20,55 predominantly yielded partially

acetylated dimers and trimers but almost no fully-acetylated chit-
obiose. In contrast, the biotech chitosan predominantly yielded chit-
obiose GlcNAc2 derived from the GlcNAc blocks. A similar behaviour
was observed using the human enzyme chitotriosidase, which has
subsite preferences resembling the bacterial chitinase56,57. Human
lysozyme, which has an almost absolute specificity for GlcNAc units
close to its cleavage site58,59, did not produce oligomers from the
random-PA substrate but generated fully-acetylated dimers to tetra-
mers from the block-PA substrate. Similar results were obtained when
the enzymatic degradation products of two chitosans with an even
lower FA of ca. 0.1 were compared. As anticipated given the low FA,
chitosanase generated similar products with both substrates, but
chitinase and chitotriosidase yielded chitobiose alone from the block-
PA chitosan. Surprisingly, lysozyme digestion of the block-PA chitosan
yielded fully-acetylated GlcNAc oligomers up to DP = 4, indicating the
frequent presence of heptameric or even longer GlcNAc blocks in this
polymer60.With a randomPA, the anticipated frequencyof heptameric
GlcNAc blocks would be 0.17, equivalent to one in every 10 million
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Fig. 5 | PA influences the antimicrobial activity and enzymatic degradability of
chitosans. A Growth of Pseudomonas syringae pv. tomato (DC3000 [pVSP61]) in
the presence of different concentrations of enzymatically (left panel) and chemi-
cally (right panel) N-acetylated chitosan polymers, measured as OD600 over 24h.
B UHPLC-ESI-MS analysis, showing base peak chromatograms of the oligomeric

hydrolysis products (A =GlcNAc, D =GlcN) of enzymatically (left panel) and che-
mically (right panel) N-acetylated chitosan polymers of FA ≈0.3 (left panel) or
FA ≈0.1 (right panel) after 24h of incubation with chitinase (ChiB), chitosanase
(Csn174), human lysozyme, or human chitotriosidase, or without an enzyme. The
subsite specificities of the chitinolytic enzymes are indicated in the central gutter.
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monomeric units, or one in every 10,000 polymers with a DP of 1000.
As expected, thus, lysozyme did not yield any oligomeric products
from the random-PA chitosan with FA of ca. 0.1.

The influence of PA on the interaction of chitosans and chitinases
can be regarded as an example for the more general interaction of
chitosans and proteins. Other examples would be sequence-
dependent bacterial or fungal chitosanases21 and chitinosanase61, or
other enzymes such as matrix metalloprotease 2 (MMP2)62. Similarly,
interactions with other proteins such as the chitin receptors CERK1 in
plants23–25 and TLR2 in human cells63 can be expected or have even
already been shown to be pattern-specific. And beyond receptors, the
binding of chitosans to glycoproteins and non-proteinaceous targets
such as mucins64 or glycosaminoglycans65 can be assumed to be
strongly influenced by PA.

While the above experiments featured chemically and enzymati-
cally N-acetylated chitosans, almost all commercial chitosans are pre-
pared by the partial de-acetylation of chitin rather than the partial N-
acetylation of polyglucosamine. We therefore selected the two enzy-
matically N-acetylated chitosans described above (the first FA = 0.33
and DP = 800; the second FA = 0.14 and DP = 200) as well as two
commercial, chemically deacetylated pharmaceutical-grade chitosans
with similar parameters (the first FA = 0.24 and DP = 1300; the second
FA = 0.17 andDP = 200) formore detailed comparative analysis (Fig. 6).
The two commercial chitosans have been used in biomedical research,
especially for the transfection of human cells66–68. We, therefore, pre-
pared polyplexes by mixing these chitosans with plasmid DNA
encoding eGFP at different molar charge chitosan/DNA ratios (Sup-
plementary Fig. 7a). For most ratios, we obtained particles with a dia-
meter of 200–300nm, although the high-FA high-DP conventional
chitosan generated larger particles at higher chitosan/DNA ratios
(Fig. 6a; Supplementary Fig. 7b). The dispersity in size of the poly-
plexes was similarly low when using either of the two chitosans (Sup-
plementary Fig. 7c), thus suggesting that in both cases, the formation
of complexes proceeded under a similar route yielding a single
populationof particles. All subsequent experimentswereperformedat
a NH3

+/PO4
− molar charge ratio of 8, which produced stable particles

(Supplementary Fig. 7c). Chitosan/DNA polyplexes tend to aggregate
at neutral pHbecause they lose their surface charge, thus their stability
in physiological media is critical for their suitability as a transfection
reagent69. Given that in previous studies70,71 we had found that the
colloidal stability of chitosan nanoparticles and nanocapsules strongly
depended on FA and, to a lesser extent, on DP, but not on the phy-
siological medium used (RPMI-1640, ECGM, OptiMEM), we limited the
stability assays to OptiMEM as the medium used in subsequent
transfection studies. With the exception of the low-FA low-DP con-
ventional chitosan, all polyplexes were stable in OptiMEM for 4 h
(Fig. 6b). When these polyplexes were used to transfect MCF7 breast
cancer cells, only the low-FA low-DP biotech chitosan achieved sig-
nificant transfection efficiency on par with the positive control, Lipo-
fectamine (Fig. 6c). Importantly, both biotech chitosans were
degraded by human lysozyme, as shown by the production of chit-
obiose and chitotriose, whereas the conventional chitosans were not
(Supplementary Fig. 7d).

Discussion
Chitosan is a versatile biopolymer with useful biological activities, but
applications have been held back by the poorly understood structure-
function relationships of partially acetylated chitosans5,72,73. Recent
improvements in analytical techniques and reproducible protocols for
the synthesis of well-characterised second-generation chitosans with
known DP and FA have provided insight into these molecules11,74.
However, all commercial chitosans are produced chemically and are
thought to have a random PA15, so it is not yet possible to investigate
the influence of this property on chitosan behaviour. We have now
demonstrated that recombinant CDAs can be used to N-acetylate

polyglucosamine in the presence of excess acetate, yielding chitosan
polymers with unique, non-random PAs. Two enzymatically generated
chitosans featuring a block-wise distribution of acetyl groups were
compared in detail to chemically generated random-PA chitosans with
a similar DP and FA. This revealed the strong influence of acetylation
patterns on both the physicochemical properties and biological
activity of the chitosans. The availability of these closer-to-nature
third-generation biotech chitosans opens a new dimension in chitosan
research and exploitation by allowing the control of all three key
parameters (DP, FA, and PA).

Chitosans are binary copolymers of partly hydrophobic GlcNAc
and hydrophilic GlcN subunits. In conventional chitosans, these
monosaccharide units appear to be randomly distributed and the
molecules therefore follow the general law of behaviour in aqueous
solution described previously75. At low FA (≤0.25), they show poly-
electrolyte behaviour, whereas at higher FA (≥0.5), they behave as
typical hydrophobic polymers. At intermediate values, their behaviour
is governed by the balance between hydrophilic and hydrophobic
interactions. Enzymatic N-acetylation provides access to biotech chit-
osans with non-random acetylation patterns that clearly behave in a
different manner to conventional chitosans in solution. For example,
block-PA chitosans possess the properties of both polyelectrolytes and
hydrophobic polymers in a single molecule, potentially leading to
phenomena such as microphase separation as reported for other
biopolymers. Indeed, an influence of the pattern of substitution on the
physicochemical properties (e.g., solubility, phase behaviour, solution
rheology, gelation, crystallinity) and conformation of several poly-
saccharide families has been well documented. For example, the
solution properties (such as gelling potential) of partially methyl
esterified homogalacturonan pectins strongly depend on both the
degree and pattern of methyl esterification76–78. In alginates, the
intrinsic viscosity79 and the gel strength of calcium alginate gels cor-
relate with the block composition80. In galactomannans, in silico
modelling has allowed investigating how the distribution of the
galactose side chains influences the conformation and fundamental
properties of chains with random, block, or alternate substitution
patterns. These studies predicted that for the same degree of sub-
stitution, the block polymer is stiffer than the random and alternate
polymers81, in concordance with available experimental data for
galactomannans and with our experimental results on random and
block-wise patterned chitosans. The pattern of substitution of galac-
tomannans is also known to influence the interaction properties with
xanthan gum82. In the same way, we can safely predict that the dis-
tribution of more hydrophobic versus charged domains within chit-
osan polymers will govern their interactions with other, similarly
heterogeneous but oppositely charged polymers, such as pectins83,
alginates84, dextran sulphate85 or mucins3. In the future, polyelec-
trolyte complexes of chitosans and e.g. pectins with defined patterns
of acetylation and methyl esterification, respectively, could facilitate
the targeted, sustained, and controlled release of hydrophobic and
hydrophilic drugs as well as vaccines and genes.

The biological functions of copolymers and their oligomeric
degradation products are strongly influenced by their degree and
pattern of substitution, as reported for pectin methyl esterification86

and glycosaminoglycan sulfation87. Regarding chitosans, a crucial
influence of the FA on biological activities has been proven for both
polymers and oligomers5,6,8,10,18,72,73, while a role of the PA was only
recently revealed for chitosan oligomers22,23,31,88, and has not been
reported previously for chitosan polymers. In part, this reflects direct
physicochemical interactions with target molecules or structures. For
example, block-PA chitosansmay combine the antimicrobial activity of
low-FA chitosans5,51 with the ability of high-FA chitosans to induce
pathogen resistance in plants5,8, allowing the development of dual-
function plant protection products. The pattern of substitution also
influences the interactions with enzymes, particularly with
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Fig. 6 | PA influences the transfection efficiency of chitosan/DNA polyplexes.
A Physicochemical characteristics of polyelectrolyte complexes formed from
enzymatically N-acetylated and chemically deacetylated chitosan polymers (FA ≈
0.3 or 0.1) and plasmid DNA (pDNA) at different NH3

+/PO4
− molar charge ratios:

Z-average hydrodynamic diameter and PDI (left panel) and zeta potential (right
panel) as determined by dynamic light scattering. Data represent three indepen-
dent experiments plotted as means ± SD. B Stability of chitosan/pDNA polyplexes
in transfection media: the polyplexes were formed at a NH3

+/PO4
− molar charge

ratio of 8 and were incubated for different times in OptiMEM at pH 6.8 and 37 °C.
Data represent three independent experiments plotted as means ± SD. C Trans-
fection efficiency of the chitosan/pDNA polyplexes: Representative phase contrast
and fluorescence microscopy images (scale bar 180 µm) of MCF7 cells transfected

with chitosan/pDNA polyplexes or Lipofectamine-pDNA as a positive control,
showing GFP expression 48 h post-transfection: 1 = CS.33E-Ac, 2 =CS.24D-Ac,
3 = CS.17D-Ac, 4 = Lipofectamine 2000, 5 = CS.14E-Ac, 6 = control cells (left panel);
fluorescence intensity data normalized to negative control of MCF7 cells trans-
fected with carriers and 2.5 µg pDNA per well after 48h of incubation; negative
control = cells not transfected; positive control = cells transfected with Lipofecta-
mine 2000 (right panel). Data represent three independent experiments plotted as
means ± SD. Statistical test: one-way ANOVA followed by Tukey’s multiple com-
parisons test; horizontal bar represents significant difference between treatments
(*p <0.05; **p <0.01; ***p <0.001; ns = not significant compared to negative
control).
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depolymerases such as chitinases and chitosanases21,27, poly-
galacturonases and pectin/pectate lyases89, or heparinases and
heparan sulphate lyases90,91. We have shown that the PA strongly
influences the sensitivity of chitosan polymers to different enzymes,
affecting the kinetics, nature, and quantities of the resulting oligo-
meric products. This is important because chitosan polymers are
typically degraded in target tissues by sequence-dependent chitosan
hydrolases, potentially giving rise to biologically active chitosan oli-
gomers with a specific architecture31,57,88,92. Biodegradability is also a
prerequisite for the biocompatibility of chitosans used as pharmaco-
logical excipients. Chitosannanoparticles andnanocapsules are ideally
suited for the transmembrane delivery of drugs, vaccines, and
genes38,93, but the inability of human chitinases to breakdown themost
efficient, low-FA chitosans precludes their application in medicine57,92.
Enzymatically N-acetylated low-FA block-PA chitosans could offer a
game-changing innovation in this scenario.

Depending on the enzyme used for N-acetylation, chitosans can
be generated with either more block-wise acetyl groups or more reg-
ular distributionofGlcNAc. Like chitinases and chitosanases21, chitosan
deacetylases feature a substrate-binding cleft consisting of several
subsites, each binding a single monomeric subunit26 and probably
showing unique preferences or specificities for binding GlcN or
GlcNAc units. The fungal enzymes used in this study are each likely to
possess four subsites, ranging from {−2} to {+1}, with subsite {0}
binding the GlcNAc unit that is deacetylated to form GlcN. Most CDAs
prefer GlcNAc at all subsites, but CnCDA4 prefers GlcN at subsite {−1}
and is therefore classed as a chitosan deacetylase rather than a chitin
deacetylase88. A typical chitin deacetylase, such as PesCDA or AnCDA,
prefers GlcNAc at subsite {−1} and tends to add acetyl residues
downstream (further towards the reducing end) of existing GlcNAc
units, thus creating GlcNAc blocks with interspersed GlcN blocks and
favouring a block-PA architecture. In contrast, the chitosan deacety-
lase CnCDA4 tends to add acetyl groups downstream of a GlcN unit,
generating chitosans with more regularly distributed GlcNAc units.
PgtCDA appears to have only a slight preference for GlcN at subsite
{−1}32, probably explaining why it yields a chitosan with an almost
random PA. The varying preferences at subsites {−2} and {+1} also
influence the distribution of acetyl groups on the product, so that each
enzyme produces chitosans with a unique PA. In this study, we inves-
tigated four closely related fungal CDAs, and the products differed for
each enzyme. Given the huge diversity of naturally occurring CDAs
(not only in fungi, but also in bacteria, insects, and even viruses) and
the possibilities offered by protein engineering to modify subsite
specificities or preferences, or alter processivity, the enzymatic N-
acetylation of polyglucosamine will allow the unlimited production of
third generation chitosans for research and development. Given that
chitosans are the only polycationic counterparts to many different
polyanionic biopolymers, the impact of this innovation will extend far
beyond chitosan research into many aspects of advanced functional
materials, medicine, agriculture, and industrial biotechnology.

In conclusion, we here report on the biotechnological production
and characterisation of chitosan polymers with non-random acetyla-
tion patterns, using recombinant chitin deacetylases acting in reverse
modeonpolyglucosamines, and their potential as advanced functional
biomaterials. In contrast to all conventional chemically produced
chitosans which possess random PA, the PA of the biotech chitosans
ranges from large block-like structures to near-even distribution,
depending on the enzyme used. These biotech chitosans which differ
from their conventional counterparts in terms of physicochemical
properties and biological activities could become the third generation
of chitosans, structurally controlled in all three key parameters. While
in the present study, we provide evidence for the crucial role of PA in
determining the properties and functionalities of chitosans, more
specifically dedicated follow-up studies will expand this new dimen-
sion of chitosan research in the future. As an example concerning

physicochemical properties, the influence of PA on the behaviour of
these chitosans in other physically, enzymatically, or other covalently
crosslinked chitosan gel systems and on the mechanical, swelling, and
diffusion properties of such gels as well as of their suitability for cell
biology and tissue engineering will be exciting fields of further studies.
Concerning biological activities, it will e.g. be interesting to investigate
their potential cytotoxicity or biocompatibility towards other cells and
tissues, including e.g. cancer cell lines, and their antimicrobial activ-
ities against other bacteria, including human pathogenic ones, and
other microorganisms such as fungi and oomycetes. Another pro-
mising area for future research is the role of PA in the interaction of
chitosans with proteins such as pattern recognition receptors in
human, animal, or plant immune systems, and chitin or chitosan
modifying enzymes. Perhaps most importantly, we here describe a
chitosan polymer with a block-like distribution of acetyl groups that is
easily degraded by human chitinases and even lysozyme, despite its
low FA. Biodegradability in humans will facilitate the use of chitosan
nanostructures for the delivery of drugs, genes, and vaccines, which is
not possible with current chitosans. We show that this block-PA chit-
osan can form stable polyelectrolyte nanocomplexes with nucleic
acids, achieving better transfection efficiency than conventional chit-
osans. These offer game-changing potential in many fields, including
the development of reliable and stable RNA-based vaccines.

Methods
Production and purification of enzymes
Chitosan hydrolases. The hydrolytic enzymes required for EMS fin-
gerprinting chitinase ChiB (from Serratia marcescens, Uniprot acc. no.
A0A059UJT094 and chitosanase Csn174 (from Streptomyces sp. N174,
Uniprot acc. no. P3366554 were produced heterologously in E. coli as
fusion proteins with Strep-tag II and purified using Streptactin affinity
chromatography. Chitinosanase (from Alternaria alternata) was pur-
ified from the spent medium of the fungus using cation exchange
chromatography61.

The chitosanolytic enzymes used to assess enzymatic digestibility
of chitosan polymers were either produced heterologously in E. coli
and purified as described above (chitinase ChiB; chitosanase Csn174)
or expressed homologously in HEK293 cells (chitotriosidase ChT,
Uniprot acc. no. Q1323188 as fusion protein with His6-tag, and purified
using Ni-NTA affinity chromatography.

Chitin deacetylases. Fungal chitin deacetylases were produced
recombinantly in E. coli and purified using Streptactin affinity chro-
matography. PesCDA (from Pestalotiopsis spec., GenBank acc. no.
KY02422131), PgtCDA (from Puccinia graminis f.sp. triciti, NCBI acc. no.
XP_003323413.132, CnCDA4 (from Cryptococcus neoformans, Uniprot
acc. no. Q96TR533 were produced as previously described. AnCDA was
heterologously expressed in E. coli Rosetta 2 (DE3) as a truncated
version (Δ1-19, proposed signal peptide) of the chitin deacetylase
An12g04480 from A. niger CBS 513.88. A C-terminal Strep-tag II and
SerAla linker (SA-WSHPQFEK) was added for protein purification.

Preparation of chitosans
Chemical de-acetylation. Chemically deacetylated chitosans were
obtained commercially from Heppe Medical Chitosan GmbH (HMC+,
Halle/Saale, Germany), namely ultrapure biomedical grade HMC 70/5
(Batch No. 212-170614-01) and HMC 70/100 (Batch No. 212-170114-01).
They were produced from snow crab shell α-chitin using a hetero-
geneous de-N-acetylation process in hot alkali95.

Chemical N-acetylation. Chemically N-acetylated chitosans were
prepared using acetic anhydride (Roth, Germany)74. Briefly, chitosan
(DP 1300, Đ 1.8, FA 0.03; prepared from shrimp shell α-chitin by four
sequential heterogeneous de-N-acetylation steps using hot alkali by
Mahtani Chitosan, Veraval, India95 was solubilised in water by adding
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5% stoichiometric excess of acetic acid and stirred until completely
dissolved. One volume of 1,2-propanediol (Roth, Germany) was added
to the chitosan solution to reduce the isoelectric constant of the
medium and to help chitosan chains to adopt an open conformation.
Acetic anhydride was then added in the required molar amount to
reach the target FA. After 24 h at RT, chitosan was precipitated with an
ammonia solution (23%w/v (Roth, Germany)). The polymer precipitate
was washed to neutrality and freeze-dried for subsequent use.

Enzymatic N-acetylation. Enzymatically N-acetylated chitosans were
produced using different fungal chitin deacetylases recombinantly
produced in E. coli as described above. The same chitosan polymer as
described above for chemical N-acetylation was used as a starting
material and dissolved in 5% stoichiometric excess of acetic acid to
achieve complete dissolution. This solution was further diluted 1:2 in
3M sodium acetate (Roth, Germany) pH 7.5 to a final chitosan con-
centration of 1mgmL−1. The small-scale (2mL) time series experiments
were performed for 24 h at 37 °C using the following final concentra-
tions of enzymes: AnCDA, 1.2 µM; CnCDA4, 700 nM; PesCDA, 175 nM;
PgtCDA, 600 nM. Small volumes (1–5 µL) of concentrated stock solu-
tions of enzymes were used to prevent dilution of the reaction buffer.
Samples were taken at different time points to determine the FA by
EMS fingerprinting as described below. The large-scale (3.5 L) pro-
duction using PesCDA was performed under the same conditions as
described above, the FA was monitored using EMS fingerprinting and
additional enzyme was added until the desired FA was reached. Then,
chitosan was precipitated using acetone (1:1 v:v), the precipitate was
collected by centrifugation (20min, 12,000 × g, 4 °C), washed three
timeswithwater adjusted topH9using ammonia, and then threemore
times with distilled water, before being freeze dried. To ensure com-
plete removal of salts remaining from high salt conditions required for
enzymatic N-acetylation, samples were re-dissolved in water and dia-
lysis was performed using 12 kDa cut-off dialysis membranes (Repli-
gen, Ravensburg, Germany). Samples were again freeze-dried before
being used for structural and functional analysis.

Structural analysis of chitosans
Chitosan polymers were structurally analysed using standard meth-
ods, as described below. The values obtained for all chitosans used in
this study are given in Supplementary Table 2.

The number and weight-average DP of chitosan polymers were
determined using HPSEC-RID-MALLS75,96, using TSKgel® columns
(PWXL-CP-guard column +G6000 PWXL-CP +G5000PWXL-CP +G3000
PWXL-CP) (Tosoh, Griesheim, Germany) and degassed ammonium
acetate (Roth, Germany) buffer (0.15M, pH 4.5) as an eluent at a flow
rate of 0.5mLmin−1. Light scattering intensity measurements were
performed to determine theMw andMn following the Rayleigh-Debye
equation (using WinGPC UniChrom sofwater, PSS, Germany); these
values were used to calculate the molecular weight dispersity (Đ).

The average FA of chitosan polymers was determined either using
1H-NMR97 recording 200–250 spectra on an AV300 or DPX300
300MHz spectrometer (Bruker, USA), or using chitinase/chitosanase-
mass spectrometric fingerprinting98.

The PA of chitosan polymers was determined either using
13C-NMR dyad analysis15 or using chitinosanase-mass spectro-
metric fingerprinting27,96. For 13C-NMR analysis, 100mg of purified
chitosan was dissolved in 10mL of 0.07M HCl (Roth, Germany)
and stirred overnight at room temperature. The solution was
treated with 10mg sodium nitrite (NaNO2 (Roth, Germany)) for
partial depolymerisation, stirred for 4 h, and subsequently freeze
dried. Samples were dissolved in 1 mL acidic solution of D2O (1 ml
99.9% D2O, 5 μl DCl (Sigma-Aldrich, Germany) and freeze-dried.
Finally, samples were dissolved in D2O (Roth, Germany), and
13C-NMR spectra were recorded on a 600MHz DD2 instrument
(Agilent, USA). The dyad frequencies of chitosan samples were

determined based on the C-5 resonance region, and deviation
from random statistics (PΣ) was analysed27 based on former work
by Varum et al. and Weinhold et al.15,16,99,100. For chitinosanase-
mass spectrometric fingerprinting96, chitosan samples were
hydrolysed with purified chitinosanase61 (see above) using the
following conditions: 1 mgmL−1 chitosan, 3.5 µgmL−1 chit-
inosanase, 200mM ammonium acetate buffer, pH 4.2, incubation
at 37 °C for two days. After one day of incubation, chitinosanase
concentration was increased to 6.8 µgmL−1. Oligomeric products
were analysed using semi-quantitative HILIC-ESI-MS61,96. Normal-
ised mass-fractions of the hydrolysis products with DP 2–10 were
calculated. Based on the DA/XX cleavage preference of the chit-
inosanase, we calculated the frequencies of block sizes repre-
sented by the detected hydrolysis products. Weight-average
block sizes and differences of block size frequencies between
chemically and enzymatically acetylated chitosans were calcu-
lated as well.

Physicochemical solution properties of chitosans
The dynamic viscosity of chitosan aqueous solutions, solubilised with
5% stoichiometric excess of acetic acid and 0.1M NaCl was measured
using an AMVn automated rolling ball microviscometer (Anton Paar,
Ostfildern, Germany), using a capillary of 1.6-mm diameter at an angle
of 40° and at 25 °C. The dynamic viscosity was calculated from the
average of four runs, either in water containing 5% stoichiometric
excess of acetic acid or in 0.1M NaCl. From the relative viscosity ηrel
thus determined, the specific viscosity ηsp (ηsp = ηrel − 1) was calculated
by joint extrapolation to zero concentration of the Huggins, Kraemer,
and single point relationships101.

Chitosan-TPP (Sigma-Aldrich, Germany) nanoparticles were pre-
pared using the ionic gelation process36,37. A series of NH2/TPP molar
ratios (0.3, 0.6, 0.9, 1.2, 1.5, 1.8, 2.1, 2.4, 2.7, and 3)were screened to test
the formation of particles. For this, stock solutions of chitosans and
TPP were prepared at 2mgmL−1 (filtered using 0.45-μm filter) and
7mgmL−1 (filtered using 0.22μm filter), respectively. Chitosan-TPP
particles were generated spontaneously upon dropwise addition of
TPP into the chitosan solution stirring at 750 rpm and at room tem-
perature. All particles were prepared at a chitosan:TPP volume ratio of
3:1. The resulting particles were characterised for their size, poly-
dispersity index (PDI), and derived count rate (DCR) using dynamic
light scattering with non-invasive back scattering (DLS-NIBS) at a
measurement angle of 173° using the method of cumulants. The zeta
potential wasmeasured bymixed laser Doppler velocimetry and phase
analysis light scattering (M3-PALS). A Malvern Zetasizer NanoZS
(Malvern Panalytical,Malvern, UK) fittedwith a red laser (λ = 632.8 nm)
was used for both analyses. The Zetasizer Software (v 7.12, Malvern
Panalytical) was used to acquire and evaluate the data.

Nanocapsules were prepared by the solvent displacement
technique102, with some modifications. Briefly, an organic phase was
formed by dissolving 40mg of lecithin (Epikuron 145 V, Cargill
Deutschland GmbH & Co. KG, Hamburg, Germany) in 1mL of ethanol,
followed by the addition of 125μL of Miglyol® 812 (Sasol GmbH, Wit-
ten, Germany) and adding ethanol up to 10mL. This organic phasewas
immediately poured over 20mL of the aqueous phase composed of a
chitosan solution (0.5mgmL−1 dissolved in water with 5% stoichio-
metric excess of acetic acid). Nanocapsules were formed sponta-
neouslydue to theorganic solvent’s diffusion andMarangoni effects of
the organic phase103. Finally, the ethanol and some of the water were
evaporated at 40 °C under vacuum on a R-210 Rotavapor (Büchi
Labortechnik, Essen, Germany) and the volume of the formulations
was reduced to 10mL. Nanocapsules were characterised on the basis
of average size distribution, PDI, DCR, and zeta potential, as
described above.

To prepare chitosan nanoparticles by electrospraying, chitosans
were dissolved in 30% acetic acid and 30% ethanol at a concentration
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of 5mgmL−140. For the preparation of the solutions, chitosan samples
were first dispersed in water, followed by the addition of acetic acid
and ethanol. Mixtures were stirred overnight prior to the electro-
spraying process. Chitosan solutions were electrosprayed using a high
voltage generator (ES50P-10W, Gamma High Voltage Research,
Ormond Beach, FL, USA) and a syringe pump (New Era Pump Systems,
Farmingdale, NJ, USA) to provide specific voltages and solution flow
rates, respectively. For scanning electron microscopy (SEM) to inves-
tigate the morphology of the particles, the samples were attached on
metal stubs with double-sided adhesive carbon tape and coated with
6 nm of gold for better conductivity using a sputter coater (Leica
Coater ACE 200, Leica, Vienna, Austria), prior to visualisation using a
Quanta FEG 3D SEM (FEI, Eindhoven, The Netherlands). The average
particle size (50 particles per image) was determined using ImageJ
(version 1.5).

The rheological properties of chitosans were measured at a con-
centration of 30mgmL−1 (dissolved in 5% stoichiometric excess of
acetic acid) using a Kinexus Ultra rheometer (Malvern Panalytical,
Malvern, UK). A coneplatemodel (CP 4/40, PL 65) was used tomonitor
the storage and loss modulus. Frequency sweep measurements were
performed where the frequency varied between 0.01 and 100Hz
(0.0628-62.8 rad s−1) and the strain was 20% (within the linear viscoe-
lastic region). Shear viscosity studies were performed at a shear rate of
0.01–10 s−1. All samples were measured at 25 °C. As the rheological
measurements required relatively high amounts of chitosan which
were not available for the chemically N-acetylated chitosan of FA 0.30
and DP 700 that was used for all other experiments, a chitosan of FA
0.30 and DP 1700 was used for the rheology experiments. Even when
the DP does influence the overall magnitude of the viscoelastic and
steady-shear viscosity parameters, the comparison between the two
polymers of varying DP is valid as long as both solutions are in the
entangled regime37,41.

For gelation studies, the required amount of the dry chitosan was
dissolved in 0.5M acetate buffer pH 4.5 by accurate weighing at a
concentration of ca. 47mgmL−1 and was left to fully dissolve under
moderate magnetic stirring during 3 days. Once fully dissolved, the
stock solutionswerekept under refrigeration until further use. Genipin
(Challenge Bioproducs Co., Taiwan, PRC) stock solution (100mgmL−1)
was prepared by dissolving the crystalline powder in ethanol and was
freshly made ahead of use. Chitosan solutions (ca. 4–5mL) weremade
in capped glass vials by diluting the stock solutions to ca. 15mgmL−1,
fully homogenised using a vortex and equilibrated to 40 °C in a water
bath. Before loading to the rheometer, an aliquot of the genipin stock
solution was added to achieve a genipin/GlcN molar ratio of 0.5. The
final concentration of chitosan was ca. 14mgmL−1. The amount of
added ethanol was 6.8% (v/v). The gelation studies were performed on
an Anton Paar GmbH (Graz, Austria) MCR 302 rheometer equipped
with a stainless-steel parallel plate geometry (I-PP60/SS/CX) coated
with PTFE (diameter 60mm) and using a gap of 2mm. The rheometer
was connected with a water bath in combination with a Peltier heating
system for temperature control set to 40 °C. A layer of silicone oil with
a high viscosity was applied to the annulus of themeasuring geometry
to avoid dehydration of the sample during the experiment.
The instrument was controlled with RheoCompassTM software v1.24.
The measuring tests followed the sequence: (i) steady-shear flow
(0–100 s−1); (ii) oscillatory time sweep multiwave measurements using
a fundamental wave frequency of 1 rad s−1 and strain of 5%; a total of
nine harmonics (3, 5, 7, 9, 11, 13, 15, 17, and 19 rad s−1) were set; mea-
surements were recorded at one-minute intervals; the time between
the addition of genipin to the chitosan solution and the start of the
oscillatory tests was chronometred with a smartphone and used to
adjust the measurement times; (iii) amplitude (strain) sweep at a fre-
quency of 1 rad s−1 that ensured that all measurements in (i) and (ii)
were conducted within the linear viscoelastic region. The remaining of

the chitosan solutions with added genipin was kept at 40 °C in the
water bath for visual observation.

CD spectroscopy was performed using a Chirascan Plus CD
spectrophotometer (Applied Photophysics, Surrey, UK) with a LAAPD
detector and Chirascan Spectrometer Control Panel software version
4.4 (Applied Photophysics). Far-UV CD analysis was performed from
180 to 260nm with a 0.5 nm step size. Chitosan samples were dis-
solved in stoichiometric excess of acetic acid at concentrations of
0.5mg/mL. All measurements were performed at 25 °C using a 0.1mm
precision cuvette (Hellma, Müllheim, Germany); each sample was
scanned ten times and results were averaged, no smoothing was used.
The sample solvent was also scanned under identical conditions and
subtracted from the sample spectra.

Pyrene was selected as a hydrophobic fluorescent probe to
determine the hydrophobic domains within the chitosan samples.
Pyrene (Sigma-Aldrich, Germany) dissolved in methanol was added to
chitosan solutions (0.625, 1.25, 2.5, and 5.0mgmL−1 in 100mMNaCl) to
give a final concentration of 2 µM. Fluorescence spectra were taken on
a Jasco FP-6500 spectrofluorometer (Jasco, Pfungstadt, Germany) at
25 °C. The excitation wavelength was fixed to 343nm, and emission
spectrawere recorded between 360 and 550 nm; the ratio between the
peak intensities of the first peak at 374 nm (I1) and of the third peak at
385 nm (I3), whichvarybasedon the hydrophobicity of the sample, was
plotted104,105.

Biological functionalities of chitosans
In vitro antibacterial activity of chitosans was tested against the Gram-
negative bacterium Pseudomonas syringae pv. tomato (DC3000
[pVSP61]) provided by MPI, Cologne, Germany, and against the Gram-
positive film-forming bacterium Bacillus licheniformis. These strains
were selected because the respective bioassays to quantify bacterial
growth are well established in our lab106. A pre-culture of P. syringae
was grown in NYG medium (0.5% (w/v) peptone, 0.3% (w/v) yeast
extract, 2% (v/v) glycerol, pH 5.5; all ingredients were purchased from
Roth, Germany) at 30 °C under agitation at 100 rpm for two days.
Antibacterial assaywasperformed in a 96-well plate bymixing 40μLof
chitosan to 160μL of bacterial suspension with OD=0.0125 or med-
ium as a blank, yielding final chitosan concentrations of 0, 10, 20, 40,
60, 80, or 100 µgmL−1. Growth of bacteria was measured continuously
for 24 h at an interval of 10min, by measuring the optical density at
λ = 600 nm (OD600) using a UV/Vismicroplate reader (SpectraMaxM2,
Molecular Devices, Sunnyvale, CA, USA) at 26 °C. A pre-culture of B.
licheniformis was grown in LB medium (1% (w/v) NaCl, 1% (w/v) pep-
tone, 0.5% yeast extract, pH 7) at 37 °C under agitation at 250 rpm
overnight. Antibacterial assay was performed in a 24-well flat bottom
deepwell plate bymixing 50 µL of bacterial suspensionormedium as a
blank, with 1mL of chitosan solution and 4mL of MM1 P100 medium
(3% (w/v) glucose, 0.13% (w/v) MgSO4 7 H2O, 0.17% (w/v) KH2PO4,
0.005% (w/v) CaCl2 2 H2O, 0.2% (v/v) RPMI-1640 vitamins solution
(Sigma-Aldrich, Germany), 0.1% (v/v) trace element solution contain-
ing 0.25 (w/v) FeSO4 7 H2O, 0.21% (w/v) C4H4Na2O6 2 H2O, 0.18% (w/v)
MnCl2 4 H2O, 0.015% (w/v) CoCl2 6 H2O, 0.003% (w/v) CuSO4 7 H2O,
0,026% (w/v) H3BO3, 0.002% (w/v) Na2MoO4, 0.0021% (w/v) ZnCl2, pH
6.8) to induce biofilm formation107, yielding final chitosan concentra-
tions of 0, 10, 20, 30, 40, 50, 75, or 100 µgmL−1. After overnight incu-
bation at 37 °C without shaking, 20mL per well were diluted with
180 µL of MM1 P100 medium in a separate 96-well plate, and the OD
wasmeasured at λ = 600nm (OD600) using a UV/Vismicroplate reader
(Epoch 2 Microplate Spectrophotometer, Agilent Technologies, Santa
Clara, CA, USA). In both cases, chitosan stock solutions were prepared
in 5% stoichiometric excess of acetic acid.

The in vitro cytotoxicity of chitosans was studied using the MTT
(Fluka, Germany) assay on HaCaT cells as a model cell line (obtained
from the dermatological clinic at the University Hospital in Münster,
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Germany) and on HUVECs as model primary cells (obtained from the
Institute of Physiological Chemistry and Pathobiochemisty at the
University Hospital in Münster, Germany). In both cases, a cell sus-
pension (100μl containing ca. 104 cells per well) was seeded into a 96-
well tissue culture plate and incubated for 24 h, cellswere thenwashed
twicewith PBS (Merck,Germany) before addition of samples at varying
concentrations and further incubation for 24 h. Samples were then
removed and replaced by 100μl medium containing 25μl of MTT
solution (5mgmL−1 in PBS). Following incubation for 3 h, the medium
was replaced by 100μl of DMSO (Sigma-Aldrich, Germany) and the
plate was shaken for 10min at 300 rpm. Absorbance was measured at
λ = 570 nm using a UV/Vis microplate reader (Multiscan GO 60,
Thermo Fisher Scientific, Waltham, MA, USA). Relative viability was
calculated in percent of theOD value of cells growing in the absenceof
chitosan. Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA) in PBS (4%)
was used as a positive control.

In vitro degradation of chitosans was performed using four dif-
ferent enzymes—chitinase chiB, chitosanase Csn174, egg white lyso-
zyme (Roth, Germany), and human chitotriosidase ChT—sourced as
described above. Chitosans were dissolved at 1mgmL−1 in 150mM
ammonium acetate buffer pH 4.2 and incubated for 24 h at 37 °C with
30μgmL−1 of enzyme in a final reaction volume of 1ml, or without
enzyme as a control. Concentrated stock solutions of enzymes were
used to prevent dilution of the reaction buffer. Degradation products
were analysed usingUHPLC-ESI-MSn (DionexUltimate 3000RSUHPLC;
Thermo Scientific, Milford, USA) via an Acquity UHPLC BEH Amide
column (1.7 μM, 2.1 × 150mm) in combination with a VanGuard pre-
column (1.7 μM, 2.1 × 5mm), both from Waters Corporation (Milford,
USA), coupled to anESI-MSdetector (amaZon speed, BrukerDaltonics,
Bremen, Germany). Eluent A consisted of 80% (v/v) acetonitrile (Roth,
Germany), and eluent B consisted of 20% (v/v) acetonitrile, both sup-
plemented with 10mMNH4HCO2 and 0.1% (v/v) formic acid. A column
oven temperature of 35 °C was used, and mass spectra were deter-
mined in a positive mode over scan range of m/z 50–2000. The
parameters for the electrospray ionisation were capillary voltage 4 kV,
end plate offset voltage 500V, nebuliser pressure 1 bar, flow rate of the
dry gas 8 Lmin−1, and dry temperature 200 °C. Mass spectra were
analysed using Data Analysis 4.1 software (Bruker Daltonics, Bremen,
Germany). To investigate the hydrolysis of thepolymers, 2 μl of sample
was injected to the UHPLC-ESI-MS. The flow rate was adjusted to
0.4mLmin−1. Oligomers were separated over a 16min gradient elution
profile: 0-2.5min isocratic 100% A (80:20 ACN:H2O with 10mM
NH4HCO2 and 0.1% (v/v) HCOOH); 2.5–12.5min linear from 0% to 75%
B (20:80 ACN:H2O with 10mM NH4HCO2 and 0.1% (v/v) HCOOH);
column re-equilibration: 12.5–13.5min linear from 75% B to 100% A;
13.5-16min isocratic 100% A.

To assess the transfection efficiency of chitosan/DNA polyplexes,
the human breast cancer cell line MCF7 was used (Hölzel Diagnostika
GmbH, Germany). Plasmid DNA NTC8685-eGFP (3818 bp) was pur-
chased from Nature Technology Corporation (Lincoln, NE, USA),
multiplied in E. coli DH5α, and purified using the kit according to the
manufacturer’s instruction. Purity was confirmed by 1% agarose
(AppliChem, Germany) gel electrophoresis, and DNA concentration
was measured by Nanodrop (peQlab, Germany). For chitosan/pDNA
polyplex preparation, 10 µL of plasmid DNA with a concentration of
0.25 µg µL−1 were mixed with 10 µL of chitosan solution previously
diluted in 0.1M of MES buffer (Roth, Germany) to yield the desired
NH3

+/PO4
− molar charge ratios of 5, 8, 10, or 20. After addition of 35 µL

of MES buffer (0.1M, pH 5.8), samples were vortexed thoroughly and
incubated for 30minat room temperature to allow for self-assemblyof
the polyplexes. Polyplexes were characterised in terms of size and zeta
potential as described above. To assess the stability in the physiolo-
gicalmediumused for the transfection assay, 50 µL of freshly prepared
polyplexes were added to 1mL of OptiMEM (pH 6.8), and their

hydrodynamic size was measured at different times of incubation at
37 °C as described above. The binding strength between chitosan and
pDNA in the polyplexes was evaluated in a gel retardation assay for
which 500ng of free pDNA and chitosan/pDNA polyplexes in 20 µL
TAEbuffer supplementedwith 3 µLofPicoGreenwere loadedonto a 1%
agarose gel. The gel was run at 140V for 45min; DNA bands were
visualised using UV illumination. Gene RulerTM 1 kb DNA Ladder and
O’Gene RulerTM 1 kb DNA Ladder ready-to-use (Thermo Fisher Scien-
tific) were used as molecular weight markers.

For the in vitro transfection assay,MCF7 cells (100.000 cells/well)
were seeded in a 24-well plate using 1mL/well of RPMI medium (PAA
Laboratories, Germany) containing 10% FBS (PAA Laboratories, Ger-
many), 1% penicillin/streptomycin, and 1% L-glutamine (Sigma-Aldrich,
Germany). The cells were left to attach overnight at 37 °C and 5% CO2.
Polyplexes were prepared 30min prior to incubation with cells and
diluted with serum-free transfection medium (OptiMEM I, Gibco; pH
adjusted to 6.8) to a concentration of 2.5 µg pDNA µL−1. Lipofectamine
2000 (Invitrogen, Karlsruhe, Germany; 1 µL per 2.5 µg of pDNA) was
used as a positive control. Cells were incubatedwith the polyplexes for
24 h at 37 °C and 5% CO2. Then, the transfectionmediumwas replaced
by RPMI medium and incubated for another 24 h for protein expres-
sion. Control cells were incubated with medium only. After 48 hours,
the transfection efficiency was evaluated qualitatively by the analysis
of the GFP fluorescence intensities (λex = 488 nm, λem = 509 nm) using
a fluorescence microscope (DMi8 automated S/N 409984, Leica
Microsystems CMS GmbH, Wetzlar, Germany). Images were recorded
using a ×10/0.30DRYobjective and a digital camera (HamamatsuFlash
4.0-USB3-002560, Japan). Fluorescence intensity was quantified with
Tecan ultra Evolution (Safire, Tecan, Salzburg, Austria) in top mea-
surement mode, with manually fixed gain at 100 and ten flashes. Bio-
logical experiments were conducted at least in triplicates and with at
least three technical replicates per independent experiment. Datawere
analysed using Tukey multiple comparison tests with a single pooled
variance using GraphPad Software Prism v6 (San Diego, CA, USA).
Differences were considered statistically significant when p <0.05 (*),
p <0.01 (**), or p <0.001 (***).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Data underlying the Figures are publicly available at Zenodo: https://
doi.org/10.5281/zenodo.5163326

Code availability
Code used to analyse enzymatic mass spectrometric fingerprinting
data is publicly available along with the data at Zenodo: https://doi.
org/10.5281/zenodo.5163326

References
1. El Gueddari, N. E., Rauchhaus, U., Moerschbacher, B. M. & Deising,

H. B. Developmentally regulated conversion of surface-exposed
chitin to chitosan in cell walls of plant pathogenic fungi.N. Phytol.
156, 103–112 (2002).

2. Merzendorfer, H. The cellular basis of chitin synthesis in fungi and
insects: Common principles and differences. Eur. J. Cell Biol. 90,
759–769 (2011).

3. Collado-González, M., González Espinosa, Y. & Goycoolea, F. M.
Interaction between chitosan and mucin: fundamentals and
applications. Biomimetics 4, 32 (2019).

4. Fuenzalida, J. & Goycoolea, F. Polysaccharide-protein nanoas-
semblies: novel soft materials for biomedical and biotechnologi-
cal applications. Curr. Protein Pept. Sci. 16, 89–99 (2015).

Article https://doi.org/10.1038/s41467-022-34483-3

Nature Communications |         (2022) 13:7125 14

https://doi.org/10.5281/zenodo.5163326
https://doi.org/10.5281/zenodo.5163326
https://doi.org/10.5281/zenodo.5163326
https://doi.org/10.5281/zenodo.5163326


5. Wattjes, J. et al. Patterns matter part 1: chitosan polymers with
non-random patterns of acetylation. React. Funct. Polym. 151,
104583 (2020).

6. Kauss, H., Jeblick, W. & Domard, A. The degrees of polymerization
and N-acetylation of chitosan determine its ability to elicit callose
formation in suspension cells and protoplasts of Catharanthus
roseus. Planta 178, 385–392 (1989).

7. Lamarque, G., Lucas, J.-M. M., Viton, C. & Domard, A. Physico-
chemical behavior of homogeneous series of acetylated chitosans
in aqueous solution: role of various structural parameters. Bio-
macromolecules 6, 131–142 (2005).

8. Vander, P., Vårum, K. M., Domard, A., Eddine El Gueddari, N. &
Moerschbacher, B. M. Comparison of the ability of partially N
-acetylated chitosans and chitooligosaccharides to elicit resis-
tance reactions in wheat leaves. Plant Physiol. 118,
1353–1359 (1998).

9. Malerba,M.&Cerana, R.Recent advancesof chitosan applications
in plants. Polym. (Basel) 10, 118 (2018).

10. Younes, I., Sellimi, S., Rinaudo, M., Jellouli, K. & Nasri, M. Influence
of acetylation degree and molecular weight of homogeneous
chitosans on antibacterial and antifungal activities. Int. J. Food
Microbiol. 185, 57–63 (2014).

11. Cord-Landwehr, S., Niehues, A., Wattjes, J. & Moerschbacher, B.
M. New Developments in the Analysis of Partially Acetylated
Chitosan Polymers and Oligomers. in Chitin and Chitosan 81–95
(John Wiley & Sons, Ltd, 2019). https://doi.org/10.1002/
9781119450467.ch4

12. Aiba, S. Studies on chitosan: 3. Evidence for the presence of
random and block copolymer structures in partially N-acetylated
chitosans. Int. J. Biol. Macromol. 13, 40–44 (1991).

13. Ottøy, M. H., Vårum, K. M. & Smidsrød, O. Compositional hetero-
geneity of heterogeneously deacetylated chitosans. Carbohydr.
Polym. 29, 17–24 (1996).

14. Hirano, S., Tsuneyasu, S. & Kondo, Y. Heterogeneous distribution
of amino groups in partially N-acetylated derivatives of chitosan.
Agric. Biol. Chem. 45, 1335–1339 (1981).

15. Weinhold, M. X., Sauvageau, J. C. M., Kumirska, J. & Thöming, J.
Studies on acetylation patterns of different chitosan preparations.
Carbohydr. Polym. 78, 678–684 (2009).

16. Vårum, K. M., Antohonsen, M. W., Grasdalen, H. & Smidsrød, O.
Determination of the degree of N-acetylation and the distribution
of N-acetyl groups in partially N-deacetylated chitins (chitosans)
by high-field n.m.r. spectroscopy. Carbohydr. Res. 211,
17–23 (1991).

17. Cord-Landwehr, S. et al. Patterns matter part 2: Chitosan oligo-
mers with defined patterns of acetylation. React. Funct. Polym.
151, 104577 (2020).

18. Aam, B. B. et al. Production of chitooligosaccharides and their
potential applications inmedicine.Mar. Drugs8, 1482–1517 (2010).

19. Cord-Landwehr, S. et al. Quantitative mass-spectrometric
sequencing of chitosan oligomers revealing cleavage sites of
chitosan hydrolases. Anal. Chem. 89, 2893–2900 (2017).

20. Vaaje-Kolstad, G., Horn, S. J., Sørlie, M. & Eijsink, V. G. H. The
chitinolytic machinery of Serratia marcescens - a model system
for enzymatic degradation of recalcitrant polysaccharides. FEBS J.
280, 3028–3049 (2013).

21. Weikert, T., Niehues, A., Cord-Landwehr, S., Hellmann, M. J. &
Moerschbacher, B. M. Reassessment of chitosanase substrate
specificities and classification. Nat. Commun. 8, 1698 (2017).

22. Basa, S. et al. The pattern of acetylation defines the priming
activity of chitosan tetramers. J. Am. Chem. Soc. 142,
1975–1986 (2020).

23. Gubaeva, E. et al. ‘Slipped sandwich’model for chitin andchitosan
perception in arabidopsis. Mol. Plant-Microbe Interact. 31,
1145–1153 (2018).

24. Shinya, T., Nakagawa, T., Kaku, H. & Shibuya, N. Chitin-mediated
plant–fungal interactions: catching, hiding andhandshaking.Curr.
Opin. Plant Biol. 26, 64–71 (2015).

25. Petutschnig, E. K., Jones, A. M. E., Serazetdinova, L., Lipka, U. &
Lipka, V. The lysinmotif receptor-like kinase (LysM-RLK) CERK1 is a
major chitin-binding protein in arabidopsis thaliana and subject to
chitin-induced phosphorylation. J. Biol. Chem. 285,
28902–28911 (2010).

26. Grifoll-Romero, L., Pascual, S., Aragunde, H., Biarnés, X. & Planas,
A. Chitin deacetylases: structures, specificities, and biotech
applications. Polym. (Basel) 10, 352 (2018).

27. Wattjes, J. et al. Enzymatic production and enzymatic-mass
spectrometric fingerprinting analysis of chitosan polymers with
different nonrandom patterns of acetylation. J. Am. Chem. Soc.
141, 3137–3145 (2019).

28. Martinou, A., Bouriotis, V., Stokke, B. T. & Vårum, K. M. Mode of
action of chitin deacetylase from Mucor rouxii on partially
N-acetylated chitosans. Carbohydr. Res. 311, 71–78 (1998).

29. Harmsen, R. A. G., Tuveng, T. R., Antonsen, S. G., Eijsink, V. G. H. &
Sørlie, M. Can we make chitosan by enzymatic deacetylation of
chitin? Molecules 24, 3862 (2019).

30. Hoßbach, J. et al. A chitin deacetylase of Podospora anserina has
two functional chitin binding domains and a unique mode of
action. Carbohydr. Polym. 183, 1–10 (2018).

31. Cord-Landwehr, S., Melcher, R. L. J., Kolkenbrock, S. & Moersch-
bacher, B. M. A chitin deacetylase from the endophytic
fungus Pestalotiopsis sp. efficiently inactivates the elicitor
activity of chitin oligomers in rice cells. Sci. Rep. 6, 38018
(2016).

32. Naqvi, S. et al. A recombinant fungal chitin deacetylase produces
fully defined chitosan oligomers with novel patterns of acetyla-
tion. Appl. Environ. Microbiol. 82, 6645–6655 (2016).

33. Hembach, L., Cord-Landwehr, S. & Moerschbacher, B. M. Enzy-
matic production of all fourteen partially acetylated chitosan tet-
ramers using different chitin deacetylases acting in forward or
reverse mode. Sci. Rep. 7, 17692 (2017).

34. Tokuyasu, K., Ono, H., Hayashi, K. & Mori, Y. Reverse hydrolysis
reaction of chitin deacetylase and enzymatic synthesis of β-d-
GlcNAc-(1→4)-GlcN from chitobiose. Carbohydr. Res. 322,
26–31 (1999).

35. Rinaudo, M., Pavlov, G. & Desbrières, J. Influence of acetic acid
concentration on the solubilization of chitosan. Polymer 40,
7029–7032 (1999).

36. Calvo, P., Remuñán-López, C., Vila-Jato, J. L. & Alonso, M. J. Novel
hydrophilic chitosan-polyethylene oxide nanoparticles as protein
carriers. J. Appl. Polym. Sci. 63, 125–132 (1997).

37. Sreekumar, S., Goycoolea, F. M., Moerschbacher, B. M. & Rivera-
Rodriguez, G. R. Parameters influencing the size of chitosan-TPP
nano- and microparticles. Sci. Rep. 8, 4695 (2018).

38. Prego, C., Torres, D. & Alonso, M. J. Chitosan nanocapsules: a new
carrier for nasal peptide delivery. J. Drug Deliv. Sci. Technol. 16,
331–337 (2006).

39. Moreno, J. A. S. et al. Development of electrosprayed mucoad-
hesive chitosan microparticles. Carbohydr. Polym. 190,
240–247 (2018).

40. Sreekumar, S., Lemke, P.,Moerschbacher, B.M., Torres-Giner, S. &
Lagaron, J. M. Preparation and optimization of submicron chitosan
capsules by water-based electrospraying for food and bioactive
packaging applications. Food Addit. Contam. Part A Chem. Anal.
Control. Expo. Risk Assess. 34, 1795–1806 (2017).

41. Morris, E. R. Rheology of hydrocolloids. inGums andStabilisers for
the Food Industry 2 (eds. Phillips, G. O., Wedlock, D. J. & Williams,
P. A.) 57–78 (1984).

42. Cox, W. P. & Merz, E. H. Correlation of dynamic and steady flow
viscosities. J. Polym. Sci. 28, 619–622 (1958).

Article https://doi.org/10.1038/s41467-022-34483-3

Nature Communications |         (2022) 13:7125 15

https://doi.org/10.1002/9781119450467.ch4
https://doi.org/10.1002/9781119450467.ch4


43. Philippova, O. E. et al. Aggregation of some water-soluble deri-
vatives of chitin in aqueous solutions: role of the degree of acet-
ylation and effect of hydrogen bond breaker. Carbohydr. Polym.
87, 687–694 (2012).

44. Novoa-Carballal, R., Riguera, R. & Fernandez-Megia, E. Chitosan
hydrophobic domains are favoured at low degree of acetylation
and molecular weight. Polymer 54, 2081–2087 (2013).

45. Morris, E. R. Ordered conformation of xanthan in solutions and
“weak gels”: Single helix, double helix – or both? Food Hydrocoll.
86, 18–25 (2019).

46. Espinosa-García, B. M. et al. Molecularly imprinted Chitosan -
genipin hydrogels with recognition capacity toward o-Xylene.
Biomacromolecules 8, 3355–3364 (2007).

47. Engwer, C., Loy, R., Chronakis, I. S., Mendes, A. C. & Goycoolea, F.
M. Mesoscopic gelation of chitosan and genipin at below critical
concentrations. ChemRxiv https://doi.org/10.26434/chemrxiv.
5487172 (2017).

48. Winter, H. H. & Chambon, F. Analysis of linear viscoelasticity of a
crosslinkingpolymer at thegel point. J. Rheol.30, 367–382 (1986).

49. Butler,M. F., Ng, Y. F. & Pudney, P. D. A.Mechanism and kinetics of
the crosslinking reaction between biopolymers containing pri-
mary amine groups andgenipin. J. Polym. Sci. Part A Polym. Chem.
41, 3941–3953 (2003).

50. Clark, A. H. & Ross-Murphy, S. B. Concentration dependence of
biopolymer gel modulus. Br. Polym. J. 17, 164–168 (1985).

51. Kong, M., Chen, X. G., Xing, K. & Park, H. J. Antimicrobial proper-
ties of chitosan andmode of action: a state of the art review. Int. J.
Food Microbiol. 144, 51–63 (2010).

52. Verlee, A., Mincke, S. & Stevens, C. V. Recent developments in
antibacterial and antifungal chitosan and its derivatives. Carbo-
hydr. Polym. 164, 268–283 (2017).

53. Raafat, D. & Sahl, H.-G. Chitosan and its antimicrobial potential - a
critical literature survey. Microb. Biotechnol. 2, 186–201 (2009).

54. Fukamizo, T., Honda, Y., Goto, S., Boucher, I. & Brzezinski, R.
Reaction mechanism of chitosanase from Streptomyces sp. N174.
Biochem. J. 311, 377–383 (1995).

55. Horn, S. J. et al. Endo/exomechanismandprocessivity of family 18
chitinases produced by Serratia marcescens. FEBS J. 273,
491–503 (2006).

56. Eide, K. B., Lindbom, A. R., Eijsink, V. G. H., Norberg, A. L. & Sørlie,
M. Analysis of productive binding modes in the human chito-
triosidase. FEBS Lett. 587, 3508–3513 (2013).

57. Eide, K. B. et al. Human chitotriosidase-catalyzed hydrolysis of
chitosan. Biochemistry 51, 487–495 (2012).

58. Aiba, S. Studies on chitosan: 4. lysozymic hydrolysis of partially
N-acetylated chitosans. Int. J. Biol. Macromol. 14, 225–228 (1992).

59. Nordtveit, R. Degradation of partially N-acetylated chitosans with
hen egg white and human lysozyme. Carbohydr. Polym. 29,
163–167 (1996).

60. Stokke, B. T., Vårum, K. M., Holme, H. K., Hjerde, R. J. N. &
Smidsrød, O. Sequence specificities for lysozyme depolymeriza-
tion of partially N -acetylated chitosans. Can. J. Chem. 73,
1972–1981 (1995).

61. Kohlhoff, M. et al. Chitinosanase: A fungal chitosan hydrolyzing
enzyme with a new and unusually specific cleavage pattern.
Carbohydr. Polym. 174, 1121–1128 (2017).

62. Gorzelanny, C., Pöppelmann, B., Strozyk, E., Moerschbacher, B.M.
& Schneider, S. W. Specific interaction between chitosan and
matrixmetalloprotease 2 decreases the invasive activity of human
melanoma cells. Biomacromolecules 8, 3035–3040 (2007).

63. Fuchs, K. et al. The fungal ligand chitin directly binds TLR 2 and
triggers inflammation dependent on oligomer size. EMBORep. 19,
1–14 (2018).

64. Menchicchi, B. et al. Structure of chitosan determines its interac-
tions with mucin. Biomacromolecules 15, 3550–3558 (2014).

65. Kalagara, T. et al. The endothelial glycocalyx anchors von Will-
ebrand factor fibers to the vascular endothelium. Blood Adv. 2,
2347–2357 (2018).

66. Kolonko, A. K. et al. Capsaicin-loaded chitosan nanocapsules for
wtCFTR-mRNA delivery to a cystic fibrosis cell line. Biomedicines
8, 364 (2020).

67. Kolonko, A. K., Bangel-Ruland, N., Goycoolea, F. M. & Weber, W.-
M. Chitosan nanocomplexes for the delivery of ENaC antisense
oligonucleotides to airway epithelial cells. Biomolecules 10,
553 (2020).

68. Fernández Fernández, E., Santos-Carballal, B., Weber, W.-M. &
Goycoolea, F. M. Chitosan as a non-viral co-transfection system in
a cystic fibrosis cell line. Int. J. Pharm. 502, 1–9 (2016).

69. Strand, S. P. et al. Molecular design of chitosan gene delivery
systemswith an optimizedbalancebetweenpolyplex stability and
polyplex unpacking. Biomaterials 31, 975–987 (2010).

70. Goycoolea, F. M. et al. Physical properties and stability of soft
gelled chitosan-based nanoparticles. Macromol. Biosci. 16,
1873–1882 (2016).

71. Goycoolea, F. M. et al. Chitosan-based nanocapsules: physical
characterization, stability in biological media and capsaicin
encapsulation. Colloid Polym. Sci. 290, 1423–1434 (2012).

72. Bellich, B., D’Agostino, I., Semeraro, S., Gamini, A. & Cesàro, A.
“The good, the bad and the ugly” of chitosans. Mar. Drugs 14,
99 (2016).

73. Younes, I. & Rinaudo, M. Chitin and chitosan preparation from
marine sources. structure, properties and applications.Mar. Drugs
13, 1133–1174 (2015).

74. Lavertu, M., Darras, V. & Buschmann, M. D. Kinetics and efficiency
of chitosan reacetylation. Carbohydr. Polym. 87, 1192–1198
(2012).

75. Schatz, C., Viton, C., Delair, T., Pichot, C. & Domard, A. Typical
physicochemical behaviors of chitosan in aqueous solution. Bio-
macromolecules 4, 641–648 (2003).

76. Gawkowska, D., Cybulska, J. & Zdunek, A. Structure-related gel-
lingof pectins and linkingwithother natural compounds: a review.
Polymer 10, 762 (2018).

77. Liners, F. & Thibault, J.-F. & VanCutsem, P. Influence of the degree
of polymerization of oligogalacturonates and of esterification
pattern of pectin on their recognition by monoclonal antibodies.
Plant Physiol. 99, 1099–1104 (1992).

78. Limberg, G. et al. Analysis of different de-esterification mechan-
isms for pectin by enzymatic fingerprinting using endopectin
lyase andendopolygalacturonase II fromA.Niger.Carbohydr. Res.
327, 293–307 (2000).

79. Yuryev, V. P., Plashchina, I. G., Braudo, E. E. & Tolstoguzov, V. B.
Structural study of the solutions of acidic polysaccharides. I.
Study of the solutions of acidic polysaccharides bymeasuring the
activity coefficients of counterions. Carbohydr. Polym. 1,
139–156 (1981).

80. Skjak-braek, G., Smidsrod, O. & Larsen, B. Tailoring of alginates by
enzymatic modification in vitro. Int. J. Biol. Macromol. 8,
330–336 (1986).

81. Petkowicz, C. L. O., Reicher, F. & Mazeau, K. Conformational ana-
lysis of galactomannans: from oligomeric segments to polymeric
chains. Carbohydr. Res. 37, 25–39 (1998).

82. Dea, I. C. M., Clark, A. H. & Mccleary, B. V. Effect of galactose-
substitution-patterns on the interaction properties of galacto-
mannas. Carbohydr. Res. 147, 275–294 (1986).

83. Argüelles-Monal, W., Cabrera, G., Peniche, C. & Rinaudo, M.
Conductimetric study of the interpolyelectrolyte reaction
between chitosan and polygalacturonic acid. Polym. (Guildf.) 41,
2373–2378 (2000).

84. Becherán-Marón, L., Peniche, C. & Argüelles-Monal, W. Study of
the interpolyelectrolyte reaction between chitosan and alginate:

Article https://doi.org/10.1038/s41467-022-34483-3

Nature Communications |         (2022) 13:7125 16

https://doi.org/10.26434/chemrxiv.5487172
https://doi.org/10.26434/chemrxiv.5487172


Influence of alginate composition and chitosanmolecular weight.
Int. J. Biol. Macromol. 34, 127–133 (2004).

85. Costalat, M., David, L. & Delair, T. Reversible controlled assembly
of chitosan and dextran sulfate: a new method for nanoparticle
elaboration. Carbohydr. Polym. 102, 717–726 (2014).

86. Osorio, S. et al. Partial demethylation of oligogalacturonides by
pectin methyl esterase 1 is required for eliciting defence respon-
ses in wild strawberry (Fragaria vesca). Plant J. 54, 43–55
(2007).

87. Stopschinski, B. E. et al. Specific glycosaminoglycan chain length
and sulfation patterns are required for cell uptake of tau versus α-
synuclein and β-amyloid aggregates. J. Biol. Chem. 293,
10826–10840 (2018).

88. Hembach, L., Bonin, M., Gorzelanny, C. & Moerschbacher, B. M.
Unique subsite specificity and potential natural function of a
chitosan deacetylase from the human pathogen Cryptococcus
neoformans. Proc. Natl. Acad. Sci. 117, 3551–3559 (2020).

89. Remoroza, C., Broxterman, S., Gruppen, H. & Schols, H. A. Two-
step enzymatic fingerprinting of sugar beet pectin. Carbohydr.
Polym. 108, 338–347 (2014).

90. Linhardt, R. J., Turnbull, J. E., Wang, H. M., Loganathan, D. & Gal-
lagher, J. T. Examination of the substrate specificity of heparin and
heparan sulfate lyases. Biochemistry 29, 2611–2617 (1990).

91. Xiao, Z. et al. Heparin mapping using heparin lyases and the
generation of a novel low molecular weight heparin. J. Med.
Chem. 54, 603–610 (2011).

92. Gorzelanny, C., Pöppelmann, B., Pappelbaum, K.,Moerschbacher,
B. M. & Schneider, S. W. Human macrophage activation triggered
by chitotriosidase-mediated chitin and chitosan degradation.
Biomaterials 31, 8556–8563 (2010).

93. de la Fuente, M. et al. Chitosan-based nanostructures: a delivery
platform for ocular therapeutics. Adv. Drug Deliv. Rev. 62,
100–117 (2010).

94. Sørbotten, A., Horn, S. J., Eijsink, V. G. H. & Vårum, K. M. Degra-
dation of chitosans with chitinase B from Serratia marcescens.
FEBS J. 272, 538–549 (2005).

95. Muñoz, I., Rodríguez, C., Gillet, D. & Moerschbacher, M.B. Life
cycle assessment of chitosan production in India and Europe. Int.
J. Life Cycle Assess. 23, 1151–1160 (2018).

96. Niehues, A., Wattjes, J., Bénéteau, J., Rivera-Rodriguez, G. R. &
Moerschbacher, B. M. Chitosan analysis by enzymatic/mass
spectrometric fingerprinting and in silico predictive modeling.
Anal. Chem. 89, 12602–12608 (2017).

97. Hirai, A., Odani, H. & Nakajima, A. Determination of degree of
deacetylation of chitosan by 1H NMR spectroscopy. Polym. Bull.
94, 87–94 (1991).

98. Wattjes, J., Niehues, A. &Moerschbacher, B. M. Robust enzymatic-
mass spectrometric fingerprinting analysis of the fraction of
acetylation of chitosans. Carbohydr. Polym. 231, 115684
(2020).

99. Kumirska, J. et al. Determination of the pattern of acetylation of
chitosan samples: comparison of evaluation methods and some
validation parameters. Int. J. Biol. Macromol. 45, 56–60
(2009).

100. Vårum, K.M., Anthonsen,M.W.,Grasdalen,H. &Smidsrød,O. 13C-
N.m.r. studies of the acetylation sequences in partially
N-deacetylated chitins (chitosans). Carbohydr. Res. 217,
19–27 (1991).

101. Solomon, O. F. & Ciutǎ, I. Z. Détermination de la viscosité intrin-
sèquede solutions depolymères par une simple détermination de
la viscosité. J. Appl. Polym. Sci. 6, 683–686 (1962).

102. Calvo, P., Remuñán-López, C., Vila-Jato, J. L. & Alonso, M. J.
Development of positively charged colloidal drug carriers:
Chitosan-coated polyester nanocapsules and submicron-
emulsions. Colloid Polym. Sci. 275, 46–53 (1997).

103. Fessi, H., Puisieux, F., Devissaguet, J. P., Ammoury, N. & Benita, S.
Nanocapsule formation by interfacial polymer deposition follow-
ing solvent displacement. Int. J. Pharm. 55, R1–R4 (1989).

104. Amiji,M.M. Pyrenefluorescence studyof chitosanself-association
in aqueous solution. Carbohydr. Polym. 26, 211–213 (1995).

105. Philippova, O. E. et al. Two types of hydrophobic aggregates in
aqueous solutions of chitosan and its hydrophobic derivative.
Biomacromolecules 2, 483–490 (2001).

106. Moerschbacher, B. M. Bio-activity matrices of chitosans in plant
protection. In: S. S. Gnanamanickam, R. Balasubramanian, N.
Anand, eds., Emerging Trends in Plant-Microbe Interactions. Uni-
versity of Madras, Chennai 186–190 (2005).

107. Rütering, M. et al. Tailor-made exopolysaccharides—CRISPR-Cas9
mediated genome editing in Paenibacillus polymyxa. Synth. Biol.
2, 1–12 (2017).

Acknowledgements
The authors are grateful toMengqiWu andAyesha Sajid (School of Food
Science and Nutrition, University of Leeds, United Kingdom) for the
gelation studies, to Dr. Philipp Lemke (Institute for Biology and Bio-
technology of Plants, University of Münster, Germany) and professor Dr.
Jochen Schmid (Institute for Molecular Microbiology and Biotechnol-
ogy, University of Münster, Germany) for antimicrobial assays against
Bacillus licheniformis, and to Franziska Schulze-Bockeloh (Evorion Bio-
technologies GmbH, Münster, Germany) for cytotoxicity assays using
HUVECs. The research leading to these results has received funding
from the European Union’s Seventh Framework Programme for
research, technological development, and demonstration under grant
agreement no. 613931 (B.M.M., F.M.G., A.C.M.) as well as from the Ger-
man Bundesministerium für Ernährung und Landwirtschaft (BMEL) and
its Fachagentur Nachwachsende Rohstoffe (FNR) under project number
22031315 (B.M.M.). We thank Dr. Richard M. Twyman for manuscript
editing.

Author contributions
S.S., J.W., A.N., and T.M. performed the experiments; A.C.M., E.R.M.,
F.M.G., and B.M.M. supervised the work; all authors contributed to the
discussion of results as well as to manuscript writing and editing.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
S.S., J.W., A.N., and B.M.M. are inventors of the patent application
“Process for the preparation of a non-random chitosan polymer”
EP3810660A1 (applicant: University of Münster). The remaining authors
declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-022-34483-3.

Correspondence and requests for materials should be addressed to
Bruno M. Moerschbacher.

Peer review informationNature Communications thanks Franco Furlani,
Pasquale Sacco, and Kevin Edgar for their contribution to the peer
review of this work. Peer reviewer reports are available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Article https://doi.org/10.1038/s41467-022-34483-3

Nature Communications |         (2022) 13:7125 17

https://doi.org/10.1038/s41467-022-34483-3
http://www.nature.com/reprints


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

Article https://doi.org/10.1038/s41467-022-34483-3

Nature Communications |         (2022) 13:7125 18

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Biotechnologically produced chitosans with nonrandom acetylation patterns differ from conventional chitosans in properties and activities
	Results
	CDA can N-acetylate polyglucosamine, yielding high-FA chitosans with non-random acetylation
	PA influences the physicochemical properties of chitosans in solution
	PA influences the biological activity of chitosans

	Discussion
	Methods
	Production and purification of enzymes
	Chitosan hydrolases
	Chitin deacetylases
	Preparation of chitosans
	Chemical de-acetylation
	Chemical N-acetylation
	Enzymatic N-acetylation
	Structural analysis of chitosans
	Physicochemical solution properties of chitosans
	Biological functionalities of chitosans
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




