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ARTICLE INFO ABSTRACT

Keywords: A method of producing oligomeric chitin using sonication-assisted phosphoric acid hydrolysis was introduced.
C}{iﬂn The processing was continuous and scalable. Oligomeric chitin fractions with narrow distributions of degree of
Oligomer polymerization were obtained by differential precipitation using ethanol as precipitating agent at different
Oligosaccharide

N-acetyl chitooligosaccharide
Acid hydrolysis

Phosphoric acid

Ultrasound

ethanol-to-phosphoric-acid-solution volume ratios. The yield of oligomeric chitin with degree of polymerization
between 4 and 10 was ~30% (mass fraction). The content of each fraction was characterized by matrix-assisted
laser desorption/ionization time-of-flight mass spectroscopy (MALDI TOF MS). Changes in chemical composition
of oligomeric chitin were negligible, as verified by MALDI TOF MS, Fourier-transform infrared, and nuclear

magnetic resonance spectroscopy. This new method for producing oligomeric chitin molecules is rapid, cost-

effective, and safe.

1. Introduction

Chitin is the second most abundant biomass in the world, second
only to cellulose. It exists extensively in the cell walls of fungi and some
yeasts, exoskeleton of arthropods, different parts of mollusks, sponges
and fish scales, etc. The yearly production of chitin was estimated as
100 billion tons, with much of it discarded as biowaste such as crab and
shrimp shells (Binnewerg et al., 2020; Klinger et al., 2019; Tharanathan
& Kittur, 2003; Wysokowski et al., 2013; Wysokowski et al., 2020).
Therefore, converting chitin from biomass to useful products has
remained an active research field. Chitin can be utilized in both poly-
meric and oligomeric forms. Chitin polymer is insoluble in water and
requires hazardous solvents or solvent mixtures to dissolve (Duan et al.,
2018). Alternatively, it can be chemically converted to chitin derivatives
such as chitosan to be soluble in acidic aqueous solutions (Pillai et al.,
2009). Oligomeric chitins (OCs) with degree of polymerization (DP) less
than 7 are generally soluble in water (Bonin et al., 2020).

It has been reported that OCs and their chitosan derivatives can serve
as anti-cancer agents, attributed to interactions with chitinase-3 like-
protein 1 (CHI3L1) or toll like receptor 2 (TLR2) (Azuma et al., 2015;
Libreros et al., 2012; Liu et al., 2019; Masuda et al., 2014; Park & Kim,
2010; Salah et al., 2013; Tokoro et al., 1988; Zhao et al., 2020). OCs also
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has potential applications in agriculture as a plant elicitor, as it can
trigger a defense mechanism in plants against fungi attack (Felix et al.,
1993; Hahn, 1996; Kaku et al., 2006; Liu et al., 2012; Sanchez-Vallet
et al., 2015; Shibuya et al., 1993; Wan et al., 2008). In addition, it has
been used to enhance seed germination (Li et al., 2020; Winkler et al.,
2017), to induce legume root nodule formation for nitrogen fixation
(Walker et al., 2000), and to promote association between plant and
symbiotic fungi (Crosino et al., 2021; Volpe et al., 2020). Elicitation
effect was also observed for different animals, such as silkworms,
chicken, and fish (Furukawa et al., 1999) (Huang et al., 2005) (Qin et al.,
2014), which was associated with the binding ability of OCs with
lysozyme-like proteins (Rupley, 1964).

Despite various potential applications, OCs have not been widely
used, partially due to the high cost associated with production. OCs can
be produced by acid and enzyme-catalyzed hydrolysis. In the first
method, strong inorganic acid such as sulfuric acid (Nagasawa et al.,
1971), hydrochloric acid (Belamie et al., 1997; Einbu & Varum, 2007;
Kazami et al., 2015; Rupley, 1964), and hydrofluoric acid (Bosso et al.,
1986) is used and the reaction needs to be conducted close to the boiling
point of the acid solution. The reaction is slow, and the yield is low;
moreover, the reducing ends of OCs are often chemically modified due
to the high acidity of the solutions. On the other hand, enzyme-catalyzed

Received 29 July 2021; Received in revised form 30 September 2021; Accepted 4 October 2021

Available online 6 October 2021
0144-8617/© 2021 Elsevier Ltd. All rights reserved.


mailto:zhangx@umd.edu
mailto:rbriber@umd.edu
www.sciencedirect.com/science/journal/01448617
https://www.elsevier.com/locate/carbpol
https://doi.org/10.1016/j.carbpol.2021.118736
https://doi.org/10.1016/j.carbpol.2021.118736
https://doi.org/10.1016/j.carbpol.2021.118736
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2021.118736&domain=pdf

X. Zhang et al.

hydrolysis can be conducted under mild conditions but is costly. In
addition, enzyme-catalyzed hydrolysis only produces OCs with low DP
(DP < 6) (Zhang et al., 2014).

Phosphoric acid has been used as a solvent for chitin with degrada-
tion of the chitin polymer observed after a prolonged time (several days,
depending on the concentration) (Vincendon, 1997). However, using
phosphoric acid as a hydrolysis agent for OC processing has not been
reported. In this paper, we introduce an efficient method for producing
OC fractions with narrow DP distribution using phosphoric acid hy-
drolysis combined with differential precipitation. Phosphoric acid is a
weak, nonvolatile acid that is easy to handle and recycle. Compared with
conventional acid hydrolysis methods, our method is relatively safe. In
addition, it is cost-effective and can produce both low- and high-DP OC
fractions, which is more advantageous compared with enzyme-
catalyzed hydrolysis.

2. Experimental
2.1. Materials

Phosphoric acid (85 wt%), sodium hydroxide (NaOH) and 2,5-Dihy-
droxybenzoic acid (DHB) were purchased from Sigma-Aldrich and used
without further purification. Chitin powder extracted from shrimp shell
was purchased from Sigma-Aldrich and was purified before use. The
ethanol, isopropanol and acetone used were reagent grade.

2.2. Chitin purification

To purify the chitin, raw chitin powder was dispersed in 5 wt% NaOH
aqueous solution at a concentration of 10 wt%. The suspension was
stirred at room temperature for 24 h. The slurry was then separated
using vacuum filtration and the product was washed with de-ionized
water (DI water) until it reached neutral pH. The above procedure was
repeated for a second time. After that, the wet chitin powder was washed
using ethanol, followed by vacuum filtration. The washed chitin was
then vacuum dried at room temperature. The dried chitin was ground
into powder with a household blender and was stored in a glove box for
future use. This pretreatment served the purpose of deproteination of the
raw chitin (Duan et al., 2018).

According to literature, chitin pretreatment often involves an addi-
tional step of acid cleaning to remove residual inorganics (Duan et al.,
2018). Since the follow-up hydrolysis involves using a large amount of
phosphoric acid, this step was skipped.

Average DP of the purified chitin was about 727, as determined by
intrinsic viscosity using N,N-dimethylacetamide/LiCl mixture as the
solvent (Terbojevich et al., 1988). Details can be found in the Supporting
Information (SI).

2.3. Sonication-assisted phosphoric acid hydrolysis of chitin

Phosphoric acid (85 wt%) was used as the hydrolysis agent. The
purified chitin powder was mixed with phosphoric acid at a mass ratio
between 1:3 and 1:2. A 40 kHz 130 W laboratory-based sonication bath
(Branson 2510) with temperature control was used for the sonication-
assisted processing. The mixture was extruded by a stainless steel sy-
ringe driven by a syringe pump (New Era Pump Systems model NE-8000,
maximum force: 900 N) through plastic tubing (Tygon, inner diameter:
1/8 in., outer diameter: 1/4 in.) immersed in the sonication bath (see
Fig. 1). A separate thermometer was submerged in the sonication bath,
in the vicinity of the tubing, serving as additional temperature moni-
toring. A small amount of cold water was added occasionally to the
sonication bath to maintain the temperature variation within 1 °C,
otherwise the typical temperature increase during a 2 h reaction time
was approximately 2 °C. The reaction was carried out at 40, 50, 60, and
70 °C and was precipitated into acetone to preserve OC with a full DP
distribution (Kazami et al., 2015) to determine the optimal reaction
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Fig. 1. Shematics of set-up for the OC processing using sonication-assisted
acid hydrolysis.

temperature, which was 50 °C. The mixture was opaque and solid-like at
room temperature; it turned into a brown but transparent viscous fluid
after being exposed to ultrasound at elevated temperatures. The reaction
time of the sonication-assisted processing was controlled by the length
of the tubing and the extrusion speed (the reaction was typically
completed in 2 h).

2.4. Fractionation

Fig. 2 shows the overall workflow of OC processing and fraction-
ation. To precipitate the high molecular weight chitin molecules, DI
water was added to the phosphoric acid solution once the hydrolysis was
completed. The volume ratio between the phosphoric acid solution and
the added water determined the molecular weight cut-off. For example,
chitin molecules with DP higher than 10 (DP10+) could be precipitated
by keeping the volume ratio of the added water to the phosphoric so-
lution 1:1 (hereafter, the notation of DPx refers to the OC species with
DP of x). The high molecular weight chitin precipitate was then removed
by centrifuging, and the supernatant containing OCs was kept for further
fractionation using ethanol as the precipitating agent. Five OC fractions,
denoted as F1 to F5, were produced by repeating the above procedure
with controlled ethanol-to-phosphoric-acid-solution volume ratios,
Rethanol (see Table 1). Different fractions were then washed sequentially
using methanol, ethanol-water mixture, and acetone. The precipitates
were then vacuum dried at room temperature to produce final products
in the form of powders.

2.5. Materials characterization

The DP of oligomeric chitins was characterized by a Bruker Autoflex
Speed matrix assisted laser desorption/ionization (MALDI) time of flight
(TOF) spectrometer using 2,5-dihydroxybenzoic acid (DHB) as sub-
strate. Fourier-transform infrared spectroscopy (FTIR) was conducted
using a Thermo Nicolet NEXUS 670 FTIR instrument under the attenu-
ated total reflectance mode. Solid state cross-polarization magic angle
spinning carbon-13 nuclear magnetic resonance (CP/MAS '3C solid state
NMR) was conducted by using a Bruker AV NEO 500 MHz NMR system.
More experimental details are provided in the Supplementary
Information.

3. Results and discussion

Phosphoric acid is a non-volatile weak acid. Early efforts have been
made use of it as a solvent for cellulose and chitin. In the case of cel-
lulose, the dissolution was associated with the formation of complex
consisting of one anhydrous glucose unit, one phosphoric acid molecule,
and two water molecules (Fan et al., 1987). Thus, ideally phosphoric
acid could serve as an efficient solvent with high dissolution ratio of
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Fig. 2. Workflow of the OC processing and fractionation. F1 to F5 refers to five fractions of the OC products. Remnano is the volume ratio between the added ethanol
and the supernatant phosphoric-acid-solution. To produce F5, additional isopropanol (IPA) needs to be added. See the text for details. Cleaning and drying after

precipitation are not included in the flowchart.

Table 1
Contents of fractions 1-5 (denoted as F1 to F5) and the precipitants used to
produce each fraction.

F1 F2 F3 F4 F5
Content DP5-8 DP5-7 DP5, DP6 DP4, DP5 DP4
Rethanol 1.0 2.0 3.0 9.0 9.0 + IPA

cellulose or chitin. It turned out, however, the molecular weight of
cellulose or chitin in phosphoric acid solutions gradually decreased over
prolonged storage of several days (Vincendon, 1997). Lowering of the
DP was due to the acid hydrolysis following a SN1 mechanism, where
the acid groups attack the glycosidic links (Voiges et al., 2017). The
hydrolysis reaction could be accelerated by increasing reaction tem-
perature or by imposing mechanical energy (ultrasonication). The
addition of ultrasonication plays a critical role in our processing method.
The shockwaves help break down the large chitin particles, which in-
creases surface areas exposed to the reaction environment. Besides
achieving continuous production, pressure can build up in the tubing
and may have a synergistic effect with the ultrasonication (Dong et al.,
2020).

Ultrasonication can also cause local heating; therefore, the reaction
temperature needs to be controlled. Fig. 3 shows the MALDI TOF MS
spectra of the OC products produced by sonication-assisted phosphoric
acid hydrolysis before fractionation at different temperatures. The hy-
drolysis products were precipitated into acetone to preserve the low DP
products for this measurement (Kazami et al., 2015). The main peaks in
the positive mode MALDI TOF MS spectra were attributed to OCs with
different DP. An inset of spectrum of DP5 produced at 50 °C is shown
with a logarithmic scale to emphasize the spectroscopic details. At each
DP, the central peak (strongest) was from the species of the lowest DP,
and peak splitting was observed at a separation of about 1 Da due to
isotope effects. Weak peaks in the vicinity of the central peak were
attributed to the dehydrated or deacetylated species. In addition, peaks
are observed due to OCs associated with different ions, such as Li*, Na*
and K introduced in the sample preparation, de-acetylation and de-
hydration. More detailed analysis is provided in Supplementary Infor-
mation Table S1.

From 50 to 60 °C, as the reaction temperature increased, the popu-
lation of lower DP molecules increased. At 50 °C DP4 represented the
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Fig. 3. MALDI TOF MS spectra of OC products processed at 50, 60, and 70 °C
with low DP products preserved by precipitating into acetone. The inset is of the
DP5 peak in the spectrum of the 50 °C product, with a logarithmic scale. Peak a:
DP5 in association with Na*; peak b: de-acetylated DP5 in association with
Na™; peak c: overlapped peaks of the DP5 in association with Li* and dehy-
drated DP5 associated with Na'; peak d: DP5 in association with K, peak e:
DP5 in association with Na™ with an extra acetylation. Weak peaks in the vi-
cinity of the central peaks are due to the isotope effect. Major peaks observed in
70 °C negative mode data are attributed to OC phosphomonoesters of DP3, 4, 5
and etc. See the text for details.

largest populations with additional high DP products (DP6+). At 60 °C,
DP3 and DP4 became dominant, and the amount of DP5+ was consid-
erably lower, as compared with the products from the 50 °C reaction.
The spectrum of the 70 °C product was dramatically different: In the
positive MALDI TOF MS mode, DP5+ was not detected; and in the
negative mode, chitin phosphomonoesters were detected at m/z = 706
(DP3 phosphomonoester - H'), 909 (DP4 phosphomonoester - H'), 1112
(DP5 phosphomonoester - H'), as listed in Table S2, which was a sign of
the formation of the glucofuranosyl oxazolinium ion. More detailed
MALDI spectra of both positive ion mode and negative ion mode
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including DHB substrate signals are included in Supplementary Infor-
mation (Figs. S2 and S3). The 70 °C product was dark brown color (Fig.
S4), which suggested side reactions favored by high temperatures, such
as Maillard reaction initiated by the condensation of amino groups and
the reducing ends of the saccharides. Slight amount of chitin phospho-
monoester were also detected in the 60 °C hydrolysis product.

Overall reaction temperature has two effects on the final products.
Higher temperature can accelerate hydrolysis reaction, and high DP
species can be broken down to low-DP species. But if the temperature is
too high, side reactions may occur, yielding complex products mixed
with unwanted species. Therefore, to ensure producing OCs at high yield
and purity, 50 °C was selected as the optimum reaction temperature.

After acid hydrolysis, equal volume of water was added to precipitate
out the high molecular weight species. The pH of the supernatant
phosphoric acid solution containing OC products was 1.1. Subsequent
differential precipitation was carried out by adding ethanol to the su-
pernatant at different Reghanol. Other organic solvent with high solubility
in phosphoric acid such as methanol, propanol, and acetone can also be
used as precipitating agent; ethanol turned out to be most effective. Seen
from Fig. 4, simple differential precipitation has proven to be efficient to
produce OCs with relatively narrow DP distributions.

The dominant DP present in fractions F1 to F5 and the precipitation
conditions are summarized in Table 1. For F5, equal volume of isopropyl
alcohol (IPA) needs to be added to produce purified DP4 fraction. Note
that Table 1 lists only dominant OC species.

Fig. 4 indicates the existence of OCs in the deacetylated and dehy-
drated forms; the amount is significant less than that in acetone
precipitated samples (see Fig. 3). Content of these species in the frac-
tionated products is estimated to be less than ~0.8 wt%. Deacetylated
OCs were more soluble in acidic conditions, as deacetylation process
transforms the amide groups into amine groups, deacetylated OC were
prone to remain dissolved in the supernatant during precipitation.
Overall, the short time and low temperature in our processing method
facilitate producing OCs with a low degree of deacetylation and dehy-
dration, as only very weak peaks of deacetylation or dehydrate products
are observed in Fig. 4.

The yield of each fraction after differential precipitation is shown in
Fig. 5. The total yield of the product processed at 50 °C was 28.9 wt%,
and the yield of the F1 fraction was 18.7 wt%. The yield of each DP after
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Fig. 4. MALDI TOF MS spectra of different OC fractions produced through
differential precipitation in ethanol.
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Fig. 5. Yield of the five fractions of OC products.

fractionation is listed in Table S3. Compared with other methods using
strong acids or enzymes, our method was particularly effective in pro-
ducing DP6+ (Kazami et al., 2015; Zhang et al., 2014). The reasons that
the yield of different fractions in our method is much higher than that in
the methods using strong acids are believed to be two-fold. First, the
combination of using phosphoric acid as a weak acid and a sonication-
assisted flow reactor enables a better match between the processes of
chitin dissolution and hydrolysis; while in the conventional method the
rate of hydrolysis is much faster than that of dissolution, resulting in a
high yield of only low DP species. Secondly, a neutralization step is
required when a strong acid is used, which significantly reduced the
content of DP6+. This is because that the amino group and the C6 hy-
droxy group in the hydrolysis products are protonated when strong acids
are used; their solubility is improved in acidic environments but are
subject to a dramatic decrease when basic solutions are added.

To verify whether the OC products were chemically modified during
the acid hydrolysis, FTIR and CP/MAS '3C solid state NMR spectroscopy
were used to compare chemical characteristics between OC and the non-
hydrolyzed chitin polymer. Fig. 6(A) shows the FTIR spectrum of a
typical OC produced in our method (F2 fraction) and that of chitin
polymer. For chitin polymer, major peaks in the FTIR spectrum are
assigned as follows (Kaya et al., 2017; Tsurkan et al., 2021): OH
stretching (3437 cm_l); NH stretching (3257 and 3100 cm_l); amide
C=O0 stretching, with hydrogen bonding with -NH and -OH groups,
respectively (1652 and 1620 cm’l); amide C—N stretching and N—H
bending (1550 cm_l); CH3 symmetric deformation (1375 cm_l); CH,
wagging (1307 em™!); C—O vibrational motion for the O-atoms on the
pyranose rings and the primary alcohols (~1000 ecm™!); C-O-C 1,4
glycosidic linkage at 896 cm™'. The intensity of some peaks in the F2
fraction oligomer spectrum are slightly less, as compared with that of the
chitin polymer, which might be due to the weaker hydrogen bonding
interactions in the F2 fraction. Regardless of these slight differences, the
FTIR results indicate that OC and chitin polymer are chemically
identical.

CP/MAS 3C solid state NMR spectrum of the F2 fraction and that of
chitin polymer are largely identical as well (see Fig. 6(B)). The C2 N-
acetyl groups and C6 primary alcohols are maintained largely intact, as
indicated by strong peaks at chemical shifts of 55.6 and 73.8 ppm, and
that at 61.4 ppm. A weak intensity shoulder appears at the lower
chemical shifts of the C3 peak, which was also observed in solid state
NMR spectra of OC extracted from fungal sources by HCl hydrolysis
(Crosino et al., 2021). The origin of this shoulder is not fully understood;
it might be associated with the hydration of C3, resembling the NMR
spectrum of hydrated p-form chitin crystal (Kobayashi et al., 2010;
Tanner et al., 1990).

4. Conclusion

The reported method of chitin processing using sonication-assisted
phosphoric acid hydrolysis and fractionation usingg differential
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Fig. 6. FTIR (A) and CP/MAS 3¢ NMR (B) spectrum of F2 fraction and
chitin polymer.

precipitation was able to produce OC fractions with DP ranging from 4
to 10. The OC products showed a narrow DP distribution. The mild
processing conditions caused negligible chemical modifications of the
OC products. The method is efficient, cost-effective, and relatively safe.
The process has the potential to serve as a route to produce high quality
OCs for use in cancer treatment, nutritional supplements, and antimi-
crobial agents, and other applications.

CRediT authorship contribution statement

Xin Zhang: Conceptualization, Methodology, Investigation, Data
curation, Writing — original draft. Yimin Mao: Conceptualization,
Investigation, Writing — review & editing. Robert M. Briber: Concep-
tualization, Writing — review & editing, Funding acquisition, Resources.

Disclaimer

Certain commercial products or equipment are described in this
paper to specify adequately the experimental procedure. In no case does
such identification imply recommendation or endorsement by the Na-
tional Institute of Standards and Technology, nor does it imply that it is
necessarily the best available for the purpose.

Carbohydrate Polymers 276 (2022) 118736

Declaration of competing interest

The authors have filed a provisional patent application based on the
work reported.

Acknowledgement

This work was supported by the National Institute of Standards and
Technology award number 70NANB15H261. We thank Dr. Fu Chen for
acquiring NMR spectra using a solid-state 500 MHz NMR spectrometer
(supported by NSF-1726058) at UMD.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.carbpol.2021.118736.

References

Azuma, K., Osaki, T., Minami, S., & Okamoto, Y. (2015). Anticancer and anti-
inflammatory properties of chitin and chitosan oligosaccharides. Journal of
Functional Biomaterials, 6(1), 33-49. https://doi.org/10.3390/jfb6010033

Belamie, E., Domard, A., & GiraudGuille, M. M. (1997). Study of the solid-state
hydrolysis of chitosan in presence of HCl. Journal of Polymer Science Part a-Polymer
Chemistry, 35(15), 3181-3191. https://doi.org/10.1002/(sici)1099-0518
(19971115)35:15<3181::Aid-polall>3.3.Co;2-7

Binnewerg, B., Schubert, M., Voronkina, A., Muzychka, L., Wysokowski, M., Petrenko, L.,
... Ehrlich, H. (2020). Marine biomaterials: Biomimetic and pharmacological
potential of cultivated Aplysina aerophoba marine demosponge. Materials Science &
Engineering C-Materials for Biological Applications, 109. https://doi.org/10.1016/].
msec.2019.110566

Bonin, M., Sreekumar, S., Cord-Landwehr, S., & Moerschbacher, B. M. (2020).
Preparation of defined chitosan oligosaccharides using chitin DEACETYLASES.
International Journal of Molecular Sciences, 21(21), 22. https://doi.org/10.3390/
ijms21217835

Bosso, C., Defaye, J., Domard, A., & Gadelle, A. (1986). The behavior of chitin towards
anhydrous hydrogen-fluoride - preparation of beta(1-4)-linked 2-acetamido-2-deoxy-
D-glucopyranosyl oligosaccharides. Carbohydrate Research, 156, 57-68. https://doi.
0rg/10.1016/s0008-6215(00)90099-5

Crosino, A., Moscato, E., Blangetti, M., Carotenuto, G., Spina, F., Bordignon, S., ...
Genre, A. (2021). Extraction of short chain chitooligosaccharides from fungal
biomass and their use as promoters of arbuscular mycorrhizal symbiosis. Scientific
Reports, 11(1). https://doi.org/10.1038/541598-021-83299-6

Dong, Z. Y., Delacour, C., Mc Carogher, K., Udepurkar, A. P., & Kuhn, S. (2020).
Continuous ultrasonic reactors: Design, mechanism and application. Materials, 13(2).
https://doi.org/10.3390/ma13020344

Duan, B., Huang, Y., Lu, A., & Zhang, L. N. (2018). Recent advances in chitin based
materials constructed via physical methods. Progress in Polymer Science, 82, 1-33.
https://doi.org/10.1016/j.progpolymsci.2018.04.001

Einbu, A., & Varum, K. M. (2007). Depolymerization and de-N-acetylation of chitin
oligomers in hydrochloric acid. Biomacromolecules, 8(1), 309-314. https://doi.org/
10.1021/bm0608535

Fan, L. T., Gharpuray, M. M., & Lee, Y. H. (1987). Acid hydrolysis of cellulose. In L. T. F.
S. Aiba, A. Fiechter, 1. Klein, K. Schiigerl (Ed.), Cellulose hydrolysis (1 ed., Vol. 3).
Berlin Heidelberg: Springer-Verlag.

Felix, G., Regenass, M., & Boller, T. (1993). Specific perception of subnanomolar
concentrations of chitin fragments by tomato cells - induction of extracellular
alkalinization, changes in protein-phosphorylation, and establishment of a refractory
state. Plant Journal, 4(2), 307-316. https://doi.org/10.1046/j.1365-
313X.1993.04020307.x

Furukawa, S., Taniai, K., Yang, J., Shono, T., & Yamakawa, M. (1999). Induction of gene
expression of antibacterial proteins by chitin oligomers in the silkworm, Bombyx
mori. Insect Molecular Biology, 8(1), 145-148. https://doi.org/10.1046/j.1365-
2583.1999.810145.x

Hahn, M. G. (1996). Microbial elicitors and their receptors in plants. Annual Review of
Phytopathology, 34, 387-412. https://doi.org/10.1146/annurev.phyto.34.1.387

Huang, R. L., Yin, Y. L., Wy, G. Y., Zhang, Y. G,, Li, T. J., Li, L. L., ... Nie, X. Z. (2005).
Effect of dietary oligochitosan supplementation on heal digestibility of nutrients and
performance in broilers. Poultry Science, 84(9), 1383-1388. https://doi.org/
10.1093/ps/84.9.1383

Kaku, H., Nishizawa, Y., Ishii-Minami, N., Akimoto-Tomiyama, C., Dohmae, N.,

Takio, K., ... Shibuya, N. (2006). Plant cells recognize chitin fragments for defense
signaling through a plasma membrane receptor. Proceedings of the National Academy
of Sciences of the United States of America, 103(29), 11086-11091. https://doi.org/

10.1073/pnas.0508882103

Kaya, M., Mujtaba, M., Ehrlich, H., Salaberria, A. M., Baran, T., Amemiya, C. T., ...
Labidi, J. (2017). On chemistry of gamma-chitin. Carbohydrate Polymers, 176,
177-186. https://doi.org/10.1016/j.carbpol.2017.08.076

Kazami, N., Sakaguchi, M., Mizutani, D., Masuda, T., Wakita, S., Oyama, F., ...
Sugahara, Y. (2015). A simple procedure for preparing chitin oligomers through


https://doi.org/10.1016/j.carbpol.2021.118736
https://doi.org/10.1016/j.carbpol.2021.118736
https://doi.org/10.3390/jfb6010033
https://doi.org/10.1002/(sici)1099-0518(19971115)35:15<3181::Aid-pola11>3.3.Co;2-7
https://doi.org/10.1002/(sici)1099-0518(19971115)35:15<3181::Aid-pola11>3.3.Co;2-7
https://doi.org/10.1016/j.msec.2019.110566
https://doi.org/10.1016/j.msec.2019.110566
https://doi.org/10.3390/ijms21217835
https://doi.org/10.3390/ijms21217835
https://doi.org/10.1016/s0008-6215(00)90099-5
https://doi.org/10.1016/s0008-6215(00)90099-5
https://doi.org/10.1038/s41598-021-83299-6
https://doi.org/10.3390/ma13020344
https://doi.org/10.1016/j.progpolymsci.2018.04.001
https://doi.org/10.1021/bm0608535
https://doi.org/10.1021/bm0608535
https://doi.org/10.1046/j.1365-313X.1993.04020307.x
https://doi.org/10.1046/j.1365-313X.1993.04020307.x
https://doi.org/10.1046/j.1365-2583.1999.810145.x
https://doi.org/10.1046/j.1365-2583.1999.810145.x
https://doi.org/10.1146/annurev.phyto.34.1.387
https://doi.org/10.1093/ps/84.9.1383
https://doi.org/10.1093/ps/84.9.1383
https://doi.org/10.1073/pnas.0508882103
https://doi.org/10.1073/pnas.0508882103
https://doi.org/10.1016/j.carbpol.2017.08.076

X. Zhang et al.

acetone precipitation after hydrolysis in concentrated hydrochloric acid.
Carbohydrate Polymers, 132, 304-310. https://doi.org/10.1016/j.
carbpol.2015.05.082

Klinger, C., Zoltowska-Aksamitowska, S., Wysokowski, M., Tsurkan, M. V., Galli, R.,
Petrenko, I., ... Ehrlich, H. (2019). Express method for isolation of ready-to-use 3D
chitin scaffolds from Aplysina archeri (Aplysineidae: Verongiida) demosponge.
Marine Drugs, 17(2). https://doi.org/10.3390/md17020131

Kobayashi, K., Kimura, S., Togawa, E., & Wada, M. (2010). Crystal transition between
hydrate and anhydrous beta-chitin monitored by synchrotron X-ray fiber diffraction.
Carbohydrate Polymers, 79(4), 882-889. https://doi.org/10.1016/j.
carbpol.2009.10.020

Li, K. C, Zhang, X. Q., Yu, Y., Xing, R. E,, Liu, S., & Li, P. C. (2020). Effect of chitin and
chitosan hexamers on growth and photosynthetic characteristics of wheat seedlings.
Photosynthetica, 58(3), 819-826. https://doi.org/10.32615/ps.2020.021

Libreros, S., Garcia-Areas, R., Shibata, Y., Carrio, R., Torroella-Kouri, M., & Iragavarapu-
Charyulu, V. (2012). Induction of proinflammatory mediators by CHI3L1 is reduced
by chitin treatment: Decreased tumor metastasis in a breast cancer model.
International Journal of Cancer, 131(2), 377-386. https://doi.org/10.1002/ijc.26379

Liu, T. T., Liu, Z. X., Song, C. J., Hy, Y. F., Han, Z. F., She, J., ... Chai, J. J. (2012). Chitin-
induced dimerization activates a plant immune receptor. Science, 336(6085),
1160-1164. https://doi.org/10.1126/science.1218867

Liu, X., Zhang, Y., Liu, Z. Z., & Xie, X. D. (2019). Anti-tumor effect of chitin
oligosaccharide plus cisplatin in vitro and in vivo. Oncotargets and Therapy, 12,
7581-7590. https://doi.org/10.2147/0tt.5220619

Masuda, S., Azuma, K., Kurozumi, S., Kiyose, M., Osaki, T., Tsuka, T., ... Okamoto, Y.
(2014). Anti-tumor properties of orally administered glucosamine and N-acetyl-D-
glucosamine oligomers in a mouse model. Carbohydrate Polymers, 111, 783-787.
https://doi.org/10.1016/j.carbpol.2014.04.102

Nagasawa, K., Tohira, Y., Inoue, Y., & Tanoura, N. (1971). Reaction between
carbohydrates and sulfuric acid .1. Depolymerization and sulfation of
polysaccharides by sulfuric acid. Carbohydrate Research, 18(1), 95. https://doi.org/
10.1016/50008-6215(00)80261-x

Park, B. K., & Kim, M. M. (2010). Applications of chitin and its derivatives in biological
medicine. International Journal of Molecular Sciences, 11(12), 5153-5165. https://
doi.org/10.3390/ijms11125152

Pillai, C. K. S., Paul, W., & Sharma, C. P. (2009). Chitin and chitosan polymers:
Chemistry, solubility and fiber formation. Progress in Polymer Science, 34(7),
641-678. https://doi.org/10.1016/j.progpolymsci.2009.04.001

Qin, C. B,, Zhang, Y. T., Liu, W. S., Xu, L., Yang, Y. L., & Zhou, Z. G. (2014). Effects of
chito-oligosaccharides supplementation on growth performance, intestinal cytokine
expression, autochthonous gut bacteria and disease resistance in hybrid tilapia
Oreochromis niloticus female x Oreochromis aureus male. Fish & Shellfish
Immunology, 40(1), 267-274. https://doi.org/10.1016/].fs1.2014.07.010

Rupley, J. A. (1964). Hydrolysis of chitin by concentrated hydrochloric acid +
preparation of low-molecular-weight substrates for lysozyme. Biochimica et
Biophysica Acta, 83(3), 245. https://doi.org/10.1016/0926-6526(64)90001-1

Salah, R., Michaud, P., Mati, F., Harrat, Z., Lounici, H., Abdi, N., ... Mameri, N. (2013).
Anticancer activity of chemically prepared shrimp low molecular weight chitin
evaluation with the human monocyte leukaemia cell line, THP-1. International
Journal of Biological Macromolecules, 52, 333-339. https://doi.org/10.1016/j.
ijbiomac.2012.10.009

Sanchez-Vallet, A., Mesters, J. R., & Thomma, B. (2015). The battle for chitin recognition
in plant-microbe interactions. FEMS Microbiology Reviews, 39(2), 171-183. https://
doi.org/10.1093/femsre/fuu003

Carbohydrate Polymers 276 (2022) 118736

Shibuya, N., Kaku, H., Kuchitsu, K., & Maliarik, M. J. (1993). Identification of a novel
high-affinity binding-site for N-acetylchitooligosaccharide elicitor in the membrane-
fraction from suspension-cultured rice cells. FEBS Letters, 329(1-2), 75-78. https://
doi.org/10.1016/0014-5793(93)80197-3

Tanner, S. F., Chanzy, H., Vincendon, M., Roux, J. C., & Gaill, F. (1990). High-resolution
solid-state carbon-13 nuclear magnetic resonance study of chitin. Macromolecules, 23
(15), 3576-3583. https://doi.org/10.1021/ma00176a017

Terbojevich, M., Carraro, C., Cosani, A., & Marsano, E. (1988). Solution studies of the
chitin lithium chloride-N,N-dimethylacetamide system. Carbohydrate Research, 180
(1), 73-86. https://doi.org/10.1016,/0008-6215(88)80065-x

Tharanathan, R. N., & Kittur, F. S. (2003). Chitin - the undisputed biomolecule of great
potential. Critical Reviews in Food Science and Nutrition, 43(1), 61-87. https://doi.
org/10.1080/10408690390826455

Tokoro, A., Tatewaki, N., Suzuki, K., Mikami, T., Suzuki, S., & Suzuki, M. (1988).
Growth-inhibitory effect of Hexa-N-acetylchitohexaose and chitohexaose against
meth-a solid tumor. Chemical & Pharmaceutical Bulletin, 36(2), 784-790. https://doi.
org/10.1248/cpb.36.784

Tsurkan, M. H., Voronkina, A. L. N., Khrunyk, Y. L. Y., Wysokowski, M. R. C.,
Petrenko, A., & Ehrlich, E. M. (2021). Progress in chitin analytics. Carbohydrate
Polymers, 252, Article 117204. https://doi.org/10.1016/j.carbpol.2020.117204

Vincendon, M. (1997). Regenerated chitin from phosphoric acid solutions. Carbohydrate
Polymers, 32(3-4), 233-237. https://doi.org/10.1016/50144-8617(97)00005-2

Voiges, K., Lammerhardt, N., & Mischnick, P. (2017). Kinetic studies of acid-catalyzed
hydrolysis of mixed cellulose ethers. Cellulose, 24(2), 627-639. https://doi.org/
10.1007/s10570-016-1170-0

Volpe, V., Carotenuto, G., Berzero, C., Cagnina, L., Puech-Pages, V., & Genre, A. (2020).
Short chain chito-oligosaccharides promote arbuscular mycorrhizal colonization in
Medicago truncatula. Carbohydrate Polymers, 229, Article 115505. https://doi.org/
10.1016/j.carbpol.2019.115505

Walker, S. A., Viprey, V., & Downie, J. A. (2000). Dissection of nodulation signaling
using pea mutants defective for calcium spiking induced by nod factors and chitin
oligomers. Proceedings of the National Academy of Sciences of the United States of
America, 97(24), 13413-13418. https://doi.org/10.1073/pnas.230440097

Wan, J. R., Zhang, X. C., Neece, D., Ramonell, K. M., Clough, S., Kim, S. Y., ... Stacey, G.
(2008). A LysM receptor-like kinase plays a critical role in chitin signaling and
fungal resistance in Arabidopsis. Plant Cell, 20(2), 471-481. https://doi.org/
10.1105/tpc.107.056754

Winkler, A. J., Dominguez-Nunez, J. A., Aranaz, 1., Poza-Carrion, C., Ramonell, K.,
Somerville, S., & Berrocal-Lobo, M. (2017). Short-chain chitin oligomers: Promoters
of plant growth. Marine Drugs, 15(2), 21. https://doi.org/10.3390/md15020040

Wysokowski, M., Bazhenov, V. V., Tsurkan, M. V., Galli, R., Stelling, A. L., Stocker, H., ...
Ehrlich, H. (2013). Isolation and identification of chitin in three-dimensional
skeleton of Aplysina fistularis marine sponge. International Journal of Biological
Macromolecules, 62, 94-100. https://doi.org/10.1016/j.ijbiomac.2013.08.039

Wysokowski, M., Machalowski, T., Petrenko, I., Schimpf, C., Rafaja, D., Galli, R., ...
Ehrlich, H. (2020). 3D chitin scaffolds of marine demosponge origin for biomimetic
mollusk hemolymph-associated biomineralization ex-vivo. Marine Drugs, 18(2).
https://doi.org/10.3390/md18020123

Zhang, Y. T., Zhou, Z. G., Liy, Y. C., Cao, Y. N., He, S. X., Huo, F. M,, ... Ringo, E. (2014).
High-yield production of a chitinase from Aeromonas veronii B565 as a potential
feed supplement for warm-water aquaculture. Applied Microbiology and
Biotechnology, 98(4), 1651-1662. https://doi.org/10.1007/s00253-013-5023-6

Zhao, T., Su, Z. P, Li, Y. C., Zhang, X. R., & You, Q. (2020). Chitinase-3 like-protein-1
function and its role in diseases. Signal Transduction and Targeted Therapy, 5(1), 20.
https://doi.org/10.1038/541392-020-00303-7


https://doi.org/10.1016/j.carbpol.2015.05.082
https://doi.org/10.1016/j.carbpol.2015.05.082
https://doi.org/10.3390/md17020131
https://doi.org/10.1016/j.carbpol.2009.10.020
https://doi.org/10.1016/j.carbpol.2009.10.020
https://doi.org/10.32615/ps.2020.021
https://doi.org/10.1002/ijc.26379
https://doi.org/10.1126/science.1218867
https://doi.org/10.2147/ott.S220619
https://doi.org/10.1016/j.carbpol.2014.04.102
https://doi.org/10.1016/s0008-6215(00)80261-x
https://doi.org/10.1016/s0008-6215(00)80261-x
https://doi.org/10.3390/ijms11125152
https://doi.org/10.3390/ijms11125152
https://doi.org/10.1016/j.progpolymsci.2009.04.001
https://doi.org/10.1016/j.fsi.2014.07.010
https://doi.org/10.1016/0926-6526(64)90001-1
https://doi.org/10.1016/j.ijbiomac.2012.10.009
https://doi.org/10.1016/j.ijbiomac.2012.10.009
https://doi.org/10.1093/femsre/fuu003
https://doi.org/10.1093/femsre/fuu003
https://doi.org/10.1016/0014-5793(93)80197-3
https://doi.org/10.1016/0014-5793(93)80197-3
https://doi.org/10.1021/ma00176a017
https://doi.org/10.1016/0008-6215(88)80065-x
https://doi.org/10.1080/10408690390826455
https://doi.org/10.1080/10408690390826455
https://doi.org/10.1248/cpb.36.784
https://doi.org/10.1248/cpb.36.784
https://doi.org/10.1016/j.carbpol.2020.117204
https://doi.org/10.1016/s0144-8617(97)00005-2
https://doi.org/10.1007/s10570-016-1170-0
https://doi.org/10.1007/s10570-016-1170-0
https://doi.org/10.1016/j.carbpol.2019.115505
https://doi.org/10.1016/j.carbpol.2019.115505
https://doi.org/10.1073/pnas.230440097
https://doi.org/10.1105/tpc.107.056754
https://doi.org/10.1105/tpc.107.056754
https://doi.org/10.3390/md15020040
https://doi.org/10.1016/j.ijbiomac.2013.08.039
https://doi.org/10.3390/md18020123
https://doi.org/10.1007/s00253-013-5023-6
https://doi.org/10.1038/s41392-020-00303-7

	Efficient production of oligomeric chitin with narrow distributions of degree of polymerization using sonication-assisted p ...
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Chitin purification
	2.3 Sonication-assisted phosphoric acid hydrolysis of chitin
	2.4 Fractionation
	2.5 Materials characterization

	3 Results and discussion
	4 Conclusion
	CRediT authorship contribution statement
	Disclaimer
	Declaration of competing interest
	Acknowledgement
	Appendix A Supplementary data
	References


