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Three-dimensional (3D) biomaterial manufacturing strategies show an 

extraordinary driving force for the development of innovative solutions in 
the biomedical sector, including drug delivery systems, disease modelling 
and tissue and organ engineering. Due to its remarkable and promising 
biological and structural properties, chitosan has been widely studied 
IRU� GHFDGHV� LQ� VHYHUDO� SRWHQWLDO� DSSOLFDWLRQV� LQ� WKH� ELRPHGLFDO� ¿HOG��
However, tools in the form of 3D printers have created new possibilities 
for the production of chitosan models, implants and scaffolds for cell 
cultures that are much more precise than existing ones. The article presents 
current achievements related to the possibility of using chitosan to create 
QHZ�PDWHULDOV�IRU��'�SULQWLQJ�LQ�WKH�IRUP�RI�FKLWRVDQ�ELRLQNV��¿ODPHQWV��
resins and powders dedicated for bioprinting, fused deposition modelling, 
VWHUHROLWKRJUDSK\�GLJLWDO� OLJKW� SURFHVVLQJ� DQG� VHOHFWLYH� ODVHU� VLQWHULQJ�
methods, respectively.
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��� ,QWURGXFWLRQ�
7KUHH�GLPHQVLRQDO�SULQWLQJ� ��'3�� LV� RQH�RI� WKH�ZD\V�RI�SURGXFLQJ�REMHFWV� WKURXJK�

FRQWUROOHG� GHSRVLWLRQ� RI�PDWHULDO� OD\HUV� XQWLO� LWV� ¿QDO� VWUXFWXUH� LV� REWDLQHG� >�@��'XH� WR�
subsequent addition of layers of the material during printing, 3DP is also called additive 
PDQXIDFWXULQJ� �$0�� >�@�� 7KLV� LV� WKH� EDVLF� GLIIHUHQFH� WKDW� GLVWLQJXLVKHV� �'3� IURP�
available manufacturing technologies that involve subtractive processing of a larger 
DPRXQW�RI�PDWHULDO�LQ�RUGHU�WR�VKDSH�LW�SURSHUO\��OLNH�GULOOLQJ��PLOOLQJ��EURDFKLQJ��HWF��>�@��
0RUHRYHU��$0�LV�HI¿FLHQW��LW�SURGXFHV�OHVV�ZDVWH�DQG�D�ODUJH�DPRXQW�RI�HQHUJ\��+HQFH��LW�
XVHV� OHVV�HQHUJ\�GHPDQGLQJ�PDFKLQHU\�>�@���'3�WHFKQRORJ\�DQG�LWV�XQXVHG�SRWHQWLDO� LV�
a gateway to the new era of printing self-organizing objects after leaving the printer as 
a result of exposure to the fourth dimension – time. The stimuli acting in an additional 
dimension may be a change in the water content, pH or pressure in the vicinity of the 
object, energy supply, e.g. in the form of heat, or chemical reactions occurring in  
WKH�HQYLURQPHQW�LQ�ZKLFK�WKH�SULQWHG�REMHFW�LV�ORFDWHG�>�@��:KLOH�WKH�PDQXIDFWXULQJ�DQG�
printing advancements are state-of-the-art technologies with a great scope in various 
¿HOGV� VXFK� DV� DXWRPRELOHV�� PHGLFDO� LPSODQWV�� HOHFWURQLFV�� DHURVSDFH� DQG� URERWLFV�� WKH�
biomedical sector is the one in which the use of AM technology is extremely hopeful  
>����@��0DQ\�UHVHDUFKHUV�DUH�LQYROYHG�LQ�XVLQJ��'�SULQWHUV�IRU�YDULRXV�DSSOLFDWLRQV�VXFK�
DV� GUXJ� GHOLYHU\�� GLVHDVH� PRGHOOLQJ� DQG� WLVVXH� DQG� RUJDQ� HQJLQHHULQJ� >��� �@�� 8QWLO�
recently, 3D printers were mostly used for prototyping devices for design and 
manufacture. More recently, 3D bioprinting has been expanded for applications such as 
cell and tissue printing with great hope for a quick transition from research and testing 
PRGHOV�WR�VXUJLFDO�SODQQLQJ��GHYLFH�PDQXIDFWXULQJ�DQG�WLVVXH�RU�RUJDQ�UHSODFHPHQW�>��@��

In line with the current focus on the sustainable economy, the exploration of natural-
derived and renewable biopolymers, instead of fossil-fuel-based plastics, for various 
products’ fabrication has received tremendous attention. Biomass from marine, woody 
and agricultural residuals, the most abundant renewable feedstocks on earth, has shown 
D� SURPLVLQJ� SRWHQWLDO� DV� DOWHUQDWLYHV� WR� IRVVLO� UHVRXUFHV� >��±��@�� 'HYHORSPHQW�
of biomass-based materials instead of fossil oil-based plastics for different 3DP 
technologies provides an opportunity to realize a truly sustainable and recycling 
HFRQRP\� >��@�� ,Q� JHQHUDO�� WKH�PDWHULDO� SURSHUW\� UHTXLUHPHQWV� IRU� �'3� DSSOLFDWLRQV� LQ�
medicine and pharmacy include, but are not limited to, printability, biocompatibility, 
GHJUDGDELOLW\� �VDIH� GHJUDGDWLRQ� E\�SURGXFWV� DQG� JRRG� GHJUDGDWLRQ� NLQHWLFV��� WLVVXH�
ELRPLPLFU\�DQG�DSSURSULDWH�PHFKDQLFDO�SURSHUWLHV�>������@��

From a technical point of view, materials should have adequate processability due to 
the utilized 3DP technique, e.g. the ability for thermoplastic processing in the fused 
GHSRVLWLRQ� PRGHOOLQJ� WHFKQLTXH� �)'0�� RU� VKHDU� WKLQQLQJ� EHKDYLRXU� DQG� ]HUR� VKHDU�
viscosity, enabling accurate and easy 3DP of high-resolution structures, high shape 
DFFXUDF\�DQG�VWUXFWXUDO�VWDELOLW\�LQ�WKH�VWHUHROLWKRJUDSK\�WHFKQLTXH��6/$��>������@��)URP�
the point of view of the biomedical application, biocompatibility should be assessed in 
terms of cell and tissue compatibility of the ink components, the printed structure, any 
washable products or degradation by-products from the printed structure or material 
>��@��1RUPDO�ELRFRPSDWLELOLW\�WHVWV�LQFOXGH�in vitro tests for DNA damage, cytotoxicity, 
FHOO�SUROLIHUDWLRQ�DQG�TXDQWL¿FDWLRQ�RI�VSHFL¿F�SURWHLQV��DV�ZHOO�DV�QHFHVVDU\�in vivo tests 
according to the categorization of the medical device according to tissue contact and 
GXUDWLRQ� RI� FRQWDFW� >��@�� )RU� VFDIIROGV� WKDW� DUH� QRW� LQWHQGHG� IRU� SHUPDQHQW� LPSODQWV��
printed structures should break down into biocompatible by-products in a controlled 
manner, enabling cells to produce their own extracellular matrix or allowing embedded 
FRPSRQHQWV�WR�DFKLHYH�GHVLUHG�UHOHDVH�SUR¿OHV�>��@��7LVVXH�ELRPLPHWLFV�SODFH�GHPDQGV�
on printed constructs to imitate the natural shape of organs and tissues and represent 
their complex, heterogeneous nature, including the desired biological functionality, 
VXI¿FLHQW�VWUHQJWK�DQG�ULJLGLW\�WR�PDLQWDLQ�VWUXFWXUDO�LQWHJULW\�DQG�PDFUR��DQG�PLFUR�SRURXV�
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architecture. The attempt to present these characteristics is becoming a key challenge for 
ELRSRO\PHUV�IRU��'3�IRU�ELRPHGLFDO�DSSOLFDWLRQV��HVSHFLDOO\� LQ� WLVVXH�HQJLQHHULQJ�>��@��
0RUH�VSHFL¿F�UHTXLUHPHQWV�IRU��'3�PDWHULDOV�RU�SULQWHG�VWUXFWXUHV�VKRXOG�EH�FRQVLGHUHG�
IRU� WKH� VSHFL¿F� HQG� XVH� DQG� LWV� SULQWLQJ� DSSURDFK�� 7RGD\¶V� PRVW� SURPLVLQJ� �'3�
techniques in terms of creating three-dimensional objects for biomedical issues and 
involving the use of natural polymers are described below. The principle of operation 
of these techniques is shown in Fig. 1.

a

)LJXUH��� The principle of operation of the major commercial three-dimensional printing 
methods in which the usage of natural polymers and their derivatives is currently being 
LQYHVWLJDWHG�� �D�� IXVHG� GHSRVLWLRQ� PRGHOOLQJ�� �E�� ELRSULQWLQJ�� �F�� VWHUHROLWKRJUDSK\�� 
�G��GLJLWDO�OLJKW�SURFHVVLQJ�DQG��H��VHOHFWLYH�ODVHU�VLQWHULQJ���I��WKH�SULQWHG�PRGHO�

b

c d

e f
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x� Fused deposition modelling (FDM) is currently the most common method in 
which thermoplastics are used in printing. Objects are created by applying 
VXFFHVVLYH� OD\HUV� RI� VHPL�ÀXLG� PDWHULDO� H[WUXGHG� IURP� D� KHDWHG� QR]]OH�� 7KLV�
PDWHULDO�KDV�WKH�IRUP�RI�D�OLQH�ZLWK�D�FRQVWDQW�GLDPHWHU�RI������RU������PP�ZRXQG�
on a spool. FDM uses various types of thermoplastic materials that differ in 
VWUHQJWK� DQG� PHOWLQJ� SRLQW�� $FU\ORQLWULOH�%XWDGLHQH�6W\UHQH� FRSRO\PHU� �$%6���
SRO\FDUERQDWHV��SRO\SKHQ\O�VXOSKLGHV�DQG�ZD[HV��)LJ���$��>��@�

x� Bioprinting (BP) is the utilization of 3DP-like techniques to combine cells, growth 
factors, and biomaterials to fabricate biomedical parts that maximally imitate 
natural tissue characteristics. BP generally utilizes the layer-by-layer method to 
deposit material known as bioink to create tissue-like structures that are later used 
LQ�PHGLFDO�DQG�WLVVXH�HQJLQHHULQJ�¿HOGV��)LJ���%��>��@�

x� SLA and digital light processing (DLP) are photopolymerization techniques, 
which in general refers to the curing of photo-reactive polymers by using a laser, 
YLVLEOH�RU�XOWUDYLROHW��89��OLJKW�>��@��7KH�H[DPSOH�RI��'3�WHFKQRORJLHV�WKDW�HPSOR\�
SKRWRSRO\PHUL]DWLRQ�DUH�6/$��)LJ���&��DQG�'/3��)LJ���'���'/3�LV�VLPLODU�WR�6/$�
in that they both work with photopolymers, But the light source is different. DLP 
uses a more conventional light source, such as an arc lamp with a liquid crystal 
GLVSOD\� SDQHO�� ,W� FDQ� DFW� RQ� WKH�ZKROH� VXUIDFH� RI� WKH�ZRUN� DUHD� �EXLOG� SODWIRUP��
while a single layer photopolymerization of resin. DLP is usually faster than SLA, 
in which reaction takes place only at the one point of irradiation of the laser beam 
>��@�

x� Selective laser sintering (SLS) uses either an electron beam or laser to melt or fuse 
the material powder together. The example of the materials used in this process are 
PHWDOV��FHUDPLFV��SRO\PHUV�RU�WKHLU�FRPSRVLWHV�RU�K\EULGV��)LJ���(��>��@�

/LX� DQG� FR�ZRUNHUV� >��@� OLVWHG� WKH� PRVW� LPSRUWDQW� ELRSRO\PHUV� WKDW� KDYH� VR� IDU�
EHHQ� VXFFHVVIXOO\� DGRSWHG� LQ� WKH� DERYH�PHQWLRQHG� �'3� PHWKRGV� �)LJ�� ���� 7KHVH�
LQFOXGH� FHOOXORVH�� VRGLXP� DOJLQDWH�� VWDUFK�� SRO\�ODFWLF� DFLG�� �3/$��� DJDU� DQG� WKHLU�
PRGL¿HG�GHULYDWLYHV�DQG�FRPSRVLWHV��&KLWRVDQ�LV�DQRWKHU�QDWXUDO�SRO\PHU�LQ�ZKLFK�RQH�
can see the application potential. Chitosan is the N-deacetylated derivative of chitin, 
a linear and semi-crystalline polysaccharide composed of glucosamine and N-acetyl 
JOXFRVDPLQH� XQLWV� OLQNHG� E\� ȕ���ĺ��� JO\FRVLGLF� ERQGV� >��@�� &KLWRVDQ� LV� D� QDWXUDO��
biodegradable, nontoxic and biocompatible hydrophilic polymer with antimicrobial 
properties, which due to its excellent properties can prove itself in 3DP technology 
dedicated for biomedical applications. The commercial exploitation of chitosan faces 
VLJQL¿FDQW� EDUULHUV� EHFDXVH� WKHUH� DUH� GLI¿FXOWLHV� LQ� SUHSDULQJ� KRPRJHQHRXVO\�
reproducible chitosan in large quantities from various marine organisms around the 
world. Derivatization of chitosan further increases the overall price and possible 
differences in character uniformity. These limitations can be overcome thanks to 
research and technological progress that will give impetus to the growing applications 
and demand of chitosan and its derivatives. Although a number of examples 
of chitosan derivatives have been used in biomedical areas, only a few, including 
FDUER[\PHWK\ODWHG� FKLWRVDQ�� WULPHWK\ODWHG� FKLWRVDQ� DQG� SRO\HWK\OHQH� JO\FRO� �3(*�
ylated chitosan, have achieved a well-established and potentially characterized 
DSSOLFDWLRQ�SUR¿OH�>��@��7KHUHIRUH��PXFK�UHVHDUFK�VWLOO�QHHGV�WR�EH�GRQH�WR�IXOO\�H[SORLW�
WKH�EHQH¿WV�RI�FKLWRVDQ�DQG�LWV�GHULYDWLYHV�LQ�ELRPHGLFDO�DSSOLFDWLRQV�YLD��'�SULQWHUV��
This review presents the latest achievements related to the use of chitosan and their 
derivatives in the most commonly used 3DP techniques.
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��� &KLWRVDQ�)LODPHQWV�IRU�)'0
7KH� PDLQ� UDZ� PDWHULDOV� XVHG� LQ� WKH� SURGXFWLRQ� RI� ¿ODPHQWV� GHGLFDWHG� IRU� )'0�

printing are biodegradable aliphatic polyesters, such as polyhydroxybutyrate and its 
FRSRO\PHU� SRO\K\GUR[\EXW\UDWH�FR�YDOHUDWH�� 3/$�� SRO\�JO\FROLF� DFLG��� SRO\�
caprolactone and their copolymers. The ester bonds in these synthetic polymers 
K\GURO\VH�WR�QRQWR[LF�QDWXUDO�PHWDEROLWHV�>��@��&KLWRVDQ�KDV�SURYHQ�WR�EH�WKH�ULJKW�UDZ�
material for creating bioconstructions due to their properties, so the idea of adding it to 
WKHUPRSODVWLFV�GHGLFDWHG�WR�)'0�SULQWHUV�LV�IXOO\�MXVWL¿HG��+RZHYHU��WKH�PDMRU�LVVXH�ZDV�
combining two raw materials with such extremely different properties while maintaining 
thermoplasticity.

The easiest way seemed to be physically mixing polymers and subjecting them to co-
extrusion. We conducted such preliminary tests by extrusion PLA pellets with chitosan 
SRZGHU� WR�DVVHVV� WKH�SRVVLELOLW\�RI�REWDLQLQJ�¿ODPHQWV�ZLWK�DQWLPLFURELDO� DFWLYLW\��7KH�
results have shown that chitosan increased porosity and decreased the density of the 
REWDLQHG�3/$�FKLWRVDQ�¿ODPHQWV��3/$�DQG�FKLWRVDQ�IRUPHG�RQO\�D�SK\VLFDO�PL[WXUH�DIWHU�
H[WUXVLRQ�� &KLWRVDQ� FDXVHG� GHWHULRUDWLRQ� RI� WKH� PHFKDQLFDO� SURSHUWLHV� RI� ¿ODPHQWV��
HVSHFLDOO\� HORQJDWLRQ� DW� EUHDN� DQG� <RXQJ¶V� PRGXOXV�� EXW� LPSURYHG� WKHLU� DELOLW\� WR�
crystallize. It provided at most the antibacterial properties against Escherichia coli and 
Staphylococcus aureus�DW�D����PDVV�DGGLWLRQ�LQ�WKH�¿ODPHQW��7KH�����VKDUH�RI�FKLWRVDQ�
LQ� WKH� ¿ODPHQW� FRPSOHWHO\� UHGXFHG� LWV� SULQWDELOLW\� >��@�� 7KHUHIRUH�� WR� FUHDWH�
KRPRJHQHRXV�DQG�WKHUPRSURFHVVDEOH��SULQWDEOH��¿ODPHQWV�ZLWK�FKLWRVDQ��LW�LV�FUXFLDO�WR�
ensure adequate raw grinding and the use of auxiliary compounds capable of reacting 
with functional groups of both extruded polymers. 

:X�HW�DO��>��@�XVHG�3/$�DQG�FKLWRVDQ�WR�FUHDWH�D�3/$�FKLWRVDQ�FRPSRVLWH��&KLWRVDQ�
ZDV�¿UVW�PDGH�LQWR�SRZGHU�E\�JULQGLQJ��LW�ZDV�WKHQ�PL[HG�LQWR�3/$�DQG�¿QDOO\�JUDIWHG�
E\� PDOHLF� DQK\GULGH� �0$�� LQWR� 3/$�J�0$�FKLWRVDQ� WR� LQFUHDVH� LQWHUIDFLDO� DGKHVLRQ�
of the blend and enhance the mechanical properties of the PLA/CS composite in 
UHIHUHQFH� WR� WKH� QHDW� 3/$� �)LJ�� ����7KLV� SURFHVV� SURGXFHG�PRUSKRORJLFDOO\� FRQVLVWHQW�
composites with a chemical structure different from the structure of raw materials and 

)LJXUH����)DEULFDWLRQ�RI��&��WKUHH�GLPHQVLRQDO�SULQWDEOH�¿ODPHQW�VWULSV�IURP��$��PDOHLF�
DQK\GULGH��0$��JUDIWHG�SRO\ODFWLGH��3/$�J�0$��DQG�FKLWRVDQ��&6��FRPSRVLWH�>��@�
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increased tensile strength and water resistance. The 10% share of chitosan in PLA-g-
MA/chitosan membranes provided them antibacterial activity.

Another way to increase the compatibility of chitosan with aliphatic polyesters is to 
convert it into a so-called thermoplastic form; this endeavour involves combining 
FKLWRVDQ�SRZGHU�ZLWK�WKH�DGGLWLRQ�RI�DFLG�DQG�SRO\RO�VXFK�DV�VRUELWRO��JO\FHURO��HWF��>��@��
*UDQGH�HW�DO��>��@�GHVFULEHG�D�PHWKRG�IRU�HIIHFWLYHO\�SURGXFLQJ�WKHUPRSODVWLF�SRO\�YLQ\O�
DOFRKRO��FKLWRVDQ� EOHQGV� WKDW� FDQ� EH� PHOWHG� DQG� GLVSHUVHG� E\� H[WUXVLRQ� ZLWKRXW� WKH�
negative effects of acetic acid residues into a polyester matrix such as PLA. PLA/
chitosan blends were obtained by solution processing, which involved conventional oven 
drying and using new approaches such as freeze- and spray drying. However, browning 
RI�FKLWRVDQ�FRQWDLQLQJ�PDWHULDOV�KDV�QRW�EHHQ�FRPSOHWHO\�HOLPLQDWHG�>��@�

*HRUJLRV� HW� DO�� >��@� XVHG� WKH� ¿QGLQJV� IURP� WKH� DERYH�PHQWLRQHG� VWXGLHV� IRU� WKH�
SURGXFWLRQ� RI� ¿OP� EDVHG� RQ� 39$� �¿OP�IRUPLQJ� DFWLYLW\��� [\OLWRO� �SODVWLFL]HU�� DQG�
FKLWRVDQ��LPSURYHPHQW�RI�PXFRDGKHVLYHQHVV��IRU�EXFFDO�GHOLYHU\�RI�D�PRGHO�K\GURSKLOLF�
GUXJ��GLFORIHQDF�VRGLXP��>��@��7KH�PDQXIDFWXUHG�SURGXFWV�H[KLELWHG�DFFHSWDEOH�VWUXFWXUDO�
features and dose uniformity. The solid-state characterization indicated effective 
plasticization of the polymer, complete blending of the integrated components and 
amorphization of the drug. The presence of chitosan affected the ex vivo performance 
RI�IRUPXODWHG�¿OPV��GHPRQVWUDWLQJ�HQKDQFHG�PXFRDGKHVLRQ�DQG�SHUPHDWLRQ�SURSHUWLHV��

Research from the last few years has focused mainly on exploring aliphatic polyester/
K\GUR[\DSDWLWH�FKLWRVDQ�V\VWHPV��LQ�ZKLFK�WKH�FRQWHQW�RI�FKLWRVDQ�LQ�SULQWDEOH�¿ODPHQWV�
GRHV�QRW�H[FHHG�����ZLWK�����K\GUR[\DSDWLWH�>��±��@��)LODPHQWV�FRQWDLQLQJ�XS�WR�����
FKLWRVDQ�ZHUH�GHYHORSHG�E\�7KXDNVXEDQ�DQG�FROOHDJXHV� >��@��7KHLU�PDLQ� LQJUHGLHQW� LV�
SRO\FDSURODFWRQH� �3&/��� &KLWRVDQ� DQG� 3&/� DUH�PLOOHG� VHSDUDWHO\� XVLQJ� D� IUHH]HU�PLOO�
PDFKLQH�� WKHQ� VLHYHG� WKURXJK� D� ��� �P� VLHYH�� PL[HG� WRJHWKHU� LQ� DQ� ������ UDWLR�
RI�3&/�FKLWRVDQ�E\�ZHLJKW�DQG�PHOWHG�LQ�DQ�H[WUXGLQJ�PDFKLQH�WR�REWDLQ�¿ODPHQW��IURP�
which scaffolds were printed using the melt stretching and multilayer deposition 
technique. In this study, the ability of obtained scaffolds for bone regeneration was 
HYDOXDWHG� ZLWKLQ� D� UDEELW¶V� FDOYDULDO� GHIHFWV�� 7KH� UHVXOWV� FRQ¿UPHG� WKDW� D� FKLWRVDQ�
VFDIIROG� FDQ� SURYLGH� VPDOO� DPRXQWV� RI� QHZ� ERQH� UHJHQHUDWLRQ� WKDW� LV� LQVXI¿FLHQW� IRU�
UHFRQVWUXFWLQJ�ODUJHU�ERQH�GHIHFWV�LQ�WHUPV�RI�LQGXFLQJ�VRPH�VSHFL¿F�LQÀDPPDWRU\�FHOOV��
+RZHYHU��WKH�FRQFHSW�RI�PHOW�VWUHWFKLQJ�DQG�PXOWLOD\HU�GHSRVLWLRQ��060'��VFDIIROG�LV�
still valuable and proves that the barrier of combining hydrophilic chitosan with 
thermoplastic materials has been overcome.

��� &KLWRVDQ�,QNV�IRU�%3
%LRLQN� FDQ� EH� GH¿QHG� DV� D�PL[WXUH� RI� FHOOV�� ELRPDWHULDOV� DQG� ELRDFWLYH�PROHFXOHV��

which are applied layer by layer using additive manufacturing to create biocompatible 
3D objects. Therefore, the dispersion medium in which cells, growth factors or drugs are 
suspended are most often natural polymer solutions, including chitosan solutions. This 
polymer possess the ability to form a gel itself by neutralizing the amino groups. It can 
also form an ionic crosslinked hydrogel in the presence of anionic components under 
relatively mild gelation conditions. Covalently crosslinked chitosan hydrogels can be 
prepared by treating chitosan with various chemical reagents, such as glyoxal, 
JOXWDUDOGHK\GH�DQG�JHQLSLQ�>��@��&KLWRVDQ�LV�ZLGHO\�XVHG�LQ�ZRXQG�FDUH��FDUWLODJH�UHSDLU�
and drug delivery. When present in dressings, it facilitates the haemostatic process by 
interacting with red blood cells with a negatively charged membrane due to its cationic 
QDWXUH� >��@��&KLWRVDQ�EDVHG�K\GURJHOV� DUH�RIWHQ�XVHG� LQ�ELR�DSSOLFDWLRQV��EXW� WKHUH�KDV�
been little research on printing chitosan using BP methods. Gelation and fabrication time 
are the two essential parameters leading to suitable hydrogel cell retaining ability, and 
they rely on hydrogel rheological behaviour. Pisani and co-authors proposed bioink 
meeting most of the requirements for biomedical applications using chitosan/poly 
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�JDPPD�JOXWDPLF�DFLG�� �Ȗ�3*$�� >��@��7KH�SULQFLSOH�RI� WKH�PHWKRG� LV�EDVHG�RQ� WKH�XVH�
RI� D� FRPPHUFLDO� ,1.5(',%/(����'�ELRSULQWHU� HTXLSSHG�ZLWK� WZR�GRVLQJ�KHDGV�� DQG�
the electrostatic interaction between amino groups of chitosan and carboxylic groups 
of Ȗ-PGA. 

The number of reactive functional groups from both polymers determines the quality 
RI� WKH� SULQWHG� SRO\HOHFWURO\WH� K\GURJHO� �,3(&V���7KH� DLP� RI� WKH� VWXG\�ZDV� WR� ¿QG� WKH�
optimal composition of both polymer solutions in terms of the quality of printouts and 
HYDOXDWH�WKH�VXUYLYDO�RI�KXPDQ�¿EUREODVW�FHOOV�WKDW�ZHUH�VXVSHQGHG�LQ�FKLWRVDQ�VROXWLRQ�
during printing. The results showed that IPECs formed between 4.5% or 6% chitosan 
and 2% Ȗ�3*$����ZHUH�VWDEOH�LQ�D�JULG�VKDSH�XS�WR�DERXW����3D������G\QH�FP2��VKHDU�
VWUHVV� �)LJ�� ���� PXFK� KLJKHU� SUHVVXUH� WKDQ� WKRVH� SUHVHQW� LQ�PRVW� KXPDQ� DUWHULHV�� &HOO�
survival in the bioink and after 3D BP was excellent.

To create another bioink, Lee and colleagues proposed the use of catechol-conjugated 
FKLWRVDQ� �&KL�&��� ZKLFK� LQ� WKH� ¿UVW� VWDJH� LV� SURGXFHG� E\� FKHPLFDO� FRXSOLQJ� RI� ERWK�
VXEVWUDWHV� XVLQJ� ��HWK\O������GLPHWK\ODPLQR� SURS\O�� FDUERGLLPLGH� �('&�� >��@�� 7R� ���
Chi-C derivative solution in culture medium, vanadium oxide sulfate hydrate is added. The 
vanadyl ion accelerates gelation by quickly generating a catechol radical and forming 
R[\JHQ�FRPSOH[HV�ZLWK�K\GUR[\O�JURXSV�SUHVHQW�LQ�WKH�FDWHFKRO�DURPDWLF�ULQJ��)LJ�����

Chi-C can interact with blood components to form self-sealing membranes. The 
phenomenon was observed in blood, so a similar type of rapid complexation with foetal 
ERYLQH� VHUXP� ZDV� WHVWHG�� 7KH� PHDVXUHG� YLDELOLW\� RI� /���� �PRXVH� ¿EUREODVW�� FHOOV�

)LJXUH� ��� 3LFWXUHV� RI� WKUHH�GLPHQVLRQDO�ELRSULQWHG� OD\HUV� XVLQJ� FKLWRVDQ� �&6�� ELRLQN�� 
�D�� ��� &6� ��� SRO\�JDPPD�JOXWDPLF� DFLG�� �Ȗ�3*$�� VROXWLRQV�� ���� LQ¿OO�� �E�� �����
&6����Ȗ�3*$�VROXWLRQV������LQ¿OO��DQG��F�����&6����Ȗ�3*$�VROXWLRQV������LQ¿OO�>��@�

)LJXUH��� Schematic illustration for preparation of the vanadyl ion-catechol-conjugated 
FKLWRVDQ��9�&KL�&��ELRLQN�>��@�
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HQFDSVXODWHG� LQ� WKH� SULQWHG� VFDIIROGV� ZDV� DOPRVW� ��� �� ���� 7KHVH� UHVXOWV� VKRZ� WKH�
unexplored potential of vanadyl ion-Chi-CS for in situ printability in serum containing 
media by rapid complexation between Chi-C and serum proteins without any extrinsic 
SK\VLFDO� IDFWRUV� VXFK� DV�89� OLJKW��7KH� VPDOO� DPRXQW� RI� YDQDG\O� LRQ� ���P0�� VKRZHG�
QHDUO\� QR� F\WRWR[LFLW\��0RUHRYHU�� WKH� FHOO� YLDELOLW\� ZDV� ��� �� ���� HYHQ� DIWHU� D� ��GD\�
incubation.

��� &KLWRVDQ�5HVLQV�IRU�6/$�'/3�
0DQ\�VWXGLHV�KDYH�GHVFULEHG�WKH�SRVVLELOLW\�RI�XVLQJ�FKLWRVDQ�GHULYDWLYHV�LQ�WKH�¿HOG�

RI�ELRPDWHULDOV��VXFK�DV�VRIW�WLVVXH�UHFRQVWUXFWLRQ�>��@��FDUWLODJH�WLVVXH�HQJLQHHULQJ�>��@��
FDUWLODJH� UHJHQHUDWLRQ� >��@� DQG� GUXJ� UHOHDVH� >��@�� +RZHYHU�� WKH� SURFHGXUH� IRU� WKHVH�
methods has so far been complex, the cost was high and during the process a toxic 
segment was introduced that changes the properties of the chitosan derivative. Research 
works from the last decade have clearly indicated the superiority of the Michael reaction 
in constructing chitosan photocured resins. The Michael reaction is a well-known 
SURFHVV�RI�DGGLQJ�YDULRXV�DPLQHV�WR�Į��ȕ�XQVDWXUDWHG�FDUERQ\O�FRPSRXQGV��0DQ\�VWXGLHV�
KDYH� UHSRUWHG� FKHPLFDO�PRGL¿FDWLRQ� RI� FKLWRVDQ�ZLWK� D� GRXEOH� ERQG�PRQRPHU� LQ� WKH�
0LFKDHO�UHDFWLRQ�XQGHU�PLOG�UHDFWLRQ�FRQGLWLRQV�>������@�

0D� DQG� FROOHDJXHV� >��@� SUHVHQWHG� D� PHWKRG� RI� SURGXFLQJ� SKRWRSRO\PHUL]DEOH�
FKLWRVDQ� GHULYDWLYH� SUHSDUHG� E\� WKH� 0LFKDHO� UHDFWLRQ� RI� FKLWRVDQ� DQG� SRO\�HWK\OHQH�
JO\FRO��GLDFU\ODWH��3(*'$���7KH\�UHDFWHG�D����VROXWLRQ�RI�FKLWRVDQ� LQ����DFHWLF�DFLG�
ZLWK� 3(*'$� LQ� D� ����� PDVV� UDWLR� RI� SRO\PHUV� DW� ���&� IRU� ��� K�� 7KHQ�� WKH� UHDFWLRQ�
mixture was concentrated to a yellow viscous liquid. By using a 2% addition of Irgacure 
����� SKRWRLQLWLDWRU�� WKH\� FRQ¿UPHG� WKH� DELOLW\� WR� SKRWRSRO\PHUL]H� WKH� VROXWLRQ� DIWHU� 
���PLQ� RI� 89� LUUDGLDWLRQ� ����P9�FP2��� EXW� SULQWDELOLW\� ZDV� QRW� FKHFNHG� XVLQJ� D� �'�
SULQWHU��7KH�REWDLQHG�1�DON\ODWHG�SKRWRSRO\PHUL]DEOH�FKLWRVDQ�GHULYDWLYH��3(*'$�&6��
exhibited good solubility in water, an amorphous structure, lower thermal stability than 
chitosan and antimicrobial properties against E. coli, but lower than the chitosan used for 
PRGL¿FDWLRQ��

&KHQJ�DQG�&KHQ�>��@�SUHVHQWHG�D�ZD\� WR� LPSOHPHQW�FKLWRVDQ� LQ�3&/�'$�3(*�'$�
UHVLQ�LQ�RUGHU�WR�KDUQHVV�LWV�PDQ\�ELRORJLFDO�EHQH¿WV�DQG�HYDOXDWH�WKH�HIIHFWV�RI�FKLWRVDQ�
RQ� VWUXFWXUH� ZHWWDELOLW\�� FHOO� DGKHVLRQ� DQG� FHOO� SUROLIHUDWLRQ�� 7KH� ¿UVW� VWDJH� FRQVLVWHG�
of PCL diol end-capping reaction with acrylate groups to form a crosslinkable and 
polymerizable PCL-DA macromer. In the second step, PEGDA was added to pre-
GLVVROYHG����FKLWRVDQ�VROXWLRQ�LQ����DFHWLF�DFLG�KHDWHG�WR����&�DQG�¿QDOO\ mixed with 
3&/�'$�732� �SKRWRLQLWLDWRU��DFHWRQH� VROXWLRQ� IRU����K��6DPSOHV� FRQWDLQLQJ���������
and 15% chitosan in resin were used in the tests with a DLP 3D printer. All obtained 3D 
FRQVWUXFWV�KDG�D�PHOWLQJ�WHPSHUDWXUH�ZHOO�DERYH�ERG\�WHPSHUDWXUH�RI����&�DQG�WKXV�FDQ�
be considered thermally stable for implantation. The increase in chitosan content 
increased the hydrophilicity of resulting resin in a possible acceleration of the 
ELRDEVRUSWLRQ�UDWH�DQG�SURYLGHG�D�VXUIDFH�IDYRXUDEOH�WR�/����PRXVH�¿EUREODVW�DGKHVLRQ��
At the same time, the crosslinking structure of printed scaffolds, especially above 10% 
FKLWRVDQ� DGGLWLRQ�� ZDV� ZHDNHQHG�� 6WXGLHV� KDYH� DOVR� FRQ¿UPHG� WKDW� WKH� DGGLWLRQ�
of chitosan reduces the crystallinity of the resin and its shrinkage after photocuring, what 
is an advantage from a technical point of view. 

&HEH�HW�DO��>��@�SUHVHQWHG�DQRWKHU�H[DPSOH�RI�XVLQJ�FKLWRVDQ�VFDIIROGV�FUHDWHG�
by photocuring to increase cell growth. Their work demonstrated a method of obtaining 
PHWKDFU\OLF�GHULYDWLYHV�RI�FKLWRVDQ��0$&��DQG�JHODWLQ��0$*��YLD�WKH�0LFKDHO�UHDFWLRQ��
'LDO\VLV�SXUL¿HG� GHULYDWLYHV� DUH� O\RSKLOL]HG� DQG� WKHQ� GLVVROYHG� DW� D� FRQFHQWUDWLRQ�
of 10% in a culture medium dedicated to the cell line with 0.8% addition of Irgacure 
2959 photoinitiator and 4% addition of sucrose and laponite nanosilicate. Scaffolds were 
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SULQWHG�XVLQJ�89�OLJKW����±���P:�FP2���7KH�UHVXOWV�FRQ¿UPHG�WKDW�WKH�XVH�RI�FKLWRVDQ�
and laponite nanosilicate in scaffolds obtained by 3DP can enhance the formation 
of biomineral in osteoprogenitor cells during osteogenic differentiation due to the 
LQFUHDVHG� DI¿QLW\� RI� FKLWRVDQ� WR� HQKDQFH�0&�7�� FHOO� JURZWK�� HOHYDWLRQ� SKRVSKDWH� WR�
amide formation, and forming the Ca–P biomineral nodules on the surface of the scaffold 
in a relatively short time frame as compared with gelatin-based scaffolds. However, this 
method is multi-stage and complicated, which rather excludes it in industrial use. Shen 
DQG�FROOHDJXHV�>��@�YHU\�UHFHQWO\�SURSRVHG�DQ�HDVLHU�ZD\�WR�XVH�WKH�VDPH�UDZ�PDWHULDOV��

%DUGDNRZD�DQG�FR�ZRUNHUV�>��@�SURSRVHG�D�OHVV�FRPSOLFDWHG�ZD\�IRU�LPSOHPHQWDWLRQ�
of chitosan in production of biodegradable scaffolds for spinal cord regeneration by 3DP. 
7KH\�¿UVW� REWDLQHG� WKH� FKLWRVDQ�J�ROLJR� �/��/�ODFWLGH�� FRSRO\PHU� E\� UHDFWLYH� EOHQGLQJ�
RI�FKLWRVDQ�SRZGHU�DQG�ROLJR� �/��/�ODFWLGH��DW����&�XVLQJ� WKH� WZLQ�VFUHZ�H[WUXGHU��$Q�
DPRXQW�RI� WKH�REWDLQHG� FRSRO\PHU� �������ZDV�GLVVROYHG� LQ� D����DFHWLF� DFLG� VROXWLRQ��
After separation of the insoluble fraction, the solution was mixed with PEGDA and 
D�ELRFRPSDWLEOH�,UJDFXUH������LQLWLDWRU�LQ�WKH�PDVV�UDWLR�RI�FRPSRQHQWV�������LQ�WKH�¿QDO�
resin, respectively. This method developed a 3D model for treating spinal cord injuries 
�)LJ������ ,W� LV� D� WUXQFDWHG�F\OLQGHU� WKDW� LV������ȝP� ORQJ�DQG�����ȝP�KLJK��7KHUH� LV� DQ�
DUUD\�RI�KROHV����ȝP�LQ�GLDPHWHU�RQ�WKH�FRQYH[�VLGH�RI�WKH�VFDIIROG��7KH�GHYLFH�SURYLGHG�
a high survival rate of cortical neurons and the formation of neural networks and thus 
FRXOG�EH�FRQVLGHUHG�ELRFRPSDWLEOH�DQG�VXLWDEOH�IRU�QHXURUHJHQHUDWLRQ�>��@�

The Liu team investigated the problem of SLA printout shrinkage. One way to 
SUHYHQW�WKLV�SKHQRPHQRQ�LV�XVLQJ�LQHUW�¿OOHUV�DV�DQ�DGGLWLYH�LQ�UHVLQV�>��@��7KH\�GHFLGHG�
WR� XVH� FDOFLXP� VXOSKDWH� ZKLVNHUV� �&6:��� GXH� WR� WKH� PDQ\� DGYDQWDJHV� OLNH� WKHUPDO�
stability, chemical resistance, high strength and whole surfaces. CSW were coated with 
FKLWRVDQ� E\� LPPHUVLRQ� LQ� LWV� VROXWLRQ� DQG� IRUPHG� SRO\HOHFWURO\WH� FRPSOH[HV� �&6#
&6:���7KH�GHULYDWLYH�REWDLQHG� LQ� WKLV�ZD\�ZDV�GLVSHUVHG� LQ�1�1�GLPHWK\O�� DFHWDPLGH�
�'0$&�� ZLWK� DQ� H[FHVV� DPRXQW� RI� DFU\OR\O� FKORULGH� DQG� WULHWK\ODPLQH� UHODWHG� WR�
chitosan polymer and the mixture was stirred at room temperature for 24 h. The obtained 
m-CS@CSW was mixed with oligomer epoxy acrylate and tripropylene glycol 
GLDFU\ODWH��73*'$��DQG�732�SKRWRLQLWLDWRU�DQG�SKRWRFXUHG��)RXULHU�WUDQVIRUP�LQIUDUHG�
VSHFWURVFRS\��ZDWHU� FRQWDFW� DQJOH� �:&$�� DQG� WKHUPRJUDYLPHWULF� DQDO\VLV� VKRZHG� WKDW�
WKH� PRGL¿FDWLRQ� ZDV� VXFFHVIXO� DQG� WKH� SULQWHG� PRGHOV� VKRZHG� KLJK� DFFXUDF\� DQG�
UHVROXWLRQ��7HVWV�RI�YLVFRVLW\�DQG�YROXPHWULF�VKULQNDJH�VKRZHG�WKDW�&6:�PRGL¿HG�ZLWK�
FKLWRVDQ�KDV� OLWWOH�HIIHFW�RQ�YLVFRVLW\�DQG� OHDGV� WR�D� VLJQL¿FDQW� UHGXFWLRQ� LQ�YROXPHWULF�
VKULQNDJH� RI� WKH� SULQWRXW�� 7KH� XVH� RI� &6:� PRGL¿FDWLRQ� LQ� D� ��� FKLWRVDQ� VROXWLRQ�
increases tensile strength and impact strength of cured samples by 19.4% and  

)LJXUH� ��� �D�� 7KUHH�GLPHQVLRQDO� PRGHO� DQG� �E�� VFDIIROG� IDEULFDWHG� E\� WZR�SKRWRQ�
LQGXFHG�PLFUR�VWHUHROLWKRJUDSK\�>��@�
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6.6% compared to cured pure resin, respectively. It is simultaneously one of the 
DOWHUQDWLYH�PHWKRG�RI�LQWURGXFLQJ�FKLWRVDQ�WR�WKH�¿QDO�UHVLQ�

��� &KLWRVDQ�SRZGHU�IRU�6/6
The idea of using chitosan in SLS seems to be interesting because of the unique, 

functional properties of chitosan, which determine the possibility of using this polymer 
for biomedical applications. The second reason is the ability to use the raw material in 
the form of a powder, so the use of classic solvents to obtain a polymer solution is 
unnecessary. The printing process, however, requires large amounts of energy that allow 
point bonding of the powder layer by layer in accordance with the information contained 
LQ�WKH�¿OH�RI�WKH�SULQWHG�REMHFW�

%U\VFK�DQG�RWKHUV�>��@�VKRZHG�WKDW�FKLWRVDQ�GHJUDGDWLRQ�VWDUWV�DERYH�����&�EXW�FDQ�
DOVR� RFFXU� DW� ORZHU� WHPSHUDWXUHV� �����&�� DW� ORQJHU� VLQWHULQJ� WLPHV� ���� K��� 6KRUWHU�
sintering times seem to favour the strength of the chitosan. Those conditions resulted in 
accelerated polymer breakdown, as evidenced by the characteristic exothermic reaction or 
E\� WKH� DSSHDUDQFH� RI� DVK� >��@�� 7KH� LQWUD�� DQG� LQWHUPROHFXODU� K\GURJHQ� ERQGV�� ZKLFK�
generate a stable and rigid semi-crystalline structure of chitosan, also make it degradable 
before melting because of the high melt viscosity, which is typical for polysaccharides with 
extensive hydrogen bonding. Hence, the use of chitosan in the printing method by sintering 
LWV�SRZGHU�LV�D�GLI¿FXOW� WDVN��7KHUH�LV� LQIRUPDWLRQ�LQ�WKH�OLWHUDWXUH�RQ�WKH�FUHDWLRQ�RI��IRU�
example, tissue engineering scaffolds using SLS simultaneously containing chitosan. 
+RZHYHU��WKHVH�DUH�PDLQO\�DW�OHDVW�WZR�VWDJH�PHWKRGV��LQ�ZKLFK�D�SRURXV�VFDIIROG�LV�¿UVW�
made, e.g. from polycaprolactone powder or a titanium composite, which is then subjected 
to postprocessing by immersion in a solution of chitosan or chitosan with hydroxyapatite to 
LPSURYH�WKH�ELRFRPSDWLELOLW\�DQG�FHOO�SUROLIHUDWLRQ�DFWLYLW\�>������@�

The latest work in which chitosan had been directly subjected to sintering in SLS  
LV� IURP� 6XQ� DQG� FROOHDJXHV� >��@�� 7KH\� SUHVHQWHG� D� PHWKRG� RI� XVLQJ� FKLWRVDQ� IRU� WKH�
production of composite membrane for adsorption and catalysis, with the base 
WKHUPRSODVWLF�SRO\XUHWKDQH��738���0HPEUDQHV�ZHUH�REWDLQHG�E\�VLPSOH�SK\VLFDO�PL[LQJ�
ERWK�SRZGHUV�LQ�D�����PDVV�UDWLR�DQG�WUHDWHG�E\�D�FDUERQ�GLR[LGH��&22��ODVHU��7KH�UHVXOWV�
showed that sintering temperature caused by laser power and scanning speed was an 
important factor affecting the formation of chitosan/TPU composite membrane during 
sintering. Under suitable laser power and scanning speed, the TPU melts and wets the 
CS to promote its formation of a membrane structure. Due to the existence of chitosan, 
the membrane has super-hydrophilic properties and can effectively adsorb copper and 
lead metal ions in water. In addition, a palladium-laden chitosan/TPU membrane can be 
XVHG�DV�D�FDWDO\VW�IRU�S�QLWURSKHQRO�UHGXFWLRQ�ZLWK�VRGLXP�ERURK\GULGH��FRQYHUVLRQ�UDWH�
FRXOG�UHDFK�����LQ����PLQ���DQG�KDV�WKH�DGYDQWDJHV�RI�H[FHOOHQW�VWDELOLW\��UHSHDWDELOLW\�
and ease of separation from the reaction system.

��� &RQFOXVLRQV
5HVHDUFK�LQ�UHFHQW�\HDUV�KDV�VKRZQ�VLJQL¿FDQW�SURJUHVV�LQ�WKH�XVH�RI��'3�WHFKQRORJ\�

in biomedical applications. Medical materials used in 3DP consist of metals, polymers 
and ceramics, with many materials usually integrated to achieve complex functions in 
printed components. Further methods of combining raw materials, including chitosan, to 
improve the mechanical behaviour of personalized scaffolds, to ensure their appropriate 
porosity, as well as biodegradation time are currently being described. Much remains to 
be done before printed bioactive tissues and organs are routinely used in the clinic, and 
these tasks include searching for high-performance materials compatible with various 
commercial 3D printers, mastering precise 3D production using them, creating uniform 
standards for printed objects and conducting clinical tests.
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