Poccunckaa akagemusa Hayk

AJONTUBHbBIE TEXHOMNMOIMN B UHXEHEPUN KOCTHOW TKaHW
- NepcoHann3npoBaHHasa MeanLmHa

Komnes B.C.

09.07.2017 .



AQONTUBHbIE TEXHOSOIMN B TKAHEBOU NHXEeHEPUH
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.

CyuiectByeT OOnbLIOE KOMMYECTBO CNOCOOOB TPEXMEPHOrO MNPOTOTUNMPOBAHUS,
KOTOpbIE OTNM4YaloTCa Apyr OT Apyra nNo Tuny NpOTOTMAMPYKOLWEro marepuana
nvinn cnocobam ero HaHeceHusi. B HacTodwee Bpems Haubonbluee
pacnpocTpaHeHue Nony4unu crneaywme noaxoasb:

=  CTrepeonurtorpadus;

= CenektmBHoe nasepHoe crnekaHune nopowkos (CIIC);

= [locnouHas nevartb pacnnaBneHHOW NOSIMMEPHON HUTLIO
(OKCTPY3MOHHAA nevartb);

= TexHonorusa cknemBaHmMs NOPOLLKOB
(CTpynHas nopoLukoBaga nevarb);

= CTpynHas renesas ne4yatb.
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locnoliHas neyams pacnnasneHHoU
nonumepHol Humeto —Fused Deposition
Modeling (FDM).
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Inkjet print heads
UV curing lamp |

Leveling
blade\
H o5

Build material
Support material

Part support
Part

Build substrate
Build platform

Elevator

Lab Chip, 2016, 16, 1720-1742 10
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decade of additive tissue mantufacture
drop-on-demand fused deposition - microcontact printing « Intern. Soc. for Biomanufacturing

, « strong and bicactive h el
inkjetprinting ~ modelling (FDM) o g_ﬂ mfgﬁaf;m; oﬁ;ﬂﬂgfrgsﬁ s
3D printing « digital voxel fabricators
» upscaling
- continuous inkjet printing - laser printing - stereolithography (SLA) » vascularised constructs
1950 1960 1970 1980 1990 2000 2010 2020
- organ printing coined
| tissue engineering ~ robotic dispensing of
chondrocytes coined cell-laden hydrogels
redifferentiate
in 3D environment - biolaserprinting (BLP) of cells
- firstin vivo use of AM (BLP)
- first cell sorter protein printing -

- cell-containing gels by SLA
specialised journal
- Biofabrication

- inkjet printing of cells
- laser direct writing of cells

_ tissue engineering
scaffolds by FDM

hydrogels with RGD--
sequence

Melchels FPW, et al. Prog Polym Sci (2012), doi:10.1016/j.progpolymsci.2011.11.007 11
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Ab YHUBEPCAII

HUW Henpoxupyprum um. bypaoeHko

.8

YcTaHOBKa Na3epHOro cnekaHus 1 cnnaBneHns
MOPOLLIKOBbIX MaTepuanos upMbl

EOS GmbH Electro Optical Systems

Data, 2016, not published

SEM HV: 30 00 kV WO 2766 mm
Date(midly) 0113116 Det BSE
SEM MAG: 11 x

SEMHV: 3000kV  WWOr 27
Date(midly): 01/13116 Det: BSE

SEMMAG: 11x Shurik.

| Dabe{midly): 011316
msrmsnssnm 30 x
1
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3EM HV: 30.00 kV WD: 10.14 mm Ll VEGAW TESCANSEM HV: 10.00 kV WD: 11.29 mm Lot il VEGAW TESCAN
Jate(m/d/y). 01/13/16 Det: SE 2mm 7 Date(m/dfy): 01/13/16 Det: SE 2mm !
3EM MAG: 31 x IMET RAS 4| SEM MAG: 25 x IMET RAsn

Data, 2016, not published 13
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2 — s " ) e &
SEM HV: 10.00 kv WOD: 14.12 mm VEGAW TESCAM SEM HV: 10.00 kV WOD: 16.46 mm VEGAW TESCAN
Date(m/dfy): 01/13116 Det SE 500 ym [ Date(m/diy): 01/13/16 Det SE 500 ym u'
SEM MAG: 150 x IMET RAS SEM MAG: 150 % IMET RAS K&

SEMHV: 10.00kV  WD: 6.358 mm | VEGAN TESCAR SEM HV: 10.00 kv WD: 5.936 mm Lo lioo VEGAW TESCAN
Date(m/d/y): 04/07/17 Det: SE 100 pm Date(m/d/y): 04/07/17 Det: SE 10 um [
SEM MAG: 500 x IMET RAS SEM MAG: 5.00 kx IMET RAS"

Data, 2016, not published CaHPO,2H,0 ---> CagH,(PO,)¢+5H,0 14
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[edeKkT KocTen Mo3roBoro
yepena Kponuka

——

6 Hegenb (Ti) 6 Hegenb (Ti + Ca/P nokpbiTHe)

MmnnaHTtar 12 Hepenb (Ti) 12 Hepenb (Ti + Ca/P nokpbiTne)

Data, 2016, not published 15
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BHewHWK Bua TpexmepHoro npuHtepa (Print Box 3D) (A).
Pa3bopHas doopma ans otnmekm (b).

UMET PAH
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BHewHnin Bua TpexmepHoro npuHtepa (Z - corporations) (A). Buag paboyen 30HbI TpexmepHoro npuHtepa (b).

IMINT PAH,
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NcxoaHbin
mMartepwuan:

VEGAW TESCAN
f 4

pm  Det: BSE 50 Um /)

SEM HV: 20.00 kv WD: 9.864
View field: 53.03 ym  Det: BSE 10 ym

VEGA\W TESCAN
wi

19
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O6pas3sLbl, NONYYEHHbIE METOAOM TPEXMEPHOM NeyaTn

% - 3agaHHaga doopwma;

3% - InuHHa 8o 5 cwm;

- Bbicota go 1 cm;

- Mopuctoctb Ao 70 %;

- [1poYHOCTL npwn
cxatum go 0,5 Mla;

- KoHe4HbIn cocTaB
matepuana TKO.

SEM HV. 30,00 kV . VEGAW TESCAN SEM HV. 30,00 kv W 11.01 rmm VEGAN TESCAN

View field: 8.82mm  Det BSE 2mm ; View field: 530mm  Det BSE 1mm H
SEM MAG: 30 IMET R.ﬂsn SEM MAG: 50 IMET R#S"

20
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MwukpodoTorpadmmn mmkpocdgep u

§ MUKPOCTPYKTYpa X NoBEpPXHOCTU (A).

% MykpodpoTorpadpum KOMNO3UTHBIX MaTPUKCOB
NONYYEHHbIX METOAOM TpexmepHou nedatun 0o (b)
n nocne obxwura npmn 1300 C (B).

. MeseHxnmarbHble CTBOSIOBbIE KNETKU Mysiblibl
e % A TR (L = B RN e Jsh MOrouHOro 3y6a. A — HaTuBHbIe KneTkn, b —
Satos 1330 Dot BSE. oy T et sscsum o ese | toum KNEeTKN, KyNnbTUBUPOBaHHbIE C YacTuLamu

R AR e MaTpukcoB. Pa30BO-KOHTPACTHasi MUKPOCKOMMS,
. yBenuyeHue x100. B — KynbTypa Knetok Ha
MaTpukce cnycts 484. nocne 3aceneHus.
Okpacka ssgep DAPI. YeBenunyeHune x100.

ooyt 475
NBMX

SEM MV 3000kV WD 8763 mm VEGAW TESCAN SEM HV. 30.00 KV WD: 8.799 mm
Wiew field: 3.79mm  Det BSE 1 mm Wiew field: 1326 um  Det BSE 20 pm

SEM HV: 3000 kv WOr 9054 mm VEGAW TESCAN SEM HV: 30,00 kv WO 9170 mm
Wiew fiedd: 3.79 mm Det BSE 1 mm View field. 1328 um  Det BSE 20 um
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«UnnuHapudeckun» nopucTbin BNOK Ansa 3aMmeLleHns gedekra
roneHu

AnuHa — 40 mM. 5 MM ¢ 601X KOHLIOB BbICTYIbI, C
pacrnonoXeHeM, Kak Ha PUCYHKe.

Bud cboky —

40 mm

- L

*pacyemsl duamMempos rPoKcuUMasibHo20 U OucmaribHO20 KOHU08 brioKa 8bIMOJIHEHbI! C
nomouwbto KT.

Bud cnepedu — npoKcumasbHbili KoHely, Bud cnepedu — oucmasbHbili KoHey

] SEMHV 3000kV WD 11.33mm | VEGAW TESCAN
r

Date(mfd/y). 12110/113 Det. SE
OAO M C Kq SEM MAG: 2.00 kx IMET RAS n 22
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YctaHoBka anst 3D nevaty NOpOLLKOBLIX MaTepuaroB XUaKnmMu ceasyowmmmn (1 — kopnyc; 2 — neyataroLlmnn moayrnb; 3 — pesepsyap
ANS nopoLuka; 4 — ctonuk; 5- paboyas kamepa; 6 — warosble npueoAbl). lNeyaTatowas ronoska ¢ CUCTEMON NO3NLMOHMPOBaHMS (B).

MIrMY umenu .M. CeueHosa

KomnbtoTepHas Tomorpadus (a). NpeobpasoBaHme gaHHbIX B TpeEXMeEpPHY0 Moaernsb (6). NoctpoeHne TpéxmepHoro oobekTa (B).
MwukpodoTorpadust kepammyeckoro obpasua ananru nansua (r).
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AOOVUTUBHbIE TEXHOMNOIMMN B TKAHEBOWN NHXEHEPUN

Ny

T e St J o

SEM HV: 10.00 kV WD: 8.789 mm VEGAWTESCAN SEM HV: 10.00 kV WD: 8.484 mm VEGAW TESCAN
View field: 795.4 pm View field: 795.4 um 200 pm 7
SEM MAG: 250 x IMET RASI

I
SEM MAG: 250 x IMET RASI

Ca,(PO,), ------- > CaHPO,-2H,0 - - -» CagH,(PO,),+5H,0

COM nsobpakeHusi CTpyKTypbl 06pasyoB N3 kKepaMU4ECKNX rpaHyn Ha ocHoBe TK®
nocne nx 6BUOMMMETUYECKON MOoaNdUKaALUN.

25
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1 . - ! o -. iy 2. ) -. L ;
SEM HV: 30,00 kW WO 12.23 mm WVEGAW TESCAM SEM HY. 30.00 kv WD 9636 mm ESCAN

Drate(midiy) 02/0314 Det BSE Zmm * Date(midiy) 02/03/14 Det BSE 500 um H
SEM MAG: 26 x IMET Ras Bl SEM Mac: 150 x IMET R.nsu

26
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2 4 6 8 10 0 2 4 6 8 10

Hedopmanus npu cxaruu, % Jedopmanys npy cxkatiu, %

(A) NpPOYHOCTHbIE XapaKTEPUCTUKN KeEpaMNYECKUX MaTPUKCOB MOSyYeHHbIX
mMeTtogom 3D-nevartn ¢ pasfindHbiM KONIMYECTBOM MUKPOKanesib OpTodoCOpPHOro
cBA3yowero. 1 MMKpokanna — 3erneHasi Kpueas, 2 — KkpacHas n 4 — cnnss. (b)

[1pOYHOCTHbIE XapaKTEePUCTUKN KepaMUYEeCKMX MaTpUKCOB Nocre
buommmeTnyeckom obpaboTkw. -



AQONTUBHBIE TEXHOMOMMU B TKAHEBOW NHXeHepnmn

MeseHXxnmarnbHble CTBOMNOBbIE KNETKM NYNbMbl MOMOYHOIO KYfbTUBUPOBAHHLIE
Ha 3D KOHCTpyKUuN.

28
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[nckoBbIN NOPUCTLIN BNOK AN 3aMeLLEHNA KpaHManbHOro gedekra
KynonoobpasHbin guck guametpom 20 Mm, TonwmHon — 1,3 MM, BbICOTOM Kyrona (no
LeHTpanbHoW nuHun) — 3 mMm. lNepdopnposaH 16 kaHanamu, guametTpom 0,5 mm.

Cpe3s rno ueHmparsibHO ocu

1,3 M’

3 MM

20 nma

PacrionoxeHue KaHasos

OAO NCK\Y
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MukpocTpyktypa 3D umnnanTarta (a). MukpodoTtorpadumn kepaMmmyecknx MMnNIaHTaToB 4S5 3aMeLLeHUs KpaHnaribHOro
aedekTa (6). Xoa onepauum (B). MnukpokomnstoTepHasa Tomorpadus (r) u rmctotonorpaMmmbl 4edeKTOB TEMEHHbIX KOCTEN
KPONMKOB Yepes 6,5 mecsaues nocne umnnaHTauum (4).
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. Materials Today is the leading international Open
materlaIStOday Access magazine for all researchers with an interest in
eom materials science and technology.

Impact Factor: 21.695

Our research was selected as one
of 10 winners of the 2013
Materials Today cover competition.

3D printed calcium
phosphate blossom for

bone tissue engineering
Volume 17, Issue 2, Page 96-97 |
Vladimir K. Popov, Vladimir S.

Komlev, Boris N. Chichkov (2014)

31
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.? frontiers

ORIGINAL RESEARCH
in Bioengineering and Biotechnology i 1

3D printing of octacalcium phosphate
bone substitutes

Viadimir 5. Komilev®*, Wiadimir K. Popov?, Anton V. Mironov?, Alexander Yu. Fedotov',
Anastasia Yu. Teterina’, Igor V. Smirnov’, llya Y. Bozo***, Vera A. Rybko® and
Roman V. Deev™™

'AA. Baikov Institute of Metalurgy and Materials Science, Aussian Academy of Sciences, Moscow, PFussis, ® Instiute of
Laser and Information Technologies, Fussian Acadamy of Saiancas, Moscow, Russiz, “Hurman Stem Calls Instituts, Moscow,
Russia, * Al Fwdakimor Moscow State University of Medicine and Dantistry, Moscow, Russis, * Al Bumazyan Fedaral Madical
Biophysical Canter of IMBA of Russis, Moscow, Pussia, * instifute of Carcinogenssis, NN, Blokhin Russian Cancer Ressarch
Carter, Moscow, Fussia, " Kazen Federal Unfversity, Karan, Pussia

Biocompatible calcium phosphate ceramic grafts are able of supporting new bone forma-
tion in appropriate envionment. The major limitation of these materals usage for medical
implants is the absence of accessible methods for their patient-specific fabrcation. 3D
printing methodology is an excellent approach fo overcome the limitation supporiing
effective and fast fabrication of individual complex bone substitutes. Here, we proposed

OPEN ACCESS

Edited by:
Janna Burk, @ relatively simple route for 30 printing of octacalcium phosphates (OCF) in complexly
University of Lespg. Garmany  shaned structures by the combination of inkjet printing with post-treatment methodology.
Reviewed by:

The printed OCP blocks were further implanted in the developed cranial bone defect

followed by histological evaluation. The obtained result confimmed the potential of the
AU Tz;:;"a“;;“: developed OCP bone substitutes, which allowed 2.5-time reducing of defect’s diameter
S 7 phge  atB.5months in a region where native bone repair is extremely inefficient.

Simona Casarosa,
Liniversify of Tranto, fafy

*Comespondence:
Wadimir 5. Kiomiew,
AA. Baikov Institute of Matalungy and

http://journal.frontiersin.org/article/10.3389/fbioe.2015.00081/abstract

Keywords: 30 printing, tricalcium phosphate, octacalcium phosphate, ceramics, bone graft, in vivo test, osteo-
conductivity

Additional information:
http://genescells.ru/novosti/3d-pechat-dlia-sozdaniia-kostnykh-implantatov-
novye-perspektivy
http://genescells.ru/novosti/rossiiskie-uchenye-napechatali-na-3d-printere-
prototip-kostnoi-tkani
http://www.materials360online.com/newsDetails/58900
http://www.materialstoday.com/biomaterials/articles/s1369702114000224/

11.07.2017
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BbicokooumnuieHHasa ceepxckpyyeHHasa nnasmugHaa QHK ¢ reHom cocyaucroro
SHOoTennanbHoro dpaktopa pocta, kogupyrowmum VEGF (pl-VEGF165) ons

PErynsunm aHrmoreHe3a B NpoLiecce penapaTUBHOW pereHepauum KOCTHON TKaHW
33
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Oo6Lwunmn BmAa

7

A
JNTokanusaumsa 3abopa KOCTHOM
TKaHU C nocneaytowen saMmeHom Ha
30 vmnnanTaTt

Data, 2017, not published
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D=2.8 mm
11 mm
10 mm
7 Mm
11 mm

Data, 2017, not published

36



AQONTUBHbIE TEXHOSOIMN B TKAHEBOU NHXEeHEPUH

Data, 2017, not published 37
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UCXOAHO 6 mec.
Data, 2017, not published 38
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BonblwebepuoBas KOCTb, 3 mec.
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Mag = 30.00 WD = 5.3 mm Signal A = SE2 s Mag= 3000KX 4 .9
pm pm
NVision 40-3850 ————r System Vacuum = 4.10e006 mbar Kurnakov Institute of General NVision 40-36-50 |———m——] 50e-006 mbar

Date 25 Apr 2017 i oum EnT= 100Ky and ganic Chemistry Phato No. = 9419 Aperture Size = 30.00 pm  EHT = 1.00 kv

OKo® OKo+Ba?*/pIVEGF

Data, 2017, not published
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OnbITHO-3KCNEPUMEHTaNbHa yCTaHOBKA ANl CTPYMHOM NOPOLLKOBON rneyatn. 1 —
KOpMycC YCTaHOBKU; 2 — BrIOK NUTaHMA U yrnpaereHus; 3 — cuctema
NO3ULUMOHNPOBaHUSA; 4 — BNOK TEPMOINEKTPUYECKUX cornen, 5 - pabouni n

3arpy3o4Hbin ctonuk. (PHUL «Kpnctannorpadpusa n doToHmKa»)
43
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BHewwHUN BUA, akcnepumMeHTasribHoM ycTaHoBKM And ctpynHon 3D nevatw:
1 — ONOoK NUTaHuA; 2 — Kopnyc; 3 — ne4vaTtatrouiee yCTPOUCTBO C
pesepByapomM n oborpesarensimm; 4 — conno; 5 — TepmMmocTaTupyemMbIn
pabo4ynin CTONMUK; 6 — MUKPOKOHTPOIIIEP U BITIOK CUITOBbLIX SNEKTPOHHbIX
mMoaynen; 7 — repMeTuUYHbIN KOXYX.
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100 mKm

Obwmn BN TpeEXMEPHON KOHCTPYKUMKN (A) N MUKPOCTPYKTYpa 0bpasLoB pasfiniHoro
cocTtaBa: b — «anbrnHat HaTpua+TKD»; B — «anbruHat HaTpua+KIrA».




s
S
Q
)
T
Q
%
T
=

=
O
m
)
T
©
x
m
=
S
-
®)
=
@)
T
>
()
T
o
0
T
o
<
T
S

E

Periosteal ostegenesis

Enchondral osteogenesis

Consolidation with the edges of a bone defect

In bone defect (3 weeks after implantation)

General view of implant

not published

, 2016,

Data
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MNpennonaraembli HaMy Noaxoa — pa3paboTka MHOFOYPOBHEBOW KOHCTPYKLIMM Ha
NONMMEpPHbIX TEMMMaTax C HanpaBneHHbIM CUHTE30M KanbLnindocdaTHbIX das
onpeaeneHHoro Tuna B npouecce 3D neyatn

- «4YepHuna» Ha ocHoBe 2 %-HOro BOAHOro pacteopa ansrmHarta Hatpua (CAS
9005-38-3, Acros). OnTnmanbHasa KOHLEHTpaUMa BOAHOIo pacTBopa anbrmHaTa
HaTpus Bbina yctaHoBnNeHa B xoae BblinonHeHus npoekta B 2014 r. CycneH3um
anbruHata HaTpus cogepkat BoAaHble pacTteopbl rugpodocdara ((NH,),HPO,) nnn
anrngpodocddara ammonHusa (NH,H,PO,), koTopbin CryXun NCTOYHUKOM
doocdraTHbIX rpynn B AJaHHOW CUCTEME.

- CycneH3usa nomMewianach B kKapTpuax 3D npuHTEpa u ocyLlecTBnsanack rnevyatb B
oTBepXaarLme pacTBopbl. B kauecTBe oTBepKaaoLmx pacTBOpPoOB ObINu
Mcrnonb30BaHbl BOOAHbLIE N BogocnunpToBble pacteopbl xrnopuaa (CacCl,) n Hutparta
(Ca(NO;),) kanbums, kKoTopble cnocobcTeoBany ukcaunmn cTpyktypbl 3D
0bpasuoB 1 6bIfIM UICTOYHUKOM KarbUUSa B AaHHbIX CUCTEMAX.

- 3Ha4deHus pH peakumoHHown cpeabl BapbupoBanun ot 5,0, 0o 7,4 ¢
ncnonb3oBaHMeM rmapodoocdata n gurngpodocddara ammoHUsa U ammMmmuaka.
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MukpocTpykTypa 3D obpasLoB, Nosy4eHHbIX NevyaTbio B BO4OCMNPTOBLIE PacTBOPbI
xniopuga (A) v HutpaTta (b) kanbum4.
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O6wunn Buag Hane4yaTtaHHbIX 06pa3LoB.



AQONTUBHBIE TEXHOMOMMU B TKAHEBOW NHXeHepnmn

.

E) alamy stock photo




AQONTUBHbIE TEXHOSOIMN B TKAHEBOU NHXEeHEPUU

NHCTUTYT meTannyprum u
MaTepuanoBeaeHus
um. A.A. bankoBa Poccumckom akagemmm
Hayk (MMET PAH)
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OHUU «Kpunctannorpausa# potoHUKa»
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Manufacturing for growth - the developing AM and 30 sectors

AM applications timeline

Thistimelinelays out past. present and potential
future AM developments and applications.
(courtesy of Graharn Tromans)

1988-1994  rapid prototyping
1954 rapid casting
1995 rapid tooling
2001 AM{or automotive
Z004 aerospace (polymers)
2008 medical (polymerjigs and guides)
2009 medical implants {metals)
2011 aerospace (metals) i
2013-2016  nano-manufacturing a
Photo: Exarnples of direct metal laser sintering (DMLS) @ Econol yst £013-2017 _ architecture .‘%
2013-2018 biomedicalimplants cEn 3
2013-2022  insitubio-manufacturing El E
2013-2032  fullbody organs o ]
- Three of the fastest-growing areas for AM o 5 %
CASE STUDY include the medical and dental, automative EEL B
and aerospace sectors, AM's success Inthe . El ﬁ E 2
biomedical sectar rests with its ability o create i «E £ é El
customised prosthetics, implants, replacement = E 5 3 £
The automotive and derospace industries are tissues and intricate body parts, including blood g % E
two of the main beneficiaries of AM. In 2012, vessels, Growth in the automotive sector s | :é ‘E, g E
GE Aviation bought AM MOI'I'iSTEC|'II'IO|0l_]iES, nart of theresurgence of the UK carindustry,” E 'DSD *é %
one of the biggest metal additive said Peter Marsh, author and manufacturing v E e =
manufacturers in the world. GE isramping journalist, *You can say nowthat AMis aforce E i B %
up AM manufacturing of aero engine fuel inthe world of cars that it wasn't five years ago. " £ EI K
nozzles. The conyentional method of making Andwith £1billion being injected into the UK car v % z %‘ g &
fuelnozzlesrequiresmaking 20 separate rmanufacturing®, there are any number of news 285 = EI
parts and welding them together, "which is oppartunities for using A to make bespake and g B “ E
extremely labour-intensive and has a high nan-bespoke parts.” Thelargest adopter has ] = z
scrap rate.” said Graham Tromans, Principal been the aerospace industry with the entrance E h
andPresident of AM consultancy GP Tromans of metals-fed AMmachines Into the industry in 2
Assod ates. AM allows the creation of pre- 2011 resiting in goad take-up of the technology 5
assembled nozzles. GE predicts that, by late owing to advantages of speed, cost and matarlals B
2015716, it will make 10-Z0fuel nozzles for rationalisation.
each engine using AM, or 25 ye
company also envisagesthat 50% of a jet
engine will be additive manufactured within @ T oo b=, peu o =] o @ o =
current lifetimes. % % 3 =] § S =1 3 S ] 2

Rovial Academy of Engineering

Additive manufacturing:

opportunities and constraints
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Cnacmnbo 3a BHUMaHue!



