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!BSTRACT
-ECHANICAL LOADING HAS BEEN SHOWN TO INFLUENCE VARIOUS OSTEOGENIC RESPONSES OF BONE
DERIVED CELLS
AND BONE FORMATION IN VIVO� (OWEVER� THE INFLUENCE OF MECHANICAL STIMULATION ON THE FORMATION OF
BONE ORGANOID IN VITRO IS NOT CLEARLY UNDERSTOOD� (ERE� THREE
DIMENSIONAL ��$	 BIOPRINTED HUMAN
MESENCHYMAL STEM CELLS
LADEN GRAPHENE OXIDE COMPOSITE SCAFFOLDS WERE CULTURED IN A NOVEL
CYCLIC
LOADING BIOREACTORS FOR UP TO �� D� /UR RESULTS SHOWED THAT MECHANICAL LOADING FROM DAY �
�-,��	 SIGNIFICANTLY INCREASED ORGANOID MINERAL DENSITY� ORGANOID STIFFNESS� AND OSTEOBLAST
DIFFERENTIATION COMPARED WITH NON
LOADING AND MECHANICAL LOADING FROM DAY ��� )MPORTANTLY�
-,�� STIMULATED COLLAGEN ) MATURATION� OSTEOCYTE DIFFERENTIATION� LACUNAR
CANALICULAR NETWORK
FORMATION AND 9!0 EXPRESSION ON DAY ��� 4HESE FINDING ARE THE FIRST TO REVEAL THAT LONG
TERM
MECHANICAL LOADING IS REQUIRED FOR THE FORMATION OF �$ BIOPRINTED FUNCTIONAL OSTEOCYTE BONE
ORGANOIDS� 3UCH �$ BONE ORGANOIDS MAY SERVE AS A HUMAN
SPECIFIC ALTERNATIVE TO ANIMAL TESTING FOR
THE STUDY OF BONE PATHOPHYSIOLOGY AND DRUG SCREENING�

�� )NTRODUCTION

/RGANOIDS ARE SELF
ORGANIZED THREE
DIMENSIONAL ��$	
IN VITRO TISSUE CULTURES THAT ARE DERIVED FROM STEM
CELLS� /RGANOIDS OFFER UNIQUE POSSIBILITIES FOR MODEL

ING AND STUDYING ORGANOGENESIS AND HUMAN PATHO

LOGIES� 4HEY OPEN NEW AVENUES FOR DRUG DISCOVERY�
DIAGNOSTICS AND REGENERATIVE MEDICINE ;�=� 5P TO
NOW� BIOENGINEERED ORGANOIDS ARE SMALL AND CAN

NOT BE GROWN TO TISSUE SCALE� 4HEREFORE� THEY LACK THE
ARCHITECTURAL FEATURES OF NATIVE ORGANS AND CELLULAR
DIVERSITY THAT WOULD ALLOW THE EMERGENCE OF HIGHER

LEVEL TISSUE AND ORGAN CHARACTERISTICS ;�n�=� &UNC

TIONAL BONE ORGANOID FORMATION PRESENTS CHALLENGES
INCLUDING DEVELOPMENT OF AMULTICELLULAR �OSTEOBLASTn
OSTEOCYTE	 TISSUE THROUGH SELF
ORGANIZATION AND
DIFFERENTIATION OF STEM CELL AND MINERAL FORMA

TION WITH A �$ HYBRID HIERARCHICAL ARCHITECTURE AT

THE MACROSCOPIC SCALE� �$ BIOPRINTING IS A PROCESS
BASED ON ADDITIVE MANUFACTURING THAT SHOWS PROM

ISE FOR CREATING COMPLEX COMPOSITE TISSUE CONSTRUCTS
THROUGH THE PRECISE LAYER
BY
LAYER PLACEMENT OF LIVING
CELLS AND BIOMATERIALS ;�n�=� 2ECENTLY� *ONATHAN ET AL
;�= HAVE SHOWN HOW �$ BIOPRINTING AND ORGANOID
TECHNOLOGY CAN BE MERGED TO CONTROL ORGANOID FORM

ATION FROMMILLIMETER TO CENTIMETER SCALES� /RGANOID

FORMING STEM CELLS� SUCH AS HUMANMESENCHYMAL STEM
CELLS �H-3#S	� WERE BIOPRINTED DIRECTLY INTO EXTRA

CELLULAR MATRICES �%#-	 CONDUCIVE TO SPONTANEOUS
SELF
ORGANIZATION� H-3#S ARE MULTIPOTENT CELLS CAP

ABLE OF DIFFERENTIATION ALONG VARIOUS TISSUE
SPECIFIC
PATHWAYS� WHICH HAVE EMERGED AS AN ATTRACTIVE CELL
TYPE FOR �$ BIOPRINTING AND ORGANOID FORMATION
;�=� 4HE READILY AVAILABLE NATURE OF H-3#S PAIRED
WITH AN ABILITY TO UNDERGO OSTEOGENESIS AND ADOPT
AN OSTEOBLAST
 OR OSTEOCYTE
LIKE PHENOTYPE MAKES
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THESE CELLS ESPECIALLY USEFUL FOR BONE TISSUE ENGINEER

ING� )N OUR PREVIOUS STUDY� H-3#S
LADEN GRAPHENE
OXIDE �'/	�ALGINATE�GELATIN COMPOSITE BIOINK HAS
BEEN SHOWN TO KEEP GOOD SCAFFOLD FIDELITY ALONG THE
ENTIRE CELL CULTURE TIME� PROMOTING OSTEOGENIC DIFFER

ENTIATION AND %#- MINERALIZATION ;��=� (OWEVER�
ACQUISITION OF AN OSTEOBLASTnOSTEOCYTE CO
CULTURE
CHARACTERIZED BY LACUNA
CANALICULI NETWORK FORMA

TION AND MINERAL FORMATION CLOSELY RESEMBLING THOSE
OF NATIVE BONE TISSUE HAS NOT BEEN YET ACHIEVED�

)N VITROMECHANICAL LOADING� WHICH IS CLOSELYMIM

ICKING THE NATIVEMECHANICAL ENVIRONMENT OF THE BONE
TISSUE� MAY BE ONE STRATEGY FOR OPTIMIZING OSTEO

GENESIS AND OVERCOMING THE ABOVE FUNCTIONAL LIM

ITATIONS� 4HE RATIONALE FOR THIS STRATEGY IS GIVEN BY
THE VITAL ROLE OF MECHANICAL LOADING IN BONE DEVEL

OPMENT� BONE REMODELING AND FRACTURE HEALING ;��=�
)N THE DEVELOPMENT OF HEALTHY BONE� EACH OF THESE
LOADING EFFECTS �COMPRESSION OR SHEAR STRESS	 HAS BEEN
SHOWN TO INFLUENCE VARIOUS OSTEOGENIC RESPONSES OF
BONE
DERIVED CELLS �E�G� OSTEOBLASTS AND OSTEOCYTES	
AND THEIR PROGENITORS �H-3#S	� /STEOCYTES ARE CON

SIDERED TO BE MECHANOSENSITIVE CELLS THAT SENSE SHEAR
STRESSES CAUSED BY THE LOAD
INDUCED MOVEMENT OF THE
INTERSTITIAL FLUID WITHIN THE LACUNA
CANALICULAR SYSTEM
;��=� 4HE STIMULATION OF OSTEOCYTES LEADS TO THE OSTEO

GENIC DIFFERENTIATION OF H-3#S� THE RECRUITMENT OF
OSTEOBLASTS TO THE BONE SURFACE� AND THE SUBSEQUENT
FORMATION OF MINERALIZED BONE MATRIX� !LTHOUGH THE
BIOMECHANICAL MODULATION OF IN VIVO BONE TISSUE
HAS BEEN WELL STUDIED� THE PRECISE ROLE OF MECHAN

ICAL STIMULATION IN IN VITRO BONE ORGANOID FORMA

TION IS NOT CLEARLY UNDERSTOOD� 4O OUR KNOWLEDGE�
NO LITERATURE HAS DEMONSTRATED THAT MATURED OSTEO

CYTE PHENOTYPE CELLS WERE DIFFERENTIATED FROM H-3#S
AND THE FORMATION OF �$ LACUNA
CANALICULI NETWORK
IN A �$ BIOPRINTED BONE ORGANOID IN VITRO� "IOREACT

ORS ARE CONSIDERED TO BE ONE OF THE MOST PROMISING
APPROACHES FOR THE APPLICATION OF MECHANICAL LOADING
ON �$ CELL
LADEN CONSTRUCTS FOR ENGINEERING BONE TIS

SUE WITH STERILE CONDITIONS� GAS EXCHANGE AND NUTRI

TIONAL SUPPLY IN VITRO ;��=� %XTERNALLY APPLIED MECH

ANICAL STIMULI� SUCH AS COMPRESSION AND SHEAR STRESS�
HAVE BEEN REPORTED TO PROMOTE OSTEOGENIC DIFFEREN

TIATION IN VITRO ;��� ��=� (OWEVER� MOST OF THE STUD

IES WERE LIMITED TO SHORT
TERM LOADING DURATION AND
FOCUSED ON INITIAL CHANGES IN GENE EXPRESSION ;��=�
4HESE STUDIES HAVE NOT YET ESTABLISHED A LINK BETWEEN
THESE TRANSIENT GENE EXPRESSIONS AND FUNCTIONAL OUT

COMES RELATED TO THE LONG
TERM %#- MINERALIZATION
AND CELL SELF
ORGANIZATION OF THE FORMING OSTEOCYTE
ORGANOID�

)N THIS WORK� WE UPDATED PREVIOUS COMPRES

SION BIOREACTOR DESIGNS ;��= TO FABRICATE CULTURE SYS

TEMS COMPATIBLE WITH �$ BIOPRINTING� IN SITU MICRO

COMPUTED TOMOGRAPHY �MICRO
#4	 MONITORING AND
CYCLIC MECHANICAL LOADING� )N ADDITION TO BEING X

RAY TRANSLUCENT� THE COMPRESSION BIOREACTOR COULD
PROVIDE SUPPLEMENTAL NUTRITION AND GAS EXCHANGE

UNDER STERILE CONDITIONS AND ENABLES EASY TRANSFER�
4HESE PROPERTIES ARE BENEFICIAL TO CELL CULTURE AND
BONE TISSUE ENGINEERING ;��=� 4HE �$ BIOPRINTED
H-3#S
LADEN SCAFFOLDS WERE CULTURED IN THE COM

PRESSION BIOREACTOR SYSTEM� WHICH CAN APPLY INDI

VIDUAL CYCLIC MECHANICAL LOADING THROUGH THE COM

PRESSION OF THE �$ CONSTRUCTS� 4HIS STUDY AIMS TO FORM
A �$
BIOPRINTED FUNCTIONAL OSTEOCYTE BONE ORGANOID
BY APPLYING LONG
TERMMECHANICAL LOADING AND CHAN

GING THE LOADING INITIATION TIME ON �$
BIOPRINTED
H-3#S
LADEN '/ COMPOSITE CONSTRUCTS OVER � WEEKS
OF CULTURE� 7E HYPOTHESIZE THAT THE CELLS RESPOND TO
THE MECHANICAL STIMULUS� DIRECTLY SENSING THE SCAF

FOLD DEFORMATION DUE TO COMPRESSION LOADING� WHICH
INITIATES A CASCADE OF EVENTS THAT LEAD TO �$ FUNC

TIONAL OSTEOCYTE BONE ORGANOID FORMATION� #ELL VIAB

ILITY� $.! CONTENT� OSTEOBLAST�OSTEOCYTE
RELATED GENE
EXPRESSION� ORGANOID STIFFNESS� LOCAL 9OUNG�S MOD

ULI� HISTOLOGY AND IMMUNOHISTOCHEMISTRY STAINING
WERE SYSTEMATICALLY INVESTIGATED� 4HE INFLUENCE OF
MECHANICAL LOADING ON BONE
LIKE TISSUE AND LACUNA

CANALICULI NETWORK FORMATION IN �$ BIOPRINTED CELL

LADEN SCAFFOLDS WAS VISUALIZED USING IN SITUMICRO
#4
AND FOCUSED ION BEAM SCANNING ELECTRON MICROSCOPY
�&)"
3%-	�

�� -ATERIALS ANDMETHODS

���� "IOINKS PREPARATION
$ETAILS OF THE MATERIALS ARE PROVIDED IN THE
SUPPORTING INFORMATION �AVAILABLE ONLINE AT
STACKS�IOP�ORG�"&�����������MMEDIA	� '/�ALGINATE�
GELATIN ��������������� W�V	 INK SOLUTION WAS PRE

PARED BY USING SODIUM ALGINATE� GELATIN AND '/
�� MG ML−�	� ACCORDING TO OUR PREVIOUS METHOD AND
PRESENTED IN THE SUPPORTING INFORMATION� H-3#S
�,ONZA� 7ALKERSVILLE� -$� 53!	 WERE ISOLATED FROM
HUMAN BONE MARROW ASPIRATE AND CHARACTERIZED AS
DESCRIBED PREVIOUSLY ;��=� 0� H-3#S WERE EXPANDED
IN EXPANSION MEDIUM �$-%-� ��� &"3� �� 0�3�&�
�� .%!! AND � NG ML−� B&'&	 UNDER STANDARD
CELL CULTURE CONDITIONS ��� ◦#� �� #/�	 FOR � D UNTIL
APPROXIMATELY ��� CONFLUENCE� 4O PREPARE THE BIOINK
SOLUTION� CELLS WERE RESUSPENDED IN CONTROL MEDIUM
�$-%-� ��� &"3� �� 0�3�&	 AT A CONCENTRATION OF
� MILLION CELLS PER ��� µL� 4HE CELL SUSPENSION WAS
MIXED WITH � ML OF '/�ALGINATE�GELATIN INK SOLUTION�
AND THE BIOINK WAS THOROUGHLY MIXED WITH STERILE
MAGNETIC FISH AT ��� RPM MIN−� FOR � MIN AT ROOM
TEMPERATURE�

���� �$ BIOPRINTING OF CELL
LADEN '/ COMPOSITE
SCAFFOLDS
! MICROEXTRUSION
BASED TWO
SYRINGE CELL BIOPRINTER
�).+2%$)",%+� #%,,).+� 53!	 WAS USED TO PRINT
THE �$ CELL
LADEN '/ COMPOSITE SCAFFOLDS� 4HE SCAF

FOLD MODEL ��� MM × �� MM × ��� MM	� PRINTING
PARAMETERS AND PRINTING PROCESSES WERE AS DESCRIBED
IN OUR PREVIOUS WORK ;��=� WHERE AIR PRESSURE WAS

�

https://stacks.iop.org/BF/14/035018/mmedia
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��n�� K0A� SPEED WAS � MM S−�� AND NOZZLE SIZE
WAS �� '� 3CAFFOLDS WERE BIOPRINTED ON DOUBLE
SIDED
TAPE ��-4-� 53!	 ON THE PLATFORM OF THE COM

PRESSION BIOREACTOR� WHICH WAS AUTOCLAVED BEFORE
THE EXPERIMENT� !FTER BIOPRINTING� THE SCAFFOLD ON
THE PLATFORM WAS CROSSLINKED WITH �� �W�V	 #A#L�
�672� $IETIKON� 3WITZERLAND	 IN $-%- FOR �� MIN�
AND THEN THE SCAFFOLD WAS WASHED THREE TIMES WITH
$-%-� 3CAFFOLDS ON THE PLATFORM WERE CULTURED
IN SIX
WELL PLATES WITH � ML OF OSTEOGENIC MEDIUM
�$-%-� ��� &"3� �� 0�3�&� �� µG ML−� !!�
��� N- $EX� �� M- β
'0	 IN AN INCUBATOR ��� ◦#�
�� #/�	 FOR � D�

���� #OMPRESSION BIOREACTOR ASSEMBLY AND
MECHANICAL LOADING
)N THIS WORK� WE FABRICATED A NOVEL PLATFORM AND
PISTON TO CULTURE OUR �$ BIOPRINTED CELL
LADEN SCAF

FOLDS AND APPLY MECHANICAL LOADING� 4HE COMPRES

SION BIOREACTOR COULD BE ASSEMBLED WITH ALL THE COM

PONENTS� INCLUDING PLATFORM� PISTON� RING� INNER WALL�
OUTER WALL� BASE� AND SPRING� SHOWN IN FIGURE 3��!	
AND ASSEMBLED AS SHOWN IN FIGURE 3��"	� "EFORE
ASSEMBLY� ALL THE COMPONENTS WERE AUTOCLAVED AT
��� ◦# FOR �� MIN� /N DAY � AFTER BIOPRINTING� THE
SCAFFOLD ON THE PLATFORM WAS ASSEMBLED WITH THE
REMAINING COMPONENTS AND CULTURED WITH � ML OF
OSTEOGENIC MEDIUM�

! MECHANICAL STIMULATION UNIT �-35	 WAS
CUSTOM
MADE TO INDUCE LOAD ONTO THE SCAFFOLD� 4HE
COMPRESSION BIOREACTOR COULD BEMOUNTED INTO-35

LIKE CARTRIDGES �SEE FIGURE ��%		� 4HE APPARATUS WAS
CONTROLLED VIA AN IN
HOUSE PROGRAM ON ,AB6IEW
�.ATIONAL )NSTRUMENTS� !USTIN� 48	� 4HE -35 WAS
PLACED INSIDE A STERILE LAMINAR FLOW HOOD NEXT TO
THE INCUBATOR� 4HE CULTURE COMPRESSION BIOREACT

ORS WERE INDIVIDUALLY REMOVED FROM THE INCUBATOR
AND MOUNTED TO THE -35 FOR MECHANICAL COMPRES

SION� 4O DEFINE THE PRELOAD BETWEEN THE SCAFFOLD
AND PISTON FOR SCAFFOLD DETECTION AND AVOID SCAF

FOLD DESTRUCTION DURING LOADING� FORCEnDISPLACEMENT
CURVES WERE MEASURED WITH THREE DIFFERENT SCAFFOLDS
IN -35� 4HE PRELOAD WAS ���� .� WHICH WAS IN THE
LINEAR REGION OF THE FORCEnDISPLACEMENT CURVE� 4HE
LOADING REGION WAS IN THE �� STRAIN IN THE FORCEn
DISPLACEMENT CURVE� ACCORDING TO THE FORCE RESEARCH
ON THE PRELOAD BETWEEN THE PISTON AND SCAFFOLD� 4HE
LOADING FREQUENCY WAS � (Z WITH �� SINUSOIDAL STRAIN
�SEE FIGURE 3��#		� 4HE LOADING TIME WAS � MIN PER
DAY AND � TIMES PER WEEK� 4HE STRAIN� FREQUENCY AND
LOADING TIME WERE INPUT INTO ,AB6IEW TO CONTROL THE
MECHANICAL LOADING� 7HEN MECHANICAL LOADING WAS
APPLIED �FIGURE ��'		� THE SCAFFOLD WAS CULTURED ON
THE PLATFORM BETWEEN THE BASE AND PISTON IN THE CUL

TURE POSITION� AND THEN THE BASE WAS LIFTED SLOWLY�
4HE SCAFFOLD TOUCHED THE PISTON SURFACE� AND ,AB6IEW
RECORDED THE SCAFFOLD ABSOLUTE LENGTH WHEN FORCES
REACHED THE PRELOAD IN THE CONTACT POSITION� 4HE BASE
MOVED UP AND DOWN IN � (Z AND APPLIED MECHANICAL

LOADING TO THE SCAFFOLD IN THE LOADING POSITION BASED
ON THE LOADING PROTOCOL� 7E CARRIED OUT A TOTAL OF
THREE INDEPENDENT EXPERIMENTS �FIGURE ��(		� 'ROUP
� WAS THE CONTROL GROUP� AND NON
LOADING WAS APPLIED
TO THE �$ CELL
LADEN SCAFFOLDS CULTURED IN COMPRESSION
BIOREACTORS� 'ROUP � RECEIVED MECHANICAL LOADING ON
THE SCAFFOLDS FROM DAY �� 'ROUP � WAS A STATIC CUL

TURE IN THE COMPRESSION BIOREACTORS FOR THE FIRST �� D
AND WAS SUBJECTED TO MECHANICAL LOADING ON THE SCAF

FOLDS FROM DAY ��� 4HE THREE DIFFERENT GROUPS WERE
LABELED NO LOADING �.,	� MECHANICAL LOADING FROM
DAY � �-,��	� AND MECHANICAL LOADING FROM DAY
�� �-,��	� $URING THE EXPERIMENT� THE OSTEOGENIC
MEDIUM WAS CHANGED THREE TIMES PER WEEK�

���� #ELL VIABILITY AND CELL MORPHOLOGY
#ELL VIABILITY IN THE �$BIOPRINTED CELL
LADEN'/COM

POSITE SCAFFOLDS WITH DIFFERENT LOADING CONDITIONS WAS
ASSESSED USING A ,)6%�$%!$¥ VIABILITY�CYTOTOXICITY
ASSAY AFTER � D AND �� D OF CULTURE IN OSTEOGENIC
MEDIUM� #ONFOCAL MICROSCOPY �6ISITRON 3PINNING
$ISK� .IKON %CLIPSE 4�	 WAS USED TO VISUALIZE THE LIV

ING �GREEN	 AND DEAD �RED	 CELLS� #ELL VIABILITY WAS CAL

CULATED AS THE PERCENTAGE OF LIVING CELLS AMONG TOTAL
CELLS� 4HE DETAILS OF CELL VIABILITY AND CELL MORPHOLOGY
ANALYSIS ARE PRESENTED IN THE SUPPORTING INFORMATION�

���� $.! CONTENT AND !,0 ACTIVITY
#ELL PROLIFERATION AND OSTEOGENIC ACTIVITY WERE
DETERMINED BY MEASURING $.! CONTENT AND ALKALINE
PHOSPHATASE �!,0	 ACTIVITY� !FTER CULTURING IN OSTEO

GENIC MEDIUM FOR � AND �� D� SCAFFOLDS IN THE .,�
-,�� AND -,�� GROUPS WERE CAREFULLY REMOVED
FROM THE PLATFORMS AND WASHED TWICE IN 0"3� &OR
$.! CONTENT AND !,0 ACTIVITY MEASUREMENTS� THE
SCAFFOLDS WERE DISINTEGRATED IN ��� ML OF ���� �V�V	
4RITON 8
��� AND � M- -G#L� SOLUTION USING TWO
STEEL BEADS AND A MINIBEAD BEATER �"IOSPEC 0RODUCTS�
"ARTLESVILLE� /+	� !,0 ACTIVITY MEASUREMENTS WERE
CARRIED OUT DIRECTLY AFTER THE SCAFFOLDS HAD BEEN DISIN

TEGRATED� 4HE MEASUREMENTS WERE PERFORMED USING A
COMMERCIALLY AVAILABLE ASSAY BASED ON THE CONVERSION
OF P
NITROPHENYL PHOSPHATE TO P
NITROPHENOL� ACCORD

ING TO THE PROTOCOL OF THE MANUFACTURER� $.! CON

TENTS WERE MEASURED AFTER �� H OF INCUBATION AT ROOM
TEMPERATURE WHEN SCAFFOLDS HAD BEEN DISINTEGRATED�
4HE 1UANT
I44- 0ICO'REEN ASSAY �,IFE 4ECHNOLOGIES�
3WITZERLAND	 WAS CARRIED OUT FROM THE SUPERNATANT
FRACTION AND FOLLOWED THE MANUFACTURER�S INSTRUC

TIONS� 4HE $.! CONTENT WAS CALCULATED WITH THREE
SAMPLES IN EVERY GROUP AND AVERAGED� 4HE CALCULATED
!,0 ACTIVITY WAS NORMALIZED BY THE $.! CONTENT
MEASURED FOR EACH SCAFFOLD�

���� )N SITUMICRO
#4MONITORING OF MINERAL
FORMATION ANDMATURATION
)N SITU MICRO
#4 IMAGES OF ALL GROUPS WERE TAKEN ON
DAYS �� ��� ��� ��� ��� ��� �� AND �� OF CULTURE IN A COM

PRESSION BIOREACTOR WITH � ML OF OSTEOGENIC MEDIUM

�
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TOMONITORMINERAL FORMATION AS DESCRIBED PREVIOUSLY
;��=� 4HE BIOREACTORS WERE REMOVED FROM THE RACK AND
TRANSFERRED TO A MICRO
#4 �� �3#!.#/-EDICAL !'�
"RÀTTISELLEN� 3WITZERLAND	 FOR IMAGING IN A FIXED POS

ITION� !FTER EACH SCAN� THE BIOREACTORS WERE RETURNED
TO THE RACK� AND PLACED IN THE INCUBATOR ��� ◦#� ��
#/�	� 4HE METHODS OF MICRO
#4 IMAGE RECONSTRUC

TION� MINERAL HISTOGRAM DISTRIBUTION� TOTAL AND MIN

ERAL VOLUME� AND MINERAL SCAFFOLD DENSITY �-3$	 ARE
PROVIDED IN THE SUPPORTING INFORMATION�

���� 3CAFFOLD MECHANICS
4HE MECHANICAL PROPERTIES WERE CHARACTERIZED BY
MEASUREMENT OF THE STIFFNESS� 4HE STIFFNESS WAS
ASSESSED ON A CUSTOM
MADE -35 AT ROOM TEM

PERATURE� !N UNCONFINED UNIAXIAL COMPRESSION TEST
WAS PERFORMED UNDER DISPLACEMENT CONTROL TO MEAS

URE THE FORCEnDISPLACEMENT CURVE� WITH A PRELOAD OF
���� . AND A SPEED OF � µM S−� �CORRESPONDING
STRAIN RATE OF ����� S−�	 UNTIL ��� µM DEFORMATION
OF THE SCAFFOLD WAS REACHED� �$ CELL
LADEN SCAFFOLDS
�N = �	 IN DIFFERENT GROUPS WERE TESTED AFTER CULTUR

ING IN OSTEOGENIC MEDIUM AND APPLYING MECHANICAL
LOADING FOR �� D� 4HE STIFFNESS WAS CALCULATED FROM THE
LINEAR REGION OF THE FORCEnDISPLACEMENT CURVE ACCORD

ING TO THE FOLLOWING FORMULA�

K
(
.M−�

)
=∆&/∆,

WHERE ∆& IS THE FORCE CHANGE IN THE LINEAR REGION�
AND ∆, IS THE DISPLACEMENT CHANGE IN THE LINEAR
REGION� 4HE STIFFNESS WAS CALCULATED IN SEVERAL SMALL
LINEAR REGIONS IN THE FORCEnDISPLACEMENT CURVE� AND
THE HIGHEST VALUE WAS SELECTED AS THE FINAL VALUE FOR THE
SAMPLE� 4HE CORRELATION BETWEEN STIFFNESS AND MIN

ERAL VOLUME AND -3$ WAS ANALYZED BY ORIGIN ����
�/RIGIN,AB� 53!	 WITH A POWER LAW ;��= IN THE FOL

LOWING ALLOMETRIC FORMULA� 9 = A+ B8C�

4HE CORRELATION BETWEEN LOCAL -3$ AND 9OUNG�S
MODULUS WAS INVESTIGATED USING THE LINEAR ELASTIC
MICRO
FINITE ELEMENT �MICRO
&%	 SOLVER 0AR/3OL ;��=�
4O OVERCOME INADEQUATE BOUNDARY CONDITIONS DUE
TO UNEVEN SURFACES OF THE SCAFFOLDS AS WELL AS TO
REDUCE COMPUTING TIME� SUITABLE SUBSETS OF THEMICRO

#4 IMAGES WERE USED FOR THE INVESTIGATION� #ORRELA

TION OF SUBSET DENSITY WITH SCAFFOLD DENSITY AND SCAF

FOLD STIFFNESS SHOWED SUBSETS IN FORM OF SLICES WITH
��� HEIGHT FROM THE BOTTOM THIRD ARE REPRESENTATIVE
AND WERE THUS CHOSEN FOR FURTHER INVESTIGATION� 3UB

SETS� LOCAL DENSITY WAS CONVERTED TO 9OUNG�S MODU

LUS USING MULTIPLE CONVERSION FUNCTIONS ;��= FOR THE
SUBSEQUENT MICRO
&% ANALYSIS SIMULATING A �� UNI

AXIAL COMPRESSION� 4HE SUBSET STIFFNESS WAS CALCU

LATED FROM THE RESULTING FORCE AND SUBSEQUENTLY COR

RELATED WITH EXPERIMENTAL STIFFNESS� #ONSEQUENTLY� THE
CONVERSION FUNCTION WITH THE STRONGEST LINEAR COR

RELATION WAS ADJUSTED TO FIT THE EXPERIMENTAL RESULTS�

AND EXTRAPOLATED TO FULL HEIGHT BY FACTOR �� -ICRO

#4 IMAGES WERE THEN CONVERTED TO 9OUNG�S MODU

LUS AND THE MEAN VALUE OF THE MINERALIZED TISSUE WAS
CALCULATED�

���� /STEOGENESIS
RELATED GENE EXPRESSION
!FTER CULTURING IN THE OSTEOGENIC MEDIUM FOR
�� D� COMPRESSION BIOREACTORS WERE CAREFULLY DIS

ASSEMBLED� AND SCAFFOLDS WERE REMOVED FROM THE
PLATFORM� 4HE TOTAL 2.! AMOUNT IN THE �$ CELL

LADEN SCAFFOLDS WAS EXTRACTED USING 4RIZOL 2EAGENT
�)NVITROGEN4-� 4HOMAS &ISHER 3CIENTIFIC� 53!	� 0ELLET
PESTLES �3IGMA
!LDRICH� 53!	 AND THE 2.EASY -ICRO
+IT �1IAGEN� 3WITZERLAND	� ACCORDING TO THE MANU

FACTURER�S INSTRUCTIONS AND OUR PREVIOUSLY REPORTED
METHODS� 2.! PURITY AND CONCENTRATION WERE QUAN

TIFIED IN A .ANO$ROP ���� �4HERMO &ISHER 3CIENTIFIC�
53!	� ! TOTAL OF ��� NG OF TOTAL 2.! WAS REVERSE
TRANSCRIBED INTO C$.! USING THE I3CRIPT4- 3YNTHESIS
+IT ON A 4���4- THERMAL CYCLER �")/
2!$� 53!	
ACCORDING TO THE MANUFACTURER�S PROTOCOL� C$.!
SAMPLES WERE STORED AT −�� ◦# FOR FURTHER QUANT

ITATIVE REAL
TIME 0#2 �24
Q0#2	 ANALYSIS� 24
Q0#2
WAS PERFORMED IN A #&8��4- REAL
TIME 0#2 SYSTEM
�")/
2!$� 53!	 USING A PROBE DETECTION METHOD�
4AQ-AN &AST 5NIVERSAL 0#2 -ASTER -IX �4HERMO
&ISHER 3CIENTIFIC� 53!	 WAS USED� 4HE 0#2 PROGRAMS
WERE AS FOLLOWS� DENATURATION ��� ◦# FOR �� S	 FOL

LOWED BY �� AMPLIFICATION CYCLES ��� ◦# FOR � S� �� ◦#
FOR �� S	� 24
Q0#2 WAS PERFORMED FOR SIX OF THE TAR

GET GENES �#/,�!�� !,0,� 25.8�� "',!0� 0$0.�
0(%8� 3/34� $-0�	 AND ONE HOUSEKEEPING GENE
�'!0$(	� 4HE DETAILED GENE INFORMATION AND PRIMER
SEQUENCES ARE PROVIDED IN TABLE 3�� 4HE #T VALUES
OBTAINED FOR EACH SAMPLE WERE NORMALIZED TO THOSE
FOR THE HOUSEKEEPING GENE AND PRESENTED AS THE FOLD

CHANGES IN GENE EXPRESSION OF THE LOADING GROUPS
VERSUS THE NON
LOADING GROUP� $ATA WERE ANALYZED
USING THE COMPARATIVE #T METHOD ��−∆∆#T	�

���� #RYSECTION� HISTOLOGY STAINING AND COLLAGEN )
ANALYSIS
!FTER �� D OF CULTURE IN THE COMPRESSION BIOREACT

ORS WITH OSTEOGENIC MEDIUM� SCAFFOLDS WERE WASHED
TWICE WITH 0"3 AND FIXED IN �� FORMALDEHYDE IN
�� M- #A#L� AND ���� - .A#L SOLUTION FOR � H�
4HEN� SAMPLES WERE PLACED IN ��� SUCROSE WITH
�� M- #A#L� FOR � H AT ROOM TEMPERATURE� .EXT�
THE SAMPLES WERE PLACED IN ��� SUCROSE WITH �� M-
#A#L� FOR �� H AT ROOM TEMPERATURE� &INALLY� THE
SAMPLES WERE EMBEDDED IN OPTIMUM CUTTING TEMPER

ATURE COMPOUND �/#4� 672	 AND SNAP
FROZEN ON
DRY ICE� 3AMPLES WERE SECTIONED USING +AWAMOTO�S
CRYOFILM TYPE � # �3%#4)/.
,!" #O� ,TD� *APAN	 TO
�� µM THICKNESS USING A CRYOTOME �#RYO3TAR .8���
4HERMO 3CIENTIFIC	 AND ACCORDING TO +AWAMOTO�S
PROTOCOL ;��=� "EFORE STAINING� SECTIONS WERE FIXED ON

�
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MICROSCOPE SLIDES USING �� CHITOSAN ADHESIVE� &OR
THIS PURPOSE� TWO DROPS OF CHITOSAN SOLUTION WERE
DEPOSITED ON THE SLIDE� AND THE SECTIONS WERE PLACED
ON THE SLIDE AND KEPT IN A RUNNING FUME HOOD TO ALLOW
THE CHITOSAN TO DRY ;��=�

!LIZARIN 2ED 3� (�% AND 3IRIUS 2ED STAINING ARE
DESCRIBED IN THE SUPPORTING INFORMATION� 3ECTIONS
WERE IMAGED ON AN AUTOMATED SLIDE SCANNER �0ANOR

AMIC ��� &LASH ))� �$HISTECH� (UNGARY	 IN THE BRIGHT

FIELD CHANNEL WITH A MAGNIFICATION OF ��×� 4HE POLAR

IZED IMAGES OF 3IRIUS 2ED STAINING SECTIONS WERE TAKEN
ON A 7IDEFIELD :EISS 0OLARIZATION -ICROSCOPE �:EISS�
'ERMANY	 WITH A MAGNIFICATION OF ��× UNDER �◦n��◦

AND ��◦n���◦� RELYING ON THE BIREFRINGENCE PROPER

TIES OF COLLAGEN ) ;��=� #OLLAGEN ) FIBERS WERE CLASSIFIED
FROMMATURE TO IMMATURE WITH DIFFERENT THRESHOLDING
VALUES AND SHOWN IN RED� ORANGE� YELLOW AND GREEN IN
)MAGE*� 4HE PERCENTAGE OF THE RED COLOR OFMATURE COL

LAGEN ) FIBER WAS CALCULATED BY )MAGE* ;��=� #OLLAGEN )
FIBER PARAMETERS� INCLUDING FIBER WIDTH� FIBER LENGTH�
FIBER STRAIGHTNESS� AND ANGLE� WERE ANALYZED BY#4
FIRE
RECONSTRUCTION ;��=�

����� )MMUNOHISTOCHEMISTRY STAINING
/STEOCALCIN STAINING PROCEDURE AND ANALYSIS ARE
DESCRIBED IN THE SUPPORTING INFORMATION� 0ODOPLAN

IN�SCLEROSTIN STAINING� SECTIONS WERE WASHED THREE
TIMES IN 0"3 FOR � MIN AND BLOCKED WITH �� DON

KEY SERUM� �� "3!� AND ���� 4RITON 8
��� IN 0"3
FOR � H AT ROOM TEMPERATURE� 3ECTIONS WERE INCUB

ATED WITH ���� DONKEY SERUM� PRIMARY MOUSE ANTI

PODOPLANIN ANTIBODY ������� 3ANTA #RUZ "IOTECH

NOLOGY	 AND PRIMARY RABBIT ANTI
SCLEROSTIN ANTIBODY
������� 3ANTA #RUZ "IOTECHNOLOGY	 IN 0"3 OVERNIGHT
AT � ◦#� 3ECTIONS WERE WASHED THREE TIMES WITH 0"3
AND INCUBATED WITH SECONDARY DONKEY
ANTI
MOUSE
)G' !LEXA &LUOR ��� ANTIBODY ������	� DONKEY
ANTI

RABBIT )G' !LEXA &LUOR ��� ANTIBODY ������	� PHAL

LOIDIN ������	� (OECHST ������	� AND ���� DONKEY
SERUM IN 0"3 FOR �� MIN AT ROOM TEMPERATURE�
3ECTIONS WERE WASHED THREE TIMES WITH 0"3 AND
MOUNTED ON COVERSLIPS WITH &LUOROSHIELD�

������� 9!0 STAINING
3ECTIONSWEREWASHED THREE TIMESWITH 0"3� INCUBATED
FOR � HWITH ��"3!� ��DONKEY SERUM� AND ����4RI

TON 8
��� IN 0"3� AND WASHED THREE TIMES WITH 0"3�
4HE CELLS WERE INCUBATED WITH ���� DONKEY SERUM�
PRIMARY MOUSE ANTI
9!0 ANTIBODY ������� SC�������
3ANTA #RUZ "IOTECHNOLOGY	 IN 0"3 AND ���� 4RITON
8
��� FOR � H AT ROOM TEMPERATURE� 4HE SECTIONS
WERE WASHED WITH THREE CHANGES OF 0"3� INCUBATED
WITH SECONDARY DONKEY
ANTI
MOUSE ANTIBODY �������
!������ ,IFE 4ECHNOLOGY	� PHALLOIDIN ������	 AND
(OECHST ������	 IN 0"3 WITH ���� DONKEY SERUM�
WASHED WITH THREE CHANGES OF 0"3� ANDMOUNTED WITH
&LUOROSHIELD� &INALLY� SECTIONS WERE IMAGED ON THE
#ONFOCAL :EISS ,3- ��� !IRYSCAN �:EISS� 'ERMANY	�

����� #OMBINATION OF ACTIN STAINING� CONFOCAL
MICROSCOPY AND &)"�3%-�%$3
!CTIN STAINING PROCEDURE IS DESCRIBED IN THE SUPPORT

ING INFORMATION� 3%-�%$3� 4HE SAME ACTIN STAIN

ING SECTIONS WERE INVESTIGATED BY SCANNING ELEC

TRON MICROSCOPY �3%-	 WITH ENERGY DISPERSIVE X
RAY
SPECTROSCOPY �%$3	� 4HE DRY SECTION ON +AWAMOTO�S
TAPE WAS SPUTTERING COATED WITH A THIN PLATINUMn
PALLADIUM �0Tn0D	 LAYER OF APPROXIMATELY �� NM
BEFORE 3%-� "ACKSCATTERING IMAGES OF THE SAME POS

ITION AS THE OSTEOCYTE SHOWN IN ACTIN STAINING WERE
ACQUIRED AT A 1UANTA ��� & 3%- �&%)� THE .ETHER

LAND	 OPERATING AT �� K6� %LEMENT ANALYSIS WAS PER

FORMED WITH %$3 �%$!8� 'ERMANY	 ON1UANTA ���&
3%-�

������� &)"�3%-
4HE SAME ACTIN STAINING SECTIONS WERE STUDIED USING
&)" �(ELIOS � 58� 4HERMO3CIENTIFIC� THE .ETHERLAND	
AT THE SAME POSITION AS OSTEOCYTES �ACTIN STAINING	
AND LACUNAE �3%-	 UNDER HIGH VACUUM CONDITIONS�
4O PROTECT AND LABEL THE SURFACE� A � µM THICK LAYER
OF TUNGSTEN WAS DEPOSITED OVER THE REGION OF INTEREST
�2/)	� AT �� K6 WITH A BEAM CURRENT OF ��� N!� 4HE
CROSS
SECTIONS OF THE 2/) WERE FIRST ROUGHLY MILLED AT
�� K6 WITH A &)" BEAM CURRENT OF ��� N!� FOLLOWED
BY A FINE POLISHING AT �� K6 WITH A &)" BEAM CURRENT
OF ���� N!� 3ERIAL IMAGES WERE THEN ACQUIRED USING THE
THROUGH LENS DETECTOR �4,$	 IN BACKSCATTERED ELECTRON
�"3%	 MODE WITH THE FOLLOWING SETTINGS� ACCELERATION
VOLTAGE � K6� BEAM CURRENT ��� N!� PIXEL DWELL TIME
�� µS� VOXEL SIZE� �� NM× �� NM× �� NM�

����� 3TATISTICAL ANALYSIS
'RAPH0AD 0RISM � WAS USED TO DO THE STATISTICAL ANA

LYSIS FOR THE OBTAINED DATA� 4HE COMPARISON OF DATA FOR
.,� -,�� AND -,�� GROUPS AT ONE TIMEPOINT WERE
DONE USING A TWO
WAY!./6! TEST TOGETHER WITH PAIR

WISE COMPARISON� FOLLOWED BY 4UKEY CORRECTIONS� 4HE
COMPARISON OF DATA FOR .,� -,�� AND -,�� GROUPS
AT DIFFERENT TIMEPOINTS WERE DONE USING A TWO
WAY
!./6! TEST TOGETHER WITH 4UKEY�S MULTIPLE COMPAR

ISONS TEST� 4HE STATISTICAL ANALYSIS FOR FINITE ELEMENT
�&%	 AVERAGE 9OUNG�S MODULUS WAS USING ONE
WAY
!./6! TOGETHER WITH.EWMANn+EULSMULTIPLE COM

PARISON TEST� ∗ 0 � ���� WERE CONSIDERED STATISTICALLY
SIGNIFICANT� � 0 � ���� WHEN COMPARED BETWEEN DIF

FERENT TIME POINTS IN THE SAME GROUP�

�� 2ESULTS AND DISCUSSION

���� �$ BIOPRINTING� COMPRESSION BIOREACTOR
ASSEMBLY ANDMECHANICAL LOADING
4HE COMPONENTS OF THE COMPRESSION BIOREACTOR AND
THE ASSEMBLED COMPRESSION BIOREACTOR ARE SHOWN IN
FIGURES 3��!	 AND �"	� #OMPARED TO PREVIOUS BIORE

ACTOR SYSTEMS ;��=� OUR BIOREACTOR COULD PROVIDE INDI

VIDUAL MECHANICAL LOADING FOR CONSTRUCT AND IN SITU
VISUALIZATION OF MINERAL FORMATION OVER TIME IN

�
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&IGURE �� �!	 �$ BIOPRINTING PROCESSES� �"	 #A�+ CROSSLINKING POST
BIOPRINTING� �#	 3ECTION VIEW TO SHOW THE POSITION OF THE �$
CELL
LADEN CONSTRUCT IN THE COMPRESSION BIOREACTOR� �$	 "IOREACTORS CONTAINING �$ H-3#S
LADEN CONSTRUCTS WERE INCUBATED IN THE
IN
HOUSE CONSTRUCTED RACK� �%	 4HE COMPRESSION BIOREACTOR WAS MOUNTED INTO THE MECHANICAL STIMULATION UNIT LIKE A CARTRIDGE�
�&	 ! REPRESENTATIVE FORCE AND DISPLACEMENT CURVE OF THE MECHANICAL TEST WITH A �$ BIOPRINTED CELL
LADEN CONSTRUCTS SHOWING THE
PRELOAD AND LOADING REGION� �'	 3CHEMATIC ILLUSTRATION OF THE COMPRESSION BIOREACTOR SHOWING THE CULTURE POSITION� CONTACT
POSITION AND LOADING POSITION DURING LOADING PROCESSES� �(	 'ROUP DESIGN WITH DIFFERENT LOADING CONDITIONS� NO LOADING �.,	�
MECHANICAL LOADING FROM DAY � �-,��	� OR MECHANICAL LOADING FROM DAY �� �-,��	 OF �$ BIOPRINTING OF THE CELL
LADEN
CONSTRUCTS� %XPERIMENTS WERE PERFORMED DURING �� D OF CULTURE IN OSTEOGENIC MEDIA� 4HE COLOR OF THE LINE REPRESENTS THE LOADING
CONDITION �RED� MECHANICAL LOADING� BLACK� STATIC	�

MICRO
#4 SCANNING� 4HIS STUDY AIMED TO INVESTIG

ATE THE INFLUENCE OF MECHANICAL LOADING AND LOADING
INITIATION TIME ON ENGINEERING �$ FUNCTIONAL OSTEO

CYTE BONE ORGANOIDS USING �$ BIOPRINTED H-3#S

LADEN '/ COMPOSITE CONSTRUCTS� &OR THIS PURPOSE� WE
CONDUCTED CELL CULTURE STUDIES WITH H-3#S� 4HE �$
H-3#S
LADEN SCAFFOLD WAS BIOPRINTED ON THE PLAT

FORM� AND ALGINATE CHAINS WERE CROSSLINKED WITH #A�+

AFTER BIOPRINTING �FIGURES ��!	 AND �"		� WHICH WAS
SIMILAR TO OUR PREVIOUS WORKS ;��� ��=� 4HE SCAFFOLD
MORPHOLOGY� INCLUDING PORE SIZE� FILAMENT DIAMETER
AND SCAFFOLD OVERALL AREA� WERE SIMILAR TO OUR PREVI

OUS STUDY ;��=� 4HE PLATFORM WITH THE �$ BIOPRINTED
H-3#S
LADEN SCAFFOLD WAS SUCCESSFULLY ASSEMBLED IN
THE COMPRESSION BIOREACTOR� AND THE SCAFFOLD WAS CUL

TURED WITH � ML OF OSTEOGENIC MEDIUM �FIGURE ��#		�
3IX BIOREACTORS WERE KEPT IN A RACK CONSTRUCTED
IN
HOUSE AND CULTURED IN THE INCUBATOR ��� #/��
�� ◦#	 �FIGURE ��$		� 4HE COMPRESSION BIOREACTOR WAS
MOUNTED INTO THE DEVELOPED -35 ;��= TO PERFORM

VERTICAL CYCLIC MECHANICAL LOADING ON THE �$ BIOPRIN

TED H-3#S
LADEN SCAFFOLD� -ECHANICAL COMPRESSION
IS AN IMPORTANT COMPONENT OF THE LOAD SEEN IN BONE�
/UR DEVELOPED -35 PROVIDED HIGHLY ACCURATE AND
PRECISE DISPLACEMENT AND LOAD DETECTION ;��=� 4HE
LOAD DETECTION RESOLUTION OF THE SYSTEM WAS ���� .�
4HE FORCEnTRAVEL CURVE OF THE �$ BIOPRINTED CELL
LADEN
SCAFFOLD IS SHOWN IN THE TOE REGION AND THE LINEAR
REGION� EXHIBITING A TYPICAL STRESSnSTRAIN CURVE FOR THE
MECHANICAL TESTING OF SOFT TISSUE �FIGURE ��&		� 4HE
PRELOAD IS AN IMPORTANT PARAMETER� WHICH SHOULD BE
HIGHER THAN THE BACKGROUND FORCE AND AVOID DESTROY

ING THE SCAFFOLD� 4HE PRELOAD WAS SET AT ���� . IN THE
LINEAR REGION TO REVEAL THE SCAFFOLD SURFACE AND RECORD
THE ABSOLUTE LENGTH OF THE SCAFFOLD IN OUR SETUP� 0RE

VIOUS LOADING PROTOCOLS VARIED WITH DIFFERENT BIORE

ACTOR SETUPS� MATERIALS AND TARGET ENGINEERED TISSUES
;��� ��=� -ARKUS ET AL ;��= DEVELOPED A PIN
ON
BALL
BIOREACTOR SYSTEM TO APPLY MECHANICAL LOADING TO �$
CELL
SCAFFOLD CONSTRUCTS� #YCLIC AXIAL COMPRESSION WAS

�
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PERFORMED AT A FREQUENCY OF ��� (Z� WITH �� COM

PRESSIVE STRAIN� AND THE BALL OSCILLATED AT ��� (Z WITH
AN AMPLITUDE OF ±��◦ TO MIMIC THE NATIVE CARTILAGE�
)N OUR PILOT STUDIES� THE DISPLACEMENT PLOT LOWER THAN
�� (Z COULD ILLUSTRATE A CLEAR SINE WAVE AS THE EFFECT

IVE DISPLACEMENT� 4HEREFORE� THE LOADING PROTOCOL WAS
���� . PRELOAD� �� STRAIN� � (Z� � MIN PER LOADING
TIME� � TIMES PER WEEK� WHICH WERE OPTIMIZED TO KEEP
THE SCAFFOLD INTACT FOR OUR STUDY� 4HE COMPRESSION
BIOREACTOR WAS COMBINED WITH NONDESTRUCTIVE MICRO

#4 MONITORING TO VISUALIZE THE EFFECT OF MECHAN

ICAL LOADING ON BONE
LIKE TISSUE FORMATION� -OREOVER�
*AGODZINSKI ET AL HAD DEVELOPED A BIOREACTOR SYSTEM TO
SUBJECT HUMAN BONE MARROW STROMAL CELLS �H"-3#	
TO CONTINUOUS PERFUSION AND CYCLIC COMPRESSION AND
PERFUSION IN A COMBINED FASHION TO STUDY THE EFFECT OF
BOTH STIMULI ON THE OSTEOGENIC DIFFERENTIATION OF MES

ENCHYMAL PRECURSOR CELLS� 4HE RESULTS INDICATED THAT
THE MAIN STIMULUS FOR CELL PROLIFERATION IN A �$ CUL

TURE OF H"-3# ON A BOVINE SPONGIOSA DISC WAS CON

TINUOUS PERFUSION WHEREAS MECHANICAL COMPRESSION
FOSTERED OSTEOGENIC DIFFERENTIATION OF H"-3# ;��=�
4HE COUPLING OF PERFUSION AND MECHANICAL COMPRES

SIONMAY BE A POTENTIAL APPROACH TO FORM THE �$ FUNC

TIONAL OSTEOCYTE BONE ORGANOID IN VITRO� WHICH NEED
FURTHER INVESTIGATION� .EVERTHELESS� IT MUST BE NOTED
THAT THEIR CELLS WERE SEEDED ON TOP OF THE MINERALIZED
TISSUE� WHEREAS OUR CELLS ARE EMBEDDED IN THE MATRIX�
WHICH MAKES IT LESS LIKELY FOR PERFUSION TO REACH THE
CELLS�

���� #ELL BEHAVIOR AND BIOCHEMICAL ANALYSIS
.UMEROUS CELLULAR BIOCHEMICAL RESPONSES TO MECH

ANICAL LOADING ARE TRANSIENT� INDICATING THE CELL�S
ABILITY TO ADAPT ITS BEHAVIOR TO A NEW MECHANICAL
ENVIRONMENT ;��=� 7E SOUGHT TO TEST THE HYPOTHESIS
THAT A CELL CAN RESPOND AT THE CELLULAR �CELL VIABIL

ITY AND MORPHOLOGICAL	 AND MOLECULAR �CELL PROLIFERA

TION AND OSTEOGENIC DIFFERENTIATION	 LEVELS TO ADAPT TO
EXTERNAL MECHANICAL LOADING IN THE SHORT �DAY �	 AND
MEDIUM TIMEPOINTS �DAY ��	� 4HE CELL MORPHOLOGICAL
RESPONSES TOMECHANICAL LOADING WAS ALSO INVESTIGATED
AT THE END TIMEPOINTS �DAY ��	� #ELL VIABILITY REMAINED
OVER ��� FOR ALL GROUPS ON DAY � AND DAY ��� 0REDOM

INANT GREEN FLUORESCENCE AND LOW RED FLUORESCENCE
DEMONSTRATED THE DOMINANT POPULATION OF LIVE CELLS IN
FIGURES ��!	n�&	� &IGURE ��'	 SHOWS THAT CELL VIABILITY
WAS NOT SIGNIFICANTLY DIFFERENT BETWEEN GROUPS� AND A
SMALL DECREASE IN CELL VIABILITY WAS OBSERVED IN -,��
AND-,�� ON DAY ��� 4HESE RESULTS INDICATED THAT OUR
CYCLIC MECHANICAL LOADING ����� . PRELOAD� �� STRAIN�
� (Z� � MIN PER LOADING TIME� � TIMES PER WEEK	 HAD
MINIMAL EFFECT ON CELL SURVIVAL� WHICH WERE SIMILAR
TO THE PREVIOUS STUDIES ;��=� 4HERE WERE NO DIFFER

ENCES IN CELL MORPHOLOGY �DENDRITE LENGTH� PERCENT

AGE OF DENDRITIC CELLS OR PERCENTAGE OF SPHERICAL CELLS	
AT DAY � AMONG THE GROUPS �FIGURES ��(	n�*		� .EV

ERTHELESS� DIFFERENCES IN THE CELL MORPHOLOGY AMONG
GROUPS WERE OBSERVED FROM DAY � TO DAY ��� #ELL

SPREADING BEHAVIOR INCREASED FROM DAY � TO DAY �� IN
ALL GROUPS� 4HIS PHENOMENON WAS MOST PRONOUNCED
IN THE MECHANICAL LOADING GROUPS� AS THE DENDRITE
LENGTHS OF -,�� AND -,�� WERE SIGNIFICANTLY HIGHER
ON DAY �� THAN ON DAY �� 4HE PERCENTAGE OF DEND

RITIC CELLS WAS SIGNIFICANTLY INCREASED AND THE PER

CENTAGE OF SPHERICAL CELLS WAS SIGNIFICANTLY DECREASED
IN ALL GROUPS FROM DAY � TO DAY ��� -ORE SPECIFIC

ALLY� THE HIGHEST DENDRITE LENGTH AND PERCENTAGE OF
DENDRITIC CELLS WERE ���� ± ��� µM AND ���� ± ����
IN -,�� AT DAY ��� WHICH WAS SIGNIFICANTLY HIGHER
THAN ����� ± ��� µM AND ���� ± ���� IN .,� 4HE
PERCENTAGE OF SPHERICAL CELLS IN ., WAS SIGNIFICANTLY
HIGHER THAN THAT IN -,�� ON DAY ��� 4HE DENDRITE
LENGTH AND PERCENTAGE OF THE DENDRITIC CELLS IN -,��
WERE NOT SIGNIFICANTLY DIFFERENT THAN THOSE IN -,��
ON DAY �� BUT WERE HIGHER THAN THOSE IN .,� 4HE
SAME RESULTS WERE ALSO SHOWN IN THE ACTIN STAINING
FROM THE SECTIONS IN THE TOP REGION OF .,� -,�� AND
-,�� AT DAY �� CULTURING IN THE BIOREACTORS� -,��
HAD MORE SPREADING OSTEOCYTE
LIKE CELLS WITH SIGNIFIC

ANTLY LONGER DENDRITE LENGTHS ������� ± ����� µM	
COMPARED TO -,�� ������ ± ����� µM	 AND .,
������ ± ����� µM	 GROUPS �FIGURES 3��!	n�#		�
-EANWHILE� �����± ����� OF CELLS WERE CONNECTED TO
EACH OTHER IN -,��� WHICH WAS SIGNIFICANTLY HIGHER
THAN ����� ± ����� IN -,�� AND ����� ± �����
IN ., �0 � ����	� !LTHOUGH THE PERCENTAGE OF CELL
CONNECTION IN -,�� WAS HIGHER THAN IN .,� THIS
DIFFERENCE WAS NOT SIGNIFICANT� 4HE RESULTS INDICATED
THAT MECHANICAL LOADING INDUCED SIGNIFICANTLY MORE
CELL CONNECTIONS IN -,�� THAN IN ., AND -,���
4HESE FINDINGS WERE ALSO CORROBORATED IN HIGH RESOL

UTION IMAGES OF INDIVIDUAL CELLS� WHICH SHOWED CON

NECTIONS IN BOTH LOADING GROUPS �-,�� AND -,��	�
WHILE LESS CONNECTION WAS FOUND IN ., GROUP AT
DAY �� �FIGURES 3��$	n�&		� 3IMILAR �$ CELL SPREAD

ING BEHAVIOR ENHANCED BY DYNAMIC CYCLIC MECHAN

ICAL STIMULATIONWAS OBSERVED FOR.)(
�4� FIBROBLASTS
AND H-3#S IN PREVIOUS REPORTS ;��=� SUGGESTING THAT
MECHANICAL LOADING HAD A POSITIVE INFLUENCE ON CELL
MORPHOLOGY�

4HE INFLUENCE OF MECHANICAL LOADING ON CELL PRO

LIFERATION IN �$ BIOPRINTED CELL
LADEN SCAFFOLDS WAS
INVESTIGATED BY ANALYZING $.! CONTENT ON DAY � AND
DAY �� �FIGURE ��+		� /N DAY �� THE $.! CONTENT
IN -,�� WAS SIGNIFICANTLY HIGHER THAN THAT IN .,
AND -,��� WHICH INDICATED THAT MECHANICAL LOAD

ING INCREASED CELL PROLIFERATION IN THE EARLY CULTURE
PERIOD� 9OSHIKAWA ET AL ;��= HAVE ALSO SHOWN THAT THE
$.! CONTENT SIGNIFICANTLY INCREASES IN THE STRETCH

STIMULATED GROUP ON DAY � WHEN RAT BONE MARROW
CELLS WERE CULTURED ON 0ETRIPERM 4- DISHES� !N
APPROXIMATELY ��� DECREASE IN THE AVERAGE $.! CON

TENT FROM DAY � TO DAY �� WITHIN THE SAME GROUPS
WERE FOUND AFTER CULTURE IN OSTEOGENIC MEDIA FOR
�� D� 4HE OVERALL $.! CONTENT DECREASE WAS SIM

ILAR TO THAT IN OUR PREVIOUS RESULTS ;��=� WHICH MAY
HAVE RESULTED FROM TWO FACTORS� CELL WASHOUT AND

�



"IOFABRICATION �� �����	 ������ * :HANG ET AL

&IGURE �� �!	n�&	 #ELL VIABILITY IN THE �$ BIOPRINTED CELL
LADEN '/ CONSTRUCTS WITH DIFFERENT LOADING CONDITIONS ON DAY � AND DAY
��� ,IVING CELLS ARE DEPICTED IN GREEN� AND DEAD CELLS ARE DEPICTED IN RED� SCALE BAR �� µM� �'	 1UANTITATIVE ANALYSIS OF CELL VIABILITY�
�(	 DENDRITE LENGTH � �)	 PERCENTAGE OF CELLS WITH DENDRITE LENGTH ��� µM AND �*	 SPHERICAL CELLS WITHIN �$ BIOPRINTED CELL
LADEN
'/ CONSTRUCTS AT DAY � AND DAY ��� �+	 $.! CONTENT AND �,	 !,0 ACTIVITY IN DIFFERENT GROUPS AT DAY � AND DAY ��� $ATA ARE SHOWN
AS THE MEAN± STANDARD DEVIATION �N= �	� 4HE RESULTS WERE CONSIDERED STATISTICALLY SIGNIFICANT AT P � ���� AMONG GROUPS FOR EACH
TIME POINT �∗	� AND BETWEEN DAY � AND DAY �� FOR THE SAME GROUP ��	�

THE OSTEOGENIC DIFFERENTIATION OF H-3#S� #ONSISTENT
WITH PREVIOUS REPORTS� WE OBSERVED THAT SOME ENCAP

SULATED CELLS HAD EMIGRATED FROM THE SCAFFOLDS AND
MIGRATED ON THE PLATFORM DUE TO THE MOVEMENT OF
MEDIUM WITHIN THE BIOREACTOR ;��=� 0REVIOUS STUD

IES ALSO FOUND INCREASED CELL DEATH AND DECREASED CELL
NUMBER WITH INCREASED OSTEOGENIC DIFFERENTIATION OF
H-3#S� WHICH COULD HAVE OCCURRED IN THIS SYSTEM
;��=� 3OE ET AL ;��= REPORTED A ���n��� DECREASE
IN THE AVERAGE $.! CONTENT FROM DAY � TO DAY ��
DURING THE OSTEOGENIC DIFFERENTIATION OF H-3#S� 3IM

ILAR TO PREVIOUS MECHANICAL LOADING STUDIES IN �$
CELL
LADEN CONSTRUCTS ;��=� OUR RESULTS SHOWED THAT
THERE WERE NO SIGNIFICANT DIFFERENCES IN $.! CONTENT
AMONG THE DIFFERENT GROUPS AT DAY ��� 4HESE RESULTS
INDICATE THAT MECHANICAL LOADING AND LOADING INITI

ATION TIME DID NOT IMPACT CELL PROLIFERATION AFTER �� D
OF CULTURE�

!,0 IS KNOWN AS AN EARLY BIOCHEMICAL MARKER
FOR THE OSTEOBLAST PHENOTYPE� !,0 IS CONSIDERED AN
ESSENTIAL FACTOR IN ASSESSING BONE DIFFERENTIATION AND
MINERALIZATION� (ERE� !,0 ACTIVITY WAS MEASURED ON
DAY � AND DAY �� AFTER CULTURE IN THE COMPRES

SION BIOREACTOR� &IGURE ��,	 SHOWS THAT !,0 ACTIV

ITY WAS NOT SIGNIFICANTLY DIFFERENT AMONG GROUPS ON

DAY �� (OWEVER� -,�� HAD THE HIGHEST !,0 ACTIV

ITY ����� ± ��� NMOL NG−�	� WHICH WAS SIGNIFICANTLY
HIGHER THAN THAT OF ., ���� ± ��� NMOL NG−�	 AND
-,�� ���� ± ��� NMOL NG−�	 ON DAY ��� "ASED ON
THE RESULTS OBTAINED ON CELL MORPHOLOGY� MECHANICAL
LOADING ENHANCED THE CELL SPREADING BEHAVIOR AND
THE LONGEST DENDRITE LENGTH WAS OBSERVED IN -,��
�FIGURE ��(		� (ERE� WE SUGGEST THAT HIGHER CELL
SPREADING OBSERVED IN -,�� MIGHT ENHANCE DIFFER

ENTIATION OF H-3#S TOWARDS THE OSTEOBLASTIC LINEAGE�
4HE INCREASES IN !,0 ACTIVITY IN -,�� ON DAY �� MAY
INDICATE BOTH MORE OSTEOGENIC PROTEIN PRODUCTION OF
MATURE OSTEOBLASTIC CELLS AND THE HIGHER INDUCTION OF
DIFFERENTIATION IN OSTEOPROGENITORS� -EANWHILE� !,0
ACTIVITY WAS SIGNIFICANTLY INCREASED FROM DAY � TO DAY
�� IN THE SAME GROUP� !N OVERALL INCREASE IN !,0
ACTIVITY CAN BE DUE TO AN INCREASE IN THE PRODUCTION
LEVEL OF THE OSTEOGENIC PROTEIN AND�OR A RISE IN THE
NUMBERS OF !,0
POSITIVE CELLS DURING THE OSTEOGENIC
DIFFERENTIATION OF H-3#S� )NTERESTINGLY� THERE WAS NO
DIFFERENCE BETWEEN -,�� AND ., ON DAY ��� WHICH
INDICATES THAT THE INFLUENCE OF MECHANICAL LOADING ON
OSTEOGENIC DIFFERENTIATION MAY BE RELATED TO LOADING
TIME� )N VITROMECHANICAL STIMULATION HAS BEEN SHOWN
PREVIOUSLY TO UPREGULATE !,0 PROTEIN EXPRESSION AND

�
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ACTIVITY WITHIN H-3#S CULTURE ;��=� 4HESE RESULTS
SUPPORT THE CONTENTION THAT MECHANICAL STIMULATION
PROMOTES DIFFERENTIATION TO OSTEOBLASTS AND ENHANCES
BONE FORMATION�

���� )N SITUMICRO
#4MONITORING OF MINERAL
FORMATION ANDMATURATION
"ONE ADAPTS TO MECHANICAL LOADING� LEADING TO AN
OVERALL INCREASE IN BONE MASS AND BONE STRENGTH
THROUGH A POSITIVE SHIFT IN THE BALANCE BETWEEN BONE
FORMATION AND BONE RESORPTION IN VIVO� )N VITRO MIN

ERAL FORMATION ANDMATURATION IN RESPONSE TO EXTERNAL
MECHANICAL LOADING WERE INVESTIGATED THROUGH IN SITU
MICRO
#4 MONITORING IN OUR STUDY� &IGURE ��!	
SHOWS THE WEEKLY MINERAL FORMATION IN �$ RECON

STRUCTED MICRO
#4 IMAGES OF THE .,� -,�� AND
-,�� GROUPS IN HORIZONTAL VIEW� #OMPARED TO .,�
MECHANICAL LOADING ENHANCED THE EVEN DISTRIBUTION OF
MINERALIZED %#- DEPOSITION THROUGHOUT THE SCAFFOLD
IN-,�� AND-,���-ORE HOMOGENEOUS MINERAL DIS

TRIBUTION WAS OBSERVED IN -,�� AND-,�� IN THE TOP
VIEW FROM DAY �� TO DAY ��� &ROM THE VERTICAL VIEW
IN FIGURE 3�� MINERALIZED TISSUE SHOWEDMORE UNIFORM
GROWTH ALONG THE SCAFFOLD SURFACE THAN INSIDE THE SCAF

FOLD� 0REVIOUS STUDIES HAVE SHOWN THAT FLOW PERFUSION
INDUCED TISSUE MODELING WITH THE FORMATION OF PORE

LIKE STRUCTURES IN THE SCAFFOLDS AND ENHANCED THE DIS

TRIBUTION OF CELLS AND MATRIX THROUGHOUT THE SCAFFOLDS
IN VITRO ;��=� /UR RESULTS INDICATED THAT COMPRESSION
MECHANICAL LOADING ALSO IMPROVED THE DISTRIBUTION OF
MINERAL FORMATION� RESULTING IN HOMOGENEOUSLY MIN

ERALIZED SCAFFOLDS �FIGURE ��!		�

! HISTOGRAM DISTRIBUTION OF GRAYSCALE INTENSITY ON
DAY �� DAY �� AND DAY �� IN THE ., �FIGURE 3��!		�
-,�� �FIGURE 3��"		 AND-,�� �FIGURE 3��#		 GROUPS
IS PRESENTED� 4HE LOW
DENSITY VOLUME DECREASED AND
THE HIGH
DENSITY VOLUME INCREASED FOR ALL GROUPS OVER
TIME� WHICH INDICATED THAT THE MINERAL MATURED AND
BECAME STIFFER� 4HE QUANTIFICATION OF TOTAL MINERAL
VOLUME OVER TIME IN THE .,� -,�� AND -,�� GROUPS
IS SHOWN IN FIGURE ��"	� /N DAY ��� THE TOTAL MIN

ERAL VOLUME WAS SIGNIFICANTLY HIGHER IN -,�� THAN IN
.,� !FTERWARD� THERE WERE NO SIGNIFICANT DIFFERENCES
BETWEEN THE TWO GROUPS ON DAYS ��� �� AND ��� 4HE
MINERAL VOLUME IN -,�� AND ., WAS SIMILAR ON DAY
��� .O SIGNIFICANT DIFFERENCES WERE FOUND ON DAYS ���
��� ��� ��� AND ��� WHILE THERE WAS A SIGNIFICANT DIF

FERENCE BETWEEN -,�� AND ., ON DAY ��� )NTEREST

INGLY� -,�� HAD A HIGHER TOTAL MINERAL VOLUME THAN
-,�� ON DAYS ��� ��� AND ��� BUT NO SIGNIFICANT DIF

FERENCES WERE FOUND� 4HE PEAKMINERAL VOLUMES FOR ALL
GROUPS ARE SHOWN IN FIGURE 3��%	� WHEN THE THRESHOLD
VALUE WAS OVER ������ MG (! CM−�� )N THE FIRST FOUR
WEEKS� THERE WAS NO MINERAL FORMATION IN ANY GROUP�
!FTERWARD� THE MINERAL VOLUMES INCREASED� ESPECIALLY
IN THE -,�� GROUP� -,�� HAD THE HIGHEST PEAK MIN

ERAL VOLUME ON DAYS ��� ��� AND ��� WHICH WERE SIG

NIFICANTLY HIGHER THAN THOSE OF ., AND -,��� 4HE
MINERAL FORMATION RATES AND THE TOTAL MINERAL VOLUME

IN .,� -,�� AND -,�� BETWEEN THE TWO TIMEPOINTS
ARE SHOWN IN FIGURE ��#	� 4HE MINERAL FORMATION RATE
WAS SIGNIFICANTLY HIGHER IN -,�� THAN IN -,�� AND
., ON DAYS ��n��� AFTER WHICH IT DECREASED� -,��
HAD A SIGNIFICANTLY HIGHER MINERAL FORMATION RATE ON
DAYS ��n�� AND ��n�� THAN -,��� .O SIGNIFICANT DIF

FERENCES IN THE MINERAL FORMATION RATE WERE FOUND
BETWEEN -,�� AND .,� /RGANOID MINERAL DENSITY
�/-$	 BASED ON THE TOTAL MINERAL VOLUME WAS MEAS

URED AT DIFFERENT TIMEPOINTS� &IGURE ��$	 SHOWS THAT
THE /-$ INCREASED� WHICH INDICATED THAT THE MAT

URATION OF MINERAL INCREASED OVER TIME� .O SIGNIFIC

ANT DIFFERENCES WERE OBSERVED AFTER �� D OF CULTURE IN
THE COMPRESSION BIOREACTOR IN ANY GROUPS� -,�� HAD
THE HIGHEST /-$ VALUES ON DAY �� AND DAY ��� WHICH
WERE SIGNIFICANTLY HIGHER THAN THOSE OF ., AND-,���
4HE /-$ IN -,�� WAS SIMILAR TO THAT IN .,� AND
NO SIGNIFICANT DIFFERENCES WERE FOUND BETWEEN., AND
-,��� /UR RESULTS INDICATED THAT MECHANICAL LOADING
ENHANCED MINERAL MATURATION WITH HIGHER /-$ AND
PEAK MINERAL VOLUME BUT NOT TOTAL MINERAL VOLUME IN
-,�� ON DAY ��� -AUNEY ET AL ;��= SHOWED THAT MIN

ERALIZED MATRIX PRODUCTION INCREASED UNDER MECH

ANICAL STIMULATION WITH �� N- DEXAMETHASONE FOR �
AND �� D WHEN H-3#S WERE CULTURED ON �$ PAR

TIALLY DEMINERALIZED BONE SCAFFOLDS� )N VIVO MECHAN

ICAL STIMULATION HAS BEEN SHOWN PREVIOUSLY TO PLAY AN
INTEGRAL ROLE IN BONE FORMATION BY STIMULATING OSTEO

PROGENITOR CELLS IN THE MARROW STROMA TO DIFFERENTIATE
INTO OSTEOBLASTS AT CORTICAL BONE SURFACES� /UR RESULTS
ARE THE FIRST TO SHOW THE LONG
TERM INFLUENCE OF MECH

ANICAL LOADING ON THE MINERAL FORMATION AND MATUR

ATION IN VITRO FOR �$ BIOPRINTED CELL
LADEN SCAFFOLDS�
4HESE RESULTS LEAD US TO THE HYPOTHESIS� THAT /-$ IS
MORE IMPORTANT THAN MINERAL VOLUME REGARDING THE
MINERAL PROPERTIES IN MICRO
#4 EVALUATION�

���� 3CAFFOLD STIFFNESS
)NITIAL SCAFFOLD STIFFNESS IS A SIGNIFICANT CONTRIBUTOR
TO THE OSTEOGENIC DIFFERENTIATION OF H-3#S AND THE
FORMATION OF OSTEOCYTE ORGANOIDS� )N OUR PREVIOUS
STUDY� WE DEMONSTRATED THAT SOFT SCAFFOLDS �����ALG�
����± ���� K0A	 HAD HIGHER $.! CONTENT� ENHANCED
!,0 ACTIVITY AND STIMULATED OSTEOGENIC DIFFERENTI

ATION THAN STIFF SCAFFOLDS �����ALG� ��� ± ��� K0A	�
!FTER CULTURING IN THE STATIC BIOREACTOR FOR �� D� SIG

NIFICANTLY MORE MINERALIZED TISSUE WAS FORMED IN SOFT
SCAFFOLDS THAN IN STIFF SCAFFOLDS ����� ± ��� MM� VS�
���� ± ��� MM�	� 3OFTER SCAFFOLDS WERE CONFIRMED
TO RESULT IN HIGHER OSTEOGENESIS IN OUR BIOINK SYS

TEM� 'JOREVSKI ET AL ALSO DEMONSTRATED THAT SOFT MAT

RIX STIFFNESS SIGNIFICANTLY ENHANCED INTESTINAL STEM
CELLS DIFFERENTIATION AND ORGANOID FORMATION ;��=�
&URTHERMORE� THE MECHANICAL ADAPTATION OF THE �$
BIOPRINTED H-3#S
LADEN SCAFFOLDS IN RESPONSE TO
EXTERNAL MECHANICAL LOADING WAS INVESTIGATED� 4HE
MEDIAN CURVES OF FORCEnDISPLACEMENT CHANGING IN DIF

FERENT GROUPS AFTER CULTURE IN OSTEOGENIC MEDIUM FOR

�
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&IGURE �� �!	 �$ RECONSTRUCTED TIME
LAPSED MICRO
#4 IMAGES FROM THE TOP VIEW OF THE �$ BIOPRINTED CELL
LADEN '/ CONSTRUCTS
WITH DIFFERENT LOADING CONDITIONS� SCALE BAR � MM� �"	 4OTAL MINERAL VOLUME ������� MG (! CM−�	 IN .,� -,�� AND -,�� AFTER
CULTURE OF THE �$ BIOPRINTED CELL
LADEN CONSTRUCTS IN THE COMPRESSION BIOREACTOR FOR UP TO �� D� �#	 4HE MINERAL FORMATION RATES
IN THE .,� -,�� AND -,�� GROUPS� �$	 /RGANOID MINERAL DENSITY CHANGES IN THE .,� -,�� AND -,�� GROUPS WHEN CULTURED IN
THE COMPRESSION BIOREACTOR FOR UP TO �� D� A B C REPRESENTS SIGNIFICANT DIFFERENCES �0 � ����	 COMPARED TO THE .,� -,�� AND -,��
GROUPS AT THE SAME TIME POINT� RESPECTIVELY� ∗ 0 � ����� DATA ARE SHOWN AS THE MEAN± STANDARD DEVIATION �N= �	�

�� D ARE SHOWN IN FIGURE ��!	� 4HE FORCES WERE DRA

MATICALLY INCREASED IN ALL GROUPS IN THE FIRST ��� µM
OF DISPLACEMENT� AND THE SLOPE AND FORCE IN -,��
WERE MUCH HIGHER THAN THOSE IN -,�� AND .,�
!S SHOWN IN FIGURE ��"	� THE STIFFNESS AT DAY � WAS
���� ± �� . M−�� AND STIFFNESS WAS SIGNIFICANTLY
INCREASED IN ALL GROUPS AFTER �� D OF CULTURE IN THE
COMPRESSION BIOREACTORS� 4HE STIFFNESS IN -,�� WAS
���� ± ��� . M−�� WHICH WAS SIGNIFICANTLY HIGHER
THAN THAT IN ., ���� ± ��� . M−�	 AND -,��
����± ��� .M−�	 ON DAY ��� !DDITIONALLY� THE AVER

AGE 9OUNG�S MODULUS OF THE MINERAL FROM THE MICRO

#4 IMAGES WERE CALCULATED BY &% STIMULATION USING
THE CONVERSION FUNCTION�

% [K0A] = ����� × ��� × ρ���
[
G (! CM−�

]
+ �.

��	

4HE AVERAGE 9OUNG�S MODULUS OF THE -,�� GROUP
WAS ��� ± ��� K0A AND SIGNIFICANTLY HIGHER THAN
THAT IN BOTH THE ., ���� ± �� K0A	 AND THE
-,�� ���� ± �� K0A	 ON DAY �� �FIGURE ��#		�
3EVERAL STUDIES HAVE SHOWN THAT DYNAMIC MECH

ANICAL LOADING ENHANCES THE MATURATION OF -3#S

LADEN CONSTRUCTS� RESULTING IN HIGHER MECHANICAL AND
FUNCTIONAL PROPERTIES ;��=� 4HERE WAS NO SIGNIFIC

ANT DIFFERENCE BETWEEN ., AND -,�� IN BOTH STIFF

NESS AND AVERAGE 9OUNG�S MODULUS� 4HESE RESULTS SUG

GEST THAT THEMECHANOTRANSDUCTION PATHWAYS INITIATED

BY DYNAMIC COMPRESSION MAY DIFFER FUNDAMENTALLY
BETWEEN OSTEOBLASTS AND UNDIFFERENTIATED OR OSTEO

GENICALLY DIFFERENTIATED-3#S� 4O OUR KNOWLEDGE� THIS
IS THE FIRST STUDY TO DEMONSTRATE IMPROVEDMECHANICAL
PROPERTIES OF �$ BIOPRINTED -3#S
BASED ENGINEERED
BONE ORGANOID THROUGH THE LONG
TERM APPLICATION OF
DYNAMIC COMPRESSIVE LOADING� !LTHOUGH WE ACHIEVED
A �
FOLD IMPROVEMENT IN STIFFNESS AND A �
FOLD
IMPROVEMENT IN 9OUNG�S MODULUS OVER � WEEKS IN THE
-,�� GROUP COMPARED TO THE ., GROUP� THESE VAL

UES REMAINED LOWER THAN THOSE OF NATIVE BONE� &UTURE
STUDIES WILL OPTIMIZE THESE PARAMETERS OVER LONGER
CULTURE DURATIONS TO FURTHER EXPLAIN LOAD
INDUCED
INCREASES IN MECHANICAL PROPERTIES�

3TRUCTURAL INTEGRITY OF THE BONE IS AFFECTED BY
THE COMPOSITION AND ORGANIZATION OF THE CONSTITUENTS
WITHIN THIS STRUCTURE� (YDROXYAPATITE� WHICH IS THE
MINERAL COMPONENT� ACCOUNTS FOR MORE THAN ��� OF
THE BONE VOLUME AND THE REST IS COMPOSED OF COLLA

GEN AND WATER ;��=� 4O EVALUATE THE BONE HEALTH AND
PARTICULARLY FOR DIAGNOSING OSTEOPOROSIS� ASSESSMENT
OF THE AMOUNT OF THE MINERAL �BONE MINERAL CONTENT	
OR THE DENSITY OF THE MINERAL �BONE MINERAL DENS

ITY	 WITH IMAGING IS CONSIDERED AS THE GOLD STAND

ARD� -ANY STUDIES HAVE INVESTIGATED THE CORRELATION
BETWEEN THE ELASTIC MODULUS AND BONE MINERAL DENS

ITY� TO FORM THE REFERENCE RELATIONS WHICH CAN ESTIM

ATE THE MECHANICAL PROPERTIES FROM THE IMAGE
BASED

��
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&IGURE �� �!	 -EDIAN FORCEnDISPLACEMENT CURVES IN THE .,� -,�� AND -,�� GROUPS ON DAY �� OF CULTURE IN OSTEOGENIC MEDIUM�
�"	 /RGANOID STIFFNESS ON DAY � AND STIFFNESS OF .,� -,�� AND -,�� GROUPS ON DAY ��� �#	 &% AVERAGE 9OUNG�S MODULUS OF THE
.,� -,�� AND -,�� GROUPS CALCULATED BY THE CONVERSION FUNCTION� % ;K0A== �����× ��� × ρ��� ;G (! CM−�=+ �� �$	
#ORRELATION OF STIFFNESS TO TOTAL MINERAL VOLUME AND �%	 CORRELATION OF STIFFNESS TO ORGANOID MINERAL DENSITY FOR ALL SAMPLES IN THE
.,� -,�� AND -,�� GROUPS� �&	 #ORRELATION OF &% STIFFNESS TO EXPERIMENTAL STIFFNESS OF ALL SAMPLES IN THE .,� -,�� AND -,��
GROUPS AT DAY ��� ∗ 0 � ����� ∗∗ 0 � ����� DATA ARE SHOWN AS THE MEAN± STANDARD DEVIATION �N= �	� � 2EPRESENTS A SIGNIFICANT
DIFFERENCE �0 � ����	 COMPARED TO THE SCAFFOLD BEFORE LOADING ON DAY ��

MEASUREMENTS OF THE BONE MINERAL DENSITY� )N OUR
STUDY� FIGURE ��$	 SHOWS THAT THERE WAS NO CORRELATION
BETWEEN ORGANOID STIFFNESS AND TOTAL MINERAL VOLUME�
)NSTEAD� ORGANOID STIFFNESS HAD A STRONG POWER LAW
CORRELATION �2� = ����	 WITH /-$ �FIGURE ��%		�
4HE POWER VALUE IS ������ 4HESE RESULTS INDICATED
THAT ORGANOID STIFFNESS IN THE �$ BIOPRINTED OSTEOCYTE
BONE ORGANOID WAS POSITIVELY RELATED TO /-$� 4HIS
RELATIONSHIP IS SIMILAR TO TRABECULAR AND COMPACT
BONE� WHERE MODULUS IS RELATED TO DENSITY THROUGH
A POWER LAW RELATIONSHIP AT THE BULK LENGTH
SCALE
;��� ��=� #ARTER ET AL ;��= DEMONSTRATED THAT THE COM

PRESSIVE STIFFNESS OF BONE IS PROPORTIONAL TO THE SQUARE
OF THE APPARENT DENSITY AND TO THE STRAIN RATE RAISED
TO THE ���� POWER� 4WO FACTORS MAY CONTRIBUTE TO THE
DIFFERENT POWER VALUES RELATIONSHIP IN STIFFNESS AND
DENSITY BETWEEN OUR �$ OSTEOCYTE BONE ORGANOID AND
BONE SPECIMEN� 4HE FIRST FACTOR IS GIVEN TO THE DIFFER

ENT UNITS OF /-$ AND APPARENT DENSITY USED BETWEEN
STUDIES� WHILE IN OUR STUDY /-$WAS PRESENTED INMG
(! CM−�� THE APPARENT DENSITY IS GIVEN IN MG CM−�

IN MOST OF THE LITERATURE� 4HE SECOND FACTOR IS DUE
TO THE DIFFERENCE IN STRAIN RATE� -ATHIEU ET AL ;��=
DEMONSTRATED THAT THE MODULUS AND COLLAPSE STRESS
INCREASED LINEARLY WITH STRAIN RATE IN �$ POLY�,
LACTIC
ACID	�HYDROXYAPATITE SCAFFOLDS� 4HOSE RESULTS DEMON

STRATED THAT OUR MINERALIZED BONE ORGANOID EXHIB

ITED SIMILAR POWER CORRELATION BEHAVIOR TO THAT OF
NATURAL BONE AT THE BULK LENGTH
SCALE� 4O VERIFY THE
HYPOTHESIS THAT /-$ ANDMECHANICAL PROPERTIES ALSO
CORRELATE ON THE TISSUE LEVEL� WE USED &% ANALYSIS

WHERE WE CONVERTED /-$ TO A LOCAL 9OUNG�S MOD

ULUS FOR EACH ELEMENT USING FUNCTION ��	� 4HE RES

ULTS SHOWEDMICRO
&% PREDICTED STIFFNESS HAD A STRONG
CORRELATION WITH EXPERIMENTAL STIFFNESS �2� = ����	�
4HIS ALSO INDICATES THAT SMALL INCREASES IN /-$ CAN
LEAD TO SUBSTANTIAL INCREASES IN LOCAL 9OUNG�S MODULUS
AND MICRO
&% PREDICTED STIFFNESS� 3CHAFFLER ET AL ;��=
SHOWED A POWER LAW CORRELATION WITH SIMILAR EXPO

NENT IN CORTICAL BONE� ALTHOUGH WITH A LOWER PRECED

ING FACTOR� /VERALL� THESE RESULTS CONFIRMED THE POWER
LAW CORRELATION OF /-$ WITH 9OUNG�S MODULUS� AND
THE BIGGER INFLUENCE OF /-$ ON SCAFFOLD MECHAN

ICS COMPARED TO SCAFFOLD MORPHOMETRY IN MINERAL
VOLUME� 7ITH THE ABILITY TO CONVERT LOCAL /-$ TO
9OUNG�S MODULUS USING &% STIMULATION� THESE FIND

INGS WILL PROVIDE IN THE FUTURE A POWERFUL NEW TOOL FOR
NON
DESTRUCTIVE ASSESSMENT OF LOCAL MECHANICAL FEED

BACK� 4HIS WILL HELP ESTIMATE THE MECHANICAL PROPER

TIES FROM THE MICRO
#4 IMAGE MEASUREMENTS OF THE
MINERAL DENSITY IN OUR ORGANOIDS AND BONE TISSUES�

���� /STEOGENESIS
RELATED GENE EXPRESSION
4HE EXPRESSION OF SEVERAL OSTEOGENIC GENE MARKERS
WAS CHARACTERIZED TO PROVIDE A BETTER UNDERSTAND

ING OF THE EVENTS INVOLVED DURING THE IN VITRO OSTEO

GENIC DIFFERENTIATION OF H-3#S UNDER MECHANICAL
STIMULATION� 7E EVALUATED THE OSTEOGENIC DIFFERENTI

ATION STAGE OF H-3#S IN TERMS OF EARLY �#/,�!��
!,0,� 25.8�	 AND LATE �"',!0	 STAGE OSTEOBLAST

RELATED GENES AND OSTEOCYTE
RELATED GENES �0$0.�
0(%8� $-0�� 3/34	 BY 24
Q0#2 ANALYSIS AFTER

��
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&IGURE �� 2ELATIVE GENE EXPRESSION LEVELS OF #/,�!� �!	� !,0, �"	� 25.8� �#	� "',!0 �$	� 0$0. �%	� 0(%8 �&	� $-0� �'	
AND 3/34 �(	 IN .,� -,��� AND -,�� BY 24
Q0#2 ANALYSES AFTER CULTURING IN OSTEOGENIC MEDIUM FOR �� D� ∗ 0 � ����� DATA ARE
SHOWN AS THE MEAN± STANDARD DEVIATION �N= �	�

�� D OF CULTURE IN COMPRESSION BIOREACTORS� #/,�!��
!,0, AND 25.8� ARE IMPORTANT GENES IN THE EARLY
OSTEOGENIC DIFFERENTIATION PATHWAY OF PROGENITOR CELLS
AND CAN BE UPREGULATED BY MECHANICAL STIMULA

TION IN �$ AND �$ ENVIRONMENTS ;��� ��=� 4HE
., GROUP HAD THE HIGHEST #/,�!� AND !,0, GENE
EXPRESSION� WHICH WERE SIGNIFICANTLY HIGHER THAN
-,�� AND -,��� .O DIFFERENCES WERE FOUND IN
#/,�!� AND !,0, GENE EXPRESSION BETWEEN -,��
AND -,�� �FIGURES ��!	 AND �"		� ! SIMILAR TREND
COULD BE FOUND IN 25.8� GENE EXPRESSION� EXPRES

SION IN THE ., GROUP WAS SIGNIFICANTLY HIGHER THAN

IN -,��� BUT NO DIFFERENCE WAS FOUND BETWEEN
., AND -,�� �FIGURE ��#		� 4HE OSTEOBLAST
RELATED
GENE EXPRESSION RESULTS INDICATED THAT THE LARGEST
NUMBER OF EARLY
STAGE OSTEOBLASTS WAS PRESENT IN
THE ., GROUP� :HANG ET AL ;��= DEMONSTRATED THAT
MECHANICAL STRAIN REGULATED 25.8� ACTIVATION AND
FAVORED OSTEOBLAST DIFFERENTIATION THROUGH ACTIVATION
OF THE PHOSPHORYLATION LEVEL OF EXTRACELLULAR REGULATED
PROTEIN KINASE �%2+	��� SIGNALING PATHWAY� (OW

EVER� MOST OF THOSE MECHANICAL LOADING EXPERIMENTS
WERE PERFORMED IN SHORT TERMS� SUCH AS ON DAY �
AND DAY ���

��
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4HE OPPOSITE TREND WAS FOUND IN LATE
STAGE
OSTEOBLAST
RELATED GENE EXPRESSION� -,�� HAD THE
HIGHEST "',!0 GENE EXPRESSION �FIGURE ��$		� WHICH
WAS SIGNIFICANTLY HIGHER THAN THAT IN ., AND -,���
.O SIGNIFICANT DIFFERENCE WAS FOUND BETWEEN .,
AND -,��� 4HE GENE EXPRESSION OF "',!0 INDICATES
THAT MORE LATE
STAGE OSTEOBLASTS WERE PRESENT IN THE
MECHANICAL LOADING GROUPS� ESPECIALLY IN -,��� /UR
RESULTS ARE IN LINE WITH OTHER RELATED STUDIES SHOW

ING THAT OSTEOCALCIN EXPRESSION IS SENSITIVE TO MECH

ANICAL LOADING WITHIN H-3#S IN VITRO ;��=� $URING
THE BONE DEVELOPMENT PROCESS� MATURED OSTEOBLASTS
WILL BE EMBEDDED WITHIN THE BONE MATRIX AND DIF

FERENTIATE INTO OSTEOCYTES� /STEOCYTES ARE DENDRITIC
CELLS THAT EXPRESS MULTIPLE GENES INVOLVED IN MIN

ERAL METABOLISM� INCLUDING 0$0.� 0(%8� $-0� AND
3/34� &OR OSTEOCYTE
RELATED GENE EXPRESSION� 0$0.
AND 0(%8 HAVE BEEN IMPLICATED IN THE INITIAL STAGES OF
OSTEOCYTE DIFFERENTIATION� &IGURES ��%	 AND �&	 SHOWS
THAT 0$0. AND 0(%8 GENE EXPRESSION WAS SIM

ILAR IN EACH GROUP AND EXHIBITED NO SIGNIFICANT DIF

FERENCE� (OWEVER� MECHANICAL LOADING UPREGULATED
OSTEOCYTE
RELATED �$-0� AND 3/34	 GENE EXPRESSION�
/NLY TWO IN FOUR SAMPLES IN THE ., GROUP EXHIB

ITED $-0� AND 3/34 GENE EXPRESSION� !LL SAMPLES
IN THE -,�� AND -,�� GROUPS UPREGULATED $-0�
AND 3/34 GENE EXPRESSION� $-0� GENE EXPRESSION
WAS ��
FOLD AND ���
FOLD HIGHER IN -,�� AND -,��
THAN IN .,� RESPECTIVELY� 4HE $-0� GENE EXPRESSION
IN -,�� WAS SIGNIFICANTLY HIGHER THAN THAT IN -,���
! SIMILAR TREND WAS OBSERVED FOR 3/34 GENE EXPRES

SION� 3/34 GENE EXPRESSION WAS FOUND TO BE ���
FOLD
HIGHER IN THE -,�� GROUP AND ���
FOLD HIGHER IN THE
-,�� GROUP THAN IN THE ., GROUP� $-0� PROTEIN
IS LOCALIZED IN THE LACUNAR AND CANALICULAR WALLS OF
OSTEOCYTES� AND THE GENE RESPONDS RAPIDLY TO MECHAN

ICAL STIMULATION ;��=� )N VIVO STUDIES HAVE SHOWN THAT
$-0� EXPRESSION INCREASES IN RESPONSE TO A MECHAN

ICAL STIMULUS ;��� ��=� (OWEVER� MECHANICAL STIMU

LATION HAS BEEN SHOWN TO INDUCE DOWNREGULATION OF
SCLEROSTIN GENE AND PROTEIN EXPRESSION AND PROMOTE
THE 7NT SIGNALING PATHWAY AND OSTEOBLAST FORMATION
;��=� /UR RESULTS SHOWED THAT EARLY OSTEOBLAST
RELATED
GENE EXPRESSION IN THE OSTEOGENIC DIFFERENTIATION OF
H-3#S WAS DECREASED AND THE EXPRESSION OF LATE

STAGE OSTEOBLAST
 AND OSTEOCYTE
RELATED GENES WERE
INCREASED AFTER LONG
TERM MECHANICAL LOADING� (OW

EVER� THE DETAILED MECHANISM OF MECHANICAL LOADING
EFFECTS ON THE OSTEOGENIC DIFFERENTIATION OF H-3#S IS
STILL UNCLEAR�

���� (ISTOLOGY STAINING AND COLLAGEN ) ANALYSIS
4HE ADAPTIVE RESPONSE OF BONE CELLS TO MECHANICAL
LOADING REQUIRES INCREASED SYNTHESIS AND TURNOVER
OF MATRIX PROTEINS AND %#- MINERALIZATION� WITH
SPECIAL EMPHASIS ON COLLAGEN )� )N THIS SECTION� WE
HAVE EVALUATED THE SYNTHESIS AND %#- MINERALIZ

ATION OF H"-3# UNDER DIFFERENT MECHANICAL LOAD

ING CONDITIONS ON DAY ��� !LIZARIN 2ED 3 STAINING

SHOWED THE MINERAL WAS STAINED RED� AND NO DIFFER

ENCES WERE OBSERVED BETWEEN -,�� AND -,��� -ORE
YELLOWISH MINERALS WERE FOUND IN .,� WHICH INDIC

ATED LESS MINERALIZATION IN ONE SECTION �FIGURE 3��!		�
(�% STAINING SHOWED A UNIFORM CELL DISTRIBUTION IN
SECTIONS FROM THE.,�-,�� AND-,�� GROUPS �FIGURE
3��"		� &IGURE ��$	 SHOWS REPRESENTATIVE �$ ORIGINAL
MICRO
#4 SLIDES WITHOUT THRESHOLDING FROM THE TOP
REGION OF THE .,� -,�� AND -,�� SCAFFOLDS� 4HE
MINERAL WAS VISUALIZED IN WHITE AND THE UNMINER

ALIZED TISSUE OR CULTURE MEDIUM IN BLACK� SHOWING
THAT-,�� HADMOREMINERALIZATION ANDMORE HOMO

GENEOUS MINERALIZATION THAN ., IN ONE SLIDE� 4HE
�$ MICRO
#4 IMAGE WAS CONSISTENT WITH THE !LIZ

ARIN 2ED 3 STAINING �FIGURE 3��!		 AND �$ MICRO

#4 RESULTS �FIGURE ��!		� !S SHOWN IN FIGURE 3��#	�
3IRIUS 2ED
STAINED SECTIONS APPEARED PINK
RED� AND
ALL AREAS WERE STAINED� NO DIFFERENCES WERE OBSERVED
IN THE .,� -,�� AND -,�� GROUPS UNDER BRIGHT

FIELD MICROSCOPY� /BSERVING THE SAME SECTION WITH
POLARIZED LIGHT ALLOWED NOT ONLY CLEAR IDENTIFICATION
OF COLLAGEN NETWORKS BUT ALSO SEMIQUANTITATIVE APPRE

CIATION OF THE COLLAGEN ) NETWORK DURING MATURATION�
"ECAUSE OF THE BIREFRINGENT PROPERTIES OF COLLAGEN )
;��=� WE OBSERVED DIFFERENT ALIGNMENTS OF THE COL

LAGEN FIBERS USING DIFFERENT POLARIZED LIGHT ORIENTA

TIONS� AS SHOWN WITH ARROWS IN FIGURE ��!	� &IGURE �
! SHOW THAT THICKER AND LONGER COLLAGEN FIBERS WERE
OBSERVED IN THE -,�� AND -,�� GROUPS THAN IN
THE ., GROUP� #OLLAGEN FIBERS AT DIFFERENT MATURA

TION LEVELS APPEAR IN VARIOUS COLORS� INCLUDING RED�
ORANGE� YELLOW AND GREEN� WHICH INDICATE DIFFERENCES
IN COLLAGEN FIBERS DURING MATURATION� AS ANALYZED BY
)MAGE*�-OREMATURE �RED	 COLLAGEN FIBERS WERE FOUND
IN THE-,�� AND-,�� GROUPS� WHILE MORE IMMATURE
COLLAGEN FIBERS �GREEN	 WERE FOUND IN THE ., GROUP
�FIGURE ��"		� 4HE QUANTIFICATION RESULTS �FIGURE ��#		
SHOWED THAT THE RED MATURE COLLAGEN WAS SIGNIFIC

ANTLY HIGHER IN THE -,�� ����� ± ����	 AND -,��
�����± ����	 GROUPS THAN IN THE ., �����± �����	
GROUP�.O DIFFERENCESWERE OBSERVED IN THE PERCENTAGE
OF MATURE COLLAGEN BETWEEN -,�� AND -,��� !FTER
RECONSTRUCTION USING #4
FIRE� THE COLLAGEN ) NETWORK
IS SHOWN IN FIGURE ��%	� #OLLAGEN ) FIBERS ARE SHOWN
IN DIFFERENT COLORS TO DISTINGUISH STAGES OF MATURA

TION� 4HREE EXAMPLES OF THE QUANTIFICATION OF COLLAGEN
) FIBER WIDTH� LENGTH� STRAIGHTNESS AND ANGLE BY #4

FIRE RECONSTRUCTION IN.,�-,�� AND-,�� GROUPS ARE
SHOWN IN FIGURE 3�� 4HE MECHANICAL LOADING GROUPS
HAD SIGNIFICANTLY HIGHER FIBER WIDTH AND FIBER LENGTH
THAN THE NON
LOADING GROUP� -,�� HAD THE LONGEST
FIBER WIDTH AND LENGTH� WHILE -,�� HAD THE HIGHEST
FIBER NUMBER� WHICH WAS SIGNIFICANTLY HIGHER THAN
THAT IN ., AND -,��� /UR RESULTS INDICATED THAT THE
LEVEL OF COLLAGEN ) MATURATION AND FIBER PARAMETERS
�FIBER WIDTH AND LENGTH	 WERE INCREASED IN THE MECH

ANICALLY LOADED GROUPS� 3IMILAR RESULTS SHOWED THAT
COLLAGEN CONTENT AS ASSAYED BY 3IRIUS 2ED WAS SIGNI

FICANTLY ��
FOLD	 HIGHER ON DAYS �� AND �� IN LOADED

��
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&IGURE �� �!	 3IRIUS RED STAINING OF THE SECTIONS FROM THE .,� -,�� AND -,�� GROUPS AFTER CULTURING IN OSTEOGENIC MEDIUM FOR
�� D UNDER POLARIZED LIGHT AT �◦n��◦ AND ��◦n���◦ IN THE SAME SECTION POSITION� SCALE BAR ��� µM� �"	 #OLLAGEN MATURATION
DISTRIBUTION OF 3IRIUS RED STAINING UNDER POLARIZED LIGHT� RED REPRESENTS MATURE COLLAGEN� AND THE GREEN REPRESENTS IMMATURE
COLLAGEN� �#	 0ERCENTAGE OF MATURE RED COLLAGEN IN .,� -,��� AND -,��� �$	 2EPRESENTATIVE �$ ORIGINAL MICRO
#4 SLICES FROM THE
TOP REGION OF THE .,� -,�� AND -,�� GROUPS WITHOUT THRESHOLDING� 4HE BRIGHT REGION REPRESENTS MINERALIZATION AND BLACK
REGIONS WERE UNMINERALIZED TISSUE OR CULTURE MEDIUM� SCALE BAR � MM� �%	 #OLLAGEN ) FIBER RECONSTRUCTION IMAGES OF .,� -,��
AND -,�� BASED ON THE 3IRIUS RED STAINING IMAGE AT �◦n��◦� SCALE BAR ��� µM� #OLOR FIBER REPRESENTS COLLAGEN ) FIBER� �&	 &IBER
WIDTH� �'	 FIBER LENGTH AND �(	 FIBER NUMBER ANALYSIS OF .,� -,�� AND -,�� SECTIONS AFTER RECONSTRUCTION� ∗ 0 � �����
∗∗ 0 � ����� ∗∗∗ 0 � ������ DATA ARE SHOWN AS THE MEAN± STANDARD DEVIATION �N= �	�

��
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&IGURE �� #ELL NUCLEI� ACTIN� PODOPLANIN AND SCLEROSTIN IMMUNOSTAINING OF OSTEOCYTE
LIKE CELLS IN THE SECTIONS FROM THE TOP REGION
IN .,� -,��� -,�� GROUPS ON DAY �� AFTER CULTURE IN THE COMPRESSION BIOREACTORS� 3CALE BAR �� µM�

SAMPLES THAN IN STATIC CONTROLS IN WHICH OSTEOBLASTS
WERE SEEDED ON POLYURETHANE SCAFFOLDS ;��=� %#-
TURNOVER IS INFLUENCED BY PHYSICAL ACTIVITY IN TENDON
AND SKELETAL MUSCLE� AND BOTH COLLAGEN ) SYNTHESIS AND
MATURATION INCREASE WITH MECHANICAL LOADING ;��=�
4HESE CHANGES MAYMODIFY THE MECHANICAL PROPERTIES
AND THE VISCOELASTIC CHARACTERISTICS OF THE SCAFFOLD
AND LIKELY INCREASE ITS STIFFNESS IN OUR STUDY� 3OME
RESEARCHERS HAVE DEMONSTRATED THAT PHYSIOLOGICAL SIG

NALING PATHWAYS �MITOGEN
ACTIVATED PROTEIN KINASE	
AND GROWTH FACTORS �TRANSFORMING GROWTH FACTOR
β�
INSULIN
LIKE GROWTH FACTOR	 PLAY AN IMPORTANT REGULAT

ORY ROLE IN COLLAGEN ) SYNTHESIS AND TURNOVER CONCERN

ING MECHANICAL LOADING ;��=�

���� )MMUNOHISTOCHEMISTRY STAINING OF �$
BIOPRINTED H-3#S
BASED BONE OSTEOCYTE ORGANOID
4O IDENTIFY THE PRESENCE OF OSTEOBLASTS AND OSTEO

CYTES IN OUR �$ BIOPRINTED H-3#S
BASED OSTEOGENIC
ORGANOID AFTER CULTURE IN THE COMPRESSION BIOREACTOR
FOR �� D� OSTEOCALCIN �/#	� PODOPLANIN AND SCLER

OSTIN IMMUNOCHEMISTRY STAININGS WERE PERFORMED�
4HE IMAGES �FIGURES 3��!	n�#		 FOR .,� -,�� AND
-,�� SHOW THE NUCLEI IN CYAN AND /# IN RED� -ORE
/# STAINING WAS PRESENT IN THE MECHANICAL LOADING
GROUPS THAN IN THE NON
LOADING GROUP� 4HE OSTEOCAL

CIN INTEGRATED INTENSITY BY AREA IN THE .,� -,�� AND
-,�� GROUPS AFTER CULTURE IN OSTEOGENIC MEDIUM FOR
�� D WAS ���± ���� ����± ������� AND ����± ����
RESPECTIVELY �FIGURE 3��$		� -,�� AND -,�� HAD SIG

NIFICANTLY HIGHER /# INTEGRATED INTENSITY THAN .,�
4HESE RESULTS ARE CONSISTENT WITH THE "',!0 GENE
EXPRESSION� WHICH INDICATES THAT MECHANICAL LOADING

ENHANCES THE DEVELOPMENT OF MATURE OSTEOBLASTS WITH
INCREASING OSTEOCALCIN EXPRESSION AT BOTH GENE AND
PROTEIN LEVELS�

)N VITRO� FUNCTIONAL OSTEOCYTES FORMATION THROUGH
THE FULL DIFFERENTIATION FROM -3#S HAS NOT YET BEEN
DEMONSTRATED FOR HUMAN CELLS� (ERE� WE SHOWED THAT
MECHANICAL LOADING INDUCED �$ OSTEOGENIC ORGANOID
FORMATION FROM H-3#S TO FUNCTIONAL OSTEOCYTE DIF

FERENTIATION� &IRST� THE IMMUNOHISTOCHEMISTRY CON

TROL STAINING DATA ARE SHOWN IN FIGURE 3�� INCLUDING
CELL NUCLEI� ACTIN� PRIMARY ANTIBODY AND SECONDARY
ANTIBODY CONTROL STAINING� .UCLEI AND ACTIN STAIN

ING SHOWED THE PRESENCE OF CELLS� BUT TOTAL DARKNESS
WAS SHOWN IN THE PRIMARY AND SECONDARY ANTIBODY
CONTROLS UNDER THE DIFFERENT WAVELENGTHS� &IGURE 3�
INDICATES THAT IMMUNOHISTOCHEMISTRY STAINING WAS
PERFORMED ONLY BY COMBINING THE PRIMARY AND SEC

ONDARY ANTIBODIES� AND THE STAINING SIGNAL WAS FROM
THE TARGET PROTEIN STAINING� &IGURE � �LOW MAGNIFIC

ATION	 AND FIGURE 3� �HIGH MAGNIFICATION	 SHOW THE
CELL NUCLEI� ACTIN� PODOPLANIN� SCLEROSTIN AND MERGED
STAINING IMAGES IN THE .,� -,�� AND -,�� GROUPS
ON DAY �� OF CULTURE IN THE COMPRESSION BIOREACTOR�
0ODOPLANIN IS CONSIDERED A CRITICAL TRANSMEMBRANE
GLYCOPROTEIN IN THE EARLY STAGE OF OSTEOCYTOGENESIS�
!LL GROUPS EXHIBITED PODOPLANIN PROTEIN EXPRESSION�
AND THE MECHANICAL LOADING GROUPS SHOWED HIGHER
PODOPLANIN EXPRESSION THAN THE NON
LOADING GROUP
IN FIGURE �� 3CLEROSTIN IS A PRODUCT OF THE 3/34
GENE� WHICH IS EXPRESSED BYMATURE OSTEOCYTES EMBED

DED IN MINERALIZED BONE� )N LINE WITH THE GENE
EXPRESSION RESULTS� BOTH MECHANICAL LOADING GROUPS
EXHIBITED SCLEROSTIN PROTEIN EXPRESSION�-,�� SHOWED

��
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&IGURE �� (IGH MAGNIFICATION CONFOCAL MICROSCOPY IMAGES SHOW SINGLE OSTEOCYTE
LIKE CELL NUCLEI �!	 AND ACTIN STAINING �"	 OF THE
SECTIONS FROM -,�� ON DAY �� OF CULTURE IN THE COMPRESSION BIOREACTOR� �#	 3%- IMAGE IN THE SAME POSITION AS THE OSTEOCYTE
NUCLEI AND ACTIN STAINING IMAGES SHOWN IN �!	� �"	� �$	 /VERLAYED IMAGES OF THE MERGED CELL NUCLEI� ACTIN STAINING AND 3%-� 4HE
RED RING REPRESENTS THE LACUNA POSITION� �%	 #A� �&	 0 AND �'	 / ELEMENT DISTRIBUTIONS OF �#	� �(	 %$3 SPECTRUM OF �#	� INDICATING
THE EXISTING OF #� #A� /� 0 AND #L� #L WAS FROM +AWAMOTO�S TYPE� �$�	n�$�	 3%- IMAGES OF &)" CROSS
SECTIONS SHOW THE CANALICULI
POSITIONS IN DIFFERENT CROSS
SECTIONS� 4HE POSITIONS OF THE CROSS
SECTIONS WERE LABLED �$�	n�$�	 �DASHED LINES	 IN �$	�

MUCH HIGHER SCLEROSTIN EXPRESSION THAN -,��� AND
SCLEROSTIN WAS SURROUNDED BY OSTEOCYTES� 4HE .,
GROUP SHOWED NO SCLEROSTIN PROTEIN EXPRESSION AT DAY
��� /UR RESULTS INDICATED THAT MECHANICAL LOADING
ENHANCED OSTEOCYTE DIFFERENTIATION AND MATURATION
FROM OSTEOBLASTS IN VITRO� )N VIVO STUDIES SHOWED THAT
OSTEOCYTES REGULATE BONEMASS IN RESPONSE TOMECHAN

ICAL LOADING� )NCREASING MECHANICAL LOADING ON BONE�
OSTEOCYTES WILL DECREASE THE EXPRESSION LEVELS OF SCLER

OSTIN� AND THEN INHIBITS THE 7NT�β
CATENIN PATHWAY
AND INCREASES OSTEOGENESIS IN OSTEOBLASTS ;��=� 4HE
INCREASED SCLEROSTIN PROTEIN EXPRESSION IN -,�� MAY
EXPLAIN WHY TOTAL MINERAL VOLUME WAS NOT SIGNIFIC

ANTLY DIFFERENT BETWEEN -,�� AND ., AFTER DAY ���
AS THE HIGHER SCLEROSTIN EXPRESSION IN -,�� MAY HAVE
INHIBITED THE 7NT�β
CATENIN PATHWAY IN OSTEOBLASTS
AND WITH THAT INHIBITED OSTEOGENESIS WHILE IMPROVING
/-$�

���� /STEOCYTE MORPHOLOGY AND LACUNA
CANALICULI
FORMATION
/STEOCYTES ARE THE MOST ABUNDANT CELLS IN BONE AND
ARE EMBEDDED IN SITES IN THE BONE MINERAL MAT

RIX CALLED LACUNAE� 4HEY FORM AN EXTENDED �$ NET

WORK WHOSE PROCESSES INTERCONNECTING THE CELL BOD

IES RESIDE IN THIN CANALS� THE CANALICULI� 4OGETHER
WITH THE OSTEOCYTE LACUNAE� THE CANALICULI FORM THE
LACUNAR
CANALICULAR NETWORK �,#.	� $ENSER MINERAL
AND HIGHER OSTEOCYTE GENE AND PROTEIN EXPRESSION
WERE CONFIRMED IN -,�� SCAFFOLDS COMPARED TO THE

OTHER GROUPS� (ERE� WE INVESTIGATED OSTEOCYTE MOR

PHOLOGY AND ,#. FORMATION IN .,� -,�� AND -,��
AFTER CULTURE IN A COMPRESSION BIOREACTOR� 6IDEO 3�
SHOWED THAT A �$ CELLULAR NETWORK WAS FORMED IN
THE -,�� SCAFFOLD� AND LOW
MAGNIFICATION OF THE
VIDEO SHOWED THE �$ CELLULAR NETWORK MORPHOLOGY
ON DAY ��� (IGH
MAGNIFICATION IMAGES SHOWED HOW
TWO SINGLE CELLS CONNECT ON DAY �� IN 6IDEO 3�� 4HE
RESULTS INDICATED THAT MECHANICAL LOADING INDUCED
�$ CELLULAR CONNECTION� &IGURE 3�� SHOWS OSTEOCYTE
MORPHOLOGY FROM CELL NUCLEI STAINING� ACTIN STAIN

ING AND CELL NUCLEI�ACTIN�BRIGHTFIELDMERGED IMAGES IN
-,�� GROUP AT DAY �� AFTER CULTURING IN THE COMPRES

SION BIOREACTOR� 4HOSE RESULTS INDICATED THAT -,��
INDUCED THE FORMATION OF NUMEROUS DENDRITIC PRO

CESSES� 4HESE PROCESSES WERE OFTEN BRANCHED� SHOWING
SIMILARITY TO OSTEOCYTE MORPHOLOGY IN HUMAN BONE
TISSUE� /STEOCYTES OCCUPIED SMALL PORES IN THE MINER

ALIZED TISSUE IN-,��� AS SHOWN BY THE COMBINATION OF
CELL NUCLEI�ACTIN STAINING IN CONFOCAL MICROSCOPY AND
"3% IMAGES IN 3%- IN FIGURES �� 3��� 3�� AND 3���
7HILE MOST OF CELLS WERE ON THE SURFACE OF THE MIN

ERALIZED SECTION IN ., AND -,�� GROUPS� WHICH DID
NOT LOCATE AT THE PORE STRUCTURE �FIGURE 3��	� 4HE �$
OSTEOCYTE ORGANIZATION IN THE -,�� SECTION IS SHOWN
IN FIGURE 3���"	 AND WAS MERGED WITH A BRIGHTFIELD
IMAGE �FIGURE 3���!		 TO SHOW THE OSTEOCYTE POSITIONS
�FIGURE 3���#		� ,ACUNA MORPHOLOGY AND POSITIONS
ARE SHOWN IN THE 3%- IMAGE USING THE SAME SECTION

��



"IOFABRICATION �� �����	 ������ * :HANG ET AL

&IGURE �� /STEOCYTE
LIKE CELL NUCLEI� ACTIN AND 9!0 IMMUNOSTAINING OF THE SECTIONS FROM THE TOP REGION IN THE .,� -,��� AND
-,�� GROUPS ON DAY �� OF CULTURE IN THE COMPRESSION BIOREACTORS� 3CALE BAR �� µM�

�FIGURE 3���$		� AND OSTEOCYTES LOCATED IN THE LACUNAE
AREAS ARE SHOWN IN FIGURE 3���%	 IN A LOW MAGNIFICA

TION VIEW� &IGURES � AND 3�� SHOW THAT A SINGLE OSTEO

CYTE WAS LOCATED IN A LACUNA IN THE HIGH MAGNIFICATION
VIEW� 4HOSE RESULTS INDICATED LACUNAE WERE FORMED IN
-,�� AFTER �� D CULTURED IN THE COMPRESSION BIORE

ACTOR� WHILE NO LACUNAE FORMATION WAS FOUND IN .,
AND -,�� GROUPS�

#ALCIUM� PHOSPHATE AND OXYGEN WERE ENRICHED
AROUND LACUNAE� WHICH CONFIRMED THAT OSTEO

CYTES WERE EMBEDDED IN THE MINERALIZED TISSUE IN
FIGURES ��%	n�'	� 3���'	n�)	 AND 3���'	n�)	� 4HE
#A�0 RATIO WAS ��� �FIGURE ��(		� WHICH WAS CLOSE
TO THE ���� #A 0−� RATIO OF HYDROXYAPATITE IN BONE
TISSUE� 4HESE RESULTS CONFIRMED THAT MECHANICAL LOAD

ING INDUCED LACUNA FORMATION IN OUR �$ BIOPRINTED
CENTIMETER
SCALE OSTEOCYTE ORGANOID� )N VIVO� OSTEO

CYTES ARE CONNECTED WITH NEIGHBORING CELLS THROUGH
DENDRITIC CELL PROCESSES� 4HE PROCESSES WITHIN THE
MINERAL MATRIX RESIDE IN THIN CANALS� WHICH ARE
CALLED CANALICULI� 4HE PRESENCE OF CANALICULI IN OUR
�$ BIOPRINTED OSTEOCYTE BONE ORGANOID WAS CON

FIRMED BY &)"
3%- IN FIGURES ��$�	n�$�	 AND 3���
&IGURES ��$�	n�$�	 ARE THE 3%- IMAGES OF THE &)"
CROSS
SECTIONS IN THE SAME POSITIONS� WHICH ARE SHOWN
AS DASHED LINES IN FIGURE ��$	�/STEOCYTESWERE PRESENT
IN THE LACUNAE AND SURROUNDED BY CALCIUM PHOSPHATE
NANOPARTICLES �FIGURE ��$�		� &)" CROSS
SECTIONS WERE

CUT ALONG THE PROCESS DIRECTION� AND CANALICULI ARE
SHOWN IN FIGURES ��$�	n�$�	� 4HE CANALICULI WERE
SURROUNDED BY CALCIUM PHOSPHATE NANOPARTICLES� 4HE
RESULTS INDICATED THAT MECHANICAL LOADING INDUCED
CANALICULAR FORMATION ALONG THE PROCESS DIRECTION�
4HE 3%- IMAGES IN FIGURE 3�� SHOW MINERAL DEPOS

ITION IN -,�� SCAFFOLDS� INCLUDING NANOPARTICLES AND
THE FORMATION OF SMALL AND LARGE CRYSTALS OF CALCIUM
PHOSPHATE� /VERALL� OSTEOCYTES� ,#.S AND MINERALS
WERE FORMED IN OUR �$ BIOPRINTED OSTEOCYTE ORGANOID
�-,��	 AFTER CULTURE IN THE COMPRESSION BIOREACTOR
FOR �� D� -ECHANICAL LOADING PLAYS A VITAL ROLE IN BONE
OSTEOCYTE ORGANOID FORMATION FROM �$ BIOPRINTED
H-3#S
LADEN SCAFFOLDS�

���� 9!0 STAINING
9ES
ASSOCIATED PROTEIN �9!0	�TRANSCRIPTIONAL COACTIV

ATOR WITH 0$:
BINDING MOTIF �4!:	 ACTIVITY WAS
FOUND TO BE PROFOUNDLY REGULATED BY BOTH %#-ELASTI

CITY AND CELL GEOMETRY AND WAS INSTRUMENTAL FOR CELLS
TO CARRY OUT THE CORRESPONDING BIOLOGICAL RESPONSES
TO MECHANICAL INPUTS ;��� ��=� #ELLS CAN BE EXPOSED
TO DIFFERENT TYPES OF MECHANICAL CUES� WHICH MAY REG

ULATE 9!0�4!: EXPRESSION� 4O DETERMINE THE LOAD

ING EFFECT ON 9!0 PROTEIN EXPRESSION IN CELLS� 9!0
IMMUNOCHEMISTRY STAINING WAS PERFORMED ON THE
SECTIONS IN THE TOP REGIONS OF THE SCAFFOLDS WITH
DIFFERENT MECHANICAL LOADING CONDITIONS� &IGURES �

��
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AND 3�� SHOW THE 9!0 STAINING IN DIFFERENT GROUPS AT
HIGH AND LOW MAGNIFICATION�

-ECHANICAL LOADING UPREGULATED 9!0 PROTEIN
EXPRESSION� WHICH WAS MORE PRONOUNCEDLY EXPRESSED
IN -,�� AS COMPARED TO -,��� !LTHOUGH ALSO
EXPRESSED� 9!0 WAS LOWER EXPRESSED WAS IN .,
AND THE MAJORITY OF 9!0 PROTEIN WAS EXPRESSED
INTERCELLULARLY�

2ECENT STUDIES SHOWED THAT SHEAR STRESS FACILITATES
-3# DIFFERENTIATION INTO OSTEOGENIC CELLS BY SUSTAIN

ING 4!: ;��=� #YCLIC STRETCHING IS SUFFICIENT TO PRO

MOTE THE FORMATION OF A TENSILE CYTOSKELETON AND THUS
NUCLEAR 9!0 IN FIBROBLASTS WHEN SEEDED ON A SOFT SUB

STRATUM ;��=� OR IN CELLS UNDERGOING CONTACT INHIB

ITION ;��=� /UR COMPRESSION BIOREACTOR SYSTEM MAY
PROVIDE A NEW APPROACH TO INVESTIGATE THE INFLUENCE OF
COMPRESSION MECHANICAL LOADING ON 9!0�4!: ACTIV

ITY IN THE �$ %#- ENVIRONMENT� -ECHANICAL LOADING
COULD REGULATE AND INCREASE 9!0 EXPRESSION� ALTHOUGH
THE DETAILED INTERACTION MECHANISM BY WHICH 9!0
EXPRESSION AFFECTS �$ OSTEOGENIC ORGANOID FORMATION
IS STILL UNCLEAR�

)N SUMMARY� WE HAVE PRESENTED A COMPRES

SION BIOREACTOR THAT COULD BE COMBINED WITH A �$
BIOPRINTING AND MICRO
#4 MONITORING SYSTEM TO
PROVIDE MECHANICAL LOADING FOR �$ FUNCTIONAL OSTEO

CYTE BONE ORGANOID FORMATION IN VITRO� /UR RESULTS
SHOWED THAT MECHANICAL LOADING AND LOADING INITI

ATION TIME PLAY CRITICAL ROLES IN THE FORMATION OF SELF

ORGANIZING �$ BIOPRINTED OSTEOCYTE BONE ORGANOID�
4HE �$ OSTEOGENIC ORGANOID EXHIBITED MATURE COL

LAGEN ) FIBERS� OSTEOBLAST�OSTEOCYTE PHENOTYPES� AND
,#. EMBEDDED IN DENSE MINERAL WITH GOOD MECHAN

ICAL PROPERTIES� WHICH OPENS NEW AVENUES FOR THERA

PEUTIC APPLICATIONS� /UR COMPRESSION BIOREACTOR SYS

TEM COULD PROVIDE MECHANICAL LOADING NOT ONLY
FOR OSTEOGENIC ORGANOID FORMATION BUT ALSO FOR THE
IN VITRO FORMATION OF DIFFERENT ORGANOIDS� SUCH AS KID

NEY� CARTILAGE� AND HEART�

$ATA AVAILABILITY STATEMENT

4HE DATA GENERATED AND�OR ANALYSED DURING THE CUR

RENT STUDY ARE NOT PUBLICLY AVAILABLE FOR LEGAL�ETHICAL
REASONS BUT ARE AVAILABLE FROM THE CORRESPONDING
AUTHOR ON REASONABLE REQUEST�
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