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Abstract	
	
The	 purpose	 of	 this	 thesis	 project	 was	 to	 plan	 and	 pilot	 the	 course	 program	 for	 the	 Cell	 and	

Tissue	Engineering	–course,	CHEM	-	E3225,	at	Aalto	University,	under	the	working	title	“Biology	

meets	 Mechatronics”.	 	 The	 concept	 of	 “Biology	 meets	 Mechatronics”	 is	 to	 create	 an	

interdisciplinary	 course	 platform	 for	 the	 students	 majoring	 in	 Biotechnology	 at	 the	 School	 of	

Chemical	 Engineering	 	 (CHEM)	 or	 in	Mechatronics	 at	 the	 School	 of	 Engineering	 (ENG).	 Due	 to	

existing	curriculum	requirements,	 the	concept	of	Biology	meets	Mechatronics	was	 integrated	 in	

this	pilot	phase	into	the	CHEM	E3225	Cell	and	Tissue	engineering	course	as	it	was	also	the	most	

suitable	 field	 for	 such	 cooperation	 between	 CHEM	 and	 ENG.	 In	 this	 thesis,	 however,	 Biology	

meets	Mechatronics,	 is	 referred	 to	 as	 an	 individual	 course,	 as	 the	 piloting	 aimed	 at	 creating	 a	

finalized	 course	 concept.	 Moreover,	 this	 pilot	 was	 part	 of	 the	 Aalto	 University	 projects	 AOle’,	

which	focus	on	development	of	interdisciplinary	learning	and	online	learning	environments.	The	

aim	of	the	Biology	meets	Mechatronics	is	to	support	the	hands-on-learning	of	students	in	the	cell	

and	tissue	laboratory	as	well	as	development	of	tools	for	growing	cells	in	bioreactors.		

	

The	present	thesis	examines	the	production	of	biocompatible	scaffolds	for	cell	culturing	created	

via	 electrospinning	 type	 I	 collagen	 or	 polycaprolactone,	 PCL.	 Moreover,	 these	 scaffolds	 are	

cultured	 in	a	Rotary	Cell	Culture	System,	RCCS,	 specialized	 for	3D	cell	 culturing,	where	 the	aim	

was	 to	examine	 the	 suitability	of	 such	a	 system	 to	be	built	by	 students	during	 the	 course.	This	

thesis	introduces	the	theories	and	background	of	the	techniques	that	are	suitable	for	use	during	

the	 course,	 pilots	 the	 practical	 tests	 involved,	 and	 presents	 the	 gathered	 results.	 The	 more	

specific	 focus	 of	 the	 present	 thesis	 is	 on	 the	 electrospinning	 and	 on	 the	 development	 of	 the	

scaffold,	in	view	of	development	of	the	practical	implementation	of	the	final	course.	According	to	

review	 of	 the	 literature,	 chemically	 modified	 type	 I	 collagen	 is	 the	 most	 suitable	 material	 for	

electrospinning	the	scaffolds	 for	 the	cell	culturing.	Additionally	 the	differences	between	2D	and	

3D	cell	culturing	are	evaluated,	such	as	the	2D	cultured	cells’	unnatural	morphology	compared	to	

3D	cultured	cells.	Also	the	RCCS	is	introduced	together	with	instructions	on	how	to	build	it.		

	

During	the	thesis	project	1)	electrospinning	equipment	was	successfully	built	and	PCL	scaffolds	were	
manufactured,	2)	an	RCCS	prototype	was	built	and	tested,	and	3)	 the	scaffolds	were	analysed	using	
light	microscope	 and	 SEM	 images.	 The	 review	of	 literature	 together	with	 results	 from	 the	 practical	
tests	 support	 the	 hypothesis	 that	 the	 planned	 “Biology	 meets	 Mechatronics”	 -course	 program	 is	
realistic	to	execute	without	any	scientific	limitations.	
Keywords		Tissue	engineering,	electrospinning,	collagen,	polycaprolactone	acid,	rotating	cell	culture	
system	
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Tiivistelmä	
	
Tämän	diplomityön	tarkoituksena	oli	suunnitella	ja	kokeilla	kurssiohjelma	Aalto	Yliopiston	kurssille	Cell	
and	Tissue	Engineering,	CHEM	–	E3225,	”Biology	meets	Mechatronics”	–konseptista	johtaen.	”Biology	
meets	 Mechatronics”	 -konseptin	 tarkoituksena	 on	 luoda	 poikkitieteellinen	 opintoalusta	 Kemian	
tekniikan	 korkeakoulun	 (CHEM)	 opiskelijoille	 pääaineenaan	 ”Biotechnology”	 sekä	 Insinööritieteiden	
korkeakoulun	 (ENG)	 opiskelijoille	 pääaineenaan	 ”Mechatronics”.	 Olemassa	 olevan	
opetussuunnitelman	 rajoissa	 ”Biology	 meets	 Mechatronics”	 -alusta	 integroitiin	 kurssiin	 ”Cell	 and	
Tissue	 Engineering”,	 CHEM	 -	 E3225,	 joka	 soveltui	 parhaiten	 ”Biotechnology”	 ja	 ”Mechatronics”	 –
opiskelijoiden	 väliseen	 yhteistyöhön.	 Tässä	 työssä	 nimike	 ”Biology	 meets	 Mechatronics”	 kuitenkin	
viittaa	 kyseisestä	 konseptista	 luotuun	 itsenäiseen	 kurssikokonaisuuteen.	 ”Biology	 meets	
Mechatronics”	 konsepti	 on	 lisäksi	 osa	 Aalto	 Yliopiston	 AOle’	 -projektia,	 tavoitteena	 kehittää	
poikkitieteellistä	 opiskelua	 käyttäen	 hyväksi	 multimediatyökaluja	 ja	 internet-pohjaisia	
oppimisympäristöjä.	 Tässä	 kirjallisuustyössä	 esitetyn	 kurssikokonaisuuden	 tavoitteena	 on	 lisätä	
opiskelijoiden	oppimista	solu-	ja	kudostekniikan	parissa	suoritettavan	käytännön	työn	ja	soluviljelyyn	
kurssilla	kehitettävien	työkalujen	ja	laitteiden	avulla.	
	
Tässä	 lopputyössä	 tuotetaan	 ja	 tarkastellaan	 tyypin	 I	 kollageenista	 ja	 polykaprolaktonista	
elektrospinnaamalla	 valmistettuja	 bioyhteensopivia	 aihioita	 soluviljelyn	 käyttötarpeisiin.	 Lisäksi	
rakennetaan	 erityisesti	 3D	 soluviljelyyn	 tarkoitetun	 antigravitaatiosolureaktorin	 (Rotary	 Cell	 Culture	
System,	 RCCS)	 prototyyppi	 ja	 arvioidaan	 sen	 soveltuvuutta	 kurssilla	 rakennettavaksi	 oppilastyöksi.	
Kokonaisuutena	tämä	lopputyö	esittelee	käytettävien	metodien	teoriaa	ja	taustoja,	kokeilee	metodeja	
käytännössä	 ja	 esittelee	 saadut	 tulokset,	 sekä	 arvioi	 metodien	 käytettävyyttä	 osana	
kurssikokonaisuutta.	 Lopputyön	 painopiste	 on	 elektrospinnauksen	 esittelyssä	 ja	 soluaihion	
kehittämisessä.	 Kirjallisuuskatsauksen	 perusteella	 kemiallisesti	 modifioitu	 tyypin	 I	 kollageeni	 on	
soveltuvin	 raaka-aine	 solujen	 kasvatukseen	 tarkoitettujen	 soluaihioiden	elektrospinnaukseen.	 Lisäksi	
suurimmat	erot	2D	 ja	3D	 soluviljelyn	 välillä,	 kuten	2D	viljeltyjen	 solujen	epäluonnollinen	morfologia	
verrattuna	 3D	 viljeltyihin	 soluihin,	 on	 esitelty	 yhdessä	 3D	 viljelyyn	 kehitetyn	
antigravitaatiosolureaktorin	toiminnan	ja	rakennusohjeiden	kanssa.		
	
Työssä	 1)	 rakennettiin	 elektrospinnauslaitteisto	 ja	 syntetisoitiin	 halutunlaisia	 soluaihioita	
polykaprolaktonista,	 2)	 luotiin	 ja	 kokeiltiin	 antigravitaatiosolureaktorin	 prototyyppi,	 3)	 analysoitiin	
soluaihioita	 valomikroskooppi	 ja	 SEM	 –kuvien	 avulla	 ja	 arvioitiin	 kuvien	 käytettävyyttä	 	 tulosten	
arviointiin.	 Kirjallisuuskatsauksen,	 suoritettujen	 kokeiden	 ja	 saatujen	 tulosten	 perusteella	 ”Biology	
meet	Mechatronics”	-kurssikokonaisuus	on	toimiva	ja	toteutettavissa	ilman	tieteellisiä	esteitä.	
Keywords		Tissue	engineering,	electrospinning,	collagen,	polycaprolactone	acid,	rotating	cell	culture	
system	
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Foreword	

In	spring	2014	I	did	a	five-month	student	exchange	in	National	Taiwan	University	of	

Science	 and	 Technology,	 NTUST,	 in	 Taipei,	 Taiwan.	 The	 nonexistence	 of	 my	

Mandarin	skills	left	me	with	a	very	limited	course	selection	in	English,	mainly	from	

tissue	engineering	and	biomedicine,	both	fields	strange	to	me	that	time.	This	was	an	

opportunity	 that	 I	 now	 cherish.	 The	 exchange	 was	 followed	 by	 a	 three-month	

internship	 at	 the	 Laboratory	 of	 Biomedical	 Engineering	 at	 the	 NTUST,	 where	 I	

deepened	 my	 knowledge	 on	 tissue	 engineering	 methods	 in	 practice.	 After	 the	

summer	 I	 returned	 to	home	head	 full	of	 ideas	and	excitement,	but	couldn’t	quite	

continue	the	newly	taken	path	at	my	own	school.	Time	and	courses	went	by	and	the	

time	in	Taiwan	started	to	feel	more	and	more	unattached	to	everything	else	I	did.	

Finally	 in	May	2016	Professor	Katrina	Nordström	gave	me	an	opportunity	beyond	

my	wildest	hopes:	thesis	project	with	basically	 full	 freedom	to	design	a	course	for	

the	students	of	biotechnology	and	mechatronics.	Finally	I	got	the	chance	to	revive	

my	learnings	on	tissue	engineering	and	to	implement	my	ideas.	

	

Although	the	final	result	is	far	from	the	scale	and	the	depth	of	what	I	had	planned	

and	hoped	 for,	 I	 am	 still	 extremely	 glad	and	proud	 for	 this	 final	work.	 This	 thesis	

project	 not	 only	 encloses	 the	 journey	 I	 started	 in	 Taiwan	 but	 also	 creates	

continuance	on	 it.	 In	my	hopes	the	course	under	the	working	title	“Biology	meets	

Mechatronics”	 will	 be	 active	 for	 years	 ahead	 and	 keep	 on	 developing	 forward	

together	with	Aalto	University	and	the	tenor	of	the	times.		

	

Thank	 you	 Professor	 Katrina	 Nordström	 for	 the	 topic,	 Ari	 Ora,	 Ph.D.,	 for	 the	

advising,	Tommi	Lintilä,	M.Sc.,	 for	 the	cooperation,	and	Senior	University	Lecturer	

Panu	Kiviluoma	for	the	brainstorming.	Finally	thank	you	Lasse	Lievonen,	LL.M.,	 for	

making	me	write	a	foreword.	

	

Anton	Vanamo,	27	April	2017	
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1.	Biology	meets	Mechatronics	–course	outline	

Biology	meets	Mechatronics	is	a	platform	for	a	practical	laboratory	course	concept	

ingrained	 into	 the	 teaching	 of	 Aalto	 University’s	 School	 of	 Chemical	 Technology	

(CHEM),	 and	 School	 of	 Engineering	 (ENG).	 The	 course	 is	 part	 of	 the	 piloted	

development	actions	of	Aalto	University	within	the	AOle’	platform,	which	promotes	

the	 development	 of	 interdisciplinary,	 online	 and	 digitalized	 course	 formats.	 The	

concept	 of	 Biology	 meets	 Mechatronics	 evolved	 during	 2016	 as	 a	 possible	

independent	 course	 to	 be	 offered	 in	 the	 future,	 however,	 due	 to	 curriculum	

restrictions,	 the	 Biology	 meets	Mechatronics	 is	 currently	 offered	 as	 the	 Cell	 and	

Tissue	Engineering	5	ECTS	course	CHEM	-	E3225.	However,	for	the	purposes	of	the	

present	thesis,	Biology	meets	Mechatronics	is	referred	to	as	a	course,	as	at	the	time	

of	 the	 present	 work,	 the	 status	 in	 the	 curriculum	 was	 not	 still	 decided.	 The	

educational	aim	of	the	Biology	meets	Mechatronics	course	is	to	introduce	students	

with	 interdisciplinary	 skills	 between	 biotechnology	 and	 mechatronics,	 the	 latter	

field,	 which	 combines	mechanical	 engineering,	 electronics	 and	 computer	 science.	

The	course	will	be	held	during	the	III	and	IV	periods	of	Spring	2017,	and	it	is	aimed	

for	 the	 fourth	year	 students	 studying	Biotechnology	at	CHEM,	or	Mechatronics	at	

ENG.		

	

The	course	program	will	consist	of	a	practical	 laboratory	project	that	 is	supported	

by	 classroom	 lectures	 and	 self-study	 utilizing	 e-learning	 tools	 designed	 for	 the	

course	 as	 a	 project	 of	 another	 M.Sc.	 thesis.	 In	 the	 present	 thesis,	 the	 student	

project	which	 is	planned	will	 include	1)	 the	development	of	a	 rotating	cell	culture	

system	(RCCS),	2)	electrospinning	of	a	biodegradable	tubular	scaffold	to	replicate	a	

vascular	 graft,	 3)	 culturing	 of	 cells	 on	 the	 scaffold	with	 the	 RCCS,	 4)	mechanical,	

biological	 and	 chemical	 evaluation	 of	 the	 cultured	 scaffold,	 and	 5)	 evaluating	 the	

final	results	and	writing	a	report.	This	program	is	planned	so	that	it	will	introduce	as	

wide	selection	of	 scientific	methods	 from	the	 fields	 related	 to	bioengineering	and	
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mechatronics	 as	 practicable,	 while	 maintaining	 the	 workload	 and	 difficulty	 at	 a	

suitable	level	for	1st	–	2nd	year	M.Sc.	level	students.	These	scientific	methods	will	be	

introduced	more	specifically	in	the	review	of	the	literature	presented	below.		

1.1.	The	big	picture	of	the	course	

The	 main	 planning	 principles	 for	 the	 course	 program	 for	 Biology	 meets	

Mechatronics	 are	 to	 utilize	 methods	 and	 processes	 that	 are	 not	 covered	 in	 the	

preceding	 courses	 of	 the	CHEM	curriculum.	Consequently,	 the	 course	 is	 aimed	 at	

challenging	 students’	 creativity	 by	 allowing	 independent	 planning	 and	 trouble-

shooting.	As	background	to	the	planning	it	should	be	noted	that	the	CHEM	-	E3225	

Cell	and	Tissue	Engineering	course	was	executed	for	the	first	time	in	the	new	M.Sc.	

program	 of	 the	 CHEM	 School	 in	 2016.	 The	 course	 included	 12	 lectures,	 a	 home	

exam	and	laboratory	demonstrations.	The	maximum	number	of	students	admitted	

to	 the	 course	was	25,	 as	 the	 laboratory	 for	 cell	 and	 tissue	experimentation	 limits	

the	number	of	 students	who	 can	 safely	work	 in	 the	 laboratory	 at	 the	 same	 time.		

Accordingly,	 the	 laboratory	 practical	 work	 was	 at	 that	 time	 limited	 only	 to	

demonstrations.	 However,	 feedback	 from	 2016	 indicated	 that	 a	 more	 hands-on	

approach	 is	 needed	 and	 that	 students	wish	 to	 be	 engaged	 in	 practical	 laboratory	

work.	 Accordingly,	 the	 Biology	meets	Mechatronics	 course	 builds	 on	 the	 original	

version	of	the	CHEM	-	E3225,	Cell	and	Tissue	Engineering	–course	from	spring	term	

2016	 by	 introducing	 practical	 laboratory	 tasks	 for	 2017	 that	 can	 be	 performed	 in	

groups	 on	 4-5	 students.	 Most	 notably,	 electrospinning	 and	 constructing	 and	

operating	 RCCS	 reactors	 are	 being	 introduced	 as	 new	methods,	 to	 the	 students,	

who	already	have	some	background	in	the	biological	aspects	of	the	course.		

	

Electrospinning	is	believed	to	offer	vast	opportunities	covering	applications	ranging	

from	 food	 technology	 to	 tissue	 engineering	 (Rocco	 et	 al.,	 2014;	 Sullivan	 et	 al.,	

2014).	However,	most	students	at	the	M.Sc.	 level	at	Aalto	CHEM	and	ENG	are	not	

familiar	 with	 the	 methods.	 Electrospinning	 has	 been	 the	 topic	 of	 doctoral	 level	

studies	at	Aalto	University	(Taajamaa,	2014)	and	it’s	predecessor	Helsinki	University	
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of	Technology	 (Ruotsalainen	2007;	Ristolainen-Virtanen	2009),	 it	 is	not	 commonly	

included	into	regular	courses	for	M.Sc.	students	at	this	University.		Moreover,	as	the	

Bioprocess	 technology	 at	 the	CHEM	 school	 of	Aalto	 focuses	mainly	 on	 the	use	of	

bioreactors	 with	 emphasis	 of	 development	 of	 fermentation	 technologies,	 the	

rotating	cell	culture	systems	are	not	part	of	the	courses	at	the	M.Sc.	level.	As	RCCS	

systems	 have	 been	 used	 already	 for	 over	 30	 years	 with	 multiple	 breakthroughs	

(Bulgher	et	al.,	2002),	it	is	evident	that	the	introduction	of	such	a	technology	to	our	

students	 is	of	prime	 importance.	Accordingly,	both	electrospinning	and	bioreactor	

are	 relevant	and	educational	 from	both	 the	perspective	of	 the	Biotechnology	and	

the	Mechatronics	students’	perspective.		

	

During	the	Biology	meets	Mechatronics	course,	student	teams	plan	and	build	their	

own	RCCS	that	will	be	used	to	culture	cells	on	the	electrospinned	scaffolds.	Also	the	

polymers	 used	 for	 electrospinning,	 and	 the	 cell	 lines	 used	 for	 culturing	 can	 be	

individualized	 between	 teams.	 This	 approach	 gives	more	 freedom	 for	 teams	 and	

hopefully	 improves	 students’	 motivation	 and	 commitment	 towards	 the	 course.	

Versatile	 usage	 of	 materials	 and	 parameters	 will	 enable	 vast	 collection	 of	 data,	

which	can	be	used	to	develop	the	course	and	to	improve	Aalto	University’s	in-house	

expertise	in	biotechnology	and	mechatronics	in	general.		

1.2.	The	course	schedule		

As	 of	 2017	 onwards	 the	 course	 will	 be	 held	 during	 two	 periods	 with	 total	 of	 14	

weeks,	including	two	exam	weeks	with	no	class.	Thus,	12	weeks	of	contact	training	

is	 scheduled.	 The	 course	 will	 begin	 with	 mechatronics	 part	 and	 development	 of	

RCCS’	 followed	 by	 electrospinning	 and	 cell	 culturing.	 Student	 assessment	 will	 be	

based	 on	 class	 activity,	 proper	 laboratory	working	methods,	 and	 student	 reports.	

There	will	be	no	exam.	The	present	thesis	puts	forth	a	planned	work	schedule	per	

week	 as	 is	 shown	 at	 table	 1.	 The	 final	 course	 outline,	 schedule,	 and	 evaluation	

methods	are	the	responsibility	of	 the	course	 leader,	and	the	 final	 implementation	

can	 also	 differ	 from	 the	 one	 presented	 in	 this	 thesis	 project.	 In	 the	 following	
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literature	 review	 –chapter	 the	 necessary	 scientific	 background	 for	 the	 course	

project	will	be	introduced	in	detail.		

	

Table	1.	The	planned	course	schedule.	

Topic	 Week(s)	
Course	introduction	and	theory	lecture	 1	
RCCS	planning,	development	and	testing	 2	-	5	
Transition	to	biotechnology,	theory	lecture	 6	
No	class	(Exam	week)	 7	
Electrospinning	of	scaffolds	 8	
Cell	culturing	on	scaffolds	with	RCCS,	biological	examination	 9	-	11	
Tests	for	the	cultured	scaffold		 12	
Final	lecture,	course	review,	feedback	 13	
Deadline	for	student	reports,	no	class	(Exam	week)	 14	
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2.	Literature	review	

The	scientific	 review	of	 this	 thesis	will	 concentrate	 solely	 to	evaluate	 the	planned	

laboratory	 project	 and	 its	 suitability	 for	 the	 course	 “Biotechnology	 meets	

Mechatronics”.	 Focus	 will	 be	 on	 the	 material	 selection	 for	 the	 scaffold,	 scaffold	

processing,	selection	of	cell	lines	for	culturing,	and	the	functionality	of	a	self-made	

RCCS.	Consideration	will	be	given	to	costs,	difficulty,	processing	times,	and	necessity	

of	different	parts	of	the	project.	As	mentioned	before	in	chapter	1.1.	students	will	

be	 given	 certain	 freedom	 for	 their	 projects.	 Thus,	 the	 aim	of	 this	 review	 and	 the	

following	 experimental	 part	 is	 to	 pilot	 the	 intended	 project	 and	 to	 create	

operational	guidelines	for	the	course.	The	methods	used	during	the	course	and	the	

whole	 course	 entity	 can	 be	 roughly	 labeled	 under	 the	 term	 “tissue	 engineering”,	

which	will	be	presented	in	the	following	chapter.		

2.1.	Tissue	engineering		

Tissue	 engineering	 is	 rapidly	 expanding	 field	 of	 biotechnology	 that	 aims	 at	 the	

development	 of	 artificial	 tissues	 and	 organs	 to	 be	 used	 as	 a	medical	 implants.	 In	

addition,	 to	 replacing	 damaged	 tissue,	 artificially	 engineered	 tissue	 scaffolds	 are	

being	studied	for	drug	delivery	purposes	in	vivo,	and	to	model	drug	release	or	drug	

functionality	 in	vitro.	(Li	et	al.,	2005;	Schnabelrauch,	2015;	Tsing,	2007)	Grafting	of	

an	 optimal	 scaffold	 for	 tissue	 engineering	 requires	 understanding	 of	 the	 main	

principles	 of	 materials	 science.	 Additionally,	 the	 biological	 and	 mechanical	

functionality	 of	 the	 scaffold	 must	 be	 thoroughly	 considered	 for	 successful	 cell	

culturing	 and	 transplantation.	 The	 following	 chapters	 will	 cover	 these	 topics,	

excluding	 the	 transplantation,	 which	 currently	 goes	 beyond	 the	 scope	 of	 the	

planned	course.		



	

	
	
	

6	

2.2.	Desired	scaffold	parameters	

In	 tissue	 engineering	 a	 three	 dimensional	 porous	 scaffold	 is	 created	 to	 provide	 a	

physical	support	and	to	guide	the	cell	attachment	and	proliferation.	The	role	of	the	

scaffold	 is	 to	 mimic	 the	 extracellular	 matrix	 (ECM)	 for	 structural	 and	 functional	

properties	 until	 the	 cultured	 or	 natively	 migrated	 cells	 can	 repopulate	 and	

synthesize	a	new	cell	 specific	ECM.	An	 ideal	 scaffold	would	be	biocompatible	and	

preferably	 biodegradable,	while	 the	 degradation	 products	must	 also	 be	 non-toxic	

for	the	cells.	(Jiang	et	al.,	2013;	Matthews	et	al.,	2002;	Ren,	2010;	Tsing,	2007;	Yang	

et	al.,	2011)	

	

It	has	been	generally	recognized	that	scaffold	architecture	essentially	influences	cell	

behavior.	(Martins-Green	&	Petreaca,	2014;	Tsing,	2007)	The	microstructure	of	the	

scaffold	should	have	a	high	porosity	and	large	enough	pore	size	to	support,	and	to	

even	 promote	 the	 cell	 migration	 and	 the	 tissue	 ingrowth	 throughout	 the	 whole	

scaffold	volume.	Only	a	highly	 interconnected	pore	network	can	 favor	cell	growth	

and	the	flow	transport	of	nutrients,	chemical	and	biological	inducers,	and	metabolic	

waste.	 (Thunberg	 et	 al.,	 2015;	 S.	 Yang	 et	 al.,	 2011)	 Yet	 the	 scaffolds	 should	 be	

mechanically	 strong	 enough	 to	 withstand	 natural	 movement	 and	 strain,	 and	 be	

stable	 enough	 to	 keep	 their	 predesigned	 tissue	 structure	 during	 the	 tissue	

regeneration.	 (Matthews	 et	 al.,	 2002;	 Ren,	 2010)	 As	 the	 “Biology	 meets	

Mechatronics”	-course	is	to	concentrate	on	very	basic	tissue	engineering	and	does	

not	 include	 scaffold	 transplantation,	 some	 of	 the	 desired	 mechanical	 properties,	

such	 as	 tensile	 strength	 and	 strain	 resistance,	 are	overlooked	 in	order	 to	 simplify	

and	to	reduce	the	course	workload.	On	the	other	hand,	biological	functionality	will	

be	 stressed.	 Table	 2	 summarizes	 the	desired	properties	 for	 the	 tissue-engineered	

scaffold.		
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Table	2.	The	parameters	for	tissue	engineering	scaffolds.	(Bassi	et	al.,	2011)	

Biocompatible	 (i) Nonimmunogenic	
(ii) Nontoxic	

Porosity	 (i) Ideal	porosity	≈	90	%	
(ii) Allows	the	infiltration	of	cells	and	nutrients		
(iii) Allows	the	removal	of	waste	products	
(iv) Greater	surface	area	for	cell	attachment	and	proliferation	

Biodegradable	 (i) Temporary	structure	for	the	attachment	and	proliferation	
of	cells		

(ii) Degrades	as	new	natural	tissue	is	deposited	eliminating	
the	need	for	further	invasive	surgery	

(iii) Degradation	products	are	non	toxic	and	easily	secreted	
through	metabolic	pathways	

Mechanically	 (i) Stable	for	surgical	handling	
(ii) Able	to	withstand	the	forces	exerted	by	the	body	

	

In	 order	 to	 achieve	 these	 desired	 parameters	 for	 the	 scaffold,	 electrospinning	 is	

used	 to	 fabricate	 the	desired	scaffolds	during	 the	“Biology	meets	Mechatronics”	 -

course.	 Among	 the	 several	methods	 available,	 electrospinning	 is	 one	 of	 the	most	

versatile	 alternatives	 for	 controlling	 the	 physical	 parameters	 of	 fibrous	 scaffolds	

such	as	texture,	porosity,	and	fiber	diameter	and	orientation.	(Gómez-Pachón	et	al.,	

2014a)	Electrospinning	is	also	an	interesting	method	from	a	mechatronics’	point	of	

view,	and	thus	its	usage	is	ideal	for	the	course.	A	magnification	of	an	electrospinned	

scaffold	is	shown	in	Figure	1.		

	

If	necessary,	the	cytocompatibility	and	the	mechanical	properties	of	the	nanofibers	

and	the	scaffolds	can	be	further	improved	via	chemical	and	physical	manipulation.	

The	 chemical	 modifications	 include	 among	 others	 controlling	 the	 fiber	

hydrophobicity	and	adding	of	the	growth	factors	and	biological	markers	to	increase	

the	 scaffold	 cytocompatibility.	 The	 most	 common	 physically	 or	 chemically	

performed	 manipulation	 is	 cross-linking,	 which	 improves	 scaffold’s	 stability	 and	

mechanical	strength.	(Tsing,	2007)	The	electrospinning	technique	will	be	thoroughly	

explained	in	the	next	chapters,	followed	by	the	material	selection	for	the	scaffold,	

and	the	method	and	pros	and	cons	of	the	cross-linking.		
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Figure	1.	A	1000X	magnification	of	a	SEM	image	of	an	electrospinned	poly	(L)	lactic	

acid	scaffold.	(Inai	et	al.,	2005)	The	measure	bar	in	the	middle	of	the	bottom	of	the	

picture	presents	a	distance	of	10	μm.		

2.3.	Electrospinning	

Electrospinning	 is	 basically	 an	old	 fabrication	method	 that	utilizes	 electric	 field	 to	

produce	non-woven	fibrous	scaffolds	with	high	surface	area	to	volume	ratio	to	be	

used	in	tissue	engineering.	In	electrospinning	a	polymer	solution	is	slowly	pumped	

via	a	needle	tip	that	is	connected	to	a	high	voltage	source,	typically	10	-	30	kV.	The	

needle	tip	is	located	normally	10	-	20	cm	apart	of	the	grounded	collector	resulting	in	

an	electric	 field	between	 the	 two	ends.	At	a	critical	 voltage	 the	charge	 imbalance	

overcomes	the	surface	tension	of	the	liquid	solution,	forming	an	electrically	charged	

polymer	jet	to	the	collector.	The	transition	tip	between	the	liquid	solution	and	the	

charged	 jet	 is	 known	 as	 the	 Taylor	 cone.	 Its	 formation	 is	 shown	 in	 Figure	 2.	 The	

volatile	solvent	evaporates	and	the	 jet	dries	 in-flight,	resulting	a	single	continuous	

filament	 that	 forms	 a	 randomly	 oriented	 fiber-mesh	 on	 the	 collector.	 (Inai	 et	 al.,	

2005;	 Matthews	 et	 al.,	 2002;	 Thunberg,	 2015;	 Tsing,	 2007;	 Wu	 et	 al.,	 2011)	 A	

schematic	picture	of	the	electrospinning	apparatus	with	rotating	mandrel	collector	

is	shown	in	Figure	3.	
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Figure	 2.	 The	 formation	 of	 a	 Taylor	 cone	 (Tammaro	 et	 al.,	 2015).	 Time	 zero	 is	

selected	 for	 the	 first	 appearance	 of	 the	 jet.	 The	 electrical	 potential	 had	 been	

applied	for	some	28	ms	earlier.		

	

On	 the	 laboratory	 scale	 the	 electrospinning	 process	 is	 efficient,	 fast	 and	

inexpensive.	 The	 inherent	 properties	 of	 electrospinning	 make	 it	 possible	 to	

fabricate	complex,	seamless,	and	highly	regulated	three-dimensional	shapes	for	the	

tissue	engineering	from	nearly	any	polymer	that	 is	soluble	 in	a	volatile	solvent.	By	

controlling	the	parameters	it	is	possible	to	create	a	random	or	aligned	scaffolds	with	

preferred	 porosity	 and	 fiber	 diameter	 ranging	 from	 less	 than	 100	 nm	 to	 few	

micrometers.	Simultaneously,	it	is	also	possible	to	control	the	chemical	composition	

and	 material	 properties	 of	 the	 final	 product	 at	 several	 different	 sites	 in	 the	

electrospinning	 process.	 (Matthews	et	 al.,	 2002;	 Thunberg,	 2015).	 In	 general,	 the	

process	 of	 electrospinning	 is	 greatly	 affected	 by	 1)	 system	 parameters,	 such	 as	

polymer	molecular	weight	 and	 solution	properties	 (e.g.	 viscosity,	 conductivity),	 2)	

the	 process	 parameters,	 such	 as	 flow	 rate,	 electric	 potential,	 distance	 between	

capillary	 and	 collector,	 motion	 of	 collector,	 and	 3)	 ambient	 parameters,	 such	 as	

temperature	and	humidity.	It	is	also	well	known	that	the	process	conditions	have	a	
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great	 effect	 on	 polymer’s	 internal	molecular	 structure	 and	 properties.	 Therefore,	

these	 electrospinning	 parameters	 should	 be	 carefully	 optimized,	 reviewed,	 and	

then	controlled,	for	every	new	electrospinning	setting	in	order	to	achieve	preferred	

scaffold	morphology.	(Dong	et	al.,	2011;	Inai	et	al.,	2005;	Yang	et	al.,	2005).	In	the	

following	chapters,	some	of	the	parameters	and	their	effect	on	the	electrospinning	

process	and	fiber	morphology	will	be	presented.	All	the	parameters	are	summarized	

later	in	Table	3.	

	

	

	
Figure	3.	A	schematic	picture	of	electrospinning	apparatus	used	to	fabricate	tubular	

and	aligned	fiber	scaffolds.	(Matthews	et	al.	,	2002)	A	positive	voltage	is	connected	

to	the	syringe	tip	from	where	the	charged	polymer	solution	is	ejected	as	a	jet	to	a	

grounded	 rotating	 mandrel	 -collector.	 The	 fiber	 diameter	 and	 alignment,	 and	

scaffold	 porosity	 can	 be	 controlled	 by	 voltage,	 distance	 from	 tip	 to	 collector,	

mandrel	rotating	speed	and	syringe	pump	speed.		
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2.3.1.	The	optimization	of	the	system	parameters	for	electrospinning	

The	system	parameters	consist	of	the	properties	of	the	used	polymer	solution.	The	

molecular	weight	of	the	polymer	has	a	direct	effect	on	the	electrospinning	process.	

If	the	molecular	weight	is	too	small,	it	might	lead	to	“spitting”	of	short	threads	and	

formation	 of	 small	 beads	 among	 the	 scaffold.	 Increasing	 the	 molecular	 weight	

makes	 the	 fiber	 thicker	 and	 stronger.	 The	 needed	 molecular	 weight	 for	

electrospinning	 depends	 on	 the	 polymer	 in	 use,	 but	 also	 on	 the	 other	

electrospinning	 parameters.	 (Pham	 et	 al.,	 2006)	 The	 solution	 concentration,	 or	

viscosity	as	 they	are	 related,	has	 similar	effects	on	 the	electrospinning	process	as	

molecular	weight:	 increased	 concentration	 results	 in	 thicker	 and	 stronger	 fiber.	A	

lower	 polymer	 concentration	 with	 higher	 amount	 of	 solvent	 also	 causes	 slower	

drying	 of	 the	 fiber.	 This	might	 cause	 a	 wet	 and	 only	 partially	 fixed	 scaffold	 with	

beads	and	ununiformed	morphology.	(Inai	et	al.,	2005;	Ren,	2010)		

	

Both	 dielectric	 constant	 and	 conductivity	 of	 the	 solvent	 affect	 the	 resulting	 fiber	

diameter	and	scaffold	porosity.	 Increasing	the	dielectric	constant	and	conductivity	

increases	the	circular	whipping	motion	of	the	jet.	The	whipping	motion	results	in	a	

longer	flight	path,	which	in	turn	increases	the	fiber	elongation	and	drying,	and	thus	

decreases	 the	 fiber	 diameter.	 This	 effect	 can	 be	 balanced	 with	 higher	 polymer	

concentration.	 (Inai	 et	 al.,	 2005;	 Ren,	 2010)	 Also,	 higher	 dielectric	 constant	

increases	the	residual	charges	of	the	fiber.	These	charged	fibers	then	exert	a	repel	

force	 on	 the	 next	 depositing	 fiber,	 pushing	 it	 aside,	 which	 leads	 to	 increased	

porosity	 of	 the	 scaffold.	 (Inai	 et	 al.,	 2005;	 Luo	 et	 al.,	 2012)	 However,	 dielectric	

constant	 and	 conductivity	 are	 principally	 built-in	 features	 of	 the	 solvent	 and	 thus	

difficult	to	manage.	A	more	thorough	study	of	the	effects	of	solvent	properties	on	

electrospinning	 is	 presented	 in	 an	 article	 by	 Luo	 et	 al.	 (2012).	 The	 process	

parameters	of	the	electrospinning	apparatus	itself	are	much	easier	to	control	than	

the	system	parameters.	These	process	parameters	will	be	covered	next.		
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2.3.2.	The	optimization	of	process	parameters	for	electrospinning		

Successful	electrospinning	requires	high	voltage,	short	distance	between	the	needle	

tip	and	collector,	and	optimized	solution	flow	rate	for	the	jet	formation.	The	higher	

the	 voltage,	 longer	 the	 distance,	 and	 slower	 the	 flow	 rate,	 the	 dryer,	 and	 thus	

smaller	 diameter	 fibers	 will	 be	 produced.	 Again,	 if	 the	 voltage	 is	 too	 high,	 the	

distance	too	 long,	and	the	flow	rate	too	slow,	the	fibers	will	elongate	and	dry	too	

much	and	eventually	break,	resulting	in	ununiformed	and	fragmentary	morphology.	

On	the	other	hand,	if	the	distance	is	too	short,	or	the	flow	rate	too	high,	the	fibers	

fail	 to	dry	enough	resulting	 in	wet	and	only	partially	 fixed	scaffold,	analogously	to	

low	polymer	concentration.	Typically	optimal	voltage	lies	between	10	-	30	kV,	and	

distance	 between	 10	 -	 20	 cm.	 Optimal	 flow	 rate	 is	 heavily	 related	 to	 polymer	

concentration,	 but	 generally	 it	 is	 between	 0,5	 -	 5	 ml/h.	 (Matthews	 et	 al.,	 2002;	

Pham	et	al.,	2006;	Ren,	2010)	

	

As	mentioned	before,	the	scaffold	shape	and	alignment	can	be	controlled	with	the	

collector.	 Using	 a	 plate	 collector	 will	 result	 in	 a	 flat	 nonaligned	 fibrous	 sheet.	

Nonaligned	tubular	scaffolds	can	be	made	with	a	mandrel	rotating	with	slow	speed.	

When	 increasing	 the	 rotating	 speed	 the	 fibers	 will	 start	 to	 align	 radially	 on	 the	

mandrel.	 If	 the	mandrel’s	 angular	 velocity	 exceeds	 the	 polymer’s	 jetting	 velocity,	

the	 fiber	 will	 elongate,	 and	 become	 narrower	 and	 more	 aligned.	 With	 rotating	

collector	 it	 is	 possible	 to	 produce	 and	 collect	 nanofiber	 for	 other	 use	 than	 for	 a	

scaffold.	The	material	and	surface	also	affects	the	porosity	of	the	scaffold:	a	rougher	

surface	will	 result	 in	more	porous	scaffold.	 (Murugan	&	Ramakrishna,	2007;	Pham	

et	al.,	 2006)	Additionally	hollow	or	 coated	 fibers	 can	be	produced	using	a	 coaxial	

needle	with	a	2-capillary	spinneret.	For	instance	the	scaffold’s	biocompatibility	and	

mechanical	 parameters	 can	 be	 improved	 by	 using	 two	 polymers	 with	 differing	

features.	 (Zhang	 et	 al.,	 2007)	 However,	 at	 the	 present	 time	 the	 production	 of	

hollow	or	 coated	 fibers	was	not	part	of	 the	“Biology	meets	Mechatronics”	 course	

outline.	Figures	4	and	5	illustrate	the	use	of	coaxial	needles.		
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Figure	 4.	 Cross-sectional	 views	 of	 functional	 polymeric	 nanofibers	 from	 coaxial	

electrospinning.	 (Zhang	et	 al.,	 2007)	 Bi-component	 and	 coated	 nanofibers	 can	 be	

made	by	tuning	the	outer	dope	input	speed.	With	the	correct		material	selection	the	

inner	 fiber	can	be	extracted	without	harming	the	outer	 layer	resulting	 in	a	hollow	

nanofiber.	 Nanocomposites	 are	 formed	when	 the	 two	 liquids	 are	mixed	 together	

just	before	the	electrospinning.		

2.3.3.	The	Ambient	parameters	

Finally,	the	prevailing	temperature	and	humidity	around	the	electrospinning	setting	

also	 have	 a	 small	 effect	 on	 the	 process.	Warmer	 solutions	 tend	 to	 have	 a	 lower	

viscosity	resulting	 in	smaller	 fiber	diameter.	 In	addition,	 increasing	humidity	slows	

down	 the	 solvent’s	 evaporation	 and	 could	 leave	 the	 scaffold	 wet.	 (Pham	 et	 al.,	

2006;	Thunberg,	2015)	According	to	Natarajan	et	al.	(2014),	if	the	humidity	is	high,	
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the	evaporative	cooling	of	the	fiber	surface	can	cause	a	condensation	of	moisture	

after	the	fiber	deposition.	This	can	be	noticed	from	the	presence	of	spherical	pores	

on	 fibers.	 Therefore	 nanofibers	 are	 usually	 electrospun	 under	 controlled	 ambient	

conditions.	 From	 the	 biological	 and	 practical	 perspective	 the	 most	 important	

concern	for	tissue	engineering	is	the	correct	material	selection.	This	will	be	further	

elaborated	on	from	chapter	2.4.	onwards.		

	

	
Figure	 5.	 Coaxial	 electrospinned	 fibers	 (Zhang	 et	 al.,	 2007).	 A.	 Bi-component	

nanofiber	(Zhang	et	al.,	2004)	B.	FePt	nanocomposite	(Song	et	al.,	2005)	C.	Hollow	

nanofibers	(Li	&	Xia,	2004)	D.	Multichannel	tubes	(Zhao	et	al.,	2007).	
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Table	3.	Effect	of	electrospinning	parameters	on	fiber	morphology.	(Luo	et	al.,	2012;	

Murugan	&	Ramakrishna,	2007;	Pham	et	al.,	2006)	

Parameter		 Effect	on	fiber	morphology		
Polymer	MW	 • Increasing	molecular	weight	reduced	the	number	of	beads	

and	droplets		
Viscosity	/	
concentration	

• Low	viscosities	yielded	spitting	and	slower	evaporation	
• Fiber	diameters	increased	with	increasing	viscosity		

Conductivity	 • Increasing	the	conductivity	aided	in	the	production	of	
uniform	bead-free	fibers		

• Higher	conductivities	yielded	smaller	fibers	in	general		
Dielectric	
constant		

• Successful	spinning	occurred	in	solvents	with	a	dielectric	
constant	of	~19	and	above	at	20	°C	

• Increasing	the	dielectric	constant	increased	the	porosity	
Surface	tension		 • No	conclusive	link	established	between	surface	tension	and	

fiber	morphology	
Flow	rate		 • Lower	flow	rates	yielded	fibers	with	smaller	diameters		

• High	flow	rates	produced	wet	fibers		
Voltage		 • At	too	high	or	too	low	voltage,	beading	was	observed		

• Higher	voltage	gives	smaller	fiber	diameter	
Distance	
between	tip	and	
collector		

• A	minimum	distance	was	required	to	obtain	dried	fibers		
• At	distances	either	too	close	or	too	far,	beading	was	

observed	
Needle	tip	
design		

• Using	a	coaxial,	2-capillary	spinneret,	hollow	or	coated	
fibers	can	be	produced		

Collector	
composition	and	
geometry		

• Porous	collectors	yield	porous	scaffolds	
• Aligned	fibers	can	be	obtained	with	rotating	collector	
• Yarns	and	braided	fibers	can	be	produced	

Ambient	
parameters		

• Increased	temperature	caused	a	decrease	in	solution	
viscosity,	resulting	in	smaller	fibers		

• Increasing	humidity	resulted	in	slow	evaporation	and	
appearance	of	circular	pores	on	the	fibers.	
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2.4.	Materials	for	scaffold	engineering	

A	variety	of	materials	have	been	used	in	the	synthesis	of	nanofibrous	scaffolds	for	

tissue	 engineering	 applications,	 including	 natural,	 synthetic,	 biodegradable,	 and	

non-biodegradable	polymers.	In	order	to	mimic	the	natural	ECM,	both	chemical	and	

physical	properties	of	the	polymer	must	be	considered.	(Li	et	al.,	2005)	Human	ECM	

comprises	 mostly	 from	 macromolecules,	 such	 as	 collagen,	 proteoglycans,	 and	

elastin	 that	 form	 the	main	matrix,	 and	 of	 interactive	 proteins	 such	 as	 fibronectin	

and	laminin	that	help	cellular	attachment	and	migration.	Of	these,	type	I	collagen	is	

the	most	abundant	ECM	macromolecule	and	also	the	primary	scaffolding	material	

in	tissues	and	organs.	(Soriano	et	al.,	2012)	Thus,	type	I	collagen	is	also	the	primary	

polymer	candidate	for	electrospinning	for	the	course	“Biology	meet	Mechatronics”.	

However,	due	to	collagen’s	high	price	and	poor	mechanical	features,	PCL	was	used	

as	a	reference	option	for	the	present	work.		

	

Besides	 the	 importance	 of	 polymer	 selection,	 also	 the	 used	 solvents	 and	 post	

manipulation	techniques	pose	great	 impact	on	the	final	properties	of	the	scaffold.	

For	this	thesis	work	four	different	scaffolds	were	selected	and	are	evaluated:	non-

cross-linked	collagen;	glutaraldehyde	cross-linked	collagen;	citric	acid,	CA	-	sodium	

hypophosphite,	 SHP	 -	 glycerol	 cross-linked	 collagen;	 and	 non-cross-linked	 PCL.	

According	to	review	of	previous	research	CA,	SHP	and	glycerol	cross-linked	collagen	

is	 the	 most	 promising	 candidate	 for	 the	 course	 “Biology	 meets	 Mechatronics”.	

Glutaraldehyde	 cross-linked	 and	 non-cross-linked	 collagen	 scaffolds	 will	 here	 be	

used	as	control	groups	for	degradation	and	cytocompatibility.	Cross-linking	of	PCL	is	

not	necessary	as	 its	mechanical	properties	are	already	sufficient	 for	 the	preferred	

scaffold.	PCL	scaffold	will	act	as	a	reference	option	to	cut	down	costs.	These	above	

mentioned	polymers,	 solvents,	 post	manipulation	 techniques	 and	 their	 properties	

and	relevance	are	presented	in	detail	below.	
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2.4.1.	Type	I	Collagen	

Due	 to	 collagen’s	 natural	 origin	 it	 is	 biocompatible	 and	 biodegradable.	 It	 also	

promotes	natural	cellular	attachment,	migration,	proliferation,	differentiation,	and	

the	 natural	 ECM	 generation,	 making	 it	 an	 ideal	 material	 for	 tissue	 engineering	

scaffold	from	a	biological	perspective.	Yet,	 it	requires	chemical	treatment	 in	order	

to	 improve	 its	 mechanical	 strength	 and	 especially	 its	 stability	 in	 body	 fluids.	

(Matthews	et	al.,	2002;	Soriano	et	al.,	2012)	

	

In	collagen,	three	left-hand	polypeptide	helices,	called	α-chains,	are	spontaneously	

wound	around	each	other	 like	a	piece	of	 rope	to	 form	a	right-handed	triple	helix,	

which	 is	 stabilized	 by	 a	 number	 of	 hydrogen	 bonds.	 This	 form	 is	 called	

tropocollagen.	 Tropocollagen	 has	 some	 covalent	 cross-linking	 between	 the	 triple	

helices	and	between	other	tropocollagens,	but	 in	ECM	larger	and	stronger	fibrillar	

bundles	are	formed	together	with	a	number	of	extracellular	proteins,	glycoproteins,	

and	 proteoglycans.	 (Hulmes,	 1992;	 Perumal	 et	 al.,	 2008)	 Figure	 6	 illustrates	 the	

different	structures	of	collagen	in	ECM.	Currently	at	least	28	types	of	collagen	have	

been	 discovered.	 These	 types	 differ	 from	 each	 other	 according	 to	 the	 structures	

they	form,	and	the	tissues	they	are	found	from.	As	a	common	element,	all	collagen	

types	have	at	least	one	triple	helical	domain.	(Sherman,	2015)	Type	I	collagen	is	the	

most	 abundant	 form	 of	 collagen,	 found	 from	 skin,	 tendon,	 bone,	 organs	 and	

vascular	 ligature,	 and	 for	 example	 making	 up	 to	 96	 %	 of	 the	 dermal	 collagen.	

(Soriano	et	al.,	2012)	It	is	also	the	most	used	collagen	in	tissue	engineering,	and	will	

be	used	also	during	the	pilot	for	the	course	“Biology	meets	Mechatronics”.		



	

	
	
	

18	

	
Figure	6.	The	hierarchy	of	different	collagen	structures.	(Proto-Col,	2014)	In	natural	

extracellular	 matrix	 α-chains,	 triple	 helices	 /	 tropocollagens,	 and	 collagen	 fibrils	

form	covalent	bonds	between	each	other	and	other	extracellular	proteins	to	form	

stable	structures.		

	

Generally,	 protein	 fibers,	 and	 especially	 ultrafine	 fibers,	 have	 poor	 mechanical	

properties	and	water	stability.	(Kew	et	al.,	2011)	As	a	pure	single	protein	mesh,	an	

electrospinned	 collagen	 scaffold	 is	 naturally	 weaker	 than	 an	 extracellular	 matrix.	

According	to	study	by	Jiang	et	al.	(2013)	non-cross-linked	stand-alone	collagen	will	

disintegrate	into	small	pieces	already	after	one	hour	in	body	conditions	due	to	too	

high	 pH.	 Thus	 collagen	 scaffolds	 need	 to	 be	 cross-linked	 to	 slow	 down	 their	

degradation.	(Gómez-Pachón	et	al.,	2014a)	An	example	of	the	effect	of	cross-linking	

is	presented	in	Figure	7.	Cross-linking	usually	enhances	the	scaffold’s	strength	and	

slows	down	degradation,	but	it	may	also	create	negative	side	effects.	In	the	case	of	

collagen,	 physical	 cross-linking	 imparts	 partial	 denaturation	 of	 helical	 structure	

(Weadock	 et	al.,	 1995)	and	actually	 reduces	collagen’s	 strength	and	 increases	 the	

rate	 of	 enzymatic	 degradation.	 (Ohan	 et	 al.,	 2002)	 Furthermore,	 chemical	 cross-

linkers	are	potentially	cytotoxic	and	some	approaches	may	impair	biocompatibility	

by	 altering	 the	 scaffold’s	 surface	biochemistry	 in	 a	manner	 that	obstructs	 cellular	

infiltration	 and	 the	 rate	 of	 new	 tissue	 ingrowth	 and	 remodeling.	 (Cornwell	 et	 al.,	

2007;	Nishi	et	al.,	1995;	Soriano	et	al.,	2012;	Speer	et	al.,	1980)		
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Figure	 7.	 Comparison	 of	 type	 I	 collagen	 scaffolds	 with	 and	 without	 cross-linking.	

(Jiang	 et	 al.,	 2013)	 A)	 The	 uncross-linked	 scaffold,	 B)	 the	 uncross-linked	 scaffold	

incubated	 in	PBS	at	37	°C	 for	1	hour,	D)	glycerol	 /	citric	acid	cross-linked	scaffold,	

and	E)	glutaraldehyde	cross-linked	scaffold.	The	uncross-linked	scaffold	B	has	clearly	

degraded	while	in	body-like	conditions	for	1	hour,	while	glycerol	/	citric	acid	cross-

linked	scaffold	retained	up	to	80	%	of	it’s	structure	after	15	days	and	glutaraldehyde	

cross-linked	scaffolds	remained	practically	unchanged.	

2.4.2.	Solvents	for	collagen	

The	used	 solvents	play	a	vital	part	 in	electrospinning	and	especially	 regarding	 the	

cytocompatibility	 of	 the	 scaffold.	 Traditionally	 highly	 corrosive	 and	 toxic	 solvents,	

such	 as	 2,2,2-trifluoroethanol,	 TFE	 and	 1,1,1,3,3,3-hexafluoro-2-propanol,	 HFIP,	

have	 been	 used	 to	 electrospin	 collagen.	 (Ahn	 et	 al.,	 2015;	 Lee	 et	 al.,	 2009;	

Matthews	et	al.,	2002;	Yang	et	al.,	2008;	Zhang	et	al.,	2005)	With	optimized	process	

parameters	 and	 conditions	 the	 solvent	 evaporates	 efficiently	 during	 the	



	

	
	
	

20	

electrospinning	 resulting	 in	 almost	 a	 pure	 collagen	 fiber.	 Any	 remaining	 solvent	

residues	 can	 be	 washed	 away	 afterwards	 to	 reduce	 toxicity.	 However,	 these	

solvents	 denature	 collagen	 already	 during	 the	 electrospinning	 retaining	 merely	

12,51	 %	 fraction	 of	 collagen’s	 triple	 helices.	 (Liu	 et	 al.,	 2010;	 Yang	 et	 al.,	 2008;	

Zeugolis	et	al.,	2008)	The	denatured	collagen	forms	mechanically	weaker	scaffolds	

with	 biologically	 poorer	 properties	 for	 cell	 culturing	 than	 the	 non-denatured	

collagen.	Lately,	researchers	have	introduced	new	methods	with	less	corrosive	and	

toxic	 solvents,	 such	as	acetic	acid	and	ethanol.	 (Liu	et	al.,	2010;	Yogeshwar	 et	al.,	

2012)	Yet,	these	methods	produce	a	poor	electrospinning	quality,	due	to	inefficient	

solvent	properties.	(Luo	et	al.,	2012)	A	study	by	Jiang	et	al.	(2013)	introduces	a	new	

gentle	 acidic	 ethanol-water	 solvent	 system	 to	 electrospin	 collagen	 scaffolds	

retaining	helical	 fraction	of	up	 to	84,54	%.	This	method	uses	ethanol	as	a	 solvent	

and	citric	acid	(CA),	sodium	hypophosphite	(SHP),	and	glycerol	for	the	cross-linking.	

2.4.3.	Jiang	et	al.	(2013)	method	

The	method	by	 Jiang	et	al.	 (2013)	uses	a	50	wt%	aqueous	ethanol	solution	as	 the	

primary	solvent	 for	collagen.	According	 to	a	 later	 study	by	Gopinath	et	al.	 (2014),	

concentrations	 of	 less	 than	 60	 wt%	 of	 aqueous	 ethanol	 solution	 will	 dissolve	

collagen	while	retaining	it’s	natural	helical	structure.	Concentrations	higher	than	60	

wt%	 ethanol	 will	 precipitate	 collagen	 and	 denature	 its	 structure.	 CA	 acts	 as	 the	

main	 cross-linking	 agent,	 but	 it	 also	 lowers	 the	 pH	 of	 solvent,	 facilitating	 the	

complete	dissolution	of	collagen.	SHP	is	used	as	a	catalyst	for	CA.	In	collagen,	most	

of	the	functional	groups	are	occupied	to	stabilize	the	triple	helical	structure,	or	are	

buried	within	 it,	 resulting	 in	 low	 density	 of	 available	 functional	 groups	 for	 cross-

linking.	 (Shoulders	 &	 Raines,	 2009)	 In	 addition,	 CA	 can	 use	 only	 its	 two	 carboxyl	

end-groups	 to	 form	short	and	 linear	cross-linkages.	 In	order	 to	 form	 longer	cross-

linkages,	glycerol	is	added	as	an	extender.	Glycerol’s	hydroxyl	groups	can	react	with	

the	carboxyl	groups	of	CA,	generating	a	branched	network	to	link	functional	groups	

with	 large	 distance,	 and	 thus	 improve	 cross-linking	 efficiency.	 (Jiang	 et	 al.,	 2013)	

This	cross-linking	process	is	illustrated	in	Schemes	1	a)	and	1	b).		
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Scheme	1	 a).	 A	 schematic	 of	 citric	 acid	molecule	 cross-linking	 two	 collagen	 fibrils	

together	 without	 the	 help	 of	 glycerol.	 (Jiang	 et	 al.,	 2013)	 Pi-XH	 (i=1,	 2,	 3,	 4,..)	

represents	collagen;	-XH	represents	–NH2	or	–OH.		

	

Another	 benefit	 of	 this	 method	 is	 that	 all	 the	 reagents	 used	 are	 completely	

biocompatible.	The	conjugate	base	of	citric	acid	is	an	important	intermediate	in	the	

body’s	citric	acid	cycle.	Thus,	 the	released	degradation	fragments	of	CA	may	even	

serve	as	nutrients	for	cells.	(Jiang	et	al.,	2013)	As	a	comparison	a	less	biocompatible	

glutaraldehyde	cross-linking	is	discussed	in	the	next	paragraph.		

2.4.4.	Glutaraldehyde	cross-linking	

Glutaraldehyde	is	one	of	the	most	common	cross-linkers	for	proteins	due	to	its	high	

reactivity	toward	proteins.	Still	 it	 is	associated	with	a	number	of	concerns.	E.g.	1),	

cytotoxicity	due	to	post-implantation	depolymerization	and	monomer	release	from	

the	 glutaraldehyde	 polymer	 (Gendler	 et	 al.,	 1984;	 Huang-Lee	 et	 al.,	 1990),	 2)	

impairment	of	endothelialization	over	a	certain	cross-linking	threshold	(Nimni	et	al.,	

1987;	 Titorencu	 et	 al.,	 2010),	 and	 3)	 pre-disposition	 of	 implanted	 glutaraldehyde	

cross-linked	material	to		calcification	(Golomb	et	al.,	1987;	Schoen	et	al.,	1985).		
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Scheme	1	b).	A	schematic	of	citric	acid	and	glycerol	molecules	cross-linking	multiple	

collagen	 fibrils	 together	 over	 distance.	 (Jiang	 et	 al.,	 2013)	 Pi-XH	 (i=1,	 2,	 3,	 4,..)	

represents	collagen;	-XH	represents	–NH2	or	–OH.	The	glycerol	extender	is	shown	in	

bold.	

	

The	benefit	 of	 glutaraldehyde	 is	 its	 ability	 to	 form	 long	 self-cross-linked	 chains	 to	

connect	 reactive	 sites	 over	 long	 distances,	 which	 enhances	 the	 strength	 of	 the	

cross-linked	scaffold,	as	demonstrated	in	Scheme	2.	(Jiang	et	al.,	2013)	A	study	by	

Olde	Damink	et	al.	 (1995)	suggests	 that	cross-linking	with	glutaraldehyde	 in	acidic	
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conditions	 will	 result	 in	 cross-linking	 with	 fewer	 glutaraldehyde	 molecules,	 and	

thus,	shorter	self-cross-linked	chains.	While	this	might	weaken	the	scaffold,	 it	also	

decreases	potential	for	glutaraldehyde	related	cytotoxicity.	(Soriano	et	al.,	2012)	An	

additional	method	 to	 reduce	 cytotoxicity	 is	 to	 treat	 the	 cross-linked	 scaffold	with	

sodium	borohydride	in	order	to	block	glutaraldehyde’s	available	functional	groups.	

(Craig,	 1974)	 Nevertheless,	 this	 procedure	 offers	 only	 a	 short-term	 improvement	

and	 does	 not	 eliminate	 the	 negative	 side	 effects	 of	 the	 depolymerization	 and	

monomer	 release.	 Additionally	 sodium	 borohydride	 itself	 is	 an	 active	 reducing	

agent	and	detrimental	for	cells.	(IPCS,	EU,	UNEP,	ILO,	&	Työterveyslaitos,	2008)	On	

the	other	hand,	for	the	 in	vitro	studies	during	the	“Biology	meets	Mechatronics”	–

course	this	method	could	be	experimented	with.	In	case	the	collagen	scaffolds	fail	

with	 or	 without	 cross-linking,	 the	 course	 could	 also	 be	 executed	 using	

polycaprolactone	acid	 (PCL)	 for	electrospinning.	PCL’s	properties	and	 functionality	

for	electrospinning	are	evaluated	in	the	next	chapter.		

	
Scheme	2.	Glutaraldehyde	cross-linking	schematic.	 (Kiernan,	2000)	Glutaraldehyde	

can	form	long	self-cross-linked	chains	or	networks	and	connect	proteins	over	 long	

distances	together.		
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2.4.5.	Polycaprolactone	acid	

Polycaprolactone	(PCL)	 is	a	semi	crystalline	biodegradable	polyester	that	 is	 readily	

soluble	 in	 a	 large	 range	 of	 organic	 solvents.	 Both	 PCL	 and	 it’s	 monomer	 ε-

caprolactone	are	currently	regarded	as	biocompatible	and	nontoxic.	(Treiser	et	al.,	

2013)	 The	 PCL	 becomes	 hydrolyzed	 under	 physiological	 conditions	 into	 6-

hydroxyicaproic	 acid,	 which	 is	 metabolized	 via	 the	 citric	 acid	 cycle	 and	 excreted	

naturally	from	the	body.	Still,	due	to	PCL’s	hydrophobicity	and	crystallinity	it	has	a	

comparatively	long	biodegradation	time,	taking	up	to	3	years	to	degrade.	(Elomaa,	

2015;	Woodruff	&	Hutmacher,	2010)		

	

From	 a	 biological	 perspective,	 collagen	 is	 superior	 to	 PCL	 as	 a	 polymer	 for	 tissue	

engineering	 scaffolds.	 Still,	 electrospun	 PCL	 scaffolds	 do	 support	 cellular	

attachment,	 growth,	 proliferation	 and	 migration	 enough	 for	 biocompatibility.	

Furthermore,	mechanically	 PCL	 is	 strong,	making	 it	 a	 suitable	 polymer	 for	 a	wide	

range	 of	 biomedical	 applications,	 such	 as	 implantable	 contraceptive	 devices,	

degradable	staples	 for	wound	closure,	 long-term	drug	delivery	systems,	and	other	

tissue	engineering	scaffolds.	(Bassi	et	al.,	2011;	Elomaa,	2015;	Luo	et	al.,	2012)	Due	

to	it’s	mechanical	properties,	several	studies	suggest	(Ahn	et	al.,	2015;	Bassi	et	al.,	

2011;	Gautam	et	al.,	2014;	Lee	et	al.,	2009;	Yogeshwar	Chakrapani	et	al.,	2012)	use	

of	PCL	together	with	other	weaker,	but	more	bioactive	polymers,	such	as	collagen	

or	gelatin,	 in	order	to	create	an	optimal	scaffold	for	tissue	engineering.	This	could	

be	carried	out	using	co-axial	electrospinning,	as	discussed	earlier	 in	chapter	2.3.2.	

Nevertheless,	 for	 “Biology	meets	Mechatronics”	–course’s	 intentions	 and	 learning	

goals	 unmodified	 PCL	 is	 considered	 as	 a	 suitable	 polymer	 on	 its	 own.	 After	 the	

successful	 electrospinning	 and	 possible	 cross-linking	 the	 scaffolds	 need	 to	 be	 cell	

cultured.	 The	 three	 dimensional	 structure	 of	 the	 scaffolds	 create	 both	 challenges	

and	opportunities	for	the	culturing,	which	will	be	briefly	reviewed	as	follows.		
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2.5.	Cell	culturing	

Static	 two-dimensional	 cell	 cultures	 have	 some	 major	 limitations	 regarding	 cell	

functions	and	behavior,	such	as	 flat	and	unnatural	shape	and	morphology,	 limited	

gene	 expression	 and	 metabolism,	 and	 inability	 for	 differentiation.	 (Moffat	 et	 al.,	

2013)	 Under	 biological	 conditions,	 cells	 can	 remodel	 their	 immediate	

microenvironment	and	generate	functional	tissue	units.	Conversely,	cells	grown	by	

using	conventional	cell	culture	methods	–	well	plates	and	culture	flasks	–	 lack	this	

ability.	 (Bhumiratana	 et	 al.,	 2013)	 Figure	 8	 shows	 the	 difference	 between	 2D	

cultured	 and	 3D	 cultured	 fibroblast	 cell,	 and	 Table	 4	 compares	 differences	 in	 cell	

functions	 between	 2D	 and	 3D	 culturing.	 Although	 3D	 scaffold	 culturing	 improves	

the	 shape	 of	 cells	 and	 their	 morphology	 by	 resembling	 their	 original	 biological	

growth	 conditions,	 many	 functional	 properties	 remain	 defective.	 Therefore,	

advances	in	bioreactor	design	have	focused	on	mimicking	more	in	detail	the	native	

environment.	 In	general,	a	bioreactor	 for	 tissue	engineering	must	1)	maintain	cell	

viability	 and	 function;	 2)	 improve	 cell	 infiltration	 and	 distribution	 by	 dynamically	

seeding	 cells	 within	 3D	 scaffolds;	 3)	 overcome	 the	 limitations	 associated	 with	

oxygen	 and	 nutrient	 transport	 that	 are	 often	 observed	 in	 3D	 tissues	 cultured	 in	

static	 environments;	 and	 4)	 enhance	matrix	 synthesis	 and	mechanical	 properties	

with	 appropriate	 biophysical	 stimulation.	 (Chen	 &	 Hu,	 2014;	Martin	 et	 al.,	 2004;	

Moffat	et	al.,	2013;	Portner	et	al.,	2005;	Wendt	et	al.,	2009)	
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Figure	 8.	 The	 difference	 between	 2D	 cultured	 and	 3D	 cultured	 fibroblast	 cell.	

(Hosseinkhani,	 2014)	 2D	 cultured	 cell	 is	 more	 planar	 in	 shape	 and	 excretes	 less	

fibronectin	and	other	extracellular	substances	than	3D	cultured	cell.	

	

To	 overcome	 the	 above-mentioned	 deficiencies	 NASA	 started	 developing	 Rotary	

Cell	 Culture	 Systems	 already	 in	 the	 1970s’.	 	 RCCSs,	 or	 NASA	 bioreactors,	 have	 a	

horizontal	 cylinder	 that	 rotates	 along	 its	 axis.	 The	 rotational	movement	 creates	 a	

dynamic,	quasi-stationary	flow	environment.	The	rotational,	gravitational,	and	drag	

forces	are	balanced	so	that	the	tissue	constructs	are	suspended	in	culture	medium	

in	a	continuous	free	fall.	(Chen	&	Hu,	2014;	Zhong,	2010)	These	buoyant,	low	shear	

conditions	foster	the	natural	functions	and	morphology	of	cells	as	well	as	enhance	

cell	migration	and	proliferation	within	the	scaffold.	(Bulgher	et	al.,	2002;	Matthews	

et	al.,	2002)	Figure	9	 shows	a	 schematic	of	a	 rotating	cell	 culture	 system.	For	 the	

course	 “Biology	meets	Mechatronics”	RCCS	was	be	developed	under	a	 “minimum	

viable	 product”	 -principles,	 and	 used	 for	 the	 culturing	 of	 the	 scaffolds.	 NASA’s	

educational	brief	by	Bulgher	et	al.	 (2002)	was	used	as	 an	 inspiration	 for	 the	pilot	

bioreactor.		
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Table	 4.	 3D	 -dependent	 cell	 behavior	 and	 signaling	 in	 cells.	 (Hosseinkhani,	 2014;	

Rocco	et	al.,	2014)	

Function	 2D	versus	3D	 Regulatory	Mechanisms	

Cell	Shape	 Loss	of	epithelial	cell	polarity,	

altered	epithelial	and	fibroblast	

shape	in	2D	

Growth	factor	receptors	

and	pathways;	cell-

adhesion	signals	

Gene	

Expression	

Cells	in	2D	versus	3D	often	have	

different	patterns	of	gene	

expression	

ECM,	hormones,	adhesion	

molecules	

Growth	 3D	matrix	-dependent	regulation	

of	cell	growth	

Adhesion	and	growth	factor	

-related	pathways,	

apoptotic	genes	

Morpho-

genesis	

3D	matrix-induced	vessel	

sprouting	and	gland	branching	

ECM,	adhesion,	growth	

factor-related	pathways,	

apoptotic	genes	

Motility	 Altered	single	and	collective	cell	

motility	patterns	in	3D	matrices	

ECM	and	its	regulators;	

adhesions	and	growth	

factor-related	pathways	

Differen-

tiation	

3D	matrix-induced	cell	

differentiation	

ECM	and	growth	factors;	

motor	molecules	
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Figure	9.	Rotating	 cell	 culture	 system	designed	by	NASA	 (Barzegari	&	 Saei,	 2012).	

The	 rotational	 movement	 keeps	 the	 cell	 aggregates	 or	 scaffolds	 in	 a	 constant	

buoyant	free	fall,	and	also	enhances	the	transportation	of	nutrients	to	the	cells	and	

the	removal	of	metabolic	waste	from	within	the	scaffold.	The	culture	medium	shall	

be	replaced	with	a	fresh	one	every	once	in	a	while.		
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3.	Materials	and	methods	

The	research	setup	comprises	of	1)	the	electrospinning	and	possible	cross-linking	of	

four	 different	 scaffolds	 that	 shall	 be	 examined	 and	 cross-evaluated,	 2)	 RCCS	

designing	 and	 building,	 3)	 cell	 culturing	 on	 the	 scaffolds	 using	 plate	 dishes	 and	

RCCS,	and	examining	culturing	results.		

	

Based	on	 the	 literature	 search,	 the	hypothesis	 is	 that	 the	 type	 I	 collagen	 scaffold	

cross-linked	with	 citric	 acid	and	glycerol	will	 give	 the	most	optimized	material	 for	

the	 scaffold	 grafting.	 (Jiang	et	 al.,	 2013)	 This	will	 be	 compared	 to	 type	 I	 collagen	

cross-linked	with	glutaraldehyde,	and	 to	a	non-cross-linked	 type	 I	 collagen.	 In	 the	

comparison	 weight	 will	 be	 given	 to	 the	 scaffolds’	 biodegradability	 rate.	 For	 the	

purposes	of	 the	Biology	meets	Mechatronics	 course	project	 the	 scaffold	needs	 to	

last	at	least	for	one	month	in	the	culturing	medium	before	significant	degrading.	As	

an	 alternative	 for	 collagen	 scaffolds	 also	 non-cross-linked	 PCL	 scaffolds	 are	

electrospinned,	 due	 to	 better	mechanical	 properties	 and	 slower	 degradation	 rate	

compared	to	collagen.	(Gómez-Pachón	et	al.,	2014a)		

3.1.	The	Electrospinning	

For	the	electrospinning	a	BD	(Becton,	Dickinson	and	Company)	syringe,	with	a	21	G	

x	 1	 ½”	 flat	 end	 needle	 was	 placed	 on	 a	 Chemyx	 Inc.	 Nexus	 3000	 syringe	 pump	

according	 to	 Figure	 10.	 A	 Spellman	 SL30	was	 used	 as	 a	 high	 voltage	 source.	 The	

positive	charge	chord	was	attached	to	the	needle	tip	and	the	negative	charge	chord	

to	 the	 collector	 plate.	 To	 control	 and	 to	 target	 the	 electrospinning	 jet	 more	

accurately	to	the	collector	plate,	a	plywood	plate	was	used	to	 insulate	the	syringe	

pump,	 and	 the	 collector	 plate	 was	 suspended	 with	 a	 15	 cm	 long	 plate	 from	 its	

stand.	 The	 complete	 electrospinning	 layout	 is	 shown	 in	 Figure	 11.	 Additional	

operational	instructions	for	the	electrospinning	apparatus	can	be	found	in	Appendix	

1.	
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Figure	 10.	 A	 BD	 10	 ml	 syringe	 attached	 to	 the	 Chemyx	 Inc.	 Nexus	 3000	 syringe	

pump.		

	

	
Figure	11.	The	electrospinning	layout.	1.	The	Nexus	3000	syringe	pump.	2.	A	needle	

with	a	plastic	cover	on	for	insulation.	3.	A	plywood	plate	for	insulation.	4.	A	positive	

charge	chord.	5.	An	aluminum	foil	covered	iron	collector	plate.	6.	A	negative	charge	

chord.	7.	A	stand	for	the	collector	plate.		
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3.1.1.	PCL	electrospinning	parameters	

Due	to	the	high	price	of	type	I	Collagen,	electrospinning	was	initiated	by	using	PCL	

to	 test	 the	 equipment	 and	 the	 intended	 parameters.	 PCL	 scaffolds	 were	

manufactured	according	to	the	parameters	used	in	the	study	by	Bassi	et	al.	(2011).	

A	10	%	w/v	of	PCL	 (number	average	molar	mass,	Mn	≈	80,	000),	purchased	 from	

Sigma-Aldrich,	was	solubilized	in	acetone	by	heating	the	mixture	up	to	40	°C	while	

mixing	 the	 solution	 with	 magnetic	 stirrer	 of	 550	 rpm	 until	 fully	 solubilized.	 The	

electrospinning	was	conducted	with	a	10	ml	BD	plastic	syringe,	21	G	x	1	½”	flat	end	

needle,	using	an	applied	voltage	of	10	-	25	kV,	and	a	flow	rate	of	0.01	-	0.08	mL/min.	

Fibers	were	collected	on	a	grounded	collector	plate	located	100	-	150	mm	from	the	

needle	tip.	Table	5	collects	the	parameters	of	the	electrospinned	PCL	samples.	

3.1.2.	Type	I	collagen	electrospinning	parameters	

20	mg	of	type	I	collagen	powder	was	acquired	from	previous	work	in	the	laboratory	

and	mixed	with	8.25	mg	of	citric	acid,	4.125	mg	of	sodium	hypophosphite,	2.25	mg	

of	glycerol	into	a	50	wt%	ethanol,	giving	a	final	volume	of	0.5	ml.	The	used	collagen	

concentration	of	40	mg/ml	was	only	approximately	one	 fourth	of	 the	desired	150	

mg/ml	used	in	the	study	by	Jiang	et	al.	(2012).	This	was	due	to	the	poor	solubility	of	

collagen	 into	 the	 solvents.	 Solvents	 and	 reagents	 were	 all	 acquired	 from	 the	

university	 laboratory.	 A	 1	ml	 BD	 plastic	 syringe	was	 used	 for	 the	 electrospinning	

with	 21	 G	 x	 1	 ½”	 flat	 end	 needle.	 20	 kV	 charge	 and	 150	mm	 distance	was	 used	

according	 to	 study	by	 Jiang	et	al.	 (2012).	1	ml/min	and	2	ml/min	 flow	 rates	were	

experimented	with.		
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Table	5.	The	parameters	of	the	electrospinned	PCL	samples.		

Sample		 Voltage,	kV	 Flow	rate,	ml/min	 Distance,	mm	
1	 10.0	 0.02	 100	
2	 15.0	 0.02	 100	
3	 20.0	 0.02	 100	
4	 10.0	 0.02	 125	
5	 15.0	 0.02	 125	
6	 20.0	 0.02	 125	
7	 10.0	 0.02	 150	
8	 15.0	 0.02	 150	
9	 20.0	 0.02	 150	
10	 25.0	 0.02	 150	
11	 15.0	 0.05	 100	
12	 17.5	 0.05	 100	
13	 20.0	 0.05	 100	
14	 22.5	 0.05	 100	
15	 25.0	 0.05	 100	
16	 10.0	 0.05	 125	
17	 12.5	 0.05	 125	
18	 15.0	 0.05	 125	
19	 20.0	 0.05	 125	
20	 25.0	 0.05	 125	
21	 10.0	 0.05	 150	
22	 15.0	 0.05	 150	
23	 20.0	 0.05	 150	
24	 25.0	 0.05	 150	
25	 15.0	 0.08	 100	
26	 15.0	 0.08	 150	

3.2.	Morphology	analysis	

All	 the	 electrospinned	 scaffolds	 were	 examined	 with	 light	 microscope	 (LMS)	 by	

using	10X	and	40X	magnifications.	Some	selected	scaffolds	were	also	analyzed	with	

SEM	to	obtain	sharper	images	of	200X,	2000X	and	5000X	magnifications.	Figure	12	

shows	the	difference	in	the	resolution	capability	between	the	light	microscope	and	

SEM	images.	
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Figure	 12.	 On	 the	 left	 side	 a	 light	 microscope	 image	 of	 sample	 14	 with	 40X	

magnification.	On	the	right	side	the	same	sample	with	SEM	2000X	magnification.		

3.3.	The	rotating	cell	culture	system	

The	 RCCS	 was	 built	 by	 Mr.	 Tommi	 Lintilä	 of	 the	 School	 of	 Engineering	 at	 Aalto	

University	 Mechatronics	 as	 a	 part	 of	 co-operation.	 Appendix	 2	 presents	 all	 the	

necessary	 information	 and	 instructions	 to	 build	 the	 RCCS.	 Figures	 13	 A	 and	 13	 B	

show	the	prototype	of	the	RCCS.		

	

	
Figure	13	A.	The	RCCS	prototype	(by	courtesy	of	Tommi	Lintilä,	Aalto	University).	
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Figure	13	B.	The	RCCS	prototype	(by	courtesy	of	Tommi	Lintilä,	Aalto	University).	 	
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4.	Results	

Due	 to	unforeseen	delays	 it	was	not	possible	 to	 complete	 the	present	pilot	 study	

within	 the	 available	 time	 frame.	 Delays	 were	 due	 to	 long	 shipping	 times	 of	

additional	type	I	collagen	and	some	electronic	parts,	the	prevailed	summer	holiday	

season	 during	 the	 time	 of	 practical	 research,	 and	 the	 maintenance	 of	 critical	

laboratory	equipment,	such	as	SEM.	Accordingly,	 the	results	 for	the	present	study	

cover	only	the	initial	analysis	of	PCL	scaffolds,	the	test	run	of	the	electrospinning	of	

the	type	I	collagen,	and	the	functionality	of	the	RCCS	prototype.		

4.1.	Results	from	the	electrospinning	of	type	I	collagen	

Electrospinning	 of	 collagen	 was	 initially	 tried	 with	 a	 flow	 rate	 of	 1	 ml/h,	 which	

equals	0.017	ml/min.	This	resulted	in	spitting	and	no	notable	formation	of	a	fiber-

jet.	 The	 flow	 rate	 was	 doubled	 to	 2	 ml/h,	 which	 equals	 to	 0.033	 ml/min	 giving	

similar	 electrospinning	 behavior	 compared	 to	 1	 ml/h.	 However,	 before	 the	

formation	of	a	visible	fiber	mesh,	all	of	the	collagen	mixture	was	already	used.	The	

hypothesis	 is	 that	 the	 collagen	 concentration	 was	 not	 sufficient	 enough	 for	 the	

electrospinning	 process.	 At	 this	 point	 there	 was	 not	 enough	 collagen	 in	 stock	 to	

prepare	a	new	stronger	mixture	for	the	second	trial.	Thus	no	results	were	acquired	

and	 no	 conclusions	 could	 be	 drawn	 from	 the	 electrospinning	 of	 collagen.	 On	 the	

other	 hand,	 the	 electrospinning	 of	 PCL	 was	 straightforward.	 Accordingly,	 the	

following	 chapters	will	 present	 the	 analysis	 of	 the	PCL	morphology	 from	 the	 LMS	

and	SEM	images.		

4.2.	The	light	microscope	images	

All	 PCL	 samples	were	examined	by	using	 LMS.	However,	due	 to	 low	 resolution	of	

LMS	 the	 images	 were	 not	 suitable	 for	 precise	 and	 thorough	 analysis.	 Thus,	 LMS	

images	are	roughly	grouped	into	three:	1)	Images	showing	beads	on	the	scaffold,	2)	

obscure	 images	 that	 are	 very	 difficult	 to	 interpret,	 and	 3)	 sharper	 images	 and	 a	
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homogenous-appearing	 scaffold.	 Examples	 of	 these	 three	 groups	 are	 shown	 in	

Figure	14.	

	

	 	 	
Figure	14.	LMS	image	categories.	On	the	left	sample	6	(20	kV,	0.02	ml/min,	125	mm)	

with	beads,	 in	the	middle	an	obscure	 image	of	sample	5	(15	kV,	0.02	ml/min,	125	

mm),	and	on	the	right	a	good	image	of	sample	14	(22.5	kV,	0.05	ml/min,	100	mm).			

	

Comparing	the	LMS	images	with	the	electrospinning	process	parameters	gives	only	

few	 conclusions.	 All	 the	 scaffolds	 electrospinned	 by	 using	 a	 10	 kV	 charge	 are	

beaded,	 which	 indicates	 that	 10	 kV	 is	 too	 low	 charge	 for	 the	 process.	 Also	 the	

scaffolds	with	0.05	ml/min	flow	rate	showed	better	morphology	than	scaffolds	with	

flow	 rate	 of	 0.02	 ml/min.	 No	 conclusions	 can	 be	 drawn	 from	 the	 LMS	 images	

regarding	the	distance	between	the	needle	tip	and	the	collector	plate.	The	results	

from	 LMS	 images	 are	 presented	 in	 Table	 6.	 All	 the	 LMS	 images	 are	 presented	 in	

Appendix	3.		
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Table	6.	Scaffold	morphology	based	on	LMS	images.	

Sample	 Voltage,	kV	 Flow	rate,	ml/min	 Distance,	mm	 Morphology	
1	 10.0	 0.02	 100	 Beads	
2	 15.0	 0.02	 100	 Good	
3	 20.0	 0.02	 100	 Obscure	
4	 10.0	 0.02	 125	 Beads	
5	 15.0	 0.02	 125	 Obscure	
6	 20.0	 0.02	 125	 Beads	
7	 10.0	 0.02	 150	 Beads	
8	 15.0	 0.02	 150	 Beads	
9	 20.0	 0.02	 150	 Obscure	
10	 25.0	 0.02	 150	 Obscure	
11	 15.0	 0.05	 100	 Obscure	
12	 17.5	 0.05	 100	 Good	
13	 20.0	 0.05	 100	 Good	
14	 22.5	 0.05	 100	 Good	
15	 25.0	 0.05	 100	 Good	
16	 10.0	 0.05	 125	 Beads	
17	 12.5	 0.05	 125	 Good	
18	 15.0	 0.05	 125	 Obscure	
19	 20.0	 0.05	 125	 Good	
20	 25.0	 0.05	 125	 Good	
21	 10.0	 0.05	 150	 Beads	
22	 15.0	 0.05	 150	 Good	
23	 20.0	 0.05	 150	 Obscure	
24	 25.0	 0.05	 150	 Beads	
25	 15.0	 0.08	 100	 Good	
26	 15.0	 0.08	 150	 Good	

	

4.3.	SEM	images	

Due	 to	 the	high	price	 and	 the	poor	 availability	 of	 the	 SEM	only	 six	 samples	were	

imaged	with	SEM	for	a	200X,	2000X	and	5000X	magnifications.	These	images	were	

used	to	analyze	the	scaffolds’	morphology,	and	to	measure	the	fiber	diameter	and	

the	 pore	 size.	 Fiber	 diameter	 is	 relatively	 easy	 to	measure	 from	 the	 SEM	 images	

with	 a	 fixed	 scale	 bar	 given	 by	 the	 SEM	 software	 itself.	 On	 the	 other	 hand,	

measuring	 the	 three-dimensional	 pore	 size	 is	 more	 complex	 as	 the	 depth	 of	 the	

pore	 is	 difficult	 to	 evaluate	 from	 the	 two-dimensional	 image	with	heavily	 layered	
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fiber	structure.	Thus	the	given	pore	sizes	are	only	rough	estimates.	Figure	15	shows	

examples	 of	 different	 magnifications.	 Table	 7	 gathers	 the	 measured	 data	 of	 the	

scaffolds.	All	the	SEM	images	are	presented	in	Appendix	4.		

	

	 	 	
	Figure	 15.	 SEM	 images	 of	 sample	 25.	 From	 left	 to	 right:	 200X,	 2000X	 and	 5000X	

magnifications.	

	

Table	7.	The	results	of	SEM	images	analysis.		

Sample	 Morphology	 Thread	thickness:	
median/range,	μm	

Pore	size	
range,	μm	

4	 Some	beads	 0.8	/	0.5	-	2	 1	-	12	
11	 Non-homogenous	 1.3	/	0.6	-	4	 1	-	10	
12	 Beads,	too	dense	 1.0	/	0.3	-	2	 1	-	4	
14	 Homogenous,	

good	for	cells	
1.0	/	0.8	-	2	 1	-	6	

19	 Non-homogenous	 1.5	/	0.6	-	3	 1	-	8	
25	 Homogenous,	

good	for	cells	
0.8	/	0.5	-	2	 1	-	8	

	

The	SEM	images	confirm	that	the	set	electrospinning	process	functions	and	delivers	

desired	scaffolds.	However,	due	to	small	number	of	samples	imaged	with	the	SEM,	

and	 without	 the	 cell	 culture	 results,	 it	 is	 impossible	 to	 draw,	 or	 confirm,	 other	

general	 conclusions.	 Based	 on	 the	 literature	 review	 and	 the	 above-presented	

results	 samples	 14	 and	 25	 seem	 to	 be	 the	 most	 optimal	 scaffolds	 for	 the	 cell	

growth.	 These	 scaffolds	 are	 most	 homogenous	 with	 highly	 interconnected	 pore	

structures.	 Although	 pore	 size	 and	 porosity	 are	 recognized	 as	 important	 factors,	

only	few	studies	reveal	those	parameters.	This	is	most	likely	due	to	the	difficulty	of	

measuring	 those	 parameters	 reliably,	 as	 mentioned	 in	 the	 previous	 paragraph.	

From	the	review	of	the	 literature	only	the	study	by	Gautam	et	al.	(2014)	reported	
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the	measured	 pore	 size	 of	 9.4	 ±	 1.7	 μm,	 and	 confirmed	 cells	 migration	 into	 the	

scaffold.	 Although	 many	 cells	 are	 larger	 in	 diameter	 than	 10	 μm,	 due	 to	 their	

resilient	structure	they	can	elongate	and	migrate	through	smaller	gaps.	Thus	there	

is	a	good	possibility	for	the	migration	of	cells	also	for	the	scaffolds	produced	during	

the	present	study	with	estimated	pore	sizes	of	 less	than	8	μm.	Compared	to	pore	

size,	 fiber	 thicknesses	 are	 more	 readily	 available	 from	 previous	 studies.	 A	

comparison	 of	 the	 fiber	 diameters	 between	 different	 studies	 used	 for	 literature	

review	 is	 shown	 on	 Table	 8.	 The	 comparison	 of	 Table	 8	 shows	 that	 the	 results	

gathered	 from	 the	present	 study	 are	 in	 line	with	 the	parameters	 from	previously	

reported	studies	in	the	literature.	

	

Table	8.	Comparison	of	the	electrospun	fiber	thickness’	between	different	studies.	

Study:	 Polymer:	 Fiber	thickness,	nm:	

Jiang	et	al.	(2013)	 Type	I	Collagen	 ~	870	

Matthews	et	al.	(2002)	 Type	I	Collagen	 250	±	150	

Huang	et	al.	(2015)	 Type	I	Collagen	 2660	±	830	

Meng	et	al.	(2012)	 Type	I	Collagen	 420	±	110	

Ahn	et	al.	(2015)	 PCL	/	Type	I	Collagen	 4850	±	310	

Gautam	et	al.	(2014)	 PCL	/	Gelatin	 440	±	127	

Bassi	et	al.	(2011)	 PCL	 269	±	102		

Lee	et	al.	(2009)	 PCL	 800	±	300	

Gomez-Pachon	et	al.	(2014)	 PLLA	 992	±	257		

Inai	et	al.	(2005)	 PLLA	 890	±	190		

Qiao	et	al.	(2016)	 PLLA	 ~	1300		

Gugerell	et	al.	(2014)	 PEU	 500	-	1300	

	 	

SEM	images	also	confirm	the	unreliability	of	the	morphology	analysis	that	is	based	

purely	 on	 the	 LMS	 images.	 LMS	 images	 categorized	 as	 “good”	 included	 beaded,	

non-homogenous	as	well	as	homogenous	scaffolds.	An	example	of	this	incoherence	
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can	be	seen	in	figure	16	presenting	a	“good”	LMS	image	compared	to	a	SEM	image	

of	the	same	sample	showing	a	non-homogenous	scaffold.		

	

	 	
Figure	16.	Light	microscope	image	with	40X	magnification	and	SEM	image	with	200X	

magnification	of	sample	19.	

4.4.	The	test	run	of	the	RCCS	prototype	

The	 functionality	 of	 the	 RCCS	 prototype	 was	 trialed	 in	 two	 two-hour	 trials	 using	

uncultured	and	unmodified	PCL	scaffold.	The	RCCS	itself	functioned	accordingly,	but	

due	to	PCL’s	hydrophobic	nature	the	scaffold	tended	to	capture	air	inside	and	float.	

A	 forced	 immersion	 of	 the	 scaffold	 into	 the	 water	 reduced	 the	 floating.	 The	

presence	of	cells	in	the	scaffold	could	add	weight	and	reduce	the	floating,	but	this	

was	 not	 yet	 tested.	 Collagen	 on	 the	 other	 hand	 is	 hydrophilic	 in	 nature,	 and	 the	

hypothesis	is	that	collagen	scaffold	would	not	float,	instead	remain	on	a	free	fall	at	

appropriate	RCCS	rotating	speed.	Tests	were	also	conducted	using	small	pieces	of	

eraser	 rubber,	which	confirmed	the	 free	 fall	nature	of	objects	 inside	 the	RCCS.	At	

this	point	of	 tests	the	RCCS	 itself	also	needed	some	modifications	before	 it	would	

be	ready	for	more	thorough	trials.	During	the	test	runs	the	container	leaked,	which	

needs	to	be	solved	for	the	future.		
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5.	Conclusions	

The	 results	 for	 the	 present	 study	 for	 the	 electrospinning	 and	 bioreactor	 design	

provides	 a	 good	 platform	 for	 further	 development	 of	 the	 “Biology	 meets	

Mechatronics”	concept	as	part	of	the	CHEM	-	E3225	Cell	and	Tissue	Course	at	Aalto	

University.	 	 It	also	provides	a	framework	for	 integrating	such	a	concept	 into	other	

similar	 courses	 at	 Aalto,	 as	 emphasis	 of	 different	 courses	 can	 be	 different,	

depending	on	the	major	field	of	the	course.	All	the	methods	have	been	previously	

shown	to	be	reliable	and	reproducible,	and	the	present	study	has	highlighted	more	

the	 kinds	 of	 challenges	 that	 are	 faced	 when	 implementing	 such	 approaches	 in	 a	

student	laboratory.	Namely,	there	are	many	challenges	that	are	not	directly	related	

to	 the	 scientific	 content	 or	methods,	 rather	 there	 are	 limitations	 caused	 by	 cost,	

group	size	of	students,	availability	of	labspace,	technical	assistance	and	time	limits	

ingrained	into	the	curriculum	and	the	level	of	previous	competencies	of	students.		

	

During	this	thesis	project	the	electrospinning	apparatus	was	successfully	assembled	

and	 its	 functionality	 tested	 with	 varied	 parameters.	 PCL	 scaffolds	 were	

electrospinned,	 and	 examined	 using	 light	 microscope	 and	 scanning	 electron	

microscope.	On	the	other,	hand	the	electrospinning	of	the	type	I	collagen	scaffold	

failed	 presumably	 due	 to	 insufficient	 concentration	 of	 the	 collagen	 solution.	

However,	microscopy	on	PCL	 scaffolds	 confirmed	 the	 formation	of	desired	micro-

scale	fibers	and	a	porous	structure	for	cell	culturing,	but	due	to	the	poor	resolution	

performance	of	LMS	and	the	small	batch	of	SEM	images,	the	morphology	analysis	of	

PCL	scaffolds	was	very	limited.		

	

Also	 the	 rotating	 cell	 culture	 system	prototype	was	 built	 and	 two	 two-hour	 trials	

were	 successfully	 conducted,	 using	 PCL	 and	 small	 pieces	 of	 eraser	 rubber.	 PCL’s	

hydrophobicity	 made	 it	 stay	 afloat,	 however,	 the	 trials	 with	 eraser	 rubber	

confirmed	 the	 free	 fall	nature	of	objects	 inside	 the	 rotating	RCCS.	The	RCCS	 itself	
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needs	 more	 thorough	 and	 longer	 lasting	 trials	 and	 some	 modifications	 for	 the	

future.	Especially	the	leaking	of	the	container	needs	to	be	prevented.		

	

Unfortunately,	due	to	time	limits	of	the	author	of	this	thesis,	the	course	pilot	could	

not	 be	 completely	 finished.	 The	 tight	 and	 optimistic	 research	 schedule	 suffered	

from	 the	 prevailing	 holiday	 season	 during	 the	 time	 of	 practical	 research,	 long	

shipping	 times	 of	 ordered	 products,	 and	 the	maintenance	 of	 some	 of	 the	 critical	

laboratory	 devices.	 However,	 this	 thesis	 work	 forms	 a	 good	 ground	 for	 further	

research.	 The	 remaining	 tasks	 to	 fully	 complete	 the	 pilot	 are	 1)	 the	 successful	

electrospinning	and	cross-linking	of	collagen,	2)	to	compare	the	degradation	rate	of	

different	 scaffolds,	 3)	 the	 cell	 culturing	 with	 static	 cell	 plates	 and	 with	 the	 RCCS	

prototype,	and	4)	to	confirm	the	biocompatibility	of	the	scaffolds,	and	the	viability	

and	migration	of	the	used	cells.	These	research	phases	have	already	been	reviewed	

in	 chapter	 2,	 and	 so	 far	 no	 theoretical	 or	 practical	 obstacles	 for	 the	 successful	

implementation	of	the	“Biology	meets	Mechatronics”	–course	have	been	found.	In	

the	future,	the	“Biology	meets	Mechatronics”	–course	shall	be	developed	based	on	

the	 final	 results	 of	 this	 pilot,	 and	 the	 feedback	 from	 the	 actual	 course.	 An	

interesting	 future	 advancement	 for	 the	 course	 could	 be,	 for	 example,	 the	

electrospinning	of	cellulose	nanofibers	according	to	studies	by	Thunberg	(2015)	and	

Thunberg	et	al.	(2015).	There	is	lot	of	cellulose	expertise	found	at	Aalto	University,	

and	 in	 Finland	 in	 general,	 which	 could	 be	 utilized	 at	 the	 course	 “Biology	 meets	

Mechatronics”	in	order	to	create	novel	innovations	for	tissue	engineering.		
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Electrospinning	instructions	

Chemyx	Inc.	Nexus	3000	syringe	pump	

1. Switch	the	power	on	from	behind	of	the	apparatus	and	wait	for	starting	

page	to	go	off.		

2. Select	single	syringe	system	by	pressing	Enter.	

3. Fill	in	the	system	information:	

a. Select	the	syringe	type	from	the	list	on	the	right	(BD	plastic	10	ml	

was	used	during	the	pilot)	

b. Set	the	solution	size	(10	ml	default).	From	the	right	you	can	select	

the	direction	on	the	pump,	either	infuse	or		

c. Set	 the	 syringe	 flow	 rate.	 You	 can	 change	 the	 volume/time	 title	

from	Edit.	

d. Set	 a	 lag	 time	 for	 the	 beginning	 of	 function.	 This	 will	 give	 you	

enough	 time	 to	 set	 the	 voltage	 on	 from	 Spellmann	 SL	 30	 high	

voltage	source.	0.1	min	is	recommended.	

4. Place	the	syringe	on	to	the	pump:	

a. You	should	drive	the	pump	enough	right	so	that	 the	syringe	will	

fit	in.	You	can	drive	the	pump	to	right	according	to	3.b.	

b. Place	 the	 syringe	 approximately	 on	 the	 same	 level	with	 the	 left	

edge	of	the	pump.	

c. Any	metal	parts	of	the	syringe	needle	should	be	far	enough	from	

the	syringe	pump	apparatus	(3	cm	should	be	sufficient)	 to	avoid	

any	sparks	and	lost	voltage.	The	needle	stem	can	also	be	covered	

with	plastic	or	rubber.	

5. Press	start.	

6. You	can	pause	or	stop	the	flow	anytime	during	the	spinning.	
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Spellman	SL30	high	voltage	source	

1. Place	the	red	positive	chord	on	the	syringe	needle	and	the	green-yellow	

negative	chord	on	the	collector	plate.		

2. Close	the	doors.	

3. Turn	on	the	device	from	the	switch	on	the	right	edge	of	the	front	panel.	

4. Set	mill	 amperes	 according	 to	 the	need.	 You	 can	use	high	3	 low	0	 as	 a	

default.	This	will	provide	between	0.001	-	0.003	amperes	depending	on	

other	parameters.		

5. Set	kilovolts	according	to	the	need.	High	3	low	25	will	give	10	kV.	High	4	

low	80	will	give	15	kV.	High	6	low	45	will	give	20	kV.	High	8	low	0	will	

give	25	kV.	

6. After	you	have	started	the	syringe	pump	you	can	press	the	green	HV	ON	

from	the	Spellman	SL30.	

7. Turn	 of	 the	 voltage	 from	 the	 red	 HV	 OFF	 button	 before	 you	 open	 the	

doors	or	operate	the	syringe	pump.		

Trouble	shooting	

To	avoid	the	drying	of	polymer	inside	the	needle,	the	voltage	should	be	applied	

only	 after	 the	 flow	 of	 solution.	 It	 is	 advisable	 to	 leave	 the	 syringe	 pump	

operating	on	a	small	speed,	e.g.	0.005	ml/min,	between	the	changes	in	process.	

You	 might	 also	 need	 to	 clean	 the	 needle	 tip	 from	 dry	 polymer	 during	 the	

process,	just	remember	to	turn	off	the	voltage!	

Make	sure	the	syringe	is	secured	correctly.		

It	 is	 also	 advisable	 to	 use	 fresh	 polymer	 solution	 every	 day	 due	 to	 solvent	

evaporation	and	the	resulting	increase	in	viscosity.		
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Rotating	Cell	Culture	System	(RCCS)	Bioreactor	

This	 appendix	 by	 Tommi	 Lintilä	 gathers	 all	 the	 necessary	 information	 and	

instructions	needed	to	build	an	RCCS	pilot.	

Parts	list	

Table	1.	A	summary	of	all	the	needed	parts	to	build	an	RCCS.	

Part	 Where	to	get	it	 Order	qty/	

needed	qty	

Order		

Price	

Power	supply	for	

+5V	and	+12V	

http://www.ebay.com/itm/AC-110V-220v-to-

12V-5V-DC-LCD-Dual-Voltage-Power-Supply-	

Module-Universal-Adaptor-

/330943337806?hash=item4d0dc2954e:g:Bp4AA

Oxy~g5Rw1Rp		

1/1	 7,41	€	

Power	supply	

cable	

http://www.ebay.com/itm/3-Prong-4FT-AC-

Power-Supply-Cord-Cable-for-Laptop-EU-

/182218967523?hash=item2a6d18c9e3:g:9-

EAAMXQqWNSJtB-		

1/1	 1,70	€	

Arduino	Uno	 http://www.ebay.com/itm/Original-Arduino-Uno-

R3-ATmega328-Official-Genuine-original-board-

Made-in-Italy-

/281802283835?hash=item419cb99b3b:g:OeEAA

OSwfZ1WZVGk		

1/1	 24	€	

Nema	17	stepper	

motor	

http://www.ebay.com/itm/Stepper-motor-

Nema17-shaft-for-5mm-pulley-RepRap-CNC-

Prusa-Rostock-3D-printer-

/142032687669?hash=item2111ced235:g:aLAAA

OSwc1FXadod		

1/1	 8,15	€	
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Toggle	switch	 http://www.ebay.com/itm/KAYI-SPDT-ON-OFF-

ON-Mini-Toggle-Switches-EP07-

/281560206113?hash=item418e4bcb21:g:FsoAA

OSwYGFUsySl		

1/1	 0,68	€	

100	uF	capacitor	 http://www.ebay.com/itm/12Pcs-100Uf-50V-

105C-Radial-8X12-Mm-Electrolytic-Capacitor-Ic-

New-Diy-Develope-C-

/301898413929?hash=item464a8c3769:g:tuEAA

OSw14xXEiQ-	

12/1	 0,86	€	

3	pole	screw	

terminal	block	

http://www.ebay.com/itm/10pcs-3-Poles-3-Pin-

2-54mm-0-1-PCB-Universal-Screw-Terminal-

Block-Connector-

/291553598656?hash=item43e1f2dcc0:g:rhEAAO

SwDNdV5WQY		

10/1	 0,90	€	

Mounting	plate	

for	stepper	

motor	

http://www.ebay.com/itm/Alloy-Steel-Mounting-

Bracket-holder-For-42mm-NEMA17-Stepper-Motor-

42-Steps-hk-us-

/201619580069?hash=item2ef176a4a5:g:bfwAAOSwh

OVXf9C~	

1/1	 2,10	€	

Breadboard,	400	

point	

https://www.dx.com/s/breadboard+400+tie+point		 1/1	 1,82	€	

10K	precision	

potentio-meter	

https://www.dx.com/s/10kohm+precision+potentiom

eter		

1/1	 2,95	€	

2x16	LCD	screen	

with	I2C	adapter	

http://www.dx.com/s/1602+lcd+screen+i2c	 1/1	 4,81	€	

A4988	stepper	

motor	controller	

http://www.dx.com/s/a4988	 1/1	 2,15	€	

Male-to-female	

jumper	

https://www.dx.com/s/20-pack+male+female+jumper	 20/8	 1,60	€	

Male-to-male	

jumper	

https://www.dx.com/s/breadboard+jumper+70-cable	 70/20	 2,63	€	

Brass	shaft	

coupling	5mm	

http://www.ebay.com/itm/2pcs-Brass-Shaft-Coupling-

Coupler-DC-Motor-Connector-Robot-DIY-Accessories-

5mm-/271910036214?hash=ite	

m3f4f19e2f6:g:nJYAAOSw-YVXk-wQ	

2/1	 3,40	€	
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125	ml	container	 	 1	 	

100x100x3mm	

plastic	sheet	

	 1	 	

Ø	110/70mm	

25mm	nylon	tube	

	 1	 	

Piece	of	plywood	 	 	 	

M4x20mm	hex	

screw	

	 3	 	

M4x10mm	hex	

screw	

	 1	 	

M3x8mm	hex	

screw	

	 4	 	

M4	washer	 	 1	 	

M4	spring	

washer	

	 1	 	

Self-drilling	

screw,	small	

	 3	 	

Self-drilling	

screw,	long	

	 2	 	

	 	 Total:	 65,16	€	

	

Building	instructions	

1. List	 of	 tools	 you	need:	 a	 soldering	 iron,	 screwdrivers,	 hex	 keys,	 a	 drill	 and	

bits,	M4	threaded	pin,	a	wire	saw.	

2. Let’s	 first	 create	 the	 frame	 for	 the	 container	 from	 the	 nylon	 tube.	 Make	

three	3.3	mm	through	holes	with	equal	spacing	normal	to	the	outer	plane	of	

the	nylon	tube.	

3. Drill	7	mm	holes	half	way	through	the	same	holes	done	in	the	previous	step.	

4. Use	 the	M4	 threaded	 pin	 to	 create	 threads	 in	 the	 holes	 done	 in	 previous	

steps.	

5. Drill	 three	2.5	mm	holes	half	way	 through	with	equal	 spacing	 to	 the	other	

end	of	the	tube.	
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6. Take	the	100	x	100mm	plastic	sheet.	Draw	the	shape	of	the	outer	side	of	the	

tube	to	the	sheet.	Saw	this	form	with	a	wire	saw.	

7. Drill	2.5	mm	holes	to	the	sheet	equally	as	to	the	nylon	tube.	

8. Drill	a	4	mm	hole	into	the	middle	of	the	sheet.	

9. Connect	the	sheet	to	the	tube	with	three	small	self-drilling	screws	

10. Add	the	three	M4	x	20mm	hex	screws	to	the	container	frame	

11. Create	 the	 stand	 for	 the	 motor	 from	 plywood.	 Estimate	 the	 amount	 of	

plywood	needed.	Take	into	account	that	the	dimensions	of	the	nylon	tube.	

12. Use	 long	 self-drilling	 screws	 to	 connect	 the	mounting	plate	 of	 the	 stepper	

motor	to	the	plywood	base.	

13. Connect	the	stepper	motor	to	the	mounting	with	M3x8mm	hex	screws.	

14. Connect	 the	brass	 shaft	 coupling	 to	 the	axle	of	 the	 stepping	motor	with	 a	

hex	screw.	

15. Connect	the	container	frame	to	the	coupling	with	a	M4	x	20mm	hex	screw.	

Add	the	M4	washer	plate	and	spring	washer	plate	to	the	side	of	the	screw	

head.	

16. The	structure	is	ready!	

17. When	 needed,	 solder	 jumper	 wires	 to	 the	 pins	 of	 the	 potentiometer	 and	

toggle	switch,	so	that	they	are	possible	to	connect	to	the	breadboard.	

18. Instead	of	buying	a	power	supply	to	convert	the	mains	current	to	12	V	and	5	

V,	one	can	utilize	an	old	computer	power	supply.	Instructions	for	this	can	be	

found	 for	 example	 here:	 http://www.instructables.com/id/ATX--%3E-Lab-

Bench-Power-Supply-Conversion/?ALLSTEPS		

Wiring	

Wiring	of	the	bioreactor	 is	shown	in	Figure	1.	External	Ground,	+5V	and	+12V	are	

connected	to	appropriate	terminals	 in	the	screw	block.	Black	wires	depict	Ground,	

red	wires	+5V	and	yellow	wires	+12V	(except	in	stepper	motor	wires).	There	wasn’t	

available	 a	model	 of	 the	 LCD	 screen	with	 I2C	module.	 To	make	 it	 clear,	 the	 LCD	

screen	Ground	is	connected	to	Ground,	Vcc	to	+5V,	SDA	to	Arduino	A4	and	SCL	to	

Arduino	 A5.	 +%V	 is	 connected	 to	 stepper	 motor	 driver	 in	 left	 side	 row	 3.	 More	
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information	 on	 the	 stepper	 motor	 connections	 can	 be	 found	 in:	

https://www.pololu.com/product/1182.	

Figure	1.	Wiring	diagram	for	the	bioreactor.	

Software	

Here	is	the	code	for	Arduino	IDE:	

	

//	This	software	reads	potentiometer	value	and	converts	it	to	a	speed	order	to		

//	 a	 stepping	 motor.	 Quarter	 step	 mode	 is	 applied	 as	 default.	 The	 applied	

rotational	

//	 speed	 in	 RPM	 is	 calculated	 and	 shown	 in	 an	 16	 x	 2	 LCD	 screen	 with	 I2C	

adapter	

	

//	Define	pins	and	auxiliary	variables	

int	potPin	=	0;	

int	potval	=	0;	

int	potvalold	=	0;	
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int	stepPin	=	3;	

int	dirPin	=	7;	

int	stopPin	=	4;	

//	how	many	pulses	are	outputted	in	sec	for	motor	driver	

int	pulseFreq	=	0;	

float	RPM	=	0;	

int	stopped	=	true;	

int	stopped_old	=	true;	

	

//	 Look	 for	 help	 with	 I2C	 LCD	 screen:	

http://forum.arduino.cc/index.php?topic=128635.0		

//define	libraries	

#include	<Wire.h>		

#include	<LiquidCrystal_I2C.h>	

	

/*-----(	Declare	objects	)-----*/	

//	set	the	LCD	address	to	0x27	

//	Set	the	pins	on	the	I2C	chip	used	for	LCD	connections:	

//																				addr,	en,rw,rs,d4,d5,d6,d7,bl,blpol	

LiquidCrystal_I2C	lcd(0x27,	2,	1,	0,	4,	5,	6,	7,	3,	POSITIVE);	 	//	Set	the	LCD	I2C	

address	

	

void	setup()	{	

		//	initialize	the	step	pin	as	an	output:	

		pinMode(stepPin,	OUTPUT);	

		//	Initialize	the	pullup	resistor	for	the	stop	pin	

		pinMode(stopPin,	INPUT_PULLUP);			

		digitalWrite(stepPin,	LOW);	

		//	Define	 the	direction	of	 rotation	 -	 this	 is	 the	only	place	 in	 code	where	 it	 is	

defined	

		digitalWrite(dirPin,	LOW);	
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		lcd.begin(16,2);	 	 	 	 	 	 	 	 	 //	 initialize	 the	 lcd	 for	 16	 chars	 2	 lines	 and	 turn	 on	

backlight	

		delay(1000);	

}	

	

void	loop(){		

		stopped_old	=	stopped;	

		//	Read	the	toggle	switch	position	to	see	if	the	user	wants	to	run	the	motor	

		stopped	=	digitalRead(stopPin);	

		if(stopped	==	HIGH	&&	stopped_old	==	HIGH){	

				//	The	toggle	switch	was	in	stopped	position	and	is	still	there	

				//	Let's	make	sure	that	no	step	pulses	are	given	

				noTone(stepPin);	

				digitalWrite(stepPin,LOW);	

				//Read	pot	value	

				potval	=	analogRead(potPin);	

				//	Convert	potential	reading	for	a	desired	pulse	frequency	

				pulseFreq	=	map(potval,	0,	1023,	31,	500);	

				//	Convert	pulse	frequency	to	rotational	speed	

				//	RPM	=	60*(pulses	in	second)/(steps	in	a	round)/(stepping	mode	=	quarter	

=	4)	

				RPM	=	60*float(pulseFreq)/200/4;	

				lcd.setCursor(0,0);	//Start	at	character	0	on	line		

				lcd.print("Stopped		");	

				lcd.setCursor(0,1);	

				lcd.print(RPM);	

				lcd.print("	RPM	");	

		}	

		else	if(stopped	==	LOW	&&	stopped_old	==	HIGH){	

				//	The	toggle	switch	was	in	stopped	position	but	is	now	turned	on	

				//	If	the	desired	speed	is	high	enough,	apply	a	ramp	up	routine	

				if(pulseFreq	>	250){	

						lcd.setCursor(0,0);	
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						lcd.print("Ramp	up		");	

						tone(stepPin,	pulseFreq/2);	

						delay(1000);	

						tone(stepPin,	pulseFreq*3/4);	

						delay(500);	

				}	

		}	

		else	if(stopped	==	HIGH	&&	stopped_old	==	LOW){	

				//	The	toggle	switch	was	in	running	position	but	is	now	turned	off	

				//	If	the	desired	speed	is	high	enough,	apply	a	ramp	down	routine	

				if(pulseFreq	>	250){	

						lcd.setCursor(0,0);	

						lcd.print("Ramp	down");	

						tone(stepPin,	pulseFreq*3/4);	

						delay(1000);	

						tone(stepPin,	pulseFreq/2);	

						delay(500);	

				}	

		}	

		else{	

				//	The	toggle	switch	is	in	running	position	

				lcd.setCursor(0,0);	

				lcd.print("Running		");	

				//	 tone	 function	 can	 be	 used	 for	 our	 purposes	 to	 send	 pulses	 to	 motor	

controller	

				tone(stepPin,	pulseFreq);	

		}	

		//	The	void	loop	is	run	after	every	0,5	s.	

		delay(500);	

}
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Light	microscope	(LMS)	images	of	samples	1	-	26	

	 	 	
Figure	1.	10X	magnifications	of	samples	1,	2	and	3.		

10x	0,02ml/min	–	100mm	–	10/15/20kV	

	

	 	 	
Figure	2.	40X	magnifications	of	samples	1,	2	and	3.		

40	x	0,02ml/min	–	100mm	–	10/15/20kV	

	

	 	 	
Figure	3.	10X	magnifications	of	samples	4,	5	and	6.		

10	x	0,02ml/min	–	125mm	–	10/15/20kV	
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Figure	4.	40X	magnifications	of	samples	4,	5	and	6.		

40	x	0,02ml/min	-	125mm	–	10/15/20kV	

	

	 	 		

	
Figure	5.	10X	magnifications	of	samples	7,	8,	9	and	10.		

10	x	0,02ml/min	–	150mm	–	10/15/20/25kV	
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Figure	6.	40X	magnifications	of	samples	7,	8,	9	and	10.		

40	x	0,02ml/min	–	150mm	–	10/15/20/25kV	

	

	 	 		

	 	
Figure	7.	10X	magnifications	of	samples	11,	12,	13,	14	and	15.		

10	x	0,05ml/min	–	100mm	–	15/17,5/20/22,5/25kV	
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Figure	8.	40X	magnifications	of	samples	11,	12,	13,	14	and	15.		

40	x	0,05ml/min	–	100mm	–	15/17,2/20/22,5/25kV	

	

	 	 		

	 	
Figure	9.	10X	magnifications	of	samples	16,	17,	18,	19	and	20.		

10	x	0,05ml/min	–	125mm	–	10/12,5/15/20/25kV	
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Figure	10.	40X	magnifications	of	samples	16,	17,	18,	19	and	20.	

40	x	0,05ml/min	–	125mm	–	10/12,5/15/20/25kV	

	

	 	 		

	
Figure	11.	10X	magnifications	of	samples	21,	22,	23	and	24.		

10	x	0,05ml/min	–	150mm	–	10/15/20/25kV		
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Figure	12.	40X	magnifications	of	samples	21,	22,	23	and	24.	

40	x	0,05ml/min	–	150mm	–	10/15/20/25kV		

	

	 	
Figure	13.	10X	and	40X	magnifications	of	sample	25.	

10	&	40	x	0,08ml/min	–	100mm	–	15kV	

	

	 	
Figure	14.	10X	and	40X	magnifications	of	sample	26.	

10	&	40	x	0,08ml/min	–	150mm	–	15kV	
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1.	Scanning	electron	microscope	(SEM)	images	of	samples	4,	11,	12,	14,	19	and	25	

	
Figure	1.	200X	magnification	of	sample	4	taken	with	SEM.	

	 	
Figure	2.	On	the	left	2000X	and	on	the	right	5000X	magnification	of	sample	4	taken	with	SEM.	



APPENDIX	4	 (2/6)	

	

	
	
	

	

	
Figure	3.	200X	magnification	of	sample	11	taken	with	SEM.	

	 	
Figure	4.	On	the	left	2000X	and	on	the	right	5000X	magnification	of	sample	11	taken	with	SEM.	
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Figure	5.	200X	magnification	of	sample	12	taken	with	SEM.	

	 	
Figure	6.	On	the	left	2000X	and	on	the	right	5000X	magnification	of	sample	12	taken	with	SEM.	
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Figure	7.	200X	magnification	of	sample	14	taken	with	SEM.	

	 	
Figure	8.	On	the	left	2000X	and	on	the	right	5000X	magnification	of	sample	14	taken	with	SEM.	
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Figure	9.	200X	magnification	of	sample	19	taken	with	SEM.	

	 	
Figure	10.	On	the	left	2000X	and	on	the	right	5000X	magnification	of	sample	19	taken	with	SEM.	
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Figure	11.	200X	magnification	of	sample	25	taken	with	SEM.	

	 	
Figure	12.	On	the	left	2000X	and	on	the	right	5000X	magnification	of	sample	25	taken	with	SEM.	

	

	


