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Abstract    
  
Type   I   Diabetes   Mellitus   (TIDM)   is   an   autoimmune   disease,   which   involves   the  

destruction  of  beta-cells   leading  to   insulin  deficiency  and  an  increase  in  blood  glucose  

levels.  Microencapsulation  of  human  islets  is  a  promising  therapy  for  treatment  of  TIDM  

without  the  need  for  immunosuppressants.  However,  one  disadvantage  associated  with  

microencapsulation   is   the   possible   induction   of   islet   hypoxia   due   to   the   prevention   of  

revascularization   and   an   increase   in   the   oxygen   diffusion   distance.   In   order   to  

investigate   the   effects   of   hypoxia   on   encapsulated   islets,   a   microfluidic   array   was  

developed  and  integrated  with  oxygenation  control  to  provide  and  mimic  various  hypoxic  

conditions.   We   were   able   to   demonstrate   that   hypoxia   impairs   the   function   of  

microencapsulated   islets   at   the   single   islet   level,   showing   a   heterogeneous   pattern  

reflected   in   intracellular   calcium   signaling,  mitochondrial   energetic,   and   redox   activity.  

Our  approach  demonstrated  an  improvement  over  conventional  hypoxia  chambers.  This  

work   demonstrates   the   feasibility   of   array-based   cellular   analysis   and   opens   up   new  

modality   to   conduct   informative   analysis   and   cell-based   screening   for  

microencapsulated  pancreatic  islets.  

One  of   the  major  challenges  of  current   in  vivo  tools  to  study   islets  and  diabetes   is  the  

limited  number  of   islets   that  can  be  assessed   in  a  single  device.  Another  challenge   is  

the   inability   to   satisfactorily   assess   the   heterogeneous   property   of   individual   islets,  

especially   when   testing   a   large   quantity   of   islets   simultaneously.   Examination   of  

heterogeneous   properties   at   the   individual   islet   level   often   provides   more   detailed  

physiological   or   pathophysiological   information   than   averaging-based   population  

methodologies.   For   example,   it   will   enable   better   understanding   of   human   islet  

functionality  from  a  reasonable  sample  size  and  will  provide  a  better  predictive  value  for  

islet  transplant  outcomes  if  many  individual   islets  can  be  individually  assessed  instead  

of  averaging  a  bulk  response.   In   this   report,   the  aim   is   to  develop  a  novel  microfluidic  

islet   array,   based   on   the   hydrodynamic   trapping   principle,   for   investigating   the  

complexity  of  physiological  or  pathophysiological  behavior  of  individual  pancreatic  islets  

in  a  larger  islet  population.  Furthermore,  we  aim  to  explore  the  feasibility  of  array-based  
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cellular  analysis   to  provide  more   informative  data  on  pancreatic   islets  and   to  act  as  a  

platform  to  evaluate  antidiabetic  drugs.    

Our  Lab  collaboration  with  MIT  determined  that  fibrosis  of  materials  is  largely  dependent  

on   the   size   and   shape.   It   has   been   proven   that   islets   prepared   in   1.5-mm   alginate  

capsules  were  able  to  restore  blood-glucose  control  for  up  to  180  days,  a  period  more  

than  five  times  longer  than  for  conventionally  sized  0.5-mm  alginate  encapsuleted  islet.  

These  new  findings  propose  that  the  in  vivo  biocompatibility  of  biomedical  devices  can  

be  significantly  enhanced  simply  by  tuning  their  spherical  dimensions.  In  third  project,  a  

new   platform   has   been   designed,   verified   and   successfully   tested   that   can   be  

successfully  applied   to   investigate  and  study   the  properties  of  1.5  mm  macrocapsules  

and  also  to  evaluate  the  functionality  of  islets  inside  these  microcapsules.  The  device  is  

capable  of  immobilizing  macrocapsules  for  short-term  and  long-term  dynamic  and  static  

stimulation  and   live  cell   imaging.  Using  this  new  platform,  we  are  continuing  the  study  

on  macrocapsules  to   investigate  how  the  size/volume  of   the   immune-isolation  material  

affects  islet  functionality.  

Lastly,   in   order   to   achieve   insulin   independence,   a   minimum   of   5000   IEq/   kilogram  

patient  body  weight  is  needed  per  islet  cell  transplantation.  Currently,  islet  quantification  

prior   to  transplantation   is  conducted  manually,  which  can  result   in   increased  variability  

in   total   counts   as   well   as   being   time-consuming.   To   overcome   this   challenge   a  

microfluidic  based   islet   quantification  platform   integrated  with  a   smartphone  has  been  

proposed  for  accurate,  cost-effective  and  rapid  islet  cell  counting  and  quantification.    

In   these   four   projects,   we   were   able   to   demonstrate   an   array   of   applications   for  

microfluidic  technology  in  the  study  of  both  naked  and  encapsulated  islet  cells  that  can  

help  to  better  understand  diabetes.    
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Chapter  I.  Introduction  

The  Pancreas  and  Islet  of  Langerhans    

The   human   pancreas   is   a   gland   with   dual   exocrine–endocrine   function   and   consists   of   four  

different  components;;  the  exocrine  tissue  (98%),  the  ducts,  the  endocrine  cells  (1-2%),  and  the  

connective  tissue1.  Exocrine  cells  release  digestive  enzymes  for  nutrient  digestion.  On  the  other  

hand,   endocrine   cells  maintain   glucose   balance   by   secreting   several   hormones.   The   specific  

cells  found  within  the  pancreas  are  known  as  the  islets  of  Langerhans  and  are  localized  within  

the  endocrine  tissue.  The  islets  of  Langerhans  or  islets  are  composed  of  five  different  cell  types.  

α-cells   are   responsible   for   glucagon   secretion   that   can   cause   the   liver   to   convert   stored  

glycogen  into  glucose  during  periods  of  hypoglycemia  (figure  1).  The  α-cells  make  up  3~10%  of  

the   islet   cell   mass.   β-   cells   are   responsible   for   insulin   production,   which   is   essential   for   the  

breakdown   of   glucose2.   β-   cells   make   up   65~85%   of   the   islet   cell   mass.   Insulin   secretion   is  

primarily   controlled   by   the   glucose-stimulated   pathway.   Delta-cells   produce   somatostatin   that  

can   inhibit   insulin   and   glucagon   secretion   by   the   excretion   of   certain   hormones3.   Pancreatic  

polypeptide   (PP)   cells   release   PP   hormones,   and   the   fifth   type   of   cell   found   in   islets   is   the  

epsilon   cells4.   There   are   approximately   one   million   islets   distributed   throughout   an   average  

human  pancreas.  Single  islets  are  comprised  of  between  1,000-2,000  individual  cells.  An  adult  

human  islet  ranges  in  size  from  50  to  400  µm  in  diameter  and  is  surrounded  by  a  thin  collagen  

layer.   In  addition  a  highly  dense  network  of   capillaries  and  glial   sheets   separate   the  exocrine  

tissue  from  the  endocrine  cells5.  The  dense  capillary  structure  found  within  the  islet  vasculature  

provides  oxygen  and  glucose   to   the  cells  as  well  as  aids   in   the  circulation  of  hormones  within  

the  islets.  Glucose  is  the  primary  component  that  controls  the  release  of  insulin  within  the  β-  cell  

cycle.  When  glucose  enters  the  β-  cell  via  the  GLUT2  transporters,  the  glucose  is  converted  into  

a  metabolized  glucose  state  via  an  enzymatic  reaction  from  the  enzyme  glucokinase.  When  the  

glucose  is  broken  down  a  sufficient  amount  of  ATP  is  generated.  Increased  production  of  ATP  
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leads   to   the   closure   of   K+/ATP   channels.   In   turn,   the   closed   K+/ATP   channels   leads   to   an  

increase  in  the  K+  ions  within  the  β-  cell  which  eventually  leads  to  the  depolarization  of  the  cell  

membrane.  This  depolarization  causes  the  Ca+2/voltage  gated  ion  channels  to  open,  causing  an  

influx   of   Ca+2   ions   within   the   cytoplasm   of   the   β-   cell.   The   influx   of   Ca+2   ions   results   in   the  

exocytosis  of   insulin  granules.  The   release  of   insulin  occurs   in  a   two-phase  biphasic  manner.  

The   first   phase   releases   insulin   that   has   been   initially   stored   within   the   insulin   granules;;   the  

release  of  insulin  from  this  phase  occurs  much  quicker  compared  to  the  second  phase  of  insulin  

release.  In  the  second  phase,  insulin  release  is  much  more  prolonged  as  glucose  must  first  be  

metabolized.  ATP  is  produced  and  released  and  the  membrane  depolarized  to  allow  an  influx  of  

Ca+2  ions6,  which  in  turn  allows  for  insulin  secretion.    
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Figure1.  A.  The  pancreas   is   positioned   in   the  back  of   the   abdomen.  The  organ  produces  digestive   enzymes  and  

various  hormones,  which  are  delivered   to   the   small   intestine   (duodenum)  and  bloodstream   respectively.  The  most  

important  hormone  in  glucose  regulation  produced  by  the  pancreas  is  insulin.  Insulin  is  produced  by  specialized  cells  

in   the   islets   of   the   pancreas,   known   as   beta   cells.   B.   Mouse   pancreatic   islet   is   a   spherical   group   of   hormone-

producing   cells.   Insulin   is   highlighted   in   green,   glucagon   in   red,   and   the   nuclei   in   blue.  C.   Schematic   of   an   islet.    

https://en.wikipedia.org  
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Diabetes  and  classification    

Diabetes   is   a   group   of   metabolic   diseases   described   by   hyperglycemia   resulting   from  

deficiencies  in  insulin  secretion,  insulin  function,  or  both.  The  chronic  hyperglycemia  of  diabetes  

is   associated   with   dysfunction,   long-term   damage,   and   failure   of   organs,   particularly   eyes,  

nerves,  kidneys,  and  blood  vessels7.  There  are  two  major  types  of  diabetes  and  several  factors  

exist  that  affect  the  development  of  these  diseases.    

Type  I    

Type  I  diabetes  accounts  for  almost  5–10%  of  all  types  of  diabetes  in  the  general  population.  It  

was   known   as   juvenile-onset   diabetes   or   insulin   dependent   diabetes.   This   type   of   diabetes  

(figure  2)   is  caused  by  autoimmune  destruction  of   the  β  -cells   in  the  islets7.  The  rate  of  β  -cell  

destruction  varies   from  person   to  person  diagnosed  with   this   type  of  diabetes.   In  children   the  

rate  of  β-  cell  damage  happens  at  a  much  faster  rate  in  comparison  to  adults7.  Ketoacidosois  is  

the  main  indicator  of  the  development  of  diabetes  within  children  and  adults7.  Other  individuals  

have  modest  fasting  hyperglycemia  that  can  alter  to  adjust  to  hyperglycemia  and/or  ketoacidosis  

induced  by  an   infection  or   other   stresses7.   In   adulthood,  many   variables   affect  β-cell   function  

sufficiency   to   prevent   ketoacidosis   for   several   years7.   Especially,   these   individuals   ultimately  

become  insulin-dependent   to  prolong  their   life  expectancy,  however,  are  at  a  higher  risk   to  be  

identified  with  ketoacidosis  as  time  progresses7.  At  the  latter  stage  of  this  disorder,  there  exists  

little   or   no   insulin   secretion   at   all,   as   established   by   undetectable   or   low   plasma   C-peptide  

levels.  Immune-mediated  diabetes  can  happen  at  any  age,  even  in  the  later  stages  of  juvenile7.  

Autoimmune  destruction  of  β  -cells  can  be  connected  to  environmental  factors  and  also  genetics  

in  the  family  history,  many  of  which  are  still  unknown7.  Though  patients  identified  with  this  type  

of  diabetes  are  less  expected  to  be  obese,  the  presence  of  obesity  is  not  incompatible  with  the  

diagnosis7.  Moreover,  patients  diagnosed  with  this  type  I  diabetes  are  at  a  higher  risk  of  being  

diagnosed   with   other   types   of   autoimmune   disorders7.   Individuals   with   type   I   diabetes   often  
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suffer   from   episodic   ketoacidosis   and   exhibit   varying   degrees   of   insulin   deficiency   between  

episodes.  A  need   for   insulin   replacement   therapy   in  patients  diagnosed  with   this  disease  may  

come  and  go,  and  vary  from  individual  to  individual  based  on  the  severity  of  the  disease7.    

Type  II  diabetes    

Type  II  diabetes  accounts  for  90–95%  of   the  diabetes  population.  Type  II        diabetes  has  been  

before   indicated   to   as   adult-onset   or   non-insulin   dependent.   Type   II   diabetes   (figure2)   is  

categorized  by  people  who  have  insulin  resistance  and  usually  have  relative  insulin  deficiency7.  

For   some   individuals   with   type   II   diabetes,   insulin   injections   are   not   necessary.      There   exist  

many   different   aspects   that   affect   the   onset   of   this   type   of   diabetes7.   Though   the   specific  

reasons  are  not  known,  autoimmune  destruction  of  β-  cells  is  not  a  direct  reason.  The  majority  

of   individuals   with   Type   II   diabetes   are   considered   obese.   Obesity   is   identified   to   have   the  

capability   to  cause   insulin  resistance.  Ketoacidosis   is   rarely   identified   in   this   type  of  diabetes7.  

Type   II   diabetes   is   hard   to   diagnose   and   can   go   undetected   for   years   as   hyperglycemia  

progresses   over   time   and   gradually   and   at   earlier   stages   is   often   not   severe   enough   for   the  

patient  to  notice  any  of  the  classic  symptoms  of  diabetes.  Insulin  resistance  may  be  resolved  in  

patients  who  lose  weight  or  may  be  improved  with  medication  and  treatment.  However,  it  is  hard  

and   difficult   to   get   normal   insulin   release   over-time   for   these   patients   7.   There   exist   many  

reasons  that  contribute  to  a  higher  risk  of  developing  type  II  diabetes,  such  as  obesity,  age  and  

lack  of  activity7.    

Currently,  one  of   the  promising  therapies  that  exists   for  Type  I  diabetic  patients   is  clinical   islet  

transplantation7.  Clinical   islet   transplantation   is   a   fast,   non-invasive   procedure   that   involves   a  

small   incision   in   the   patient’s   abdomen.   Often   the   patient   can   go   home   the   same   day   or  

following  day  of  the  procedure7.  
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Figure 2. Diabetes and glucose - insulin action and diabetes type I and II. 
http://www.noahhealth.org/what-is-diabetes 
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Clinical  Islet  Transplantation  
The   idea  of   transplanting  pancreas  extracts   in   patients  was   first   stated   in   18948.   The  

scientist   Williams   used   pieces   of   a   sheep's   pancreas   oral   treatment   and   therapy8,9.  

Sheep  xenografts  without  immunosuppressive  drug  were  used  and  the  outcomes  were  

a  complete   failure8.   In  1972,  Ballinger  and  Lacy  described   that   islet   isografts   into   rats  

diabetic   could   result   in   normal   glucose   levels8,10.   Furthermore,   these   outcomes   led  

investigators   to   further   examine   these   results   and   by   the   1980s   successful  

transplantation  of  islet  autografts  was  reported11,12,13.  In  the  autograft  method,  a  patient  

identified  with  pancreatitis  undergoes  complete  organ  islolation  and  pancreatectomy  in  

order   to   comfort   the   pain   initiated   by   the   pancreatitis.   Then   the   pancreas   will   be  

digested   with   collagenase,   and   purified   for   transplant.   Islets   then   infused   into   the  

patient's  portal  vien8.  By  1992,  researchers14  described  that  265,000  individual  islets  is  

sufficient  to  accomplish  insulin  independence  within  a  diabetic  patient8.  

By   1980s,   the   first   allogeneic   islet   transplantation   was   successfully   conducted15.  

However,  globally,   the  overall   rates  of   insulin   independence  after   transplantation  were  

described   to  be   less   than  10%8,16.  By  2000,  diabetes   researchers   reported   to  achieve  

100   %   success   in   7   patients8,17,18.   The   improved   rate   of   success   caused   from   new  

methods  and  modified  approaches  used  when  compared  with  the  conventional  methods  

of   immunosuppressive   treatments8.   Islet   cells   transplantation   is   a   promising   cure   for  

type  I  diabetes  patients,  but  there  exist  some  limitations  to  this  treatment.  One  of  these  

factors   is   that  a  high  number  of  high  quality  purified   islets  must  be  yielded   from  each  

isolation  in  order  to  be  transplanted  into  the  matching  recipient8.    
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Figure   3.   Pancreatic   islet   isolation   and   transplantation   from   the   donor   to   the   recipient.  Adapted   from  

http://www.slideshare.net/.  
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The  procedure  of   islet   isolation   is   a   complex  process   involving   the   following   steps  as  

illustrated   in   figure  3.  Enzyme   is  perfused   into   the  pancreas   to  digest   the  surrounding  

collagen   and   to   free   the   individual   islets   via   the   enzymatic   process,   then  mechanical  

digestion  of  the  pancreas  is  conducted    using  a  so  called  Ricordi  chamber,  purification  

procedure   is   done   using   a   density   based  method   to   separate   purified   islets   from   the  

exocrine  tissue.  The  last  step  of  human  islet  isolation  is  to  culture  islets8.    

A  main  limitation  to  the  process  of  clinical  islet  transplantation  is  the  loss  of  islets  during  

culture  before  transplantation8,12.  

After   transplantation,   the   immunosuppressive   drugs   provides   a   protection   from   the  

recipient  immune  system  and  stops  the  destruction  of  the  islets.    

Another   reason  of   islet  cell   loss   is   the   fact   that   islets  do  not  have  a   fully  vascularized  

network   to   provide   the  appropriate   nutrients   to   survive8.   The   formation  of   vasculature  

network  takes  longer  to  develop  within  a  human  body  than  within  a  rodent  system.  Also,  

there  are   low  oxygen   level   in   the   liver  and   the   low   levels  of  oxygen   induces  hypoxia,  

which  is  a  major  contributor  to  islet  loss  as  previously  described8.  

The   instant   blood-mediated   inflammatory   reaction   further   promotes   formation   of  

platelets.   The   platelets   then   induce   the   formation   of   fibrin.   The      fibrin   influences  

macrophages,   and   this   promotes   an   instant   inflammatory   reaction,   which   is   another  

main  contributor  to  islet  loss12.  Many  researchers  are  investigating  potential  alternatives  

to  overcome  all   these  drawbacks  with  clinical   islet   transplantations.  One  method   is   to  

protect   the   islets   from  a   immune   reaction  via   the  process  of   islet  microencapsulation.  
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This   in   turn   would   eliminate   the   need   for   immunosuppressive   drugs8.   This   will   be  

discussed  further  in  following  sections.  

As   described   before,   Islet   transplantation   is   a   promising   therapy   for   type   I   diabetes.  

However,  in  order  to  be  successful  in  all  patients  that  receive  this  therapy,  it  is  crucial  to  

evaluate   islet   function  and  quality  prior   to   transplantation.  Current  standard  assays   for  

the  evaluation  of  human  islet  cell  functionality  do  not  provide  adequate  examination  and  

quantification   of   the   cells.   Therefore,   an   easy,   fast,   and   predictable   procedure   to  

evaluate   human   islets   to   increase   successful   outcomes   for   human   islet   cell  

transplantations  would  be  greatly  useful.  A  microfluidic  platform   that   enables   fast   and  

effective   islet   functionality   evaluation   prior   to   transplantation   is   discussed   in   detail   in  

project   2.   The   microfluidic   chip   proposed   here   can   provide   a   fast   and   effective  

evaluation  of  the  functionality  of  islet  cells  prior  to  transplantation.    

Islet  microencapsulation    

The   protection   of   islets   by   a   semi-permeable  membranes   from   the   recipient   immune  

system   has   been   examined   since   the   1970s.   However,   until   now   research   results   in  

both   academic   and   industrial   institutions   has   led   in   variable   achievement   in   rodent  

models.   However,   results   in   non-human   models   and   initial   clinical   trials   have   not  

established   very   successful   in   proving   non-immunoreactive   encapsulation   results   in  

vivo19,20.   The  principle   behind   the   cell   encapsulation  procedure   is   the  envelopment   of  

the   islets   in  a  semi-permeable  membrane  (figure  4).  The  porous  membrane  should   let  

the  passage  of  oxygen,  glucose  ,  insulin  and  nutrients,  while  simultaneously  preventing  

the  passage  of  immune  cells  and  antibodies19.    
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Figure  4.  A.  Magnified  image  of  encapsulated  rat  islets.  Viable  cells  stain  green  ____.  Non-viable  cells  stain  red  B.  

Schematic   representation   of   microcapsules,   which   act   as   barriers   to   protect   the   islet.   The   ultimate   goal   of  

immunoisolation   is   to   encapsulate   islets   using   a   highly   biocompatible   biomaterial   that   allows   for   the   passage   of  

minuscule   essential   molecules   such   as   oxygen   and   insulin,   while   preventing   the   entry   of   larger   molecules   and  

unwanted  immune  cells.    
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Methods  of  Encapsulation    

There  are  three  major  encapsulation  methods  examined  for  islet  transplantation.  These  

methods  of  encapsulation  are  classified  as  intravascular  macrocapsules,  extravascular  

macrocapsules,  or  microcapsules  (figure  5)21,22,23,  24.  Microencapsulation  (figure  5)  is  the  

process  of  encapsulation  of   cells,   including   individual   islets  or   clusters  of   islets   inside  

microcapsules25.   There   are   many   methods   in   order   to   manufacture   microcapsules  

including  double  emulsion,  and  electrified  coaxial  liquid  jets26,27.  Microcapsules  have  the  

capability  to  deliver  nutrient  and  oxygen  transport  as  a  result  of  the  large  surface  area–

to-volume   ratio.   A  main   obstacle   to   microencapsulation   is   the   challenge   of   removing  

capsules   post-transplantation.   The   fabrication   of   biocompatible   capsules   has   been   a  

huge   challenge   for   investigators   and   researchers   in   the   scientific   field.   Also,  

microencapsulated   islet   graft   failure   is   unavoidable   and   certain   factors   have   to   be  

examined  and  understood  in  order  to  provide  the  minimal  amount  of  failure  including  the  

factors  that  influence  a  graft  to  fail  as  will  be  discussed  in  the  next  section.  
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Figure  5.  Three  methods  of  encapsulating  islet  cells.  Adopted  from  reference  57.  

  

     



	   	   	   	   	   	   	  
	  

	  
	  

14 

  

Causes  of  in  vivo  microencapsulated  islet  graft  failure  

Better   understanding   of   the   reasons   of   in   vivo   micro-encapsulated   islet   cell   graft   failure   is  

necessary.   A   clear   fact   is   that   microencapsulated   auto-graft   and   allo-graft   survival   rates   are  

comparable,   suggesting   graft   failure   is   not   due   to   allograft   recognition28.   It   has   been  

demonstrated   that  prior   to  graft   failure,   there   is  an   increase   in  central  necrosis,  a  decrease   in  

islet  function,  and  overgrowth  of  the  micro-encapsulated  islet  cell  graft29,30.  Consequently,  there  

are  three  main  reasons  that  lead  to  micro-encapsulated  islet  cells  transplant  failure  that  can  be  

related   to   these   issues.   The   first   reason   might   be   the   bio-compatibility   of   the   capsules.   The  

materials  used   to   fabricate  micro-capsules  are  not  biocompatible  which   results   in  overgrowth.  

The   second   reason   can   be   linked   to   the   immune-protective   properties   of   the  micro-capsules.  

Immuno-protection   is  not  effective  because  capsules  may  allow  small   immune   factors   to  pass  

resulting  in  apoptosis  and  eventually  islet  graft  failure.  The  third  reason  is  the  gap  between  the  

encapsulated   islets   and   the   blood   supply.   An   increase   in   diffusion   distance   can   cause  

insufficient   oxygen   supply   to   islets,   and   irreversible   hypoxia.      The   hypoxia   ultimately   leads   to  

islet    cell  necrosis30.  The  hypoxia  might  play  a  vital  role  in  the  increase  of  replication  within  the  

islets  and  is  discussed  in  further  detail  in  the  next  section.  

Hypoxia  

An   important   issue   that   influences   encapsulated   islet   cells   graft   failure   is   hypoxia   (figure   6).  

Islets  are  made  of  a  network  of  capillaries.  These  capillaries  deliver  the  essential  nutrients  and  

oxygen  essential   for   islet   survival.  During   the  procedure  of   islet   isolation   these   capillaries  are  

damaged.   Micro-capsules   further   hinder   revascularization   of   islet   cells29.   Encapsulated   islets  

suffer   from   permanent   hypoxic   stress,   because   the   appropriate   supply   of   oxygen   is  

incomplete29.  Furthermore,  insulin  secretion  is  impaired  by  increased  diffusion  distance30-‐32.  As  a  

result,  successful   reversal  of  diabetes   in   rodents   requires  a  higher   islet  cell  mass30,33.  Despite  
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being  exposed   to   hypoxia,   encapsulated   islet   cells   are   able   to  maintain   normoglycemia  up   to  

few  months.  Therefore,  it  suggest  that  hypoxia  is  either  restricted  in  severity  or  limited  to  only  a  

fraction  of  the  islet  cells.  
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Figure  6.  Importance  of  oxygen  availability  for  the  survival  of  encapsulated  islets.(Adopted  from  ref  19)  
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A  potential  solution  to  reduce  hypoxia  negative  outcome  is  to  improve  and  modify  the  resistance  

of   the   overall   islet   cells34,35.   Also   an   alternative   implantation   site   can   be   a   well-vascularized  

implantation  site  and  such  investigation  are  ongoing.  As  many  factors  are  being  investigated  in  

order  to  reduce  microencapsulated  graft  failure,  researchers  are  interested  in  analyzing  cellular  

interactions  in  the  single  cell  level.  Novel  and  innovative  methods  need  to  be  further  developed  

and  introduced  within  the  scientific  field  in  order  to  analyze  cells  at  the  single  cell  level.  In  order  

to  further  understand  the  mechanism  of  hypoxia  it   is  necessary  to  study  encapsulated  islets   in  

vitro   in   real   time.  This  allows   for  better  understanding  of   the  mechanisms   involved   in  hypoxia  

and   aid   in   developing   effective   solutions.   In   project   1   and   3,   two   microfluidic   platforms   are  

presented  which  allow   for   in  vitro  analysis  of  encapsulated   islets  subjected   to  hypoxia.  These  

devices  can  be  effective  in  vitro  tools  to  analyze  encapsulated  islets  under  various  conditions.  

Dynamic  Single	  Cell  Analysis  

Researchers  in  chemical  biology,  biomedical  science  have  a  great  interest  in  how  cells  behave36  

(figure  7).  Key  processes  like  stem  cell  differentiation  and  proliferation  are  linked  to  the  cellular  

micro-environment37,38.  Some  biological  signals  initiate  from  cell-contact  mechanisms,  including  

cell–cell  interaction  and  cell–extracellular  matrix(ECM)  contacts.  Also  physical  signals,  including  

mechanical,  electrical,  and  thermal   factors  have  a  huge   impact  39-48.  Unfortunately,  cells  under  

identical   conditions   show   a   heterogeneous   response   and   behaviors49-53.   Cross   talk   between  

signaling   pathways,   the   small   number   of   molecules   involved   in   signaling   and   localization   of  

reactions   lead   to  stochastic  behavior   in   these  systems49,54,55.  As  a   result  of  heterogeneity   in  a  

population,   interest   has   been   mostly   on   the   analysis   of   many   individual   cells   to   define   the  

distribution  in  responses56-58.  Currently,  research  has  being  focused  on  providing  uniform  and  in-  

vitro   situation   for   cells   that   allows   other   parameters   to   be   evaluated   in   a   dynamic   and   high-

throughput  method36.   One   of   the  major   advantages   of   using   novel  microfluidics   is   that   these  

platforms  deliver  examination  of  single  cells  with  increased  precision  in  comparison  to  studying  

cells   as   a   group   population.   This   concept   can   be   applied   for   islets   as   well.   All   microfluidic  
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platforms   presented   here   allow   us   to   study   islets   and   capsules   individually   which   leads   to   a  

better   understanding   of   islet   physiology   and   behavior.   Often   times,   bulk   experimental  

procedures   can   be  misleading   in   the   overall   results   and   analysis   as   will   be   discussed   in   the  

following  chapter.    
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Figure  7.  Input–output  response  for  the  cellular  machine.  (adopted  from  reference  36)  
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Misleading  Bulk  Experiments    

Bulk   approaches   are   selected   because   they   are   simple   methods   for   studying   intracellular  

mechanisms36,  37.  However,  there  are  some  issues  associated  with  this  approach.  For  example,  

sometimes  when  same  designed  tests  are  conducted  many  times,  bulk-methods  do  not  deliver  

the  accurate  and  reliable  of  the  behavior  in  cells36,54(figure  8).  The  concept  of  using  microfluidics  

to  analyze  cells  and  islets  at  the  individual  level  has  made  it  possible  to  overcome  these  issues  

as  microfluidic  devices  can  be  designed  and  fabricated  to  trap  single  cells  and  islets  that  remain  

stationary  thus  allowing  for  proper  analysis   to   take  place.  These  key  features  provided  by   lab-

on-a-chip  methodologies  will  be  discussed  in  the  project  2.  
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Figure   8.   False   outcomes   can   be   achieved   when   the   bulk-blended   of   cell   population   is   studied.   Adopted   from  

reference  36.  
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Microfluidic  Techniques    

Cell  and  Particle  Trapping  in  Microfluidic  Systems  

The   capability   to   duplicate   ideal   situations   for  well   defined  micro-environments   and   controlled  

temporal/chemical/thermal   variations   is   important   for   cell–cell   interactions   high-resolution   and  

cell  behavior  studies36,37,57,58,59.  A  crucial  point  to  the  fast  lab-on-a-chip  advance  in  cell-biology  is  

that  microfluidics  delivers  a  tool  that  can  offer  precise  definition  of  a  confined  microenvironment  

with   high   temporal   and   spatial	   resolution   in   a   multiplex   setup60-63.   An   specific   area   for   this  

equipment   is   pharmaceutical   studies   linked   to   drug   screening   output57,64,65,66.   In   order   to  

completely  apply   the  advantages  of  microfluidic   integrated  cell   assays,  methods   for   long-term  

cell  immobilization  at  defined  locations  are  vital.    

An   straightforward   approach   for   trapping   particles   in   a   parallel   fashion   is   to   apply  micro-well  

arrays   (figure  9).  Although  simple,  micro-well   approach   fails   to  effectively   immobilize  particles  

and   the   precise   manipulation   of   a   given   particle’s   position   is   not   possible.   Therefore,   other  

methods   must   be   studied,   developed   and   applied   to   better   immobilize   particles   that   enable  

researches  to  control  particle  positions  inside  microfluidic  chips.  
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Figure  9.  Microwell  array  for  single  cell  trapping.  Adopted  from  reference  67.  
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Hydrodynamic  Cell  Trapping  

The  most  common  method   for  particle/cell   trapping  within  microfluidic  platforms   is   through   the  

creation  of  side  channels  localized  within  a  main  transport  channel.  A  verity  of  different  trapping  

mechanism  are  shown  in  figures  10  to  13  57,68,69,70,71-‐76	  .  
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Figure  10.  cell  trapping  mechanism  adopted  with  permission  from  reference  68.    

  

  

Figure  11.  cell  trapping  mechanism  adopted  with  permission  from  reference  68.  
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Figure  12.  cell  trapping  mechanism  adopted  with  permission  from  reference  68.  

  

Figure  13  cell  trapping  mechanism  adopted  with  permission  from  reference  68.  
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An  innovative  technique  for  particle  trapping  proposed  by  Tan  and  Takeuchi72.  They  designed  a  

chip  with  an  group  of  hydrodynamic  based  trapping  locations  in  conjunction  with  a  cup-shaped  

channel.  The   trapping   locations  are  positioned  via  cross  channels   that  connect   two  main  path  

and   have   a   lower   flow   resistance   than   the   loop   path   until   a   cell   is   immobilized,   leading   to   a  

systematic  trapping  of  all  particles72  (figure  14).  This  trapping  system  was  later   tested  for  cells  

trapped  in  alginate  beads,  showing  its  application  to  be  used  for  particle  monitoring73,74.  

     



	   	   	   	   	   	   	  
	  

	  
	  

28 

  

  

Figure  14.  Schematic  of  loop  channel  and  cross-flow  trapping  mechanism.  Adopted  from  reference  72.  
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Specific  Aims  

Specific  Aim  1:  To  investigate  the  effect  of  hypoxia  on  physiology  of  microencapsulated  

pancreatic  islets  using  a  microfluidic  array  with  integrated  oxygenation  control  for  real-time  live-

cell  imaging.  

Specific  Aim  2:  To  design,  fabricate  and  characterize  a  microfluidic  array  for  real-time  and  high  

content  live-cell  imaging  of  human  pancreatic  islets.  

Specific  Aim  3:  To  design,  fabricate  and  validate  a  microfluidic  platform  for  dynamic  stimulation  

and  real  time  imaging  of  macro-capsules  in  order  to  investigate  islet  function  in  macrocapsules.  

Specific  Aim  4:  To  design  and  build  a  cost-effective  and  rapid  cell-phone  based  islet  counting  

platform.    

  



	   	   	   	   	   	   	  
	  

	  
	  

31 

Chapter  II.  Materials  and  Methods  

Human  Islet  Isolations    

Human  islets  were  extracted  based  on  the  following  protocol.  Human  pancreata  were  obtained  

from  organ  procurement  organizations  following  formal  research  consent  and  transported  to  the  

cell  isolation  facility  at  the  University  of  Illinois  at  Chicago  (UIC).  No  donor  randomizations  were  

applied.   The   isolation,   purification,   and   culture   procedures   were   performed   as   previously  

described74,78.   Briefly,   the   pancreata   were   trimmed   and   distended   with   collagenase   and   then  

digested   using   a  modified  Ricordi   semi-automatic  method.  Post-digestion,   islets  were   purified  

using   the   UIC-UB   gradient78   in   a   Cobe   2991   cell   separator   (Cobe   2991,   Cobe,   CO)   and  

subsequently  placed  in  Final  Wash  culture  solution  (Mediatech,  VA)  in  incubator  supplemented  

with   ITS   (Invitrogen,  CA),  Sodium  bicarbonate   (Sigma,  MO),  Hepes,  Human  Albumin   (Grifols,  

CA)  and  Ciprofloxacin  (Hospira  INC.,  USA).    

Rat  Islet  Isolation    

In  brief,  15mL  Collagenase  type  XI  at  a  concentration  of  2.2  mg/mL  (Sigma,  MO)  was  injected  

via   the  common  bile  duct   into   the  pancreas  and  digested   in  a  37ºC  water  bath   for  15  min74,79.  

The  digested  tissue  was  then  purified  by  density  based  gradients  (Mediatech  Inc.  Herndon,  VA)  

through  centrifugation  for  15  minutes  at  640  g.  The  purified  islets  were  placed  in  RPMI  solution  

containing   10   percent   fetal   calf   serum   (FBS),   and   1%   penicillin-streptomycin   (Invitrogen,   NJ)  

with   glutamine,   for   24   hrs   at   37ºC.   All   procedures   conducted   in   accordance   with   guidlines  

approved  by  the  UIC  Office  of  Animal-Care  and  Institutional  Biosafety  Committee79.  

Mice  Islet  Isolation  

0.375  mg  per  mL  Collagenase  enzyme   (Roche,  Applied  Science,   IN)  was  dissolved   in  HBSS  

(Mediatech   Inc.  VA),  and   injected  via   the  bile  duct   for  pancreatic  distention74,79.  After  excision,  

the   pancreata  were   digested   in   15  mL   conical   tubes   at   37°C   for   11  min,   gently   shaken,   and  

washed   in   HBSS   solution.   Density   based   gradient   (Mediatech   Inc.,   VA)   was   used   for   islet  
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purification74,79.   Islets   were   then   placed   in   RPMI   solution   1640   containing   10   percent   FBS   at  

37°C.  

Hypoxia  Treatment  

Human  islet  hypoxia  was  achieved  by  pelleting.  In  brief,  2,000  IEq  of  human  islets  placed  into  a  

1.5  mL  tube  with  1  mL  culture  media  and  then  pelleted  by  brief  centrifugation  of  the  cells  for  5  s  

at  a  speed  of  1,000   rpm.  All   islets  were  maintained   in  a  pellet   for  a  period  of  30  min  at  37°C.  

Post-pelleting,   the   islets  were   transferred   to   a   six-well   plate  with   2.5  mL   of   additional   culture  

media  and  immediately  cultured  with  fluorescent  dyes  for  viability.  

Encapsulation  in  Ca2+/Ba2+  Alginate  Microbeads    

Briefly,  1  mL  of  2.0%  (w/v)  alginate  (NovaMatrix,  Sandvika,  Norway:  63–67%  G,  MW  200  –  240  

kDa)  in  0.3  M  mannitol  (pH  7.2-7.4)  was  loaded  into  a  5  mL  syringe74.  Isolated  islets  were  then  

added   to   the   syringe   constituting   a   final   suspension   of   1.8%   (w/v)   alginate   and   islet   solution.  

This  suspension  was  dripped  using  a  syringe  pump  and  an  electrostatic  microbead  generator  (7  

kV,  flow:  10  ml/hr  per  0.35  mm  needle)  over  a  period  of  5  min,  resulting  in  alginate  microbeads  

of  400  –  550  µm  in  diameter  in  a  gelling  solution  (50  mM  CaCl2  and  1  mM  BaCl2,  pH  7.2-7.4).  

The  microbeads  were   stirred   in   the  gelling  bath   for   another   5  min   to  ensure   that   the  gel  was  

saturated74.  The  alginate  microbeads  were  then  washed  and  cultured  in  RPMI  containing  10%  

FBS  and  1%  penicillin/streptomycin  (Invitrogen,  NJ)  for  24  hrs  culture  at  37ºC  and  5%  CO2.    

Design  Idea  and  Trapping  Principle  of  the  Microfluidic  Array  

This  microfluidic  array   is  a   three-layer,  poly-dimethylsiloxane  (PDMS)  device.  The  cell  array   is  

designed  based  on  the  hydrodynamic  trapping  principle  (figure15),  which  was  first  described  by  

Tan  and  Takeuchi72  with  some  dimensional  modifications  in  consideration  of  capsule  size  range  

(400-550  µm).  The  top  layer  consists  of  four  areas:  1.)  an  inlet  channel  for  islet  cell  loading  and  

fluid  delivery   (2  mm   in  diameter);;  2.)  a  serpentine  channel   (width  =  575  mm  and  height  =600  

mm)  to  facilitate  cell  loading  by  dampening  pressure  and  arranging  particles  prior  to  the  trapping  

of   microencapsulated   islets;;   3.)   a   capsule-trapping   array   composed   of   square-wave   shaped  
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loop  channels  superimposed  onto  a  straight  channel.  An  array  of  U-cup  shape  kinetic  pockets  

along   the   straight   channel   is   designed   to   trap   the  microcapsules.   The  U-cup   diameter   of   the  

pocket  is  550  μm  and  has  a  depth  of  450  μm.  There  is  an  exit  flow  at  the  apex  of  the  U-cup  with  

a   reduction   in  width   (175  μm).  When   flow  carries  a  particle   to   the   junction  between   the  U-cup  

and   loop   channel,   the   flow   encounters   less   resistance   in   the   straight   channel   through   the  

unoccupied  cup.  As  a  particle   is  trapped  in  this  cup,  the  resistance  is   increased  in  the  straight  

channel   and   the   flow   is   redirected   into   the   loop   channel.   This   flow   then   carries   subsequent  

particles   towards   the   next   trap,   iterating   the   trapping   downstream   throughout   the   device.   4.)  

finally,   there   is  an  outlet   for  collecting   flow  waste.  The  middle   layer  of   this  device   is  a  100  μm  

gas-permeable  PDMS  membrane   layer   for  oxygen  control.  The  bottom   layer   is  a  gas  channel  

for  delivery  of  various  oxygen  concentrations  (2  mm  inlet  diameter  and  300  µm  in  height).  
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Figure  15.  Schematic  representation  of  trapping  mechanism  for  trapping  microcapsules.    
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Calculation  of  Pressure  Drop  for  Designing  Microchannel  Geometry    

In  order  to  optimize  the  trapping  efficacy  for  microcapsules,   flow  resistance  of   the  straight  and  

looped  channels  were  calculated  using   the  Dary-Weisbach  equation72,  which  was  modified  by  

Poiseuille’s   Law   for   a   rectangular   channel.   After   simplification,   the   following   expression   was  

used  for  resistance:  

3

2
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were  α  is  the  aspect  ratio,  L  is  the  length.  
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12 /WW    are   two   important   design   parameters   that   determine   the   capture   efficiency   when   the  

channel  height  is  constant.  For  higher  capture  efficiency,  it  is  desirable  to  maximize   12 /LL   and  

minimize 12 /WW ;;  however,  there  are  constraints  in  determining  these  dimensions.  The  width  of  

path  1  ( 1W )  should  be  smaller  than  the  diameter  of  the  capsules  in  order  to  be  an  effective  trap.  

On  the  other  hand,   the  width  of  path  2  ( 2W )  and  the  channel  height  (H)  should  be   larger   than  

the  capsule  diameter  to  allow  for  continuous  flow  without  clogging.  Our  geometry  is  designed  to  

be  efficient  at  trapping  capsules  with  diameters  of  400  µm  to  550  µm.  Based  on  the  calculation,  

the  device  geometry  was  derived  as  shown  in  table  1  to  trap  encapsulated  islets.  
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Table  1.  Geometry  of  the  microfluidic  array  for  microencapsulated  pancreatic  islets.  

   Width  (μm)   Height  (μm)   Length  (μm)  

Top  Layer:  Perfusion  Channel  Path  1   175   600   75  

Top  Layer:  Perfusion  Channel  Path  2   575   600   5000  

Middle  Layer:  Gas  Membrane   N/A   100   N/A  

Bottom  Layer:  Gas  Channel   N/A   300   N/A  
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Computer  Simulation  

To  better  understand   the   flow  behavior   inside  microfluidic  chip  and   finalize   the  optimal  design  

for   microfluidic   chip,   a   simulation   modeling   was   carried   out   using   COMSOL   4.4   (COMSOL  

Multiphysics,  Sweden).  

Device  Fabrication  

All  microfluidic  devices  were  made  using  photolithography.  All  steps  are  described  in  figure  16.  
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Figure  16.  Photolithography  steps  Adopted  from  reference  70.  
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Device  Fabrication  Project  1    

The  components  were  first  cleaned  with  scotch  tape.  Then,  the  liquid  channel  layer  and  the  gas  

permeable  component  were  bonded   (figure  17)  after  surface  exposure   to  oxygen  plasma  and  

annealed  on  a  hotplate  at  80ºC   for  1  hr  while  pressed  with  a  1  kg  weight.  Next,  a  cork-borer  

(gauge  11)  was  used  to  puncture  inlet  and  outlet  holes  for  the  liquid  and  gas  channels.  Finally,  

the   gas   channel   layer   exposed   to   oxygen   plasma   was   bonded   to   the   other   side   of   the   gas  

permeable   PDMS   and   annealed   on   a   hotplate   at   80ºC   for   1   hour   while   pressed  with   a   1   kg  

weight.    
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Figure  17.  Schematics   and  photoimage  of   the   three-layer  microfluidic   array:  A.   schematics   of   the  microfluidic   islet  

array  and  structure  dimension  and  B.  photoimage  of  the  microfluidic  array.  
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Device  Fabrication  Project  2  

The  array  device  (figure  18)  was  designed  in  AutoCAD  and  fabricated  using  photo-lithography.    
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Figure   18.   Microfluidic   islet   array.   A.   Photo   image   of   the   microfluidic   islet   array.   B.   Schematic   of   the  

microfluidic  islet  array.  C.  Geometrical  dimension  of  the  microfluidic  islet  array.  
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The  PDMS  mixture  was  cured  for  2  hours  at  80ºC.  Next,  a  cork-borer  (gauge  11)  was  used  to  

puncture   inlet   and   outlet   holes   for   the   inlet   and   outlet   ports.   After   preparation   of   the   PDMS  

component  was   finished,   the  device  was  assembled.  The  PDMS  component  was  first  cleaned  

with  scotch  tape.  Then,  PDMS  component  was  bonded  to  thin  coverslip  (60  x  24  mm  and  0.13  

mm  in  thickness)  after  surface  exposure  to  oxygen  plasma  and  annealed  on  a  hotplate  at  80ºC  

for  1  hour  while  pressed  with  a  1  kg  weight.    

Device  Fabrication  Project  3  

Three-layer   devices   (figure  19)  were  made  by  photo-lithography.  The  upper  PDMS   layer  was  

fabricated   with   a   3D   printed  mold   of	  2mm   thick   (Makerbot   3D   printer).   The  middle   layer   was  

prepared   using   2mm  punchers   (Harris   Uni-Core™).   20   holes  were  made   in   series  with   1mm  

distance  in  between.  
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Figure  19.  Three  layers  of  the  microfluidic  device  used  for  trapping  macrocapsules.  
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Device  Fabrication  Project  4  

3D  Printed  Device  Fabrication  and  Microfluidic  Chip  

An   iPhone   frame   and   lens   holder   was   designed   using   Autodesk.   The   part   desined   in   CAD  

software   and   sent   for   fabrication   to   the   Bioengineering  Department   at   University   of   Illinois   at  

Chicago.  A  Makerbot  3D  printer  was  used  and  resin  was  used  as  the  material.  The  microfluidic  

chip  was  designed  in  AutoCAD  and  fabricated  using  photolithography  as  described  previously.      

Fluorescence  Imaging    

In  brief,  islets  were  cultured  with  5  µM  Fura2  and  3µM  Rho123  for  25  min  in  KRB2  solution.  

Details  are  explained  in  each  section  in  results.  

Confocal  Imaging  and  Data  Analysis  

Islets   were   stained   with   CellTracker   Green   CMFDA   for   live   cells   (Invitrogen,   USA),   and  

propidium  iodide  (PI,  Invitrogen,  USA)  for  dead  cells.  

.     
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Microfluidic  Assay    

All  MFD  assays  is  explained  in  detailed  in  each  project.  

Statistical  Analysis  

Two-‐‑tailed   unpaired   t-‐‑tests   were   performed   for   pairs   of   data   and   two-‐‑way   ANOVA   were  

performed  for  multiple  comparisons  with  the  corresponding  control  group.  P-‐‑values  <0.05  were  

considered   significant.   Standard   error   bars   were   used   in   the   appropriate   figures.   The  

programming  software  GraphPad  Prism  was  used  to  make  all  statistical  calculations.       
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Chapter  III.  Project  1  Results  and  Discussion  
I  have  used  some  major  parts  of  one  of  my  published  papers  with  the  permission  from  
the  publication  which  is  included  in  Appendix  4.    

  
As  described  in  introduction,  islet  transplantation  is  a  promising  therapy  for  patients  with  Type  I  

diabetes  mellitus  (T1DM).  Islet   transplantation  provides  tight  glycemic  control  without  the  need  

for   exogenous   insulin.   However,   islet   transplantation   requires   immunosuppression   that   has  

unwanted   side   effects   for   both   the   patient   and   islet   graft.   The   immunoisolation   of   islets   in  

microcapsules   has   been   heavily   investigated   to   avoid   immunosuppression.   If   successful,   this  

strategy  would  have  a  significant   impact  on   islet   transplant  outcomes.  Despite   initial  promising  

results   in   both   small   animal   and   nonhuman   primate   transplant   models,   only   short-term   and  

partial   graft   function   have   been   achieved   in   clinical   trials81,82.   Several   factors   have   been  

proposed   to   be   responsible   for   graft   loss   of   microencapsulated   islets:   insufficient   material  

biocompatibility,   limited   immunoprotective   properties,   inadequate   permissibility   of   nutrient,  

hypoxia,   and   suboptimal   insulin   release83,84.   While   research   has   focused   heavily   on   material  

biocompatibility   and   immune-protection,   a   comprehensive   understanding   of   physiological   or  

pathophysiological   changes   of   microencapsulated   islets   is   often   constrained   due   to   the  

availability   of   research   tools.   Functionality   of  microencapsulated   islets   is   typically   determined  

using   glucose   static   incubation   (GSI),   where   microencapsulated   islets   are   challenged   with  

glucose  and   the  “bulk”   insulin  secreted   is   then  quantified  using  enzyme-linked   immunosorbent  

assay  (ELISA).  However,  most  of  these  assays  are  either  static  or  examine  a  single  parameter  

at   a   time   and   hence   cannot   be   used   to   fully   investigate   the   complexity   of   physiological   and  

pathophysiological   changes   of   encapsulated   islets.   In   this   project,   we   describe   a  microfluidic  

array   based   on   the   same   principle,   which   allows   for   the   entrapment   and   positioning   of  

microencapsulated  islets  in  an  array.  Furthermore,  the  device  can  be  used  to  perform  real-time  

fluorescence   imaging   of   key   insulin   stimulation-secretion   coupling   factors   at   the   single  

encapsulated  islet.  An  oxygenation  channel  was  then  integrated  to  study  the  pathophysiological  
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changes   under   hypoxia,   one   factor   proposed   to   contribute   to   the   graft   failure   of  

microencapsulated   islet.  This  work  establishes  a  novel  and   reliable  approach   to  perform  high-

content  analysis  of  islet  cells  in  the  field  of  microencapsulation  and  islet  transplantation.  

Device  Oxygenation  Capability  and  Validation    

An  optical  oxygen  sensor  was  used  to  measure  the  oxygen  level  in  the  microfluidic  array  device.  

The   oxygen   probe   uses   photoluminescence-quenching   of   a   ruthenium   compound   to   detect  

oxygen  molecules  and  has  a  reaction  time  of  15-20  s  in  gaseous  phase  and  30-45  s  in  aqueous  

media.   Two-point   sensor   calibration   was   carried   out   according   to   the   manufacturer’s  

instructions,  with  5%  CO2/95%  N2  and  21%  O2/5%  CO2  as  references  for  0%  O2  and  21%  O2,  

respectively.  Oxygenation   efficacy   in   the  microfluidic   channel  was   evaluated   in   both   gaseous  

(diffused)  and  aqueous  (dissolved)  modes  (figure  20  and  figure  21).    

     



	   	   	   	   	   	   	  
	  

	  
	  

51 

  

  

Figure  20.  Schematic  of  gas  diffusion  mechanism  in  microfluidic  device.  
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In  both  modes,  the  optical  sensor  was  placed  inside  the  microfluidic  device  with  or  without  liquid  

and  then  various  concentrations  of  oxygen  in  either  a  cyclic  pattern  of  5  and  21%  O2  or  a  step-

down  pattern  of  21-10-5-1%  O2  were  injected  through  the  gas  channel  at  a  pressure  of  2  psi.  

  In   diffusive  mode,   as   shown   in   figure   21A  and  21B,   the   device  was   capable   of   creating   and  

maintaining   the   targeted   oxygen   concentrations   with   high   consistency.   In   cyclic   oxygenation  

protocol  (21-5-21%),  the  time  needed  to  switch  from  21%  to  5%  oxygen  concentration  was  less  

than  40  s  as  was  the  reversion  back  to  21%  from  5%.  Equally  important,  both  concentrations    
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Figure  21.  Characterization  of  device  oxygenation  in  the  microfluidic  islet  trapping  array  
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were  able  to  be  well-maintained  overtime  (21.21%  ±  0.05  and  6.22%  ±  0.03).  Similarly,  the  time  

needed   to   change   from  one   oxygen   concentration   to   another   in   step-down  protocol  was   also  

less  than  40  s  and  again  was  well-maintained  overtime  (21.33%  ±  0.04,  11.53%  ±  0.05,  6.33%  ±  

0.02,  and  1.77%  ±  0.02,  respectively).  

In  dissolved  mode  shown  in  figure  21C  and  21D,  the  time  needed  to  switch  from  21%  (22.07%  ±  

0.13   )   to   5%   (6.83%   ±   0.08)   was   approximately   120   s,   that   was   longer   than   in   the   diffusion  

mode,  similar   to  the  observation  made  in  our  previous  published  device  21.  Similarly,   the  time  

needed  to  change  from  a  particular  oxygen  concentration  to  another  in  the  step-down  protocol  

was  less  than  120  s  and  was  stably  maintained  (20.87%  ±  0.06,  11.63%  ±  0.03,  6.45%  ±  0.03,  

and  1.68%  ±  0.03,   respectively).   It   is  worth  noting   that   the  oxygen  sensor  used   in   the  oxygen  

evaluation   has   a  measuring   delay-time   of   15-20   s   in   gas   and   30-45   s   in   aqueous  media.   In  

reality,  the  oxygenation  time  is  probably  much  faster  than  what  was  observed.  Additionally,  the  

exact  concentrations  of  the  oxygen  tanks  used  in  this  study  did  not  precisely  correlate  with  the  

manufacturers  labels  and  there  was  a  0.3-1.0%  variation  in  the  concentration.    

Device  Preparation  and  Cell  Loading    

The  microfluidic  array  was  first  prepared  by  flowing  100%  ethanol  for  5  min  through  the  device  

to   prevent   potential   bubble   formation   and   then   rinsed   with   distilled   water   thoroughly.   Before  

loading  cells,  the  device  was  filled  with  Krebs-Ringer  buffer  (KRB)  containing  2  mM  glucose  and  

then  positioned  on  a  glass  heating  stage  at  37ºC.   In  order   to  allow  high   trapping  efficacy  and  

minimize   shear   force   on   microcapsulated   islets,   both   islets   and   fluids   containing   insulin  

secretagogues  were  delivered  into  the  device  using  a  hydrostatic  pressure-driven  method.  First,  

a  1  mL  pipette  tip  was  inserted  into  the  inlet  and  filled  with  KRB2  up  to  50  mm  in  height  (50  mm  

higher  than  that  of  the  outlet)  while  the  outlet  was  clamped.  The  microencapsulated  islets  were  

hand  picked  under  a  dissecting  microscope  using  a  P20  pipette  and  transferred  into  the  loading  

pipette.  The  outlet  was  then  unclamped,  which  allowed  the  fluid  and  capsules  in  the  inlet  to  flow  
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into  the  device  by  gravity.  Using  this  method,  one  hundred  capsules  were  arrayed  in  less  than  

30  s.  

Evaluation  of  Flow  Dynamics    

COMSOL   flow-velocity   results   within   the   microchannel   and   the   region   of   the   capsule  

immobilization   site   using   a   2D   simulation   are   shown   in   figure   22  with   a   close-up   view   of   the  

velocity   distribution   and   velocity   streamlines   around   the   trapping   site   (U-cup   shape   kinetic  

pockets).  A  laminar  inflow  boundary  condition  with  a  flow  rate  of  250  µL/min  was  applied  to  the  

device  inlet  and  the  boundary  condition  at  the  outlets  was  assigned  with  a  pressure  of  0  Pa.  As  

observed   from   the   simulation   results,   the   highest   flow   velocity   was   located   in   the   capsule  

immobilization  site,  while  there  was  a  decrease  in  flow-velocity  from  the  trapping  site  to  the  loop  

channel.   From   the   close-up   view   (figure   22),   the   velocity   streamlines   indicate   that   there   is   a  

partially   diverted   liquid   into   the   immobilization   site   generated   by   a   hydrodynamic   force   and  

would  allow  capsules   to   flow   towards   the   immobilization  sites.  A  particle  occupying   the  U-cup  

pocket  increases  the  flow  resistance  that  allows  flow  to  bypass  the  U-cup  pocket  and  direct  into  

the  loop  channels  as  shown  in  the  2D  simulation  of  figure  22.    
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Figure  22.  Characterization  of  microfluidic   islet   trapping  array   fluid  dynamics:  A.  2D  CFD  simulation  of  

flow-velocity   inside  microchannel  and   region  of  capsule   immobilization  site  and  a  close-up  view  of   the  

velocity  distribution  and  velocity  streamlines  around  the  trapping  site  and  B.  2D  CFD  simulation  of  flow-

velocity  inside  microchannel  and  capsule  immobilization  site  when  the  immobilization  site  is  occupied.  
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Loading  and  Trapping  Efficacy  of  Microcapsulated  Islets  

Microfluidic  arraying   through  differential   fluidic   resistance  has  been  proven  highly   reliable  and  

efficient   in   literature79.   Additionally,   this   passive   trapping  mechanism   is   less   sensitive   to   flow  

fluctuations  caused  by  either  spontaneous  gas  bubbles  or  switching  of  solutions.  Our  design  for  

hydrodynamic   confinement   of  microencapsulated   islets   was   based   on   the   same   principle.   As  

shown   in   figure  23,  both  artificially  created  air  bubbles  and  empty  alginate  capsules   (D  =  500  

µm)  were  successfully  arrayed  in  the  microfluidic  array  device  with  a  high  trapping  efficiency  (~  

99%).   In   figure  23C  and  23D,   it  was   shown   that   the  microcapsulated  human   islets  were  also  

precisely  positioned  in  the  trap  sites  without  any  deformation  of  the  capsules.  Furthermore,  the  

trapped  microencapsulated   islets  could  be  easily   retracted   (released)   for   further  analysis  such  

as  immunohistochemistry  by  flow  inversion.  

Comparable   to   previously   reported   hydrodynamic   traps,   the   device   design   allows   for   a   high  

trapping   efficacy   for  microencapsulated   islets  with   a   specific   size   of   400-550  µm   in   diameter.  

Additionally,  the  device  fabrication  is  straightforward  in  comparison  to  well-established  methods.  

It  has   to  be  noted   that   the   insertion  of  a  serpentine  channel,  before   the   trapping  area,  greatly  

facilities  the  loading  mechanism  and  increases  the  trapping  efficacy  as  well  as  the  hydrostatic-

driven   feed   without   the   need   of   syringe   pumps.   Shear   stress   is   considered   a  major   concern  

when  designing  a  hydrodynamic   trap.  Since  shear   stress   scales   linearly  with   the   velocity,   the  

hydrostatic-driven   feed   used   for   the   capsule   loading   greatly   reduces   this   shear   stress   as  

indicated  with  the  normal  morphology  of  the  microcapsule.    
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Figure   23.   The   trapping   and   immobilization   capability   of   the  microfluidic   array:   A.   array   of   artificial   air  

bubbles,  B.  array  of  empty  microcapsules  (500  μm  size),  C.  array  of  microencapsulated  human  islets  (500  

μm),  and  D.  close-view  of  single  microencapsulated  human  islet.  
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The  Responses  of  Microcapsulated  Islets  to  Insulin  Secretagogues  under  Normoxia  Are  

Heterogeneous  

The   dynamic   visualization   of   physiological   and   pathophysiological   changes   in   individual  

encapsulated  islets  has  clear  advantages  over  existing  “static  and  bulk”  assays  and  can  provide  

detailed   spatiotemporal   information   of   those   changes   in   a   quantified   manner.   The  

microencapsulation  process  is  a  very  complex,  multi-step  process.  Each  manipulation  step  may  

be   stressful   and   even   detrimental   to   the   viability   of   an   islet.   The   current   standard   assay   to  

determine   the   function   and   viability   of   a  microcapsulated   islet   is   glucose   static   incubation   for  

bulk   insulin   secretion   and   inclusion/exclusion   dyes   for   viability   with   limited   limitations   of   the  

physiological   changes   of  microencapsulated   islets.  Using   this  microfluidic-based   islet-trapping  

array,   we   can   observe   individual   islet   responses   to   secretagogues,   focusing   on   several   key  

insulin  stimulator-secretion  coupling  pathways.  

Insulin  secretion  is  controlled  by  β-  cell  electrical  activity,  metabolic  events,  and  ion  signaling,  all  

of  which  display  biphasic  and  pulsatile  kinetic  profiles  in  response  to  changes  in  blood  glucose.  

The   direct   measurement   of   the   stimulator-secretion   coupling   pathways   has   been   traditionally  

applied  for  understanding  islet  physiology  and  function.  

In   response   to   25   mM   glucose   and   KCL   challenges   under   normoxia,   intracellular   calcium  

changes  of  the  microcapsulated  human  islets  were  shown  to  be  heterogeneous,  with  a  maximal  

mean   of   5.91%   ±   2.98   (max:13.2%   and   min:3.03%)   (figure   24).   In   response   to   30   mM   KCI  

stimulation,   intracellular   calcium   changes   of   microcapsulated   rat   islets   also   displayed   a  

heterogeneous   pattern  with   a  maximal  mean   of   6.25%   ±   1.68   (max:   9.14%  and  min:   4.14%)  

(figure   25).   The   changes   in   autofluorescence   of   NAD(P)H   for   the   microencapsulated   human  

islets   in   response   to  25  mM  glucose  also  showed  a  heterogeneous   response  with  a  maximal  

mean  of  3.24%  ±  2.10  (max:  6.91%  and  min:  0.62%)  (figure  26).  
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Figure   24.  Microencapsulated   rat   islets   show   a   heterogeneous   [Ca2+]i   changes   in   response   to   glucose  

and  KCI  under  21%  O2.  Eight  representative  traces  of  [Ca2+]i  of  microencapsulated  rat  islets  in  response  

to  14  mM  glucose  followed  by  30  mM  KCl  under  21%  O2  (n  =  65  from  three  experiments).  
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Figure  25.  Microencapsulated  rat  islets  show  heterogeneous  ψm  changes  in  response  to  glucose  and  KCl  

under  21%  O2.  Eight  representative  traces  of  ψm  changes  of  microcapsulated  rat  islets  (n  =  65  from  three  

experiments).  
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Figure   26.   Microencapsulated   rat   and   human   islets   show   heterogeneous   NAD(P)H   changes   of   in  

response   to   glucose   under   21%   O2.   (A)   Four   representative   traces   of   NAD(P)H   changes   of  

microcapsulated   rat   islets   in   response   to   14   mM   glucose   (n   =   65   from   three   experiments).   (B)   Four  

representative   traces   of   NAD(P)H   changes   of   microcapsulated   human   islets   in   response   to   25   mM  

glucose  (n  =  65  from  three  experiments).  
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In  comparison  to  the  static  and  “bulk”  measurement,  the  microfluidic-based  individual  islet  array  

integrated   with   live-cell   imaging   techniques   can   provide   more   detailed   spatiotemporal  

information  of  an  individual  islet  response  to  extracellular  stimulators.  In  addition  to  serving  as  a  

tool   to  determine   the   functionality  and  viability  of  microencapsulated   islets,   the  array  may  also  

be  used  in  the  future  as  a  screening  tool  for  therapeutics  and  biologics  in  order  to  improve  the  

survival  and  function  of  microencapsulated  islets.      

Hypoxia  Impaired  the  Function  of  Microcapsulated  Islets    

As  explained  before,  Hypoxia  is  widely  considered  to  be  one  of  the  primary  factors  associated  

with  the  functional  loss  of  encapsulated  islets  and  has  also  been  linked  to  the  immunoisolation  

failure  of  microencapsulation  devices.   Isolated   islets  are  exposed   to  a  hypoxic  environment  at  

many   levels85-91   :   (i)   isolated   islets   have   a   disrupted   vascular   network   and   are   dependent   on  

diffusion   for   their   oxygen   supply,   (ii)   the   microcapsulation   process   further   aggravates   islet  

hypoxia   by   both   preventing   islet   revascularization   that   normally   occurs   and   increasing   the  

oxygen   diffusion   distance   due   to   capsule   sizes   that   are   often   larger   than   500   µm;;   (iii)   the  

intraperitoneal  space,  a  common  transplant  site  for  microencapsulated  islets,  has  a  low  oxygen  

tension,  where   the  O2   concentration   is   approximately   3.5-5%  O2,  which   is   significantly   lower  

than  the  in  situ  pancreas90.  In  addition  to  loss  of  function,  hypoxia  may  facilitate  the  attraction  of  

macrophages   and   subsequently   cause   cell   overgrowth   on   the   microcapsule   surface86,91.  

However,   the   in   vitro   study   of   the   pathophysiological   changes   of   microencapsulated   islets   is  

limited  by  the  availability  of  suitable  tools  as  described  before.  

Here,   we   investigated   the   impact   of   hypoxia   on   intracellular   calcium   signaling,   mitochondrial  

potential  changes,  and  NAD(P)H  levels  of  microencapsulated  islets.    

Stimulation  and  oxygenation  protocols  used  in  hypoxia  studies  were  listed  as  follow.  

  

Table  2.  Stimulation  and  oxygenation  protocols  as  shown.    
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Step  Number   Condition   [Glucose]  
(mM)  

O2  
(%)  

Time  
(min)  

1.   Control-LOW   2   21   10  
2.   Control-High   25   21   15  
3.   Return  to  baseline   2   21   15  
4.   Hypoxia  1  

pre-culturing  
2   10   15  

5.   Hypoxia  1  stimulus   25   10   15  
6.   Return  to  baseline   2   21   15  
7.   Hypoxia  2  

pre-culturing  
2   5   15  

8.   Hypoxia  2  stimulus   25   5   15  
9.   Return  to  baseline   2   21   15  
10.   Hypoxia  3  

pre-culturing  
2   1   15  

11.   Hypoxia  3  stimulus   25   1   15  
12.   Return  to  baseline   2   21   15  
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As  shown  in  figure  27A  and  27B,  the  calcium  influx  changes  of  microencapsulated  human  islets  

in   response   to   25   mM   glucose   challenges   were   oxygen   concentration-dependent   and   were  

inhibited  by  hypoxia.  Under  normoxia,  the  average  intracellular  calcium  concentration  increased  

by   10%   ±   4.16   in   response   to   25   mM   glucose   stimulation,   while   hypoxic   concentrations  

decreased  intracellular  calcium  responses:  8.19%  ±  2.5  in  10%  O2,  3.57%  ±  1.18%  in  5%  O2,  

and  1.70%  ±  0.64  in  1%  O2.  (p  <  0.01  when  21%  vs.  5%  and  1%,  as  well  as  p  <  0.01  when  10%  

vs.   5%   and   1%).      Similarly,   mitochondrial   potential   changes,   often   used   as   an   indicator   of  

cellular  energetic  status,  were  also  inhibited  in  an  oxygen  concentration-dependent  manner  (21-

10-5-1%):   17.23%   ±   3.13,   8.83%   ±   3.53,   6.40%   ±   2.56,   and   4.09%   ±   1.37   (p   <   0.01   when  

comparing  21%  vs.  10,  5,  and  1%;;  p  <  0.01  when  comparing  10%  vs.  5%  and  1%)  as  shown  in  

figure  28A  an  28B.  
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Figure   27.   Hypoxia   impaired   [Ca2+]i   signaling   of   microencapsulated   human   islets.   A.   Representative  

traces   of   [Ca2+]i   of   microencapsulated   human   islets   in   response   to   25   mM   glucose   under   hypoxic  

concentrations.  B.  Statistical  analysis  of  [Ca2+]i  changes  under  hypoxic  concentrations  (n  =  65  from  three  

experiments.  *p  <  0.001).  
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Figure  28.  Hypoxia  impaired  ψm  changes  of  microencapsulated  human  islets.  A.  Representative  traces  of  

ψm   changes   of   microencapsulated   human   islets   in   response   to   25   mM   glucose   under   hypoxic  

concentrations.   B.   Statistical   analysis   of   ψm   changes   under   hypoxic   concentrations;;   n   =   65   from   three  

experiments  for  each  oxygen  condition;;  *p  <  0.001,  **p  <  0.01.  
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Glucose-stimulated   insulin   secretion   is   a   complex   metabolic   process.   NAD(P)H   imaging   by  

autofluorescence   is   a   quantitative   measure   of   the   combined   redox   signal   from   NADH   and  

NADPH  (referred  to  as  NAD(P)H).  The  glucose-induced  β-  cell  redox  potential  can  be  used  for  

the   measurement   of   nutrient-stimulated   NAD(P)H   responses   with   excellent   spatiotemporal  

resolution.   In   β-   cells,   NAD(P)H   transfers   its   reducing   power   to   the   electron   transport   chain,  

resulting  in  ATP  synthesis  that  further   influence  ATP-dependent   insulin  secretion.  Therefore,  a  

direct   measurement   of   NAD(P)H   in   response   to   glucose   will   provide   insight   into   glucose  

metabolism   and   mitochondrial   functionality.   Under   normoxia,   the   mean   NAD(P)H   %   change  

increase  of   the  microencapsulated  human   islets   in   response   to  25  mM  glucose  was  6.43%  ±  

4.05   (figure   29A   and   29B).   Under   severe   hypoxia   (1%   O2),   the   glucose-induced   increase  

NAD(P)H  level  was  significantly  inhibited  (1.87%  ±  1.75;;  p  <  0.01).  Moderate  hypoxia  (10%  and  

5%  O2)  also  depressed   the  nutrient-induced  NAD(P)H   levels   (10%  O2:  4.65%  ±  2.17  and  5%  

O2:  4.79%  ±  2.84),  but  the  changes  did  not  reach  statistical  significance  when  compared  to  21%  

normoxia  (p  >  0.05).  
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Figure  29.  Hypoxia  impaired  NAD(P)H  levels  of  microencapsulated  rat   islets:  A.  representative  traces  of  

NAD(P)H   of  microencapsulated   rat   islets   in   response   to   14  mM  glucose   under   hypoxic   concentrations  

and   B.   statistical   analysis   of   NAD(P)H   changes   under   hypoxic   concentrations;;   n   =   65   from   three  

experiments.  
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Conclusion  

Herein,  the  presented  novel  microfluidics  can  trap  individual  microencapsulated  islets  and  allow  

for   real-time   live   cell   imaging.   This   device   was   achieved   a   high   trapping   efficacy   for  

microencapsulated   islets   (∼99%)  with  minimal   physical   stress  on   islets.   The   integration  of   the  

gas  modulation   allowed   for   rapid  membrane-diffused   oxygenation   of   islets   at   the  microscale-

level.   This   provided   a   practical   tool   to   study   hypoxia   on  microencapsulated   islets.  We   further  

investigated  the  hypoxia  on  β-cells  and  demonstrated  that  [Ca2+]i  signaling,  ψm,  and  β-cell  redox  

status  in  response  to  insulin  secretagogues  were  impaired  under  hypoxia.  This  is  first  report  on  

real-time   multiparametric   imaging   of   metabolic   changes   of   microencapsulated   islets   under  

hypoxia,  a   feat  previously  unachievable  using  either  hypoxic  chambers  or  existing  microfluidic  

devices.  In  the  future,  this  device  may  be  used  to  improve  the  long-term  function  and  viability  of  

microencapsulated   islets   prior   to   transplantation,   such   as   intermittent   hypoxia   preconditioning  

(IH)  or  chemical  preconditioning.  In  a  previous  study,  we  successfully  applied  IH  preconditioning  

(1  min/1  min  5–21%  cycling  for  1  h)  to  diminish  hypoxic  injury  on  naked  islets  and  improved  islet  

insulin   secretion.   Additionally,   this   array   based   study   laid   out   the   groundwork   for   future  

applications  in  the  area  of  islet  microencapsulation  and  may  potentially  act  as  a  screening  tool  

for   therapeutic   screens.   One   application   is   to   study   capsule–islet–macrophage   interaction.  

Although  hypoxia   is   one  of  many   reasons   for   islet   graft   failure,   immune   rejection  and   surface  

overgrowth  (fibrosis)  on  microcapsule  can  also  play  a  role.  Therefore,  it  would  be  interesting  to  

utilize   the   hypoxic   device   with   modifications   to   understand   capsule–islet–macrophage  

interactions.  One  potential   limitation  of  NAD(P)H  measurement  has   to  be  noted   that  using   the  

current   filter  setting,   it  may  be  difficult   to  completely  separate  NAD(P)H  autofluorescence  from  

other   cellular   autofluorescence   such   as   cellular   flavins   and   non-redox   responsive   signals   as  

indicated  by  a  previous  study.  
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Chapter  IV.  Project  2  Results  and  Discussion  

I  have  used  some  major  parts  of  one  of  my  published  papers  with  the  permission  from  

the  publication  which  is  included  in  Appendix  4.  

  

In  previous   studies,   several  microfluidic  devices  have  been  developed,  mainly  used  as  

islet   microperifusion   apparatus.   These   devices   have   been   successfully   integrated   with  

live-cell  multimodal   imaging  methods   for   dissecting   islet   cell   physiological   behavior92-95.  

One  of  the  major  challenges  of  these  devices  is  the  limited  number  of  islets  that  can  be  

assessed  in  a  single  device.    Another  challenge  is  the  inability  to  satisfactorily  assess  the  

heterogeneous   property   of   individual   islets,   especially   when   testing   a   large   quantity   of  

islets   simultaneously.   Examination   of   heterogeneous   properties   at   the   individual   islet  

level   often   provides  more   detailed   physiological   or   pathophysiological   information   than  

averaging-based   population   methodologies.   For   example,   it   will   enable   better  

understanding   of   human   islet   functionality   from   a   reasonable   sample   size   and   will  

provide  a  better  predictive  value  for  islet  transplant  outcomes  if  many  individual  islets  can  

be  individually  assessed  instead  of  averaging  a  bulk  response.  In  this  report,   the  aim  is  

to  develop  a  new  MFD  islet  array  chip,  based  on  the  hydrodynamic  trapping  mechanism,  

for   investigating   the   complexity   of   physiological   or   pathophysiological   behavior   of  

individual   pancreatic   islets   in   a   larger   islet   population.   Furthermore,  we   aim   to   explore  

the   feasibility   of   array-based   cellular   analysis   to   provide   more   informative   data   on  

pancreatic  islets  and  to  act  as  a  platform  to  evaluate  antidiabetic  drugs.  The  microfluidic  

platform  developed  in  this  project  is  a  one-layer  poly-dimethylsiloxane  (PDMS)  device  as  

shown   in   figure   18.   The   array   device   utilizes   the   hydrodynamic   trapping   principle   to  

immobilize  individual  islets  in  traps.  The  principle  was  first  described  in  2008  by  Tan  and  

Takeuchi72.  The  hydrodynamic  trapping  mechanism  offers  higher  resolution  confinement  
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of  single  microscale  and  nanoscale  particles  in  low  viscosity  aqueous  solution  within  the  

microfluidic   device.   In   a   previous   study,   we   used   the   same   principle   to   design   a  

microfluidic  device   for  evaluating  encapsulated   islets.  Designing  a  microfluidic  array   for  

islets   using   the   hydrodynamic   trapping   principle   was   a   challenge   and   required   careful  

design   consideration   due   to   the   various   sizes   of   islets.   The   final   design   of   the   device  

contains   an   array   consisting   of   2   rows   and   10   columns.   In   each   column,   there   are   15  

trapping  sites   that  amounts   to  a   total  of  300   traps.  The   trapping  site  design   is  a  U-cup  

shaped  pocket,  superimposed  onto  a  loop  channel  that  is  used  for  delivery  of  fluids  and  

islets.  The  U-cup  pocket   is  250  μm  in  diameter  and  275  μm  in  depth.  There   is  a  cross-

flow  channel  at   the  apex  of   the  U-shape  cup  pocket  with  a  subsequent  reduction   in   the  

width  to  45  μm.  These  design  parameters  allow  for  the  capture  of  approximately  95%  of  

the   islet  cell  population.  Additionally,   the  width  and  height  of   the   loop  channels  are  300  

μm  and  250  μm,   respectively,  which  allows   the   islets   to  move   freely  along   the  channel  

without  clogging.  For  the  purposes  of  this  study  100  traps  were  reviewed  as  our  imaging  

system  was  unable  to  scan  the  entire  array  at  a  fast  enough  pace  to  use  more  traps.  

Based  on  the  flow  resistant  difference  between  the  U-shape  cup  and  the  loop  channel,  the  flow  

encountered  less  resistance  in  the  unoccupied  U-shape  cup.  When  solution  takes  an  islet  to  the  

gap  between  the  U-shape  cup  and  the  main  channel,  an  islet  becomes  trapped  in  the  U-shape  

cup  due  to  the  flow  resistant  difference  between  the  U-cup  and  the  loop  channel.  The  trapped  

islet   results   in   increased   resistance   in   the  U-cup  and   the   flow   is   then   redirected   into   the   loop  

channel.  This  flow  carries  subsequent  islets  towards  the  next  empty  trap,  iterating  the  trapping  

downstream  throughout  the  device.    

Islet  Loading,  Stimulation,  and  Retrieval  

Prior   to   islet   loading,   100%   ethanol   was   passed   through   the   microfluidic   array   for   5   min   to  

prevent  potential  bubble   formation.  The  array  was   then   rinsed  with  Krebs-Ringer  buffer   (KRB)  

containing  2  mM  glucose  (KRB2)  for  2  min  while  positioned  on  a  glass  heating  stage  at  37°C.  In  
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order   to   achieve  a   high   trapping  efficacy  with  minimal   shear   force   exerted   on   the   islets,   both  

islets   and   solutions   containing   insulin   secretagogues   were   delivered   into   the   device   using   a  

hydrostatic  pressure-driven  method  (figures  30A-30C).    

Briefly,  a  1  mL  pipette  tip  was  inserted  into  the  inlet  and  the  tip  filled  with  KRB2  up  to  20  mm  in  

height  (20  mm  higher  than  that  of  the  outlet),  while  waste  tubing  was  clamped  and  placed  −2  cm  

with  respect  to  the  plane  of  the  chip.  Islets  were  transferred  to  the  loading  tip  via  a  20  μl  pipette.  

After  loading  the  islets,  the  waste  tubing  was  unplugged  so  that  the  solution  flowed  to  the  waste  

as  the  islet  was  drawn  into  the  chip.  The  islets  continued  to  move  slowly  into  the  chip  by  gravity.  

Using  this  method,  100  islets  were  arrayed  in  less  than  60  s.  For  stimulation,  the  1  mL  pipette  

tip  was  refilled  with  insulin  secretagogues  and  delivered  to  the  islets  by  gravity.  Post  stimulation,  

loaded  islet  cells  can  be  collected  for  further  analysis  by  reversal  of  the  flow  through  the  outlet  

(figure  30D).  
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Figure  30.  Islet  loading,  stimulation,  and  retrieval.  (A)  Schematic  of  islet  loading  and  a  photo  image  of  the  

islet  array.  (B)  Schematic  of  islet  trapping  and  trapped  fluorescence  beads  (200-240  μm).  (C)  Schematic  

of   islet   stimulation   and   trapped   fluorescence   beads   (200-240   μm).   (D)   Schematic   of   islet   retrieval   and  

human  islets.  
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Fluid  Dynamic  Simulation  

To  better  understand   the   flow  characteristics  and   to  determine   the  optimal  design  parameters  

for   the  microfluidic   array,   a  CFD  analysis  was   performed  using  COMSOL  4.4.   The  COMSOL  

fluid-flow  simulation  results  using  a  2D  model  were  depicted  in  figure  30.  The  pressure  profile  in  

the  microfluidic  channel  was  shown   in   figure  30A.   It  shows  that   the  pressure  decreased  along  

the  islet  array,   indicative  of  no  significant  counter  flow.  The  velocity  profile   in  the  whole  device  

presented  in  figure  30B  indicates  that  velocity  pattern  was  periodically  repeated  and  identical  in  

each   row   and   column.  Since   the   islet   array   had   2   identical   rows   and   each   row   contained   10  

columns  with  15  islet  traps  of  fixed  width  and  height,  it  was  expected  that  flow  velocity  should  be  

the  same  as  the  fluid  flow  entered  the  trapping  area,  as  well  as  the  loop  channel.    

  

Figure   31.   Computer   simulation   of   flow   dynamic.   (A)   Computer   simulation   of   pressure   profile.   (B)  

Computer  simulation  of  velocity  profile.   (C)  Computer  simulation  of   flow  stream  and  velocity  profile  with  

and  without  particles  trapping.    
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A  close  view  of   the  velocity  pattern   in   the   trapping  area   is  shown   in   figure  30C.  Theoretically,  

close  to  the  trapping  area  a  particle  may  experience  two  stream  flows:  a  partial  stream  flow  (Q#)  

directing  particles   into   the   trap  site  and  a  mainstream   flow   (Q$)  along   the   loop  channel.   If   the  

Q#/Q$   ratio   is   in   a   proper   range   (>1),   particles   can   be   guided   into   the   trapping   sites   and  

immobilized.  When  the  trapping  area  was  not  occupied,  there  was  a  higher  flow  velocity  at  the  

cross-flow   channel   of   the   trapping   area   as   expected.  When   the   trapping   area  was   occupied,  

flow   velocity   of   the   loop   channel   was   increased   resulting   in   moving   particles   into   the   next  

available   trapping   area.   For   comparison,   a   simulation   of   the   velocity   streamline   was   also  

conducted.  As  shown  in  the  insert  of  figure  30C,  it  was  observed  that  much  of  the  fluid  flowed  

into   the  cross-flow  channel,  which   indicated  partially  diverted   flow   into   the   trapping  area.  This  

would  allow  particles  to  flow  toward  the  trapping  sites  due  to  the  hydrodynamic  force.  When  a  

particle  occupied  the  trapping  area,  it  increased  flow  resistance  that  allowed  flow  to  bypass  the  

trapping  area  and  directed  remaining  islets  into  the  loop  channel.  

We  further  verified  flow  dynamics  prior  to  trapping  site  and  post  trapping  site  in  the  array  (figure  

32A)   with   2D   COMSOL   simulation   for   flow   velocity   measurement   and   fluorescence   imaging  

using   5   μM   Rhodamine   123   for   flow   intensity   measurement.   When   the   trapping   sites   were  

occupied   by   a   particle,   P1   (the   prior   to   trapping   site)   and   P2   (post   trapping   site)   had   almost  

identical   flow  velocity   and   flow   intensity   (figures  32B  and  32C),  while  when   the   trapping   sites  

were   occupied,   the  majority   of   fluorescein   passed   through   the   cross-flow   channel   rather   than  

down   the   loop   channel   reflected   in   both   fluorescence   velocity   and   intensity   as   shown   in   post  

trapping  site  designated  as  P4  (figures  32B  and  32C).    
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Figure   32.   Computer   simulation   and   experimental   validation   of   flow   dynamics.   (A)   Schematic   of   the  

microfluidic   islet   array.   (B)   Computer   flow   simulation   for   flow   velocity.   (C)   Experimental   fluorescence  

intensity  measurement  (n  =  3).  
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Comparison  of  the  Perifusion  Chamber  Device  and  Islet  Array  Device    

In  order  to  demonstrate  the  superior  characteristics  of  the  microfluidic  array  design  (figure  33A),  

we  compared  it  to  previously  designed  three-layer  microfluidic  perifusion  device  (figure  33B),  in  

which   the  media   flow  perifusates   islets   through  a   perifusion   chamber9,10.   The   top-layer   of   the  

perifusion  device  has  an   inlet   and  an  outlet  with   dimensions  of  20	  mm	  ×	  2	  mm	  ×	  500	  µμm.   The  

perifusion  chamber   is  7	  mm   in  diameter  by  3	  mm   in  depth  with  a  total   liquid  volume  of  115	  µμL.  

The  bottom   layer  of   the  chip   is  made  of  an  array  of  small   round  wells   (500	  µμm  by  150	  µμm)   for  

islet   immobilization  (figures  33D  and  33F).  The  array  of  500  µμm  wide  by  100  µμm  deep  circular  

wells   has   proven   quite   effective   for   islet   immobilization   up   to   a   flow   rate   of   1.0	  ml/min,   with  

minimal  physical  stress;;  however  efficient  interaction  of  islets  sitting  in  the  circular  wells  with  the  

microenvironment   is   dependent   on   flow   dynamics   in   the   perifusion   chamber.   Since   the  

perifusion   chamber   is   relatively   large   and   falls   in   the   macroscale   category,   it   makes   it  

challenging  for  effective  mixing  and  diffusion,  especially  at  a  lower  flow  rate.  While  a  higher  flow  

rate  (> 	  2.0	  ml/min)  may  cause  islets  to  disgorge  from  the  circular  wells.    
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Figure  33.  Microfluidic   islet  array  and  microfluidic  perifusion  device.   (A-C)  Schematic  of   the  microfluidic  

islet   array,   trapped   human   islets,   and   fluorescence   labelled   human   islets.   (D-F)   Schematic   of   the  

microfluidic  islet  perifusion  device,  trapped  human  islets,  and  fluorescence  labelled  human  islets.  
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Microfluidic   devices   are   defined   by   having   low   Reynolds   numbers   and   simple   diffusion  

effectively  describes  the  transport  of  diffusive  species  within  a  MFD  device.  Fickian  diffusion  law  

(   𝐽 = −𝐷 <=
<>
).   The   correlation   𝑥$ = 2𝐷𝑡   defines   the   mean   square   displacement   of   particles   in  

regards   to   time.  As   time  depends  on   the   square  of   displacement,   diffusion  on   the  microscale  

occurs  much   faster   than   diffusion   on   the  macroscale.  Due   to   the   small   size   of   the   islet   array  

device  (100  times  smaller   than  the  perifusion  chamber  device)  and  array  format,  diffusion  and  

mixing   are   significantly   faster   and   consequently   more   effective.   Additionally,   solution  

consumption   can   be   reduced   significantly   during   the   experimental   procedure   using   the   newly  

designed   device   we   present   in   this   paper.   The   trapped   islets   in   the   array   had   direct   and  

complete   contact   with   flow   independent   of   flow   rate   and   the   islets   remained   stable   during  

dynamic  perifusion  with  minimal  movement.  The  previous  perifusion  design  had  a  limited  range  

of  working  flow  rates  since  a  slow  flow  rate  (<  50  μL)  prevented  efficient  mixing,  while  a  higher  

flow   rate   (>   2   mL)   disgorged   many   trapped   islets.   Additionally,   the   design   reduced  

stimulation/washing   times,  which  minimized  shear  stresses  on   islet  cells.   Importantly,   the   islet  

array   design   improved   the   precision   and   sensitivity   of   human   islet   calcium   signaling   by  

effectively  detecting  subtle  changes  such  as  phase  0  (figure  34B),  which  is  often  not  detectable  

in  our  previous  perifusion  based  device  (figure  34A).  The  glucose-induced  phase  0  is  a  gradual  

depolarization  of   the  cell  membrane  and  a  decrease  in   intracellular  calcium.  Vanished  (A  non-

detectable)  phase  0  is  often  caused  by  endoplasmic  reticulum  stress  associated  with  a  defect  of  

islet  cell  function.  Compared  to  the  perifusion  chamber  design,  the  human  islets  in  the  islet  array  

have   superior  maximal   [Ca$D]FGH   response   (144.2%   ±   1.73   vs.   129.9%   ±   2.42;;  p   <   0.05)   and  

superior  maximal  [Ca$D]I=J   response  (176.2%  ±  1.54  vs.  166.9%  ±  2.13;;  p  <  0.05)  (figures  6C  

and   6D).   Additionally,   the   array   provided   a   faster   transition   from   phase   0   to   phase   I   (Slope:  

14.84  vs.  2.65).    
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Figure  34.  Comparison  of  intracellular  calcium  signaling  between  the  perifusion  based  device  and  the  islet  

array.  (A)  Intracellular  calcium  profile  of  human  islets  trapped  in  the  perifusion  device   in  response  to  25  

mM   glucose   and   30  mM   KCI   (n   =   3,   300   islets   from   3   different   preparation).   (B)   Intracellular   calcium  

profile  of  human  islets  trapped  in  the  array  device  in  response  to  25  mM  glucose  and  30  mM  KCI  (n  =  3,  

300  islets  from  3  different  preparation).  (C)  Statistical  comparison  of   intracellular  calcium  in  response  to  

25  mM  glucose  between   the   perifusion   device   and   the   islet   array   device.   (D)  Statistical   comparison  of  

intracellular  calcium  in  response  to  30  mM  KCI  between  the  perifusion  device  and  the  islet  array  device.  

The  islet  array  increased  analytical  power,  not  only  by  examining  100  islets  individually,    
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compared   to   50   islets   averaged   in   the   perifusion   device,   but   also   by   efficiently   investigating  

individual  islets,  which  was  not  achievable  in  the  perifusion  chamber  as  islets  often  aggregated  

or   overlaid   on   each   other   (figures   33E   and   33F).   Lastly,   the   one-layer   array   device   had  

minimized   dimension   allowing   a   much   shorter   stimulation   protocol   to   achieve   comparable  

results   performed   by   the   perifusion   device   (sec   vs.   min)   and   consumed   much   smaller   liquid  

volume   (μL   vs.   mL).   The   aforementioned   advantages   demonstrate   that   the   microfluidic   islet  

array  may  be  applied  as  a  new  effective  tool  to  study  islet  physiology,  function,  and  therapeutic  

screening  for  anti-diabetes  agents.    

Optimization  of  Single-Islet  Loading  Efficiency  

To   allow   high   content,   high   resolution   imaging   of   individual   islets   in   an   array,   we   further  

characterized   the   impact  of   geometries  on   trapping  efficacy.  As  described  previously,   an   islet  

directly  prior  to  entering  a  trap  experiences  forces  in  two  directions:  mainstream  flow  (Q$)  in  the  

loop  channel   that  moves   the   islet  along   the   loop  channel  and  a  partial  stream  flow  (Q#)   in   the  

cross-flow  channel   that  pushes   the   islet   into   the   trapping  area.  Combined  effects  of   these   two  

flow   forces  will   determine   the   trapping   efficacy   of   individual   islets.  We   experimentally   verified  

optimal   geometry   using   varying   lengths,  widths,   and   depths   of   the   trapping   site   and   the   loop  

channel  (H)  as  shown  in  figure  35.  When  Q#/Q$  was  equal  to  5.5,  a  high  resistance  ratio  led  to  

having  multiple   islets  per   sites   (figure  35A).  When  Q#/Q$  was  equal   to  0.7,   the  solution  going  

into  the  gap  was  not  enough  for  optimal  loading  (figure  35C).  By  modifying  the  resistance  of  the  

straight  channel   (Q#/Q$  = 2.8),   individual   islets  occupancy  on  single   trap  was  achieved   (figure  

35B).  At  this  ratio,  99%	   ± 	  2.5%  of  the  sites  are  filled  with  95%	   ± 	  2%  of  the  filled  sites  having  

an  individual  islet.    
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Figure  35.  Determination  of  optimal  loading  parameter.  (A)  Loading  efficacy  at  Q1/Q2  =  5.5.  (B)  Loading  

efficacy  at  Q1/Q2  =  2.8.  (C)  Loading  efficacy  at  Q1/Q2  =  0.7.    
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Two  additional   factors   that  may   influence   trapping  efficacy  are  particle  concentration  and   flow  

rate.   Our   experience   showed   that   trapping   efficacy   was   independent   of   initial   particle  

concentration,  while  particle  concentration  only  affected   loading   time.  For   the  concentration  of  

500  islets/mL,  full  loading  of  the  array  took  less  than  a  minute  at  a  flow  rate  of  50  µμL/min.  At  a  

lower   solution  portion,   loading   islets   took   longer  and   islets   tended   to   sit   at   the  bottom  of   inlet  

port.  In  flow  rate  above  200  μL/min,  islets  would  undergo  shear  force  and  pressures  force  which  

leads  to  islet  deformation  through  the  45-μm  narrow  gaps.    

Fluid  Exchange  Efficiency    

In   order   to  make   sure  we   achieved   a   uniform   solution   distribution   and   a   fast   rate   of   solution  

exchange   in   the  array  channel,  a   fluorescent   intensity  experiment  using  FITC  was  carried  out  

(figure   36).   The   intensity   of   dye  was  measured   in   different   positions   inside   the  MFD   channel  

during  the  stimulation  with  of  water.  The  intensity  values  in  the  graphs  illustrated  the  capability  

of   the   array   chip   to   exchange   its   solution   media   in   about   10   seconds   and   the   fluorescence  

profiles   of   each   location   were   identical   (figure   36).   The   rate   of   solution   exchange   was  

significantly   faster  as  a  result  of  small  channel  size  and  volume  in  comparison  to  our  previous  

chamber   design,  which   required   3  minutes   to   fully   exchange92.   This   allows   faster   stimulation,  

shorter  washing  time,  and  improved  resolution.    
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Figure  36.  Fluid  exchange  efficiency.  (A)  The  array  loaded  with  fluorescence  beads  (200-240  μm).  (B)  

The  array  loaded  with  fluorescence  beads  (200-240  μm)  flushed  with  2.5  μM  FITC.  (C)  FITC  intensity  

profiles  at  different  locations  in  the  array.  
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Microfluidic  Array  Serves  as  Islet  Cell  Cytometry  

Flow   cytometry   is   a   technology   that   has   had   a   significant   impact   on   basic   cell   biology   and  

clinical  medicine.  The  simple  rule  of  flow  cytometry  is  that  single  cells  travel  in  a  stream  of  flow  

and   interrogated   in   a   short   period   of   time   as   laser   source   is   focused   in   a   tiny   area.   Fast  

evaluation  of  large  amount  of  cells  is  an  advantage  here  which  allows  accurate  measurements  

of   particle/cell   properties   under  multi-parameter   and   separate   single   particle/cell   physically   or  

biologically   from   bulk   population   to   study   heterogeneous   populations   and   classification   of  

subpopulation.  Today’s  instruments  have  a  capacity  to  measure  almost  all  types  of  single  cells  

including  single  islet  cells;;  however,  no  such  instrument  for   islets  has  been  reported  yet.  Islets  

consist  of  a  cluster  of  approximately  1000 − 2000   single  cells  and   function  as  a  basic  unit   for  

sensing  and  responding  to  blood  glucose  changes.  Therefore,   it   is  more  physiological  relevant  

to  analyze   intact   islet   clusters   rather   than  dissociated   islet   single   cells.  Another  benefit   of   our  

chip  is  that  it  can  be  coupled  with  real-time  monitoring  of  cells  This  can  not  be  achived  by  flow  

cytometry.  This  device,  allows  us   to  collect  300  data  points  per   time  point  per   individual   islet,  

and  to  increase  throughput.  

This  microfluidic  array  can  successfully  capture  and  immobilize  a  large  number  of  islets.  With  a  

low  magnification  optical  objective,  such  as  10  x  objective,  5  individual  islets  can  be  monitored  

in  a  field  of  view.  Assisted  by  a  motorized  microcopy  stage,  we  collected  and  analyzed  100  data  

points   from   individual   islets   with   a   100-islet   array.   It   is   worth   noting   that   this   array   could   be  

expanded  as  the  channel  has  traps  to  hold  up  to  300  particles;;  however,  the  first  100  traps  were  

used,  as   there  were   limitations  with  how  fast   the  stage  could  scan.  These   limitations  could  be  

overcome   through   the   use   of   advanced   stage   setups.   Another   advantage   of   the   microfluidic  

array  is  that  it  can  be  coupled  with  real-time  single  or  multi  parameter  fluorescence  imaging  that  

allows   for   the   tracking   of   dynamic   physiological   and   pathophysiological   behavior   of   islets  

simultaneously.  This  function  was  not  achievable  using  our  previous  perifusion  chamber-based  

microfluidic  or  other  existing  islet  microfluidic  devices  available.    
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Heterogeneous  Responses  of  Human  Islet  in  Response  to  Secretagogues  

Glucose-induced   insulin   secretion   of   islet   cells   is   a   complex   process   controlled   by   β-   cell  

metabolic  events,  electrical  activity,  and  ion  signaling  and  displays  biphasic  and  pulsatile  kinetic  

profiles.  In  short,  glucose  catabolism  generates  ATP  through  the  mitochondrial  tricarboxylic  acid  

cycle,   which   consequently   closes   ATP-sensitive   KD   channels,   initiates   plasma   membrane  

depolarization,   and   increases   [Ca$D]Q	  via   voltage-dependent   calcium   channels.   This   glucose-

stimulated  increase  in  [Ca$D]Q  triggers  the  fusion  of  insulin  granules  with  the  cell  membrane  and,  

subsequently,   results   in   the   exocytosis   of   insulin.   The   dynamic   visualization   of   physiological  

changes   in   individual   islets  has   clear  advantages  because   it   provides  detailed   spatiotemporal  

information   in   a   quantified   manner.   For   example,   the   human   islet   isolation   process   for   islet  

transplantation   is   a   very   complex   and   multistep   process.   Each   manipulation   step   may   be  

stressful   and   even   detrimental   to   islet   viability   and   function.   The   current   standard   assay   to  

determine  function  and  viability  of  human  islets  provides  limited  information  on  the  physiological  

or  pathophysiological  changes  of  the  islets.  Using  this  microfluidic-based  islet-trapping  array,  we  

can   observe   individual   human   islets   and   focus   on   several   key   insulin   stimulator-secretion  

coupling  pathways  in  response  to  secretagogues.  

Heterogeneous   responses   of   intracellular   calcium   and   mitochondrial   potential   changes   from  

isolated   human   islets   were   shown   in   figures   37A   and   37C.   Human   islets   displayed  

heterogeneous   calcium   profiles   in   response   to   glucose   and   KCI   (25  mM   glucose:   144.2%  ±  

1.74,  Max:  149.9%,  Min:  139.9%;;  30  mM  KCI:  176.2%  ±	  1.54,  Max:  179.1%,  Min:  173.5%)  and  

heterogeneous  mitochondrial  potential  changes  in  response  to  glucose  (25  mM  glucose:  71.3%  

±   2.02,  Max:   76.8%,  Min:   62.3%).   The   heat-map   of   calcium   concentration   and  mitochondrial  

potential  changes  are  depicted   in   figures  37B  and  37D  and  provide   far   richer  sources  of  data  

compared  to  bulk  averaging  over  multiple  islets.  

     



	   	   	   	   	   	   	  
	  

	  
	  

88 

  

  

Figure  37.  Heterogeneous  responses  of  human  islets  in  response  to  insulin  secretion  secretagogues.  (A)  

Intracellular  calcium  signaling  of  islet  cells  to  25  mM  glucose  and  30  mM  KCI  (n  =  100  islets).  (B)  Calcium  

concentration  Heat-map  of  islet  cells  to  25  mM  glucose  and  30  mM  KCI  (n  =  100  islets).  (C)  Mitochondrial  

potential   changes   of   human   islet   cells   to   25   mM   glucose   (n   =   100   islets).   (D)   Mitochondrial   potential  

change  Heat-map  of  human  islet  cells  to  25  mM  glucose(n  =  100  islets).  
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The   microfluidic   array   clearly   provides   advantages   over   population-based   approaches   by  

providing  more  detailed  and  spatiotemporal  analysis  of   individual   islets,  not  only   in  a  large  cell  

population,  but  also  variation  values  (maximal  and  minimal  values)  of  individual  islets,  frequency  

of   response,   and   percentage   response   profile.   Additionally,   the   array   may   help   to   identify  

potential   subgroups   or   sub   phenotypes   of   an   islet   population,   which   is   critically   important   for  

functional   characterization   of   human   islets   used   for   islet   transplantation   and   phenotype  

characterization  of  β-  cell  like  stem  cells  in  their  differentiation  and  maturation  processes.  

Islet  Viability  Assay  

It    is  necessary  to  improve  islet  viability  assessment  by  increasing  the  speed  and  the  precision  

of  viability  assessment  using  new  tools  and  techniques.  The  new  microfluidic  islet  chip  proposed  

here   can  be  used  as  a   tool   to   perform  high-resolution  analysis   of   fluorescence   labelled   islets  

such   as   islet   viability   and   cell   death.   Since   the   trapped   islets   in   the   array   device   are   directly  

located  on  a   thin  coverslip   (60  x  24  mm  and  0.13  mm   in   thickness),   this  enables  high  spatial  

resolution  imaging  of  islets  at  high  magnification  such  as  confocal  microscopy  (figure  38).  This  

device  also  allows  us   to  perform   the  assessment   faster  and   in  more  automated   fashion  since  

the  position  and  location  of  each  trapped  islet  and  trapping  site  are  known  therefore  the  imaging  

process   can   be   performed   in   an   automated   way   using   a   motorized   stage.   Additionally,  

fluorescence  staining  and  washing  processes  can  be  performed  on   the  chip  post   islet   loading  

without  any  difficulty.    
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Figure   38.   Confocal   imaging   and   quantification   of   live-cells   and   dead-cells   of   human   islets   in   the  

microfluidic  array.  (A  and  B)  Representative  image  of  the  control  human  islets.  (C  and  D)  Representative  

image  of  the  hypoxia-treated  human  islets.  (E)  Representative  images  of  a  human  islet  were  collected  at  

10  μm  intervals  to  create  a  stack  in  Z  axis  (63  z-slices  recorded  with  a  20x  lens).  (F)  Statistical  analysis  of  

human   islet   viability   from   the   control   islets   and   the   hypoxia-treated   islets   (n   =   150   each   group   from   3  

different  batch  of  isolated  islet;;  *  p  <  0.01).  
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Figure  38   shows   the   results   of   the   standard  CMFDA/PI  assay  performed  on   the   islets.  There  

were  3  samples  for  each  control  and  the  hypoxia  treated  islets.  Each  sample  contained  50  islets  

for  each  condition.  Quantitative  comparisons  of  the  areas  of  the  green  and  red  regions  showed  

that   viability   percentage  of   the   control   islets  and   the  hypoxia   treated   islets  was  96.1%  ±  2.34  

and  65.2%  ±  3.21,  respectively.  The  standard  visual  assessment  placed  the  control  in  the  94%  

to  100%  viability  range  and  the  treated  islets  in  the  60%  to  70%.  

Percentage  of  viable  and  dead  cells  aggregates  over  the  total  was  determined  by  scoring  green  

versus  red  fluorescence  using  the  ImageJ  software  package  as  described  under  “Experimental  

Procedures”.  The  results  are  representative  of  three  independent  experiments  and  mean  ±  S.D.  

of  three  independent  experiments  are  shown  in  figure  38.  

Conclusion  

In   this   project,   a   novel  microfluidic   array  was  presented  based  on   the   hydrodynamic   trapping  

mechanism.  The  unique  feature  of  this  device  is  the  suitability  of  the  microfluidic  array  for  high-

content   and   high-resolution   analysis   of   individual   pancreatic   islets.   We   have   identified   key  

design   parameters   controlling   the   trapping   efficacy   of   the   islets.   This   work   demonstrates   the  

enabling   capability   of   quantitative   analysis   as   islet   cytometry   that   can   be   readily   adopted   for  

studying   islet  physiological  and  pathophysiological   changes   in   response   to   insulin  stimulation-

secretion  cues.    In  contrast  to  existing  microfluidic  perifusion  devices,  the  presented  microfluidic  

array   provides   well-controlled   flow   dynamics   with   much   improved   flow   exchange,   faster   flow  

delivery,   a   shortened   stimulation   protocol,   and   improved   assay   sensitivity   and   accuracy.  

Importantly,   it   is   a   first   device   that   has   an   ability   to   monitor   cell   heterogeneity   of   a   large  

population  at   the  single   islet   level.  The  microfluidic  platform  presented  here  can  be  utilized  for  

evaluation   of   human   islet   function   and   viability   prior   to   human   islet   transplantation   for   Type   I  

diabetes   patients   and   screen   potential   anti-diabetes   compounds.   For   future   studies,   the  

microfluidic   system   can   be   further   optimized   for   the   effective   collection   of   perifusates   for  

hormone  measurements  and  drug  screening.  
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Chapter  V.  Project  3  Results  and  Discussion  

  

One   area   of   interest   for   which   alginate   capsules   have   been   widely   studied   is   the   immune-

protection  of  donor  islet  cells99.  Host  fibrotic  overgrowth  of  alginate  microcapsules  in  recipient,  is  

the  main  issue  in  the  transplant  of  encapsulated  islet  cells	  97,98,99,100,101.  After  implantation  into  the  

transplant   sites   alginate   microspheres   initiate   foreign   body   reactions   and   fibrotic  

overgrowth102,103.  Recently,   scientists   have   been  demonstrating   and   studying   the   effect   of   the  

geometry  of  capsules  on  biocompatibility.  In  non  human  models,  implanted  spheres  1.5  mm  and  

bigger   in   diameter   considerably   impaired   recipient-body   reactions   in   comparison   to   smaller  

diameters.  These  all  suggest   that   the  biocompatibility  properties  of  spheres  can  be  noticeably  

improved   by   changing   their   dimensions.   In   this   project,   a   new   platform   has   been   designed,  

verified  and   tested   that   can  be  successfully  applied   to   investigate  and  study   the  properties  of  

1.5mm   macrocapsules   and   also   to   evaluate   the   functionality   of   islets   inside   these  

microcapsules.  The  device   is   capable  of   immobilizing  macrocapsules   for   short-term  and   long-

term  dynamic  and  static  stimulation  and  live  cell  imaging.    

Trapping  Mechanism  

To   trap  and  study   individual  macrocapsules,  we  designed  a   three   layer  microfluidic  device,   in  

which   the  middle   layer   of   the  microfluidic   chip  was   designed  with  wells   to   hold   capsules.   An  

schematic  of  the  device  is  illustrated  in  figure  39  along  with  photo-image  of  the  chip  .  The  macro  

capsule  chip  had  one  simple  macro  straight  channel  on  top  and  a  micro  channel  at  bottom.  
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Figure  39.  Schematic  of  macrocapsule  array.  Top:  side  view  of  three  layers  and  dimension  of  the  wells  

and  channels.  Bottom:  Structure  of  wells  in  middle  layer.    
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Two  punched  ports  created  as   inlet  and  outlet.  The  top   layer  dimension  was  50  mm  by  2  mm  

and   2  mm   in   height.   The   circular  macrowells   proposed   here   comprised   round  wells   of   2  mm  

diameter  and  2  mm  height,  which   is  0.5mm  bigger   that   the  size  of   the  macro  capsules.  Using  

the  fabricated  patterned  wells,  20  macrocapsules  was  introduced  to  device.  Due  to  gravity  force  

(figure  40),  the  solution  was  slowly  migrating  towards  the  macrowells  and  directing  capsules  to  

the  wells.  The  entire  time  for  capsule  trapping  was  1  minutes.  This  trapping  method  is  effective,  

efficient,   compatible   with   automation,   and  more   importantly   improves   capsule   stimulation.   To  

define   the   optimal   geometry   of   the   macrowells   for   optimal   capsule   trapping,   various   well  

dimensions  were  tested  with  the  diameter  ranging  from  2mm  and  3  mm.  For  3  mm  microwells,  

capsules  were  not  stable  during  stimulation  and  sometimes  two  capsules  were  trapped   in  one  

well.   For   2   mm   macrowells,   all   of   the   macrowells   were   filled   with   the   capsules   (trapping  

efficiency  =  100%),  and  the  captured  capsules  were  easily  unloaded  by  reversing  the  ports.  
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Figure   40.   Schematic   illustration   of   the   capsule   immobilization   method   within   an   array   of   microfluidic  

wells.   (a  and  b)  Green  1.5mm  capsules  are   introduced   into   the   channel.   (c  and  d)  media  directing   the  

capsules  toward  wells  due  to  cross  channel  at  the  bottom  of  the  wells.  The  whole  procedure  is  performed  

using  gravity  without  pomp.  Remaining  capsules  are  washed  with  the  media  using  gravity.    
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Fluid  Dynamic  Simulation  

To   better   understand   the   flow   characteristics   and   to   be   able   establish   the   effective   design  

parameters   for   the   chip   array,   a   CFD   study   was   performed   using   multiphasic   software,  

COMSOL  4.4.   The  COMSOL   fluid-flow   simulation   results   using   a   2D  model  were   depicted   in  

figure  41.  The  pressure  profile  in  the  microfluidic  channel  was  shown  in  figure  41.  It  shows  that  

the   pressure   decreased   along   the   islet   array,   indicative   of   no   significant   counter   flow.   The  

velocity   profile   in   the   whole   device   presented   in   figure   41   indicates   that   velocity   pattern   was  

periodically  repeated  in  cross  channels  under  macrowells.  As  shown  in  the  insert  of  figure  41,  it  

was   observed   that   maximum   velocity   occurs   in   the   cross-flow   channel,   which   indicates   the  

diverted  flow  into  the  trapping  area.  This  would  allow  particles  to  flow  toward  the  trapping  sites  

due   to   the  hydrodynamic   force.  When  a  particle  occupied   the   trapping  area,   it   increased   flow  

resistance   that  allowed   flow   to  bypass   the   trapping  area  and  directed   remaining  capsules   into  

the  next  empty  wells.  
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Figure   41.   2D   flow   simulation   of   the   device.   Velocity   is   higher   at   the   bottom   of   the   well   which   is   an  

indication  of  diverting  flow  and  particle  in  flow  toward  wells.  Fluid  is  driven  by  pressure  difference  at  inlet  

and  outlet.  
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Live-Cell  Imaging  for  Monitoring  the  Cellular  Response  of  Islets  Inside  Macrocapsules  

For  tracking  the  cellular  response  of  β-  cells,  the  captured  macrocapsules  were  stimulated  with  

two   concentrations   of   glucose   (2mM,   and   18   mM),   and   also   30   mM   KCL.   Solutions   were  

introduced  into  the  chip  after  macrocapsules  were  loaded  into  the  device.  This  experiment  was  

performed  using  monkey  islets.  Fura2  was  used  to  study  calcium  dynamic  and  Rh123  was  used  

for  φT  tracking.  20  capsules  were  selected  for  imaging  purpose.  Individual  islet  responses  were  

assessed  with  the  following  perifusion  protocol:  1)  KRB2  (0-5  min);;  2)  20  mM  glucose  (25  min);;  

3)  KRB2  (45  min);;  4)  30  mM  KCl  (15  min);;  5)  KRB2  (30  min).    

We  further  verified  an  even  and  uniform  flow  of  solution  in  the  whole  MFD  chip  by  studying  the  

calcium   signalling   in   different   position   throughout   the   chip.   The   calcium   signalling   showed  

similar   pattern   in   different   position   in   the   chip   indicating   that   macrocapsules   stimulation   by  

glucose  solution  was  uniform.  Graphs  are  presented  in  figure  42.  
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Figure  42.  Top:  Schematic   representation  of  device  set  up  on  microscope  stage.  Bottom:   Intracellular  

calcium   influx   and   Ψm   in   response   to   insulin   secretagogues.   Representative   traces   of   intracellular  

calcium  of  single  rat  islets  to  20  mM  glucose  stimulation  and  30  mM  KCl.  
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Chapter  VI.  Project  4  Results  and  Discussion  

  

As   mentioned   before,   human   islet   cells   transplant   is   a   new   treatment   patients   with   type   I  

diabetes,  which   aims   to   eliminate   patients’   dependence  on   external   insulin   by   injecting   donor  

islets  to  the  liver78.  However,  in  order  for  the  transplant  to  be  successful,  the  donor  sample  (from  

a   cadaver)  must   provide   enough   islet  mass   so   that   a   sufficient   number   of   β   -cells   survive   to  

supply  the  patient  with  enough  insulin78.It  is  therefore  necessary  to  estimate  the  islet  mass  of  a  

sample   prior   to   transplant.   This   estimation   is   typically   expressed   in   terms   of   islet   equivalents  

(IEq),  a  system  of  measurement  that  normalizes  the  size  of  islets  to  spheres  of  150  μm  diameter  

(Appendix   1)   78,104.   Approximately   10,000   IEq   per   kilogram   of   the   patient’s   body   mass   are  

required  for  the  procedure  104.  Therefore,  the  number  and  diameter  of  islets  in  a  sample  must  be  

estimated.  The  current  method  for  doing  so  is  by  manual  counting  under  an  optical  microscope,  

which   is   a   slow   and   tedious   undertaking.   The   islet   counts   obtained   by   this   method  may   not  

agree   between   researchers.   Consequently,   there   is   a   need   for   automated   assessment   of  

pancreatic   islet   samples.   While   some   automation   of   this   microscope   counting   has   been  

proposed,  no  such  method  has  been  adopted  for  islet  counting104.In  order  to  provide  a  method  

for   estimating   the   IEq   of   an   islet   sample,   and   thereby   its   suitability   for   transplant,   both   the  

number  of  islets  as  well  as  their  diameters  must  be  measured.  This  process  should  be  fast  and  

automated,  for  convenience  of  the  researchers  in  testing  multiple  samples,  without  requiring  an  

excess   of   specialized   equipment.   For   this   reason,   the   use   of   a   smartphone   camera   to   track  

islets   flowing   through   a  microfluidic   device   offers   an   elegant   solution.  Since   both   devices   are  

readily  available,  they  can  be  used  to  design  a  system  in  which  a  smartphone  camera  detects  

islets  moving  in  a  microfluidic  channel.  By  capturing  a  video  recording  and  processing  it  later  on  

a  computer,  the  necessary  count  and  diameter  information  could  be  obtained  automatically.  
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The  objective  of  this  work  is  to  design  a  smartphone-based  method  for  accurately  counting  and  

estimating   the   diameters   of   human   pancreatic   islets   flowing   through   a   microfluidic   device   to  

determine  the  total  islet  equivalents  of  the  sample.  

In  order  to  satisfy  the  above  objective,  an  automated  islet  counter  was  developed  with  main  two  

components.   The   first   component   was   a   physical   frame   that   holds   the   smartphone,   the  

microfluidic   device,   and   an   optics   system   to   magnify   and   illuminate   the   smartphone   video  

recording.  The  second  component  was  a  software  designed  to  run  on  a  computer  to  process  the  

video  and  determine  the  number  of  islets  and  their  diameters.  

Physical  Frame  and  Components  

The  responsibility  of  the  frame  is  to  facilitate  the  recording  of  a  properly  magnified  video  of  islets  

flowing  through  the  microfluidic  channel  by  interfacing  with  the  smartphone  and  the  microfluidic  

device.  It  needs  to  hold  to  the  smartphone,  the  microfluidic  device,  an  in-built  optics  system,  and  

to  provide  their   interaction  during  recording.  An  iPhone  5swas  used  for  this  project.  The  optics  

system  of   the   frame  will  contain  a   lens   for  magnification.  The   lens  must  be  held  by   the   frame  

(figure  43)  at  an  appropriate  distance  from  the  microfluidic  device,  and  must  be  placed  so  as  to  

focus  the  camera  recording  on  the  islets  moving  in  a  segment  of  the  channel.  The  frame  must  

also  arrange  all  of  these  components  so  that  the  iPhone  camera  is  aligned  with  the  lens  as  well  

as  with   the  channel  of   the  microfluidic  device.  Furthermore,  all   of   these  components  must  be  

secured  in  place  by  the  frame  so  that  they  remain  stable  during  the  recording,  to  obtain  a  steady  

video.   A   secondary   objective   for   the   physical   frame   is   the   incorporation   of   an   LED   as   an  

illumination   source.   This   is   to   provide   a   consistent   level   of   illumination,   to   optimize   the  

performance  of  the  software.  
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Figure  43:  Schematic  of  physical  frame  
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The  frame  was  3D  printed  from  a  polyamide  plastic  (Nylon).  An  overview  of  the  frame  design  is  

given   in   figure   43.   The  major   components   are   a   shelf   to   hold   and   support   the   iPhone  5s,   an  

adaptor  housing   the   lens,  and  an  area   for   inserting  and  holding   the  microfluidic  device   (figure  

44)  as  described  before.  
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Figure  44.  Schematic  of  microfluidic  device  used  in  this  project.  
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As  depicted  in  figure  43,  the  screen  of  the  phone  will  be  facing  upward,  to  allow  for  starting  and  

stopping   the   vide   o   recording  without  moving   the   device.   The   lens  will   be   held   in   an   adaptor  

from  the  manufacture  and   installed   in   the  hole  beneath   the  phone  camera,  as  shown   in   figure  

43.  The  current   lens  being  considered   is   the  Thorlabs  C230TME-A  Mounted  Geltech  Aspheric  

Lens   (see   Appendix   2).   The   dimensions   are   presented   in   appendix   2.   The   thickness   of   the  

PDMS  in  the  main  part  of  the  microfluidic  device  will  be  5  mm,  as  this  thickness  ensures  proper  

attachment  of  the  appropriate  fixtures  at  the  inlet  and  outlet.  The  channel  height  and  width  are  

both  500  μm.  Finally,   the  glass  slide   to  which   the  PDMS  slide  was  bonded   is  95  mm  long,  as  

illustrated   in   figure  43.  The  channel  at   the  center  of   the  microfluidic  device   is  aligned  with   the  

lens  and   the  phone  camera,   to   facilitate  recording.  During  operation,   the  device   is   intended  to  

rest  on  a  flat  surface  such  as  a  table.  The  iPhone  5s  was  placed  into  the  frame  with  its  screen  

facing  up,  and  its  camera  aligned  with  the  hole   in  the  shelf,  and  the  microfluidic  device  will  be  

inserted.  After  the  sample  has  been  run  through,  the  video  will  be  transferred  from  the  iPhone  to  

a  computer  for  the  software  processing.  

Software  

The  software  was  written  to  be  run  on  a  computer  to  process  the  iPhone  video.  It  was  written  in  

C++  using   the  OpenCV  (Open  Source  Computer  Vision)   library,   to   take  advantage  of  existing  

functionality   for  computer  vision.  As  a  cross-platform,  open-source   library,  OpenCV  could  also  

facilitate  the  creation  of  applications  to  run  on  a  variety  of  operating  systems,  including  Android  

and  iOS.  The  software  has  four  main  functional  requirements.  The  first  is  that  the  software  must  

identify   and   track   islets  moving   in   the   video.   Second,   it   must  make   a   robust   estimate   of   the  

number  of  islets  that  pass  through  the  section  of  the  channel  being  recorded.  Third,  the  program  

should  estimate  the  diameters  of  the  islets  that  are  detected.  Finally,  this  information  should  be  

used  to  compute  IEq  and  generate  a  report  following  the  analysis  to  summarize  the  results.  The  

software  three  primary  tasks  are  to  track  islets  moving  through  the  channel  in  the  video,  count  

the   number   of   islets,   and   estimate   their   diameters.   Final   step   is   to   generate   a   report.   These  
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primary   tasks  will  be  accomplished  using   functions   from   the  OpenCV   library   to   implement   the  

algorithms   designed   for   this   platform.   Identification   of   the   islets   in   the   channel   will   be  

accomplished  through  a  technique  known  as  background  subtraction.  
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Figure  45:  A)  Conceptual  illustration  of  absolute  difference  method.  Taking  the  absolute  difference  of  the  

images  after  a  binary  threshold  leaves  all  pixels  0  except  for  those  that  changed  between  the  two  frames.  

This   results   in   a   trace   (in   red)   that   represents   the  motion   of   an   object.   B)   Reconstructed   background  

image   from   sample   video.   C)   Foreground   for   a   frame   of   video,   with   trace   of   moving   objects   (islets)  

superimposed  on  the  background.  
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This  entails  splitting  the  video  into  individual  frames,  each  of  which  is  a  single  image.  Adjacent  

frames   are   then   compared   on   a   pixel-by-pixel   basis.   This   starts   by   converting   the   images   to  

grayscale,  and  then  applying  a  binary  threshold,  so  that  all  pixels  have  values  of  either  0  or  1.  

Next,   the   absolute   difference   between   adjacent   frames   is   taken,   by   simple   subtracting   the  

values  of  corresponding  pixels  and  taking  the  absolute  values  of  the  results  (which  can  be  either  

0  or  1).  This  process   is   illustrated   in   figure  45.  This   results   in  a   trace  of  any  movement   in   the  

video,   from   which   the   motion   of   objects   is   ultimately   detected.   If   the   channel   remains   still,  

without  shaking,  the  only  moving  objects  in  the  channel  will  be  the  islets,  as  they  are  carried  by  

the  flow.  By  first  applying  a  threshold  filter  and  then  using  background  subtraction,  the  islets  can  

therefore   be   tracked   as   they   move   through   the   channel.   Once   the   islets   are   identified,   the  

program  can  draw  minimum  bounding  boxes  around  them.  To  determine  the  number  of   islets,  

the   software   can   track   the   objects   as   they   cross   a   number   of   checkpoints   in   the   channel.   A  

count   can   be   incremented   each   time   an   islet   passes   a   checkpoint.   By   averaging   the   counts  

across  multiple  checkpoints  in  the  video,  the  program  can  offset  the  errors  introduced  by  islets  

either  clumping  together  or  breaking  apart  as  they  flow  through  the  channel.  As  objects  pass  a  

checkpoint  line,  a  count  is  incremented.  The  results  from  all  of  the  lines  will  then  be  averaged.  

When  the  islets  are  in  the  zones  past  each  checkpoint,  their  diameters  can  be  estimated  using  

the  minimum  bounding  box.  This  method  involves  measuring  the  area  of  the  minimum  bounding  

box,  and  determining  what   fraction  of   the  pixels   in   the  box  are  occupied  by   the   islet   (having  a  

value   of   1   instead   of   0).   This   fraction   can   then   be   multiplied   with   the   area   of   the   minimum  

bounding  box.  The   result  of   this  calculation  will  be   the  surface  area  of   the   islet,  or   rather,   the  

area  of  its  two  dimensional  projection  onto  a  plane  because  of  the  bird’s-eye  view  perspective  of  

the   camera.  Assuming   the   islets   are   spherical,   as   is   the   basis   of   the   IEq  method,   this   cross-

section  would  be  circular.  By  treating  the  area  of  islet  visible  on  the  video  as  that  of  a  circle,  the  

diameter  can  be  calculated  using  simple  geometric  relations.  This  process  is  illustrated  in  figure  

46.     
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Figure  46:  Illustration  for  diameter  estimation  algorithm.  The  area  of  the  video  is  multiplied  by  the  fraction  

of  pixels   that  are  occupied,   so  as   to  determine   the  surface  area  of   the   islet   that   is   visible.  This   is   then  

treated  as  if  it  were  the  area  of  a  circle,  and  used  to  estimate  the  diameter.  
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Once   the   counts   and   diameters   have   been   taken   at   all   the   checkpoints,   the   results   will   be  

averaged  to  provide  the  final  estimate  of  total  IEq.    

Video  Recording  Procedure  

The  goal  was  to  make  sure  design  provide  a  magnified,  focused,  and  illuminated  recording  with  

the  optics  system;;  keep  all  components  aligned  so  that  a  recording  of  islets  in  the  channel  can  

be  captured  (at  120  FPS);;  and  ensure  that  all  components  stay  steady  throughout  the  recording.  

To  begin  assessment  of  the  islet  sample,  the  frame  was  first  set  on  a  table,  and  the  LED  was  lit.  

The  microfluidic  device  was   inserted   into   its  slot,  and   two  pipette   tips  were  placed   in   the   inlet  

and   outlet,   along   with   buffer.   The   iPhone   5s   was   inserted   and   set   to   the   120   FPS   video  

recording  mode.  The  smartphone’s  camera  (figure  47)  was  focused  into  the  region  of  the  field  of  

view  not  affected  by  field  curvature.    
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Figure   47:   Image   of   frame   with   iPhone   5s   and   microfluidic   device   inserted.   All   components   are   held  

securely,   inlets   are   unobstructed   (with   pipette   tips   inserted),   and   phone   screen   and   buttons   are  

accessible.  
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Next,  to  flow  the  islets,  a  pipette  was  used  to  transfer  islets  along  with  a  volume  of  fluid  into  one  

of  the  pipette  tips  in  the  inlet.  The  taller  column  of  fluid  in  that  tip  relative  to  the  tip  at  the  outlet  

drove   the   flow  of   fluid,  and  carried   the   islets  along  with   it   through  the  channel.  The   iPhone  5s  

was  set  to  record  while  the  islets  were  flowing  through.  The  recorded  video  was  transferred  to  a  

computer.  The  videos   that  were  collected  showed  a   focused  view  of   the   islets  passing   trough  

the  channel,  with  a  bright,  evenly-illuminated  background.  These  results  are  illustrated  in  figure  

48.    
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Figure  48:  Still   frames  of   islets  moving.  A)  Sample   image  from  recording  with   the  prototype.  B)  Sharply  

focused,  brightly  illuminated  image  from  recording  captured  with  new  frame  design.  
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Lack  of  motion  blur  results  from  use  of  120  FPS  recording.  Then  recorded  videos  were  analyzed  

manually,  by  advancing  them  in  slow  motion  and  counting  the  number  of  islets.  This  was  used  

as  the  “ground  truth”  data  for  the  islet  count.  For  the  IEq  estimate,  one  frame  was  selected  for  

each  islet,  and  extracted  from  the  video.  Image  processing  was  used  to  estimate  the  islet  area  

by  isolating  the  region  of  the  frame  with  the  islet  applying  a  threshold,  converting  to  binary,  and  

measuring  the  number  of  pixels  occupied  by  the   islet.  Using  the  width  of   the  channel   in  pixels  

and   its   known   width   of   500   μm,   the   manual   IEq   was   calculated   according   to   the   method   in  

Appendix   1.   These   results   were   then   compared   with   the   software   results   to   determine   the  

percentage  error.  The  results  are  summarized  in  Table  2  below.  
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Table  3:  Software  Test  Results  

   Average   Standard  
Deviation  

Percent  Error  
in  Islet  Count  

-5.68%   15.92%  

Percent  Error  
in  IEq  
Estimate  

68.85%   34.22%  
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Discussion  

The  results  of  the  physical  component  testing  confirmed  that  all  design  objectives  for  this  part  of  

the  product  were  met.  The  iPhone  5s,  when  mounted  in  the  frame,  was  able  to  record  a  video  

with  all  of  the  desired  qualities.  For  its  part,  the  software  was  also  able  to  detect  the  motion  of  

islets  from  the  video,  indicating  the  quality  of  the  recording.  

As   islet  detection  was  possible  with  60  FPS  video  at  720  by  1280  resolution,  many  models  of  

smartphone  should  be  able  to  capture  video  with  the  system  from  which  islets  may  be  detected.  

This   suggests   that   the   frame   can   be   used   for   tracking   islets   as   they   move   in   microfluidic  

devices.   Even   if   not   used   with   the   IEq   assessment   software,   the   frame   offers   a   convenient  

means   of   brightfield   microscopy   while   working   with   islets   in   microfluidic   devices.   Qualitative  

assessments   could   also   be   possible;;   as   other   microfluidic   devices   could   be   used.   Other  

improvements,  such  as  adapting  to  use  with  other  smartphones.  The  software  component  test,  

however,   revealed   weaknesses   in   the   accuracy   of   the   islet   count   and   the   IEq   estimate,   not  

achieving  the  10%  error  requirement.  However,  this  reflects  largely  on  the  nature  of  the  testing,  

as  only  5  videos  were  used,  with  an  average  of  only  10  islets.  This  small  number  meant  that  a  

single  large  islet  being  misclassified  could  result  in  a  nearly  doubled  IEq  in  some  cases.    

There  are  numerous  sources  of  error  to  be  overcome  with  the  software  algorithm.  For  one,  the  

computed  IEq  is  too  high  due  to  overestimation  of  the  diameters  of  the  islets.  This  could  result  

from  the  software  detecting  a  halo  around  the  islets  rather  than  the  actual  outlines  of  the  islets.  

This  leads  to  a  larger  area,  and  thereby  a  greater  diameter  estimate.  Based  on  the  IEq  formula,  

as  seen  in  Appendix  1,  this  would  result  in  a  higher  IEq.  Another  problem  affecting  both  the  islet  

count  and  the  IEq  computation   is  when  islets   in  contact  with  each  other  are  treated  as  though  

they  were  a  single  larger  islet  by  the  software.  This  is  one  of  the  only  reasons  for  errors  in  the  
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number  of  islets.  For  reasons  outlined  in  Appendix  1,  this  can  have  a  far  more  profound  impact  

on  the  IEq.  Solutions  to  these  problems  are  outlined  in  the  Future  Work  section.    

Future  Work  

The  results  of  the  software  validation  testing  suggest  that  greater  accuracy  in  IEq  determination  

will   be   necessary   for   this   method   to   be   reliable.   One   means   of   improving   the   IEq   estimate  

involve   manipulating   detection   thresholds   so   that   the   contours   of   islets   are   detected   more  

closely,   in   order   to   derive   an   accurate   area.   In   addition,   the   lighting   from   the   LED   can   be  

dimmed  and  adjusted  so  as  to  eliminate  the  halo  effect  that  leads  the  software  to  detect  a  larger  

diameter.  

Changes  to  the  operating  procedure  can  also  serve  to  correct  the  diameter  estimation.  The  use  

of   the   iPhone’s  digital  zoom  to   record  only   the  center  of   the   field  of  view  may   introduce  some  

blur.  This  makes  the  contour  less  defined,  resulting  in  poorer  estimation  of  the  area.  This  could  

necessitate  not  zooming  the  camera  in,  but  instead  relying  on  the  software  to  do  so.    

Another  important  problem  to  correct  is  the  classification  of  small,  clumped  islets  as  large  islets.  

Two  different  angles  toward  solving  this  problem  are  being  considered.  The  approach  relies  on  

modifying   the   software   so   that   it   can   appropriately   account   for   the   presence   of   the   large  

clumped  islets  in  the  video.  One  method  under  consideration  is  to  assess  large  islets  by  using  

form   factors   such   as   circularity   to   judge  whether   an   object   is   likely   to   be   a   single   continuous  

object  or  multiple  masses  that  are  connected  only  at  small  points.  

In  addition,   the   software   could  also  be  modified   to  detect   and   flag   islets  above  a   certain   size  

threshold,  retrieve  the  frames  in  which  they  appear,  and  rely  on  the  user  to  judge  whether  these  

oversized   islets  are  single   islets  or   if   they  are   really  clumps  of  smaller   islets.  The  user’s   input  

would  then  be  user  to  retroactively  correct  the  IEq  computation.    
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To  confirm  the  final  accuracy  of  the  technique,  a  validation  test  must  be  conducted.  This  would  

involve  comparing  both  the  method  presented  here  and  the  technique  of  manual  IEq,  to  confirm  

the   equivalence   of   the   techniques   and   determine   whether   this   product   truly   offers   and  

advantage.  

In  addition   to   improving   the  accuracy  of   the   technique,   there  are  a  number  of   possible   future  

improvements  to  the  design  that  have  been  proposed.  One  such  change  would  be  to  modify  the  

frame  to  incorporate  a  universal  cellphone  mount  to  allow  the  use  of  any  smartphone.  Another  is  

to   use   fluorescence   imaging   rather   than   bright-field   microscopy,   while   retaining   the   basic  

principles  of  the  design.  
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Appendix  1:  IEq  Calculation  and  Error  Analysis  

The  measurement   of   islet   equivalents   is   based  on   the   assumption   that   islets   are   spherical   in  

shape.   The   basis   of   the   technique   involves   normalizing   the   measured   islets   to   a   150   μm  

diameter.  The  number  of   islets  within  different  ranges  of  diameters  are  combined  with  a  set  of  

weights   to   yield   the   total   IEq,   and   islets   below   50   μm   are   neglected.   The   ranges   for   the   IEq  

calculation  are  given  in  Table  A1  below.  
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Table  A1:  Islet  Ranges  for  IEq  Measurement  

Islet  Class   Diameter  (μm)  

1   50-100  

2   100-150  

3   150-200  

4   200-250  

5   250-300  

6   300-350  

7   >350  
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Note  that   islets   less  than  50  μm  in  diameter  are  not  used  for   the  calculation.  The  equation  for  

total  IEq,  based  on  the  number  of  islets  in  each  class,  is  given  below,  where  nx  is  the  number  of  

islets  in  the  sample  falling  into  class  x  104.  

Total	  IEq =
n#
6.00

+
n$
1.50

+ 1.7n] + 3.5n^ + 6.3n_ + 10.4n` + 15.8na  

This   formula   has   a   large   impact   on   the   error   analysis   for   the   software.   First,   no   error   is  

introduced  by  diameter  estimation  unless   the  diameter  crosses   the   threshold   into  another  bin.  

That   is,  as   long  as  an   islet’s  diameter  still   falls   into  the  proper  50  μm  range,   its  contribution  to  

the   IEq  will  be   the  same.  Therefore,  some  degree  of   inaccuracy   in  area  estimation  may  occur  

without   having   an   effect   on   the   computed   IEq.   However,   any   error   that   changes   an   islet’s  

diameter  enough   to  move   it   to  a  new  class   can  have  an   impact  on   IEq.  For   this   reason,   it   is  

important   to   continue   to   refine   the   area   estimation   algorithms   to   ensure   an   accurate  

assessment.  

If   the  Kalman  filter  fails  and  the  tracker  tags  for  two  islets  are  switched,  which  is  most   likely   in  

the   case   of   similarly-sized   islets,   the   result   will   be   two   areas   that   are   averages   of   the   islets’  

areas  weighted  by  the  number  of  frames  (or  amount  of  time)  in  which  each  islet  held  each  tag.  If  

the  islets  both  belonged  to  the  same  diameter  class,  this  average  must  also  necessarily  fall  into  

the   same  class.  This  means   that   two   islets   of   the   same  class   that   switch   tracker   tags  at   any  

point  in  the  video  will  not  affect  the  IEq.  If  two  islets  from  different  diameter  classes  switch  tags,  

however,  there  is  the  potential  for  the  IEq  to  be  skewed,  depending  on  whether  the  islets  were  

in  adjacent  classes  and  where  each  islet’s  true  area  lay  relative  to  the  endpoints  of  its  diameter  

bin.  

The  coefficients  of  the  IEq  equation  highlight  another  fact,  that  larger  islets  have  a  much  larger  

impact   on   this   parameter   than   smaller   islets.   This   is   an   issue   in   the   case   of   small   clumps   of  

islets   that   are   counted   together   by   the   software   as   a   single,   much   larger   islet.   Because   the  



	   	   	   	   	   	   	  
	  

	  
	  

123 

larger   diameter   classes  have  much   larger   coefficients,   this   can  greatly   increase   the   IEq.  This  

issue  makes  it  imperative  to  seek  out  ways  to  either  avoid  or  account  for  such  islet  clumping.  
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Appendix  2:  Lens  Specifications  
  
The   original   lens   model   was   the   Thorlabs   C230TME-A   Geltech   Aspheric   Lens.   However,  
Thorlabs   has   replaced   this   model   with   the   C230TMD-A.   A   document   from   the   manufacturer  
detailing  the  lens  is  given  below.  It  is  important  to  note  that  as  this  lens  is  not  flat-field  corrected,  
there  is  field  curvature,  and  the  product  presented  here  depends  on  zooming  the  iPhone’s  view  
to  the  region  with  minimal  curvature  effects.  
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Appendix  3:  Frame  Schematics  
 

  
  
  

     



	   	   	   	   	   	   	  
	  

	  
	  

126 

Apendix  4  
  
Permission/license  
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Summary  of  Qualifications  
§   Experienced  in  the  development,  design,  fabrication  and  validation  of  micro/nanofluidic  

devices  for  drug  screening,  and  functional  assessment  of  cells,  particle  manipulation  and  
fluid  and  gas  exchange.  

§   Technical  expertise  in  design,  modeling  and  simulation  via  programming  software  
including  COMSOL,  ANSYS,  SolidWorks  and  AutoCAD.  

§   Solution  identification,  product  development  and  optimization,  and  extensive  scientific  
research  with  excellent  collaborative  team  working  and  management  skills.  
  

Education  
§   University  of  Illinois  at  Chicago,  Chicago  IL               2015  
§   Ph.D.  in  Bioengineering  
§   Thesis  title:  “Application  of  Microfluidics  Technology  in  the  Field  of  Islet  and  Diabetes  

Research”                
§   University  of  Shahid  Bahonar,  Kerman,  Iran               2011  
§   M.S.  Mechanical  Engineering               
§     Thesis  title:  “Numerical  Simulation  of  Microflow  using  Lattice  Boltzmann  Method”    

  

§   Shiraz  University,  Fars,  Iran                     2008  
§   B.S.  Mechanical  Engineering  

  
Research  Experience  
University  of  Illinois  at  Chicago,  Chicago  IL                                                                                                   
        
Graduate  Research  Assistant                  09/2011  -  2015  

§   Working  on  the  design,  fabrication  and  characterization  of  micro/nanofluidic  devices  and  
applying  them  for  an  in  depth  investigation  to  study  naked  and  encapsulated  islets,  stem  
cells  and  fluid  delivery.  

•   Designed  and  verified  a  new  microfluidic  device  for  testing  and  evaluating  insulin  
producing  cells  derived  from  stem  cells  under  different  concentrations  of  glucose  
in  collaboration  with  Harvard  Medical  School    

•   Developed  and  validated  a  novel  microfluidic  device  for  encapsulated  islets  with  
an  increased  diameter  of  1.5mm.  Methods  including3D  printing  and  photo  
lithography  were  combined  in  order  to  successfully  complete  the  fabrication  of  
the  device  where  basic  microfabrication  techniques  were  a  limitation  (  a  
collaboration  with  the  department  of  bioengineering  at  MIT)  

•   Designed  and  validated  a  new  microfluidic  chip  that  allows  us  to  culture  
mammalian  cells  in  a  3D  collagen  matrix.    

•   Designed  a  pump-less  microfluidic  platform  to  eliminate  the  need  to  use  bulky  
and  expensive  pumps.    

•   Developed  and  tested  a  microfluidic  device  for  separation  of  live  and  dead  cells  
using  electrophoresis.  

•   Designed  and  verification  of  a  novel  microfluidic  device  that  enabled  to  mimic  
hypoxic  conditions  at  a  micro  level  in  order  to  study  the  effect  of  low  oxygen  
concentrations  on  islet  function.  

§   Perform  fluid  flow  simulations  and  modeling  using  CFD  software  including  COMSOL  and  
Solidworks.  
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§   Perform  human  islet  evaluations  using  a  new  microfluidic  platform  to  test  the  function  
and  viability  of  islets  prior  to  transplant.  All  the  experiments  are  being  performed  under  
GMP  (Good  Mandatory  Practice)  and  GLP  (Good  Laboratory  Practice)  conditions  within  
phase  3  clinical  trials  for  islet  transplantation  in  type  1  diabetes  at  the  University  of  
Illinois  at  Chicago.  

  
Bahonar  University  of  Kerman,  Kerman,  Iran            09/2007  –  06/2011  
Graduate  Research  Assistant,  Department  of  Mechanical  Engineering     

§   Numerical  Simulation  and  Modeling  of  Fluid  Flow  in  Long  Micro  Channels  using  Lattice  
Boltzmann  Methods.    

§   Performed  experimental  studies  on  fluid  flow  in  micro  geometries  
  
Shiraz  University,  Fars,  Iran                  05/2007  –  09/2007  
Summer  Undergraduate  Research  Assistant     

§   Aided  and  collaborated  with  a  graduate  mentor  to  design  and  optimize  a  heat  pipes  
system  in  order  to  achieve  maximum  efficiency.    

  
National  Iranian  Hospital,  Shiraz,  Iran               05/2006  –  09/2006  
Summer  Undergraduate  Intern     

§   Aided  and  collaborated  to  design  a  new  pipeline  system  for  gas  delivery  using  AutoCAD.  
  
Teaching  Experience  
University  of  Illinois  at  Chicago,  Chicago  IL                                                         Fall  2014  
Graduate  Teaching  Assistant  for  Biostatistics  I  
  
University  of  Shahid  Bahonar                  09/2010  –  12/2010  
Graduate  Teaching  Assistant  for  Fluid  mechanics,  Thermodynamics    
  
Skills  and  techniques  

§   Micro/Nanofluidics:  Micro/Nano-fabrication,  patterning,  etching,  photolithography,  3D  
printing  

§   Computer  Skills:  COMSOL,  ANSYS,  SolidWorks,  AutoCAD,  Microsoft  Word,  Excel,  
PowerPoint,  GraphPad  Prism  

§   Cellular  Biology:  Cell  culture,  isolation  of  human  and  murine  pancreatic  islets,  
proliferation,  apoptosis,  cell  signaling  and  cell  dissociation  (mechanically  and  
chemically).  

§   Instruments:  DIC/fluorescent  microscope,  microplate  reader,  3D  printer  
§   Microscopy:  Light  microscopy,  fluorescent  microscopy,  and  confocal  microscopy  
§   Molecular  Biology:  ELISA  
  

Peer-Reviewed  Publications    
§   M.  Nourmohammadzadeh,   J.   E.  Mendoza-Elias,   J.   Oberholzer,   Y.  Wang   Microfluidic  

Microfluidic  Array  for  Real-Time  and  High  Content  Live-Cell  Imaging  of  Pancreatic  Islets.  
Lab  on  a  chip,  2015.  

§   Y.  Wang,  J.  McGarrigle,  M.  Nourmohammadzadeh,  J.  Oberholzer,  A  New  Microfluidic  
platform   for   Live-Cell   Imaging   Pancreatic   Islets   of   Langerhans   for   Human   Transplant,  
Analytical  Chemistry,  Submitted.  

§   M.  Nourmohammadzadeh,  J.  F  Lo,  M.  Bochenek,  J.  E.  Mendoza-Elias,  Q.  Wang,  Z.  Li,  
M.   Qi,   D.   Eddington,   J.   Oberholzer,   Y.   Wang   Microfluidic   Array   with   Integrated  
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Oxygenation  Control  for  Real-Time  Live-Cell  Imaging:  Effect  of  Hypoxia  on  Physiology  of  
Microencapsulated  Pancreatic  Islets..  Analytical  Chemistry,  2013.  

§   Y.  Wang,  J.  E.  Mendoza-Elias,  J.  J.  McGarrigle,  M.  Nourmohammadzadeh,  Q.  Wang,  
Z.   Li,   et   al.      Application   of   Microfluidic   Technology   for   Studying   Islet   Physiology   and  
Pathophysiology.  Micro  and  Nanosystem,  2013.  

§   M.  Nourmohammadzadeh,  M.  Rahnama  and  S.  Jafari  Microchannel  Flow  Simulation  in  
Transition  Regime  Using  LBM  with  an  Effective  Mean  Free  Path,  ,  Proc.  IMechE  Part  C:  
J.  Mechanical  Engineering  Science,  2011.  

§   Nabavizadeh,   S.   Talebi   and   M.   Nourmohammadzadeh,   Influence   of   Surface  
Roughness  on  Natural  Convection   in  Square  Cavity  Containing  a  Cylinder  with  Lattice  
Boltzmann  Method,  International  Journal  of  Thermal  Science,  2012.  
  

Book  Publications    
§   Wang  Y,  Mendoza-Elias  JE,  Flo  J.F,  Harvat  TA,  Feng  F,  Li  Z,  Wang  Q,  

Nourmohammadzadeh  M.  et  al.,  Development  of  a  microfluidic  strategy  for  evaluating  
human  islet  potency  and  viability  prior  to  transplant.  Microfluidic  Devices  for  Biomedical  
Applications.  Woodhead  Publishing  Series  in  Biomaterials.  Edition  1  Chapter  18,  2013.  
  

Presentations  
§   Investigating  the  Effect  of  Hypoxia  on  Islet  Physiology  and  Pathophysiolog,  ASME  2014  

Fluids  Engineering  Summer  Meeting  (FEDSM2014),  Chicago,  IL.  (oral)  
§   A   Microfluidic-Based   Array   for   Large-Scale   Ordering   and   High-Resolution   Imaging   of  

Islets,  BMES  2014,  San  Antonio,  Texas.  (oral  )  
§   Development   of   A   Microfluidic-based   Array   for   High-Resolution   and   High-Content  

Imaging  of  Islets,  9th  Annual  Chicago  Diabetes  Day,  University  of  Chicago,  (poster)  
§   Microfluidic  Platform  For  Large-Scale  Ordering  And  High-Resolution  Imaging  Of  Islets  in  

Dynamic  Environment,  The  18th   International  Conference  on  Miniaturized  Systems   for  
Chemistry  and  Life  Sciences  (MicroTAS  2014),  San  Antonio,  Texas  (poster)  

§   Lab   on   a   chip   for  microencapsulated   islet   assessment   under   hypoxic   conditions,   XXII  
International  Conference  on  Bioencapsulation,  Bratislava,  Slovakia.  (poster)  

§   Development   of   A   Microfluidic-based   Array   for   High-Resolution   and   High-Content  
Imaging   of   Islets,   The   American  Diabetes   Association   (ADA)   74th   Scientific   Sessions  
(2014),  San  Francisco  (poster)  

§   A   Novel   Microfluidic-based   Array   For   High-Resolution   High-Content   Imaging   of   Islets  
Before   Transplant,   ,   The   World   Transplant   Congress   2014   (WTC),   San   Francisco  
(poster)  

§   Microfluidic  Array  with  Integrated  Oxygenation  Control  for  Real-Time  Live-Cell  Imaging:  
Effect   of   Hypoxia   on   Physiology   of   Microencapsulated   Pancreatic   Islets,   14th   World  
Congress  of  the  International  Pancreas  and  Islet  Transplant  Association  (IPITA  2013)  ,  
Sep  2013,  Monterey,  CA.  (oral)  
  
  
  


