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H u m a n li v er m o d els t h at ar e t hr e e- di m e nsi o n al ( 3 D) i n ar c hit e ct ur e ar e i n dis p e ns a bl e f or c o m p o u n d m et a b olis m/  
t o xi cit y s cr e e ni n g, t o m o d el li v er dis e as es f or dr u g dis c o v er y, a n d f or c ell- b as e d t h er a pi es; h o w e v er, f urt h er d e v el-
o p m e nt of s u c h m o d els is n e e d e d t o m ai nt ai n hi g h l e v els of pri m ar y h u m a n h e p at o c yt e ( P H H) f u n cti o ns f or w e e ks 
t o m o nt hs. T h er ef or e, h er e w e d et er mi n e d h o w mi cr os c al e 3 D c oll a g e n I pr es e nt ati o n a n d fi br o bl ast i nt er a cti o n 
aff e ct t h e l o n g e vit y of P H Hs. Hi g h-t hr o u g h p ut dr o pl et mi cr ofl ui di cs w as utili z e d t o g e n er at e r e pr o d u ci bl y si z e d 
( ~ 3 0 0- µ m di a m et er) mi cr otiss u es c o nt ai ni n g P H Hs e n c a ps ul at e d i n c oll a g e n I ± s u p p orti v e fi br o bl asts, n a m el y, 
3 T 3-J 2 m uri n e e m br y o ni c fi br o bl asts or pri m ar y h u m a n h e p ati c st ell at e c ells ( H S Cs); s elf- ass e m bl e d s p h er oi ds 
a n d b ul k c oll a g e n g els ( m a cr o g els) c o nt ai ni n g P H Hs s er v e d as c o ntr ols. H e p ati c f u n cti o ns a n d g e n e e x pr essi o n 
w er e s u bs e q u e ntl y m e as ur e d f or u p t o 6 w e e ks. We f o u n d t h at mi cr otiss u es pl a c e d wit hi n m ulti w ell pl at es r es c u e d 
P H H f u n cti o ns at 2- t o 3 0-f ol d hi g h er l e v els t h a n s p h er oi ds or m a cr o g els. F urt h er c o ati n g of P H H mi cr otiss u es 
wit h 3 T 3-J 2s l e d t o hi g h er h e p ati c f u n cti o ns t h a n w h e n t h e t w o c ell t y p es w er e eit h er c o e n c a ps ul at e d t o g et h er or 
w h e n H S Cs w er e us e d f or t h e c o ati n g i nst e a d. I m p ort a ntl y, t h e 3 T 3-J 2- c o at e d P H H mi cr otiss u es dis pl a y e d 6 + 
w e e ks of r el ati v el y st a bl e h e p ati c g e n e e x pr essi o n a n d f u n cti o n at l e v els si mil ar t o fr es hl y t h a w e d P H Hs. L astl y, 
mi cr otiss u es r es p o n d e d i n a cli ni c all y r el e v a nt m a n n er t o dr u g- m e di at e d c yt o c hr o m e P 4 5 0 i n d u cti o n or h e p at o -
t o xi cit y. I n c o n cl usi o n, fi br o bl ast- c o at e d c oll a g e n mi cr otiss u es c o nt ai ni n g P H Hs dis pl a y hi g h h e p ati c f u n cti o ns 
f or 6 + w e e ks a n d ar e us ef ul f or ass essi n g dr u g- m e di at e d C Y P i n d u cti o n a n d h e p at ot o xi cit y. Ulti m at el y, mi cr otis -
s u es m a y fi n d utilit y f or m o d eli n g li v er dis e as es a n d as b uil di n g bl o c ks f or c ell- b as e d t h er a pi es.

K e y w o r ds: D r o pl et mi c r ofl ui di cs; S p h e r oi ds; 3 T 3- J 2; H e p ati c st ell at e c ells ( H S Cs) 

I N T R O D U C TI O N

O wi n g  t o  si g nifi c a nt  s p e ci es-s p e cifi c  diff er e n c es  i n 
dr u g m et a b olis m f u n cti o ns, i n vitr o m o d els of t h e h u m a n 
li v er ar e n o w utili z e d d uri n g pr e cli ni c al d e v el o p m e nt t o 
ass ess h u m a n-r el e v a nt m et a b olis m a n d t o xi cit y of p h ar-
m a c e uti c als  a n d  i n d ustri al  c h e mi c als 1 .  S u c h  m o d els  ar e 
als o b ei n g a p pli e d t o mi mi c k e y c ell p h e n ot y p es i n li v er 
dis e as es  t o  e n a bl e  n o v el  dr u g  dis c o v er y  a n d  t o  e x pl or e 
t h e p ot e nti al of c ell- b as e d t h er a pi es f or p ati e nts s uff eri n g 
fr o m e n d-st a g e li v er dis e as e2, 3 . H u m a n li v er m o d els c a n 
b e c o nstr u ct e d usi n g tr a nsf or m e d c ell li n es a n d i n d u c e d 
pl uri p ot e nt  st e m  c ell- d eri v e d  h u m a n  h e p at o c yt es;  h o w-
e v er,  dr u g  m et a b olis m  c a p a citi es  of  b ot h  c ell  s o ur c es 
r e m ai n v er y l o w4 . A d diti o n all y, pr e cisi o n c ut li v er sli c es 
l os e vi a bilit y wit hi n d a ys d u e t o i nfl a m m ati o n1 . T h er ef or e, 
is ol at e d pri m ar y h u m a n h e p at o c yt es ( P H Hs) ar e t y pi c all y 

t h e c ell t y p e of c h oi c e f or b uil di n g h u m a n li v er m o d els5 , 
a n d n o v el str at e gi es ar e b ei n g d e vis e d t o h ar n ess i n vi v o-
li k e r e pli c ati v e p ot e nti al of P H Hs t o w ar d i n cr e asi n g s u p-
pl y f or d o w nstr e a m a p pli c ati o ns 6 . 

I n c o ntr ast t o r a pi dl y d e diff er e nti ati n g P H Hs c ult ur e d 
o nt o  c oll a g e n  I  a ds or b e d  o nt o  pl asti c  dis h es 7 ,  s e v er al 
a d v a n c e d  t w o- di m e nsi o n al  ( 2 D)  a n d  t hr e e- di m e nsi o n al 
( 3 D)  c ult ur e  pl atf or ms  h a v e  b e e n  d e v el o p e d  t o  pr ol o n g 
P H H  f u n cti o n al  lif eti m e  t o  2 – 4  w e e ks  i n  vitr o;  h e p ati c 
f u n cti o ns ar e t y pi c all y e n h a n c e d i n s u c h pl atf or ms u p o n 
c o c ult ur e  wit h  li v er-  or  n o n-li v er- d eri v e d  n o n p ar e n c h y-
m al  c ell  ( N P C)  t y p es 1 .  F or  i nst a n c e,  w h e n  h o us e d  i n 
mi cr o p att er n e d c o c ult ur es ( M P C Cs) wit h 3 T 3-J 2 m uri n e 
e m br y o ni c  fi br o bl asts,  P H Hs  dis pl a y  a  hi g h er  l e v el  of 
p h e n ot y pi c st a bilit y t h a n p ossi bl e wit h r a n d o ml y distri b-
ut e d  c o c ult ur es  of  t h e  s a m e  t w o  c ell  t y p es 7 .  H o w e v er, 
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the adsorbed collagen in MPCCs is insufficient to reca-
pitulate the 3D cell–cell and cell–extracellular matrix 
(ECM) interactions in physiology and as remodeled in 
diseases such as fibrosis; furthermore, 2D liver models 
are not suitable for use as building blocks in regenera-
tive medicine (i.e., cell-based therapies). Similar limita-
tions are apparent in those liver-on-a-chip microfluidic 
devices that culture PHHs in monolayers on synthetic or 
natural membranes8,9. Furthermore, relative to static mul-
tiwell plates that are amenable to industrial-scale robotic 
infrastructure, perfusion-based devices (i.e., liver-on-
a-chip) typically reduce the throughput for drug testing 
and require fluid handling equipment that adds to assay 
cost. In contrast, 3D liver models, such as self-assembled 
spheroids and bioprinted liver tissues placed within static 
multiwell plates, can mitigate the above limitations with 
static or perfused 2D models. Spheroids, in particular, can 
be created in different types of multiwell plates for com-
pound screening10,11. However, it is difficult to form struc-
turally stable spheroids with >50% of PHH donors/lots 
(and, thus, spheroid-qualified PHH lots are available at 
a significant premium from commercial vendors), poten-
tially due to variable ECM secretion rates across donor 
cells, while bioprinting is an expensive and low-through-
put process requiring an unsustainably large number of 
expensive PHHs for compound screening applications12; 
therefore, further improvements in 3D human liver models 
are needed to mitigate the abovementioned limitations. 

PHH functions are highly sensitive to the ligation of 
integrins to proteins within the ECM; thus, encapsulat-
ing PHHs within ECM hydrogels at adequate cell densi-
ties has been shown to induce liver functions in vitro5,13. 
However, large (>500 µm) ECM hydrogels that encapsu-
late cells pose significant diffusion limitations for oxygen 
and nutrients in the construct’s core in the absence of a 
functional vasculature14; this limitation can be mitigated 
by miniaturizing the hydrogel scaffolds to ~100–300 
µm, albeit it is not trivial to create reproducible hydro-
gel scaffolds of this size via manual pipetting. Thus, in 
recent years, investigators have employed microfluidics 
to produce highly monodisperse microscale emulsions 
(droplets) in a high-throughput format15,16. This so-called 
“droplet microfluidics” is ideally suited to precisely tune 
at the microscale cell–cell and cell–ECM interactions and 
determine optimal conditions for cell survival and func-
tion. A few studies have demonstrated the use of droplet 
microfluidics for liver cell culture. Chen et al. encapsu-
lated HepG2 cells in an aqueous droplet surrounded by an 
alginate shell containing NIH-3T3 fibroblasts, which pro-
moted HepG2 function17. In contrast, Siltanen et al. devel-
oped a coaxial flow-focusing droplet microfluidic device 
to fabricate microcapsules with a liquid core contain-
ing primary rat hepatocytes and a poly(ethylene glycol) 
(PEG) gel shell; such a droplet configuration promoted 

tight hepatocyte interactions. and further culturing the 
hepatocyte droplets atop a 3T3-J2 layer led to higher 
hepatic functions for 12 days than hepatocyte droplets 
alone18. Similarly, Li et al. first created 2D micropatterns 
of primary rat hepatocytes with controlled cell–cell inter-
actions and then lifted such micropatterns using collage-
nase followed by encapsulation into PEG-based droplets; 
inclusion of 3T3-J2 into the droplets led to higher hepatic 
function for 16 days19. Finally, Schepers et al. created 
self-assembled spheroids of PHHs and 3T3-J2, encap-
sulated them into PEG-based droplets, and demonstrated 
human liver function for 8 days20.

While the studies above show the high-throughput 
generation of liver droplets using a variety of hepatic cell 
sources, it remains unclear whether encapsulating PHH/
fibroblast spheroids within bioinert or adhesive peptide-
functionalized PEG or alginate-based droplets can sus-
tain human liver functions beyond a week20; the ability 
to retain PHH functions for several weeks and even 
months is important for modeling the chronic effects of 
drugs and disease stimuli as in the clinic toward devel-
oping effective drug therapies for different stages of the 
diseases. Ultimately, the use of a natural ECM may be 
necessary for maintaining PHH functions long term at 
physiologically relevant levels in 3D models as has been 
shown in 2D models that routinely utilize collagen and/or 
MatrigelTM5. Therefore, here we sought to adapt our pre-
viously developed droplet microfluidic device useful for 
rapidly fabricating protein microgels15,16 to (a) determine 
the optimal device and culture conditions for the creation 
of PHH/collagen droplets (microtissues) in multiwell 
plates, (b) elucidate the role of different fibroblast popu-
lations [3T3-J2 and primary human hepatic stellate cells 
(HSCs)] on the long-term (6+ weeks) enhancement and 
stabilization of PHH functions when the two cell types 
were either coencapsulated within the collagen droplets 
or when the fibroblasts were “coated” on the outside of 
the PHH-containing collagen droplets, (c) determine the 
differences in hepatic functional output within microtis-
sues relative to conventional self-assembled spheroids 
and collagen bulk hydrogels (macrogels), and, finally, 
(d) determine the utility of the microtissues for assays 
in drug development, specifically drug-mediated cyto-
chrome P450 (CYP450) induction and drug-induced 
hepatotoxicity. 

MATERIALS AND METHODS
Microfluidic and Microwell Device Fabrication

Polydimethylsiloxane (PDMS)-based microfluidic 
devices consisting of a single emulsion droplet generator 
with 300-µm straight channel and 150-µm nozzle were 
fabricated, bonded to glass slides, and coated with hydro-
phobic NovecTM 1720 (3M, Maplewood, MN, USA) using 
published procedures15. Molten agarose (2% w/v) was 
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pr e p ar e d  a n d  dis p e ns e d  i nt o  e a c h  w ell  of  a  2 4- w ell  tis-
s u e c ult ur e p ol yst yr e n e pl at e. P D M S st a m ps wit h ~ 1, 0 0 0 
mi cr o pill ars w er e pl a c e d i nt o t h e m olt e n a g ar os e wit hi n 
e a c h w ell of a 2 4- w ell p ol yst yr e n e pl at e. Aft er t h e a g ar os e 
c o ol e d, t h e P D M S st e n cils w er e r e m o v e d, f or mi n g ~ 3 0 0-
µ m- di a m et er × ~ 3 0 0- µ m- d e e p w ells ( mi cr o w ells) i n t h e 
c ast e d a g ar os e 1 6 . P D M S d e vi c es a n d a g ar os e mi cr o w ells 
w er e st erili z e d vi a a ut o cl a vi n g or 7 0 % et h a n ol tr e at m e nt 
( 1 h), r es p e cti v el y.

P H H M o n o c ult ur es

A  s ol uti o n  of  r at  t ail  c oll a g e n,  t y p e  I  ( C or ni n g  Lif e 
S ci e n c es, Te w ks b ur y, M A, U S A), i n a c eti c a ci d w as first 
dil ut e d i n 1 × p h os p h at e- b uff er e d s ali n e ( P B S; C or ni n g) t o 
6 m g/ ml o n i c e, a n d t h e n t h e p H w as n e utr ali z e d t o 7. 4 – 7. 6 
usi n g 1 N N a O H. Cr y o pr es er v e d P H Hs (l ot H U M 4 0 5 5 A, 
5 4- y e ar- ol d f e m al e C a u c asi a n, a n d H U M 4 1 9 2, 1 6- y e ar-
ol d f e m al e Asi a n; L o n z a, Wal k ers vill e, M D, U S A) w er e 
t h a w e d,  c o u nt e d,  a n d  vi a bilit y  ( > 8 5 %)  w as  ass ess e d  as 
pr e vi o usl y  d es cri b e d 2 1 .  P H Hs  w er e  r es us p e n d e d  i n  t h e 
n e utr al c oll a g e n s ol uti o n at v ar yi n g d e nsiti es ( 1. 2 5 e 6 t o 
5 e 6 c ells/ ml). T h e c oll a g e n s ol uti o n c o nt ai ni n g c ells w as 
p erf us e d i nt o t h e mi cr ofl ui di c d e vi c e i nl et at 1 5 0 µl/ h i n 
a c ol d r o o m ( 4º C) w hil e fl u or o c ar b o n oil ( F C- 4 0, Si g m a-
Al dri c h,  St.  L o uis,  M O,  U S A)  wit h  2 %  0 0 8-fl u or o -
S urf a ct a nt  ( R A N  Bi ot e c h n ol o gi es,  B e v erl y,  M A,  U S A) 
w as  p erf us e d  at  6 5 0  µl/ h  at  t h e  T-j u n cti o n  t o  pr o d u c e 
P H H/ c oll a g e n  e m ulsi o ns  ( h er ei n  r ef err e d  t o  as  “ mi cr o-
tiss u es ”).  Mi cr otiss u es  w er e  c oll e ct e d  i n  a  1. 5- ml  t u b e 
t h at w as h e at e d at 3 7 ° C t o pr o m ot e c oll a g e n p ol y m eri z a-
ti o n. P ol y m eri z e d mi cr otiss u es w er e ri ns e d, r es us p e n d e d 
i n c ult ur e m e di u m, c o u nt e d, a n d s e e d e d i nt o t h e a g ar os e 
mi cr o w ells  wit hi n  a  2 4- w ell  pl at e  ( ~ 6 0 0  mi cr otiss u es/
w ell).  H e p at o c yt e  c ult ur e  m e di u m,  t h e  c o m p ositi o n  of 
w hi c h w as d es cri b e d pr e vi o usl y 2 2 , w as r e pl a c e d o n mi cr o-
tiss u es e v er y 4 d a ys ( 4 0 0 µl/ w ell). 

C o n v e nti o n al 2 D m o n o c ult ur es w er e cr e at e d b y s e e d-
i n g  P H Hs  at  a  d e nsit y  of  3 5 0 K  c ells  i n  4 0 0  µl/ w ell of 
2 4- w ell  pl at es.  C o n v e nti o n al  3 D  P H H  m o n o c ult ur es 
w er e  cr e at e d  b y  eit h er  s e e di n g  P H Hs  dir e ctl y  i nt o  a g a-
r os e mi cr o w ells ( 2 0 0 K c ells i n 4 0 0 µl/ w ell i n a 2 4- w ell 
pl at e) t o f or m s elf- ass e m bl e d s p h er oi ds or b y s e e di n g a 
P H H a n d c oll a g e n ( 6 m g/ ml) mi xt ur e ( 2 0 K c ells i n 2 0 0 
µl/ w ell of  c oll a g e n)  dir e ctl y  i n  a  2 4- w ell  pl at e  t o  f or m 
b ul k g els ( h er ei n r ef err e d t o as “ m a cr o g els ”). 

C o c ult ur es of P H Hs Wit h 3 T 3- J 2 M uri n e E m br y o ni c 
Fi br o bl asts or Pri m ar y H S Cs

3 T 3-J 2 fi br o bl asts a n d pri m ar y H S Cs  w er e p ass a g e d 
o nt o tiss u e c ult ur e pl asti c as pr e vi o usl y d es cri b e d 2 3 ; t h e 
H S Cs b e c o m e m y ofi br o bl asts w h e n p ass a g e d i n vitr o. B ot h 
fi br o bl ast c ell t y p es w er e s u bs e q u e ntl y gr o wt h arr est e d b y 
i n c u b ati n g  wit h  1  µ g/ ml mit o m y ci n- C  ( Si g m a- Al dri c h) 
i n c ult ur e m e di u m f or 4 h pri or t o d et a c h m e nt fr o m t h e 

c ult ur e s u bstr at es usi n g tr y psi n as pr e vi o usl y d es cri b e d 7 . 
Mi cr otiss u es w er e cr e at e d as d es cri b e d a b o v e e x c e pt t h at 
t h e P H Hs a n d 3 T 3-J 2 fi br o bl asts at a 1: 1 r ati o w er e first 
c os us p e n d e d  i n  t h e  c oll a g e n  s ol uti o n  pri or  t o  i nj e cti o n 
i nt o  t h e  mi cr ofl ui di c  d e vi c e  t o  cr e at e  “ c o e n c a ps ul at e d ” 
mi cr otiss u es. Alt er n ati v el y, P H H- o nl y mi cr otiss u es w er e 
cr e at e d, pl a c e d i nt o a g ar os e mi cr o w ells wit hi n a 2 4- w ell 
pl at e, a n d t h e n 3 T 3-J 2 fi br o bl asts or H S Cs w er e s e e d e d 
o nt o  t h e  p ol y m eri z e d  P H H  mi cr otiss u es  at  ~ 1: 1  P H H/
fi br o bl ast or H S C r ati o; t h e fi br o bl asts or H S Cs pr ef er-
e nti all y att a c h e d t o t h e c oll a g e n mi cr otiss u es as o p p os e d 
t o  t h e  n o n a d h esi v e  a g ar os e  t o  cr e at e  s o- c all e d  “ c o at e d ” 
c o c ult ur e mi cr otiss u es. A d diti o n all y, P H H- o nl y mi cr otis-
s u es w er e cr e at e d, pl a c e d i nt o a g ar os e mi cr o w ells wit hi n 
a 2 4- w ell pl at e, a n d t h e n 3 T 3-J 2 fi br o bl asts w er e s e e d e d 
i nt o a Tr a ns w ell ™ i ns ert at ~ 1: 1 P H H/fi br o bl ast r ati o t o 
e n a bl e p ar a cri n e- o nl y i nt er a cti o ns b et w e e n t h e c ell t y p es. 
C ult ur e  m e di u m  w as  r e pl a c e d  as  d es cri b e d  a b o v e  f or 
P H H m o n o c ult ur es. 

F or  c o ntr ol  m o d els,  s elf- ass e m bl e d  P H H/ 3 T 3-J 2 
s p h er oi ds  w er e  cr e at e d  b y  s e e di n g  P H Hs  i nt o  a g ar os e 
mi cr o w ells as d es cri b e d a b o v e a n d t h e n s e e di n g 3 T 3-J 2 
fi br o bl asts t h e n e xt d a y at a 1: 1 r ati o wit h t h e P H Hs ( 2 0 0 K 
c ells/ w ell f or e a c h c ell t y p e i n a 2 4- w ell pl at e). Fi n all y, 
P H H- c o nt ai ni n g  m a cr o g els  w er e  cr e at e d  as  d es cri b e d 
a b o v e, a n d t h e n 3 T 3-J 2 fi br o bl asts w er e s e e d e d o nt o t h e 
s urf a c e of t h e p ol y m eri z e d P H H m a cr o g els t h e n e xt d a y 
at a 1: 1 r ati o wit h t h e P H Hs ( 2 0 K c ells/ w ell f or e a c h c ell 
t y p e i n a 2 4- w ell pl at e).

H e p at o c yt e F u n cti o n al Ass ess m e nts

C ult ur e  s u p er n at a nts  w er e  ass a y e d  f or  al b u mi n 
usi n g  a  s a n d wi c h  e n z y m e-li n k e d  i m m u n os or b e nt  ass a y 
( E LI S A;  B et h yl  L a b or at ori es,  M o nt g o m er y,  T X,  U S A) 
wit h  h ors er a dis h  p er o xi d as e  d et e cti o n  a n d  3, 3 ¢, 5, 5¢-
t etr a m et h yl b e n zi di n e  ( T M B;  R o c kl a n d  I m m u n o c h e mi c als, 
B o y ert o w n, P A, U S A) as t h e s u bstr at e 7 . Ur e a c o n c e ntr a-
ti o n i n s u p er n at a nts w as ass a y e d usi n g a c ol ori m etri c e n d 
p oi nt  ass a y  utili zi n g  di a c et yl  m o n o xi m e  wit h  a ci d  a n d 
h e at ( St a n bi o L a bs, B o er n e, T X, U S A) 7 . A bs or b a n c e v al-
u es w er e q u a ntifi e d o n t h e S y n er g y H 1 m ulti m o d e pl at e 
r e a d er ( Bi o Te k, Wi n o os ki, V T, U S A). 

C Y P 3 A 4  a n d  C Y P 2 C 9  e n z y m e  a cti viti es  w er e  m e a-
s ur e d  b y  i n c u b ati n g  t h e  c ult ur es  wit h  l u cif eri n-I P A  or 
l u cif eri n- H s u bstr at es ( Pr o m e g a Lif e S ci e n c es, M a dis o n, 
WI, U S A) f or 3 h, r es p e cti v el y. T h e m et a b olit e, l u cif eri n, 
w as q u a ntifi e d vi a l u mi n es c e n c e d et e cti o n o n t h e S y n er g y 
H 1  m ulti m o d e  pl at e  r e a d er  a c c or di n g  t o  t h e  m a n uf a c-
t ur er’s pr ot o c ols. C Y P 1 A 2 a n d C Y P 2 A 6 a cti viti es w er e 
m e as ur e d b y i n c u b ati n g t h e c ult ur es wit h 5 µ M 7- et h o x y-
r es or ufi n  or  5 0  µ M c o u m ari n  ( Si g m a- Al dri c h)  f or  3  h, 
r es p e cti v el y. T h e  m et a b olit es,  r es or ufi n  a n d  7- h y dr o x y-
c o u m ari n ( 7- H C), g e n er at e d fr o m 7- et h o x yr es or ufi n a n d 
c o u m ari n, r es p e cti v el y, w er e q u a ntifi e d vi a fl u or es c e n c e 
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d et e cti o n ( e x cit ati o n/ e missi o n: 5 5 0/ 5 8 5 n m f or r es or ufi n, 
a n d 3 5 5/ 4 6 0 n m f or 7- H C) o n t h e S y n er g y H 1 m ulti m o d e 
pl at e r e a d er 2 4 .

G e n e E x pr essi o n A n al ysis

T ot al  c ell ul ar  R N A  w as  e xtr a ct e d  usi n g  T RI z ol T M  
( T h er m o  Fis h er  S ci e ntifi c,  Walt h a m,  M A,  U S A),  p uri-
fi e d usi n g R N e as y mi ni kit ( Qi a g e n, G er m a nt o w n, M D, 
U S A), a n d g e n o mi c D N A w as di g est e d usi n g O pti z y m e T M  
r e c o m bi n a nt D N as e-I di g esti o n kit ( T h er m o Fis h er) p er 
t h e  m a n uf a ct ur ers’  i nstr u cti o ns.  P urifi e d  R N A  w as  t h e n 
r e v ers e  tr a ns cri b e d  i nt o  c o m pl e m e nt ar y  D N A  ( c D N A) 
usi n g  t h e  hi g h- c a p a cit y  c D N A  r e v ers e  tr a ns cri pti o n  kit 
( T h er m o  Fis h er)  p er  t h e  m a n uf a ct ur er’s  i nstr u cti o ns  o n 
a M ast er C y cl er R e al Pl e x 2 ( E p p e n d orf, H a u p p a u g e, N Y, 
U S A). T h e n 2 5 0 n g of c D N A w as a d d e d t o e a c h q u a nti-
t ati v e p ol y m er as e c h ai n r e a cti o n ( q P C R) al o n g wit h t h e 
Ta q M a n ™ m ast er mi x ( T h er m o Fis h er) a n d pr e d esi g n e d 
Ta q M a n h u m a n-s p e cifi c pri m er/ pr o b e s ets p er t h e m a n u-
f a ct ur er’s pr ot o c ols. T h e pri m er/ pr o b e s ets w er e s el e ct e d 
t o  b e  h u m a n  s p e cifi c  wit h o ut  cr oss-r e a cti vit y  t o  m o us e 
D N A  a n d  i n cl u d e d  gl y c er al d e h y d e  3- p h os p h at e  d e h y-
dr o g e n as e  ( G A P D H ),  C C A A T/ e n h a n c er  bi n di n g  pr o-
t ei n  al p h a  (C E B P a),  h e p at o c yt e  n u cl e ar  f a ct or  4- al p h a 
(H N F 4 a), al b u mi n ,  or nit hi n e  tr a ns c ar b a m yl as e  (O T C ), 
c yt o c hr o m e  P 4 5 0  1 A 2  ( C Y P 1 A 2 ), C Y P 2 A 6 , C Y P 2 B 6 , 
C Y P 2 C 8 , C Y P 2 C 9 , C Y P 2 C 1 9 , C Y P 2 D 6 , C Y P 3 A 4 , m ul-
ti dr u g  r esist a n c e  ass o ci at e d  pr ot ei n  2  (M R P 2 ),  s ol ut e 
c arri er  or g a ni c  a ni o n  tr a ns p ort er  f a mil y  m e m b er  1 B 1 
(S L C O 1 B 1 ),  ar yl  h y dr o c ar b o n  r e c e pt or  (A H R ),  c o nsti-
t uti v e  a n dr ost a n e  r e c e pt or  (C A R ),  pr e g n a n e  X  r e c e pt or 
(P X R ),  a n d  r eti n oi d  X  r e c e pt or  (R X R ). Ta q M a n  pri m er/
pr o b e  s e q u e n c es  ar e  pr o pri et ar y  t o  t h e  m a n uf a ct ur er. 
H e p ati c g e n e e x pr essi o n w as n or m ali z e d t o G A P D H.

Dr u g- M e di at e d C Y P I n d u cti o n a n d Dr u g-I n d u c e d 
H e p at ot o xi cit y St u di es

C o n v e nti o n al 2 D P H H m o n o c ult ur es w er e all o w e d 1 
d a y, a n d P H H/ 3 T 3-J 2- c o at e d mi cr otiss u es w er e all o w e d 9 
d a ys t o f u n cti o n all y st a bili z e, a n d t h e n b ot h c ult ur e m o d-
els ( cr e at e d fr o m t h e s a m e P H H l ot/ d o n or) w er e tr e at e d 
wit h  eit h er  6. 2 5  µ M rif a m pi n  or  3. 1 2 5  µ M o m p er a z ol e 
( Si g m a- Al dri c h)  f or  a  t ot al  of  4  d a ys  wit h  fr es h  dr u g 
a d d e d at t h e 2- d a y m e di u m e x c h a n g e. T h e dr u g w as dis-
s ol v e d i n 1 0 0 % di m et h yl s ulf o xi d e ( D M S O; C or ni n g Lif e 
S ci e n c es). T h e fi n al D M S O c o n c e ntr ati o n i n t h e c ult ur e 
m e di u m w as k e pt at 0. 1 % ( v/ v), a n d a D M S O- o nl y c o n-
tr ol c ult ur e w as us e d t o c al c ul at e f ol d c h a n g es d u e t o t h e 
dr u g tr e at m e nt. Aft er 4 d a ys of dr u g tr e at m e nt, C Y P 3 A 4 
a n d  C Y P 2 C 9  a cti viti es  w er e  m e as ur e d  f or  rif a m pi n-
tr e at e d c ult ur es, a n d C Y P 1 A 2 a cti vit y w as m e as ur e d f or 
o m e pr a z ol e-tr e at e d c ult ur es as d es cri b e d a b o v e. 

A d diti o n all y, P H H/ 3 T 3- J 2- c o at e d mi cr oti s s u e s w er e 
all o w e d 9 d a y s t o f u n cti o n all y st a bili z e a n d t h e n tr e at e d 

wit h  eit h er  r o si glit a z o n e  or  tr o glit a z o n e  ( C a y m a n 
C h e mi c al s,  A n n  Ar b or,  MI)  at  t w o  c o n c e ntr ati o n s  f or 
e a c h dr u g, 3 0 × a n d 6 0 × C

m a x
 ( C

m a x
 i s t h e m a xi m u m dr u g 

c o n c e ntr ati o n m e a s ur e d i n h u m a n pl a s m a; r e p ort e d C
m a x

 
f or  tr o glit a z o n e  a n d  r o si glit a z o n e  ar e  2. 8 2  a n d  0. 3 7 3 
µ g/ m L, r e s p e cti v el y 2 5 ), f or a t ot al of 8 d a y s wit h fr e s h 
dr u g  a d d e d  t o  c ult ur e  m e di u m  at  t h e  4- d a y  m e di u m 
e x c h a n g e. Pr e vi o u sl y, 5 – 9 d a y s of tr e at m e nt wit h dr u g s 
w a s  f o u n d  t o  i n cr e a s e  t h e  s e n siti vit y  f or  dr u g  t o xi cit y 
d et e cti o n  wit h o ut  a n  i n cr e a s e  i n  t h e  f al s e- p o siti v e  r at e 
o v er  1- d a y  dr u g  tr e at m e nt  i n  2 D  P H H/ 3 T 3- J 2  c o c ul -
t ur e s2 1 . B ot h dr u g s w er e di s s ol v e d i n 1 0 0 % D M S O. T h e 
fi n al  D M S O  c o n c e ntr ati o n  i n  t h e  c ult ur e  m e di u m  w a s 
k e pt  at  0. 1 %  ( v/ v)  f or  b ot h  dr u g s,  a n d  a  D M S O- o nl y 
c o ntr ol c ult ur e w a s u s e d t o c al c ul at e f ol d c h a n g e s d u e 
t o  t h e  dr u g  tr e at m e nt. Al b u mi n  s e cr eti o n,  a s  a  m ar k er 
of h e p ati c d y sf u n cti o n f oll o wi n g dr u g tr e at m e nt 2 1 , w a s 
m e a s ur e d  a s  d e s cri b e d  a b o v e,  w hil e  o v er all  vi a bilit y 
of  t h e  c o c ult ur e  w a s  q u a ntifi e d  vi a  t h e  Pr e st o Bl u e T M  
a s s a y  ( T h er m o  Fi s h er)  p er  t h e  m a n uf a ct ur er’s  i n str u c -
ti o n s. Bri efl y, Pr e st o Bl u e s u b str at e w a s c o m bi n e d wit h 
c ult ur e  m e di u m  at  a  1: 9  r ati o  ( v/ v).  T h e  mi xt ur e  w a s 
a d d e d t o c ult ur e s, i n c u b at e d f or 3 h, a n d t h e m et a b olit e 
(r e s a z uri n)  w a s  q u a ntifi e d  vi a  fl u or e s c e n c e  d et e cti o n 
( e x cit ati o n/ e mi s si o n:  5 6 0/ 5 9 0  n m)  o n  t h e  S y n er g y  H 1 
m ulti m o d e pl at e r e a d er.

D at a A n al ysis

All  fi n di n gs  w er e  c o nfir m e d  i n  t w o  t o  t hr e e  i n d e-
p e n d e nt  e x p eri m e nts  (t hr e e  t o  f o ur  w ells  p er  c o n diti o n 
a n d  p er  e x p eri m e nt)  fr o m  t w o  cr y o pr es er v e d  P H H  l ots 
(s e e  s e cti o n  “ P H H  m o n o c ult ur es ”  a b o v e  f or  d ei d e nti-
fi e d d o n or i nf or m ati o n). D at a pr o c essi n g w as p erf or m e d 
usi n g Mi cr os oft E x c el, a n d i m a g e a n al ysis w as p erf or m e d 
usi n g I m a g eJ 2 6 . Gr a p h P a d Pris m ( L a J oll a, C A, U S A) or 
M at h e m ati c a ( W olfr a m R es e ar c h, C h a m p ai g n, I L, U S A) 
w as us e d f or dis pl a yi n g r es ults. M e a n a n d st a n d ar d d e vi a-
ti o n ar e dis pl a y e d f or all d at a s ets. G e n e e x pr essi o n d at a 
i n mi cr otiss u es w er e c al c ul at e d as f ol d c h a n g es r el ati v e 
t o  g e n e  e x pr essi o n  d at a  i n  P H Hs  i m m e di at el y  f oll o w-
i n g t h a wi n g usi n g t h e D D C

T
 m et h o d wit h G A P D H  as t h e 

h o us e k e e pi n g  g e n e.  St atisti c al  si g nifi c a n c e  w as  d et er-
mi n e d usi n g St u d e nt’s t-t est or o n e- w a y a n al ysis of v ari-
a n c e ( A N O V A) f oll o w e d b y a B o nf err o ni p air wis e p ost 
h o c t est ( p  < 0. 0 5).

R E S U L T S

F a bri c ati o n of P H H Mi cr otiss u es vi a Dr o pl et 
Mi cr ofl ui di cs 

P H H  mi cr otiss u es  w er e  f a bri c at e d  usi n g  dr o p -
l et  mi cr ofl ui di cs  a n d  s e e d e d  i nt o  a g ar os e  mi cr o w ells 
wit hi n  i n d ustr y-st a n d ar d  2 4- w ell  pl at es  as  ill ustr at e d  i n  
Fi g ur e 1 a. W hil e a v ari et y of n at ur al E C M m at eri als ar e 
c o m p ati bl e wit h h e p at o c yt e c ult ur e 5, 1 3 , r at t ail c oll a g e n I 



IP: 108.199.173.231 On: Tue, 16 Jun 2020 03:33:28
Delivered by Ingenta

Article(s) and/or figure(s) cannot be used for resale. Please use proper citation format when citing this article including the DOI,
publisher reference, volume number and page location.

 3D MICROTISSUES INCREASE HEPATOCYTE LONGEVITY	 5

was selected here for generating microtissues since it is 
abundantly and cheaply available at high concentrations 
needed for gelation (>2 mg/ml) and has been utilized 
extensively for both short-term and long-term PHH cul-
ture and PHH/NPC cocultures5,7. However, to prevent the 
aggregation of microtissues before polymerization, micro-
tissues were collected at 37°C directly from the auto-
claved microfluidic device (Fig. 1b) to ensure immediate 
polymerization using a bead bath (Fig. 1c and d). This pro-
vided a simple method of polymerizing the microtissues 
off-chip as opposed to using complicated on-chip heat-
ing. The microtissues were collected into an autoclaved 
2-ml collection tube, which was directly connected to the 
microfluidic device with outlet tubing to prevent possible 
contamination, creating a closed environment between the 
syringes, microfluidic device, and collection tubes (Fig. 
1d). The oil was drained from the collection tube using 
a syringe, and microtissues were resuspended in culture 
medium. Finally, to prevent their aggregation during cul-
ture, microtissues were placed into agarose microwells 

cast within each well of a multiwell plate. Agarose was 
chosen over PDMS or PEG since it is cheaply available, 
does not typically interact with compounds of diameters 
<60 nm27,28, and does not bind to proteins or cells. 

Since PHH functions are known to be dependent on 
homotypic interactions and resulting tight junction forma-
tion in 2D cultures7, here PHHs were mixed with the col-
lagen I at different densities (1.25e6, 2.5e6, 3.75e6, and 
5e6 cells/ml) prior to introduction into the droplet micro-
fluidic device. Highly reproducible microtissues were 
produced with an average diameter of 267.4 µm (standard 
deviation of 32.7 µm, n = 375 microtissues) while con-
taining ~17 and ~34 encapsulated PHHs per microtissue 
for 1.25e6 (Fig. 2a) and 2.5e6 (Fig. 2b) PHHs/ml densi-
ties, respectively. In contrast, microtissues created using 
the densities of 3.75e6 or 5e6 PHHs/ml produced several 
larger microtissues that were not the desired diameter 
and did not fit into the agarose microwells; furthermore, 
such high cell densities also caused some instability in 
the oil emulsion, producing a “webbing” of collagen with 

Figure 1.  Fabrication of primary human hepatocyte (PHH) microtissues via droplet microfluidics. (a) Hepatocytes are suspended in 
pH-neutralized collagen solution and then perfused through a droplet generating microfluidic device (see Materials and Methods for 
details about device dimensions). Oil is perfused at a rate ~4 times faster than the aqueous phase to produce microtissues. Microtissues 
are formed using the microfluidic device at 4°C and collected at 37°C to promote the rapid polymerization of the collagen droplets 
and encapsulation of the cells within the droplets. Oil is removed and polymerized microtissues are resuspended in culture medium 
and subsequently seeded into agarose (2% w/v) microwells cast within multiwell plates. The hepatocytes can be cocultured with non-
parenchymal cell (NPC) types by either coencapsulating both cell types within the microtissue or by seeding/coating the NPCs onto 
the surface of the polymerized collagen-based hepatic microtissues. (b) Polydimethylsiloxane (PDMS)-based microfluidic devices 
consisting of a single emulsion droplet generator with 300-µm straight channel and 150-µm nozzle used to fabricate microtissues. (c) 
Microtissue fabrication setup to create microtissues. Two parallel microfluidic devices with syringes containing either oil or collagen 
+ cells are shown; however, additional devices can be run simultaneously to increase fabrication throughput. (d) Microfluidic devices 
with collection tubes. The microtissues are collected into a 2-ml collection tube connected to the microfluidic device with a short outlet 
tubing. The collection tube is kept at 37°C in a heated bead bath to ensure immediate polymerization of the microtissues as they are 
dispensed into the tube.
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e ntr a p p e d P H Hs ( d at a n ot s h o w n). At a f u n cti o n al l e v el, 
t h e  mi cr otiss u es  cr e at e d  usi n g  2. 5 e 6  P H Hs/ ml  s e cr et e d 
al b u mi n a n d dis pl a y e d C Y P 3 A 4 a cti vit y at ~ 2- a n d 2. 5-
f ol d  hi g h er  r at es  ( n or m ali z e d  t o  c ell  n u m b er),  r es p e c-
ti v el y,  t h a n  mi cr otiss u es  cr e at e d  usi n g  1. 2 5 e 6  P H Hs/
ml aft er 2 w e e ks ( Fi g. 2 c), t h er e b y s h o wi n g t h e p ositi v e 
eff e cts  of  i n cr e as e d  h o m ot y pi c  i nt er a cti o ns  o n  h e p ati c 
f u n cti o n al o ut p ut. T h us, t h e 2. 5 e 6 P H Hs/ ml d e nsit y w as 
s el e ct e d f or all s u bs e q u e nt st u di es wit h mi cr otiss u es.

C o m p aris o n of P H H Mi cr otiss u es Wit h C o n v e nti o n al 
S elf- Ass e m bl e d S p h er oi ds a n d M a cr o g els

Mi cr otiss u es  at  2. 5 e 6  P H Hs/ ml  w er e  cr e at e d  as 
d es cri b e d  a b o v e  ( Fi g.  3 a).  S elf- ass e m bl e d  s p h er oi ds  of 
c o nsist e nt  si z es  w er e  cr e at e d  b y  s e e di n g  P H Hs  dir e ctl y 
i nt o  t h e  a g ar os e  mi cr o w ells;  2 0 0 K  c ells/ w ell  ( 2 4- w ell 
pl at es)  pr o d u c e d  ti g ht  s p h er oi ds  wit h  a n  a v er a g e  di a m-
et er of 2 0 7. 9 µ m (st a n d ar d d e vi ati o n of 2 1. 3 µ m, n  = 3 7 5 
mi cr otiss u es)  ( Fi g.  3 b).  L astl y,  c oll a g e n  w as  dis p e ns e d 
dir e ctl y  i nt o  m ulti w ell  pl at es  t o  cr e at e  m a cr o g els  wit h 
2 0 K c ells/ w ell, a n u m b er of c ells t h at is c o nsist e nt wit h 
t h at pr es e nt i n t h e mi cr otiss u es cr e at e d at 2. 5 e 6 P H Hs/ ml 
( Fi g. 3 c); t h e c oll a g e n h y dr o g el c o nt ai ni n g P H Hs st a bl y 
a d h er e d t o t h e pl asti c pl at es. 

P H Hs  i n  mi cr otiss u es  s e cr et e d  al b u mi n  at  ~ 2-f ol d 
hi g h er r at es t h a n s p h er oi ds e v e n wit h 1 0-f ol d f e w er c ells/
v ol u m e r ati o t h a n t h e s p h er oi ds; si mil arl y, P H Hs i n mi cr o-
tiss u es s e cr et e d al b u mi n at 4. 2- a n d 3 0-f ol d hi g h er r at es 
t h a n  m a cr o g els  aft er  1 3  a n d  2 1  d a ys  i n  c ult ur e,  r es p e c-
ti v el y ( Fi g. 3 d). C o m p ar a bl y, C Y P 4 5 0 ( 3 A 4, 2 A 6, 2 C 9, 
a n d 1 A 2) e n z y m e a cti viti es w er e hi g h er i n mi cr otiss u es 
t h a n  b ot h  t h e  s p h er oi ds  a n d  m a cr o g els.  F or  C Y P 3 A 4, 
mi cr otiss u es o ut p erf or m e d s p h er oi ds b y 6. 1- a n d 3. 4-f ol d 
aft er  1 3  a n d  2 1  d a ys,  r es p e cti v el y;  si mil arl y,  mi cr otis-
s u es o ut p erf or m e d m a cr o g els b y 2. 7- a n d 4. 8-f ol d at t h e 

s a m e ti m e p oi nts a b o v e ( Fi g. 3 e). F or C Y P 2 A 6, mi cr o -
tiss u es o ut p erf or m e d s p h er oi ds b y 6. 9- a n d 2. 6-f ol d aft er 
1 3  a n d  2 1  d a ys,  r es p e cti v el y;  si mil arl y,  mi cr otiss u es 
o ut p erf or m e d  m a cr o g els  b y  1. 4-f ol d  aft er  2 1  d a ys  ( Fi g. 
3f).  F or  C Y P 2 C 9,  mi cr otiss u es  o ut p erf or m e d  s p h er oi ds 
b y 2. 6- a n d 1. 5-f ol d aft er 1 3 a n d 2 1 d a ys, r es p e cti v el y; 
m a cr o g els, o n t h e ot h er h a n d, h a d u n d et e ct a bl e l e v els of 
C Y P 2 C 9 a cti vit y ( Fi g. 3 g). Fi n all y, f or C Y P 1 A 2, mi cr o-
tiss u es o ut p erf or m e d s p h er oi ds b y 1. 2- a n d 6-f ol d aft er 1 3 
a n d 2 1 d a ys, r es p e cti v el y; m a cr o g els, o n t h e ot h er h a n d, 
h a d u n d et e ct a bl e l e v els of C Y P 1 A 2 a cti vit y ( Fi g. 3 h). 

O v er all,  P H H- o nl y  s p h er oi ds  f u n cti o n all y  o ut p er-
f or m e d  P H H- o nl y  m a cr o g els  f or  C Y P 1 A 2/ C Y P 2 C 9 
a cti viti es a n d al b u mi n s e cr eti o n, w hil e m a cr o g els o ut p er-
f or m e d  s p h er oi ds  f or  C Y P 3 A 4/ C Y P 2 A 6  a cti viti es.  O n 
t h e ot h er h a n d, mi cr otiss u es o ut p erf or m e d b ot h s p h er oi ds 
a n d m a cr o g els a cr oss all m e as ur e d f u n cti o ns as dis c uss e d 
a b o v e.

Eff e cts of 3 T 3- J 2 M uri n e E m br y o ni c Fi br o bl asts 
a n d  Pri m ar y H u m a n H S Cs o n P H H Mi cr otiss u es

3 T 3-J 2  fi br o bl asts  ar e  k n o w n  t o  e n h a n c e  P H H  f u n c -
ti o ns i n b ot h 2 D c o c ult ur es7  a n d 3 D s elf- ass e m bl e d s p h er-
oi ds 2 0 .  T h er ef or e,  h er e  P H Hs  a n d  gr o wt h- arr est e d  3 T 3-J 2 
fi br o bl asts  ( 1: 1)  w er e  eit h er  c o e n c a ps ul at e d  wit hi n  t h e 
mi cr otiss u e  or  fi br o bl asts  w er e  “ c o at e d ”  o nt o  t h e  s urf a c e 
of  t h e  c oll a g e n- b as e d  P H H  mi cr otiss u es  a n d  c o m p ar e d  t o 
P H H- o nl y mi cr otiss u es ( Fi g. 4 a – c). I n c o ntr ast t o P H H- o nl y 
mi cr otiss u es, 3 T 3-J 2- c o e n c a ps ul at e d mi cr otiss u es a n d 3 T 3-
J 2- c o at e d mi cr otiss u es w er e c o m p a ct e d b y ~ 5 0 % d u e t o t h e 
fi br o bl asts.  S p e cifi c all y,  3 T 3-J 2- c o e n c a ps ul at e d  mi cr otis-
s u es a n d 3 T 3-J 2- c o at e d mi cr otiss u es w er e c o m p a ct e d t o a n 
a v er a g e di a m et er of 1 4 9. 2 µ m (st a n d ar d d e vi ati o n of 2 2. 6 
µ m, n  = 3 7 5 mi cr otiss u es) a n d 1 4 0. 4 µ m (st a n d ar d d e vi ati o n 
of 1 3. 4 µ m, n  = 3 7 5 mi cr otiss u es), r es p e cti v el y ( Fi g. 7). 

Fi g u r e  2.  Eff e cts  of  P H H  h o m ot y pi c  i nt er a cti o ns  wit hi n  mi cr otiss u es  o n  li v er  f u n cti o ns.  C oll a g e n- b as e d  mi cr otiss u es  c o nt ai ni n g 
i n cr e asi n g  d e nsiti es  of  P H Hs  i n  a  p H- n e utr ali z e d  c oll a g e n  ( 1. 2 5 e 6  a n d  2. 5 e 6  c ells/ ml)  s ol uti o n  w er e  f a bri c at e d  usi n g  t h e  dr o pl et 
mi cr ofl ui di c d e vi c e s h o w n i n Fi g ur e 1. R e pr es e nt ati v e p h as e- c o ntr ast i m a g es of P H H mi cr otiss u es wit h a d e nsit y of ( a) 1. 2 5 e 6 c ells/
ml a n d ( b)  2. 5 e 6 c ells/ ml pl a c e d wit hi n a g ar os e mi cr o w ells c ast wit hi n 2 4- w ell pl at es. B ot h 1. 2 5 e 6 a n d 2. 5 e 6 c ells/ ml d e nsiti es pr o-
d u c e d r e pr o d u ci bl e mi cr otiss u es wit h hi g h yi el ds t h at fit wit hi n t h e 3 0 0 µ m × 3 0 0 µ m a g ar os e mi cr o w ells. ( c) Al b u mi n pr o d u cti o n a n d 
C Y P 3 A 4 e n z y m e a cti vit y f or P H H mi cr otiss u es f a bri c at e d usi n g a c ell d e nsit y of 1. 2 5 e 6 a n d 2. 5 e 6 c ells/ ml. Mi cr otiss u es wit h 3. 7 5 e 6 
a n d 5 e 6 c ells/ ml d e nsiti es w er e als o f a bri c at e d, b ut t h es e d e nsiti es di d n ot pr o d u c e h o m o g e n o usl y si z e d mi cr otiss u es ( n ot s h o w n). 
St atisti c al si g nifi c a n c e is dis pl a y e d r el ati v e t o 1. 2 5 e 6 c ells/ ml at t h e s a m e ti m e p oi nt. * * * p  £  0. 0 0 1.
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At  a  f u n cti o n al  l e v el,  al b u mi n  s e cr eti o n  r at es  w er e 
~ 5-f ol d  hi g h er  i n  t h e  3 T 3-J 2- c o e n c a ps ul at e d  mi cr otis-
s u es t h a n P H H- o nl y mi cr otiss u es aft er 2 0 d a ys i n c ult ur e 
( Fi g. 4 e). F or C Y P 3 A 4, 3 T 3-J 2- c o e n c a ps ul at e d mi cr otis-
s u es  o ut p erf or m e d  P H H- o nl y  mi cr otiss u es  b y  t hr e ef ol d 
aft er  1 2  a n d  2 0  d a ys  ( Fi g.  4f).  F or  C Y P 2 A 6,  3 T 3-J 2-
c o e n c a ps ul at e d  mi cr otiss u es  o ut p erf or m e d  P H H- o nl y 
mi cr otiss u es  b y  2. 8-  a n d  4. 4-f ol d  aft er  1 2  a n d  2 0  d a ys, 
r es p e cti v el y ( Fi g. 4 g). F or C Y P 2 C 9, 3 T 3-J 2- c o e n c a ps u-
l at e d mi cr otiss u es o ut p erf or m e d P H H- o nl y mi cr otiss u es 
b y 2. 7- a n d 4-f ol d aft er 1 2 a n d 2 0 d a ys, r es p e cti v el y ( Fi g. 
4 h). H o w e v er, f or C Y P 1 A 2, P H H- o nl y mi cr otiss u es o ut-
p erf or m e d  3 T 3-J 2- c o e n c a ps ul at e d  mi cr otiss u es  b y  1. 6-
f ol d aft er 2 0 d a ys ( Fi g. 4i). Fi br o bl asts w er e f o u n d t o b e 
d e v oi d of a n y of t h e m e as ur e d li v er f u n cti o ns, i n cl u di n g 
al b u mi n s e cr eti o n, ur e a s y nt h esis, a n d C Y P 4 5 0 a cti viti es 
( d at a n ot s h o w n). 

3 T 3-J 2- c o at e d mi cr otiss u es f u n cti o n all y o ut p erf or m e d 
b ot h  3 T 3-J 2- c o e n c a ps ul at e d  a n d  P H H- o nl y  mi cr otis-
s u es.  F or  al b u mi n,  3 T 3-J 2- c o at e d  mi cr otiss u es  o ut p er-
f or m e d  c o e n c a ps ul at e d  o n es  b y  5-  a n d  4. 2-f ol d  aft er 
8  a n d  2 4  d a ys,  r es p e cti v el y;  si mil arl y,  3 T 3-J 2- c o at e d 

mi cr otiss u es  o ut p erf or m e d  P H H- o nl y  mi cr otiss u es  b y 
4. 2-  a n d  2 0. 6-f ol d  at  t h e  s a m e  ti m e  p oi nts  a b o v e  ( Fi g. 
4 e).  F or  C Y P 3 A 4,  3 T 3-J 2- c o at e d  mi cr otiss u es  o ut p er-
f or m e d  c o e n c a ps ul at e d  o n es  b y  1. 3-  a n d  2. 7-f ol d  aft er 
1 2  a n d  2 0  d a ys,  r es p e cti v el y;  si mil arl y,  3 T 3-J 2- c o at e d 
mi cr otiss u es  o ut p erf or m e d  P H H- o nl y  mi cr otiss u es  b y 
3. 8- a n d 8-f ol d at t h e s a m e ti m e p oi nts a b o v e ( Fi g. 4f). 
F or C Y P 2 A 6, 3 T 3-J 2- c o at e d mi cr otiss u es o ut p erf or m e d 
c o e n c a ps ul at e d  o n es  b y  4. 5-f ol d  aft er  2 0  d a ys;  si mi-
l arl y,  3 T 3-J 2- c o at e d  mi cr otiss u es  o ut p erf or m e d  P H H-
o nl y mi cr otiss u es b y 2. 4- a n d 1 9. 5-f ol d aft er 1 2 a n d 2 0 
d a ys, r es p e cti v el y ( Fi g. 4 g). F or C Y P 2 C 9, 3 T 3-J 2- c o at e d 
mi cr otiss u es  o ut p erf or m e d  c o e n c a ps ul at e d  o n es  b y  2- 
a n d 3. 7-f ol d aft er 1 2 a n d 2 0 d a ys, r es p e cti v el y; si mil arl y, 
3 T 3-J 2- c o at e d  mi cr otiss u es  o ut p erf or m e d  P H H- o nl y 
mi cr otiss u es b y 6- a n d 7. 6-f ol d at t h e s a m e ti m e p oi nts 
a b o v e  ( Fi g.  4 h).  L astl y,  f or  C Y P 1 A 2,  3 T 3-J 2- c o at e d 
mi cr otiss u es  o ut p erf or m e d  c o e n c a ps ul at e d  o n es  b y  1. 8-
f ol d aft er 2 0 d a ys; si mil arl y, 3 T 3-J 2- c o at e d mi cr otiss u es 
o ut p erf or m e d  P H H- o nl y  mi cr otiss u es  b y  3. 4-f ol d  aft er 
1 2 d a ys, alt h o u g h f u n cti o ns a cr oss t h e t w o m o d els w er e 
si mil ar aft er 2 0 d a ys ( Fi g. 4i).

Fi g u r e 3.  C o m p aris o n of P H H mi cr otiss u es wit h c o n v e nti o n al s elf- ass e m bl e d s p h er oi ds a n d m a cr o g els. S c h e m ati cs a n d p h as e- c o n-
tr ast i m a g es f or t h e t est e d c ult ur e m o d els: ( a) mi cr otiss u e c o nt ai ni n g c oll a g e n a n d P H Hs f or m e d usi n g t h e dr o pl et mi cr ofl ui di c d e vi c e 
of Fi g. 1; ( b) s elf- ass e m bl e d P H H s p h er oi ds wit h o ut a n y c oll a g e n s c aff ol di n g; ( c)  m a cr o g els i n w hi c h t h e P H H + c oll a g e n mi xt ur e is 
dis p e ns e d dir e ctl y i nt o m ulti w ell pl at es wit h o ut b ei n g s u bj e ct e d t o a dr o pl et mi cr ofl ui di c d e vi c e. ( d) Al b u mi n pr o d u cti o n fr o m P H H-
o nl y mi cr otiss u es, s p h er oi ds, a n d m a cr o g els. St atisti c al si g nifi c a n c e is dis pl a y e d f or mi cr otiss u es r el ati v e t o s p h er oi ds ( * * * p  £  0. 0 0 1, 
a n d * * * * p  £  0. 0 0 0 1) a n d f or mi cr otiss u es r el ati v e t o m a cr o g els ( + + + +p  £  0. 0 0 0 1). A cti viti es of diff er e nt C Y P 4 5 0 is o e n z y m es ( e) 
C Y P 3 A 4, (f) C Y P 2 A 6, ( g) C Y P 2 C 9, a n d ( h) C Y P 1 A 2 i n P H H- o nl y mi cr otiss u es, s p h er oi ds, a n d m a cr o g els. St atisti c al si g nifi c a n c e is 
dis pl a y e d r el ati v e t o mi cr otiss u es at t h e s a m e ti m e p oi nt. * p  £  0. 0 5, * *p  £  0. 0 1, * * *p  £  0. 0 0 1, a n d * * * *p  £  0. 0 0 0 1. Arr o ws i n di c at e 
u n d et e ct a bl e l e v els f or t h e i n di c at e d f u n cti o n a n d i n di c at e d c ult ur e m o d el.
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8  K U K L A  E T A L.

Pri m ar y  H S Cs  diff er e nti at e d  i nt o  m y ofi br o bl asts  vi a 
p ass a gi n g  o nt o  tiss u e  c ult ur e  pl asti c  h a v e  b e e n  s h o w n 
t o pr o m ot e P H H f u n cti o n i n 2 D c ult ur e, al b eit at l o w er 
l e v els  t h a n  3 T 3-J 2  fi br o bl asts2 3 ,  alt h o u g h  eff e cts  i n  3 D 
r e m ai n u n d et er mi n e d. T h er ef or e, h er e H S Cs w er e c o at e d 
o nt o  P H H  mi cr otiss u es  t o  d et er mi n e  f u n cti o n al  eff e cts 
i n  3 D  ( Fi g.  4 d).  H S C- c o at e d  mi cr otiss u es  h a d  5-  a n d 
7. 4-f ol d  hi g h er  al b u mi n  s e cr eti o n  r at es  t h a n  P H H- o nl y 
mi cr otiss u es aft er 2 0 a n d 2 8 d a ys i n c ult ur e, r es p e cti v el y; 
h o w e v er,  3 T 3-J 2- c o at e d  mi cr otiss u es  h a d  3. 9-  a n d  3. 3-
f ol d  hi g h er  al b u mi n  s e cr eti o n  r at es  t h a n  H S C- c o at e d 
mi cr otiss u es at t h e s a m e ti m e p oi nts a b o v e ( Fi g. 4 e). F or 
C Y P 3 A 4, H S C- c o at e d mi cr otiss u es o ut p erf or m e d P H H-
o nl y  mi cr otiss u es  b y  3. 3-  a n d  4. 2-f ol d  aft er  1 2  a n d  2 0 
d a ys, r es p e cti v el y; h o w e v er, 3 T 3-J 2- c o at e d mi cr otiss u es 
o ut p erf or m e d H S C- c o at e d mi cr otiss u es b y 1. 8-f ol d aft er 
2 0  d a ys  ( Fi g.  4f).  F or  C Y P 2 A 6,  u nli k e  3 T 3-J 2- c o at e d 
mi cr otiss u es  t h at  u pr e g ul at e d  e n z y m ati c  a cti vit y  r el a-
ti v e t o P H H- o nl y mi cr otiss u es b y u p t o 1 9. 5-f ol d o n d a y 
2 0,  H S C- c o at e d  mi cr otiss u es  di d  n ot  dis pl a y  e n h a n c e d 
C Y P 2 A 6 a cti vit y r el ati v e t o P H H- o nl y mi cr otiss u es ( Fi g. 

4 g).  F or  C Y P 2 C 9,  si mil ar  t o  3 T 3-J 2- c o at e d  mi cr otis-
s u es, H S C- c o at e d mi cr otiss u es o ut p erf or m e d P H H- o nl y 
mi cr otiss u es  b y  6. 2-  a n d  7. 5-f ol d  aft er  1 2  a n d  2 0  d a ys, 
r es p e cti v el y ( Fi g. 4 h). L astl y, f or C Y P 1 A 2, H S C- c o at e d 
mi cr otiss u es h a d si mil ar e n z y m ati c a cti vit y as c o m p ar e d 
t o  P H H- o nl y  mi cr otiss u es,  w h er e as  t h e  3 T 3-J 2- c o at e d 
mi cr otiss u es s h o w e d a tr a nsi e nt u pr e g ul ati o n aft er 1 2 d a ys 
i n c ult ur e r el ati v e t o H S C- c o at e d mi cr otiss u es ( Fi g. 4i). 

O v er all, 3 T 3-J 2- c o at e d mi cr otiss u es f u n cti o n all y o ut-
p erf or m e d H S C- c o at e d mi cr otiss u es i n al b u mi n s e cr eti o n 
a n d t hr e e o ut of t h e f o ur C Y P e n z y m e a cti viti es m e as ur e d 
( C Y P 3 A 4, C Y P 2 A 6, a n d C Y P 1 A 2). T h er ef or e, 3 T 3-J 2-
c o at e d mi cr otiss u es w er e utili z e d f or s u bs e q u e nt st u di es.

Eff e cts of P ar a cri n e- O nl y I nt er a cti o ns B et w e e n 3 T 3- J 2 
Fi br o bl asts a n d P H H Mi cr otiss u es 

As dis c uss e d a b o v e, 3 T 3-J 2 fi br o bl asts w er e s h o w n t o 
e n h a n c e  P H H  f u n cti o ns  t o  t h e  hi g h est  d e gr e e  w h e n  t h e 
fi br o bl asts w er e c o at e d o nt o t h e s urf a c e of t h e mi cr otis-
s u es as c o m p ar e d t o w h e n b ot h c ell t y p es w er e c o e n c a p-
s ul at e d  i nt o  t h e  c oll a g e n  g els;  h o w e v er,  it  is  u n cl e ar  if 

Fi g u r e 4.  Eff e cts of 3 T 3-J 2 fi br o bl asts a n d pri m ar y h u m a n h e p ati c st ell at e c ells ( H S Cs) o n P H H mi cr otiss u es. P h as e- c o ntr ast i m a g es 
f or  t est e d  c ult ur e  m o d els:  ( a)  O nl y  P H Hs  e n c a ps ul at e d  wit hi n  c oll a g e n  mi cr otiss u es;  ( b)  P H Hs  a n d  3 T 3-J 2  fi br o bl asts  e n c a ps u-
l at e d t o g et h er wit hi n t h e c oll a g e n mi cr otiss u e [ c o e n c a ps ul at e d ( 3 T 3-J 2)]; ( c) 3 T 3-J 2 fi br o bl asts s e e d e d/ c o at e d o nt o t h e s urf a c e of t h e 
p ol y m eri z e d c oll a g e n- b as e d P H H mi cr otiss u es [ c o at e d ( 3 T 3-J 2)]; ( d) pri m ar y H S Cs s e e d e d/ c o at e d o nt o t h e s urf a c e of t h e p ol y m eri z e d 
c oll a g e n- b as e d mi cr otiss u es [ c o at e d ( H S C)]. T h e s m all er si z e of t h e mi cr otiss u es wit h c o c ult ur e i n di c at e c o m p a cti o n of t h e mi cr otis-
s u es b y t h e fi br o bl asts. ( e) Al b u mi n s e cr eti o ns fr o m P H H- o nl y, P H H/ 3 T 3-J 2- c o e n c a ps ul at e d, P H H/ 3 T 3-J 2- c o at e d, a n d P H H/ H S C-
c o at e d mi cr otiss u es. A cti viti es of diff er e nt C Y P 4 5 0 is o e n z y m es, (f)  C Y P 3 A 4, ( g)  C Y P 2 A 6, ( h) C Y P 2 C 9, (i)  C Y P 1 A 2 i n P H H- o nl y, 
P H H/ 3 T 3-J 2- c o e n c a ps ul at e d, P H H/ 3 T 3-J 2- c o at e d, a n d P H H/ H S C- c o at e d mi cr otiss u es. St atisti c al si g nifi c a n c e is dis pl a y e d r el ati v e t o 
P H H- o nl y mi cr otiss u es ( * p  £  0. 0 5, * *p  £  0. 0 1, * * *p  £  0. 0 0 1, * * * *p  £  0. 0 0 0 1). Arr o w i n di c at es u n d et e ct a bl e l e v el f or t h e i n di c at e d 
f u n cti o n a n d i n di c at e d c ult ur e m o d el.
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p ar a cri n e s e cr eti o ns fr o m t h e fi br o bl asts al o n e ar e s uffi-
ci e nt t o i n d u c e m a xi m al f u n cti o ns i n t h e mi cr otiss u es c o n-
t ai ni n g  P H Hs.  T h er ef or e,  P H H- o nl y  mi cr otiss u es  w er e 
pl a c e d  i nt o  a g ar os e  mi cr o w ells  wit hi n  a  2 4- w ell  pl at e, 
a n d t h e n 3 T 3-J 2 fi br o bl asts w er e s e e d e d i nt o a Tr a ns w ell 
i ns ert  pl a c e d  wit hi n  t h e  w ell  ( 3 T 3-J 2  Tr a ns w ell)  ( Fi g. 
5 b). H e p ati c f u n cti o ns i n 3 T 3-J 2 Tr a ns w ell mi cr otiss u es 
w er e  c o m p ar e d  a g ai nst  P H H- o nl y  ( Fi g.  5 a)  mi cr otis-
s u es wit h o ut a n y fi br o bl ast i nfl u e n c e a n d 3 T 3-J 2- c o at e d 
mi cr otiss u es  c o nt ai ni n g  P H Hs  ( Fi g.  5 c).  F or  C Y P 3 A 4, 
3 T 3-J 2  Tr a ns w ell  mi cr otiss u es  o ut p erf or m e d  P H H-
o nl y  mi cr otiss u es  b y  2. 5-,  4. 7-,  a n d  1 1. 8-f ol d  aft er  9, 
1 7,  a n d  2 5  d a ys,  r es p e cti v el y  ( Fi g.  5 d).  F or  C Y P 2 A 6, 
3 T 3-J 2 Tr a ns w ell mi cr otiss u es di d n ot dis pl a y e n h a n c e d 
C Y P 2 A 6 a cti vit y r el ati v e t o P H H- o nl y mi cr otiss u es ( Fi g. 
5 e). F or C Y P 2 C 9, 3 T 3-J 2 Tr a ns w ell mi cr otiss u es o ut p er-
f or m e d  P H H- o nl y  mi cr otiss u es  b y  3. 1-,  4. 4-,  a n d  1. 9 5-
f ol d aft er 1 3, 2 1, a n d 2 9 d a ys, r es p e cti v el y ( Fi g. 5f). F or 

C Y P 1 A 2, 3 T 3-J 2 Tr a ns w ell mi cr otiss u es di d n ot dis pl a y 
e n h a n c e d C Y P 1 A 2 a cti vit y r el ati v e t o P H H- o nl y mi cr o-
tiss u es ( Fi g. 5 g). 

I n  c o ntr a st,  3 T 3- J 2- c o at e d  mi cr oti s s u e s  f u n cti o n-
all y o ut p erf or m e d b ot h 3 T 3-J 2 Tr a ns w ell a n d P H H- o nl y 
mi cr otiss u es.  F or  C Y P 3 A 4,  3 T 3-J 2- c o at e d  mi cr otiss u es 
o ut p erf or m e d Tr a ns w ell o n es b y 1. 9- a n d 1. 5-f ol d aft er 9 
a n d 1 7 d a ys, r es p e cti v el y; h o w e v er, si mil ar a cti vit y w as 
o bs er v e d o n d a y 2 5 ( Fi g. 5 d). Si mil arl y, f or C Y P 3 A 4, 3 T 3-
J 2- c o at e d mi cr otiss u es o ut p erf or m e d P H H- o nl y mi cr otis -
s u es  b y  4. 6-,  7-,  a n d  1 3. 5-f ol d  aft er  9,  1 7,  a n d  2 5  d a ys, 
r es p e cti v el y.  F or  C Y P 2 A 6,  3 T 3-J 2- c o at e d  mi cr otiss u es 
o ut p erf or m e d Tr a ns w ell  o n es  b y  1. 8-,  1. 8-,  a n d  1. 7-f ol d 
aft er 9, 1 7, a n d 2 5 d a ys, r es p e cti v el y; si mil arl y, 3 T 3-J 2-
c o at e d  mi cr otiss u es  o ut p erf or m e d  P H H- o nl y  mi cr otis -
s u es  b y  1. 4-,  1. 5-,  a n d  1. 3-f ol d  at  t h e  s a m e  ti m e  p oi nts 
a b o v e ( Fi g. 5 e). F or C Y P 2 C 9, 3 T 3-J 2- c o at e d mi cr otiss u es 
o ut p erf or m e d Tr a ns w ell o n es b y 2- a n d 1. 8-f ol d aft er 1 3 

Fi g u r e 5.  Eff e cts of p ar a cri n e- o nl y i nt er a cti o ns b et w e e n 3 T 3-J 2 fi br o bl asts a n d P H H mi cr otiss u es. S c h e m ati cs f or t est e d c ult ur e m o d-
els: ( a) O nl y P H Hs e n c a ps ul at e d wit hi n c oll a g e n mi cr otiss u es ( c o ntr ol m o d el); ( b) P H H mi cr otiss u es wit h 3 T 3-J 2 fi br o bl asts s e e d e d 
i nt o a Tr a ns w ell i ns ert ( 3 T 3-J 2 Tr a ns w ell); ( c) 3 T 3-J 2 fi br o bl asts c o at e d o nt o t h e s urf a c e of t h e p ol y m eri z e d c oll a g e n- b as e d P H H 
mi cr otiss u es ( 3 T 3-J 2 c o at e d, c o ntr ol m o d el). A cti viti es of diff er e nt C Y P 4 5 0 is o e n z y m es, ( d)  C Y P 3 A 4, ( e)  C Y P 2 A 6, (f) C Y P 2 C 9, ( g)  
C Y P 1 A 2 i n P H H- o nl y, 3 T 3-J 2 Tr a ns w ell, a n d 3 T 3-J 2- c o at e d mi cr otiss u es. St atisti c al si g nifi c a n c e is dis pl a y e d f or 3 T 3-J 2 Tr a ns w ell 
mi cr otiss u es r el ati v e t o P H H- o nl y mi cr otiss u es ( * p  £  0. 0 5, * *p  £  0. 0 1, * * *p  £  0. 0 0 1, * * * *p  £  0. 0 0 0 1). St atisti c al si g nifi c a n c e is 
dis pl a y e d f or 3 T 3-J 2- c o at e d mi cr otiss u es r el ati v e t o 3 T 3-J 2 Tr a ns w ell mi cr otiss u es ( + p  £  0. 0 5, + +p  £  0. 0 1, + + +p  £  0. 0 0 1, + + + +p  £  
0. 0 0 0 1).
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a n d 2 9 d a ys, r es p e cti v el y; h o w e v er, si mil ar a cti vit y w as 
o bs er v e d  o n  d a y  2 1  ( Fi g.  5f).  Si mil arl y,  3 T 3-J 2- c o at e d 
mi cr otiss u es  o ut p erf or m e d  P H H- o nl y  mi cr otiss u es  b y 
6. 2-, 5. 2-, a n d 3. 5-f ol d aft er 1 3, 2 1, a n d 2 9 d a ys, r es p e c -
ti v el y. F or C Y P 1 A 2, 3 T 3-J 2- c o at e d mi cr otiss u es o ut p er-
f or m e d Tr a ns w ell o n es b y 2. 4-, 2. 3-, a n d 1. 9-f ol d aft er 1 3, 
2 1,  a n d  2 9  d a ys,  r es p e cti v el y;  si mil arl y,  3 T 3-J 2- c o at e d 
mi cr otiss u es  o ut p erf or m e d  P H H- o nl y  mi cr otiss u es  b y 
1. 6-,  1. 6-,  a n d  1. 7-f ol d  at  t h e  s a m e  ti m e  p oi nts  a b o v e 
( Fi g. 5 g). Fi n all y, 3 T 3-J 2 Tr a ns w ell mi cr otiss u es s e cr et e d 
hi g h er l e v els of al b u mi n t h a n P H H- o nl y mi cr otiss u es o v er 
6 w e e ks b ut still l o w er ( ~ 2 5 % – 6 3 %) t h a n t h os e s e cr et e d 
b y t h e 3 T 3-J 2- c o at e d mi cr otiss u es ( d at a n ot s h o w n).

O v er all, s e cr eti o ns fr o m 3 T 3-J 2 fi br o bl asts i n Tr a ns w ells 
w er e  a bl e  t o  i n d u c e  s o m e  h e p ati c  f u n cti o ns  ( C Y P 3 A 4, 
C Y P 2 C 9, a n d al b u mi n); h o w e v er, a d diti o n al C Y P e n z y m es 
w er e  n ot  i m pr o v e d  fr o m  p ar a cri n e  si g n ali n g  al o n e.  O n 
t h e  ot h er  h a n d,  c o ati n g  3 T 3-J 2  fi br o bl asts  o nt o  t h e  P H H-
c o nt ai ni n g mi cr otiss u es w as a bl e t o i n d u c e all t h e m e as ur e d 
f u n cti o ns as c o m p ar e d t o P H H- o nl y mi cr otiss u es. 

C o m p aris o n of 3 T 3- J 2- C o at e d Mi cr otiss u es Wit h Si mil arl y 
C o at e d S elf- Ass e m bl e d S p h er oi ds a n d C o at e d M a cr o g els

As  wit h  c o at e d  mi cr otiss u es  ( Fi g.  6 a),  3 T 3-J 2  fi br o-
bl asts  w er e  c o at e d  o nt o  s elf- ass e m bl e d  P H H  s p h er oi ds 

( 1: 1 r ati o b et w e e n t h e t w o c ell t y p es) ( Fi g. 6 b), a n d s u c h 
c o at e d  s p h er oi ds  w er e  als o  c o m p a ct e d  b y  ~ 3 5 %  d u e  t o 
t h e  fi br o bl asts  wit h  a n  a v er a g e  di a m et er  of  1 3 3. 7  µ m 
(st a n d ar d  d e vi ati o n  of  2 1. 6  µ m, n   =  3 7 5  mi cr otiss u es); 
h o w e v er, c o at e d mi cr otiss u es h a d a m or e c o nsist e nt si z e 
distri b uti o n  t h a n  c o at e d  s p h er oi ds  ( Fi g.  7).  Si mil arl y, 
3 T 3-J 2 fi br o bl asts w er e c o at e d o nt o t h e s urf a c e of P H H 
m a cr o g els at a 1: 1 r ati o ( Fi g. 6 c).

At  a  f u n cti o n al  l e v el,  c o at e d  mi cr otiss u es  o ut p er-
f or m e d b ot h c o at e d s p h er oi ds a n d c o at e d m a cr o g els. F or 
al b u mi n  s e cr eti o n,  c o at e d  mi cr otiss u es  o ut p erf or m e d 
c o at e d s p h er oi ds b y 2-f ol d a n d 2. 3-f ol d aft er 1 3 a n d 2 1 
d a ys, r es p e cti v el y; si mil arl y, c o at e d mi cr otiss u es o ut p er-
f or m e d  c o at e d  m a cr o g els  b y  2 2. 9-  a n d  3 6. 2-f ol d  at  t h e 
s a m e ti m e p oi nts a b o v e ( Fi g. 6 d). F or C Y P 3 A 4, c o at e d 
mi cr otiss u es  o ut p erf or m e d  c o at e d  s p h er oi ds  b y  5. 6- 
a n d 4-f ol d aft er 1 3 a n d 2 1 d a ys, r es p e cti v el y; si mil arl y, 
c o at e d  mi cr otiss u es  o ut p erf or m e d  c o at e d  m a cr o g els  b y 
7. 6- a n d 1 9. 1-f ol d ( Fi g. 6 e). F or C Y P 2 A 6, c o at e d mi cr o-
tiss u es  o ut p erf or m e d  c o at e d  s p h er oi ds  b y  2. 5-  a n d  3. 7-
f ol d aft er 1 3 a n d 2 1 d a ys, r es p e cti v el y; si mil arl y, c o at e d 
mi cr otiss u es o ut p erf or m e d c o at e d m a cr o g els b y 1. 3- a n d 
3. 7-f ol d ( Fi g. 6f). F or C Y P 2 C 9, c o at e d mi cr otiss u es o ut-
p erf or m e d c o at e d s p h er oi ds b y 3. 3- a n d 3. 4-f ol d aft er 1 3 
a n d 2 1 d a ys, r es p e cti v el y; si mil arl y, c o at e d mi cr otiss u es 

Fi g u r e 6.  C o m p aris o n of 3 T 3-J 2- c o at e d mi cr otiss u es wit h si mil arl y c o at e d s elf- ass e m bl e d s p h er oi ds a n d c o at e d m a cr o g els. ( a)  3 T 3-J 2 
fi br o bl asts  w er e  c o at e d  o nt o  t h e  s urf a c e  of  t h e  p ol y m eri z e d  c oll a g e n- b as e d  P H H  mi cr otiss u es  ( c o at e d  mi cr otiss u e).  ( b)  Si mil arl y, 
s elf- ass e m bl e d P H H s p h er oi ds w er e c o at e d wit h 3 T 3-J 2 fi br o bl asts ( c o at e d s p h er oi ds), a n d ( c)  m a cr o g els w er e c o at e d wit h 3 T 3-J 2 
fi br o bl asts ( c o at e d m a cr o g els). ( d) Al b u mi n pr o d u cti o n i n t h e c o at e d mi cr otiss u es, c o at e d s p h er oi ds, a n d c o at e d m a cr o g els. St atisti c al 
si g nifi c a n c e is dis pl a y e d f or c o at e d mi cr otiss u es r el ati v e t o c o at e d s p h er oi ds at t h e s a m e ti m e p oi nt ( * * p  £  0. 0 1, a n d * * * *p  £  0. 0 0 0 1). 
A cti viti es of diff er e nt C Y P 4 5 0 is o e n z y m es, ( e) C Y P 3 A 4, (f) C Y P 2 A 6, ( g) C Y P 2 C 9, a n d ( h) C Y P 1 A 2 i n t h e c o at e d mi cr otiss u es, 
c o at e d s p h er oi ds, a n d c o at e d m a cr o g els. St atisti c al si g nifi c a n c e is dis pl a y e d f or c o at e d s p h er oi ds a n d c o at e d m a cr o g els r el ati v e t o 
c o at e d mi cr otiss u es at t h e s a m e ti m e p oi nt ( * * * * p  £  0. 0 0 0 1). Arr o w i n di c at es u n d et e ct a bl e l e v el f or t h e i n di c at e d f u n cti o n a n d i n di-
c at e d c ult ur e m o d el.
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outperformed coated macrogels by 54-fold after 13 days, 
while CYP2C9 activity was undetectable in macrogels 
after 21 days (Fig. 6g). Finally, for CYP1A2, coated 
microtissues outperformed coated spheroids by 2- and 
5.8-fold after 13 and 21 days, respectively; similarly, 
coated microtissues outperformed coated macrogels by 
12- and 15.7-fold (Fig. 6h). 

Overall, coated spheroids functionally outperformed 
coated macrogels, with CYP2A6 being the sole excep-
tion. On the other hand, coated microtissues outperformed 
both coated spheroids and coated macrogels. 

Long-Term Functions in 3T3-J2-Coated Microtissues 
3T3-J2-coated microtissues were assessed for func-

tions over 6 weeks, and these functions were compared 
to functions in PHHs within 2–4 h of thawing (day 0) as 
the routinely used culture model for short-term (acute) 
assays before PHHs severely decline in functions in con-
ventional 2D monoculture formats5,13. Albumin secretion 
was minimal in PHHs on day 0 but ramped up over the 
first 3 weeks in coated microtissues to ~6 µg/day/million 
PHHs and remained relatively stable until day 41 when 
the cultures were sacrificed (Fig. 8a). Urea secretion was 
undetectable in PHHs on day 0 but increased in coated 
microtissues over the first 9 days to ~57 µg/day/million 
PHHs and remained statistically stable for 41 days (Fig. 
8b). CYP3A4 activity in the coated microtissues was 
~9% of day 0 activity after 9 days and increased to ~20% 
to 32% for the remaining culture duration (Fig. 8c). 
CYP2A6 activity in the coated microtissues was ~15% 
of day 0 activity after 9 days and increased to ~113% 
to 183% for the remaining duration (Fig. 8d). CYP2C9 
activity in the coated microtissues was ~36% of day 0 
activity after 9 days and decreased to ~21% to 26% for 
the remaining culture duration (Fig. 8e). Lastly, CYP1A2 

activity in the coated microtissues was ~70% of day 0 
activity after 9 days and increased to ~100% to 153% for 
the remaining duration (Fig. 8f).

Long-Term Gene Expression in 3T3-J2-Coated 
and HSC-Coated Microtissues

Expression levels of major liver-specific genes, includ-
ing albumin, OTC, master transcription factors (CEBPa 
and HNF4a), CYP450 enzymes (CYP1A2, CYP2A6, 
CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP2D6, and 
CYP3A4), drug transporters (MRP2 and SLCO1B1), 
and nuclear receptors (AHR, CAR, PXR, and RXR) were 
characterized in the 3T3-J2-coated microtissues after 
2, 4, and 6 weeks following culture initiation (Fig. 9a). 
Gene expression in the 3T3-J2-coated microtissues was 
normalized to human GAPDH and further normalized 
to gene expression data in PHHs immediately following 
thawing (day 0). The expression levels of 13 of the 18 
genes were higher in the 3T3-J2-coated microtissues over 
6 weeks than the levels in freshly thawed PHHs (e.g., 
after 6 weeks, 5.8-, 2.6-, 2.9-, 2.1-, 22-, 6-, 1.6-, 1.5-, 2.4-, 
73-, 11.4-, 9.3-, and 10.3-fold higher levels in 3T3-J2-
coated microtissues than freshly thawed PHHs for OTC, 
CEBPa, HNF4a, CYP1A2, CYP2A6, CYP2B6, CYP2C8, 
CYP2C19, CYP2D6, CYP3A4, MRP2, PXR, and RXR, 
respectively). In contrast, albumin, CYP2C9, SLCO1B1, 
AHR, and CAR levels were downregulated in the 3T3-
J2-coated microtissues in comparison to freshly thawed 
PHHs (e.g., after 6 weeks, 55%, 58%, 77%, 63%, and 
85% retention in 3T3-J2-coated microtissues of freshly 
thawed PHH levels, respectively). 

Similarly, expression levels of the same liver-specific 
genes analyzed above were characterized in HSC-coated 
microtissues containing PHHs (which also upregulated 
functions compared to PHH-only microtissues, albeit to a 

Figure 7.  Projected surface area distributions of 3D human liver models. Collagen-based microtissues containing encapsulated PHHs 
were fabricated using the droplet microfluidic device shown in Figure 1, while self-assembled spheroids were created as shown in 
Figure 3. Collagen-based microtissues containing encapsulated PHHs and 3T3-J2 fibroblasts were fabricated to create coencapsulated 
microtissue. 3T3-J2 fibroblasts were coated onto the PHH microtissues or spheroids to create coated microtissue and coated spheroid, 
respectively. Spheroid and Microtissue indicate models with only PHHs. After 21 days of culture, 375 individual constructs for each 
model were fixed and analyzed via phase-contrast microscopy for projected surface area determinations. Shown here are the histo-
grams of the projected surface areas for the five culture/coculture models.
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less extent than 3T3-J2-coated microtissues, as discussed 
above). The expression levels of 10 of the 18 genes were 
generally higher in the HSC-coated microtissues over 
6 weeks than the levels in freshly thawed PHHs (Fig. 
9b) (e.g., after 6 weeks, 5.1-, 1.2-, 7.5-, 3.9-, 2.2-, 1.6-, 
1.1-, 2.7-, 8.8-, and 442.6-fold higher levels in HSC-
coated microtissues than freshly thawed PHHs for OTC, 
CEBPa, CYP1A2, CYP2A6, CYP2B6, CYP2C9, CYP3A4, 
AHR, CAR, and RXR, respectively). In contrast, albu-
min, CYP2C8, CYP2C19, CYP2D6, MRP2, SLCO1B1, 
and PXR, were downregulated or entirely undetectable 
in the HSC-coated microtissues after 6 weeks of cul-
ture in comparison to freshly thawed PHHs (e.g., after 6 
weeks, albumin at 0.2%, CYP2D6 at 22%, and rest of the 
genes—CYP2C8, CYP2C19, MRP2, SLCO1B1, PXR—
were undetectable).

Overall, the expression levels for 13 of the 18 genes 
were higher after 6 weeks in 3T3-J2-coated microtissues 
as compared to HSC-coated microtissues (i.e., albumin, 
OTC, CEBPa, HNF4a, CYP2A6, CYP2B6, CYP2C8, 
CYP2C19, CYP2D6, CYP3A4, MRP2, SLCO1B1, and 
PXR). In comparison, the expression levels of 5 of the 

18 genes were higher in HSC-coated microtissues than 
3T3-J2-coated microtissues after 6 weeks (i.e., CYP1A2, 
CYP2C9, AHR, CAR, and RXR). Importantly, the expres-
sion of several critical liver genes (CYP2C8, CYP2C19, 
MRP2, SLCO1B1, and PXR) was undetectable after 6 
weeks in HSC-coated microtissues but still detectable in 
the 3T3-J2-coated microtissues.

Drug-Mediated CYP Induction in 2D PHH 
Monocultures and 3T3-J2-Coated Microtissues 

2D PHH monocultures were allowed 1 day and 3T3-
J2-coated microtissues containing PHHs were allowed 
9 days to functionally stabilize, and then both culture 
models were treated with rifampin or omeprazole for a 
total of 4 days with fresh drug added at the 2-day medium 
exchange. CYP3A4 and CYP2C9 activities were assessed 
in the rifampin-treated cultures, whereas CYP1A2 activity 
was assessed in the omeprazole-treated cultures; DMSO-
treated control cultures were used to calculate fold changes 
in induction of CYP activities due to drug treatment. In 
2D monocultures, rifampin caused ~5.5-fold induction 
in CYP3A4 activity and ~1.4-fold induction in CYP2C9 

Figure 8.  Long-term functions in 3T3-J2-coated microtissues. 3T3-J2 fibroblasts were coated onto the surface of the polymerized 
collagen-based PHH microtissues (“coated microtissue”) and cultured for ~6 weeks. (a) Albumin production, (b) urea production, and 
the activities of different CYP450 isoenzymes, (c) CYP3A4 activity, (d) CYP2A6, (e) CYP2C9, and (f) CYP1A2 in coated microtis-
sues over time.
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a cti vit y r el ati v e t o t h e D M S O c o ntr ol, w hil e o m e pr a z ol e 
c a us e d ~ 4-f ol d i n d u cti o n i n C Y P 1 A 2 a cti vit y ( Fi g. 1 0 a). 
I n  3 T 3-J 2- c o at e d  mi cr otiss u es,  rif a m pi n  c a us e d  ~ 7-f ol d 
i n d u cti o n  i n  C Y P 3 A 4  a cti vit y  a n d  ~ 5-f ol d  i n d u cti o n  i n 
C Y P 2 C 9  a cti vit y  r el ati v e  t o  t h e  D M S O  c o ntr ol,  w hil e 
o m e pr a z ol e c a us e d ~ 2-f ol d i n d u cti o n i n C Y P 1 A 2 a cti v-
it y ( Fi g. 1 0 a). 

Dr u g-I n d u c e d H e p at ot o xi cit y i n 3 T 3- J 2- C o at e d 
Mi cr otiss u es

3 T 3-J 2- c o at e d  mi cr otiss u es  st a bili z e d  o v er  9  d a ys 
w er e  tr e at e d  wit h  t w o  dr u gs  f or  t y p e  2  di a b et es  m elli-
t us,  r osi glit a z o n e  or  tr o glit a z o n e,  at  t w o  c o n c e ntr ati o ns 
f or  e a c h  dr u g,  3 0 ×  a n d  6 0 ×  C

m a x
  ( C

m a x
:  m a xi m u m  dr u g 

c o n c e ntr ati o n m e as ur e d i n h u m a n pl as m a), f or a t ot al of 8 
d a ys wit h fr es h dr u g a d d e d at t h e 4- d a y m e di u m e x c h a n g e. 
R osi glit a z o n e  is  a  n o n h e p at ot o xi n,  w hil e  tr o glit a z o n e 
w as wit h dr a w n fr o m t h e m ar k et d u e t o s e v er e h e p at ot o x-
i cit y2 9 . Al b u mi n s e cr eti o n ( h e p at o c yt e m ar k er) a n d o v er-
all c o c ult ur e vi a bilit y ( m et a b olis m of Pr est o Bl u e T M ) w er e 
ass ess e d  aft er  4  a n d  8  d a ys  of  dr u g  tr e at m e nt,  a n d  t h e 
d at a w er e n or m ali z e d t o t h e d at a i n D M S O- o nl y tr e at e d 
c ult ur es.  N o  st atisti c all y  si g nifi c a nt  d o w nr e g ul ati o n  of 
eit h er al b u mi n or vi a bilit y w as o bs er v e d i n c o at e d mi cr o-
tiss u es tr e at e d wit h r osi glit a z o n e ( Fi g. 1 0 b). I n c o ntr ast, 
c o at e d  mi cr otiss u es  tr e at e d  wit h  tr o glit a z o n e  dis pl a y e d 
ti m e- a n d c o n c e ntr ati o n- d e p e n d e nt d e cr e as es i n al b u mi n 
a n d  vi a bilit y  ( Fi g.  1 0 c). Al b u mi n  s e cr eti o n  d e cli n e d  t o 
9 2 % a n d 6 9 % of D M S O- o nl y c o ntr ols aft er tr e at m e nt of 

c o at e d  mi cr otiss u es  wit h  3 0 ×  C
m a x

  of  tr o glit a z o n e  f or  4 
a n d 8 d a ys, r es p e cti v el y, w h er e as it d e cli n e d t o 6 9 % a n d 
4 0 % aft er tr e at m e nt wit h 6 0 × C

m a x 
at t h e s a m e ti m e p oi nts 

a b o v e.  Si mil arl y,  vi a bilit y  d e cli n e d  t o  2 9 %  of  D M S O 
c o ntr ols aft er tr e at m e nt of c o at e d mi cr otiss u es wit h 3 0 × 
C

m a x
  of  tr o glit a z o n e  f or  8  d a ys,  w h er e as  it  d e cli n e d  t o 

5 2 %  aft er  tr e at m e nt  wit h  6 0 ×  C
m a x

  f or  4  d a ys  a n d  w as 
u n d et e ct a bl e f oll o wi n g tr e at m e nt wit h t his c o n c e ntr ati o n 
f or 8 d a ys. 

DI S C U S SI O N

I n c o ntr ast t o a li mit e d a p pli c ati o n s c o p e of 2 D m o d els, 
h u m a n li v er m o d els t h at ar e 3 D i n ar c hit e ct ur e h a v e utilit y 
n ot o nl y f or pr e cli ni c al dr u g d e v el o p m e nt b ut als o f or el u -
ci d ati n g t h e r e or g a ni z ati o n of c ell – c ell a n d c ell – E C M i nt er -
a cti o ns i n li v er dis e as e a n d as b uil di n g bl o c ks f or c ell- b as e d 
t h er a pi es i n t h e cli ni c. I n t h e a bs e n c e of a f u n cti o n al v as c u-
l at ur e, it is i m p ort a nt t o r estri ct t h e si z e of t h e 3 D h u m a n 
li v er m o d els t o ~ 3 0 0 µ m i n di a m et er t o all o w f or a d e q u at e 
o x y g e n a n d n utri e nt tr a nsf er. W hil e s u c h mi ni at uri z e d m o d -
els c a n b e cr e at e d usi n g s p e ci ali z e d pl at es t h at all o w s p h er -
oi d g e n er ati o n, t y pi c all y t h e t hr o u g h p ut of s u c h a p pr o a c h es 
is  li mit e d.  I n  c o ntr ast,  dr o pl et  mi cr ofl ui di cs  pr o vi d es  t h e 
a bilit y  t o  r a pi dl y  cr e at e  hi g hl y  r e pr o d u ci bl e  mi cr otiss u es 
c o nt ai ni n g o n e or m or e c ell t y p es; h o w e v er, t h e us e of t his 
t e c h n ol o g y  h as  b e e n  r estri ct e d  t o  P H H  m o d els  c o nt ai n-
i n g al gi n at e or P E G t h at ar e s h ort-li v e d ( ~ 1 w e e k). T h us, 
h er e w e utili z e d dr o pl et mi cr ofl ui di cs t o cr e at e 3 D h u m a n 
li v er mi cr otiss u es wit hi n a n at ur al c oll a g e n- b as e d h y dr o g el 

Fi g u r e 9.  L o n g-t er m g e n e e x pr essi o n i n 3 T 3-J 2- c o at e d a n d H S C- c o at e d mi cr otiss u es. 3 T 3-J 2 fi br o bl asts or pri m ar y h u m a n H S Cs w er e 
c o at e d o nt o t h e s urf a c e of t h e p ol y m eri z e d c oll a g e n- b as e d P H H mi cr otiss u es a n d c ult ur e d f or ~ 6 w e e ks. Q u a ntit ati v e g e n e e x pr essi o n 
of al b u mi n,  or nit hi n e tr a ns c ar b a m yl as e (O T C ), h e p ati c tr a ns cri pti o n f a ct ors ( C E B P a  a n d H N F 4a ), C Y P e n z y m es (C Y P 1 A 2, C Y P 2 A 6, 
C Y P 2 B 6, C Y P 2 C 8, C Y P 2 C 9, C Y P 2 C 1 9, C Y P 2 D 6, a n d  C Y P 3 A 4), c a n ali c ul ar tr a ns p ort er (M R P 2 ), b as ol at er al tr a ns p ort er ( S L C O 1 B 1 ), 
a n d n u cl e ar r e c e pt ors ( A H R, C A R, P X R,  a n d R X R) i n 3 T 3-J 2- c o at e d mi cr otiss u es ( a) a n d H S C- c o at e d mi cr otiss u es ( b)  at 2, 4, a n d 6 
w e e ks as c o m p ar e d t o fr es hl y t h a w e d P H Hs (li n e 2 0 ) t h at w er e i m m e di at el y l ys e d i n s us p e nsi o n f or R N A (i. e., e x pr essi o n l e v els i n t h e 
c o at e d mi cr otiss u es at t h e 2 0 li n e ar e n e ar i d e nti c al t o t h e l e v els i n fr es hl y t h a w e d P H Hs). Arr o ws i n di c at e d et e ct a bl e l e v els at t h e 20 

li n e. F or e x pr essi o n l e v els d e n ot e d N D ( n ot d et e ct a bl e), a m plifi c ati o n w as n ot o bs er v e d f or t h e gi v e n g e n e wit hi n 4 0 c y cl es of q u a n-
tit ati v e p ol y m er as e c h ai n r e a cti o n ( q P C R). St atisti c al si g nifi c a n c e f or g e n e e x pr essi o n l e v els is dis pl a y e d f or 3 T 3-J 2 c o at e d a n d H S C 
c o at e d at 2, 4, a n d 6 w e e ks r el ati v e t o fr es hl y t h a w e d P H Hs ( * p  £  0. 0 5, +p  £  0. 0 1, ‡p  £  0. 0 0 1, #p £  0. 0 0 0 1).
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mi cr o e n vir o n m e nt t h at dis pl a y e d hi g h er P H H f u n cti o ns t h a n 
c o n v e nti o n al s elf- ass e m bl e d s p h er oi ds a n d b ul k h y dr o g els 
( h er ei n r ef err e d t o as “ m a cr o g els ”); h e p ati c f u n cti o ns w er e 
e n h a n c e d  a n d  st a bili z e d  f or  6 +  w e e ks  i n  t h e  pr es e n c e  of 
s u p p orti v e fi br o bl asts, alt h o u g h 3 T 3-J 2 fi br o bl asts i n d u c e d 
hi g h er  f u n cti o ns  i n  P H Hs  t h a n  pri m ar y  h u m a n  H S Cs. 
Pl a c e m e nt of t h e mi cr otiss u es i nt o a g ar os e mi cr o w ells c ast 
wit hi n  m ulti w ell  pl at es  pr e v e nt e d  t h e  a g gr e g ati o n  of  t h e 
mi cr otiss u es a n d all o w e d pr o bi n g wit h pr ot ot y pi c al dr u gs 
f or C Y P i n d u cti o n a n d h e p at ot o xi cit y ass a ys.

H u m a n  li v er  mi cr oti s s u e s  w er e  c o m p ar e d  t o  s elf-  
ass e m bl e d s p h er oi ds a n d m a cr o g els t h at ar e r o uti n el y us e d 

t o a c c ess 3 D li v er bi ol o g y f or str u ct ur e –f u n cti o n st u di es a n d 
dr u g t esti n g. All c ult ur e m o d els e n a bl e d P H H f u n cti o ns f or 
2 w e e ks, c o nfir mi n g t h at a 3 D mi cr o e n vir o n m e nt c a n s us -
t ai n P H H f u n cti o ns o v er r a pi dl y d e cli ni n g 2 D m o n o c ult ur es 
o n c oll a g e n I a ds or b e d o nt o pl asti c dis h es 5, 1 3 . H o w e v er, t h e 
mi cr otiss u es  dis pl a y e d  si g nifi c a ntl y  hi g h er  al b u mi n  a n d 
C Y P 4 5 0 e n z y m e a cti viti es t h a n s p h er oi ds a n d m a cr o g els. 
C Y P 4 5 0 e n z y m es m et a b oli z e > 5 0 % of m ar k et e d dr u gs, a n d 
t h eir e x pr essi o n is i nfl u e n c e d b y a g e, s e x, g e n eti c p ol y m or-
p his ms, dr u gs/ c h e mi c als, h or m o n es/ c yt o ki n es, a n d dis e as e 
st at es 3 0 . T h us, it is criti c al t o m ai nt ai n p h ysi ol o gi c all y r el-
e v a nt l e v els of t h es e e n z y m es i n vitr o t o w ar d el u ci d ati n g i n 

Fi g u r e 1 0.  Dr u g- m e di at e d C Y P i n d u cti o n a n d dr u g-i n d u c e d h e p at ot o xi cit y i n 3 T 3-J 2- c o at e d mi cr otiss u es. C o at e d mi cr otiss u es w er e 
all o w e d 9 d a ys w hil e 2 D P H H m o n o c ult ur es w er e all o w e d 1 d a y t o f u n cti o n all y st a bili z e, a n d t h e n b ot h c ult ur e m o d els (s a m e P H H d o n or/
l ot) w er e tr e at e d wit h rif a m pi n or o m e pr a z ol e f or 4 d a ys wit h fr es h dr u g a d d e d t o t h e c ult ur e m e di u m at t h e 2- d a y m e di u m e x c h a n g e. C Y P 
a cti viti es w er e ass ess e d at t h e e n d of t h e 4- d a y i n c u b ati o n p eri o d. ( a)  C Y P 3 A 4 a n d C Y P 2 C 9 a cti viti es i n 2 D m o n o c ult ur es a n d c o at e d 
mi cr otiss u es tr e at e d wit h rif a m pi n, a n d C Y P 1 A 2 a cti vit y i n 2 D m o n o c ult ur es a n d c o at e d mi cr otiss u es tr e at e d wit h o m e pr a z ol e. E n z y m e 
a cti viti es i n t h e dr u g-tr e at e d c ult ur es w er e n or m ali z e d t o e n z y m e a cti vit y i n c ult ur es tr e at e d wit h D M S O al o n e. St atisti c al si g nifi c a n c e 
dir e ctl y a b o v e e a c h b ar is dis pl a y e d r el ati v e t o D M S O-tr e at e d c o ntr ols ( * * p  £  0. 0 1, * * *p  £  0. 0 0 1, a n d * * * *p  £  0. 0 0 0 1). St atisti c al si g-
nifi c a n c e a b o v e e a c h li n e is dis pl a y e d f or c o at e d mi cr otiss u e i n d u cti o n r el ati v e t o 2 D m o n o c ult ur e i n d u cti o n ( * * p  £  0. 0 1). A d diti o n all y, 
c o at e d mi cr otiss u es w er e all o w e d ~ 9 d a ys t o f u n cti o n all y st a bili z e a n d t h e n tr e at e d wit h r osi glit a z o n e or tr o glit a z o n e at t w o c o n c e ntr ati o ns 
f or e a c h dr u g, 3 0 × a n d 6 0 × C

m a x
 ( C

m a x
 = m a xi m u m dr u g c o n c e ntr ati o n m e as ur e d i n h u m a n pl as m a; C

m a x
 f or tr o glit a z o n e = 2. 8 2 µ g/ ml a n d 

C
m a x

 f or r osi glit a z o n e = 0. 3 7 3 µ g/ ml), f or a t ot al of 8 d a ys wit h fr es h dr u g a d d e d t o c ult ur e m e di u m at t h e 4- d a y m e di u m e x c h a n g e. ( b) 
Al b u mi n s e cr eti o n, s p e cifi c t o P H Hs (t o p gr a p h), a n d o v er all c o c ult ur e vi a bilit y ( b ott o m gr a p h, Pr est o Bl u e T M  c o n v ersi o n t o t h e m et a b olit e, 
r es a z uri n) i n c o at e d mi cr otiss u es tr e at e d wit h r osi glit a z o n e. D at a i n dr u g-tr e at e d c o at e d mi cr otiss u es w er e n or m ali z e d t o t h e c orr es p o n d -
i n g d at a i n D M S O- o nl y tr e at e d c ult ur es. ( c) Si mil ar gr a p hs as ( a) e x c e pt c o at e d mi cr otiss u es w er e tr e at e d wit h tr o glit a z o n e. F or dr u g 
t o xi cit y d at a, st atisti c al si g nifi c a n c e is r el ati v e t o D M S O-tr e at e d c o ntr ol c ult ur es. *p  £  0. 0 5, * * *p  £  0. 0 0 1, a n d * * * *p  £  0. 0 0 0 1.
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vivo-like compound metabolism and toxicity5,13; our results 
suggest that microtissues may enable such an outcome over 
the conventional spheroids and macrogels.

The higher CYP450 activities in microtissues than 
spheroids and macrogels may be due to a more opti-
mal and consistent microenvironment around PHHs. 
First, microtissues allow for the ligation of PHH integ-
rins to the collagen immediately as opposed to the time- 
dependent ligation with cell-secreted ECM in the 
spheroids. Second, microtissues maintain a consistent 
inter- and intradonor ECM microenvironment as opposed 
to the likely variable ECM secretion rates by different 
donors in spheroids. Third, the microscale dimensions 
of microtissues likely facilitate the optimal delivery of 
oxygen and nutrients than the macrogels. Lastly, homo-
typic cell–cell interactions, which have been shown to be 
critical for PHH functions and polarity5, are likely bet-
ter facilitated within the microtissues than the macrogels 
at similar cell seeding densities. Therefore, microtissues 
may provide a more reproducible platform for drug devel-
opment than conventional spheroids and macrogels. 

In addition to generating higher liver-specific function, 
microtissues may also improve the logistical consider-
ations for screening compounds over spheroids and mac-
rogels. While microtissues were found to form robustly 
here with multiple PHH donors, spheroids are difficult to 
stably form with >50% of PHH donors10, which may be 
due to differential ECM secretion rates across PHH donors. 
Furthermore, microtissues use ~10% of PHHs used in 
spheroids but still enable the highest CYP450 activities 
when normalized to cell numbers. Lastly, the fabrication 
of macrogels requires large amounts of expensive ECM 
and thus places considerable limits on the sample size for 
each condition; in contrast, hundreds of microtissues can 
be tracked for each condition. Therefore, PHH microtis-
sues may allow the screening of large compound libraries 
or various disease stimuli with multiple PHH lots toward 
identifying lead molecules/pathways for further testing, 
either in vitro or in vivo.

Coculture with liver- and non-liver-derived NPC 
types can affect hepatocyte functions in the developing 
and adult livers5,13. Some of these interactions can be 
replicated in vitro by coculturing primary hepatocytes 
with NPCs, such as rat hepatocytes cocultured with 
either C3H/10T1/2 mouse embryo cells31, 3T3-J2 murine 
embryonic fibroblasts32, or human fibroblasts33. Of these, 
3T3-J2 fibroblasts express molecules present in the liver 
[e.g., decorin, vascular endothelial growth factor (VEGF), 
and T-cadherin] at higher levels than other 3T3 fibroblast 
clones34, which allows 3T3-J2 fibroblasts to induce higher 
PHH functions in 2D cocultures7. Furthermore, 3T3-J2 
fibroblasts can induce higher levels of functions in PHHs 
than human liver sinusoidal endothelial cells22, HSCs23, 
and Kupffer cells35, albeit in 2D culture formats. 

Owing to the positive effects of 3T3-J2 fibroblasts 
on PHH functions, these fibroblasts were cocultured 
with PHHs in the microtissues via coencapsulation 
of both cell types or by coating the PHH-encapsulated 
collagen-based microtissues with fibroblasts; similarly, 
conventional self-assembled PHH spheroids and PHH-
containing collagen macrogels were also coated with 
fibroblasts to elucidate the role of microscale collagen 
presentation on PHH functions in the presence of fibro-
blasts. The fibroblasts enhanced PHH functions over PHH 
monocultures placed within 3D microtissues, spheroids, 
and macrogels. However, the fibroblast-coated microtis-
sues displayed significantly higher functions than both 
the coencapsulated microtissues, coated spheroids, and 
coated macrogels. The higher functions of the coated ver-
sus coencapsulated microtissues may be due to increased 
PHH homotypic contacts during compaction, which is 
crucial for PHH polarity and function, whereas coencap-
sulated microtissues only enable a randomly dispersed 
coculture that has been shown to be insufficient for pro-
moting adequate PHH contacts even in 2D monolayers7. 
Additionally, coated microtissues were more homog-
enous in size after compaction as compared to coencap-
sulated microtissues, which may further enable consistent 
PHH homotypic contacts and, thus, higher function. On 
the other hand, while considerable compaction was also 
observed in the coated spheroids, the collagen scaffolding 
within the microtissues was necessary to further enhance 
PHH functions, suggesting that the increase in ECM den-
sity in the coated microtissues may also play a role in 
increased function. Finally, close interactions between 
3T3-J2 fibroblasts and PHHs in microtissues (i.e., coated 
configuration) were necessary to enable the highest lev-
els of hepatic functions as compared to paracrine-only 
interactions between PHH-only microtissues and 3T3-J2 
fibroblasts seeded into Transwell inserts.

Primary HSCs, especially those that have been differ-
entiated into myofibroblasts, have been previously shown 
to support some hepatic functions in vitro23,36 even though 
they are implicated in causing liver fibrosis due to exces-
sive collagen deposition in vivo37. Here we compared the 
effects of 3T3-J2 fibroblasts and primary human HSCs 
in induction of PHH functions within the 3D microtis-
sues. HSC-coated microtissues displayed higher albumin 
secretion, CYP3A4 activity, and CYP2C9 activity than 
PHH-only microtissues, whereas CYP2A6 and CYP1A2 
activities were similar across the two models. However, 
3T3-J2-coated microtissues functionally outperformed 
HSC-coated microtissues for albumin secretion and three 
out of the four CYP enzyme activities measured (CYP3A4, 
CYP2A6, and CYP1A2), while CYP2C9 activity was 
similar in both models. Importantly, the expression of 
several critical liver genes relevant to drug disposition 
(CYP2C8, CYP2C19, MRP2, SLCO1B1, and PXR) was 
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undetectable after 6 weeks in HSC-coated microtissues but 
still detectable in the 3T3-J2-coated microtissues. These 
results suggest that the 3T3-J2-coated microtissues may 
be most suitable for routine assessment of drug responses 
in highly functional PHHs. Nonetheless, the ability of the 
HSC-coated microtissues to support PHH phenotype for 
several weeks in vitro suggests that the microtissue plat-
form may be suitable to model PHH–HSC interactions in 
physiology and disease (e.g., excessive HSC proliferation 
and ECM deposition/reorganization induced via drugs 
and/or excess nutritional stimuli as in vivo).

In the 3T3-J2-coated microtissues, PHHs displayed 
long-term and relatively stable phenotype for 6+ weeks 
at comparable levels to freshly thawed PHHs with some 
noted exceptions. The expression levels of 13 of the 18 
liver-specific genes measured were higher, while the lev-
els of 5 of the 18 genes were downregulated to 55%–85% 
after 6 weeks in culture in the coated microtissues as 
compared to the levels in freshly thawed PHHs; nonethe-
less, all genes had detectable expression levels in coated 
microtissues over the entire culture duration. At the func-
tional level, CYP2A6 and CYP1A2 activities in the coated 
microtissues recovered to within twofold of the levels in 
freshly thawed PHHs. On the other hand, albumin and 
urea secretions were not detected in freshly thawed PHHs 
but reached stable steady-state levels in coated microtis-
sues, which may be due to the rapid degradation of secre-
tory capacities following isolation of PHHs from the liver; 
indeed, recovery of albumin and urea secretions has also 
been observed previously in PHH/NPC cocultures7,20,38. 
Additionally, CYP3A4 and CYP2C9 activities in the 
coated microtissues were ~25%–30% of the activities 
measured in freshly thawed PHHs. Since CYP3A4 and 
2C9 enzyme activities can be induced by several drugs39,40, 
the initial presence of any inducer drugs in the donor’s 
liver and thus PHHs may be a confounding factor in our 
findings. Nonetheless, the enhanced longevity of coated 
microtissues can potentially enable the elucidation of the 
chronic effects of drugs, industrial chemicals, and disease 
stimuli (e.g., hepatitis B virus, alcohol, and excess dietary 
triggers) on PHH functions.

The 3T3-J2-coated microtissues were found to display 
clinically relevant drug responses. Specifically, omper-
azaole induced CYP1A2 activity in microtissues, likely 
due to binding to aryl hydrocarbon receptor41; rifampin 
induced both CYP3A4 and CYP2C9, likely due to bind-
ing to pregnane X receptor42. Fold changes of CYP3A4 
and CYP2C9 induction in coated microtissues were found 
to be higher than routinely utilized 2D PHH monocul-
tures (~7-fold CYP3A4 induction and 5-fold CYP2C9 
induction in coated microtissues versus 5.5-fold CYP3A4 
induction and 1.4-fold CYP2C9 induction in 2D PHH 
monocultures); however, CYP1A2 induction was ~2-fold 

lower in microtissues compared to 2D monocultures, 
likely due to the reduced expression of AHR in microtis-
sues relative to freshly thawed PHHs. Regardless, proper 
enzyme responsiveness to known drugs, even after several 
weeks in culture, suggests that the microtissue platform is 
suitable for drug-mediated CYP induction assays. 

In addition to CYP induction, coated microtissues 
were treated with troglitazone (hepatotoxin) or rosiglita-
zone (nonhepatotoxin) for 8 days and at concentrations 
up to 60× Cmax for each drug since these parameters were 
previously shown to allow appropriate appraisal of safety 
margins for diverse pharmaceuticals without causing an 
increase in the detection of false positives (i.e., loss of 
specificity)21,25. Rosiglitazone did not affect either PHH 
albumin or viability in the coated microtissues, which 
is consistent with its relatively safe profile with respect 
to liver liabilities in humans29. In contrast, troglitazone 
caused a time- and concentration-dependent loss of albu-
min secretion and cell viability. Coculture viability was 
affected more severely than albumin in the supernatants, 
which may be due to the detection of albumin from lysed 
PHHs; however, fibroblast contribution to the coculture 
viability trends requires further investigation using cell-
specific staining markers. Furthermore, an appraisal of 
the overall sensitivity and specificity of microtissues for 
preclinical assessment of drug-induced hepatotoxicity 
would necessitate testing of a larger panel of drugs (>50) 
from diverse classes and mechanisms of action, which 
we plan to pursue in follow-up studies. Nonetheless, the 
proof-of-concept data here suggest that 3T3-J2 fibroblast 
coating does not inhibit the utility of microtissues for 
investigating PHH responses to compounds following 
repeat exposure.

Our modular microtissues can be further tuned to 
investigate other features of the PHH microenviron-
ment in the liver. First, collagen I can be augmented with 
additional liver-inspired ECM molecules such as other 
collagens (e.g., collagen IV), fibronectin, laminin, and 
proteoglycans (e.g., decorin). Second, custom micro-
tissues containing liver NPCs, such as liver sinusoidal 
endothelial cells, HSCs, and Kupffer cells, can be cre-
ated to test specific hypotheses around PHH–NPC inter-
actions in physiology and disease. Lastly, microfluidic 
devices can be used to induce gradients of oxygen and 
hormones across microtissues to mimic differential PHH 
functions as in liver zonation43, which can be useful to 
determine whether identified toxic compounds show a 
zonal preference44.

In conclusion, we showed that 3D collagen I micro-
tissues containing PHHs display phenotypic stability, 
including CYP450 enzyme activities, for at least 6 weeks 
within multiwell plates without the need for any fluid per-
fusion. PHH functions in such microtissues can be further 
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enhanced via coated coculture with primary human HSCs 
or 3T3-J2 fibroblasts, with the latter providing for the 
highest levels for the majority of PHH functions. Finally, 
we showed that 3T3-J2-coated 3D microtissues are suit-
able to assess drug-mediated CYP induction and hepa-
totoxicity following repeat drug exposure. Ultimately, 
the functionally optimized microtissues could serve to 
reduce drug attrition, enable the screening of molecules 
to optimize cell functions in cell-based therapies, and aid 
in the studies of liver physiology and disease.
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