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Described herein are apparatus comprising : a first layer 
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for culturing cells ; along with methods of making and using 
same . 
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BIOMIMETIC DEVICE provide for the use of an apparatus as described herein for 
evaluating drug particle delivery and uptake . 
[ 0007 ] Yet other embodiments provide systems for evalu 
ation drug particle binding . 

CROSS - REFERENCE TO RELATED PATENT 
APPLICATIONS 

BRIEF DESCRIPTION OF THE DRAWINGS [ 0001 ] This application claims the benefit of U.S. Provi 
sional Application Ser . No. 62 / 078,471 , filed Nov. 12 , 2014 , 
entitled “ Biomimetic Channel for In Vitro Blood Vessel 
Modeling and Evaluation of Targeted Nanoparticle Deliv 
ery ” ; and U.S. Provisional Application Ser . No. 62 / 011,205 , 
filed Jun . 12 , 2014 , entitled “ A Microfluidic Device " , the 
contents of which are hereby incorporated herein in their 
entirety . 

[ 0008 ] FIG . 1 depicts two perspectives of an exemplary 
apparatus of the present invention 
[ 0009 ] FIG . 2 depicts an exemplary system for evaluating 
particle binding using an exemplary apparatus of the present 
invention . 
[ 0010 ] FIG . 3 depicts an experimental set - up for evaluat 
ing vascular permeability using an exemplary apparatus of 
the present invention , 
[ 0011 ] FIG . 4 depicts an assembly having a co - culture of 
a plurality of cell , lines in accordance with certain embodi 
ments of the present invention . 

BACKGROUND 

DETAILED DESCRIPTION 

[ 0002 ] Endothelial cells ( ECs ) form the inner lining of 
blood vessels and are exposed to dynamically varying 
factors like hemodynamic conditions ( shear stress , laminar , 
turbulent flow ) , biochemical signals ( cytokines ) and inter 
action with other cell types ( smooth muscle cells , mono 
cytes , platelets , etc. ) . Blood vessel functions are regulated 
by an interaction between these factors . The occurrence of a 
pathological condition can lead to localized upregulation of 
cell adhesion molecules on the EC lining of the blood 
vessels . This process is promoted by circulating cytokines 
such as tumor necrosis factor - alpha ( TNF - a ) , which leads to 
expression of , inter alia , intercellular adhesion molecule - 1 
( ICAM - 1 ) on the EC surface . ICAM - 1 molecules are critical 
in regulating EC layer dynamic integrity and cytoskeletal 
remodeling , and they also mediate cell - cell interactions as 
part of inflammatory responses and wound healing . ICAM - 1 
molecules on the EC layer surface are therefore a potential 
target for therapeutic agents for various pathological condi 
tions . 
[ 0003 ] Targeted drug delivery systems hold promise for 
innovative medical treatment for various pathological con 
ditions . Conventional animal models raise ethical concerns 
and the correlation between animal and human models is 
often unpredictable . In vivo studies are also constrained by 
their limited control over heterogeneous physical , chemical , 
and biological parameters influencing the blood vessel , as 
well as challenges with imaging . Conventional in vitro 
platforms lack the functionality , security and pace demanded 
by today's pharmaceutical research . 
[ 0004 ] Thus , there remains a need for practical , human 
centered and biomimetic devices that are inexpensive to 
manufacture and easy to integrate with state - of - the - art 
analysis platforms . By coupling potential EC surface mark 
ers with carefully engineered drug carriers , effective and 
active vascular drug delivery systems can be achieved . The 
devices should also be capable of operating with minimal 
sample volumes and delivering better signal , to noise ratios 
than animal models . Embodiments of the present invention 
are directed to meeting these needs . 

[ 0012 ] As used herein , the term " superior ” in the context 
of the first layer and second layer , refers to the first layer 
being positioned on top of the second layer . 
[ 0013 ] As used herein , the terms “ upper layer ” , “ upper 
channel ” , “ first layer ” , “ first channel ” , and “ apical layer " are 
used interchangeably . 
[ 0014 ] As used herein , the terms “ bottom layer " , " bottom 
channel ” , “ second layer ” , “ second channel ” , and “ basal 
layer " are used interchangeably . 
[ 0015 ] As used herein , the terms " device ” and “ apparatus ” 
may be used interchangeably . 
[ 0016 ] In some embodiments , ECs are grown on a porous 
semi - permeable membrane to form an EC layer , in some 
embodiments , the porous semi - permeable separates an 
upper channel ( e.g. first layer ) from a tower channel ( e.g. 
second layer ) . In some embodiments , the upper and lower 
channels are made of polydimethysiloxane ( PDMS ) . In 
some embodiments , the EC layer is treated with an amount 
of TNF - a effective to result in expression of ICAM - 1 on the 
EC layer surface . 
[ 0017 ] In some embodiments , anti - ICAM - 1 coated par 
ticles of different antibody coating densities are used to 
evaluate the binding affinity of anti - ICAM - 1 coated particles 
for the ICAM - 1 expressed on the EC layer surface . In some 
embodiments , this binding affinity is evaluated under physi 
ologically relevant fluid shear stress ( e.g. front , about 6 
dyne / cirri to about 0.18 dyne / cm² ) . 
[ 0018 ] In some embodiments , the present invention pro 
vides an apparatus ( or device ) 100 comprising : a first layer 
comprising a first microfluidic channel 110 ; a second layer 
comprising a second microfluidic channel 130 ; and a mem 
brane for culturing cells 120. In some embodiments , the 
apparatus or devices of the present invention may also be 
referred to as a “ chip ” or “ micro - chip ” . 
[ 0019 ] In some embodiments , a portion of the membrane 
for culturing cells is semi - permeable . In some embodiments 
the membrane for culturing cells comprises pores . In some 
embodiments , the membrane for culturing cells is positioned 
between the first layer and the second layer . 
[ 0020 ] In other embodiments , the first layer and , second 
layer comprise an elastomeric material . In further embodi 
ments , the elastomeric material is selected from an organo 
silicon , silicon , glass , polystyrene , polyvinyl chloride , 
polymethyl methacrylate , cyclic olefin copolymer , polycar 

SUMMARY 

[ 0005 ] In some embodiments , the present invention pro 
vides an apparatus comprising : a first layer comprising a first 
microfluidic channel ; a second layer comprising a second 
microfluidic channel ; and a membrane for culturing cells . 
[ 0006 ] In other embodiments , the present invention pro 
vides for the use of an apparatus as described herein for 
quantifying vascular permeability . Still further embodiments 
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bonate and a combination of two or more thereof . Still 
further embodiments provide an apparatus wherein the elas 
tomeric material is an organosilicon . In some embodiments , 
the organosilicon is PDMS . In some embodiments , the first 
layer and second layer comprise the same material . In some 
embodiments , the first layer and second layer comprise 
different materials . 
[ 0021 ] In some embodiments , the membrane for culturing 
cells comprises a material selected from a polycarbonate , a 
polyester , polyethylene terephthalate , a mixed cellulose 
ester , PDMS and a combination of two or more thereof . In 
other embodiments , the membrane for culturing cells com 
prises a polycarbonate . 
[ 0022 ] In some embodiments , the first layer is positioned 
superior to the second layer . In some embodiments , the 
membrane for culturing cells is coupled to the first layer . 
[ 0023 ] In some embodiments , the membrane for culturing 
cells is in fluid communication with the first layer . In other 
embodiments , the membrane for culturing cells is in fluid 
communication with the second layer . 
[ 0024 ] In some embodiments , the first layer and the sec 
ond layer are in an offset arrangement . In some embodi 
ments , the offset arrangement creates a plurality of sections , 
hi other embodiments , the first layer and second layer are 
arranged perpendicular to each other . In still further embodi 
ments , the first layer and the second layer are in a parallel 
arrangement . 
[ 0025 ] In some embodiments , the membrane for culturing 
cells is adapted to culture a plurality of cell lines . In other 
embodiments , the membrane for culturing cells comprises a 
first major surface and a second major surface . In some 
embodiments , the first major surface of the membrane for 
culturing cells is adapted to culture a first cell line and the 
second major surface is adapted to culture a second cell line . 
In some embodiments , the first cell , line comprises EC's . 
[ 0026 ] Yet further embodiments provide an apparatus 
wherein the second cell line comprises smooth muscle cells , 
tumor cells , stem cells , alveolar cells , epithelial cells , nerve 
cells , hepatic cells or a combination thereof . 
[ 0027 ] In some embodiments , the first microfluidic chan 
nel and the second microfluidic channel comprise an inlet 
and an outlet . 
[ 0028 ] In some embodiments , for example as shown in 
FIG . 1 , the first layer 110 has a length L1 and a width W1 ; 
and the second layer 130 has a length L2 and a width W2 . 
[ 0029 ] Further embodiments provide apparatus 
wherein the first layer has a length of from about 1 mm to 
about 10 cm . In some embodiments , the first layer has a 
length of from about 0.10 mm to about 5 cm . In some 
embodiments , the first layer has a length of from about 50 
mm to about 4 cm . In some embodiments , the first layer has 
a length of from about 100 mm to about 3 cm . In some 
embodiments , the first layer has a length of from about 500 
mm to about 2.5 cm . In other embodiments , the first layer 
has a length of about 2 cm . 
[ 0030 ] In some embodiments , the first layer has a width of 
from about 20 microns to about 0.10 cm . In some embodi 
ments , the first layer has a width of from about 50 microns 
to about 1 cm . In some embodiments , the first layer has a 
width of from about 100 microns to about 500 mm . In some 
embodiments , the first layer has a width of from about 200 
microns to about 250 mm . In some embodiments , the first 
layer has a width of from about 250 microns to about 1 mm . 
In some embodiments , the first layer has a width of from , 

about 300 microns to about 500 microns . In further embodi 
ments , the first layer has a width of about 350 microns . 
( 0031 ) Other embodiments provide an apparatus wherein 
the second layer has a length of from about 1 mm to about 
10 cm . In some embodiments , the second layer has a length 
of from about 10 mm to about 5 cm . In some embodiments , 
the second layer has a length of from about 50 mm to about 
4 cm . In some embodiments , the second layer has a length 
of from about 100 mm to about 3 cm . In some embodiments , 
the second layer has a length of from about 500 mm to about 
2.5 cm . In other embodiments , the second layer has a length 
of about 2 cm . 
[ 0032 ] In some embodiments , the second layer has a width 
of from about 20 microns to about 10 cm , in some embodi 
ments , the second layer has a width of from about 50 
microns to about 1 cm . In some embodiments , the second 
layer has a width of from about 100 microns to about 500 
mm . In some embodiments , the second layer has a width of 
from about 200 microns to about 250 mm . In some embodi 
ments , the second layer has a width of from about 250 
microns to about 1 mm . In some embodiments , the second 
layer has a width of from about 300 microns to about 500 
microns . In further embodiments , the second layer has a 
width of about 350 microns . 
[ 0033 ] In some embodiments , the membrane for culturing 
cells is substantially similar in dimension to the first layer . 
[ 0034 ] Still further embodiments provide for the use of an 
apparatus as described herein for quantifying vascular per 
meability . Some embodiments of the present invention pro 
vide methods for quantifying vascular permeability com 
prising provide a device as described herein , wherein the 
device comprises a membrane for culturing ceils , and said 
membrane comprises at least one ceil culture ; providing a 
compound known to enhance vascular permeability and 
tagging it with a tracer molecule ; contacting said cell 
culture , through said upper channel , with said compound 
known to enhance vascular permeability and said tracer 
molecule ; recovering the quantity of tracer molecule recov 
ered to the lower channel ; and calculating the vascular 
permeability by comparing the quantity of tracer molecule 
recovered in the lower channel versus the amount of tracer 
molecule introduced through the upper channel . 
[ 0035 ] While other embodiments provide for the use of an 
apparatus as described herein for evaluating drug particle 
delivery and uptake . Some embodiments provide a system 
for evaluating particle binding 200 , comprising a syringe 
pump 250 , a heater 240 , a device according to the present 
invention comprising an upper channel 220 and a lower 
channel 260 , wherein the device further comprises an inlet 
230 and outlet 210 ; and wherein the syringe pump controls 
the flow F1 across the semi - permeable porous membrane 
comprising a cell culture 280 ; and wherein the system is 
adapted , to permit the ceil culture to be treated T1 with an 
agent ( e.g. TNF - a ) known to induce expression of an 
inflammatory marker ( e.g. ICAM - 1 ) through the lower chan 
nel 260 . 
[ 0036 ] The interaction between EC and SMC plays an 
important role in EC permeability dynamics . As such , the 
ability of the devices of the present invention to co - culture 
a plurality of cell lines ( e.g. ECs and SMCs ) is an important 
attribute . In fact , in some embodiments , the dimensions and 
shape of the devices of the present invention can be tuned to 
fit the co - culture of SMCs along with ECs . In some embodi 
ments , the lower channel is widened to increase the co 

an 
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culture area . In some embodiments , both channels have the 
ability to be accessed separately . In other embodiments , the 
upper and lower channels along with the membrane are 
coated , with 50 ug / ml fibronectin solution overnight at 37 ° 
C. In some embodiments , the devices of the present inven 
tion comprise an assembly 400 comprising a membrane for 
culturing a plurality of ceil lines . In such embodiments , 
BAOECs 410 may be seeded onto the semi - permeable 
membrane 420 in the upper channel followed by BAOSMCs 
430 seeding onto the semi - permeable membrane 420 in the 
lower channel . In some embodiments , the device is placed in 
an incubator under standard culture conditions ( 37 ° C. and 
5 % CO2 ) for 4 hrs after both cases of cell seeding to allow 
cell attachment and spreading on the membrane . In some 
embodiments , media is frequently changed in both the 
channels . In some embodiments , confluent layers of 
BAOECs and BAOSMCs are grown in the upper and lower 
channels of an apparatus as described herein . In some 
embodiments , the ECs form a confluent monolayer while 
SMCs stack into multiple layers . 
[ 0037 ] Signaling between ECs and SMCs is essential for 
maintaining tone in mature vessels , and their communica 
tion is critical during development , and for repair and 
remodeling associated with blood vessel growth . Therefore , 
some embodiments of the present invention are designed to 
facilitate the signaling between ECs and SMCs . 
[ 0038 ] In tumor and other inflammatory tissues , interstitial 
fluid pressure ( IFP ) cannot be easily controlled . Also , tumor 
vessels show high permeability to fluid and macromolecules 
as a result of incomplete endothelial lining , discontinuous or 
absent basement membranes , and lack of pericyte coverage . 
In addition , transporting nanoparticles into solid tumors can 
be a challenge because of high fluid pressure . White the IFP 
in normal tissues is actively controlled and remains close to 
atmospheric levels , IFP in most human tumors is abnormally 
elevated . 
[ 0039 ] In some embodiments , EC's are cultured under 
physiological levels of flow in the upper channel . Some 
embodiments mimic an IFP by introducing a pressure gauge 
into the How injection system , with the outlet excluded . In 
some embodiments , for example as shown in FIG . 2 , a 
syringe pump 250 ( Harvard Apparatus ) and a pressure 
sensor ( Apollo Electronics Co Ltd. ) are used to develop and 
gauge the pressure respectively . In some embodiments , the 
syringe pump 250 is initially set at a high flow rate F1 ( at 
approximately 30-50 ul / min ) to let the pressure in the lower 
channel reach the desired level and then the flow rate F1 is 
adjusted to stabilize the pressure . In some embodiments , the 
effect of high IFP in the lower channel 260 on the EC layer 
will be characterized , with a focus on cytoskeletal remod 
eling and cell - cell binding integrity . In other embodiments , 
the extent of trans - endothelial transport of tracer molecules / 
model drug carriers through the EC layer will be evaluated 
under similar conditions . 
[ 0040 ] In some embodiments , the present invention pro 
vides methods wherein the EC layer in the upper channel is 
exposed to inflammatory agents and the higher IFP is 
maintained in the lower channel to understand the right 
antibody agents that can facilitate the highest binding and 
trans - endothelial delivery . 
[ 0041 ] As discussed , tumor associated blood vessels have 
high permeability leading to elevated interstitial fluid pres 
sure and altered flow patterns within the tumor microenvi 
ronment . These aberrant hydrodynamic stresses and other 

tumor - EC interactions are critical in enhancing tumor devel 
opment by stimulating the angiogenic activity of EC's lining 
the tumor vasculature . Currently it is not known to what 
extent these factors affect endothelial organization . Repro 
ducing a tumor microenvironment consisting of blood ves 
sels and tumor cells in vitro is particularly challenging . 
However , some embodiments of the present invention can 
be used to evaluate 3D tumor - endothelium interactions . 
[ 0042 ] In some embodiments , 3D tumor models are grown 
in the lower channel . In some embodiments , a cancer cell 
line ( e.g. PC3 , MCF 7 , or HCT116 ) is mixed with , hydrogel 
( Collagen I or IV , matrigel ) and infused into the lower 
channel of the blood vessel model using a syringe tubing 
setup . In some embodiments , the cancer cells form a 3D 
tumor model , in an incubator under cell culture friendly 
conditions . In other embodiments , ECs are seeded in the 
upper channel and grown under flow . In further embodi 
ments , constant perfusion of media in the upper channel 
provides both the EC layer and tumor model with growth 
media . In some embodiments , devices of the present inven 
tion are able to characterize EC - tumor model crosstalk 
through an evaluation of specific EC receptor expression and 
cytoskeletal remodeling . In some embodiments , the devices 
of the present invention can be used to study tumor metas 
tasis and extravasations and endothelial angiogenesis . 
[ 0043 ] Embodiments of the present invention can also be 
used to evaluate the stem cells , which is critical for the 
development of new therapeutics . To more closely mimic 
the in vivo microenvironment and for better understanding 
of its complexity , and the factors that regulate the MSC 
activity , embodiments of the present invention can charac 
terize the co - culture of MSCs with EC's . 
[ 0044 ] Embodiments of the present invention provide sev 
eral key features not offered by existing technologies . For 
example , embodiments of the present invention are able to : 
1 ) closely mimic in vivo healthy and diseased blood vessel 
conditions in the same channel ; 2 ) grow multiple cell lines ; 
and 3 ) provide customizable channels . 
[ 0045 ] The bi - layer assemblies of the present invention 
also allow for locally triggered or expression on cells 
that mimic vascular disease . In some embodiments , the 
devices of the present invention allows control and target 
cells to be grown on the same device , integrated in situ 
imaging and testing , patient specific vascular geometry and 
flow condition , and fast parametric evaluation with minimal 
sample volume . The introduction of this bi - layer semi 
permeable membrane provides the devices of the present 
invention the advantage of a more realistic model of the 
boundary regions in the body where two types of tissue 
interact . The ability to more closely mimic conditions found 
in vivo , allows for studies where exchange occurs within the 
human body . Phenomena such as nutrient exchange from 
digestive to circulatory tracts and gaseous exchange in the 
respiratory tract to tissues can also be studied . 
[ 0046 ] Introduction of this key semi - permeable membrane 
allows for an advantage in studies related to exchange , 
uptake and delivery , above and beyond what existing tech 
nologies offer . 
[ 0047 ] In some embodiments , the present invention com 
prises a semi - permeable membrane with hundreds of nano 
meters to a few micron pores . In some embodiments , 
devices of the present invention permit a section of the upper 
channel to be accessed independently , which facilitates 
spatially controlled and localized cytokine activation of 
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ECs , Having both direct cytokine activated and nan - acti 
vated ECs in the same channel allows investigating the 
transition in surface receptor expression in the EC microen 
vironment and the role of flow in it . 
[ 0048 ] The devices of the present invention have an 
unprecedented ability to investigate the microenvironment 
of ECs , and acquire real - time data . In some embodiments , 
the devices mimic the native environment for ECs by 
facilitating in vivo levels of flow and biomolecule supply , 
along with an opening for localized access . The ability to 
characterize particle binding per cell for a FSS range of 6-18 
dyne / cm² using 210 nm particles , enables the device to 
evaluate the suitability and efficacy of candidates for drug 
delivery . 
[ 0049 ] In some embodiments , the microfluidic channels 
comprise complex channel geometries such as a bifurcation 
geometry , vascular - network like hierarchically branching 
geometry , or channel geometry reconstructed from MRI / CT 
scanned vascular images . 

and 10 ° particles / mL respectively using BlockAidTM solu 
tion ( Invitrogen Corp. ) and sonicated . Biotinylated Protein 
G ( 29988 , Thermo Scientific ) diluted in 1 % BSA solution is 
bound to the NeutrAvidin coating on the particles . ICAM 
1 / Control IgG ( or both ) antibody ( NB500-318 Novus Bio 
logicals ) with specificity for bovine cells to the Protein G 
coated particles . The particles are incubated for 12 hours on 
a shaker at 4 C for both coating steps and the unbound 
protein G / antibody is removed by centrifugation . The par 
ticles are also washed in 1 % BSA solution to remove any 
leftover unbound protein G / antibody , and the particles are 
diluted to their respective working concentrations ( see Table 
1 below ) . 

TABLE 1 

Final Particle 
Concentration 

Total Particle 
Volume ( um " ) Particle Size 

210 nm 
1 micron 

4.77 * 10 % / mL 
3.85 * 107mL 

2 x 107 
2 x 107 

EXAMPLES 

Example 1 
[ 0050 ] Blood vessel mimicking channels are fabricated on 
a silicon wafer and casted out of PDMS . The master for 
fabricating the channels is patterned on a silicon wafer using 
SU - 8 2050 photoresist ( MicroChem Corp. ) . Sylgard 0.184 
PDMS ( Dow Corning Corp. ) is prepared according to manu 
facturer's instruction and cast over the photoresist pattern . 
The upper channel , is 350 microns wide and 100 microns 
tall , and the lower channel is 1000 microns wide and 100 
microns tall . A polycarbonate ( PC ) , track - etched thin clear 
membrane ( Whatman , GE Healthcare ) with 1 micron diam 
eter pores and an average calculated pore density of 1.5 * 107 
pores / cm² is embedded between two PDMS channels . The 
PDMS slabs containing the top and bottom channels are 
carefully peeled off the master template . The PDMS under 
goes extended baking ( 4 hours at 80 ° C. ) to ensure complete 
cross - linking of monomers , and any remaining monomers 
are extracted by soaking ethanol overnight . 
[ 0051 ] The bottom PDMS channel is kept thin to facilitate 
microscopy based imaging using higher magnification . The 
bottom PDMS channel is bonded to a thin glass slide . The 
top and bottom PDMS layers are bonded to the PC mem 
brane using a PDMS mortar film , which is a mixture of 
PDMS pre - polymer ( 10 : 1 ratio of base and curing agent ) 
with toluene in equal proportion and a thin layer ( ~ 2-3 
microns ) is obtained by spin - coating on a glass slide at 1.500 
rpm for sixty ( 60 ) seconds . 
[ 0052 ] PDMS channel sides are stamped onto this thin 
film . The PC membrane is placed between the PDMS 
channels , and they are aligned . After they are aligned , the 
composite is placed in an oven at sixty degrees centigrade 
( 60 ° C. ) overnight for curing the PDMS mortar . Inlet and 
outlet ports are punched to provide access to the top and 
bottom channels . 
[ 0053 ] Such bilayer PDMS channels separated by a semi 
permeable membrane provide a platform to culture a cell 
layer and to flow / inject different liquids toward the cell 
layer . 

[ 0055 ] The concentration of the particles available is ana 
lyzed , on a microplate reader at 485 nanometers ( nm ) 
excitation / 530 nm emission and compared to a calibration 
curve constructed from stock particle solution . 
[ 0056 ] Anti - ICAM - 1 coating density on the particle is 
determined using ELISA . 210 nm particles are conjugated 
with anti - ICAM - 1 at 100 % ( maximum ) and 50 % of coating 
density , while the 1 micron particles are all coated with 
100 % of coating density . ELISA is performed using a HRP 
conjugated anti - mouse k - light chain specific monoclonal 
antibody to characterize the particle surface antibody density 
for both micro / nano particles . The specificity of the reagent 
to mouse antibody tight chains provides a direct measure 
ment of the anti - ICAM - 1 binding sites available on the 
particle . Particles are incubated with 5 % HRP conjugated 
anti - mouse k - light chain specific monoclonal antibody for 
30 minutes , followed by washing with 0.1 % BSA solution 
and clearing out of unbound antibody through centrifuga 
tion . 50 ul of the particle solution are loaded on a 96 - well 
plate and the particle concentration is analyzed . Then 50 ul 
of Amplex Ultra Red reagent is added to each well and the 
reaction is allowed to proceed for 10 minutes at room 
temperature . The fluorescence intensity of the particle 
sample with Aplex Ultra Red reagent is observed on a 
microplate reader at 544 nm excitation / 590 nm emission . 
The fluorescence intensities are converted to the number of 
HRP molecules using the calibration curves prepared , using 
biotinylated - HRP conjugation . 
[ 0057 ] Assuming a 1 : 1 binding ratio between anti 
ICAM - 1 and secondary antibody , the anti - ICAM - 1 density 
on the particles are determined . 210 nm and 1 um particle 
antibody coating density based on fluorescence intensity is 
compared to estimate the relative accuracy of the technique . 
[ 0058 ] Complete saturation of anti - ICAM - 1 coating on 
210 nm particles produced 232.5 = 25 anti - ICAM - 1 / particle 
and this is brought down to 112.9 + 19 anti - ICAM - 1 / particle 
as well , using control IgC antibody . These correspond to 
1851.2 : 199 / um ? for the maximum antibody density case 
and 898.9 + 151 anti - ICAM - 1 / um ? respectively . 1 um par 
ticles have an antibody density of 2367.8 + 264 anti - ICAM 
1 / particle which corresponds to 232.9 + 25 anti - ICAM - 1 / 
um ?. 

Example 2 

[ 0054 ] NeutrAvidin coated 210 nanometer and 1 micron 
fluorescent particles ( Invitrogen Corp. ) were diluted to 1010 
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[ 0059 ] This example demonstrates an inventive method 
through which the devices of the present invention can be 
used to characterize the binding dynamics of nanoparticles 
and microparticles . 

of ECs from the tissue side as well as the blood vessel lumen 
side ( e.g. as described below in Example 6 ) . 

Example 3 
[ 0060 ] Primary bovine aortic endothelial cells ( BAOECs ) 
are cultured in hepes buffered DMEM supplemented with 
10 % heat activated fetal bovine serum ( Atlanta Biologicals , 
Inc. ) and 1 % penicillin - streptomycin ( Sigma - Aldrich ) . A 
device , such as one prepared according to the method 
described in Example 1 , is sterilized under UV light over 
night . Prior to ceil seeding , the upper channel and membrane 
of the device are coated with 50 ug / ml fibronectin solution 
( Sigma - Aldrich ) and incubated overnight at 37 ° C. The 
channels are rinsed with media to remove any excess , 
unattached fibronectin , BAOECs are seeded onto the porous 
semi - permeable membrane at a density of 2 * 10 ' cell / ml . The 
seeded device is placed in an incubator under standard 
culture conditions ( 37 ° C. and 5 % CO2 ) overnight to allow 
cell attachment and spreading on the membrane . The upper 
channel is then subjected to flow based media change at low 
FSS ( 0.01 dyne / cm2 ) to provide a constant supply of fresh 
media to the BAOECs without being subjected to FSS 
effects . 

Example 6 

[ 0066 ] To understand the effect of basal versus apical cell 
side TNF - a treatment on surface ICAM - 1 expression , a 
particle binding study is performed on cells cytokine treated 
from both basal and apical , sides . TNF - a is added to media 
and flowed in the upper channel to perform the apical side 
EC treatment study . 
[ 0067 ] For example , as shown in FIG . 2 , particles are 
introduced at their respective concentrations for designated 
flow times , flow time being controlled by the syringe pump 
250 , without stopping the flow and while TNF - a activation 
T1 of ECs is still conducted from the lower channel 260 . 
This permits the study to most closely mimic the native 
environment . The particle working concentrations are cho 
sen such that the total volume of particles remains constant . 
In order to ensure the total number of particles / flow case 
remains constant for all particle binding FSS cases , flow 
time is decreased with increases in FSS . 
[ 0068 ] Particles are infused into the upper channel 220 ; 
and after their designated flow time unbound particles are 
removed by flushing with buffer solution containing a 
plasma membrane stain ( CellMaskTM , Life Technologies ) to 
fluorescence tag the BAOECs , Particle bound BAOECs are 
then fixed in paraformaldehyde ( 3.7 % ) . The extent of par 
ticle binding is analyzed by phase contrast and fluorescence 
microscopy ( FV1000-1X81 , Olympus ) and image analysis is 
performed using Image software . 

Example 4 
[ 0061 ] BAOECs are subjected to a FSS of 12 dyne / cm² . 
This physiologically relevant FSS was calculated using the 
following equation : 

TcelF6uQ / wha 
[ 0062 ] The flow is brought about using a high precision 
and extremely low pulsation peristaltic pump ( ISMATEC , 
IPC - N series ) , which allows multiplex access to the flow 
channel , providing the flexibility of introducing new entities 
( e.g. particles or specific biomolecules ) without disturbing 
the laminar FSS to which the BAOECs are exposed . 
[ 0063 ] The process described herein illustrates how the 
devices and systems of the present invention can be used to 
study the effects of a heterogeneous environment on the 
EC's , with precise control over the time of treatment for 
each factors . 

Example 5 
[ 0064 ] BAOECs are subjected to at least 24 hours of flow 
at 12 dyne / cm² and then treated with TNF - a to activate 
ICAM - 1 expression on the EC layer . Treatment is performed 
on an 80-90 % confluent cell layer , BAOECs are locally 
activated by introducing DMEM media containing 10 Units 
( U ) / ml of TNF - a for 2 hours in the lower channel , of the 
device , TNF - a diffuses through the porous semi - permeable 
membrane separating the upper and lower channels and 
spatially controls the direct activation of BAOECs only 
present above the lower channel . BAOECs on the the 
upstream or downstream sections of the upper channel do 
not come in direct contact with the inflammatory cytokine . 
The BAOECs are cytokine treated from the basal ( lower ) 
side of the cell layer . 
[ 0065 ] The process described herein mimics the triggering 
of ECs from the tissue side , which is akin to what happens 
in human physiology . It demonstrates that embodiments of 
the present invention can be used to evaluate the triggering 

Example 7 
[ 0069 ] To further examine the state of BAOECs under 
flow in an exemplary device of the present invention , actin 
assembly characteristics are studied . ECs exposed to FSS 
undergo a change in cell shape and their microfilament 
network remodels and align to the direction of flow . We 
examined this by staining F - actin stress fibers of BAOECs 
growing in the upper channel . The exposure of cells to flow 
at 12 dynes / cm² results in alteration of cell shape from the 
typical cobblestone pattern to fusiform as observed in ECs 
in vivo . The cells and their actin stress fibers uniformly align 
in the direction of flow . The control ( no flow ) has the F - actin 
fibers arranged in a radial pattern or emerging from the 
edges , a mechanism to maintain the cell well - spread . To 
assess the relationship between cell orientation and flow 
direction , the angle ( a ) between the orientation of stress 
fibers and the width ( short - axis ) of the microchannel is 
plotted , it is observed that for the control , the stress fibers 
align at an average angle of 51.4 ° , while the cells exposed 
to flow show an average angle of 90.1 ° . 
[ 0070 ] The thickness of the cortical actin and width of 
stress Fibers are calculated from the fluorescence labeled 
actin cytoskeleton images . In BAOECs subjected to 12 
dyne / cm² of FSS for 4 Sirs , the thick cortical actin is found 
to reorganize into actin stress fibers along the direction of 
flow . About 2 fold decrease in thickness of cortical actin is 
observed . The width of stress fibers increases around 2 fold 
as well for BAOECs subjected to FSS . 
[ 0071 ] Since the actual aggregate of stress fibers cannot be 
understood from analyzing the width of the stress fibers 
alone ( thickness of stress fibers in the z direction not 
considered ) , their fluorescence intensity is quantified in 
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Example 9 grayscale value . Multiple but less intense stress fiber distri 
bution is observed across the cytoplasm of BAOECs for the 
no flow case based on fluorescence intensity . BAOECs 
subjected to flow have fewer but more profound and sharp 
stress fiber distribution . Stress fiber density in the cells is 
quantified through a line profile across the cytoplasm of 
BAOECs and using ImageJ software to calculate fluores 
cence intensity . The software identifies stress fibers by their 
increased fluorescence relative to areas devoid of stress 
fibers . Sharp , distinct peaks represent individual stress 
fibers , while the width and fluorescence intensity of the peak 
indicate the thickness of a stress fiber . Thin and thick actin 
stress fibers are quantified for both control and FSS samples 
by classifying stress fibers based on fluorescence intensity 
( grayscale value ) . For statistical purposes , stress fibers with 
fluorescence intensity 550 grayscale value are arbitrarily 
marked as thin and > 50 as thick . The no flow sample has 
almost an equal distribution of thin and thick stress fibers , 
while the BAOECs subjected to FSS have a significant 
distribution of thick stress fibers in its cytoplasm . Laminar 
and sustained FSS induces thicker stress fiber organization 
of ECs along with the direction of flow along with main 
taining elongated cell morphology . 
[ 0072 ] Cell cytoskeletal arrangement patterns are an 
important indicator of its state and response to external 
stimuli . The characteristics of F - actin stress fiber rearrange 
ment of ECs on exposure to flow in embodiments of the 
present invention is close to that observed in vivo and 
displays the biomimetic nature thereof . 

[ 0076 ] In order to study the transition in ICAM - 1 expres 
sion in the different sections ( upstream , TNF - a treated and 
downstream ) of the channel , these sections are divided into 
further segments and evaluated along the length of the 
channel . The increase in particle binding as a result , of 
ICAM - 1 expression by BAOECs begins in the upstream 
section of the channel very close to the TNF - a treated 
section . Particle binding characteristics remain , comparable 
across the TNF - a treated section and are sustained in the 
nearby downstream regions . Particle binding in the down 
stream section is significantly higher than that of the 
upstream section , both not being TNF - a treated directly . 
There is a smooth decrease in particle binding along the 
channel length in the downstream section . After a channel 
length of about 3 mm , the particle binding density becomes 
comparable to that of upstream region . The increase in 
particle binding in the upstream section close to the TNF - a 
treated section and along the length of the downstream 
section may be due to a synergistic influence of flow and 
TNF - a effusion to the upper channel through the BAOEC 
layer which has increased permeability in the TNF - a treated 
region . Flow directed from the TNF - a activated to the 
downstream section carries a majority of the diffused TNF - a 
molecules towards the downstream section . The exposure to 
TNF - a leads to upregulation of ICAM - 1 expression on 
BAOECs here , which decays along the channel length 
possibly due to the dilution of TNF - a to a negligible 
concentration . 

Example 8 Example 10 
[ 0073 ] The role of flow on particle binding is studied . 
Specifically , surface ICAM - 1 expression on BAOECs in 
upstream , TNF - a activated and downstream in a particle 
binding study is evaluated , 210 nm particles with coating 
densities of 232.5 25 and 112.9 + 19 anti - ICAM - 1 / particle 
are flowed at 6 , 12 and 18 dyne / cm after the BAOECs are 
treated with TNF - a for 2 hrs under a steady and sustained 
FSS of 12 dyne / cm ?. 
[ 0074 ] BAOECs in the TNF - a activated section have 
around 4-5 times higher particle binding density compared 
to the upstream section for the different FSS for 210 nm 
particle with a coating density of 232.5 25 anti - ICAM - 1 / 
particle . This clearly shows significant increase in surface 
ICAM - 1 expression in BAOECs at the TNF - a activated 
section . The downstream section of the channel also shows 
significantly higher ( around 2 times ) particle binding density 
compared to the upstream section . Thus the BAOECs in the 
downstream section have elevated surface ICAM - 1 expres 
sion versus upstream . Particle binding per cell for 210 nm 
particles with an anti - ICAM - 1 coating density of 112.9 : 19 / 
particle showed a similar trend . The results of these experi 
ments demonstrate that there is significantly higher particle 
binding density for the TNF - a activated and downstream 
sections compared to the upstream section of the channel . 
[ 0075 ] When compared to the 232.5 + 25 anti - ICAM - 1 / 
particle case , the particle binding density is around half for 
the 112.9 + 19 / anti - ICAM - 1 particle case . For both anti 
ICAM - 1 coating density cases the particle binding density 
decreases when the FSS increases from 6 to 12 dyne / cm² . 
However , particle binding density doesn't show much influ 
ence to FSS as it increases beyond 12 dyne / cm² . 

[ 0077 ] F - actin stress fiber arrangement , after TNF - a treat 
ment along the channel length is evaluated to further under 
stand the EC microenvironment . A BAOEC layer was 
exposed to 4 hrs of FSS at 12 dyne / cm² ; followed by 2 hrs 
of localized TNF - a treatment ( 10 U / ml ) from the lower 
channel . The cells are stained for F - actin stress fibers and 
their arrangement is studied in the upstream , TNF - a treated 
and downstream sections . BAOECs exposed to FSS in the 
upstream section have stress fibers aligned to flow direction 
as observed earlier . After 2 hr exposure to TNF - a , there is 
a thinning of stress fiber filaments in the central area of the 
cell cytoplasm . This thinning starts around the border of 
upstream and TNF - a treated sections . It is consistently 
observed throughout the TNF - a treated section and contin 
ues towards the downstream section . The F - actin stress fiber 
thickness in the cell center increases smoothly to levels 
comparable to the upstream section after about 1 mm length 
in the downstream section . Rearrangement in F actin stress 
fibers is also observed in BAOECs after TNF - a treatment . 
These isolated disruptions of F - actin lattice are sparsely 
observed in the upstream , regions close to TNF - a treated 
section , while it is more common in the TNF - a treated 
section . This is observed in the downstream section as well 
but the frequency of occurrence reduces along the channel 
length . 

[ 0078 ] This demonstrates that embodiments of the present 
invention allow for the study of the micro - environmental 
dynamics of ECs when triggered locally . Specifically , 
Examples 8 , 9 and 10 demonstrate the dynamics of surface 
ICAM - 1 expression and F - actin arrangement in different 
sections of the channel after localized TNF - a treatment . 
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Example 11 
[ 0079 ] To demonstrate the applicability of our platform 
towards real time in situ studies we characterized dynamic 
binding of anti - ICAM - 1 coated nanoparticles ( NPs ) to 
BAOECs being subjected to TNF - a treatment . The enclosed 
nature of exemplary devices of the present invention allows 
maintenance of sterile conditions . 
[ 0080 ] As shown in FIG . 3 , BAOECs 320 are subjected to 
12 dyne / cm² of FSS for 6 hrs before localized TNF - a 
treatment T2 from the lower channel 330 while a steady flow 
F2 is continued , in the upper channel 310. Real time binding 
of anti - ICAM - 1 coated 210 nm particles ( 232.5 = 25 anti 
ICAM - 1 / particle ) is analyzed to characterize the dynamic 
nature of ICAM - 1 expression by BAOECs . The cells are 
cultured in HEPES buffered media . A syringe pump , not 
shown but similar to that depicted in FIG . 2 , controls the 
flow rate of the media and an in - line solution heater , also not 
shown but similar to that depicted as 240 in FIG . 2 ( Warner 
Instruments , SH 27B ) , maintained , the media temperature at 
37 ° C. In some embodiments , such as the one shown in G. 
2 , the objective of the microscope is covered with a thin - film 
heating band 270 ( Bioptech , 150819 ) to facilitate live cell 
imaging as optical coupling medium ( oil ) can act as a 
thermal coupling medium and draw heat away from the 
device . 
[ 0081 ] The real time in situ particle binding study on live 
cells gives a clear idea of the dynamics in ICAM - 1 upregu 
lation over time for BAOECs . A steady FSS of 12 dyne / cm² 
is maintained and anti - ICAM - 1 coated 210 nm particles are 
flowed before and while TNF - a treatment was performed . 
The particle binding per cell gives a quantified account of 
the surface ICAM - 1 expression by the BADECs and the 
characterization over time gives details on the dynamics of 
ICAM - 1 upregulation . The particle binding density is ana 
lyzed at the TNF - a treated section of the upper channel . It 
is observed that there is a linear increase in ICAM - 1 
upregulation over time which saturates after approximately 
3 hours and 20 minutes of TNF - a activation . Prior studies 
have not been able to provide quantified real time data to 
investigate the dynamic nature of ICAM - 1 expression by 
ECs in an in vivo like platform . 

[ 0083 ] The data sample is collected from the lower ablu 
minal channel every 10 min . Tracer molecule concentration 
is quantified by comparing the fluorescent intensity of the 
collected data sample to a concentration calibration curve . It 
is observed that for both tracer molecules , the concentration 
in the lower channel starts to increase acutely within 10 min 
of thrombin treatment and reaches the max value ( 0.09 
mg / ml for FITC sodium salt and 0.34 mg / ml for FITC 
Dextran 4 kDa ) within 20-30 minutes . This means the 
permeability or gap formation of the EC monolayer initial 
izes rapidly under flow and reaches its maximum within 
20-30 minutes . There is an increase of around 3.5 times in 
permeability for both tracer molecules by then , and this 
increase is a direct measure of the change in endothelial 
cell - cell gap formation . Then , a fall in abluminal concen 
tration of tracer molecule is observed which plateaus to a 
minimum value at about 60-70 minutes . This drop signifies 
the decrease in EC permeability due to the reduction in 
intercellular gaps and increase in barrier integrity with , 
thrombin treatment time . FITC sodium salt and FITC 
dextran are flowed at different concentrations in the luminal 
channel for ease of photometrical detection and analysis . 
[ 0084 ] The versatility of our device allows to study the 
effect of heterogeneous triggering using different inflamma 
tory mediators form the basal and apical EC sides , while the 
cells are cultured under flow . Thus when compared to 
traditional in vitro cell culture systems our device can mimic 
conditions closer to the physiologically relevant ones . 
[ 0085 ] It is intended that any patents , patent applications 
or printed publications , including books , mentioned in this 
patent document be hereby incorporated by reference in 
their entirety . 
[ 0086 ] As those skilled in the art will appreciate , numer 
ous changes and modifications may be made to the embodi 
ments described herein , without departing from the spirit of 
the invention . It is intended that all such variations fall 
within the scope of the invention . 

1-35 . ( canceled ) 
36. An apparatus comprising : 
a first layer formed of an elastomeric material , the first 

layer comprising a first microfluidic channel having a 
first length and a first width ; 

a second layer formed of an elastomeric material , the 
second layer comprising a second microfluidic channel 
having a second length and a second width ; and 

a membrane for culturing cells having a first major 
surface and a second major surface . 

37. The apparatus according to claim 36 , wherein the 
membrane is configured to have a layer of first cells disposed 
on a major surface of the membrane . 

38. The apparatus according to claim 36 , wherein at least 
a portion of the membrane for culturing cells is semi 
permeable and is positioned between the first layer and the 
second layer . 

39. The apparatus according to claim 36 , wherein the first 
layer and second layer comprise the same material . 

40. The apparatus according to claim 36 , wherein the 
membrane for culturing cells comprises a material selected 
from a polycarbonate , a polyester , polyethylene terephtha 
late , a mixed cellulose ester , PDMS and a combination of 
two or more thereof . 

41. The apparatus according to claim 36 , wherein the 
membrane for culturing cells is in fluid communication with 
one or both of the first and second layers . 

Example 12 
[ 0082 ] As a proof - of - concept demonstration of using our 
biomimetic vessel platform to understand the increase in 
vessel permeability under physiological conditions , we 
quantified the dynamics and kinetics of cell permeability 
caused by thrombin on BAOECs using our biomimetic 
blood vessel model . Fluorescent FITC sodium salt and 
FITC - Dextran ( Sigma ) of 376 and 4000 Da molecular 
weight are used as tracer molecules at 0.625 and 5 mg / ml 
respectively . The desired tracer molecule is flowed along 
with thrombin in the luminal upper channel , and the extent 
of tracer molecule permeation to the ab luminal lower 
channel is a direct indication of the level of vessel perme 
ability . This is monitored in real time by withdrawing 6 ul 
samples from the outlet of the lower channel at 10 minute 
intervals . These samples are analyzed photometrically using 
Infinite 200 PRO Nano Quant microplate readers at 490 nm 
excitation and 521 nm emission . The volume of buffer 
solution in the lower channel is maintained a constant by 
adding 6 ul of PBS to the inlet before withdrawing the data 
sample . 
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42. The apparatus according to claim 36 , wherein the 
membrane for culturing cells is adapted to culture a plurality 
of cell lines . 

43. The apparatus according to claim 36 , wherein the first 
major surface of the membrane is adapted to culture a first 
cell line . 

44. The apparatus according to claim 42 , wherein the 
second major surface of the membrane is adapted to culture 
a second cell line . 

45. The apparatus according to claim 43 , wherein the first 
major surface comprises a first layer of cells comprising a 
first cell line . 

46. The apparatus according to claim 44 , wherein the 
second major surface comprises a second layer of cells 
comprising a second cell line . 

47. The apparatus according to claim 45 , wherein the first 
cell line comprises endothelial cells , smooth muscle cells , 
tumor cells , stem cells , alveolar cells , epithelial cells , nerve 
cells , hepatic cells or a combination thereof . 

48. The apparatus according to claim 46 , wherein the 
second cell line comprises endothelial cells , smooth muscle 

cells , tumor cells , stem cells , alveolar cells , epithelial cells , 
nerve cells , hepatic cells or a combination thereof . 

49. The apparatus according to claim 47 , wherein the first 
layer of cells comprises endothelial cells or tumor cells . 

50. The apparatus according to claim 49 , wherein the 
second layer of cells comprises smooth muscle cells or 
tumor cells . 

51. The apparatus according to claim 46 , wherein the first 
major surface of the membrane faces the first microfluidic 
channel ; and wherein the second major surface of the 
membrane faces the second microfluidic channel . 

52. The apparatus according to claim 36 , further com 
prising a treatment agent provided in one of the first and 
second microfluidic channels . 

53. The apparatus according to claim 36 , for use in 
combination with a 96 - well plate . 

54. The apparatus according to claim 36 , wherein the 
elastomeric material is selected from an organosilicon , sili 
con , glass , polystyrene , polyvinyl chloride , polymethyl 
methacrylate , cyclic olefin copolymer , polycarbonate and a 
combination of two or more thereof . 


