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FLOW CHAMBERS, METHODS OF USING THE FLOW CHAMBER, AND METHODS OF
MAKING THE FLOW CHAMBER

CLAIM OF PRIORITY TO RELATED APPLICATION
This application claims priority to co-pending U.S. provisional application entitled "
FLOW CHAMBERS, METHODS OF USING THE FLOW CHAMBER, AND METHODS OF
MAKING THE FLOW CHAMBER " having Serial No.: 61/568,740 , fled on December 9th,

201 1, which is entirely incorporated herein by reference.

FEDERAL SPONSORSHIP
This invention was made with Government support under Contract/Grant No RO1
HL088207, awarded by the National Institutes of Health. The Government has certain rights

in this invention.

BACKGROUND
Cell adhesion to the lumenal surface of blood vessels is a dynamic process mediated
by the mechanical forces associated with blood flow. Due to the difficulties associated with i)
accurately measuring variable hemodynamic forces across different vascular geometries
and ii) imaging peripheral cell adhesion events in vivo, parallel plate flow chambers have
been used to simulate these processes in a more controllable in vitro setting. These devices
produce a parabolic flow velocity profile between two planar surfaces, subjecting each

surface to uniform fluid shear stress. However, current devices suffer from deficiencies.

SUMMARY

In accordance with the purpose(s) of the present disclosure, as embodied and
broadly described herein, embodiments of the present disclosure, in one aspect, relate to a
device (or "flow chamber"), methods of making a device, methods of using a device, and the
like.

In an embodiment, a device, among others, includes: a first inlet port at a first end of
the device that is configured to flow a first fluid; a flow channel that is in fluidic
communication with the first inlet port, wherein the flow channel is configured to hold a
sample so the first fluid contacts a side of the sample, an optically transparent viewing
window disposed adjacent the flow channel to view the sample in real time as the sample is
exposed to the first fluid; and an exit port that is in fluidic commu nication with the flow
channel, wherein the flow channel is configured so that the first fluid flows from the first inlet

port side to the exit port side of the flow channel.
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In an embodiment, a method of observing cell dynamics in real time, among others,
includes: flowing a first fluid in a flow channel, wherein the fluid flows across a scaffold
material that includes a plurality of cells; observing the scaffold material and cells through an
optically transparent viewing window disposed adjacent the flow channel to view the sample
in real time as the sample is exposed to the first fluid; and flowing the first fluid out of the flow
channel through an exit port.

Other systems, methods, features, and advantages will be, or become, apparent to
one with skill in the art upon examination of the following drawings and detailed description.
It is intended that all such additional structures, systems, methods, features, and advantages
be included within this description, be within the scope of the present disclosure, and be

protected by the accompanying claims.

BRIEF DESCRIPTION OF THE DRAWINGS

Many aspects of this disclosure can be better understood with reference to the
following drawings. The components in the drawings are not necessarily to scale, emphasis
instead being placed upon clearly illustrating the principles of the present disclosure.
Moreover, in the drawings , like reference numerals designate corresponding parts
throughout the several views.

Figure 1.1 illustrates an embodiment of the membrane flow chamber. The device was
designed to mirror the planar geometry of the commonly used parallel plate flow chamber,
producing a channel with uniform fluid mechanics across an endothelial monolayer, while
holding a flexible substrate (not shown here). The center portion of the chamber includes a
viewing window (highlighted in dark gray) for high-magnification fluorescence microscopy.

Figure 1.2 illustrates an embodiment of the membrane flow chamber assembly
(cross-sectional view). To create a planar flow channel of uniform height, decellularized
human umbilical vein (HUV) scaffold is sliced open axially and spread out over the base
plate. A gasket is then used to stretch the HUV membrane in an outer groove around the
walls of the base plate channel to secure the scaffold in a tensed conformation. When the
plates are screwed together, the HUV is compressed between the top and botto m ridges,
creating a tightly sealed channel. This flow chamber can be placed under an upright
fluorescence microscope and imaged through the viewing window. The constant cross-
sectional area allows the wall shear stress (tw) to be easily predicted according to the
Hagen-Poiseuille equation (see above).

Figure 1.3 illustrates an endothelial cell perfusion culture system. The membrane
flow chamber is used to impose shear stress on endothelial cell (EC) monolayers seeded on
decellularized human umbilical vein (HUV) scaffolds in vitro. HUVEC suspensions are

injected into the flow chamber and allowed to mature over 48 hours. Peristaltic pumps are
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used to impose pulsatile flow of culture media over the EC monolayers. The rotational speed
of the pumps is controlled by an external computer.

Figure 1.4 illustrates an endothelial cell viability on decellularized human umbilical
vein. Top left: Human umbilical veins (HUV) were decellularized using 1% sodium dodecyl
sulfate, cut open, and affixed to flow chambers. EC seeded on the HUV basement
membrane within the flow chamber were assessed for adhesion efficiency and viability after
24 hours. Calcein AM reveals live cells, while ethidium (Ethd-1) stains the nuclei of dead
cells (see above). EC attached with 73.7 + 9.9 % efficiency, based on initial seeding
concentration. Attached cells showed excellent viability on the basement membrane
surface, calculated to be 99.1 + 0.3% overall (n=5).

Figure 1.5 illustrates a cytoskeletal morphology of flow-conditioned EC on HUV
surface (above). Decellularized HUV were seeded with EC monolayers within membrane
flow chambers, flow-conditioned, and fixed and co-stained with rhodamine phalloidin and
DAPI to visualized f-actin and nuclei, respectively. Trial one (top): Results show that EC
developed confluent monolayers that could survive one week of perfusion culture. Trial two
(bottom) : Flow conditions were empirically optimized (using a ramped flow regime
programmed into the pum ps) to produce a confluent cell monolayer 48 hours after initial
seeding that could withstand physiological levels of shear stress (20 dynes/cm 2). Scale bar:
25 mm.

Figure 1.6 illustrates a time lapse capture of HL-60 cell rolling on e ndothelialized
HUV. Decellularized HUV were seeded with EC monolayers within membrane flow
chambers . After flow pre-conditioning, monolayers were activated with 1 U TNF-a for four
hours. GFP-transfected HL-60 cell suspensions were perfused across endothelialized HUV
scaffolds at a shear stress of 1 dyne/cm 2. Images of HL-60 rolling and arrest were captured
using a high-resolution monochrome camera on an upright fluorescence microscope. After 6
minutes of perfusion, scaffolds were fixed and stained as previously described. Scale bar:
50 mm.

Figure 2.1 illustrates an embodiment of a flow chamber design. The main body
design of the flow chamber is shown in (A). Culture media/cell suspensions are delivered
through inflow/outflow ports. An acrylic viewing window was bonded to the center of the flow
field to accommodate high-magnification imaging under flow. The flow field is composed of

an acrylic chamber and substrate (not shown) in parallel plate geometry, which allows for
simple shear stress calculations. The inset schematic shows how wall shear stress (t,) at

the material's surface is calculated with respect to the flow field dimensions (see equation 1).

(B): Inverted view of the flow chamber.
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Figure 2.2 illustrates an embodiment of a flow chamber assembly. Decellularized
human umbilical vein (HUV) scaffolds were cut open axially (A) and affixed to a base plate
(B) using a compressible gasket (C). The base plate was then tightly screwed to the flow
chamber, creating a parallel plate flow profile across the HUV surface. A cross-sectional
view of the various components is shown in (D). Assembled flow chambers could then be
placed on the stage of an upright epifluorescence microscope for high magnification real-
time imaging of adhesive interactions between fluorescently labeled cells and the scaffold's
surface (E).

Figure 2.3 illustrates a perfusion system for imaging initial ad hesion events or
extended culture under flow. A: Short-term imaging schematic. Syringe pumps were used to
inject whole blood/cell suspensions through the flow chamber under defined shear
conditions. A high-speed camera captured binding events of fluorescently labeled cells at
high magnification through a long working distance microscope objective. B: Long-term
recirculating perfusion culture. Computer-controlled peristaltic pumps were used to modulate
the flow across endothelialized HUV membranes. A bubble trap/pulse dampener was
incorporated to abate endothelial cell denudation , while a pressure transducer was used to
monitor pressure downstream of the flow chamber.

Figure 2.4 illustrates a real-time observation of platelet adhesion to acellular human
umbilical vein. Whole blood was perfused on the surface of the SDS decellularized HUV at
a shear stress of 2 dynes/cm 2. Platelet adhesion and aggregation was imaged via
epifluorescence microscopy over a five minutes period. Scale bars: 10 prr.

Figure 2.5 illustrates flow induced platelet aggregate geometries. Whole blood was
perfused over the surface of SDS decellularized HUV at a shear stress of 2 dynes/cm 2. At 10
minutes, 25 z-stack images were taken (2 um apart). A combined image made of maximum
intensity of all z-stacks is presented in panel A, and a 3D light intensity profile of this image
in panel B. The platelet aggregate framed in panel A was further analyzed along the 220
pixels long red line; its 3D (C) and 2D (D) light intensity profiles were created.

Figure 2.6 illustrates light intensity profile of platelet aggregates. Light intensity profile
of nine platelet aggregates of the combined image presented in Figure 2.5A were measured
(A). A threshold was applied to separate beginning of platelet aggregate from light
background , then lengths of aggregates were normalized, and light intensity was reported as
percentage of maximum intensity. Average profile of the nine platelet aggregates after
normalization is shown in panel (B).

Figure 2.7 illustrates shear conditioning of endothelialized human umbilical vein
scaffolds. Decellularized HUV scaffolds were affixed to flow chambers as described.
Endothelial cells were seeded onto the lumenal HUV surface at a high concentration and

gradua lly adapted to flow using computer-controlled peristaltic pumps. Panel (A) shows the
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calculated mean wall shear stress along the lumenal HUV surface over the culture period. At
various time points (indicated by the dashed lines), monolayers were fixed and co-stained
with rhodamine phalloidi n/DAPI to visualize F-actin/cell nuclei, respectively. Panels (B-E)
show representative images of endothelial cell morphology at 1, 2, 3, and 7 days after
seeding, respectively. Scale bars: 10 ym.

Figure 2.8 illustrates a morphological comparison of endothelia cultured under static
culture or flow conditions. Processed human umbilical vein scaffolds were fit in custom-
designed flow chambers as described previously. Primary endothel ial cell suspensions were
injected into the flow field and either cultured under static conditions (A, C, E) or adapted to
flow (B ,D, F) over a 72 hour period. Scanning electron micrographs of endothelialized HUV
scaffolds at oblique angle show the more flattened morphology under flow (B) than under
static culture (A). Calcein/ethidium live/dead staining reveal high cellular viability in static
culture (C) or under shear stress (D). F-actin/DAPI staining shows cytoskeletal F-actin
(red)/cell nuclei (blue) (E, F). Arrow shows the flow direction in B, D, and F. Scale bars
represent 50 ym in (A,B) and 25 um in (C-F).

Figure 2.9 illustrates a time lapse capture of neutrophil adhesion to endothelialized
HUV scaffolds. Endothelia adapted to flow were activated with 1 U TNF-a. A bolus of
neutrophils was then flowed across the lumenal HUV surface at a calculated shear stress of
1 dyne/cm 2. Time lapse imaging captured adhesion of GFP+ neutrophils to the activated
endothelia over 5 minutes (A). Shown are images at various time points throughout the
experiment. After GFP+ neutrophils were flowed across the surface, non-adherent cells were
washed away and scaffolds were fixed and co-stained with rhodamine phalloidin/DAP 1.
Multi-dimensional images show a confluent endothelial monolayer with adherent GFP+
neutrophils (B-E). B: cell nuclei; C: F-actin; D: GFP+ neutrophils; E: overlay. Scale bar: 10
phm.

Figure 3.1 illustrates an embodiment of a flow chamber.

Figure 3.2 illustrates an embodiment of a platelet layout (A-H) of highly scattered on
the ablumen of the HUV and more regular on the lumen.

Figure 3.3 illustrates the effect of decellularization treatment on platelet ad hesion of
HUV. (%, p <0.05 vs. Each decellularization method, ** p < 0.05 vs. lumen for same
decellularization method, Student t-test; n =4).

Figure 3.4 illustrates H&E staining of (A) Native, (B) crosslinked with gluteraldehyde,
(C) SDS treated, and (D) EtAc treated HUV.

Figure 3.5 illustrates representative fluorescent images of platelets adhesion to
lumen of processed HUV, overtime, under a shear rate of 600 s™* +/- 100. White arrows

represent flow direction.
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Figure 3.6 illustrates a graph showing the influence of HUV treatment on platelet

adhesion under flow (shear rate of 600 s™ +/- 100).

DETAILED DESCRIPTION

Before the present disclosure is described in greater detail, it is to be understood that
this disclosure is not limited to particular embodiments described, and as such may, of
course, vary. It is also to be understood that the terminology used herein is for the purpose
of describing particular embodiments only, and is not intended to be limiting, since the scope
of the present disclosure will be limited only by the appended claims.

Where a range of values is provided, it is understood that each intervening value, to
the tenth of the unit of the lower limit unless the context clearly dictates otherwise, between
the upper and lower limit of that range and any other stated or intervening value in that
stated range, is encompassed within the disclosure. The upper and lower limits of these
smaller ranges may independently be included in the smaller ranges and are also
encompassed within the disclosure, subject to any specifically excluded limit in the stated
range. Where the stated range includes one or both of the limits, ranges excluding either or
both of those included limits are also included in the disclosure.

Unless defined otherwise, all technical and scientific terms used herein have the
same meaning as commonly understood by one of ordinary skill in the art to which this
disclosure belongs. Although any methods and materials similar or equivalent to those
described herein can also be used in the practice ortesting of the present disclosure, the
preferred methods and materials are now described.

All publications and patents cited in this specification are herein incorporated by
reference as if each individual publication or patent were specifically and individually
indicated to be incorporated by reference and are incorporated herein by reference to
disclose and describe the methods and/or materials in connection with which the
publications are cited. The citation of any publication is for its disclosure prior to the filing
date and should not be construed as an admission that the present disclosure is not entitled
to antedate such publication by virtue of prior disclosure. Further, the dates of publication
provided could be different from the actual publication dates that may need to be
independently confirmed.

As will be apparent to those of skill in the art upon reading this disclosure, each of the
individual embodiments described and illustrated herein has discrete components and
features which may be readily separated from or combined with the features of any of the
other several embodiments without departing from the scope or spirit of the present
disclosure. Any recited method can be carried out in the order of events recited or in any

other order that is logically possible.
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Embodiments of the present disclosure will employ, unless otherwise indicated,
techniques of medicine, organic chemistry, biochemistry, molecular biology, pharmacology,
and the like, which are within the skill of the art. Such techniques are explained fully in the
literature.

It must be noted that, as used in the specification and the appended claims, the

singular forms "a," "an," and "the" include plural referents unless the context clearly dictates
otherwise. Thus, for example , reference to "a support” includes a plurality of supports. In

this specification and in the claims that follow, reference will be made to a number of terms
that shall be defined to have the following meanings unless a contrary intention is apparent.

As used herein, the following terms have the meanings ascribed to them unless

specified otherwise. In this disclosure, "comprises," "comprising," "containing"” and "having"

and the like can have the meaning ascribed to them in U.S. Patent law and can mean "
includes," "including," and the like; "consisting essentially of or "consists essentially" or the
like, when applied to methods and compositions encompassed by the present disclosure
refers to compositions like those disclosed herein, but which may contain additional
structural groups, composition components or method steps (or analogs or derivatives
thereof as discussed above). Such additional structural groups, composition components or
method steps, etc., however, do not materially affect the basic and novel characteristic(s) of
the compositions or methods, compared to those of the corresponding compositions or
methods disclosed herein. "Consisting essentially of or "consists essentially" or the like,
when applied to methods and compositions encompassed by the present disclosure have
the meaning ascribed in U.S. Patent law and the term is open-ended, allowing for the
presence of more than that which is recited so long as basic or novel characteristics of that

which is recited is not changed by the presence of more than that which is recited, but

excludes prior art embodiments.

Discussion

Exemplary embodiments of the present disclosure provide for a device (or "flow
chamber"), methods of making a device, methods of using a device, and the like.
Embodiments of the present disclosure can be used to view cell rolling and adhesion on
biological or synthetic membranes such as platelets in real time. In addition, the device can
be used for screening drugs or other molecules or cells to monitor and observe, in real time,
the interactions with the cells on or with a support material (e.g., scaffold material).

In an exem plary embodiment, the device 10 includes a flow channel 12, an optically
transparent viewing window 14, a first inlet port 16, and an exit port 18. In an embodiment,
the device can be made of a plastic, composite, and/or metal material. The device 10 can

be monolithic or made from multiple sections.
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In an embodiment, the first inlet port 16 is positioned at or near a first end of the
device 10. The first inlet port 16 is in fluidic communication with the flow channel 12 so that
a fluid flows through the first inlet port 16 and through an area defined by the flow channel
12. The fluid flows through the flow channel 14 and exits the device 10 via an exit port 18
that is in fluidic commu nication with the flow channel 12. In an embodiment, the area
defined by the flow channel 14 can have a length about 5 mm to 250 mm, a width of about 1
mm to 50 mm, and a height of 25 pm to 10 mm.

In an embodiment, two or more inlet ports can be used to flow two or more types of
fluids (e.g., different components present in each fluid). In an embodiment, two or more exit
ports can be included in the device. The inlet and exit ports can be controlled manually
and/or with a control device to regulate the flow of one or types of fluids into the flow channel
12.

In an embodiment, the fluid can include whole blood or other media solutions that
support or maintain cell populations, for example phosphate buffered saline or other cell
culture media. In an embodiment, the fluid can include a drug and the sample can be
observed as the drug interacts with the sample as a function of time, flow rate, concentration
of drug and/or other components, and the like.

In an embodiment, the device 10 includes an optically transparent viewing window 14
disposed adjacent the flow channel 12 to view the sample in real time as the sample is
exposed to the fluid. The term "adjacent" can mean touching or separated by a short
distance from something else. In an embodiment, the viewing window 14 can be made of a
material so that the sample and cells can be observed. In an embodiment, the viewing
window 14 can be made of plastic, glass, orthe like. In an embodiment, the viewing window
14 can have the same or nearly the same length and width as the flow channel 12. In an
embodiment, the viewing window 14 covers only a portion of the flow channel 12. Where the
viewing window 14 covers the flow channel 12, the viewing window 14 is a side of the flow
channel 12 that defines the area where the sample and fluid are disposed , where other
portions of the device 10 define the remaining portions of the flow channel 12. In an
embodiment, the viewing window 14 can have a thickness in the um to 10s of cm range.

In an embodiment, the flow channel 12 includes a sample, such as a scaffold
material. In an embodiment, the scaffold material can be made of a synthetic material (e.g.,
Dacron, Gortex), a biological material (e.g., a tissue), or a combination thereof. In an
embodiment, the scaffold material includes a plurality of cells (e.g., stem cells, endothelial
cells, smooth muscle cells, leukocytes, platelets or other circulating cells either progenitor or
primary as well as leukemic cells or other cancer cell lineage) on the and/or within the
scaffold material. The sample can be positioned appropriately along the dimensions (length,

width, or height) of the flow channel 12. In an embodiment, the sample is positioned so that
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the sample can be observed through the viewing window 14. In an embodiment, the
distance from the viewing window 14 to the sample can be kept at a minimum so that cells,
for example, can be observed. In an embodiment, the distance from the sample to the
viewing window 14 can be about 25 pm to 10 mm. In an embodiment, the fluid can be
flowed across the top and/or bottom of the sample. In an embodiment, one fluid can be
flowed across the top of the sample and another fluid can be flowed across the bottom of the
sample.

In an embodiment, the flow channel 12 includes a securing structure for securing the
sample to the flow channel 12. In an embodiment, the securing structure includes a groove
that secures the sample to the flow channel 12. In an embodiment the groove can extend
the length and width of the flow channel 12 or can be extend across the width only or the
length only. In an embodiment, the sample can be secured in the groove using one or more
securing mechanisms. In an embodiment the flow channel 12 includes a second securing
structure (e.g., a gasket or O-ring), where the sample is disposed between the groove and
the second securing structure.

In an embodiment the flow channel 12 includes a ridge (e.g., along the edge of the
groove) or other similar structure so that the sample is not disposed against the bottom of
the flow channel 12. In an embodiment, a second inlet port can flow a fluid across the
bottom of the sample. In an embodiment, a second viewing window can be positioned along
the flow channel on the opposite side of the viewing window to view the sample from the
other side as it interacts with the fluid.

In a particular embodiment as described in the Exam ples, the device can include a
flow chamber having an optically transparent section to view from the top down onto the
material in the flow chamber. In an embodiment, the cut away section has a glass or plastic
coverslip built into the polycarbonate block and is recessed into the block such that the lower
surface is continuous with the top of the flow field. This allows the use of opaque material to
be viewed at high magnification and to monitor, in real time, adhesion or surface changes.

In an embodiment, the lower plate has a channel and ridge design that seals the
compartment and is machined to a specific height to cater to a specific material, whilst
controlling the heig ht value. In an embodiment, the lower plate may optionally have a
secondary flow field under the primary flow field (opposite side of the material being
assessed). This can be used to control or modulate: multiple flow fields, diffusion gradients,
pressure gradients, combinations thereof, as part of the pump system or continuous
perfusion system. Additional details regarding embodiments of the present disclosure are
provided in the Examples.

In an embodiment, the cell dynamics (e.g., adhesion, infiltration) can be observed in

real time using embodiments of the device. In an embodiment, the cells can be positioned
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on or within a scaffold structure. Then a fluid is flowed across in a flow channel and interacts
with the scaffold structure and then exits the exit port. In real time the scaffold material can
be observed through the optically transparent viewing window that is positioned adjacent the
flow channel. In an embodiment, an imaging device (e.g., microscope, digital camera, or the
like) can be positioned adjacent the viewing window, where the term adjacent can be close
to or touching. In an embodi ment, the microscope can be about 25 pm to 10 mm, from the
scaffold material.

The specific examples below are to be construed as merely illustrative, and not
limitative of the remainder of the disclosure in any way whatsoever. Without further
elaboration, it is believed that one skilled in the art can, based on the description herein,
utilize the present disclosure to its fullest extent. All publications recited herein are hereby
incorporated by reference in their entirety.

It should be emphasized that the embodiments of the present disclosure, particularly,
any "preferred" embod iments, are merely possible examples of the implementations, merely
set forth for a clear understanding of the principles of the disclosure. Many variations and
modifications may be made to the above-described embodiment(s) of the disclosure without
departing substantially from the spirit and principles of the disclosure. All such modifications
and variations are intended to be included herein within the scope of this disclosure, and the
present disclosure and protected by the following claims.

The following examples are put forth so as to provide those of ordinary skill in the art
with a complete disclosure and description of how to perform the methods and use the
compositions and compounds disclosed and claimed herein. Efforts have been made to
ensure accuracy with respect to humbers (e.g., amounts, temperatu re, etc.), but some errors
and deviations should be accounted for. Unless indicated otherwise, parts are parts by
weight, temperature is in °C, and pressure is at or near atmospheric. Standard temperature

and pressure are defined as 20° C and 1 atmosphere.

EXAMPLES
Example 1
Introduction:

Endothelialization of vascular grafts has been used as atissue engineering strategy
to minimize platelet adhesion, leukocyte infiltration, and other unfavorable host responses
that lead to graft failure. Assessment of vascular grafts' intimal reactivity is commonly
performed by flowing whole blood across the lumenal (blood-contacting) surface. However,
performing such experiments at physiological shear rates requires high volumes of whole
blood, and only end-point assessment is possible due to the closed vascular geometry. Here

we describe the development of a new flow chamber designed for 1) seeding and
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conditioning of an endothel ium under defined shear conditions on a decellularized vascular
surface and 2) live imaging of interactions between the opaque scaffold and fluorescently

labeled blood cells.

Flow Chamber Design:
OBJECTIVE: To develop a novel flow chamber for the seeding and culture of

endothelial cells on biologically relevant surfaces under defined shear stress conditions .

Design Criteria:

1. The flow chamber must permit live imaging of platelet and/or leukocyte adhesion onto the
membrane surface at high-magnification (40x). A viewing window was incorporated into the
flow chamber in order to permit live imaging. The focal distance between the substrate
surface and the top of the flow chamber was shortened enough to allow observation of EC,
leukocytes, and platelets at 40x magnification (long working distance objective).

2. The design must accommodate biological membranes of varying thickness. Due to
variations in scaffold thickness, especially using ex vivo-derived tissues, the device is by
design capable of holding tissues at a range of thicknesses (0.5-1.5 mm).

3. The chamber volume must be minimal (less than 1 mL). In addition to reducing the media
requirements during perfusion culture, the low chamber volume (400 mL) will conserve
reagents used in fluorescent staining of endothelial monolayers in situ (e.g., viability assays)

or blood flow experiments (e.g., tagged leukocytes or platelets).

Materials and Methods:

An acrylic (e.g., other materials can be used to make the chamber) flow chamber
was designed and built to facilitate perfusion across a flexible (opaque) biological scaffold
using a parallel plate flow channel. The device was designed to allow direct imaging of
fluorescently tagged platelets and/or leukocytes as they attach to the basement membrane
in real time at hig h magnification. The device was tested for its capacity to seed and
maintain endothelial viability under perfusion conditions for an extended culture period . Time
lapse fluorescence imaging was conducted to capture adhesion of GFP-expressing HL-60

cells to activated endothelia in real time.

Results:

The flow chamber assembly is shown in Figures 1.1, 1.2, and 1.3. The decellularized
human umbilical vein is sliced open axially and compressed between two acrylic plates,
creating a flow chan nel of uniform height. Primary human umbilical vein endothelial cells

(HUVEC) were seeded and maintained under perfusion for 7 days (Figure 1.5). A live-dead
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assay revealed high endothelial cell viability (>99%) on the lumenal HUV surface (Figure
1.4). DAP I/rhodamine phalloidin co-staining revealed a confluent endothelial monolayer with
uniform cytoskeletal alignment in the flow direction (Figure 1.2). HL-60 cell rolling adhesion
to endothelialized HUV was captured in real time using time lapse imaging (Figure 1.6).
These results demonstrate that the device can be used effectively for comprehensive

assessment of engineered vascular surfaces.

Discussion:

Details of the microenvironment in which endothelial cells reside are critical to their
behavior. Not only does the physical composition of the basement membrane contribute via
integrin signaling, but the mechanical properties (e.g., stiffness, topography, etc.) of the
substrate can influence their transduction of hemodynamic shear stress. Thus, culture of
endothelial cells on a decellularized vascular surface may be more appropriate for studies in
mechanotransduction. The chamber not only provides an environment more reminiscent of
the vascular intima, but also permits live visualization of endothelial cells cultured under flow,
and is also useful for studies in leukocyte rolling and platelet adhesion and aggregation . This
chamber has been successfully tested with the human umbilical vein and human amniotic

membrane, and can be adapted for a wide range of other conduit biomaterials.

Example 2
Brief Introduction:

Adhesion of circulating blood cells to the vascular wall is involved in numerous
wound healing processes and clinical pathologies that are yet to be fully understood. Parallel
plate flow chambers have been used to simulate these dynamic processes in vitro, where
fluid mechanics can be controlled and imaging can be conducted in real-time. Cell adhesion
at the surface of implantable vascular grafts, however, can only be assessed terminally after
perfusion due to opacity of these materials. Here we describe the design of an innovative
flow chamber for real-time analysis of blood-biomaterial interactions under flow.
Decellularized human umbilical vein (HUV) was used as a vascular model to temporally
observe and characterize platelet, leukocyte, and endothelial cell adhesion dynamics on a
natural basement membrane (BM). Viable, confluent endothelial cell monolayers were
seeded on the BM, conditioned to resist arterial shear stress levels (up to 24 dynes/cm 2)
over a 48 hour period, and maintained under perfusion for up to one week. The BM was
imaged while whole blood/neutrophil suspensions were perfused across the HUV surface to
quantify cell accumulation. This novel design facilitates live visualization of dynamic events

including cell adhesion, migration, and morphological adaptation at the blood-graft interface,
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and can be used for preliminary assessment of clinically relevant biomaterials before

implantation.

Introduction:

Cell adhesion to the lumenal surface of blood vessels is a dynamic process mediated
by the mechanical forces associated with blood flow. Due to the difficulties associated with i)
accurately measuring variable hemodynamic forces across different vascular geometries
and ii) imaging peripheral cell adhesion events in vivo, parallel plate flow chambers have
been used to simulate these processes in a more controllable in vitro setting. These devices
produce a parabolic flow velocity profile between two planar surfaces, subjecting each
surface to uniform fluid shear stress. (Frangos, Eskin et al. 1985; Bacabac, Smit et al. 2005;
Reinhart-King, Fujiwara et al. 2008) Glass, polystyrene, or other optically transparent
substrates can then be coated with cells or proteins, or micropatterned with selectively
adhesive peptides/non-adhesive monomers to observe cell adhesion under flow using
conventional light microscopy. Much of our current understanding of the role shear plays in
cell signaling, protein conformational changes, and other phenomena associated with
peripheral cell adhesion has been obtained through the use of parallel plate
chambers. (Frangos, Eskin et al. 1985; Frangos, Mclntire et al. 1988; Schmidtke and
Diamond 2000)

Cell adhesion is also a critical consideration with im plantable biomedical devices,
particularly in vascular grafts where surface properties are critical to graft success.
Thrombus formation, characterized by excessive platelet adhesion and aggregation, is a
significant cause of occlusive failure of vascular grafts(Mehta, |zzat et al. 1997; Kannan,
Salacinski et al. 2005). As such, persistent efforts have been made to produce materials
resistant to protein adsorption and peripheral cell attachment. (de Mel, Jell et al. 2008;
Kapadia, Popowich et al. 2008) As part of the design process, an important precursor to
clinical implantation is a global assessment of the biomaterial's inherent reactivity with
blood. (Sarkar, Sales et al. 2007) Currently, preclinical characterization of a material's
resistance to cellular adhesion and infiltration has been typically assessed in vivo using
vascular bypass (L'Heureux, Dusserre et al. 2006) or ex vivo shunt models(Yazdani, Tillman
et al. 201 0). A significant drawback associated with the use of animal models is that the
assessment can only be performed terminally. While useful for predicting long-term patency
of implanted biomaterials, animal trials are expensive and time consuming , and more
conservative strategies that offer a higher throughput while being cost effective have been
sought.

Given the practical advantages of real-time, non-invasive imaging of these events,

we sought to develop a device that could be used to monitor cell adhesion on the opaque
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surfaces of clinically implantable vascular biomaterials. Here we detail the design of a novel
parallel plate flow chamber for real-time observation of perip heral cell adhesion and
morphological adaptation on a model vascular biomaterial under controlled shear stresses.
Using labeled whole blood and select cell suspensions, we demonstrate the capability of this
device to permit live capture of dynamic cell adhesion events at the intimal surface of
naturally-derived blood vessels using time lapse fluorescence microscopy. We also validate
the use of this flow chamber for long-term culture of neo-endothelia and optimize a flow pre-
conditioning regime that yields confluent endothelial cell monolayers resistant to arterial
shear stresses. These assays demonstrate the versatility of this device for improved in vitro

modeling of physiological cell adhesion events as they occur in vivo.

Materials and Methods
Cell culture:

Human umbilical vein endothelial cells (HUVEC) were sourced from umbilical cords
obtained from the Labor & Delivery unit at Shands Hospital at the University of Florida
(Gainesville, FL) and processed within 12 hours of birth. Endothelial cells (EC) were isolated
from cords using collagenase perfusion, as previously described by Jaffe et a/. (Jaffe,
Nachman et al. 1973) Cells were maintained in VascuLife basal medium supplemented with
VEGF LifeFactors kit (LifeLine Cell Technologies; Frederick, MD) and 100 U/mL
penicillin/streptomycin  (HyClone; Logan, UT) at 37°C with 5% CO ,, and used experimentally
between P2 and P5.

HL-60 promyelocytic leukemia cells transduced with a green fluorescent protein
(GFP)-expressing lentiviral vector were generously provided by Dr. Christopher Cogle
(University of Florida Department of Medicine, Gainesville, FL). They were maintained at
5x1 0°-2x1 06 cells/mL in Dulbecco's Modified Eagle Medium (Hyclone) supplemented with
20% FBS.

Blood draws:

Human venous blood was harvested from healthy adult volunteers after obtaining
informed consent (IRB approval #689-201 0). Blood was collected in 10 U of heparin using a
21-gauge needle. Platelets were fluorescently labeled with 20 ug/mL of Acridine Orange
(Molecular Probes; Grand lIsland, NY) and used immediately in perfusion experiments.
Dissection and decellularization of human umbilical veins:

Human umbilical veins (HUV) were isolated from the surrounding tissue using an
automated dissection procedure that has been described previously. (Daniel, Abe et al. 2005)
In brief, umbilical cords were rinsed clean and cut into 10 cm sections. A stainless steel

mandrel (1/4" OD) was inserted through the vein and then progressively frozen down to -
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80°C. After at least 24 hours, frozen cords were machined to a uniform wall thickness of 750
microns using a CNC lathe (MicroKinetics, GA, USA). Veins were progressively thawed at -
20"C for 2 hours then at 4°C for 2 hours. Veins were then decellularized by immersion in 1%
(w/v) solution of sodium dodecyl sulfate (SDS) in DI water under orbital shaking (100 RPM)
for 24 hours at a 1:20 mass to volume ratio, then rinsed in DI water under orbital shaking for
5 minutes, 15 minutes, 40 minutes, 1 hour, 3 hours, 12 hours, and 24 hours. HUV sections
were then incubated in 70 U/m L of deoxyribonuclease | (Sigma-Aldrich; St. Louis, MO) in
PBS agitated on an orbital shaker for 2 hours at 37°C. Sections were rinsed in DI water (2x)
for 5 minutes and terminally sterilized in a solution of 0.2% peracetic acid and 4% ethanol in
Dl water on an orbital shaker for 2 hours. Scaffolds were rinsed for 5 minutes, 15 minutes,
40 minutes, and 1 hour in DI water, and pH balanced in PBS (pH 7.40) for 24 hours.
Scaffolds were stored in PBS at 4°C for a maximum of 2 weeks until use.
Platelet adhesion (acellular scaffolds):

With the HUV mounted into the flow chamber whole blood was perfused across the
HUV surface at a wall shear stress of 2 dynes/cm?2, calculated according to the Hagen-
Poiseuille equation :

_—
bh?

where m is viscosity, Q is mean volumetric flow rate, and b and h are the base width and
channel height, respectively. A longpass emission filter (>530 nm) was used to detect
fluorescently labeled platelets using RNA binding acridine orange (Molecular Probes;
460/650 nm). Platelets were perfused continuously over a 5 minute period, with images were
captured every 15 sec for dynamic observation of aggregate formation. At one minute
intervals, a threshold was applied to obtain a representative black and white mask of each
image with the percentage of white area corresponding to the percentage of platelet
coverage.

Light intensity profiles of nine aggregates were plotted and thresholded at a gray
value of 80 (light intensity of a platelet). Length of aggregates was normalized by dividing
data above threshold in 20 portions and averaging each portion. All nine normalized profiles
were then averaged giving a global platelet aggregate light intensity profile.

Perfusion culture system:

Assembled flow chambers were connected to a media reservoir fitted with a 0.22 mm
filter for gas exchange. The entire system was placed in a dehumidified incubator maintained
at 37°C and 5% CO ,. The flow rate through the chamber was directly mod ulated by the
rotational speed of the peristaltic pump, which was controlled by Masterflex Linkable
Instrument Control Software V3. 1. The mean wall shear stress to which EC were exposed

was calculated according to equation 1 (assuming steady flow) as described above.
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Endothelial cell seeding:

Assembled flow circuits were sterilized with a solution of 4% ethanol, 0.2% peracetic
acid and balanced with phosphate-buffered saline (pH 7.4). Standard endothelial cell media
(2% FBS) was flowed through the system prior to seeding. Endothelial cell suspensions (108
cells/mL) were inoculated into the flow field and allowed to settle, attach, and spread out on

the scaffold surface for 5 hours before initiating flow.

Endothelial cell viability assay:

EC monolayers were assessed for viability using the Live /Dead Viability/Cytotoxicity
Kit for mammalian cells (Invitrogen; Grand Island, NY) according to kit instructions. Briefly,
scaffolds were first rinsed in PBS, and then incubated for 30 minutes with 2 mM calcein AM
and 2 mM ethidium homodimer-1 . Images were captured as described below through both
the GFP and DsRed filters to visualize live and dead cells, respectively.

Endothelial cell staining:

At the end of each experiment, scaffolds were rinsed in PBS, formalin-fixed, and co-
stained using rhodamine phalloidin/4 ',6-diamidino-2-phenylindole, dihydrochloride (DAPI, 3
nM) (Invitrogen). Imaging was conducted as described below.

Neutrophil adhesion to endothelialized HUV:

GFP+ HL-60 cells were differentiated into neutrophils by exposure to 1.3% DMSO
(Fisher Scientific; Hampton, NH) for 3 days, as previously described. (Mollinedo, Lopez-
Perez et al. 2008) Endothelialized HUV scaffolds were activated for four hours by adding 1 U
recombinant human TNF-a (Thermo Scientific; Hampton, NH) to the media reservoir. Flow
chambers were then removed from the incubator and placed on the stage of a Zeiss
Axiolmager M2 upright fluorescence microscope (see Fig. 2.2A). Neutrophil suspensions
(108 cells/mL) were then drawn through the flow chamber at a calculated wall shear stress of
1 dyne/cm 2 using a programmable syringe pum p (Harvard Apparatus). Time lapse imaging
of neutrophil adhesion to endothelialized HUV was then performed over a 5 minute period.
Culture media without cells was flowed through for an additional minute in order to remove
non-adherent cells. Monolayers were fixed using 10% formalin and co-stained as described
above.

Scanning electron microscopy (SEM):

HUV samples were fixed in 2.5% glutaraldehyde, washed in PBS, fixed in 1%
osmium tetroxide solution, and progress ively dehydrated in 25%, 50%, 75%. 85%, 95%, and
3x1 00% ethanol solutions. Samples were then critical point dried, sputter coated with
gold/palladiu m, and imaged using a Hitachi S-4000 FE-SEM (10.0 kV).

Fluorescence microscopy:
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Imaging was conducted using a Zeiss Axiolmager M2 upright fluorescence
microscope coupled with an AxioCam HRm Rev. 3 digital camera operated by AxioVision

software version 4.8.

RESU LTS
Flow chamber design and assembly:

A parallel plate flow cham ber was designed to perfuse fluid (culture media or
peripheral blood) across an opaque substrate in an observable environment. Three design
criteria were considered paramount: 1) that live imaging can be conducted under high
magnification (40x or greater) for dynamic visualization of platelet adhesion, 2) that the
device be capable of maintaining parabolic flow while accommodating scaffolds of various
thicknesses, and 3) that the reagent volume required to fill the chamber be minimized to
conserve blood resources. A significant challenge was decreasing the distance between the
top of the chamber and the substrate to allow the focal plane of the microscope objective to
reach the scaffold surface. To accomplish this, a thin acrylic slide was bonded over two
lanes forming the walls of the flow channel to create a viewing window (see Fig. 2.1) with a
total distance of 1.6 mm. With this design a 40x Zeiss objective (LD Plan-Neofluar) with a
maximum working distance of 2.9 mm was compatible for high-magnification imaging of cell
adhesion within the flow chamber.

Decellularized human umbilical vein (HUV) scaffolds of uniform thickness (750 mm),
prepared as previously described (Daniel, Abe et al. 2005), were sliced open axially and
affixed to acrylic base plates in a slightly tensed conformation using a compressible silicone
gasket (see Fig. 2.2, A-C). The main body of the flow chamber was then screwed to the
base plate, creating a sealed parallel plate flow channel with the bottom plate composed of
the lumenal HUV surface (see Fig. 2.2, D-E). By minimizing the base width (b) and height (h)
of the flow field (b 6.35x h 0.60 mm), the volume required to fill the flow channel was
reduced to < 300 mL, approximately 20% of the volume of the native HUV vessel (average
diameter 5-6 mm).

Real-time observation of platelet adhesion:

As an assessment of platelet adhesion, acridine orange-labelled whole blood was
perfused across the acellular HUV and visualized at 40x magnification (see Fig. 2.3A).
Platelets were shown to progressively adhere to the surface forming aggregates that
elongated in the direction of flow. Coverage reached 3.7% of the total area over the 5 minute

perfusion period (see Fig. 2.4). Aggregate length ranged from 4.5 um to 25 pm, depending
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on the experimental time point from initial adhesion to flow termination, with an average final
length of 11.6 ym (x1.2 gm).
3D profiling of platelet aggregates:

After 10 minutes of blood flow, numerous platelet aggregates had formed on the HUV
basement membrane. Z-stack imaging was conducted to characterize the geometric
distribution of platelets within aggregates in z-direction (perpen dicular to the surface). 25
sections of 2D images were collected each at 2 unu stepped depths, and a composite image
was created by combin ing the maximal intensity profiles of each z-stack image (see Fig.
2.5A). Because the maximal intensity of each section corresponds to in-focus platelets, the
light intensity of the composite 3D image correlates with the overall shape of the observed
aggregate, with white representing the maximum height and black the minimum. Light
intensity plots and 3D profiles of platelet aggregates were created using ImageJ plug-in
Interactive 3D Surface Plot v2.33 (see Fig. 2.5, B-D).(Barthel 2011) A plateau was observed
when the maximum intensity (white) was reached.

Normalized and averaged light intensity profiles of nine aggregates show an
asymmetric aggregate geometry aligned in the direction of the flow. Image analysis shows
an abrupt increase in lig ht intensity upstream of the aggregate (linear increase with a slope
of 9.6) with a more gradual decrease downstream (linear decrease with a slope of 5.2) (see
Fig. 2.6). The apex, or maximal height of each aggregate was typically located at the
proximal end of each aggregate (upstream side).

Formation and shear conditioning of neo-endothelia:

The capacity of the flow chamber to support extended duration perfusion culture of
endothelial cells was tested. Specifically, we used the device to assess the potential of the
decellularized HUV to support an endothelial cell monolayer under physiolog ical flow
conditions. Primary endothel ial cells were seeded onto the lumenal surface of the HUV at an
initial seeding density of 60,000 cells/cm 2, which approximated a nearly confluent density
(see Fig. 2.3B). Seeded cells were then conditioned to shear stress by ramping the flow rate
as indicated in Fig. 2.7A. Two days after seeding, a confluent neo-endothelium had
developed that was maintained under continuous pulsatile perfusion with shear stresses
commonly found in small-diameter arteries (mean+amplitude 12+12 dynes/cm 2 at 80
pulses/min) up to 7 days (Fig. 2.7B, C). Cytoskeletal F-actin filaments progressively aligned
parallel to the flow direction, and nuclear alignment and elongation in the flow direction was
also observed over time (see Fig. 2.7, B-E).

Morphological comparison of endothelia cultured under static culture or flow conditions:

Neo-endothelia cultured on the opaque lumenal surface of decellularized HUV (as
described above) were subjected to either pul satile shear stress (12+1 2 dynes/cm 2 at 80

pulses/min) or static culture conditions for 24 hours. SEM taken from an oblique (45°) angle
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relative to the HUV surface show endothelial cells cultured under flow to have a significantly
more flattened morphology, with less variation in height than static-cultured cells (see Fig.
2.8, A-B). This finding correlated with cellular elongation in the flow direction (see Fig. 2.8, E-
F), which accounts for the reduced topographical variation between cell-cell junctions that is
visible in SEM images. Calcein/ethidium co-staining confirmed a high proportion of viable
cells on endothelial monolayers cultured on the HUV basement membrane, and exposure to
arterial shear stress levels had no deleterious effect on cellular viability (see Fig. 2.8, C-D).
Real-time observation of neutrophil rolling on neo-endothelia:

For functional assessment of neo-endothelia, we designed a system to image rolling
adhesion and arrest of human leukocytes under flow. After 3 days of flow conditioning
endothelial cell monolayers were activated with recombinant human TNF-a b stimulate cell
adhesion molecule expression. Time lapse imaging conducted at 10x magnification (for
observing a larger surface area) captured rolling adhesion and arrest of GFP-expressing
neutrophils over a 5 minute period (see Fig. 2.9A). Quantification of adherent cells in each
frame showed a roughly linear increase that reached a plateau after 4 minutes. Rhodamine
phalloidin/DAPI co-staining confirmed the presence of a confluent endothelial cell monolayer
beneath adherent neutrophils, which predominantly localized at cell-cell junctions (see Fig.

2.9, B-E).

Discussion

Several techniques have been developed for visualizing the dynamic events
associated with platelet aggregation/leukocyte adhesion both in vivo and in vitro. Intravital
microscopy allows real-time observation of leukocyte trafficking to sites of injury, rolling
adhesion, and extravasation (Lehr, Leunig et al. 1993; Eriksson, Werr et al. 2000;
Zinselmeyer, Lynch et al. 2008) as well as thrombus formation in situ. (Cooley 201 1; Kuijpers
and Heemskerk 2012) While intravital microscopy is useful for visualizing local cell influx
during inflammation, it can only be performed using small animal models due to limited
penetration depth of the light source. (Zarbock and Ley 2009)

Other systems have been developed for analyzing vascular behavior ex vivo, where
biochemical factors, the mechanical stimuli, and interactions with isolated cell populations
can be precisely controlled. (Michell, Andrews et al. 201 1) These types of systems are
particularly suited for observing agonist-induced contraction/dilation and other whole-vessel
responses (Butler, Weinbaum et al. 2000; Bagi, Frangos et al. 2005), but have limitations for
observing intimal phenomena due to an increase in light scattering coupled with the loss of
resolution associated with thicker, opaque vessels. Alternatively, harvested vessels can be
opened longitudinally to directly image cells adhered to the lumenal surface, but this does

not permit real-time imaging under controlled flow conditions. (Bolick, Srinivasan et al. 2005)
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Parallel plate flow chambers have been used for several decades to study behavior
of particular cell populations under flow. (Frangos, Eskin et al. 1985) These devices have
several advantages over tubular ex wVo-derived or engineered vessels: lower reagent
requirements, more pred ictable shear stresses, and non-invasive observation with enhanced
clarity compared to intravital microscopy. In most parallel plate designs, a vacuum channel is
incorporated to pull a glass slide over a gasket of known thickness in order to seal the flow
channel; for this reason, the substrate must be rigid. (Frangos, Eskin et al. 1985; Reinhart-
King, Fujiwara et al. 2008) The use of glass/polystyrene substrates in these systems has
become a limiting factor as the dynamics of cell adhesion are significantly influenced by the
physical properties of the underly ing culture substrate (e.g. surface modul us, topography),
which affects the way cells attach, spread, and adapt to fluid forces. (Gray, Tien et al. 2003 ;
Ingber 201 0) Given the disparities in the physical properties of extracellular matrix proteins
of blood vessels and tissue culture plastics, the use of these materials for studying cell
behavior under flow may be less than ideal.

To overcome the limitations associated with imaging through thick, opaque vessels,
we designed a novel flow chamber that holds a compliant vascular biomaterial in a
predetermined conformation such that shear stress across the wall can be precisely
controlled. By cutting a vessel open longitudinally and securing it between two plates, the
intimal surface can be visualized while whole blood, select cell suspensions, or media with
agonists are perfused across. This permits live imaging using conventional epifluorescence
microscopy techniques. In the current study, the human umbilical vein (HUV) was used as a
naturally-derived model blood vessel. The HUV has been used in vascular reconstruction
surgeries for over 30 years (Dardik 2006), and has previously been developed as an ex vivo-
derived, acellular vascular scaffold. (Daniel, Abe et al. 2005; Tosun, Villegas-Montoya et al.
201 1) Due to its clinical relevance, the HUV served as an excellent model to assess a
natural vascular substrate for both re-endothelialization as well as modeling
platelet/neutrophil adhesion under flow.

Platelet adhesion/agg regation to vascular graft surfaces is directly related to the
propensity of these materials to adsorb plasma proteins. (Hu, Eaton et al. 2001 ) Deposition of
plasma proteins varies depending on the hydrophilicity, surface charge, and chain mobility; it
is the combination of these factors that determines the thrombogenicity of a material and
makes prediction difficult. Direct observation and quantification of blood cell adhesion onto
clinically relevant materials significantly advances our ability to predict thrombotic responses.
Also, as the complexity of the basement membrane is difficult to reproduce in vitro, the study
of platelet agg regation under flow has previously been limited to single protein

types. (Colace, Falls et al. 2011) Using this design we were able to observed aggregate
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formation directly on a complex subendothelial basement membrane providing a more
comprehensive perspective on adhesion events.

Platelet adhesion to proteins is highly dependent on global shear trends and local
microgradients created by thrombi formation that also influence aggregate
morphology. (Nesbitt, Westein et al. 2009) The capacity to create real-time light intensity
profiles allows for the observation and estimation of platelet aggregate geometry (in the z
direction). Real-time observations show the aggregates to have a steep height increase
upstream with a more gradual decrease downstream. This has previously only been
observed as a terminal analysis without the capacity to assess progressive changes
(Tolouei, Butler et al. 201 1).

The specific protein composition of the vascular basement membrane regulates
endothelial cell phenotype via extracellular matrix-mediated integrin signaling. (Davis and
Senger 2005) It has been previously shown that sub-endothelial protein substrates influence
activation of signaling pathways elicited by shear stress. (Orr, Sanders et al. 2005; Hahn, Orr
et al. 2009) The use of a natural basement membrane may therefore serve as a more
physiologically relevant substrate for modeling hemodynamic shear stress patterns in vitro.
In the present study, we were able to temporally observe endothelial cell proliferation and
morphological adaptation to shear stress applied in situ. To avoid stripping endothelial cells
off the HUV surface by the sudden onset of flow, cells were shear conditioned by
progressively increasing flow rates until physiological levels of arterial wall shear stress were
reached. Adaptation of EC on other vascular biomaterials to physiolog ical shear levels could
similarly be optimized using this device in preparation for implantation in the aggressive
arterial circulation. In summary, we have designed and characterized a novel flow chamber
that uses ex wVo-derived vascular tissues for in vitro modeling of cell adhesion events in an
environment more reminiscent of the natural vasculature. We have demonstrated functional
uses of this device for investigating cell adhesion events during normal vascular
homeostasis or in response to injury. The design presented can be used for pre-implantation

screening of a wide range of other biomaterials to assess blood cell interactions.
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Example 3
Introduction:

Coronary heart disease (CHD) accounted for 425,425 deaths in the United States in
2006. For patients with CHD, a bypass of coronary arteries can be performed to improve
blood circulation. This surgical procedure requires small diameter grafts with adequate
mechanical strength, and blood compatibility. The limited supply of suitable small diameter
grafts has led to the development of tissue engineered blood vessel substitutes. While a
large body of work exists that describes blood cell adhesion onto modified glass and/or
translucent materials, studies of cell adhesion to a complex basement membrane has been
limited due to restraints in observing adhesion to opaque materials. In these investigations a
flow chamber has been designed to observe in real time blood - basement membrane
interactions. Using the human umbilical vein (HUV) as a model system, human platelet

interactions with this graft have been assessed first under static and then flow conditions.

Methods:

HUV were extracted from umbilical cords freshly collected from Shands hospital,
Gainesville FL via an automated lathing technique. Veins were decellularized using either
2M NacCl, a solution made of ethanol, acetone, and H20 (EtAc - 60:20:20 ratio), 1% Triton
X-

100, or 1% sodium dodecyl sulfate (SDS). Cellular veins were also crosslinked with 3%
glutaraldehyde (Glu3%) to assess grafts currently used in the clinic. Human venous blood
was collected from normal healthy adult volunteers. Platelets were fluorescently labeled.
Platelets were or incubated with HUV for 2 hours (static experiments), or flowed on the
lumen side of the HUV using a newly developed acrylic flow chamber designed to replicate
earlier parallel plate geometries. HUV was fixed to geometries. HUV was fixed to the lower
surface of the chamber and adhesion was observed via a window located on the top plate

(Fig.3.1).

Results:
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Platelet adhesion to decellularized HUV in static conditions

Platelet layout is highly scattered on the ablumen of the HUV and more regular on
the lumen (Fig. 3.2). While platelets seem to preferentially adhere to the ablumen,
decellularization treatment has a limited influence on amount of adhesion {Fig. 3.3).

Significant difference in adhesion was observed between SDS and EtAc. These
treatments being respectively the most commo nly used for scaffold decellularization and the
one leading to the least platelet adhesion, their effect on platelet/H UV interactions was then
assessed under flow conditions.

Processing the HUV via decellularization as well as glutaraldehyde cross-linking
influenced its structure. Both treatment types induced partial alteration of the extracellular
matrix (Fig. 3.4).

While in static conditions platelets tend to adhere to the HUV individually, under flow
conditions they seemed to form aggregates (Figs. 3.5).

Within arterial range flow rate, glutaraldehyde crosslinking of the HUV limited platelet

adhesion more efficiently than decellularization treatment (Fig. 3.6).

Conclusions:

Platelet interactions with a surface are influenced by the morphology and chemical
characteristics of this one. Difference of adhesion shown between lumen and ablumen of the
HUV is certainly linked to a difference of surface morphology. The albumen surface is
constituted of mucous tissue which has been disrupted along HUV processing, leading to a
rough surface in which platelets can be confined. For static and dynamic experiments, a
same trend was observed: platelets adhesion was higher for SDS than EtAc treated grafts. It
has previously been shown that decellularization treatments alter the structure of biological
scaffolds, for example SDS damages collagen fibers while EtAc crosslinks these same
fibers. These structure modifications must affect platelet/scaffold interactions.

Glutaraldehyde is a crosslinker which blocks irreversibly the epitopes located at the surface
and reduce platelet accessibility. Also, it has previously been observed that implanted
biomaterials rapidly acquire a layer of host proteins on which platelets tend to adhere. The
deposited layer of plasma proteins varies depending on the hydrophilicity, surface charge,
and chain mobility of the biomaterial. Glutaradehyde crosslinking may reduce plasma protein

deposition, and so reduce platelet binding .

It should be noted that ratios, concentrations, amounts, and other numerical data
may be expressed herein in a range format. It is to be understood that such a range format
is used for convenience and brevity, and thus, should be interpreted in a flexible manner to

include not only the numerical values explicitly recited as the limits of the range, but also to
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include all the individual numerical values or sub-ranges encompassed within that range as if
each numerical value and sub-range is explicitly recited. To illustrate, a concentration range
of "about 0.1% to about 5%" should be interpreted to include not only the explicitly recited
concentration of about 0.1 wt% to about 5 wt%, but also include individual concentrations
(e.g., 1%, 2%, 3%, and 4%) and the sub-ranges (e.g., 0.5%, 1.1%, 2.2%, 3.3%, and 4.4%)
within the indicated range. The term "about" can include traditional rounding according to
significant figures of the numerical value, or more of the numerical value(s) being modified.
It should be emphasized that the above-described embodiments of the present
disclosure are merely possible examples of implementations , and are set forth only for a
clear understanding of the principles of the disclosure. Many variations and modifications
may be made to the above-described embodiments of the disclosure without departing
substantially from the spirit and principles of the disclosure. All such modifications and

variations are intended to be included herein within the scope of this disclosure.
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Claims

We claim at least the following:
1. A device comprising:

a first inlet port at a first end of the device that is configured to flow a first fluid;

a flow channel that is in fluidic communication with the first inlet port, wherein the flow
channel is configured to hold a sample so the first fluid contacts a side of the sample,

an optically transparent viewing window disposed adjacent the flow channel to view
the sample in real time as the sample is exposed to the first fluid ; and

an exit port that is in fluidic communication with the flow channel, wherein the flow
channel is configured so that the first fluid flows from the first inlet port side to the exit port

side of the flow channel.

2. The device of claim 1, wherein the flow channel has a length of about 5 mm to 250

mm, a width of about 1mm to 50 mm, and a height of about 25 ym to 10 mm.

3. The device of claim 1, wherein the flow channel is configured so that the first fluid

contacts both sides of the sample.

4, The device of claim 1, wherein the flow channel is configured so that the first fluid

contacts one side of the sample.

5. The device of claim 1, further comprising:

a securing structure for securing the sample to the flow channel.

6. The device of claim 5, wherein the securing structure includes a groove that secures

the sample to the flow channel.

7. The device of claim 6, further comprising a second securing structure to secure the
sample to the groove, wherein the second securing structure is positioned on the side of the

sample opposite of the groove.

8. The device of claim 6, wherein the sample is a scaffold material.
9. The device of claim 8, wherein the scaffold material includes a plurality of cells.
10. The device of claim 1, further comprising:
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a second inlet port at the first end of the device that is configured to flow a second
fluid;

wherein the flow channel is in fluidic communication with the second inlet port,
wherein the flow channel is configured to hold a sample so the second fluid contacts a side

of the sample.

11. The device of claim 10, wherein the flow channel is configured so that the second

fluid contacts both sides of the sample.

12. The device of claim 10, wherein the flow channel is configured so that the second

fluid contacts one side of the sample opposite that of the first.

13. The device of claim 10, further comprising an optically transparent second viewing
window disposed adjacent the flow channel on the side opposite the viewing window to view

the sample in real time as the sample is exposed to the second fluid.

14, A method of observing cell dynamics in real time, comprising:

flowing a first fluid in a flow channel, wherein the fluid flows across a scaffold material
that includes a plurality of cells;

observing the scaffold material and cells through an optically transparent viewing
window disposed adjacent the flow channel to view the sample in real time as the sample is
exposed to the first fluid; and

flowing the first fluid out of the flow channel through an exit port.

15. The method of claim 14, wherein observing includes using a microscope adjacent the

optically transparent viewing window to view the scaffold material and cells.

16. The method of claim 15, wherein the microscope is about 25 um to 10 mm from the

scaffold material.

17. The method of claim 14, wherein the flow channel has a length about 5 mm to 250

mm, a width of about 1mm to 50 mm, and a height of about 25 pm to 10 mm.

18. The method of claim 14, wherein the scaffold material is secured to the flow channel

using a securing structure.
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19. The method of claim 18, wherein the securing structure includes a groove that
secures the sample to the flow channel.

20. The method of claim 19, further comprising a second securing structure to secure the

sample to the groove, wherein the second securing structure is positioned on the side of the

sample opposite of the groove.

29



WO 2013/086284 PCT/US2012/068387
118

Flow Channel 12

Z

Devic

Outlet Port 18

FIG. 1.1



WO 2013/086284

218

PCT/US2012/068387

Structure

Second Securing

Securing
Structure

e}

WALL SHEAR STRESS: T, = —=
) :

whera! 1 = nedia viscosity

volumaetric How rate
rase widih
h = chamber height

FIG. 1.2

g A
|

Bubibe brag

o thinnde:



WO 2013/086284 PCT/US2012/068387
3/18

\ .-\ \ ‘:.\\\
X \\6 %\.ﬁ\ : X\\

O\

N
\\§\

EHAR T R R e

HUY Endothelialization

S "-l\"'§ B3 ﬂ:“ E
Adhesion (left)
Efftmency

N Wibility  (right)

2 7 1 Y.
24 houes

FIG. 1.4



PCT/US2012/068387

WO 2013/086284

4/18

{5IRAY) SUIPARS 19378 SUILT

il &% ¥ 9

; P P il
......................... ¥ .:.::.::.::.::.&\\\\\\\\\\\\\\\\\\\\\\\\-.\. % ..:iuﬂ -
e L
ot i .Wv
" o~

&
¥

\&w Ll
2 7
2y W

A

IUFTY IDAL BUTUOTIIPIOT 24013

{ A 5AR 7 D) NG AT £ 1008 Mg

{BITOA] ) BUEPA2S ISGIY FUILE

96 &4 BY WD ,
. T
, ; ; . , . Pk
; ; £ " w..w AMM.. =
o
Ed
07
A

&
o

{

i

WIT} T340 SUNTOIIPUOD MOL]

(U3 EPAR 7 -0} FIOHNT FADET £ IRUO $HA

Gl

Old

¢

#
-

a2

;&80



WO 2013/086284 PCT/US2012/068387
5/18

Thowe Lapse Capase of HL-60 Cell Adiwsion o Badethelialized HUV Sattold

Namberat _ . e = . X .
IR LA & S % i =

FIG. 1.6




WO 2013/086284 PCT/US2012/068387
6/18

Viewing Window

Inflow

Outflow

Flow Outlet

Inflow

FIG. 2.1



WO 2013/086284 PCT/US2012/068387

N

Viewing Window

Chamber

Gasket

Substrate

Base Plate

FIG. 2.2



WO 2013/086284 PCT/US2012/068387
8/18

A
Imaging Computer
(microscope)
__ - s %
‘\\\\ Peripheral blood cells HUV
Syringe pump scaffold Discard reservoir
B

¥

Bubble trap Pressure

transducer

EC monolayer .
y scaffold Media

Computer reservoir

FIG. 2.3




S
o

o

N
2
. L
w -
LN
&)
o




WO 2013/086284

10/18

300 -

a2njen Aeup

[Fo)
£ s
=
o
T oW =
+ o =)
> O -~
A o =
(3=
S oo L o
o o~ = A e
P o -
- 5
n §
> N
- [Wa)
i
ey o
—& g
—3—
- S
= [=n)
N =
. (")
N =
'_\\\\H\ = Lo
\ 0
l'\\\\‘\\ S N
N o =
\\\\ n
[N =
§ ) 3 v ¥ N o
[ [ (] o [ (] (] [ [ (] o
‘C_|> [op) [e2e) ~ Yo ) [Wa) =t o o~ ~—
m (A31suaizul
wnuwixeuw jo 24) Axrsuaiul aysi
=
o
-
w
[«
P -
i
— o
. Y
o~
1
1
1
1
WY el
\\\N
8 S
i o~
i
&8
QRS
o o o
\\\\\\\\\\\“ \\\\ LN ]
\\\\ii\;\\\ \\\\\“\\\\\\\\\\%‘&\‘ — §<J
\\\\\\“‘\\ \\\\\“\‘\ 3
TR \\\:\,\\ & [=9
& \\\ e e L —
N e R @
N g \\\\X\, R " Q
g\ . \\\\\ , =
= 3 [+
T N S B
SN TN s &
NN e e
A
\ N
% \\\\§ \\\%S\\\\\\\
S N
\\\\\\\\\‘{“\ S
N NN X o
N D 2
D \\\\\\ \\\\ e
\\\\\\\\\\\\\\\\\\\\\
\
o

PCT/US2012/068387

FIG. 2.6



WO 2013/086284 PCT/US2012/068387

11/18
(utwysasind)
ajey as|nd
-
o - - - o
~ 00 © <t AN o
______ R S
- ©
- L() m
=
© N
8 "
E L]
= O
_____ _@_-_-_-_-_-______________ ~ m g m
®
o
----- ‘\‘\\Q&\\\\K\\ﬂ\%\\“\(\\\'“““““— N
___________________________ \_\\\\‘. <
> O

0

< AN O 0O © < (N

b D e
(;wo/saulp)

SSa4)S JedayS Ued\

<




PCT/US2012/068387

WO 2013/086284

12/18

8¢ 'Old

\\\ 7

\\

\

X

-




PCT/US2012/068387

13/18

6¢ Old

(senuiw) swi
9 G 17 € 4 | 0

sy O
g 7

08

¢, (zwwys||a9)

o

00l :o“_umm_o;_ﬂoe.
GZl nydosnaN
0G)

L
7

\\\\\\\\\\\\\\\\\\\\\\\\\\ » lil

Yy, ',
iy
ittty >

N, S
iy, ~, ]
8, 7

I
2 hp?
o,
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ &\\\

WO 2013/086284

2,
2
“,
“,
%,
%, /
", 3
e

GLl
00¢

v



PCT/US2012/068387

WO 2013/086284

14/18




PCT/US2012/068387

WO 2013/086284

15/18

X UOILI],

NV/HOMH

\\

usuwnjqge » UaWN %

— 1 O
-

A (o N < B To R o Vo)
! o —

(ed1e T€30} JO °)
a3erano0d jo1ayed aGerany



PCT/US2012/068387

WO 2013/086284

16/18

7

o

%

wr 0§

V2
o

2
%

7
Z

'
7

%

.

_

27

77

5 \\W%.\\\\\\\\\

%%

o

.

7




PCT/US2012/068387

WO 2013/086284

17/18




PCT/US2012/068387

WO 2013/086284

18/18

9'¢ 'Ol

(s@anuiw) awiy

9 ._V m N O

‘ ‘ | % 0
._. M\N\\\\\\\\\\\\\\\ .

. \\\\\\\\\\\\\\\\x
7 SIS LS e pp L

I ) o H i
6T

- C
. 67

- €
q'c

N wclffyrs

sas -

. gy

(ease adepins €301 JO %)

aSeJano0 39]93€|d



International application No.

PCT/US2012/068387

INTERNATIONAL SEARCH REPORT

A. CLASSIFICATION OF SUBJECT MATTER

C12M 1/18(2006.01)i, C12M 1/34(2006.01)1, C12Q 1/02(2006.01)1, GQIN 33/50(2006.01)1

According to International Patent Classification (IPC) or to both national classification and IPC
B. FIELDS SEARCHED
Minimum documentation searched (classification system followed by classification symbols)
C12M 1/18; C40B 30/00; GOIN 19/04; GOIN 35/08; GO1N 33/48; GO1N 13/00; GO1N 33/543; C12M 3/00

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
eKOMPASS(KIPO internal) & Keywords: flow chamber, inlet, oulet, transparent window

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X US 2011- 0045993 Al (KENT, NI GEL et al.) 24 February 2011 1, 2, 14, 15, 17
A See paragraphs [0056] ,[0208] ,[0214] ,[0221] ; claims 1, 9 and figure 1. 3-13,16,18-20
X W) 87-01804 Al (PORTON PRODUCTS LIMTED) 26 March 1987 1
A See p.14, line 26 - p.15 line 14; claims 1, 3, 10 and figure 3. 2-20
A US 7018830 B2 (WLD M5 PETER et al.) 28 March 2006 1-20
See colum 7, lines 50-65 and figures 1, 2.

A US 2003-0082632 Al (SHUMATE, CHRISTOPHER) 01 May 2003 1-20
See clains 1, 4, 5, 7, 8, 29.

A US 2011- 0124130 Al (WAGNER, PETER et al .) 26 May 2011 1-20
See paragraph [0085] and claim 7.

A US 7871824 B2 (MIROZOV, VICTOR) 18 January 2011 1-20
See colum 7, lines 62-66; colum 8, lines 1, 2 and figure 4.

|:| Further documents are listed in the continuation of Box C.

& See patent family annex.

* Specia categories of cited documents:

"A" document defining the general state of the art which isnot considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L"  document which may throw doubts on priority claim(s) or which is
citedto establish the publication date of citation or other
specia reason (as specified)

"0O" document referring to an ora disclosure, use, exhibition or other
means

"P'  document published prior tothe international filing date but later
than the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document istaken alone

document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to aperson skilled inthe art

document member of the same patent family

e

ey

ng"

Date of the actual completion of the international search

27 March 2013 (27.03.2013)

Date of mailing of the international search report

28 March 2013 (28.03.2013)

Name and mailing address of the ISA/KR

Korean Intellectual Property Office
, 189 Cheongsa-ro, Seo-gu, Dagjeon Metropolitan
w City, 302-701, Republic of Korea

Facsimile No. 82-42-472-7140

Authorized officer

HEO, Joo Hyung

Telephone No.  82-42-481-8150

Form PCT/ISA/210 (second sheet) (July 2009)




INTERNATIONAL SEARCH REPORT

International application No.

Information on patent family members PCT/US2012/068387

Patent document Publication Patent family Publication

cited in search report date member(s) date

UsS 2011-0045993 Al 24.02.2011 6B 0802084 po 12.03. 2008
Wo 2009-098272 A2 13.08. 2009
wo 2009-098272 A3 19. 11. 2009

wo 87-0 1804 Al 26.03. 1987 AU 6373686 A 07.04. 1987
DE 3669591 D1 19.04. 1990
EP 0235234 Al 09.09. 1987
EP 0235234 Bl 14.03. 1990
6B 8522923 po 23.10. 1985
Us 04831869 A 23.05. 1989

Us 7018830 B2 28.03.2006 AU 1996-42369 B2 15.04. 1999
AU 1996-42828 C 06.06. 1996
CA 2134478 Al 11. 11, 1993
cA 2134478 C 18, 12,2001
CA 2181190 Al 23.05. 1996
cA 2181190 C 06.02.2001
cN 1110369 C 04.06. 2003
cN 1143917 A 26.02. 1997
cN 1145704 co 14,04, 2004
cN 1157639 Ao 20.08. 1997
EP 0637996 Al 15.02. 1995
EP 0637996 B1 23.07. 1997
EP 0637997 Al 01.07. 1998
EP 0637997 Bl 01.07. 1998
EP 0637998 Al 15.02. 1995
EP 0637998 B1 31.07. 1996
EP 0637998 B2 12.04. 2006
EP 0637999 Al 28.01. 1998
EP 0637999 B1 23. 12, 1998
EP 0639223 Al 22.02. 1995
EP 0639223 Bl 03.07. 1996
EP 0739240 Al 02.06. 2004
EP 0739240 B1 16.06. 2004
EP 0739423 Al 12.01. 2000
EP 0739423 Bl 16.01. 2002
JP 09-509498 A 22.09. 1997
JP 09-5 11407 A 18, 11. 1997
JP 2007-050008 A 01.03. 2007
us 05296375 A 22.03. 1994
us 05304487 A 19.04. 1994
Us 05427946, A 27.06. 1995
Us 05486335 A 23.01. 1996
Us 05498392' A 12.03. 1996
us 05587128 A 24,12, 1996
Us 05635356: A 03.06. 1997
Us 0563746S A 10.06. 1997
us 05726026: A 10.03. 1998
Us 05744366, A 28.04. 1998

Form PCT/ISA/210 (patent family annex) (July 2009)




INTERNATIONAL SEARCH REPORT
Information on patent family members

International application No.

PCT/US2012/068387
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 05866345 A 02.02. 1999
US 05928880 A 27.07. 1999
us 05955029 A 21.09. 1999
us 2003-012967 1 Al 10.07.2003
us 2003-019908 1 Afl 23.10.2003
us 2005-0079634 Al 14,04, 2005
us 2006-0040309 Al 23.02. 2006
us 2006-0223 166 Al 05, 10. 2006
us 2007-0172389 Al 26.07.2007
us 2007-0190641 Af 16. 08, 2007
us 2011-0020876 Al 27.01,2011
us 6184029 Bi 06.02.2001
us 6551841 Bl 22.04.2003
us 66605 17 B1 09. 12,2003
us 6953676 BI 11. 10.2005
us 7005292 B2 28.02. 2006
us 7494770 B2 24,02, 2009
us 7771985 B2 10.08. 2010
us 78928 19 B2 22.02.2011
Wo 93-22053 Al 11. 11, 1993
Wo 93-22054 Al 11. 11, 1993
wo 93-22058 Al 11. 11, 1993
wo 93-2242 1 Al 11. 11, 1993
wo 96- 14933 Al 23.05. 1996
wo 96- 14934 Al 23.05. 1996
US 2003-0082632 Al 01.05.2003 None
US 2011-0124130 A1 26.05.2011 wo 2009- 123592 Af 08. 10. 2009
US 787 1824 B2 18.01.2011 US 2006-0263269 Al 23. 11,2006

Form PCT/ISA/210 (patent family annex) (July 2009)




	abstract
	description
	claims
	drawings
	wo-search-report

