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Abstract: One strategy for assessing efficacy of a liver transplant is to
monitor perfusion and oxygenation after transplantation. An implantable
optical sensor is being developed to overcome inadequacies of current
monitoring approaches. To facilitate sensor design while minimizing animal
use, a polydimethylsiloxane (PDMS)-based liver phantom was developed to
mimic the optical properties of porcine liver in the 630-1000 nm wavelength
range and the anatomical geometry of liver parenchyma. Using soft
lithography to construct microfluidic channels in pigmented elastomer
enabled the 2D approximation of hexagonal liver lobules with 15mm
sinusoidal channels, which will allow perfusion with blood-mimicking
fluids to facilitate the development of the liver perfusion and oxygenation
monitoring system.
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1. Introduction

Over 6000 patients received liver transplantation each year from 2005 to 2008 [1]. Though
many post-surgery factors may affect the health of liver grafts, vascular complications are
significant contributors to graft failure [2,3]. These complications include hepatic artery
thrombosis (HAT), hepatic artery stenosis (HAS), portal vein thrombosis (PVT), and
arteriovenous fistulas [4]. Due to the limited number of cadaveric organs, transplantation of
partial organs from living donors is becoming more frequent; however, this procedure has an
even higher incidence of arterial thrombosis in the graft, resulting in organ damage. Thus, a
strategy to detect vascular complications prior to organ injury is critical for graft health [5].

Continuous monitoring of local liver blood perfusion and oxygenation within the liver
graft are potential strategies for physicians to monitor graft health after transplantation.
Currently, a limited number of options are available for monitoring organ blood circulation,
and no standard method exists for continuous tissue oxygenation and perfusion monitoring
non-invasively. For a long time, pulse oximetry has been the gold standard for measuring
arterial oxygen saturation; however this method does not give a direct measurement of
perfusion levels. Flow oximeters based on near-infrared diffuse reflectance spectroscopy
(DRS) and diffuse correlation spectroscopy (DCS) have been used to measure both tissue
blood oxygenation and blood flow, but the systems can only measure total hemoglobin
concentration for indirect estimation of tissue blood flow [6-8]. Some of the standard
techniques used to monitor perfusion in clinical settings are Laser Doppler flowmetry (LDF),
Doppler flowmetry, and time-transit Doppler flowmetry. Although LDF can be used to
monitor tissue perfusion continuously, it is difficult to use in vivo due to its high sensitivity to
motion artifacts. Some surgeons use non-quantitative Doppler flowmetry to assess post-
operative hepatic artery flow, but this technique is not a comprehensive solution to hepatic
graft monitoring due to inability to assess microvascular perfusion and oxygenation. Time-
transit Doppler flowmetry, can be used intra-operatively to measure blood flow in vessels but
cannot be used to monitor perfusion in the parenchyma. Furthermore, time-transit Doppler
flowmetry is generally not feasible for monitoring of vascular perfusion post-operatively.
Moreover, neither of these techniques provide information about the oxygenation state of the
blood which is critical in determining the state of the graft. More recently, a device based
upon thermal diffusion (HemedexTM) has been approved for post-operative quantification of
microvascular perfusion in the liver, but it does not permit direct measurement of blood flow
in either the hepatic artery or portal vein nor does it assess tissue oxygenation.

One potential solution to monitoring perfusion and oxygenation during and after liver
transplantation is to develop an implantable optical sensor based on the principle of oximetry.
The addition of a third wavelength near the isobestic point to the common two wavelengths
used for oximetry may permit separation of perfusion and oxygenation signals. This would
provide physicians with a minimally-invasive tool to monitor post-surgery blood perfusion
and oxygenation in a transplant, enabling immediate detection of circulation deficiency in the
critical 7-10 days following transplantation surgery. Such a rapid detection approach would
increase the probability that pharmacological or surgical techniques would be applied in a
timely manner, resulting in improved surgical outcomes of patients [9].

A prototype system is being developed as the first step toward meeting this need [5,10—
13]. This sensor system is ultimately intended to be implanted on the surface of transplanted
liver and/or its inflow vessels during surgery. Data transmission to a local receiver would
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enable immediate reporting of circulatory deficiencies to health care staff. Measurement of
diffuse reflection is accomplished using a custom three-LED light source and an
accompanying photo-detector [9]. This system exploits the wavelength-dependent absorption
differences of oxy-hemoglobin (HbOZ2) and deoxy-hemoglobin (Hb) at 735, 805 and 940 nm
to extract local circulation and oxygenation saturation information. As demonstrated in Fig. 1,
three wavelengths of light are input to the tissue, each applied separately in time (time domain
multiplexed). The resultant diffuse reflection is measured by the photo-detector for each of the
applied wavelengths (735, 805, and 940 nm), processed, and used to assess tissue perfusion
and oxygenation status.

Fig. 1. Scheme of time-domain multiplexed sensor system, where arrows indicate the use of
three different source wavelengths [9].

To enable efficient sensor system design without unnecessarily using human or animal
liver tissue, a liver-mimicking phantom allowing adjustment of perfusion status is needed to
experimentally test prototypes. Specifically, a liver phantom is required to evaluate system
performance, to optimize signal-to-noise ratio, and to compare performance among systems
[14]. To our knowledge, however, there are no existing phantoms for liver that meet the key
requirements of stability, optical properties and anatomy that match in vivo liver tissue, and
controllable perfusion. Phantoms for ultrasound, CT and MRI are not suitable for use with
optical diagnostic instrumentation because the optical properties for these phantoms do not
match the liver tissue optical properties [15-24]. Additionally, the phantoms that have been
designed specifically for optical measurement are limited, and most of them are in the
aqueous phase [25,26] which are unstable, and do not allow perfusion, or they are only
matched to tissue for a selected wavelength and do not match the liver’s optical properties
over the broad range required for reflectance spectroscopy. Thus, a new phantom design is
required.

To develop a liver phantom mimicking the function of blood perfusion, it is important to
understand the blood supply system relative to the complex anatomical features of the liver.
The liver parenchyma is organized into close-packed hexagonal structures called lobules,
wherein a radial series of narrow channels connect the central vein to the peripheral edge of
the hexagon. These channels, called sinusoids, have walls comprised by cords or plates of
hepatocytes. The liver receives a dual blood supply from the hepatic portal vein and hepatic
artery. The hepatic portal vein supplies venous blood that comprises ~75% of the total blood
in the liver while the hepatic artery supplies arterial blood accounting for the remainder.
Blood from the hepatic portal vein and artery branches out and flows through the sinusoids
and empties into the central vein of each hepatic lobule. The degree of oxygen saturation is
different between the portal vein and hepatic artery. Portal and hepatic track connections are
located in the portal triad at the corner of each hexagonal hepatic lobule [27,28].
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Fig. 2. Anatomy of a porcine liver [29]

In this work, a microfluidic liver phantom was developed to meet the criteria for our
purposes hamely to; 1) match the optical properties of liver over the range of 630-1000nm; 2)
allow adjustment of perfusion status; 3) provide ease in moldability; 4) provide good thermal
stability and low chemical reactivity; 5) allow for sufficient elasticity to regain native shape
after deformation under pulsatile flow; and 6) be suitable for use in a dynamic test apparatus.
As described in this paper, all of these criteria were met using soft lithography to produce a
silicone-based microfluidic system pigmented to match the optical properties of liver and by
matching the fluidic system geometry to the native tissue structure, a close approximation to
perfused liver was also achieved

2. Materials and Methods
2.1. Materials of Polydimethylsiloxane (PDMS)-based liver phantom

The main component of the liver phantom is Polydimethylsiloxane (PDMS) which is the most
widely used silicon-based polymer [29] (SYLGARD® USA). The refractive index of PDMS
(~1.4) is similar to that of soft mammalian tissue (1.33-1.50) [30]. Cured PDMS is stable,
elastic and of adequate strength to be used for our system. The main scattering agent used was
AlL,O; powder (99.99% purity, average particle size: 0.5-1pym, Inframat® Advanced
MaterialsTM). A finer Al,O; powder (99.99% purity, average particle size: ~100nm,
Inframat® Advanced MaterialsTM) was used as an additional scattering agent. This second
scatterer was included to adjust the scattering spectrum of 0.5-1pum Al,O3 powder, since many
biological tissues exhibit Rayleigh-type scattering (A dependence) due to small-scale
biological structures [31]. The main absorber is black ink (Black India 4415, Higgins®), since
it is known to have a wide spectral range of relatively uniform absorption. It was used as the
main absorber to mimic absorption over the range of 700-1000nm. Blue #1 food color
(Wilton®) was used as an additional absorber to mimic absorption near 650nm.

2.2. Recipe design of liver phantoms

To develop a recipe for liver phantoms, the larger 0.5-1um Al,O3 powder was mixed with
uncured PDMS at different concentrations (5mg/mL, 10mg/mL and 15mg/mL) to determine
the relationship of reduced scattering coefficient and concentration of larger Al,O; powder.
The curing agent was mixed at a volumetric ratio of 1:10. The reduced scattering coefficient
of the larger 0.5-1uym Al,O3 powder diluted in PDMS with different concentrations was
measured using an integrating sphere and calculated using the Inverse Adding-Doubling
algorithm (IAD), as described in Section 2.3. As a function of larger 0.5-1um Al,O3 powder
concentration, the measured reduced scattering coefficient (1/mm) increased with a linear
trend obtained from measurement: ps = 0.0448*[concentration of Al,O; powder in mg/mL].
Although the AI203 powder has a broad size distribution covering ~0.5-1pm and Al,O3
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particles are not regular spheres, this trend follows the general behavior expected from Mie
theory; namely, that the reduced scattering coefficient is proportional to scatterer
concentration.

A similar approach was used to measure the scattering of the smaller 100-nm Al,O;
powder with uncured PDMS (10mg/mL). The absorption coefficients of India ink and blue
color were determined by a spectrometer (USB 4000, Ocean Optics, Inc.). According to
calculation of Al,O; powder concentrations, and after experimental optimization, the final
recipe for the liver phantom was determined as follows: 7.29mg of 0.5-1um Al,O3; powder,
2mg of 100nm Al,O3 powder, 0.67uL of black ink, and 2uL of blue food color mixed per
1mL of uncured PDMS.

2.3. Procedure of making PDMS-based liver phantoms

Mixtures of the two different sized Al,O; powder, black ink, blue food color and uncured
PDMS were prepared according to the designed recipe defined above. The mixture was
sonicated and stirred until homogeneous, and the curing agent was then added at the
volumetric ratio of 1:10. The resulting mixture was stirred and cast into molds (plastic Petri
dishes 40mm in diameter). The thickness of phantoms was varied by dispensing uncured
mixture into molds with a syringe to adjust the volume dispensed. After applying vacuum to
remove bubbles, the samples were cured for two hours in an oven at 65°C to completely
crosslink the PDMS. All phantoms were left at room temperature for at least three days before
determination of the optical properties.

2.4. Determination of the optical properties of PDMS-based slab liver phantom

The absorption coefficient (), reduced scattering coefficient (us°), and anisotropy factor (g)
of cured liver phantoms were determined by using an integrating sphere (IS) measurement
system and the Inverse Adding-Doubling (IAD) software package (v 3.5.10, 11 May 2009)
[32]. The total diffuse reflection (R) and diffuse transmission (T) collected by the integrating
sphere were measured with a spectrometer (USB 4000, Ocean Optics, Inc.). The spectrometer
was connected to the detector port of the integrating sphere via an optical fiber, and the metal
part of the fiber connector was covered with a rough white paper. The properties of the
integrating sphere (Labsphere®, North Sutton, New Hamsphere) were as follows: sphere
diameter = 101.6mm; diameter of sample port (port 3 in Fig. 3) = 12.7mm; diameter of
entrance port (port 1 in Fig. 3) = 12.7mm; diameter of detector port (port 2 in Fig. 3) = 1mm,
reflectivity of inner wall = 96%. A tungsten halogen lamp (LS-1, Ocean Optics, Inc.) with
collimated output was used as the light source. All samples were sandwiched between two 1
mm-thick microscope glass slides for the measurements.

For diffuse reflection (R) measurement, the collimated light source was directed to the IS
entrance port, forming a 6-mm spot on the sample placed at that location. The integration time
of the spectrometer was set for 1 second. A dark background spectrum, collected while the
entrance port was blocked, was subtracted from all measurements. Reflectance standards (R =
10% and R = 50%, SRS-10-010, SRS-50 010, Labsphere®, North Sutton, New Hamsphire)
were used to obtain reflection spectra (R10% and R50%) for calibration. Finally, the diffuse
reflectance (Mg) was calculated using Eq. (1):

Mg :MXM%HO% 1)
R50% — Mo%

For the diffuse transmission (T) measurement, a similar procedure was followed wherein
the sample was moved to the exit port. To was the spectrum collected without a sample present
at the sample port. Diffuse transmittance (M) was the ratio of T to T,,.

For measurement of collimated transmission (M¢) (Fig. 4), a pinhole (Thorlabs, Inc.) was
used to confine the acceptance angle of photons reaching the detector to 0.16°. Spectra were
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Fig. 4. Diagram showing the measurement of collimated transmission.

collected by the spectrometer using optical fiber 3 (400-pm core and NA 0.37), and Mc is was
the ratio of U to U,. U is the intensity of unscattered light passing through the sample and U,
is the transmission spectrum without a sample at the sample port.

Finally, the IAD software package was used to calculate the optical properties of the
phantoms. The input values were diffuse reflectance (Mg), diffuse transmittance (M;), and
collimated transmittance (Mc). The Inverse Adding-Doubling algorithm calculates the optical
properties of a sample by iteratively solving the radiative transport equation until the solution
matches the input values (Mg, My and M¢) [33].

2.5. Microfluidic channels mimicking blood circulation of liver

To design a PDMS-based phantom capable of adjusting perfusion status, microfluidic
channels mimicking architectures of liver circulation (Fig. 2) were needed. A two-dimensional
pattern of channels approximating the hexagonal lobules and radial sinusoids was designed
with computer aided design (CAD) software (Rhinoceros 4.0), as shown in Fig. 5. Each
regular hexagon unit (with 0.5-mm sides) mimics a liver lobule. Cross sections of the portal
vein and hepatic artery branches are circular areas with 0.06 mm in diameter at each vertex of
a hexagon. The central vein located in the center of each hexagon is 0.1mm in diameter.
Sinusoids connecting central vein branches and portal vein branches or hepatic artery
branches are 15pum-width channels with 50um height. In contrast to the natural liver, each
hexagonal unit mimicking a single hepatic lobule is connected with adjacent units with
“sinusoids” and “portal vein branches” or ‘“hepatic artery branches.” This network of
microfluidic channels was designed to have two inlets (mimicking the portal vein and hepatic
artery) and one outlet (mimicking the hepatic vein), allowing dyes mimicking oxygenated and
deoxygenated blood to be pumped from separate inlets for adjustment of the model

#142416 - $15.00 USD Received 10 Feb 2011; revised 3 Jun 2011; accepted 4 Jun 2011; published 9 Jun 2011
(C) 2011 OSA 1 July 2011/ Vol. 2, No. 7/ BIOMEDICAL OPTICS EXPRESS 1883



oxygenation and perfusion status of liver phantoms. The designed pattern was printed onto a
transparent film with clear features and a black background as a mask for photolithography.

/ \ 4:,‘"" Hepatic
Output - t ) | N lobule

Hepatic artery/
Portal vein
branch
D=0.06mm

20.78

Sinusoid
W=0.015mm

- Central vein
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Fig. 5. Designed pattern of microfluidic channels to mimic structures of hepatic artery/portal
vein branches.

2.6. Fabrication of PDMS-based liver phantom with microfluidic channels
2.6.1. Fabrication of SU-8 molds

Four-inch silicon wafers were cleaned in diluted hydrochloric acid at 80°C for 20 min,
sequentially rinsed with acetone, isopropyl alcohol (IPA) and deionized (DI) water, and then
were dehydrated at 130°C for 30 minutes on a hot-plate. After allowing them to cool to room
temperature, SOum of thick photoresist on the wafer was deposited through two successive
steps. Approximately 4mL degassed SU8-50 photoresist (MicroChem) was dispensed on the
center of the wafer. The spread cycle of the wafer was ramped to 500RPM at an acceleration
rate of L00RPM/s, and this speed was held for 10s to allow the photoresist to cover the entire
surface of the wafer. The spin speed was then ramped to 2000RPM at an acceleration of
300RPM/s and held for a total of 30s. After 5 min post-coating relaxation, the photoresist was
baked on a hot plate. Following pre-baking at 65°C for 10min, a soft bake was performed for
20 min at 95°C. After cooling, the photoresist was placed into a collimated UV lamp for
exposure, and the film mask with the designed pattern was placed on top. A long-pass UV
filter (PL-360LP, Omega Optical) was used to filter out wavelengths shorter than 360nm. An
exposure time of 32s was used, during which time the SU-8 was exposed through the mask to
the UV light with intensity of 80mW/cm2. Following exposure, a post-exposure bake was
performed on a hot plate to selectively cross-link exposed portions of the photoresist layer.
The post-exposure bake consisted of 1min at 65°C followed by 5min at 95°C. After cooling,
development was performed for 6 min at room temperature using MicroChem’s SU-8
developer. The beaker containing the developer was agitated during development to ensure
the uncross-linked part of the photoresist was dissolved completely. Following development,
the substrate was rinsed with isopropyl alcohol (IPA), and then dried with a gentle stream of
air. A final hard bake was performed at 135°C for 2 hours to increase the mechanical and
chemical stability of the SU-8 mold, and to increase the adhesion to the wafer.

2.6.2. Fabrication of PDMS layers

A transparent microfluidic system was prepared to obtain clear microscope images for
assessment of pattern transfer fidelity. To enhance bonding, a combination of corona
treatment and partial curing was used. PDMS was mixed with curing agent at a volumetric
ratio of 10:1 and degassed in a vacuum chamber for 40 min. Part of the degassed PDMS was
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poured onto the SU-8 mold, and the remainder was poured into a plastic box to make a 5-mm
thick PDMS cover layer. The PDMS on the micropatterned mold was degassed again for 30
min to remove bubbles trapped between the micro channels. The degassed PDMS was pre-
cured at 65°C for 50 min, and the PDMS layer was then carefully peeled from the SU-8 mold.
Prior to bonding, small holes spaced the same as the access ports of the microfluidic channels
were made in the 5-mm thick PDMS cover layer. To accomplish this, the micropatterned
PDMS and the cover layer were corona treated and attached to one another. Holes were
drilled through the thicker cover layer using 20-gauge needles, aligned such that the holes
terminated at the ports of the microfluidic system. Flat-tipped needles were then inserted into
the holes to create permanent connections to the microfluidic system. The bonded PDMS
layers were then baked at 65°C for another 70 min to complete curing.

To make multilayered PDMS phantoms, a similar procedure was applied, with the
exception that the positions of holes in the PDMS cover layer for the fluidic connections (3
per layer) were determined prior to attachment of the microchannel units. In this way, the
microchannels were aligned with the pre-drilled holes at the time of attachment to the
underlying layers. Figure 6 shows the scheme of a three-layer PDMS phantom, where each
PDMS layer is 0.5 mm thick with 50pum-deep channels forming the model blood vessels. Note
that the microchannels in each layer of the three-layer PDMS phantom are fully connected
through “sinusoid” channels, whereas vertically stacked layers are not connected to one
another. Three-dimensional networks that more fully represent the native liver anatomy will
be the subject of future work if required.

Top

Fig. 6. Scheme of three-layer stacked liver phantom system.
2.7. Experiment with single layer phantom

The experiment was performed with the prototype system of the implantable liver sensor
probe introduced in section 1. The single layer parenchymal phantom was perfused with a dye
solution that mimicks the absorption properties of hemoglobin in its fully oxygenated state.
The mixture consisted of 0.165% v/v India Ink and 0.298 mg/mL Epolight 2717 dissolved in
Phosphate Buffer Solution (PBS 0.01M, pH 7.4) [34]. To avoid clogging the channels, the
solution was filtered through 0.45 um syringe filter (VWR, cat. # 28145-481). Then a
peristaltic pump (Minipuls 3, Gilson, Inc. Product # F117604) was used to pulse the dye
solution through the phantom at various volumetric flow rates. The pump pulse rate was set at
100 beats per minute (bpm) for each of the experiments. The volumetric flow rate of the pump
was varied within the range of physiologic rates for a section of liver parenchyma containing
the same amount of sinusoids as the single layer phantom. The average volumetric flow rate
of a human liver is 1450 mL/min, and the human liver contains between 50,000 to 100,000
lobules [35]. Using a simple calculation, the physiologic range for the phantom was
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determined. A mechanical arm was used to secure the probe to the surface of the phantom
during the experiments. A display of the experimental setup can be seen in Fig. 7.

Fig. 7. In vitro setup showing the peristaltic pump pumping the dye solution through the single
layer parenchymal phantom with the mechanical arm holding the optical probe in place. Also
shown is the computer containing the software used for data acquisition.

3. Results and discussion
3.1. Optical properties of PDMS-based slab liver phantom

Measured optical properties of the PDMS-based liver phantoms are presented in Fig. 8 in
comparison to published values for porcine liver. The published optical properties of porcine
liver are limited, as most available data are only given for a single wavelength (typically,
around 630nm, as measured with N2/dye and HeNe lasers, the two sources used frequently in
photodynamic therapy [36]). Only one set of data covers a broad range (400-2400nm) [37]. In
that study, the porcine liver tissues were obtained from 5 adult domestic pigs. The livers were
removed directly after sacrificing and frozen in liquid nitrogen without contact with ice or
water. The measurement method involved a double-integrating sphere system, and the optical
properties were calculated with Inverse Monte Carlo simulation. In Zhu’s paper [38], the
porcine liver tissue was obtained within 1 hour postmortem. It was soaked in 0.9% isotonic
saline solution for 10 min to remove residual blood, was wrapped in saline-moistened plastic
membrane and cooled to —20°C. The measurement was performed using a double-integrating
sphere and the optical properties were calculated with the Inverse Adding-Doubling
algorithm. Wilson’s and Dorion’s samples were obtained post mortem, and optical properties
were determined by diffusion theory on data collected from interstitial fiberoptic detectors. In
Arnfield’s work [39], in vitro liver tissues were used without any preparation. The
measurement method involved an interstitial cylindrical light source delivered by fiber optics
and the optical properties were calculated with Grosjean’s equation modified for a cylindrical
source. Oraevsky and Jacques’ used a photoacoustic approach to measure properties on dry,
refrigerated tissue [40]. In the Beek’s paper, the porcine liver tissues were prepared as
resected whole organ and in situ samples [40,41]. Two types of samples were measured using
interstitial isotropic detectors. The effective attenuation coefficients were calculated with
diffusion theory.

The measured absorption coefficient («, of Fig. 8(a)) of the silicone-based liver phantoms
matches Wilson’s [36] and Arnfield’s data [39] at 630nm and Zhu’s data [38] at 632.8nm.
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Fig. 8. Optical properties of liver phantom compared to published data (a) Absorption
coefficient (ua); (b) reduced scattering coefficient (us'); (c) anisotropy factor (g); (d) effective
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However, the measured p, of the liver phantom around 630nm was smaller than Ritz’s. This
difference is attributed to the sample preparation, where Ritz’s samples were not soaked in
saline or rinsed with water to remove residual blood, but the residual blood of Zhu’s samples
had been removed. The combination of oxygenated and deoxygenated blood contributes more
absorption around 630 nm than in the longer wavelength range (800-1000 nm), so it was
expected that the unperfused phantom would more closely match bloodless liver tissue.
Elsewhere, the u, of the liver phantom matches Ritz’s data [33] in 780-1000 nm and
Arnfield’s data at 789 nm [39]. The measured phantom absorption was also smaller than
Ritz’s data over 670-780 nm, while Parsa et al. [42] reported x, values of murine liver that
were much higher than Ritz’s data. Unfortunately, in this range, the published absorption of
porcine liver is very limited, and which can be trusted as a gold standard is unclear.
Ultimately, our goal is to match the properties of perfused tissue in situ, and any discrepancy
between phantom properties and perfused native liver can be reduced by small adjustments in
phantom absorber and scatter concentrations, combined with the introduction of a dye mixture
mimicking the optical properties of oxygenated and de-oxygenated blood flowing through
microfluidic channels within the PDMS-based phantoms.

The reduced scattering coefficient (us” = us x (1-g) in Fig. 8(b)) of the liver phantom is
slightly higher than Ritz’s data [37]. At 632.8nm, it was two times higher than Zhu’s data, yet
smaller than Arnfield’s and Wilson’s reported values at 630nm. These differences are again
attributed to different sample preparations, as well as different measurement methods and
algorithms. Most importantly, the measured us’ of liver phantoms is in between these
published data.

Anisotropy factors (g of Fig. 8(c)) also agree well with those of Ritz’s values [37], the
only published anisotropy factors of porcine liver available in the literature. Over the entire
range of interest, the reported values of g fell within the experimental variations of our
measurements.

The effective attenuation coefficient (s = (3ua x (ua + 1s°))>° of Fig. 8(d)) is the reciprocal
of penetration depth. Published values of ue also vary significantly, mainly due to the large
variance in reduced scattering values. The u values as measured for the phantoms match
those of Ritz’s paper [37] over 640-670 and 740-1000nm, agree with Arnfield’s data at
630nm, and otherwise falls between the lower values reported by Beek and Zhu and higher
values published by Wilson and Doiron [36]. As noted above, the ue of the liver phantom is
smaller than Ritz’s data for the 670-740nm range, due to the lower value for u, of the liver
phantom. As with u,, this difference should be compensated when the phantom is perfused
with dyes mimicking blood.

3.2. PDMS-based liver phantom with microfluidic channels

Figures 9(a)-(c) show images of a clear single-layered PDMS microfluidic system, comprised
of a thin upper layer with channels bonded to a thick PDMS slab. Diluted red ink was injected
into the input channels to enhance the image contrast. Figure 9(a) is the macro picture of the
single-layered system. Figure 9(b) and (c) are microscope pictures showing the details of the
hexagonal patterns mimicking hepatic lobules. It is intended that future perfusion experiments
will employ multi-layer phantoms with multiple PDMS-based channel systems stacked
vertically to more closely approximate normal liver tissue. In this situation, dye combinations
mimicking oxygenated and de-oxygenated blood can be injected into two inlet channels
separately for each layer, or the layers could be vertically connected. In either case, the
perfusion status of dyes mimicking oxygenated and deoxygenated blood may be adjusted by
pumps. To illustrate the potential to achieve the former structure, transparent three-layer
PDMS phantoms were fabricated as well. It was not possible to microscopically image these
effectively, because the background scattering light blurred the image and it was not possible
to locate multiple layers in the same focal plane; thus, only photographs (Fig. 10) were taken.
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Fig. 9. (a) Red ink injected into the ports (b) detailed hexagonal pattern (c) input channel to the
hexagonal pattern.

Fig. 10. Three-layered liver phantom system, based on the design shown in Fig. 6.
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Finally, the single-layer microfluidic systems with optical properties mimicking actual
liver tissue in the 630 to 1000 nm wavelength range were fabricated as shown in Fig. 11. The
PDMS was mixed with scattering agent and absorbers based on the recipe described in
Section 2.2 and cast on to the SU8 mold to form microchannels. Note that although the
absorption and scatter properties match those of actual liver across the 630-1000 nm range
they do not match the properties below that range and thus the phantom has a bluish tint. Red
ink was injected into the inlets to provide visual contrast. While the individual channels
cannot be resolved, it is clear from this image that the pattern has been accurately transferred
to the liver-pigmented PDMS and the channels are intact and open for perfusion.

Fig. 11. Single layer microfluidic liver phantom after injection of red ink
3.3. Experimental results with single layer phantom

Figure 12 contains a 10-second segment of the time domain AC signal (Fig. 12(a)) measured
using the sensor introduced in Section 1, the corresponding Fast Fourier Transform (FFT)
(Fig. 12(b)) of the AC signal, and a plot of the FFT peak power corresponding to the pulsatile
flow (100 bpm =1.667 Hz) vs. perfusion (Fig. 12(c)). The FFT magnitude values increased
linearly with respect to the increase in perfusion. The FFT spectrum contains a peak at 1.667
Hz, which corresponds to the pump pulse rate (100 bpm) further demonstrating the ability of
the phantom to mimic the in vivo case. Another peak around 0.7Hz in the FFT spectrum
corresponds to noise picked up by the sensor, confirmed when the frequency of the imposed
flow was varied and that peak did not vary in location. The plot of FFT peak value vs.
volumetric flow rate shows that the FFT wvalues increase linearly with an increase in
volumetric flow rate. The linearity of the curve demonstrates the ability of the phantom to be
used for perfusion studies, which will facilitate the sensor system design and optimization.

4. Conclusion

PDMS-based liver phantoms were developed to fulfill our need for a stable, liver mimicking
system that has the same optical properties in the 630-1000 nm range and a similar anatomical
geometry of liver parenchyma enabling the design and test of optical devices for perfusion
and oxygenation assessment. The recipe, while yielding a material that appears blue to the
eye, matches the reported optical properties of porcine livers over most of the near-infrared
range of interest (630-1000 nm). The phantom is easily moldable, of good thermal stability
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Fig. 12. (a) 10-second segment of the time domain AC signal measured from the single layer
parenchymal phantom, (b) corresponding FFT spectrum of (a), and (c) FFT value at 1.667 Hz
vs. volumetric flow rate.

and of low chemical reactivity. The model system was designed using patterns that mimic the
natural anatomy of the liver, providing a means of modeling the optical properties of liver
tissue with and without blood. It is also noteworthy that the use of elastomeric PDMS
provides a system with some compliance, which enables the effective reproduction of
pulsatile flow conditions that mimic vibrations of hepatic circulation vessels. The results
measured with the prototype system on the phantom demonstrate that the fluid can be pulsed
through the phantom at volumetric flow rates mimicking the in vivo case, which showed the
ability of the phantom to be used for perfusion studies to facilitate the sensor system design
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and optimization. Via perfusion of liquids with optical properties similar to blood, such a
system will facilitate the development of optical devices intended to monitor blood volume,
pulse rate, and oxygenation status.
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