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Abstract
Acute Respiratory Distress Syndrome (ARDS) is a lung condition with a mortality rate of
40 % that affects about 225,000 individuals in the U.S. In these patients, epithelial injury
can contribute to alveolar flooding and injury to type II cells by disrupting normal
epithelial fluid transport, impacting the removal of edema fluid from alveolar space.
Mechanical stresses associated with opening occluded airways damages the epithelial
lining of the lungs. Prior studies explore the nature of the stresses and damage in
straight tube models of airways. Our model presented in this work accounts for the
branching in the pulmonary airways. We have developed a scalable microfluidic model
of pulmonary airway bifurcations for investigation of reopening near the bifurcation as
well as the macroscopic reopening pattern. We utilize a μ-PIV/Shadowgraph system to
visualize the flow fields near the interface as a semi-infinite finger of air propagates
through the bifurcation model. Further, we utilize μ-PIV for downstream flow-rate
monitoring to examine the symmetry of reopening through bifurcating networks. In the
absence of surfactant, propagation preferentially opens the low-resistance path, and
leads to asymmetric reopening. However, with SDS and albumin inactivated surfactant,
interfacial propagation preferentially reopens the pathway with the higher hydraulic
resistance. The propagation pattern with pulmonary surfactant stabilizes the system so
that the daughter branches of a nearly symmetric bifurcation open simultaneously. Our
multiple generation network serves to validate the stability of the single generation.
However, the second generation does not mirror the behavior of the first generation. We
explore the reasons for this, and also present preliminary studies for the investigation of
restoring surfactant function after deactivation by serum proteins.
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Chapter 1: Introduction
Traumatic events such as gastric aspiration, near drowning, severe pneumonia, etc. can
damage the pulmonary airways. In severe cases, this damage may progress to acute respiratory
distress syndrome (ARDS). ARDS affects 250,000 Americans annually with a mortality rate of 3070%, and those who survive usually return to normal pulmonary function. ARDS leads to damage
to the epithelial lining of the lung which can lead to a litany of other problems, including surfactant
inactivation by serum proteins. Surfactant is essential to proper lung function, as it reduces the
energy required for respiration and it assists in avoiding airway collapse. In ARDS affected lungs,
the protective aspects of pulmonary surfactant are diminished, which may directly lead to nonuniform reopening, atelectrauma, and volutrauma when necessary mechanical ventilation is
implemented.
The goal of this study is to examine the nature of airway reopening through microfluidic
models of bifurcating airway networks with functional and inactivated pulmonary surfactant
analogs. To achieve this goal, we completed the following specific aims:
1) Development of microfluidic models of single and multiple generation model airway
networks;
2) Observation of reopening propagation and stability in single and multiple branch
networks, and
3) Characterization of the influence of physiological and pathophysiological surface-active
substances on the dynamic interfacial surface tension reopening profile and their effects
in reopening in single and multiple-branch networks.
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Chapter 2: Background
There are several interrelated areas of focus related to this study: 1) the
physiology of the healthy lung and the changes associated with ARDS, as well as the
geometry of the pulmonary airways; 2) healthy pulmonary surfactant function and its
dysfunction with ARDS, as well as efforts to restore pulmonary surfactant functionality;
3) microfluidics and its applicability to the current study; 4) measurement of microscale
flow fields through particle image velocimetry.

2.1 The Human Lung
Studying the underlying mechanisms of damage associated with disease state
airway reopening requires understanding of the system itself and the changes that
accompany disease. ARDS leads to physiological changes in the lungs that inactivate
the protective pulmonary surfactant that lines the airways through a competitive
adsorption mechanism. Fundamental colloidal stability has been utilized to describe this
inactivation mechanism and provide potential countermeasures. With inactivation of
pulmonary surfactant, atelectrauma—damage from the collapse and subsequent
reopening of airways—further injures the airway tissue. Prior studies have explored the
stresses and damage associated with airway reopening in straight tube in vitro models
(Glindmeyer, Smith et al. 2012; Smith, Lukens et al. 2012). The present study seeks to
develop a more realistic airway model to examine the behavior of reopening near
bifurcations as well as the (a)symmetry of reopening networks of bifurcations. We have
implemented an extended 2D version of a complete 3D mathematical model of
bifurcating airways in a microfluidic system.
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2.1.1 Acute Respiratory Distress Syndrome
The pulmonary surfactant, a component of the lining fluid of the airways of the lung is
essential for proper respiratory function. Surfactant allows for control of the large surface
area of the lungs (70 m2—about the size of a squash court) for normal pulmonary
function and reduces the work required for inspiration. Many acute events such as
gastric aspiration, sepsis, near-drowning, pneumonia, etc. can lead to surfactant
inactivation as well as pulmonary epithelial damage. Compounding damage leads to
acute lung injury (ALI) and with further progression, the condition is termed acute
respiratory distress syndrome (ARDS). ARDS annually affects approximately 250,000
people in America, and in spite of treatment improvements still has a mortality rate of
~40%.
The epithelial lining of the airways is composed of flat type I and cuboidal type II cells.
Flat type I epithelial cells line 90% of alveolar surface area and are easily injured. The
remaining 10% of surface area consists of cuboidal type II cells; these cells produce
surfactant, facilitate ion transport, and differentiate into type I cells after injury. Epithelial
injury can contribute to alveolar flooding and injury to type II cells by disrupting normal
epithelial fluid transport, impacting the removal of edema fluid from alveolar space (Ware
and Matthay 2000). The breakdown of the epithelial alveolar lining allows serum proteins
to infiltrate the alveolar space. Figure 1 shows the components of a healthy alveolus as
well as the changes found with acute respiratory distress syndrome.
Studies have shown that serum proteins leaking into a ventilated rat lung lead to
significant decreases in surfactant performance and lung compliance. In vitro studies
mimic this ARDS-like surfactant inactivation by examining interfaces with the addition of
serum proteins to lung surfactant (or analogs) (Zasadzinski, Stenger et al. 2010). In
ARDS patients, lung injury allows for the infiltration of edema fluid into the airways. This
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edema fluid inactivates and washes away functioning pulmonary surfactant proteins;
precipitation and modifications result in the buildup of hyaline membranes and
development of fibrosis. The damage compromises the epithelial cell monolayer which
further reduces surfactant production by type II cells, which in turn leads to increased
permeability to edema fluid from airspaces resulting in a self-perpetuating feedback loop
(Gaver III, Jacob et al. 2006).
Treating ARDS requires a delicate balance, as it is imperative for the body to continue
respiration, however the necessary mechanical ventilation can lead to injury of its own.
Optimal ventilation protocols generally rely upon a strategy of preventing the collapse
and reopening of compliant airways and alveoli while simultaneously avoiding over
distension. To attempt to combat ventilator induced lung injury (VILI), numerous
ventilation techniques have been developed. In a study by the NIH Acute Respiratory
Distress Syndrome Network, altering mechanical ventilation tidal volumes from the
standard 12 ml/kg of body weight to 6 ml/kg of body weight resulted in a 22% reduction
of mortality rate (Ware 2000). Other studies have also shown that coupled with reducing
tidal volumes of mechanical ventilation, increasing the frequency of ventilation aids
survival. Further, positive-end-expiratory-pressure (PEEP) has been investigated as a
method of maintaining the inflated structure of the airways, though PEEP alone is not
capable of preventing airway collapse.
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Figure 1 Normal alveolus (Left side) and Injured alveolus during Acute Respiratory Distress
Syndrome. The normal alveolus is entirely lines with epithelial cells and a surfactant layer. The
boundary between the airspace and capillary remains intact. The injured alveolus has fewer
epithelial cells lining it with necrotic or apoptotic type I cells prominent. The blood-airspace barrier
is broken down and serum proteins infiltrate the airspace deactivating surfactant. From Ware 2000.

Airway collapse is characterized by two main mechanisms, meniscus formation
and compliant collapse; closure can occur when fluid accumulates or in highly compliant
lungs (i.e. emphysema). Figure 2 shows schematically the differences between the two
alternative mechanisms of airway closure. With meniscus formation, the unstable lining
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fluid leads to a fluid plug formation in a rigid airway. Alternatively, with compliant
collapse, the walls of the airway come together, forming an occlusion. Collapsed airways
have been described as ribbon like and reopening modeled as peeling the walls apart
with a finger of air.

Figure 2 Two mechanisms of airway collapse: (top) meniscus formation, and (bottom) compliant
collapse. From Gaver 2005.

The yield pressure required to reopen a collapsed airway with constant surface tension
is proportional to the surface tension at the air-liquid interface and the radius,
characterized by the relationship:

Pyield ~

8γ
R

(1)

Where γ is the surface tension at the interface and R is the interfacial radius (Gaver,
Samsel et al. 1990). Using this approximation, the yield pressure for reopening
bronchioles in adults with normal surfactant function is 𝑃𝑦𝑖𝑒𝑙𝑑 ~ 5 𝑐𝑚 𝐻2 𝑂 which is low

enough to avoid damage to the cells lining the airway. This contrasts to the pressure to
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open an occluded airway in an adult with ARDS is 𝑃𝑦𝑖𝑒𝑙𝑑 ~ 15 − 20 𝑐𝑚 𝐻2 𝑂, and

premature infants with surfactant deficiency requiring 𝑃𝑦𝑖𝑒𝑙𝑑 ~ 50 𝑐𝑚 𝐻2 𝑂. These

pressures are exerted globally on the lung and are the basis for further damage in
patients with surfactant inactivation and/or deficiency (Gaver III, Jacob et al. 2006).
2.1.2 Lung and Airway Anatomy
Prior investigations of airway reopening in our lab have modeled reopening of an
occluded airway as a finger of air progressing through a long cylindrical tube. The
conducting system of the lungs however is a network of branching airways, and
examining the effects of this airway branching is a primary goal of this study. Developing
a more realistic model of the airways first requires an understanding of the branching
patterns of the pulmonary airways.
Until the early 1960’s, the size and number of airways and alveoli were reported
in such wide distribution that any estimate provided only limited benefit. For example the
number of alveoli was estimated over a range of 66 million to 725 million alveoli per lung
between 1880 and 1961. In a 1963 monograph, Ewald Weibel presented a new
systematic method of measuring and quantifying the structure of the entire lung. This
model provided important morphometric relationships of the lung that remain unchanged
today.
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Figure 3 Regular (left) and Irregular (right) dichotomies of airway branching. From Weibel 1963.

Weibel’s morphometric analysis of the airways of the lung led to two generated
models of the lung; Model A assumes a symmetric bifurcation at each generation, and
Model B allows for an asymmetric branching pattern as the airways bifurcate. Model A
presented in this study has been the starting point for symmetric airway models for the
past half century, while model B focused on asymmetric branching. Figure 3 shows the
symmetric and asymmetric dichotomies represented in Models A and B. In Model A, the
ratio of parent diameter to daughter diameter is Dn/Dn+1 this value is found to be ~1.21.5 and the average airway length between bifurcations is three times the diameter of
the airway (Weibel 1963). This branching pattern will be important for the design of our
studies.
The airways of the lungs are organized in a dichotic manner forming a branching
pattern beginning with the trachea bifurcating down an average 23 generations down to
the terminal bronchiole and into the alveoli where gas exchange occurs.
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Table 1 Dimensions of Human Airway Model "A". From Weibel 1963.

Following Wiebel’s model, Horsfield and Cumming explored the asymmetric nature
of the airways of human lung casts. These studies provide evidence to the degree of
asymmetry found in the human lungs. These examinations included an observation that
many conducting airways cross-sections are elliptical, rather than circular (Horsfield and
Cumming 1967; Horsfield, Dart et al. 1971). The parent branch has an expansion region
prior to splitting into two daughter branches.
In a 1992 study, Hammersley and Olson presented data for the production of
expanded scale models for empirical flow research from measurements of airway casts
(Hammersley and Olson 1992). They found that as the airways progress distally,
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variation declines, so lower generations should have more uniform geometries. Figure 4
shows the components of the characteristic bifurcation. This bifurcation model is
composed of: parent diameter D0; parent length L; daughter diameter D2; Angulation;
and radius of curvature Rc. The major regions are the parent channel, elliptical region,
carinal region, and daughter channels.

Figure 4 Major components and regions of airway bifurcation: parent diameter (D0), daughter
diameter (D2), length (L), branch angulation (as measured from parent to daughter center line, and
radius of curvature (Rc). From Hammersley and Olson 1992.

The ratios of the geometries of the airways were found to be fairly consistent
across generations in the conducting region of the lung. L/D is the length to diameter
ratio (for the same generation), was found to be ~2-3. The radius of curvature to
diameter ratio, R/D was found to be ~2-10. Angulation data shows an expanding
branching angle as airways get smaller.
Although an asymmetric model is more anatomically accurate, a symmetric model
will be used in the present study so as to develop a better understanding of transport

11
phenomena that is not compounded by additional higher-order complexities. The
multiple generation model presented in Figure 5 has the following geometries:
Dn+2=0.75Dn; L/D=3.0; Angles with parent midline 35° (70° total); R=3.5 Dn+2. This model
is the basis of our multiple generation model design.

Figure 5 Symmetrical bifurcation providing for the mean area increase where daughter
diametersD2=0.75 D0. From Hammersley and Olson 1992.

The dimensions, airflow velocity, and dimensionless parameters for convective
and diffusive airflow through the inflating lung are presented in Table 2 for a typical
sequence. Orders 3-7 came directly from measurements of airway casts, while
extrapolation provides the data all the way to the terminal bronchiole of order 16
(Hammersley and Olson 1992). This information provides the rationale for the conditions
in our model systems.
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Table 2 Dimensions, inspiratory mean velocity, and associated dimensionless parameters
describing flow (Reynolds Number, Dean Number, and Peclet Number) for the Trachea through the
terminal bronchiole. From Hammersley and Olson 1992.

2.1.3 Mathematical Descriptions of Pulmonary Airway Networks
Although the microfluidic airway model that we developed does not maintain 3D
accuracy, we sought to base it on the most realistic model possible so that future
fabrication advances may allow for a simple extension of the current model to achieve
more realistic systems. Additionally, basing our development on an accurate 3D
mathematical model allows for possible computational modeling of this and future
systems.
In a 2008 paper, Lee et al. present a general mathematical model of the pulmonary
architecture. That study presents a new mathematical approach for general asymmetric
bifurcations, where the three-dimensional surface of an (a)symmetrical bifurcating airway
is described in mathematical closed form.
Lee et al. characterize the entire three dimensional (a)symmetrical bifurcation by
eleven parameters for both i=L,R as follows (also shown schematically in Figure 6):
•

Parent Radius (Rp)

•

Length of parent straight segment (Lp,s)
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•

Radii of daughter branches (Rdi)

•

Length of daughter straight segments (Ldi,s)

•

Subtended angles (βi)

•

Radii of curvature of daughters (R*i)

•

Radius of curvature of carina ridge (rc)

Figure 6 Schematic representation of the parameters to generate mathematical model of asymmetric
airway bifurcation. From Lee 2008

The model is the composite of four main segments, the straight parent branch,
transition zone, curved daughter branch, and straight daughter branches. Taken
together, the entire surface of the airway bifurcation can be generated from the eleven
parameters listed above (Lee, Park et al. 2008).
The model shape is a cylinder for the parent branch that splits into two toroid
daughter branches which become cylinders themselves. The simplistic 2D view of the
model, shown in Figure 6, shows a straight channel branching into two curved channels,
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and then into straight channels. This 2D branching description is the basis of our
microfluidic model of a bifurcating airway, and our multiple generation models utilize this
branching description in a single plane.

2.2 Pulmonary Surfactant
Airway damage found with ARDS can include a breakdown in the alveolar
endothelial-epithelial barrier, and the subsequent influx of serum proteins leads to the
inactivation of pulmonary surfactant. This inactivation in turn creates a greater
susceptibility of the airways to further damage. This section details the need and
functionality of pulmonary surfactant (PS) in healthy lungs; the composition of PS and
exogenous PS analogs; the mechanism of PS inactivation in disease models; and an
exploration of reactivating inactive PS through various additives to restore function.
2.2.1 Surfactant need in the lung
The Young-Laplace relationship characterizes pressure drop across a spherical bubble of radius
R:

2γ
∆P =
R

(1)

where γ is the surface tension of the interface. This relationship shows that the
pressure required to maintain the bubble is directly proportional to the surface tension.
The importance of this to the pulmonary system is shown with the examination of
connected spheres (alveoli) with a common pressure and a constant surface tension, as
shown in Figure 7.
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Figure 7 Connected alveoli illustrating the driving force of collapsing the smaller alveolus in the case
of constant surface tension. Surfactant allows for the smaller alveolus to have a lower surface
tension preventing collapse. From Gaver et al. 2006.

The constant surface tension case shown in Figure 7 depicts the importance of variable
surface tension within the lungs. Here two alveoli of different sizes (R1 and R2) are
presented with the same pressure and the constant surface tension leads to the smaller
alveolus to collapse and the larger one to become overdistended. Fortunately, the
surface tension of pulmonary surfactant varies as a function of compressive area. The
surface tension drops as the area of the interface reduces, allowing for an equal
pressure between two different sized alveoli, eliminating alveolar collapse.
Lung surfactant lowers the equilibrium surface tension γeq of the fluid lining from that of
water (~72 mN/m [dyn/cm]) to approximately 30 mN/m. Figure 8 shows the dynamic
behavior of the surface tension of pulmonary surfactant as the interface area changes.
Additionally, with interface compression, the surface tension of surfactant can reach near
zero values. “A good lung surfactant therefore provides both a low equilibrium surface
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tension and an even lower dynamic interfacial tension which minimizes the work of
breathing, stabilizes alveoli against atelectasis during expiration, prevents excess liquid
from accumulating in the lung, and insures uniform inflation on inspiration” (Zasadzinski,
Stenger et al. 2010). We will investigate how these dynamic surface tension properties
influences reopening in a realistic model of pulmonary airways.

Figure 8 Isotherm of Surfactant showing the change in surface tension as the interface is cycled and
the change in surface concentration (Γ). As the area is reduced (red), the surface concentration
increases to Γmax and stays high through compression. As soon as spreading begins (green), the
surface concentration rises to ΓMLS with monolayer repreading. The blue line represents Γ∞, the
equilibrium surface concentration (Krueger and Gaver III 2000).

2.2.2 Surfactant Composition
The protective, dynamic surface tension lowering properties of PS are a result the
interactions of its constituent lipids and proteins. The components of lung surfactant are
90% lipids, and 10% of four lung surfactant proteins. The primary constituent of the lipids
is dipalmitoylphosphatidylcholine (DPPC), while the proteins are SP-A, SP-B, SP-C, and
SP-D. Lung surfactant is produced, stored and secreted as multilamellar bodies from
alveolar type II cells.
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2.2.3 Surfactant Inactivation
The breakdown of the alveolar-capillary barrier contributes not only to the
severity of ALI and ARDS, but the difficulty of treatment, as exogenous surfactant
replacement therapy—which is often used for mere surfactant deficiency (i.e. in iRDS)—
is not effective. ARDS may involve a lack of functional surfactant as well as functional
inactivation. Many studies suggest that the increased prevalence of water soluble and
surface-active serum proteins not typically found in alveoli contribute to the inactivation.
High concentrations of albumin, fibrinogen, IgG have been reported in lung lavage of
ARDS patients. These proteins exhibit surface activity themselves effectively lowering
the equilibrium surface tension of water; however they do not respond to interface
compression in the same way lung surfactant does, so these proteins lack the protective
attributes of lung surfactant. Albumin, for example has an equilibrium surface tension
near 50 dyn/cm and a minimum surface tension under compression of approximately 40
dyn/cm. Compared with lung surfactant equilibrium surface tension of roughly 25 dyn/cm
with minimum values approaching zero upon compression.
Albumin adsorbed to the air-liquid interface induces an energy barrier that inhibits
surfactant transport to the interface. The competitive adsorption of albumin to the
interface reduces the surfactant performance. With the addition of albumin to surfactant
the characteristic surface tension-area hysteresis loop shown in Figure 8 not only fails to
reach the same minimum surface tension, but also collapses to presenting less
hysteresis. As a result of its relatively tiny size compared to surfactant, the StokesEinstein diffusivity suggests that albumin adsorbs to the interface 1000 times faster than
large surfactant complexes as the diffusion coefficient for spherical particles is inversely
proportional to diameter (Shieh, Waring et al. 2012). Examining the lower surface
tension of surfactant compared to albumin, surfactant adsorption is thermodynamically

18
favored, however this replacement is kinetically hindered (Stenger, Palazoglu et al.
2009). Over time though, the thermodynamics wins out and after approximately 10 – 15
minutes of surface formation, the surface tension of inactivated surfactant drops to near
the equilibrium surface tension of surfactant alone (Zuo, Alolabi et al. 2006).
In a recent study by Shieh et al. the authors characterized the interfacial positioning of
pulmonary surfactant, albumin as well as additives. This study demonstrates that
surfactant concentrates on the interface itself and does not tend to desorb to the bulk
solution, while albumin adsorbs to the air-liquid interface and is found throughout the
bulk solution (Shieh, Waring et al. 2012). We will investigate the effects of surfactant
inactivation in our microfluidic models of bifurcating networks.
2.2.4 Inactivated Surfactant Rejuvenation
Mechanistic description and understanding of PS inactivation has sparked
investigation in recovering functionality after inactivation. Principles of colloid stability
have been applied to surfactant inactivation through competitive adsorption of albumin.
Two primary mechanisms of PS recovery are explored: depletion-attraction effect, and
electrostatic barrier reduction. The studies presented in this section suggest PS
reactivation is possible, but raise the question of implementation in our in vitro models.
While surfactant replacement therapy is effective in premature infants who exhibit
surfactant production problems, a breach in the alveolar-capillary barrier allows for
inactivation of both endogenous and exogenous surfactant. While albumin is surface
active and acts to diminish the protective effects with competitive adsorption, the
additives discussed herein are not surface-active and simply help to restore surfactant to
the air-water interface. The energy barrier present in the surfactant-albumin competitive
adsorption problem is analogous to those that determine colloid stability, particularly with
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regard to colloid stability against aggregation. Consequently, many of the additives
utilized in the well-established colloid science to promote flocculation assist in the
rejuvenation of inactivated surfactant (Stenger, Palazoglu et al. 2009). Several different
classes of additives have been investigated to improve surfactant function. Non-ionic
hydrophilic polymers such as PEG and dextran or anionic polymers such as hyaluronic
acid (HA) improve therapy when added to exogenous surfactant replacement therapy.
Additionally, these substances also show improved functionality when added to an
albumin covered air-water interface and an increase in surfactant flocculation of
surfactant aggregates in solution (Stenger, Palazoglu et al. 2009).
Alternatively, cationic polyelectrolytes have been used as environmentally
friendly flocculants. Chitosan is a naturally occurring copolymer of poly[β(1→4)-2acetamido-2-deoxy-D-glucopyranose] and poly[β(1→4)-2-amino-2-deoxy-Dglucopyranose] that is derived from the deacetylated chitin, which is extracted from
crustacean shells. (Zuo, Alolabi et al. 2006; Stenger, Palazoglu et al. 2009). The
effective concentration of chitosan in restoring surface activity is orders of magnitude
lower than both PEG and HA. This vast concentration difference suggests a different
mechanism of action between the polycationic and both the nonionic and anionic
additives.
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Figure 9 Mechanistic differences between (top) neutralization allowing for electrostatic barrier
reduction with polycations, and (bottom) the depletion-attraction effect with anionic and nonionic
additives. From Shieh 2012.

The mechanism describing the action of PEG and HA has been characterized as
a depletion-attraction effect. This mechanism suggests that at high polymer
concentrations, the difference in osmotic pressure between the polymer solution and the
liquid in between the lipid vesicles is high enough to induce the fusion of the vesicles into
larger aggregates. These larger aggregates then penetrate the albumin surface layer
and are able to displace the smaller albumin molecules (Kang, Policova et al. 2008).
In a 2012 study, Shieh et al. reported that in the absence of surfactant, chitosan
colocalizes with albumin on the surface as well as in the bulk, but with the addition of
surfactant, chitosan and Survanta localize on the interface with chitosan and albumin
distributed through the bulk. Alternatively, PEG was never observed adsorbed to the
interface, but only through the bulk (Shieh, Waring et al. 2012). This functional difference
and the vastly different effective concentrations suggest an alternative mechanism to the
depletion-attraction effect.
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The different mechanism for chitosan’s activity allows for a significantly lower
concentration for action than the depletion-attraction mechanism of the other additives.
At the optimal concentration, chitosan irreversibly adsorbs to the negatively charged
albumin and surfactant, leading to a net neutralization of charge in the multi-layer and an
elimination of the electrostatic barrier to surfactant adsorption (Stenger, Palazoglu et al.
2009; Shieh, Waring et al. 2012). This advantageous effect only operates over a
relatively narrow concentration range of chitosan. It has been proposed that the unequal
distribution of electrostatic charge between the several constituents leads to an
oversaturation of positive charge that leads to a different electrostatic barrier to
surfactant adsorption at excessively high concentrations of chitosan. For this reason, it is
important to identify the optimal concentration window for a particular surfactant
composition.

Table 3 Lipid and protein composition of native and clinical surfactants. From Blanco et al. 2007.

Exogenous surfactants of various origin and composition are used for surfactant
replacement therapy, primarily used for treatment of surfactant deficiency—without
inactivation. Table 3 shows the lipid and protein makeup of a number of common
exogenous surfactants. Our lab focuses our research with Infasurf (ONY, INC., NY).
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Several studies have examined the effect of adding chitosan in varying concentrations to
bovine lung extract surfactant (BLES) on the dynamic surface tension using a
constrained sessile drop (CSD) surfactometer. Kang et al found that for BLES
concentrations of 0.5 mg/ml and 2.0 mg/ml the chitosan concentration that produces the
lowest minimum surface tension upon compression is 0.05 mg/ml and 0.1 mg/ml
respectively. Simply adding this amount of chitosan to BLES lowers the minimum
surface tension and leads to the most effective flocculation (Kang, Policova et al. 2008).
The addition of chitosan aids in the adsorption of BLES to the air-liquid
interface—with or without albumin. Figure 10 shows adsorption curves for BLES with
and without additives and albumin. The surface tension of BLES and albumin alone
stabilizes at ~55 dyn/cm for about 10 minutes before the surfactant is able to replace
albumin on the surface and the surface tension drops to ~ 30 dyn/cm. The surface
tensions of the remaining cases quickly stabilize to near 30 dyn/cm. With dynamic
cycling of BLES and albumin, the minimum surface tension was as low as 13 dyn/cm
and approached near zero values with the addition of chitosan (Zuo, Alolabi et al. 2006).
In Appendix I we explore some of the rejuvenating properties of chitosan with albumin
deactivated Infasurf.
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Figure 10 Adsorption curves for (a) BLES, (b) BLES + albumin, (c-e) BLES + chitosan, HA, or PEG, (fh) BLES + albumin + chitosan, HA, or PEG. From Zuo 2006.

Additionally, several studies explore the impact of chitosan as a rejuvenating
additive to Survanta utilizing a Langmuir trough. Survanta is an exogenous surfactant
obtained from minced bovine lungs, and by weight contains ~70% DPPC, 10% palmitic
acid, 7% negatively charged phospholipids, 0.9-1.65% SP-C, and minimal amounts of
SP-B. The Langmuir trough records surface pressure (𝜋 = 𝛾𝐻2 𝑂 − 𝛾𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 ) with a

Wilhelmy plate as the area of the interface is cyclically compressed and expanded with a
metallic ribbon barrier. Stenger et al. reported an optimal chitosan concentration of 0.005
mg/mL (Stenger, Palazoglu et al. 2009). A 2012 study presents an optimal concentration
of 25-50 µg/mL chitosan restored albumin inactivated Survanta to a maximum surface
pressure to ~65 dyn/cm (γmin ~7 dyn/cm) (Shieh, Waring et al. 2012).
Different techniques with different surfactants in different concentrations provide vastly
different “optimal chitosan concentrations.” For this reason, additional characterization is
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required for determining appropriate additive conditions for an alternative surfactant
application.

2.3 Microfluidics
Experimental examination of airway reopening in bifurcations requires the ability
of consistent reproduction of the models in realistic dimensions; construction of models
from material with acceptable wetting properties, optical transparency, and
biocompatability; and control of flow within the system. Soft lithography and PDMS
replica molding processes meet the stated requirements and allow for production of
microfluidic channels with depths as high as ~150 µm. This length scale compares to
approximately the dimensions of the terminal bronchioles.
Soft lithography provides for a method of rapid prototyping of microfluidic
channels through replica molding of PDMS (Xia and Whitesides 1998). Photolithography
is a method of translating a two dimensional schematic design to form three dimensional
structures. The process of photolithography involves a number of steps from design
through molding, as described below.
1) The pattern is designed using computer aided drawing (CAD) software. This
CAD drawing is printed with a high resolution printer onto Mylar film. The feature
size determines the resolution necessary, though for features as small as 5 µm,
the mask is to be printed at ~ 40,000 dots per inch. The photomask provides the
2D design for the 3D structure that is used to mold PDMS.
2) A silicon wafer serves as the base of mold and the site of application of the
photoresist. The photoresist is spin coated on to the wafer to a uniform thickness
as shown in Figure 11. Equation (2) describes the thickness (h) of the photoresist
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as a function of the viscosity of the resist (ν), the rotational speed (f), and the
time of spinning (t):

ℎ = ℎ0 [1 +

16𝜋2 𝑓2 2 −1/2
ℎ0 𝑡]
3𝜈

(Meyerhofer 1978)

(2)

Figure 11 Spin coating process. (left) photoresist poured onto center of wafer; (center) spinning
wafer drives photoresist to edges; (right) uniform thickness (h) of photoresist across entire wafer.
From Shevkoplyas, BMEN 676 Lecture 13, Photolithography I, 2010.

3) After the photoresist is spin-coated on the wafer to the desired thickness, the
buildup on the edge (edge bead) of the wafer is removed, and then the solvent in
the photoresist is evaporated during soft bake.
4) With the solvent removed from the photoresist, the photomask, from 1), is placed
in direct contact with the wafer and exposed to near UV light. The UV exposure
crosslinks the photoresist where the mask allows photons to penetrate, while the
remainder of the photoresist remains uncured. A post-exposure bake is required
to complete the crosslinking and prepare the wafer for development.
5) Finally, the unexposed photoresist is dissolved, and the surface is treated to
allow for facile removal of the molded PDMS (Ng, Gitlin et al. 2002). Figure 12
below shows the main steps in the photolithographic and replica molding
process.
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Figure 12 Schematic of the photolithographic and replica molding processes. (A) Photomask created
with the design of the device. (B) Photoresist exposed through photomask and master developed.
(C) Replica molding of PDMS from the master. From Ng 2002.

2.4 Particle Image Velocimetry
The reopening model of a finger of air penetrating a fluid occluded tube is an
example of biphasic flow. As such, the behavior near the interface between air and liquid
cannot be simply modeled with traditional fluid mechanic equations. This increased
complexity has been the basis of a number of investigations to characterize fluid profile
near the interface. Micro particle image velocimetry (PIV) has been used to characterize
the flow fields surrounding a migrating semi-infinite bubble as it progresses through a
capillary tube (Smith and et al. 2009; Yamaguchi, Smith et al. 2009; Yamaguchi, Smith
et al. 2012).
PIV is the accurate, quantitative measurement of fluid velocity vectors at a very
large number of points simultaneously (Adrian 2005). In order to achieve this, fluid is
seeded with fluorescent microparticles and excitation light is pulsed successively with a
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known time delay and the fluorescence of each pulse is imaged. From the particle
images with a known (small) Δt, the displacement of each particle can be interrogated to
form a 2D velocity vector description of the fluid flow. Figure 13 (a) and (b) show
fluorescent particle images, as seen with forward and reversed flow of a finger of air
progressing through an occluded capillary tube (from Yamaguchi et al., 2009).

Figure 13 PIV raw images of the bubble progressing forward (a), and backward (b) and their
associated bulk convection patterns. Particle accumulation points indicate stagnation points of the
bulk flow, as indicated in the convection pattern and concentrations of surfactant on the interface.
From Yamaguchi 2009.

Ensemble averaging of repeated trial repetition initially allowed for estimation of
the air-liquid interface, though this method is not capable of accurately determining the
interfacial shape under complex flow, with large deformation. Interfacial shape and
position have been visualized through shadowgraphy, here backlight illumination
provides for imaging the interface. In conjunction with PIV, shadowgraph image
formation has been utilized to accurately visualize the interface of biphasic systems.
Yamaguchi et al. integrated dual illumination-camera capture to simultaneously record
PIV and shadowgraph images to overcome the challenges with a moving boundary
(Yamaguchi, Smith et al. 2012). Here we apply this technique to investigate flow fields
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as a finger of air propagates through a bifurcating microfluidic model of a pulmonary
airway.

Chapter 3: Materials and Methods
3.1 Microfluidic Studies
To examine the behavior of airway reopening near bifurcations with PIV and
shadowgraphy, we constructed microfluidic devices with rectangular cross-sections
through photolithography and PDMS replica molding. In an effort to remain bio-mimetic,
the model presented by Lee et al. was expressed with the dimensions of anatomically
relevant range from the morphological studies presented in §2.1.2. The production of a
suitable device required addressing the following issues: achieving acceptable wettability
of the PDMS channels through surface modification; designing the 2D diagram of the
model to mimic appropriate anatomy; creating a multiple generation system that allows
simultaneous flow monitoring in each terminal daughter branches; process
improvements of microfabrication to ensure uniform channel depths; and establishing a
method of connecting the device to the syringe pump controlling flow. Additionally, the
experimental procedure of conducting μ-PIV/Shadowgraph experiments is discussed for
simultaneous μ-PIV/Shadowgraph measurement as well as downstream flow monitoring.
3.1.1 Model Parameters
The model presented here was developed within a set of systematic constraints from
fabrication techniques, as well as constraints related to the biomimetic nature of the
model. First, the systematic constraints were determined by the method that was used to
create the microfluidic model. This model was produced using soft lithography, which
was found to have a maximum useable thickness of 150 microns with features with
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simple geometries, though with feature size decreases, the maximum thickness
declines.
The physiological constraints of the model were developed from previous studies of the
morphology of the pulmonary airways and their bifurcations. Many models of the lung
that have been produced over the last half century are based from a 1963 model by
Ewald Weibel, specifically his symmetric Model A. This model was developed after
measuring the diameters, length and branching angles of airway casts from several
human lungs.
Based on the model presented by Lee 2008, the lung bifurcation can be characterized
by 11 parameters—discussed above. The microfluidic model that we developed based
on this model takes the 2D plane shown in Figure 6 as the footprint of microchannels
with rectangular cross sections. The parameters of our study were derived from the
morphometric relationships presented in previous lung studies. The three parameters
that were varied in the initial model production were 1) the daughter branch radius of
curvature, 2) carina tip radius of curvature, and 3) the branching angle. Altering each of
these three parameters changes the geometry of the transition zone. We designed
different geometries to explore a range of generations as described below. Figure 14
depicts the parameters that were changed in developing the variations Branch A-K.
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Figure 14 Schematic of bifurcation parameters that were changed in Branch A-K. (Dp) parent width,
(Dd) daughter width, (rc) carinal tip radius, (R) radius of curvature of daughter branch, and (θ)
branching angle measured from midline of parent channel to midline of daughter channel.

As shown below in Figure 15, we produced microfluidic models to explore a range of
different parameters. First, a standardized geometry was produced to allow for the
change in the transition zone to be attributed to a single parameter change between
bifurcations. The quantitative variation is shown below in Table 4, but the general
framework is as follows:
•

A standard geometry in displayed in Branch B;

•

Symmetric variation across R, rc, and θ are shown in Branch A-G;

•

Asymmetric variation is shown in Branches H-K, and

•

Initial multi-generation designs are shown based from the standard geometry

The standard set of parameters was based on average morphometric data, often times
relying on the ratios that appear throughout the literature on airway structure. The
average ratio of parent to daughter diameters of the conducting airways is approximately
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3

𝐷

𝑝
√2: 1 (𝐷 = 1.26); therefore this ratio was maintained throughout the model presented
𝑑

here. Utilizing the 150 micron thickness available, the parent and daughter diameters are
250 µm and 150 µm respectively, producing square daughter channels.
Anatomically, the range of the ratio of radius of curvature of the daughter branch to the
diameter of the daughter branch is 2≤�𝑅�𝐷 �≤6 for small airways and 4≤�𝑅�𝐷 �≤10 for
𝑑
𝑑

larger airways (Kleinstreuer, Zhang et al. 2008). Consistent with other models, we chose
𝑅� =3.5 as the standard ratio for our model (Hammersley and Olson 1992). This ratio
𝐷𝑑
was then varied with values of 𝑅�𝐷 =2 and 𝑅�𝐷 =10 to encompass the anatomical
range found in the lungs.

𝑑

𝑑

𝑟
The ratio of the carinal radius of curvature to the daughter diameter ( 𝑐�𝐷 ) was varied
𝑑

𝑟
𝑟
from the standard value of 𝑐�𝐷 =0.1 over the range 0.5≤ 𝑐�𝐷 ≤3. These values were
𝑑
𝑑

chosen because the standard value is near the average carinal radius ratio found in the
lungs and the range encompasses the outer boundaries of the values found.
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Figure 15 Varying geometries of symmetric branches (A-G), asymmetric branches (I-K), and three
generation models with different outputs.

Finally, the branching angle (θ) was varied from the standard value of θ= 35˚. This
standard value agrees with previous models (Hammersley and Olson 1992), and is near
the branching angle that was determined to be the ideal angle for minimal resistance,
which was θ =37.47˚ (Horsfield and Cumming 1967). The branching angle was then
varied over 21˚≤ θ≤ 70˚. This range allowed the remainder of the model to be
maintained, while allowing for the examination of a change in branching angle. In this
study, we explored the behavior of Branch G as a single generation, and multiple
generations based upon the standard Branch B. We have only begun establishing a
baseline for which to compare the effects of geometrical variation.
3.1.2 Single Bifurcation Model
The daughter branches of the single bifurcation model extend beyond the typically
found length of approximately three times the diameter, to avoid possible downstream
effects. The daughter branches converge far downstream for flow control through a
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single inlet and outlet port, while allowing us to examine the flow throughout the entire
physiologically relevant length.
We begin the study with a single bifurcation with symmetric branching with standard
geometry in an attempt to simplify the system to examine the effects of a single change
on the system. The standardized geometry allows the determination of the sole cause of
a variation. In addition, we created three bifurcations with an asymmetrical branching
angle to examine the effect of angle alone. In these branches, θ=21˚, 35˚, or 70˚, while
the remaining parameters were equal to those in branch B. For Branch H, θ1=35˚ θ2=70˚,
in Branch I, θ1=21˚ θ2=70˚ and Branch J, θ1=35˚ θ2=21˚. Table 4 displays the parameters
of each of the bifurcation models created. For symmetric bifurcations, the provided value
applies to both daughter branches, alternatively the differing values in asymmetric
bifurcations are listed subsequently (i.e. Branch H shows the common values and
Branch H’ shows the varying parameters of the other daughter channel in Branch H).

Channel
A
B
C
D
E
F
G
H
H'
I
I'
J
J'
K

Parent
Daughter
Diameter Diameter
Dp (μm)
Dd (μm)
250
150
250
150
250
150
250
150
250
150
250
150
250
150
250
150
250

150

250

150

225

200

Daughter
Branch
Radius of
Curvature
R (μm)
525
525
525
300
1500
525
525
525

Carina tip
Radius of
Branching
curvature Angle
rc (μm)
θ (˚)
R/Dd rc/Dd
75
35
3.5
0.5
15
35
3.5
0.1
5
35
3.5
3
15
35
2
0.1
15
35
10
0.1
15
70
3.5
0.1
15
21
3.5
0.1
15
35
3.5
0.1
70
3.5
0.1
525
15
21
3.5
70
525
15
35
3.5
21
1000
17.5
25
5
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K'

150

375

45

2.5

Table 4 Parameters of bifurcation models for symmetric (A-G), and asymmetric (H-K)

In order to mimic the morphometry found in the lungs, branch K is modeled after a
typically asymmetric bifurcation. The diameters of the daughter branches are different,
and as such, the larger daughter branches at a smaller angle than the smaller airway.
Furthermore, the radius of curvature of the daughter branches differs between the
branches. This mimics the variation found in the lungs that correlates to the airway size.
(Kleinstreuer, Zhang et al. 2008). The parameters used for branch K were adapted from
the asymmetrical bifurcation model presented in Hammersley 1992.

Figure 16 Design of single generation symmetric bifurcation.

Figure 16 shows an overview of a single generation bifurcation model. As the arrow
indicates, the direction of flow is from left to right. The crosses in place of the inlet and
outlet allow for easier visualization for coring. The daughter branches are connected far
downstream in order to apply a uniform downstream pressure with a single syringe
pump.
3.1.3 Multi-generation Models
Although in the smaller airways, the Reynolds number is low enough for singlephase flow to reach a fully developed state before reaching the subsequent bifurcation,
we have developed two different multi-generation models. The multi-generation models
have the same bifurcation geometries, they begin identical to the standard geometry
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found in branch B. After the first bifurcation, the geometries of the subsequent
geometries maintain the same ratios of parent to daughter diameters, daughter radius of
curvature to daughter diameter, carinal radius of curvature to daughter diameter, and
length to diameter. Throughout all three generations the following characteristics hold: 1)
the parent to daughter diameter ratio is 1.2; 2) the radius of curvature to daughter
diameter ratio is 3.5; 3) the carinal radius of curvature to daughter diameter ratio is 0.1;
and 4) the branching angle is 35˚. The channel width ranges from Dd =250 μm for the
first parent branch to Dd =54 µm for the daughter branches of the third generation. Table
5 shows the parameters of each bifurcation and the number (n) in the three generation
network.

Channel
a
b
c

Daughter
Branch
Parent
Daughter Radius of
Diameter Diameter Curvature
Dp (μm)
Dd (μm)
R (μm)
250
150
525
150
90
315
90
54
189

Carina tip
Radius of
Branching
curvature Angle
rc (μm)
θ (˚)
R/Dd rc/Dd n
15
35
3.5
0.1 1
9
35
3.5
0.1 2
5.4
35
3.5
0.1 4

Table 5 Parameters of bifurcation models for three generation model with first generation branch a,
second generation branch b and third generation branch c.

Figure 17 shows the geometry of one path of the symmetric three generation
bifurcating system. These values remain unchanged in all multi-generation networks
presented in this study.
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Figure 17 Dimensions of three generation systems. All distances in microns. Angles measured from
center line of parent to centerline of daughter channel.

3.1.3.1 Design iterations:
Through the iterative design of the multi-generation networks, the geometries of
branching was not changed, but the down-stream portions underwent significant
modification. The progression is depicted in Figure 18.
The multiple port design Figure 18 (A) attempted to provide similar viscous pressure
drops downstream from the terminal daughter branches. Figure 18 (B) attempts to
maintain a single input-output port design common to the single generation models. The
designs in Figure 18 (C-D) combine aspects of A and B to provide similar downstream
path lengths of terminal daughter branches (Δ~7% between outer and inner branches,
though symmetric about the centerline) and a single inlet-outlet design. The addition of
downstream parallel channels in Figure 18 (D) provided a convenient interrogation
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window for flow-rate monitoring of each of the eight terminal daughter branches in a
single μ-PIV frame.
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Figure 18 Multiple Generation model designs earliest (top) to latest (bottom). From top: A) one inletfive outlet design; B) Direct connection to single outlet design; C) eight daughter channels converge
to single point; D)eight daughter channels converge to parallel viewing window then manifold for
single output.

39
3.1.4 Device Fabrication
3.1.4.1 Wafer Cleaning
Since our device has very thick microchannels we needed to use a very viscous
photoresist (SU-2100). The initial attempt at using this photoresist resulted in large
craters developed on the surface during the soft bake process. We decided to clean the
wafer prior to photoresist coating to attempt to create a more uniform wafer surface prior
to coating.
The standard for wafer cleaning is a boiling piranha etching, comprised of
concentrated 98% sulfuric acid and 35% hydrogen peroxide, in 3:1 volumetric ratio. Our
needs required only a single wafer to be cleaned at a time, so we developed a protocol
for this limited cleaning. First, we needed equipment to transport the single wafer into
and out of the solution. As this piranha solution is extremely corrosive and a strong
oxidizer, we fabricated a PTFE device, shown below in Figure 19 to carry the wafer into
and out of the solution.

Figure 19 PTFE wafer carrier and buoyancy counterweight for piranha etch in 2L beaker.
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We needed to only clean one wafer at a time, so to minimize the volume of the
dangerous piranha solution; the carrier was designed to hold the wafer horizontally,
opposed to the traditional vertical carriers available commercially. A problem with the
horizontal design, which we discovered during cleaning, was that the wafer floated up
with the rising bubbles in the solution. To solve this problem, we created a PTFE vertical
buoyancy counterweight (shown depressing the wafer in Error! Reference source not
found.). The protocol that we developed for piranha cleaning of a single wafer at a time
is in Appendix 1.
3.1.4.2 Master Production
Several steps must be carefully followed to create the master. This process is
described below. The photolithographic process begsn immediately following the piranha
etch. For the thickness of features that we required, we used SU-8 2100 photoresist
(MicroChem, Newton, MA). The thickness is determined by the speed of spin coating of
the photoresist on the wafer, as shown in Equation (2). For coating to 150 µm, the wafer
was spun at 500 rpm for 30 sec with acceleration of 100 rpm/second, then 1800 rpm for
30 seconds with acceleration of 300 rpm/second. For ~80 µm coating with SU-8 2100,
the wafer was spun at 500 rpm for 30 sec with acceleration of 100 rpm/second, then
3500 rpm for 30 seconds with acceleration of 300 rpm/second.
Following spin coating, a ridge appeared near the edge of the wafer. This ridge
was removed by scraping the photoresist off of the outer 20% of the wafer’s radius with
a razor blade. Care was taken not to disturb the surface of the photoresist, though it was
not essential to have even removal around the wafer. The goal was to have enough of
the surface covered for the mask, but with even coating across.
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The soft bake process commenced after edge bead removal. The wafer was
placed on a leveled hot plate for driving the solvent out of the photoresist. The hotplate
was pre-heated to 65˚ C when the wafer is placed on it. After 5 minutes at 65˚ C, the
temperature was slowly increased by 10˚ C every 10 minutes to 95˚C. The wafer was
then maintained at this temperature for at least 8 hours.
After soft baking the wafer, it was gradually cooled to room temperature. Once
cooled to room temperature, the wafer was exposed. The mask was aligned such that
the channels were positioned at an area of the wafer with minimal surface imperfections.
With the mask compressed down onto the wafer in the mask aligner (ABM, Scotts
Valley, CA), it was exposed to near UV light (350nm-450nm) for 80 seconds.
Post exposure bake began immediately after exposure with the return of the
wafer to the preheated hotplate at 65˚ C. After 5 minutes, the temperature was slowly
ramped to 95˚ C, and held for 20 minutes before slowly returning to room temperature.
Once the wafer was returned to room temperature, the wafer was developed with
SU-8 developer (MicroChem, Newton, MA). After 15 minutes of developing, it was rinsed
with isopropyl alcohol (IPA). Development continued if a white film appeared under the
IPA.
The developed wafer was air dried with nitrogen, then placed into a vacuum
chamber with (tridecafluoro‐1,1,2,2‐tetrahydrooctyl)trichlorosilane, C8H4Cl3F13Si (CAS
#78560‐45‐9). (Gelest, Inc., Morrisville, PA). The wafer was treated for at least 4 hours
in the vacuum chamber. The silanization allowed for removal of the PDMS mold from the
master without damaging the mold or the master.
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3.1.4.3 Microfluidic device production
The completed microfluidic device consists of a PDMS mold of the master
bonded to a glass slide coated with a thin layer of PDMS. In order to utilize the water
jacket and lateral positioning control incorporated in the translating stage system
described in Smith et al. the base slide used was custom cut to 30 mm x 161.5 mm x 1.1
mm (Smith and et al. 2009). The PDMS base and curing agent (Sylgaurd 184, Dow
Corning Corporation, MI) are mixed in a 10:1 ratio by weight. This mixture was then
placed in a vacuum desiccator for 60 minutes to remove all air bubbles from within the
mixture. The mixture is poured over the wafer to a thickness of ~3 mm, and cured for 4
hours at 65˚ C. The base coating of PDMS is formed by placing a bead of mixed,
degassed PDMS on the slide and spinning it. The spinning is first at 500 rpm for 30
seconds, then at 1500 rpm for 30 seconds. To cure the slides, they should be baked at
65˚ C for 4 hours. Once cured, the mold is cut out from the wafer with a scalpel and
carefully removed with forceps.
3.1.4.4 Microchannel-Pump Interface
An issue that arose from initial designs of the microdevice was the connection of
the microchannels with the pump driving flow. We found that there lacked a good
method of connecting the microfluidic channel with a flow control pump. To remediate
this issue, we adapted a simple and effective method of this connection (Christensen
and et al. 2005). Figure 20 depicts the process of creating the connection of the
microchannels to the tubing that is connected to the syringe pump. Once we have the
PDMS mold, we take a sharpened 16 gauge needle (Small Parts) and bore a plug from
the PDMS. The diameter of the plug is equal to that of the inner diameter of the needle.
This removal is done prior to plasma bonding to the glass slide for easy removal of the
plug. Once the device is assembled, the size of the hole is slightly smaller than the 1/16”
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OD PEEK tubing that connects the pump to the microchannels. The slightly larger tubing
causes the PDMS to compress upon the tubing, creating a tight seal. The pump system
was already configured to attach to the PEEK tubing through coupler attachments, so
finding a method to connect the PEEK tubing directly into the device allows for the
simple connection method.

Figure 20 Coring process for connecting PDMS channels to PEEK tubing. From Christensen et al.
2005.

3.1.4.5 Device Assembly
With the base slide coated with PDMS, and the ports made in the PDMS mold,
the device can be assembled. The use of the custom slide allows for additional area
compared to a standard microscope slide, accommodating 4-5 individual devices per
slide. To prepare the surfaces for bonding, the base slide and molds were exposed to
oxygen plasma for 100 seconds. After exposure to the oxygen plasma, the molds are
placed on the base slide with care taken to align the centerline of the channels with the
midline of the slide. The assembly process is shown in Figure 21.
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Figure 21 Microfluidic device assembly: (a) the bonding face of the PDMS coated slide and the PDMS
mold are exposed to oxygen plasma. (b) The pieces are bonded together. (c) Assembled device with
four independent channels.

3.1.4.6 Device Surface Treatment
Immediately after bonding, the channels are filled with the Silane treatment
discussed below in §3.1.4 (tech 90, Gelest, Morrisville, PA). Adequate volume should be
inserted with a 50 µL micropipette to completely fill the channels. After 30 minutes of
treatment at room temperature, the excess silane should be removed with a Kimwipe.
Flush the channels with pure water for 5-6 cycles to remove any unreacted silane
remaining in the channels. Once all the excess silane is rinsed out, a change in the
surface tension of the water should be noticeable. Next, remove the water from the
channels and let the device sit for at least 24 hours for the coating of the channels to
reach equilibrium.
3.1.5 PDMS Surface Modification
The nature of PDMS is that upon curing, the surface is hydrophobic, with a
contact angle with water of ~100 ˚. The degree of hydrophobicity leads to problems with
microfluidic applications. This is often overcome by exposing the surface of the PDMS to
oxygen plasma, which is believed to oxidize the surface of PDMS creating silanol (SiOH) groups on the surface. The silanol groups provide for a more hydrophilic surface of
the PDMS. A major issue with the oxygen plasma treatment for our application is that the
contact angle reduction was short lived. For this reason, we sought to find a more long-
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term stable surface modification method to increase the hydrophilic nature of the PDMS
surface.
Although the goal of the surface modification is to provide complete channel
wetting within the assembled microfluidic device, this study examined the nature of
wetting properties of modified PDMS. To accomplish this, we conducted studies on flat
sheets. To construct these sheets, the elastomer base and curing agent were mixed in a
10:1 ratio by weight. This mixture was then placed in a vacuum desiccator for 60
minutes to remove all air bubbles from within the mixture. Glass microscope slides were
placed on the bottom of 150x25 mm petri dishes (Corning, NY). The degassed
elastomer mixture was then poured over the glass slides and the petri dish was placed
on a hot plate set to 65˚ C for four hours to cure. Once cured, the PDMS was cut from
the petri dish and sectioned into pieces approximately the size of the glass slides—about
25x75 mm.
In addition to the control, untreated PDMS, three treatment methods were
studied: oxygen plasma treatment, Polyvinylpyrrolidone (PVP) (average mol wt. 10,000
Sigma-Aldrich, St. Louis, MO), and 2-[METHOXY(POLYETHYLENEOXY)PROPYL]
TRIMETHOXYSILANE (Silane) (tech 90, Gelest, Morrisville, PA) were explored as
treatment options.
All of the samples were stored at room temperature in air prior to measuring the
contact angles. The treatment protocol for the modification methods is as follows. For
oxygen plasma treated PDMS, the 25x75 mm sections were placed in a RF oxygen
plasma cleaner for 100 seconds. The PVP treatment begins with plasma cleaning as
described above, and then requires submersion in a 0.2 wt. % solution of PVP for 60
seconds, followed by a rinse of pure water to remove any excess reagent. (Griscom,
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Legeay et al. 2005). The Silane treatment also began with an oxygen plasma cleaning
followed by application of the 90% Silane solution directly to the surface of the PDMS
with a micropipette. The PDMS sections were allowed to sit with the Silane solution on
the surface for 30 minutes, prior to rinsing with pure water.
Once surface treatment was accomplished, contact angle measurements were
started. The measurements were conducted with five liquids using a contact angle
goniometer. The five solutions were pure water (18.2 MOhm Millipore Direct-Q),
diethylene glycol, ethanol, 2 mM Sodium Dodecyl Sulfate (SDS) (Fisher, NJ), and 6 mM
SDS solution. The first three liquids were chosen due to their wide range of surface
tensions, while the two SDS solutions were used to examine the behavior of the
solutions with easily controlled surface tensions through varying the concentration of the
SDS.
The strips of PDMS were cut into five equal pieces—at time of testing—about
15x25 mm in order to allow for the same piece of each surface treated PDMS to be used
at each testing time. The PDMS samples were tested at seven different times after
treatment, in order to characterize the long term stability of the surface modifications.

3.2 Flow Behavior in Single and Multiple Branch Networks
3.2.1 Equipment
The μ-PIV/shadowgraph system utilized in this study is depicted schematically in
Figure 22. This system was initially utilized for analysis of multiphase unsteady flow. A
complete description of the system and its validation is described in Yamaguchi et al.
2012.
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The experimental equipment is based on a dual laser-camera setup. An inverted
microscope (Nikon Eclipse TE2000-U, Nikon Corporation, Japan) with a 10x objective
lens (NA=0.30 Plan Fluor; Nikon Corporation, Japan) and two identical 2048x2048 pixel
CCD cameras (12 bit, 4MP, TSI POWERVIEW Plus; TSI Incorporated, MN) provides the
observation area of 1523x1523µm with a theoretical pixel length of 0.744µm/pixel, and
an optical resolution of 1.169 μm. The cameras are separated by sets of dichroic prisms
having a combination of a low-pass filter at 625 nm (625DCLP; Chroma Technology
Corp, VT) and a cleaning band pass filter of 595nm/±40nm (D595/40x; Chroma
Technology Corp, VT). We defined Camera A as the CCD camera for µ-PIV and Camera
B for shadowgraph. For the µ-PIV, the volumetric illumination is provided by a dual
pulse Nd:YAG laser (λ=532nm, Power=15mJ/pulse, Duration=4 ns, New Wave Laser
Pulse Solo Mini; New Wave Research - ESI, Fremont, CA). The liquid phase is seeded
by 1.0 μm fluorescent particles that have excitation/emission peaks at 535/575nm (Nile
Red FluoSpheres; Invitrogen Corporation, CA). Therefore only the returning emission
spectrum from the particles passed the dichroic filer (λ>550nm) and reaches to Camera
A. For the shadowgraph, an LD pumped pulsed red laser (λ=660nm, Power=2nJ/pulse,
Pulse duration=15ns; MPL-III-660, Opto Engine LLC, UT) is selected for the source of
the backlight illumination. The projected shadowgraph image signal initially shares the
same optical path as the µ-PIV signal, and passes the first and second dichroic filters
through which it is directed to CCD Camera B to record the shape of the air-water
interface. The camera and laser timing is controlled by a multi-channel synchronizer
(Model 610035; TSI Inc., Minneapolis, MN).
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Figure 22 Schematic of the simultaneous μ-PIV/shadowgraph acquisition system. The system
utilizes two cameras, two lasers with different wavelength, and a series of dichroic mirrors to direct
the appropriate signal to each camera for simultaneous recording of μ-PIV and shadowgraph
images.

3.1.4.2 Test Solutions
Solution functionality was examined to determine test solutions implemented in our
microfluidic investigation. Surface pressure (Π=γsurface-γH2O) measurements were taken
with a Langmuir Wilhellmy balance (LWB). The LWB (NIMA Technologies) is composed
of a PTFE rectangular trough, PTFE barriers that move laterally to compress the surface
of the fluid in the trough, and a microbalance. A water bath was used to maintain a
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trough temperature of 37˚ C throughout the experiments, and the solutions were also
maintained in a 37˚ C water bath prior to deposition in the trough to maintain
physiological relevance.
The solutions we examined used Dulbecco’s Phosphate Buffered Saline 1x (DPBS)
(Invitrogen, CA) as a base buffer solution. It contains 0.1 mg/mL CaCl2, which is
necessary for sufficient pulmonary surfactant function. The following test solutions were
investigated:
•

Infasurf: 0.5 mg/mL of Infasurf (calfactant) (ONY Inc., NY) solution. This is
an exogenous pulmonary surfactant analog used in surfactant replacement
therapy.

•

Albumin: 2.5 mg/mL of bovine serum albumin (Invitrogen, CA) solution. This
protein typically found in the bloodstream infiltrates the pulmonary fluid lining
in ARDS.

•

Infasurf + Albumin: 2.5 mg/mL of albumin added to 0.5 mg/mL Infasurf
solution to observe the significance of competitive adsorption that might occur
during ARDS (Zasadzinski, Stenger et al. 2010).

The concentration ratio of albumin/Infasurf was based on in-vitro experiments where the
surfactant deactivation by albumin had clear impact on cell damage after an airway
reopening event (Glindmeyer, Smith et al. 2012). Additionally, pure water was used as a
baseline reference for Π=0 dyn/cm regardless of surface compression.
Each trial on the LWB consisted of eight cycles reducing the area at a constant
rate from 80 cm2 to 20 cm2 and expanding back to the starting area. For each solution
tested, two barrier speeds were utilized (70 cm2/min & 139 cm2/min), and to account for
the differences in using a newly applied surface and an “old” surface, four trials were
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conducted. Once the test solution was added to the trough, the fast cycle trial was
conducted and immediately after, the slow cycling was performed. Next, the solution was
removed from the trough and replaced, creating a new interface for examination.
To most closely represent both the conditions in the microfluidic devices as well as
the relatively fast time scale of respiration, the data presented here focuses on fast
cycling of a new interface.

Figure 23 First four cycles of (blue) Infasurf, (red) albumin, and (magenta) Infasurf + albumin. Top
Graph shows the surface tension throughout the cycles and the bottom graph shows the area of
each trial graphed together.

Figure 23 shows the output surface tension-area for the first four cycles of
Infasurf, Infasurf + albumin, and albumin. The albumin solution provides the highest
surface tension, even upon compression. Infasurf reaches the lowest surface tension
upon compression and the Infasurf + albumin solution is similar to albumin alone at low
compression and Infasurf at higher compression.
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Figure 24 Representative fifth cycle isotherm for Infasurf showing: compression (red), expansion
(blue), minimum surface tension (γmin), maximum surface tension (γmax), average surface tension
(γavg), and the expansion drop (ΔE).

Figure 24 provides a typical isotherm of Infasurf, showing the constituent
components, expansion half cycle (blue), compression half cycle (red), minimum surface
tension (γmin), maximum surface tension (γmax), average surface tension (γavg), and the
expansion drop (ΔE). The expansion drop, ΔE, is the difference between the end of
compression and the leveling of the surface tension rise. This feature is prominent in
Infasurf (and other exogenous surfactants) isotherms and characterizes the film
relaxation of the surfactant at the interface. This post-compression film relaxation is not
as prominent in albumin inactivated surfactant because the mobility of albumin allows for
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a more gradual desorption throughout compression. During compression, the Infasurf
shows a characteristic shoulder at γ~20-25 dyn/cm, similar described by Stenger et al.
for Survanta. (Stenger, Palazoglu et al. 2009).

Figure 25 Fifth cycle isotherms of (blue) 0.5 mg/mL Infasurf, (magenta) Infasurf inactivated with 2.5
mg/mL albumin, and (red) albumin alone.

Figure 25 presents the change in fifth cycle compression-expansion isotherms of
0.5 mg/mL Infasurf, inactivated Infasurf by 2.5 mg/mL albumin (I+A), as well as pure
albumin. The fifth cycle is characteristic of cycles 3-8 and is used for illustration of this
regime. The shapes of the Infasurf and pure albumin curves are distinctly different,
without any overlap, though the I+A appears to be a hybrid mixture of the two pure
isotherms, resembling albumin more at low compression and pure Infasurf at greater
compression. ΔE of I+A is approximately equal to that of albumin alone, and less than
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half of the pure Infasurf ΔE. γmin ~ 16 dyn/cm for Infasurf, compared to 22 and 41 dyn/cm
for I+A and pure albumin respectively. In basic, albumin shifts the Infasurf isotherm to a
higher surface tension and reduces the expansion drop.
Solution
Water
Albumin
Albumin
Infasurf
Infasurf

γavg (dyn/cm)
72.8
51
+ 39
28

γmin (dyn/cm)
72.8
41
22

γmax (dyn/cm)
72.8
56
53

ΔE (dyn/cm)
0
9
6

16
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16

Table 6 Dynamic surface tension parameters of water, albumin, albumin + Infasurf, and Infasurf.

The dynamic surface tension characteristics of water, albumin, Infasurf +
albumin, and Infasurf solutions are presented in Table 6. Infasurf + albumin provide a
physiologically relevant shift towards a higher surface tension (average, minimum and
maximum) as well as a reduction of the characteristic expansion drop found in Infasurf.
Additionally, the surface activity of PBS is similar to that of water and provides a base
solution continuum to explore variation only with the addition of Infasurf and albumin.
Additionally, PBS allows for dispersion of the microparticles more effectively than pure
water.
The optimal particle seeding density was determined as 0.04 vol% by validated
measurement of Poiseuille flow using the methodologies described in Olsen and Adrian
(2000) and Meinhart et al. (1999). From our solution selection study discussed above,
throughout the current study, following test solutions were investigated:
•

PBS

•

Infasurf: 0.5 mg/mL Infasurf in PBS

•

Infasurf + albumin: 2.5 mg/mL albumin added to 0.5 mg/mL Infasurf in PBS
solution. This is the same ratio of Infasurf/albumin as described in Glindmeyer et
al. 2012.
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3.2.2 Data Acquisition and Analysis
Images were captured at a rate of 7.5 images/s. Our goal was to capture at least
10 images of the propagating bubble after it passed the bifurcation. The flow-rate was

Q = 0.50 µ l / min , which provided an average velocity in the terminal daughter channels
of

ud = 0.2mm / s . This is equivalent to the convective velocity in the 17th generation

during normal respiration (Frijlink and De Boer 2004), and satisfies the imaging
requirements. Acquisition over 80 seconds provided ample time for the bubble tip to
sweep through the entire system.
Velocities are estimated by the correlation of particles flowing in the focal plane.
The region that is measured is called the vector correlation depth, and relates to the
depth of the focal plane and the size of the particle (Olsen and Adrian 2000). With our
system, the depth of the vector correlation is approximately 15μm, therefore, the focal
plane was carefully adjusted to the midpoint depth of the square channel in order to
capture the bubble tip near the bifurcation point and the maximum velocity of the
daughter channel. An exact solution of fully developed pressure-driven viscous flow in a
square channel is given as

, (3)

where 2H is depth and width of the square channel in measurement region downstream.
The flow-rate

and maximum velocity

are approximated by taking n=5;

,

(4)
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.
In this study, we therefore used the linear relation to estimate

(5)
:

.

(6)

The flow-rate in the daughter channels is determined by directly monitoring

from μ-

PIV measurements far downstream as described in §4.4.1.
3.2.3 Simultaneous μ-PIV/Shadowgraph Imaging
Data acquisitions (Figure 26-(i) for the observation window setting) were
performed to acquire at least five usable experimental trials. Trials were accepted when
the first image of the bubble was in close proximity to the bifurcation carina and the
interface was devoid of deformation. The time was set to
bubble first reached the bifurcation.

at the instant when the
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Figure 26: Schematic of the microfluidic bifurcation channel design. (a) A sample image of the
observation window near the bifurcation where the μ-PIV/Shadowgraph measurements of the flow
fields surrounding the progressing bubble tip were taken. (b) A fluorescent image of the downstream
daughter channels where the flow-rate monitoring of the bubble propagation was performed by
using μ-PIV.

3.2.4 Downstream Flow-Rate Monitoring
We simultaneously measured the stability of the bubble propagation velocity
during reopening from the parent to the daughter airways. The downstream flow-rate
was monitored (see Figure 26-(ii) for the monitoring position) by performing a continuous
data acquisition of

through which the flow-rate

is estimated by Equation (6). The

instantaneous flow-rate in each daughter was monitored for at least 8s at a rate of
7.5image/s. The measurement of the downstream flows allowed us to examine the rate
of bubble motion as the interface propagated through the carina from the parent to the
two daughters. This provides key information of the stability and heterogeneity of bubble
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propagation in the channels in addition to the previously described micro-scale flow field
measurement in the region of the carina.

Figure 27: (a) Graphical representation of experimentally obtained whole-field fluid velocity vectors
under the original
coordinates. (b) Schematic of the transferred
upper daughter channel examination using eqn (6).

coordinates for the

Figure 27 demonstrates a velocity magnitude contour plot averaged over
trials by the above-mentioned criteria in original

coordinates based on CCD pixel

coordination. For analysis of the flow field transition in the daughter channels, the
original coordinate system was converted with the transformation:
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(7)

(see Figure 27-(b)). A sixth degree polynomial interpolation was used to re-align vectors,
and the coordinate system was set so that

is directed perpendicular to the interior

of the bifurcation. The channel half-width is defined as

, and this length scale is used

in the subsequent analysis.
3.2.5 Multi-Generation Studies
The multi-generation model allowed for investigation of the stability of reopening
through three generations. Shadowgraphy provided the qualitative examination of the
reopening pattern through the network and downstream flow-rate monitoring provided
quantitative measures of this pattern.

Figure 28 Schematic of the multi-generation microfluidic network design (a). (i) A sample
shadowgraph image showing the three generations of the network (with 4x objective). (ii) A sample
fluorescent image of the downstream flow-rate monitoring window. The eight parallel channels allow
for simultaneous measurement of flow-rates of the eight terminal daughter branches (with 10x
objective).
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The schematic of the multi-generation system is depicted in Figure 28. Here
shadowgraph imaging captures interfacial progression through the three generations
with a 4x objective, as seen in panels-i in Figure 28. The lower magnification allows for
visualization of the entire bifurcation system, but prevents simultaneous μ-PIV capture.
Parallel channels (Figure 28-ii) allow for simultaneous downstream flow-rate
monitoring of the eight terminal daughter branches. The parallel orientation through the
flow-rate monitoring window eliminates the need for coordinate system translation
(described above for the single generation system). The downstream flow-rate was
monitored by performing a continuous data acquisition of umax of each daughter channel
through which the flow-rate is estimated by Equation (6). The instantaneous flow-rate
was monitored for 80s at a rate of 7.5 images/s. The measurement of downstream flowrate allowed us to examine the interfacial position during propagation through the three
generations. This provides information of the symmetry or heterogeneity of reopening
through three generations with our different test solutions.
The data acquisition control, image display, and post-processing were
coordinated by Insight 3G (TSI Inc., MN). The interrogation of fluorescent images
employs a recursive Nyquist grid with a FFT correlation engine and a Gaussian peak
algorithm with one 64x64 pixels interrogation window and second smaller 32x32 pixel
interrogation window. The smaller interrogation window size (32x32pixels with 50%
overlap) is determined by a combination of pixel resolution, and channel diameter.
Fluorescent particle images were interrogated and filtered by using the bubble tip and
channel wall geometrical information obtained from the corresponding simultaneously
taken shadowgraph image. Vector fields from the downstream flow monitoring were
divided into upper and lower channel sections. Then the instantaneous area vectoraverage was computed for each channel.
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Chapter 4: Results
4.1 Microfabricated Master wafer
With the implementation of the piranha etching, a more uniform photoresist
surface was obtained after the soft baking process. However, although a uniform
thickness was created near the center of the wafer, the thickness of coating increased
dramatically near the edge. This thickness increase created regions where the
photomask was not in direct contact to the wafer during exposure, leading to feature
irregularities away from the center of the wafer. The irregularities include a loss of detail
in fine structures and thicker than intended features near the edge of the wafer. The
resultant master is depicted below in Figure 29.

Figure 29 Microfabricated master created with branches depicted in Figure 15. Central structures
were more uniform and depth nearer the planned depth than those closer to the edge of the wafer.

To characterize the non-uniform feature depth, and identify the region of the
wafer that produces acceptable thickness results, we measured the dimensions of slices
of the PDMS mold. Figure 30 depicts the channel depth as a function of radial position
and sample micrographs of central and distal channel structures. The intended channel
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depth from this wafer was 150 µm, and the average depth of those channels at a radial
position r/R< 0.3 is 160 µm (center thickness). Channel spacing on the wafer resulted in
discontinuous radial position data, though the inner most data points of the outer
channels were within 10% of the center thickness. However, slices at position r/R >0.45
showed deviation beyond the 10% threshold for acceptable thickness.

Figure 30 Channel depth as a function of radial position of molds of the wafer in Figure 29. The solid
line guides the eye through the data. The shaded region is where variation exceeded 10% of the
center thickness. The dotted line provides a reference of the average thickness of the section of data
at a radial position below 0.3. Inset are micrographs of central and distal channel cross-sections.

The examination of channel depth variation with radial position increase provided
a maximum useable area of the wafer for future photomask designs. Subsequent
photomask designs limited features to r/R<0.5.
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4.2 Surface Modification
Figure 31 shows the contact angle for each of the treatments with water over a
logarithmic time scale. The control shows the measured contact angles with water for
the untreated PDMS pieces, which remained fairly stable, as would be expected. The
PVP treated samples shows great variation over time. This could be associated with
irregular treatment for the different pieces treated with this method. The plasma treated
samples show an expected quick rise to similar contact angles as the untreated control
within the first day after treatment. Although the silane treatment did not provide the
lowest contact angle shortly after treatment, its rise was shown to be the most gradual.
Additionally, over the timescale of this study, the silane treatment maintained a lower
contact angle than the control (p<0.01), while the difference between plasma treatment
and the control were not significant. Additionally, even at nearly 20,000 minutes, the
silane treatment produced contact angles that were lower than the plasma treated
sample (p<0.05). The data from the other liquids tested provided similar results (data not
shown).
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Figure 31 Time stability of PDMS surface treatment over two weeks.

From these data, we chose to implement the silane treatment to our microfluidic
device. In this study, it exhibited the most gradual rise in contact angle over time, and
within the timeframe of our experimental needs, showed a substantial reduction in
contact angle to ~50˚. It should be noted the preparation procedure was modified from
(Sui, Wang et al. 2006) in order to test on the large-scale flat surface of the PDMS
through the use of the goniometer. However, this modification may have led to uneven
surface coating, as during preparation the solution was seen pooling to some locations
while withdrawing from others. While the goniometer measurements are not possible
while testing within a microchannel, we expect the results to be superior when modified
in situ. This will allow an even coating of the PDMS surface in need of modification.
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4.3 Device Fabrication

Figure 32 Composite micrograph of completed three generation microfluidic device with parallel
section for μ-PIV interrogation. Scale bars: (red) 1000 μm; (blue) 100 μm

A composite micrograph of a multigeneration microfluidic device with a channel
depth of 75 μm is depicted in Figure 32. This PDMS device is utilized for simultaneous
downstream flow monitoring of the eight terminal daughter branches. The measured flow
velocity vectors of this device with single-phase flow are displayed in Figure 33 to
validate the completion of Specific Aim 1.
Simultaneous velocity field measurements of the eight terminal daughter
channels is depicted in Figure 33-A. B displays the flow field in a single channel, here
fully developed flow is indicated by the parabolic profile of the velocity vectors that
extend beyond the contour map. Measuring these velocities simultaneously allows for
full characterization of flow throughout the three generation bifurcating network and
determination of interfacial position throughout the system. This is the measurement
obtained from the interrogation window shown in Figure 28-ii.
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Figure 33 Simultaneous μ-PIV velocity measurement: (A) in the parallel downstream sections of the
eight terminal daughter channels and (B) close-up of channel 6 showing the parabolic, fully
developed profile within the channel.

4.4 Flow Visualization
4.4.1 Single Generation simultaneous μ-PIV/Shadowgraph Imaging
Experimentally obtained flow streamlines are shown in Figure 34. Here, an
Infasurf-doped bubble is observed as the interface approaches and passes the carina.
These representations are presented in approximately the bubble-tip frame of reference
through the subtraction of the average downstream velocity. This method is a close
estimate to the averaged bubble tip velocity since the thickness of liquid deposited in the
wake of propagating bubble is very small for flows of small
1935).

(Fairbrother and Stubbs
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The μ-PIV/Shadowgraph system successfully provides details for velocity vectors
in the liquid phase. At the moment the bubble tip reaches the bifurcation point (t= 0.00s),
the flow field near the bubble tip is similar to an upper half of the fully developed flow in
the parent channel (see

image for reference). At this point only a single

diverging stagnation point (-) is visible, and a converging stagnation point (+) is located
adjacent to the carina. As the interface makes a transition to the steady-state profile,
over

the converging stagnation point migrates to the daughter channel

centerline, and a new diverging stagnation point appears in lower half of the interface to
form a symmetric fully-developed bubble tip shape at

. This streamline pattern

duplicates the steady state streamline pattern that existed in front of the bubble in fully
developed bubble channel flow as it approached the carina (Halpern and Gaver III
1994).
The flow-pattern demonstrates that the transition to a fully developed flow field
surrounding the bubble tip takes more than one second; however, the creation of a
nearly spherical air-liquid interface takes less than 0.23s. Apparently, the transition
length for the bubble interface shape is very short and occurs almost immediately after
the bubble interface detaches from the carina, even though the surrounding liquid phase
is still under development.
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Figure 34 Experimentally obtained streamlines as the interface progresses from the carina into the
daughter channels. The μ-PIV/Shadowgraph system provides the instantaneous vector field and the
interface simultaneously with ensemble velocity vectors calculated from images of the interface at
the same position in different trials. Circle (+) and (--) denotes converging and diverging stagnation
points on the air-liquid interface respectively.

4.4.2 Single Generation Stability
Figure 35 demonstrates the signal from the downstream flow-rate measurement
as the propagating bubble approaches and splits at the bifurcation in a system that is
obstructed with PBS. These flow-rate data can be used to identify the frame when the
bubble tip encounters the bifurcation carina because there is a sudden velocity drop at
this instant, hereafter defined as

. This velocity drop occurs when the bubble tip

encounters the carina because an additional force is required to split the finger and
expand the air-liquid interface into the daughter channels section having a smaller
hydraulic diameter. From the Law of Laplace the pressure drop increases substantially
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as the bubble radius of curvature decreases when the interface is split. Since the flow is
induced by a downstream suction (using the syringe pump), this increased pressure
drop across the bubble tip may cause an inward buckling of the square shaped PDMS
channel wall which momentary absorbs the negative yield pressure (Holden, Kumar et
al. 2003).

Figure 35 μ-PIV flow velocity data as a PBS interface propagates into Channels 1 and 2. .
is the
downstream centerline velocity of each daughter channel. t = 0 is defined as the time when the
interface first reaches the carina, which can be found by a sudden velocity drop due to wall
buckling imposed by the yield pressure. Note that for t < 0 the flow in Channel 1 is 5-7% greater than
in Channel 2 – this slight asymmetry leads the bubble to propagate asymmetrically faster through
Channel 1 in this surfactant-free case. The inclusion of surfactant causes flow to divert initially to
Channel 2. At Frame 65, the interface appeared in the monitoring window for Channel 1, resulting in
a quick velocity decrease.

It is noted that Channel 1 demonstrated a constantly higher velocity magnitude
vector (5-7%) when the daughter channels are fully filled with liquid (

), even
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though the device was designed to be have a geometrically symmetric bifurcation.
Measurement of the device indicated that although the apparatus had identical daughter
channel lengths, a slightly uneven average width existed in the daughter channel
sections – these measurements indicated that Channel 1 possessing a width (

) that

was approximately 3.5% wider than that of Channel 2. Since the daughter channels
share the same outlet and inlet, the hydrodynamic relation of the flow through the fully
filled daughter channels can be expressed by Equation (8);

(8)

where

is hydraulic diameter and L is total length of daughter channel section. The

observation that the velocity in the completely filled channel is 5-7% faster velocity in
Channel 1 is therefore consistent with the 3.5% greater channel width. Below we will see
that this slight asymmetry is useful in identifying physicochemical interactions that exist
when surfactant is added to the obstruction fluid.
The measured flow velocities were numerically integrated to provide the
instantaneous bubble tip position in Figure 36. The bubble position is defined as the
axial distance from the carina (x’-axis in Figure 26-(b)) and

is defined as

described above. If each daughter were to reopen symmetrically the bubble tips would
follow the trajectory defined by the superimposed dashed line. The following
observations were made from the data in Figure 36.
PBS: As expected from Baroud et al. (2006), the constant high constant
surface tension of PBS (

) results in an asymmetrical bubble

propagation with Channel 1 (the low resistance pathway) opening preferentially.
The difference of velocity is progressively larger as bubbles propagate further
into the daughter channel section. It is apparent that a yield pressure causes an
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initial slowdown of the propagation speed (and likely a buckling of the microfluidic
channel). This abrupt change in pressure is necessary to decrease the bubble tip
radius of curvature, which increases the Law of Laplace pressure drop. It is also
necessary to cleave the bubble tip into two segments at the openings of each of
the daughter branches. Since PBS shows the most significant slow-down effect
due to the highest surface tension, the region of yield pressure effect is indicated
and the theoretical line was shifted to the right by approximately 0.5 seconds.
SDS and Albumin + Infasurf: These solutions display the opposite
asymmetric propagation to PBS. Initially, over

, the bubble

propagation is faster in Channel 2 even though our studies show that this is the
higher resistance pathway in the fluid-filled system. Eventually, the bubble
propagation velocity increases in Channel 1, and for albumin the displacement of
the bubble in Channel 1 eventually surpasses that of Channel 2. The yield
pressure effect exists for approximately 0.2 and 0.4 seconds for SDS and
Infasurf+Albumin, respectively.
Infasurf: The asymmetric reopening was not observed with pulmonary
surfactant Infasurf. Instead, the interfaces in the daughter channels propagated
at almost identical velocities. The yield pressure is significantly reduced, most
likely due to the small surface tension at the air-liquid interface. The yield
pressure effect is approximately 0.25 seconds.
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Figure 36 Interface position vs. time.
defines the bifurcation point. Instantaneous bubble
positions are computed from μ-PIV flow monitoring data. Error bars represent standard deviation.
Dashed lines represent the theoretical bubble position for a symmetric propagation. With PBS
(surfactant-free) the bubble propagated asymmetrically faster in Channel 1. Infasurf shows a unique
ability to balance the propagation speeds between the channels, resulting nearly symmetrical
reopening. With SDS and albumin+Infasurf the bubble propagates faster in Channel 2 initially.
Changes in yield stress are evident by the change in time of initial propagation after the carina is
reached, we estimate
represents the yield stress based upon the dynamic surface tension.

This

It should be noted that the very small deviation of data over the five independent trials
indicates each experiment had very similar propagation patterns. Below in the
discussion, we put this information in context with the physicochemical interactions that
are likely to exist in this system. We will demonstrate that these microscale processes
have implications at a much larger scale because of their importance to the uniform
recruitment of an atelectic portion of the lung.
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4.4.3 Multiple Generation Stability
Through the examination window displayed in Figure 28-i, macroscale
shadowgraph examination of multi-generation system allowed for general
characterization of reopening patterns. It is important to note that this shadowgraph
analysis was conducted on the multi-generation model depicted in Figure 18-c. The
shadowgraph image in Figure 37-A shows the interface at the third carina in each
branch during reopening. Figure 37-B shows the interfacial trace through generation 1
and 2 at each frame (every 0.133 sec), the numbers near the channel walls indicate the
frame numbers as the interface progresses through the system, and the interface from
every fifth frame is shown in blue. This provides a qualitative representation of the
pattern of reopening through the three generation network.
The spacing of the traces provides propagation speed information—successive
traces close together suggests a slow moving interface, while successive traces with
large displacement indicate high propagation speed. The accumulation of interfacial
traces near the lower second carina with PBS indicates a long pause in interfacial
progression as the other daughter branch opens. Alternatively, the spacing of the
interface position of Infasurf through the first generation daughter branches is
considerably more symmetric.
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Figure 37 Shadowgraph trace of interface position as reopening propagates through PBS and
Infasurf. The high concentration of traces near the lower second carina of PBS indicates the lower
daughter of the first generation opened faster and pauses as the upper branch opens.

We created a map in the form of Figure 38 from downstream flow data calculated
at the outflow manifold. We hypothesized from Figure 37 that the plateaus will exist

74
where the interface pauses and the complimentary branch catches up, but this
qualitative analysis will be strengthened by the downstream flow-rate measurements
discussed below. Figure 38 shows a representative asymmetric reopening of a three
generation system. At each new generation, the high yield pressure allows the lagging
branch to catch up.

Figure 38 Schematic representation of bubble position as a three generation bifurcating network
opens. The horizontal segments show the faster daughter branch waiting as well as the buildup to
overcome the increased yield pressure as the interface is cleaved by the carinal tip.

A symmetric propagation of a single generation is analogously depicted in Figure
39. In a single bifurcation, asymmetric reopening is characterized by the interface
propagating through one daughter branch faster than the other. Conversely, in
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symmetric reopening, the speed of interface propagation is equal for both daughter
branches.

Figure 39 Reopening profile of a single bifurcation for both Asymmetric (top) and Symmetric
(bottom) cases. In asymmetric reopening, Daughter Branch 1 progresses faster than Daughter
Branch 2. Conversely, the interface in each daughter branches of a symmetric reopening propagates
at the same speed.

4.4.4 Downstream Flow-rate Monitoring
The downstream velocities of each of the eight terminal daughter branches is
numerically integrated to provide the instantaneous bubble tip position in Figure 40, as it
propagates through all three generations. The interfacial position (Linterface) is as follows:
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Lint erface = 2.15

∆ frameumax H measured
(
)
framerate H int erface

(9)

Where ∆ frameumax is the difference in umax of successive frames, Hmeasured is the width of
the measured channel, and Hinterface is the width of the channel the interface is in. This is
representative of the progression through all three generations, however we focus only
on the first two generations for comparability, because the third generation is not
terminated at a subsequent carina as the first two generations are. A representative
profile of interfacial position through the PBS occluded three generation bifurcating
network is displayed in Figure 40.

Figure 40 Interfacial position vs. time as PBS occluded three generation system is opened. t=0s
defines first generation bifurcation point.
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In order to determine the velocity (and position) pattern of the interface, we use
the downstream flows in the following manner, for terminal daughter branches 1 ≤ i ≤ 8:
8

QParent = ∑Aui
i =1

4

QTop = ∑Aui
i =1

8

QBottom = ∑Aui
i =5

2

QTop −Outer = ∑Aui

(10)

i =1
4

QTop − Inner = ∑Aui
i =3

6

QBottom − Inner = ∑Aui
i =5
8

QBottom −Outer = ∑Aui
i =7

Where ui is the centerline velocity of each terminal daughter branch and A is the crosssectional area of each terminal daughter branch at the μ-PIV interrogation window. This
flow summing is depicted in Figure 41, and provides the color convention for the first and
second generation daughter branches for position representation used throughout this
study.
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Figure 41 Segments of downstream connected flow. At t=0.0s (top) all eight segments realize the
same driving pressure. As the interface is in the first generation daughter branch (middle) the upper
half (blue) and bottom half (red) experience the same driving pressure. During the second
generation split, the inner (red, green) and outter (blue, magenta) experience the same driving
pressure.

Figure 42 shows representative interface progression through the first two
generations of PBS, Infasurf, and Infasurf + Albumin. The color of branching is
consistent with Figure 41. PBS shows asymmetry with the first generation; the first
generation top branch opens asymmetrically faster than the lower branch. In the second
generation, the outer branches open asymmetrically fast, with differences between the
top and bottom. Infasurf has the ability to stabilize the reopening of the first generation,
and the two first generation daughter branches open simultaneously. However, (like
PBS) in the second generation, the outer branches open asymmetrically faster than the
inner channels; (unlike PBS) top and bottom channels show positional similarity. Infasurf
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+ Albumin exhibits relatively symmetric reopening in the first generation with a slight
advantage towards the bottom branch propagating faster, and once again, the second
generation outer branches open asymmetrically faster than the inner branches. The
symmetry of propagation in the first and second generations will be explored further
below in the discussion, as well as the variability of the reopening patterns between the
test solutions.
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Figure 42 Interface Position vs. time in first two generations. As the interface propagates through the
first generation daughter branches, blue represents the upper interface and red represents the lower
interface. For the second generation daughter branches, the outer branches are blue and magenta,
and the inner branches are red and green, as shown in Figure 41. With PBS, the first generation top
channel propagated asymmetrically faster than the bottom, and the second generation showed the
outer channels propagating asymmetrically faster, with variability amongst the four. Infasurf
balances the propagation speeds through the first generation, but the outer second generation
channels propagated asymmetrically faster, with little variability. Infasurf + Albumin shows relatively
symmetric reopening for the first generation, but the outer second generation branches open
asymmetrically faster, with variability in the inner branch propagation.
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Chapter 5: Discussion
5.1 Microfluidic Development
The models and techniques developed here allow for simultaneous μPIV/Shadowgraph interrogation in the single generation models over a range of
morphologic conditions. Examination of reopening through the multiple generation model
not only serves to validate the single generation, but to provide a comparable bifurcation
model with different downstream driving pressure. Even though the nature of interface
progression through the third generation was not explored, the incorporation of the third
generation is essential for comparability of results between the first two generations. The
presence of third bifurcation limits incomplete reopening and provides an entire second
generation that is equivalent to the first generation.

5.2 Microfluidic Studies
5.2.1 Single Generation Bifurcation
The influence of surfactant on the symmetry of reopening through an obstructed
bifurcation into daughter airways is demonstrated by Figure 43. Here, the relative
position difference is computed from the bubble tip position data in Figure 36 by
subtracting the displacement of the bubble tip in Channel 2 from that in Channel 1. In
this representation

is referenced to the end of the yield pressure region determined

from Figure 36.
This figure demonstrates that without surfactant Channel 1 opens preferentially,
which is consistent with the lower hydraulic resistance along that pathway. In contrast,
with the inclusion of surfactant reopening is always initiated along Channel 2. This effect
is most prominent with the anionic surfactant SDS and when bovine serum albumin is
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used to deactivate Infasurf. In those cases Channel 2 opens preferentially over an
extended period of time (

). It is significant that symmetric reopening was only

observed with the inclusion of Infasurf. The addition of albumin to Infasurf destroyed this
symmetry; therefore, the unique properties of Infasurf disappeared with competitive
adsorption by albumin, and the propagation proceeded in a manner similar to SDS.
Our observations indicate that the effect of surfactant on the reopening process
near the bifurcation is not simply due to an overall reduction of the surface tension.
Instead, the dynamic surface tension plays an important role in the propagation
behaviour, and this coupling occurs through physicochemical interactions. Below we
explore the phenomena that may provide insight into how surfactant deactivation affects
ARDS and inhibits the process of airway recruitment in atelectic airways.
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Figure 43 Relative axial positions of interfaces in Channels 1 and 2, with a positive number indicates
faster propagation in Channel 1. represents the end of the yield pressure effect shown in Figure 36.
With PBS (surfactant-free), the propagation in Channel 1 dominates; with SDS and albumin + Infasurf
Channel 2 initially opens first. Only the pulmonary surfactant Infasurf demonstrates a relatively
symmetric reopening pattern.

General Concepts
Below we analyse the fluid dynamics related to the reopening as it relates to
interfacial and hydraulic resistances. These concepts were developed for a joint
publication that is in production with the authors: E. Yamaguchi, M.J. Giannetti, M.J. Van
Houten, O. Forouzan, S.S. Shevkoplyas, and D.P. Gaver.
Following Ghadiali and Gaver (2000) the bubble pressure drop along the fluidoccluded section of a daughter channel can be subdivided into three main components
as described in Figure 44:
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(11)
where
•

is the pressure jump that exists over the air-liquid interface at the progressing bubble

tip.

is related to the non-equilibrium normal-stresses (~Law of Laplace at low
where

,

is the interfacial radius of curvature ) and Marangoni stress that

creates a tangential stress along the interface due to a non-uniform surfactant distribution
that can ‘rigidify’ the interface.
•

is the hydraulic pressure loss due to viscous flow downstream of the
bifurcation, which is approximated by channel Poiseuille flow

(12)

where µ is the viscosity, Q is the flow-rate, H is the channel width, D is the
depth and L(t) is the length to of the fluid-filled segment.
•

is the pressure loss from an end reservoir.
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Figure 44: Schematic diagram of flows, pressures and lengths that exist in the bifurcating channel.
In our system,

.

Baraud, et al. (2006) modelled the reopening of a symmetrical Y-shape bifurcation
with separate terminal reservoirs with

that represents the resistance from elastic

chambers at the end of the daughter channels. In constant surface tension systems they
demonstrated that symmetrical propagation was possible only if a disparity in
cancelled out the growing differential of the hydraulic pressure drop that would occur if
one channel began to reopen faster than the other (causing a difference in L). This
disparity in

could be due to compliance of the end reservoirs so that preferential

flow in one channel would cause a relative increase in

that would serve to reinforce

symmetric reopening. However, in our model system the daughter channels share a
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cannot provide this type of perturbation, and

common end reservoir system, so

as a reference pressure.

therefore we define

When the bubble splits to open the daughter channels (Channels 1 and 2), a
common upstream bubble pressure exists. So, the pressure drop from the bubble to the
end reservoir must balance. Therefore

(13)
and therefore the sum of the capillary and hydraulic pressure drops must be equivalent
through Channels 1 and 2. We will show below that this provides insight into the
observed behaviour of our system.
Entrance Flow Effects
As demonstrated above, the hydraulic resistance to flow is slightly greater along
Channel 2 than for Channel 1; therefore, without surfactant (i.e. PBS) Channel 1 opens
preferentially and asymmetric reopening occurs (discussed below). In contrast, we
observe that the inclusion of surfactant always leads to the early preferential reopening
of Channel 2, (

), even though Channel 1 has a lower hydraulic resistance (

). From Equation (12), the inclusion of surfactant causes a differential in the
capillary pressure drop since

(14)

as the interface moves into the daughter channels. Therefore, it is clear that the inclusion
of surfactant causes

. This capillary pressure differential is likely to be

due to alteration in the surfactant distribution between Channels 1 and 2 as the bubble
progresses towards the bifurcation (

). When the interface is cleaved by the
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bifurcation at

this sets up the initial conditions for the interface that initiates the

flow fields in the daughter channels.

Based on the analysis of Ghadiali and Gaver (2000), two conditions provide likely
explanations for the positive

at the beginning of the bubble bifurcation:

1) either surfactant accumulation exists along the interface of Channel 2 that lowers
, or

the surface tension and reduces

2) a strong Marangoni stress exists along the interface in Channel 1 that rigidifies
the interface and elevates

.

To understand which of these possibilities is most likely, we analyse the detailed flow
field in Figure 34.

As Figure 34 demonstrates, the flow-field as the bubble is cleaved by the carina is
substantially different from the steady-state field because the carina splits the nearly
symmetric portions of the flow surrounding the bubble tip as it confronts the bifurcation.

Figure 45 provides a schematic representation of the transition of the flow-field and
stress distribution at a) the beginning of the bubble bifurcation and b) the fully-developed
propagating bubble. Here solid lines represent convection and dashed lines represent
the Marangoni (tangential) stress that is induced by a non-uniform surfactant distribution.
The Marangoni stress is directed from the converging stagnation point (+) where
surfactant is attracted towards the diverging stagnation point (-) where surfactant is
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depleted. This stress opposes the convective field in the bulk, rigidifying the interface
and causing additional resistance for the bubble propagation.

Figure 45: Schematic representation of the flow and interfacial stresses in the transition region after
air-liquid interface is cleaved by a bifurcation. (+) denotes a converging stagnation point where
surfactant concentration is highest; (–) denotes a diverging stagnation point where surfactant
concentration is lowest. Dotted line arrowheads indicate direction of Marangoni stress, and solid
line arrowheads indicate convection in the frame of the bubble-tip.

Due to the slight but consistent flow-rate advantage along Channel 1 as the
bubble approaches the carina (

), we hypothesize that a slight asymmetry of the

concentration field may cause an interfacial concentration maxima to exist in Channel 1
when the interface is cleaved (

), as shown in Figure 45-(a). This would induce a
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larger interfacial concentration gradient over the interface in Channel 1 that would rigidify
that surface to a greater extent than over the bubble tip entering Channel 2, hence
leading to

. Following Equation (14), this would preferentially direct flow

towards Channel 2 (

).

To test this hypothesis, the detailed flow fields from the μ-PIV provide a
comparison of the convection flow patterns near the air-liquid interface that demonstrate
how the stagnation points on the interface are affected during the propagation in the
daughter channel section. Figure 46 provides examples of transition of the axial (
velocity component across the channel (
propagates past the carina (

) near the bubble tip as the interface

) to the fully developed profile (

in an Infasurf-doped system. In this figure,

)

) of Channel 1

represents the inner surface (the

surface where the interface is split by the carina). Figure 46 shows that the velocity in
the inner region is substantially reduced, and has a velocity magnitude that is less than
the outer region even though the inner region had the largest entry velocity. This
demonstrates that the inner section is substantially affected by the carina, which may be
an indication of the Marangoni stress that rigidifies the surface as it is split.
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Figure 46 Transition of the axial velocity profiles near an Infasurf-doped interface as it propagates by
the carina (t = 0) and far downstream (t = 1.3 s). The velocity is measured 32 pixels downstream of
the bubble tip, and error bars indicate standard deviations of n=5 trials.

5.2.2 Multi-Generation Studies
Initial investigations with a single nearly symmetric bifurcation system
characterized preferential reopening progression towards the daughter branch with a
lower hydraulic resistance with PBS alone. Adding Infasurf provided a stabilizing effect
where the interface propagates through both daughter channels simultaneously at the
same speed. Alternatively, an anionic surfactant (SDS) with limited dynamic surface
behavior (γ~42 dyn/cm) shifted the preference towards the branch with a higher
hydraulic resistance. This same shift was observed with albumin inactivated Infasurf.
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The first generation of the multiple generation network presented here serves as
an analog to the single bifurcation model. The downstream channels provide for a nearly
equal hydraulic resistance between the daughters of the first generation. The preference
of PBS to always open the top channel first suggests that this path has a slightly lower
hydraulic resistance than the bottom branch. Similarly, the first generation reopening is
symmetric with the Infasurf solution alone. Additionally, albumin inactivated Infasurf
presented a slight shift towards preferentially reopening the bottom branch. The pattern
of reopening in the first generation of the multiple bifurcation network aligns with the
observations of interfacial propagation through a single nearly symmetric bifurcation.
The uniformity of reopening across several trials in the first generation is
demonstrated in Figure 47. Here, the difference in interfacial position between the first
generation top and bottom channels is the subtraction of the bottom channel from the
top channel as shown in Figure 40 and Figure 42. Note, the scales for these figures are
different to accentuate the salient features, though a composite plot of the averages
follows for comparison of the different test solutions. The average is computed by taking
the mean of the positions at a given time point.
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First Generation

Figure 47 Relative axial position of interfaces in top and bottom first generation daughter branches
of PBS, Infasurf, and Infasurf + Albumin. Each graph displays the values of each individual trial as
well as the average for each solution. Positive number indicates faster propagation in the top
branch.
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This figure demonstrates the variability in relative preferential opening with PBS,
Infasurf, and Infasurf + albumin. For PBS, the top branch preferentially opens in every
trial, however between trials the speed of this preferential propagation varies drastically.
Infasurf is able to stabilize the propagation, and causes a slight shift towards
preferentially propagating through the bottom branch. The variation among trials with
Infasurf is small. The addition of albumin to Infasurf diminishes the stabilizing effect and
preferentially opens towards the bottom channel. The preference is not as strong as with
PBS towards the top channel, however markedly different from Infasurf. Albumin trials 1
and 3 show the most variation as stabilization and asymmetry respectively, though the
average is representative of the remaining trials.
Figure 48 shows the averages of PBS, Infasurf, and Infasurf + albumin from
Figure 47. This first generation relative position difference shows PBS preferentially
propagating through the top branch; Infasurf providing stabilization for the propagation;
and the addition of albumin to Infasurf leads to the bottom channel preferentially
opening. This figure of the first generation of a multi-generation system is directly
comparable to the single generation difference depicted in Figure 43. Similar to the
single generation, the surfactant free case presents strongly asymmetrical propagation
and the addition of surfactant to the system shifts the propagation towards the other
branch, with Infasurf providing stability across the two branches. The dynamic surface
tension exhibited by Infasurf provides an explanation for the stabilization. The lower
surface tension accounts for a shift away from the low resistance path preferred by PBS,
as shown with SDS (single generation) and Infasurf + albumin (γmin~27 dyn/cm).
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First Generation

Figure 48 Averages of relative interface position difference in first generation top and bottom
daughter branches from Figure 47. With PBS (surfactant free), the propagation in the top branch
dominates; with Infasurf + albumin, the bottom branch opens first; Infasurf demonstrates a relatively
symmetric opening, with slight preference to the bottom branch.
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Second Generation

Figure 49 Second generation reopening symmetry with PBS, Infasurf, and Infasurf + albumin. A
positive value indicates the interface propagates through the outer branch asymmetrically faster. All
three test solutions preferentially open the outer channel, though Infasurf shows the least variability
between trials; Infasurf + albumin displays a similar profile to Infasurf. The asymmetric profile of
PBS is irregular between trials.
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The second generation relative interfacial position through reopening is depicted
in Figure 49 for PBS, Infasurf, and Infasurf + albumin. The entirely positive profiles of all
three solutions indicate asymmetric propagation towards the outer branch. Infasurf
exhibits the most uniformity among the trials; Infasurf + albumin display a similar profile
to Infasurf alone, though with a wider distribution. The profile of PBS is the most
irregular, and the paths do not share a common shape. At the second generation,
Infasurf is not able to provide stability through reopening.
We always observe that the outer airways open first, and that this behavior was
not modified by surfactant. The geometries of the segments downstream of the second
generation daughter branches can be observed in Figure 41 (bottom). The upper two
segments are symmetric to the lower two segments (about the first generation), all
channels have the same width, but the path length and channel shape are different in
the inner and outer branches, with the outer branches having the longer path length
We hypothesize that the downstream channel geometry variation between
daughter branches leads to a difference in hydraulic pressure drop between them as
well. This difference in hydraulic pressure between the second generation daughter
branches apparently exceeds the balancing power of Infasurf, so unlike in the first
generation (with a small hydraulic pressure difference between daughter branches), the
preferential propagation path is not changed with a decrease in surface tension.
Geometrically, near the bifurcation the second generation daughter branches are
nearly identical; the downstream geometries vary significantly. The path length
decreases from the outside to the inside; the inner most branch is ~7% shorter than the
outer most branch. This length variation would account for a 5% higher hydraulic
pressure drop in the outer branch than the inner branch of the second generation.
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However other geometric characteristics could affect the relationship between the
hydraulic resistances. For example, the curvature downstream may provide significant
resistance to the inner branch that induces propagation to preferentially open the outer
branch. Nevertheless, Infasurf is unable to stabilize the hydraulic pressure difference to
allow for symmetric reopening.
The multiple generation bifurcation network provides validation of the single
bifurcation model in the behavior of the test solutions in the first generation. However the
second generation did not continue this trend, possibly due to geometric variations in our
model. Unlike the geometric variations downstream of the second generation, the first
generation daughter branches have very similar path lengths and shapes. We believe
that this creates a similar downstream resistance amount the first generation daughter
branches that increases with the second generation daughters.

5.3 Limitations
While this study was a carefully controlled study, it, like all experiments and
theory has limitations based upon design and fabrication constraints. The following are
some of the limitations we have identified:
1. The path lengths of the terminal daughter branches varied to allow for a parallel
observation window and common outflow manifold. Fortunately, the symmetry
with regard to the first generation allows for similar reopening behavior as seen in
the nearly symmetric single generation model.
2. The rigidity of the walls of the microchannels presents a two-fold problem. First,
the pulmonary airways are much more compliant than our model. Second, the
elasticity of the walls allows for an unknown amount of wall buckling during
interface propagation.
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3. The microfabrication techniques utilized in this study provide for the creation of
channels with rectangular cross sections, although airways do not exhibit
rectangular cross sections. Further, the channel depth is constant throughout the
device. This constraint allows for only a square cross section in only a single
portion of the device. Although our measurement technique examines only the
midline plane in the depth of the channel, the macro stability and micro
convection effects of the biologically inaccurate cross sections are not examined
in this study.
4. The multi-generation model presented in this study exceeds the viewing window
for simultaneous μ-PIV/Shadowgraph investigation through the entire three
generation system. However, with the stability analysis presented in this study, a
single pathway could be investigated with an understanding of the macroscopic
branching behavior.
5. A limitation of angulation variation as presented in this model is that with the
airways is that in the lungs, the branching angle is often directly related to the
size of the airway branching. For example, small airways branch at larger angles,
whether or not they are branching from a small parent airway. That is, when a
large airway branches into a large and small airway, the larger daughter closely
follows the direction of the parent while the smaller daughter will likely branch at
a large angle. The model presented here is able to provide a different channel
width, but the depth is constant throughout the model. Additionally, this model
limits branching angle to within the same plane between generations, so the
space-filling three-dimensional branching found in the lungs is not explored.
6. Although efforts were made to modify the surface of the PDMS channels to
mimic the wetting profile of the lungs, the device presented in this study does not
precisely represent the wetting profile of the pulmonary airways.
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7. Our experimental flow control utilized a constant flow-rate syringe pump. The
mechanism for respiration relies on differential pressure causing inspiration. An
alteration of our system to allow for a pressure driving flow control may present
alternative findings.

Chapter 6: Conclusion
We have presented a microfluidic model of pulmonary airway bifurcations
representative of the terminal bronchioles, with a “standard” geometry and variation
therein. We have implemented this model in a single bifurcation device as well as a
three-generation design suitable for simultaneous flow-rate monitoring of all eight
terminal daughter branches. We have demonstrated the incorporation of these devices
to an existing μ-PIV/Shadowgraphy measurement system, allowing for characterization
near the interface as well as downstream flow-rate monitoring.
The reopening stability has been characterized in nearly symmetric bifurcations.
We have demonstrated the ability of pulmonary surfactant to provide for symmetric
reopening, where otherwise asymmetric propagation dominates. The reopening profile of
the multi-generation network presented serves to first validate the findings in a single
generation system, and to provide a situation where pulmonary surfactant is unable to
overcome the hydraulic pressure difference between daughter branches. Although
pulmonary surfactant was not able to provide symmetric daughter branch reopening
through the second generation, the profile of interfacial propagation showed great
uniformity across trials.
This body of work has expanded the possibilities of experimental airway
reopening investigations. We have provided a baseline understanding of the behavior of
reopening in a “standard” symmetric bifurcating system, and expanded this system to a

100
multigeneration network. Finally, we characterized the ability of chitosan to restore the
function of albumin inactivated pulmonary surfactant. We have not completed the
investigation of airway reopening, but rather we have presented opportunities for
additional exploration, as described below in Appendix 1.

Future Work
While we have presented the capability to produce microfluidic models of
asymmetric airway bifurcations, experimentation focused on symmetric (near ideal)
systems in this study. Expanding these studies into asymmetric geometries is the
expected future of this body of work; with a baseline established, the changes with
altering geometric parameters can be identified. Additionally, the model can be extended
from the rectangular cross sections to a more realistic airway shape.
The models we have produced work well for our bench-top reopening analysis
though an interesting extension would be to seed cells in them and investigate the
cellular damage within a bifurcation resulting from airway reopening.
Chitosan aided rejuvenation has only been demonstrated with bench-top
dynamic surface tension studies. Solving the problems associated with flocculation will
allow the rejuvenation effect to be studied in interfacial propagation through bifurcations.
Further, this rejuvenation could be explored with in vitro cellular damage studies with
airway reopening.
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Appendices
Appendix 1: Surfactant Rejuvenation
Methods
Although the rejuvenating effects of chitosan have been studied with several
exogenous surfactants with various techniques, the data presented shows wide variation
between surfactant type and technique. Furthermore, the literature did not provide for an
extensive concentration study with Infasurf. Bench top surface tension experiments were
required to determine appropriate concentrations of additive for Infasurf rejuvenation.
Surface pressure (Π=γsurface-γH2O) measurements were taken with a Langmuir
Wilhellmy balance (LWB). The LWB (NIMA Technologies) is composed of a PTFE
rectangular trough, PTFE barriers that move laterally to compress the surface of the fluid
in the trough, and a microbalance. A water bath was used to maintain a trough
temperature of 37˚ C throughout the experiments, and the solutions were also
maintained in a 37˚ C water bath prior to deposition in the trough.
In an effort to determine the optimal chitosan concentration for 0.5 mg/ml Infasurf
in PBS inactivated by 2.5 mg/ml albumin, a number of test solutions were examined. To
confirm the system is devoid of any foreign material, pure water is used to provide a
baseline of a “clean” system. Additionally, we examined a range of chitosan
concentrations and the effect of chitosan on Infasurf with and without the addition of
albumin. shows the different solutions examined with the LWB.
Solution
Water
Infasurf
Albumin

Infasurf
(mg/ml)

Albumin
(mg/ml)

0.5
2.5

Chitosan
(mg/ml)

Measured
pH
7.35
7.32
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Infasurf + Albumin
Infasurf + Chitosan
Infasurf + Albumin + Chitosan
Infasurf + Albumin + Chitosan
Infasurf + Albumin + Chitosan

0.5
0.5
0.5
0.5
0.5

2.5
2.5
2.5
2.5

7.18
0.1
0.1
0.25
1.0

7.11
7.01

Table 7 Concentrations of Infasurf, albumin, and chitosan in solutions tested with the Langmuir
Wilhellmy Balance.

Chitosan (Sigma-Aldrich, St. Louis, MO; CAS Number 9012-76-4) is soluble in
acidic solutions, so the low molecular weight (75-85% deacetylated) powder was
dissolved in 0.05 M HCl to a concentration of 11.1 mg/ml. This concentrated form was
later diluted in preparation of the test solutions.
The test solutions are solutions of PBS. Infasurf (ONY, INC., Amherst, NY) is
distributed in concentrated form of 35 mg/ml phospholipids in saline. Bovine Albumin
Fraction V solution (Gibco, Grand Island, NY) is diluted from its original 75 mg/ml to the
final concentration of 2.5 mg/ml. The net charge of chitosan is dependent upon the pH of
the solution it is dissolved in. (Shieh 2012). Consequently, we measured the pH of each
of the final solutions.
Each trial on the LWB consisted of eight cycles reducing the area at a constant
rate from 80 cm2 to 20 cm2 and expanding back to the starting area. For each solution
tested, two barrier speeds were utilized (70 cm2/min & 139 cm2/min), and to account for
the differences in using a newly applied surface and an “old” surface, four trials were
conducted. Once the test solution was added to the trough, the fast cycle trial was
conducted and immediately after, the slow cycling was performed. Next, the solution was
removed from the trough and replaced, creating a new interface for examination. With
the new surface, slow then fast cycling was performed. The data presented in this study
only focuses on the fast compression with a “new” surface.
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Results
To most closlely represent both the conditions in the microfluidic devices as well
as the relatively fast time scale of respiration, the data presented here focuses on fast
cycling of a new interface. The results of this case alone provide distinction among the
solutions examined and allow for an “optimal” chitosan concentration to be established
for our needs.

Figure 50 First four cycles of (blue) Infasurf, (orange) Infasurf + 0.1 mg/mL Chitosan, (pink) Infasurf +
albumin, and albumin (red). Top graph shows the surface tension throughout the cycles, and the
bottom graph shows the area of each trial graphed together.

Figure 50 shows the output surface tension-area for the first four cycles of
Infasurf, Infasurf + 0.1 mg/mL chitosan, and Infasurf + albumin. Upon initial inspection,
albumin alone appears to provide the worst surface tension, even upon compression,
and chitosan aids Infasurf’s ability to achieve low surface tensions upon compression. It
is not surprising that Infasurf with albumin falls between the pure case of both. With
compression, this mixture behaves more like pure Infasurf, but upon expansion, it more
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closely resembles the shape and surface tension of pure albumin. The chitosan case
follows nearly the same path as the pure infasurf, just shifted down slightly.

Figure 51 Surface tension-area output for eight cycles of (a) Infasurf, (b) Infasurf + albumin, (c)
Infasurf + albumin + 0.1 mg/mL Chitosan, (d) Infasurf + albumin + 0.25 mg/mL chitosan, (e) Infasurf +
albumin + 1.0 mg/mL chitosan, and (f) area of a-e showing interfacial area graphed together.

Figure 51 presents the output for eight cycles of (a) Infasurf, (b) Infasurf +
albumin, and Infasurf + albumin + chitosan with concentrations of chitosan at (c) 0.1
mg/mL, (d) 0.25 mg/mL, and (e) 1.0 mg/mL, each a-e are cycled at the same rate and
initial area as shown in (f). This figure depicts the cycle-to-cycle repeatability after about
the third cycle, additionally, each of the five conditions present distinct surface tension
curves. This consistency allows for examining statistically changes in the different
conditions across a number of cycles. The remaining data will focus on cycles three
through six, as this is the range of maximum consistency.
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Figure 52 Fifth cycle isotherms of Infasurf, inactivated Infasurf and with the addition of albumin and
chitosan. (blue) 0.5 mg/mL Infasurf; (orange) Infasurf + albumin + 0.1 mg/mL chitosan; (black)
Infasurf + albumin + 0.25 mg/mL chitosan, (red) Infasurf + albumin + 1.0 mg/mL chitosan; and
(magenta) Infasurf + albumin.

Figure 52 depicts the fifth cycle compression-expansion isotherms of functional,
inactivated, and rejuvenated Infasurf, highlighting the three chitosan concentrations
examined. The functional and inactivated Infasurf isotherms are the same as presented
in and provided for comparison.
All three chitosan concentrations provide for a γmin below that of pure Infasurf,
with 2.5 mg/mL chitosan reaching the lowest value of 12.24 dyn/cm. The ΔE values of
the rejuvenated cases are slightly larger than pure Infasurf, though begin at a slightly
lower γmin, and therefore are comparable. Throughout expansion, 0.1 mg/mL chitosan
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has a higher surface tension than pure Infasurf, while 0.25 and 1.0 mg/mL
concentrations were below Infasurf for most of expansion.
Qualitatively, the shape of 0.1 mg/mL chitosan resembles that of I+A with low
compression and Infasurf under higher compression. This hybrid shape is analogous to
the mixture of albumin and Infasurf curves in the I+A isotherm discussed above. The
γmin comparable to Infasurf alone and γavg between Infasurf and I+A describes this
characterization quantitatively.
The characteristic shoulder found in Infasurf appears in all three rejuvenated
cases, though with shifts both in the surface tension and the degree of compression at
occurrence. The surface tension shift can be attributed to the change in γavg changes
between the chitosan cases. The compression shift of the shoulder may suggest that the
compression required to form complex interfacial surfactant arrangements is different
among the cases. For both 0.1 and 1.0 mg/mL concentrations, the shoulder shifts
towards more compression, while 0.25 mg/mL chitosan shifts towards less compression.

Discussion
Figure 53 displays the relative change in γmin of I+A, and I+A+ chitosan compared
to γmin of Infasurf as an average and standard error of cycles 3-6. I+A shows an increase,
but adding chitosan drops γmin below the Infasurf value.
Figure 54 shows the relative change in γavg of I+A and I+A+ chitosan compared to
γmin of Infasurf as an average and standard error of cycles 3-6. I+A shows an increase,
but adding chitosan reduces the value of γavg, and at concentrations above 0.1 mg/mL,
γavg is below the Infasurf value.
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Figure 55 displays the relative change in γmax of I+A and I+A+ chitosan compared
to γmax of Infasurf as an average and standard error of cycles 3-6. I+A shows an
increase, but adding chitosan reduces the value of γmax, and at concentrations above 0.1
mg/mL, γmax is below the Infasurf value.
Figure 56 shows the relative expansion drop (ΔE) of I+A and I+A+ chitosan
compared to Infasurf as an average and standard error of cycles 3-6. Addition of
chitosan to I+A restores ΔE to higher value than Infasurf.
While the addition of 0.1 mg/mL chitosan to I+A provides an improvement over
I+A in all four γmin, γavg, γmax, and ΔE, higher concentration is required to reach or improve
the Infasurf value of all four parameters. Additionally, 0.25 mg/mL provides for the lowest
γmin value.
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Figure 53 γmin relative to Infasurf of I+A, and I+A+ chitosan as a function of chitosan concentration.
I+A (without chitosan) is plotted at 0.05 mg/mL as a comparison. The addition of chitosan to I+A
lowers γmin relative to Infasurf.
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Figure 54 γavg relative to Infasurf of I+A, and I+A+ chitosan as a function of chitosan concentration.
I+A (without chitosan) is plotted at 0.05 mg/mL as a comparison. The addition of chitosan to I+A
lowers γavg relative to I+A, and >0.1 mg/mL chitosan causes a reduction compared to Infasurf.
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Figure 55 γmax relative to Infasurf of I+A, and I+A+ chitosan as a function of chitosan concentration.
I+A (without chitosan) is plotted at 0.05 mg/mL as a comparison.
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Figure 56 ΔE change relative to Infasurf of I+A, and I+A+ chitosan as a function of chitosan
concentration. I+A (without chitosan) is plotted at 0.05 mg/mL as a comparison. The addition of
chitosan to I+A increases ΔE relative to Infasurf.
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Figure 57 shows the comparison of γavg and ΔE change with the addition of
albumin to Infasurf and subsequent addition of chitosan. 0.1 mg/mL chitosan
concentration addition shows restoration in only ΔE while increased chitosan
concentrations show improvement in γavg as well.
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Figure 57 ΔE compared to γavg showing net effect of adding albumin to Infasurf and chitosan to I+A
in increasing concentrations. Albumin addition increases γavg and decreases ΔE compared to
Infasurf. Adding 0.1 mg/mL of chitosan to I+A more than restores the ΔE loss and most of the γavg
increase. 0.25 and 1.0 mg/mL chitosan concentration solutions more than restore both γavg and ΔE.

The addition of chitosan to albumin inactivated surfactant aids Infasurf to resorb
to the interface. Further the optimal chitosan concentration for 0.5 mg/mL Infasurf
inactivated by 2.5 mg/mL albumin is 0.25 mg/mL; at this concentration, an improvement
over pure Infasurf is seen in the minimum, average, and maximum surface tension as
well as the expansion drop.
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Figure 58 Fluorescent image of particle aggregation with chitosan in solution.

Chitosan effectively aids flocculation of surfactant in solution. While this feature
also helps restore surfactant to the interface in the presence of albumin, it hinders our
examination of reopening in our microfluidic devices. Furthermore, as shown in Figure
58, chitosan causes the fluorescent particles necessary for μ-PIV to aggregate. Uniform
distribution of particles is essential for accurate PIV results. Alternative particles with a
positive charge were tested with similar results. This flocculation has prevented our
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present system to be used for examination of airway reopening through bifurcations with
rejuvenated Infasurf + albumin.
Rejuvenation of inactivated pulmonary surfactant was explored and
characterized. We have identified an optimal chitosan concentration for the recovery of
albumin induced inactivation of Infasurf. This allows for the investigation of rejuvenation
in these models as well as other models with Infasurf. Unfortunately we found that the
properties that allow for advantageous reactivation render our experimental models
useless.

Appendix 2: Piranha Etch Protocol
I.

II.

Materials
a. Equipment: All within the fume hood
i. Three (3) 2L glass beakers
ii. Hot plate with stirring capability
iii. PTFE wafer carrier
iv. Tweezers
v. Two (2) 200 mL glass beakers
vi. One 600 mL glass beaker
vii. 50 mL glass graduated cylinder
viii. 100 mL glass graduated cylinder
ix. Teflon coated stirring rod
x. Ring stand
xi. Holder apparatus
xii. funnel
xiii. Trays
xiv. Glass funnel
xv. Silicon wafer to be cleaned
xvi. Drying rack
xvii. Single wafer container
xviii. Waster container (glass-labeled as containing sulfuric acid and hydrogen
peroxide)
b. Chemicals
i. 150 mL concentrated (95-98%) Sulfuric Acid H2SO4
ii. 50 mL 35% wt. concentration Hydrogen Peroxide H2O2
iii. Pure Water
c. Safety equipment
i. Acid resistant gloves
ii. Nitrile gloves
iii. Goggles
Procedure: Completed within the fume hood
a. Piranha production
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i.

Start with a 2L beaker (#1) on the hot plate with stir bar in it, the two
rinse 2L beakers (#2 & #3) next to it with 300 mL water in beaker #2
& #3 and the 600 mL beaker (#4) with 450 mL water in it
ii.
Measure out 50 mL of hydrogen peroxide in graduated cylinder
iii.
Measure out 150 mL of sulfuric acid and pour into a 200 mL beaker
(#5)
iv.
Pour the measured 50 mL of hydrogen peroxide from the graduated
cylinder into beaker #1
v.
Initiate stirring in beaker #1
vi.
Position the separatory funnel above beaker #1
vii.
Pour ~75 mL sulfuric acid from beaker #5 into the separatory funnel
with id of the glass funnel
viii.
Slowly drip the sulfuric acid into the hydrogen peroxide in beaker #1
carefully such that the solution does not boil up over the top.
ix.
As more room becomes available in the separatory funnel add the
remaining sulfuric acid from beaker #5
x.
Once all of the sulfuric acid has been added to beaker #1 position
the separatory funnel away from beaker #1
xi.
Increase temperature to 105 ˚C
b. Wafer Cleaning
i. Place the wafer to be cleaned on the carrier
ii. Slowly lower the carrier into beaker #1
iii. Keep wafer in the piranha solution for 15 minutes
iv. Lift carrier out of the piranha solution and allow remaining piranha to
drip off carrier
v. Carefully transfer the carrier to beaker #2 for the first rinse for 15
minutes
vi. After the first rinse in beaker #2, lift the carrier out and allow the
rinse solution to drip off the carrier.
vii. Place the carrier in beaker #3 for the second rinse
viii. After the 5 minutes, lift the carrier out of beaker #3 and with the
tweezers transfer the wafer to beaker #4 holding it in the water to
rinse the remaining piranha
ix. Place in rack to dry
x. Transfer wafer to single wafer carrier
c. Cleanup
i. Pour rinse solution from beakers #2 & #3 into waste container
ii. Rinse beakers #2 & #3 with pure water and pour into waste
container
iii. Pour rinse solution from beaker #4 into waste container
iv. Wait for the piranha solution in beaker #1 to cool to room
temperature
v. Pour piranha solution into waste container
vi. Rinse beaker #1 with water and pour into waste container
vii.
Wash all beakers
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