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CHAPTER 1

Introduction

And in the Deserts of the West, still today, there are Tattered Ruins of that Map, inhabited by Animals and

Beggars; in all the Land there is no other Relic of the Disciplines of Geography.
—JORGE LUIS BORGESDnN Exactitude in Science

The eld of soft matter physics exists at a particular intersection of condensed matter physics, biophysics,
chemical physics, statistical physics, and engineering. Given this, it is perhaps natural that much of the fun-
damental theory of the eld is not actively taught, either in undergraduate or graduate physics education.
Indeed, the average physics graduate student is anecdotally more able to explain physics at the quantum or
cosmological scale than the everyday scale that comprises much of continuum mechanics. By no means is
this a question of the practicality of any of these elds, as nobody could question the immense societal im-
pacts of, for instance, the transistor. This does imply, however, that many contemporary physics students,
when faced with a soft matter problem, tend to adopadmocapproach to it; that is, there is a tendency
to understand the singular system one may have, rather than engage in that favorite past-time of physicists —
conceptual uni cation.

In this work, we will be examining one such classical-scale, soft matter system — polydimethylsiloxane
(PDMS)-based micro uidic devices — and studying mass transport of diluted chemicals in this system. To
a reader with a background in biomedical engineering, this surely sounds like an interesting pursuit. After
all, such devices are a cornerstone of rapidly emerging methodologies both at the academic and commercial
level, with the known problem of interaction with hydrophobic chemicals. To a reader with a general physics
background, perhaps less so — isn't this an extremely speci ¢ system? To both, | answer yes. For readers
with a preexisting interest in this topic, we will show that through experimental methodologies, and careful
simulations, we can account for chemical interaction in-device via multiphysics modeling with parameters
derived through simple experiments. Such simulations reveal that things are neither as good nor bad as they
seem — many chemicals-of-interest interact weakly with PDMS at relevant time scales and ow rates, but a
wider class of chemicals than previously implicateohinteract problematically given the right conditions.

For readers without such an interest, | present this methodology as a general approach one could take for any
polymer-based device, and strive to extend this mass transport modeling to ask what physically is happening
within a solid polymer under the conditions of small molecule diffusion, and generalize this behavior through

a novel mathematical approach by describing multiple sources of anomalous diffusion in a single uni ed

framework.



To summarize, in Chapter 2, we will discuss PDMS-based micro uidic devices in detail, considering their
history, physical properties, uses, and drawbacks. Then, in Chapter 3, we shall introduce a comprehensive
mass transport model and characterize the properties of many chemicals of interest to the eld. In Chapter
4, we will use this model to look more closely at steroid hormones — a class of compounds of high impor-
tance — and explore how experimental protocols result in different time-dependent in-device concentrations.
In Chapter 5, we will take a sharp turn and explore a theoretical topic — modeling anomalous diffusion us-
ing fractional calculus. With this toolkit, in Chapter 6, we will examine how small molecules demonstrate
anomalous diffusion in PDMS and consider how this may impact micro uidic devices. Finally, in Chapter 7,
we will consider future avenues of research, which will build on this model by applying it to new systems,
simplifying it for computational ef ciency, or expanding it to include more phenomena.

It is my hope that this work is useful to the large user-base of PDMS-based micro uidic devices, both
as a warning to the necessity of maintaining control over in-device concentrations, and as an experimental,
computational, and theoretical framework to do so. Hopefully, the work begun herein can be continued and
expanded such that at least some of the problem of chemical-PDMS interaction may be ameliorated; and,

future students may nd their own questions and answers in this deep well of interdisciplinary research.



CHAPTER 2

PDMS-Based Micro uidic Devices: History and Background

Mr. McGuire: | want to say one word to you. Just one word.
Benjamin: Yes, sir.

Mr. McGuire: Are you listening?

Benjamin: Yes, | am.

Mr. McGuire: Plastics.

Benjamin: Exactly how do you mean?

Mr. McGuire: There's a great future in plastics. Think about it. Will you think about it?
—The Graduate

Some parts of the background presented in this chapter are adapted from the original published work

"Toxicokinetics for organ-on-chip devices” which was publishedla on a Chipin March 2025 [1].

2.1 Historical Development of Micro uidics

The study of uids has long been a preoccupation of the physical sciences. Indeed, the fundamentals of uid
dynamics were rst proposed by Archimedes over two-thousand years ago [2, 3]. Today, uid mechanics

is a mature eld, and modern engineering has rendered theoretical possibilities into physical technologies.
One such eld is that of micro uidics. At miniturized scales, the Reynolds number, a dimensionless quantity

de ned as the ratio of inertial forces to viscous forces in a uid,

Re= thL 2.1)

wherer is uid density,vis ow speed,L is characteristic lengthe(g. pipe radius), antt is dynamic viscos-

ity, becomes very small. At this limit, ow becomes entirely laminar, as viscous forces dominate within the
uid. This allows for precise control of the uid within a device, which in turn allows for the development of
analogs to electrical circuits.

Indeed, the analogy to an electrical circuit is illuminating to understanding a micro uidic circuit. Trans-
lating from electrodynamics to uid dynamics, one can replace pote¥itiaith pressurep, currentl with
volumetric ow rateQ, and unit charge with unit volume of uid. While this analogy will eventually break
down, this gives one an intuitive understanding of a uid circuit, and one can develop analogs to standard
electrical circuit elementse(g. resistors, capacitors). Given the similarities between electric and uidic cir-

cuits, it should then be unsurprising that the development of micro uidics followed in the wake of industrial



manufacturing of microelectronic chips.

After the invention of the transistor at Bell Labs (for which the 1956 Nobel Prize was awarded to William
Bradford Shockley, John Bardeen and Walter Houser Brattain), the need for industrial scale manufacturing
of transistor chips led to the development of photolithography techniques [4]. Complex, layered transistor
chips could be manufactured with multiple sequences of photolithography, chemical treatment, and material
deposition. In this environment, researchers, including James Angell, Ernest Bassous, and Lawrence Kuhn
developed the rst silicon micro iudic devices, to perform miniaturized experiments in order to save reagents
[5, 6]. However, silicon devices were opaque, and in practice very dif cult to manufacture. Etching silicon
devices requires either dangerous chemical baths, such as boiling potassium hydroxidé, @Q#gsma
etching, which itself typically uses very toxic gases. This led to the subsequent development of glass mi-
cro uidic devices.

Glass micro uidics offered multiple advantages over silicon based devices. Glass is transparent, biologi-
cally compatible, and chemically inert. Additionally, the surface of glass provides an excellent environment
for engineered surface chemistry, can sustain electroosmotic ow, and is hydrophillic. Like silicon though,
glass devices are very dif cult to manufacture. They cannot be manufactured in a small laboratory, requir-
ing clean room facilities. Even worse than silicon, the inert nature of glass makes it resistant to chemical
etching; few solvents will etch glass, and those that will include dangerous ones like hydro uoric acid (HF).
These early silicon and glass micro uidic devices were a breakthrough, but the dif culty of manufacturing
them created a barrier to entry for most research groups. Nevertheless, some groups still persist with silicon
and glass micro uidics, and procedures to manufacture these devices have advanced [7]. However, it was
not until the development of polymer-based micro uidic devices in the 1990s that the micro uidic devices
would experience widespread adoption as experimental platforms and enter the toolkit of researchers in the
biological sciences.

While it has incidental use in Friedrich Bonhoeffer's stripe assay as early as 1982 [8, 9, 10], polydimethyl-
siloxane (PDMS) rst truly entered the world of micro uidics in George Whitesides' lab. In 1988, Manoj
Chaudhury brought his knowledge of PDMS (learned at Dow Coring) to Whitesides' group, and over the next
few years, the two men authored several papers about the mechanical properties of PDMS [11, 12, 13, 14, 15].
This work was built upon by Amit Kumar, who rst applied PDMS to microelectromechanical systems
(MEMS) and developed the technique of PDMS "rubber stamping” [16, 17]. With this technique, the White-
sides group developed the modern elds of soft lithography and PDMS micro uidics in time for the turn
of the millennium [18, 19]. At the same time, the development of the PDMS microvalve and micropump

allowed the automation of PDMS-based micro uidic devices, freeing researchers from the "tyranny of pipet-

1These baths reduce the etch rate, helping to control the process



ting” [20]. It would seem that everything was falling into place for PDMS-based micro uidics to take their
place as a central tool in the biological and chemical sciences.

Why then has PDMS not become ubiquitous beyond the academic world? Albert Folch described the
invention of PDMS micro uidics as "democrati[zing]”, freeing researchers from the "aristocracy” of silicon
and glass micro uidics [21]. This is an accurate statement in so much as silicon and glass micro uidics
require expensive clean room facilities, intricate etching procedures, and are less compatible with biological
systems than gas-permeable PDMS. PDMS-based devices can be assembled in any university with relative
ease, are very safe to assemble, and can be rapidly prototyped through iteration of their molds. However, if
PDMS can be said to be democratic, it can also be said to be artisanal, compared to the aristocratic yet indus-
trial silicon, glass, and injection-molded hard thermoplastics [22]. PDMS-based micro uidics are dif cult
to mass-produce, limiting their commercial viability as of today to relatively small biomedical companies.
Despite this, however, PDMS has become quite ubiquitous in the academic world as the medium of choice
for a variety of micro uidic devices.. The ubiquity of PDMS in these devices requires us to understand it
well: what are its strengths? and what are its drawbacks? Before we continue, and consider the world of
contemporary PDMS-based devices, let us take a detour to consider PDMS - its history, its properties, and
the toolkit it provides to scientists and engineers who make use of it.

I would also like to note that the early history of micro uidics is a topic | have only brie y touched on here
to put the use of PDMS-based micro uidic devices into context. Readers interested in an academic treatment
of this subject should consult Convery and Gadegaard's excellent review of the past 30 years of micro uidics
[23]. Those interested in a more casual survey of the topic should consider Albert Folch's wonderful book

"Hidden in Plain Sight” for a broad survey of the eld [21].

2.2 Polydimethylsiloxane

PDMS is a silicone, a class of polymers characterized by a siloxane backbone (that is, a SiO chain) with
connected organic substituents. In PDMS, these substituents are methyl groupsdi@Hg us a general
chemical formula for a PDMS chain: [Si(GhO], (Fig. 2.1). Solid PDMS is made by cross-linking PDMS
chains through the use of a curing agent. In this section, we will review the history of PDMS, the process of

manufacturing PDMS-based devices, and the chemical and mechanical properties of PDMS.

2.2.1 History of PDMS
In the early twentieth century, Frederic Stanley Kipping pioneered silicone chemistry, writing fty-seven pa-
pers on the synthesis of silicones and their properties [24]. Industrial development of silicones followed. The

American chemist James Franklin Hyde, eulogized as the "Father of Silicones,” began working with silicones



Figure 2.1: (A) Diagram of PDMS chain. (B) PDMS trimer overlaid with relative charge distribution. Green
regions are relatively positive, red regions are relatively negative. Note the relative negativity on the oxygens
in the siloxane backbone — these are hydrogen bond acceptor sites.

in the 1930s while working at the Corning Glass Works (now Corning Inc). His work led to the formation
of the Dow Corning Corporation, a union of Corning and the Dow Chemical Company [25]. Dow Corning
commercialized many silicones, including PDMS, sold today commercially as Sylgard™ proelgc®yl-
gard™ 184).

Before and besides being used by Whitesides' lab in the 1990s for soft lithography, PDMS has had a
variety of commercial uses. These include catheters [26], bandages [27], optical implants [28], contact lenses
[29], stents [30, 31], implants [32, 33, 34], personal lubricant [35], protective marine coatings [36, 37], semi-
conductor manufacturing [38], skin and hair care products [39, 40], food packaging [41], and even as a direct
food additive [42]. Of course, the use of PDMS in micro uidics has increased the demand for commercially
available PDMS-based micro uidic devices. We shall discuss the commercialization of micro uidic plat-
forms further in §2.3, but it is notable that mass-producing PDMS based devices presents many dif culties,

and thecommerciaffuture of micro uidics is not married to PDMS.

2.2.2 PDMS Manufacturing

Users of PDMS will typically buy the polymer as a kit manufactured by Dow-Corning. Sylgard™ 184 is the
most commonly used formulation. These kits come in two parts: a gel elastomer base, and a curing agent.
These must be mixed in a prescribed ratio — 10:1 base to agent is the recommended ratio [43], but this ratio
can be tuned to achieve a desired hardness [44, 45]. Mixed PDMS is then poured over a mold and degassed to
remove air bubbles. These molds are typically made using photolithography, with the most common photolith
being SU-8 [46], although 3D printing presents a future option [47]. Once poured and degassed, PDMS must
then cure so that the polymer chains are cross-linked. This curing may be done at room temperature [43], but

curing at higher temperatures can accelerate the process (as well as modify the mechanical properties of the



Figure 2.2: Procedure for device fabrication using PDMS. (Top) PDMS base and curing agent are mixed in
a prescribed ratio, poured over an SU-8 photoresist mold and (after degassing) cured to cross-link PDMS
chains. (Bottom) After curing, PDMS may be further treated either to modify bulk propeetigsHigh
temperature annealing, or to modify surface propergas. plasma oxidation or surface deposition).

nalized polymer) [48, 49, 50].

Following curing, additional modi cation of bulk PDMS may be undertaken. For instance, our group has
taken to an additional high temperature annealing to harden our PDMS and stabilize its mechanical properties
[48]. However, most modi cation of PDMS bulk properties must be done prior to curing, with the exception
of extraction of low molecular weight units. Possible modi cations include varying elasticity, transparency,
refractive index, electrical conductivity, thermal conductivity, or magnetism [51]. Surface modi cation of
PDMS, however, is typically performed post-cure. One popular surface modi cation is plasma oxidation
(either with air, oxygen, or ozone plasma). Here, methyl groups are replaced with reactive OH groups,
and the PDMS surface is rendered hydrophilic. After this treatment, PDMS interacts less with hydrophobic
compounds [52, 53], but this treatment is transient: oxidized PDMS stored in air will undergo hydrophobic
recovery [54]. Preliminary investigations by our group attempted to mitigate this recovery through a process
of repeated plasma oxidation, but this work was unsuccessful (Appendix A), although recent results [55]
show that recovery, indeed induced by surface cracking, may be mitigated through certain techniques. Other
surface treatment techniques increase the hydrophilicity of PDMS through chemical treatments [56, 57, 58]
or deposition methods [59, 60]. There are, of course, many more possible surface treatment methods, some

of which increase surface hydrophaobicity, or introduce functional groups at the surface (particularly useful in



Property Value Citation
Density Q97 glcnt [62]
Surface roughness (RMS height) :03 0:24 nm -
Young's modulus 360-870 kPa [63]
Sheer modulus 260 kPa [64]
Poisson ratio 0.5 [62]
Tensile strength 2.2-6.7 MPa [62, 43]
Water contact angle 1087° [65]
Index of refraction 1:4 (589-1554 nm) [43]
Extinction coef cient 0 (250-900 nm) [66]
Speci ¢ heat 146 kd/kg K [62]
Thermal conductivity @7 W/m K [43]
Melting point 499to 40°C [62]
Glass transition temperature 120 °C [67]
Dielectric strength 19 kV/mm [43]
Electrical conductivity 4 108 W m [62]
Volume resistivity 23 10“W cm [43]
Magnetic permeability 6 10° cmi/g [62]

Table 2.1: Physical properties of cured PDMS (Sylgard™ 184).

biological or chemical assays in PDMS-based devices), but to survey these is beyond the scope of this work
[51]. This entire process is summarized in Figure 2.2.

In any case, with molded PDMS having its desired bulk and surface properties, the nal step in preparing
a micro uidic device is assembly. Often, device assembly takes advantage of PDMS oxidation to either bond
two pieces of PDMS together, or bond PDMS to glass permanently. As an alternative to bonding, PDMS can
also be manually clamped to ensure a proper seal. From here, PDMS devices may be used immediately, or

stored for further use, with various storage protocols to maintain surface properties [61].

2.2.3 PDMS Properties

Now, let us consider the properties of cured PDMS — in particular, the standard formulation of Sylgard™
184, mixed in a 10:1 ratio. Cured PDMS is light, nearly neutrally buoyant, with a mass density of only 0.97
g/c?. PDMS is also a remarkably smooth material. The RMS surface roughness, measured by atomic force
microscopy (AFM), is only 03 0:24 nm (Appendix B). At room temperature, PDMS has moduli typical

of a rubber, with a Young's modulus = 360 870 kPa and a sheer modul@s= 260 kPa. Given a Poisson

ratio characteristic of rubbery materialsf 0:5, one can thus generalize Hooke's law for PDMS. PDMS
tears fairly easily, having a tensile strength of only 2.2 - 6.7 MPa. PDMS is very hydrophobic, indicated by
a water contact angle 108° — this hydrophobicity not only drives interaction with hydrophobic chemicals,

but also complicates cell adhesion, making mitigating it through methods described in the previous section

a goal of many groups. In addition to these mechanical properties, PDMS has optical properties that make



it highly compatible with optical microscopy. In particular,it has an index of refection in the visible-near IR
range of approximately 1.4, close to that of glass. It is also near-optically transparent in the UV-Visible range,
with an extinction coef cient near zero. These properties, and additional thermal and electrical properties,

are tabulated for readers' interest in Table 2.1.

2.3 Modern PDMS-Based Devices

Given the properties and exibility afforded by a PDMS-based system, it is no wonder that such devices
proliferated following initial development by Whitesides' group. These PDMS-based devices can be fur-
ther subcategorized into classes such as lab-on-a-chip (LOC) devices, organ-on-chip (OOC) devices, mi-
crophysiological systems (MPS), microelectromechanical systems (MEMS), or micro total analysis systems
(UTAS). Today, these devices are a common tool for biological assays, especially at the academic level, at
which the low cost of PDMS and the ability to rapidly prototype new devices gives the material great util-
ity. To illustrate the prevalence of research with these devices, consider the Vanderbilt Institute for Integra-
tive Biosystems Research and Education (VIIBRE), which has been involved in the development of several
PDMS-based OOC devices, including a thick-tissue bioreactor [68], a heurovascular-unit-on-a-chip (NVU)
[69, 70, 71, 72, 73, 74], an airway-on-a-chip [75], a heart-on-a-chip [76, 77], and a microbioraagctor (
tumor-on-a-chip) [78, 79]; a MEMS using a superoxide dismutase electrode to monitor cellular metabolism
[80]; MPS including a micro uidic multitrap nanophysiometer [81], micro uidic single cell arrays [82, 83],

and devices for monitoring chemotaxis [84] and microbial transport in porous media [85]; as well as micro u-
idics components such as valves and pumps, made in part from PDMS, which are used in LOC devices like
a microclinical analyzer (UCA) [86, 87, 88]. This is but a small sample to illustrate the scale of use of PDMS
in the academic world. In parallel, market demand for commercially-produced PDMS-based micro uidic
devices grows as well [89]. PDMS remains the bulk material in many commercially available deviges,
those sold by Emulate [90] and SynVivo [91, 92, 93, 94]. Other commercial OOC suppliers have moved
away from PDMS in favor of injection-molded thermoplastiesg({ ChipShop) [95, 96] or glas®(g. Mi-

cronit) [97], but even in these devices, PDMS or another soft polymer is often incorporated to make exible
membranes and valves.

In particular, OOC devices are rapidly growing in popularity due to their ability to reproduce human or-
gan responses at a miniaturized scale and thus having advantages over animal testing in terms of cost, ethical
concerns, and adaptability for high-throughput screening [98, 99, 100, 101, 102, 103, 104]. This has great
promise both in pharmaceutical research and in toxicity testing, the latter for which OOC devices have been
targeted speci cally as a new approach methodifforitro testing [101]. Unfortunately, the use of PDMS in

micro uidic devices has a well-recognized drawback: PDMS tends to interact with and sequester hydropho-



bic compounds [19, 23, 105, 106, 107, 108, 109, 110]. When that happens, a compound's nominal inlet
concentration is no longer a reliable measure of its in-device chemical dose. There are three strategies for
dealing with this problem: (1) avoid testing of hydrophobic chemicals; (2) mitigate the interactions by mod-
ifying PDMS, by including a carrier in solution, or by using a different elastomeric material; or (3) measure
and model the interactions to account for them and predict time-depeimdeitito concentration pro les

within such devices. This rst strategy is simply unworkable for OOC devices to reach their full potential.
The second has been pursued before, either through surface treatment methods like those discussed in §2.2.2,
or through modi cation of media used in-devie. For example, many researchers include serum, puri ed
serum transport proteins, or micelle-forming detergents to serve as carriers in the culture medium. If any of
these are present in suf cient quantities, they can stabilize the free concentrations of hydrophobic compounds
[111, 112]. Nonetheless, some applications require the use of serum-free or detergent-free media. Even when
carriers can be added, determining whether the free concentrations are stabilized, and at what levels, requires
modeling approaches with additional parameters, complicating the picture.

Given the above limitations of mitigation, we proffer mass transport modeling as a ubiquitously applica-
ble tool to account for chemical-PDMS interactions within PDMS-based micro uidic devices. This approach
requires measurements of the microscopic PDMS interaction parameters for a given chemical, but the needed
experiments are within the means of the typical laboratory. Even without experiments, the parameters may
be estimated using quantitative structure-property relation (QSPR) models [113, 114] — a popular varierty of
machine learning model designed to predict chemical properties from vectors of calculated chemical descrip-
tors (that is, quanti ed abstract chemical properties). One can then use nite-element modeling (FEM) to
simulate a speci c device, ow rate, and time-dependent inlet concentration to determine dynamic in-device
concentration pro les. Before we proceed, let us discuss the formulation of this mass transport model in the

context of a uid dynamics problem, and how we come to FEM as a solution.

2.4 Integrating Mass Transport with Fluid Dynamics

As the title of this work may give away, we will be studying mass transport within micro uidic devices as a
method to account for chemical-PDMS interaction with the hope that by providing a procedure to translate
from nominal to actual in-device concentrations, we can mitigate the most problematic aspect of PDMS-based
devices, while retaining all the upside. The theory of uid ow within micro uidics has been well-covered
[115], leaving us with the task of integrating mass transport into this framework. Mass transport in a uid is

well described by the advection-diffusion equation:

% =N (DNc vo)+ R (2.2)
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Here,c is mass concentratiol is diffusivity, v is the velocity eld, andRis a general term accounting for
spatially-uniform loss (typically from chemical processes).
In a micro uidic device, one typically assumes that the uid is incompressible (typical ow velocities are

much slower than the speed of sound in the uid), giving the continuity equation

N v=0 (2.3)

The velocity eld is, in general, given by the Navier-Stokes equation, which for an incompressible uid, is

r %Hv N)v = Np+hRN?v+rg (2.4)

wherer is the uid mass densityp is the pressurd) is the uid viscosity, andg is the gravitational accel-
eration. This equation is notoriously dif cult to nd analytic solutions for, owing primarily to the nonlinear
term (v N)v. However, we can rewrite the Navier-Stokes equation in non-dimensionalized form, using the

Reynolds number Re (Eqgn. 2.1), and omitting body acceleratiang),

Re %ﬂv N)yv = RNp+ Rv (2.5)

Now, we can see that in the micro uidic limit, where Re 0, the right-hand side of this equation dominates,

allowing us to write the simpler time-independent Stokes equation

0= Np+hN?v (2.6)

Note that by applying the divergence operator to both sides of this equation, given the incompressibility of

the uid (Egn. 2.3), we nd that the pressure is well described by Laplace's equation,

N2p=0 (2.7)

In the context of micro uidics, we are most interested on the velocity elith a micro uidic channel.
Suppose we have a channel of lengthvith cross-section in the xy-plane such that only the z-component
of the velocity eld is non-zeroj.e. v = v,(x;y)z. The pressure drop across this channdDjissuch that

p(L) p(0)= Dp. Given the structure of Equation 2.5, it follows that the pressure is only z-dependent
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p= p(2). In total, the Stokes equation for this system in the domain of the cha@hisl (

'ﬂzvz+ %, _ Dp

e 2 hL (2.8)
with no-slip conditions at the wall§|C),
vi(r29C)=0 (2.9)
Finally, note the de nition of the volumetric ow raté,
z
Q= v dxdy (2.10)
C

For PDMS-based micro uidic channels, which are typically approximately rectangular when made via soft
lithography, we can consider the solution to these equations for a channel withmadith height such that

w> h,x2 [ 0:5w;0:5w], andy 2 [0; h]. The solution for this takes the form of a Fourier sum,

. 4nDp ¢ 1 cosh((2n+ 1)py=h) .  (2n+ 1)px
VAXY) = Dot @ @13 1 cosh(zn+ Dpw=zh) O h (2.11)
with corresponding volumetric ow rate
3 " ¥ #
_ h°wDp 5 1 192h (2n+ 1)pw
e P e w®™ (2.12)

Now, let us return to the advection-diffusion equation and consider its form in this micro uidic system.
Given the incompressibility of the uid (Egn. 2.3), and assuming no reaction term, we may simplify Equation
2.2to

— =DN°Cc v,— (2.13)

wherev; is given by Equation 2.11. This is the master equation governing mass transport in solution in
micro uidic channels throughout this work. Our rst challenge, and the topic of the next chapter, will be to
assign the proper interface conditions at the channel walls to describe chemical depletion by PDMS. With
this, we can proceed to use numerical methods to develop solutions to these equations, in particular using the

nite element method (FEM).

2.5 Multiphysics Modeling of Micro uidic Devices
The development of solutions to the Navier-Stokes equation was a decades-long effort. Recall that this

equation (Eqn. 2.4, for an incompressible uid) has a nonlinear term, making the development of analytic
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solutions impossible under most circumstances, unless one may nd a system which simpli es some aspects
of the equation. The eld of computational uid dynamics (CFD) developed in response to this problem.
Early steps were made by Lewis Fry Richardson in the rst decades of the 20th century to calculate uid ow
(in his case, to forecast weather) [116], but it was not until the development of modern computers that CFD
could be fully realized [117].

Modern CFD simulations can be split into two main categories: Eulerian and Lagrangian methods [118].
Eulerian methods are based on discretizing the system using a mesh, with three of the most ubiquitous Eu-
lerian methods being the nite difference menthod (FDM), nite volume method (FVM), and nite element
method (FEM). FDM involves using differenecs to approximate derivatives on a structured grid, and is easy
to implement at a relatively low computational cost. However, FDM struggles with complex geometries.
FVM subdivides a volume into discrete cells, each of wich have balanced ux equations, ensuring proper
conservation laws hold always. In addition, FVM can handle complex geometries. FVM does however strug-
gle to produce results with increasing accuracy. FEM also discretizes a volume into discrete elements. In
each element, an approximate solution is constructed using basis vectors de ned at nodes. This is a exible
approach that allows for an irregularly sized (called adaptive meshing), and can be applied generally to other
problems (heat transport, mass transport, electrodynamics, etc.), but it is computationally expensive, and
needs proper monitoring to ensure conservation laws hold. FVM and FEM are both popular methods, with
popular commercial software packagegy( ANSYS and COMSOL). On the other hand, Lagrangian meth-
ods, such as smoothed patrticle hydrodynamics (SPH) do not involve meshing, but instead simulate a uid
as free-moving particles, with physical quantities determined through a nearest-neighbors averaging method.
SPH is computationally intensive, but can handle systems that are not well-suited to Eulerian methods, such
as multiphase ows.

In order to simulate mass transport in micro uidic devices, we will need to perform a type of simulation
known as "multiphysics”. This term generally refers to any sort of numerical approach that handles coupled
physical phenomena — in our case, uid dynamics and mass transport. With this in mind, we chose to per-
form simulations throughout using COMSOL Multiphysics, FEM software designed for this problem. With
the proper mass transport parameters, these simulations can be easily run, given that device geometries are
typically designed at the photolithogrpahy stage in CAD software, at only the cost of computation time. In the
following chapter, we will show how we can determine these transport parameters for chemicals-of-interest,
and in Chapter 4, we will show how through FEM multiphysics modeling, we can simulate a micro uidic

device.
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CHAPTER 3

Mass Transport Modeling of Chemcial-PDMS Interaction

O God of progress, have you degraded or forgot us? Where have your laws gone? | think about it now.

—SUFJAN STEVENSCome On! Feel the lllinoise! (Part I: The World's Columbian Exposition)

The work presented in this chapter is largely adapted from the original published work "Toxicokinetics
for organ-on-chip devices” which was published.iab on a Chipin March 2025 [1]. Membrane diffusion

experiments and associate data post-processing were performed by Richard Ficek.

3.1 Earlier Attempts at Modeling Chemical-PDMS Interaction
Prior research from the Hutson group attempted to develop a model for chemical-PDMS interaction in mi-
cro uidic devices via reversible surface binding kinetics [108]. This work developed both an empirical model
of surface binding and a microscopic model with 1st order binding kinetics.

This rst empirical model describes a system of a solution of chenAdal contact with PDMS. In the

case that we initially have quantifyy of chemical in solution, and no chemical in PDMS, this model follows

Alt)= Ag+ DA, 1 e ™1 (3.1)

where the concentration in solution approachgs DA;, requiring thatDA; < 0, with characteristic time
consant . In the case that PDMS preloaded with chemigad in contact with a solution with no chemical,
this model follows

Alt)= DA, 1 e 2 (3.2)

where the concentration in solution approadbAs, requiring thabDA, > 0, with characteristic time constant
to. This empirical model can be useful to describe the fractional chemical concentration change for a given
system, but it fails in providing a framework for ubiquitous, comprehensive modeling of chemical-PDMS
interaction, given that it is ultimately dependant on the geometry of the system to which it is applied.

Given this, the microscopic model was developed to attempt to build a framework which could be applied
to systems with different geometries. This model posits that chemical-PDMS interaction occurs due to the
binding of chemicalA to PDMS surface binding sit8 to reversibly form a comple®young i.€. A+ S

Anoung The reaction kinetics then are:

— = Ke[AI[S+ krl[Apound (3:3)
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for concentration§A], [§, and[Asound, With reaction rate&= andkg. This paper then transformed Equation
3.3 into a differential equation fak(t) in terms of surface density of binding sit&g ratio of solution volume

to PDMS surface area, andAt, the initial concentration of chemical in solution:

dA(t) _

dt ke

S
= (ot AD) +ke(Aor At) (3.4)
Equation 3.4 is then evaluated in two particular instances. First, in the case of chemical binding to naive
PDMS, with the initial conditiorA(0) = Aot (With Aior understood to be the total concentration in solution),

Equation 3.4 evaluates to:

_ ke S0 ((ketkelt)
A(t) = Aot + rkaa © 1 (3.5)

Second, in the case of preloaded PDMS releasing chemical into pure solvent, with the initial coldition

0 (with At understood to be the total quantity of chemical bound to PDMS divided by solution volume),

Equation 3.4 evaluates to:

!
k S 1 e (ke

ke + kg @ ke + kg

Alt) = Ao (3.6)

While the microscopic model is the geometry-agnostic, two major problems arise when attempting to use
it to model chemical-PDMS interaction. The rst problem comes from the tted value§pthe surface
binding site density. These values are often greater than 1000 molecules $¢d.68), Appendix B), far
too large to be physically realistic. This implies that either chemicals are undergoing surface packing at the
PDMS surface, or that they are penetrating into the bulk PDMS. It is generally known that many chemicals
can diffuse through PDMS [113], and in fact, research from VIIBRE collaborators at Vanderbilt has shown
that certain dyes, like rhodamine B, can be optically observed diffusing through PDMS [68]. As such, we
will consider PDMS bulk diffusion to be the source of excess chemical loss as we proceed.

The second problem arises when trying to use this model to run CFD simulations of concentrations inside
devices with ow. In the original work, the physical interaction parameters were derived from experiments
without any ow rates; when the model is applied to a system with time-dependent ow, it necessitates a
complicated extension of the model to include diffusion in order to match experimental results. CFD-FEM

simulations using this model provided ultimately poor ts to experimental data [119].

3.2 Modeling Chemical Transport in the Solution-PDMS System
In this work, we will develop a comprehensive, geometry-agnostic model of dilute chemical transport in

a system of liquid solution and PDMS in contact. This model is fully three-dimensional, considers both
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partitioning at the solution-PDMS interface and diffusion within both the solution and PDMS, and easily
accounts for ow in the system. We will consider the concentration of chemical both in solution and in PDMS,

calledcs andcp respectively. The time evolution of these concentrations is described by the equations:

dos

dat = DSNZCS N (csv) 3.7)
dd—(:j = DPNZCP (38)

At the solution-PDMS interfac&W, we will impose the following boundary conditions:

>

- H
Ncs aw> HS(KCS Ccp) (3.9)

>

o H
Nep g =+ D—P(Kcs Ccp) (3.10)

In doing so, for each chemical, we characterize its transport properties with four paramefens diffusiv-
ity in solution; Dp, the diffusivity in PDMS;H, the solution-PDMS interface mass transfer rate; ldnthe
PDMS-solution partition coef cient. Any ow of the solution is describedvr= v(t;r), the time-dependent
ow rate.

In this chapter, we will be using two experiments without ow to determine the chemical transport pa-
rameters for several chemicals. These experiments are: (1) a PDMS disk soak; and (2), a PDMS membrane
soak. We will rst survey ten chemicals to demonstrate the validity of the model. We will demonstrate the
agreement of transport parameters with previously published results, and use optical microscopy to demon-
strate diffusion within PDMS. Then, we will use the transport parameters and model to develop a CFD-FEM
simulation in COMSOL Multiphysics to show the applicability of the transport model to systems with ow.
Finally, we will look at two additional sets of chemicals: one consisting of fourteen chemicals selected as
either priority toxicants or potential future uorescent markers; and another consisting of three steroid hor-

mones.

3.2.1 PDMS Preperation

PDMS Sylgard 184 (Dow Corning, Auburn, MI) was mixed in a 10:1 mass ratio of elastomer base to curing
agent. To make PDMS disks, PDMS was cast in a 6-mm thick layer, which was then cured overnight in a
67°-C oven. After curing, disks were prepared with a 3-mm radius biopsy punch. These PDMS disks were
then annealed for 4 hours in a 200°-C oven to stabilize mechanical properties [48]. PDMS membranes were
spun out from small volumes of PDMS to 80-um thickness on a Laurell WS-400-6NPP Spin Coater (Laurell

Technologies Corporation, Lansdale, PA) using the procedure described by Markov et al. [120] and then
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Chemical Cosolvent Conc. used hemd{) Conc. used previouslyng\V) Citations
Amodiaquine - 140 1-10 [121, 122]
Benzo[a]pyrene 50-70% DMSO 12-40 3-100 [123, 124, 125, 126]
Chlorpyrifos 70-90% DMSO 28 10-30 [127]
Fluorescein - 0.2 100 [128]
FITC - 25 1.25 [121]
Indole 0-40% DMSO 128 1-500 [129, 130, 131]
Paraoxon - 120 0.1-200 [132, 133, 134
Parathion 1-70% DMSO 34 0.01-37 [135, 136]
Rhodamine B - 23 100 [137]
Rhodamine 6G - 5.5 100 [137]
Acridine Orange - 28 0.75-377 [138]
1,2,3-Benzotriazole - 0.5 - -
Benzyl Alcohol - 1.0x16 - -
Bromophenol Blue 0.8% MeOH 22 - -
Colchicine - 54 25 [139]
Cyclohexanol - 3.6x 10 - -
Diacetone Alcohol - 1.5x 10 - -
Ethofumesate 10% DMSO 352 75 [108]
Glutaraldehyde - 138 - -
Hexazinone - 39 40 [108]
Imazaquin 10% DMSO 6.7 17 [108]
N-Nitrosodiphenylamine 0.7% MeOH 42 - -
N-Nitrosodimethylamine 10% MeOH 3.2x40 - -
Pentaerythritol - 1.2xH0 - -

Table 3.1: Chemicals used in disk and membrane soak experiments. Concentrations used in this work are
comparable to those used in micro uidic devices previously.

cured.

3.2.2 Chemical Preparation

Chemicals were acquired either as powders or liquids from Sigma Aldrich (St. Louis, MO). Stock solutions
were prepared with 1x pH-7.4 phosphate buffered saline (PBS) (Thermo Fisher, Waltham, MA) to near
maximum solubility. For chemicals with very low solubility in water, dimethyl sulfoxide (DMSO) was added

to increase solubility. DMSO does not partition into nor interact with PDMS, making it a compatible organic
solvent [140]. Three compounds (bromophenol blue, n-nitrosodiphenylamine, and n-nitrosodimethylamine)
had methanol (MeOH) added to solution. For bromophenol blue, this was due to solvent compatibility,
while the other two compounds are manufactured pre-dissolved in ampules of MeOH. For experiments, stock
solutions were diluted in their respective mixed solvent to obtain a peak UV-Vis absorbance close to one. The

concentrations ultimately used in experiments were in the micromolar range (Table 3.1).

3.2.3 UV-Vis Spectroscopy for Measuring Chemical Concentration
All chemical concentration in this chapter were measured using a NanoDrdplDa¥is Spectrophotome-

ter (Thermo Fisher, Waltham, MA). This spectrophotometer can measure UV-Vis absorbance spectra (190-
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850 nm) in two distinct ways: rst, it can measure the spectra of 1-cm square cuvettes; second, it can measure
the spectra of droplets (between 0.5-2 pL in volume). The cuvette measurement is more robust and provides
a smoother spectrum, allowing us to measure more dilute concentrations, while the pedistal measurement
allows us to sample very small volumes of solution.

For each chemical, we rst generated a set of calibration data. Generally, we know that for values of
absorbance between 0 and 1 the Beer-Lambert law provides the relationship between concerdration
absorbancé,

Al )= el )'c (3.11)

Here," is the path length of the measuremémtnde(l ) is the wavelength dependent molar absorbance co-

ef cient. Our calibration data is taken such that we begin with a solution of chemical with a peak absorbance
near 1. Then, we dilute this solution serially by factors of 2 until the absorbance drops below 0.1. These spec-
tra are then analyzed to nd the peak absorbance waveldngth at which we perform a linear regression

to absorbance data to ne(l nay. With this value, we can then determine the concentration of any spectra

of this chemical.

3.2.4 PDMS Disk Soak Experiments

Disk soak experiments were conducted with 2 mL of chemical solution in Type 1P disposable UV plastic cu-
vettes (Fire ySci, Northport, NY). Disks were gently placed on top of this solution such that they oated with

only the top surface above the solution (Fig. 3.1A). Cuvettes were sealed with tight tting polytetra uoroethy-
lene (PFTE) covers to prevent evaporation. These cuvettes had spectra measured in the spectrophotometer
at pseudo-logarithmic times over 48 hours to record concentration loss, while the remainder of the time they
were left on a blot mixer to ensure solutions remained well mixed. Simultaneously, a cuvette of solution
with no disk was monitored to control for any chemical interaction with UV plastic. After 48 hours, disks
were removed, dried, and placed in cuvettes lled with fresh solvent. These cuvettes were then sealed and
monitored for 48 hours to monitor chemical release from PDMS.

The choice to use disposable plastic cuvettes over reusable glass cuvettes was driven rst and foremost by
utility. Given the number of chemicals we tested, many in parallel to each other, the cost and time needed to
obtain and maintain glass cuvettes would have been prohibitive. Additionally, the manufacturer of our plas-
tic cuvettes reports excellent compatibility between UV plastic and cosolvents we expect to use, especially

DMSO [141].

1The NanoDrop Orfereports 10 mm absorbance — this is the physical path length for a cuvette, while pedestal measurements are
calibrated to the equivalnet of 10 mm absorbance.
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Figure 3.1: Experimental setups. (A-left) Schematic of a disk-soak experiment in which a disk of PDMS is
oated in a cuvette containing a chemical solution of interest; (A-right) An example pre-equilibrium pro le

of chemical concentration in the solution and PDMS disk. (B-left) Schematic of a membrane experiment
in which a thin PDMS membrane separates a source chamber loaded with a chemical solution of interest
and a sink chamber loaded with matching solvent; (B-right) An example pre-equilibrium pro le of chemical
concentration in source chamber, PDMS membrane, and sink chamber.

3.2.5 PDMS Membrane Diffusion Experiments
Diffusion-through-membrane experiments were carried out in aluminum devices fabricated in-house. Each
device had source and sink reservoirs that were separated by an 80-um thick PDMS membrane. To prevent
leaks, the PDMS-aluminum interface was sealed with high vacuum grease (Dow Corning, Midland, MI). The
source and sink were loaded with 200 pL of either chemical solution or matching solvent, respectively. A
piece of Scotch tape was used to seal the top of the reservoirs to prevent evaporation (Fig. 3.1B). For chem-
icals with reasonable solubility and strong UV-Vis absorbance, concentrations for the source and sink were
measured from UV-Vis absorbance spectra of 2-uL aliquots using the attenuated total re ectance pedestal
of the NanoDrop Orfe spectrophotometer. For chemicals with weaker absorbance, the full 200 pL was re-
moved from each chamber, placed in a cuvette for measurement of its UV-Vis absorbance spectrum, and
then returned to its original chamber. For most chemicals, measurements were taken at pseudologarithmic
intervals over 24 hours. For those chemicals that exhibited fast diffusion, measurements were then repeated
at ten minute intervals over 1 hour.

To model the membrane diffusion experiments, an extension was made to the chemical transport model

to account for both the source and sink reservoirs separately. We consider the concentrations in the source,

19



sink, and in PDMS(s,, Cs,, andcp). These behave according to the diffusion equations:

dd% = Dsr\]ZCsl (3.12)
9% _ bR (3.13)
dt

(%52 = DsR2es, (3.14)

f NCSl w = H (KCS1 Cp) (3.15)
A Nep qw, =+ H(Kes, cp) (3.16)
i Ncp qw, =F H(Kes,  cp) (3.17)
A Ncs, o= H(Kes, cp) (3.18)

and the initial condition thats, (t = 0) = 1 whilecp(t = 0) = cg,(t = 0)= 0.

3.2.6 FEM Simulations of Disk and Membrane Experiments

For both disk and membrane experiments, we faced the need to t our data to the chemical transport model.
It is the case that, for our boundary conditions, there is not an analytic solution to the partial differential
equations. Therefore, we face the need to develop a numerical solution that can be easily t to our data. To
resolve this issue, an interpolation function was developed from numerical solutions to our chemical transport
model which can be quickly and accurately tto our data.

This interpolation function takes the form

Ci(t) = F(logDs;logDp;logH;logK;t) (3.19)

whereg; can be any ots, cp, Cg,, or Cs, for disk or membrane experiments. The functiorwas developed

from a set of 4802 numerical solutions, taken over tuples of our four transport parameters. The solutions span
orders of magnitude::0036 Ds 3600 mnt/h; 0:000036 Dp 0:36 mnt/h; 0:000036 H 36 mm/h;

and001 K 10000. The solutions were developed in COMSOL Multiphysics. Disk soak simulations were
performed in three dimensions, while membrane simulations were reduced to a one dimensional simulation

by considering height and width symmetry.
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3.2.7 Solvent-PDMS Systems with Added Cosolvent
The use of UV-Vis absorbance spectroscopy to monitor concentration loss introduces another complication
given the hydrophobicity of many of the chemicals we test: the initial concentration must be suf cient to
provide a robust UV-Vis absorbance spectrum. For poorly soluble chemicals, this can be dif cult to achieve
in agueous solution.

To avoid this problem, a solution was developed to use a cosolvent to increase the solubility of our poorly
soluble chemicals, and to then use a regression method to determine the partition coef cient of the chemical
in purely aqueous solution. The solubility of a compound in a mixed solution of water and cosolvent can be

estimated using the log-linear model developed by Yalkowsky [142]:

logSu=(1 f)logSy+ flogx (3.20)

Here, Sy, &, andSy are the solubility in water, neat cosolvent, and a mixture respectively,fdadhe
volume fraction of cosolvent in this mixed solution. Now, generally we can relate the partition coef cient of

a chemical between media A and B to the solubility of a chemical in these media as

logKag = l0gSs  logSs (3.21)

From this relationship, we can then revisit Equation 3.20 to derive a similar log-linear relationship for the

partition coef cient of a chemical in a mixed solution of solvent and cosolvent:

logKpm=(1 f)logKpw+ flogKpc (3.22)

Here Kpw, Kpc, andKpy are the partition coef cient between PDMS and water, near cosolvent, and a mixed
solution respectively.

To examine the limits of where Equation 3.22 is valid, let us consider the chemical potgiotial system
with one species of chemical in diffusive equilibrium, and possible sia2epV,;C;M;P]. The chemical

potential can be de ned in terms of an activdysuch that

m = nf+ RTloga, (3.23)
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Wheremo is the standard chemical potential of stgtR is the gas constant, afidis the temperature of the

system. The activity can then be de ned in terms of an activity coef cggmind concentration; such that

a = g (3.24)

At equilibrium we know that the partition coef cient between statnd j can be de ned in terms of the
concentrations in the states,

logKij = logci  logc; (3.25)

It then follows that

logK;ij = m_m mo rrf+Iog 9
' RT RT g
We will de ne Dmj = m  mj, such that
~_ Dm; Dn?o 9
logKjj = RT RT + log g (3.26)
Then, let us rewrite Equation 3.22 using this new de nition:
Di D Di
Dby DB, oq Q0 _ (1 el Dbw, oq G0, Dc Dtk &
RT RT g» RT (o) RT RT (03
(3.27)
We can simplify this expression further:
Dmpm  Dnfy, _ Dm’W Dy Dmpc  Dnfe
=T =T +loggu=(1 f) BT + loggy + f _T T + loggc

Now, note that in any two-state system in diffusive equilibrium, as we assume wemaye, 0. So, we nd

that

logaw =(1 f)loggy+ flogg: (3.28)

And so, the statement made by Equation 3.22 is shown here to implicitly be a statement about the log-linearity
of the activity coef cients of a chemical in a system of mixed water and cosolvent. If we have an ideal system,
i.e. one in whichg = 1, then Equation 3.28 is trivially true. In a non-ideal system, Equation 3.28 represents
the deviation of the log-linear model from the ideal.

Given this relationship given by Equation 3.22, we estimated the PDMS-water partition coef cient for
our poorly soluble chemicals by determining the PDMS-mixed solution partition coef cient in different mole

fractions of cosolvent. We chose to use the cosolvent dimethyl sulfoxide (DMSO) for several reasons. First,
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it is a commonly used cosolvent in systems, like OOC devices, with living tissue, as low concentrations of
DMSO are nontoxic. Second, DMSO is a polar solvent, but dissolves both polar and non-polar compounds
well, giving it a broad base of applicability. Third and nally, DMSO is known to be highly compatible with
PDMS [140]. One outstanding concern is how the three remaining transport parametéys, andH will
be affected by the addition of a cosolvent. Let us address these parameters one-by-one.

First, diffusivity in solution,Ds, will certainly be affected by the addition of a cosolvent. To simplify, one
can generally estimate the diffusion r&deof a sphere of radiusin a liquid of viscosityh at temperaturd

using the Stokes-Einstein equation,
_ keT
~ 6prh

(3.29)

wherekg is the Boltzmann constant. An approach developed by Miyamoto and Shimono [143] extends this
estimation in particular to small hydrophobic molecules by deriving an effective ragiode used in place

of the simple radius, derived from the radius of gyratiag of a molecule,

re= 1:29rg (3.30)

This gyration radius is equivalent to the van der Waals radius. In a system with a solution of mixed solvent
and cosolvent then, one must only know the viscosity of the new solution. Again, we nd a solution in the
annals of the literature. The Eyring model [144] for an ideal mixture of liquids predicts that viscosity will
display log-linear behavior

loghy =(1 f)loghw+ floghc (38.31)

wherehy, he, andhy are the viscosity in water, neat cosolvent, and mixed solution respectively. All together,
this gives one a good toolkit for estimating diffusivity in solution. In practice however, we will see that the
value ofDs is not typically rate limiting, and that it can be often assumed to be so relatively fast compared to
other parameters as to be instantaneous.

Second, diffusivity in PDMSPp, should on its face not be expected to be affected by the addition of
a cosolvent. After all, how could a property of the solution affect a property of the bulk PDMS, far from
the boundary? We do, however, nd thBp is variable with respect to the cosolvent fraction. While the
results shown in this chapter will include a valuel¥ calculated as the average of the different values over
different cosolvent fractions, readers should note that this model assumes Fickian diffusion — as we shall see
in Chapter 6, this may not necessarily be true for diffusion in PDMS.

Finally, we consider the mass transfer coef ci¢htlt is reasonable to assume that the transfer rate at the

boundary would be affected by the addition of a cosolvent, which in turn will affect the chemical potential
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Figure 3.2: Chemical structure of compounds used in Chemical Set 1. Note that molecular diagrams through-
out this work are colored acording to standard CPK coloring conventions.

difference across the two sides of the solution-PDMS boundary. As we will see, there does appear to be a
relationship foH as a function off, such thaH increases monotonically as the cosolvent fraction increases.
However, as we shall demonstrate in our environmental toxicant case study, in particular with the chemical
parathion, this relationship cannot be linear and must break down as the cosolvent fraction approaches 0. The
results shown in this chapter will include a valuetbfcalculated as the average of the different values of

different cosolvent fractions.

3.3 Model Validation: Chemical Set 1

We begin by studying a set of ten chemicals, for which we will determine chemical transport parameters. This
set of chemicals contains four environmental toxicants, four uorescent dyes, one pharmaceutical, and indole
(a non-toxic, water soluble test compound). Three of our toxicants are organophosphate (OP) pesticides or
pesticide metabolites: chlorpyrifos, paraoxon, and parathion. The fourth toxicant is a polycyclic aromatic
hydrocarbon (PAH), benzo[a]pyrene (B[a]P). We will rst survey why each chemical has been selected for

this pilot trial. Selected chemical properties are listed in Table 3.2 [145]. Chemical structures (generated
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Chemical name CAS # logP H-Bond Donors Molar Mass (amu)
Rhodamine 6G 989-38-8 6.4 2 479.0
Benzo[a]pyrene 50-32-8 6.1 0 252.3
Bromophenol Blue 115-39-9 5.8 2 670.0
Chlorpyrifos 2921-88-2 5.0 0 350.6
FITC 3326-32-7 4.8 2 389.4
Estradiol 50-28-2 4.0 2 272.4
Progesterone 57-83-0 3.9 0 314.5
Parathion 56-38-2 3.8 0 291.3
Amodiaquine 86-42-0 3.7 2 355.9
Fluorescein 2321-07-5 3.4 2 332.3
Acridine Orange 10127-02-3 3.4 0 265.4
N-Nitrosodiphenylamine 86-30-6 3.1 0 198.2
Ethofumesate 26225-79-6 2.7 0 286.4
Imazaquin 81335-37-7 25 2 311.3
Indole 120-72-9 2.1 1 117.2
Paraoxon 311-45-5 2.0 0 275.2
Rhodamine B 81-88-9 1.9 1 479.0
Hexazinone 51235-04-2 1.9 0 252.3
1,2,3-Benzotriazole 95-14-7 14 1 119.1
Cyclohexanol 108-93-0 1.2 1 100.2
Aldosterone 52-39-1 11 2 360.4
Colchicine 64-86-8 11 1 399.4
Benzyl Alcohol 100-51-6 11 1 108.1
Diacetone Alcohol 123-42-2 -0.2 1 116.2
Glutaraldehyde 111-30-8 -0.3 0 100.1
N-Nitrosodimethylamine 62-75-9 -0.6 0 74.1
Pentaerythritol 115-77-5 -1.7 4 136.2

Table 3.2: Selected properties for chemicals used in this work sourced from PubChem. Reported values of
logP are experimentally veri ed except for those of rhodamine 6G, bromophenol blue, FITC, acridine orange,
imazaquin, and rhodamine B, which are reported as computed values (xlogP).

using RDKit open-source cheminformatics, a Python package [146]) are shown in Figure 3.2.

Chlorpyrifos is a OP pesticide which has been used broadly both in agriculture and in home pest control.
Its method of action against pests is through inhibition of acetylcholinesterase (ACE) signalling, which in
turn inhibits the central nervous system. However, ACE inhibitors can also act on humans. The use of chlor-
pyrifos as a pesticide has led to the contamination of air, soil, and water, as well as surface contamination of
fruits, vegetables, and milk and meat contamination [147]. As such, both the European Food Safety Authority
(EFSA) and EPA have acted to regulate the use of chlorpyrifos [147], with the EPA effectively eliminating
the use of the pesticide as of 2024 [148]. The recognition of the neurotoxicity of chlorpyrifos has seen it
used in OOC devices, such as the neurovascular-unit-on-a-chip (NVU), developed by VIIBRE [127]. In this
study, chlorpyrifos was recognized to interact with PDMS, and a study similar to that conducted by Auner
et al. [108] was performed to attempt to model the loss of chlorpyrifos into the PDMS-based device. Given
what we have shown about the limitations of this earlier model, it is highly relevant to demonstrate a more

ubiquitous model for chlorpyrifos transport in PDMS-based OOCs.
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Parathion is an OP pesticide, and like chlorpyrifos, it is an ACE inhibitor [149], while paraoxon is the
oxidized metabolite of parathion and is itself an OP [150]. Exposure to these toxicants can occur either in
during the use of parathion as a pesticide, or through the consumption of food containing residues [151].
Parathion has been recently found to interact with PDMS [136], and given that paraoxon differs structurally
from parathion only by a single atom replacement (sulfur for oxygen), it seems likely that paraoxon will
also interact with PDMS. Both parathion and paraoxon have been the subject of investigation by microphys-
iometers [152, 153]. Compounds like these OP pesticides are of particular interest not only due to their
high toxicity, but due to their similarity to other chemical warfare ageats. 6arin, VX) that are detectable
through the same in-device sensors integrated into these microphysiometers [154].

B[a]P is a solid PAH that is typically found in a human context as a combustion byproduct from the
burning of wood, fossil fuels, cigarettes, or other industrial waste [155]. The EPA has iden ed B[a]P as a car-
cinogen, and found that B[a]P exposure is associated with developmental, reproductive, and immunological
disorders [156]. In particular, B[a]P is associated with female reproductive disorders, such as endometriosis
[157], which are increasingly an area of study using OOC devices [158]. At Vanderbilt, approaches using
an endometrium-on-a-chip, or EndoChip, are targeting estrogen disrupting chemicals like B[a]P [159, 160].
B[a]P is also a component of cigarette smoke extract, which has been studied previously in a fetal membrane-
organ-on-a-chip [161].

Four uorescent dyes are used in this study: rhodamine B, rhodamine 6G, uorescein, and uorescein-
5-isothiocyanate (FITC). These dyes have little toxicological signi cance, as uorescein shows very high
LD50 values in mice [162], while rhodamine B shows no mutagenicity in rats [163]. Rhodamine 6G does
show some mutagenicity [163], but these dyes have been selected for their use as tracer dyes rather than for
their toxicological pro les. Fluoresceins and rhodamines are some of the most ubiquitous tracer dyes, rst
discovered in the late 1century [164, 165]. They are xanthene dyes with absorption and emission spectra
comfortably in the visible ranges. As tracer dyes, they have been used previously to examine the structure of
micro uidic devices via uorescence microscopy [68, 121, 137]. These optical assays have shown interaction
between both rhodamines and FITC, and PDMS. FITC has also speci cally been used as a uorescent analog
for amodiaquine, a pharmaceutial, in a prior study aiming to quantify the transport properties of amodiaquine
in PDMS through read-across methods [121].

Amodiaquine is an common anti-malarial pharmaceutical, which has been present on the World Health
Organization's (WHO) list of essential drugs continuously since 1979 [166]. During the SARS-CoV-2 pan-
demic in 2021, amodiaquine was tested in a human-airway-on-chip as a potential prophylactic [122]. Prior
to this, the interaction of amodiaquine with PDMS was estimated by using FITC as a read-across analog

[121]. We study both amodiaquine and FITC again in this work to determine the validity of this read-across
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approach.

Finally, indole (speci cally 1H-indole) stands out from the prior toxicants. Firstly, despite being some-
what toxic — speci cally implicated in ATP inhibition in high doses [167] — indole is not typically known as
an environmental toxicant. Indole is a ubiquitous nucleus in a family of compounds knoindadss as
well as a component of amino acid tryptophan, and through that the vital neurotransmittor serotonin [168].
Indole and its derivatives are of great interest in the medical industry as pharmaceuticals [169, 170, 171], and
are ubiquitous in industrial applications, including dyes, perfumes, and avorings [172]. While this suggests
that indole could nd use in micro uidic devices at some point, we use indole as a test compound rather than
any speci ¢ in-device use case. As we shall see, indole possesses a range of properties, including moderate
partitioning, quick diffusion, good water solubility (3.56 mg/mL), and relative non-toxicity that make it an

excellent test compound.

3.3.1 Disk and Membrane Soak Results
Of the ten chemicals tested in this section, seven were suf ciently water-soluble to be tested in a purely aque-
ous solution. Of these seven, four partitioned into and diffused within PDMS. The data and ts for these
four chemicals are shown in Figure 3.3, with the best- t parameters compiled in Table 3.3. Three of the four
(rhodamine B, paraoxon, and indole) partitioned favorably into PDK}g,( 68, 12 and 8.1, respectively),
while amodiaquine partitioned quite weaklHy 0.14). A different set of three (indole, paraoxon, and
amodiaquine) diffused through PDMS at similar rates vidh= 0.01 to 0.06 mrirh, while rhodamine B
diffused much slower (4 x 1 mn?/h). Note that even the fast-diffusing chemicals have diffusion constants
in PDMS that are two orders of magnitude slower than those in water. Two of the water-soluble chemicals
(FITC and uorescein) showed no interaction with PDMS (Fig. 3.3 and 3.4). The remaining chemical, rho-
damine 6G, showed binding to PDMS, but did not diffuse through the PDMS membrane over 48 hours (Fig.
3.4).

Three of the ten chemicals (B[a]P, chlorpyrifos, and parathion) were tested with DMSO as a cosolvent.
Of these two chemicals, B[a]P and chlorpyrifos, are extremely hydrophobic and poorly soluble in water (sol-
ubilities of 1.62 pg/L and 1.4 mg/L, respectively, at 25 °C). The combination of poor aqueous solubility and
low molar absorptivity (in the UV-Vis spectral region) required the addition of cosolvent to make disk-soak
and membrane experiments feasible. On the other hand, parathion is more soluble in water (20 mg/L at 25
°C), and thus its concentration could be measured in aqueous media using UV-Vis spectroscopy; however,
the partitioning of parathion into PDMS was so strong, that in experiments without a cosolvent, or with low
fractions of DMSO (10% and 20% by volume), parathion reached a saturating concentration in PDMS (3.2

mm, or one molecule per 520 frof PDMS; Fig. 3.5). The ts for these three chemicals at different volume
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Figure 3.3: Disk-soak and membrane experiment results for chemicals in solutions of PBS. Left column
shows disk-soak data and associated ts (dashed). Right column shows membrane data from both source
(lled) and sink (empty) with associated ts (dashed). Since FITC demonstrates no interaction, no tis

shown.
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Figure 3.4: Disk-soak and diffusion-through-membrane results for two chemicals in PBS: rhodamine 6G
binds to the surface of PDMS, but does not diffuse into the bulk; uorescein does not measurably interact
with PDMS. Left column shows disk-soak data and associated ts (dashed). Right column shows diffusion-
through-membrane results with data from both source chamber ( lled) and sink chamber (open) with associ-
ated ts (dashed).

fraction fy DMSO are shown in Figure 3.6A, with best- t parameters shown in Table 3.3. For those chem-
icals tested with additional cosolvent, we also report the extrapolated PDMS-DMSO partition coef cient,
Kpp.

From our initial results, we can make several observations. First, aside from rhodamine B, the re-
maining six interacting chemicals all have valuesDgfon the same order of magnitude (0.01-0.1 #fi
Interestingly, this matches the reported rate of self-diffusion for PDMS chains [173]. Second, compared to
Dp, the PDMS-water partition coef cienKpy varies over several orders of magnitude. For those chemi-

cals tested with DMSO, we do observe log-linear behavior with respect to the DMSO frdgtign (Fig.

Chemical lo®  logKpw logkpp  logDp (mm? h 1) logDs(mm?h 1) logH (mmh T)
Rhodamine 6G @& - - - - -
Benzo[a]pyrene 4 520 1:22 2:06 0:82 1:42 0:30 189 0:26 0:49 0:17
Chlorpyrifos 50 625 1:.98 1:21 0:53 1:51 0:30 3:56 004 0:09
FITC 4.8 - - - - -
Parathion 3 439 0:50 1:92 047 1:40 0:50 3:56 1:.05 0:14
Amodiaquine 37 084 0:63 - 1:29 0:58 3:56 1:56
Fluorescein 3 - - - - -
Indole 21 091 003 112 026 1:25 0:09 056 0:07 1:56
Paraoxon D 1:08 0:03 - 1:96 0:05 052 0:23 1:56
Rhodamine B h¢) 1:83 0:10 - 3:44 0:68 1:16 0:12 1:56

Table 3.3: Best- t parameters for Chemical Set 1. Reported value of logP sourced from PubChem.
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Figure 3.5: Experimental results from disk-soak (left) and diffusion-through-membrane experiments (right)
for parathion in mixed PBS-DMSO solutions at the noted DMSO volume fractifns,For disk soaks,

the equilibrium concentration in all three mixed solutions is around 10% of the initial concentration; for
membrane experiments, the source and sink chambers equilibrate around 20% of the initial concentration.
These results indicate a volume saturation of parathion in PDMS at an approximate concentration of 3.2 mM,

or 0.93 ng/mrA.
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Figure 3.6: Disk-soak and membrane experiment results for chemicals with added DMSO cosolvent. (A -
left column) Disk-soak data for each chemical in mixed solvents at three different DMSO volume fractions,
color-coded to match the three right columns with blue, green, and red running from low to high DMSO
fraction. (A - right columns) Source and sink data (closed and open symbols) from membrane experiments
for each chemical at the noted DMSO volume fraction. Fits shown as dashed lines. (B) Best- t values of
logK versus DMSO volume fraction and linear ts (dashed lines) used to extrapolate to the PDMS-water
partition coef cients, lokpw. (C) Best-t values of lo@dp versus DMSO volume fraction. Legend in B
appliesto B and C.
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Figure 3.7: Parameter space of t results. Best t values ofgpgand logK are shown with corresponding
error ellipses, showing correlation between parameters

3.6B). We can assess the accuracy of our log-linear extrapolatiofefprby comparing our extrapolated
values to those previously reported in the literature. For B[a]PKlgg= 5:20 1:22) and chlorpyri-
fos (logkpw = 6:25 1:98), we nd agreement with these previously reported value27(5 0:44 and
4:31 0:50) [114]. We nd disagreement between our result for parathionKlgg= 4:39 0:50) and
reported values from prior studies, which reported a lower valuekggg 3) [174, 175]. However, a re-
view of the methods of these studies indicate that they likely saturated their PDMS volume with parathion,
thereby measuring a lower effective partition coef cient. Base on our results, one can reach a saturating
concentration of parathion in PDMS with a pure aqueous solution with concentration greater than 0.13 puM.
These results, combined with results in mixed DMSO for indole showing good agreement with the log-linear
model, give us con dence in this method for the regimes investigated here. A mapping of these results into
Dp-K parameter space is shown in Figure 3.7.

For the remaining parameters, with respect to the presence of cosolvent, we do observe that the dif-
fusivity in PDMS does vary with respect ipyvso, but this variance is not monotonic. As such, we report
the average value @p for those chemicals (Fig. 3.6C). No clear trend is seerDigrwhile H seemingly

decreases with decreasifigiyso (Fig. 3.8). This data is too sparse to draw any strong conclusions, and that
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Figure 3.8: Best- t values for the diffusion constants in solution,DgdA), and the mass-transport coef -
cient, lodH (B), for indole, benzo[a]pyrene, chlorpyrifos, and parathion at several DMSO volume fractions.
Shaded regions mark regimes in which the plotted parameter is not rate limiting. Note that in (A), the rate-
limiting boundary (lods 3.55) has several overlapping points for different chemicals.

both Ds andH cease to be rate limiting above a certain value, rendering us unable to t for those values,
increases the dif culty of regression modeling. As such, the reported valueg ahdH are also averaged

values overfpuso.

3.3.2 Optical Measurement of Diffusion

To validate the measurement@p, for select uorescent dyes, diffusion in PDMS was also assayed via direct
optical visualization. PDMS with microchannels, measuring 21.1 mm in length, 1.5 mm in width, and 100
pm in height, was made by casting 6 mm of PDMS over a SU-8 photoresist mold. These microchannels were

originally used as a micro uidic supply network for cell chambers in a Thick Tissue Bioreactor [68]. The cast
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PDMS was then allowed to cure, and annealed as described in §3.2.1. For experiments, each block of PDMS
with microchannels was clamped onto a 2 inch by 3 inch microscope slide. A microchannel was then lled
with a solution of a uorescent dye, and imaged for three hours using a 1x objective on a Nikon Ti2 Eclipse
with X-light V2 spinning disk confocal microscope (Nikon Instruments, Melville, NY). After this time, the
microchannel was emptied and dried. The walls of the dry channel were then imaged for an additional 12
hours to follow the diffusive spread of any dye that had previously partitioned into the PDMS without the
complicating effect of additional partitioning. The spatial pro le of diffusing dye was t to a solution to the
1D diffusion equation to estimate diffusivity in PDMBp.

If a dye is distributed with an initial 1D uorescence pro l€x;0) that is well approximated by a Gaus-
sian with second momesyp, then its subsequent time-dependent pro le under Fickian diffusion with no- ux

boundary conditions is given by

2
Uo X
u(xt)= p———=ex — 3.32
(X;t) Bm p 25 (1)2 ( )
where
s(t)2= 2Dpt+ s& (3.33)

For a dye, at each timte we t the uorescence intensity pro le to Equation 3.32 to estimaté We then
used a linear t ofs 4(t) to Equation 3.33 to estimai®p.

Among the four dyes in this set, only rhodamine B and 6G bind to or partition into PDMS. We directly
imaged the diffusion of both. Rhodamine 6G does not measurably diffuse beyond the PDMS surface, but
rhodamine B clearly does, spreading from a width 050 um to 150 um over 12 h (Fig. 3.9AB). When
measured in this direct manner, we estimate the diffusion constant of rhodamine B in PDMS as=logD

3:907 0:004 (in mnt/h; Fig. 3.9C), which agrees with the best- t value found indirectly via disk-soak
and membrane experiments, lagB 3:44 0:68. In similar agreement, the inability of rhodamine 6G to

diffuse further into PDMS matches its inability to diffuse through a thin PDMS membrane.

3.3.3 Flow in a Microchannel

To validate our chemical transport model in an environment with ow, we measured chemical loss to PDMS
in microchannels perfused at constant ow rates of 5 or 10 uL/min. Prediction of chemical-PDMS interaction

in systems with continuous ow was poor using prior models [108, 176, 119], and so accurate prediction was
a required benchmark of this model. Microchannels were manufactured as described in §3.3.2 and clamped
onto a 2 inch by 3 inch microscope slide. Perfusion was controlled by a Hamilton Standard Infuse/Withdraw

Pump 11 Pico Plus Elite Programmable syringe pump (Harvard Apparatus, Hollison, MA) with 2.5 mL
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