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Abstract

Glioblastoma multiforme (GBM)a type of adult primary brain cancer, exhibits rapid
tumor progressioandextremely low survival rates. The cancerous cells utilize the signaling
pathways within the central nervous system to encourage earaaoting behaviors that
manipulate the immune response and degrade the extracellular matrix to aid tumor proliferation.
Additionally, GBM applies cellular mechanisms to enable mobility through both perivascular
spaces and constrictive tissues within the biEiese cheacteristics of GBM greatly diminish
the effectiveness of traditionahncer treatment method@he higherage ofpatients diagnosed
with GBM contributes to other significant issulging treatmentsuch as comorbidities and
higher risk of surgical complicationé better understanding of GBMspeciallyhow the tumor
microenvironment influences the mobility of this canceuld be vital to developing improved
therapeutics.

While many established methods have been used to study the cell environment and
resulting migration, the majority of these techniques suffer from instability, imprecision, and
providing only endpoint analysis. Microfluidic devices offer an alternative platformell
studies with significant advancemebiscoupling enhanceftuidic controlwith reattime, live
cell imaging.Gradientproducing devices can create complex and stable experimental conditions
for more elaborate modeling of the tumor microemwinent. Although traditional microfluidics
fabrication requires expeng equipmenandadvancedraining substantial progress in the field
of 3D printing has greatly increased the capabilities of this fabrication techmigiee
simultaneouslyeducing the startup costs and level of expertesdedThis work presents the

development of a loweost and simpkto-use microfluidic device tstudy GBM movement.



The initial exploration of. CD-based and digital light projectioasin 3D printing
includedthe optimization of printing and peptint processingdor the fabrication of microfluidic
devices Critical material properties of the cured resin, such as temperature resistance,
autofluorescence, and biocompatibility, were assessed. Out of the multiple sealing methods
examined, 3NE microfluidic tape was selected #e besteversible option, and a treatment
procedure was developed to enable cell culturigsadhesive surfacé protocol for casting
polydimethylsiloxanalevices from resin 3fprinted molds was created, and an appropriate
environment for cell culture was maintained using a microsstggge incubatoanda miniature
heating pad for external tubingfter testinga variety ofmethods fofluidic operation a
miniaturized and automated system waplemented. Confirmation of gradient formation, the
key factors thainfluence the gradient profile and stability, and a basic analysis of shear stress
within the device were completed. Finally, initial results from GBM migration studies were

reportedo provideproof-of-concept foithe device developed in this work.
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Abstract

Glioblastoma multiforme (GBM), a type of adult primary brain cancer, exhibits rapid
tumor progression and extremely low survival rates. The cancerous cells utilize the signaling
pathways within the central nervous system to encourage garwaoting behaors that
manipulate the immune response and degrade the extracellular matrix to aid tumor proliferation.
Additionally, GBM applies cellular mechanisms to enable mobility through both perivascular
spaces and constrictive tissues within the brain. Thesaathastics of GBM greatly diminish
the effectiveness of traditional cancer treatment methods. The higher age of patients diagnosed
with GBM contributes to other significant issues during treatment, such as comorbidities and
higher risk of surgical commations. A better understanding of GBM, especially how the tumor
microenvironment influences the mobility of this cancer, could be vital to developing improved
therapeutics.

While many established methods have been used to study the cell environment and
resulting migration, the majority of these techniques suffer from instability, imprecision, and
providing only endpoint analysis. Microfluidic devices offer an alternativégpiatfor cell
studies with significant advancements by coupling enhanced fluidic control witimealive
cell imaging. Gradierproducing devices can create complex and stable experimental conditions
for more elaborate modeling of the tumor microemwinent. Although traditional microfluidics
fabrication requires expensive equipment and advanced training, substantial progress in the field
of 3D printing has greatly increased the capabilities of this fabrication technique while
simultaneously reducindpé startup costs and level of expertise needed. This work presents the

development of a loweost and simpho-use microfluidic device to study GBM movement.



The initial exploration of LCEbased and digital light projection resin 3D printing
included the optimization of printing and pgsint processing for the fabrication of microfluidic
devices. Critical material properties of the cured resin, such as t&megeresistance,
autofluorescence, and biocompatibility, were assessed. Out of the multiple sealing methods
examined, 3NE microfluidic tape was selected as the best reversible option, and a treatment
procedure was developed to enable cell culture onlitesave surface. A protocol for casting
polydimethylsiloxane devices from resin 3tinted molds was created, and an appropriate
environment for cell culture was maintained using a microscope stage incubator and a miniature
heating pad for external tubingfter testing a variety of methods for fluidic operation, a
miniaturized and automated system was implemented. Confirmation of gradient formation, the
key factors that influence the gradient profile and stability, and a basic analysis of shear stress
within the device were completed. Finally, initial results from GBM migration studies were

reported to provide proadf-concept for the devices developed in this work.
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Chapterl-l nt roducti on

1.1 Glioblastoma multiforme

Glioblastoma multiforme (GBM) is aincredibly deadly form of adult brain cancer. The
average age of incident for primary GBM is 62 years old, and less than 5% of patients survive 5
years post diagnosis occurring in roughly 3 per 100,000 in thadjgsted populatioh.?

Common symptoms can include headache, functional deficiencies, vision loss, intracranial
pressure, numbness, and seizd®&Ehe persistence of such symptoms will prompt imaging of

the brain, initiating the diagnosis process, followed by tumor sample biopsy involving genotypic,
phenotypic, and histopathological analysiany factors have been investigated to determine
potential causes or risk factors for GBM, including genetic factors. Primary GBM has a higher
incident rate in males than females,-1.8:1, respectively, with little evidence providing

significant associations between any form of drug use or dietary exposure to smokeld’'meats.
Exposure to various kinds of radiation has also been explored by researchers, including
frequencies from cell phone use and extremely low frequency magnetic fields, resulting in more
definitive results from elevated exposure to ionizing radiation and imooaclusive results

from nonionizing radiatiod.One of the most critical characteristics of GBM is its rapid growth.
Within weeks, increased tumor mass and a significant necrotic center can develop, contributing
to the tumor microenvironment and the impacts GBM has on therain.

1.1.1Manipulation of brain environment

As the GBM tumor progresses, it begins to manipulate the surrounding environment.
Noncancerous cells, oftenicroglia,the primary immune cell of theentral nervous system
(CNS), were found to make up a significant proportion of the tumor pva#is tumorassociated

microgliacomprising up to 30% of the twn®° This recruitment is facilitated through the



release of chemical signals which promote cell migration toward the source. Microglial cells
survey their environment, migratewardthesite of injury, and react tehemicalsignals in

either a proinflammatory or anatiflammatory way, often defined dse M1 or M2 phenotype
respectively:! The responsibilities of these immune cells can include phagogytesisitment

of T-cells, and antinflammatory signaling? Under healthyCNS function, the balance between
M1 and M2 phenotypes is used to eliminate threats and contribute tomsdianisms

afterward Although microglia should be recruited to destroy GBM cancer cellsnstead use
chemical signals tencourage aspects of tumor growth, further recruit other healthy cells, and
contribute to immunosuppression agro-tumor environmeniy forcibly inducingand
sustaininghe M2 phenotypéFigure1.1).% 3
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Figure 1.1. The manipulation of the brain by GBM. The signals released by cancer cells initiate
pro-tumor conditions, the recruitment of other healthy cells, and overall cancer progression.
Created with BioRender.cam



The manipulationof the CNS by GBMontributes to the recruitment of astrocyass
well. Healthy astrocytes play an influential role in the CNS by supporting neurons and blood
vessels to contribute to the structure of the brain. These cells relgpaas, support the bloed
brain barrier (BBB), aid in the production and use of neurotransmitterpraservenutrient
levels!* ®There is considerable communication between GBM, astrocytes, and micfbglia.
ion channels maintained by astrocytes are employed to increase communication witimmothe
microenvironment.Astrocytes are utilized by GBM fromote angiogenesssipporing the
proliferation of GBM throughout the bra{figurel.1). These corruptive measures contribute to
the extremely fast development of GBM and the incredibly destructive nature fatéhtzrain
cancer.
1.1.2Enhanced mobility of GBM

One of the most significaharacteristics exhibited by GBM is its enhanced mobility.
This contributes to the highly invasive nature of this cattas. described above, healthy cells
are used by GBM to assist in the degradation of the brain enviropatiewing cancer cells to
more easily move through the brain. The extracellular matrix (ECM) and its varioysacies
assmall celtsignaling proteinstopographyand stiffnesshave influence over cancer
progression and metasta$id? The mobility of GBM is dissimilar to other forms of cancer that
typically metastasize utilizing the bloodstreda&BM cells can move through both tfeid-
filled perivascular space surrounding blood vessels and the more restrictive functional tissue of
the brain neuronal and glial cef’§To enable this migratiowithin tight spacesGBM releases
free cytoplasmic water from the cell, which results in volume decreases w8530 The
speed of GBM migration fluctuates in response tcstireoundingcell environmental, but

velocities 0f15-25 um/hr and up 100 um/hr have been repofteéf



Another important factor with influence over GBM mobilityhigaluronic acid (HA) HA
is a major component of the ECMspecially within the brainyhichis often overexpressed
around tumors® 2*The transmembrane glycoprotein CD44, expressed by many cancer cells
including GBM, triggers mechanisms for cell proliferation, mobility, angiogenesis, and
apoptosis, and has a critical role to play in tumor progre$3i®B44interacts with aignificant
number ofkey cell factorsincludingankyrin, impacting cytoskeletal structuRHhoA,
influencing migration, NHE1, contributing to ECM destruction and tumor invasion, and ERK2,
increasing transcriptiomechanismgFigure1.2).16 24 26A|| these signaling pathways are
affected by HACD44 interactions and contribute to the invasiveness of @Bd/its increased

mobility through the brain
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Figure 1.2. The binding of extracellular HA to CD44 triggers a range of cell responses that
contribute to the mobility and invasiveness of GBM. The presence of HA in the brain ECM, and
its elevated concentration in the tumor environment, influences the rapid progres$&BM.
Created with BioRender.cam



To furtherhighlight the influence HA and CD44 have on GBM progression, some
researchers have investigated inhibiting CDA4nget al. used verbascoside, which exhibited
higher binding potential to CD44, tower the interactions between HA and CD44 and found
GBM proliferation was suppressétSimilarly, Xu et al. reported that CD44 knockdowand
the resulting reduced binding of H8ecreased tumor growth raiesvivo, prolonged the
survival rate of experimental mice, and increased GBM sensitivity to common chemotherapy
drugs?® As a result of findings such as these, more research has focused on better understanding
this relationship andxploitingit for GBM treatment.

1.13 Ineffective treatmentsfor GBM

Despite considerable research, minimal improvements have been made for GBM
treatmen® Once this brain cancés diagnosedthe standard treatmerggimenstarts with the
maximum surgical removal followed by radiation and the use of chemotherppgvent further
tumor development.?® 9Effective surgical removal reliesh@xtractingas muchumor masss
possible The typical challenges that come with surgery are even greater for such a delicate and
important location as the brain. Additionally, the highly mobile nature of GBM makes it a nearly
impossible target for localized treatment methldde surgical resectiarRadiation therapy also
has its limitations. There is conflicting research on the effective radiation dosage fo?f GBM.
Furthermore, naltiple studieshave shown increased resistance to radiation treatment exhibited
by GBM cells* 3L Finally, treatment utilizing chemotherapy, often temozolomide, is also subject
to drawbacks. ThBBB prevents the majority of anticancer drugs from reaching brain tuthors.
While alternative drug delivery methods, such as nanoparticles, intranasal delivery, direct
injection via probe or blood vessel in the proximity of the tumor, or temporary disruption of the

BBB utilizing focused ultrasound, have been developedhas not increased the success of



these method¥.All of these challenges result in ineffective treatment of this incrgdibl
aggressivdéorm of cancer.

Besides the customary battles that come witAncerdiagnosis additional concerns
factor into treatment strategies for older patieAtsthe population of elderly people increases,
the number of cancer diagnoses also increases, armt@htesiew challenges for cancer
researchers and medical stiff.here are many ways to assessaverallhealth and potential
risks for éderly patientsincluding comprehensive geriatric assessment (CGA). This tool
measurethe impacbf critical factors such as comorbidities, cognition, nutrition, emotional
status, social support, and living environm&®.he CGA can be used by
team to determine the most effective and least harmful cancer treatment plan.

There are many unknowns when it comes cancer treatmaging populationsand this
can be linked to a lack of data since the eldealy beunderrepresented in clinical trig&While
thereareconsiderable uncertaiesin therapeutic guidelines and the potential impattancer
treatments on elderly bodies, there are sandeniablaisk factors.The increasing incidence of
comorbidities in older patientand the resulting higher medicatiosage contributes tdahe
elevatedisk of adverse drug reactiomsth chemotherap drugs®* Elderly patients are also at
higher risk for surgical complicationBue to all these limitations for GBM treatment, it is clear
that a better understanding of this brain cancer is esssatibatmore effective therapeutic
strategiexan be developedhis work seeks to expand on GBM research by focusiraylmatter

understanding ahe mobility of this cancer.
1.2 Cell migration

General cell migration is a critical process of fité’ Cell migration begins during

development of the embryo, where cells migeatddifferentiate for specific roleDifferent



types of cell migratiowontinue throughout lifduringboth healthy and disease conditishs’
While most of the instancesf cell migration hae health benefits, such as immune response,
skin cell turnover, or wound repair, dysregulatiorcelf migration can contribute to severe
negativehealth consequences or even aid in disease progression, as described above during the
recruitment of healthy cells into the GBM tumor ms$> 3% 36. 38 3 is clear that cell
migration plays a key rol@ the development of GBMut for this migration to begin, a signal
must first be generated, released, and sensed by another cell.
1.2.1 Chemotaxis

There are many potential sources of information for cells provided by the ECM including
topography, stiffness, mechanical stress, and chemical sfitake. to the fluctuating nature of
the ECM, there is an incredible amount of information for cells to constantly gakieeprotein
signals that regulate cell migration can include membrane receptors, kinases, and cytoskeletal
and adhesioelementsand such signals can induce chemot®xis

Chemotaxis is the directional migration of a cell in response to an external chemical
gradient released from other cells or extracellular vesiél&sA chemoattractant, the chemical
signal responsible for cell migration towards a region of higher signal concentration, is bound to
receptors on the sensing cell membrane. An asymmetric distribution of bound receptors results in
cell polarization, creating cell front,the cell regiorfacing towards the higher concentration of
chemoattractant, arekll reay facing the opposite directich.*! 2Concentration differences as
low as 2% between cell front and rear can induce migration in some celftiading
between signal and receptor contribute to a cascade of internal actions. At the cell front, the
polymerization of actin causses protrusions of theraelhbrané”*The cel | 6s abi | it

to the ECM allovg these protrusions to grip onto the surrounding environment. In response,



contraction forces at the cell rezause theeleaseof the cell membraniom the ECMand thus
contributes to overall forward motiorfFigure1.3).#* This process can be utilized for brief or
prolonged periods of cell migration depending on the source of the signal and its diffusion

coefficient3®

actin ™
filaments

contraction protrusion

cell motion m—

Figure 1.3. The binding of chemoattractants to receptors on the cell membrane triggers the
polymerization of actin filaments. This asymmetric distribution of bingiolgrizes the cell. The
filaments push on the membrane causing protrusabrike cell front This forward motionin
combination with contraction at the back of the ,cetbrk together to cause cell motion toward
higher concentration of chemoattractatteated with BioRender.cam
1.22 Traditional methods for studying chemotaxis

Due to the importance ainderstandinghemotaxisand the role it plays in overall health
many methods have been developed to analyze this form of cell nittiese methods rely on
effective modeling to study chemotaxis since the formation and maintenance of chemoattractant
gradientsin vivo is unpredictables a result of diffusion and changing biological conditins.
The Boyden chamber is often used for these studies. For expevicaenéd out in a Boyden
chamberthe cells are seeded into an insert, often fitted for a well plate, with a porous membrane
bottom This setup is theplaced in a solution with the selected chemoattractant. The strength of

the chemotactic response is quantified by the number of cells which migrate through the

membrané? While this method is often used for its relative simplicity and the convenience of



easily purchasable products, it has many limitations such as a lack of time stability, an undefined
and inconsistent gradient, the potentiatisidentify chemokinesisrandom cell movemenas
chemotaxis, antheinability to be paired with live cell imaginghich means that it can only
provide endpoint resulté>*’
The Dunn chamber is another optitiat can be usefdr chemotaxis experimentsor
thiswork, two concentric circular wells are recessed into a glass slide with a bridge between
them. A coverslip seeded with cells is inverted over the wells and sealed leaving a small gap,
typically 20em, between the top of the bridge and the covefélifhe chemoattractant solution
is pipetted into the outer well and a linear gradient is formed based on diffusion across the bridge
gap between the two wellalthough this method is paired with tinrt@pse microscopy for live
cell morphology and migration tracking, there are still limitations to this method. Using the Dunn
chamber requires very precise and practiced movements to avoid any bubbles which would
interfere with gradient formatioand cell behaviot! Additionally, the chemoattractant gradient
formed using the Dunn chamber is temporary and resultsutéer frompoor reproducibility*®
Alternatively, a simple micropipette assay can be done. For this experiment, a
micropipette is used to deliver a chemoattractant to a particulawdhea an established tissue
culture, forming the gradient via diffusion. The experimental setup is less complex than the Dunn
chamber and can also be coupled with tlapese microscopy for live cell tracking. While this
assay can be as simple as dira@nual pipetting, more control can be achieved by
incorporating a programmable pressure pulsing systern,asia Picospritzer, to deliver
specified bursts of chemoattractdhtThis method still provideshorttemporal stabilityand

limited gradient stability if manual pipetting is us€d.



Although themethodsdescribed abovare often utilizedor chemotaxis studies, they
share many limitationgspecially concernintipe stability of the experimental conditions1 A
improvedmethod forcell migration studieseeds to be used to better understand the GBM
tumor microenvironment and the migration that occurs ttgnee the biological systems within
and surrounding the GBM tumor are complex, an experimental method which provides more
control over the environmental conditions, and the abililp¢orporate more aspects of the
tumor environmentshouldresult in a better model for observing and interpreting key

information related to GBM migration.
1.3 Microfluidics

Microfluidics canserve asn extremely usefyilatformto overcome the previously
described limitations aiommon chemotaxis studiess defined by George Whitesides, a
pioneer within the field, microfluidics is @t
manipulate small (IBto 10*8liters) amounts of fluids, using channels with dimension of tens to
hundr eds o f“ Midrofluidicsnimeltidesrthe design, fabrication, and implementation
of these devices for a range of applicatidvierofluidics devices are also knavasmicrofluidic
chips, micro total analysis systene TAS), and labon-a-chip (LOC) devices.>® The first
reported microfluidic device wasminiaturized gas chromatogragveloped by S. C. Terst
al. in 1979 During the passeveraldecadesthere has been significant progress in this field
including thedevelopment of integratedlves, especially the Quake valtieat can be used to
createmixers, actuators, pumps, and sensd@Bompletechemicalanalyses can gerformedon
these deviceBy integratingchemical reactions, separations, mixing, and particle manipulation

and or capture Many of these techniques aredepossible due to the fluid dynamipsoperties
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that occuiin micron scale channels that are different from those generally experience in larger
scale channels and pipes
1.3.1 Enhanced fluidic control

Due to the small channel dimensions, different fluid flow dynamics occur within
microfluidic devicesThe significant surfac&-volume ratiosn channels on theskevices
enhance the capillary effect, amplify the influence of surface properties, and result in increased
surface tensiof® The Reynolds number gRis used to quantitatively define fluid flow within
channeldy providing a dimensionless valusing

Equation 1.1. Reynolds number equation

~c:

Y
where” is the fluid density, is the fluid velociy, 0 is the characteristic lirs@ dimension
(usually the hydraulic diameter of the channel for microfluidics),’ aiscthe fluid viscosity*
For Reynolds numbearbelow 2000 the flowis characterized as lammdor Reynolds number
greater than 2000, the flow is generally describemidsilent>® Thesmallchannel dimensions
on microfluidic devices result in laminar flow, in which parallel streams of fluid mix only as a
result of diffusion perpendicular to the direction of flow, as opposed to the eddies and convection

present irturbulent flow(Figure1.4).

v

\ AR 4
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v

Figure 1.4. Under laminar flow, parallel streams of fluid move togethéhe same direction
(left). Mixing only occurs via diffusion between the strderes perpendicular to the direction of
flow. In contrast, turbulent flows far more chaotic with eddies and convectioght). Mixing

and fluid flow is far less controlled under turbulent flow. Created with BioRender.com
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Laminar flowprovides far greater control ovigre flow within microfluidic devices than
can beachieved in traditional chemotaxis experimental apparatuses, such as well plates or Dunn
chambers. Criticallydiscrete spatial control is possible within channels, enabling the formation
of controllable gradients. As long as constant flow is maintained, a stable gradient can be
preservedllowing for far more temporalontrol than more traditional chemotazgisalyses
Different gradient profiles are possilWlepending on the complexity of the device design, and
multiple methods have been developed to form gradients within microfluidic devices.
1.3.2 Gradient formation within microfluidic devices

Microfluidics have been utilized for gradient generation, especially for applications
cellular analysisin many different waysSelection of an appropriate method depends on the
needs of the experiment and the desired complexity of the app&eddsent formation can be
as simple as bringing two separate channels together at an angle, cafleshtymsor Y-
junction method?® As thedistance down the combined channel increases, more diffusion can
take place between the streams. This b@asicmethod is not prone to blockages, but there is not
much refined control over the gradient praffidowrate and diffusion coefficient have
significant influence over the resulting gradient, and difficult to model requiringnore
complex simulations®

Dropletmixing and dilutingcan also be usddr gradient generation. This method
provides very fast gradient formatiéhBy utilizing microscale channel geometries, the
concentration within a droplet can be tailored, and an array of droplets can be used to form a
gradient’ This form of gradient generation can be particularly useful when studying tumor
spheroids and provides significant control, these microfluidic systemand the required

equipmentare typically more comple¥®.
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One of the earliegsexamplesf gradient generatiowasdeveloped byhe Whitesides
Group reported by Jeoet al in 2000,and used network of microchannels with repeated
regions of splitting, mixing, and recombinifitjThis method of gradient generation is often
called the treeshape methodifferent streams are combined at the start of each mixing
serpentine, and the significant length of these channels allows for complete mixing via diffusion
beforesplitting again. Finally, all the channels are recombined, l@desulting gradient can be
calculated usingraequivalent electric circuépproactdue to the analogous relationship
between electricaksistancend flow resistancedEach mixing serpentine section has
significantly higher resistivity than the far shorter horizontal chanaeldthis, in combination
with the symmetry of the desigresults in even flow splitting at each branch of the sysfem
reported byleonet al, theflow splitting at each intersecting branchn be calculated using
Equation 1.2. Splitting ratio for flow proceeding to the left.

6 w
o p
Equation 1.3. Splitting ratio for flowproceeding to the right.
w p
o p
where0 is thetotal number of vertical branches above that splitting poidiv is the numerical

position of that verticathannewithin therow, starting with 0 from left to rightRigure1.5).43
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Figure 1.5. Schematic oatreeshape gradient microfluidic device mixing chanretghlighting
sample calculations for determining flow splitting at branching intersections (A). The resulting
concentration gradient can be modeled using these calculations, and an example is shown (B).

Some limitations of this method include increased potentighahneblockagein the serpentine
regions, a larger device footprint, and the highed shearstressbut this method maintains
simplicity in its design and ability to be modefédBased on these reasons, the-skape
method was selected as the gradient generation process for this work.
1.3.3 Other benefits of microfluidic devices

Besides the previously discussed reasons for using microfluidics, there are other benefits
to using these kinds of devicddicrofluidics require significantly lower working volumes of
reagents and sampl&sThis is critical for bioassays where sample size is often liméeabling
testing that would not be possible for bulk proceddsesg microfluidic devicesignificantly
lowers the cost of consumablesedand the amount of waste produced during aes)ys
increasingly important factor as more researchers aim for higheeftestiveness and lower
environmental impact. The size of these devices stfeatures can be created which are
comparable in size to what a cell actually experiences/o in blood vessels or interstitial

channelsimproving thefidelity of the modeled cell environmet#tThis results in the ability to
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assess both intrand intercellular interactions and mechaniskiiany cellular studies
commonlyrely on imaging, and microfluidiosan often easily incorporate image analysis
the experimental setuyy using transparent materidlOverall analysis time is often reduced
for microfluidic devices compared to bulk analysis, and filgbughputexperiments with
increased sensitivity anchprovedresolution argossible especially fostandardiological
assay$® %9The amount of laboratory space required for a functioning microfluidics setup can be
considerably lower than traditional equipment and instrumentation. As described previously,
advancements in this field have greatly increased the possible applicatitmsstodevicesand
research is continuously being done to grow the number of tasks and analyses microfluidics can
do. Unfortunately, aommonbarrier to utilizing microfluidics is the oftesomplexfabrication
process to make these devices.
1.3.4 Traditional microfluidic fabrication methods

Themethodsused for the fabricatioaf microfluidic devices can traditionally be
characterized as photolithography, molding, subtractive manufacturing, and additive
manufacturing. A brief summary of the most common methods will be outlined within this
section.
1.3.4.1 Phote and soft lithography

Photolithography imne of the most commonly used techniques for fabricating designs on
the micro scale. This process was developedplications within the electronics industry,
especially the production of integrated cirsitFor this fabrication method, a photomask of the
desired pattern, comprised of opaque and transparent regions, is first designed using computer
software. The appropriate photoresist, a lggsitive liquid, is coated onto a smooth surface,

typically a slicon wafer. The photomask is used to controlckhiegions of the photoresist are
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exposed to light. Irradiation causes a chemical change in the exposed photoresist, allowing for
certain regions to be strengthened via polymerization or weakened via decomposition r&actions.
Regions of photoresist are selectively remolgdolvent exposure depending on whether a
negative or positiveonephotoresist was used, producing the desired pattern. This is then used as
a master mold foiorming microfluidic devices.

Soft lithography developed by the Whitesides Groigthe process ahaking
microfluidic devices from a master malding polymeric materials, often polydimethylsiloxane
(PDMS)®! To make a device, a selected ratio of polymer base and curing agent are mixed
together. This ratio influences the resulting flexibility of the PDMS device and can be tailored
for the desired application. The mixed liquid polymetyjgcally degassednder vacuum to
remove bubbles and th@oured onto the master mold and baked until cured, although PDMS
can cure at room temperataneroughly 48hr.%? The selected baking temperature &inte are
influenced by thenixture ratio, thickness gfouredPDMS, and desired stiffnesshe PDMS
slab is peeled from the mold once cooled to room temperature. The molded device can then be
reversiblysealedusing contact adhesiday placing the PDMS on a glass slideatiner smooth
surface. The devices can alsoitveversibly sealed using plasma or tdigsisted bondintp
activate the PDMS surface prior to placing it on a glass sutface

Photolithography and soft lithographye often used together for microfluidics
fabrication, especially within academia. One of the greatest benefits to using photolithography is
the impressive resolution, which is achievable du@edighly advanced optical exposure
systems and photoresists that are $8€dPDMS has been highly utilized in academic research
due to its elasticity, transparency, gas permeability, biocompatibility, electric insulation,

hydrophobic surface tunability, and the low material ct’st$>> ©*However, there are
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limitations to these fabrication methods. While the PDMS molding process is relatively simple,
establishing a working photolithography setup in a laboratory is far more complichted
photomask printing process is often outsourced to a-ffarty company, increasing the time
between device design and being able to use new photomasks, thus reducing the pace of device
prototyping. The cost of silicon wafers, photoresists, develgeents, a spin coatem aptical
exposure system, and clean hoods aaraleom equipment can be prohibitive. The training to
use this equipmemrrectly and the time to fabricate a working master molduttirdately a
PDMS device is extensiveh€& laboratory spaagequired isalso demanding. Overall, a working
photo and soft lithographpperation can be difficult to establish, especially for a lab less
familiar with the field of microfluidics.
1.3.4.2 Therm@lastic molding

Therearea subset of fabrication methods that involve different typeseofrthplastic
molding These methods use standard thermoplastic materials, such as polystyrene, polyurethane,
polyvinylchloride, polyethylenetetraphthalate glyam polymethyl methacrylaténjection
molding utilizes a hollow mold that is filled with molten thermoplastic to shape déViEes.
the process of microthermoformirgthin sheet of thermoplastic is heated and stretched over a
mold tool, and a pressure difference is applied to form the thermoplastic into the desiréd shape.
Hot embossing is a similar imprinting technique where elevated temperature and a hydraulic
press are used to transfer the desired pattern from a mold, or stamp, into a thernibpiastic.
similar way to PDMS device fabrication, the shaped thermoplastic is removed from the mold or
stamp following cooling.

One critical advantage termoplastic moldings the longlasting nature of the molds.

The molds are typically made of rigid materials, such as brass, steel, or silibomdseds of
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devices can be fabricated from the same mold without risk of damage or degradation.
Additionally, thermoplastic moldingechniques are more easily scaled up for commercial
production compared to phetand soft lithographyThere arehoweveralso limitations to these
fabrication methodsThe thermal expansion coefficient of the selected material must be
appropriate, as these materials deform with temperature, which can impact the ability to fabricate
and, critically, seal these devid¥sSince thermoplastics are stiffer materigan PDMS
moving elementsuch awvalves wouldrequire more forcapplied to larger features &mhieve
the same resutf Additionally, these fabrication methods greatly reduce the ability to perform
rapid prototyping since a nemold must be produced for each altered desagd the production
of these moldss oftenoutsourcedFor molds produced thouse, chemical etching or
micromachining capabilities are needed, requiring extensive training and more specialized
equipment* The machinery used in thermoplastic molding techniques can be expensive and
take up significant laboratory space as well.
1.3.4.3Etching and micromachining

Two common subtractive fabrication methods are etching and micromachining. Etching
was utilized by Ternet al for the first microfluidic devicé! Chemical etching was also
employed by the electronics industry. The etching process can be done in silicon or glass, and
typically uses hydrofluoric acid, potassium hydroxide, tetramethylammonium hydrokiite,
acid,and or ethylenediaminepyrocatechtl.®*The selected etching solution can impact the
shape of etched channelhiese devices are robust lalgofragile. One of the most significant
limitations of etching is the inherent safety risissociated witlusing these chemicals, requiring

significant training and strict operating protocdiging the etching process.
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While machining has been historically usedmetals, micromachining of thermoplastics
hasgrown significantly, especially for polystyrenghich is an industry standangiaterialfor
tissue cultureis autoclavable, and compatible for surface modificatioff For thisfabrication
method, a computezontrolled rotating cutting tool, or endmill, is used to remove excess
material from the starting piece until the desired pattern is foPATEue selection of the endmill
sizeallows for complex, 3D features to beeatedMore recent developments in this field have
reduced the barriers associated witbrequiredlaboratoryspace and technicakpertiseo use
this equipmentMicromachining can be relatively quick, depending on the complexity of the
design, allowing for faster prototypirigoutsourcing is eliminatedwo potential limitatiors of
micromachiningarethe resulting surface roughness following millimghich could impact
imaging capabilitiesand the fragility of themallermilling tools required for microfabricatiaf?
1.3.4.4 Paper, printing, and wa

Another option for microfluidic device fabrication is the patterning of paper. The inherent
wicking capabiliy of papervia capillary action is a result of cohesion between liquid molecules
at the liquidair interface and adhesion between the paper fibers and liquid molécTites.
results in passive fluid flow through the fibers of the paper. Lateral flow asaagdeen
utilized since the 1940s to move samples througtdpesl reagents toward a result readout
region’! The first microfluidic papebased analytical deviceRAD) was created by the
Whitesides Group in 2007 for the analysis of glucose and protein in artificial’@rine.
Microchannels are formed in paper by defining hydrophilic regions for fluid flow surrounded by
hydrophobic barriers. There are many methods to produce channel patterns from as simple as
cutting paper either manually or using a programmable knife or tas@gre complex

techniques such as photolithography, wax, inkjet, and laser printing, chemical vapor deposition,
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and stamping?’® Depending on the channel patterning method, thBgés can be very
affordable and accessibEPADs do not rely on external equipment for fluid pumping, reducing
the cost and complexity of device implementatibRaper itself is a very inexpensive and
readily available material that is biocompatible, flexible, easily stored, and simple to dispose of.
Some researchers are developing new strategies for using paper as a tool for 3D tissue
modeling’’

There are somkey limitations of these devices. Variations and inconsistencies in the
paper structure can impact fluid flow and tlesults ofe PADs/* Reagents that are pdgied
onto the paper can degrade over tifhadditionally, the operair nature of mangPADs means
they are subject to temperature and humidity changes as well as evaporation, which can
influence accuracy and precision of these devices. MBADs utilize color changes for
detection or analysis, sometimes requiring additional optics for image anAlylstsigh paper
microfluidics have incredible potential, these limitations contribute to the factRAdDs are

nota practicabption for the complexities of gradient generation androgjtation stulies.
1.4 Accessible microfluidics fabrication

Although there are a multitude of potential applications for microfluidic devares
manymethods of device fabrication, a majority of the commonly used techniques remain
inaccessibleMost of these method®quire the use @xpensive equipment, rigorous processes,
and steep learning curstor successful fabrication and operatidihe gartup cost for
microfluidics fabrication can be incredibly high, especially when considering cleanroom
facilities. Additionally, the amount of laboratory space which must be dedicated to fabrication
equipment can be significant, often limiting the numifenesearch groups that attempt to

incorporate microfluidics work into an established worksp#&be.required knowledge for
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effective microfluidic design and operation, in addition to the necessary laboratory infrastructure
to runcomplexmicrofluidic devices, have been significant barriers for adopting this technique,
especially within the field of biologl?. By increasing the accessibility of microfluidics research,
more scientists could contribute to the potentially cutédge research that this field enables.
This kind of collaboration, especially between diverse scientific disciplines, is essential when
approaching challenging topics such as cancer resdartitis section, the accessibility of 3D
printing as a microfluidics fabrication techniqaad other aspecter simplifying device
fabrication will be discussed.
1.4.1 3D printing

3D printing, a form of additive manufacturing, has been a rapidly expanding technology
utilized in the field of microfluidics within the past decdd@here are several advantages to
selecting 3D printing as a fabrication meth@der the years, any improvements have been
made in achievable resolution, printing speed, user interface, and the ability to integrate external
componentg? 8The overall startip cost of 3D pririhg has also decreassdbstantially,
depending on the kind of 3D printer and material selétédditionally, as more types of
printers have become commercially available, a wider range of materials can be used. The use of
3D printing also enables simple sharing of digital design files between facilities with comparable
printers broadening the number of labs where device fabrication can occur and eliminating
precarious shipping of microfluidic¥hese characteristics have enabled 3D printing to be at the
forefront of rapid in-housemicrofluidic device prototyping.
1.4.1.1 Some pevious applications of 3D printing for microfluidic cell studies

Recently, applications of 3D printing have expanded into bioscientific aadadigical

studies These kinds of device applicatioaseespeciallyappropriatdor printing methods which
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utilize biocompatiblematerials like acrylonitrile butadiene styrene (ABS) and fiatyic acid
(PLA).%6 3D printing microfluidic devices imouse allows for far more tailoring tife design.
For example,he ability to customize prints for the specific needs of different biologysiéms
allows for cultumg morechallengingtiissue sample®. There have been many applications of
3D-printed materials for cell culturé: 8284 3D printingmethod can be utilized to develop more
sophisticated apparatuses enabling greater controkeaperimental conditiong:or instance, Au
et al.were able to print fluidic valves and pumps for a microfluididysion system for CHO
K1 cells® Many steps of the bioanalysis can be incorporated into the device design, simplifying
the process compared to traditional cell studi#sctrical lysis within 3Dprinted microfluidic
devices was reported by Grassal®® Devices have also been developed to test drug transport
and the resulting impacts on céltdmbedded biomaterials or hydrogels deposited via
bioprinting have been utilized to better mimic 3D tissue culture and the complex mechanisms
that occur between cells and their environni@B8D-printed devices havalsobeen used for
cancer studie® 83D printing provides tremendous potential for bioanalytical cell studies.
1.4.2 Resin3D printing

As the first commercialhavailable kind of 3D printing, a broad variety of configurations
have been developed for stereolithograftfyor the majority of thiswvork, two types of
commercially availabl@rinters are used 1)CD-basedand 2) light projectiobasedesin 3D
printing. This fabrication method relies on an appropriate slicing computer software, here
ChituboxBasic, to divide the design into cressctional layers of a useet height. During the
3D printing, as shown iRigurel.6, a vat containing the precursor liquid resin is positioned
aboveeitheran LCD screen which itself sits abovel&ED array(Figure 16 A) or a piece of

tempered glass (Figure6lB). When layers of the design are illuminaté@d> nmlight is
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transmitedin thecorrespondingpattern based on the LCD screen or the projettus light

passes through the transparent plastic window at the bottom of the vat and into the liquid resin
causing polymerization. A motorized build plate is positioned within the vat one layer height
above the transparent window allowing fifetocurableesin to adhere to the build plate.
Following polymerization, the build plate is liftggeeling the cured resin layer up from the
bottom of the resin vat and allowing liguesin to refill the space previously occupied by the
cured layer. The build plate is then repositioned in the vat one additional layer height from the
bottom, and the entire process is repeated for the full height of the design. This printer
configuraton, often calledhebat configuration, results in the design printed layetayer

attached to the build plate hanging miavertedorientation’®
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Figure 1.6. During resin 3D printing, a moving build plate is lowered into the resi@&nm

light is transmitted through the transparent film at the bottom of the vat to curesexdgmal

layers of a 3D object from either an LCD screen (A) or a projector (B). After the polymerization
of that layer, the build plate is repositioned, and the procesgdatesl as the design is printed
layerby-layer, inverted on the build plate (C). When the printing process is completed, an
isopropy! alcohol rinse is used to remove excess uncured resin before a fir@imasire (D).
Created with BioRender.cam

Since the entire crossectional area of each layer is polymerized at once, the height of
the design determines the length of the printing process. Printing parameters such as the length of

light exposureprint orientationyesting time before and after build plate positioning, and the
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speedof the build plate can be tuned to achieve the desired resolution and successful fabrication.
Once the print is completed, pg®int processing occurs. This typically begins with a rinse in a
suitable solvent, often isopropyl alcohol, to wash away excess uncured resin. After the print is
dried, additional curing is completed to ensure the streargdhintegrity of the print. The length
of postprint curing is influenced by the design, namely its complexity and the presence of
internal void regions,rad the power of theght source. While this can be completed over
multiple hoursin direct sunlight, separate cure stations can be purchased otovsdmieten this
process to a feminutes Extended exposure to interdgght will lead to resin degradation.
1.42.1 Formulation and characterization of photosensitive resin

The material used in commercial resin 3D printers is a photosensitive liquid resin
comprised of a proprietary combination of UV absorbers, photoinitiators, primarily acrylate and
methacrylate mongoligomers and crosslinkers, aadditives®®°° Photoinitiators exposed to
radiation & an appropriate wavelengtiieak down into radical species leading to radical chain
polymerizationof the mone/oligomers and crosslinke?$ Other additives, such as plasticizers,
are incorporated into the structure and provide increased rigidity or strength to the cured polymer
material. UV absorbers are used to limit the penetratidiglafwithin the resin solution, and are
often kept in low concentratidfi.Dyes can also be added to the resin to provide dolisr.
important to note that temperature and humidity can impact the photopolymerieatition
and the resulting print capabiliti®&Using commercial resindecreases the startup cost and
provides as straightforward option for researchers new to resin 3D printing. Many printer
manufacturers also sell their own resins designed to be compatible with their printers. The

proprietary nature of commercial resins sltimnit the amount of detailed knowledge available to
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users, and relying on these resins leaves users subject to potential impacts resulting from
formulation changes.

When considering resin 3D printing for bioanalytical research, two factors must be
assessed)) the biocompatibility of the material, andtB suitability of thematerial for the
method of analysidviany of the resin components are considered toxic for tissue ctitBoene
biocompatibility assessments have included using zebrafish embryo toxicity assay§ &l
LC-MS/MS of leachates, and direct tissue culture on 3D printed mat&ifal®ne common
preparation step igrint sterilization via ethangisoprogyl alcohol or UV exposure prior to cell
seeding* More researchers have worked to develop treatment procedures to increase
biocompatibility of resinsPiironenet al.investigated both cell adhesion and proliferation on a
range of commercially available resins and found autowge be a critical process for
improved cell culture, although the thermal stability of the resins limited the applicability of this
sterilization method? The Pompano Groupvestigated overnight rootemperature and heated
saline leachingas well as autoclavings potential treatment methods for resin priwtsch
decreased cytotoxicity faensitive primary murine splenocyfes up to 4hours of exposure?
Poly-D-lysine has also been explored as a potential surface treatment for printed téMees.
have been some developments in the resin primihgstryto designresins that meet
biocompatibility standards as wéfl.

Other characteristics of resin, such as surface roughness, optical clarity, and
autofluorescence are also important for bioanalytical applications involving tissue culture. The
resulting surface roughness of a print is influenced by the printing oriendatia result of the
layer-by-layer fabrication technique and the surfamgographie®f thebottomof the resin vat

and build platé® ®>This roughness can impact cell adhesion, which can be significant depending
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of the selected cell typend the application of the printed desiBesides its importance for cell
culture, surface roughness atstectsclarity of a print®* For cell stuées,where imaging

analysis iftencritical, optical clarity is keyThere are a variety of transparent resins that can

be purchased commercially, but some can be subject to more prevalent yellowing over time from
light exposureSince many bioassays rely on fluorescent imadioththe autofluorescence of

the cured resin materiahd its susceptibility to stainirgy fluorescent dyeare important

Longer wavelengths of excitation cause lowbservedautofluorescence, as is expected from

plastic material€® The roughness of the resin surface could provide recesses for fluorescent
staining, or the chemical composition of the material itself could be conduaieetion of
fluorescent dyes. It is clear that there are many factors to consider when selecting which resin to
use.

To better tailor resin characteristics to research needs, some labs have created their own
resin.For example, Gongt al. used mathematical modeling to determine resin formulation to
achieve smaller channel dimensidh&teyreretal. were able to tune the material properties of
their resin to increase the strength and glass transition temperature of the cured {SaDtiesr.
groups have worked towards designing resins that cure using visible light, liketRasikho
utilized a single photoinitiator to develop a Udhd visible lightsensitive resin that maintained
transparency and strengthwhile creating a custom resin can provide far more control over the
resulting print characteristics, this work often necessitates building a 3D printer that is
compatible with the unique resin formulatigdditionally, focusing on the optimization of a
particular resin quality may result in compromising a separate charactéssiscevidentthere
are many strategies that can be utilized for developing a photosensitive resin, and more research

has focused on assessing and improving commercially akeaikegins for bioanalytical work.
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1.4.3 Ease of use

To design accessible microfluidics, the overall ease of use for both fabrication and
implementation must be consider&ince commercially available resin 3D printers are designed
for the hobbyist community, a vergoderatdevel of expertise is required to use this technology.
Only an adequate understandingcomputeraided designGAD), if creating your own designs,
slicing software and the selected type of 3D printing is necessuaigitionally, there is a
considerable online community which can pr@vglides, troubleshooting suggesticarsd
other support for both new and experienced ugersnentioned before, digital design files can
be shared among labs with comparable 3D printers, increasing overall access to these devices.
Thisreasonabléevel of expertise enables more scientists to create without the vast range of
knowledge required for more complex manufacturing or accesshimuse workshops.
Furthermorethehealthrisks associated with using commercial resin 3D priraegsntendedo
be minimizedand the necessary safety measaresdesigned to be achievable for the average
consumerAs a result, this kind of 3D printing should be relatively easy to incorporate into a
laboratory setting which already has elevated access to asaffjpgrsonal protectivequipment.
The physical space required for this fabricatechniquds also quite small compared to more
traditional microfluidics fabrication methods, as it is designed to be gesilgrmedwithin
hobbyiss 6 h o me s .

There are additional factors that shouldelaluatedvhen trying to design an accessible
microfluidic device.ncorporatingequipment or mechanisms other researchers are familiar with,
such aduer locks and threaded connectigrigelp tomake3D-printed microfluidicdevices more
approachalgito new userandmore compatible for interface with existing equipn@&fhe use

of syringe pumps to provide flow, instead of more complex pumping manifolds retiant o
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compressed air andf microcontrollers and codings also far more feasible for the average
research lab without previous microfluidics experience. The selpuiddof analysis or
detection method should also be considevkdn trying to develop a microfluidic device that is
practical for use by neaxperts. It is clear that there are several considerations that must be
addressed when focusing on accessibility of microfluidic device design and use.
1.4.3.1Channel sealing

One unique consideration when working with microfluidic devices is the process of
sealing off microfluidic channels. When 3D printing microfluidic devices, channels can be fully
enclosed or partially open, although enclosed channels can present moreationgliduring
fabrication. The achievable resolution when printing fully enclosed channels can suffer due light
spreading anddr scattering contributing to unintended curing of liquid resin within the channel.
Proper drainage of excess resin from endad®nnels can also be difficult to achieve and could
require changes in print orientation. To avoid these pitfalls, microfluidics can be designed with
direct printing of only 3 out of 4 sides of a rectangular channel. An appropriate method for
sealing thee channels is the last fabrication step before these devices can be used.

More traditional PDMS microfluidic devices are often sedigglacing the open
channels on a glass slide. This kind of reversible seal is more suitable for device applications
utilizing negative pressure but may not withstand positive pressure within the channels. The seal
can be strengthened using oxygen plaseament or extended exposure to high temperature,
creating an irreversible seal between the PDMS and glass siffftasma treatment has also
been used to irreversibly seal @inted microfluidics to PDMS using a commercial silicone
spray or(3-Aminopropyl)triethoxysilang® Unfortunately, irreversible sealing can increase the

obstaclesssociated with using the devjadten lengthening fabrication time and complexity
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Irreversibly sealed devices are often far less reusable, suffering from the pitfalls of clogging and

the inability to cleanwhich can be highly undesirable for lmigical applications of microfluidic

devices Some researchers are working on novel ways to reversibly seal devices, including
utilizing adhesives, magnets, and even fiéspec
bioi nspi r ed dthayareaxariparably streng to the established irreversible metlods.

The development of approachable sealing methods is critical to increasing the range of

researchers employing microfluidics in their work.
1.5 Conclusion

In the following chapters, the discussion of a novel microfluidic fabrication method will
be presented. The development of this procedure, and the adjustments that were made in
response to various challenges, are included in detail. This fabricationgvaligsioritize
simplicity and affordability to highlight the accessibility of this method for cellular research,
especially for labs that are less familiar with microfluidics. The goal of this research is to better
understand GBM chemotaxis in respotsehemoattractant gradients. This knowledge could
then be used to improve treatment methods for GBM and contribute to saving lives of those

suffering with this diagnosis.

30



Chapter2-Dev el opa®@ptr i orfti ecdk o fdleuviidciec

2.1 Introduction

The development of a microfluidic device can require a significant amount of prototyping
before a useful designfimalized Resin 3D printing provides a lewost accessiblgand rapid
method of microfluidics fabricatioespeciallywhen printers and products designed for the
hobbyist community aratilized. A deeper exploration of the consequences of using proalucts
this price point is needed &ssess how suitable this fabrication strategy is, especially for cell
researchln this chapter, many crititéactors of the resin printing process, material properties,
and microfluidic device fabrication are investigatBldimerous modifications in device design
were prompted by the findings of this work. Reported below is the significant progress towards
an accessible option for microfluidic cell studies and an improved understandingajdow
resin 3D printing.
2.1.1 Device design

The device has two inlets where two separate solutions can be punttpae channels.
The serpentine mixing region is comprised of branched rows of mixing channels with one
additional serpentine in each subsequent row. The fluidic principles behind the mixing and
gradient formation can be found in Chapter 1. Each dévidesignated as anpart gradient
device where n is the number of mixing serpentines within the last row of the mixing region. The
separate streams are recombined at the observation channetoGlellse seeded within this
wide channel and experiendeetresulting gradient formed from the serpentine mixing region.
External distance markers are positioned at constant intervals down the observation channel to
allow for more consistent imaging alignment. The observation channel tapers into a single outlet

at the base of the design.
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Figure 2.1. An example of a $art gradient device design. Two inlets are positioned at the top
of the device which lead into the serpentine mixing region. The mixing channels recombine at
the observation channel. External distance markers are positioned at coristaals down the
observation channel. A single outlet leads out from the observation channel.

2.2 Materials and methods

2.2.1 Reagentsmaterials, equipment, andsoftware

A wide variety of products were used for this researchdébailsof which are provided
below.
2.2.1.1Resin 3D printing, processing and assessment

Autodesk AutoCAD, Autodesk Fusion 360, the Photon Workshop, and the Chitubox
slicer were used to create all design drawing, 3D object, and slicebilesral resin 3D
printers were used during this research. The Anycubic Photon S printer was purchased from

Anycubic (Guangdong, China). The Elegoo Mair@ Monq Elegoo Mars 3 PrdK, and
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Elegoo Mars 4 DLP printers were purchased from Elegoo (Guangdong, Qhudigple resins
were used as well. Anycubic 3D Printing UV Sensitive Resins in Basic Green, Basic Red, Grey,
and BlackandElegoo ABSLike Photopolymer Resin Transluceanid Standard Photopolymer
Resin in Red and Black weadl purchased through Amazon (Seattle, WA, USA). Elegoo
perfluoroalkoxy alkane (PFA) Release Liner Filoofinatedethylene propylené~EP) Release
Liner Film, 99% isopropyl alcohol from Florida Laboratorieggélon gamma seal buckeiet
slit pots,Behrens 1@uart galvanized steel pail, 28att LED 395405 nm light strip from YGS
Tech,3ME 400, 1000, and 2000 grit sandpasaft toothbrusheMinwax Polycrylic Protective
Finishin clear glossSylvania Headlight Restoration Khkmazon Basic®#BT Paint Brushes
and Scotch Magic tape wea# purchased through Amazon (Seattle, WA, USfintech
Science KimwipesFluorescein and Rhodamine Brere purchased froffihermo Fisher
Scientific(Waltham, MA, USA) Photomasks were printed by Fine Line Imaging (Colorado
Springs, CO, USA).
2.2.1.2 Sealing devices, testing, and improving seals

3-(trimethoxysilyl)propyl methacrylate, toluene, and Fisherbrand Plain Glass microscope
slides were purchased frohlmnermo Fisher Scientifi@Valtham, MA, USA) Fugitive glue was
purchased from Hotmelt.com (Eden Prairie, MN, US¥9rland Optical Adhesive (NOA) 86H
waspurchased from Norland Products (Jamesburg, NJ, U3@\y. Sylgard 184 PDMS
elastomer base and curing agent were purchased from Ellsworth Adhesives (Germantown, WI,
USA). TheMakerGear M2 FDM printe purchased from BkerGear LLC (Beachwood, QH
USA), and 1.75 mnpolyethylene terephthalate glyd®ETG) filament, purchased from eSUN
(Nanshan District, Shenzhen, China wer e used to prinfAl®device

multi-purpose glue, Loctite Brusbn Super Glue, and transparency film were purchased through
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Amazon (Seattle, WA, USARME Microfluidic DiagnosticTapes 9793R, 9795R, and 9964
wereprovided by 3ME (St. Paul, MN, USA)Heptane 99.0+%, ethyl acetafdconox
Powdered Precision Cleaner, asatlium hydroxié, purchased from Thermo Fisher Scientific
(Waltham, MA, USA) were used in an attempt to remove tape adhesohe.0Rlysine (PDL)
hydrobromide (MW 70,00Q.50,000), purchased from Sigma Aldrich (St. Louis, MO, US%#y
sodium hyaluronan (HA40K), purchased from Lifecore Biomedical (Chaska, MN, USw¢gre
used to coat the tape adhesive. MBliaser Programmable Syringe Pumps, purchased from New
Era Pump Systems Inc. (Farmingdale, NY, USA), were used to provide fluidic control. The
pressure transmitt€0-10 DC OutputDIN C Wire Connection 0 PS), Plastic Barbed Tube
Fittings for 1/16" Tube ID x 1682 Male Pipe0.508 mm thick PDMS sheet, Nylon plastic wing
nuts 832, and Nylon plastic socket head screw&28vere purchased froMcMasterCarr
(Robbinsville, NJ, USA)Nitrogen gas, 99.99% purity, was purchased from Mathese@dsi
Inc. (Manhattan, KS, USA).
2.2.1.3Tissue culture

C6 glioma cells (rat, ATCC, CCL07) and U87 MG glioblastoma cells (human, ATCC,
HTB-14) were purchased from American Type Culture Collection (Manassas, VA, USA).
24- and96-well plates (BioLite 96 Well Multidish)petri dishespolystyrene BioLite Cell
Culture Treated Flasks 75 cm2 (T75%, mL centrifuge tubesj a m6-52 k ( Kai ghndé s)
Medi um, Dul beccobds Modified Eagl-EBDTAM@2ab%)u m ( DME
phenol red, 1X phosphataiffered saline (PBS), US sourced fetal bovine serum (FBS), heat
inactivated horse serum, penicillin streptomycin 100Xmgpropidium iodide (Pl), Trypan

Blue Solution 0.4%and Hausser Scientific Brighine Phase hemocytometserepurchased
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from Thermo Fisher Scientifi(/Waltham, MA, USA).Clorox concentrated bleach was purchased
though Amazon (Seattle, WA, USA).
2.2.1.4Imaging equipment

The X-Cite 120 Fluorescence lllumination Systeras purchased frolBXFO America
Inc. (Richardson, TX, USA)'heNikon Eclipse TE200QJ inverted microscope, Nikon
SMZ1500 stereoscopic zoom microscope, NikeaAfilter cube, and Nikon A filter cube
were purchased fromikon Instruments Inc. (Melville, NY, USA)he Koolertron 5MP 20
300X USB Digital Microscope Magnifier Video Camera, 8 LED illumination with intensity
control, base stand, and imaging softwaespurchased fronlong Kong Karstone Technology
Co., Limited (Hong Kong)The Sony Alpha a6400 cameveaspurchased from Sony
Corporation of America (New York, NY, USAJ.o connect the Sony Alpha a6400 camera to the
microscopes th€oupling TRing for Sony E Mount (NEX/A7/QX/VG Series) from Telescope
Adapters (Cape Coral, FL, USAhd thel.3X Large Format Adapter System for a Nikon 38 mm
ISO Port (BS13NNyvere purchasefifom Best Scientific (Swindon, Wiltshire, United
Kingdom).
2.2.1.50ther laboratory equipment
All ultrapure watewasgenerated from a Barnsteaeplre system (Dubuque, IA, USAJhe
Branson 3510 Ultrasonic cleangas purchased froMranson Ultrasonics Corp. (Danbury, CT,
USA) ThelLaurell WS400-6NPRLITE Spin Processawas purchased frofcaurell
Technologies Corporation (Lansdale, PA, USMe XR2 Stylus Profiler was purchased from
AMBIOS Technology (Santa Cruz, CA, USAJingle Channel Manual Pipettes with Universal

Fit Shafts were purchased from Metilesledo Rainin (Oakland, CA, USAFisherScientific

35



IsotempVacuum OverModel 280Apurchased fronThermo Fisher Scientific (Waltham, MA,
USA).
2.2.2 Resin 3D printing and assessment procedures

When resin 3D printing, there are a variety of print settings to be optimized. These
settings include the duration of light exposure, layer height, positioning of the print on the build
plate, and rest timé\ detailed protocol for resin 3D printing, including specific settings for the
various 3D printers, resins, and designs, is included in Appendikéselected print settings
were assessed by collecting images of prints for comparison while varying settings to determine
which conditions led to the maosticcessful results.
2.2.2.1 Resin posprint processing

Three increasing intensities of pgsint rinsing were explored. First, a gamma seal
bucket filled with IPA and a net slit pot were used to manually rinse prints. Second, a soft
bristled toothbrush was used to gently clean excess resin off prints, #gpeathan
microchannels. Third, a Branson 3510 ultrasonic cleaner was used to sonicate prints for
approximately 5 min in fresh IPA.

A key part of the print processing to be examined was theppiogtcure. The potential
impacts of the pogtrint cure were explored by exposing identical test prints, made from Elegoo
ABS-like translucent resin, to increasing lengths of expostablé 21). After the intended

length of exposure, images were collected using the Sony Alpha a6400 camera for comparison.
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Table 2.1. Resin print labels ancbrresponding length of peptint cure.

Round 1 | Postprint cure Round 2 Postprint cure
Print exposure length (s) Print exposure length (s)
A 30 A 270
B 60 B 300
C 90 C 330
D 120 D 360
E 150 E 390
F 180 F 420
G 210 G 450
H 240 H 480

Two methods for improved print transparency were examined. Three identical test prints
were fabricated in the Elegoo ABRe translucent resin to compare results. A single coat of the
Minwax Polycrylic Protective Finish in clear gloss was applied to #uok bf a test print using a
paintbrush and left to dry for at least 12 hr. Byevania Headlight Restoration Kitas also
used on a separate test print following the provided directions. An adapted process was
developed that combined the two tested methiodmprove print transparency. A progression of
wet sanding using00, 100Q and 2000 grit sandpapen a level granite surface was used to
smooth the back of a print and remove the build plate texture. Following a rinse with ultrapure
water, the print was dried using compressed air. A single coat of Minwax Polycrylic Protective
Finish was applied to tharint with a paintbrush. This coating was set to dry in a laminar flow

hood for at least 12 hr before the print could be used further.
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2.2.2.2 Testing resin properties

Multiple physical properties of the Elegoo ABige translucent resin were investigated.
This work began with thermal resistance testing. Identical prints were fabricated to test a range
of temperatures for varying lengths of time, as detailéthlrie 22. A set of images were
collected for each test print on the Nikon SMZ1500 stereoscopic aaorascope using the
Sony Alpha a6400 cameta capture the initial state of the microfluidic channels. A 20 g weight
was used to test the strength of the resin print and resistance to deformation as well.
Table 2.2. Procedure for resin temperature resistance testing involving 4 separate test prints.

After each specified length of exposure at the experimental temperature, images were collected
to compare.

Print | Temperature (°C) | Length of exposure (min)
1 5
1 15

60
1 45
1 90
2 10
2 80 40
2 160
3 10
3 100 40
3 160
4 100 420

Each print was placddto an oven, set to the assigned temperature, and exposed for increasing

lengths of time. After each timepoint was reached, the print was removed from the oven to take
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comparison images. The print and camera were aligned, the weight was positioned in the middle
of the print, and images assessing print rigidity were collected. The images of the microchannels
were taken afterward.

The surface roughness of the printed devices was examined using-th8tf{lRs
Profiler. A detailed protocol for the profilometesincluded in AppendixC. Polished devices
were sanded with damp 2000 grit sandpaper on the channel face until an even frosted appearance
was achievedRigure 22). After polishing, prints were rinsed with ultrapure water and dried

with compressed air.

Figure 2.2. Unpolished (left) compared to polished (right)-pbBnted devices.

Three separate regions were measoretoth unpolished and polished devices, the surface of
the device outside of the channels, the depth and surface of an inlet reservoir, and the depth and
surface of the observation channel.

Autofluorescence of the cured resin was tested using48&ex120 Fluorescence
lllumination System at 470 and 535 nm excitation. Fluorescein and Rhodamine B (RhB) were
used to make 1M fluorescent solutions in ultrapure water. The fluorescent intensity of the
cured resin and the appropriate fluorescent solution were captured at both excitation wavelengths

on the Nikon Eclips@ E200QU inverted microscope using the Sony Alpha a6400 camera. Each
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fluorescent solution was pipetted onto a glass slide, topped with a coverslip, exposed to the
corresponding excitation wavelength, and the resulting fluorescent intensity was collected. The
cured resin was positioned on the microscope, exposed to baidtiexcivavelengths, and the
resulting fluorescent intensity was collected A clean glass slide was used as a blank
measurement, and the resulting fluorescent intensity was subtracted from the resin and
fluorescent solution measurements. Image analysis evapleted using ImageJ and Igor Pro
with detailed protocols provided in Appendix

The resinbés susceptibility to fluorescent
microchannels were exposed to acM RhB solution for two lengths of time, 4 or 30 min.
Three methods for RhB removal were tested: 1) a rinse with ultrapure water, 2) sonication in
ultrapure water for 15 min, and 3) a rinse in ultrapure water with gentle brushing from a soft
bristled toothbush. All test prints were dried using compressed air before staining was assessed.
The print was placed on the Nikon Ecliphle2000U inverted microscope and exposed to 535
nm excitation from the >Cite 120 Fluorescence lllumination System. Fluorescent images were
collected using the Sony Alpha a6400 camera.
2.2.2.3 Examining further factors influencing print quality

Multiple resins with a range of opacity were tested by printing the same design to
compare the resulting print qualitpetailed printing protocols are provided in Appendix A.
When switching between resins, the excess resin was filtered and collected for future use. The
resin vat was cleaned with IPA and fully dried before the next resin was added. Images were
collected using thalikon Eclipse TE200Q inverted microscope and Sony Alpha a6400 camera
for the transparent and translucent resins and the KameésMPUSB digital microscopéor the

opaque resin.
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Photomasks were incorporated into the resin 3D printing process to assess the resulting
improvement in achievable printed feature resolution. Prints were designed as a solid base with a
known number of channel layers. Once all base layers were compthetgulinter was manually
paused, the build plate was raised to the top and was carefully removed from the printer. The
resin vat was removed from the printer for photomask positioning over the LCD screen. To place
the photomask, an4house tool was used émsure the following printed features would align
with previously printed base and features, such as inlet and outlet reservoirs. Scotch Magic tape
was used to secure the photomask before the resin vat and build plate were returned to the printer
and theprint was continued for the channel layers. The standaregppio$tprocessing steps were
followed. Images were collected using tii&on Eclipse TE200QJ inverted microscope and
Sony Alpha a6400 camera for the transparent resin and the Koolertrob SBI&igital
microscopdor the opaque resin.

2.2.3 Sealing methods

Descriptions ofll sealing methods investigated in this work are detailed below.

2.2.3.1 Rigid seals

The first method examined to seal-pinted devices was direct printing onto glass
slides. A solution of 2%-8trimethoxysilyl)propyl methacrylate in toluene was prepared to
improve adhesion between the resin and glass during 3D printing and transferiaa |
appropriatelysized container for glass slide treatment. Fresh glass slides were cleaned using an
Alconox soap solution followed by a rinse with ultrapure water. Slides were then dried using
compressed air, rinsed in IPA, and dried again beforgylsibmerged in the treatment solution
for 2 hr. Treated slides were stored in toluene until ready for use. Before printing, the build plate

was removed from the printer and strips of fugitive glue were positioned and adhered by heating

41



using a heat gun. A treated glass slide was dried and gently pressed into the activated fugitive
glue on the build plate. Once cooled to room temperature and secure attachment of the slide was
confirmed, the resin printer was releveled and programmea toetlv zaxis zero location to
account for the adhesive and glass dlidel | owi ng t he manufactureros
Appendix A Resin 3D printing proceeded as described previously. Following printing, the glass
slide was gently cleaned with anAlFsoaked Kimwipe before careful removal from the build
plate by gently twisting the glass slide. The print was then carefully processed following the
standard posgprint procedure. Resin attachment to the glass slide was tested after a minimum 12
hr restirg period.

NOA 86H clear optical cement was also tested as a means to segriat&d device
against a glass slide. A fresh glass slide was placed on the Laurell spin coatet. d08IMA
86H was pipetted into the middle of the slide. After establishing vacuum and nitrogen gas flow,
one of the following Ztep spin programs was followed:

1. 10 s, 500 rpm, acceleration 100 rpm/s

2. 30 s, 1000 rpm, acceleration 300 rpm/s

or

1. 10 s, 500 rpm, acceleration 100 rpm/s

2. 30 s, 3000 rpm, acceleration 300 rpm/s
The coated glass slide was removed from the spin coater, and a printed microfluidic device was
placed onto the slide channel side down. Three binder clips were used to secure the device in
place during the adhesive bake in a vacuum oven under approxi@@ielig at 100 °C for 1
hr. Other explored NOA 86H procedures included the changes listed below:

1. Reduction in volume of NOA 86H used, 900 and 80Gested
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2. Reduction in length of bake, 4fin intervals tested

3. Removal of binder clip clamping

4. 12+ hr between postrint processing and attempted sealing

5. Elimination or substantial reduction of pgsint curing

6. Elimination of bake under vacuum

7. Lowered bake temperature, 80 °C tested

8. Slow oven temperature ramping, start 35 °C to 80 °C over 100 min tested
After at least 12 hr, the seal was tested by attempting to fill the device channels with water.
Additionally, a range of oven temperatures;886°C, were tested with 3printed devices
without the presence of NOA 86H to determine the impact of elevatgzbtatures on thicker
resin prints.

Finally, PDMS was tested to seal ditinted devices to glass slides. A 10:1 ratio of
elastomer base to curing agent was used. 5 g of base and 0.5 g of curing agent were measured on
a toploading balance into a plastic cup. After thorough mixing and degassiler vacuum, the
PDMS was poured onto a fresh glass slide in the spin coater. Vacuum and nitrogen gas flow was
established before spinning for 45 s at 2000 rpm. Three separate baking and sealing procedures
were tested,

1. 5 min bake at 80 °C before manually pressing@iDted device into PDMS layer
2. 3 min bake at 80 °C before manually pressing@ibted device into PDMS layer
3. 3 min bake at 80 °C before clamping-pbnted device into PDMS layer usingdlamps
After at least 12 hr, the seal was tested by attempting to fill the device channels with water.
As an alternative to sealing 3inted devices onto a glass slide, a device holder was

designed to apply constant pressure to the device and into a slab of PDMS on a glass slide. FDM
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3D printing was used to fabricate upper and lower frames from PETG filament. A 3 mm thick
glass plate was custom cut to fit into the lower frame. Initialjndnse PDMS slabs were
tested. A 10:1 ratio elastomer base to curing agent PDMS was mixed asdatbbefore it was
directly poured onto the glass surface in lower frame for baking at 80 °C for 45 min. This
resulted in a slab thickness between approximately 1 and 2 mm. Sheets of PDMS were also
purchased, cut to size, and tested in the device h@Deprinted devices were either unchanged
or polished with damp, 2000 grit sandpaper on a level granite surface until a consistent frosted
appearance covered the channel side of the device, as shown bé&igteén22. Polished
devices were rinsed with ultrapure water and dried using compressed air before use. The selected
device was then placed onto the retamperature PDMS slab in the lower frame and clamped
into place with the upper frame using a set-82&hex scews and wing nuts. The seal was tested
by attempting to fill the device channels with water.
2.2.3.2 Flexible seals

A combination of polyvinyl aAi®&nyultigurpese( PV A)
glue, and cyanoacrylate adhesive, Loctite BrostSuper Glue, were used to seat@ihted
devices to transparency film. First, a clean transparency sheet was cutgprt@iate size for
the device. Using a paintbrush, a thin layer of PVA glue was applied over the surface of the
transparency leaving a border of 0.5 cm around the perimeter. The super glue was then applied
along only the edges of the selected device,gheameful to avoid placing any glue near or in the
channels. The prepared device was placed onto the transparency and gently pressed into place.
Two thin, metal or plexiglass plates were placed on either side of the sealed device and secured

using Gclamps(Figure 23).
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Figure 2.3. A 3D-printed microfluidic device sealed to transparency film using a combination of
PVA and cyanoacrylate adhesives. Once clamped into place, as shown, water was flushed
through the channels to dissolve the wat@uble PVA adhesive.

A disposable pipet filled with ultrapure water was used to fill the open inlet reservoirs while a
suction cup applied at the outlet rapidly pulled water through the chanagscuum aspiration

to clean out the watesoluble PVA adhesive. At least 10 mL of ultrapure water was used in the
cleaning process before the clamped device was set aside to fully cure for 24 hr. Once
unclamped, the seal was tested by attempting to &lt#vice channels with water.

A line of Microfluidic Tapes produced by 3 were tested to seal microfluidic devices
made from PDMS, cured resin, and glass. The tape, 9793R and 9795R were first cut to fit the
selected device allowing a reasonasiged perimeter around the edges. The release liner was
peeled from the tape and théhesive side was slowly applied to the device, placed chaiuleel
up, from one edge to the other avoiding bubbles. A blunt tweezer or edge of a plastic card was
used to remove bubbles being careful to avoesging the tape into any channels. Fapaled
devices were then flipped over, manual pressure was applied for 2 min to the rigid devices, and

placed in a laminar flow hood for at least 4 hr before use. The seal was tested by attempting to
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fill the device channels with water. An-line pressuréransmitter was used to track the pressure
buildup within the microfluidic channels during seal strength testing. A programmable syringe
pump was used to provide constant flow while a clamp was secured on the outlet tubing. Higher
flowrates were tested,selting in higher pressure buildup, until the tape seal burst, or a time
threshold was surpassed. A 1 M NaOH solution in water and a 50/50 mixture of ethyl acetate and
n-heptane were tested sepanated adhesive removal solutions by first submerging pieces of
3ME tape in these test solutions. Tesmaled devices were also filled with the adhesive removal
solutions and sonicated as an option for adhesive removal.
2.2.4 Tissue culture

All cell types were cultured in a humidified environment at 37 °C and 5%rCty¥5
polystyrene culture flasks. C6 cells were grown{h2K medium supplemented with heat
inactivated horse serum (15% v/v), FBS (2.5% v/v) and penicillin streptomycin (5% v&7). U
cells were grown in DMEM (high glucose) medium supplemented with(#B% v/v) and
penicillin streptomycin (5% v/v)All cells were passaged when 80% confluency was reached,
approximately every-3 daysDetailed tissue culture protocaseprovided in Appendix8.
2.2.5 Biocompatibility testing

Multiple methods were used to assess the biocompatibility of key materials utilized in
this microfluidic device fabrication and implementation. The details of those experiments are
provided in the following sections.
2.2.5.1 Cured resin tests

Initial biocompatibility tests focused on potential extractables, or leachates, released from
the cured resin material under cell incubation conditions. Resin pieces 7.5 mm wide, 7.5 mm

long, and 2.5 mm tall were printed and subject to standarepposprocessing before soaking
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in a bleach solution (10% v/v), rinsed with ultrapure water, dried, and sterilized with UV light
for 5 min on each side in the biosafety cabinet. To assess the impacts that resin extractable
species may have on cell health, the prepared pieces of curedees floated in 24vell plates

seeded with C6 rat glioma cells, and the viability was monitored over time using trypan blue

(Figure 24).
Half control wells, Remove any resin and media,
C6 celj half resin-exposed wells replace with trypan blue solution
suspension
Cé6 cells = S e T o
in F-12K ‘ _ Y ]

@ " Trypsinize | Seed cells Incubate

= |
N

Initial density and over time » Image wells for
viability count > # /viability analysis

w

Figure 2.4. Procedure for resin extractables biocompatibility testing on C6 cells. Created with
BioRender.com.

950¢L of complete F12K was pipetted into each weltior to cell seeding and stored in
the incubator to maintain temperature and pH. Following trypsinization, a hemocytometer was
used to confirm the C6 cells had a starting densig.®6.2 10° cells/mL and at lea$6%
viability. Resin pieces were carefully placed to float in half of the experimental wells using
sterile tweezers. 561 of cell suspension was added to each well. The prepared well plate was
stored inside the incubator until imaging was completed at 0.5, 1, 2, 4, 6, 8, 10, and 12 hr after
cell seeding. At each timepoint, the resin floats were carefully removed from the wells.
Supernatant from the control and resikposed wells was collected to assess the number of
detached cells as another method for evaluating cell health. A mixtur® e PBSand 50cL

trypan blue was added to the selected wells for imadymgges were collected on thgkon
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SMZ1500 stereoscopic zoamicroscope using the Sony Alpha a6400 camera at magnification
between 4X and 10Xmaging analysis was completed using Imagedther protocol details are
provided in Appendix.

2.2.5.2 3ME tape tests

Both native and treated 9795R tape adhesive was examined as a tissue culture surface.
7.6 mm tall cylinders of 5.5 mm ID glass tubing were cleaned with a bleach solution (10% v/v),
rinsed with ultrapure water, dried using compressed air, and sterilized)Witight for 10 min
on each side in the biosafety cabinet. The glass was adhered to the 9795R tape, forming a pseudo
well plate, and stored inside a petri dish. For treatment solutions, PDL and HA were both
dissolved in PBS, separately and together.myeaof 56100eg/mL PDL and 0.8.0 mg/mL
HA were tested. For the final treatment solutions, $@/nL and 1.0 mg/mL were used for PDL
and HA, respectively. 56L of each treatment solution were pipetted into the tape wells and
stored at 4 °C overnight. The treatment solution was rinsed from the tape wells with complete
DMEM growth medium before experiments began.

To assess the impact these various surfaces hadd@nhuman GBM cell health,
morphology and viability were compared between cells grown on untreated tape, treated tape,
and control cells grown in 9&ell plates, using brightfield imaging and PI stain{fggure 25).
55¢L of complete DMEM medium were added to all wells prior to cell seeding and stored under
incubation to maintain temperature and pH. Following trypsinization, a starting cell density of
4.06.7 10 cells/mL and at least 97% viability were confirmed hemocytometer=or both
the tapegrown and control cells, 18_ of cell suspension were added to each well. Cells were
stored inside the incubator until imaging was completed at 0.5, 1, 2, 4, 6, 8, 10, and 24 hr after

cell seeding. 3@L of 100eg/mL Pl in DMEM were added to each well prior to imaging.
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Brightfield images were collected using tié&on Eclipse TE200QJ inverted microscope and
Sony Alpha a6400 camera, and Pl images were colle@ede Nikon G2A filter cube. All
images were collecteat 10X (NA = 0.30) and 20X (NA = 0.45) magnification. Imaging analysis

was completed using Imagéurther protocol details are provided in Appen@ix

Clean and Adhere glass to tape, 50 pL treatment Refrigerate
sterilize glass transfer to petri dish ) solution overnight
= _ — = — (Y ]
Rinse, fill w/ 55 pL Seed cells, 30 pL PI stain Image cells
DMEM 154l
” Incubate | Incubate »\(?\:\ !-~‘:
\ e — N\ —> W -

t N~~~ &

Repeat over time

®  sample
Trypsinize fraction
- > — — ]
_— -~/
U-87 cells ‘ Imti)a“ll‘ density,
in DMEM U-87 cell viability count
suspension

Figure 2.5. Procedure for tape biocompatibility and treatment studies-8i tklls. Created
with BioRender.com.

2.3 Results and discussion

2.3.1Printer settings and print processing

Multiple print settings and pogtrint processing procedures must be optimized to
successfully print microfluidic designs on a commercial resin 3D printer. The details of this
optimization are provided below.
2.3.1.1 Settings during printing

The most critical print setting is thiirationof light exposurdor each layerThis setting

determineshe extent of crosslinking and the strength of the edri€aturesThe initial layers
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are subject to longer exposuceensure proper adhesion to the build plate. Light exposure for the
remaining layers is tailored based on sleéectedesn, print layer height, complexity of the

design, and orientation of the priftthin resintestprints can be used to expedite the light
exposure optimization procedsis important to have test features of the desired dimensions
incorporated into the test print design to ensure appropriate light exposure for the desired
resolution.Underexposure resulted in uncured resin, wigllet overexposureaused excess

curing (Figure 26). This print setting was continuously optimized throughout the device
development process as smaller channel dimensions were attersipggdifferent resin printers

and a range of resins

3 s exposure 6 s exposure 10 s exposure

Figure 2.6. The resulting print quality from a range of light exposure lengths. Surplus light
during layer curing contributed to excessive resin curing within channels, reducing the desired
dimensions, even completely clogging channels.tébigradient mixing channels were

designed to be 406m wide and 50@ m deep.

Another factor in resin 3D printing iayer heightAll design files must be digitally
sliced into layers for the printing proces#is layer height impacts both print quality and the
time required to complete the prifithe layer height resolution, ofaxis resolution, is defined
by the stepper motor of the print@gpically, shorter layer height results in better resolution for

details tens to hundreds of microns in dimensdlibis. beneficial to have feature dimensions
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evenly divisible by the layer heigtd improve upon dimensional accuracy in the final print
Other insights into layer height are reported further in this chapter.

Positioning of the print on theuldd plateis another important factor to consider when
resin 3D printing. During the slicing process, the designed object file must be positioned, and
there are mangonsiderationghat can influence thig:or traditional resin 3D printing in the
hobbyist communitybuild plate positioning is influenced by the placement of printing support
structuresThis typically involvesoptimizing the printing anglto reduce the number of support
structuregequiredto successfully pint the designThe optimalorientation of the print can also
bechangedo reduce the total crosectional area of each layer to lower the force required to
peel the cured layer up from the bottom of the resin vat. If the force is too much, the build plate
can be dislodged froits level position and causelbsequent layers to b@saligned and/ or
damage the printeAlternatively, compared to most objects printed by hobbyisisrofluidic
devices can be printed flat to the build plate to eliminate¢eel for any supports long as the

crosssectionalarea of theayersis not too larggFigure 27).

Figure 2.7. Positioning of microfluidic device design on the virtual build plate within the slicing
software. Devices are printed flush to the build plate (left). During the printing process, the
orientation is reversed, and the back of the device is printeaviitsthe channel layers printed
last (right).

Repeatdprinting in the exact same location the build plateausegxcessivestress on
the same region of th@astic film at the bottom of theesin vat. Over time, the damage reduces

the transparency of the film, resulting in less effective light transmission and print inaccuracies
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or defectsOverusewill eventually cause a tear in the film and a resin lerto the LCD screen
and potentially into the electronics within the printdost hobbyist resources advise varying the
build plate positioning to reduce wear on the plastic film and increase its lifésplantunately,
variation inLCD pixel or LED performance can result in regions with different printing
capabilitiesunless the screen or light array is repladéds can make build plate position
incredibly importantvhen atterpting toconsistentlyfabricate features with microfluidic
dimensionsPrint alignment with specific illuminated LCD pixels has also been a strategy
implemented to fabricate microchannels by employing, typically undesirable, light broadening
from pixels further away to narrow void regions in priffsConsidering all these factors, the
positioning of a print on the build plate is a critical step in resin 3D printing.

As newerresinprinters were purchased and used, additional print setigxgme
adjustable withirtheir slicing software packagea. surprisinglyimportantfactorfor printing
microfluidic devices was the introduction of rest tghetweersteps in the resin 3D printing
processMost slicers have three separate rest timgsded: 1) eforelift, introducing a delay
following the layer cure but before the build plate lifts to peel the cured layer from ti& vat,
after lift, introducing a delay after tHauild plate completes its lift from the vaind 3) after
retract introducing a delay after the build plate lowers back into theefate thesubsequent
layer is curedPrevious inconsistencies in print quality were remedied following the addition of a
5 srest time before lift and 1 s rest tigwter lift and after retract.

It has been theorized that the paheéore liftallows for a more thorougtompletionof
the polymerization process before the forceful removal offrthgt recentayer from the resin
vat. The other delays, after lift and after retract, permit both the resin and build plate to settle

after displacement @ssigneanovement, respectivelRifferentresin viscosities would cause
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varyinglevels of force to be exerted on and by the build plate when moving through the resin. It
is speculated that these resting periods provide time for the resin priotenéato a complete
stopbefore and after potentially straining procesgdthoughanexactunderstandingf the
nature otthisimprovemenis unknown, and the resatddtimeto each layer of the printing
process, the resarejustified by thesignificantimprovement in print quality.
2.3.1.2 Postprint processing

The first step following the resin 3D printing process is a rinse in an appropriate solvent,
typically IPA. The rinse is used to remove the excess uncured resin on the print, which was
repeatedly lowered into the resin vat as subsequent lageeprinted. This process is key since
the postprint cure would polymerize the excess resin and alter the print dimensions, a
consequence that would be significantly detrimental for microfluidic deviugsto the scale of
the printeddimensions, clearing excess resin from negatveecessedeaturesequired more
thorough consideratiomnitially, a softbristled toothbrush was used to carefully clean prints, but
this strategy had two potential issudgoothbrush could not reach all areas that needed to be
cleanedsuch as the threaded inlet and outlet haed, brushing before the pgstint cure could
result in print scratching or damatgethe surfaceAs an alternative,raultrasonic batisonicator
was used taid in cleanig microfluidic prints. After the initial IPA rinse with manual agitation,
prints were transferred to a small container filled with fresh IPA. This container was placed in
the bath for approximatelyrdin to effectively rinsemicrofluidic prints.

Although 405 nm light is required to cure the resin, including for the finalgrodtcure,
excessive exposure to light contributes to eventual resin yellowing and degradation. This
yellowing also reduces the transparency of the resin. To assess tleeofrgrecessive light

exposure, an experiment was designed where replicate prints were subjected to increasing
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lengthspostprint curingtime (Table2.1). Direct light exposure for less tham@n did not result

in any excessive yellowing or material degradation, and only minor visual differences were
observed between the print with the shortest exposure, 1A, and longest expog&igugH

2.8). The primary source of yellowing was the printing process itself. Increasing the print layer
height may reduce the overall yellowing by lowering the instances of reg@agxposurebut

this could impact print qualityand yellowingis not asignificantissue at this time

aaj ifa| |lac| 2B

] |[aE] \\1s] |\

2A 2B 2C 2D
2H
2E 2F 2G
1A 2H

Figure 2.8. Results of yellowing experiment from round 1 and 2 (upper image). Direct
comparison between 1A and 2H (lower image). Excessive yellowing or degradation was not
evidentfor postprint curing under 8nin. Note: Damage to print 1A was caused during removal
from the build plate and not as a result of curing.

The build plates of most resin 3D printers have a texturized surface to improve
attachment during printing. As a result of this, the side of the resin print in contact with the build

plate is left withthe corresponding texture. Any scratches in the build ptdtena result of
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print removal, also transfer to future prints. This results in a significant decrease in clarity for
prints made from transparent resins. Dutimg printing of microfluidics as described above, the
first layer of the print is to the top of the device, and the last layers printed contain the channels.
The clarity of the top of the devices does not have significance when using an inverted
microscopdor widefield fluorescence microscopy, but it would provide a way to monitor device
filling and function moreeasily from aboveand enable imaging with an upright microscope

Two methods were tested to improve print clarityth®) application oMinwax
Polycrylic Protective Finish in clear gloss and 2) ke of eéSylvania Headlight Restoration Kit
The Minwax coating was selected based on recommendations from resin 3D printing online
forums.The plastic covers over headlights are subject to scratching and yellowing over time.
Headlight restoration kits are designed to improve the clarity of these plastic twatosv
more illumination for driversDue to the similaritiesdtween photosensitive resins and
automotive headlight covers, a headlight restoration kit was selected as a possible print
treatment.

After treatment, it was evident that both methods tested improved the print atacian

be seen irrigure 29.

Figure 2.9. Comparison between untreated (A), Minw@pated (B), anthieadlight kittreated
(C) resin prints.

Although the clarity was improved for the Minwarated print, the texture of the build plate

was still visible Figure 29 B). The print treated with the headlight restoration kit showed the
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greatest improvement in claritiFzigure 29 C), but thenumber ofsteps and cost of the
proprietary kit were critical drawbacks. The wet sanding process, inspired by the headlight kit,
and the Minwax finish were combined to provide the most effective and simptigdubd for

improving the clarity of transparent resin prinsgure 210).

Figure 2.10. Comparison between untreated (left) and treated (right) microfluidic deVicss.
improvement in print clarityvas due tdhe finalized posprint polishing and coating procedure
utilizing wet sandng andthe Minwax Polycrylic Protective Finish in clear gloss.
2.3.2 Resin material properties

One of the major motivations behind this worldevelopingaccessible and affordable
fabrication Although customized resin formulation has its bengdiitiizing commercially
availableresin was key to maintainirapapproachable method for microfluidic cell research. As
a result, hereweremany key material properties of the cured réisat requirecexaminatiorno
ensure the 3fprinted devices can be used for chemotaxis studiiesdetails of these
assessments are explained below.

In order to maintain cell viabilityg temperature &7 °C must be maintained throughout
experimentsAdditionally, the possibility of device sterilization at elevated temperawoesd
aid in establishinghe reusability of the 3fprinted devicesThe £mperature resistanoéthe

cured resirwasexplored todetermine whagnvironmentatonditions it could withstand'he

ElegooABS-like translucent resjrdesigned to be transparent and colorbess, not marketed
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with specified high temperaturesistance buvas readily available for commercial purchase
and, therefore, selected for this work.

The test print design incorporatadange of channel dimensions includag800em
wide observation channel and 49® wide serpentine mixing channel. All channels were 500
em deep. The comparison images collected at each time interval allowed for deformation in
channel dimensions and print rigidity to be monitored upon exposure to 60, 80, and 100 °C.
After no observable change in printed features or material rigidityletestecht 60 °C the
length of temperature exposure was increased for 80 andCléperimentsFinally, an
extended exposure at 100 °C was tested following continued print stdbiltiggneral no

significantdifferences were identified during these $eBigure 211).

Longest o Longest
exposure Original exposure

o ----
o ----

C: --

Figure 2.11. Results from temperature testing. After 90 min atG0no deformation was
observed in the channds). Following 420 minat 100°C, a potential scratch was identified,
but the origin of this new feature was unknown (B). The 20 g weight caused no noticeable
deflection in the test print after the longest exposure at the highest temperature (C).

Original
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A possible scratch was observed in the print exposed to 100 °C for 420 min, but it was unknown
as to whether this occurred during temperature exposure or transfer to imaging |{Eagiomes
2.11 B). The overall temperature resistance of this resirered avider temperature randban
expectedand providednore insightfor future work on 3Bprinted device development.

The surface roughnessf 3D-printed microfluidic devices was an important factor to
consider due to the potential impacts on critical aspseth as fluid flonandcell attachment
and viability. A profilometer was used to assess surface featunesobiangednd polished
devices both in and out of printed channels. These studies provided sopagephyfor the
face of the device that would be sealed to another material and for what wouldb#irigef
the microchannel$olishing the channéhceof devices with 2000 grit sandpaper reduced the
largest surface variationtypically greater than 1000 nm talhile thesmallervariations in

surfacetexture remainedHigure 212 right).
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Figure 2.12. Profilometer results from unpolished (red) and polished (blue) device surfaces.
Polishing reduced variations in the surface near channel walls (left) and reduced the overall
range of surface feature heights (right).

Although the serpentine mixing channels were too narrow to measure witistdieed
profilometerstylus the wider observation channels and inlet reservoirs were far more accessible.
This permitted the actual channel depth to be evaluated and compared to the original design.

These pofilometer scans began outside on the face of the devicgemeended into the channel

(Figure 212 left). The measurements confirmed that the printed channels were witheml60
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the desired dimensian the z directionAs reportedn literature, the cell diameter of-87 GBM
is oftenstatedto be between 10 and 3@n.1°2 Microchannel depths ranging from 200 to 500
with variations within 58100 m would have little impact on the cells themselves besides the
resulting increase in shear force due to small channel dimensions. Flowrate considerations and
the subsequent shear force estimations will be discussed furtbeajpter 4 Variations n the
3D-printed surfaces less than 1000 nm in heaghtconsiderably smaller than the desired
channel dimensions and would have little impact on the functionality of the device.
Fluorescent stains have been selected as the method to track cell position and health
during future experiments. Excessive autofluorescence of the cured resin microfluidic device
would interfere with the fluorescence imagirfigp assess theautofluorescencef the cured resin
material,two commonlyused wavelengths of excitation were selected, 470 and 535 nm.

Fluorescent intensity was measured for lib&fluorescem solutions and cured resin.

470 nm excitation:
— Fluorescein solution

25 1 :
- —Resin

20 1 535 nm excitation:
— RhB solution
- — Resin

=Y —_
o (@)

()]

Fluroescence Intensity
(8-bit grey value)

o

0 1000 2000 3000 4000 5000 6000
Distance (pixel)

Figure 2.13. Autofluorescence of the cured resin material was measured at two wavelengths of
excitation, 470 nm (blue) and 535 nm (red). The intensity of the fluorescence given off by the
resin (dashed lines) was compared t@ WDfluorescein andRhB solutions (solid lines). Low
autofluorescence of the resin material was confirmed at these comuosaaywvavelengths.

As was expected, based on previous studies, shorter excitation wavelength contributed to higher

autofluorescence in plastie$Critically, the measured autofluorescence from the cured resin

59



material was substantially lower than the dilili@rescensolutions Figure 213). These results

confirmed thathese wavelengths of excitationuld beimplementedn future cell studies

within resin 3Dprinted devices without substantial background interference from the resin itself.
In addition to confounding autofluorescentteprescent staining would be detrimental to

future cell studiesThe native surface roughness of the cured resin could prewidk recesses

to harbor fluorescent stains, conflicting with fluorescent imad®id3, notorious for retention

within porousand hydrophobisurfacesywas used to asseg®ec u r e d suseeptibilityGos

staining. Short exposure,in, to the 1M RhB solution causedmild amount of staining

within microchannels, while long expogsu30min, contributed to moderate stainirfgqure

2.14).
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Figure 2.14. 10eM RhB was exposed to printed resin microchannels for battd430min (left

and right, respectivelytp compare the resulting fluorescent stainiimgtial tests examined the

level of staining after rinsing with water and drying (upper). Other-Bk@sed prints were
sonicated in water for 1%in and dried before assessing staining (middle). FinRIB staining

was measured after exposed prints were cleaned with a toothbrush in water before drying and
imaging (lower). Most of the prominent RhB staining was effectively removed with moderate
rinsing and agitation. This tesgjrconfirmed printed devices could be stained, but, more
importantly,they could beinsed and reused for future teafter exposure to fluorescent

solutions.

Multiple methods were assessed to remove retained RhB from the microchannels. A combination
of a water rinse and agitation was most effective for clearing away RhB. The intrinsic roughness
of the cured resin did contribute to fluorescent staining, butthikl be remedied to allow for
repeat usafter exposure to fluorescent solutions.

Since cells will not be cultured directly on the resin surface, based on the current
microfluidic designbiocompatibilitywas assessed by growing C6 cells in culture media exposed

to cured resin. This test investigated the presence of any extradtabtéecal speciesom the
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resin that could impact cell healtieces of resin were placed floating above the seeded cells in
24-well plates. To perform trypan blue viability staining at the specified timepoints, both the
resin float and supernatant were carefully removed from the control angérgsised wells.
GBM cellsare adherengnd thereforelead or dying cells couldotentiallydetach and be lost to
the supernatantpacting the accuracy of the viability measuremehtsaccount for this, the
supernatant was collectadd subject to anotheemocytometer assessment in addition to the
trypan blue staining completed on the cells remaining in the wells. The results of three replicate
experiments are shown belowkigure 215.
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Figure 2.15. Results from resin extractable biocompatibility analysis. Exposure to cured resin
material did not have a significant impact on C6 cell viability over-arkkperiment under
standard incubation conditions. Error bars represent standard deviation, n = 3.

Over the 1zhr experiments, there was no substantial decrease in cell viability for the
resinexposed wells compared to the contBith the F andtess, at a 95% confidence level,
revealed the standard deviations and means were not significantly different for the control and
resinexposed conditiong:urthermore, the assessment of the supernatant revealed an

insignificantnumber between zero and fowf live or dead cells detached from their culture

surfaceThese results were promising for continwse of this resin as the main material of the
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microfluidic deviceand confirmed a low or negligible presence of extractables from the resin,
even at 37 °CMoreover, during future chemotaxis experiments, a constant flow of fresh media
and chemoattractant would be required to maintain a stable gradient. Cells seeded in a 3D
printed device would not remain in stagnant media for longer than the amount of ¢idesl ne
secure cell attachment before continuous flow was established. This supply of fresh media would
reducethe potential accumulation tdachng chemical speciewithin the device.

There were three significant cavetigonsider when assessitngse resultsThe cells
used for this work were rat glioma cells and, thus, could providedkssantinsight toward a
better understanding of GBM for human patieAidditionally, the more clumped growth
observed during the experiments was atypical compared to the stretched mammiangdiy
observedFigure 216). Although trypan blue is a standard used for cell viability assessnaent
hemocytometeiits use in well plates was less straightforward. The intensity of this stain meant

an overconcentrated solution could interfere with imaging when used in excess.

Figure 2.16. Comparison of C6 growth 12 hr after seeding in&4l plate during cell density
testing (left), biocompatibility testing control conditions (middle), and biocompatibility testing
resinexposed conditions (right). Atypical, clumped growth was observedglati
biocompatibility testing.

To alleviate these concerriereeapproachesare proposed for future workluman

derived U87 GBM cells will be used failemainingtesting and device development. This
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transition waonly delayed due to application and approval of biosafety level 2 designation.
Future cell studies with 487 cellswill begin with an exploration of cell seeding densities to
ensure more representative cell growth and morphology is maintained during experiments. T
improve upon the method of imapased viability testing, fluorescent stains will be used to
monitor cell death. Propidium iodide will be used as an alternative to trypan blue to signify dead
cells. Additionally, an Annexin V stain would allow for dyinglls to be distinguished from live
and dead cells to provide further information on overall cell health.
2.3.3 Strategies to improve printer capabilities

Although the commerciallgvailable LCDbased resin 3D printers have impressive
capabilities for thie cost,they are nointendedfor microfluidics fabrication. Many limitations
remain, especially related &mtualachievableesolution. Print settings optimization and control
over environmental factors are critical for enhancing the resulting print quality, but there are
inherent limitsasto how much improvemerian be achievedn the section below, two
strategies to improve upon the capabilities oséhprinters are explored.

As described previously, resin 3D printing relies on the transmission of lighthato
resin vat. This process resultssmme amount of light scattering or broadening, especially when
the light must pass through multiple materials such as glass, plastic, and the resin itself. The
angles of incidence and refraction are different when light moves between two media of different
refractive indices, as understood through Sne
exceeding the intendedgionof resincuring. Resin additives, like absorbers or dyes, limit the

amount of light penetration within the liquid regfigure 217).%8
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Figure 2.17. More opaque resin reduces the amount of light spreading that occurs during curing.
Created with BioRender.cam

Based on this knowledge, the impact of resin opacity on the achievable resolution was
explored. Three separate resins were compared: 1) a colorless and transparent resin, 2) a red
translucent resin, and 3) an opaque black r&ith identicaland very minimdy adjustedoprint
settings were explored print 200em wide by 20 m deep microfluidic channelés
hypothesized, the increasing opacity of the selected resins provided substantial improlgments
resulting in significantly less clogging tife prirted microchannelasshown inFigure 218
below. This providedbetter understandingwardsfurther miniaturization of the channel
dimensions, although printing devices in opaque resin would eliminate the ability to monitor

device filling and function from above.
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Figure 2.18. The impact of increasing resin opacity on print qudbty200em wide by 200em
deep serpentine mixing channéel$iecolorless and transpargpipper) and retranslucent
(middle)designswere priried with the same settings, but thereopaque red resin contributed
to the more successful result. The opacity of the black resin (battggrved the print quality
even further.

Another idea for improving print resolution was to incorporate the uskatbmasks
into the LCDbased resin 3D printing process. The XY resolution of an4b@ged resin printer
is determined by the pixel size of the screen. By placing a photomask over the LCD screen,
sections of pixelsvould be blocked, and smaller features could be prifiteid. strategy meant
pausing the printing process after the correct number of layers, removing the resin vat from its

position above the LCD screen, securing a phosénraplace on the screen, replacing the vat,
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and continuing the print for the channel layers. The photomask method was tested with both

opaque black and transparentorlessresins.

Figure 2.19. Resin printing results from initial photomask test using opaque black resin.

Initial tests with the opaque black resised a photomask that had, 100, and 200m
wide channelsDuring the first attempt, an IRgoaked kimwipe was uséd clean excess
uncured resin from the build plate and partially finished print during the pause to align the
photomask, but this prevented the channel layers from attaching to the printed base. A successful
print utilizing the photomask was achieved aftether optimization of the metho&igure
2.19). Following this success,colorless andransparent resin was used with a gradient device
photomaskhat had 10@m wide serpentine mixing channekhis requirel a moreprecise
photomask alignment procedure to ensure the resemaiichedvell with the 3B printed
threaded holesA range of settings for length of light exposure, layer height, and channel depth

were explored with a summary of results showmable 23 andFigure 220 below.
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Table 2.3. Print settings and measured profilometer results for photomask method resin printing
of gradient design inolorlesstransparent resin. Corresponding visual results showigire
2.20.

A 3.5 20 300 192 195
B 3.5 20 100 116 115
C 2.5 20 200 1A 1%
D 2.5 25 50 2.7 78.6

Figure 2.20. Results from printing-partgradient design igolorless{ransparent resin using the
photomask method. Various print settings and channel depths were explored during the
optimization processand the corresponding printing details and results are reporiadblie 23.
All micrographs were collected at 4X magnification.

The Zpart gradient photomask printimgvestigationprovided insight into the
effectiveness of this fabrication method for more complex designs and smaller channel
dimensions. As experienced before, longer light exposure caused more unintended channel

clogging Figure 220 A-B). None of the settings used in this testing resulted in a functional
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device due to channel blockag&me key factor exploreith this workwas the resulting channel
depth. The 10@8m wide serpentine mixing channels were too narrow to assess with the
profilometer stylus, but the observation channel and inlet reservoir provided alternative locations
to measure. The resultsTable 23 revealed that the physically measured channel depths were
typically within 30em of the designed channel depticept for the deepest dimension tested,
300em.

It has been theorized that thas asignificarce tothe proportion the layer height is of the
desired channel depth. The & layer height resulted in threost accurateesults for the200
em channels and the furthest for the 30@with the 100em channels falling in betweenh&
25em layer height for the 50m channel depttvas off by a largeamount These print settings
would have resulted in only two layers printed for the channels, as oppddefbtdhe 20em
layers of the200 em channelsThes findings contributed to a few potential conclusions: 1) the
thickness of the photomask positioned below the resin vat contributed to errors in the printed
channel depths, 2) the stepper motor of the resin 3D printer should be recalibrated regularly, and
3) a relationship exists between the set layer height and the desired channel depth to produce
more accurate print dimensions, and further exploration is requistitifaccuracy is a concern
for future microfluidic designs.

Although thisphotomaskmethod providedomepromising results, there were a few key
drawbackgo keep in mindThe researcher printing their microfluidic device wounded to be
present to pause the print at the correct l&ayeranuallyalign the photomaslkAdditionally, the
alignment of the photomask over the LCD screen would needrtmbeprecis@r refined from
the current method to ensure print success. Further optimization of this photomask resin printing

process would be needed to find compatible settings for the desired channel dimensions. Finally,
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this method would require access toigh-resolution photoplotter garinter able to produce
photolithographyquality photomasks, which would either increase the equipment costs or the
time required to test designs due to outsourced photomask production.

A more straightforward optioto improve printing capabilities would be to purchase a
more advanced resin 3D printer. Within the past six years of working on this research project,
multiple companies have consistently produced newer printers for puatithgehobbyist price
point Improvements in LCD screens have resulted in lower achievable XY resolution than ever
before. As newer printer models are brought to market, the cost of older nsasteisnuously
decreasing. One of the most significant imgnoents in the last few years was the release of
DLP-based resin 3D printers for less than $500 USD. As desdnlssttion 1.4.2the use of a
projector, as an alternative to the LED array and LCD screen, offers sharper printed flestures,
variation in lightintensityacross the entire builatea and a longer lifespan for the light source.
After employing the Elegoo Mars 4 DLP resin printer in this work, both print quality and
consistency improved. This trend in commercial resin 3D printing will coatia provide more
advanced printers toon-expert consumer®r an affordable price.

2.3.4 Attempted device sealing methods

Multiple methods were tested for sealing the@ihted microfluidic devicesThe results
of these tests adiscussed in the following sections

2.3.4.1 Attachment to glass slides

Glass slides were selectedths firstmaterialto seal3D-printeddevicesdue to 1) the
ability to perform fluorescence imaging through the glass, 2) the biocompatibility of glass, and 3)
its commonuse with microfluidic deviceBased on the work of Gorgg al, a treatment solution

of 2% 3(trimethoxysilyl)propyl methacrylate in toluene was used to improve the adhesion of the
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cured resirto glasst® Glass slides were soaked in the treatment solution ioa2d then stored
in toluene before printing.

The treatment did improve attachment of the réSigure 221 A), however, the potential
impactson the biocompatibility of the treated glass were conceringitive gluean adhesive
that forms a nompermanent bond between two surfaaed often used treversiblyattach
plasticcards topaper was employed to attach treated glass slides to the build plate of the resin
printer. This adhesive is also residfree upon removalA new zaxiszero location, oz =0
setting was programmetb accommodate the increased depth of the build plate as a result of the
attached glass slid® avoid crashing the glass slide into the bottom of the resii hatfugitive
glue was usefuhs a simple method to secure the glass slide to the build plathe flexible
nature of the boncesulted insporadidwisting of the glass slide during the printing progess
misaligring theresin layersKigure 221 B).

Initial teststo print enclosed channels directly onto gleassed a reduction in channel
dimensions due to excess redtigre 221 C-D). This was concerningonsidering the test
channels, 2 mm wide by 2 mm tall, were significantly larger than the desired microchannel
dimensions of future devices, below 5. All these results revealed that direct 3D printing

onto glass slides would be unsuccessful for microfluidic device fabrication.
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Figure 2.21. Results from direct resin 3D printing onto glass slides. The 2% 3
(trimethoxysilyl)propyl methacrylate toluene treatment solution improved adhesion between
the cured resin and glass. Although the attachment of the glass slide to the build plate using

fugitive glue was successful, occasional twisting of the glass slide caused misaligned resin layers
(B). Tests printing enclosed channels directly onto glass slides resulted in excess resin reducing

the desired channel dimensionsE

The next strategy for sealing printed devices onto glassto utilize an optical adhesive
from Norland Products. When selectiagadhesivemultiple factors were consideret)
adhesion between glass and plastic, 2) method for curing, 3) biocompatibility, and 4) solvent
compatibility, andNOA 86H was selectedt has excellent adhesion to glass and plastiich is
useful for this applicationlhis adhesivean be cured using heat additionto UV light, which
eliminated furtherdegradation of the UA8ensitive resin. NOA 86H is reported as USP Class VI
biocompatible and has a good range of solvent resistance oncé%®ured.

After a thin layer of NOA 86H was coated onto the glass, @®Bled device was placed
channelsidedownand clamped into place before cured in an dvetween 80 andiO0 °C
Although previous temperature exposure tests demonstrated fairly significant temperature

resistance for the cured resip to 100°C, the procedure resulted in extensive cracking through
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the resin deviced-(gure 222 A). It wastheorizedthat theincreasedhickness of the printed
devices6.5 mm compared tine 2.5 mm thickkemperature test printamplified the impact of
thermal expansior his expansion of the resin material and/ or the release of volatile species
within the cured resin, as a result of heatraysed the crackingetween layersf the print

Further bake temperature tests on printed devices, without the presence of NOA 86H or glass
slides,were completed. When printed devices were placed in @m preheated to 80 °C,

damage to the devices occurred withimi® (Figure 222 B). Additionally, slowly ramping the

oven temperature from 35 to 80 &6@er 1M min also resulted in device dama@@gure 222 C).
Other tests utilized hot plates to determine if a more -grelbaking environment would reduce
damageFurthertemperature experiments were completed on devices that were not subject to the
standard posprint cure to test if a more pliable polymer would respond better to baking. All

examined conditions resulted in cracked or chipped devices.

Figure 2.22. Exposure to elevated temperatures while curing NOA 86H resulted in severe
damage to the resin material. Withimnén, exposure to 80C resulted in cracking between
cured resin layers (B). Slowly ramping the oven temperature from 35°0 &2er 100min also
contributed to cracking as well (C).

Since the minimum temperature required to cure NOA 86H RC8and usingadditionalUV
light to cure the adhesiwgould contribute taresin degradation, the strategfyusing optical

adhesive to bond 3Printed devices to glass slglasdetermined to be an unviable option
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A thin layer of PDMS was also tested to seal devices onto a glass slide. PDMS was
selected to act as a more flexible adhesive between the rigid glass and resin. The optical
transparencynd clarityof PDMS would also allow for imaging. Various baking and sealing
procedures were testbedt resulted in unsuccessful attachment. To auowiredPDMS
clogging device channels, the layer had to be almost completely crosslinked from the bake. This
resulted in a less malleable PDMS consistency which did not bond well to the devices.
Additionally, if the PDMS was not cooled before coming into contaitt the 3Dprinted
device, theange of temperatures would cause the resin to expand and contract and often release
from the PDMSClamping the device into pla@dso failed to creata lasting sddor the
devicesAt this point, t was evidenthat attempting to seal two rigid materials togetlegen
with a more flexible layer in betweewas an ineffective strategy for this work, and a more
creative alternative would need to be explored.
2.3.4.2Pressurebaseddevice holder

To overcome the previous sealing limitations, a device holder, which would provide
physical pressure to seal a-pinted device to a thin sheet of PDMS over a glass slide, was
developedFigure 223). The motivation was that constant pressure would improve the seal and
keep the resin fromeleasingrom the PDMSas was observed in previous teftsyeneral,
maintaining sufficient pressurespecially athe middleof deviceswas often difficult due to the
flexibility of the PETGframes Figure 223 E). This caused consistent leaking when filling
devicesBrass support bars with drilled through holes were implemented into the holder design.
These were positioned across the upper frame, aligned with the hex screws, and tightened into
place using the wing nuts to reinforce the structure, reduce warping)y@adse the applied

pressure in the middle of devicémwever éaking still persisted.
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Figure 2.23. Design of a device holder to apply constant pressure to sealiBed devices to a
PDMS slab. A plate of glass was custom cut to fit in the lower frame (A). A slab of PDMS was
placed over the glass (B). Printed devices were placed onto the PDMS (@)e aipger frame

was clamped into place using wing nuts (D, E). Unfortunately, many limitations of this device
holder prevented it from being a viable option for device sealing.

As described previously nehanged devicendpolisheddevices were examineging a
profilometer Polishing the channel side of the devices removed larger defects in the overall
surface smoothness. This result was considered as a way to improve device sealing. Although
polished devicesitially formed and retained better seal within the device holder, leaking was
still observedver time.Besides thdistedlimitations, reliance on a device holder would require

a separatdesignfor each new iteratioof the devicegreatly reducing the practicalignd

efficiencyof this sealing method.
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2.3.4.3 Adhesive on transpareng film

The next iteration of sealing 3printed devices involved a combination of adhesives and
a more flexible material, transparerfdyn . Transparengfilm is typically made of polyester or
cellulose acetate, and this matevialsselected due to itew cost optical transparency, and
flexibility. To seal the 3Eprinted device to the transparency filmR¥A adhesive was used.
PVA-based adhesives are wasetuble,meaning uncured adhesigeuld be rinsed from the
mi crochannels using a gentle solvent resultin
All® multi-purpose glue was selected due to its availability fordost purchase, clear finish
when dry, nortoxic formula, and the variety of surfaces it can bind togeffeutilize both a
watersoluble adhesive and improtlee seal strength, a cyanoacrylate glue apglied to the
edges of the 3frinted device before placement on the transparegbyggnoacrylate adhesives,
markeed as super glueareoftenwaterresistant and set faster than PVA adhesives. This
perimeter would reinforce the seal and help keep the device in place during the clamping and
water flush Loctite Brushon Super Glue was selected for this application due to its easy and
controllable application process.

Although this sealing methaoslas simple angrovided a strong enough seal to
successfully fill the devicedigure 224 A-C), there were some flaw¥he most critical issue
was the accumulation of glue residue onabiéing of the microfluidic channels. Instead of fully
removing the watesoluble adhesive, the water flush adhered glue to the top of the channels
(Figure 224 C-D). The adhesive buildup did not cause observable disruption to gradient

formation, buthepossibleimpacts on cells cultured within the devices \@gstentiakoncern.
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Figure 2.24. PVA and cyanoacrylate adhesives were usembmbination to seal 3printed
devices onto transparency film (A). This seal was strong enough to fill the devices and form
gradients using syringe pump-@. The unsuccessful removal of the PVA adhesive resulted in
an accumulation of glue debris dreteiling of the microchannels (D).

Additionally, although liquid could flow through the channels, a fulh2#ere required to fully
cure the adhesivesignificantly lengthening fabrication tim8ealed devices also necessitated
delicate handling to avoid bending the transparency film and breaking the adhesive bond.
Finally, this method resulted in an irreversible seal reducing how reusable these devices were.
Based on these results, it was apparent that incorporating a flexible material into the device
sealing process was valuable, angl skarch for an alternative, flexible sealing method
continued.
2.3.53ME microfluidic tapes

In order to maintain overall simpliciiy device fabricationand flexibility of the selected

sealing materialsa line of tapes developed by 8viwere explored asm@ewmethod of device
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sealing. Tape is a very uskiendly option for channel sealing due to the simplicity of using it.
Once cut to an appropriate size and the release liner is removed, the tape can be easily applied to
the device surface. The flexibility of the tape enablew and deliberate application from one
edge to the other. The potential to collapse the tape into wider microfluidic channels is one of the
few concerns during the tape sealing process. When considering microfluidics for research, the
ability to clean ad reuse devices can bsignificantbenefit decreasing the amount of waste
and the time devoted to device fabrication. This often necessitates a reversible sealing method,
which can be uncommon for many traditional fabrication techniques. Utilizing tape, depending
on the product selected, can elead strong but reversible seal. Most importantly, thesg 3M
tapes have been designed with desirable characteristics such as high optical clarity, minimal
autofluorescence, low extractables, and low cytotoxt€i$’ Besides these qualities, and
overall ease of use during the fabrication process, there is precedent for utilizing tape for
bioanalytical applications. Tape has been employed before with microfluidic devices, some of
which were 3Bprinted, including thisecific product line from 3 .1°%12Based on these
factors, the 3ME tapes werselectedas a simple approach for reversible channel sealing.
2.3.5.1 Strength of tape seal

The two tapes selected for initial experiments were 9793R and 9795R. While both tapes
used golyolefin backing material, 9793R utilized a presssgasitive acrylate adhesjand
9795R utilized a delayethck silicone acrylic adhesiv€> %" Tests with naltiple types of
microfluidic devices were used tieterminghe strength of the tape seal on different material
including PDMS, 3DBprinted resin, and etched glaBsr each experiment,jaogrammable
syringe pump was used to provide constant flow into the stralginnel tapeealed devices. A

clamp was placed on the outlet tubing to allow for pressuseild up as the device filled with
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water. An inline pressure transmitter was used to monitor pressure within the channels in real
time during experiments.

Both microfluidic tapes were able to maintain a seal at higitemalpressures than the
PDMS device reversibly sealed on a glassesliconsiderably high flowrates were required to
cause seal failure for the tape experiments, maximum 50 ndoimpared tahe PDMS and
glass slide experiments, maximum 5.5 mLfre fittings connecting the tubing to the-3D
printed and etched glass devices required a wasgstant adhesive, Clear Gorilla Glue, to
prevent leakingnd test the strength of the tape seat@l@dditionally, the flexibility of the

tapes allowed the fluid to swell around the channels before rupturing th&igeat (225).
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Figure 2.25. Waterresistant adhesive was used to seal fittings fepBbted (left) and etched
glass devices (middle) to strengthen that interface for testing of the two kinds of microfluidic
tapes. During some testing, the strength of the tape seal and the fiewititie material resulted
in expanded pools of liquid before the seal was finally compromised (right).
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Figure 2.26. The microfluidic tapes could withstand far higher internal presbiarghe PDMS
devices reversibly sealed on glass slides (A). For all three types of devices, PDMS, resin 3D
printed, and etchedlass, the 9795R tape (C, E, G) could withstand higher pressures than the
9793R tape (B, D, F). During some experiments, the 979aRféaled to rupture under the
investigated flowrates (C, G).
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The9795R tapenaintained its seal under far higlodrannel pressurder all three types of
microfluidic devices investigateghd even failed to ruptuduring multiple test§Figure 226).
Based on these results, the 9795R tape was selected for all future experiments.
2.3.5.2 Attempted adhesive removal

By utilizing microfluidic tape to sealevicesthe adhesive layer remains exposed within
the channelsThis could potentially contribute to issues in stable gradient formation or cell
attachment. To minimize these issues, attempts were made to remove the exposed adhesive layer
within the channels by dissolving it in an appropriate solvent. InitiaflylVesolution of sodium
hydroxidein water was tested asremoval solution. The sodium hydroxide was unsuccessful at
removing the exposed adhesive overta fiest soak, even when sonication was included during
the soaking procedur&here were additional concerns that a sufficiently strong solution of
sodium hydroxide would not only remove the adhesive but degrade the cured resin material.

After further communicatiowith representativ&from 3ME , a 50/50 blend of heptane
and ethyl acetate was recommended for adhesive removal. During preliminary tedtindal
pieces of tape submerged in the removal mixture did result in adhesive removal. Tests showed
the adhesive layer would fully detach from the backing material leaving theatsisolated
but intact.Simple 3Dprinted devices sealed with 9795R tape were filled with the adhesive
removal mixture, and the recorded results showeddhesave layer beginning to peel up from
the backingTo improve the chance of adhesive dissolution, sonication was included in the soak
procedure, but this still resulted in only separation between the backing and adfigsire (

2.27).
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Figure 2.27. A 50/50 mixture of ethyl acetate anéhaptane was used to remove the exposed
adhesive within the microfluidic channels. Tegmaled devices were filled with the removal

mixture and sonicated for 30in. Instead of dissolving the adhesive into the solution, the entire
adhesive layer sloughed off the tape backing causing puckering of the tape surface (left bottom)
and accumulation of adhesive clogging within the channels (right).

This ineffective removal of the exposed adhesive within the microchannels timeaatential
impacts of the native adhesive surface on cell growth in addition to alternative treatment options
needed to be explored.
2.3.5.3 Adhesive surface treatment procedure

By utilizing tape to seal 3printed microfluidic devices, adhesive is exposed at the
bottom of the channels where adherent cells would atiaitial tests compad U-87 growth on
the untreated adhesive surface to growth in a polystyrene well ptdlewing cell seeding,
images collected at various time intervals were used to assess cell morphology, attachment, and
viability over time. U87 cellscultured in the well plate exhibited standard stretched morphology
and strong attachment while those onuh#&eated adhesive remainggherical, clumped in

dense groupings, and detached from the surfageire 228).
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Well plate (control)

4 hr 6 hr 8 hr

Figure 2.28. Comparison of LB7 growth between a polystyrene-@@ll plate (upper) and the
untreated adhesive surface of $¥95R tape (lower). Over time, a distinct difference in cell
morphology was evident.-87 cells on the adhesive surface were more spherical, clumped
together, and detached from the surface throughout the experiment compared to the stretched
morphology and consistent attachment in the well plate.

Untreated adhesive

These results highlighted the need faugfacetreatment to improve the exposed adhesive
surface for adherent tissue culture.

PDL and HA were initially investigated for coatitite tape adhesiw@ue to the frequent
usage of PDL in tissue culture, the importance of HA in the ECM, and the usage of HA in
biocompatible coatings->1'® Working concentrations of 5€y/mL for PDL and 1 mg/mL for
HA were determined based on experimengainizationwith the U-87 cell lineto provide the
most comparably standard cell morphology and least amount of cell clurpmgtability of
HA solutions has been maintained up to 60 days when stored under refrigeration, and solutions
of PDL are stable up to 2 years under refrigerattért®individually, both the HAPBS and

PDL-PBS solutions improved cell attachment and morphotmggpared to the untreated
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adhesivesurface and by 4 hr aftercell seeding, more comparable growth to the polystyrene well

platewas observe@Figure 229).

Figure 2.29. U-87 cells grown on polystyrene (A), untreated 9795R tape (B)PBA treated
9795R tape (C), and PRIRBS treated 9795R tape (Dh#aftercell seeding.

By combiningHA and PDLinto one treatment solution, a more stretchmmtphology and less
clumpeddistributionof cellswasachieved Longterm tests between-87 cellsin a well plate

and on the HA+PDL in PB8eated adhesive surface demonstrated more similar growth and
viability achieved by & hr after cell seeding as well as maintained morphology and viability up

to 24hr (Figure 230).
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Polystyrene well plate HA+PDL-PBS 9795R tape

100 pm -

Figure 2.30. U-87 cells grown on polystyrene well plates compared to the HA+PBS treated
adhesive surface. Att¥ after cell seeding, a significant difference in morphology is observed

(A and B). By 6hr, more cells on the treated tape have stretched (D). At, 2¥erall

morphology is significantly more comparable between the two conditions (E and F). Similar cell
viability was observed throughout the experiment using Pl staiaimdjeach dead cellas

overlayed on the corresponding brightfield imafyed).
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This combination of HA and PDL in PBS was selected as the treatment solution for all future
experiments involving cells cultured on the 9795R adhesive surface. An overnighthaled

substantial improvement in the development of adherent cell culture on the exposed adhesive.
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2.4 Conclusions

The resin 3D printing process was intensely investigaseal fabrication method for
gradientproducing microfluidics and cell studigslithough similar work has been previously
published, such a thorough exploration of print settings and processing, material properties, and
microfluidic fabrication has not been reported for products at such an accessible level and price
point /9 80. 93,95, 101, 11&qnsiderable progress was made towards -p@ied microfluidic device
for the study of GBM migratigrwhile some key obstaclesmain

The resin 3D printergsed in this work providedcceptable print quality and resolution
upon extensive optimizatioMany of the resin properties were more favorable for the future
work than expected, such as the limited surface roughness and low autofluorescence and
susceptibility tostainingby fluorescent dyesThe lack of elevated temperature resistance was a
more significant issue anawtributed tdimitationsin device sealing methodsitial
biocompatibilitytestingof the cured resin materiedvealednegligiblelevels of leachable
chemical speciedut the importance of thispic should not be overlookddr future cell
experiment@and could be further analyzed using a method like LCMSignificant variety of
sealing methods were investigated incorporating a range of materials. Ehaagd provided
both a strong and reversible seal, and a treatment method for the adhesive surface was developed
to encouragéealthycell attachment and growtAlthough tape sealing resultednmany
positiveoutcomes, implementing this device sealing method for more complex gradient designs
waschallenging The same leak issues experienced when testing other sealing methods returned
for thegradient serpentine channels of-Binted devicesDue to these persistent complications
in the device development process, an alternative strategy for device fabmesgded to be

explored
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3.1 Introduction

The implementation issues explained previously inspired the changeng8D-printed
molds tofabricatePDMS devices. Soft lithography itself iselativelylow-cost microfluidic
fabrication method, but theostcostly partis the photolithographyequipmenused to produce
molds. Utilizing resin 3D printing to make molds instead removes many of the limitations related
to PDMS device fabricatiqrespecially related to cogthe time and expertise required for
making molds with resin printing is also significantly less than photolithography using silicon
wafers and photoresist&s presented in Chapter 2, assible resin 3D printeend resins must
be assessed to ensure this is an appropriate fabrication method for microfluidic cell studies. In
this chapter, the process of printing positive features, as opposed to previously explored negative
features, molding PDMS devices from curedin, and the development of an environment
favorable to tissue culture outside of an incubator are investigdiework highlighs an
alternativefabricationapproacHor soft lithography andn initial exampleof how this

fabrication techniqueould be applied for microfluidic cell studies

3.2 Materials and methods

3.2.1Reagents, materials, equipment, and software
A wide variety of products were used for this research, the details of which are provided

below, in Chapter 2, or ithe Appendices
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3.2.1.1 Resin 3D printingand testing

Many of theproduct descriptions for resin 3D printiagd processing from Chapteag
still applicablefor this work An additional8K standard photopolymer resin in Space Grey was
also purchased from Elegoo through Amazon (Seattle, WA, USA).
3.2.1.2PDMS baking and assessment

The products previously used in PDMS soft lithography described in Chapter 2 were used
in these studies. Scotch douided tape was purchased through Ama&eattle, WA, USA).
A single-axis translation stage was purchased from Thorlabs (Newton, NJ, USA). A fiber optic
dual gooseneck illuminator, xylenes, and a stairdéssl! lab lift were purchased from Thermo
Fisher Scientific (Waltham, MA, USA). Hexamethyldisilazane (HMDS3 warchased from
Sigma Aldrich (St. Louis, MO, USA).
3.2.1.3 Tissueulture

Thetissue culturgroductsandprotocolsfor U-87 cellsprovided inChapter 2 and
AppendixB were used in this worlAnnexin V CF350the corresponding 5X binding buffer
solution andNucSpot 568/58Were purchased from Biotium Inc. (Fremont, CA, USA).
Dimethylsulfoxide (DMSO) was purchased fréxmerican Type Culture Collection (Manassas,
VA, USA). 200proof ethanol was purchased from Decon Labs Inc. (King of Prussia, PA, USA).
3 mL syringes were purchased from BD (Franklin Lakes, NJ, USA). Masterflex polycarbenate 4
way stopcocks were purchased from GBgrmer (Vernon Hills, IL, USA)A CO; controller for
miniature incubators (CORII), CO2 sensor upgrade for miniature incubators (G@dR),
miniature incubator with heatdzhse(TC-MIW), heated lid for miniature incubator (FC
MWPL), 9.5 mm spacer to elevate incubator cover-(A€}, and 2channel temperate

controller (TG1-1001) were purchased from Bioscience Tools (Highland, CA, USA) to provide
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a controllable tissue environment for tia@se imaging experiment&n additional CQ sensor,
the S8 5% CO2 Sensor Development Kit, was purchased from CO2Meter.com (Ormond Beach,
FL, USA).Carbon dioxide, bone dry 99.8%, was purchased from Mathesdpasrinc.
(Manhattan, KS, USA)A 10 x 5 cm electric heating pad (product 1481) was purchased from
Adafruit Industries (New York, NY, USA) and powered ®@B&K Precision 1761 D(ower
supply (forba Lindg CA, USA). An Extech EA15 Type K thermocouple and themeter were
purchased through Amazon (Seattle, WA, USA),
3.2.1.4 Imaging equipment

In addition to the imaging equipment described in Chapter 2, the NikeBE/Cfilter
from Nikon Instruments Inc. (Melville, NY, USAgnd the SEL30M35 30 mm f/3.5mneount
Macro Fixed Lens from Sony, purchased through Amazon (Seattle, WA, USA)usexte
3.2.1.5 Other laboratory equipment

ReferenceChapter 2 for further detaiboutthe additional laboratory equipment utilized
during this work
3.2.2Device fabrication procedures

Both the Mars 3 Pro 4K and Mars 4 DLP resin 3D printers were used to make the molds
for PDMS soft lithographyDetails of the printing parameters are provided in Appendikh.
standard processing was followed including the IPA rinse and sonication, drying with
compressed air, and pgstint cure.To confirm the actual printed feature heights, an2XP
profiler was used, and protocol details are included in Appe.dbome mold prints were
subject tosterilization and extractioprocedurs. The selected prints were sterilized with 70%
ethanol (EtOH), transferred into the biosafety cabinet fank0of UV sterilizaion, flipping

halfway through, and placed in sterile petri disl@®ugh sterile 1X PBS was pipetted into each
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petri dish to fully submerge the print. Each treatment vessel was then stored in an incubator at 37
°C for 24hr. Following the PBS soak, all petri dishes were transferred to the biosafety cabinet,
the PBS was removeda aspiration, and resin molds were left to dry in the biosafety cabinet
before stored until use.

The PDMS bake proceduveasoptimized.Simple and 4art gradient design molds were
used for these experimerfisgure 31). Molds were prepared for bakify first using Scotch
tape to remove any debris. Plexiglass frames were secured to aluminum baking plates with
doublesided tape at each corner and weighed down for at leasinitiefore the cleaned mold
was positioned in the middI&he selected PDMS mixtures were thoroughly mixed and degassed
in a vacuum desiccator, poured over the chosen resin mold, and placed in an oven at the
designated temperature for varying lengths of tifer the specified bake length, the dmy
was cooled to room temperature before the frame was removed and the PDMS was peeled from

the resin moldA more detailed protocol is provided in Appendix

Figure 3.1. Sample simple (left) and-gart gradient (right) molds 3Printed in resin.

Initial tests, using simple molds and PDMS mixtures of 10:1 elastomer base and curing
agent, were completed at 40 °C for 15 andhdb:1 PDMS was also testadgsing simple molds

at 40 °C for2, 3, 4, 6, 8, 15, and 1. When testing with the-part gradient molds, a mixture of
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HMDS and xylenes (1:1 v/v) was investigated as a releasing agent for the PDMS peeling process
by pipetting 15C L of the mixtureonto themolds and using the spin coater at 1000 rpm for 32 s
to form a smooth layer coating the malefore pouring PDMS. The room temperature and
humidity were monitored during these experiments.

To assess the potential impacts of repeat exposure to 50 °C for PDMS baking, both the
resin mold and PDMS surface were monitored using contact angle measurementswienages
collected using the Sony Alpha a6400 camera wittacro lensThe inhouse contact angle
imaging setup used singleaxis translation stage align the camera with a laift , both secured
to an optical table. One end of a cardboard box was cut away and a sheet of whitpgparter
was secured over tlopening The opposite end wasmmed to fit around the camera setup. A
fiber optic dual gooseneck illuminator was used to light the imaging area from behind with the
paper acting as a light diffusétach sample was placed on theliftband adjusted to the
appropriate height, depending on sample thicknesk.d ultrapure water were pipetted on the
sample surface, keeping the tip elevated above to allow the droplet to fall a short distance to the
sample. A photo of the ifocus droplet was taken after approximately 30 s. The guveevas
repeated three times for each surface testédl images otheunused resin mold surface and
resinfree PDMS surface were used to establish native resdilés.each repeat baking, five in
total, the PDMS was peeled from the mdite resin and PDMS surfaces, which were in contact
during the bake, werassessed with this method. All images were cropped, rotated 180 degrees
to orient the droplet upside down, and analyzed using the Contact Angle plugin in ImageJ. The
Manual Points Procedure wased to determine the contact angle for each image based on the

reported Theta C value.
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Inlet and outlet reservoirs were punched into the PDMS wsignted23-gauge needle.
As described in Chapter 2, 9795R tape was used to seal the PDMS deiviceshe PDMS
devices area flexibleelastomer, 2 min of manual presswasnot used to help seal the tape to
the PDMS Extra caution was used to avoid collapsing the tajpethe channels. Sealed devices
were set to rest fat leas# hr beforeuse
3.23 Establishing tissueculture environment for future cell studies

Fourseparate stains were used to track cell position, morphology, and vidbditjled
protocols for eacfluorescenstainng experimentan be found in Appendi. Initial tests to
establish a working concentration of Pl were completed wi8Y @dells in 96éwell plates.
Approximately25, 50, 75, and 106g/mL PI staining solutions were tedtby diluting a stock
solution of 100G g/mL PI stainlmages were collected on thigkon Eclipse TE200QJ inverted
microscope using the Sony Alpha a6400 caniéileon G-2A filter cube and the XCite 120
Fluorescence lllumination Systed description of the working volumes is summarized below
in Table 31. To ensure cell death, media was remofveth some wells and replaced with the
equivalent volume of0%EtOH before imagingmage processing was completed on ImageJ.

Table 3.1. Volumes used in 9évell plate Pilconcentration testing.

Vol DMEM and U-87 | Vol DMEM Vol U-87 cell Vol 1000eg/mL Resulting

cell suspensiongL) (eL) suspensiongL) Pl stock L) [P1] (eg/mL)
157 149 8 18 102.9
162 154 8 13 74.3
166 158 8 9 514
171 163 8 4 22.9
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5-chloromethylfluorescein diacetaf€MFDA) was testeds a fluorescent stain to track cell
positionand morphologyBased on provided product information, a procedure was developed to
stain the W87 cells. 1 m@MFDA was dissolved in 2154l of DMSOto create a 10 mM stock
solution. Aliquots were diluted further in sertfree DMEM to create a range of working
concentrations to testéble 32). These CMFDA solutions were stored in 15 mL conical tubes
and frozen until use.

Table 3.2. Volumes used to creaserange of concentrations for working CMFB#aining
solutions.

[CMFDA] working | Vol 10 mM CMFDA | Vol serum-free
solution (e M) stock solution €L) DMEM (€l)
0.5 0.15 2999.85
1.0 0.3 2999.7
5.0 1.5 2998.5
10.0 3.0 2997.0
15.0 4.5 2995.5
20.0 6.0 2994.0
25.0 7.5 2992.5

The selected CMFDA working solution wakacedin a water bath set to 37 ’Once
fully thawed, the DMEM was removdrbm the chosen T75 flask of-87 cells. The warmed
CMFDA working solution was added to the flask, and the cells were incubated in the stain for 30
min. The staining solution was then removed from the flask and the standard trypsinization
procedure was ftowed to provide a cell suspension to be used for experiments.L 160
CMFDA-stained cell suspension was transferred into 96-plates. Images were collected on

theNikon Eclipse TE2004J inverted microscope using the Sony Alpha a6400 carivgkan
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B-2A filter cube and the XCite 120 Fluorescence Illumination Systdmage processing was
completed using ImageJ.

TheAnnexinV CF350 conjugatevas selected as the third fluorescent stain to
simultaneouslynonitor cell healthAs described itthe product documentation, the 5X binding
buffer solution was diluted to 1X using ultrapure water. Varying volumes of the Annexin V
CF350 were tested to determine an appropriate working concentration foi8thedlls, as
shown inTable 33 below.Following CMFDA staining and standard trypsinization,e30of U-
87 cell suspension was added to £Z0f DMEM in a 96well plate.Two rows of 6 wells were
prepared.

Table 3.3. Volumes used in 98vell plate for Annexin M\CF350 concentration testing.

[Annexin V] working Vol Annexin V Vol 1X binding
solution (eg/mL) stock solution €L) buffer (eL)
0.25 1.0 199.0
0.5 2.0 198.0
1.0 4.0 196.0
15 6.0 194.0
2.0 8.0 192.0
2.5 10.0 190.0

After cells attached to the growth surface within the wells, the media was carefully removed
before 5L of 70%EtOH were addedexposed to the cells for at least 3 min, and then
removed. The first set of wells were subjected to twoglOfinses of 1X binding buffer solution
before adding the desired volumes of both binding buffer and Annexin V stock solution. The

range of binding buffer volumes were added tosdendset of wells before the corresponding
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volumes of Annexin V stock solution without the rinsing steps. The cells were incubated at room
temperature in the dark f@b min. The first set of wells were rinsed again with binding buffer
before both sets of wells were imaged using the Sony Alpha a6400 cameraNikoth&clipse
TE2000U inverted microscope with the URE/C filter cubeand the XCite 120 Fluorescence
lllumination Systemlmage processing was completed using ImageJ.

To test theethreefluorescent stains together, further®@6ll plate experiments were
completedU-87 cells were stained with CMFDA following previously described protocol. Two
sets of 5 wells were seeded with&l5cell suspension into 83 DMEM and stored in the
incubator for zhr. Two conditions were tested: 1) the addition of220f 1000eg/mL PI stain
solution, and 2) replacement of the Annexin V staining solution witLIBMEM before the
addition of 2L of PI stain. Once all three stains wexdded, images were collectd, 4, and
5.5hr after cell seeding. 58L of 70% EtOH were added to the 5.5 hr wells before Annexin
staining.Imaging was completeah theNikon Eclipse TE200Q inverted microscope using the
Sony Alpha a6400 camera; B\, G-2A, and UV-2E/C filter cubes, and the-Kite 120
Fluorescence lllumination System. Image processing was completed using ImageJ.

Direct, manual injectionia syringe was tested as a methodifdroducingcells into
tapesealed deviced he established CMFDA staining protocol and trypsinization protwecé
followed tocreate a LB7 cell suspensiod series of4-way stopcockvalves were used to
connectcell suspension, DMEM, and PI solutjon 3 mL syringesto a tapesealed device
(Figure 32 uppe}. After overnight treatment with HA and PDL in PBS, fresh DMEM was used
to flush the treatment solution out of the dewiseng syringe pumprhecell suspension syringe
was inverted several times before adves were turned to open flow to the deviCell

introduction was monitored using the inverted microsaompi a reasonable number of cells
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were distributed in the microfluidic channt@ignthe outlet tubing was capped, aheé valves

were switched back to media. The cell suspension syringe was then detached from the valve, the
loadeddevice was carefully transferred and secured into an open petri dish, and the entire
apparatus was sprayed with 70% EtOH before stored in an incubggore 32 lowen. At

specified timepoints, the device was removed for imaging usingikoa Eclipse TE200QJ

inverted microscope using the Sony Alpha a6400 came?#, B-2A, and the XCite 120
Fluorescence lllumination System. PI staining solution was introduced using the syringe pump to
assess viability over tim&ome experiments included baourly flush with fresh DMEM, using a
syringe pump at 0.4 mL/hr, in addition to fluorescent imagimgge processing was completed

using ImageJ.

96



LWD 0.52 &

cell
suspension

Figure 3.2. Set up for manual injection of cells into simple, tspaled PDMS devices. Multiple
4-way valves were usdd allow interchange between media, PI stain solution, aBd tkll
suspensiolfupper) Cell seedingvasmonitored using the microscope, and the entire apparatus
wastransferred into the incubator after sterilization with 70% E{@ker).

A heating blockset at 37 °Cyas investigated as a method of temperature control
outside of the incubator. For these tests,-sgmed, simple PDMS devices were secured onto a
glass slideU-87 cells, stained with CMFDA, were seeded into the deviggwing cell
seeding, the devices were stored in the incubatdr fioto allow cells to successfully attach in a
controlled environmeniTwo syringe pumglow conditions were tested) constant flow of
DMEM at 0.2 mL/hr and 2)a 5min flush of DMEM at0.25 mL/hr eaclour. The device
outles wereconnected to a waste contaiffdled with a bleach solutigrto collect any waste
during experimentdevices were placed on the heating block and weighed down to ensure

contact with the heated surfadggure 33).
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Figure 3.3. Apparatus for heating block testing.

The devices had to be carefully transferred from the heating block to the micrdstages of
the cells were collecteat several timepoints on tiNtkon Eclipse TE200QJ inverted
microscope using the Sony Alpha a6400 camerdhthe XCite 120 Fluorescence Illumination
SystemlImage processing was completed using Ima§yedore detailed protocol is provided in
AppendixC.

A miniature incubator setupith CO, and temperature control was used from Bioscience
Toolsfor a controlled cell environment on the microscope stagkevicewas secured to the
base of the incubator and prepared for experiment by replacing all air within the channels with
water. The device was then filled witle HA+PDL in PBS solutiorand treated at room
temperature for 1 hr. Complete DMEM fresh from the incubator was used to flush the treatment
solution from the channels. The atmosphere was theo 586 (CQ, verified by theseconary
CQO: sensor, and the heated base and lid of the miniature incubator were set to 37 °C. The device
would then sit in the controlled environment until cell seeding. The prepagidcell
suspension wagjected manuallyvia syringe from the outlet reservoir into the observation

channel(Figure 34). Details of the cell suspension preparation can be fouAgpendixB.
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Figure 3.4. Fluidic setup for manual cealhjection into the observation channel.

Manual injection was monitored using the microscope until desirable cell distribution and
density was reached within the observation channel, primarily between 5.0 and 7.5 mm. The
syringe was quickly removed, and the open tubing was capped. Fihallpjniature incubator
was closed to reestablisiine cell culture environmenffter various lengths of time, Pl wés be
used to assess viability using previously described fluorescence imaging procedures.

As an alternative to PI, NucSpot 568/580 was tested to establish an appropriate working
concentration for k87 cell experiments in combination with CMFDA. Final concentrations of
1X, 0.5X, and 0.25X were investigated as advised by the product informhéet}? Initial
testing followed the developed CMFDA staining protocols and used 96 well plates to sted 50
of CMFDA- and NucSpostained cells into 56L of DMEM with NucSpot. Well plates were
then cultured within the miniature incubator, and images were colleotely for 5 hr using the
Nikon Eclipse TE2004J inverted microscope using the Sony Alpha a6400 came?#, &nd
G-2A filter cubes, and the - Xite 120 Fluorescence lllumination System. Image processing was

completed using ImageJ.
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Once a effectiveworking concentration dilucSpot was determined, lotgrm cell
viability experiments were performed within the miniature incub&wolfowing cell seeding, the
setup was kept in the daftr the entirety of the experiment. Images for CMFDA and NucSpot
staining were collected 15 min after cell seeding (0 hr timepoint) and at each adtarfal
8 hr. Additional experiments monitored cell health during exposure to consdauit/fin flow
for 4 hr.A fabric with conductive fibers wasad as &eating padThetubingand a

thermocoupleveresecured to the fabric using tape as shown béfgure 35). Previously

described fluorescence imaging procedures and processing wete assdss cell viability

secured
tube

Figure 3.5. The external tubing and a thermocouple attached to the heating pad fabric using tape.
3.3 Results and discussion

3.3.10ptimization of the device fabrication process

As described in more detail in Chapter 2, two critical chaggestlyimprovedthe print
quality: 1) using the Mars 4 DLP resin 3D printer, and 2) using opaque Tésicracking and
gaping in printed microchannels from using the previous resin 3D printer were no longer
persistentigure 36). Additionally, more consistent printing was observed regardless of print

location on the build plate. This confirmed that light projection overcame the limitation of
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varying pixel performance observed with the previous HizBed resin printers. Tipeint
settings were optimizet fabricate 30@m wide serpentine mixing channels for these resin
molds with 70em spacing between the turns. It was theorized that these dimensions would

contribute to easier removal of the cured PDMS slab when baking was completed.

Mars 3 Pro 4K,
4s UV

Mars 4 DLP,
4 s UV

Figure 3.6. Improvements in print quality from Mars 3 Pro 4K (upper) to Mars 4 DLP (lower)
when printingpositive features for resin moldsxcess cured resin marked in red.

As detailed in Chapter 2, the profiler was used to assess printed fedtimesnolds.
These scans involved positioning the stylus atop the microchannels and scanning off the edge to
the base, as opposed to scanning from the base into recessed channels. This difference allowed
for the previously unmeasurable serpentine mixing channelsrteesured using the profiler
and contributed to a more thorough investigation of the printed channel heigla water
range of print locations'he actual feature fght wastypically within 25em of the desired

height depending on the selected layer height and normal layer light exposure satgaigsa
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relationship existed betwedayer heightand thetotal heightwhich influenced the final result
After some optimization, 200m tall channels were printed using &@ layers witha4to 5 s
normal layer exposure. Soreample resultare summarized ifable 34.

Table 3.4. Measured positive feature height from Mars 4 Birihted microfluidic channels

designed to be 206m tall with 50em layer height printed with increasingration ofnormal
layer light exposie.

Averagemeasured
1stscan 2"d scan
Print ID height + standard
height (¢m) | height (em)
deviation (em)

2.5scure| 199.689 192.377 196 £ 5
3.0scure| 198.599 190.024 194 + 6
3.5scure| 200.655 196.943 199 + 3
4.0 scure| 208.717 199.762 204+ 6

Another important feature to consider was the presence of additional cured resin outside
of the desired microchannel pattern. The loiwgages ofFigure 36 highlight this common
feature on the uppermost horizontal chandesignatedhe hump feature. The profiler was used
to measure thhump on various prints by scanning from thk channel height down to the base
of the mold over the hump. This was repeated three times, once to the left of both inlets, once
between, and once to the right, to monitor differences adregwinted designihe impact of

varying normal layer light exposure was investigated, and the results are presdiatiele i8b.
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Table 3.5. Measured heights of microchannels and hdieapures from 3Eprinted molds
designed to have 2@0n tall channels with varying normal layer light exposure.

1stscan 2" scan 3d scan Average height +
Print ID
height (em) | height (¢m) | height (em) | standard deviation €m)

3.0 s| Channel 182.402 180.254 181.938 182 +1
cure | Hump 0.000 0.000 0.000 0+0

4.0 s| Channel 175.529 173.273 174.858 1751
cure | Hump 10.659 13.061 3.521 9+5

5.0 s| Channel| 174.051 170.917 170.639 172 £ 2
cure | Hump 8.867 20.272 0.000 10+10

6.0 s| Channel| 160.709 171.009 172.347 168+ 6
cure | Hump 7.705 15.467 0.000 8+8

7.0 s| Channel| 177.452 176.877 177.190 177.2 £0.3
cure | Hump 8.586 14.010 2.410 8+6

8.0 s| Channel 184.260 180.956 180.907 182 +2

cure | Hump 12.914 14.864 0.000 9+8

The maximum measured hump feature height20a872em tall, andthe average for all
hump featureneasurements wast77 em. This widerange in standard deviation represented
howthe hump feature was either present or nonexisigoss all sampled prints. Additionally,
compared to thaveragdor all channes, 176+ 6 em, these hump featuregerenotably smaller

and shouldhave little impact on devicgealing, filling,or function Although all prints measured

lower than the desired 2@®n channel heighthis difference should nateate issues for the

cellsconsidering theireporteddiameter, only 1680 em.'%?
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To be able to cast PDMS devices from the rgsinted molds, a fabrication procedure
had to be established. There were severaplegmeterso consider: 1) the ratio of PDMS base
to curing agent, 2) the oven temperature, and 3) the bakeltisenderstood that these factors
have considerable influence over the resulting PDMS flexiBitt¥he flexibility of the PDMS
is a critical characteristic when peeling up cured PDMS from a.rBolth 10:1 and 5:{v/v)
PDMS base to curing agent ratios were testezkamine a more flexible and stiffer option.

Based on the previous resin temperature exposure tests, all PDMS baking would occur
below 60 °C. This meant longer baking would be requirddilp crosslinkthe material. The
10:1 PDMS mixture necessitated a bake upwards of ibfully cure, which was determined to
be too high of a tradeoff in fabrication time for any potential benefits of the more flexible PDMS.
All future testing focused on 5:1 PDMS, which generally needed between 4hatal dure.It
should be noted that the ambient room tempegaind relative humidity impacted the PDMS
baking and were monitored and recorded throug
coincided with a substantial number of failedldings A 1:1 (v/v) mixture of HMDS and
xylenes was investigated as a releasing agent to improve PDMS removal from the mold. There
was not a noticeable improvement in PDMS pediiatyveen molds with and without the
releasing agent, so this step was not includieé.finalized PDMS baking procedure used 5:1
PDMS base to curing ageraked at 50 °C for 5.6r before cooling to room temperature,

peeling, punching reservoirs, and sealing with t&pgufe 37).

Print and process Bake 5.5 hr at Punch Seal with tape
resin mold 50 °C reservoir holes ¢

|¥ |

PDMS ]

v — _ s !
resin mold ’

Figure 3.7. Fabrication procedure for resmolded PDMS devices sealed with tape.

—
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Potential leachablehemicaldrom the resin during the PDMS baking process were still a
concernfor this fabrication procedur@ased on the work by Musgroeeal, a 24hr soak in
sterile PBS at 37 °C was investigated as a treatment procedure for the resif? ioisls.
treatment caused warping of the resin molds, likely duentor2thickness of the basEigure
3.8 A). Additionally, the PBSsoaked molds resulted in extensive issues during the PDMS
baking procedureéBubbling, or an air gap, was often formed between the treated resin mold and
the PDMS, which contributed to incomplete curing of the elastomeric material compared to the

untreated moldand an unusable microfluidic devifieigure3.8 B, C).

Bt e B A i Gl

Figure 3.8. Results from the PBS treatment of resin@ihted molds. The 24 hr soak in PBS at
37 °C caused the molds to warp (A rigfthe untreated resin molds resulted in more consistent
PDMS baking (B) than the PBt&eated molds, which often caused bubbling and incomplete
curing at the interface between the resin and PDMS (C).

Dueto these results, untreated resin molds would be used for PDMS soft lithography.
Contact angle analysis was used to monitor both the resin mold and SlDfd&s over
replicate baking procedurddntreatedresin moldsbefore usehada more hydrophilic surface

(Figure 39 B) than native PDMS cured without the presence of résgufe 39 E). The water
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contact angle was then assessed after each of 5 consecutive PDMJ bakaest notable
changes occurred in the resin surface which becaaresimilar to the PDMS surface over time
(Figure 39 A). Comparably, the PDMS contact angle was relatively consittentghout the

study Figure 39 D).
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Figure 3.9. Summary of result from contact angle analysis of resin n#jciid PDMS D)

surfaces. Error bars represent standard deviation (nSaBjple contact angle images for the
resin (B, C) and PDMS (E, F).

These resultprovided one method to determinevdiatile species from the resin were released
into the PDMS during baking, which had been a serious concern. Alternatively, the PDMS has
greater influene over the resint was theorized that during replicate baking procedures, a

microlayer of PDMS is retained on the resin mold surface after peeling. This would cause a

slight increase in microchannel dimensions as a resin mold is reused and should be considered if
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strict adherence to design dimensions is necessary for the device applidagi@onclusions
from the contact angle analysis were encouraging for this work.
3.3.2Progress towardsmaintenance of tissue culture environment

To confirm these PDMS devices molded from resin prints are an appropriate environment
for cell studies, methods needed to be developed to monitor cell health within the devices. This
work began by determining a set of fluorescent stains to track cellopositorphology, and
viability. As mentioned in Chapter 2, Pl was selected as a preferable method for tracking cell
death compared to trypan blue. It was already known that-&# ikon filter cube could be
used for excitation and emission of this digggre 310B). Two other filter sets were aligned
within the inverted microscope that would allow for simultaneous detection. -PAedgt
provided the apparatus for the use of CMFDA, which would be used as a general stain to monitor
position and morphology of all cel{Eigure 310 A). Finally, Annexin V could be implemented
to distinguishapoptoticcells, and the CF350 conjugate was selected paled with the Nikon
UV-2E/C filter cube Figure 310 C). The working concentrations of each of these fluorescent
stains vereoptimized with the WB7 cells as M CMFDA, between 280eg/mL PI, and 1.5

eg/mL Annexin VCF35Q
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Figure 3.10. Excitation and emissiospectra for CMFDA, PI, and Annexin V CF350 and the
corresponding Nikon filter cubes-BA (A), G-2A (B), and UV2E/C (C). Due to the long pass
emission filter used in BA, the Pl emission would be visible during CMFDA imaging.

SpectrumViewerprovided byAAT Bioquest
Although all stains could be used together, use of tB& Bongpass emission filter

meant both the 517 nm CMFDA emission and 617 nm Pl emission would show during imaging.

A sample of this fluorescent emission overlap is showkigare 311 B below. Live cells,

stainedgreenwith only CMFDA, were still distinguishable from dead cells, which appeared

yellow/ orange or redith the B2A filter setas a result of PI
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Figure 3.11. Fluorescence imagingsults from staining 487 cells with %M CMFDA, 22

eg/mL PI, andL.5eg/mL Annexin V CF350To induce cell death 5.5 hr after cell seeding, 70%
EtOH was addetb the well. This excessive level of cell deateated an extreme situation

where all stains would be at their highest intensity to determine if each could still be
distinguished. Although the Pl was visible during CMFDA imaging (B), some live cells could
still be distinguished from dead cells whaempared to the P1 (C) and Annexin V CF350 (D)
imaging.

Anotherfactor that had to be adjusted from the standard staining protocol was the presence of
Annexin V binding buffeand the amount of rinsing requitekh experiment tested whether the
multiple binding buffer rinses could be eliminated from the Annexin V staining protocol by
comparing fluorescent intensity between rinsed and unrinsed wells, and it was determined that
the rinse steps could be excluded.silwould make Annexin V staining within sealed devices far
easier since only one solution of AnneXrCF350 in binding buffer would be required instead

of separate binding buffer and staining solutions.

When PI stain was added to wells containing Annexin V binding buffer, this enhanced

the emission overlap during CMFDA imagirfgdure 312 left). Further tests were completed to
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determindf this effect could be reducedhe two sets of experimental conditions compared
wells where the PI solution was added to the Annexin V staining solution, containing binding
buffer, to wells where the binding buffer was removed following Annexin V incubation and
replaced with fresh medtzefore the addition of Pl stain. As theorized, the removal of binding
buffer reduced the PI overlap for CMFDA imagifiigure 312 right). This adapted protocol

could be implemented in sealed devices by flushing Annexin V staining solution out of the

device with media before switching the flow to the PI solution.

Figure 3.12. The presence of the Annexin V binding buffer solution enhanced the emission
overlap between Pl and CMFDA when using thMfilter set (left). Removal of the binding
buffer before the addition of Pl reduced the overlap during CMFDA imaging (right).

Initial work testing the viability of cells seeded in tegmaled PDMS devices utilized
CMFDA to track morphology and monitor cell attachment within deviths.most successful
method to seed cells into devices was using direct, manual injg@ieyringe. It was critical to
invert multiple times to ensure the cells had not settledttaithe syringe was heldertically
with the plunger at the top and opening at the bottom. This positioning guaranteed that if cells
settled during the slow seeding process, it would occur in the direction of flow towards the
device. Visual inspection, using the inverted micrgsc@llowed the process of cell seeding to
be monitored until enough cells were dispersed within the cha@ekkloaded devices could

then be stored within the incubator, after sterilization, until various timepoints were reached
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Observations from these experimectsfirmedU-87 cells successfully attached to the treated
tape within deviceand began to achieve the standard stretched morphalsgglly within3-4

hr after cell seedingHigure 313). Over time, Pktaining revealed a larger population of cells
dying within the stagnant media in the devitke addition of amourly flush with fresh media

maintained cell healtand reduced the number of dead cells visible as a result of PI staining.

Figure 3.13. CMFDA-stained U87 cells in a tapsealed PDMS device. Cells were seeded by
manual injection, stored in an incubator, and brightfield (inset) and fluorescent images were
collected hr after.

Even thoughhe previous tests confirmed&¥ cells would attach within tagsealed
PDMS devices, the conditions under whichstexperiments were completed would not be
possible for future cell chemotaxis studies. Devices would not be stored within the incubator
since both continuous flow, to maintain gradient formation, andlapse imaging, to track cell
movement, would be reqed. Appropriate environmental conditions had to be maintained
outside of an incubator due to these restrictions. Initiakwgamined if only temperature
regulation would be enough to maintair8@ cell viability in sealed deviceA. heating block,
set to 37 °C, was used to provide temperature control.

The first heating blockxperiment followed the same procedure for prepaitage

sealed device and seeding8U@ cells The cevicewasstored in the incubator fdrhrto allow the
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cells to attach in a controlled environment. Once transferred to the heating block and connected
to the syringe pump, the device was subject to constant flow of DMEM at 0.2 mhéhr.
CMFDA imaging revealed mostly round cell morphology, unlike the typical stretck&ed U
growth. Furthermore, there waa accumulation of debris within the device, especially within
the inlet channel and where it connected to the wider chakigelré 314 uppe). The
accumulatiorappeared to be both a mixture of cell debris, based on observed fluorescence, and
possiblytape adhesive

Since the exact cause of the debris was unknowsecandheating block experiment was
conductedvithout continuous flow. All previous experimental steps were repeated, buia 5
flush of DMEM at a flowrate of 02mL/hr was performed eadiour. CMFDA imaging showed
more stretched cells thatbserved during the continuous flow téSigure 314 lower). There
was no accumulation of debris within the deyimed less cell death was observed from Pl

stainingas well.
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Figure 3.14. Sample results from heating block testing. Constant flow of DMEM at 0.2 mL/hr
led to an accumulation of debirsthe device (upper). A-min long flush of DMEM at 0.25
mL/hr eachhour prevented the debris accumulation, and more cells were able to reach a
stretched morphology (lower).

Thoughthe hourly DMEM flushesresulted in improved conditions for cells seeded within the
PDMS device compared to constant flow, there was still a lossnascells detached from the
surfaceover time Thiscell losswas most likely caused by a lack of sufficienvironmental
control and/ or a flowrate that was too high. It will be important to consider these factors when
moving onwith future cell work.
3.3.2.1 Miniature scopetop incubator

To achieve a stable environment on the microscope stage for longer cell imaging

experiments, a miniature incubator setup providing botftrollableCO, and temperature was
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utilized from Bioscience Tool§.he HA+PDL treatment step was altered from overnight under
refrigeration to 1 hr at room temp. This provided effective coating of the exposed adhesive while
decreasing the total time required for experimental preparation and avoiding disconnecting the
device from fluidic controlHA+PDL-treated épart gradient devices weseiccessfully seeded

with U-87 cellsusing manual injectiowia syringethrough the outletandstretched cell

morphologywas confirmedFigure 315).

immediatély . 2 hr after cell seeding 4 hr after cell seeding

Figure 3.15. CMFDA-stained U87 cells seeded within observation channel. Cells were
maintained within the miniature incubator environment, successfully attached to the treated tape
surface, and developed stretched morpholbggges were collected at 10X magnification
positioned at 7.5 mm down the observation channel.

Initial viability experiments were attempted utilizing PI, but the inherent cytotoxicity of
this stain meant it could only be utilized as an endpoint indicator of cell health. Additionally, the
lower flowrates required when introducing Pl into the demeant arhours-long delay between
initiating flow and stain expression during imaging. Annexin V was considered as an alternative
to PI that could bencluded within the cell media loAgrmwithout negative impacts on
viability, but this would only showapoptotic cells and could underrepresent the actual number of

dead cells. NucSpot 568/580 was selected as a more appropriate stain to monitor overall cell
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death that could be utilized for up to 72 hr, as reported by Biptumeh could still use the Nikon

G-2A filter cube Figure 316).12°

Ex: 510-560 nm Em: 590 nm, LP
A 572nm*. * 583 nm

400 500 60
of

Figure 3.16. The excitation and emission spectra of NucSpot 568/580 and the corresponding
Nickon G-2A filter set, made using the Biotium Fluorescence Spectra Vidafer and the
resulting NucSpot imaging collected during a sample experiated@@X magnificatior{right).

After optimization with U87 cells completed in well plates, a working concentration of
0.25X NucSpot was implemented in all future experiments by including it as a component of the
complete DMEM media. This allowed for a passive and continuous methaabdity staining,
overcoming the previous limitationd-87 viability within 6-part gradient devices inside the
miniature incubator was monitored during 8 hr experimé&nr4-DA imaging confirmed
typical, stretched cell morphology aNdicSpot imagingestalishedthat limited cell death was

observed withirdevices over the entire experiment len@lgure3.17).
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Figure 3.17. CMFDA (green) and NucSpot (red) fluorescent images collected over the 8 hr

experiment at 10X magnification. These results confirmed both healthy cell stretching and only
minimal increase in cell death.

The next factor examined was the impact of continuous flow on the Alisugh a
expandedliscussion of continuous flow, and the impact of shear stress on cells in the
observation channel based on the selected flowrates for device operation, is presented in Chapter
4, initial experimental results are explored h&iace this device design relies on flow to
maintain the gradient, the cells would need to withstand this. Ideally, the flowrate would be
considerably low to avoid negative outcomes foraHis. To examinethis, cells seeded within
6-part gradient devices were allowed to attach and grow for 4 hr before continQOgigin

flow of fresh media for an additional 4 Ame first round of testing found both a decrease in cell
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stretching and a dramatic increase in cell death within the devices, specifically after flow was

started(Figure 318).

Figure 3.18. Fluorescent imaging of487 cells before flow resumed (A), and after 4 hr of
continuous flow (B) revealed reduced cell stretchif@ile the startingnumber of dead cells
was low (C), cell deatdramatically increasedafter 2 (D) and 4 hr (E) of exposure to constant
flow. All images collected at 10X magnification.

These initial results revealed aversight in device and experiment design. The fluidic
system ana significant length of tubing was kept outside the minigtacepetop incubator.
Although fresh media, from secondry incubator, was added to the reservoirs when flow
resumed, the media within thabing, which reached the cells firstas not maintained at 37 °C

during the 4 hr of no flowlt was theorized thahis exposure to room temperature caused
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thermal shock to the cells once flow was resuaradithe unheated media reached the

observation channel. To reduce this issue, a fabric containing conductive fibers was utilized as a
improvised heating pad for the tubiy applying 3 V of power, the fabric maintainad
temperaturdetween 8 and40 °C. Once implemented into the experimental protocol, the rate of

cell death in response to restarted flow was significantly redkégdré 319).

A..

Figure 3.19. When the heating pad was implemented, the amount of cell death before flow (A)
and afted hr of continuous flow (B) was fairly consisteAithough flow still reduced the extent
of cell stretching overall (C vs D), it was possible to regain some of the stretched morphology
within a fewhours (E). The addition of the heating pad resulted in a significant improvement in
the cell culture environment within the device when flow was resumed after cell attachment.
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3.4 Conclusions

The transition from fully 3Eprinted devices to resiprinted molds for PDMS soft
lithography provided an appropriate alternative fabrication method for microfluidic cell studies.
The overall lowcost and simplicity were maintained while the sealing and filling limitations
experienced with 3fprinted devicesvere overcome. Additionally, the utilization of PDMS, a
standard material with a lengthy history in both microfluidics and bioanalytical research, has
lessened some previous material property conc&hesMars 4 DLP resin printer improved print
guality and contributed to more consistent printing results following optimization. A protocol for
forming PDMS devices from resiprinted molds wadeveloped andontact angle analysis
confirmed the molded PDMS surface was not influenced by the resin during baking.

A setof fluorescent dyes were selected and optimized to tda8K cell position,
morphology, and viabilityising protocols that could be adapted to simultaneous staining and
microfluidic studies. Preliminary cell studies, in tegealed PDMS devices, confirmed cells
would attach to the treated adhesive surface, but further testing, with only temperature
reguldion, revealed more environmental control would be required for extended chemotaxis
experiments out of the incubatdhe miniature scopetop incubator, with both temperature and
gas control and a heating pad for the external tubing, enabled longer experiments f87the U
cellsculturedand exposed to flowvithin the devicesThis work established an initial preof-
concept for bioanalytical applications using PDMS microfluidieefrom resin 3DBprinted
molds Continued development of an efficient method of fluidic control, and a closer
examination of gradient formation within these devices, will provide a sufficient basis for future

GBM chemotaxg studies.

119



Chapter4-Ex pl or alt wiochi ofcdntr ol and gr

during design devel opment

4.1 Introduction

One of the key motivations behind the selection of microfluidic devices for cell studies is
the enhanced fluidic control that is achievable. Chemotaxis experiments which utilize stable and
well-understood gradients would allow for maa@ntrollable conditions andetailedassessment
than other commonly used methods. There are a variety of options for fluidic control within the
field of microfluidics For this workthe user simplicity, cost, and amount of equipment required
for these methods were criticalctorsconsideredvhen developing the fluid handling frese
devices. In this chapter, the development of fluidic control is detailed as different versions of the
microfluidic device were created, starting with fully -pinted devices through the transition
into resinrmolded PDMS devices. A reliable method filing devices and removing bubbles
from within the channels is reported here. Finally, the factors influencing gradient formation

wereexplored as the work progressed closer to cell migratiahestu

4.2 Materials and methods

4.2.1Reagents, materials, equipment, and software
Thevariousproductsand proceduressed for this research are provided below, in
previous chaptersr inthe Appendices
4.2.1.1Device fabricationprocedures
Both fully resin 3Dprinted and resimolded PDMS devices were fabricated for this
work, and the materials used in those fabrication processes are described in Chapters 2 and 3.

PDMS devicegraditionally fabricatedusingphotolithographyrequired100 mm silicon wafers
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from University Wafer (South Boston, MA, USA), S8J2050 photoresist from Kayaku
Advanced MaterialsWestborough, MA, USA), 40K DPI photomasks printed from Fineline
Imagine (Colorado Springs, CO, USA), a digital programmable hot plate from Torrey Pines
Scientific (Carlsbad, CA, USA), and(2-methoxy)propyl acetate from Thermo Fisher Scientific
(Waltham,MA, USA). The Driel UV flood exposure system, Driel arc lamp power supply, and
Thermo Oriel digital exposure control were purchased from the Newport @tguofirvine,
CA, USA).A NIST traceable radiometer photometer model IL1400A was purchased from
Internatioral Light (Peabody, MA, USA).
4.2.1.2 Fluidic connections and control

Earlier chapters should be referenéadpreviously used fluidic equipmerarbed
pol ycarbonate adapt er {5017K83, batbédpolypropylene adaper 1 6 N
for 1/ 16 0-32maleipdblD7K&), qlick-Tur n tube coupling sock
tube ID(51525K28), precisionflow-adjustment valve handep er at ed f or 1/ 160 t
(48965K23,pl asti c barbed fitting 54VkK6y,auwpugdort or f or
1/ 160 t ube werBpulchaded fBok KMBVast€arr (Robbinsville, NJ, USA
Masterflex Transfer andiMisnheger il e&ol uBbrx atda®d e®©D
ID barks (3080316) were purchased from CeRarmer (Vernon Hills, IL, USA)Alconox
powder detergemas purchased fro@rainger (Lake Forest, IL, USA). G610 uL micropipete
tips were pirchased from Thermo Fisher Scientific (Waltham, MA, USXYariety of uProcess
products were purchased frarabSmith (Livermore, CA, USAnhcludingthe uPB08
breadboaravith 8 device connection&IB200 electronic interface controller, 4VM02 control
manifold for automatic valve§PS01 100 pL syringe pumps, AV202 automatgub#t selector

valves, AV201 automated3ort selector valve8BRES5 mL breadboard reservoirs,/ 1 6 6 OD
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PEEK tubing, T116101 CapTite plugsandCT116100 CapTite capillargonnectiorfittings.
Automated sequences were programmed using the uProcess software.
4.2.1.3 Imaging equipment and fluorescence work

See previous chapters for detailed descriptions of the equipment used for imaging.
4.2.1.4 Other laboratory equipment

Reference Chapter 2 for further details aboubtherlaboratory equipment utilized
during this work Additionally, the MultiPro Model 395 from Dremel (Mount Prospect, IL,
USA) and thePDC-32G Basic Plasma Cleaner from Harrick Plasma (Ithaca, NY, W&fg
used
4.2.2 Fabrication of gradient devices

Previous descriptions oifie fabrication processes filly 3D-printed and resimolded
PDMS devics can be found in Chapters 2 and”Biotolithography was utilized for the
fabrication of some PDMS devices before resin 3D printing was optimibedphotomask
design was drawn using AutoCAD and printed at a resolution of 40KApProximatelyl0 mL
of SU-8 2050werepoured from theriginal bottle into a smaller, amber vial at least two days
before use due to the significant viscosifyhe photoresist. Aacuum desiccatawasused to
aid in bubble removal. To make the médd a gradient devigeaclean silicon wafer was placed
on the Laurell spin coate?-3 mL of SU8 2050 were poured onto the center of the wafer,
covering an area about 1.50 in diameter.
following 2-stepspin program was used:

1. 20 s, 500 rpm, 100 rpm/s

2. 30s, 1700 rpm, 300 rpm/s
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to yield a photoresist thickness of 100 rhe coated wafer was removed from the spin coater
and placed on a hotplate, preheated to 65 °C, for 5 min followeddnoadhotplate, preheated

to 95 °C, for 15 min. The wafer was stored in a laminar flow hood for 10 min to cool. The
photomask was carefully aligned over the coated wedsered with a quartz blocknd

positioned within a UV flood exposure system. Toeationof light exposure was calculated

based on the photoresist thicknass the measureaslitput power of the lam{225 mJ/cr

desired) The exposed wafer was then baked at 65 °C for 3 min and then 95 °C for 9 min. Again,
the wafer was set to cool for 10 min in the laminar flow hood. The wafer was transferred to a
crystallization dish filled with Z1-methoxy)propyl acetate and developesihg gentle swirling
motions to remove the uncured photoresist. Development was complete when exposure to small
volumes of IPAno longer resulted in cloudy, white streaking on the wafer surface. Nitrogen gas,
delivered at less than 50 kPa from a blowgun, was used to dry the wafer.

A 10:1 PDMS elastomer base to curing agent ratio was used to form the gradient devices
from SU8 molds. 20 g of base and 2 g of curing agent were measured on an analytical balance
and thoroughly mixed befoegassedithin avacuumdesiccatorA plexiglass frame was
aligned on the wafer before pouring the PDMS over the8®ubld. The PDMS was baked at 80
°C for 90 min After cooling to room temperature, the frame was removed and the PDMS slab
was carefully peeled up from the SUmold. The process of punching out inlet and outlet holes
and sealing devices using 9795R tape was the same as described in Chapter 3.

4.2 .3 Systemsof fluidic control

Multiple versions of the inlet and outlet connections were used during this igtkd

4.1). For fully 3D-printed devices, pipet tips and other fittings were pfiessto the device inlet

and outlet holes as a first attempt to connect to tubing or provide reservoirs for fluids. Clear
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super gluavas used to reinforce these interfadegire 41 A). Following increased resin
printing optimization, threaded fittings were used, both NPT arBR1€traight threads. These
fittings were screwed into the inlets and outl&iggre 41 B). The seal was further reinforced
using Loctite Bruskon Super Glue. All fittings were secured in the-@ihted devices before

the channels were sealed.

Figure 4.1. The progression of device inlets and outlets during design development. For initial
resin 3Dprinted devices, the inlets and outlets were pfiessing pipet tips or unthreaded

fittings often reinforced using cyanoacrylate adhesive (A). Threaded fittiegsincorporated

once the features could be reliably printed beginning with 1/16 NPT threads and reduced down
to 10-32 straight threads (B). 2fauge needles bent 90°, without bevel, were paired with Luer
lock fittings for early resirmolded PDMS deviges (C). Micropipette tips, 0:10 pL with the

upper section trimmed off, were narrow enough to fit insidedl2@ubing and the PDMS

device reservoirs (D).
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For PDMS devices, 2Qauge needles were used for the inlet and outlet Heiggré 41
C). The needles were blunted using a MultiPro Dremel tool and bent 90 degrees using pliers. A
Luer lock to barb adaptor was used to connect the needle to the tubing. The prepared needles
were pressed into the inlet and outlet holes ensuring enough ddyetinédd in place securely
but not flush with the bottom. As an alternative option; UL pipet tips were trimmed and
stuck in the flexible 1/1606 I D tubing. The
as the needle$igure 41 D).

The first methodestedo establish fluidic control utilized a single syringe pump in
withdrawal mode. Opereservoirsoften syringesvithout plungers, were positionathove the
device using a laboratory starfeldure 42). A combination of gravity and vacuum, applied
gently at the device outlet, was used tofitelevices with ultrapuravaterbefore gradient
experiments began. Food dye was employed for qualitative gradient assessment Hased on
extent ofcolor mixing. After the flowrate was sahd thesyringe pump started, gradient
formation was monitored over time, and images were collected at various locations along the
deviceusing the Sony Alpha a6400 camdfiandleoperated valves could be integrated just
belowthe reservoirs to enable manual flow adjustment if one inlet dominated théatieer on
experimental observationghe reservoirs could be refill@diring the experiment, but once the
plunger of the syringe in the pump was fully withdrawn, flow would be manually stopped. To

allow for longer experiments, a 10 mL syringe was used in the pump.
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Figure 4.2. A single syringe pumpn withdrawal modeused to provide controllable flow
through a gradierproducing microfluidic device. 3 mL syringes, without plungers, were used as
reservoirs for each inlet, while a 10 mL syringe was used in the pump.

A multi-syringe pump was also investigated as a method of fluidic cdtriotroducing
solutions through both inlets at ondevo syringes were filled with degassed solutiaecured
within the multisyringe pumpand all tubing was primed with fluid\n open syringe, typically
a 10 mL syringe without the plunger, was connected to the outlet to act as a waste reservoir. The
pressuredriven flow from the pump was used to fill the device by displacing the air in the
channels. Gradient formation was ntoreéd in the same way as before using dyed solutions. The
total volume of the starting syringes, often 3 mL, and the selected flowrate set the total length of
the experiment.

To aid in device fillinga new apparatus was createyure 43). Two syringes of
different sizes were connected usingaaly stopcock valve. The filling syringe, with 3 mL
capacity, was used to apply manual pressure to fill the channels. Since complete filling could
requirehigher volumeanother syringe containing 10 mL was usedeplenish the filling

syringe as needed by switching the valve connectionss@liter was used to connect a
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pressure transmitter to the path of fluid flow allowing applied pressure to be monitored while

filling the device.

refill syringe, 10 mL

PDMS device w

f y
-
W —
=

Y

+ filling
syringe,
3 mL pressure
sensor

Figure 4.3. The filling apparatus utilized away valve to connect both the 3 mL filling syringe,
which would be used to manually deliver the desired solution, and the 10 mL refill syringe,
which would be used to replenish the volume within the filling syringe. Ssprre transmitter
was connected tenablereakttime monitoring during the filling process.

Multiple solutions were tested during device filling including ultrapure water, a 50/50
(v/v) mixture of EtOH and ultrapure water, and dilstdution ofAlconox soapin ultrapure
water. Each solution was sonicated for at least 30 min beforehandilitmeegonic bath to degas
the fluids. All tubing was fully primed with theelectedilling solution before connecting to the
device and fillingOnce all bubbles were removed from the device channels, the filling apparatus
inlet was quickly exchanged for a pared syringe pumio flush out the filling solution with
another fluid When preparing some simple devicadength of tubing was connected at the
outlet filled with the desired solution, and connected back to the inlet to fully close the device.
Finally, LabSmith uProcess microfluidic automation products were used to provide a new
method of fluidic control. Two identical fluidic setups were used, one for each device inlet
(Figure 44). The automation interface allowed for communication between the uProcess

software and the equipment, and a single valve control manifold was used to control four
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separate valves. A pair of 5 mL reservoirs were connected-fe 8alve The 3port valve
was connected directly to apbrt valve that could switch between two syringe pumps and the
device inlet.To enable ontinuous flow, two syringe pumps were usaae syringe pump to
dispense into the device while the other was refilldek entire fluidic system was positioned on

a breadboard.

automation interface 4 port valve

3 port valve syringe pump

il
it $PSOV .  Lapgmit
\\\\\;‘Mmm o b =130 to device
inlet 1

. Labgmi
1201-¢360

\ ’.‘
: syringe pump

) \_a\x%m'\“\ﬁsn“m\,,

Ll

3 port valve

syringe pump

Lapgmil
202360 to device
| & inlet 2

valve control

reservoirs
Figure 4.4. Approximate schematic of LabSmith equipment layout for gradient experiments.
PEEK tubing is represented by red lines. The automation interface, valve control manifold, and
syringe pumpsveredirectly connected to the breadboard. Flat ribbon cables campédut

valve control manifold to all valves are excluded from the scherfmaitatarity. Component
images taken from LabSmith.cgmoduct listings

Polyether ether ketor(® EEK) tubing was user all fluidic connections. The PEEK tubing
was fed into flexible tubing, due to matching outer and inner diameters, and linked to the device
inlets using trimmed pipet tips. The LabSmith equipment supported automation through the

uProcess software programmable sequerceample equence can be found in Appendix
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As done before, all solutions were degassed using sonication, and all tubing was primed with
liquid before connecting to the device.
4.2.4 PDMS surface modification procedures

The first method tested to modify PDMS surface was boiling in deionized (DI) water
based on thevork of Parket al'?? A clean beaker was filled with DI water and positioned on a
hotplate set to 225 °C until a rolling boil wasintained. Fresh PDMS slabs were transferred
into the boiling water using tweezers and exposed for 30 min or 2 hr. The boiled PDMS was
dried with a kimwipe before further analysis.

The other method explored for PDMS surface modification was plasma exposure under
vacuum.A Harrick PDG32G Basic Plasma Cleaner was used for this work. After the PDMS
device was positioned within the treatment chamber chamelup. The door was closed, and
vacuum was established. Once power was supplied, the RF level was set to highdaudé¢he
was exposed to plasma for the desired amount of i 6, or 8 minThe PDC32G was
powered down, vacuum was broken, and the device was removed frowstingent chamber
and stored in a petri dish. The impact of both boilm®I waterandvacuumplasma treatment
were monitored using water contact angle analysis, and details of this procedure are the same as
those provided in Chapter Gontact angle images were collected before and after treatment
procedures at various timepoints.

4.25 Protocol for assessment of gradient formation

Fluorescence was used to quantitatively examine gradient formation within the
microfluidic devicesas inspired by previously published wdfk!?*126 10eM fluorescein
solutions were made with ultrapure waaed sonicated to degas before.Bevices were

prefilled to remove all air from the channels before gradient experiments fodiganng the
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previously described filling protocols. One device inlet was filled with ultrapure water while the
other was filled with the prepared fluorescein solution. After waiting the appropriate amount of
time to establisistable flow at the observation chanr®sed on devidengthand flowrate,

fluorescent imaging was completed. The external distance markers along the observation channel
were used to appropriately align images using the digital crosshairs in the camera remote
operation softwareBrightfield images were collected first before theZB\ filter was used for
fluorescent imaging. Camera shutter speed and 1SO settings were appropriately adjusted between
these sets of images. Once the full set of images were collected at each location within the
device,the flowrate was adjusted, and the procedure was repé&ateier experimental detail

can be found in Appendig.

4.3 Results and discussion

4.3.1 Progression of fluidic control

One of the areas of fluidic control that changed the most during the development of the
device design was the inlet and outlet connections. For fulprdided devices, the most
straightforward options were explored fjrgipet tips that were pred# into reservoirs and glued
into place. Although this method was crude, it enabled a quick strategy for startingotbeest
fluidic equipmen Threaded fittings were utilized once the achievable print quality was
optimized and two sizes were used. Thelseas easily reinforced with super glue while
screwing in the fittings. These small fittings stdbuireda highervolume of liquidto fill
contributing to significant internal dead volume within the device.

The resiamolded PDMS devices offered more flexibility when selecting inlet and outlet
connections. The use of 2@&wuge needles reduced the internal dead volume at these interfaces,

but there were still limitations. Preparing the needles for use wasralabprocess involving a
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moderate risk when using a power tool to shear off the bElekleight of the needle

connections, when the Luer lock to barb adaptor was included, @eiddn the PDMS and

dislodge the needle from the reservoirs as well. To regain simplicity in the inlet and outlet
connections, 0-10 pL pipet tips were used. When the upper section of the pipet tip was

trimmed off, it could easily be fitted directlyintohe 1/ 160 I D tubing. Al thi
unsophisticated, there wemgany benefits in its simplity and the vast availability of pipet tips

within a laboratory.

The initial experimental setup using a single syringe pumpthrdvawal modeelied on
negative pressure to pull liquid through device chanfiéls.overall simplicity of this method
was the fundamental motivation behind its implementation. This early work used ultrapure water
dyed with food coloring to qualitatively monitor gradient formation. Unfortunately, negative
pressure was not an effectimesthod for creating a stable gradient. The flow from one inlet often
dominated over the other, which resulbedncomplete gradient formation or complete absence
of a gradient. Even the addition of manual valves, for small adjustments to the flowrate from
individual inlets,could not overcome the limitations of this setup.

In response to these difficulties, a migyiringe pump innfusionmodewas used. This
systenrelied onpositive pressure to push fluid through the channels from both device inlets
simultaneouslyThe resulting gradient was more reliable and fewer fluctuations in performance
were experienced. The user simplicity of a ms§tiinge pump is comparable to a single pump.
The only changes to consider would be the expense of asyirtige pump and thecreased
tubing, fittings, and other fluidic accessoribattwould be required for an additional syringe.
Another negative aspect of this method was the difficulty in removing trapped air from within

the channels. For both fully 3printed and resimolded PDMS gradient devices, the
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elimination of bubbles within the branching chanveés a considerable challenge often
requiring manyhours. Without any automation, this was a tedious process involving significant
user interaction.

The LabSmith uProcess produaided in the creation of a more automated system of
fluidic control. The uProcess sequences allowed for programmable fluid handling, and 5 mL
reservoirs provided options for exchange between different fluid fiSaguences can be created
in two ways, through the uséiendly interface window or direct coding. Extensive manuals and
robust technical support make these products very approachable to nedosersthe most
substantial improvements was the greatly reducegifimbtof the LabSmith setuff-igure 45).

This allowed the equipment to be positioned close to the devices, reducing tubing length.

Figure 4.5. Comparison between the mutthannel syringe pump and LabSmith fluidic
equipment for gradient experiments. Flat ribbon cables excluded from LabSmith equipment for
clearer visual.

Additionally, the PEEK tubing anithe low volumes within the valves resulted in a significant
reduction in internal volume. Using the LabSmith equipnséotvnin the Figure 44 schematic,
excluding the 1/ 1 e totalimernsladuneaf the sgstem was obnlyn g ,

542.45 yL.Though the cost of this LabSmith equipment is higher than traditional syringe pumps,
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the many benefits of this system and the automation it enatgbgghly desirable for
microfluidic cell studies, especially for chemotaxis experiments lasting muitpls.
4.3.2Device filling

The formation and persistence of bubbles within microfluidic deies beem
significant issueeported in the literature’- 128This often complicates the process of filling a
device and simply connecting the complex gradient devioesgyringe pump did not result in
successful filling. The branched structure and many channel corners of this design make bubble
removal even more challenginguitial attempts to improve device filling started with the
development of a filling apparatgsiownpreviouslyin Figure 43. Since the limitation of the
tape seal on PMDS devices was known from previous testing, detailed in Chapter 2, the
manually applied pressure could be kept below an appropriate threshold for the filling process
using the pressure transmitter.

In addition to the filling apparatus, alternats@utions were investigated to improve the
filling process and reduce bubbles. A solution with lower surface tension than water would be
used for filling the device and could be flushed from the channels once filling was completed.
This is often achievedybusing an organic solvent, such as ethanol, or through the addition of a
surfactant in wate¥?® Tests using different percentages of ethanol in water contributed to some
degradation of the adhesive seal. The potential persistence of an organic modifier was also a
concern for future cell culture within the devicésconox, the glassware soap, was seleeted
another optiorior this work.The general availability of Alconox in a laboratory settiting,
nonhazardous compositipandthereported ability to be fully rinsed without residue all

contributed to the selection of this surfact&ftA dilute solution of Alconox in ultrapure water
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had a considerably lower contact angle on the 9795R adhesive surface than ultrapure water alone
(Figure 46).

ultrapure water Alconox solution

Figure 4.6. Contact angle comparison between ultrapure wé)y and the Alconox filling
solution(right) on the 9795R tape adhesagface

The combination of the filling apparatus and Alconox solution were employed to fill
PDMS devices with a simple channel desi§ih solutions were subject to sonication in an
ultrasonic bath before filling to help remove dissolved gas. Thdinealreadout from the
pressure transmitter was used as intervals of relatively constant pressure followed by intervals of
increasing pressea were manually applied to aid in bubble remo¥are 47 left). This
resulted in the most success with shrinking the bubbles trapped within the devices. It was critical
to observe the pressure readout, bubble size, and channeimail&aneously to avoid rupturing
the seal. During the bubble removal process, the pressure could expand flow beyond the molded
channel walls producing bulging, but this was not indicative of device failure as long as the seal
deformation was minimgFigure 47 right). Flow could then be exchanged from the filling
apparatus to the prepared syringe pump to remove any small bubbles with dark, pronounced

outlines that remained.
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Figure 4.7. Sample eadout from pressure sensor durrugpble removal (left). Periods of
increasing pressure application and relatively constant pressure were used to shrirgolabble

time (right). The pressure buildup could cause bloating and surpass the molded channel walls
while still maintaining a seal (right bottom).

4.3.2.1Examination of PDMS surface modification
To further simplify the filling process, two surface treatment procedures were
investigatedo decrease the hydrophobic nature of PDNIBas been reported that boiling
PDMS in DI water can be a simple, cesdtective, and mild method for the generation of
surfacebasecdhydroxyl groups?? For this research, 30 min and 2 hr boillaggthswas tested
on PDMS slabs. Water contact angle measurements were used to analyze the impact of this
treatment method, and the results are summariz€dbites 4.1 and 42 below.

Table 4.1. Contact angle analysis for PDMS samples boiled in DI water for 30 min (n = 9).

99+ 1.3° 92+3.3° 92+4.6° 91+5.0°
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Table 4.2. Contact angle analysis for PDMS samples boiled in DI water for 2 hr (n = 9).

Average contact angle + standard deviation

Native PDMS | Immediately postboil | 1 hr after boil | 4 hr after boll

98+ 1.9° 94+ 2.6° 93+2.1° 94+1.8°

The boiled PDMS samples did gain a frosted appearance after boiling and drying. The frosted
appearance began to fade over time, starting from the edges of the PDMS slab towards the
middle around lhafterboiling. By 4 hr after, this look faded completely, and the PDMS was
completely transparent again. Based on the contact angle results, boiling in DI water had little
impact on the PDMS surfacand this method of surface modification wdgsermined to be
ineffective for this application

Plasma treatment has been more consistently utilized and reported on as a method for
PDMS surface modification to improve wettabiltfy1?t 131 132rhe PDG32G plasma cleaner
from Harrick used in this work could not apply as high of voltage t&theoil as many of the
systems used by other researchers. Based on this, it was expected that the treatment impact
would not be as lontastingashas been reported. Again, contact angle analysis was performed

to track the changes over time, and the results are shown bel@abla43.

136



Table 4.3. Contact angle analysis for plasittaated PDM§n = 3).

Average contact angle + standard deviation
Length of
plasma i S %fter;r :ftgrr :ftgrr i?t:rr
exposure (min

‘ (M| weatment | o iment | treatment | treatment | treatment
88+5.1° 59 +12° 74+5.8° 82 +6.4° 92 +4.5°
83+6.4° 55+ 6.1° 69 + 3.8° 72 +3.3° 81+5.8°
94 + 8.2° 58 + 8.0° 79+ 0.8° 86+5.1° 87+3.9°

There was a far more substantial decrease in water contact angle of thetpasettPDMS
surfacesEven the PDMS treated for only 1 min resulted in a significant change in contact angle.
As time following the treatment progressed, the hydrophobic nature of the PDMS began to
return, as was expecteahd he impact of plasma treatment was lost by 24 hr.

Pairs of 6part gradient devices were ugedassess the impact of plasma treatment of
device filling. One gradient device was subject to 6 min of plasma treatment while the other was
left untreated. The plasrexposed device was sealed with 9795R tape within 10 min after
treatmentoncluded After both devices were sealed with tape hr waiting period elapsed
before the devices were filled. The high flowrate filling uProcess sequence and LabSmith
equipment were used. The plastreated and untreated devices performed equally with fluid
flow reaching the outlet within 7 s. A comparaldetentof initial air bubblesvereobservedand
continuoudlow with periods ofgentle agitatiorsuccessfullfilled all devices over similar
lengths of timeFurther optimization of the filling uProcess sequence greatly reduced the amount
of time required to filland remove bubbles from untreated deviegenasquickly as 2 min.
Therefore, thémplementatiorof plasma treatmemto device fabrication and experimental

preparation was not considered worthwhile given the additional machinery required.
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4.3.3 Evaluation of factors influencing gradient formation

Experiments involving gradient formation began before resin 3D printing capabilities
werefully optimized. As a result, these studies were completed using PDMS dexadeBom
photolithographic molds and sealed with 9795R tape. Although the fabrication method and some
of the device dimensions are differ¢iman the resimolded devices, the same principles
governing fluid flow and gradients should still apf§uorescein was used to assess gradient
formation by filling the device with ultrapure water aad0 pM aqueous solution of fluorescein
at each inlet. As these streams proceeded through the serpentine mixing region of the device, a
gradient in fluorescein concentration was formBue resulting differences in fluorescent
intensity could be measured across the observation channel, perpendicular to the direction of
flow, to providea visual profile corresponding to the gradient profile. These fluorescent profiles
were used to determine how various factors influenced gradient formation within devices.

The first factor explored was flowrat€here were two importamonsiderationsvhen
selecting an@xaminingan appropriat8owratefor this microfluidic devicePrimarily, the
flowrate must be strong enough maintain a stable gradient formatidnrange of potential
flowrates, set by syringe pump, were tested to observe the impact on gradient formation.
Fluorescent imaging centered at the start of the observation channel, the 0.0 mm distance,
demonstrated how well mixing occurred within the setipesas those separate streams initially
recombine. If the flowratesas too low or too high, the flow from one inlet can dominate over the
other. This resulted in an uneven fluorescent intensity pradibepared to a more consistent
progression of fluorescent intensity across the observation channel when an appropriate flowrate

was usedFigure 48).
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Figure 4.8. Changes in the selected flowrate impact the resulting gradient formation within the
observation channel.

Thesecondcritical aspect of flowrate is the impact on cell healthhalance must be
found between maintaining the gradient and ensuring suitable conditions for cells within the
devices when determining experimental flowrates. Séteesss the force applied across a
specified crossectional arearhis is created within microfluidic devices when fluid is passed
through channels with boundary walguid shear streqd) can be calculatedinder the
assumption that cells experience wall shear stretsgelen two parallel platessing
Equation 4.1. Fluid shear stress between two parallel plates.

@ 0
T 00

where' is the dynamiwiscosity, U is the flowrate;Qis the channel height, anidis the channel

width 133 All cells experience different amounts of shear stress in the body, influentednby
normalor disease conditionand the impact of this stress can have critical influenceaalier

function, gene expressiomigration, and differentiatiak*+16 Attempts toaccuratelycalculate

shear stress within microfluidic devices can be challenging for a variety of reasons. The presence
of cells withinchannels impacts fluid flovgomechannel geometridée narrowed regions or

corners create areas of higher stress, and predsues flow can deform PDMS channéf§:13’
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Although these limitations persist, an approximation of the range of shear stress generated within
theresinmolded PDMS devices used in this work woptdvide more context about the
experimental conditions the cells are subjected to.

A spreadsheet was used to calculate the resulting Reynolds number and shear stress based
ontheobservation channel dimensions and the highest and lowest flowrates achievable using the
LabSmith SPS0D80 syringe pump#n annotated version of this spreadsheet is available in
AppendixC. The valuesusedfor the density and dynamic viscosity of DMEM (high glucose)
supplemented with 10% FBS (v/v) wek€09 + 0.003 g/ciand 0.930 + 0.034 mPa:s,
respectivelyas provided by Christine Pod#f.Based on the dimensions of the observation
channel for the 4part gradient device design, and the maximum flowrate, 2800 pL/min, and
minimum flowrate, 1.0 pL/min, the resulting high Reynolds number value was approximately
44,989, and the low value was apxmately 0.016These values remain below the threshold at
2000 signifying the transition from laminar to turbulent fl&#.

Additionally, the calculatetdigh and lowshear stresgalues wer@approximately0.3(
and 1.080 x 18 dyne/cni. The physiological range for shear stress in the brain, used in studying
the BBB with human fetal astrocytes, is betweehdyne/cm.1*° Otherresearchers have
reported shear stress within the brain tumor environment to be betweeh@0®yne/cra4! L
et al used experimental flowrates to téstd shear stress of 0.12, 1.2, antl8 dyne/crhon U-

87 cells to monitor the resulting cell morphology and adhesion str&fgthihough the lower

end of the potential experimental flowrates would provide considerably lower shear stress than
previously reported or used with healthy or cancerous brain cells, the highest flowrate does not
exceed these reported shear stress levelskiigowith this equipment should not create

uninhabitable conditions for the-87 cellsdue toflowrate and the resulting fluid shear stress.
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Anotherfactor investigated was the shape of the channels as they intersected with the
observation channel. In the blunt entry desigigire 49 left), constant spacing between the
channels left void regions between the separate streams. The flared entryklgsignd®
right) eliminated the spacing between the channels, and the potential impact of these design
changes were examinells shown inFigure 49, the entry shape altered the flow pathwglye
flared entry channels caused significant deflection or bending in the fluid streams toward the side
with higher fluorescein concentration, while the blunt design resulted in more direct flow into the

observation channel.

Figure 4.9. Comparison between blunt (left) and flared (right) channel shape into the
observation channel. The flared channels resulted in a deflection or bend of the different streams
into the observation channel that was not observed with the blunt channel shape.

The finalelementexamined was the impact of distance on the gradient profile. For this
work, the external distance markers were utilized to align fluorescent imaging at increasing
distance down the observation chan(féfure 410 A and B). The increased distance produced a
smoothing of the gradient intervalss explained in Chapter ixing under the conditions of
laminar flow is based on diffusion, and this principle is used to form the streams of varying

concentration in the serpentine mixing channels due to their significant length. The length of the
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