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Abstract

This dissertation describes fabrication of devices and other tools for
biomedical applications through the integration of acoustofluidic systems with bio
separation assays, instrumentation components, and soft materials interfaces. For
example, we engineer a new class of transparent acoustic flow chambers ideal for
optical interrogation. We demonstrate efficacy of these devices by enhancing the
signal for high throughput acoustic flow cytometry, capable of robust particle
focusing across multiple parallel flowing streams. We also investigate an automated
sampling system to determine the parameters of transient particle stream focusing in
between sample boluses and air bubbles to model a high throughput, multi-sampling
acoustic flow cytometry platform. As an extension of our acoustic separations work,
we have created a proof of concept lab in a syringe assay to separate elastomeric
biofunctionalized negative acoustic contrast particles (NACs) from red blood cells in
dilute blood. Finally, we overcome the challenge of fabricating cell culture hydrogels
in water/water emulsion systems by engineering an easily deployable microfluidic
device that uses acoustic actuation from an audio speaker to create culture
microgels that generate cancer cell spheroid-like assemblies. Across all these
application spaces, we have illustrated the versatility of integrating acoustofluidic

technologies and soft materials across multiple biomedical engineering platforms.

Vv



Table of Contents

ACKNOWIBAGEMENTS ... i
Acoustofluidics and Soft Materials Interfaces for Biomedical Applications................... %
AAD STIACT L.ttt %
LIz 1 o1 (=T ) o UL S X
Chapter 1 Introduction: Acoustic Standing Waves and Soft Materials for Biomedical
APPIICALIONS . 1
1.1 Integrating acoustics for biomedical equUIPMENt ...........ccoeiiiiiiiiiiiiii e 1
2 A o0 11 1] (0 (U] o TSRS 4
1.2.1 Primary acoustic radiation fOrCe............couvvviiiiiiiiiiiiiiii e 4
1.2.2 MicrofluidiC aCOUSLIC FTESONAINCE .........ccevviiiiiiiiiiiiiii ettt 6
1.2.3 Secondary acoustic radiation fOrCe ............couvvvviiiiiiiiiiiiiii 10
1.3 Microfluidic flow chambers for flow CYtOMEtry ............euviiiiiiiiiiiiiiiiiiiiiiiiiiieiiaes 12
1.3.1 Overview and sample focusing Methods..........cccooviiiiiiiii e, 12
1.3.2 Flow chamber fabrication teChNIQUES.............coovviiiiiiiiiiiiiiiiie 15
1.3.2 Biological applications for acoustic flow chambers............ccccvvviiiini e, 24
1.4 Acoustofluidics for hydrogel microsphere synthesis............ccivieiiiieeiiiieiiiiien e, 26
1.4.1 Cell encapsulation and acoustic droplet generation studies................cccceevvvvnnnnn. 26
1.4.2 AQUEOUS tWO-PhASE SYSIEIMS ....uuiiiiiiiiiiiiice e e e e e e e ea s 28
BT L] (=T = 0TS 31
Chapter 2: Goals and Overview of this WOrk .........ccccooiiiiiiiiiii e, 39
Chapter 3: Methods for Fabricating Optically Clear Silicon Core Flow Chambers for
Parallel ACOUSEIC FIOW CYLOMEIIY cuuuuiiii i 44
L ADSIIACT .. 45
G 7728 1 11 0T [T 1T o P 46
3.3 Materials and Methods .........cooooiiiii i 49
3.3.1 PhOtOlIthOgGraphy ...........uieiiiiiiiiiii e 49
3.3.2 Bosch deep reactive ion etching (DRIE)..........uioiiiiiiiiiieiieee e, 50
3.3.3 PNOLOreSISt rEMOVAL ... uuuiiiiiiiiiiiiiiiiiiiiiiiii e ssseesensnnennnnes 50
3.3. 4 Thermal OXIdation ............iiiii e e e e e e e e eeeeees 51
3.3.5 Buffered oXide €ICN ..........iii i 51
3.3.6 SEM IM@GES. ...uuuuiiiiiiiiiiiiiitet b 52
3.3.7 Glass slide cleaning and preparation ............... ... ... eeeeeeeeeieeie . 53
3.3.8 ANOAIC DONAING ...ttt 54
3.3.9 Interfacing PDMS and inlet/outlet tubing ..., 55
3.3.10 Unstained polystyrene acoustic particle focuSing ........cc.ueeieiiieiiiiiiiiiiiiiiieeeeeeees 55
3.3.11 Fluorescent particle acoustic focusing and analysis.............ccccveeviiiiiinieenneennnes 56
3.3.12 Surface temperature measurements during laser transmittance ....................... 58
G o] g o] 11 [ LR 59
3.5 ACKNOWIEAGEMENTS ... 59
3.6 REIBIENCES ... 59
Chapter 4: Line-focused Optical Excitation of Parallel Acoustic Focused Sample
Streams for High Volumetric and Analytical Rate Flow Cytometry ...........cccccccvvvvvinnnnnns 63
AULNOT CONTMDULIONS ... 63



Y o 1= 1 - Vo TP 64

4.2 INTFOTUCTION. ...t 65
4.3 Materials and MEthOAS .........oouuiiiiiiii e e e e 68
4.3.1. Multinode acoustiC FIOW Cell............ooiiiiii e 68
4.3.2. OPHCAI SEIUP ..o 71
4.3.3. Analysis Of frames data...........ccooeeeieieee e 72
4.3.4. FCS data @nalySiS......uuuiiiieeeiiieiiiiiie e e et s e e e e et s e e e e e e e et eaaaaaaane 75
ST S 75
4.4.1. Acoustic FOcUSING ONJOFF ... ..o 75
4.4.2. Evaluation of optical sensitivity and resolution ..., 78
4.4.3. Performance VS. fIOW Fate ........oouueeiii i e e e eeeees 81
4. 4.4, High @NAlYSIS FALES ....vuuuii e eieiieeiiiee e ee et e e e e e e et e e e e e e e e eaa it eeeeeeeaeanne 83
R 1= o1 U 1S3 [ S 83
4.6 CONCIUSION. ..ot 87
4.7 ACKNOWIEAGMENLS ...ttt 88
4.8 RETEIENCES ... 89
Chapter 5: Acoustic Focusing in the Presence of Sample Separating Bubbles for High
Throughput FIOW CYLOMELIY ...t e et e e e e e e e aneaaas 92
LS TNt 1] 1 = (o S 93
V2 [ a1 10T [ Tox 1 To ] o TR 94
5.3 Materials and Methods ..........cooviiiiiiiii e 97
5.3.1 DeVice fabriCation ..........uuiiiii et e e e e e e e eaane 97
5.3.2 PArtiCle SOIULIONS.......ceeiiiiiei et e e et s e e e e e e e eaaeea e s e eeaaeeennes 98
5.3.30ptics and COIECHION.........ciii i e e e e e eeaees 98
5.3 4 EXPEIMENTAL ... .. i i e et aaaaaaaae 98
5.4 ReSUIS @Nd QiISCUSSION ......ieeiiiieiiiiee ettt e et e e e e e et e e e e e e e e e eeaeannas 102
5.4.1 Particle focus at the air-water interface .............eeeiiiiiviiiiiii e, 102
5.4.2 Focusing recovery by particle diameter.................uuuuiiiiiiiiiiiiiiiiiiiiiiiiees 102
5.4.3 Focusing recovery by flow rate ...........cooo oo 106
5.4.4 Comprehensive full width at half max analysis...........cccccciiiiiii 108
LR 0] o3 113 1o o 1S 111
LI O U= (=T =T Lo =TS 112
Chapter 6: Development Towards a Lab in a Syringe: Acoustic Trapping of Negative
Contrast Particles for Biomarker DeteCtion .............eeiiiiiiiiiiiiiice e 115
L0t I 13 1 = Lo SR 116
L0228 111 0T [T 1] o 1P 116
6.3 Materials and Methods ... 119
6.3.2 Biofunctionalization Of NACS .........ouiiiii e 120
6.3.4 Trapping efficiency characterization..................cccuueeeemiiimieiiiiiiieeeeees 122
6.3.5 NAC trapping in the presence of PAC polystyrene particles.............ccccvvvvvnnnnnne 123
6.3.6 Acoustic trapping biomarker assay and separation in dilute Nile red stained
porcing red BIOOd CEIIS.......coooo e e 123

Vi



6.3.7 Acoustic trapping biomarker assay and separation in varying concentrations of

dilute POrcing BIOOM ...........uumiiiiii e 124
6.4 ReSUILS aNd AISCUSSION .....ccceeeeeeeeee e 125
6.4.1 NAC particle solution preparation.............ccecvveeviiiiiiie e 125
6.4.2 NAC trapping from positive contrast media...............coovvviiiiiiiiiiceeecccee e, 126
6.4.3 Separation of affinity capture NACs from Nile red stained porcine red blood cells
.................................................................................................................................. 128
6.4.4 Dilute blood affinity capture assay at various whole blood concentrations......... 129
6.5 CONCIUSIONS ... 135
(OB R U= (=] =T Lo = 136
Chapter 7: Acoustically Generated Droplets in Aqueous Two-Phase Systems for 3D
YT o] oo =1 =P 140
W01 gTo] ot o1 g1 o] 01 o] o £ 140
T L ADSITACT ..o 141
4728 11 {0 T [T 1] o TS 141
7.3 Materials and Methods ........coooooiiiii i 143
7.3.1 Device setup, construction and coupling with loud speaker .............ccccceeeeenn. 143
7.3.2 ATPS solutions and cell laden hydrogels...........ccoeeiiiiiiiiiiiiiii e, 145
7.3.3 Agqueous polymer phase separation (polymer phase enrichment)..................... 145
7.3.4 Three-dimensional hydrogel cell CUltUrNg .............uuuuuiiiiiiiiiiiiiiiiiieee 147
7.3.5 FIOW CYtOMELrY @NaAIYSIS ... ..uuuuuiiiiiiiiiiiiiiiiiiiiiiii e 150
7.4 ReSUILS aNd AISCUSSION .....cceeeieee e 151
7.4.1 System characterization and size distributions by varying applied frequency and
1101V = L= SRR 151
7.4.2 Hydrogel culturing VIability ..............euuuemmmmmmiiiiiiiiiiiiiiiiiiiiiieeeeeieeee 154
7.5 CONCIUSIONS ... 158
7.6 ACKNOWIEAGEMENTS ... 158
T 7 REIEIENCES ... 158
Chapter 8: Conclusions and Future DIir€CHIONS .........ceeiiiieiiiiiicccee e 162
N o o =T o 1T o == 165
Appendix A: Additional Information for Chapter 3 ... 166
A.1 Positive resist soft lithography pProCeSS........ooooe i 166
A.2 Additional fabricated eVICES.......ccoieiiiieeeiee e e 167
A.3 Thermocouple temperature MeasuUremMeENtS..........oouuuuiiii e eerieeiieaa e e e 167
A.4 Device surface temperature measurements during laser transmittance .................. 169
Appendix B: Additional Information for Chapter 4 ..........coooi i, 170
B.1 KYTOS and MATLAB image analysis definitions. .............ccoooeuiiiiiiii e 170
B.2 Ultra-rainbow 6 peak calibration beads ..................uuviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieieeees 171
B.3 Sensitivity as a function of laSer POWEN .............uuuiuieiiiiiiiiiiiiiiiiiiieee s 172
B.4 Analysis of MUItiPlI@ COIOIS .........uiiiiiiiiiiiii e 173
B.5 EVENL rAte VS fIOW FaLE ... uuiiiiiiiiiiiiiiiiiiiiiiiiiiiitiieiebbee bbbt bsb e eaeseebneneennnes 174



B.6 Focusing width, intensity and CV, vs flow rate...........ccooviiiiiiiiiiiiii e 175

Appendix C: Additional Information for Chapter 5 ..., 176
(O I 1 Y (U =T 1 A =Y T | S 176
C.2 1 ym particle position analysis (CONIOl) .........cooerieiiiiiee 177
C.3 3 um particle position analysis (CONIOl) ..........coeiiieiiiiiicie e 178
C.4 3 pm particle position analysis (recovery after bubble)...........cccciiiiiii i, 179
C.5 6 um particle position analysis (CONIOl) ..........ceiiieiiiiiicce e 180
C.6 6 pm particle position analysis (recovery after bubble) C.6 ...........cccccoeviieiriiiiiinnnnnn. 181
C.7 10 pm particle position analysis (CONrol) ........cceeieeiiiiieiiiiiii e, 182
C.8 10 um particle position analysis (recovery after bubble) C.8 ............cccooveeiviiiiiinnnnnn. 183
C.9 2500 PL/MIN WItR INSEL ...uni e e e e 184
C.10 6 pm mean position tracking With INSEet...........ooooeiiiiiiee 184
Table of FWHM VAIUES C.TL ..ot e et e e e e e e e e e e e 185

Appendix D: Additional Information for Chapter 6 ..., 186
D.1 Additional SUPPOITING FIQUI........uuuiiiieiiiiieiiiiiiiieieebiieeeieebebeeee bbb eeeeeeeneseeneennnnnne 186
D.2 Schematic of capillary device and Syringe SEtUP .......ceeeieeeriiiiiiiiiiie e, 187
D.3 Images of preliminary work towards monodispered particle synthesis..................... 187

Appendix E: Additional Information for Chapter 7........ccccoeeiiiiiiiiiiiii e, 189
E.1 Rheology methods and reSuUltS.............ouuuiiiiiiiiiiicce e 189



Table of Figures

Figure 1.1. Particle positioning based on the acoustic contrast factor.......................... 6
Figure 1.2. Acoustic standing wave in BAW deVICE ........cooovviiiiiiiii 7
Figure 1.3 Multiple acoustic Standing WaVES ..........coooiiiiiiiiiieeeeeeeeee e 9
Figure 1.4. Schematic of a typical flow cytometry system .........ccccccvveeeiieeeiiieeiiciee e, 13
Figure 1.5. 1D hydrodynamic focusing in y-channel flow chamber............................... 14
Figure 1.6. Soft lithography using negative and positive photoresist........................... 17
Figure 1.7. Wet €1Ch PrOCESS .. .ot e e e e e 20
Figure 1.8. DRIE BOSCH PIrOCESS ...uuvuiiiiii ettt e e e 21
Figure 1.9. ANOdIC DONAING .cooiiiiiieeeeee e 22
Figure 1.10. Microcapillary deVICe ... 23
Figure 1.11. ATPS Of PEG @nd DEX ...ttt 29
Figure 3.1. Photomask deSigNS .....cooooiiiiiii e 50
Figure 3.2. SEM Images of 1 mm x 0.5 mm x 50 mm channel microfluidic device ....... 52
Figure 3.3. Schematic of two-sided anodic bonding .......cccoooooeiiiiiiiii e, 53
Figure 3.4. SCGFC devices and focused sample.........oviiiiiiiiiiieiiiie e, 56
Figure 3.5. Focused and unfocused particles flowing across 2mm wide channel

L0 Lo o PSR 58
Figure 4.1. System deSCriPliON... ... e e e 70
Figure 4.2. Image analysis of camera data. ............cooeeeeeeiee e 75
Figure 4.3. Acoustic focusing increases system performance............ccccceeeeeeeieeeeeeeeen. 77
Figure 4.4. Eight peak rainbow beads.............iiiiiiii i 80
Figure 4.5. Standard calibration beads vs. flow rate (Stream 10). ..........ccoovvviiiiiieennennn. 82
Figure 5.1. Device and focusing disruption due to air.........cccoeeeeeeiiiieiieeeeeeeeeeeeeeee, 99
Figure 5.2. Image cross-section of particles in flow chamber ...............ccciien 101
Figure 5.3. Acoustically focused particle streams by particle size with introduced

o1 ] ] o] =3 104
Figure 5.4. Mean particle position with standard deviation .............cccoeeeeeiii. 105
Figure 5.5. 6 um particle stream recovery across 3 flow rates ........ccccceevvvvviiiieenneenn, 108
Figure 5.6. FWHM comprehensive data..........ccccooeeeeiii e 110
Figure 6.1. lllustration and images of NAC trapping in capillary device .................... 127
Figure 6.2. Capture assay of biofunctionalized NACs from purified NR stained prbcs
IN DUFFEI SOIULTON et 129

Figure 6.3. Affinity capture in the presence of various dilute blood concentrations .133
Figure 6.4. Porcine red blood cell collection during acoustic separation experiments

Figure 7.1. Integrating a loud speaker into the microfluidics device operation enables
break-up of the otherwise low interfacial tension ATPS fluidic jet and control over the
(o[0T 0] =1 0= 7= USRI 144
Figure 7.2. DEX bottom phase index of refraction .........ccccccooeeeiii 147
Figure 7.3. Characterizing the microfluidics system across a range of flow
rate/frequency combinations both with and without cells enables robust, controllable,

and reproducible droplet generation ..........coooo oo 153
Figure 7.4. Encapsulating cells in DEX-ALG droplets produces a reliable platform for
cell proliferation and eventual formation into multicellular tumor spheroids ............ 157
Figure A.1. Soft lithography steps using positive photoresist ...........cccceeeeeeeeeeiieeeen. 166
Figure A.2. Fabricated devices to COmMPIEtioN........ccovviiiiiii i 167
Figure A.4. Graph and table of opaque and clear device temperatures during laser

L= 1 1] 0 0T = LT = R 169
Figure B.2. Histograms of six-peak ultra-rainbow beads ...........cccccoeiiiiiiiiiiiinn e 172
Figure B.3. Peak intensity VS [aSer POWEN .......uiiiiie et 173



Figure B.5. Event rate VS flOW rate ... 174

Figure B.6. Focusing width, intensity and CV, vs flow rate.........ccccccoeviiiiiiiiiiiiienneee, 175
Figure C.1. Optical setup of custom flow cytometry system .........cccceeeeeevviiiiiiiiinnneenn, 176
Figure C.2. 0.93 um diameter particle histogram position focusing data with the 1.5
MHz transducer activated and no bubbles added (control data) ..............ccoeeeeeeeeeeenn. 177
Figure C.3. 3 um diameter particle histogram position focusing data with the 1.5 MHz
transducer activated and no bubbles added (control data) ............ccccccvvmiiiiiiiiininninnnns 178

Figure C.4. 3 um diameter particle histogram position focusing recovery data after the
first bubble with the 1.5 MHz transducer activated (stream focus recovery data) .....179
Figure C.5. 6 um diameter particle histogram position focusing data with the 1.5 MHz
transducer activated and no bubbles added (control data) ............ccccccevvvviimiiiiniinninnnns 180
Figure C.6. 6 um diameter particle histogram position focusing recovery data after the
first bubble with the 1.5 MHz transducer activated (stream focus recovery data) .....181
Figure C.7. 10 um diameter particle histogram position focusing data with the 1.5 MHz
transducer activated and no bubbles added (control data) ............cccccvvemiiiiiiiiiiiininnnns 182
Figure C.8. 10 um diameter particle histogram position focusing recovery data after
the first bubble with the 1.5 MHz transducer activated (stream focus recovery data)

.......................................................................................................................................... 183
Figure C.9. 6 um diameter particle acoustically focused at a flow rate of 2,500 pL/min

with several manually sampled bubbles over a three-minute period.............cccc......... 184
Figure C.10. 6 um diameter particle acoustically focused at a flow rate of 250 pL/min

with six automatically sampled bubble regions over a two-minute period................. 184
Table C.T1. Table of 3, 6, 10 um particle FWHM stream width values (in um)............. 185
Figure D.1. Supporting figures of functionalized particles and prbc focusing............ 186
Figure D.2. DeViCe SCNEMALIC .......coeeeeeeeeeeee e 187
Figure D.3. Microfluidic device for monodisperse NAC synthesis ........cccccvvvviceeenennn. 187
Figure E.1. VISCOSItY VS SNEAN FALE ....cccceeiiiiiiiee e 190

Xi


file:///C:/Users/Frank/Desktop/Dissertation/Fencl.Frank_Dissertation_final.docx%23_Toc529875059
file:///C:/Users/Frank/Desktop/Dissertation/Fencl.Frank_Dissertation_final.docx%23_Toc529875060
file:///C:/Users/Frank/Desktop/Dissertation/Fencl.Frank_Dissertation_final.docx%23_Toc529875060
file:///C:/Users/Frank/Desktop/Dissertation/Fencl.Frank_Dissertation_final.docx%23_Toc529875061
file:///C:/Users/Frank/Desktop/Dissertation/Fencl.Frank_Dissertation_final.docx%23_Toc529875061
file:///C:/Users/Frank/Desktop/Dissertation/Fencl.Frank_Dissertation_final.docx%23_Toc529875062
file:///C:/Users/Frank/Desktop/Dissertation/Fencl.Frank_Dissertation_final.docx%23_Toc529875062
file:///C:/Users/Frank/Desktop/Dissertation/Fencl.Frank_Dissertation_final.docx%23_Toc529875063
file:///C:/Users/Frank/Desktop/Dissertation/Fencl.Frank_Dissertation_final.docx%23_Toc529875063
file:///C:/Users/Frank/Desktop/Dissertation/Fencl.Frank_Dissertation_final.docx%23_Toc529875064
file:///C:/Users/Frank/Desktop/Dissertation/Fencl.Frank_Dissertation_final.docx%23_Toc529875064
file:///C:/Users/Frank/Desktop/Dissertation/Fencl.Frank_Dissertation_final.docx%23_Toc529875065
file:///C:/Users/Frank/Desktop/Dissertation/Fencl.Frank_Dissertation_final.docx%23_Toc529875065
file:///C:/Users/Frank/Desktop/Dissertation/Fencl.Frank_Dissertation_final.docx%23_Toc529875066
file:///C:/Users/Frank/Desktop/Dissertation/Fencl.Frank_Dissertation_final.docx%23_Toc529875066
file:///C:/Users/Frank/Desktop/Dissertation/Fencl.Frank_Dissertation_final.docx%23_Toc529875066
file:///C:/Users/Frank/Desktop/Dissertation/Fencl.Frank_Dissertation_final.docx%23_Toc529875067
file:///C:/Users/Frank/Desktop/Dissertation/Fencl.Frank_Dissertation_final.docx%23_Toc529875067
file:///C:/Users/Frank/Desktop/Dissertation/Fencl.Frank_Dissertation_final.docx%23_Toc529875068
file:///C:/Users/Frank/Desktop/Dissertation/Fencl.Frank_Dissertation_final.docx%23_Toc529875068
file:///C:/Users/Frank/Desktop/Dissertation/Fencl.Frank_Dissertation_final.docx%23_Toc529875069

Chapter 1 Introduction: Acoustic Standing Waves and Soft Materials for
Biomedical Applications

1.1 Integrating acoustics for biomedical equipment

The global human population has grown from approximately 1.65 billion to 6
billion in the 20" century alone.! This population growth has led to various global
health problems, such as the spread of disease. Less developed countries are
greatly affected, as the infrastructure to house large-scale hospitals simply does not
exist. This can be mitigated with portable devices and medical laboratory assay
technologies which enable medical doctors in these countries to rapidly diagnose at
the point of care.? Developed countries are having problems as well but largely with
patient throughput and rising costs for healthcare spending. For example, in 2016,
the U.S. health care spending per person amounted to $10,348 USD or collectively,
a total of 17.9 percent of the overall share of gross domestic product.® The burden of
these costs has been felt across all classes in developed countries. The growth of
global healthcare systems has been revolutionary in the treatment of people across
all classes but has made current medical systems stressed under the enormous
influx of hospital inpatients. Hospitalists have never been in greater demand as their
numbers are less than the amount needed to treat the patients admitted. Modern
technology is constantly evolving the capability to more rapidly and accurately
diagnose ailments so that the retention time of patients is minimized. Lessening the
time to diagnose and then treat patients allows for more people to be accurately
treated and discharged so that hospitals can better manage high quality inpatient

throughput. In this regard, biomedical instruments and equipment have been



important in the early diagnosis for the administration of proper treatments for many
diseases.

Technological evolution for these diagnostic tools has been progressing on
several different fronts. Easily deployable devices for sample analytics and platforms
for tissue growth are on the forefront of solving these issues. Integrating acoustic, or
sound wave-based technologies, has aided in many of these tools. Acoustics have
historically been used for instruments spanning from ultrasound mapping of pre-
nascent infants and tumors, to the separation of key biosensors and elements in
blood samples.

Separating and spatially controlling particles in a blood sample has been key
in high throughput analysis of components within blood. Of these instruments, flow
cytometers have been responsible for accurately presenting blood cell counts for
millions of patient samples. We will discuss these instruments in detail later. In
parallel with their use for clinicians however, researchers have relied on the high
throughput and accurate interrogative abilities of flow cytometers for research in
detecting a host of pathogens including microbial agents and circulating tumor
cells.*% To have the capabilities of the latter, flow cytometry research has spurred
the development of complex, versatile, micro-scale beads for biological sample
interrogation.” In parallel with research in the development of assay components,
flow chamber design has also grown in complexity. Flow chambers are the
component of a flow cytometer that focus the sample components into discrete
geometric regions for optical interrogation and analysis. More recent flow cytometry

technologies integrate acoustics to replace traditional hydrodynamics for media



focusing in flow chambers, a method that focuses particles based on their physical
properties. Using semiconductor fabrication methods plays an important role in the
construction of acoustic flow chambers for flow cytometry.

As an extension of these technologies, point of care devices are critical to
rapid diagnosis in remote, less developed areas, large-scale hospitals, and in urban
homes.? These devices allow hospitalists to take small amounts of patient sample, at
the bedside or at home, and quickly obtain information that allows for early stage
diagnosis and treatment of various ailments such as glucose levels, cardiac markers
and pathogenic microbes.? Detecting viruses and pathogenic microbes at early
onset of infection is critical in treatment for these diseases. Many of these
technologies utilize microfluidics and fluorescent detection for diagnosis, but are
limited in how many analytes they can detect at a single time.? Integrating multiple
analyte detection schemes into a single device is a key technical challenge to
overcome. The approach of detecting multiple analytes in a single platform is known
as multiplexing. Developing microparticles with functionalized surfaces is a
promising path to integrate multiplexing into point of care platforms.® Furthering
advancements in biomedical technologies through the integration and use of
acoustics and microparticle platforms is a potential contributor to the advancement
of rapid, lower cost, early stage diagnosis for treatment.

Acoustics, in synergy with droplet technologies, also has potential for
biomedical devices that can improve patient care and outcome. More recent
methods of droplet synthesis and manipulation have integrated acoustic

technologies. In the latter part of the 2000’s research was spurred in the field of



droplet microfluidics.® Scientists developed micro-scale methods of generating
monodisperse water droplets. Generating size-controlled volumes of a fluid is useful
for the food industry, synthesis of drug tablets, bio-medicines or for three-
dimensional hydrogels for cell culturing. Loading cells into microgels is a technology
that holds promise for 3D printing of tissues and organs in the near future. These
microgel cell cultures also hold promise for drug discovery lab studies. Most droplet
systems are currently limited to generating these monodisperse drops using a water-
oil emulsion. Water-in-oil emulsions lead to issues where researches need to
administer water soluble nutrients and drugs to the cells encapsulated in these
aqueous droplets and in denaturing of biological components that meet the oil/water
interface.® Generating water-in-water droplets in these devices for biomedical
application is a key challenge, and acoustics have excellent potential as an enabling
technology.

1.2 Acoustofluidics

1.2.1 Primary acoustic radiation force

Acoustofluidics is defined by the principles of acoustophoresis and
microfluidics in a single system. Acoustophoresis is the movement of a particle using
sound waves.!! The first observation of the phenomenon of manipulating particles
with sound waves is credited to Kundt in 1868, who reported the concentration of
dust in a cylindrical tube (Kundt’s tube) acted upon by an acoustic standing
wave.?13 The movement and position of a particle due to the acoustic standing
wave is determined by the magnitude of the acoustic forces acting on the particle.

From Kundt’s initial published observations, the primary acoustic force has been



derived for a spherical particle by L. P. Gorkov.'* Gorkov’s equations describe how
the magnitude of the force (F) scales proportionally with the frequency (c/A) of the
acoustic energy, the pressure within the system (P), the size, or volume, of the
particle (1},) and its position (x) relative to the force (Equation 1.1). The second key
factor in determining the magnitude of the acoustic force describes the relationship
of the particle’s physical properties, i.e. density and compressibility (p,, 8,

respectively) and those of the fluid medium (p,,, Bm)-*°

2
F= -T2 g8, p) sin 2kx Equation 1.1
where,
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The second term in this equation [¢ (8, p)], is the acoustic contrast factor. This
term determines whether the particle(s) will migrate to the pressure node or pressure
antinode of an acoustic standing wave. For a single node system, a negative value
of the acoustic contrast factor means the particles will migrate to the antinodes, near
the edges of a channel for a half-wave system (A/2). A positive acoustic contrast
factor means the particle will migrate to the node of the system, in the center of a
chamber with a half-wave, where the reflecting wave overlaps. Biological solutions
contain particles that exhibit both positive and negative acoustic contrast in water as

seen in Figure 1.1.



Antinode Antinode

Figure 1.1. Particle positioning based on the acoustic contrast factor. lllustration of rectangular
channel with a single node (half-wave) system (red), two antinodes, and arrows denoting the
movement of specific acoustic contrast particles. Red blood cells, exhibiting a positive acoustic
contrast factor, move to the node and lipid particles, exhibiting negative contrast, move to the

antinodes.!
1.2.2 Microfluidic acoustic resonance

The position of particles acted on by the primary acoustic radiation force are
determined by the acoustic standing wave. An acoustic standing wave is an
oscillating wave generated by sound whose amplitude does not change in a
confined geometric space.'® For the topics herein, the standing wave is generated
from the applied acoustic force radiating from the bulk surrounding material and
reflecting off the opposite wall of acoustic energy propagation. The overlapping of
the acoustic wave creates distinct pressure regions where the acoustic field forms a
pressure node and pressure antinodes. When a harmonic is created (constructive
interference between the incident and reflected wave) the result is a standing wave
in the channel as depicted in Figure 1.2.17 The chamber confining the standing wave

is filled with a fluid medium. For this dissertation we define water as the fluid and



designate the speed of sound that propagates through it as ~1490 m/s at room
temperature. An acoustofluidic chamber material with high acoustic impedance will
reflect most of the acoustic energy, while a low impedance material will absorb it. As
an aside, low acoustic impedance materials are still useful for devices where a
standing surface acoustic wave is desired. Standing surface acoustic wave
technologies, or SSAWSs, behave similarly to bulk acoustic standing wave systems
(BAWS) but generally require complex sets of electrodes or wave guides in addition
to the low acoustic impedance material, such as polydimethylsiloxane (PDMS), to
construct. BAWSs are simpler to construct, requiring only a piezoelectric transducer
source that directly attaches to the high impedance material causing the entire

device to resonate acoustic energy.

Pressure node Anti-node

acoustic standing wave glass
PZT transducer

Figure 1.2. Acoustic standing wave in BAW device. lllustration of an acoustic standing wave is

depicted within a high acoustic impedance material, silicon with glass caps (similar impedance
values). The standing wave is generated from the surrounding materials resonance i.e. a bulk
acoustic standing wave. The fluid filled channel illustrates that for a single half-wave resonance, a
single pressure node is generated in the device and two pressure anti-nodes are generated at the

channel walls.

Adjusting the frequency of the acoustic field, the fluid media that the sound

wave travels though (affecting the speed of sound), or the channel dimensions,



modulates the number of nodes present within a fluidic chamber. The expression in
Equation 1.2 can be used to determine the number of nodes present within an

acoustic chamber (N).
N=— Equation 1.2

Here, (1) is the width of the chamber, () is the applied acoustic frequency, and (C) is
the speed of sound in the fluid medium. A multi-node system is depicted
schematically in Figure 1.3. This equation is important for designing the dimensions
of acoustic focusing microfluidic flow chambers especially when engineering
multiple-node configurations.®

For a BAW device, a piezoelectric transducer is attached directly to the
channel material to generate resonance in the entire structure. Piezoelectric
materials are crystalline structures that generate an acoustic force in the form of
mechanical vibration after an alternating current electric field is applied. Conversely,

these materials can generate an electrical current if a mechanical stress is applied to



the transducer. An example of a common piezoelectric is a spark ignition integrated
into most household grillers. The button pressed to generate an ignition in the grill,
forces a mechanical impact to the piezoelectric crystal resulting in an electrical

spark.

Pressure node Anti-node

A)

B)

Q

glass

Figure 1.3 Multiple acoustic standing waves. (A) sinusoidal single-node (red dashed lines)
standing wave system of a rectangular silicon flow chamber with two anti-node regions (yellow
dashed lines). (B) two-node standing wave system in the same rectangular silicon flow chamber (C)
four-node standing wave system in the same rectangular silicon flow chamber. As discussed, using
Equation 1.2 allows a user to control how many nodes in a chamber they desire by adjusting the
applied frequency to a transducer. For this illustration, the channel dimensions and fluid medium are

fixed so frequency is the only parameter adjusted to generate multiple nodes.



1.2.3 Secondary acoustic radiation force

In addition to primary acoustic radiation forces acting on particles, secondary
acoustic forces also explain particle behavior within an acoustofluidic chamber. It
has been shown that acoustophoresis can be used to focus particles in microfluidic
devices for various applications including lab on chip platforms. One of the earliest
examples in the literature is by Yasuda et al. where their group focused red blood
cells in a device and collected the concentrated downstream sample.’*° Red blood
cells exhibit a positive acoustic contrast factor and therefore focus to the single node
of their device. As microfluidic technologies sought to focus and separate different
components in a biological sample, the interest in focusing small biological particles
like bacteria arose. Microfluidic systems offer higher throughput and precision
analytics capabilities when compared to culturing which can take up to 5 days to
determine microbial species for certain cultures.??-2> Small particles however,
particularly those below 1um in diameter, are notoriously difficult to acoustically
focus.?3 As discussed previously, the primary acoustic force scales with the size of
the particle and as the particle decreases in size, so does the magnitude of the
primary acoustic force. This results in secondary forces becoming predominant and
small particle samples undergo what is known as acoustic streaming.?* Acoustic
streaming is when acoustic boundary layer effects cause dissipation of the acoustic
energy which results in a flow vortex near the, in our case, channel walls, a
phenomena also called Rayleigh streaming.?#2®> The secondary acoustic radiation
force is the primary factor responsible for acoustic streaming and has been derived

by Bjerknes (Equation 1.3).26-28
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Many of the terms in the secondary acoustic radiation force equation also
appear in the primary acoustic radiation force (Equation 1.1). The terms represent
the pressure p(x) of the acoustic wave, the velocity v(x) of the acoustic wave, the
particle radius a, the angle between the intercepted acoustic wave and the direction
of propagation ©, and the distance between particles d in addition to the terms
previously defined. One of the important contributing factors between the primary
and secondary acoustic radiation force is the dependence on interparticle spacing
(d). The secondary acoustic radiation force causes particles to migrate toward each
other as an attractive force depending on the angle of acoustic wave propagation.
This attraction increases in magnitude due to the inverse proportion of the
interparticle spacing to the force. As the concentration of small particles increases,
the inter particle distance decreases thus resulting in higher magnitude of the
secondary acoustic radiation force. Due to the diminishing effects of the primary
acoustic force as a direct correlation to size, secondary forces become predominant.
Enrichment of sub-micron biological particles such as bacteria and microspheres for
affinity capture both use the principles of secondary forces to spatially separate
sample components in acoustofluidic devices.?®-31

Integrating acoustophoresis technology with microfluidics allows for precise
methods to be employed where biological sample component separation,
enrichment, and analysis are desired. Acoustophoretic devices can be expanded
from lab on chip applications to modern instrumentation platforms. Coupling acoustic

technologies with flow cytometry allows for higher throughput, precision, and sorting
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capabilities. Manipulating particles with acoustophoresis has proven to be a gentle,
non-contact method for biological media manipulation in developing state-of-the-art
flow cytometry.
1.3 Microfluidic flow chambers for flow cytometry
1.3.1 Overview and sample focusing methods

Flow Cytometry is a modern expanding field in high throughput diagnostics
and cellular analysis with integrated microfluidics. Flow cytometry is best described
as a type of single cell analysis where large fluid sample sizes can be rapidly
interrogated for qualitative and quantitative characterization.# One of the main
advantages of using flow cytometry is that it has the capability to rapidly characterize
multiple parameters simultaneously on single cells in a suspension.®3? These
instruments have this capability through specialized optics to characterize how
incident light is scattered off particles or to measure the intensity of various
fluorescence signals.*%32 The scatter detection capabilities allow the user to obtain
physical properties such as size and cellular component density, whereas the
fluorescence signaling enables information on particular components that can be
dyed or labeled such as DNA, antigens, antibodies, or tumor cell markers.33:34

The general setup of a flow cytometer can be broken down into three main
components, the optics and light source, the image/data collection scheme, and the
flow chamber.* Figure 1.4 schematically illustrates the main components of a flow
cytometry instrument. This dissertation work focuses on the flow chamber
component, sometimes referred to as a flow cell, and we will therefore describe only

this component in detail.
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Figure 1.4. Schematic of a typical flow cytometry system. Sample fluid is aspirated into the intake
and subsequently flowed through an injection nozzle where it is acoustically or hydrodynamically
focused by a fluid sheath. The focused sample media then flows past the interrogation region where a
laser light source excites and transmits through the sample followed by optical collection from

detectors. The signal can then be split and amplified for downstream analysis.

Conventional flow cytometry focuses a sample’s particles in the flow chamber
through hydrodynamic focusing. Hydrodynamic focusing employs of a co-flowing
fluid sheath to create a barrier that confines the sample fluid. The sheath is flowed at
a higher velocity on either side of a “1-dimensional” flow chamber; coined by
microfluidic systems studies.*3 This “1D” focusing creates vertical pressure
boundaries on either side of a sample stream so that the particles can pass single
file through the region of interest (ROI) where a laser can fluorescently excite and
scatter off the particles within the sample stream. Figure 1.5 illustrates a typical Y-
channel flow chamber with 1D vertical focusing. Using microfluidic flow chambers for
flow cytometry allow the fluids to flow in the chamber at laminar flow velocities which

prevents mixing of the sample and sheath fluids. Laminar flow is a fluidic flow state
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commonly observed in microfluidics where fluid layers slide against each other in
parallel layers like sheets.2® This is a characteristic flow regime for microfluidics

since the fluids typically exhibit a low Reynold’s number.36:37

1D vertical focusing of
sample stream

\ particle sample flow o | \!

_’,/
—
—

sheath flow -~
Figure 1.5. 1D hydrodynamic focusing in y-channel flow chamber. lllustration of typical Y-
channel hydrodynamic focusing where two sheath fluid inlets intersect with a single sample stream
resulting in vertical “1D” focusing (image modified from Derveaux et al., Synergism between particle-

based multiplexing and microfluidics technologies may bring diagnostics closer to the patient).3®

Hydrodynamic focusing has been shown to enable processing of tens of
thousands of particles per second in conventional flow cytometry.+3® Some of the
limitations of hydrodynamic focusing include undesired shear at the interface of the
sheath and sample streams as well as limited rates of flow and volumetric
throughput of the sample.'83° For example, biological cells at the sheath-sample
interface may exhibit shear stresses that can damage or rupture cell membranes.*°
More modern techniques of sample fluid focusing have been introduced to lower the
limitations of hydrodynamic focusing or replace it as a method to focus sample
solutions.*! Some of these methods include inertial flow focusing, dielectrophoresis,

optical traps, and acoustic focusing.*38:39
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Acoustic focusing of particles in microfluidic flow chambers is another key
method that obviates the need of fluidic sheath flow for sample focusing. In addition
to the benefits of focusing without a sheath fluid, acoustophoresis has proven to be a
gentle method for biological cell manipulation. Like hydrodynamic flow chambers,
acoustic flow chambers can be constructed using conventional fabrication methods
but require only a simple single channel design in contrast to the y-channel flow
chambers commonly used for hydrodynamic focusing. Constructing specialized
microfluidic flow chambers for flow cytometry utilize many of the same
microfabrication techniques used in other micro electrical mechanical systems
(MEMS) as in the semiconductor industry.

1.3.2 Flow chamber fabrication techniques

Microfluidic flow chambers used in flow cytometry are fabricated using a host
of different methods and various materials.®4243 Many commercial flow chambers
are made of plastic from molds and are disposable, single-use devices.** Some flow
chambers are fabricated through laser etching channels into a glass substrate
material.*>#6 Other microfluidic devices are fabricated from photolithography molds
and polydimethylsiloxane (PDMS) which is poured over a mold, cured, then peeled
off and bonded to a glass slide via plasma-activated bonding techniques.*? This
method proves useful as a low-cost method to make the mold, which can be reused
for multiple devices.*” PDMS is an inexpensive silicone material that uses no harsh
chemical substances or processes to cure into a rubbery, gel-like polymer.*8 As
mentioned previously, this material is ideal for SSAW acoustofluidic devices

because it exhibits higher acoustic attenuation and lower impedance as a material.*®
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MEMS methods alluded to at the end of the previous section are silicon chip
microprocessing techniques that etch channels into silicon wafer substrates.>® As
these methods use multiple instruments and cleanroom procedures, it often involves
the use of expensive equipment, but provides a robust, precise method to fabricate
flow chambers. For the topics covered within this dissertation we will discuss the
processes relevant to silicon MEMS device processing.

The process of making these devices begins by designing the flow chamber
pattern for a soft lithography photomask using computer aided drafting. Soft
lithography was introduced in the 1990’s to lessen the expensive and lengthy
requirements for semiconductor chip fabrication. Soft lithography allows for rapid
prototyping for polymer designs on different substrate materials.>! The pattern is
printed onto a substrate, quartz or lime glass for industrial photolithography or a
transparency material for more inexpensive techniques. A positive or negative
photoresist (PR) polymer material is uniformly distributed over the surface of a
substrate material like a silicon wafer. Positive photoresist is a polymer material that
crosslinks in the presence of heat and can have its bonds scissioned/weakened
when exposed to high energy ultra violet light. The exposed regions allow a
developer solvent to remove the exposed pattern for further device processing.>? By
contrast, negative photoresist requires exposure to high energy ultra violet light to
initiate crosslinking of the polymer, creating a more resistant surface during solvation
development.5? After the negative resist pattern is exposed, the wafer is developed
in a solvent that removes the unexposed regions leaving a mold on the substrate

surface as depicted schematically in Figure 1.6.
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Figure 1.6. Soft lithography using negative and positive photoresist. (A) during exposure for soft
lithography, a photomask transmits the high energy UV light specific to the pattern onto the
photoresist covered surface of a substrate material. (B) The exposed sample is then baked for
negative resist and developed using the specified developer solvent (C) leaving only the exposed
pattern. (D) prior to exposure, the photoresist is baked for crosslinking, then developed after exposure

and scission of the positive resist leaving only the unexposed regions of the photomask pattern.

Soft lithography is an ideal method for PDMS microfluidic devices. Fabricating
PDMS-glass flow chambers for hydrodynamic focusing or for SSAW devices has
proven to be a simple, robust, low-cost process. Soft lithography with negative
photoresist allows the user to generate reusable micropattern molds for rapid PDMS
device fabrication. Most photolithography processes are limited by the resolution of

the UV exposure instrument and the photomask itself. For most research purposes

17



involving microfluidic device fabrication, super high resolution (e.g. less than 10
micron features) is not required, thereby allowing the use of a photomask
transparency. After the device pattern is formed with negative resist on a wafer, a
10:1 ratio of the PDMS pre-polymer to curing agent is mixed and poured over the
mold and placed in ~60 °C oven to cure. Once cured, the PDMS is pulled off the
micropattern mold and bonded to a glass slide via plasma-activated bonding. A
plasma cleaner generates oxygen radicals that activate glass and PDMS surface
reactivity, which can then be pressed together under moderate pressure to create a
tight seal between the two surfaces.>3 The resulting device is a microchannel
comprising PDMS capped with a glass slide.

There are two primary methods we employ for processing of silicon devices
following lithography patterning. Lithography results in micropatterned regions on a
silicon substrate material, as depicted in Figure 1.6. The first method discussed
regarding etching a channel into a silicon substrate for microfluidics is wet etching.
Wet etching is an inexpensive etch process of solid crystalline substrates in a
chemical solution.>* This process works selectively for silicon oxide (silica) or silicon
surfaces depending on the chemical etchant. Prior to etching, a layer of oxide (SiO2)
or nitride (SiNs) is required as a protective layer from KOH etching (Figure 1.7 A).
After lithography, the patterned substrate is immersed in a buffered solvent such as
hydrofluoric acid (HF) to remove the oxide/nitride (sacrificial) layer on the patterned
surface (Figure 1.7 B).5#%¢ The buffered oxide etch is followed by removal of the PR
polymer using organic solvents and/or ashing (Figure 1.7 C).5456 Potassium

hydroxide (KOH) is used to etch the exposed silicon surface (Figure 1.7 D).54-56
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Following KOH etching, the remainder of the sacrificial layer is once again removed
using the buffered oxide etch. The wet etching process can take up to several
minutes depending on the desired depth of the channel. The resulting pattern is an
isotropic profile, or equal etch in all directions (Figure 1.7 E). An anisotropic profile
can be achieved with wet etching when different substrate layers, inert to the
chemical etchants, are exposed.®” An anisotropic profile is when the direction of the

etching is not equal in all directions, generally resulting in a more rectangular profile.
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Figure 1.7. Wet etch process. (A) An oxide layer is grown (blue) to desired etch depth via thermal
oxidation prior to soft lithography. (B) the oxide layer is etched using a buffered oxide etch, e.g. HF
and buffering agent, leaving an isotropic profile with overhang of the chemically resistant photoresist.
(C) Photoresist is removed using solvating agents. (D) The exposed surface, following buffered oxide
etch, is etched with KOH isotropically. (E) Following desired etch depth, the remaining oxide layer is

removed with an additional buffered oxide etch.

For a more direct approach to etching an anisotropic channel in silicon,
reactive ion etching (RIE) or deep reactive ion etching (DRIE) via the Bosch process
can be employed. The Bosch process is named after the German company Robert
Bosch GmbH which developed and patented this silicon processing method.5%8:5°
This method of anisotropically etching silicon cycles between two phases in a
reactive ion etcher or deep reactive ion etcher. The first phase bombards the surface
of the substrate, in the presented case silicon, with heavy ionized particles typically
Sulfur hexafluoride (SFs) in an isotropic manner (Figure 1.8 A, B). The second
phase involves the deposition of a passivation (or chemically inactive) layer,
Octafluorocyclobutane (CsFs) which coats the silicon walls and comes off as
poly(tetrafluoroethylene) or Teflon (Figure 1.8 C, D).585° Each phase results in its
own isotropic etch but due to the addition of the passivation layer which coats the
side walls and the repeated orthogonal ion bombardment, the overall profile
becomes anisotropic (Figure 1.8 E). To achieve less of a scalloped side-wall profile,
each phase in the process can be changed to have a shorter or longer etch time,
depending on the desired depth of etch. Further processing to smooth off the
scallops includes thermal oxidation of a small depth and a buffered oxide etch to

remove the oxidized layer.
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Figure 1.8. DRIE Bosch process. (A) SFesions (orange) bombard the surface orthogonally to the
bare silicon surface and the silicon-SFe reactants (red) are volatilized. (B) each etch step in the
process leaves a shallow isotropic profile. (C) CaFs (blue) is then added as a passivating polymer over
the surface of the device. D) the surface passivation step is followed by another SFs etch step
reacting with the CaFs (violet) and then the exposed silicon surface (red). (E) These steps are done in
succession until the desired depth is achieved resulting in an anisotropic profile with scalloped side
walls.

The etched silicon wafer devices are diced to a desired size and cleaned by

submersion in an organic solvent to remove the polymerized positive resist. To
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further clean the silicon device surface, a plasma asher can be used to burn off
excess resist. After ashing, the devices are further cleaned with piranha solution to
remove any residual polymer resist. Piranha solution is a 70:30 mixture of sulfuric
acid (H2S0a4) to hydrogen peroxide (H202) which is commonly used to remove
organic compounds from surfaces.®® At this stage the device can be capped with
glass slides to seal the chamber for microfluidics. Anodic bonding is a high
temperature (500 °C) process that allows glass to be bonded to a hydrophobic or
hydrophilic surface by causing sodium ions to diffuse out of amorphous glass to a
cathodic interface.®! A high voltage of around 300 V causes singlet oxygen ions to
bond directly from the glass to the silicon on the exposed surface of the etched
device creating permanent SiO2 bonded interface with the silicon substrate as seen
in Figure 1.9. The glass slide can have inlet/outlet ports for fluidics drilled or

otherwise created prior to bonding.
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Figure 1.9. Anodic bonding. A) Sodium ions move with the electric field through the glass B)
Oxygen ions move to the silicon surface creating SiOz bonds with the wafer substrate. (Figure
modified from Mack, S., “A comparative investigation of physico-chemical processes at the boundary

layer of directly and anodically bonded solids”).52
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In addition to MEMS device processing for microfluidics, a low-cost alternate
method for three-dimensional geometry flow devices can be constructed. Glass
microcapillary devices provide a low cost and rapid method of fabricating droplet
generating microfluidic devices. This microfluidic device is considered 3D because
dimnsions of the channels vary radially. As seen in Figure 1.10, a typical
microcapillary microfluidic device has three primary components; an injection
capillary, a collection capillary, and an outer housing capillary. The injection capillary
delivers an inner phase fluid that flows at a lower flow rate than an outer phase fluid
delivered from the outer capillary housing. While these devices are typically not used

for flow cytometry they do serve as ideal devices for droplet synthesis.
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Figure 1.10. Microcapillary device. A schematic of a typical microcapillary microfluidic device where
an injection capillary tube delivers an inner phase fluid which is hydrodynamically focused by the
outer phase fluid entering from the surrounding square capillary volume. The shear forces of the
faster moving outer phase will cause micro drops to be formed from the slower moving inner phase if

there is enough interfacial tension between the two fluidic states.

A group out of Loughborough University used a glass capillary device to
synthesize oil in water and water in oil monodispersed polymer microparticles which
serve as a scaffold for particles used in biotechnological or pharmaceutical

applications.®® Kim and coworkers from Harvard used a glass microcapillary device
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for double emulsion droplet synthesis.®* Their method involved injecting an
emulsified dispersed (inner) fluid phase into an aqueous continuous (outer) phase
which resulted in the synthesis of an oil outer shell encapsulating an aqueous core.
The same group used this method to encapsulate various cargo illustrating the
robust characteristics of microcapillary synthesized emulsion microdropets.® These
devices are not limited to oil in water emulsions but do require fluids with a high
interfacial tension or an external physical force for low interfacial tension systems to
generate droplets. We will discuss this in further detail in section 1.4 of this chapter.
While these devices have limited capability in their modular design compared to
MEMS fabricated devices, their low-cost, ease of construction, and role in droplet
synthesis is unmatched. Chapter 7 of this dissertation details our approach for
deployment of acoustic-enabled glass capillary devices for aqueous two-phase
systems for cell encapsulating hydrogels.

1.3.2 Biological applications for acoustic flow chambers

As mentioned previously, silicon-based microfluidic devices are an ideal
material for acoustofluidic devices. The high acoustic impedance of silicon (19.79 x
108) kg m2 s, compared to PDMS (1.04 x 10°) kg m? s, means that a large amount
of resonating acoustic wave energy is conserved after reflecting off the channel
walls.%¢ In addition to the impedance value of silicon, the capability to etch vertical
channel walls is attractive for acoustophoresis applications.®® Capping these etched
channels with a borosilicate glass slide via anodic bonding allows the user to image

clearly into the channel for particle analysis.
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Piyasena et al. from the University of New Mexico used these MEMS
fabrication methods for silicon based microfluidic flow chambers for wide-channel
parallel acoustic flow cytometry.6” The work described how acoustofluidic flow
chambers can be designed to generate multiple parallel streams that focus positive
acoustic contrast particles. An instrument was later developed by Kalb et al. around
the principles of parallel stream acoustic flow cytometry.®8 One postulate asserts that
an etched flow chamber with an opaque bottom may trap light from an incident laser
beam (used for particle stream interrogation). This absorbance of light energy may
lead to the generation of heat in silicon flow chambers, which can disrupt the
microfluidic laminar flow profiles. This light absorbing characteristic of etched silicon
structures is widely used for solar cell semiconductor materials.®7° As excess heat
is not desired for microfluidic devices, this motivates further iterations of the flow
chamber which can be made to be optically transparent, reducing the excess heat
generated from light absorption.

As discussed previously, different biological particles exhibit a positive or
negative acoustic contrast factor depending on their relative density and
compressibility compared to the surrounding fluid medium. Grenvall et al. developed
an acoustophoretic device at Lund University that separated white blood cells from
other cells due to their dissimilar acoustic contrast.’* The microfluidic device
separates biological components to five different outlets using size-based flow
characteristics in conjunction with their acoustic contrast properties. The group also
used acoustophoresis to separate lipids from proteins in milk using the same

methods since lipids exhibit negative acoustic contrast.”? The flow chamber designs
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allow the separated solution components to be collected separately for analysis or
further studies.

Developing affinity capture microparticles that exhibit negative acoustic
contrast (NAC) has been achieved from Cushing et al. at the University of New
Mexico.”® The NAC particles were synthesized using an emulsion technique with
PDMS in an aqueous surfactant solution. The group describes a simple process to
biofunctionalize the surface of the NAC particles that can be used for affinity capture
of antigens in solution with dilute blood. The NAC particles separate to the anti-node
regions of the device while the red blood cells in solution focus to the single pressure
node region and are filtered out of solution. The NAC particles are then collected
after the acoustic field is turned off and analyzed with flow cytometry. Chapter 6 of
this dissertation improves upon the concepts developed by this work in order to

provide basis for a handheld lab in a syringe assay.
1.4 Acoustofluidics for hydrogel microsphere synthesis
1.4.1 Cell encapsulation and acoustic droplet generation studies

Soft materials are characterized by energy levels around room temperature
kT, and can be easily altered or deformed by small physical or thermal fluctuations.”*
The study of liquids polymers, gels and biological materials all fall under this
category. Hydrogel synthesis for cell culturing studies is of current interest in soft
materials science. Three-dimensional hydrogel synthesis has proven to be a robust
method for cell culture and has great promise for 3D tissue printing platforms. Many
of the synthetic strategies in the literature involve microfluidic processes of oil-in

water emulsion. Workman et al. from Cardiff University published a method for
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immortalizing human cells in alginate hydrogels.”® Their work involves a microfluidic
chip with a T-junction that pinches off an alginate solution into monodispersed
droplets containing human cells. The alginate agueous phase forms droplets in a co-
flowing sunflower seed oil. Faulkner-Jones et al. out of Heriot-Watt University
illustrated bio-printing of alginate drops with stem cells that were controllably
differentiated into liver tissue. Their group uses alginate as the printer ink that is
crosslinked by a co-flowing calcium solution.”® Sodium alginate is a biocompatible
polysaccharide polymer extracted from brown seaweed algae commonly used as a
biocompatible gelling material. The three-dimensional structure of alginate hydrogels
recapitulates the native extra cellular matrix environment for cells to differentiate into
and have proven to be ideal for stem cell proliferation and growth.””

Within the last decade, researchers have integrated acoustics for droplet
generation. Some of these constructs integrating acoustics span from single cell
capture into monodisperse droplets to subpicoliter droplet generation using
integrated PZT transducers.”®7° One key study incorporated an acoustically
generated cell encapsulation and patterning construct. Fang et al. out of the
University of Michigan use acoustic droplet ejection and the principles of aqueous
two-phase systems for automated cell patterning.8 The group constructed a device
that ejects cell laden dextran (DEX) droplets onto a destination plate suspended
above the PDMS source plate where the patterned DEX drops are collected and
immersed in a polyethylene glycol (PEG) solution for culturing. The PEG solution
then had a second cell type added which did not diffuse into the DEX droplet phase.

The resulting fluorescent cell patterns were striking, illustrating the precision and
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capability of their cell patterning method. ATPS will be discussed in greater detail in
the following section.

Water-in-air and water-in-oil systems are convenient platforms to generate
droplets but have some limitations. Delivering water soluble drugs or nutrients to
study cell behavior is limited for these systems. Organic solvents and oils can
degrade or denature certain water-soluble biological components, which are better
suited to exist in aqueous native-like solutions. Additionally, the oil of the outer fluid
phase can be cytotoxic to the cells present within the hydrogels. We present a
method to synthesize monodisperse alginate hydrogels enabled by acoustics in
Chapter 7 of this dissertation.

1.4.2 Aqueous two-phase systems

Aqueous two-phase systems (ATPS) provide a promising platform for cell
culturing studies. ATPS comprise aqueous polymers whose thermodynamic
properties inhibit mixing. This phenomenon results in liquid/liquid phase separation
of the water-soluble polymers, causing partition into distinct regions of an aqueous
volume at concentrations determined by their equilibrium phase diagram. Mace et al.
out of Harvard University published a comprehensive body of work describing the
phase separation of two-component mixtures of 23 aqueous polymers and 11
aqueous surfactant solutions.8! Their work includes a table of observed miscibility
between each of the possible combinations. Their group observed the separation of
mixtures by step-gradients in solution component densities.

Phase separation at various component volume fractions and temperature is

predicted by a binodal curve on a phase diagram. The binodal can be determined,
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as explained in a review by Igbal et al. and by Kaul in ATPS, by turbidometric
titration, cloud point, and node determination.8283 The binodal determines at what
specific concentrations (or volume fractions) two components are immiscible. The
relationship of two aqueous phases is described by the partition coefficient K as

seen in Equation 1.4.

Conc. .
— ZoncaAr Equation 1.4

Conc.zp
K is the partition coefficient of the fluid in the top phase (A7) and in the bottom phase
(Ag) at equilibrium. For ATPS there is always a small amount of polymer in each
phase. The polymers PEG and DEX are ideal for ATPS applications as they are
inexpensive, readily available, and the binodal for PEG and DEX in water has been

measured by several groups, as exemplified by Figure 1.11.
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Figure 1.11. ATPS of PEG and DEX. Phase diagram of PEG and DEX at varying weight percentage
concentrations. Points above the binodal curve will exhibit phase separation like that of an oil in water
phase. (Figure taken from Tavana, H. et al. “Aqueous biphasic microprinting approach to tissue
engineering”).8*

As there is no all-encompassing theory on liquid-liquid demixing, certain

models are used to describe the factors involved in phase partitioning.®? Professor
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Per-Ake Albertsson’s model is commonly used since it incorporates many of the
hypothesized physical parameters involved in aqueous two-phase systems.8 These
parameters include, electrochemical properties, hydrophobicity, biological affinity,
molecular size, and physical conformation of the molecule. Albertsson’s model has
largely been incorporated in ATPS studies and was originally used to describe
purification of chloroform from other cell products.®>8¢

One of the limiting factors involved in processing ATPS into drops is the low
interfacial tension (~0.1 mN/m) between the two aqueous phases. Interfacial tension
is a form of surface tension where the quantity defines the force that holds the
surface of a component phase together in the presence of a different phase (i.e. a
line tension). For water-in-oil systems, the interfacial tension is measured on the
order of ten mN/m, whereas ATPS are on the order of 0.1 mN/m.8"88 Because of low
interfacial tension, ATPS droplet breakup does not occur spontaneously due to
viscous flow, in stark contrast to large interfacial tension water-in-oil systems. The
narrow frequency ranges where droplet formation can occur and the small growth
rates, as predicted by Raleigh-Plateau theory, greatly limits ATPS drop formation in
microfluidic droplet generators.

Ziemecka et al. out of Delft University of Technology published a method to
force droplet breakup of low interfacial tension ATPS.1° The group presented a
method to form monodisperse droplets in a microfluidic device for ATPS. The group
incorporated a piezoelectric disk over a DEX inner phase fluid reservoir which
delivered a pulsing jet into a PEG intercepted T-junction PDMS microfluidic device.

The additional force of the piezoelectric disc provided the necessary external
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physical force to drive droplet breakup for the ATPS. This method holds promise for

further research in generated monodisperse hydrogels for biological studies.

Incorporating alginate into the dispersed phase of DEX-PEG ATPS method may

provide a useful tool for encapsulating cells and other biological components into

hydrogel microspheres.
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Chapter 2: Goals and Overview of this Work

Incorporating acoustic technologies to existing platforms will aid in the
efficiency, reduction of cost, and fidelity to various technologies in the biomedical
field. As described in the previous section, acoustic integration has illustrated its
utility across multiple fields of study. The ability of acoustic standing waves to
precisely separate components within a sample media has already shown its
applications for biological samples, nhamely in blood cell enrichment, flow cytometry
platforms, and affinity capture studies. While these cases have shown promise in
integrating acoustophoretic technologies, the field still has many avenues to explore
and refine. The goal of this work is to exploit the benefits of acoustic integration into
flow cytometry platforms as well as in assay development for point-of-care testing
platforms and in acoustically assisted synthesis of hydrogel microspheres for 3D cell
culture. We also seek a better understanding of acoustics in some of these emerging
fields. Acoustic flow cytometry shows potential as an exceptional method to focus
particles without the need of a fluid sheath, but its incorporation into automated
platforms has been less studied. Our goal is to provide methods to fabricate optically
clear flow chambers for high throughput flow cytometry applications. Apart from flow
cytometry, we aim to engineer a simple syringe device with an acoustic actuator
attached to a capillary “needle” towards creation of a point-of-care affinity capture
device. In addition to sample focusing and separation studies, we seek to employ
acoustics to create a microfluidic device to breakup co-flowing ATPS solutions into
monodisperse drops for synthesis of hydrogels for 3D cell culture.

In Chapter 3 of this dissertation, we introduce a method of fabricating

optically clear, silicon core flow chambers for acoustic flow cytometry. The device
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fabrication method yields flow chambers with properties optimal for their use in
diverse application, as exemplified by the two subsequent chapters in this
dissertation (Chapters 4 and 5) focusing on flow cytometry applications. This chapter
provides detailed fabrication steps including clean room procedures and post etching
steps necessary for the construction of these flow chambers. We show that etching
completely through a silicon wafer at various widths provides a simple approach to
parallel stream acoustic focusing, while providing a transparent device for optical
interrogation. Depending on the desired number of nodes and the applied acoustic
frequency, multiple streams are tightly focused in parallel for these flow chambers
with no back scatter from an incident laser source onto an etched opaque bottom
channel. This work is being prepared as a methods article for PLOS One.

One of the fabricated acoustic flow chambers from the previous chapter have
been integrated into a custom high throughput parallel acoustic flow cytometer in
Chapter 4 of this dissertation. This collaborative work in its entirety has been
published in Analytical Chemistry. The platform we developed uses parallel acoustic
sample stream focusing to split sample contents in up to 16 streams that are
interrogated in parallel, greatly increasing the analytical rates and throughput
capabilities for flow cytometry. | fabricated the 2.3 mm optically transparent acoustic
flow chamber responsible for focusing the various microparticles investigated to
assess the sensitivity and throughout efficiency of the instrument. Additionally, |
characterized the flow chamber dimensions through image J analysis for
calculations on the theoretical number of nodes generated at our working input

transducer frequencies. These calculations are critical in the subsequent particle
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stream analysis. | was involved, as well as the other authors, in constructing and
adjusting the optical layout of the flow cytometer. Daniel Kalb tested fluorescent
standard beads as a proof of principle to demonstrate its efficacy in comparison to
state-of-the-art flow cytometry while increasing volumetric rates up to 10 mL/min.
Daniel Kalb also performed the extensive laser line profile characterization and
subsequent analysis of increasing sensitivity across the various laser intensity
regions. The submitted manuscript represents our collaborative work for this chapter
and is shown here in full to be appreciated in context. The formatting matches that of
this dissertation.

Chapter 5 describes how acoustic focusing is affected by an automated
sampling system, where intermittent air bubbles are introduced. Our investigation
details acoustic focusing of particles at the air water interface for several sample
boluses flowing through an acoustic flow chamber. Many medical reference
laboratories have automated systems where hundreds or thousands of individual
patient samples are processed via automation. For samples requiring flow
cytometry, a robotic arm aspirates samples at a constant rate taking in air between
wells. We explore if acoustic flow cytometry systems could be used in automated
processes while assessing if the introduction of air would be too disruptive in
acoustic focusing. Our results show that, while air briefly disrupts acoustic focusing,
the sample media almost immediately focuses back to the node of an acoustic
standing wave and minimal particle counts are lost in the process. We are
incorporating a quantifier for the exact amount of time it takes for sample streams to

recover across various flow rates and particle sizes after an air bubble passes
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through the system. We are submitting this work as a full article to Analytical
Chemistry.

Chapter 6 details a simple low-cost device towards a point-of-care testing
platform using acoustics and biofunctionalized elastomeric microparticles for affinity
capture assays in blood samples. We demonstrate the ability to capture
fluorescently labeled antibodies on the surface of NACs in the presence of dilute
porcine whole blood. The outcome of our work illustrates that a specific target ligand
can be captured, trapped, and separated via acoustics from background
components to help diagnose the early onset of an infection. These NACs migrate
and trap to the antinode of an acoustic standing wave generated by a piezoelectric
transducer coupled to a simple glass capillary-syringe device. While the transducer
is powered, the NACs remain clustered in regions throughout the capillary, while
positive acoustic contrast particles (blood cells or polystyrene particles) focus to the
node and are extruded from the device as effluent. The purified NACs with captured
fluorescent antibodies can then be extruded and interrogated by fluorescence
microscopy or standard flow cytometry. This work is being prepared for submission
to Lab on a Chip.

As another demonstration of acoustofluidic technology coupled to soft
materials, Chapter 7 details construction of a microfluidic device with an acoustic
actuator, comprising an audio speaker, to generate 3D hydrogels from ATPS drops.
This work is motivated by the limitations of current technologies for the generation of
hydrogel microspheres for cell culture. Common methods involve microfluidics to

generate water-in-oil emulsions to create hydrogels via crosslinking of the drop
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polymer solution. The primary disadvantage of these systems is that oils can be
toxic and prevents delivery of nutrients to cells. Synthesizing hydrogels in water
systems provides a biocompatible and bioinspired environment for cell culturing and
enables delivery of hydrophilic nutrients to the encapsulated cells. | incorporated an
audio speaker to the acoustofluidic device to provide the necessary external physical
force to drive fluidic jet breakup into monodisperse droplets. | studied the
reproducibility and droplet synthesis characterization over three devices and one
case of droplet synthesis with cells present. The resulting hydrogel-cell constructs
were collected and cultured by Jacqueline De Lora for up to 9 days, during which
time they form cancer spheroid-like assemblies. Jacqueline De Lora also performed
the flow cytometry live/dead assay in this chapter. This collaborative work is being
prepared for submission as a communication to Nature Methods.

This body of work highlights the benefits of integrating acoustic technologies
to various platforms in the biomedical field. We present methods of developing
instrumentation components and microfluidic devices integrated with acoustics to
separate sample components, develop technology towards point-of-care testing
platforms, and generate 3D hydrogels for cell culturing. Conclusions from this work
and future directions are presented in Chapter 8. The need to develop remotely
accessible testing platforms and rapid sample interrogation is an ongoing effort and
must continue to balance the biomedical needs of a growing human population. This
dissertation illustrates the versatility of acoustic technology integration and its impact

on future growth of these platforms.
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3.1 Abstract

We present a rapid and cost-effective method of silicon device processing
techniques for the construction of silicon core, double glass-capped, optically clear
microfluidic flow chambers (SCGFC) for acoustofluidic applications. It is well known
that silicon-glass capped microfluidic devices are a promising material for acoustic
devices due to high characteristic acoustic impedance values of silicon and glass.
Many of these devices are fabricated in clean rooms using semiconductor silicon
processing techniques. The precision and control of these methods allows for
production of etched silicon channels with high feature resolution. The resulting
rectangular channel profiles are excellent for acoustofluidics where a resonant
acoustic standing wave is required for microparticle focusing. However, these
devices may experience increased operating temperatures due to localized heating
from an incident laser beam directed into the channel for interrogating the sample
contents. Etched silicon also has reflective and scatter properties which can interfere
with optics and image collection. Our group hypothesized that opaque-bottomed
silicon etched microfluidic flow chambers experience additional excess heat
generation by laser transmittance into the channel. To address this issue and
minimize optical scatter and reflectance off the opaque bottom, we employ standard
MEMS etching techniques to etch wide channels completely through a thin silicon
(200 and 500 pm thickness) wafer and bond borosilicate glass slides on either side

to cap the channel so that a light source may transmit through the device.
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3.2 Introduction

Acoustofluidics is emerging as an effective tool for analysis of blood and other
biological matrices. Microfluidics combined with acoustophoresis, the movement of a
particle using sound waves, are the defining principles of acoustofluidics. The use of
acoustics to manipulate biological media has proven to be a gentle non-contact
method of interrogation.'~* This area of research has largely been used for blood
component separations and affinity capture studies on microparticle-based assays
as in flow cytometry.>° Recent advancements in flow cytometry have incorporated
acoustics for multi stream focusing and high-throughput analysis.1%-12 The
microfluidic flow chamber is a key component in acoustic flow cytometry where the
separation of sample components is determined by the flow rate, channel geometry,
applied resonant acoustic frequency, and physical properties of the particle.>4

The primary acoustic force acting on the particle has been derived and
explained by L. P. Gorkov.2515-20 |mportant factors to consider are that the acoustic
force, largely responsible for particle positioning within an acoustic standing wave, is
dependent on the speed of sound within the medium, particle size, and the fluid
density and compressibility in relation to the particles suspended in the medium.?!
The material choice for acoustic resonators is critical for generating standing
waves.?? Silicon and glass microfluidic devices are considered critical tools for
acoustofluidic applications.?3

For the contents herein, we refer to bulk acoustic standing wave resonators
as opposed to standing surface acoustic wave resonators. Bulk acoustic standing

wave (BAW) resonators are devices where a piezoelectric transducer is attached to
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the device causing the entire material to resonate with acoustic energy.???* This bulk
material resonance creates an acoustic standing wave within a channel in the
device, where the acoustic force is transferred into the channel space and reflected
within the geometry of the channel walls.1821.22.25 BAW devices are simpler to
construct as they only require the high acoustic impedance device and an attached
piezoelectric transducer compared to standing surface acoustic wave devices
(SSAW) that require a material with low acoustic impedance in addition to a material
with high acoustic impedance. This acoustic impedance mismatch is what creates a
standing wave over the area where the acoustic force is being applied. Optically
clear SSAW devices are also possible but require a transparent polymer such as
polydimethylsiloxane (PDMS) in addition to the complex set of electrodes or
interdigital transducers required to generate the surface acoustic standing wave.?%
For BAW devices, the amount of energy reflected is dependent on materials
with high characteristic acoustic impedance. A material with high acoustic
impedance results in a more robust acoustic standing wave which translates to
better particle focusing. This value can be expressed numerically with the equation:
Z =pc Equation 1
where, Z is the characteristic acoustic impedance, p is the density of the device
material, and c is the speed of sound within the material. Silicon and glass have
characteristic acoustic impedance values between 13 and 20 (10°) kg/m?s, making
them good candidates for acoustofluidic applications. Metals can exhibit higher
impedance values but are typically more difficult to pattern with channels because of

requisite precision milling techniques.?’ In contrast, polymer materials like
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polystyrene or PDMS have low impedance values, between 1 and 2 (10) kg/m?s,
making them less applicable due to low material density and acoustic wave
transduction.??

In addition to the high impedance values of silicon and glass, the materials
are readily available, cost effective, and have a wide array of processing methods,
that have continued to expand since the 1960’s. Silicon as a semiconductor, is
patterned and etched using many methods. Microfluidic etched channels in silicon
are etched to specific depths by varying the exposure time to etchant. The Bosch
process for example has well characterized etching steps, so controlling the number
of steps results in a desired depth.?® Wet etching methods with strong acids are
harder to control the etched depth, but the length of exposure to the etchant and
growth of an oxide layer can be adjusted to better control the etching process.?°

Microfluidic channels etched into silicon are typically only etched to a depth
that is less than the thickness of the material and are capped with an optically
transparent borosilicate glass cover slide for imaging and interrogation of the
channel contents. We hypothesize that a laser light source, for media interrogation
within the channel, may cause localized heating that can disrupt the laminar flow
profiles in microfluidic devices; a critical component of acoustic focusing. The
property to absorb light onto silicon is commonly used for IR detection as well as for
photovoltaic systems which is known to cause heating.30-32

To reduce etched silicon light scatter and reflection as well as eliminate the
potential heat generated from a light source, our group developed a method using

standard silicon processing techniques with additional post processing steps to
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construct optically clear flow chambers ideal for high throughput acoustic flow
cytometry. We present here a method to fabricate a rectangular geometry etched
channel for an optically clear silicon core flow chamber, double-capped with
borosilicate glass cover sides (SCGFC).
3.3 Materials and methods
3.3.1 Photolithography

Specifications for five transparency photomasks were designed using
AutoCAD 2013 (Autodesk ® Inc.) and transparency printing was outsourced to
CAD/Art Services, Inc. at a resolution of approximately 10,000 dpi. Photomasks
were designed in house to produce an image the size of a standard microscope
slide (2.5 x 7.5 cm), with varying sizes and shapes of microchannels. The channel
widths for the six devices were 0.6 mm, 1 mm, 2 mm, 5 mm, 10 mm, and 20 mm.
Examples of two masks can be seen in Figure 3.1. All fabrication steps were
performed under class 100 clean room conditions at the Center for Intergrated Nano
Technologies (CINT) in Albuquergue NM or class 1000 clean room conditions at the
Manufacturing Training and Technology Center (MTTC) at the University of New
Mexico. Silicon wafers (200 and 500 um thick, double-sided polish, University Wafer
Inc.) were pretreated with heat and hexamethyldisilazane (HMDS) for 5 minutes. AZ
9250 positive photoresist polymer was applied onto the silicon wafer surface prior to
spin coating. Wafers were spin-coated (Clariant. Cee® 200X, Brewer Science) for 40
seconds at 2000 rpm, followed by a 10-minute soft bake at 110 °C, and subsequent
cooling to room temperature (23 °C). The mask and wafer were placed in a mask

aligner (Karl Suss MA6, SUSS MicroTec AG) and exposed to a high-energy
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ultraviolet radiation source for 45 seconds. Full illustration can be seen in supporting
information for this chapter (Appendix A). Following exposure, the wafer was placed
in AZ 400K series developer solution (Clariant) for 2 minutes, then rinsed 3 times
with de-ionized water (>18.0 MQ) and dried with pressurized nitrogen. The wafer
was placed in the spin washer/dryer for 10 minutes to thoroughly clean and dry the
surfaces prior to etching.

25.4 mm

~
o
3]
2
=

Figure 3.1. Photomask designs. (A) 2 mm channel pattern, (B) 20 mm channel pattern,
Photomasks were printed on transparencies. White areas are transparent on the mask, while black

areas are opaque. Thickness of lines for outer dimensions (25.4 x 76.2 mm) of the device have been
exaggerated for clarity.
3.3.2 Bosch deep reactive ion etching (DRIE)

To etch the 200 or 500 um deep microchannel completely through the silicon
wafer, DRIE (1 min intervals of SF6 with 3 min passivation periods; Alcatel AMS
100, Alcatel Micro Machining Systems) via the Bosch process was initially carried
out for 80 minutes for the thicker 500 um wafer but was reduced to 50 minutes for

200 um thick wafers.?®

3.3.3 Photoresist removal
After DRIE, remaining photoresist (PR) was removed with acetone, after

which the wafer was rinsed with deionized water and blown dry with nitrogen gas. To
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remove organic residues, devices were ashed in a “LOLA” Down Stream Plasma
Ash (Plasmatherm Batchtop with Low Frequency Plasma Source) — Organic, BCB
strip and device cleaning, for 60 minutes. The PR ash rate is approximately 2500-
3000A/min. The processing temperature was 150 °C. Process gasses included CO»,
02, N20O and CFa.
3.3.4 Thermal oxidation

A diffusion/annealing furnace (Tystar Titan 4600 — Room 1532) was used to
initialize the removal of the etched scallop features remaining from Bosch DRIE. The
oxidizer used thermal oxidation to grow a 200 nm silicon dioxide (SiOz2) layer onto
the surface of the channel through a steam wet oxidation process. The oxide layer
was grown at 1100 °C over a 2hr:52min:45sec period at an Oz flow rate of 3 slm
(standard liters per minute). Oxide growth was visually determined by the rainbow

luster left after the oxidation process.
3.3.5 Buffered oxide etch

Removal of the oxide layer was achieved through buffered oxide etching. This
process required devices to be submerged in a dilute solution of premixted 6:1
ammonium fluoride (NH4F) and hydrofluoric acid (HF). Final concentration was 30-
40% NH4F, 5-10% HF, balance water for 3-5 minutes. After etching, the wafer was
thoroughly rinsed with deionized H20. To determine whether the oxide layer was
completely removed the degree of surface wettability using DI H20, was observed. If
water was repelled from the surface (i.e. the observation of water beading rather
than fully wetting), this indicated that the oxide layer had been removed. The devices

were dried with pressurized N2 and stored until assembly and testing.
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3.3.6 SEM images.

The etched Si-substrates were thoroughly cleaned with deionized water
followed by a methanol, acetone, and isopropyl alcohol rinse to remove any particles
and dried with nitrogen. The surface roughness of the channel was investigated by
using scanning electron microscopy (SEM) imaging (Nova NanoSEM 45) at Center
for Integrated Nanotechnologies (CINT). SEM images were taken at the channel or
near the two opposite ends of the main channel along the longitudinal direction. A tilt

angle of 30 degree was used to image the edge profile as seen in Figure 3.2.

Top Down View of 1 mm Channel 30° Angle view of 1 mm Channel

Figure 3.2. SEM Images of 1 mm x 0.5 mm x 50 mm channel microfluidic device. (A) Top down
image, scale bar = 1 mm. (B) 30° angle image showing the edge and side-wall profiles. This angle

illustrates the clean edges of the etched channel, scale bar =1 mm.
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3.3.7 Glass slide cleaning and preparation

Two holes (inlet and outlet), as seen in Figure 3.3 A, were drilled in a
borosilicate microscope cover slide using a hand drill (Dremel Rotary 300 series,
Dremel) with a diamond bit to approximately 1.5 mm in diameter. The silica wafer, a
drilled glass cover slide, and an intact cover slide were cleaned using a piranha
solution of sulfuric acid and hydrogen peroxide (7:3, respectively) for a maximum of
20 min then rinsed thoroughly with de-ionized water and dried under nitrogen gas

prior to being anodically bonded together.
A

High voltage power
supply

Electrode to voltage source —

Drilled inlet/outlet holes

Glass slide ~— ol
Silicon device =

20-30 min bonding time
Na* § o} Na*f o} Na'f o} Na*

Aluminum anode —*

lat
plate Hot Plate (500 °C)

High voltage power
B supply

2-3 hr bonding time
0" Na'f 0,‘ Na‘f O_‘Na‘f O" Na‘? 0_‘

First bonded glass slide

Hot Plate (500 °C)

Figure 3.3. Schematic of two-sided anodic bonding. (A) First glass slide anodic bonding with
electrode probe connected to voltage leads attached to high voltage source, and illustrating diffusion
of Sodium (Na*, blue arrows) and Oxygen (O-, red arrows) ions due to applied electrical potential and
high applied temperature (500 °C). (B) Second side bonding illustrating longer length of time for

bonding with drilled first bonded glass slide shown underneath.
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3.3.8 Anodic bonding

Anodic bonding is the process by which glass can be bonded to a substrate
(e.g. silicon) using high temperatures (~500 °C) and an externally applied electric
field. To achieve a high integrity bond between the two materials, the surfaces of
both materials must have a roughness of less than 0.1 um and be contaminant free.
The piranha cleaned glass is placed atop cleaned silicon and the assembly is placed
on a heating plate with an aluminum ground. A positive lead is set to the silicon and
the negative lead is set to the glass for the D.C. power supply. The power supply
itself is set from between 100 to 1000 volts. The bond between the two surfaces
occurs due to the diffusion of sodium ions away from the glass, while oxygen
radicals diffuse towards the interface between the glass and the silicon. Once the
bond occurs, the process is considered irreversible, and is therefore an ideal way to
achieve a tightly sealed, long-lasting microfluidic device.3334

A schematic of the anodic bonding setup for both sides can be seen in Figure
3.2. To perform anodic bonding, the device and drilled cover slide were aligned and
placed silica side down on an aluminum grounding plate sitting on a 500°C (A). Lead
wires were connected to the aluminum plate and negative voltage connected to the
probe stand. The voltage was initially set to 100V and increased by 100V every 30
sec until a maximum of 500 V was reached. The time to fully bond the slide to the
silicon surface took approximately 20-30 minutes for the first side and 2-3 hours for
the second. To attach the intact glass cover slide to the other side of the device, the
anodically bonded wafer and drilled glass cover slide were re-cleaned in sulfuric

oxides as described above and then dried and aligned with the cleaned intact cover
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slide to perform anodic bonding of the second glass slide (B). The bonding can be

observed to completion when the appearance of the glass to silicon interface is dark.
3.3.9 Interfacing PDMS and inlet/outlet tubing

To make the PDMS pads for attaching the inlet and outlet PEEK (polyether
ether ketone) tubing, PDMS was mixed at a ratio of 10:1 pre-polymer to curing agent
(respectively) and poured into the lid of a plastic petri dish to depth of 5 mm then
vacuumed to remove gas bubbles and polymerized in a 100 °C oven for 5 minutes.
Small squares (~1.2 x 0.75 x 0.3 cm) were cut from the PDMS layer and a 1.5 mm
biopsy punch was used to form small holes in the PDMS. The assembled device and
PDMS squares were then placed in a plasma cleaner (PDC-32G, Harrick Plasma)
for 2 minutes. After plasma-activated bonding, the pieces were removed and the
holes in each PDMS square were aligned with the drilled holes on the coverslide and
stuck together. PEEK tubing was inserted into the holes on each side and the seal
reinforced with epoxy resin and allowed to cure according to manufacturer’s
instructions. Completed devices can be seen in Figure 3.4. Additional fabricated
devices can be viewed in the supporting information for this chapter (Appendix A).
3.3.10 Unstained polystyrene acoustic particle focusing

To illustrate that acoustically focusing a sample media is possible within the
widest device, we ran an initial proof of principle experiment with unstained 10 pum
polystyrene particles in water (108 particles/mL) in the widest device (20 mm). A 1.5
MHz transducer was attached to the device and turned on to observe how robust the
acoustic focusing is. As seen in Figure 3.4, 31 discrete acoustically focused particle

streams can be seen in the 20 mm device. We integrated the 2 mm wide channel
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device into a custom high throughput acoustic flow cytometer.? Written in Chapter 4
of this dissertation, we demonstrate robust signal to noise detection of fluorescent

calibration beads acoustically focused in multiple parallel streams within the device.

|
A Drilled holes 1 mm thick B i ,

for tubing 200 pm glass slides '
silica wafer

~500 um__—7
thick PZT

Figure 3.4. SCGFC devices and focused sample. (A) Side view illustration of the bonded
borosilicate glass slide - etched silicon - borosilicate glass slide layered device with PZT and fluidic
ports. (B) Top down image of 20 mm wide channel device with arrow denoting direction of flow and
inset of imaging location for (D). (C) Constructed microfluidic device with 10.0 mm channel. (D) Inset
region of 20 mm channel with unstained 10 um polystyrene microspheres acoustically focused at a

frequency of 1.48 MHz giving 31 discrete streams. Scale bar =5 mm.

3.3.11 Fluorescent particle acoustic focusing and analysis

To demonstrate the efficacy of particle focusing within one of our SCGFC

devices, we mixed a sample solution of ~1.0 x 10° particles/mL deionized water. The

56



control run consisted of a test with no acoustic focusing while an additional
experimental run recorded data during PZT actuation. This was done to compare
particle positions during acoustic focusing versus free flow. The sample solution was
flowed in the 2 mm wide channel device at flow rate of 2.5 mL/min and analyzed
without PZT actuation. For acoustic focusing analysis, the sample solution was
flowed at a rate of 2.5 mL/min with PZT actuation frequency of 4.83 MHz yielding a
theoretical node count of 15. This number correlates to the number of observed
acoustically focused particle streams. Results of experimental runs can be seen in
Figure 3.5. Video images were collected by a sSCMOS sensor in a Hamamatsu Orca
flash 4.0 v2 high-speed camera (frame rate 25,655 frames/sec) and analyzed using
custom Kytos Data Acquisition system, built by DarklingX (Los Alamos, NM). Each
event is recorded by the brightest x-pixel position across the 2 mm channel.

For signal enhancement, 15 regions were manually input to the image
analysis platform. As seen in Figure 3.5 B, the edges of each region within the
unfocused experiment had an increase in particle detection due to the signal
processing of the brightest pixel being edges of flowing particles in this regime. This
resulted in an increased number of recorded events in edge pixels. For focused
particle stream data, the number of streams correlated to the 15 generated nodes as

denoted by the brightest x-pixel for each recorded event. While we observed some
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variation in position within the particle streams, the acoustic focusing clearly results

in 15 positioned focused regions across the flow cell.
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The X position of the brightest pixel of the event
Figure 3.5. Focused and unfocused particles flowing across 2mm wide channel device. (A)

Upper panel shows focused particle positions flowing through the channel at 2.5 mL/min while the
acoustic field is applied. (B) lower panel is of the same region as panel A but without a resonant
acoustic standing wave applied. Positions of 6 um Nile Red patrticles are reported by the brightest x-

pixel of each event.
3.3.12 Surface temperature measurements during laser transmittance

We measured device surface temperature of an opaque bottom channel
device and compared it to an optically transparent device in 15-minute intervals over
3 hours during laser transmittance. We conclude that no measurable temperature
difference was measured at the surface of the device. The hypothesis of device
heating may occur as a localized effect on the channel surface or in the fluid, but
more work needs to be done to better investigate this case. Further details on this
component of our work can be seen in supporting information for this chapter

(Appendix A).
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3.4 Conclusions

There is a growing need for rapid diagnostic tools in the medical field. The
development of improved acoustofluidic devices for accurate and sensitive particle
analysis is critical because cells and multiplex microparticles are important for early
diagnosis and treatment of diseases. Here, we illustrate the processes required to
fabricate silicon core, double-glass capped, optically clear flow chambers for high
volume acoustofluidic applications. The devices presented here experienced no
visible light scatter, as the light transmits through the device, and even though the
opaque bottom devices exhibited negligible temperature change over 3 hr.
(Appendix A), the optically transparent channels did not as well. In addition to the
optical transparency of our devices, we demonstrate the capability to acoustically
focus multiple parallel streams at high volumetric flow rates (2.5 ml/min versus
conventional 25 pL/min). Therefore, we conclude that this rapid and cost-effective
method for fabricating optically clear wide channel devices is an excellent tool for
acoustofluidic applications where optics are required for media interrogation.
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4.1 Abstract

Flow cytometry provides highly sensitive multi-parameter analysis of cells and
particles but has been largely limited to the use of a single focused sample stream.
This limits the analytical rate to ~50K particles/s and the volumetric rate to ~250
pl/min. Despite the analytical prowess of flow cytometry, there are applications
where these rates are insufficient, such as rare cell analysis in high cellular
backgrounds (e.g. circulating tumor cells and fetal cells in maternal blood), detection
of cells/particles in large dilute samples (e.g. water quality, urine analysis), or high
throughput screening applications. Here we report a highly parallel acoustic flow
cytometer that uses an acoustic standing wave to focus particles into 16-17 parallel
analysis points across a 2.3-mm wide optical flow cell. A line focused laser and
wide-field collection optics are used to excite and collect the fluorescence emission
of these parallel streams onto a high-speed camera for analysis. With this instrument
format and fluorescent microsphere standards, we obtain analysis rates of 100K/s
and flow rates of 10 mL/min, while maintaining optical performance comparable to
that of a commercial flow cytometer. The results with our initial prototype instrument
demonstrate that the integration of key parallelizable components, including the line
focused laser, particle focusing using multi-node acoustic standing waves, and a
spatially arrayed detector, can increase analytical and volumetric throughputs by
orders of magnitude in a compact, simple and cost-effective platform. Such
instruments will be of great value to applications in need of high throughput yet

sensitive flow cytometry analysis.
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4.2 Introduction

A typical flow cytometer sensitively measures up to twenty optical parameters
from individual cells on a cell-by-cell basis at analytical rates as high as ~50,000
cells/s and volumetric rates of up to 250 pl/min." 2 This analytical power makes it the
technology of choice for many applications including cellular phenotyping (e.g. CD4+
T-cell counts), cell cycle analysis, and apoptosis measurements.’- 2 Additionally, flow
cytometry is valuable for rare cell detection,®® high throughput screening for
pharmaceutical lead compounds,’® analysis of environmental samples for algae,
plankton, other microbes,'%'? and as a method of process monitoring for food
safety.’® However, use of flow cytometry for high throughput applications is limited by
the analytical and volumetric rates. Increasing these rates would reduce the need for
cell enrichment strategies for rare cell applications, improve the rate of high
throughput screening, and increase the likelihood of detection of microbes or algae

of interest in both food safety and environmental applications.

Analytical and volumetric rate limitations in conventional flow cytometers are
largely due to the analytical paradigm that uses a tightly focused laser to interrogate
a single focused stream of particles or cells.? In a conventional flow cytometer the
laser spot is focused to an elliptical spot (~10 um high by 50 ym wide) that
interrogates a sample stream that is focused by a high velocity sheath fluid to a core
diameter of only a few microns.? '* This approach allows a cell or particle to occupy
most of the interrogation volume (~ 1 pL) as it passes through the focused spot of
the laser. This enables a wash-free sensitive measurement, which is a critical

analytical advantage for flow cytometry compared to other techniques. The high
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analytical rate of a flow cytometer is achieved in part by flowing sample at linear

velocities up to 10 m/s. The onset of turbulence precludes higher linear velocities. 4

These limitations on linear velocity and the width of the sample stream restrict
the volumetric throughput of a hydrodynamic focusing flow cytometer. However, the
volumetric throughput of a cytometer can be increased by means other than
increasing the overall velocity of the system if tight particle focusing can be achieved
using a different approach. One such approach uses acoustic standing waves to
focus particles in a cylindrical capillary upstream of the analysis point. Acoustic
focusing enables sample delivery rates of about 1 ml/min, while maintaining the
precision measurements typical of a flow cytometer.'>-'7 Much like a conventional
flow cytometer, this method analyzes the particles in a single stream, therefore the
analytical rate of both these methods is limited by coincident events occurring due to

the stochastic arrival of cells in the interrogation volume. ' 6. 17

The limitations of single sample stream flow cytometers have led to the
development of parallel stream flow cytometers to increase volumetric and analytical
event rates. Most parallel flow cytometer systems rely on hydrodynamics or tight
microfluidic channels to create parallel focused streams of particles for analysis.
Modestly parallel systems have been constructed using simple multiplexing of
conventional fluidics and optics to create systems of up to 4 flow streams with
overall analysis rates of ~250,000 particles/s.® Alternatively, microfluidic approaches
have led to hydrodynamically focused flow cytometers with 24 parallel sample
streams that have sample delivery rates of up 830 ul/min and analytical rates of

240,000 cells per second.'® Though these systems, which are commercially
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available, do show improved throughput compared to a conventional flow cytometer
they are very large, relatively expensive, and significantly more complex than
standard flow cytometers.'® Additional work has demonstrated parallel analysis
through the use of up to four inexpensive flow cytometers operating in parallel to
increase the sampling rate of high-throughput screening (HTS) flow cytometry
systems.?? This technique shows promise, but it demonstrates the need to decrease
the cost per analysis point/cytometer (currently ~$50K) to maximize the

effectiveness of this approach.?°

As much of the bulk and complexity of parallel cytometer systems is due to the
hydrodynamic focusing, inertial focusing in parallel microfluidic channels may also
offer a path to highly parallel flow cells.?' However, this approach requires channels
only slightly wider than the particles, which requires care to prevent clogging and

limited volumetric throughput.

By contrast, multinode acoustic standing waves offer a highly parallel and high
throughput method to tightly focus flowing particles for analysis or separations
without the use of microfluidic channels.? 22 At a resonant frequency condition, an
integer number of half-wavelengths are excited across the focusing plane of the
channel. The superposition of the reflecting waves within the focusing chamber
creates an acoustic standing wave. The magnitude of the primary acoustic force on
a particle within an acoustic standing wave system depends upon the pressure of
the standing wave, the applied frequency, the position within the wave, the volume of
the particle and the relative properties of the media and particle described by an

acoustic contrast factor. Prior results using such standing waves demonstrate the
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ability to create highly parallel acoustic flow cells that support up to 37 discrete
focused streams in a single channel?® and up to 300 focused streams in a
multichannel microfabricated flow cell.?* Additionally, the wide aspect ratio and
correspondingly large cross-sectional area of these flow cells reduces clogging and
allows for sheathless, precise, and highly parallel focusing of particles at low linear

velocities, but high volumetric throughputs (25 mL/min).*

Based on these considerations, we present here a fundamentally new
methodology for parallelizing high throughput flow cytometry analysis. Integrating a
highly parallel acoustic focusing flow cell, a line focused excitation laser, wide field
collection optics, and a spatially arrayed detector creates a relatively simple, high
performance instrumentation platform with both high volumetric delivery rates and
high analytical rates. We discuss the scalability of this approach and the value of this
work for flow cytometry applications requiring high volumetric sample delivery rates
or high analytical rates.

4.3 Materials and methods
4.3.1. Multinode acoustic flow cell

Device design. The acoustic flow cell used for this study is fabricated in house. A
200 um thick silicon wafer is etched completely through across an area of ~2,300
pum width by 5 cm length and anodically bonded with glass on both sides to create a
2,300 ym x 200 ym x 5 cm transparent channel (W x H x L) (Figure 4.1 A, B). The
transparent flow chamber minimizes excess heat and optical scatter that would
otherwise occur due to absorption and scattering from an opaque silicon

background.
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Figure 4.1. System description. (A) Cross-sectional schematic of the acoustic focusing flow cell.
The standing acoustic pressure wave (sine wave) focuses particles to the 16 pressure nodes across
the width of the flow cell. (B) Image of the mounted flow cell. (C) Schematic of optics. (D) Laser
excitation profile. The red arrows show the positions of the walls, that were 2.3 mm apart. (E) Stacked

image of acoustically focused fluorescent particles.

Photolithography and deep reactive-ion etching (DRIE). Using a 10 cm silicon
substrate wafer, AZ 4620 positive photoresist is spin coated to form a uniform 6-10
Mm layer. The spin-coated wafer is developed and washed before etching. A 90-
minute Bosch process is used to etch through the device. Once the device is
processed through the DRIE, it is left in acetone for 1-2 hours (or as needed) to
dissolve the remaining photoresist, rinsed with DI water and dried with N2. The

etched silicon is then piranha-cleaned prior to the anodic bonding process.

Anodic-bonding. The cleaned silicon device is placed on an aluminum plate on
top of a ceramic hot plate. A piranha cleaned glass slide is placed flush on top of the
silicon device. The silicon wafer is connected to the (-) output and the glass slide is
connected to the (+) output of a DC power supply. The hot plate is set to 500°C. After
temperature equilibration, the voltage is increased from 100V to 800V over ~4
minutes. Successful bonding is indicated by a color change of the glass to silicon
contact area. Once bonding is complete, the procedure is repeated on other side of
the device. Each side takes 3-6 hours to bond, resulting in a sandwiched silicon
etched device between two borosilicate glass slides (Figure 4.1A). Punctured
polydimethylsiloxane (PDMS) seals the fluidic connections made via polyether ether

ketone (PEEK) tubing.

Transducer selection and attachment. A 4.48 MHz PZT (30 x 5 mm, APC
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International, Mackeyville, PA) is superglued under the channel and driven at 5.08 or
5.32 MHz, to create 16 or 17 pressure nodes (Figure 4.1A). This agrees with the
predicted number of nodes (n) using a half-wavelength resonance condition n =
2Lf /c, where c is the speed of sound (~1490 m/s), L is the width of the flow cell (2.3

mm), and f is the drive frequency.
4.3.2. Optical setup

The flow cell is placed in front of the aspheric lens that serves as both the
collection lens and focusing lens in an epifluorescent configuration (Figure 4.1B).
The full optical schematic is shown in Figure 4.1C. Excitation is provided by a beam
from 150 mW 488 nm laser (Mini-WhisperlT, Pavilion Integration Corporation, San
Jose CA) steered by two mirrors through a 10 degree Powell lens (Laserline Optics
Canada Inc, Canada) onto a reflective 488 nm dichroic beamsplitter (Semrock,
Rochester, NY) to create a line-shaped excitation beam that is focused into the
acoustic flow cell using a 25 mm diameter aspheric lens with a 20 mm focal length
(AL2520-A, ThorLabs, Inc. Newton, NJ) (Figure 4.1C). The analysis position is just
above the PZT (Figure 4.1B). The emitted light is collected back into the aspheric
lens, passed through the beamspilitter, filtered with a 488 nm long-pass filter (488nm
Edge Basic, Semrock, Rochester, NY), and imaged onto an sCMOS sensor
(Hamamatsu Orca flash 4.0 v2) using a 25 mm diameter plano-convex lens with an
80-mm focal length. At the sample illumination point, the line-shaped excitation
beam, detected via emission of Fluorescein dye solution in the flow cell, (Figure
4.1D) has dimensions of ~2.3 mm width and ~10-20 um height, matching both the

width of the flow cell and the active area (8 x 2048 pixels) of the camera’s field of
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view when the camera is operated at it maximum acquisition rate of 25,655 frames
per second. To visually display the streams in flow, 75K frames were taken over 3
seconds of acoustically focused fluorescent particles flowing through active region of
the camera. The frames were summed and averaged into a single 8 x 2048
aggregate frame. This aggregate frame has been stretched 20x vertically to more

easily visualize focused positions of particles in the flow cell (Figure 4.1E).
4.3.3. Analysis of frames data

Two data collection methods are used for the high-speed camera data from the
Hamamatsu Orca Flash 4.0 v2 (operated at 25,655 frames/s or ~39 ys exposure).
The full uncompressed raw data from the camera (6.7 Gb/s) is stored either on the
hard drive for post processing in MATLAB or analyzed in real-time using a custom
data acquisition package (Kytos Data Acquisition system, built by DarklingX, Los
Alamos, NM). The stored raw data files allow for detailed analysis and a means of
testing image analysis algorithms, while the Kytos acquisition system provides
substantial real-time information compression of the data to generate standard flow

cytometry data sets.

Figure 4.2 (panels A & B), shows stored image data acquired by the sCMOS
detector after post-experiment processing. In panel A, the long axis of the detector is
presented along the vertical figure axis, while sequential frames of pixels 2 through 7
of the short axis of the detector window are presented from left to right. Only pixel
rows 2-7 were used for analysis of the frame data indicated due to increased noise
in pixel rows 1 and 8. Each bright streak corresponds to a particle traversing the

excitation beam. In the magnified image shown in panel B, one can see sequential
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frames 1 through 18. The particle enters the detection window from the right in
frame 3, traverses through, and exits to the left in frame 16. In the real-time
acquisition mode (Figure 4.2C), the user first defines regions of interest (typically 50
- 100 pixels wide) corresponding to the position of the 16 or 17 focused streams. To
create 16 or 17 discreet detection areas, each region of interest is monitored
individually in each frame, and event triggering in each region occurs by comparison
with a user-defined threshold level in one of two possible modes. In a peak intensity
mode, the largest single pixel value, averaged with its eight nearest neighbors, must
exceed the user-defined threshold. In an integrated mode, the integral of all pixels in
the region of interest must exceed the user-defined threshold. Around each event
trigger, several frames of the region of interest are analyzed to provide signal
parameters in real time. Several measurement parameters are collected. The
parameters used primarily for this work were the peak intensity parameter, which is
the single brightest pixel from a particle’s traverse through the laser beam and the
peak integrated intensity parameter, which is defined as the maximum integrated
pixel value of a single frame within a particle’s time of flight through the laser beam.
Additional parameters extracted include the column or X position of the brightest
pixel of an event (BPX), the time of flight (number of frames) through the laser, the
frame number, and the event number. Beyond these values, the integrated
fluorescent intensity for each event is stored as a waveform across several frames
(Figure 4.2C). The frames included are all frames in which signals are above the
chosen threshold value described above, as well as several pre-event frames

extracted from buffered data and several post-event frames. While not used here,
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waveforms fit to a Gaussian can be used to eliminate irregular events such as
doublets and the fit parameters (Amplitude, R?, and standard deviation) used to
further quantify the fluorescent parameters. Singlet waveforms have a high R? and
outliers (doublets) can be excluded based on R? values.
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Figure 4.2. Image analysis of camera data. (A) Pseudo image of fluorescent intensity of particles
traveling across the entire camera width. Data displayed are a sequence of ~180 frames presented
along the horizontal axis. Each of these ~180 sequential frames displays a single image. Only rows 2-
7 of each frame’s 8 pixel height are shown. (B) Intensity pseudo-image showing a single particle
going through the laser excitation. Each of the 18 frames consists of a 6 by 100 pixel image. A small
width spacing (completely black in color) is introduced between each of these frames to make them
individually distinguishable. (C) Waveform and Gaussian fit of the integrated fluorescent intensity of a

single particle going through the laser excitation.

Notably, our approach does not require precise flow control or optical tracking
approaches used in image cytometry approaches.?® 26 Rather, we are simply using
the sCMOS detector as an approximate 1D array that simplifies direct collection of
data across a wide field of view.

4.3.4. FCS data analysis

After acquisition, data are stored in flow cytometry format and analyzed using a
commercial software package (FCS Express, De Novo Software, Glendale, CA).
4.4 Results
4.4.1. Acoustic focusing ON/OFF

Like all flow cytometers, the performance of our system depends upon having a
consistent interaction between the particle and the interrogating laser. Thus, the use
of acoustic focusing within the flow cell greatly improves the system’s performance,
leading to very predictable and consistent particle/laser interactions across all of the
focused streams. Figure 4.3A shows the variation observed in the positioning of the

particles across one stream of a multinode parallel acoustic flow cell with the
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acoustic focusing field OFF and ON. It is clear that focusing provides tight lateral
positioning within a given sample stream, as the X position of the brightest pixel
(BPX) is much more tightly distributed when the acoustic field is on. Similar
performance is seen across all streams in a parallel flow cell (Supporting information
for this chapter can be seen in Appendix B). For data analysis purposes, the data
acquisition system defines a range of pixels as a stream, e.g. from 1020 to 1090 for
stream 10 in Figure 4.3A. The large number of events on the edge of the window
results from any partial event at the edge of window being recorded with a BPX
value of the edge pixel value, which biases the histogram data as any event in the
unfocused data that just clips the window is recorded as the last pixel of the window.
For the data in Figure 4.3, 16 streams were defined and each event is assigned both
a BPX value, based on where its brightest pixel occurred on the sensor, and a
stream number based on which stream window it appeared in (Appendix B). As each
event within a stream window is identified with a stream number, it is simple to
correlate events based on the stream and for events in each stream to be analyzed
separately. Our results show that a similar number of particles are found in each of

the 16 focused streams (Appendix B).

Using standard flow cytometry gating approaches on the stream parameter, we
can analyze the fluorescence peak intensity of events from a given stream in
focused and unfocused states (Figure 4.3B). There is a large increase in system
performance in terms of both fluorescence precision (unfocused 76% CV, focused
6% CV) and optical collection (mean intensity is brighter for focused particles) when

the acoustic field tightly focuses the particles. Within a given stream, the particle
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positions clearly differ in focused and unfocused scenarios (Figure 4.3A). As such,
much of the broadening of the optical collection of the unfocused beads population

might be due to the variation across the 1D width of the laser excitation profile.

The non-uniform laser excitation (Figure 4.1D) and the difficulty of efficiently
collecting light over a wide field of view creates variation in the fluorescent intensity
profile across the 16 focusing regions. Nonetheless, it can be seen that unfocused
particles have significantly lower precision (Figure 4.3C) as compared to focused
particles (Figure 4.3D), regardless of stream position. Though there is variation in
optical excitation and collection efficiency, the benefit of focusing is clear. In future
work, a per-channel gain could be applied to normalize across streams. On an
optimized system where the laser profile and the Powell lens are fully matched, it is

expected that ~5% variation along the focused laser line could be achieved.
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Figure 4.3. Acoustic focusing increases system performance. (A) Histogram of the position of
particles across stream 10 of a flow cell supporting 16 acoustic focusing nodes. When the field is on
(red) the focusing is clear as particles appear in a tight Gaussian distribution, whereas when the
focusing is off (black) the particles are broadly distributed across the collection window (B) Histogram
of the fluorescence peak intensity for a single focusing stream (stream 10), with the focusing field on
(blue) and off (red). (C & D) Stacked histogram of the peak intensity of the particles across all 16

focusing regions with the acoustic focusing field off (C) and on (D).
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4.4.2. Evaluation of optical sensitivity and resolution

Eight peak ultra-rainbow calibration beads (3um diameter, RCP-30-5A
Spherotech, Lake Forest, IL) are used as a calibration standard to characterize the
performance of the parallel cytometer. Figure 4.4A shows the optical performance
across 17 focusing nodes. While full resolution of the calibration beads is seen in the
center of the channel where both the laser excitation and optical collection efficiency
are highest, only the brightest 4-5 populations are seen at the edges where the laser
excitation is lowest and the optical collection is least efficient. Looking at the highest
performing stream (stream 10), seven fluorescent peaks are clearly visible with good
population separation and CV’s comparable to those acquired on a commercial
cytometer (~3-6%) (Figure 4.4B). An observed eighth population might correspond to
blank beads, but further work is needed to confirm this conclusion. Similar

performance was seen with 6 ym Rainbow calibration beads (Appendix B).
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Figure 4.4. Eight peak rainbow beads. (A) Histogram of the peak intensity for all 17 streams. (B)
Histogram of peak intensity for a stream 10 (C) Mean peak intensity of each bead population in
stream 10 plotted vs. the estimated mean equivalent number of Fluorescein molecules per bead.
Error bars are the standard deviation of each bead population. (D) Current maximum sensitivity to a

threshold that is two standard deviations above the background noise of the system.

In this study, we also find that increasing the applied laser power increases the
sensitivity across the entire channel width (Appendix B). Our current laser power per
area (150 mW over 20 um x 2000 pm) is ~5X less than that used by a typical flow
cytometer (20 mW over 20um x 50 um). This observation suggests that we are far
from any power saturation effects, so fluorescence sensitivity should increase with
higher applied laser power. Thus, full resolution of all bead populations in all streams

may be possible with a higher power laser well matched to the Powell lens.

Using the microsphere standards, we see that our system has a linear response
when plotted as estimated Molecules of Equivalent Fluorescein (MEFL) vs
fluorescence peak intensity. It is important to point out that these commercial beads
are stained with various dyes, across the spectra such that that our optical system
(488 nm long pass) is not directly comparable to a standard FITC channel on a
cytometer (630/30 Bandpass). Thus, any quantities estimates of MEFL at this point
would potentially overestimate the sensitivity of the system. Despite this fact, the
standard curve of peak intensity vs. estimated MEFL shows high linearity that
demonstrates the quantitative potential of the system (Figure 4.4C). At the center of
our system we can clearly resolve the dimmest fluorescently tagged bead, giving us
a sensitivity of 792 MEFL or better. An interpolation of the sensitivity down to a level

limited by the background signal plus system noise (background level plus 2 times
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the standard deviation of the background) suggests the sensitivity for the highest
performing stream is a few hundred MEFL (243 MEFL), while at the system edges

the sensitivity is a few thousand MEFL (~3000 MEFL) (Figure 4.4D).
4.4.3. Performance vs. flow rate

The performance of our parallel system depends on a consistent interaction
between the interrogating laser and the particles of interest. For smaller particle
sizes and higher flow rates with larger linear velocities, it becomes increasingly
difficult for the acoustic field to tightly focus the particles. Additionally, as the linear
velocity through the excitation region increases, the transit time decreases, so the
absolute number of photons collected, and the sensitivity is reduced. Therefore, we

investigated the system performance with varying bead sizes and flow rates.

Three sizes of rainbow calibration beads are analyzed for volumetric flow rates of
250 pl/min up to 10 mL/min. As expected, with a constant camera frame rate (~25
k/s), the peak intensity and the system sensitivity decrease with increasing linear
velocity (Figure 4.5). In addition, the acoustic focusing width of the particles across
each of the 16 focusing nodes increases at the highest flow rates and linear
velocities (Appendix B). With this increase in focusing width, the laser/particle
interactions broaden, and we see increased CVs of the fluorescent parameters of

each bead population.
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beads vs. flow rate.

10um Rainbow 6 Peak

W 250 uUmin
W 500 ul/min
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Figure 4.5. Standard calibration beads vs. flow rate (Stream 10). Peak intensity histograms of (A)

six peak 10um beads verses flow rate, (B) six peak 6um beads verses flow rate, and (C) 8 peak 3 um

Despite these two effects (fewer total photons and wider acoustic focusing
widths) we still observe strong system performance across a wide range of flow
rates and particle sizes. Although the CVs are higher at high flow rates, we see all

five fluorescently tagged bead populations for the 10 ym and 6 ym beads at 10
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mL/min and achieve moderate performance for the 3 ym 8-peak beads at this flow
rate. Additionally, for the constant sample concentration used in these experiments,
we observe a linear relationship between event rate and input flow rate (Appendix
B). This result suggests that we detect most beads at all flow rates. Given that linear
sensitivity increases with laser power (Appendix B), performance sufficient for ~500

MEFL sensitivity may be possible even at 10 mL/min flow rates.
4.4.4. High analysis rates

The ability of the cytometer to run at high analytical event rates is characterized
by running 6 um Nile Red beads at 10 mL/min (Appendix B). At these high flow
rates, 957,366 particles are analyzed within 9.4 seconds, yielding a minimal digital
processing rate of ~102k/s. The imperfect acoustic focusing of 6 um particles at
these flow rates may lead to some particles being missed, but this study
demonstrates that the data system can process at least ~100k events/s in this proof-

of-principle implementation.
4.5 Discussion

We demonstrate that line-focused optical excitation of parallel acoustically
focused streams provides optical sensitivity and precision comparable to a traditional
flow cytometer. While the optical performance is complicated by issues of even light
delivery and challenges in high numerical aperture wide-field optical collection, our
approach offers the advantage of highly increased volumetric sample delivery rates
and the potential to greatly increase analytical collection rates. Our current
cytometer design uses three key components: 1) a multi-node acoustic focusing flow

cell, 2) a wide line laser excitation profile, and 3) a high-speed imaging detector, all
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of which are inherently parallelizable. Combining these components into a single
platform yields a compact and cost-effective instrument for highly parallel analysis.
The high event rates and volumetric throughputs of this platform will allow parallel
flow cytometry to be applied to a number of traditional areas, as well as new

application spaces where throughput is critical or desirable.

Notably, the optical system described here could also be used with any approach
that produces parallel streams of flowing particles. There are many excellent
examples of such systems using inertial focusing,?! surface acoustic waves,?’
dielectrophoresis,?® 2° and microfluidics.3%3" Additionally, while other approaches to
parallel optics have been developed, which include micro-lens arrays and fiber optic
methods, 32 33 the simplicity of our optical system, both in terms of optical alignment
and number of components, makes it a compelling choice to include in an

instrument.

It is also useful to consider this work in context of excellent examples of image
flow cytometry,2526 where the highest speed imaging cytometer, which uses acoustic
focusing to maintain a single node in the focal plane,?® can use offline analysis to
analyze low magnification images of samples at analytical rates of ~200k events/s at
reduced volumetric rates of ~1 mL/min. While the low magnification images may
offer some ability to examine particle morphology, this approach requires image
analysis paradigms that are performed offline. Other image cytometers employ
higher resolution optics to extract greater morphological details as well as the
location of probes within the cell,?> and flow cam, although the throughputs of such

higher resolution optical systems are generally limited to < 5,000 events/s.
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Comparatively, our approach offers real time data processing, higher volumetric
throughput, and simpler optical hardware. While our approach can give parameters
such as event width and time of flight, these can be correlated to particle
morphology using established approaches.?* Given the factors discussed above, our
system is anticipated to be more amenable to future efforts to create sorting systems

and for applications requiring higher throughput analysis.

Applications using large sample volumes containing dilute cell concentrations are
already addressable using our approach. As our system can analyze samples at 10
mL/min and process data at rates of 100K events/s, simple sample dilution might
already allow our system to analyze some rare cell samples. However, applications
such as CTCs and fetal cells in maternal blood are more difficult as they require high
volumetric and high analytical rate analysis. For example, CTCs can be present at
less than 10 cells/mL in a background of ~102 cells/mL in whole blood.3® Therefore,
increasing the analytical rate of our platform will make it a more compelling solution
for rare cell analysis. Most current approaches use a combination of lysis,
centrifugation, and antibody based pull down approaches; however, such steps can
result in the loss of rare cells, which has led to many alternative approaches.3> Our
platform would provide a comparative advantage as it would provide a method for
direct high throughput analysis for rare cells in blood, in the absence of any

separations step, which may provide more accurate and affordable assays.

To increase cellular analysis rate, we will explore increasing the number of
streams in our system and the data acquisition rate. Each approach poses specific

challenges. Increasing the stream number in the flow cell will require either a higher
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drive frequency or a wider flow cell. A higher frequency drive will result in tighter
spacing between streams, which may affect future work on multicolor systems, but
will linearly increase the potential analysis rates as the number of streams increase.
A wider flow cell could also analyze more streams but would require optical
excitation and collection across a wider field of view. Based upon our experience,
the current width of high-NA optical collection is limited to ~4 mm using 25 mm optics

and an 8 mm field of view is possible using 50 mm optics.

Beyond the acoustic and optical limits, the detector technology is a key factor.
Despite our high volumetric and analytical throughputs, linear velocities through the
interrogating laser beam are still about an order of magnitude smaller than typical
cytometers (0.04m/s at 1mL/min, 0.42 m/s at 10 mL/min: compared to a typical
cytometer at 1-10 m/s). Given the current system geometry, these parameters result
in ~5 frames collected for every particle, even at the highest flow rates. To increase
analytical rates, we are exploring use of as few as 3 frames per event to provide
accurate data. Clearly, faster cameras or array detectors would improve

performance.

In addition to increased analytical rates, multicolor detection is needed to enable
typical flow cytometry assays. To that end, we can either explore the use of multiple
detectors (1 per detection color) or methods that discriminate multiple colors on a
single detector. Due to the acoustic focusing, there is a significant amount of free
space on the camera’s chip that is currently unused (e.g., dark regions adjacent to
each stream in Figure 4.1E). Applying additional optical filters and a small spatial

displacement, we can use this chip space to acquire multiple optical parameters
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simultaneously on a single array detector.

In summary, using multi-node acoustic standing waves to precisely focus
particles for analysis, we demonstrate the ability to analyze 16 streams in real time
at high event rates (100k/s) and flow rates (10 mL/min). Without complex fluidic or
optical designs, this system allows high throughput analysis in a robust, compact
and relatively inexpensive platform. This new approach to parallel flow cytometry has
the potential to open new applications for flow cytometry including extremely rare

cell analysis and inherently dilute large volume samples.
4.6 Conclusion

Using the above approaches, our goal is to construct very high throughput flow
cytometry systems based on the new analysis paradigm demonstrated here.
Although we have demonstrated an analytical rate of ~100k/s, truly rare blood cell
applications would benefit from analytical rates greater than 1M events/s. Within the
optical and acoustic bounds described above, we see potential pathways leading to
such rates. For example, using a 50 mm optical system, we could drive our standing
wave at 5 MHz 128 nodes across an 8 mm field of view to achieve 640k/s. Given
this, a simple two-fold increase in detector speed would enable our approach to

reach 1.28M events/s, providing a transformational advance in flow cytometry.
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5.1 Abstract

Acoustic flow cytometry is growing as an effective clinical and research tool
for cellular analysis and diagnostics. With the growth of automated systems in
clinical labs, state of the art instruments such as flow cytometers have been
integrated as viable platform technologies. Many of these automated platforms
require multi-well plate sampling to handle large amounts of patient sample
throughput. To model an automated system with acoustic flow cytometry as the
testing platform, we couple our custom high throughput parallel acoustic flow
cytometer and auto sampler to investigate particle behavior during multi-well
sampling where air is introduced into the system between sample volumes.
Introducing air between samples is used as a regular method to track each individual
sample as well as to “scrub” the interstitial space between sample boluses. This
intermittent introduction of air is hypothesized to affect particle focusing at the air-
water interface in an acoustic focusing flow chamber. Characterizing the behavior at
the sample bolus level allows us to observe potential focusing disruption while giving
us a better understanding of how acoustic particle focusing behaves for an
automated platform. Here we will study sample focusing at the air-water interface in
an acoustic focusing flow chamber on select particle sizes and volumetric flow rates
to assess whether acoustic flow cytometers can effectively be integrated into such

automated platforms.
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5.2 Introduction

Flow cytometry is widely used for cellular analysis and as a diagnostic tool."
Conventional hydrodynamic focusing flow cytometers have been shown to integrate
an auto-sampler with air bubble sample separation techniques to achieve automated
high throughput analysis.® Most flow cytometers use hydrodynamic focusing to
compress a sample volume in the flow chamber to the interrogation width of the
probing laser’s optical diameter.348 With this conventional method, sampling up to
tens of thousands of cells per second has been achieved.* Research in advancing
sample throughput for flow cytometry considers ways of improving hydrodynamic
focusing or replacing it as a method to focus sample contents altogether.®-° Acoustic
flow cytometry is an alternate way of focusing sample particles without the
requirement of a hydrodynamic focusing sheath fluid. This method of flow cytometry
is expanding as an effective method of high throughput sheathless sample stream
focusing.'®'" Removing the need for a hydrodynamic sheath fluid results in lowered
reagent costs and in eliminating shear stress on biological media. With this method,
the number of particles sampled per second can be increased by an order of

magnitude.?

Acoustic flow cytometry has become a useful tool for cell sorting, media
separations. and high-volume sampling in flow cytometry assays.”-'3 These
instruments are widely used for their unparalleled ability to quickly analyze large
volumes of sample and characterize multiple parameters of the sample.'? With the
increasing development of flow cytometers for high throughput screening, more

assays are being developed around these technologies.'*'®> Some limitations and
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fundamental information are still being investigated as assays developed for these
acoustic focusing systems are increasing in complexity and quantity. Among these
assays, multi-well sampling with automated systems is being explored for integration

with these instruments.

Acoustic focusing technology for these platforms, or acoustophoresis, is the
practice of moving particles using ultrasonic standing waves. This method of sample
media manipulation works based on intrinsic physical properties of the particles. The

basic principle is based on the primary acoustic radiation force equation given

below. 617

F= -0l (g, ) sin 2k (1)
where,

$(B,p) = Po2m _FPo (2)

2pp+Pm Bm
Particles with a higher density (p,) and lower compressibility (B,) than the

surrounding fluid medium (p,,, B,) Will focus at the nodes generated by an acoustic
transducer and less dense more compressible particles will focus at the antinode of
the fluid filled channel. Particles exhibiting a positive ®(,p), or acoustic contrast
factor, will focus at the pressure node while particles with a negative acoustic
contrast will focus at anti-nodes. Most biological particles, i.e. cells, exhibit a positive

acoustic contrast and will therefore focus at the pressure node.

The introduction of air bubbles has been known to cause problems in
conventional flow cytometers using hydrodynamic focusing.*581% To mimic a high

throughput multi-well sampling scenario, air bubbles are introduced and anecdotally
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used to discern individual sample volumes as well to ‘scrub’ in between each sample
to reduce cross-over contamination as was done previously by Ramirez et al. and
Kukuck et al.>1° In these studies, accounting for air bubbles between sample
boluses allows software to read the beginning and end of a sample volume by
detecting the terminal regions of the air-water interfaces.

Using a silicon core optically transparent flow chamber coupled with a
piezoelectric transducer as our acoustic focusing flow chamber, we observe the
behavior of particles focused by a single node acoustic standing wave while being
disrupted by the regular introduction of intermittent air bubbles. To model this
behavior across a specific set of parameters, we use a custom sensitive imaging
flow cytometer.’? As a model fluorescent microparticle, we selected Nile Red beads
at varying sizes (3, 6, and 10 ym) to observe if focusing disruption is less evident
given that the magnitude of the primary acoustic radiation force is felt more by larger
particles. Polystyrene beads are largely used for calibration and microsphere-based
assays, they likewise exhibit a positive acoustic contrast factor and respond to the

acoustic standing wave akin to mammalian cells.2%-21.22

The goal of this research is to explain fundamental behavior occurring in an
acoustically focused system with automated sampling at constant flow. After
investigating acoustic focusing at the air-water interface for multi-well sampling at
various particle sizes and flow rates, we anecdotally analyze the loss of events
between sample volumes. The information gained from our experiments also give us
a better understanding of optimal parameters regarding flow rates for acoustically

focusing small particles.
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5.3 Materials and methods
5.3.1 Device fabrication

The microfluidic device used for our experiments is designed and fabricated
at the University of New Mexico. We use Auto CAD (version 2013, Autodesk, Inc) to
design the pattern of the channel within the silica wafer’s dimensions. The channel is
a 644 ym wide and 5¢cm long rectangular channel. The depth of the channel is
500um, the thickness of the silica wafer.

The device pattern and silicon wafer undergo photolithography at the UNM
Manufacturing Training and Technology Center (MTTC) photolithography bay. The
device is also cleaned and processed for Etching at UNM MTTC. The patterned
silicon wafer is completely etched through using a custom Bosch DRIE etch profile.?3
This design allows minimal photon trapping from the laser source as well as back
scatter and reflection which could adversely affect imaging and analysis.

The etched device is prepared for double-side anodic bonding with a piranha
cleaning step using standard 70:30 sulfuric acid (H2SOa4) to hydrogen peroxide
(H202) procedure. Anodic bonding is achieved with a hotplate, aluminum ground
plate, and direct current (DC) probe whose current passes through the sandwiched
device into the ground plate.?4?° To interface the inlet and outlet tubing, PDMS is
used because it can be bonded to glass permanently using a plasma oxide cleaner.
A lead zirconate titonate (PZT) piezoelectric transducer, providing the acoustic force
to vibrate the flow chamber, is then firmly attached directly over the channel,
upstream of the anticipated interrogation region. Full details on flow chamber device

fabrication can be found in chapter 3 of this dissertation.
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5.3.2 Particle solutions

Four Nile Red (NR) polystyrene particle solutions are prepared for our
experiments. The particle sizes used are 0.93um, 3um, 6um, and 10pm NR
polystyrene microspheres. The varying particle size concentrations are all the same
order of magnitude in concentration of 10* particles/mL. The difference in particle
concentration does not change the observed effect of acoustic focusing disruption
and nodal position recovery. The particles are mixed in Nano pure water from stock
solutions provided by Spherotech Inc.

The particle concentrations are verified using an Accuri flow cytometer and
through particle per second counts in custom real-time detection software as done
previously.'? Each particle count was taken 3 times and averaged. The
concentration of 10um particles are 14,000 particles/mL, the 6um particles are
~54,000 particles/mL, the 3um particles are ~108,000 particles/mL, and the 0.93um
particles are ~74,000 particles/mL. Before each experimental run, the solutions are
vortexed for homogeneity.

5.3.3 Optics and collection

The custom optics and collection using a high-speed Hamamatsu camera is
used for the image array data collection. A depiction of the custom optical setup can
be seen in supporting information for this chapter (Appendix C) as well as in our
previous work.1?

5.3.4 Experimental
Two sets of experiments are employed; manual and automated where the

sample is taken up for a brief period to ensure a fixed volume for each system input
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of fluid and air. An illustration of the effect of stream disruption when an air bubble is
introduced can be seen in Figure 5.1 C, D. These sets of experiments mimic the
multi-well sampling in a previously mentioned custom high throughput flow
cytometer.?® The selected factors to investigate acoustic focusing efficiency are to
compare particle size and flow rate while holding applied voltage, frequency of the
transducer and flow chamber constant in the presence of intermittent air bubbles. It
has been previously discussed how optimal transducer frequency and voltage input

parameters are tuned for acoustic focusing systems.1227:28
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Figure 5.1. Device and focusing disruption due to air. (A) Blue colored solution fluid flowing in the
inlet Tygon tubing interspersed between air bubbles. (B) Silicon core optically transparent flow
chamber shown in the optical interrogation region of the 488 nm laser. (C) lllustration of focused
particle stream behavior as a bubble (btl) enters the region of interest. (D) lllustration of particle

behavior between the trailing edge of a bubble and the leading edge of another.
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Flow rate and particle size are varied to assess direct effects on sample
stream recovery after air bubbles are introduced into the flow system. For the
transducer attached to the fabricated custom silicon-core flow chamber, the optimal
single stream focusing parameters, i.e. input voltage and frequency, are set by
measuring the particle stream width for each size across multiple flow rates. In this
case, the applied voltage of ~16 V peak to peak, and the specific frequency are
tuned for each particle size, where the mean frequency for focusing is 1.2 MHz. The
input voltage is held constant to reduce heat that can cause evaporation and
cavitation from excessive power input.

We collect imaging array data using the high-speed camera optical system
mentioned above (zoomed in single frames of the flow chamber region of interest,
ROI, can be seen in Figure 5.2) and Kytos software as was done in previous work.*?
The custom camera software we used for this project was acquired from the
company Darkling X, Los Alamos, NM. The software obtained, Kytos, is image
analysis software that can give important information as in conventional flow
cytometry. This software is how we measured where the optimal frequency gave the
best particle stream focusing. Each event was captured on an 8 x 2048-pixel image
taken at 25,000 frames per second. The software exports fcs files for further analysis
in FCS Express software. Figures 5.3, 5.4 illustrate the efficiency of acoustic particle

focusing, by size, when the sample volumes are interspersed with air bubbles. The
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recovery response of our medium particle size (6 pm) by flow rate can be seen later

in this chapter.

4
i

Figure 5.2. Image cross-section of particles in flow chamber. (A) ~41 x 360-pixel cross section

zoomed over the flow chamber channel with an overlay of theoretical single node acoustic standing
wave (dotted red line). (B) Unfocused 10 um particles flowing through the ROI. (C) Single node

acoustically focused 10 um particle. (D) Air bubble passing through the ROI.
The focused particle positions are plotted in a histogram and then fit to a
Gaussian curve given by equation:

_ (x=b)?

f(x)=ae = ®3)

where a is the height of the curve, b is the center of the peak, and c is the standard
deviation or width of the curve. The full width half max (FWHM) of the Gaussian fits
was calculated for focused stream width values as done conventionally in the field of
flow cytometry.+29-31 Following the collection and fitting of the control data for each
particle size and flow rate we collected the same data for the bubble disrupted
experiments. The Gaussian fit analysis focuses on the regions between bubbles to
measure the quality of the recovery to a focused state. The gated regions were
plotted as a histogram and fit to a Gaussian to obtain the FWHM values. Following

the collection of the FWHM values, we plotted each of them versus the control data.
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5.4 Results and discussion
5.4.1 Particle focus at the air-water interface

To observe the behavior of particles in the discussed system, we used our
custom high throughput acoustic flow cytometer developed at UNM.*? The system
we have set up has a 0.6 mm wide channel optically transparent silicon core flow
chamber coupled with a 488 nm laser excitation source and specialized optics
scheme to form a wide thin beam for interrogation across the wide channel flow
chamber.

We observed the leading edge of an air bubble disrupts the acoustic focusing
of particles (Figures 5.1, 5.2). The patrticles recover almost instantly (within a
second) with small variation in between the different tested flow rates, which seems
to be the main factor contributing to particle focusing recovery. Depicted in Figure
5.1, we can see that the particle stream recovers to a focused state and remains so
until another air bubble moves through the system.

5.4.2 Focusing recovery by particle diameter

Figure 5.3 illustrates the recovery of each sample by particle diameter. The
data set in Figure 5.3 are at the effective medium flow rate of 250 pL/min. It is
important to note that 3 um particles do not focus as well as 6 or 10 um particles due
to the magnitude of the primary acoustic radiation force. The magnitude of this force
scales directly with the particle size, Vp from Equation 1. 6 and 10 um particles
remain tightly focused after the bubbles transit through the flow chamber, although
we can see an observable shift in the node position of the 10 um particles after the

first bubble flows through. Despite this node position shift, the 10 um particle stream
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recovers to a tight focus after the bubbles pass. Figure 5.4 illustrates the same data
as Figure 5.3 but as a mean tracking of the event position across the flow channel to
clearly depict the immediate and tight recovery of each particle size. The standard
deviation of the mean position is shown in red. A histogram of particle positions
across the flow chamber channel for controls (no bubbles introduced) and recovered
regions (data immediately after the first bubble passes and up to the second) for all

particle sizes and flow rates can be seen in supporting information for this chapter

(Appendix C).
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Figure 5.3. Acoustically focused particle streams by particle size with introduced bubbles.
Event position tracking data of the three primary analyzed particles sizes at the medium optimal flow
rate of 250uL/min over 2 minutes using an autosampler arm. Each data set is displayed at a
resolution of 1024 x 1024. (A) 3 um particles with 5 air bubbles. (B) 6 um particles with 6 air bubbles.

(C) 10 um particles with 6 air bubbles.

From Figures 5.3-5.5, we see some patrticles (order of ten) are lost in the air
bubble region. A program differentiating each sample bolus would not calculate
these events and the data would be counted as a loss. The percent calculated event
loss over five bubbles across the three particle sizes at the medium flow rate of 250
pL/minis 1.3, 1.0, and 3.8% for 3, 6, and 10 um particles respectively. These values
were calculated from manually gated regions as seen in supporting information for
this chapter (Appendix C). The events were taken from the manually gated regions
and divided over the total number of events in the two-minute data sets. The
average number of particles lost per bubble rounded to the nearest whole number
over 5 bubbles are 17, 19, and 50 particles per bubble for 3, 6, and 10 um particles

respectively.
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Figure 5.4. Mean particle position with standard deviation. Mean (black) and standard deviation
(red) event position tracking data of each of the three primary analyzed particles sizes at the medium
flow rate of 250uL/min using an autosampler arm. Resolution is set to 256 x 256 for better display. (A)
3 um particles with 5 air bubbles. (B) 6 um particles with 6 air bubbles. (C) 10 um particles with 6 air

bubbles.
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To better understand how many events are lost in the air region, we
compared the ratio of particles in the focused ‘data collection’ region to particles lost
in the air bubble over a 2-minute collection period. The ratios are 46.0, 62.0, 17.5 for
3, 6, and 10 um particles respectively. These event counts are obtained from
manually gated regions of air bubbles and the refocused regions after the particle

stream mean returns to a visually focused state.
5.4.3 Focusing recovery by flow rate

The data set for 6 um particles at low, medium, and high flow rates can be
seen in Figure 5.5. For better visibility of stream recovery after bubble transit, we
took an extended data collection for the lowest flow rate (25 pL/min) and a zoomed
in one for the highest (2,500 pL/min) so that the stream can be viewed to have been
disrupted then almost immediately recover. The full, unzoomed, image can be seen
in supporting information for this chapter (Appendix C), along with a zoomed figure
of the mean position tracing illustrating the rapid recovery after a bubble passes
through the device. Low quality of particle focusing can be seen at the lowest flow

rate (25 pL/min).
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Focusing disruption by intermittent air introduction could adversely affect
sample analysis where the particles at the air-water interfaces in an acoustic
focusing system may not be counted properly resulting in loss of data. Imaging flow
cytometry could potentially be an improvement over standard particle detection
schemes found in most flow cytometers. The particles however, do seem to remain

within their sampled volume region and crossover does not seem to be an observed

issue.
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Figure 5.5. 6 um particle stream recovery across 3 flow rates. Event position tracking data of 6
pm particles at three flow rates, low medium and high, respectively. (A) 25 pL/min with bubbles

introduced by hand over 300 seconds to show state change from “disrupted” to “focused”. (B) 250
pL/min with bubbles introduced via autosampler over 120 seconds. (C) 2,500 uL/min with bubbles

introduced manually over 21 seconds to show zoomed in state change from “disrupted” to “focused”.
5.4.4 Comprehensive full width at half max analysis

Figure 5.6 illustrates the varying recovery values by particle size across the
tested flow rates (table in Appendix C). Our initial experiments included 0.93 pm
particles across the selected flow rates, however the primary acoustic radiation force
scales with particle size, as seen in Equation 1 by Vp, and particles less than 3um in
diameter do not focus well because the primary acoustic force effectively diminishes
and a phenomenon termed acoustic streaming, or Rayleigh streaming, begins to
occur.1332-35 The other particle sizes, 3um-10um, exhibited expected focusing even
after being disrupted with intermittent sampling air bubbles.

From the full width at half max (FWHM) value data set we can also see that
the quality of sample stream focusing with respect to flow rates has a concave
shaped curve (Figure 5.6). This indicates that at the highest and lowest flow rates
tested, the quality of particle stream focus is lower than at the median flow rates (25
pML/min to 1000 pL/min). This tells us two things; one, that the particle transit time
through the acoustic field over the region where the transducer is attached, affects
the focusing quality, and two, that some amount of hydrodynamic force is required to
lift the particles off the side walls of the flow chamber to overcome acoustic trapping
that occurs when too many particles are in close proximity to each other at lower

flow rates.1”-?1 The high flow rates also do not exhibit a lower quality of focus due to
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turbulent flow because the Reynolds numbers here are significantly lower than the
lower bound of Re (Re > 1000).36:3” Theoretically, turbulent flow for our flow chamber

occurs at approximately 60 mL/min, while our experimental upper limit is 2.5mL/min.
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Figure 5.6. FWHM comprehensive data.

(A) Control, no bubbles introduced, event position tracking

data of 6 um particles at 250 uL/min. (B) Gaussian fit to histogram data of 6 um particle control

positions at 250 pL/min over 120 seconds, channel bounds displayed as grey dotted lines. (C)

Comprehensive full width at half max (FWHM) data from gaussian fits of 3, 6, and 10 um particles

over all flow rates 10, 25, 100, 250, 1000, 2500 pL/min disrupted by air bubbles, and for control sets

(no bubbles). Each FWHM for bubble/experimental sets are sections of particle stream recovery of

focus immediately after the first air bubble and up to the next bubble. The error bars are calculated

single standard deviation values from the gaussian fits for each data point.
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5.5 Conclusion

In addition to the benefits acoustic flow cytometry provides i.e., faster sample
throughput, sample recovery post processing without the need for dilution, and
reduction of consumables (hydrodynamic sheath fluid), this work describes that
acoustic flow technology is robust in the presence of intermittent air bubbles. Our
work confirms that acoustic focusing flow technology is compatible and robust for
high throughput systems where constant flow multi-well sampling is employed.
Particle streams perturbed by intermittent air bubbles have their focusing disrupted
but immediately recover within one second after the air gap passes. Our results
have also given us deeper insight to limits of acoustic particle focusing. Particles
with low transit times through the acoustic field, or higher flow rates >1000 pL/min,
exhibit an observed weaker quality of focusing. We assert that the lower quality of
focus is not due to turbulence as the Reynolds numbers achieved at the highest flow
rates do not approach the turbulent regime until ~60 mL/min for our device.
Conversely, particles flowing at low flow rates exhibit long transit times in the field
but do not focus well because not enough hydrodynamic lift allows the particles to
separate from the side walls to overcome acoustic trapping and move into the node
region of the acoustic standing wave. Future work will incorporate a quantitative
approach to sample stream focus recovery as well as studies of focusing quality

across multiple parallel particle streams within a single flow chamber.
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6.1 Abstract

The global healthcare demand is in growing need of highly specific point-of-
care (POC) testing. Developing portable handheld devices that can accurately help
diagnose ailments outside of reference laboratory settings is critical for less
developed areas that do not have access to these amenities. Combining the simple
yet robust method of separating particles from a blood solution via acoustofluidics
and affinity capture microparticles, may aid in the development of such POC testing
technologies. We have developed a POC acoustofluidic microparticle-based affinity
capture assay using biofunctionalized negative acoustic contrast particles and a
simple syringe-like device. We study the affinity capture and separation from positive
acoustic contrast media viability at various concentrations of dilute porcine blood.
This study demonstrates that acoustofluidics in combination with specialized
microparticles will aid in the development of a syringe-like handheld POC affinity

capture assay.

6.2 Introduction

Acoustofluidics, the combination of acoustophoresis and microfluidics, has
proven a reliable tool for biological media interrogation and component
separations.=3 Acoustofluidic technologies provide a gentle non-contact method for
microsphere and media separations and analysis.*® Among the many applications
of acoustofluidic assays, microsphere-based assays have proven useful for both
analysis of molecular components with minimal preparation and separation of
functionalized surfaces.’”® Microparticle assays have also proven to be useful for

point-of-care (POC) testing applications.® Combining the high fidelity of
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acoustofluidics media separation with the specificity of microparticle biomolecular
detection may greatly enhance point-of-care testing platforms.°

The fundamental principles of acoustophoresis, or the manipulation of
particles with an acoustic standing wave, have been well defined. The position of
particles within an acoustic field is due to their physical response to the primary
acoustic radiation force. The response of the particle to the primary acoustic
radiation force is due to the intrinsic physical properties of the particle and
medium.'-* The Force (F) scales directly with the particle’s size (Vp), the amplitude
of the acoustic pressure (P), the wavenumber (k), the particle’s location in the
channel (x), and the fluid medium’s compressibility (8m). The wavelength of the
acoustic force (A) scales inversely (Equation 1). In addition to these variables, the
acoustic contrast factor [®(B,0)] largely determines the particle location within the
acoustic standing wave at equilibrium.

_ (”szpﬁm)

F = ) ¢ (B, p) sin 2kx Equation 1
where,

5pp = 2pm B
¢(B.p) =———F" -

2pp +Pm Bm

The acoustic contrast factor determines whether the particle exhibits a
negative or positive acoustic contrast. Particles with a density (pp) higher than that of
the surrounding fluid medium’s (om), and a lower compressibility (8,) compared to
the medium (Bm), will exhibit a positive acoustic contrast, while those with a lower
density and higher compressibility will exhibit a negative contrast value. Particles

with a negative acoustic contrast will move toward the pressure antinode of the
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acoustic standing wave, while particles with a positive acoustic contrast factor will
move to the pressure node.*>17

Previous work using acoustophoretic microparticle focusing has largely been
done using positive acoustic contrast (PAC) beads. Some of the more commonly
used and commercially available microparticle materials for bio-assays are silica,
glass, metals, polystyrene and other materials that exhibit PAC. These materials are
used for various bioassays as they have surfaces that can be readily functionalized
with different biological molecules.?81° PAC particles were used for their
acoustofluidic properties to focus beads in the first acoustic flow chambers for flow
cytometry.'® Blood and other biological cells typically exhibit positive acoustic
contrast which was explored in the 1990’s by Yasuda et al. to develop compact
acoustofluidic flow chambers for red blood cell enrichment.2°

As blood and most other biological media exhibit PAC, research has been
done to acoustically separate specific components out of whole blood solutions. In
2013, an article by Cushing et al. demonstrated the use of elastomeric negative
acoustic contrast particles (NACPs or NACs) with biofunctionalized surfaces to bind
to prostate specific antigen and separate from red blood cells in solution.® The
synthetic polydimethylsiloxane (PDMS) particles presented provide a simple low-
cost method of synthesizing NAC particles. PDMS is an ideal material for biological
assays as it is a non-toxic, biocompatible material.2%2? Additional literature by the
group demonstrated NAC to binding to target positive contrast particles and

separation from other solution components.*’
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One of the current limitations in acoustofluidic assays is that individual
molecules are impossible to focus. To overcome the difficulties of molecular
focusing, microparticle affinity capture assays are desirable. Antibodies have proven
capable model biomarkers for many antigenic studies and have been shown to
functionalize on the surface of microparticles!?2324, Microparticle-based systems
have illustrated high flexibility and complexity as well as the ability to test for multiple
analytes in parallel (defined as multiplexing).25-2’

Here we explore the use of elastomeric negative acoustic contrast
microspheres (NACSs) that focus at the anti-nodes of an acoustic standing wave
within a compact handheld syringe-based device. Using a round glass capillary
coupled with a 1.5 MHz piezoelectric lead zirconate titonate (PZT) transducer, we
assembled a device to capture labeled antibodies on biofunctionalized NACs and
filter undesired positive contrast components out of a solution. This method provides
a useful portable tool to capture desired components out of solution for
measurements using methods such as fluorescence microscopy, flow cytometry, or
fluorimetry. We present the use of NACs for rapid separations and molecular assays
using fluorescently labeled antibodies as an ideal biomarker within various
concentrations of dilute porcine whole blood to demonstrate the development
towards a handheld syringe-like device for POC testing applications.

6.3 Materials and methods

6.3.1 Synthesis of elastomeric negative acoustic contrast particles (NACs)
Polydispersed Population synthesis. Bulk NACs are synthesized largely as

done previously.® 5 g of ratio of 10:1 pre-polymer to curing agent of Sylgaurd 184
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Polydimethylsiloxane (PDMS) is prepared for bulk synthesis. For fluorescent imaging
of the NACs, we stained the PDMS by adding 50 pL of 17 mg/mL in acetone solution
of Nile Red (NR) to the 5 g of PDMS mixture. The 5 g mixture is submerged into
50mL of 1% w/v Cetyltrimethyammoniumbromide (CTAB) in Millipore filtered water.
The solution is shaken and vortexed for ~5 minutes to create a polydispersed
emulsion of PDMS drops in CTAB solution. The solution is then placed in a 60 °C
oven for 2 hours to cure. The resulting solution is filtered using a 30 um an then 20
pm Nylon filter attached to a 60 mL plastic syringe. Particles are collected within the
20-30 pm range on the 20 um filter. The resulting population of cured CTAB-PDMS
particles are counted using a Z series Beckman Coulter Counter after being spun
down and resuspended in PBS and 0.1% w/v albumin from bovine serum (BSA).
The resulting concentration varies but is on the order of 1 X 10° particles/mL. This

process is scalable if greater volumes of particles are desired.
6.3.2 Biofunctionalization of NACs

1 mL of 20-30 um filtered NACs are spun down at 7500 rpm for 3 minutes and
resuspended in 0.1% BSA and 138 mM Phosphate buffered saline (1 X PBS) twice
for washing. The BSA is added to ensure NACs do not clump. 3 mg of avidin is
added to the solution and incubated for 16 hours overnight (enough time for
adequate passive adsorption of avidin onto the NAC surface). The solution is
washed again in 0.1% BSA and 1X PBS after incubation to remove excess avidin.
0.8 mL of NAC solution with 0.2 mL 8.7 pH NaCOs is aliquoted into a microcentrifuge
tube and 5 pL of 0.5 mg/mL primary Antibody (biotinylated Mouse Anti-Human IgG1

from BD Biosciences) is incubated with the NACs for 30 minutes at room

120



temperature and 200 pL. The basic pH is aids in biotinylation of the primary Ab to
avidin. After incubation the NACs with primary Ab are washed in 1 mL 0.1% BSA in
1X PBS and spun down at 7500 rpm for 3 minutes to remove excess primary Ab.
The solution is brought to 1 mL 0.1% BSA in 1X PBS. An illustration of to
biofunctionalized surface can be seen in the supporting information for this chapter
(Appendix D).

Affinity capture target secondary antibody (polyclonal FITC labeled Goat anti-
mouse Ig from BD Biosciences; GAM-FITC) is purchased with FITC label for
fluorescence detection and imaging. Biofunctionalized NACs are suspended in 1 mL
buffer solution (1X PBS + 0.1% BSA) and incubated with 6 pL of 0.2 mg/mL GAM-
FITC in PBS and 0.1% sodium azide over 45 minutes to allow antibody binding
interaction. See below for details on incubation within various dilute blood
concentrations. lllustration of biomolecular complex can be seen in the supporting
information for this chapter (Appendix D). We verified binding using epifluorescence
microscopy (Appendix D).

6.3.3 Device assembly and imaging platform

A 1/0.58 OD/ID (mm) round glass capillary from World Precision Instruments
is cut with a diamond pen to a 6.2 cm length and coupled to the 5 mL plastic syringe
via 2.38 /0.79 OD/ID (mm) Tygon tubing. A 1 x 3 x 29.5 mm lead zirconate titanate
(PZT) piezoelectric ceramic is attached to the cylindrical capillary with adhesive for
acoustic actuation. For microscopy, the capillary is taped to PDMS blocks on a glass
slide. An amplifier coupled to an Agilent Technologies 33250A Function/Arbitrary

Waveform Generator supply’s the acoustic signal to the PZT. For infusion of
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solutions at a constant flow rate, the syringe is attached to a Chemyx Inc. syringe
pump, Model: N300. Imaging is performed using an Andor camera on a Zeiss
epifluorescence Microscope (MODEL NO. DL-658M-TIL). Schematic of setup is

found in the supporting information for this chapter (Appendix D).
6.3.4 Trapping efficiency characterization

A solution of unstained NACs was synthesized as described previously and
filtered manually using 30, 20 um Nylon filters through a 60 mL BD plastic syringe.
The particles were collected from the filter holder following 20 um filtering assuring a
particle distribution between 20-30 um. 5 mL of particle solutions was spun down
(7500 rpm for 3 min) to a pellet and resuspended in 5 mL of 0.1% BSA in 1X PBS
solution buffer. Particles were counted using a Z Series Coulter Counter three times
at a yield of 6 x 10° particles/mL. To measure trapping efficiency, we infused the
particles from the 5 mL BD plastic syringe at a rate of 200 pL/min through the 1/
0.58 OD/ID (mm) capillary with PZT actuator. The frequency was set to 1.59 MHz
and amplitude of ~15 Vpp. The particles were observed to trap and clump over 25
minutes until the 5 mL was expended. The resulting solution was collected after
trapping. The solution was counted three times to assess the number of NACs that
did not trap. 2.5 x 102 particles/mL were counted, which made it into the collection
vial (20 mL scintillation vial) after trapping. The efficiency is calculated as the
average amount of particles collected during trapping divided by the total number
(counted before trapping) multiplied by 100. The calculated efficiency is 95.8% of
particles remained within the capillary and 4.2% were expelled during acoustic

actuation.
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6.3.5 NAC trapping in the presence of PAC polystyrene particles

As a proof of principle, we wanted to demonstrate the behavior of positive
acoustic contrast media focusing in conjunction with trapping of Nile Red (NR)
stained NACs in our capillary device. To demonstrate the particle behavior, we used
a concentration of 5 x 10° 10 pm NR stained polystyrene particles (positive acoustic
contrast media) with the 6.6 x 10° NR stained NACs in 5 mL total volume of solution
buffer. The solution was infused from a 5 mL plastic syringe at 200 puL/min through
the capillary device with PZT actuation at a frequency of 1.59 MHz and ~15 Vpp
voltage. Fluorescent images were collected by the Andor camera on the

epifluorecence microscope setup.

6.3.6 Acoustic trapping biomarker assay and separation in dilute Nile red stained

porcine red blood cells

We demonstrate the separation of FITC labeled secondary Ab on NACs from
NR stained porcine red blood cells (prbcs) through fluorescence microscopy. To
stain the red blood cells with NR, we followed a protocol by Greenspan et al. by
adding 10 pL of 17 mg/mL NR in acetone to 100 pL of 1X PBS washed prbcs.?8
Removing the serum from the blood is necessary because the proteins present in
whole blood serum have a higher affinity for the dye and thus draw NR out of the
blood cell membranes. The blood cells are incubated on rotisserie for 30 min to
ensure diffusion of NR into the membrane. After incubation the suspension is further
washed in 1X PBS to remove excess NR. We added 5 pL of the stained prbcs to 1
mL of 6 x 10° NACs with secondary Ab (polyclonal FITC labeled Goat anti-mouse Ig

from BD Biosciences) in buffer solution and acoustically separated the contents in
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our capillary device at a flow rate of 150 pL/min. The transducer was actuated at
1.646 MHz and ~15 Vpp to trap NACs and focus the positive acoustic contrast red
blood cells. Images were collected on the previously mentioned epifluorescence
microscope. It should be noted that after several minutes the PDMS NACs begin to

draw NR out of the stained prbcs, more on this is described in the discussion.

6.3.7 Acoustic trapping biomarker assay and separation in varying concentrations of

dilute porcine blood

To demonstrate capture of a FITC labeled secondary antibody in the
presence of whole blood media we ran four varying solutions of dilute porcine whole
blood (SWB), 0.5, 1, 5, and 50% w/v in buffer solution with our biofunctionalized
NACs. A solution of 6.6 x 10° particles/mL biofunctionalized NACs are aliquoted in a
1 mL (or 500 pL for 50% SWB) volume in 0.1% BSA in 1X PBS buffer solution. A 6
pL solution of 0.2 mg/mL secondary labeled antibody (FITC-polyclonal Goat anti-
mouse IgG from BD Biosciences), model biomarker, is added separately to 5, 10,
50, and 500 pL porcine whole blood in Heparin Sodium from Animal Tech. The
solution of blood and secondary Ab is vortexed prior to adding NACs in buffer
solution to 1 mL total volume for each sample and incubated, covered, for 45
minutes at room temperature on rotisserie. Separately, 5% w/v SWB was incubated
with secondary Ab and NACs for 3.25 hrs. to observe binding over a longer
incubation period. The solution is taken up into the syringe after incubation and then
infused into a collection vial (1.5 mL centrifuge tube) at volumetric flow rate of 200
pML/min. The PZT is actuated prior to infusion with an applied power of ~15 Vpp at a

frequency of 1.646 MHz. The NACs are trapped while the positive acoustic contrast
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media, porcine RBCs and excess unbound secondary Ab, flow into the collection
vial. A secondary solution of 1X PBS + 0.1% BSA buffer solution is withdrawn into
the syringe as an additional wash to evacuate excess porcine blood media. After the
wash with buffer solution, an additional 500 pL buffer solution is withdrawn to flow
out, with PZT off, the trapped NACs and the captured Ab for counting and image
analysis with the epifluorescent microscope. For sample imaging, we washed
solutions of particles by centrifugation (7500 rpm for 3 min) to remove excess
unbound secondary Ab to minimize background fluorescence.

As a negative control, 6.6 x 10° particles/mL NACs without primary Ab
functionalization are ran in 1 mL volume of 0.5 % w/v SWB diluted in 0.1% BSA in
1X PBS. Another solution of 6 pL from 0.2 mg/mL secondary FITC labeled antibody
is added to the blood prior to mixing with the NACs and incubated for 45 minutes,
covered, at room temperature to test for nonspecific biomarker adsorption. Negative
control particles are collected and analyzed by the same method as described
above.

6.4 Results and discussion
6.4.1 NAC particle solution preparation

NACs are prepared in bulk solution of 1% w/v CTAB to yield polydisperse
populations of particles. It was observed that lower concentrations of the CTAB
surfactant yield larger particles (0.5, 0.05% w/v CTAB in Millipore filtered water was
experimented with). As was found by Cushing et al., the uncoated silicone particles
tend to clump after washing out excess CTAB therefore, due to their hydrophobic

surfaces, we added 0.1% BSA in buffer to facilitate particle stability and reduce the
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clumping effect.1® We also found albumin from bovine serum (BSA) at 1% w/v was
found to work as a biocompatible surfactant for the NACs in place of CTAB. Further
work is needed to evaluate efficacy of BSA as an ideal surfactant for the synthesis of

these particles.
6.4.2 NAC trapping from positive contrast media

Robust NAC particle trapping occurs with high reproducibility in our system.
Negative acoustic contrast PDMS microparticles move to the anti-nodes of an
acoustic standing wave generated by a PZT transducer on our glass capillary and
cluster due to secondary acoustic forces while ~5% of the NACs flow out of the
device (Figure 6.1). Over the course of the trapping and separation, NACs tend to
trap immediately as they enter the glass capillary in discrete regions along the walls
upstream of the PZT while positive acoustic contrast media will stay unfocused until
passing over the PZT transducer (depiction of focused prbcs can be seen in Figure
6.1 G). Laminar flow profiles within the capillary carry focused PAC media in the
center (nodal region) of the capillary as they pass over the PZT. This can be
observed with NR stained polystyrene particles in Figure 6.1 B-F. The pressure node
and anti-node regions of the resonant acoustic standing wave within the device are
determined by the drive frequency of the PZT. At ~1.6 MHz there is a single node
and two anti-nodes within the cylindrical capillary. We demonstrate the separation
and trapping of the NACs from PAC media in the presence of NR polystyrene
microspheres, NR stained prbcs, and in various w/v fractions of whole porcine blood.
While our experiments held the number of buffer rinses and subsequent trapping

and separation constant at two, it should be noted that further washes within the
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capillary device are possible while keeping in mind the constant ~5% loss of NACs

during each run.
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Figure 6.1. lllustration and images of NAC trapping in capillary device. (A) side view and cross
section of capillary device with PZT transducer actuated. Negative acoustic contrast silicone particles
focus at antinodes and positive acoustic contrast particles focus within the node of the resonant
acoustic standing wave. (B) Representative fluorescence overlay image of 6 x 10 particles/mL NACs
(green) trapping in antinode regions of glass capillary in the presence of focused 10 um NR
polystyrene particles (scale bar = 200 um). (C) Schematic and insets from various locations across
the capillary corresponding to fluorescent image locations. (D-G) Red channel fluorescent images of
6 x 105 NR stained NACs and 5 x 10° NR polystyrene PAC particles flown at 200 pL/min in buffer
solution. Dashed lines represent capillary walls (scale bars = 200 um). (D) Image at capillary
upstream of PZT. (E) Image at distal position on capillary over PZT focused on NACs and (F) on

polystyrene particles. (G) Image of focused polystyrene particles downstream of PZT.
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6.4.3 Separation of affinity capture NACs from Nile red stained porcine red blood

cells

For the purposes of demonstrating separation from red blood cells, we
suspended a 1 mL solution of primary Ab labeled NR-NACs, 0.5% w/v NR stained
prbcs, and secondary capture target Ab (GAM-FITC). The solution was washed after
incubation to remove excess secondary unbound FITC-Ab to reduce background for
fluorescence imaging. We ran the solution through the capillary device and captured
images of NACs trapping with secondary Ab and separating from focused NR-prbcs.
The NR-prbcs appear dim in the images likely due to the diffusion of NR into our
NACs. Images of antibody captured NACs trapping and separating from NR-prbcs
can be seen in Figure 6.2. We explored this by forming a solution of unstained NACs
with secondary Ab already bound and ran them through the device with NR stained
prbcs. Theoretically, the labeled NACs should have only shown in the green
fluorescence channel and not in the red channel with the NR stained prbcs but we
found that after a short period of time, on the order of minutes, the NR diffused into
the NACs. We verified this by incubating the particles without NR in a solution of

0.5% NR stained prbcs (washed to remove excess dye) for 45 minutes and
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observed red fluorescence within the NACs. Over time the dye within the red blood

cell membrane diffuses out until they are too dim to image in the presence of NACs.
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Figure 6.2. Capture assay of biofunctionalized NACs from purified NR stained prbcs in buffer
solution. (A) Greyscale enhanced contrast red fluorescence channel image of NR-NACs trapping at
capillary walls in the presence of focused dim NR-prbcs (center). (B) Fluorescence intensity line plot
of NR-rbcs within a 200 um region of panel image A (inset). (C) Overlay of red and green channel
fluorescence of affinity capture NACs in the presence of NR-prbcs. Red arrow illustrating location of
focused NR-rbcs and direction of flow. (D) 20X magnification red/green channel fluorescence overlay
of NR-NACs with captured FITC-labeled secondary Ab after separation in microcapillary device on

glass slide. Dashed lines represent capillary walls. Scale bars = 200 um.

6.4.4 Dilute blood affinity capture assay at various whole blood concentrations
dilute blood solutions and negative control
To assess the viability of our platform for POC testing, we tested the limit of

detection of our model Ab (FITC-goat anti-mouse IgG) within various dilute blood
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samples. As a negative control, we incubated NACs without Avidin-biotinylated MAH
primary Ab to test for non-specific interaction. Our results indicate the FITC-GAM
secondary Ab does not visually non-specifically adsorb onto our particles. Each
dilute blood experiment was washed within our device two times with buffer solution
to acoustically separate and collect red blood cells while trapping NACs with
captured target FITC-GAM secondary Ab.
Affinity capture of GAM-FITC and blood component interactions

While polyclonal IgG (our capture target secondary Ab) exists as a major
component within whole blood, we wanted to model the capability of detection at
concentrations lower than biological (0.001 experimental vs. 1.0 mg/mL biological) to
imitate a concentration of less prevalent targets. IgG accounts for ~75% of serum
antibodies (1.0 mg/mL) found in human whole blood which facilitates the immune
system’s early detection and elimination of various pathogens.?*-3! The presence of
proteins and other compounds within whole blood inhibit detection of specific ligands
due to passive adsorption of the proteins onto the hydrophobic surface of our NACs
effectively blocking the Ab interactions. Previous work with these NACs showed
detection in the presence of 10% extracted plasma and separately in 0.1% SWB.6
We used a higher starting concentration of whole blood (0.5%) as well as
subsequently higher concentrations, 1, 5, and 50%, w/v thereafter. Prior to acoustic
separation within the capillary, each solution was incubated with target Ab and whole
blood for 45 min. To simulate steps involved in a handheld device, we infused each
sample with acoustic actuation to trap labeled NACs and remove red blood cell

effluent. After infusion, 1 mL buffer was taken up into the device for additional red
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blood cell removal. This process was repeated two times. As seen in Figure 6.3,
NACs in 1% and 0.5% w/v SWB bind to our target secondary Ab. At 5% and higher
whole blood concentrations, the various components within whole blood block the
binding of our secondary Ab.

We wanted to observe if longer incubation periods, 3.25 hrs. (as opposed to
the previous 45 min incubation), would allow the target Ab to bind given that
components in blood desorb in the presence of competitive binding for our 5% whole
blood solution (our observed upper limit of affinity Ab capture).223 Due to the
specificity of our Ab interactions, we hypothesized that given a longer period
incubation, the secondary Ab would adsorb and bind to our biofunctionalized NACs
while nonspecific adsorption would be reduced. Our observations of the resulting
solution of NACs show that some component within the whole blood prevents our
secondary Ab from binding possibly due to another protein component within the
blood having higher affinity for the hydrophobic surfaces of our NACs. Very little to
no fluorescence was observed on the surfaces after the longer incubation period for
5% whole blood as seen in Figure 6.3. The small amount of bound secondary Ab
was observed in small aggregates of NACs after washing excess supernatant with

unbound Ab.
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Figure 6.3. Affinity capture in the presence of various dilute blood concentrations. Each red
and green fluorescence channel overlay image is of a washed sample after 45 min incubation (with
exception of E) and 2 acoustic separation buffer washes within the capillary device. (A) NR stained
NACSs after affinity capture of FITC labeled secondary Ab (green) in the presence of 0.5% SWB. (B)
NR stained NACs after affinity capture of FITC labeled secondary Ab (green) in the presence of 1%
SWB. More particles can be seen without green capture target Ab. (C) NR-NACs exhibiting minimal
to no capture of secondary Ab after incubation in 5% SWB. Small clusters of NACs exhibit low
amounts of green secondary Ab captured. (D) NR-NACs cluster at higher magnification exhibiting no
capture of secondary Ab in after incubation in 50% SWB. (E) Negative control; incubation of non-
biofunctionalized NR-NACs, secondary Ab, and 0.5% SWB exhibiting no green capture target Ab on
the surfaces. (F) 3.25 hrs. incubation of NR-NACs in the presence of 5% SWB and secondary Ab.
After longer incubation at 5% SWB, no increased fluorescence signal for secondary Ab was

observed. Scale bars = 200 um.

To further asses the lower limit of detection at the working concentrations of
dilute porcine whole blood, a fluorescence calibration curve via flow cytometry needs
to be incorporated in future work.

6.4.5 Particle Counts After Trapping and Separation from Dilute Porcine Whole
Blood

To determine the amount of prbcs expelled with our trapped NAC contents,
we collected and tested the solutions after the second buffer wash. In an ideal
system a greater portion of the volume of whole blood would be expelled after each
trapping experiment however due to the physical limit of the syringe pump and dead
volume within the capillary and tubing, we keep a calculated (based on device
component dimensions) ~493 L volume within the syringe, capillary device, and

tubing. Approximately half of the total tested volume is not expelled from the device.
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The additional buffer wash steps are therefore necessary to aid in the removal of
excess blood media. Our results illustrate that a large amount of the red blood cells
is expelled as waste during trapping experiments, however it should be noted that
the Coulter Counter does not discern between NACs and prbcs at the 6-10 um (prbc
size) set range of detection meaning our resolution is limited to the particle sizes
(Figure 6.4).

While our filtering process during NACs preparation removes a large volume
of silicone particles less than 20 um in diameter, some smaller particles remain
within the collected region that stick to larger particles as is evident from
observations of NAC clusters. Of the ~500 pL of contents that are expelled, it can be
seen in Figure 6.4 that a majority of prbcs are focused out of the device for each run.
Future improvements to the system will eliminate the dead volume of unprocessed
sample. The future goal is to advance the platform to a completely handheld syringe
with PZT-capillary needle which will greatly reduce the amount of unprocessed
volume evident within the tubing. Our preliminary work illustrates that the NACs trap
and separate from whole blood media and remain within the capillary while the red

blood cells will flow to the collection vial.
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Figure 6.4. Porcine red blood cell collection during acoustic separation experiments. (A) Bar

graph of 6-10 um particle counts for initial blood cell concentrations (black) without NACs at 0.5, 1, 5,
50% wi/v dilute SWB in buffer solution vs. 6-10 um counts of effluent blood cells after first trapping
(grey). (B) Recovered solutions of 0.5% SWB experiments after initial trapping (left), first buffer wash
(middle), and collection of NACs and residual blood after second wash (right). (C) Recovered
solutions of 1% SWB after initial trapping (left), first buffer wash (middle), and collection of NACs and
residual blood after second wash (right). (D) Recovered solutions of 5% SWB after initial trapping
(left), first buffer wash (middle), and collection of NACs and residual blood after second wash (right).
(E) Recovered solutions of 50% SWB after initial trapping (left), first buffer wash (middle), and
collection of NACs and residual blood after second wash (right). Reduction of prbcs in total volume is

evident from the decrease in red observed from subsequent collections.

6.5 Conclusions

We present work towards the development of a simple, low-cost lab in a
syringe assay using our engineered negative acoustic contrast particles for the
purposes of POC testing. Our work illustrates the potential to detect specific
biomarkers within a biological solution for the purposes of detecting early onset of
infection by applying an acoustic standing wave to a sample mixed with our
specialized microparticles within a cylindrical glass capillary for separation from
positive acoustic contrast media. We demonstrate affinity capture of fluorescently
labeled antibodies in the presence of up to 1% w/v porcine whole blood. Separating
red blood cells and other components reduces interference to enhance fluorescence
signal on the surfaces of our NACs for downstream analysis. Future work includes
synthesis of monodispersed populations of NACs which will aid in the discrimination

from red blood cells during analysis and counting. We are incorporating glass
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capillary microfluidics and oil-in water emulsion techniques to generate

monodispersed populations of PDMS drops (see supporting info in Appendix D).

Additional work will improve on the device design by eliminating the dead volume

between the capillary, syringe, and collection vial to increase the efficiency of

positive acoustic contrast media removal from our target trapped NACs.
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7.1 Abstract

The integration of aqueous two-phase systems (ATPS) with microfluidics for
droplet-based cell culturing applications is currently limited by the need for
thermodynamically stabilized phase enrichment as well as the use of simple gelation
chemistries to provide a scaffolding biomaterial for long term cell culture. Here we
introduce a new method of synthesizing size-controlled dextran-alginate (DEX/ALG)
microgels encapsulating a suspension of cells within a polyethylene glycol (PEG)
phase. Acoustic modulation of a microcapillary fluidics system is optimized and
enhances the droplet formation of enriched PEG-DEX polymeric solutions. This
platform provides an efficient and robust method for the templated encapsulation of
cells and growth in long-term 3D suspension culture.

7.2 Introduction

Fabrication of complex, hierarchical 3D cell culture constructs within hydrogel
microspheres is enabled by droplet microfluidics. An accessible acoustofluidic
system comprises water-in-water emulsions, where aqueous droplets are dispersed
in a surrounding immiscible water phase. These emulsions, coined aqueous two-
phase systems (ATPS), make use of phase separation at specific volume fractions
to form immiscible polymer solutions with distinct boundaries.’* ATPS are
advantageous in comparison to the use of potentially cytotoxic hydrocarbon oils as
an outer phase, enabling simple gel forming chemistries in water environments.® Qil-
water interfacial tensions are on the order of tens of millinewtons/meter (mN/m),
meaning stable phase separation is favorable.®” In contrast, ATPS exhibit a very low
interfacial tension on the order of hundreds of micronewtons/meter (uN/m), requiring
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higher input energy to favor separation in microfluidic systems.®’ A simple
implementation of ATPS uses DEX drops suspended in PEG, where droplets are
formed by coflowing equilibrated fluid phases in a microfluidic channel with the
addition of an applied secondary mechanical or acoustic force to break up the
coflowing DEX fluidic jet stream.8° This secondary force overcomes the low
interfacial tension of the two aqueous phases, enhancing droplet breakup. We apply
an acoustic force supplied by an amplified signal from a speaker to facilitate the
breakup of the two aqueous solutions into droplets. Additionally, the cell
encapsulating droplets can transition immediately into cytocompatible cell culture
conditions after drop gelation.

Long term cell culture assays in microsphere gels formed using existing
ATPS platforms are limited by cytotoxic gel forming chemistries, lack of diversity in
gel-forming additives that recapitulate native extracellular matrix, microsphere
polydispersity, and complex device configurations.1%1” An ideal ATPS platform for
cell culture should include (1) material diversity allowing for bioinspired gelling
agents to be added to the polymeric droplet phase, (2) easily implemented device
design using inexpensive components to promote droplet formation, and (3)
cytocompatible methodology to improve control over 3D culture environment,
reproducibility, and long-term cell culture. The use of crosslinked macroscale
hydrogels with ATPS for cell encapsulation has been studied.6181° However,
implementing a simple and cost-effective device that produces ideal hydrogel

microspheres for long-term 3D cell culture has yet to be realized.
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In this work, we describe a simple cytocompatible microgel fabrication
technology using a fluidic device engineered to acoustically break-up an equilibrated
aqueous two-phase DEX/ALG-PEG system into monodisperse droplets for long-term
cell culture. Our work emphasizes the low-cost construction and simple operation of
a glass capillary microfluidic device interfaced with a frequency-controlled audio
loudspeaker. Cell-laden DEX/ALG drops dispersed into a PEG outer phase form
within the microfluidics device and solidify in a collection solution containing calcium
to form hydrogel microspheres amenable to long term culture of mammalian cells.
7.3 Materials and methods

7.3.1 Device setup, construction and coupling with loud speaker

For the construction of our microfluidic glass microcapillary device, we use a
Sutter Instrument co. P-97 micropipette puller to make our 100 pm injection tip and
200 pm collection tip. The diameters are filed with fine sand paper to exact
measurements. The diameter of the unpulled regions of the World Precision
Instruments borosilicate glass capillaries are 1.0 / 0.58 mm OD/ID. The injection and
collection capillaries are housed in a 1.5/ 1.05 mm OD/ID Harvard borosilicate glass
square capillary tubes. The ends of the square capillary are covered with Probe
Needles M919 plastic-steel syringe tips normal to the surface of the horizontal
orientation of the glass capillaries. A square pattern is cut on either side of the
syringe tips to snugly cover the capillary components of the device. The syringe tips
are then covered and glued down with Deycon Epoxy to prevent leaking over a plain
25 x 75 x 1 mm cm Swiss glass slide. The capillaries are aligned using a Zeiss Axio

brightfield microscope at 10X magnification. The capillary ends and syringe tips are
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coupled to Scientific Commodities, Inc. LDPE 1.3208 mm OD Micro Medical Tubing.

This device setup can be seen in Figure 7.1.

5500 pL/Hr

N %
s % & Ln"|

Amplified Signal Collected After Crosslinking

Figure 7.1. Integrating a loud speaker into the microfluidics device operation enables break-up
of the otherwise low interfacial tension ATPS fluidic jet and control over the droplet size. (a)
Syringe pumps inject the inner (alg-DEX) and outer phase (PEG) fluids into the microfluidics device.
(b) The function generator/amplifier/loud speaker coupled to the inner phase fluidic line oscillates
across a small frequency range (10-60 Hz), modulating droplet formation within the device which is
demonstrated in (c), with and without cells. (d), The droplets are collected into a calcium bath, which
crosslinks the alginate in the inner phase, and transferred to suspension culture for up to 9 days where

(e), cell growth is observed. Scale bar = 100 pum.

The microfluidic device is placed on the microscope stage for droplet
synthesis. The injection tubing, coupled to the injection capillary for inner phase
infusion, is taped directly to an uncovered loudspeaker surface (Figure 7.1 b). The
loudspeaker is connected to a Fosi Audio 50W 4 ohms, 20 Hz - 20 kHz, 0.04% THD)
Stereo Audio Amplifier Mini Hi-Fi Professional Amp for Home Speakers
approximately 10 cm from the microfluidic device. The frequency input signal’s
source is an Agilent Technologies 33250A Function/Arbitrary Waveform Generator
connected directly into the amplifier. The input peak-to-peak voltage is set to 10 V
from the function generator for all the experiments. We vary the frequency in 5 Hz

intervals from 10 to 60 Hz to generate the matrices. The injection tubing is

144



connected to a Becton Dickson 10 mL plastic syringe and Harvard Apparatus, PHD
200 Infuse/Withdraw, CAT#: 70-2001, FREQ(HZ) 50/60 Syringe Pump
approximately 74 cm from the microfluidic device.
7.3.2 ATPS solutions and cell laden hydrogels

The injection syringe contains the ~107 cells/mL of EMT6 mouse mammary
carcinoma cells in 5% enriched 550 kDa Dextran 25mM HEPES, 150mM NacCl
aqueous solution from Sigma Aldrich with 0.5% weight per volume (w/v) alginate
from Sigma Aldrich at pH 7.4. The tubing connected to the outer phase infusion
syringe tip is connected to a Becton Dickson 60mL plastic syringe on another
Harvard Apparatus Syringe Pump approximately 80 cm from the microfluidic device.
The 60mL syringe contains the outer phase solution of 17% enriched 8 kDa
Poly(ethylene glycol) 25mM HEPES, 150mM NaCl aqueous solution at pH 7.4 from
Sigma Aldrich. The second syringe tip distal to the injection side is coupled with the
same Micro Medical Tubing and connected to a Becton Dickson 10 mL plastic
syringe for excess outer phase waste approximately 20 cm from the device. The
collection capillary is interfaced with a short 2.38 mm OD Tygon tubing to another
1.0/0.58 mm OD/ID ~90° bent World Precision Instruments borosilicate glass
capillary that is submerged in a 20 mL Scintillation vial half-filled with a solution of

1M CacCl2, 150 mM NacCl, 25 mM HEPES, and pH 7.4 crosslinking solution.
7.3.3 Aqueous polymer phase separation (polymer phase enrichment)

The Dextran (DEX) and Poly(ethylene glycol) (PEG) solutions are enriched
prior to hydrogel synthesis. 5% w/w of a 50mL aqueous solution of 550 kDa DEX in

25mM HEPES buffer, 150 mM NacCl at pH of 7.4 is dissolved thoroughly. A 17% w/w
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50mL aqueous solution of 8 kDa (PEG) 25mM HEPES buffer, 150mM NacCl at pH of
7.4 is dissolved as well. The two solutions are added to a 125 mL glass separatory
funnel and mixed thoroughly. The two aqueous polymer phases are given ~48-hours
to separate into distinct phases. The higher density DEX phase separates into the
bottom of the funnel and the lower density PEG remains as the top phase. A Kruss,
DR6200-TF Refractometer was used to verify the bottom phase as DEX. The DEX
phase is confirmed as the bottom partitioned volume of the enriched ATPS by
refractive index measurements (Figure 7.2). Each data point’s respective standard
deviation error bar is smaller than the diameter of the plotted points. Each phase is
then collected into separate vials. 0.5% w/w alginate is added to the collected DEX
and stirred for 24 hours for complete mixing. The DEX-alginate and PEG solutions
are then both filtered using a 0.2 um Nalgene bottle top filter to sterilize for cell

culture.

DEX Index of Refraction

1.400 -
S
gtearsy 24.6%
% [Enriched DEX
o 1.350+ :
(e
o
>
© 1.325-
£
1.300 r T E |
0 10 20 30

Mass % concentration of Dextran

146



Figure 7.2. DEX bottom phase index of refraction. Four pure dextran weight percent solutions
were mixed in buffer solution, used for the cell encapsulation experiments, consisting of millipore
filtered water, 150 mM NaCl, and 25 mM Hepes pH controlled at 7.4 (polymer buffer). The solutions
were prepared at 5% w/v, 10% w/v, 20% w/v, and 30% w/v of DEX in polymer buffer (black points).
The solutions were measured for their index of refraction values 5 times each with a standard
deviation smaller than the area of the points on the graph. A 17% PEG and 5% DEX in aqueous
polymer buffer solution was enriched as described previously; the bottom phase was collected for
interrogation. The value of the unknown bottom phase was plotted against the known indexes of

refraction and interpolated to the fit polynomial curve to determine the mass % of 24.6 (red).
7.3.4 Three-dimensional hydrogel cell culturing

EMT6 mouse mammary carcinoma cells are maintained using standard
sterile cell culture conditions (37 °C, 5%CO2) in 150 mm tissue culture treated
polystyrene dishes (Corning) with 20 mL of Minimal Essential Media supplemented
with 10% Fetal Bovine Serum and 1% Penicillin/Streptomycin (Sigma-Aldrich) to
grow up for encapsulation. In general, if desired cell/droplet occupancy is 10
cells/100 um DIA droplet then 2x107 cells/mL is required for the encapsulation
protocol. This concentration is easily adjusted by changing the initial cell
encapsulation concentration. Cells at ~80% confluence in 150 mm dishes
(depending on the desired final concentration) are washed with 3 mL of 0.5%
Trypsin and then incubated in 5 mL of 0.5% Trypsin (Sigma-Aldrich) for up to 30
minutes to digest and release attached cells. The cells are then washed off the dish
with gentle pipetting by adding 5 mL of media to the 5 mL of trypsin and cells. This
10 mL cell suspension is transferred into a 50 mL centrifuge tube (and combined

with cells recovered from additional 150 mm dishes if applicable), a sample is taken
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for cell counting using a Z Series Coulter Counter and centrifuged at 1500 RPM for
10 minutes to pellet.

The cell concentration to be used is determined, the cell pellet is resuspended
into 20 mL physiological buffer (25 mM HEPES, 150 mM NacCl, pH 7.4), and the
volume corresponding to the desired final cell concentration is transferred to a fresh
50 mL centrifuge tube. This adjusted cell suspension is then centrifuged at 1500
RPM for 10 mins to wash and pellet. The physiological buffer supernatant is then
aspirated, and the cell pellet is resuspended into 500 pL of sterile filtered DEX-
alginate by gentle pipetting using a 1000 pL pipette. The 500 pL of DEX-alginate cell
suspension is drawn up into an 18G needle/10 mL syringe (BD) and then added
dropwise to 2.5 mL of DEX-alginate in a 50 mL centrifuge tube while vortexing. The
3 mL cell suspension is then passed through a 40 pum cell strainer test-tube filter
insert (BD Falcon) into a fresh 50 mL centrifuge tube to produce the final single cell
suspension in DEX-alginate. A sample is taken from this solution to count the final
cell concentration as there is some cell loss during the protocol due to the highly-
viscous nature of the DEX-alginate and the filtering out of any cell clumps. This
dropwise-vortex mixing, and filtering of the DEX-alginate and cells guarantees a
single cell suspension which is paramount to avoiding clogs in the microfluidics
device. The cell suspension is loaded into a 10 mL syringe for droplet synthesis in
the microfluidics system.

Over the course of droplet synthesis (about once/hour), crosslinked droplets
are removed from the setup and allowed to settle in the 1 M CaCl: buffer so that the

excess Ca’* may be removed and the cell encapsulating droplets can be transferred
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by gentle pipetting into a temperature equilibrated 125 mL spinner flask bioreactor
(Corning) with 125 mL of complete media adjusted to pH 7.4 with 25 mM HEPES.
For the t0 initial time point, a 20 pL sample of droplets is pipetted onto a microscope
slide (VWR) and placed onto a brightfield microscope for imaging using a Nikon
camera and SPOT Basic software. Once the total cell encapsulating droplet
population has been transferred into the spinner flask bioreactor, the head space is
backfilled with 5% CO2 and placed onto a slow stir plate in a warm room maintained
at 37 °C for the duration of the time course (9 days). At days 3, 5, 7, and 9 samples
are taken from the culture for imaging as described above and the culture media is
changed. The spinner flask bioreactor is removed from the stir plate, allowing the
droplets to settle to the bottom of the flask. Once settled, the media is aspirated
being careful to leave about 20 mL at the bottom to not aspirate droplets and then
refiled to a final volume of 125 mL with temperature equilibrated complete media and
backfilled as before.

On day 9, the total droplet population is collected, and the cells are recovered
as well as counted for comparison to the initial cell concentration. To collect the
droplet population, the droplets are allowed to settle, and the media is aspirated until
20 mL of media and droplets remain in the spinner flask. The 20 mL of droplets and
media is pipetted into a 50 mL centrifuge tube and the droplets can settle once more
(~10 minutes). The remaining media is carefully aspirated and 20 mL of a droplet
dissolving buffer (0.5% trypsin, 50 mM sodium citrate, 25 mM HEPES, 150 mM NacCl
pH 7.4) is added to the droplets in the 50 mL tube. The tube is incubated at 37 °C for

30 minutes with vortexing every 5 minutes to encourage dissociation of cell
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aggregates. The recovered cells in dissolving buffer are then centrifuged at 1500
RPM for 10 minutes, resuspended into 1 mL of physiological buffer and counted
using the Coulter Counter.

7.3.5 Flow cytometry analysis

Upon completion of droplet synthesis, we assay the cells from the remaining
cell suspension in DEX-alginate for apoptosis by annexin V and necrosis by
propidium iodide (also known as LIVE/DEAD). The DEX-alginate cell suspension is
compared to LIVE and DEAD control populations. The LIVE cells are processed with
trypsinization into a single cell suspension and remain in complete media on ice
during the experiment while the DEAD control cells are treated by suspension in
50% ethanol for 60 minutes at 37 °C and 5% CO: in the incubator. Once the DEX-
alginate cell suspension has been in ambient conditions for the duration of droplet
generation (~2 hours), it is transferred to a 15 mL centrifuge tube and diluted by the
addition of physiological buffer to dilute the viscosity of the solution. The suspension
is centrifuged at 3000 RPM for 10 minutes. In this first wash, the cells form a band
towards the bottom of the test tube but have not yet been fully pelleted so ~5 mL of
the diluted DEX-alginate is removed by aspiration and 5 mL of physiological buffer is
added and vortexed. The tube is centrifuged at 3000 RPM for 10 minutes. This
wash/centrifugation protocol is repeated once more to pellet the cells at the bottom
of the tube and remove as much residual DEX-alginate solution as possible. The
DEX-alginate-buffer supernatant is removed, and the cells are washed in 10 mL of
physiological buffer followed by aliquoting into 4, 15 mL test tubes and centrifugation

at 2000 RPM for 10 minutes. The staining protocol is then followed as described in
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Alexa Fluor 488 annexin V/Dead cell apoptosis Kit with Alexa Fluor 488[1 annexin V
and PI for flow cytometry from Invitrogen. The samples are analyzed (100,000

events per group) using an Attune NxT flow cytometer.
7.4 Results and discussion

7.4.1 System characterization and size distributions by varying applied frequency

and flow rates

Droplet size variation by speaker frequency modulation is observed in our
preliminary work where enriched 17% w/w 8 kDa PEG (outer phase) is co-flowed
with enriched 5% w/w 550 kDa DEX (droplet phase) and monodispersed DEX drops
form. These observations motivate the idea to use this method as a mode of
generating monodispersed hydrogels for cell culturing by incorporating ALG as a
simple crosslinkable matrix for cell encapsulation. Varying the weight percent
concentrations of ALG drastically changes the viscosity of the already highly viscous
DEX droplet phase. High concentrations of ALG inhibit the breakup of the inner
phase even with incorporation of an amplified signal to the speaker. We scale the
amount of ALG to 0.5% w/v in the DEX droplet phase, enabling droplet generation
after increasing the amplitude of the applied acoustic force generated from the
speaker. To operate the device, the inner phase (composed of 5% w/v 550 kDa
dextran, 0.5% w/v sodium alginate and a suspension of EMT6 mouse mammary
carcinoma cells) is directly attached to a speaker enabling acoustic oscillation of the
coflowing fluidic jet to modulate droplet formation. We investigated a combinatorial
range of input frequencies (10-60 Hz) and inner phase flow rates (100-400 pL/Hr) to

manipulate the size of the hydrogel droplets in real time (Figure 7.3 a).
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Figure 7.3. Characterizing the microfluidics system across a range of flow rate/frequency
combinations both with and without cells enables robust, controllable, and reproducible
droplet generation. (a) Droplets synthesized are visually characterized as monodisperse, poly
disperse or no regular drop formation. Each set of points represents four experimental runs varying
applied frequency and flow rates using Device 1 (bottom point), Device 1 with cells (2" from bottom),
Device 2 (3 from bottom), and Device 3 (top point). Representative images of characterizing
samples without (b, d, f) and with (c, e, g) cells and by their size distribution (h) ; monodispersed (b,
¢), polydisperesed (d, €), or no droplet generation observed (f, g). Each experiment used a constant
outer phase flow rate of 5500 ul/hr and Function Generator input voltage of 10 Vp-p into the amplifier
and each image was taken 5.5 cm downstream from the injection nozzle. (h) Droplet size distribution
is plotted against a theoretical mass conservation curve (black line) as a function of applied frequency
and flow rates across 3 different microfluidic devices. Growth rate for monodisperse droplet formation
determined by a variant of Plateau-Rayleigh instability is plotted as an overlay (grey curve). Scale

bars =200 um.

Droplet formation is characterized by microscopy across three individual
devices without a cell suspension in the inner phase and with cells in one repeat
instance with n > 2 (Figure 7.3 b-g). We observed monodisperse as well as
polydisperse formation of droplets across a size range of 100 to 250 pm diameters
and in some cases no droplet formation for inner phase solution with and without
cells (Figure 7.3 a-g). Resultant monodisperse droplet sizes, as a function of
frequency, agree with a theoretical mass conservation model that predicts diameter
at given inner phase flow rates (Figure 7.3 h, data points and black line).
Interestingly, the 400 uL/Hr flow rate demonstrates points of deviation from the
theoretical droplet formation regime likely due to growth of spontaneous
perturbations and not as a result of the acoustic driving frequency as is evident in
the lower inner phase flow rates (100, 200, and 300 pL/Hr).20-22
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The droplet breakup regime for such an ATPS is understood by a variant of
Plateau-Rayleigh instability growth rate (Figure 7.3 h grey curve overlay), studied by
Adjari et al.?® Their model predicts droplet formation as a result of the growth rate for
specific frequencies for a spontaneous (non-driven) system. However, we observed
a stable fluidic jet in the absence of acoustically induced perturbations. This
observed discrepancy of the Plateau-Rayleigh instability between non-driven and
spontaneous droplet formation has been documented before by Kreutzer et al. for
DEX/PEG ATPS.524 Spontaneous droplet systems for DEX/PEG ATPS have been
observed at weak hydrostatic pressures by Tsai et al. providing a counterpoint to our
observations.?®

Although certain frequency and flow rate combinations do not produce drops
or produce polydisperse droplet populations, there are driving parameters that
reproducibly yield monodisperse droplet populations (Figure 7.3). Intuitively, we
observe a decrease in droplet size with increasing acoustic frequency and
decreased flow rates. Collecting the flowing droplets into a CaCl, bath enables rapid
crosslinking of the DEX/ALG gels which results in hydrogel droplets with an almost
perfect aspect ratio and sphericity. After characterizing our improved technique for
using an ATPS system with a gelling agent to create droplets in our acoustofluidic
device, we investigated the viability for 3D cell culture applications.

7.4.2 Hydrogel culturing viability

We grow the EMT6 mouse mammary carcinoma cell line, which is well

characterized to grow in conventional tumor spheroid models?’, in standard culture

conditions and use a protocol developed for preparing a single cell suspension in the
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DEX/ALG droplet phase. Details on cell culturing can be seen in the Supplementary
Information. After adding the cells to the DEX/ALG phase, we operate the system at
various inner phase flow rate and frequency combinations to determine if the
addition of the cells affects droplet generation. The resultant matrix of droplet
formation with cells contains fewer stable droplet generating regimes in comparison
to the inner phase solutions without cells incorporated (Figure 7.2 a). This
observation motivated us to investigate the rheological properties of the fluid
components both with and without cells. Further details can be seen in
Supplementary Information. From the rheology measurements, we conclude that the
presence of cells in the droplet phase at both low and high cell concentrations does
not substantially change the viscosity however the droplet generation matrix with
cells is still limited. We hypothesize that this may be caused by observed cell
aggregation within the inner phase solution over the duration of a droplet synthesis
experiment. The aggregation of cells over time is a natural phenomenon that has
been exploited for conventional tumor spheroid formation but in our case, influences
the injection of the inner phase solution out of the glass microcapillary and therefore
changes the dynamics effecting the droplet generation.?8

A well-known challenge with the interface of microfluidic droplet generation
and cell culture is the necessity for low volumetric flow rates, where cells in a
biomaterial suspension may be out of ideal culture conditions for up to hours at a
time. To demonstrate that our new method of 3D cell encapsulation with an ATPS
system and the time to synthesize enough droplets for relevant biological assays is

still a biocompatible approach, we measured the fraction of live to necrotic cells
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recovered from the inner phase directly after droplet generation using an adapted
Annexin V/Propidium iodide flow cytometric assay (Figure 7.4 a). Quantitatively,
there is no statistically significant difference between the live control group and our
experimental (cells in DEX/ALG) group for necrosis. There was a qualitative
increase in the necrosis of the cells in the DEX/ALG however this is likely due to the
rigorous dilution, washing, and centrifugation protocol necessary to recover the cell
population from the DEX/ALG pre-gel for assay and not due to exposure to the
biomaterial, exposure to shearing or acoustic forces, and the time for device
operation. Furthermore, the viability of these microgels proved exceptional after nine
days of suspension culture in spinner flask bioreactors. We demonstrated the
robustness of the system by encapsulating EMT6 cells on 3 separate occasions
using different cell concentrations, imaged the proliferation of each culture
immediately after encapsulation and at 3, 5, 7 and 9 days (Figure 7.4 b).
Qualitatively, it appears that there is a lag phase in the proliferation rate of the cells
from initial encapsulation to day 3 which is likely caused by a low cell encapsulation

concentration (~10 cells/droplet) and the cells being isolated from one another. Once
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cell-cell contact is established, the growth rate becomes more exponential and

cellular aggregation as in tumor spheroid formation is observed.

a ...__Dead Control DEX Experiment . Live Control

02

Cell Proliferation/Time

Figure 7.4. Encapsulating cells in DEX-ALG droplets produces a reliable platform for cell
proliferation and eventual formation into multicellular tumor spheroids. (a) The results from an
apoptosis/ necrosis (annexin V/propidium iodide) flow cytometric assay indicate that the polymer
solutions and the method to encapsulate the cells are biocompatible and the slight shift in necrosis is
because of post processing affects to centrifuge cells out of the DEX-alginate solution. EMT6 mouse
mammary carcinoma cells are encapsulated at different initial concentrations (rows in b) and

observed to proliferate up to the end of our culture time course of 9 days (scale bars 50 um).
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7.5 Conclusions

Acoustically assisting water-in-water droplet generation for 3D cell culturing
hydrogels provides a low cost and reproducible method to grow and study cell
systems across multiple applications. This technology provides a robust method to
generate 3D hydrogels for cell culture and has the potential to be used alongside
drug discovery platforms or for 3D printing applications. Our initial work proves to be
a platform with feasibility for scaling up by incorporating higher volume microfluidics
with an acoustic actuator to yield larger, monodispersed populations of 3D cell
encapsulating hydrogels. Future application for this method will be applied to
encapsulating biological components including trapping giant unilamellar vesicles
which have a notoriously short lifespan in vitro. Finally, using this gentle method to
encapsulate biological components may prove to aid in study for future cancer

therapeutics or other drug discoveries.
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Chapter 8: Conclusions and Future Directions

The motivation for this dissertation is to provide basis for the integration of
acoustic focusing and separation technologies for various platforms in the
biomedical field. Each chapter has contributed to the investigation of using acoustics
in the fields of flow cytometry, high-throughput systems, point-of-care testing
platforms, and in the synthesis of 3D hydrogels for cell culturing. Improvements
toward the development of flow chambers for acoustic flow cytometry have been
illustrated and reduced to practice in practical and analytical applications. We have
also demonstrated the ability to develop point of care handheld devices with
engineered microparticles that trap media and separate from positive contrast cells
in various dilute blood concentrations. Finally, we have illustrated the ability to
synthesize monodispersed 3D hydrogels for cell culturing coupling an acoustic
actuator with the inner phase of an aqueous two-phase system.

Further work can be done to develop the optically clear acoustic flow
chambers. The methods presented to construct the device require cleanroom
access and hazardous chemicals. A method to more efficiently construct silicon-core
glass bonded devices without the need of a cleanroom would be beneficial to the
field of acoustofluidics. 3D printers are still a new emerging field and may soon be
able to construct these flow chambers with a glass or metallic molding material.
Once this is taken to practice, it will likely remove the need to use photolithography,
DRIE, and chemical etchants. Even though silicon has proven to be optimal for
acoustofluidic devices, using metal or glass would perform adequately and could

remove the need for cleanroom procedures for device fabrication of this kind. In
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addition to fabrication methods, this work can be used to run multiple samples in
parallel etched channels within the same device. For example, four wide channels
can be interrogated in parallel while sampling four different test volumes.

The highly parallel acoustic flow cytometer is an example of growth in the field
of state-of-the-art flow cytometry. Being able to run high volume samples and detect
specific events will prove ideal for assays where rare event detection is critical. In
general, this platform will continue improving volumetric and analytical rates. The
work presented focuses on assessing viability against known quality control particles
with given fluorescence intensities and sizes. Further work will focus in biological
assays where individual events, like circulating tumor cells, are of interest from the
assay. Additionally, we seek to further increase the processing and image analysis
for devices with channel dimensions greater than 2 mm wide.

Regarding the analysis of acoustic focusing at air-water interfaces, the work
will benefit from further studies where incorporating multiple parallel streams and
assessing the focusing recovery across at each stream will be analyzed. Additional
analysis in varying applied voltage for higher flow rates will also aid in the
understanding of acoustic focusing at the air-water interface. This work will continue
to increase in interest for high throughput systems that integrate the highly parallel
acoustic flow cytometry technology with an automated sampling system.

Future work on the lab in a syringe device will incorporate an integrated
detection system for trapped analytes. The device is currently limited by having a
post processing analysis step required to observe a fluorescent signal. In addition to

incorporating a fluorescence signal sensor, our device will have the dead volume
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regions removed so that it can be incorporated into a more pipette-like device.
Further work also needs to be done to assess the lower limit of affinity capture and
signal detection for various concentrations of target antibody.

We can also further the development of our ATPS droplets for 3D cell culture
technology. The device and materials described for this portion of our work could
have iterations done on two fronts. First the capillary device constructed has a
collection capillary that may hinder the droplet breakup. We can potentially remove
the collection capillary to improve breakup of the inner phase fluidic jet. Second, we
can also develop alternative materials to facilitate crosslinking of the hydrogels. Our
group is currently working on Zinc crosslinkable elastin-like proteins that can be
used as a substitute for alginate. A protein matrix may provide a more native like
structure which can increase the proliferation of target cell cultures.

Acoustic technologies are still a relatively new and growing field. Integration
into varying platforms holds promise in growing the efficiency of diagnostic tools
such as the topics described herein. There are still more areas of research that need
to be investigated to fully assess the viability of acoustic technology in the
biomedical field. The research illustrated here illustrates a better understanding of
the versatility of acoustic technologies ranging from media separations and assays
to droplet generation in soft materials sciences. some of the immediate benefits of
acoustic integration have already been identified i.e. faster throughput and gentle
biological media interrogation. Given these benefits, Acoustic technologies are

proving to be impactful in the field of biomedical research.
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Appendix A: Additional Information for Chapter 3

A.1 Positive resist soft lithography process

ALyl Ll ] vien

I I P hotomask

Photoresist

Exposed Region

Positive Resist

Figure A.1. Soft lithography steps using positive photoresist. (A) photomask transmitting high
energy UV light after photoresist on silicon wafer baking. (B) Exposed region has polymer bonds
scissioned by high energy uv light. (C) Device is developed using the specified developer solvent (AZ

400 K series) of the positive resist leaving only photoresist of unexposed regions.
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A.2 Additional fabricated devices

\ 4 .
Figure A.2. Fabricated devices to completion. From left to right etched channel width dimension by
device; 20 mm, 10 mm, 5 mm, 2 mm. Each device has PZT and inlet/outlet tubing attached. Tubing is

interfaced through biopsy punched PDMS pad that is plasma cleaner bonded to glass slide device

surface.

A.3 Thermocouple temperature measurements

To examine whether the optically transparent devices experienced a
reduction in heating from exposure to an incident laser beam, we measured the
surface temperature of an optically clear device (Devicel) and compared to the
response of an opaque-bottom channel device (Device 2). A 6802 Il Durable
Precision Dual Channel Digital Thermometer with 2 K-Type Thermocouple Sensor
with two input leads was used to measure the temperature changes. The initial
temperature of each device was recorded prior to switching on the laser (T0), and
then temperatures were recorded at several time points over 15-minute intervals for
a 60 min period, and then recorded at 30 min intervals after that, for a total time of 3

hours. The ambient room temperature was first measured to be 21.6 °C for Device 1
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and 21.8 °C for Device 2 (two leads, three measurements averaged per time point).
After the room temperature was recorded, the leads were taped to the back-side of
the silicon surface on the opaque bottom flow chamber, precisely behind where the
laser was being transmitted. The laser is a 150 mW 488 nm laser (MiniWhisperIT,
Pavillion Integration Corporation, San Jose, CA) set up in a custom system as
described previously in Chapter 4. The beam was focused into narrow wide profile
using the previously described optics into a ~2.3 mm wide by ~ 10 — 20 pm
height(1). Device 1 experienced 0.2 °C increase in temperature after 15 min,
moreover, the temperature was relatively stable for the entire duration of the
experiment (3 hrs.) for both devices, with minimal increase overall, despite exposure
to the incident laser beam for the entire experiment. The changes in temperature
seemingly did not measurably fluctuate above room temperature (at 15 minutes and
then 60 minutes but went back to ambient room temperature for the remainder of the
experiments as seen in Table S2. The final temperatures of 20.6 and 21.1 confirmed
to be that of room temperature (21.1 and 21.3 respectively) measured after the

experiment.
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A.4 Device surface temperature measurements during laser transmittance
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Figure A.4. Graph and table of opaque and clear device temperatures during laser
transmittance. Device temp measurements of optically transparent etched device (Device 1) and
opaque bottom channel device (Device 2) with temperature measurements at 15 min intervals over 3
hrs. Temperature measurements taken on side opposite of laser transmittance on back side of etched

channels
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Appendix B: Additional Information for Chapter 4
B.1 KYTOS and MATLAB image analysis definitions

All of these parameters are analyzed and logged for every single particle that
triggers an event. Event triggers are done based upon an integrated threshold
(single brightest pixel and 8 nearest neighbors) across each stream number or a
peak threshold (single brightest pixel) for each stream number.
UNMHamamatsu-1D: The focusing stream number in which the event occurs. For
our current system there are 16-17 stream numbers and nodes depending upon the
excitation frequency.

UNMHamamatsu-Frame: The camera frame number in which the event occurrs.
UNMHamamatsu-TOF: The number of frames that the particle has above the
threshold.

UNMHamamatsu-Peaklintensity: The brightest single pixel on the camera data 16-bit
scale within a particle time of flight through the laser excitation beam.
UNMHamamatsu-BPX: The brightest x position across the width (2048 pixels wide)
of the camera. Used as a representation of particle position within the device.
UNMHamamatsu-Event: The event number.

Integrated Intensity: Integrated sum of all pixels within a single stream. This
integrated intensity is stored as a waveform and the following parameters are
extracted: A) UNMHamamatsu-Height, peak intensity of integrated waveform.
Integrated intensity of brightest single frame. B) UNMHamamatsu-Width: The width
of the waveform in number of frames. C) UNMHamamatsu-Area: Area of integrated
waveform.
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B.2 Ultra-rainbow 6 peak calibration beads

Six peak ultra-rainbow calibration beads (6 um diameter, Spherotech) were used as
a calibration standard to characterize the performance of our cytometer. The five
fluorescent peaks are clearly visible in the center of the channel with CV’s
comparable to those acquired on a commercial flow cytometer (4-6%) and are
clearly distinguishable from each other. It is also promising that we are in fact seeing
the population of blank beads, but further analysis is needed to confirm this.
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Figure B.2. Histograms of six-peak ultra-rainbow beads. The best performing stream (top) and all
of the streams (bottom) with 6 pum calibration beads.

B.3 Sensitivity as a function of laser power

The sensitivity of our system increases linearly with the applied laser power. We can
increase the absolute sensitivity of our system by increasing the applied laser power.
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Peak Intensiy vs Laser Power
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Figure B.3. Peak intensity vs laser power. Top: For a 6-peak bead population, we see that all bead
populations increase in fluorescent intensity with applied laser power. Bottom: The peak intensity of
the beads increase with applied laser power. With a relativity constant background noise, this leads to

increased sensitivity with applied laser power.

B.4 Analysis of multiple colors

Analysis of multiple colors can be achieved without large system modifications. The
acoustic focusing positions the particles such that there is a significant amount of
free space on the camera chip. The addition of a small optical displacement and the
appropriate filters yields a multi-color system as shown in Figure A3.5. We believe
that a 5-color system could be achievable.
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Figure B.4 Schematic of a multi-color instrumentation design.

B.5 Event rate vs flow rate
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Figure B.5. Event rate vs flow rate. For a constant beads input, we see a linear relationship
between event rate and input flow rate. This suggests that we are seeing all beads across the range

of flow rates. We are not missing the fastest flowing beads at the highest flow rates.
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B.6 Focusing width, intensity and CV, vs flow rate
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Figure B.6. Focusing width, intensity and CV, vs flow rate. Performance of standard beads vs.
flow rate. (A)_Focusing width (standard deviation of particle position relative to the mean particle
position in each mode, averaged over all particle streams) vs. flow rate. (B) Mean intensity of the
brightest bead population across flow rate. (C) Mean CV of all bead populations in stream 10 across

flow rate.
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Appendix C: Additional Information for Chapter 5

C.1 Instrument layout
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Figure C.1. Optical setup of custom flow cytometry system. A 150 mW 488 nm laser (MiniwhisperIT,
Pavillion Integration Corporation, San Jose, CA) emits into a 10° Powell Lens (Laserline Optics Canada Inc.,
Canada) and reflected off a dichromatic mirror (Semrock, Rochester, NY) into the 20 mm Aspherical lens
(AL2520-A, ThorLabs, Inc. Newton, NJ) which focuses the beam into a ~2.3 mm wide by ~ 10 — 20 um
rectangular region. The exited fluorescent particle light emits back into the optical setup (denoted by the
dashed line) and filtered by the 488 long-pass filter Lens (488 nm Edge Basic, Semrock, Rochester, NY)

and into the 80 mm focal length plano-convex lens 25 mm diameter which transmits into the high speed

sCMOS sensor (Hamamatsu Orca flash 4.0 v2).
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C.2 1 pym particle position analysis (control)
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Figure C.2. 0.93 um diameter particle histogram position focusing data with the 1.5 MHz transducer
activated and no bubbles added (control data). The 0.93 particles do not focus well across all the
experimental flow rates. Due to the poor focusing quality we did not analyze any bubble experimental data.
Data was taken between 2 minutes for the higher flow rates (250 puL/min to 2,500 pL/min) and 15 minutes
for the lower flow rates (10 yL/min to 100 yL/min). The gray dotted lines represent the channel wall’'s
physical bounds across a zoomed in region (600 to 1500 pixels) of the total 2048-pixel width. The blue line

is a gaussian curve fit to the data.
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C.3 3 um particle position analysis (control)
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Figure C.3. 3 um diameter particle histogram position focusing data with the 1.5 MHz transducer

activated and no bubbles added (control data). The 3 um particles focus significantly better than the 0.93

um particles as is illustrated by the much tighter gaussian fits to the data sets. Data was taken between 2

minutes for the higher flow rates (250 uL/min to 2,500 pL/min) and 15 minutes for the lower flow rates (10

pL/min to 100 yL/min). The gray dotted lines represent the channel wall’s physical bounds across a zoomed

in region (between 500 and 1800 pixels) of the total 2048-pixel width. The blue line is a gaussian curve fit to

the data.
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C.4 3 ym particle position analysis (recovery after bubble)
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Figure C.4. 3 um diameter particle histogram position focusing recovery data after the first bubble
with the 1.5 MHz transducer activated (stream focus recovery data). Data was taken from a manually
inserted gate over the region between the first bubble and the start of the second. The gray dotted lines
represent the channel wall’s physical bounds across a zoomed in region (between 600 and 1500 pixels) of

the total 2048-pixel width. The blue line is a gaussian curve fit to the data.
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C.5 6 um particle position analysis (control)
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Figure C.5. 6 um diameter particle histogram position focusing data with the 1.5 MHz transducer

activated and no bubbles added (control data). The 6 um particles focus largely across all flow rates with

the optimal range between 100-1000 pL/min. Data was taken between 2 minutes for the higher flow rates

(250 pL/min to 2,500 pL/min) and 15 minutes for the lower flow rates (10 pL/min to 100 pL/min). The gray

dotted lines represent the channel wall’s physical bounds across a zoomed in region (between 600 and

1500 pixels) of the total 2048-pixel width. The blue line is a gaussian curve fit to the data.
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C.6 6 um particle position analysis (recovery after bubble) C.6.
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Figure C.6. 6 um diameter particle histogram position focusing recovery data after the first

Pixel Location

Pixel Location

Pixel Location

bubble with the 1.5 MHz transducer activated (stream focus recovery data). Data was taken from

a manually inserted gate over the region between the first bubble and the start of the second. The
gray dotted lines represent the channel wall's physical bounds across a zoomed in region (between

600 and 1500 pixels) of the total 2048-pixel width. The blue line is a gaussian curve fit to the data.
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C.7 10 um particle position analysis (control)
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Figure C.7. 10 um diameter particle histogram position focusing data with the 1.5 MHz transducer
activated and no bubbles added (control data). As with the 6 um patrticles, the 10 um particles focus
largely across all flow rates with the optimal range between 100-1000 pL/min. Data was taken between 2
minutes for the higher flow rates (250 pL/min to 2,500 pL/min) and 15 minutes for the lower flow rates (10
pL/min to 100 pL/min). The gray dotted lines represent the channel wall’s physical bounds across a zoomed
in region (between 600 and 1500 pixels) of the total 2048-pixel width. The blue line is a gaussian curve fit to

the data.
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C.8 10 um particle position analysis (recovery after bubble) C.8
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Figure C.8. 10 um diameter particle histogram position focusing recovery data after the first bubble
with the 1.5 MHz transducer activated (stream focus recovery data). Data was taken from a manually
inserted gate over the region between the first bubble and the start of the second. The gray dotted lines

represent the channel wall’s physical bounds across a zoomed in region (between 600 and 1500 pixels) of

the total 2048-pixel width. The blue line is a gaussian curve fit to the data.
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Figure C.9. 6 um diameter particle acoustically focused at a flow rate of 2,500 pL/min with several
manually sampled bubbles over a three-minute period. The 1024 X 1024 resolution data was zoomed in

on, as shown by the blue box, to more clearly show sample stream recovery between bubbles.
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A)6as Caarnmnnrtttt "B)G44

5

w
'S
©
w

=
(=23
=

Position in Channel (microns)
R
Position in Channel (microns)
8
+

j

30 80 90 TRz e e e 75 86.3 97.5 108.8 120
Time (seconds) Time (seconds)

Figure C.10. 6 um diameter particle acoustically focused at a flow rate of 250 pL/min with six
automatically sampled bubble regions over a two-minute period. The data shown is a mean trace
(black) with standard deviation (red) of each bin in 256 X 256 resolution. The data was zoomed in on, as
shown by the blue box, to more clearly show the mean position trace of the recovered stream following the

final bubble.
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Table of FWHM values C.T1.

Flow Rate 3 pm 3 pm 6 pm 6 pm 10 ym 10 pm
(uL/min) Recovered Control Recovered Control Recovered Control
(um) (pm) (pm) (pm) (pm) (um)
10 216 47 37 40 35 35
25 68 a1 58 15 28 19
100 29 20 8 5 7 2
250 8 11 2 5 8 3
1000 167 79 13 8 2 5
2500 408 40 15 20 16 23

Table C.T1. Table of 3, 6, 10 um particle FWHM stream width values (in um). Each FWHM value is
converted from pixel values of each particle position histogram by a factor of 1.67 um/pixel. This was done
to better conceptualize how tight the streams are. The value represents how wide the particle streams are
outside the diameter of a particle. For example, a FWHM of zero would mean that particle stream is

perfectly focused to the diameter of the particle with no variation in position.
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Appendix D: Additional Information for Chapter 6

D.1 Additional supporting figure

Figure D.1. Supporting figures of functionalized particles and prbc focusing. (A) lllustration of
NAC biofunctionalized surface. Biomolecular complex of passively adsorbed avidin bound after
incubation to biotinylated mouse antihuman Ab. Secondary FITC labeled goat anti-mouse Ab binds
specifically to target primary antibody forming complex. (B) Colorized green channel fluorescence
image of high concentration unstained NACs labeled with secondary Ab (GAM-FITC). Particles were
incubated with secondary Ab target in buffer solution. (C) Red and green fluorescence channel
overlay of NR stained NACs cluster with secondary Ab on the surface (green). particles were
incubated in buffer solution. (D) Brightfield image of capillary device acoustically focusing prbcs

downstream of PZT transducer. Scale bars = 200 pum.
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D.2 Schematic of capillary device and syringe setup

Microscope Objective

Glass capillary

PDMS pedestals on glass slide

/

Collection vial
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Figure D.2. Device schematic. 5 mL plastic syringe infuses sample via syringe pump through Tygon
tubing at 200 pL/min into capillary device with PZT. Contents are trapped or focused depending on
their acoustic contrast during PZT actuation. Positive contrast media is pumped into a 1.5 mL
microcentrifuge tube while trapped contents remain within capillary. Capillary device is suspended on

PDMS pedestals under epifluorescent microscope objective for imaging.

D.3 Images of preliminary work towards monodispered particle synthesis

200 pm O g e

Figure D.3. Microfluidic device for monodisperse NAC synthesis. Glass capillary microfluidic
device using 1% BSA in water (outer fluidic phase) and 1:1 ratio of toluene to PDMS; 10:2 prepolymer
to curing agent Sylgaurd 184 (inner phase). (A) 20 um ID injection tip infusing the organic PDMS

phase at 200 uL/hr into the co flowing 1% BSA in water outer phase flowing at 10,000 pL/hr into the
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60 pm ID collection capillary tip. (B) 10X magnification of collected sample with largely
monodispersed PDMS particles. The excess toluene organic solvent makes the particles jelly-like as
opposed to more solid and rubbery from our polydispersed particle synthesis method (scale bars 200

pum).
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Appendix E: Additional Information for Chapter 7

E.1 Rheology methods and results

Rheology

A Discovery Hybrid Rheometer HR-3 with the 40 mm 2.0 cone plate, peltier
plate steel geometry has been used to do the rheology analysis. Each sample was
loaded two times on the rheometer and the experiment was repeated for three times
for each load. The rheological characteristic of the samples has been analyzed with
two different method. The first one is the frequency sweep with the angular
frequency from 628 to 0.1 rad/s and the second one is the flow ramp with shear rate
from 0.01 to 1000 1/s. The young and storage modulus and complex viscosity can
be obtained from the frequency sweep test and the viscosity can be obtained from
the flow ramp test (used for Figure 2 of the manuscript). Each measurement has

been repeated three for consistency of the results.
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2 T T T T T T T 1
0 50 100 150 200
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Figure E.1. Viscosity vs shear rate. Complex viscosity measurements done by collaborators at New
Mexico State University. No significant change in viscosity measurements in solutions with high

(blue), low (red), or no cells.

The results obtained for the following solutions of PEG and DEX are listed
below. We chose these solutions to observe whether cell concentration affects
viscosity which therefore affects the droplet generation capabilities of our microfluidic
device.

1. DEX+PBS (no, low, and high cell)
2. ALG+PBS (no, low, and high cell)
3. DEX+PBS (no, low, and high cell)
4. ALG (no, low, and high cell)
5. DEX (no, low, and high cell)

From our results we conclude the viscosity variations are within error of each
other for each solution, and therefore is not the reason for the difference in droplet
generation. Cell clumping may provide reasoning for the disruption of hydrogel

formation.
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