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ABSTRACT 

Biological assays for various biological samples are often limited by the low purity of target 
cells/particles due to the presence of significant host background. A spiral inertial microfluidic 
cell sorting device can be used to separate cells/particles based on their sizes without any specific 
labeling and result in a purified sample with a higher purity of target particles, enabling a higher 
chance of detecting/analyzing those particles of interest for biological assays. Moreover, the cell-
sorting ability of spiral devices can be applied as a cell-washing technology to isolate target cells 
while removing unwanted particles such as adventitious agents for a better quality of cellular 
products or manufacturing cells in biomanufacturing. This work provides numerous applications 
of spiral cell sorter-based microfluidic sample preparation on various biological samples. We 
propose to apply spiral microfluidic sorter for various biological samples to acquire enhanced 
readouts for targeted downstream assays such as Next-generation sequencing (NGS) or improved 
quality of cells for biomanufacturing. 
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Chapter 1 

 

Introduction 

 

1.1 Emerging need for biological sample preparation methods 

As many researchers in the biology or biological engineering field are interested in analyzing 

more diverse and difficult-to-treat biological samples, the need for proper sample preparation has 

arisen.1,2 These biological samples include whole blood, plasma3, sputum4, pus5, etc. It is usually 

challenging to acquire biological assays of fair quality on these samples due to the abundance of 

background host cells such as red blood cells, white blood cells, and platelets for whole blood 

and plasma samples, presence of intrinsic biological/chemical barrier such as mucus for sputum, 

or debris of dead immune cells for pus. Also, most of these samples may display very different 

characteristics such as different viscosity for sputa samples or different cell concentrations for 

blood samples depending on the severity of the disease or patients. Therefore, a sample 

preparation method that can purify/isolate target cells, nucleic acids, or proteins of interest, 

regardless of sample conditions, is required to enhance the quality of the downstream biological 

assay. Moreover, the sensitivity of the assay can be significantly enhanced by the reduction of 

unnecessary background cells with proper sample preparation so that it enables researchers to 

observe the results that have been regarded as unable to be observed.6 

 

1.2 Trending sample preparation methods using microfluidic devices 

It would be of much help for researchers who seek to perform biological assays on the 

aforementioned biological samples if we provide a method to properly prepare those samples. 

That is why many research groups have developed various kinds of microfluidic devices to help 
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prepare biological samples of interest. 

Some groups have adopted a “lab-on-a-disc” platform to use the centrifugal force caused 

by the controlled rotational motion of the micro-structured disc on a spinner.7–9 With the help of 

centrifugal force, blood cells or antibody-coated beads for a target biological assay (i.e., enzyme-

linked immunosorbent assay (ELISA)) were pelleted down for extraction of plasma or target 

particles attached to the bead and transport of the reagents required for the delivery of target 

particles were manipulated (Figure 1). 

 

Figure 19 Bright-field image and schematic of lab-on-a-disc platform microfluidic device for blood 
sample preparation7. Figures are reprinted by permissions from Oxford University Press, copyright (2011) 

 

The “Digital microfluidics” platform was chosen by other research groups where the 

motion of individual droplets in confined micro-structure can be controlled under the principle of 

electrowetting by actuating selected arrays of electrodes underneath the droplet (Figure 2).10–13 

Human physiological fluid samples such as serum, plasma, urine, and saliva were transported on 

the digital microfluidic system and tested for colorimetric enzymatic glucose assay by Srinivasan 

et al.10  Wheeler et al. demonstrated sample preparation on a digital microfluidics platform for 

Matrix-Assisted Laser Desorption/Ionization Mass Spectrometry (MALDI-MS) by transporting 

droplets which contain proteins or peptides and matrix to the specific location of the device.11  

Chang et al. performed polymerase chain reaction (PCR) on a digital microfluidics platform 
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utilizing sample transportation and mixing ability of the platform12, and Mousa et al. developed 

an estrogen assay on a digital microfluidic platform where estrogen in breast tissue homogenate, 

whole blood, and serum can be extracted and measured by mass spectrometry13. 

 

Figure 20 Schematic and frames from a movie of digital microfluidics for human blood sample 
preparation.13 Figures are reprinted by permissions from The American Association for the Advancement 
of Science, copyright (2009) 

 

 Other microfluidic approaches for biological sample preparation include, but are not 

limited to, sedimentation- and capillary-assisted platforms14,15 (Figure 3.A and B) and 

magnetophoresis-assisted devices16–19 (Figure 3.C). Zhang et al. devised a microfluidic platform 

where the plasma of a blood sample is continuously separated by the natural aggregation and 

sedimentation behavior of red blood cells.15  In a magnetophoresis-assisted microfluidic platform 

developed by Pamme et al., continuous separation of mouse macrophage and human ovarian 

cancer cells (HeLa) were enabled by attaching magnetic nanoparticles to them where a magnetic 

field was applied to deflect target cells’ passage toward different outlets.17 
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Figure 21 (A),(B) Schematic of sedimentation- and capillary-assisted microfluidic device for plasma 
extraction from a blood sample.14 (Dimov et al., Lab Chip 2011, 11, 845-850, Reproduced by permission 
of The Royal Society of Chemistry) (C) Conceptual schematic of the magnetophoresis-assisted 
microfluidic particle separation device.16 Reprinted with permission from (Pamme et al., Anal. Chem. 
2004, 76, 7250-7256). Copyright (2004) American Chemical Society 

 

1.3 Spiral inertial microfluidic cell sorter for sample preparation 

Spiral inertial microfluidic device has been widely used on various biological sample preparation 

to separate cells according to their sizes in a label-free manner.3,4,20–24 Cells of different sizes 

locate themselves in different locations in a spiral microchannel due to the combined effect of 

inertial net lift force (𝐹௅ ∝ 𝑎௣
ସ, 𝑎௣: particle diameter) caused by the inertia of the particle 

suspended in a Poiseuille flow and Dean drag force (𝐹஽ ∝ 𝑎௣) caused by Dean vortex formed in 

a curved microchannel.20 Larger cells, primarily affected by the net lift force, tend to be focused 

near the inner-wall side of the microchannel, while smaller cells are dominated by the Dean drag 

and dispersed throughout the microchannel.  

Spiral microfluidic cell sorter takes advantage of this feature and separates cells in a 

biological sample based on their sizes. It has advantages over other microfluidic approaches such 

as blood cell sedimentation,14,15 membrane-based filtration,25,26 on-chip centrifugation,27,28 cross-

flow filtration29–31 in that it can be operated continuously at high throughput without clogging or 

filter/membrane fouling, regardless of the sample volume. The spiral microfluidic sorter also 

shows robust particle separation performance for samples with diverse physical properties with a 
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proper amount of dilution. Furthermore, spiral microfluidic cell sorter benefits the end-user of 

the processed biological samples because it minimizes disruption on the target cells caused by 

chemical/biological modifications of cell receptors, affecting the viability or gene expression of 

the target cells.  

However, there exist two main bottlenecks that limit the applicability of spiral 

microfluidic sorter on real-world samples: 1) It is challenging to focus small cells with inertial 

net lift force, and it results in low recovery of them; 2) It requires high dilution for samples with 

high solid volume fraction (e.g., blood) to prevent particle-particle interaction and enable proper 

particle focusing in the microchannel, which results in undesirable, large processed sample 

volume. We propose a new operational scheme of spiral microfluidic sorter called negative 

selection with recirculatory feedback to achieve high recovery and purity of small bio-particles 

such as bacteria and nucleic acids and connect this device with a proper method of concentration 

to reduce the final processed volume as well.
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Chapter 2 

 

Improvement on viral recovery and sequencing results by “negative 

selection” of viral particles from human blood samples1 

 

2.1  Motivation and background 

Isolation of viral nucleic acid from human clinical samples is important in the diagnosis of many 

infectious diseases and also represents the critical first step in scientific studies of viral genomics 

and pathogenesis. Recently, metagenomic sequencing has become a prominent method for virus 

detection32,33, discovery34–37, and viral genome sequencing for studies of evolution and 

pathogenesis38,39. In this technique, all DNA, RNA, or total nucleic acid in a sample is sequenced 

in an unbiased fashion, and computational algorithms are used to recover the viral sequencing 

reads of interest. The major advantage of this technique is that it is a flexible methodology that 

can be applied to any virus, including settings in which the pathogen may be unknown or novel. 

However, a substantial limitation is the recovery of sequencing reads from the human host, 

                                                           
1 The following published journal paper was used in its entirety for Chapter 2, with minor updates and 
modifications:  
 
Choi, K.; Ryu, H.; Siddle, K. J.; Piantadosi, A.; Freimark, L.; Park, D. J.; Sabeti, P.; Han, J. Negative Selection by 
Spiral Inertial Microfluidics Improves Viral Recovery and Sequencing from Blood. Anal. Chem. 2018, 90 (7), 4657–
4662. 

Contributions: K.C., K.S., A.P., P.S. and J.H. conceived of the approach and designed the experiments. K.C. and 
H.R. designed and fabricated spiral microfluidic sorter device and conceived of the “negative selection” 
operational scheme of the spiral microfluidic sorter. K.C., K.S., A.P. and L.F. executed experiments on viral blood 
sample preparation. K.C. executed immunofluorescence staining and flow cytometer analysis. K.S., A.P., and L.F. 
executed extraction and quantification of viral nucleic acid with quantitative polymerase chain reaction (qPCR). 
K.S., A.P., and D.J.P contributed to the analysis of sequenced results from viral next-generation sequencing. K.C, 
K.S., A.P., L.F. and J.H. mainly drafted the manuscript which all authors have read and approved. 
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which vastly outnumbers viral sequencing reads even in low-cell-content fluids like plasma and 

cerebrospinal fluid. This leads to costly high-depth sequencing and limits the recovery of reads 

from low abundance viruses. This has prompted the development of host-depletion methods such 

as selective removal of human ribosomal RNA40,41. However, this is less useful in detecting and 

sequencing DNA viruses where the background from host DNA remains. 

Microfluidic isolation of viral particles and free nucleic acid offers an opportunity to enhance 

detection of both RNA viruses and DNA viruses, and importantly can be performed directly 

from whole blood, eliminating the need for centrifugation and perhaps enhancing the detection of 

some viruses (e.g., West Nile Virus) that adhere to red blood cells42,43. Earlier microfluidic 

devices implemented capillary imbibition44,45, blood cell sedimentation14,15, cross-flow 

filtration29–31, on-chip centrifugation27,28, and membrane-based filtration25,26. These various 

applications were limited by non-continuous operation, low throughput, or small sample volume, 

and clogging and fouling of filter/membrane. Shim et al.44 and Lee et al.45 developed micro-

channel structures that are either packed or coated with micro/nano-sized silica beads to induce a 

capillary plasma extraction from whole blood. Dimov et al.14 demonstrated a self-powered 

integrated microfluidic platform in which plasma is separated by natural sedimentation inside the 

microfluidic channel while the sample transport is propelled by the self-contained vacuum in the 

channel. VanDelinder et al.30 devised a microfluidic device that can separate plasma from diluted 

whole blood by size exclusion in a cross-flow. Haeberle et al.27 presented a centrifugation-based 

microfluidic device on a disc that enables plasma extraction from whole blood by carefully 

manipulating centrifugal force to transport the blood as well as to sediment the cellular pellet and 

to decant the plasma inside the device structure. Researchers have adopted membrane-based 

microfluidic devices to extract plasma from whole blood samples spiked with viruses or drawn 

from virus-infected patients and successfully recovered sufficient virus to be quantified with a 

viral load test.25,26 Wang et al.26 fabricated a filter-based lab-on-a-chip device that can isolate 

plasma as well as viruses from unprocessed whole blood and reported viral recovery of 73-83%. 

Liu et al.25 also demonstrated a membrane-based plasma separating device that is facilitated by 

gravitational sedimentation and were able to recover 82-96% of HIV virus from multiple load 

samples. Recently, inertial microfluidics, which can separate particles based on their sizes by 

utilizing and balancing forces inside the micro-channel, have been spotlighted as an alternative to 
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prepare biological samples in a continuous, high-throughput, non-clogging manner before further 

downstream assays.4,22,46–51 Rafeie et al.51 presented a high-throughput slanted spiral 

microchannel device that can extract plasma from diluted whole blood from small to large 

volume (1-100mL) with a maximum processing flow rate of 24 mL/min. However, the 

performance of inertial microfluidics is often limited by the conventional single-pass operation, 

which results in an intrinsic trade-off between purity and recovery when the window of optimal 

operation is narrow.  

As an effort to remedy this issue of single-pass operation, our group introduced a closed-loop 

operation of the spiral microfluidic device, called “C-sep,” where both enrichment and recovery 

of target cells can be maximized by continuously feeding the inertially focused stream of target 

cells back to the input.4 

In this chapter, we present a simple microfluidic sample preparation method using a spiral 

microchannel device, resulting in enhanced detection of virus from blood samples using 

unbiased metagenomic sequencing. To our best knowledge, this is the first time to demonstrate a 

whole workflow from microfluidic sample preparation to metagenomic sequencing-based virus 

detection. Our spiral inertial microfluidic device is operated in a recirculatory regime so that 

virus can be isolated via negative selection from the diluted blood while large host cells are kept 

in the recirculating flow. Conventionally, it has been considered challenging to isolate small 

particles like viruses (a few tens or hundreds of nanometers) with an inertial microfluidic device 

because these small particles are prone to Brownian motion and are too small to be inertially 

focused with the net lift force in a microchannel.52 We separate viruses from the host cells —red 

blood cells (RBC), white blood cells (WBC), and platelets—by keeping the host cells (larger 

than or equal to 3 μm in diameter) focused in the closed-loop while collecting the outer-wall 

output which mainly consists of free-floating viruses in background fluid, along with cell-free 

nucleic acid. In this manner, negatively selected viral particles can be collected with the buffer 

solution, with most of the host cells depleted in an automated and fully contained manner (Fig. 4 

A). The utility of spiral microfluidics with a negative selection scheme was verified by 

processing whole blood samples spiked with cytomegalovirus (CMV), analyzing the resulting 

suspension with quantitative PCR and viral sequencing, and comparing the results between 
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treated and untreated samples. We observed a significant increase in the number of viral reads as 

well as viral genome coverage depth for microfluidics-treated samples. The increase in viral 

reads was higher in samples with low virus concentration, which suggests the potential for using 

our device and operation scheme for pre-treatment of clinical whole blood samples. 

 

Figure 22 (A) Schematic of closed-loop separation (“C-sep”) spiral microfluidic device platform with 
negative selection scheme (B) Photograph of the experimental setup (C) Magnified view of spiral 
microfluidic device (D) Comparison between input (100 times diluted whole blood) and microfluidics 
(MF)-treated samples 

 

2.2  Method 

2.2.1 Device fabrication 

The spiral inertial microfluidic device was fabricated with polydimethylsiloxane (PDMS) 

following standard soft-lithographic microfabrication techniques as described previously.4 

The master mold with specific microchannel dimensions was designed with AutoCAD 

software and then fabricated with a micro-milling machine (Whits Technologies, 
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Singapore) on aluminum. PDMS replica was fabricated by casting degassed PDMS (10:1 

mixture of base and curing agent of Sylgard 184, Dow corning Inc.) onto the aluminum 

mold, curing on the hot plate for 10 minutes at 150 degrees, and peeling the cured PDMS 

off the mold. Holes for fluidic access were punched with disposable biopsy punches 

(Integra™ Miltex®). The punched PDMS replica was then irreversibly bonded to a 

silicone film (BISCO HT-6240 40 Duro silicone sheet, 0.25mm-thick, Rogers Corp.) 

placed on a glass slide after treating both surfaces with a plasma machine (Femto Science, 

Korea). The assembled device was placed in a 60 degrees oven for 1 hour to stabilize the 

bonding further. 

 

2.2.2 Viral blood sample preparation 

Fresh human whole blood samples collected in an ethylenediaminetetraacetic acid (EDTA) 

vacutainer (purple top) were purchased from Research Blood Components, LLC (Boston, 

MA, USA) and spiked with known concentrations of cytomegalovirus (ATCC-2011-8) to 

generate samples representing a range of clinically-relevant viral loads (104-108 CMV 

copies/mL whole blood). Plasma samples were prepared by centrifugation of whole blood 

for 10 minutes at 994 RCF, followed by the collection of the plasma layer. As a control, 

some plasma samples underwent lysis of cell and viral membranes by combining 200 μL 

of plasma samples with 800 μL of buffer AVL (Qiagen). 

In preparation for loading in the spiral microfluidic device, samples were diluted in 

buffer comprised of phosphate-buffered saline without calcium and magnesium (PBS, 

Corning®) plus 0.1% w.t. bovine serum albumin (BSA, Sigma-Aldrich) to prevent non-

specific binding of cells and viral particles to device surface and tubing. Whole blood 

samples were diluted 100-fold (100 uL whole blood in 9,900 uL buffer), and plasma 

samples were diluted 10-fold (1 mL plasma in 9 mL buffer). Due to differences in the 

number of host cells, different dilution factors were chosen for whole blood and plasma 

samples to yield the best rejection ratio of host cells (Fig. 5). 
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Figure 23 (A) Microscopic images of inertial focusing behavior in whole blood samples at different 
dilution and flow rates. (B) Rejection ratio of host cells in outer-wall (OW) output samples for whole 
blood samples at different dilutions. The rejection ratio was calculated by how much concentration of host 
cells in the outer-wall (OW) output is reduced compared to the input. (C) Rejection ratio of host cells in 
outer-wall (OW) output samples for plasma samples at different dilutions 

 

2.2.3 Experimental setup for closed-loop operation of the spiral microfluidic device (“C-

sep”) 

Closed-loop operation of spiral inertial microfluidic device was done by connecting a 

peristaltic pump (Cole-Parmer) to the device with silicone tubing (Masterflex platinum-

cured tubing, L/S 14, Cole-Parmer) with sample tubes (Falcon® Polystyrene Sterile 

Centrifuge Tubes, Corning®) loaded on a rack (Fig. 4 B). Tubing connected to the inner-

wall side outlet was fed back to the input tube for closed-loop operation while the output 

sample was being collected at the outer-wall side outlet tubing. This operation was 

continued until all input volume was processed with the optimized flow rate of 1.6 mL/min 

(Fig. 5 A). 

 

2.2.4 Immunofluorescence staining and flow cytometer analysis 

All input and output samples were aliquoted in a volume of 100 μL and stained with 10 μL 

of allophycocyanin (APC)-conjugated mouse antihuman CD41a reagent (Miltenyi Biotec) 

for 30 minutes at 4 degrees in the dark. The stained samples were then analyzed by BD 

Accuri C6 flow cytometer (BD Bioscience) to quantify the number of 

RBC/WBCs/platelets in each sample based on the number of events gated by fluorescence 

intensity, forward-scattering, and side-scattering, accordingly. To evaluate how much cell 

fraction was removed from the input to the output, we recorded the volume of each input 

and output sample and multiplied these volumes by the number of events per processed 
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sample volume in the aliquoted samples to calculate the total number of each cell type. 

 

2.2.5 Extraction and quantification of viral nucleic acid with quantitative polymerase 

chain reaction (qPCR) 

Nucleic acid was extracted using the MagMax Pathogen RNA/DNA kit (ThermoFisher) 

per the manufacturer’s instructions. Nucleic acid was extracted from between 100µL-1mL 

of the sample, depending on the sample type and microfluidic processing.  

CMV total nucleic acid was quantified by qPCR using Power SYBR® Green 

RNA-to-CT™ (Applied Biosystems). Samples were assayed in triplicate with a total 

reaction volume of 10 µL, including 3 µL of a template and 0.3 µL of each primer per the 

manufacturer’s instructions. Thermocycling conditions were: 95 degrees for 10 minutes, 

followed by 45 cycles of 95 degrees for 15 seconds and 60 degrees for 60 seconds. Primer 

sequences were after Peres et al.53: Forward=GAAGGTGCAGGTGCCCTG, 

Reverse=GTSTCGACGAACGACGTACG. Viral copies were calculated by comparison to 

a standard curve generated using a custom synthesized DNA fragment (gBlocks®, IDT) 

quantified by NanoDrop (ThermoFisher Scientific). Final concentrations were adjusted for 

differences in sample volumes and dilutions during processing. 

 

2.2.6 Viral next-generation sequencing (NGS) 

Sequencing libraries were prepared from 1ng of extracted nucleic acid using the Nextera 

XT DNA library preparation kit (Illumina), as previously described40. Sequencing libraries 

were quantified in triplicate using the KAPA Library Quantification kit (KAPA 

Biosystems) according to the manufacturer’s instructions. Samples were pooled at equal 

molarity and sequenced on the Illumina MiSeq platform using paired-end 100bp reads. 

Reads were demultiplexed, and an initial taxonomic assignment was performed 

using Kraken54. Using viral-ngs55, reads were cleaned of human reads, filtered against a 

reference genome corresponding to the HHV5 strain Merlin (NC_006273.2), and 

underwent de novo assembly of the CMV genome with refinement by scaffolding against 

the same reference genome. To compare CMV genome coverage between samples, 

450,000 reads were randomly selected for each sample to ensure comparability, and then 
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CMV reads were aligned to the reference genome (NC_006273.2) in BWA using the 

following parameters -k 12 -B 2 -O 3; duplicate reads were excluded.  

 

2.3  Results and Discussion 

2.3.1 Evaluation of Spiral Microfluidic Device Performance 

Particles or cells of different sizes experience different magnitudes of inertial and drag 

forces in a spiral microchannel and equilibrate at different lateral positions. Since the net 

lift force on a particle suspended in a plane Poiseuille flow is proportional to particle 

diameter (ap) to the power of 4 (~ap
4) (𝐹௅ = 𝜌𝐺ଶ𝐶௅𝑎௣

ସ, where ρ is the density of the fluid 

medium, G is the shear rate of the fluid given by 𝐺 = 𝑈௠௔௫/𝐷௛, Umax is the maximum 

fluid velocity, Dh is the microchannel hydraulic diameter, and CL is the lift coefficient 

which is a function of the particle position across the channel cross-section and channel 

Reynolds number (Re)) and the Dean drag force on a particle is proportional to particle 

diameter (~ap) (𝐹஽ = 3𝜋𝜇𝑈ௗ௘௔௡𝑎௣ = 5.4 × 10ିସ𝜋𝜇𝐷𝑒ଵ.଺ଷ𝑎௣, where De (Dean number) is 

given by 𝐷𝑒 =
ఘ௎೑஽೓

ఓ
ට

஽೓

ଶோ
 . Uf is the average velocity of the fluid, μ is the dynamic 

viscosity of the fluid, and R is the radius of curvature of the curved microchannel.)23, larger 

particles or cells are more dominated by inertial lift force than Dean drag and tend to be 

equilibrated at the inner side of the spiral microchannel during operation. On the other 

hand, smaller particles are more dominated by Dean drag and tend to be dispersed 

throughout the microchannel, following two counter-rotating vortices known as Dean 

vortices in the spiral microchannel. Spiral microchannel is carefully designed to have a 

trapezoidal cross-section of 800 μm width, 70 and 40 μm height at inner-wall and outer-

wall side, respectively, to focus relatively large host cells (RBC/WBC/Platelets, ≥3 μm in 

diameter) while relatively small virus particles are spread throughout the microchannel, as 

depicted in Fig. 4 A. Host cells are located near the inner-wall (IW) side of the 

microchannel when they reach the bifurcation point at the outlet and are fed back to the 

input tube during recirculation of spiral microfluidic device while virus particles are 

negatively selected and constantly collected at the outer-wall (OW) outlet. A trapezoidal 

cross-section was chosen to allow more space for the inner-wall focused host cells 51 so 
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that the focusing behavior is maintained until the end of closed-loop operation when the 

concentration of the solution becomes higher. The inertially focused streamline of host 

cells at the inner-wall is further assisted by the Zweifach-Fung effect56,57 due to the smaller 

fluidic resistance. Thus the flow rate is higher at the inner-wall outlet. As can be seen in 

Fig. 4 C and D, the fluid collected at the OW outlet looked clear due to the depletion of 

host cells. This process takes place in an automated and fully contained manner, which can 

be compatible with biosafety requirements for processing known or unknown viral 

pathogens from clinical samples.  

To evaluate the separation efficiency, we processed both whole blood and plasma 

samples. Figure 6 A illustrates the separation efficiency of our spiral microfluidic device 

operated in a closed-loop manner. For whole blood samples (n=9), the total number of 

RBC and WBC was reduced by 98% (from 6.7×108 to 1.5×107 cells), and the number of 

platelets was reduced by 36% (from 2.6×107 to 1.7×107 cells). For plasma samples (n=9), 

which should not contain RBC or WBCs but do contain residual platelets, the total number 

of platelets was reduced by 69% (from 2.4×108 to 7.4×107 cells). Depletion of platelets in 

the whole blood samples was found to be less effective than in the plasma samples because 

steric particle crowding effects became more severe for the whole blood samples and 

affected particle focusing behavior towards the end of C-sep when host cell concentration 

was highly increased.24 The recovery of CMV nucleic acid was measured by qPCR from 

samples before and after microfluidic processing (Fig. 6 B). These results demonstrate the 

successful recovery of CMV from both whole blood and plasma across a range of viral 

concentrations. Overall recovery was calculated from the slope of data points and 

estimated to be 114.1% for whole blood samples and 103.5% for plasma samples. 

Estimated recovery greater than 100% could have come from sampling error or the inexact 

nature of qPCR. 

 



25 

 

 
Figure 24 (A) Total number of cells (calculated from flow cytometry results) in untreated and MF-treated 
samples for whole blood and plasma samples. Each bar is drawn with data points of 9 samples. (B) 
Concentration of CMV (viral copies/uL) recovered as output from MF (y-axis) versus input (x-axis). 

 

2.3.2 Assessment of virus genome recovery by metagenomic sequencing 

We initially performed metagenomic sequencing from whole blood, plasma, and lysed 

plasma from a sample with a high viral load (108 CMV copies/mL of whole blood) before 

and after microfluidic separation. The lysed plasma sample was used as a control in which 

host cells and viruses are lysed prior to microfluidic separation; we expected that host 

nucleic acid would not be depleted by inertial microfluidics. To assess recovery of 

sequencing reads from CMV compared to host, we first performed metagenomic 

classification of all reads using Kraken.54 This showed an increase in CMV reads and a 

decrease in human reads for both whole blood and plasma but not lysed plasma (Fig. 7 A). 

CMV reads increased from 2.0% to 4.0% for the microfluidics-treated whole blood sample 

and from 9.0% to 17.0% for the microfluidics-treated plasma sample, while CMV reads 

decreased from 2.0% to 0.8% for the microfluidics-treated lysed plasma sample, which 

may reflect sampling variability. Reads that were not classified as CMV or human 

belonged to microbial species that we commonly observe in our sequencing negative 

controls, representing background from water or sequencing reagents. We also assembled 

full CMV genomes and found an increase in the depth of coverage of the CMV genome by 

approximately 2 fold after microfluidic processing of both whole blood and plasma, 

normalizing for differences in total sequencing depth (Fig. 7 B). Depth increased for MF-
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treated samples by 2.1 fold for whole blood (from 12 to 25) and by 1.8 fold for plasma 

(from 75 to 133), while coverage depth did not increase for lysed plasma samples. 

The utility of spiral microfluidics for viral sequence enrichment was even greater at 

lower, clinically relevant viral loads (104 and 106 CMV copies/mL whole blood), levels at 

which full CMV genomes could not be assembled with the depth of sequencing used for 

the present study. To compare the recovery of CMV reads before and after microfluidic 

processing, we aligned all reads to the CMV reference genome and calculated the number 

of unique mapped CMV reads per sample. We observed a consistent increase in CMV 

reads after microfluidics, which was more pronounced in the whole blood than the plasma 

and at lower viral loads. Specifically, mapped viral reads increased after microfluidic 

processing by 16.5, 3.3, and 2.1 fold for whole blood samples and by 6.3, 2.0, and 1.9 fold 

for plasma samples with 104, 106
, and 108 CMV copies/mL, respectively (Fig. 7 C and D). 

Furthermore, this increase in the number of CMV reads was evenly distributed across the 

full length of the CMV genome for both plasma and whole blood (Fig. 7 E). We do not 

observe evidence of a greater increase in the read depth for certain regions of the CMV 

genome (Fig. 7 E), indicating that microfluidics processing does not introduce biases in 

viral recovery. Overall, these results suggest that our spiral microfluidic platform enhances 

viral detection, especially in samples where the host background is higher and/or the viral 

content is low, as is the case for many clinical samples. 
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Figure 25 (A) Metagenomic classification of sequencing reads by Kraken for samples derived from whole 
blood spiked with 108 CMV copies/mL. (B) Normalized coverage depth of CMV whole-genome 
assemblies for samples in (A). (C) Comparison of CMV reads before (untreated), and after (MF-treated) 
microfluidic treatment of whole blood samples spiked with a range of CMV viral loads (104, 106, 108 
copies/mL whole blood). (D) Comparison of CMV reads before (untreated) and after (MF-treated) 
microfluidic treatment of plasma samples (E) Plot showing the depth of coverage (y-axis) across the 
CMV genome (x-axis) in samples derived from whole blood spiked with 106 CMV copies/mL. Depth of 
coverage is the number of sequenced reads aligned to the CMV genome at each base pair position from 
450,000 sampled reads. 

 

2.4  Chapter conclusion 

We developed a sample preparation platform using a spiral microfluidic device that can isolate 

viruses from host cells in whole blood or plasma in an automated, fully contained manner. 

Removal of host cells through size-based spiral inertial microfluidic sorting with recirculation 

led to the reduction of human (host) background reads in metagenomic sequencing for viral 

detection and sequencing. Further studies are needed to assess the recovery of intact infectious 

viruses for other downstream processes. We anticipate that our device can help ease the sample 

preparation process and improve the sensitivity of sequencing-based viral detection for viral 

clinical samples by enabling direct use of whole blood samples for WGS sample preparation as 

well as eliminating the need for a centrifuge or membrane-based filters. 
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Chapter 3 

 

Clinical human blood sample lysis techniques 

 

3.1 Motivation and background 

It has been known that there exist only a few bacteria (~1-10 CFU/mL) in the blood samples of 

patients with clinically significant bacteremia that are recoverable via CFU plating.58,59 In order 

to recover and detect this very minimal amount of bacteria present in the bacteremic blood 

samples, many researchers and clinicians have adopted different approaches. As one of the most 

well-known methods, currently being the reference standard, culturing blood samples in liquid 

media has been adopted for decades because it can grow viable bacteria present in the samples 

and increase the number of bacteria by numbers of magnitudes so that they can be detected 

easily.60 However, even for this gold standard method, it has its own shortcomings such as the 

long time required for culture and the inability to multiply microorganisms that are 

uncultivable.61 In an attempt to remedy this kind of issue, there has been a movement towards 

molecular diagnosis methods for bacteria detection directly from whole blood.62–71 Molecular 

diagnosis methods, as known as PCR-based, has advantages such as reduced time to results and 

low detection limit due to its high sensitivity. However, their performance is often limited by the 

presence of vast human host DNA interfering with primers and probes used for PCR, so that 

blood samples need to go through certain processes to remove human DNA, for example, 

removal of white blood cells or degradation of human DNA.  Moreover, PCR-based diagnosis is 

vulnerable to contaminants which may be introduced during sample collection or handling and 

result in false negatives.61  
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In order to circumvent these problematic issues of blood culture and PCR-based 

diagnosis, my research group has collaborated with Deborah Hung lab at Broad Institute, and 

Nanostring, a company that developed nCounter® platform that can provide molecular detection 

of target nucleic acids or proteins23,72 to find a solution that can identify bacteria in clinical 

bacteremic samples without culture or molecular amplification. Here, I would like to summarize 

the findings that I discovered from processing clinical bacteremic samples in the following 

sections. Bacteremic blood samples were kindly provided by Brigham and Women’s Hospital, 

under an Institutional Review Board (IRB)-approved sample collection protocol. 

At first, we tried to enumerate how many viable bacteria are present in bacteremic 

samples by plating the samples aliquoted and stored separately before blood culture and whose 

culture in liquid media later turned positive. These samples were classified as “old” blood 

samples because they were stored at 4℃ for ~2-3 days before we got our hands on these 

samples. Interestingly enough, most of these “old” samples did not result in any CFUs when we 

diluted them 5 times in phosphate-buffered saline (PBS) or Luria-Bertani (LB) broth, plated and 

cultured them on LB agar plates (~0.5-1 mL of the original undiluted sample), even though they 

were the aliquots of the samples that turned positive in blood culture. From some literature 

search, it was found out that coagulation of blood induced by the intrusion of bacteria into the 

bloodstream enables entrapment of bacteria in blood clots and leads to immobilization and 

killing of these pathogens.73–75  Therefore, a number of blood lysis methods on these samples 

were tried to recover bacteria that are presumably entrapped in the blood clot (Figure 8), and we 

began to observe more samples that resulted in CFUs on the agar plates. After we started lysing 

the blood, we were able to recover viable bacteria on the LB agar plate for 79 out of 112 “old” 

samples (70.5% chance of finding viable bacteria). In the later phase of the project, we were able 

to access blood samples that were freshly drawn from patients within 24-48 hours of broad-

spectrum antibiotics stewardship (classified as “fresh” blood samples hereafter). These patients’ 

blood samples that were collected prior to antimicrobial stewardship turned positive in blood 

culture, and it was considered highly likely to have viable remnant bacteria in their freshly drawn 

blood sample. Although the chance of finding viable bacteria in these “fresh” samples was lower 

(12 out of 20 “fresh” samples, 60% chance) than the “old” samples, presumably due to blood 
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collection right after antimicrobial stewardship, we were still able to recover viable bacteria from 

the “fresh” samples with the blood lysis techniques applied. 

In this chapter, I would like to introduce several blood lysis methods that can be adopted 

for clinical bacteremic blood samples to recover viable bacteria and compare the efficacy of each 

technique in the following sections.  

 

Figure 26 Schematic of bacteria entrapment in blood clot and discharge of them by blood lysis 

 

3.2 Method 

3.2.1 Deionized water-based blood lysis 

There were two types of deionized water (DIW)-based blood lysis tried. The first type of 

DIW-based blood lysis included sample dilution with an isotonic solution and 

centrifugation step before DIW addition to the sample to induce greater hypotonic shock 

by DIW by removing the plasma part of the sample. Nine times the volume of phosphate-

buffered saline (1x PBS) compared to the original blood sample is added, mixed with a 

blood sample, and centrifuged at 3,000 RCF for 15 minutes. The supernatant is carefully 

discarded using a serological pipette. Ten times to twenty times volume of DIW is added 

to the pelleted sample and vortexed gently for 30 seconds to perform hypotonic blood cell 
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lysis on the sample. It was found out that direct addition of DIW to the sample 

(9:1=DIW:blood, volume ratio) was enough to induce hypotonic lysis of blood cells, and 

the sample dilution with PBS and centrifugation step was skipped. 

 

3.2.2 Red blood cell lysis buffer-based blood lysis 

Red blood cell (RBC) lysis buffer (eBioscience, catalog no. 00-4333-57) was tried on a 

number of blood samples to lyse erythrocytes without inducing osmotic shock. RBC lysis 

buffer contains ammonium chloride, which is known to lyse RBC selectively with 

minimal effect on leukocytes. Ten times the volume of RBC lysis buffer is added to the 

blood sample and incubated at room temperature for 10 minutes until the solution 

becomes transparent red. 

 

3.2.3 Saponin-based blood lysis 

Saponin is a type of non-ionic surfactant that can be used as a blood cell lysis agent as it 

lyses red blood cells (RBC) by creating holes in the membrane and releases hemoglobin 

into the buffer.76 Although DIW- or RBC lysis buffer-based blood lysis methods work 

fairly well, they both inevitably lead to volume increase up to ~10-20 times, which is not 

ideal for large volume sample processing (e.g. a few milliliters to tens of milliliters of 

blood). To resolve the issue of inevitable sample dilution, a high concentration of saponin 

stock solution (5% w.t.) is made by dissolving saponin in DIW or 1x PBS, and added to 

the blood samples, resulting in final saponin concentration of ~0.1-2.5% (w.t.).  

 

3.2.4 Detoxification of saponin 

In a patent filed by Wadley Research Institute and Blood Bank77, saponin molecules with 

apparent molecular weight less than 600 are known to be toxic to microbial organisms. 

Detoxification of saponin refers to the process that can remove these toxic constituents 

through membrane filtration so that saponin can function as an effective hemolytic but is 



32 

 

not toxic to microorganisms. High concentration stock of saponin (10% w.t.) was 

prepared by dissolving saponin into DIW. This saponin solution was then loaded on 

centrifugal membrane filtration tubes (Spin-X UF 20 Concentrators with molecular 

weight cut-off of 5 kDa, Corning Inc., Corning, NY) and centrifuged at 3,000 RCF for 1 

hour. Concentrate that remained on the membrane was collected, and DIW was added to 

the concentrate to compensate for the volume lost in the filtrate to constitute a stock 

solution of “detoxified” saponin (slightly less than 10% w.t.).    

 

  

 

3.3 Results and discussion 

3.3.1 Presence of bacteria in blood clots 

At the beginning of the project, we had no idea of where bacteria in the “old” blood 

samples would be. These “old” samples were the samples that were stored separately at 

4℃ and whose culture turned positive in the liquid media culture later so that we had 

more confidence that they contained some viable bacteria inside. After plating both 

unlysed (diluted 5x in LB media) and lysed (DIW-based blood lysis, 1st type) samples of 

BLD_023, we observed that there were much more viable bacteria in lysed blood than 

unlysed blood (from Table 1, 82 vs. 4 CFU per mL of blood processed). We continuously 

observed this trend of having more bacteria in the lysed sample than the unlysed one for 

14 more samples (Table 1). This suggests most of the viable bacteria in the “old” blood 

samples were trapped in the blood clot either by self-immunity of blood cells or due to 

the storage condition (sedimentation and coagulation), and we should lyse the blood 

samples from the beginning to recover most bacteria before we process and prepare these 

samples for further assays. 
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Table 4. Comparison of bacteria quantity between unlysed and lysed blood samples 

Sample ID Species 
Bacteria in 

unlysed sample 
(CFU/mL) 

Bacteria in 
lysed sample 

(CFU/mL) 
BLD_023 Staphylococcus aureus 4 82 
BLD_030 Staphylococcus aureus 58 315 
BLD_051 Beta hemolytic Streptococcus group B 7 16 
BLD_053 Escherichia coli 0 27 
BLD_058 Klebsiella pneumoniae 20 89 
BLD_060 Staphylococcus aureus 0 160 
BLD_061 Staphylococcus aureus 0 234 
BLD_063 Staphylococcus aureus 1 73 
BLD_064 Streptococcus gordonii 0 207 
BLD_067 Klebsiella pneumoniae 0 186 
BLD_068 Staphylococcus aureus 0 103 
BLD_069 Streptococcus thermophilus 0 160 
BLD_070 Escherichia coli 1 61 
BLD_071 Porphorymonas species,  

Coagulase negative Staphylococcus 0 12 
BLD_072 Escherichia coli 0 14 
 

3.3.2 Incomplete recovery of bacteria in blood clots by RBC lysis buffer 

Three consecutive blood samples drawn from a single patient were used to compare the 

recovery of viable bacteria from blood samples lysed either by RBC lysis buffer or DIW 

(2nd type, direct addition of DIW to sample). As shown in Table 2, the number of viable 

bacteria per milliliter of blood is much higher in DIW-lysed samples than RBC lysis 

buffer-lysed samples. It suggests that DIW-induced hypotonic lysis of blood cells is more 

effective to recover bacteria from clinical bacteremic blood samples that might be trapped 

in blood clots than the RBC blood lysis buffer-based method. (Sample history: Sample 

‘BLD_116’ and ‘BLD_117’ were “old” blood samples collected on February 2nd and 3rd 

of the year 2019, respectively, and shipped on February 5th, 2019. Sample ‘E-46 D0’ was 

a “fresh” blood sample, freshly drawn within 24-48 hours after antimicrobial 

stewardship, and it was collected and shipped on February 5th, 2019. All these samples 
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were confirmed to be infected with methicillin-susceptible Staphylococcus aureus 

(MSSA) by blood culture test.)  

Table 5. Comparison of viable bacteria recovery from samples lysed by RBC lysis buffer and DIW 

Sample ID Species 
Bacteria in  
RBC lysis 

buffer 
-lysed sample 

(CFU/mL) 

Bacteria in  
DIW-lysed  

sample 
(CFU/mL) 

BLD_116 Staphylococcus aureus MSSA 234 1570 
BLD_117 Staphylococcus aureus MSSA 21 540 
E-46 D0 Staphylococcus aureus MSSA 2 22 

 

3.3.3 Effect of detoxification of saponin 

For seven clinical bacteremic blood samples (one “fresh” blood sample and six “old” 

blood samples, all of which confirmed to be infected with MSSA) collected between 

April 30th and May 14th, 2019, three blood lysis methods (DIW, saponin, detoxified 

saponin) were applied to equal aliquots of each sample to see if there was a distinct 

difference between these methods. As shown in Table 3, the number of viable bacteria 

per milliliter of blood is quite comparable between DIW-lysed and detoxified saponin-

lysed samples, but it is much lower in saponin-lysed blood samples. This implies that 

saponin-based blood lysis resulted in the poor recovery of bacteria in clinical bacteremic 

samples because of toxic components of saponin solution prior to detoxification. In other 

words, this result shows that toxic components of saponin were successfully filtered out 

by centrifugal filtration-based detoxification method, and the detoxified saponin is as 

effective as DIW to recover viable bacteria from clinical blood samples. 

Table 6 Comparison of viable bacteria recovery after applying three different blood lysis methods (DIW, 
saponin, detoxified saponin) 

Sample ID Species 
Bacteria in  
DIW-lysed  

sample 
(CFU/mL) 

Bacteria in  
Saponin-lysed 

sample 
(CFU/mL) 

Bacteria in  
Detox. Saponin 
-lysed sample 

(CFU/mL) 
E-63 D0 Staphylococcus aureus MSSA 13 0 21 

BLD_148 Staphylococcus aureus MSSA 224 51 128 



35 

 

BLD_149 Staphylococcus aureus MSSA 13 0 6 
BLD_150 Staphylococcus aureus MSSA 5 0 7 
BLD_151 Staphylococcus aureus MSSA 14 0 9 
BLD_152 Staphylococcus aureus MSSA 977 379 919 
BLD_154 Staphylococcus aureus MSSA 18 0 11 

 

3.4 Chapter conclusion 

We have shown that we can recover more viable bacteria in clinical bacteremic blood samples by 

lysing the blood than just using unlysed, whole blood. It is not entirely clear by what mechanism 

bacteria are trapped in the blood clots, but the results from plating the unlysed and lysed samples 

suggest that most of the viable bacteria in the clinical bacteremic blood samples were trapped in 

the blood clot and were released by the blood lysis. Moreover, we were able to demonstrate that 

some blood lysis methods such as the DIW-based hypotonic lysis or the use of detoxified 

saponin are more desirable and effective to recover bacteria in these clinical samples than other 

methods such as the use of RBC lysis buffer or unpurified saponin. We believe that our 

experience on the clinical bacteremic blood samples would be not only helpful for our own 

development of blood sample preparation protocol but also informative to other researchers and 

clinicians who are seeking to detect and recover viable bacteria from these samples. 
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Chapter 4 

 

Rapid bacteria detection from blood samples without culture or 

PCR2 

 

4.1 Motivation and background 

Bloodstream infection (BSI) such as bacteremia or sepsis has been considered a major cause of 

mortality worldwide. In treating BSI, rapid detection of bloodborne bacteria is essential because 

BSI-related morbidity or mortality can be significantly reduced if we can identify pathogenic 

bacteria in the early stage of infection78. Isolation and identification of bacteria from bacteremic 

blood are rendered difficult due to the extremely low abundance (~1-5 CFU/ml) of bacteria and 

the presence of large molecular and cellular backgrounds. Therefore, diagnosis of bacterial 

infection has been relying on blood culture methods or molecular amplification techniques such 

as polymerase chain reaction (PCR) to increase the number of bacteria cells or nucleic acids. 

However, these methods usually require a long time before diagnosis, induce bias or result in 

false positives because of their high sensitivity79.  

                                                           
2 The following published conference paper was used in its entirety for Chapter 3, with minor updates and 
modifications: 
 
Choi, K.; Ouyang, W.; Ryu, H.; Han, J. “CULTURE- AND PCR-FREE DETECTON OF LOW ABUNDANCE 
BACTERIA FROM BLOOD WITHIN AN HOUR”, The 22nd International Conference on Miniaturized Systems for 
Chemistry and Life Sciences (MicroTAS), Nov. 11-15, 2018, Kaohsiung, Taiwan 
 
Contributions: K.C., W.O. and J.H. conceived of the approach and designed the experiment. H.R. contributed to the 
operational scheme of the spiral microfluidic sorter. K.C contributed to the design, fabrication, execution of 
experiment regarding the spiral microfluidic sorter device. W.O. contributed to the design, fabrication, and 
execution of experiment regarding the electrokinetic microfluidic concentrator device. K.C. and J.H. mainly drafted 
the manuscript, which all authors have read and reviewed. 
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 Recently, a lot of effort has been made in microfluidics to enhance the sensitivity of 

nucleic acid (NA) detection in biological samples by capturing nucleic acids in the device and 

eluting them out for further downstream assays.80–83 However, most of these approaches 

remained in the realm of miniaturizing solid-phase extraction (SPE) in micro-chambers with high 

surface area silica84 or other polymers such as poly(methyl methacrylate) (PMMA)85, 

polycarbonate (PC)86, packed silica beads87 or magnetic beads functionalized with polythymine 

deoxyribonucleotides (oligo-dTs)88, usually followed by elution and subsequent PCR. Our group, 

on the other hand, has been focusing on ion-concentration polarization (ICP)-based electrokinetic 

trapping (ET) method, which can not only capture and purify NAs in the microfluidic device but 

also detect them on the same platform without any chemical amplification of biomolecules using 

the electrical property of these biomolecules. It is known to be a method that can concentrate 

NAs in biological samples quite rapidly (~a few tens of minutes) while achieving high 

enrichment factors up to ~106.89  

 
Figure 27 Schematic of pressure-modulated selective electrokinetic trapping (PM-SET) principle. (a, c) 
Concentration of nucleic acids and proteins at zero external hydrostatic pressure. Nucleic acids have 
higher electrophoretic mobility than proteins, locating farther from the Nafion membrane. (b, d) 
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Concentration of nucleic acids and proteins at existent external hydrostatic pressure. Proteins overcome 
the electrostatic barrier and leak through the membrane while nucleic acids are still electrokinetically 
trapped before the barrier, thus become concentrated and purified. Reprinted with permission from 
(Ouyang et al., Anal. Chem. 2018, 90, 19, 11366-11375). Copyright (2018) American Chemical Society 

 

In ICP-based ET concentrator devices, an ion-depletion zone is created in the micro-

channel by a selective transport of cations through a cation-exchange membrane (CEM) under a 

direct-current (DC) electric field. Since the ion-depletion zone is devoid of electric charge, a 

significant portion of the DC electric field is applied at this zone due to the increased electric 

resistivity. It builds an electric barrier to negatively charged particles such as NAs and proteins 

so that they cannot pass through, accumulate before this zone, thus become concentrated (Figure 

9). ICP-based ET is regarded as a promising method for concentrating biomolecules because it 

can continuously concentrate negatively charged biomolecules and is insensitive to electrically 

neutral contaminants, not to mention that it is reagent-free and can be easily integrated with 

downstream processes.89–91   

 

In this chapter, we aim to demonstrate the detection of bacterial species from 

approximately 1-5 CFU/ml blood samples by the combination of high throughput spiral 

microfluidics3 and ICP-based ET concentrator devices92. In order to enable this, we had to 

significantly improve the performance of both spiral sorter and concentrator by multiplexing (to 

increase throughput) and multi-staging (to enhance the performance). The process utilizes 8 

spiral sorter devices running in parallel for two-stage blood separation, followed by 640 ICP-

based ET concentrators running in parallel for two-stage preconcentration-hybridization (Figure 

10), by which one can process and identify bacteria species from 1 mL blood sample within 1 

hour, which is faster than any other studies reported, to our best knowledge. Moreover, our 

approach does not require amplification steps because our concentrator device can physically 

concentrate the rRNA-probe conjugates at the nanojunction, even at low abundance. 
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Figure 28 Overall flow chart of our platform for the separation and detection of bacteria from a blood 
sample 

 
4.2 Method 

4.2.1 Fabrication of microfluidic devices 

Both spiral inertial sorter and electrokinetic concentrator devices were fabricated with 

polydimethylsiloxane (PDMS) following standard soft-lithographic microfabrication 

techniques described previously.3,92,93 

 

4.2.2 Preparation of bacteria-spiked blood samples 

Green fluorescent protein-expressing Escherichia coli (GFP E. coli, ATCC® 

25922GFP™, ATCC), Pseudomonas aeruginosa (P. aeruginosa, ATCC® 15442™, 

ATCC), and Klebsiella pneumoniae (K. pneumoniae, ATCC® BAA-1705™, ATCC) 

were cultured and plated as per ATCC’s instruction. Bacteria was spiked directly into 

whole blood samples at a concentration of 1-1000 CFU/mL at the beginning of the 

experiment. The number of bacteria in each sample (unlysed) was enumerated using a 

CFU plating method to evaluate bacteria recovery after spiral cell sorting operation. 
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Bacteria load in each lysate sample that was loaded onto an electrokinetic concentrator 

was estimated by plating the same amount of bacteria stock that was spiked into the 

initial sample.  

Multiple dilutions (5, 10, 20, and 100 times) of blood in phosphate-buffered saline 

(PBS) with 0.1% (w.t.) bovine serum albumin (BSA) and 2 mM 

Ethylenediaminetetraacetic acid (EDTA) were prepared and tested for spiral sorter 

through various flow rate range to determine minimum dilution required for blood cell 

separation using negative selection scheme (Figure 11). 

   

4.2.3 Process workflow 

The entire process workflow was executed as shown in Figure 10. For the 2-stage spiral 

sorter operation with negative selection, 20 times dilution of blood sample and 1.6 

mL/min per spiral device was chosen as the operating condition as it was deemed optimal 

for separating blood cells with minimal dilution for shorter processing time while 

maintaining separation efficiency. 

Consecutive centrifugations (3,000× g for 15 minutes and 15,000× g for 3 

minutes) were applied to spiral-processed samples to collect bacteria in a smaller volume. 

50 μL of RNAprotect (Qiagen) was added to the collected bacteria, and the mixture was 

vortexed for 5 seconds, followed by incubation for 5 minutes at room temperature to 

stabilize RNA present in the sample. The bacteria sample was centrifuged again at 

15,000× g for 5 minutes to remove the remaining RNAprotect. The cell pellet collected 

after RNAprotect was lysed with 18 μL of 1 mg/mL lysozyme and 1 unit/μL SUPERase• 

In (Invitrogen) inhibitor in 0.1× PBS for 5 minutes to yield bacterial nucleic acids. The 

lysate was added with 1.8 μL of 10× PBS to adjust the salinity, incubated with 80 μL of 

fluorescence-labeled PNA that is specifically designed to hybridize with 16s rRNA of E. 

coli and loaded onto the electrokinetic concentrator. 

For electrokinetic concentrator operation, 200V was applied across the 1st stage 

microchannel of the electrokinetic concentrator for 10 minutes to transport as well as to 

concentrate the rRNA-probe at the 1st nanojunction. The same voltage was applied across 
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the 2nd stage microchannel for 5 minutes to concentrate the rRNA-probe at the 2nd 

nanojunction further. 

 
Figure 29 (A) Schematic of a spiral inertial microfluidic device with negative selection scheme for 
bacteria separation from blood (B) Microscope images of cell sorting behavior for different hematocrit 
and flow rates 

 

4.3 Results and discussion 

 4.3.1 Evaluation of spiral cell sorter performance 

Separation of bacteria from abundant host blood cells was done by a 2-stage spiral 

inertial microfluidic sorter. The two-stage spiral device with a negative selection scheme 

enabled high recovery of bacteria (>90%, down to ~3 CFU/mL level) while removing 

most of the host cells (>99% of RBC and WBCs and ~40% of platelets) in the blood 

samples by keeping the focused host cell streamlines to the internal feedback loop 

(Figure 12). 

 



42 

 

 
Figure 30 (A) Schematic of 2-stage spiral device operation (B) Photograph of actual device setting (C) 
Photograph of treated samples (D)-(E) Microscope images at inlet and outlets (F)-(G) Host cell sorting 
performance at each stage (H) Number of E.coli recovered at the spiral output (2nd stage) (y-axis) for 
multiple loads of bacteria at the input (x-axis) 

 

 4.3.2 Evaluation of electrokinetic concentrator performance 

Spiral device-processed samples which contained most of the bacteria in a new buffer went 

through centrifugation and bacterial lysis to yield bacterial rRNA for specific species 

identification. The bacterial lysate was incubated with the fluorescence-labeled PNA probe 

(neutral in charge, unconcentratable in the electrokinetic concentrator) and the rRNA-probe 

conjugate was concentrated by over million-fold (confirmed by comparison of 

fluorescence intensity before and after concentration) within 15 min using the two-stage 

640-plex ICP-based concentrator (Figure 13). 
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Figure 31 Schematic of the two-stage 640-plex electrokinetic concentrator. (A) Principle and design of 
the device. (B) Fluorescence images showing the concentration of fluorescent DNA in the first stage and 
second stage. The fluorescent intensity was significantly boosted by two-stage concentrating. (C) The 
concentration factor achieved by the 640-plex device. Over a million-fold was achieved within 15 min. 

 
4.3.3 Evaluation of detection sensitivity and specificity 

Detection of E. coli was verified with fluorescence microscopy to a level of ~1 bacteria 

load lysate, and the fluorescence intensity was shown to be linearly proportional to the 

number of bacteria spiked in (Figure 14). For the detection of ~1 bacteria lysate, a split of 

the lysate was used when the sample was found to have had more than 1 bacterium in it 

(i.e., split the lysate into 3 for a sample known to contain ~3 E. coli). The specificity of 

the E. coli PNA probe binding was also verified by the low fluorescence intensity of 

other bacteria lysates containing ~1000 CFUs of P. aeruginosa and K. pneumonia when 

incubated with the probe. 

 

 

Figure 32 Bacteria detection using the two-stage concentrator. (A) Fluorescence images showing the 
PNA-rRNA complex at different numbers of E. coli cells. (B) The dependence of fluorescence intensity 
on the number of bacteria. (n=3) (C) Specificity of detection across bacteria species. (n=3) 
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4.4 Chapter Conclusion 

We have demonstrated detection of low abundance bacteria from blood down to ~1-5 CFU/mL 

level by separating bacteria from blood cells with spiral microfluidics and concentrating rRNA-

probe conjugate with an electrokinetic concentrator. The entire process only takes less than an 

hour because culture or PCR is not performed, which usually takes a longer time and might 

cause false positives or the introduction of amplification bias. We believe our entire workflow 

for bacteria separation and detection does not only enable rapid diagnosis of BSI but also open 

up a possibility of on-chip bacteria detection without requiring high-profile analyzers such as 

sequencer or mass spectrometers. 
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Chapter 5 

 

Scalable and Continuous Cell Washing Method by Spiral Inertial 

Microfluidics for Adventitious Agent Clearance 

 

5.1 Motivation and background 

Recently, more and more effort has been put to develop technologies that can better 

accommodate continuous bioprocessing such as continuous cell washing94–100, in-line 

monitoring101–103 and perfusion bioreactors104–107 for both large-scale production (e.g. large 

molecule drugs like monoclonal antibodies (mAbs) and vaccines) and small-scale production 

(e.g., treatments for orphan diseases and personalized cell/gene therapies).  

Cell washing/concentration is a necessary step in the biomanufacturing process, either to 

re-suspend cells in a specific medium that is appropriate for cells to replicate at upstream 

bioprocessing, or to clarify cells by removing impurities such as residual metabolites and 

adventitious agents (AAs) from the original sample at downstream bioprocessing.108 For 

example, working cell banks (WCB) that are derived from master cell banks (MCB) and used for 

large-scale production need to be thawed and appropriately washed before cell expansion to 

remove residual metabolites and to replace the buffer with a fresh medium. Since WCBs do not 

go through intensive adventitious agents testings as MCBs109, it is important that cell washing is 

performed in a carefully controlled, sterile environment by skilled personnel. Nowadays, cell 

therapy products such as chimeric antigen receptor T cell (CAR-T) require mitigation of the risk 

posed by AAs as it is directly related to patient safety. Also, these products cannot usually go 

through all necessary safety tests, including compendial sterility testing for AAs before product 

release due to the limited shelf life and production time.110 Conventional cell 
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washing/concentration is generally achieved by centrifugation to generate a packed cell pellet, 

followed by removing the supernatant and replenishing a new buffer solution. However, some of 

the cell washing steps that are manually conducted in an open environment can expose cells to 

external contamination.111,112 In addition, productivity or functionality of cells can be affected by 

shear stress from rigorous centrifugation and pipetting to break cell clumps, which also causes 

the issue of reliability and repeatability of the process.113–115 Such cell perturbations are not 

desirable, especially for live-cell products such as CAR-T, due to the limited number of cells 

produced and the unknown effects of such perturbations in vivo.  

As an alternative to manual processes based on centrifugation, automated cell 

washing/concentration technologies based on membrane filtration such as alternating tangential 

flow filtration (ATF) or tangential flow filtration (TFF) are recently adopted by bio-

manufacturers.116–118 Clogging is minimized by cross filtration where cells are retained in the 

flow direction along with the fluid inside the membrane while the filtrate passes through the 

membrane in the normal direction to the fluid during operation. However, large hold-up volume 

and frequent replacement of the membrane due to accumulated biofouling limit the scalability of 

the process and can impact cell viability and quality, respectively.119 Another technology called 

acoustic wave separation (AWS) has been proposed as a membrane-less filtration method to 

clarify harvested cell culture fluid (HCCF) and remove residuals from cell culture.120–122 In 

AWS, an acoustophoretic wave generates nodes in the flow channel where suspended cells are 

trapped, form aggregation, and settle down. Although this technology does not require a 

membrane, it has limited application only for cells that can form clusters, as non-aggregated cells 

cannot be recovered by this method. Moreover, prematurely induced aggregation of cells can 

lead to variability in mass transfer and cell signaling, heterogeneous differentiation of cells, thus 

potentially compromising the quality and yield of cellular product.123 Gravity-driven 

sedimentation processes are also employed in an inclined settler system to induce sedimentation 

of cells for separation124, but are generally limited by large hold-up volume due to weak 

gravitational forces and slow sedimentation speed. Other relatively new cell 

washing/concentration systems that are currently available for cell and gene products are mostly 

based on automation of centrifugation95–98 (e.g., Miltenyi CliniMACS Prodigy, Corning X-wash, 

Gibco CTS Rotea, and Sepax) or a combination of two methods such as spinning membrane 
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where centrifugation and membrane filtration is combined99 (e.g., Fresenius Kabi LOVO). 

Recently, inertial microfluidics has attracted considerable attention due to its versatile 

and straightforward way of separating particles based on particle size in various sample volumes 

(mL to L) without necessitating any labeling or external driving force other than the pumping 

system.125 In inertial microfluidics, particles of different sizes are separated in the microchannel 

because they undergo different magnitudes of hydrodynamic forces called net lift force and drag 

force.46 Since the separation of particles is purely dependent on hydrodynamic forces applied to 

particles, an inertial microfluidics-based sorting system need not use a membrane. In addition, 

inertial microfluidic devices can be easily scaled up to process large volume samples with high 

throughput up to 1 L/min using multiple channels and layers in parallel.49,126,127 Due to such 

advantages, inertial microfluidics-based cell separation has been applied to various 

biological/physiological samples in different volume scales and demonstrated better outcomes 

such as less disturbance on cell functionality or higher purity of the final sample.4,21,22,128 For 

example, in the field of biomanufacturing, researchers have applied this sorting method as a 

membrane-less cell retention device.49,129 The fact that inertial microfluidics-based cell sorting 

can achieve fast and efficient separation of cells without disrupting cell functionality, 

productivity, and viability49,128,129 has enabled its use as a cell retention device for long-term 

perfusion culture of suspended mammalian cells. 

In this chapter, we present a spiral inertial microfluidic system that can achieve 

automated, continuous, clog-free cell washing/concentration. The cell washing/concentration 

system is based on our previous sorting scheme called negative selection, where large cells form 

a focused streamline and are retained in a closed feedback loop. At the same time, small particles 

like viruses are continuously collected at the non-cell-focusing side of the microchannel.3 With 

this scheme, adventitious agents such as bacteria and viruses that are usually small compared to 

the cells of interest (e.g., Chinese hamster ovary (CHO) cells or T cells) can be continuously 

washed away from the focused, retained cells of interest. We also devised a scheme called 

“constant medium addition” to achieve further cell washing in the system (Fig. 15). Fresh and 

sterile medium is constantly replenished to the input reservoir at the same volumetric rate of the 

outer-wall outlet sample (waste) collection. The cell washing can be continued until the desired 

level of adventitious agent clearance is achieved. We verified the efficacy of cell washing by 
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comparing the concentration of contaminants in the input before and after washing via 

fluorescence microscopy, colony-forming unit counting, and quantitative real-time PCR (qPCR). 

It was shown that our spiral microfluidic sorter could effectively wash away free-floating, non-

adherent adventitious agents up to LRV of 4.32 and 2.03 for bacteria and virus, respectively, 

with ten to fifteen times the volume of washing medium with respect to the original sample used. 

We envision that our membrane-less, scalable, continuous cell washing/concentration technology 

can offer many advantages over currently available ones such as ATF, TFF, or AWS and can be 

applied to a wide range of bioprocesses ranging from downstream cell washing for cell therapy 

products to large-scale upstream cell clarification. 

 

 

Figure 33 Constant medium addition scheme of spiral microfluidic sorter operation for cell 
washing. The sample is drawn from the input reservoir and injected into the spiral sorter using a 
peristaltic pump at the inlet. Two streams of outputs are generated at the outlet bifurcation: 1) 
inner-wall (IW) outlet stream where most of the cells that are focused near the inner-wall of the 
microchannel are flowing and 2) outer-wall (OW) outlet stream where the fluid contains mostly 
free-floating adventitious agents. Adventitious agents are constantly removed towards the waste 
stream (OW outlet) with continuous addition of a medium while cells of interest (e.g., CHO 
cells, T-cells) are retained at the IW outlet and fed back to the input reservoir. Media is 
continuously added to maintain the cell density at the input reservoir and to wash out 
adventitious agents towards the waste stream. 
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5.2 Method 

5.2.1 Fabrication of spiral microfluidic cell sorter 

A Spiral inertial microfluidic sorter was fabricated with polydimethylsiloxane (PDMS) in 

accordance with standard soft-lithographic microfabrication techniques.3 The aluminum 

master mold was fabricated with a micro-milling machine (Whits Technologies, 

Singapore). The mold design was drawn with AutoCAD software. Sylgard 184 PDMS 

base and curing agent (Dow corning Inc.) were mixed with a 10:1 mass ratio and 

degassed in a vacuum desiccator for 30 minutes. The degassed mixture was cast on the 

aluminum master mold and cured on a hot plate for 10 minutes at 150 degrees. A cured 

replica was peeled off from the mold after it was cooled down to room temperature. Inlets 

and outlets of the device were punctured using disposable biopsy punches (Integra™ 

Miltex®) for tube connection for fluidic transport. The cured PDMS replica with 

punctured holes was then permanently bonded to a glass slide after treating both the 

PDMS surface and the glass slide with a plasma machine (Femto Science, Korea) at 

100W for 45 seconds (ambient air at 0.5 Torr or 66.7 Pa). The fabricated spiral 

microchannel was measured to have a trapezoidal cross-section and had dimensions of 

183 µm height at the inner-wall, 100 µm height at the outer-wall, and 1000 µm width. 

 

5.2.2 Preparation of CHO cell culture 

CHO cells (FreeStyle™ CHO-S Cells, Thermo Fisher Scientific) were grown in a 5% 

CO2 incubator (Forma Steri-Cycle 370, Thermo Fisher Scientific) at 37 degrees, 

contained in a glass spinner flask (4500-500, Corning) spun at 65 RPM. Cells were 

seeded at 0.3 million cells/mL cell density into a pre-warmed (37 degrees) culture 

medium (FreeStyle™ CHO Expression Medium, Thermo Fisher Scientific) to have a 

total culture volume of 200-250 mL. Cell culture parameters such as cell density, 

viability, average cell diameter, nutrient and metabolite concentrations, ion 
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concentrations, and pH were analyzed by an automated cell culture analyzer (BioProfile® 

FLEX2, NovaBiomedical) and were monitored regularly throughout the culture. 

 

5.2.3 Preparation of fluorescent beads, bacteria, and virus-spiked samples and 

characterization of clearance  

CHO cell culture at 1-3 million cells/mL with high viability (>95%) was used for the 

adventitious agent clearance experiment. For evaluation of plastic beads clearance, 

fluorescent polystyrene beads (Fluoresbrite® YG Microspheres 1.00µm, Polysciences, 

Inc.) were spiked into a CHO cell culture sample at a concentration of 40-100 million 

beads/mL initially. Aliquots of samples collected at different time points of cell washing 

were analyzed by fluorescence microscopy using a hemacytometer (C-Chip™ Disposable 

Hemacytometers, INCYTO, Korea). For evaluation of bacteria clearance, green 

fluorescent protein-expressing Escherichia coli (ATCC® 25922GFP™, ATCC) was 

spiked into CHO cell culture sample at a concentration of 100-300 million CFU/mL at 

the beginning of the experiment, and aliquots of samples collected at later time points of 

cell washing were analyzed by fluorescence microscopy using a hemacytometer and CFU 

plating method. GFP E.coli was cultured and plated as per ATCC’s instruction (Tryptic 

Soy Agar/Broth with 100 mcg/mL Ampicillin at 37 degrees in aerobic condition). For 

evaluation of virus clearance test, minute virus of mice (MVM, Rodent protoparvovirus 1 

(ATCC® VR-1346™)) was spiked into CHO cell culture sample at a concentration of 

20-200 million viral copies/mL at the start. Samples at different washing time points were 

collected and extracted with a nucleic acid extraction kit (PrepSEQ™ 1-2-3 Nucleic Acid 

Extraction Kit, Thermo Fisher Scientific) as per the manufacturer’s instructions. MVM 

viral DNA was quantified with quantitative real-time PCR using a commercial MVM 

detection kit (ViralSEQ™ Mouse Minute Virus (MMV) Detection System, Thermo 

Fisher Scientific) and an analyzer (LightCycler® 480 System, Roche Life Science, 

Germany). Extracted samples were analyzed in triplicates to a total reaction volume of 30 

µL including 10 µL template, 15 µL of 2× Environmental Master Mix, 3 µL of 10× 

MVM Assay Mix and 2 µL DI water. The thermal cycling condition for qPCR was 95 
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degrees for 10 minutes, followed by 45 cycles of 95 degrees for 15 seconds and 60 

degrees for 60 seconds. Viral copy number was calculated by generating a standard curve 

using a positive control from the MVM detection kit with known viral DNA copy number 

(1000 copies/µL) and serially diluted stocks of MVM. 

 

5.2.4 Continuous cell washing by constant medium addition  

Spiral inertial microfluidic sorter was operated at 4 ml/min input flow rate in a closed-

loop mode of separation (“C-sep”) 4,129 where the cell-focused side of the bifurcated 

outlet channel is fed back to the input reservoir so that cells of interest are retained while 

adventitious agents-containing, the non-cell-focused portion is negatively selected and 

removed to a waste stream (Fig. 15). Continuous cell washing was realized by constantly 

adding a sterile medium to the input reservoir at the volumetric rate that matches the 

waste collection rate. The addition of the medium serves two purposes: 1) to keep the cell 

density at the input reservoir so that cell separation efficiency is maintained during the 

entire operation with constant width of the cell-focused streamline; 2) to enable 

continuous washing until the desired level of purity or LRV is achieved. 

A peristaltic pump (Masterflex® L/S® Standard Digital Pump Systems, Cole-

Parmer) and compatible tubing (Masterflex platinum-cured tubing, L/S 14, Cole-Parmer) 

were used to configure the closed-loop mode of operation, connecting the device to a 

pump and transporting the samples from each bifurcated outlet to corresponding sample 

tube (Falcon® Polystyrene Sterile Centrifuge Tubes, Corning®). A syringe pump (PHD 

2000, Harvard Apparatus), plastic syringe (BD Luer-Lok tip syringe, Becton Dickinson), 

and the same tubing were used to construct a constant medium addition module (Fig. 15). 

 

5.2.5 Neuraminidase treatment 

Sialic acid is known to be used as a receptor for cell entry by many viruses.130 As an 

attachment to a receptor on a cell membrane is an imperative step for a virus to enter and 
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infect the cell. Several researchers have developed a CHO cell line that is resistant to 

MVM by genetically engineering a CHO cell to express no sialic acid on the cell 

membrane.131 Inspired by this, we have adopted the use of neuraminidase (sialidase) to 

remove sialic acids on the CHO cell membrane so that attachment of MVM to the CHO 

cell membrane can be minimized and the efficacy of cell washing can be maximized. 

Neuraminidase (from Arthrobacter ureafaciens, Roche, Switzerland) was added 

into CHO cell culture samples to a concentration range of 20-100 mU/mL. 

Neuraminidase-added samples were incubated at 37 degrees for an hour in an orbital 

shaker rotating at 120 RPM before the virus spike-in. 

 

5.2.6 Evaluation of spiral microfluidic cell sorter performance 

The cell separation efficiency of a spiral microfluidic cell sorter was evaluated using cell 

recovery, which is expressed as the following equation: 

𝐶𝑒𝑙𝑙 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) =  
(𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑣𝑖𝑎𝑏𝑙𝑒 𝑐𝑒𝑙𝑙𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑤𝑎𝑠ℎ𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒)

(𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑣𝑖𝑎𝑏𝑙𝑒 𝑐𝑒𝑙𝑙𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑎𝑚𝑝𝑙𝑒)
  

where the total number of viable cells is calculated by multiplying the viable cell 

concentration of a sample measured by BioProfile® FLEX2 analyzer and the volume of a 

sample. 

Log reduction value (LRV) was used as a measure of adventitious agent 

clearance, which is expressed as follows: 

𝐿𝑅𝑉 = −𝑙𝑜𝑔ଵ଴(
𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑎𝑑𝑣𝑒𝑛𝑡𝑖𝑡𝑖𝑜𝑢𝑠 𝑎𝑔𝑒𝑛𝑡 𝑖𝑛 𝑡ℎ𝑒 𝑤𝑎𝑠ℎ𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑎𝑑𝑣𝑒𝑛𝑡𝑖𝑡𝑖𝑜𝑢𝑠 𝑎𝑔𝑒𝑛𝑡 𝑖𝑛 𝑡ℎ𝑒 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑎𝑚𝑝𝑙𝑒
)  

where concentration of adventitious agent is quantified by hemacytometer or CFU plating 

in the case of bacteria and qPCR in the case of virus, respectively. 

 

5.3 Results and Discussion 
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5.3.1 Evaluation of cell washing efficiency for plastic bead clearance  

As a proof-of-concept experiment for adventitious agent clearance using spiral inertial 

microfluidic sorter, fluorescent polystyrene (PS) beads with 1-µm diameter were spiked 

into a 5-mL CHO cell culture sample with ~2.07×106 cells/mL, and cell washing was 

performed until a fresh medium of 10 times initial sample volume (50 mL) was added to 

the initial sample (Fig. 16a). The concentration of PS beads in the sample was reduced 

from ~4.22×107 beads/mL (initial) to ~1.00×104 beads/mL (after 50mL washing) (Fig. 

16d), which demonstrated the clearance level of 3.62 LRV (~4,170-fold) while 54.6% 

CHO cells were retained in the sample (Fig. 16c). The viability of the CHO cell was 

maintained throughout the washing operation (Fig. 16b).  

 

 

Figure 34 (A) CHO cell recovery (left y-axis, red symbol) and log reduction value (LRV) of 1 µm 
polystyrene beads (right y-axis, blue symbol) vs. medium volume added during spiral microfluidic sorter 
operation with constant medium addition scheme (B) CHO cell viability during spiral microfluidics cell 
washing operation (C) Bright-field microscopic images of the initial input and the final sample (washed 
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with 50 mL of medium) for comparison of CHO cell concentration (D) Fluorescence microscopic image 
of the initial input and the final sample for comparison of 1 µm beads concentration. 

 

5.3.2 Evaluation of cell washing efficiency for bacterial clearance  

To demonstrate bacterial adventitious agent clearance, we spiked bacteria (GFP E.coli) 

with a concentration of ~2.81×108 CFU/mL into a CHO cell sample of 10 mL with a total 

cell concentration of ~1.26×106 cells/mL and processed the mixed sample with our spiral 

microfluidics with constant medium addition. As shown in Fig. 17a, CHO cell recovery 

of ~72.1 % (final ~9.05×105 cells/mL) was achieved after 150 mL washing with a sterile 

medium compared with the initial input, while the concentration of E. coli was reduced 

by 4.32 LRV (~20,900-fold). It was confirmed that viability was not affected by spiral 

washing operation (Fig. 17b&c). There were ~1.36×104 CFU/mL E.coli left in the final 

sample, confirmed by fluorescence microscopy and CFU plating on Luria-Bertani (LB) 

agar plate (Fig. 17d). The LRV of E.coli started to become saturated around ~4 LRV and 

increased slowly after 100 mL washing medium addition. This was because some portion 

of E.coli adhered to the CHO cells, and they were retained along with CHO cells in the 

spiral feedback loop. 
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Figure 35 (A) CHO cell recovery (left y-axis, red symbol) and log reduction value (LRV) of E. coli (right 
y-axis, blue symbol) vs. medium volume added during spiral microfluidic sorter operation with constant 
medium addition scheme (B) CHO cell viability during spiral microfluidics cell washing operation for 
bacterial clearance (C) Bright-field microscopic images of the initial input and the final sample (washed 
with 150 mL of medium) for comparison of CHO cell concentration (D) Fluorescence microscopic image 
of the initial input and the final sample for comparison of E. coli concentration. 

 

5.3.3 Evaluation of cell washing efficiency for viral clearance 

For the virus clearance experiment, three 10-mL CHO cell culture samples with a cell 

concentration range of ~2.19-3.84×106 cells/mL were prepared and spiked with MVM at 

a multiplicity of infection (MOI) of ~1-10 (CHO cell:MVM=1:~1-10) so that there is 

enough number of viruses to infect cells and to be detected by qPCR as well. Since 

adherence of MVM to CHO cell was observed in our preliminary experiments (data not 

shown) and resulted in inefficient washing efficiency, neuraminidase treatment was 

adopted as a method to minimize viral adherence by removing sialic acids on the cell 

membrane, which functions as the viral receptor. As shown in Fig. 18a, the overall 
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recovery of CHO cells was higher than 60% for all samples, including control and 

neuraminidase-treated samples. However, regarding the viral clearance performance, 

neuraminidase-treated samples (incubated with 20 mU/mL and 100 mU/mL 

neuraminidase) displayed approximately one order higher viral clearance compared to the 

control (non-treated) sample after the samples were continuously washed with 100 mL of 

medium (Fig. 18b). The neuraminidase-treated samples resulted in LRV of 2.03 and 1.92 

after 100 mL cell washing for 20 mU/mL and 100 mU/mL neuraminidase treatments, 

respectively, while the control only had LRV of 0.98. The viability of CHO cells in all 

three samples was maintained almost constant (less than 6% variation) (Fig. 18c). This 

implies that neuraminidase treatment effectively reduced the number of viral receptors 

(sialic acids, supposedly) by one order of magnitude and enhanced the viral clearance 

performance significantly. However, the efficacy of spiral cell washing for viral 

adventitious agent clearance was less effective (about 2 LRV less) compared with other 

adventitious agent clearance experiments such as plastic beads and bacteria at the same 

level of washing (10 times the volume of washing medium with respect to the initial 

sample). Based on the fact that one neuraminidase treatment may not be able to remove 

all sialic acids and other potential viral receptors on the cell membrane, it is understood 

that the reduced efficacy of spiral cell washing for viral clearance results from viral 

adherence to receptors that still exist after neuraminidase treatment. 

 

Figure 36 (A) CHO cell recovery vs. added washing medium volume graph for three samples with 
different treatment conditions during spiral microfluidics cell washing (B) Log reduction value (LRV) of 
MVM vs. added washing medium volume graph for three samples with different treatment conditions (C) 
CHO cell viability of three samples with different treatment conditions during spiral microfluidics cell 
washing operation for viral clearance. 
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5.3.4 Area of Application for Spiral-based Cell Washing Technology 

Spiral microfluidic cell sorter can be readily applied as a cell washing method to wash 

mammalian cells for biologics production (e.g., CHO cells) before cell culture as it can 

exchange the buffer to a fresh medium, removing residual metabolites or contaminants in 

the cell bank by orders of magnitudes without affecting cell viability. Operation of the 

spiral-based cell washing can be accomplished in a fully closed and automated manner, 

thus does not require any centrifugation and decanting step that might be prone to human 

error or lead to exposure of the sample to the external environment. Although it is 

unlikely that the cell bank had been contaminated before expansion, it would be better to 

have another layer of clearance at upstream bioprocessing. 

Spiral-based cell washing can also be applied as a downstream adventitious agent 

clearance method for cell therapy products by separating larger cells from smaller 

adventitious agents such as bacteria and viruses. For example, CAR T-cells (approximate 

cell diameter of 5-7 µm132) differ in size from most common adventitious agents such as 

mycoplasma (diameter of 0.2-0.3 µm133) or replication-competent retrovirus (RCR) 

(diameter of 100 nm134), thus can be hydrodynamically focused at one side of the spiral 

microchannel while adventitious agents are washed away and discarded at the other side, 

the waste outlet of the spiral microfluidic sorter. Cell washing can be continued 

repeatedly as long as the fresh medium is replenished until desired safety level of 

clearance (log reduction) is achieved. 

Another potential area of application for spiral-based cell washing technology is 

viral vector production. Our group already demonstrated our spiral microfluidic cell 

sorter could be used as a cell retention device for perfusion mammalian cell culture for 

continuous monoclonal antibody production.49,129 We have also shown that our spiral 

device can separate viruses from a blood sample with high recovery (>95%) in another 

paper.3 Combining these two concepts, we can devise a viral vector production system 

where viral vectors are produced by transfected/transduced cells while they are grown 

within a bioreactor connected with a spiral sorter as a cell retention device. 
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5.3.5 Comparison with Currently Available Technology 

Alternating tangential flow filtration (ATF) and tangential flow filtration (TFF) are 

deemed efficient and effective cell retention technology and are being adopted as a way 

to retain either mammalian cells116 or separate expanded mesenchymal stem cells (MSCs) 

out from microcarriers that are used to culture them.135 However, membrane filtration 

technology suffers from its inevitable problem of membrane fouling and clogging, which 

degrades its efficiency over time, thus necessitates replacement. Moreover, the size of the 

mesh is fixed so that it is either too small for some adventitious agents to exit from the 

culture or too large for selective separation of cell and adventitious agents to occur. 

Spiral-based cell washing is the only technology that enables the clearance of bacteria as 

well as viruses at the same time in a single platform. 

Another technology called acoustic wave separation can clarify harvested cell 

culture fluid continuously136 or wash and concentrate cellular products in cell therapy 

manufacturing.100 However, this technology is limited in the way that it induces 

aggregation of cells during the process, and the cells need to be dispersed later, which 

might cause undesirable additional shear stress on cells. Although much improvement is 

being made regarding how to induce cell aggregation more efficiently without affecting 

cell viability and functionality, it is pointed out that this technology normally requires 

high-density cell samples (> 2×107 cells/mL), which is higher than typical mammalian 

cell culture as an input.100,137 Spiral-based cell washing is an aggregation-free cell 

washing technology without any restriction on the cell density of the input sample.  

Centrifugation or counterflow centrifugation technology is also considered as 

another candidate for cell washing and concentration. Although being developed with 

meticulous engineering on fluidic control and chamber design, it is thought that its 

scalability is somewhat limited by the volume of the chamber as process scale would be 

mainly determined by the chamber size where maximum packed volume can reside. On 

the contrary, the spiral device can be fabricated with multiple vertical stacks for easy 

scale-up using the same footprint.22,51 
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5.4 Chapter Conclusion 

A spiral microfluidic sorter-based membrane-less, continuous, automated cell washing system 

was developed for adventitious agent clearance in cellular samples and products in 

biomanufacturing. Adventitious agents such as bacteria and viruses were efficiently removed by 

adding a fresh medium continuously to an adventitious agents-containing sample while the cells 

of interest were retained in the feedback loop of the spiral microfluidic sorter. Since the sorting 

mechanism of this system is purely based on the balance of hydrodynamic forces in the spiral 

microchannel, this system does not necessitate the use of a membrane, which might lead to 

fouling and clogging of the membrane, thus complete shutdown of the operation in the long run. 

Moreover, this cell washing method is beneficial for overall cell health because it does not 

induce any aggregation like other cell washing methods such as centrifugation and acoustic wave 

separation by its nature. In addition, it can also significantly reduce the chance of adventitious 

agent contamination incurring from human error by its automated operation. Also, the scalability 

of this system will enable versatile applications of this system from small-scale cell therapy 

products to large-volume bio-products. To our best knowledge, there is no such device or method 

that can be used to separate more than one kind of adventitious agent continuously with a single 

platform without inducing a change of cell morphology except for our spiral microfluidic sorter. 

We deem our spiral sorter-based cell washing/concentration not only promising for both 

upstream and downstream bioprocessing but also unique in that it makes what was thought to be 

impossible possible. 
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Chapter 6 

 

Conclusion and Outlook 

 

We have shown how a spiral microfluidic cell sorting device was used to prepare viral blood 

samples to isolate virus particles from host blood cells in whole blood or plasma samples and 

enhanced the metagenomic sequencing data by reducing the number of background (human) 

reads (Chapter 2). Not only was our spiral cell sorter able to improve viral genome coverage 

depth for the processed samples at the same level of sequencing depth compared to the 

unprocessed ones, but it was also shown that this improvement was more distinctive in lower 

tittered viral samples, which suggests that our technology would be more effectively used for 

enhancing the sensitivity of sequencing-based viral detection where viral titers are expected to be 

very low. Some blood lysis techniques were introduced and compared for their efficacy in 

recovering bacteria from clinical bacteremic blood samples without affecting much of their 

viability (Chapter 3). Although these blood lysis techniques have not been directly adopted for 

any downstream assays yet, we find them readily applicable to clinical blood sample preparation 

for diagnostic purposes, possibly in conjunction with spiral microfluidic cell sorter processing. 

We have also demonstrated low abundance bacteria detection from spiked blood samples down 

to ~1-5 CFU/mL level without any amplification method applied (e.g., PCR or blood culture) by 

using a spiral microfluidic cell sorter as a sample preparation device that isolates bacteria from 

blood cells and an electrokinetic concentrator as a detection device where rRNA-probe conjugate 

is concentrated and detected with fluorescence microscopy. (Chapter 4) Since the process does 

not require any lengthy procedures such as culture or PCR, we were able to shorten the entire 

process from sample preparation to detection within an hour. We anticipate this process could be 
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further expedited if integrated with an automated cell concentration device and enable faster 

diagnosis of BSI without requiring a complicated, high-profile analyzer at the downstream side. 

As this process is free from usual sample preparation procedures that might cause false positives 

or amplification bias, it would also enable detection of polymicrobial bacteremia with the help of 

multiplexed probe set. Lastly, we have applied our spiral cell sorting technology as a continuous 

cell washing method for adventitious agent clearance in mammalian cell culture samples in 

biomanufacturing (Chapter 5). We were able to demonstrate reduction of adventitious agents 

such as bacteria and virus from spiked samples by 2-4 logs without affecting cell viability and 

inducing morphological change, thus guaranteeing overall cell health and quality. This cell 

washing technique can be readily applied to the upstream biomanufacturing process where cell 

banks are washed before cell culture to exchange the buffer to a fresh medium and remove 

residual metabolites and potential adventitious agents in them. Also, it can be used as a 

downstream clearance method for cell therapy products such as CAR T cells as these cells are 

usually larger than most common adventitious agents and can be easily separated using spiral 

cell sorting. Overall, there have been numerous biological applications developed for various 

types of biological samples, including the examples presented in my thesis, and yet there remain 

many other potential areas where they can benefit from the ability of spiral cell sorting 

technology to enhance sample purity. We envision that our spiral cell sorting technology would 

be applied as a versatile tool that can provide a way to better prepare biological samples for 

faster and more sensitive diagnosis as well as a more efficient production method for 

biomanufacturing products with better quality. 
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