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Abstract

Microfluidic devices are widely used for applications such as cell isolation. Currently, the most 

common method to improve throughput for microfluidic devices involves fabrication of multiple, 

identical channels in parallel. However, this ‘numbering up’ only occurs in one dimension, thereby 

limiting gains in volumetric throughput. In contrast, macro-fluidic devices permit high volumetric 

flow-rates but lack the finer control of microfluidics. Here, we demonstrate how a micro-pore 

array design enables flow homogenization across a magnetic cell capture device, thus creating a 

massively parallel series of micro-scale flow channels with consistent fluidic and magnetic 

properties, regardless of spatial location. This design enables scaling in 2-dimensions, allowing 

flow-rates exceeding 100 mL/hr while maintaining >90% capture efficiencies of spiked lung 

cancer cells from blood in a simulated circulating tumor cell system. Additionally, this design 
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facilitates modularity in operation, which we demonstrate by combining two different devices in 

tandem for multiplexed cell separation in a single pass with no additional cell losses from 

processing.

Graphical Abstract

Multiplexed and high-throughput cell separation can be immensely useful in areas such as 

circulating tumor cell or circulating nucleated fetal cell isolation and analysis. This work details 

the physical principle behind a micro-pore design that utilizes a unique flow homogenization 

phenomenon to rapidly and simply separate a heterogeneous cell population into its 

subpopulations in a single pass with minimal processing losses.
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1. Introduction

Microfluidics has been immensely impactful over the past decade, as researchers have found 

new ways to apply the unique physics and characteristics of that regime to myriad 

applications such as single cell sequencing,[1–3] green chemistry,[4, 5] and cell isolation and 

manipulation.[6–10] While the reduced processing volume is beneficial for many applications 

such as point-of-care diagnostics,[11, 12] high volumetric flow rates are necessary for 

increased throughput in other instances. A pertinent example is in rare cell isolation,[13] such 
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as the isolation and analysis of circulating tumor cells (CTCs), where 7.5 mL of blood is 

typically processed per patient,[14, 15] or circulating fetal nucleated cells, with rarity of < 6 

cells per mL of maternal blood.[16] Although there have been some ingenious designs that 

can still achieve relatively high flow-rates, especially in the field of CTC isolation,[17–22] in 

general, microfluidics can be disadvantageous due to difficulties in scaling. Indeed, 

increasing through-put in many microfluidic devices is typically accomplished by 

‘numbering up’, i.e. increasing the number of parallel channels,[23, 24] to ensure operation 

within the same characteristic length scales and optimal performance. However, ‘numbering 

up’ requires potentially complex control over flow distributions, and is not always 

straightforward with regards to fabrication.[4]

On the other end of the scale, flow-through macro-fluidic devices are frequently used to 

accomplish goals such as cell isolation.[25–29] These devices can be effective and frequently 

have much higher through-put, but they typically do not present the user with as much fine-

grained control as microfluidic devices. Consequently, challenges remain in optimizing for 

performance. As device designs that can combine the high volumetric throughput typical of 

macro-fluidic designs with the micro-scale control of micro-fluidic designs are relatively 

rare or complex, microfluidic and macro-fluidic devices are typically viewed as two 

complementary designs, with their respective advantages and disadvantages.

Our group previously published a macro-fluidic design for magnetic cell or nanoparticle 

separation, with high capture efficiencies at fast volumetric flow rates, but with little 

discussion regarding the impact of inhomogeneities across the entire device on scalability.
[30] In the following sections, we first demonstrate how the magnetic sifter can scale in area 

(and volumetric flow rate) with no drop-off in capture efficiency when applied to the 

isolation of simulated rare circulating tumor cells from blood, without any additional 

engineering or optimization. We then used finite element simulations and further 

experimental validation to explain how this scaling results from a flow homogenization 

phenomenon. We show how the magnetic sifter’s micro-pore structure acts analogously to 

flow-through screens that shape the flow field profile for wind and water tunnel experiments 

in applications such as marine engineering or aeronautical engineering,[31–34] and illustrate 

how the device causes flow homogenization due to the high fluidic resistance through each 

micro-pore. Consequently, each micro-pore in the magnetic sifter acts as an independent 

‘virtual micro-fluidic channel’, thus facilitating massive scaling-up of the device in a manner 

akin to the parallelization commonly used in ‘numbering up’ microfluidic devices, but on a 

macro-fluidic scale. It is important to note here that these channels are ‘virtual’ in the sense 

that it is unlike the typical ‘numbering up’ of microfluidic devices where actual individual 

microfluidic channels are fabricated on the chip, but the flow naturally splits across all the 

micro-pores due to the high fluidic resistance with no fabrication of explicit physical fluid 

channels.

More pertinently, flow focusing in microfluidics has long been utilized as a primary means 

of control for various applications such as cell counting and analysis.[35–39] The flow 

homogenization phenomenon presented here can similarly be applied towards the scaling of 

these devices to achieve high performance and throughput simultaneously. For example, the 

typical application of cell counting can be accomplished by directly fabricating electrodes 
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on the boundaries of each micro-pore to count the number of cells traversing each micro-

pore.

Lastly, the planar nature of this micro-pore array also facilitates flexible combinations of 

devices for different functionality and modular design, akin to how one can put different 

designs such as an inertial focusing section and a magnetic separation section in sequence in 

a single microfluidic device.[17, 40] Hence, we demonstrate here a proof-of-concept with 

results for a tandem setup comprising two different versions of our magnetic sifter to effect 

multiplexed cell separation in a single pass, with no additional cell losses.

2. Results

2.1. Magnetic Sifter Operating Principle

The magnetic sifter is a micro-pore array coated with a soft magnetic material with good 

capture performance in the isolation and release of magnetically-labeled circulating tumor 

cells in non-small cell lung cancer (NSCLC).[30, 41] The device consists of a 12 μm thick 

permalloy (Ni81Fe19) film with a regular tessellation of 40 x 40 μm2 pores etched through it, 

supported on a honeycomb silicon skeleton, as illustrated in Figure 1.[42] When magnetically 

labeled entities such as cells in blood are flowed through the sifter with a magnetic field 

applied, the thin magnetic film is magnetized and generates magnetic forces within the pores 

that capture the magnetic entities against the flow. Upon removal of the external magnetic 

field, the soft magnetic field is no longer magnetized, and the magnetic entities can then be 

eluted from the device. The honeycomb silicon skeleton was selected due to prior literature 

suggesting such designs retain good mechanical strength while permitting a large degree of 

porosity, which is desirable for higher volumetric flow-rates.[43] An arrangement of 7 40 × 

40 μm2 pores was selected for each array in conjunction with prior finite element 

simulations showing that such an arrangement can maximize the magnetic field gradient 

within each pore, and consequently, capture efficiency.[42]

2.2. Simulated CTC Capture Efficiencies with Scaled-up Magnetic Sifters

Three differently-sized sifters were then designed and fabricated to investigate the capability 

for scaling the magnetic sifter’s volumetric throughput in a 2-dimensional manner. The 3 

sets of sifters were fabricated in the same fabrication run to minimize any batch-to-batch 

variability, and were tested with the same batch of cells and reagents. These three 

differently-sized sifters have actual active areas (region in contact with the fluid sample) of 5 

× 5 mm2, 10 × 10 mm2 and 15 × 15 mm2, and are referred to in subsequent sections as the 

‘1X Sifter’, the ‘2X Sifter’ and the ‘3X Sifter’ respectively, with reference to their increasing 

size and linear scaling. Critically, for each device size, the actual micro-pore dimension as 

depicted in Figure 1(d) is maintained at 40 × 40 μm2, although the total number of micro-

pores per device (N) scales with the linear dimension of the sifter active area (L) as N α L2.

We then tested the performance of these sifters by evaluating their capture of NCI-H1650 

cells (a NSCLC cell line) that had been spiked in healthy donor blood to simulate a 

circulating tumor cell sample. These cells were labeled with magnetic nanoparticles via the 

Epithelial Cell Adhesion Molecule (EpCAM) surface antigen, and magnetically isolated 
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with the magnetic sifter across a range of flow rates. The proportion of spiked H1650 cells 

successfully isolated (capture efficiency) are presented in Figure 2 and show a similar 

dependence on flow rate across sifters of all 3 sizes. Critically, when their capture 

efficiencies are plotted against linear flow velocity through the respective magnetic sifters as 

in Figure 2(b), the capture efficiencies for all 3 sets of differently-sized sifters overlap, 

indicating how the sifter’s capture performance scales reproducibly and linearly with the 

surface area of the chip.

2.3. Experimental and Numerical Verification of Flow Homogenization across the 
Magnetic Sifter

Finite element simulations of the hydrodynamic profile across the magnetic sifter were then 

conducted with Comsol Multiphysics software to better understand the scaling observed in 

Figure 2. The results in Figure 3(a) illustrate how the flow field is homogenized across the 

sifter, as the typical parabolic velocity profile that develops due to the no-slip boundary 

condition of the inlet tubing’s sidewalls transitions to a relatively homogeneous flow field 

near the entrance to the sifter.

Critically, as depicted in Figure 3(b), this homogenization results in flow fields across 96% 

of the sifter pores having velocities within 10% of the mean velocity across all pores in the 

sifter, hence suggesting there is minimal variance in each micro-pore’s fluid velocity 

regardless of the micro-pore’s spatial location across the sifter, There are outliers in Figure 

3(b) with relative linear velocities of 1.3×, but they correspond to the flow through the 

centermost pores, and comprise just 1.5% of all pores on the sifter.

This flow homogenization was further empirically verified by flowing fluorescently-labeled 

NCI-H1650 cells through the magnetic sifter after labeling with magnetic nanoparticles, and 

observing the capture location of these cells on the sifter, as depicted in Figure 4. This was 

done with fluid volumes containing 100 cells, 500 cells, and 1000 cells, with similar results 

across the range of cells tested. Saturation effects are expected at higher cell numbers 

whereby the capture of one cell might impact the capture location of subsequent cells. 

However, lower cell numbers are used here to deliberately avoid such saturation effects so as 

to better illustrate the flow, and the similar results across the range tested here further 

support the lack of saturation here.

Kolmogorov-Smirnov tests (KS-tests) are a non-parametric statistical test commonly used to 

compare samples with a reference probability distribution, and were used here to compare 

the experimentally observed spatial distribution of cells on the sifter with predicted 

cumulative probability distributions.[44, 45] When testing the null hypothesis that the 

experimental distribution is identical to the predicted distribution resulting from a parabolic 

flow profile, which is typical of laminar flow through a channel, the KS-test yielded a p-

value < 0.05, indicating the experimental distribution is statistically very distinct from that 

expected for a parabolic flow.

However, when compared to the distribution expected for cells in a uniform, homogeneous 

flow field, the KS-test yielded a p-value of 0.29, which suggests the experimental results are 

not significantly different from the predicted distribution if the cells have approximately 
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uniform probability of being caught across any pore on the chip, regardless of the pore’s 

actual location. Physically, this suggests that the similar flow velocities through each pore 

causes the cells to have equal probability of flowing through and being caught in any 

individual pore, regardless of spatial location across the sifter.

Having observed this phenomenon experimentally, we then sought to understand and explain 

this by measuring and analyzing the driving pressures required for fluid flow through the 

magnetic sifter both through experimental measurements, and numerical simulations via 

Comsol as per the schematic in Figure 5(a) and Figure 5(b). Using a digital manometer, we 

recorded the driving pressures across the sifter at different flow rates via the setup depicted 

in Figure 5(c), and compared the values to numerical simulations of the sifter.

There is relatively good correspondence between the predicted pressures from numerical 

simulations, and our experimentally measured results, as presented in Figure 5(f), although 

there appears to be increasing disparity at higher flow velocities. This could be due to the 

fluid flow at faster velocities approaching the limits of the fully laminar regime (Re < 1), 

while our numerical simulation models did not consider turbulence. Nonetheless, even at the 

highest velocity measured, the experiments and simulations differ by only 29%. The 

agreement between simulation and experiment further confirms the validity of the simulation 

results, and provides evidence for the existence of this flow homogenization.

2.4. Theoretical Analysis of Flow Homogenization and Magnetic Capture across the 
Magnetic Sifter

We then compared the simulated results and experimental measurements with a simplified 

theoretical model developed by Dagan et al. which treats the flow simply as a combination 

of Sampson flow before the pores and Poiseuille flow within the pores.[46] Notably, 

discrepancies are expected as this theoretical model was derived for an axisymmetric 

cylindrical pore, and not a square micro-pore as fabricated in this work. Additionally, the 

sifter actually has more occluded area than a regularly repeating micro-pore array as 

assumed in this theoretical model. In the actual sifter, the micro-pore array is mechanically 

supported on the honeycomb silicon skeleton, which surrounds every group of 7 micro-

pores, as is obvious from the inset of Figure 1(c) and Figure 4(a). This is accounted for in 

the numerical simulations, as the geometry is explicitly modeled, but not the theoretical 

model, which assumes a fully periodic array of the micro-pores. This is expected to increase 

the actual fluidic resistance as these solid regions further increase obstruction to flow. 

Nonetheless, despite the expected discrepancy, we use this theoretical model by Dagan et al. 

to explain the large fluidic resistance caused by the micro-pore structure.

According to this simplified theoretical model by Dagan et al.[46], the driving pressure 

required for fluid flow through the micro-pore array is closely approximated by:

ΔP = μQ
d
2

3
16
π

t
d + 3

(1)

where Q is the volumetric flow rate through each pore, d is the hydrodynamic diameter of 

the pore, t is the thickness of the pore and μ is the fluid viscosity, with a simple dependence 
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on the aspect ratio of the pore. Using our specific setup dimensions, where Q ≈ 10−12 m3 s−1 

per pore, d = 40 μm (length of one side of each square pore), t = 12 μm and μ = 10−3 Pa·s, 

we obtain a pressure drop of 0.57 Pa across each pore in the sifter from Equation (1).

On the other hand, we can also estimate the pressure drop through a section of tubing, 

alternatively labeled as ‘Fluid Connectors’ in Figure 5(c), via the Darcy-Weisbach equation:

ΔP = 32μL v
D2 (2)

where μ is the fluid viscosity, L is the length of the channel, v is the average fluid velocity 

through the channel, and D is the hydrodynamic diameter of the channel. Assuming values 

typical of our setup where L = 500 μm, D = 5 mm and v = 0.15 mm s−1, the pressure drop 

across a 500 μm length of tubing with the same cross-sectional area as the magnetic sifter 

would be 3 x 10−6 Pa from Equation 2.

This 5-order of magnitude difference in pressure is indicative of the greatly increased fluidic 

resistance caused by the micro-pores relative to the connective tubing, and provides intuition 

for the homogenization that occurs across the entire device. Essentially, the increased 

resistance to flow across each micro-pore far exceeds any additional resistance experienced 

due to resistance from the tubing surfaces, hence removing any dependence on spatial 

location on the sifter, and ensuring very similar flow across all pores.

While the assumptions behind the derivation of Equation 1 are not a perfect match for our 

current micro-pore array design, Equation 1 is important as it allows us to estimate the range 

of geometries over which this flow homogenization phenomenon will be valid. As the 

hydrodynamic diameter of the micro-pore increases, the effect of the Sampson flow 

component of Equation 1 is no longer significant relative to the Poiseuille flow component, 

and an inverse-cubic dependence of pressure on diameter (d) results. For our typical 

conditions above, a 40x increase in hydrodynamic diameter from 40 μm to 1.8 mm would 

reduce the resistance across each micro-pore sufficiently to remove any potential flow 

homogenization.

Taken together, our experimental and simulation results demonstrate how the micro-pore 

array design utilized in the magnetic sifter homogenizes flow through the chip, while the 

pressure analysis provides physical intuition for how this develops and a design guideline for 

predicting the occurrence of this phenomenon in similar micro-pore arrays with different 

pore length scales.

This flow homogenization causes the flow profile through each micro-pore to be spatially 

independent and identical, thus allowing the sifter to be scaled in both planar dimensions 

with a predictably consistent effect on overall device performance. In the instance of the 

magnetic sifter, this consistent scaling of the capture performance can be further understood 

qualitatively by analyzing the force balance between magnetic and fluidic forces acting on 

each cell as it traverses a single pore in the magnetic sifter. Briefly, the magnetic force acting 

on each magnetically-labeled cell is:
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Fmag = (m ⋅ ∇)B (3a)

Fmag, sat = ms
B

∣ B ∣
⋅ ∇ B (3b)

where B is the magnetic field vector, m is the magnetic moment of the magnetically-labeled 

cell, and ms is the saturation magnetization of the magnetically-labeled cell, while the 

hydrodynamic force acting on each magnetically-labeled cell, assuming Stokes flow, is:

Fdrag = 6πrμV cell (4)

where r is the cell’s radius, μ is the fluid viscosity and Vcell is the velocity of the fluid 

relative to the cell.

Based on previous Maxwell finite element simulations, the average magnetic field gradient 

is estimated at approximately 103 T m−1, while the magnetically labeled cells are estimated 

to have saturation magnetization of approximately 1.25 × 10−13 A m2 per cell.[30, 42] From 

Equation 3b, the magnetic force is thus estimated to be on the order of 1.25 × 10−10 N. 

Similarly, using typical viscosity of water of 10−3 Pa·s, cell diameter of 15 μm, and linear 

velocities of 10−4 m s−1, Equation 4 provides an estimate for hydrodynamic forces of 

approximately 1.4 × 10−11 N for volumetric flow rates of approximately 10 mL hr−1 on the 

1X sifter.

For the magnetically labeled cell to be captured at any particular sifter pore, the magnetic 

force (Equation 3b) exerted due to the magnetic sifter must overcome the hydrodynamic 

drag forces (Equation 4) pushing the cell through the pore. The order of magnitude 

difference between estimated hydrodynamic and magnetic forces thus explains the relatively 

high capture efficiencies when the 1X sifter is operating at 10 mL hr−1. Additionally, when 

the flow velocity through the pores are identical regardless of spatial location, the 

hydrodynamic drag forces are also identical, since the rest of the terms in Equation 4 are 

constant, and the corresponding magnetic force required per cell will be identical. Hence, 

flow homogenization across the sifter ensures that the capture performance for each pore in 

the array is consistent even when the sifter is scaled up.

2.5. Improved Capture Efficiencies at the Same Volumetric Throughput with Larger 
Magnetic Sifters

As with any antigen-based cell selection method, capture performance can vary with the 

expression level of the antigen. With reference to Equation 3(b), one can see that when 

antigen expression is low and the extent of magnetic labeling (magnitude of ms) is 

consequently lowered, there will be a decrease in magnetic force. This will then lead to a 

decrease in capture performance for the same flow rate across the sifter, and correspondingly 

identical magnitude of hydrodynamic drag force.
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A compromise solution is to decrease the magnetic sifter’s operating volumetric flow rate to 

ensure effective capture of cells with a lower magnetic moment, but this will lead to an 

increase in processing time for the same sample volume. However, this decrease in 

volumetric flow-rate can be circumvented by increasing the size of the magnetic sifter, as the 

decrease in linear velocity can be avoided simply by increasing the number of pores on the 

sifter.

We thus proceeded to test this principle by evaluating the capture efficiency of Panc-1, a 

pancreatic cancer cell line that has been previously reported to have low EpCAM expression 

levels.[30] Measurements by flow cytometry showed that our H1650 cell line had an EpCAM 

expression level of 2.1 ± 0.2 x 105 EpCAMs / cell, while the Panc-1 cell line had average 

EpCAM expression levels of 9.9 ± 0.4 x 103 EpCAMs / cell, as per Figure 6(a). Having over 

an order of magnitude lower EpCAM expression level, the Panc-1 cell line exhibited 

markedly lower capture efficiencies on the 1X Sifter, with a mean capture efficiency of 19% 

at 10 mL hr−1. However, by using the 15 x 15 mm2 3X sifters, the Panc-1 cells were isolated 

with 91 % capture efficiency at the same volumetric flow rate of 10 mL hr−1, as shown in 

Figure 6(b).

2.6. Tandem Setup for Multiplex Enrichment by Antigen Expression Levels

In addition to the improvement in capture performance possible with this design, the planar 

flow-through nature of this design also facilitates modular addition of components to the 

entire flow system. We thus designed and constructed a tandem setup comprising a 1X sifter 

and a 3X sifter in series to simultaneously isolate and segregate circulating tumor cells by 

their relative EpCAM expression levels. In this tandem setup, the output from a 5 × 5 mm2 

active area (1X) magnetic sifter is directly fed into a 15 × 15 mm2 active area (3X) sifter by 

connective tubing, while operating under the same volumetric flow rate in a continuous 

flow-through system, as illustrated in Figure 7(a).

Two cell lines (NCI-H1650 and Panc-1) with differing levels of EpCAM expression were 

spiked into blood at similar, physiologically relevant cell concentrations (~ 100 cells mL−1 

of blood), and processed through the magnetic sifters at 10 mL hr−1. After magnetic 

labeling, the H1650 cells with very high levels of EpCAM expression have a higher level of 

magnetic loading and can be captured at faster flow rates, while the Panc-1 cells can only be 

captured at lower flow rates. By utilizing their differential ability to be captured at the same 

flow rates, we demonstrate a straightforward duplex separation of a simulated heterogeneous 

circulating tumor cell population with 2 distinct levels of EpCAM expression, as illustrated 

in Figure 7(b).

In the proof-of-concept experiments presented, we show how a single run through the 

tandem setup can separate a heterogeneous cell population into a subpopulation that is 

enriched for high EpCAM expression cells (H1650 cells) to an average of 83 % of total cells 

from the 1X sifter, and a different subpopulation that is enriched for low EpCAM expression 

cells (Panc-1 cells) to an average of 93 % from the 3X sifter. Critically, the total capture 

efficiency for both cell lines remained high, with a mean of 93 % for H1650 cells, and 89 % 

for Panc-1 cells, with the heterogeneous population being separated into its subcomponents 

without any further processing required, and with minimal additional cell losses.
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3. Discussion

In this work, we have demonstrated how a micro-pore design for fluidic systems permits 

high volumetric flow rates while retaining single-cell interrogation of cell suspensions. In 

this work, the results shown are for direct rare cell isolation from whole blood, with 

associated cell concentrations of 109 cells mL−1 of blood. This is comparable to other 

isolation methods which do not require pre-processing of whole blood, and is simpler than 

other methods such as flow cytometry where red blood cell lysis or dilution with cell media 

might be required to reduce the actual cell density during operation. Importantly, our results 

are consistent with prior experiments in much more dilute cell suspensions of 105 to 106 

cells mL−1, with no degradation in capture efficiencies at similar flow-rates.[42] This 

indicates the sifter’s ability to handle ≈ 50 % cell volume cell suspensions (whole blood) 

without compromising capture efficiencies, and consequently, the ability to process a wide 

range of realistic cell concentrations (from 105 cells / mL to 109 cells / mL). While we have 

chosen to minimize the current device’s physical footprint to range from 5 × 5 mm2 active 

areas to 15 × 15 mm2 active areas, the flow homogenization phenomenon implies that the 

device can be easily scaled up in area through standard lithographic and microfabrication 

techniques. A simple 3× linear scaling of the device already allows volumetric flow rates to 

be adjusted above 100 mL hr−1 while retaining a small device footprint (< 2 cm) and 

maintaining high capture efficiency (> 90 %) for simulated circulating tumor cells.

Nonetheless, due to the operating principle of the magnetic sifter being the capture of cells 

at the pores, saturation effects will occur when a large number of cells of interest are present, 

and the pores fill with capture cells. Our experiments indicate that this will occur when 

approximately 104 cells have been captured on the 1X sifter, which corresponds to 

approximately 4 – 5 captured cells per pore. The described phenomenon in this work 

however suggests that the performance can scale simply with the active area, which suggests 

that a viable way to capture > 104 cells of interest from a single pass is to use a 3X or 4X 

sifter.

Critically, magnetic separation was done with only a single pass through the sifter at very 

high volumetric flow rates, thus simplifying sample handling and reducing processing time. 

When handling rare cells like circulating tumor cells, this could be of great importance in 

ensuring high viability CTC recovery for effective downstream analysis. It is also important 

to note that other devices have been reported in literature with a similar operating principle, 

with a similar ability to capture magnetically labeled pathogens and cells at high flow-rates, 

and it is expected that the flow homogenization described here will explain their ability to 

scale similarly well. [47, 48]

Another unexpected benefit of this approach to scaling up volumetric flow rates is the 

avoidance of high fluidic pressures and consequently, any issues with mechanical reliability. 

In operation, even at relatively higher volumetric flow rates, the difference in pressure across 

the sifter’s pores is only on the order of 10 Pa, and we have not experimentally observed any 

mechanical failure in the sifter even when operating at flow rates on the order of 102 mL hr
−1. Qualitatively, this can be explained by the enhanced mechanical strength and flexural 

stiffness reported for such honeycomb skeleton designs, and the relatively thick permalloy 
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membranes used.[43] Permalloy has been reported to have a yield stress of approximately 

108 Pa, a Young’s modulus of approximately 1 – 2 × 1011 Pa, and a Poisson’s ratio of 

approximately 0.25 – 0.30.[49,50] A maximum stress on the order of 103 Pa and a peak 

displacement on the order of 10−13 m can be estimated using basic plate theory,[51,52] which 

is 5 orders of magnitude smaller than the typical yield stress of permalloy and 8 orders of 

magnitude smaller than the thickness of the membrane (10−5 m) respectively, further 

explaining the lack of any significant issues with mechanical reliability.

Surprisingly, while prior work exists suggesting that certain cell marginalization can occur 

during flow, [53, 54] which might cause the capture of cells to be confined to certain regions 

within the micro-chip even with this flow homogenization effect, we did not observe such a 

bias in our work. This could be due to the simulated sample having been mixed prior to 

loading onto the chip and the high volumetric flow rates causing the complete passage of the 

sample through the device before the marginalization can occur.

Additionally, we demonstrated how this system can be extended to effect multiplex 

separations of the circulating tumor cell population into distinct subpopulations by antigen 

expression level. As a proof-of-concept, a tandem system with 2 sifter sizes was shown to 

separate a simulated heterogeneous population back into their constituent subpopulations in 

a single pass. Fabrication of other sifter sizes could conceivably allow one-step separation of 

a heterogeneous circulating tumor cell population into finer subpopulations based on antigen 

expression in a manner akin to what is typically done with flow cytometry, but with 

potentially less setup and processing time. Naturally, the resolution of this separation is still 

dependent on the degree to which the cell population of interest is multimodal in expression 

level. However, as our understanding of CTCs improve, including the role of biological 

pathways such as epithelial to mesenchymal transition (EMT), this approach may prove 

useful in further segregating CTCs by phenotype, and profiling of a patient’s tumor.[55–57]

The separation efficiencies and purities here of approximately 90 % and 80 – 90 % are 

similar to other devices focusing on nanoparticle-mediated binning and profiling of 

heterogeneous cell populations. For example, in work by Reza et al.,[58] they showed that in 

experiments with cell lines with a 10-fold difference in EpCAM expression level, which is 

similar to the relative expression level between the H1650 and Panc-1 cell lines, 

approximately 80 % of Vcap cells (the higher EpCAM-expressing cell line) and 20 % of 

SKBR3 cells (the lower EpCAM-expressing cell line) were captured in their first zone and 

approximately 50 % of SKBR3 cells and 10 % of Vcap cells were captured in their second 

zone. This further suggests that such an approach may be of similar benefit in analyzing and 

separating heterogeneous cell populations, as was done in their work. Nonetheless, it is 

worth acknowledging that other processing methods might still be necessary down-stream of 

this device for purposes such as single-cell sequencing, where extremely high purities are 

necessary. However, it is anticipated that this pre-enrichment would already help reduce the 

amount of processing time required for methods such as flow cytometry.

While the tandem system was used here to connect two differently-sized sifters, the 

modularity of this system suggests easy sequential stacking of devices with different 

functionalities. The flow homogenization principle also lends itself to adaptation of various 
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microfluidic devices to facilitate scaling up to faster volumetric flow-rates, and/or possible 

integration with such a system for increased multiplexing of functionality. For example, the 

conventional MEMS processing used for fabrication of these flow devices lends itself to the 

integration of optical or electrical measurements at each micro-pore, and subsequent 

counting or sizing of particles and cells passaging through the micro-pores for purposes such 

as immunoassays which have typically also been done with microfluidics or other methods.
[59–61]

4. Conclusion

In this work, we demonstrated the use of a regular microporous structure for flow 

homogenization, and the harnessing of this for devices that both exhibit high volumetric 

throughput and micro-scale control akin to that present in typical microfluidic channels. In 

this particular example, we isolated rare cells from healthy donor blood in a simulated 

circulating tumor cell system, in a similar manner to typical microfluidic magnetic capture, 

but on a massively parallel scale. However, this design should be easily adaptable to other 

microfluidic devices previously published, such as Coulter counters, for greatly improved 

volumetric throughput, while maintaining similar performance through each ‘virtual micro-

channel’.

We also demonstrated the modular nature of this device with our tandem setup, suggesting 

how differently designed devices can be combined for increased functionality in a single 

pass. The planar nature of this design further facilitates combination of devices in series 

while minimizing the eventual system’s total physical footprint, and could simplify the 

development of other integrated microfluidic-like devices for various biomedical purposes.

5. Experimental Section

Fabrication and Setup of the Magnetic Sifter and Holder:

Fabrication of the magnetic sifter has been previously described by Earhart et al.[30] Samples 

are currently loaded on the device by manual pipetting and pulled through the sifter by a 

syringe pump (New Era Pump Systems Inc., Model Number NE-1000). Neodymium-iron-

boron (NdFeB) magnets purchased from K&J Magnetics, Inc. (Pipersville, PA) are used to 

magnetize the sifter. The magnetic sifter chips were fabricated with assistance from 

University of Michigan’s Lurie Nanofabrication Facility, and subsequently sputtered with 

the soft magnetic material, permalloy (Ni81Fe19), and a thin passivation layer of silicon 

dioxide via a Perkin Elmer high-vacuum RF-sputtering system. The 5 × 5 mm2, 10 × 10 

mm2 and 15 × 15 mm2 sifters were all designed on the same photolithography mask, and 

were fabricated in the same processing run. The individual sifter holders were custom-made 

by laser-cutting acrylic pieces in the Stanford Product Realization Lab and 3D-printing tube 

connectors in the Stanford 3-Dimensional Printing and Rapid Prototyping Facility.

Cell Culture:

Both NCI-H1650 and Panc-1 cell lines were purchased from ATCC (Manassas, VA, USA). 

All cell lines were passaged in RPMI-1640 media (Thermo Fisher Scientific, Waltham, MA, 

Catalog number: 21870-076) with the following additives: 10% fetal bovine serum (FBS) 
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(Thermo Fisher Scientific, Waltham, MA, Catalog number: 10082-147), 0.05 mg/mL 

penicillin and streptomycin (Thermo Fisher Scientific, Waltham, MA, Catalog number: 

15140-122), 2 mM GlutaMAX (Thermo Fisher Scientific, Waltham, MA, Catalog number: 

35050-061), 1 mM sodium pyruvate (Thermo Fisher Scientific, Waltham, MA, Catalog 

number: 11360-070) and 0.1 mM MEM non-essential amino acid supplement (Thermo 

Fisher Scientific, Waltham, MA, Catalog number: 11140-050). The cell lines were 

maintained in an incubator at 37 oC in 5 % CO2.

Simulated Circulating Tumor Cell Experiments:

Cultured cells were stained with either Green CellTracker CMFDA dye or Red CellTracker 

CMTPX dye (Invitrogen, Carlsbad, CA, Catalog number: C7025 and C34552) as per the 

dyes’ provided protocols. They were then trypsinized and added to 2 mL of healthy donor 

blood from Stanford Blood Center in a microcentrifuge tube. The donor blood was always 

obtained day of the experiment from the Stanford Blood center in an EDTA tube. The 

number of spiked cells was counted under a fluorescence microscope before being added to 

the blood, and ranged between 100 and 300 cells per experiment. The spiked blood sample 

was then mixed with an equal volume of phosphate-buffered saline (PBS) media (Thermo 

Fisher Scientific, Waltham, MA, Catalog number: 10010-023) supplemented with 0.5 % 

bovine serum albumin (Sigma-Aldrich, St Louis, MO, Catalog number: B4287), 2 mM 

EDTA (Thermo Fisher Scientific, Waltham, MA, Catalog number: 15575-020) and 0.2% 

Pluronic F-68 solution (Thermo Fisher Scientific, Waltham, MA, Catalog number: 

24040-032) for reducing non-specific cellular adhesion. The sample was then incubated with 

125 ng mL−1 of biotinylated anti-EpCAM monoclonal antibody (Biolegend, Inc., Clone: 

9C4) on a rotator at 4 °C for 1 hour. After the first hour, streptavidin-functionalized 

magnetic nanoparticles (Ocean Nanotech, LLC, Catalog number: MHS-200-05) were added 

at a concentration of 10 μg mL−1, and the mixture was further incubated on the rotator at 4 

°C for another hour. After incubation, the samples were pumped through the sifter at a pre-

set flow-rate in the presence of the permanent NdFeB magnet. An additional 1 mL of buffer 

was added after the sample had flowed through the device to wash the setup clean of residual 

blood before the NdFeB magnet was removed and the chip was imaged under the 

fluorescence microscope. Cell counts for the capture efficiency experiments were obtained 

manually.

Control experiments were run at both the highest and lowest flow rates for each set of sifters 

and holders, where cells were added without the addition of either the anti-EpCAM 

antibodies or the magnetic nanoparticles, or without the application of an external magnetic 

field during processing through the sifter. No cells were found on the sifter upon visual 

inspection with the microscope, hence verifying that there was no non-specific capture of the 

spiked cells for the cell concentrations tested.

Experiments to Obtain Spatial Distribution of Captured Cells:

Spiked experiments were conducted as described above at flow rates of 10 mL hr−1. This 

relatively slow flow rate was selected to ensure maximal capture efficiency on the sifter for 

observation of all capture locations. After the sample was passed through the sifter, 

microscope images of the sifter surface were acquired under both fluorescent and bright-
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field mode. All fluid flow was done under continual application of the permanent NdFeB 

magnets. Acquired images were then loaded into ImageJ, where the fluorescent cells were 

identified and locations recorded relative to the center of the chip (identified manually from 

the bright-field image).[62] The cumulative probability distributions were then analyzed with 

the ks.test function from the R core software package.[63]

Measurement of Driving Pressure across the Magnetic Sifter:

Sifters were assembled with custom laser-cut acrylic holders to permit water-tight 

connection with tubing on both the top and bottom of the sifter. A Dwyer Series 477 digital 

manometer (Michigan City, IN) was connected to the bottom tubing, and the gauge pressure 

was monitored when fluid was pumped through the sifter at flow rates between 10 - 40 mL 

hr−1 via a syringe pump. Due to initial hysteresis in starting and the flow, the pressure 

measurements are only recorded upon the values reaching a stable equilibrium. Three runs 

were recorded for each flow rate, and averages and standard deviations were calculated 

accordingly.

Comsol Multiphysics Numerical Simulations:

Finite-element numerical simulations of the fluid profile going through the magnetic sifter 

were done with a commercial simulation package (Comsol Multiphysics version 4.3). As the 

individual pores are not circular, and the honeycomb tessellation of individual hexagonal 

arrays is not circular, a 2-D axisymmetric assumption is not appropriate, and a sectorial 

cross-section is used for simulation instead. This reduced geometry capitalizes on the 

inherent symmetry of the magnetic sifter design, as the use of periodic boundary conditions 

allowed for a reduction in the total mesh size and hence, computational time, while still 

allowing for a fully explicit and accurate representation of the sifter geometry. The 

simulation geometry is extended in the z-direction to reflect the tubing that is used to feed 

the sample into the sifter, while a finer mesh is used in the vicinity of the sifter to accurately 

represent the individual micron-scale features. For the simulation, a series of volumetric 

flow rates spanning 10 – 40 mL hr−1 across the magnetic sifter was used, and the Navier-

Stokes equation was solved to obtain the fluidic flow profile. No magnetic forces or cells 

were included in the simulation as the flow profile is of primary concern. Additionally, at 

these flow rates, the Reynolds number of the flow is below 1, and turbulence effects are not 

included in the model. Standard properties for water were used for the fluid in the 

simulation, with a density of 1000 kg m−3 and a viscosity of 0.001 cP.
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Figure 1. 
(a) Photograph of the magnetic sifter. The device is a 7 × 7 mm2 silicon chip, and the micro-

pores are distributed uniformly within a 5-mm diameter circular region in the chip’s center. 

(b) A bright-field microscope image of the micro-pores that make up the device. (c) A 

magnified bright-field microscope image of part of the sifter. The honeycomb silicon 

skeleton appears black as it is solid and blocks light transmission. The thin metal film 

appears gray as it only partially blocks transmission of light due to its thickness, and is 

evident between the 7 individual pores (white) in each group. (d) A bright-field microscope 

image of a group of 7 micro-pores in the array. (e) Schematic of the side profile of the sifter, 
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illustrating how the 40 × 40 μm2 micro-pores in a thin film membrane are supported on the 7 

× 7 mm2 silicon chip. The red lines (A-B) indicate correspondence between the side view in 

(e) and top-down images in (c) and (d).
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Figure 2. 
(a) Capture efficiencies of the magnetic sifter across sifters of 3 different sizes, with 1X 

sifters having 5 × 5 mm2 active area, 2X sifters having 10 × 10 mm2 active area, and 3X 

sifters having 15 × 15 mm2 active area. (b) Capture efficiencies are replotted against average 

linear velocity of fluid through each sifter, as calculated by the volumetric flow rate and the 

total surface area of all pores in each chip. A good overlap is observed in their capture 

performance regardless of chip size. (c) Pictures of the 1X, 2X and 3X chips are presented, 

along with their corresponding acrylic custom-made holders.
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Figure 3. 
(a) Comsol Multiphysics simulations reveal how the initially parabolic velocity profile 

within the sifter gradually transitions to consistent flow velocities across each individual 

pore within the sifter at distances nearer to the sifter. Slices depict linear flow velocity at 3 

locations upstream of the sifter (3 mm, 1.5 mm, and 0.1 mm above the sifter surface). (b) An 

analysis of the average linear velocity in each individual pore for all sifter pores show that 

96 % of the pores have flow velocities within 10 % of each other. The linear velocities have 

been normalized to the average velocity across all pores in a single sifter.
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Figure 4. 
(a) An example of a merged fluorescent microscopy image of the sifter after passage and 

capture of the magnetically labeled H1650 cells. The H1650 cells have been stained with a 

green fluorescent dye for facile detection and image analysis. A bright-field image (blue) is 

used for identification of the center of the chip for determining the cells’ spatial location. 

Inset shows examples of the green cells that have been captured on the sifter. (b) The spatial 

distribution of the captured cells on the sifter is plotted as a cumulative distribution function 

(CDF) in terms of the cells’ distance from the center of the sifter. Two expected distributions 

are also plotted, corresponding to the spatial distribution expected with either a parabolic 

(laminar) or uniform flow. A set of 5 runs with 100 cells per run, and 2 runs with 500 and 

1000 cells per run are also plotted, to illustrate the lack of saturation effects.
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Figure 5. 
(a) and (b) are images of the simulated geometry from Comsol Multiphysics, along with the 

pressure distribution through the individual pores of the sifter. (c) is an illustration of the 

experimental setup used for measuring the driving pressure required to pump fluid through 

the sifter at a particular flow rate. (d) and (e) are plots of the relative linear velocity through 

a sifter with a 5 × 5 mm2 active area (1X sifter), and the associated Reynolds number at 

various volumetric flow rates, showing how the flow remains largely within the laminar 

regime at high volumetric flow rates. (f) is a plot of the pressure difference across the 

magnetic sifter from experimental measurements and Comsol Multiphysics numerical 

simulations.
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Figure 6. 
(a) EpCAM expression levels for the H1650 and Panc-1 cell lines as measured by flow 

cytometry. (b) Capture efficiencies for Panc-1 when processed with the 1X and the 3X 

sifters at a flow rate of 10 mL hr−1.
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Figure 7. 
(a) Image of the tandem setup incorporating 2 differently-sized sifters in the processing of a 

single sample at a unified volumetric flow rate. (b) Capture efficiencies for a heterogeneous 

mix of H1650 and Panc-1 cells processed with the tandem setup portrayed in (a). The H1650 

cells are primarily captured on the 1X sifter (83% purity), while the Panc-1 cells are 

primarily captured on the 3X sifter (93% purity). (c) The combined capture efficiency for 

both cell lines remains high in the tandem system, with 93% of H1650 cells and 89% of 

Panc-1 cells still successfully captured across the two chips in the tandem system, which is 

consistent with previously reported capture efficiencies on the single sifter systems.
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