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ABSTRACT

Breastmilk is a reliable source of biomarker-containing, sloughed breast cells that have the 

potential to give valuable health insights to new mothers. Furthermore, known DNA-based 

markers for pregnancy-associated breast cancer are chemically stable and can be safely stored on 

a commercially available FTA® Elute Micro (EM) card, which can subsequently be mailed to a 

testing facility for the cost of a stamp. In theory, this archiving process can be performed by 

nonprofessionals in very low-resource settings as it simply requires placing a drop of breastmilk 

on an EM card. Although this level of convenience is paramount for new mothers, the low cell 

density of breastmilk complicates archiving on an EM card as such commercial products and 

associated protocols were designed for high-cell density physiological fluids such as blood. In 

this study, we present the use of a Deterministic Lateral Displacement (DLD) device combined 

with porous superabsorbent polymers and hydrophobic sponges to achieve simple and low-cost 

cell enrichment in breastmilk. As the critical separation diameter in a DLD device is more 

heavily dependent on lithographically controlled pillar layout than fluid or flow properties, our 

use of DLD microfluidics allowed for the accommodation of both varying viscosities in human 

breastmilk samples and a varying pressure of actuation resulting from manual, syringe-driven 

operation. We demonstrate successful cell enrichment (>11×) and a corresponding increase in 

the DNA concentration of EM Card elutions among breastmilk samples processed with our 

hybrid microfluidic system. As our device achieves sufficiently high cell enrichment in 

breastmilk samples while only requiring the user to push a syringe for 4 min with reasonable 

effort, we believe that it has high potential to expand EM card DNA archiving for diagnostic 

applications with low-cell density physiological fluids and in low-resource settings. 
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INTRODUCTION 

Within 5 years of childbirth, a woman’s risk of breast cancer is reported to be almost double that 

of a nulliparous woman of the same age1. Furthermore, several reports demonstrate that women 

diagnosed with breast cancer within that timeframe have significantly higher rates of distant 

recurrence (metastasis)2, 3 and mortality4. For this reason, breast cancer detected within five years 

of childbirth, otherwise known as pregnancy-associated breast cancer, is recognized as a distinct 

and especially lethal type of breast cancer. Fortunately, several recent reports indicate that early 

detection of breast cancer markers within native breast cells is a promising strategy for early 

detection and improving survival rates5-7. 

Human milk contains multiple cell types, including epithelial, immune, and stem cells8-10. 

The majority of human cells in milk are epithelial cells. Gleeson et al. used a combination of 

flow cytometry and single cell RNA-sequencing to characterize 6 populations of epithelial cells 

in milk (~93%) and smaller populations of immune cells and stem cells (~7%)9. Testing for 

breast cancer markers in cells found in breastmilk is an exciting possibility as nursing women 

can express breastmilk naturally without any need for expert assistance. As such tests mainly 

involve the analysis of methylation patterns or mutations of chemically stable genomic DNA of 

epithelial cells in breastmilk11, time between sample collection and analysis is noncritical if 

samples are properly stored. Theoretically, these loose requirements allow convenient and 

continuous screening over time as these DNA samples can be archived from home and mailed to 

a lab for testing. As newborn children require a great deal of care, this option could be very 

convenient for new mothers and increase the accessibility of breast cancer screening altogether. 

However, making this process sustainable and inexpensive presents the engineering challenge of 

getting a sufficient number of cells from breastmilk, which has a very low cell density, without 

excess liquid that can foster bacterial growth and compromise downstream testing. Although 
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expedited shipping of large quantities of milk in refrigerated containers is a viable option to 

circumvent bacterial growth, this process is costly and would greatly restrict access to the 

intervention.  

For long-term dry storage and transport of DNA at room temperature, cells can be lysed 

directly on commercially available DNA collection cards such as FTA® Elute Micro (EM) cards 

on contact, which allow for the selective, water-based elution of nucleic acids by using 

chaotropic salts to keep proteins tightly bound.  However, there remains the challenge of getting 

a sufficient DNA template (~ 1 µg) from breastmilk samples as only microliter volumes can be 

added to the cards. This is due to the low cell number and large variation in breastmilk.  Using a 

combination of flow cytometry and microscopy, a recent study found that 1 mL of milk 

comprises 1.2×104 human cells with a range of 0.06×104 to 1.2×105, depending on the milk 

donor and other factors8.  As EM cards hold 12 - 40 µL of sample per spot, which would be 

equivalent to 1,440 to 4,800 human milk cells or less than 30 ng DNA per spot, unprocessed 

samples do not provide sufficient DNA for the downstream DNA methylation analyses. To 

accurately assess breast health, DNA from cells representing the entire mammary gland must be 

obtained.  Our previous works have shown that the human cells in 1 - 2 mL of milk are sufficient 

for global DNA methylation analyses6, 12. To achieve this goal, a prior cell-spiking intervention 

is needed to address the issue of low cell density. Large and expensive centrifuges typically used 

for cell separation are costly to purchase and transport. To enable point-of-care applications, 

several research groups have designed microfluidic devices to achieve cell separation and 

enrichment. For example, Li et al. designed acoustofluidic devices13, which generate pressure 

nodes to organize and separate cells by size. Di Carlo et al. designed tortuous microfluidic 

channels14, which use inertial focusing to flow cells in streamlines. Unfortunately, the 
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requirement of pumps, flow regulators, noisy transducers, and waveform generators makes these 

devices difficult to incorporate in an at-home/low-resource setting. An additional challenge with 

this application is the variation in fluid properties. Unlike commercial cell culture media, 

breastmilk samples can vary significantly in viscosity, cell density, and fat content. Therefore, 

specific flow parameters cannot be assumed to the required accuracy of the aforementioned 

devices. 

Deterministic lateral displacement (DLD) devices present a promising solution to this 

challenge as they have been demonstrated as effective cell separators under various flow rates 

with minimal equipment required15, 16. In early studies on DLD devices, Davis proposed an 

equation for critical separation diameter based on a best fit model of empirical data found from 

testing with circular pillars:   ,where  is critical separation diameter,  is the 𝐷𝑐 =  1.4𝐺𝜀0.48 𝐷𝑐 𝐺

vertical gap between two pillars, and  is the row shift fraction17. More recently, Zhang et al. 𝜀

used fluid simulation to determine a general equation for critical separation diameter accounting 

for pillar shape:  , where and  are two geometric parameters that change with the   𝐷𝑐 =  𝛼𝐺𝜀𝛽 𝛼 𝛽

shape and arrangement of the pillars18.  Interestingly, these equations imply a high degree of 

leniency for other parameters such as viscosity and flow rate within a laminar flow regime. A 

very telling example is a triangular DLD device designed by Lutherback et al. which 

demonstrates effective cell separation at various flow rates with the highest being 10 mL/min19, 

suggesting that DLD devices have potential for rapid cell separation at relatively high flow rates. 

 While DLD devices have been widely used for cell separation in water-based solutions 

(e.g., PBS, culture media, etc.), they have not been applied to breastmilk. In this study, we aim to 

design a robust and inexpensive system to enrich cells in breastmilk, which will then be lysed on 

EM cards directly for DNA collection and storage. We found that using merely a DLD device 
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could not enrich cells to desirable concentrations. Here, we combined a DLD device with porous 

superabsorbent polymers (PSAPs), a low-cost material for water absorption, and PDMS sponges 

for fat removal, and successfully developed a simple workflow (Figure 1) to collect sufficient 

DNA samples on DNA collection cards for breast cancer risk screening. Our approach requires 

minimal equipment and user expertise, and resolves logistical issues (bacterial contamination, 

shipping costs, etc.) in the procurement of participant samples for DNA analysis. 

METHODS

Milk Viscosity Measurements 

Viscosity measurements were made using a 0.55 mm inner diameter Ostwalt viscometer. 

Viscosity values were calculated using ultrapure Milli-Q water as a reference. In this and 

following experiments, milk samples from three different donors were tested. 

DLD Device Design

Our DLD array was designed to accommodate cells 9-20 µm in diameter according to the 

aforementioned equation initially proposed by Zhang et al18. We used a vertical gap size of 42 

µm, lateral shift of 1/20, pillar base of 48.33 µm, and pillar height of 70 µm for a critical 

separation diameter of ~9 µm. 

Device Fabrication 

Microfluidic devices were designed in KLayout and printed on a 5” soda-lime glass photomask 

with a Heidelberg DWL200 laser writer. In a contact mask aligner, the pattern was transferred to 

the positive photoresist AZ10XT (Microchemicals, Ulm Germany), which was spun onto a 4” 

silicon wafer. Deep Reactive Ion Etching (DRIE) was performed on the uncoated portions of the 
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wafer with an SPTS Rapier to a total depth of 70 μm. The etched wafer was silanized overnight 

using 50 μL of perfluorooctyltrichlorosilane (Alfa Aesar, Haverhill MA). PDMS prepolymer 

containing elastomer base and curing agent (10:1 w/w; Sylgard 184, Dow-Corning) was 

thoroughly mixed for 5 mins and degassed for 30 mins before the PDMS was poured onto the 

etched silicon wafer.  The PDMS was placed in an oven at 110ºC for 20 mins, peeled from the 

silicon wafer, had holes punched through the inlet and outlet ports, sonicated in 100% ethanol for 

30 mins, and was thoroughly dried with Dust-Off® compressed air (Falcon Safety Products NJ 

USA) before it was finally bonded to a glass slide using a house-made oxygen plasma cleaner. 

100% Ethanol was pulled through the device with a syringe for 1 min to effectively wet 

the inner channels of the device and clear any residual debris or obstruction. The device was then 

submerged in a petri dish of PBS and had 2% Pluronic F127 in PBS flowed through for 1 min to 

clear out ethanol. The Pluronic F127 was left in the device while incubated at 37ºC in a 

humidified environment for 20 mins to ensure poloxamer coating to the hydrophobic PDMS 

substrate. Finally, devices were flushed thrice with DI water to remove unbound poloxamer and 

stored at 4ºC until experiments began. 

Absorbent Microfilter Beads

Polymer microfilter beads were created using a similar protocol to that initially described by 

Chen et al.20. A solution of 15% Polyethylene Glycol (w/w), 0.2% Methylene Bisacrylamide 

(w/w), 6% Sodium Acrylate (w/w) and 4% Acrylamide (w/w) in DI water was dissolved via 

ultrasonication for 20 minutes. The mixture was then degassed for 10 mins prior to being added 

to a 0.3% Ammonium Persulfate solution in DI water and thoroughly mixed. 300 µL of the 

resulting mixture was added to each well of a 96-well plate. The well plate was sealed with an 

aluminum film and placed inside a water bath at 75ºC for 30 mins to allow curing. Upon removal 
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from the water bath, the beads were taken from each well with tweezers and submerged into 

100% ethanol for 30 mins to dissolve the porogen (PEG). Lastly, the beads were then placed into 

an oven at 60ºC overnight to allow dehydration. 

Cell and Waste Outlet Flow Analysis 

1 mL of PBS spiked with Madin-Darby canine kidney (MDCK) cells to a concentration of 

100,000 cells/mL was flowed through the DLD device at a rate of 100 µL/min and collected in 

two separate Eppendorf tubes connected to either the cell or waste outlet. The mass of PBS in 

each tube is measured on a scale and then recorded. The cell concentration of each outlet was 

measured with a hemacytometer. During experiments involving a centrifuge group, the solution 

was centrifuged at 1200 rpm for 5 mins and the cell pellet was resuspended in 125 μL of PBS or 

breastmilk. 

Flow Rate Parameterization Experiments

1 mL of PBS was spiked with MDCK cells to a concentration of 100,000 cells/mL and flowed 

through the DLD device at a flow rate of either 10 µL/min, 100 µL/min, 1 mL/min or 5 mL/min 

using a Harvard Apparatus Pump 33 DDS (Harvard Apparatus, Holliston, MA). PBS collected 

from the cell outlet of the device had its cell concentration measured with a hemacytometer.  

DNA Elution from EM Cards and Spectrophotometer Measurements

Two 3mm biopsy punches were taken from each sample area on an EM card and placed into 

individual 1.5 mL Eppendorf tubes, which were then placed into a heat block at 80ºC for 20 

mins. After heating, the Eppendorf tubes had 500 µL of sterile water added and were then vortex 

mixed for 5 seconds. The two punches were promptly transferred to a new 1.5 mL Eppendorf 

tubes containing 100 µL of sterile water. The tubes were placed into a thermomixer set to 95ºC 
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and 500 rpm for 30 mins to allow for DNA elution from the punches. Following this step, the 

Eppendorf tubes were vortexed for 60 seconds and had their two punches discarded prior to a 2 

min centrifuge at 14100 rcf to pellet any residual paper fibers to the bottom of the tube. 80 µL of 

supernatant was transferred to a new Eppendorf tube and had 200 µL of ice cold 100% ethanol, 8 

µL of 3M Sodium Acetate, and 0.75 µL of Glycol Blue added. The solution was vortexed for 10 

seconds and left at -20ºC overnight to allow DNA precipitation from the solution. DNA was then 

pelleted via centrifugation at 15300xg for 30 mins at 4ºC. Supernatant was discarded and the 

pellet was resuspended in ice cold, 70% ethanol and vortexed for 10 seconds prior to another 

centrifugation at 15300×g for 30 mins at 4ºC. To further ensure removal of the chaotropic salts 

from the EM Cards, the pellet was again washed with 70%, ice cold ethanol and centrifuged at 

15300×g for 30 mins at 4ºC prior to being resuspended in 70µL of sterile, ultrapure water. 2 µL 

of the elution was placed onto a pedestal on a Nanodrop 8000 (Thermofisher, Waltham, MA) 

and measured at 230 nm, 260 nm, and 280 nm to quantify the background, nucleic acid, and 

protein content, respectively. 

Real Time-PCR

Quantitative (real time) PCR was run using the BioRad Thermocycler C1000 Touch-CFX96 

Real-Time System with the TaqMan Universal Master Mix II (MM) (Applied Biosystems) and 

the following primers and probe for ALU.  Forward primer: 

ATCACGAGGTCAGGAGATCGAG; Reverse primer: 

CCGGCTAATTTTTGTATTTTTAGTAGAGA;

Probe: 6FAM-ATCCCGGCT/ZEN/AACACGGTGAAACCC-IBFQ.  All samples were run in 

technical duplicates.  Briefly, 1 L genomic DNA (concentration < 50 ng/L) was added to each 
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well which already had 29 L MM and run with the following settings: 95°C for 10 min, 

followed by 36 cycles of 95°C for 15 sec, 60°C for 60 sec. A six-point standard with known 

concentrations and a negative control were run on each plate in duplicate.  DNA concentrations 

of samples were calculated from the standard curve.

Statistical Analysis 

Statistical analysis was performed using Origin Pro. For statistical comparations between two 

data sets, P-values were calculated using the student t test function. For statistical comparations 

between three or more data sets, P-values were calculated using the one-way ANOVA with 

Tukey post hoc analysis. In bar plots, data represent mean ± standard error of mean (s.e.m).

RESULTS  

Fluid Modeling and Device Design

Our envisioned process of efficient DNA collection from breastmilk involves the use of 

an intermediate microfluidic cell enrichment step prior to transferring to an EM card (Figure 1). 

Breastmilk can be considered an oil-in-water emulsion with fat globules serving as the dispersed 

phase21. As the exact ratio of the dispersed and continuous phase (water) of breastmilk can vary 

even within milk expressed from the same breast at different times, an exact viscosity of 

breastmilk for our application cannot be easily defined. Ostwalt viscometer measurements of 

three donor breastmilk samples gave a range of viscosity values between (1.40 – 1.77 cp) and an 

average viscosity of approximately 1.68 cp, significantly higher than that of water (1 cp). 

Although we employed a DLD design with the intention of minimizing the effect of fluid 

properties on the efficacy of our separation, the viscosity of the fluid impacts the pressure 
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requirements and Reynold’s number of the flow. Therefore, we designed our DLD system using 

triangular pillars because prior works have shown that triangular pattern allows gaps between 

pillars to be 20-30% higher than that of the standard circular patterns at the same critical 

separation diameter18, 19. This design will allow us to achieve a higher throughput at similar 

pressure drops to accommodate the increased viscosity of breastmilk relative to the typical fluids 

like water and culture media used in prior DLD devices.

Our DLD device has a single inlet channel and two outlets (cell and waste). The cell 

outlet was in the center of the device, where the DLD device was designed to guide the flowing 

cells (Figure 2A). The waste outlet was connected to 10 channels near the cell outlet which were 

intended to collect fluid with minimal cell concentration (Figure 2A). The dimensions and 

arrangement of the DLD pillars were tailored towards our specific fluid and cell types. Human 

milk is reported to contain a variety of cell types of various sizes, the largest of which are  9-

18µm diameter leukocytes22. Our DLD device featured gaps of 42 µm in order to comfortably 

accommodate these cells, despite our sole target being much smaller sloughed epithelial cells, to 

ensure the device would not be obstructed during operation (Figure 2A). To balance liquid 

throughput and pillar stiffness, we selected a pillar height of 70 µm.

DLD Device Fabrication and Assembly

The DLD triangular arrays were successfully fabricated in PDMS using soft lithography with 

etched wafers as templates (Figure 2A). The devices were washed in ethanol, bonded to glass 

slides, and coated with Pluronic F127 as described in the methods section. Devices were able to 

be cleared of any residual debris from fabrication prior to experimentation by syringe-pulling 

ethanol through the DLD microchannel. 
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Mass Flow Rate Analysis 

To collect sufficient cells for reliable PCR analysis within limited volume allowed on EM cards, 

we estimated that an eight-fold increase in the cell concentration was desirable. Though the 

triangular pillars featured in the device were designed to guide cells to the cell outlet, the cell 

concentration of solution from the cell outlet still heavily depended on the volume of liquid 

exiting the cell outlet. An understanding of the mass flow rate through both output ports was 

required to enable a thorough analysis of the cell separation efficacy and design a protocol that 

achieves the target cell concentration in a volume the EM cards can accommodate. To determine 

these critical parameters of our device, we flowed PBS, spiked with MDCK cells which have 

similar size to breast epithelial cells, to an initial concentration of 100,000 cells/mL, at a rate of 

100 µL/min through our DLD device and into two separate Eppendorf tubes (cell or waste) for 

10 mins (Figure 2B, see Methods for details). We found that the average mass flow rate into the 

cell outlet was ~14.2% of the average flow rate out of the device (Figure 2C). In contrast, the 

cell concentration of the PBS collected from the cell outlet was ~50 times that of the waste 

outlet, suggesting cells were successfully focused to the central cell outlet (Figure 2D, 

Supplementary Video 1).

Cell-Spiking Efficacy of the DLD Device

Although the mass flow rates leaving the cell and waste outlet of our DLD device provided 

valuable insights into the potential efficacy of cell enrichment, we further evaluated the efficacy 

of separation of our DLD device by direct comparison with a gold standard (centrifuged) and 

nonintervention group (status quo). For this experiment, we first prepared 1mL PBS solutions 

spiked with MDCK cells at the concentration of 100,000 cells/mL. In our DLD group, we flowed 

1 mL cell-spiked PBS solution at 100 µL/min flow rate through the DLD device. We quantified 
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outcomes by counting the cell number in 125 µL of post-processed solution, typically used for 3 

spots on EM cards (40 µL per spot). As discussed above, at least 100,000 cells in this 125 µL 

solution are required for proposed DNA methylation analysis. The cell concentrations in the cell 

outlet and the waste outlet were compared with a status quo group and a centrifuged group (1mL 

cell-spiked PBS centrifuged at 1200 rpm for 5 minutes, pellets resuspended in 125 µL PBS).  

Cells could be observed flowing to the cell outlet without any clogging between the gaps of the 

pillar array (Figure 3A). We found the cell concentration from the cell outlet to be around 4.5× 

the status quo, further verifying that the pillars of the device are guiding the cells to the cell 

outlet (Figure 3B). Expectedly, the centrifuge group outperformed the DLD device group by 

about 30%. Notably, cell concentration in the DLD and status quo group will not change with 

increasing total volume of samples but will scale proportionally in the centrifuged group.

Determining Effect of Flow Rate on DLD Cell Separation 

The 100 µL/min flow rate used in the previous experiment was ideal for observing individual 

cells moving through our DLD device, but too slow for getting a sufficient sample volume to fill 

all four 40 µL spots of one EM card. To determine if our device is suitable for manual syringe-

driven actuation, we next evaluated how effective our DLD device was at various flow rates so 

we could understand if higher flow rates could be used without compromising separation 

efficacy and how reasonable deviations in user operation (force of actuation) affects the 

separation efficiency of our DLD device. 

Based on our empirical findings on the difficulty of pushing fluid through our DLD 

device, we identified a range of 10 µL/min – 5 mL/min to encapsulate the flow rates resulting 

from reasonable effort of syringe pushing. Using a syringe pump, PBS spiked with MDCK cells 

to a concentration of 100,000 cells/mL was flowed through the device at either 10 µL/min, 100 
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µL/min, 1 mL/min, and 5 mL/min (Figure 3C). We found that the cell concentration in the cell 

outlet remained around 60,000 cells/125 µL in all cases, suggesting the robustness of our device 

regarding a broad range of flow rates (Figure 3D).  

Cell Concentration Spiking of DLD Device Augmented with Absorbent Polymer Post-
Processing

As the DLD device has been demonstrated to achieve a 6:1 ratio of mass flow rate between the 

waste and cell outlets, the maximum theoretical value of cell-spiking is capped at 7×. As shown 

in Figure 3B, the actual cell spiking ratio was about 4.5×. To achieve our goal of an 8× increase 

in cell concentration without significantly sacrificing the throughput of the device, we employed 

dehydrated porous superabsorbent polymer (PSAP) beads as a low-volume post-processing 

method in our cell collection reservoir (Figure 4A-D). PSAPs have demonstrated potentials as 

an enrichment method for cells, extracellular vesicles, and proteins20, 23-25. These polymer beads 

are “self-driven” and utilize sized-based exclusion to selectively intake water and very small 

particles. Not only does this offer the advantage of removing cell-free fluid, but also allows 

tuning to facilitate protein uptake thus increasing DNA purity downstream. This combination is 

intuitive and convenient as both interventions can operate simultaneously without interfering 

with one another. Prior to testing the PSAP beads for their cell-spiking efficacy, we investigated 

their liquid absorption over 20 minutes by placing them individually into wells of a 24-well plate 

filled with either breastmilk or PBS. We found that within 10 mins the beads were able to absorb 

about 150 µL of PBS and about 125 µL of breastmilk (Figure 4E). 

We next sought to investigate if the combination of PSAP beads and DLD device can 

achieve targeted cell concentration. For this experiment, we had 4 mL of cell-spiked PBS flowed 

through our device at an average flow rate of 1 mL/min into one well of a 24-well plate 

containing 3 PSAP beads (B-DLD group in Figure 4F). Upon completion, the measurement of 
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cell density was delayed for 10 minutes to allow passive PSAP bead spiking. Similarly, we 

included a status quo control group (no intervention) and  a centrifuged group (4 mL of cell-

spiked PBS centrifuged and resuspended into 125 µL of PBS). Although still significantly 

outperformed by the centrifuge group, the B-DLD group showed about an 11× increase in cell 

concentration compared to that of the status quo group and surpassed our targeted 8× cell spiking 

ratio (Figure 4F). Notably, increasing the total volume of sample processed can effectively 

increase the cell concentration for the centrifugation methods (as shown in Figure 4F and 3B), 

however, without introducing absorption beads, the DLD device results in a relatively constant 

output cell concentration.

Determining Hybrid Device Efficacy in Breastmilk 

As we successfully achieved our target cell spike in PBS, we could assert that the hybrid device 

works as intended for fluids with similar density and viscosity to water. This finding provided a 

point of reference for us to determine how the heterogeneity and viscosity of human breastmilk 

affects the efficacy of separation in our DLD device. We thus next tested the device efficacy by 

spiking MDCK cells or MCF-7 breast cancer cells in breastmilk samples. The complexity of 

milk drastically complicated imaging; however, we were able to observe spherical objects that 

were too large (~30 µm diameter) to be MDCK cells exiting the cell outlet (Figure 5A, 

Supplementary Video 2). Further observation at the cell outlet collection well led us to 

conclude that they were coalesced milk fat globules. To better visualize the cell trajectory, we 

used GFP-tagged MCF-7 cells (Figure 5B, Supplemental Video 3). From fluorescent imaging, 

cells seemed to be successfully reaching the cell outlet of the DLD device, however the milk fat 

globules entering the same channel warranted additional intervention. This is because the PSAP 
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beads cannot absorb oil and were therefore not suitable to completely achieve the same extent of 

post-processing of breastmilk as in PBS. 

To resolve the issue of milk fat globules entering the cell outlet, we created PDMS 

sponges using store-bought sugar cubes as sacrificial templates (Figure 5C, see Methods for 

details). The small pores in the hydrophobic PDMS serve as a filter and facilitate selective 

uptake of the oily milk fat globules (Figure 5D). PDMS sponges were cut into 3mm diameter 

and 6 mm long cylinders and placed into the 24-well plate to which the cell collection outlet was 

flowed.

We next tested the performance of the DLD device alone, DLD device with beads, and 

DLD device with both beads and sponges in PBS or breastmilk spiked with MDCK cells at a 

concentration of 100,000 cells/mL (Figure 5E). In this experiment, we again used a flow rate of 

~1 mL/min to process 4 mL of samples and 3 PSAP beads and 3 PDMS sponges were used to 

sufficiently remove water and oil contents, respectively in corresponding experimental groups. 

After 4 mL of breastmilk was flowed through the DLD device, the beads and sponges at the cell 

outlet were left to absorb for 15 mins before 40 µL of the spiked solution was added onto a 

sample area of an EM card. For comparison, 4 mL of breastmilk spiked to the initial 

concentration of 100,000 cells/mL was centrifuged, resuspended in 125 µL, and had 40 μL 

placed onto a sample area of an EM card (centrifuge) while an additional group was spiked to the 

same initial concentration simply had 40 µL removed and placed on a sample area of an EM card 

(status quo). 

A main concern about the timeliness of cell-enrichment is the window for bacterial growth. 

Distinguishing between human and bacterial DNA was essential to verifying that any increase in 

DNA concentration was the result of our device enriching the cells of interest. To get an 
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understanding of any potential background signals from the human breastmilk, we employed real 

time-PCR amplification of the ALU gene, which exists only in primates, to quantify the DNA 

concentrations (Figure 5F). This allowed for both a clear understanding of the background signal 

resulting from human DNA present in the samples prior to the initial spiking and allowed us to 

exclude any DNA from bacteria present in the experimental groups. Interestingly, we see no 

significant difference in the DNA concentration among our milk blank (no added cells) and cell-

spiked controls (Figure 5F). However, we observe that the device group enriched using beads and 

sponges has about a 20 ng/μL concentration.  As each punch is eluted in 50 μL of ultrapure water, 

this result indicates that the amount of DNA from solely the MCF-7 cells roughly hit our target 

mass of 1 μg.  

 In our experiments with MDCK cells, quantification of DNA concentration on EM cards 

indicated the hybrid DLD device group (DLD combined with PSAP beads and PDMS sponge) 

had about 13× the DNA of the status quo group (~20 ng/L) (Figure 5F). Interestingly, the fold 

changes between the centrifuge groups and hybrid DLD device groups in both fluids is much less 

than what was seen in our hemocytometer cell counts (Figure 4F), likely due to the centrifuge 

group exceeding some capacity limitation of the EM cards. As the lysing and DNA storage of the 

cards depends on their chemical treatment, it is plausible that the high number of cells used in the 

centrifuge group overwhelmed the cards.  

 

DISCUSSION

While cell separation strategies have been extensively explored, cell enrichment followed by 

DNA extraction from breastmilk samples, particularly in resource-limited settings, have not been 

achieved. As breastmilk is heterogeneous, viscous, and fat-enriched, conventional cell separation 
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strategies designed for culture media or blood samples cannot be directly applied. In our work, 

we reported three strategies for cell enrichment from breastmilk samples, i.e., DLD-based 

microfluidic device, water-absorbing PSAP beads, and fat-absorbing PDMS sponges to tackle 

this unique challenge.  

Our DLD device performance mirrored that of work by Loutherback et al.15 in two 

aspects: (1) that the theoretical change in critical diameter between the positive and negative row 

shifts does not seem to significantly impact our cell separation and (2) that high (mL/min) flow 

rates do not curtail cell separation. This finding is in slight contrast to simulations on triangular 

DLD arrays performed by Zhang et al. 18, which suggest the negative and positive arrays should 

have significantly different critical diameters (~6 µm difference). Another similar finding was 

that between flow rates of 10 µL/min and 5 mL/min, we did not observe much impact on cell 

separation efficacy (Figure 3D), suggesting that users can potentially complete the process 

within 30 seconds by manually pushing the syringe. This finding strongly supports the case for 

user-friendly DLD-based microfluidic separation as it demonstrates that high-precision of 

actuation is not needed, especially when selectivity between cell types is not a necessity. We 

believe this clearly allows for applications where the device can be syringe-driven by hand. 

Alternatively, the device can be redesigned to be driven by paper capillary pumps16 or 

hydrostatic pressures via a reservoir near the inlet26.  

Although a higher cell concentration was achieved by incorporating a PDMS sponge for 

selective oil absorption, it was not a vital intervention as DLD device with PSAP beads alone led 

to extraction of similar amount of DNA from milk and PBS samples (Figure 5F). It should be 

noted, however, that special care was taken to avoid the milk fat at the top of the well when 

transferring liquid to an EM card sample area and it is possible to inadvertently pipette a large 

Page 18 of 28Lab on a Chip



quantity of undesired, cell-free milk fat in this step. Thus, PDMS sponges should be considered 

for convenience and improved reproducibility, particularly for milk samples with high fat 

contents. Together, the integration of viscosity-insensitive DLD design and the PDMS sponges 

significantly mitigates the large sample-to-sample variation in breastmilk. 

Our results in Figure 5E-F clearly demonstrate that our target quantity of DNA (~1 g) 

is collected and has potential to simplify DNA archiving from dilute physiological samples. 

Overall, our system is quite robust, simple, and has been shown to work properly with breastmilk 

from multiple women at relatively high flow rates. As our system leverages intentional 

lithographic patterning of DLD devices and “self-driven” cell enrichment of polymer beads and 

sponges rather than expensive control systems, we believe it can allow for effective and 

accessible cell enrichment in low resource, non-clinical settings. 
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FIGURE CAPTIONS

Figure 1: Schematic of the workflow for breastmilk cell analysis involving the microfluidic cell 
enrichment, placement of enriched solution on sample areas of EM card for DNA archiving, 
Water-based DNA elution from EM Card, DNA amplification using PCR, DNA sequencing and 
bisulfite sequencing Created with BioRender.com.

Figure 2: A.) DLD device design from Klayout (bottom) and brightfield image of device 
features. Scale bar, 500 µm. B.) Experimental setup with a DLD device mounted on an inverted 
microscope. Outlet tubings were attached to Eppendorf tubes for cell enriched and waste 
solution.  C.) Mass Outflow rates during operation for cell outlet and waste outlet of the DLD 
device. D.) Cell concentration from the cell and waste outlet of the DLD device after operation. 

Figure 3: A.) Phase contrast image of cells (outlined in red) flowing through the DLD device at 
100 µL/min. Fluid is flowing from left to right. B.) Measurement of cell concentration of PBS 
from the cell outlet and waste outlet of the DLD device as well as the status quo and centrifuge 
experimental groups. C.) Cartoon schematic of syringe pump pushing milk through the DLD 
device and into Eppendorf tubes at four designated flow rates. D.) Cell concentration of PBS 
collected from the cell outlet of the DLD with respect to flow rate used.  *, P < 0.05, **, P < 
0.01, ***, P < 0.001, n.s., P > 0.05. Three experimental replicates were performed. Created with 
BioRender.com. 

Figure 4: A.) Cartoon schematic of a PSAP bead selectively uptaking water and particles under 
1 µm in diameter. B.) Dehydrated PSAP beads (right) and PSAP beads after 30 mins in DI water 
(left).  C.) Image of DLD device integrated with dehydrated PSAP beads for hybrid cell 
enrichment (B-DLD). D.) Cartoon of PSAP cell enrichment of PBS in 24 well plate. E.) 
Comparison of fluid absorption efficacy in both PBS and breastmilk over 20 mins of immersion 
in 1 mL of either liquid.  F.) Cell concentration of PBS from the status quo, DLD device 
combined with beads (B-DLD), and Centrifuge group. *, P < 0.05, **, P < 0.01, ***, P < 0.001, 
n.s., P > 0.05. Three experimental replicates were performed. Created with BioRender.com.

Figure 5: A.) 10× phase contrast image of breastmilk flowing through the DLD microfluidic 
device. Inserted box in red shows spherical milk fat globules entering the cell outlet of the 
device. B.) Fluorescence image of GFP-tagged MCF-7 cells entering the cell outlet of the DLD 
device. C.) PDMS sponges released from sugar templates D.) Cartoon depiction of milk fat 
globules rising above the continuous phase (water) of breastmilk, coalescing, and being absorbed 
into the pores of a hydrophobic PDMS sponge. Created with BioRender.com. E.) Bar graph of 
spectrophotometer readings of DNA concentration in PBS/breastmilk spiked with MDCK cells 
and processed using DLD, PSAP beads and/or PDMS sponges. *, P < 0.05, **, P < 0.01, ***, P 
< 0.001, n.s., P > 0.05. Three experimental replicates were performed. F.) DNA concentration 
readings from PCR amplification of ALU for blank breastmilk sample and breastmilk/PBS 
spiked with MCF-7 cells, and processed using DLD, PSAP beads and/or PDMS sponges.
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