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Abstract

Neutrophils have a critical role in regulating the immune system. The immune system is 

compromised during chemotherapy, increasing infection risks and imposing a need for regular 

monitoring of neutrophil counts. Although commercial hematology analyzers are currently used in 

clinical practice for neutrophil counts, they are only available in clinics and hospitals, use large 

blood volumes, and are not available at the point of care (POC). Additionally, phlebotomy and 

blood processing require trained personnel, where patients are often admitted to hospitals when 

the infections are at late stage due to lack of frequent monitoring. Here, a reliable method is 

presented that selectively captures and quantifies white blood cells (WBCs) and neutrophils from a 

finger prick volume of whole blood by integrating microfluidics with high-resolution imaging 

algorithms. The platform is compact, portable, and easy to use. It captures and quantifies WBCs 

and neutrophils with high efficiency (>95%) and specificity (>95%) with an overall 4.2% bias 

compared to standard testing. The results from a small cohort of patients (N = 11 healthy, N = 5 

lung and kidney cancer) present a unique disposable cell counter, demonstrating the ability of this 

tool to monitor neutrophil and WBC counts within clinical or in resource-constrained 

environments.

Keywords

cancer monitoring; lens-free shadow imaging; microfluidic; neutropenia; neutrophil; Poisson 
distribution
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1. Introduction

Neutrophils are important elements of an innate immune system and their number in blood 

is a valuable indicator of general health status.[1] Particularly, low neutrophil count in blood 

(neutropenia, Table 1) is attributed to various medical factors including autoimmune 

deficiency, congenital genetic disorder, and drugs used in chemotherapy and is a serious 

health complication due to the effects of a compromised immune system.[1–6] In severe and 

prolonged neutropenia, patients are significantly susceptible to bacterial infections, which 

causes delays in chemotherapy cycle, limits the dose of chemotherapeutic drugs, and 

substantially increases healthcare expenditures.[7–11] Further, chemotherapy-induced 

neutropenia is also associated with mortality that accounts for ≈9.5% of the cancer-related 

deaths in the United States.[12–16]

In clinical settings, neutrophil counts are determined by performing a complete blood count 

(CBC) in hospitals and centralized laboratories with commercial hematology analyzers by 

skilled personnel using large volumes (up to 6 mL) of whole blood obtained by 

venipuncture.[17] Further, due to lack of frequent monitoring, neutropenic patients are often 

admitted to hospitals when the infections are in advanced stages or of prolonged duration 

since inflammatory immune response is minimal, and neutropenia may also develop 

asymptomatically until late stages.[5,7,13,16] In addition, minors and elderly cancer patients 

face critical constraints, including limited mobility for frequent clinic visits and invasive 

phlebotomy practices.

Currently, various microfluidic-based devices and techniques are utilized to capture and 

count cells from blood including fluorescence microscopy, CMOS-based holographic 

imaging, and impedance measurement (Table 2).[18–27] However, these systems have critical 

impediments such as low capture efficiency with high biases in measurements, need for 

multiple sample preprocessing steps (i.e., centrifugation), and costly read-out systems, 

limiting their applicability at point of care (POC). Although microfluidic immune-based 

capture methods to isolate white blood cell (WBC) subtypes have been demonstrated 

including CD4 cells and CD8 cells,[26] capture of neutrophils has been particularly 

challenging with limited specificity and efficiency.[27] Therefore, there is an urgent need for 

inexpensive, easy-to-use, and robust devices and techniques to monitor neutrophil counts at 

the POC for patients with cancer during chemotherapy.[28,29]

Here, we present a microfluidic platform integrated with a lens-free shadow imaging system 

to capture and quantify neutrophils accurately using a high-resolution image algorithm[30] 

from a finger prick volume of whole blood (5.5 μL). The platform is compact, portable, 

inexpensive, disposable, easy to use, and can capture neutrophils and WBCs with over 95% 

efficiency. The specificity of the device is over a wide range of cell counts, including 

neutropenic regime (<2000 cells μL−1) at high accuracy with overall 4.2% bias in between 

measurements. Further, data from a small cohort patients (N = 11 healthy, N = 5 lung and 

kidney cancer) showed that the platform also provides neutrophil counts from clinical 

samples reliably as compared to the clinical gold standard (i.e., hematology analyzer count). 

Such a system could potentially reduce costs associated with hospitalization and eliminate 

impediments associated with current clinical practices, offering an improved quality of life.
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2. Results

2.1. Optimization of Experimental Variables to Improve the Cell Capture Efficiency

To evaluate the neutrophil capture efficiency in microfluidic channels, we utilized three 

experimental variables: flow rate, antibody concentration, and blood incubation time (refer 

to the Experimental Section for further details of materials and methods) (Figure 1A–F, and 

Figure S1–S3, Supporting Information). Here, we initially investigated the effect of flow rate 

on capture efficiency for neutrophils in the microfluidic channels using three different flow 

rates: 5 μL min−1, 20 μL min−1, and hand pipetting (≈200 μL min−1), keeping antibody 

concentration constant at 50 μg mL−1. We calculated the captured efficiencies (Equation (1)) 

as 62% ± 3%, 52% ± 5%, and 32% ± 9% for these flow rates, respectively (Figure 2A) 

Then, keeping the flow rate constant (5 μL min−1), we evaluated three anti-CD66b antibody 

concentrations, namely, 25, 50, and 100 μg mL−1, and we observed the capture efficiencies 

54% ± 7%, 69% ± 2%, and 99% ± 2%, respectively (Figure 2B). To evaluate the effect of 

incubation time on capture efficiency, we incubated diluted blood in microfluidic channels 

for 5 and 20 min, and compared our results with blood without incubation. The capture 

efficiency was calculated as 70% ± 4%, 99% ± 2%, and 44% ± 9%, respectively (Figure 

2C). The results presented the highest capture efficiency for immune cells in a microfluidic 

channel for 5 μL min−1 flow rate with 100 μg mL−1 antibody concentration and 20 min of 

incubation time (Figure 2D). In these experiments, we initially load the channels with 

samples under flow, then incubated the devices without active flow. Finally, we run wash 

solution with the initial flow rate that varies in each optimization step to remove unbound 

cells.

2.2. Modeling of Neutrophil Capture in a Microfluidic Channel

To evaluate the experimental findings, we utilized a Poisson model of attachment and 

detachment of cells (Figure 2E). Given that even at relatively slow perfusion speeds, the 

majority of neutrophils will be suspended in the bulk of the microfluidic device and few will 

be able to bind, we assume that no binding will happen during the initial flow-in or final 

washing steps. We also consider how quickly neutrophils will settle to the chip surface and 

determine whether at the 20 min incubation time, all neutrophils are able to reach the active 

surface of the device. On the active surface of the device, we consider that there will be 

some number of adhesion points, due to the presence of the antibodies. It is unknown how 

many of these there will be, due to many experimental variables, including rate of antibody 

binding to the surface, self-binding, and diffusion from the bulk to the surface. To quantify 

this, we assume that the number of active binding sites is proportional to the concentration 

of antibodies.

To determine the capture rate, we randomly distribute the binding sites onto a target surface, 

and then randomly distribute neutrophils onto the surface. If the neutrophil surface area 

includes nc or greater binding sites, it is considered permanently captured, while if it has 

fewer, it is considered lost. We repeat this across many trials to determine the overall capture 

rate. The results are shown in Figure 2E (obtained using Equation (4)) where the model fits 

the experimental data well, and suggests at the order of 2–5 binding sites per neutrophil is 

enough to achieve the observed collection efficiencies.
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2.3. Cell Capture from Whole Blood in Different Buffer Solutions with Various Dilutions

To evaluate and compare the capture efficiencies in different buffer solutions and 

concentrations, we utilized various dilutions of whole blood in PBS (i.e., undiluted whole 

blood, 1:2, 1:5, 1:10, 1:20, and 1:30 diluted whole blood solutions) and in red blood cell 

(RBC) lysis buffer (1:5 diluted whole blood solution) (Figure S4, Supporting Information). 

We observed that capture efficiency was ≈30% for unprocessed whole blood in all cases. 

This low efficiency was attributed to overwhelming number of red blood cells present in 

blood (there are ≈1000 RBCs present in whole blood for every WBC). To validate this 

negative interference of RBCs on WBC capturing in microfluidic channels, we compared the 

number of captured cells in whole blood with RBC depleted whole blood. We observed that 

the number of captured cells was 11 267 in whole blood while the number was significantly 

increased to 35 634 in RBC depleted whole blood (Figure S5, Supporting Information) 

sample. To avoid this negative interference, we then diluted blood samples in PBS and 

observed that the absolute number of captured cells decreased in higher dilutions (i.e., 4875 

cells in 1:2 PBS diluted solution and 1251 cells in 1:30 diluted solution) (Figure 3A) as the 

result of dilution. In contrast, capture efficiency increased in solutions with higher dilution 

ratio (i.e., 26% capture efficiency in 1:2 dilution whereas >95% capture efficiency in 1:30 

dilution). In addition, we also evaluated the capture efficiency by diluting blood samples 

using RBC lysing buffer (no processing such as centrifugation). Further, the capture 

efficiency for 1:5 diluted sample was recorded as higher than 95% (Figure 3B). We observed 

capture efficiencies higher than 95% with PBS buffer at 1:30 dilution and with RBC lysing 

buffer at 1:5 dilution. In addition, with PBS-diluted samples, we observed nonspecific RBC 

binding in the channels in post-washing steps, however with the RBC lysing buffer the 

negative interference (nonspecific binding) was eliminated due to ruptured RBCs. In 

addition, we also evaluated the capture efficiency of cells in a control channel, which do not 

have any antibodies on the glass surface (all the other steps are similarly performed). This 

channel provided no significant fluorescent signal for quantitative comparison as seen in 

Figure S4F (Supporting Information), which suggests that the nonspecific binding of the 

targeted cells (neutrophils and WBCs) was not present.

2.4. Specificity Evaluation for Neutrophil Capturing

To determine the capture specificity for neutrophils in microfluidic channels, we acquired 

microscopic images of the entire channel using bright-field (BF) and fluorescence 

microscopy (i.e., DAPI as marker for all WBCs, FITC for CD66b-positive neutrophils). We 

evaluated five randomly selected, equidistant regions of interest in each channel (Figure 

3C,D, and Figure S6, Supporting Information) (number of channels: N = 3, number of 

regions: n = 5) and counted the captured cells in the microscopy images. The capture 

specificity for neutrophils was calculated using Equation (2). We observed that in each 

microfluidic channel, the neutrophils were captured with a significantly high specificity of 

98.02% ± 2.72% indicating robustness of surface functionalization and experimental 

procedure (Figure 3E). We then used the Bland–Altman method to analyze the difference in 

counts between BF and other imaging modalities and found that the higher limit of 

agreement (HLoA) was 1.68% and lower LoA (LLoA) was −3.28% with mean of −0.8%.[31]
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2.5. Proof of Concept for a Lens-Free Shadow Imaging System Integrated with Microfluidic 
Device

To evaluate the efficiency, accuracy, and integration performance of the lens-free shadow 

imaging system with the microfluidic device, we compared BF microscopy and DAPI 

fluorescence images with holographic and reconstructed lens-free shadow images of the 

captured cells in the channels (Figure 4A–D). The images taken from five randomly selected 

regions in the channels indicated highly overlapping cell morphology in the lens-free 

shadow imaging system, as compared to fluorescence and BF microscopy images (Figure 4 

insets). We obtained average cell specificity of 98.01% ± 3.52% (N = 5, number of regions, 

for n = 3, imaging modalities, for all three imaging mechanisms) in all these cases (Figure 

4E). We also showed the difference variation in between these counts using Bland–Altman 

graph and found a mean of number difference at −4.7 (Figure 4F). These results showed that 

the microfluidic device, integrated with the lens-free shadow imaging system, can be utilized 

for capturing and quantification of neutrophils from whole blood with high efficiency and 

accuracy.

2.6. Evaluation of Microfluidic Device Performance and Validation of the Platform with 
Clinical Samples

We analyzed the performance of the platform in comparison to the gold standard method 

(i.e., hematology analyzer count using the Beckman Coulter Ac⋅T-diff Hematology 

Analyzer) using healthy control and cancer patient blood samples (Figure 5A). We observed 

that our device performed comparably with the commercially available hematology analyzer 

in capturing and quantifying of WBCs and neutrophils (based on CD45 or CD66b surface 

antigen capture, respectively), with a linear regression R2 value of 0.99 (N = 11, number of 

devices, n = 1,2, and 3, number of channels) (Figure 5B). We then utilized the platform 

using clinical samples from kidney and lung cancer patients to capture and quantify 

neutrophils and observed a correlation with a R2 value of 0.91 (N = 5, number of devices, n 
= 1,2, and 3, number of channels) (Figure 5C). We also compared the methods using a 

student t-test and found no significant difference between them (for p-value threshold set at 

0.05, t = 0.36). When we analyzed all the measurements using each channel, we observed 

that the platform overall provided very reliable measurements that are in good correlation 

with the analyzer (R2 = 0.97 for N = 36 channels). We also found that the platform has the 

capability to measure the neutrophil counts in the neutropenic regime (less than 2000 cells) 

obtained with diluted samples (Figure 5D). We then utilized the accuracy parameter 

described in the manual of the analyzer (Beckman-Coulter Ac.T-diff hematology analyzer), 

which is ±300 cells (μL−1) of blood or ±5% bias in between measurements for WBCs and 

neutrophils. The microfluidic device, integrated with the lens-free shadow imaging system, 

could capture and quantify the neutrophils and WBCs from blood samples with comparable 

efficiency, with 241.1 cells at ±4.2% bias (Figure 5E). In addition, we also obtained high 

counts of immune cells (about 10 000 and more cells) that can be attributed to infections in 

blood. These results indicate that the platform can potentially be used with high accuracy, 

comparable with commercially available hematology blood counters, using significantly 

lower volumes of blood in comparison.
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3. Discussion

Neutropenia poses a significant health risk to patients with cancer, particularly during 

chemotherapy due to suppressed immune mechanisms.[14,16,32] Therefore, regular 

monitoring of patient health status carries utmost importance in environments, where 

resources are limited, especially for neonatal, pediatric, and elderly patients (particularly 

those with small veins) for which frequent clinic visits and phlebotomy are burdensome and 

discouraging. Here, we presented a microfluidic device integrated with a lens-free shadow 

imaging platform, which is a versatile tool for common hematology blood counts performed 

at clinics, particularly with a potential at the POC. The platform provided reliable results, 

with accuracy comparable to currently used hematology analyzers. Additionally, lens-free 

shadow imaging systems have been utilized for cell imaging in various studies (Table 2).
[30,33–37] Here, one of the advantages of using this system is to image a significantly large 

area of interest—since it has a wide field of view of ≈30 mm2—as compared to regular light 

microscopes.[34] In addition, the commercial analyzers are bulky, expensive, and requires 

continuous supply of buffers for operation and regular maintenance, which increases the 

overall cost. The presented platform is relatively inexpensive and uses disposable polymeric 

materials.

Although immuno-capturing cells from whole blood using microfluidic technology have 

been studied earlier, low capture efficiencies with high bias between measurements have 

been reported. These devices use blood volumes larger than their microfluidic channel 

volume, which results in large variations in cell count measurements.[18,26,27,38,39] These 

variations may be attributed to high abundance of RBCs in whole blood, and we have shown 

that this challenge can be overcome by using dilutions with buffers to achieve higher capture 

efficiency. Specifically, we have shown that the capture efficiency increases significantly 

with higher dilutions in a PBS buffer.

In current clinical practice, neutrophils and WBCs are counted using sophisticated and 

expensive devices (such as FACS and hematology analyzers) with labor intensive and 

invasive blood handling processes commonly performed in centralized laboratories by 

trained personnel. Further, these devices require costly and highly technical calibration and 

maintenance during operation. These requirements limit their utilization at the POC, 

particularly for cancer patients, where frequent clinical visits and blood draws are needed. 

To address these challenges, our platform presents various improvements including 

processing of low sample volumes, easy-to-use cell counting, a portable and relatively 

inexpensive system, and minimally invasive blood collection.

Microfluidic devices provide various advantages over conventional plate-based microwells 

for diagnostic tests such as blood separation and cell count.[40] Such advantages include, 

precise control of sample volume with minuscule amount, wide range of geometries 

mimicking the biological environment, and ability to expose the biological moieties to shear 

stress using flow thus mimicking their natural environment.[41,42]

Microfluidic technologies can also create technical challenges such as bubble formation, 

preservation of the devices during transportation to remote areas and storage in these 
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locations, and requirement of an active flow mechanism to wash away the unbound blood 

components. These processes involve a few manual operations and the use of syringe pumps 

that may interfere their utilization for POC applications. However, these challenges are 

usually in part addressed during commercialization for mass production since we envision 

that a commercialized version of the platform will be fully automated to minimize manual 

handling. In addition, there are practical innovations that further help address these 

problems, such as the use of trehalose to increase shelf-life for on-chip immune chemistry, 

and utilization of externally actuated reservoirs to replace microfluidic pumps, enabling 

translation.[43] Therefore, the technical challenges present in similar platforms for POC 

applications can be minimized with these improvements. In the future, these devices 

integrated with portable platforms have significant promise for broad applications in mobile 

healthcare applications and can be utilized in detection and diagnosis of various diseases and 

disorders at the POC.[44–46]

4. Experimental Section

Experimental Procedure

The experimental procedure was performed in four steps: i) the fabrication of the 

microfluidic device, ii) the functionalization of the glass surface, iii) immunocapturing of 

total WBCs and neutrophils using the device, and iv) quantification the captured neutrophils 

using a lens-free shadow imaging platform.

Microfluidic Device Fabrication

To fabricate the microfluidic devices, poly(methyl methacrylate) (PMMA) (McMaster-Carr, 

Atlanta, GA, USA) and 50 μm thick double-sided adhesive polymer film (DSA, iTapestore, 

Scotch Plains, NJ, USA) were cut with laser cutter (Versa VLS2.3, Scottsdale, AZ, USA) 

with channel length of 25 mm × 4 mm width and 50 μm height (Figure 1A, and Figure S1, 

Supporting Information). Glass slides (VWR International, Radnor, PA, USA) were attached 

to PMMA layer using DSA to form microfluidic channels. PMMA layer provided an outlet 

and a reservoir for blood inlet.

Surface Functionalization

Glass slides (24 mm × 40 mm) were cleaned in absolute ethanol (Sigma Aldrich, St. Louis, 

MO, USA) solution under sonication for 15 min. The slides were then rinsed with deionized 

water and dried under nitrogen gas. Dried glass slides were treated with O2 plasma (IoN 3 

MHz, PVA Tepla, Corona, CA, USA) for 2 min. Plasma-treated glass slides were 

immediately transferred into a solution of 3-mercaptopropyltrimethoxysilane (3-MPTS) (4% 

in ethanol, Sigma Aldrich, St. Louis, MO, USA) and incubated for 45 min at room 

temperature for silanization of the surface. Then, slides were rinsed with 1 mL of ethanol 

and dried at room temperature. These surface-treated slides were attached to PMMA layer 

with DSA to form the channels (Figure 1A). Channels were first washed with 100 μL 

phosphate-buffered saline (PBS) (pH 7.4, Life Technologies, Grand Island, NY, USA). 

Gamma-maleimidobutyryl-oxysuccinimide ester (GMBS) (30 μL, 223 × 10−6 M in dimethyl 

sulfoxide (DMSO), Sigma Aldrich, St. Louis, MO, USA) diluted with PBS (6 × 10−6 M 

final) was then introduced into channels and incubated for 45 min at room temperature in 
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dark. After channels were washed twice with 100 μL of PBS, 40 μL of neutravidin (0.2 mg 

mL−1 in PBS, Sigma Aldrich, St. Louis, MO, USA) was introduced to the channels and 

incubated overnight at 4 °C. Channels were then washed twice with PBS (100 μL) again to 

remove unbound molecules. Chips were functionalized with 50 μL of 100 μg mL−1 

biotinylated cell-specific antibodies to capture cells of interest. Biotinylated human anti-

CD45 antibody (monoclonal mouse IgG1 Clone # 2D1, BAM1430 R&D Systems 

(Minneapolis, MN, USA)) was used to capture all white blood cells regardless of their 

subtype, meanwhile biotinylated human anti-CEACAM-8/anti-CD66-b antibody (polyclonal 

sheep IgG, E. coli-derived recombinant human CEACAM-8/CD66b Gln35-His141 

Accession # P31997, BAF4246, R&D Systems (Minneapolis, MN, USA)) was used to 

capture neutrophils from whole blood (collected in EDTA blood collection tubes, Stanford 

Blood Center, Palo Alto, CA, USA, and Stanford Cancer Institute, Stanford, CA, USA) 

(Figure S2, Supporting Information). Finally, bovine serum albumin (BSA) (Sigma Aldrich, 

St. Louis, MO, USA) solution was used (3% in PBS) as a blocking agent and was incubated 

for an hour at room temperature to prevent nonspecific binding of cells to channel surfaces; 

channels were then washed with PBS.

Immune-Cell Capture

Microfluidic chips were connected to a syringe pump (Harvard Apparatus, Holliston, MA, 

USA) to control the flow rate inside channels using plastic tubing (Cole-Parmer, Vernon 

Hills, IL, USA). To eliminate the overwhelming number of RBCs and prevent their 

interference on the surface, whole blood was initially diluted in 1:5 ratio with either PBS or 

RBC lysing buffer solution (Thermo Fisher Scientific Waltham, MA, USA) (Figure 1B). 

Then blood samples were introduced into reservoirs of the chips on the inlets of the channels 

and withdrawn at 5 μL min−1 flow rate for 5.5 μL (Figure S1, Supporting Information) to fill 

the entire channel (Figure 1C). Then, blood sample was incubated for 20 min for the cells of 

interest to settle down to the glass substrate. At this step, only neutrophils were captured 

using anti-CD66b antibodies, while other subtypes of WBCs were washed away with PBS 

(Figure 1D). After the channels were washed with 100 μL of PBS again, the cells were 

stained with 2-phenylindole-4′,6-dicarboxamidine dihydrohydrochloride (DAPI) (Life 

Technologies Co., Carlsbad, CA, USA) to label nuclei of the entire white blood cell 

population and fluorescein isothiocyanate (FITC) (Life Technologies Co., Carlsbad, CA, 

USA) conjugated anti-CD66b antibody to label neutrophils for 30 min at room temperature 

in a dark environment. After staining, channels were washed again with 100 μL PBS. Then, 

chips were inspected under fluorescence microscope (Zeiss Observer Z1, Carl Zeiss 

Microscopy, Thornwood, NY, USA) and lens-free shadow imaging system (Figure 1E). 

Fluorescence microscopy was used only for the validation studies of cell capture. Once the 

desired efficiencies of capture and specificity were achieved, these do not need: to be used 

since the rest of the experiments (particularly patient samples) was performed with the lens-

free shadow imaging system. The captured cells were quantified using two parameters: i) 

capture efficiency: the percentage of captured cells as compared to the actual expected 

number obtained by hematology analyzer and ii) specificity: the ratio of the cells of interest 

to all the cells that were captured. These are defined as:
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Capture efficiency = Number of cells in microfluidic channel
Control count using hematoanalyzer × 100 (1)

Specificity = Number of captured target cells in microfluidic channel
Number of all the cells captured × 100 (2)

We also performed the same neutrophil capturing procedure with clinical samples obtained 

from kidney and lung cancer patients (obtained from Prof. Alice Fan and Prof. Heather 

Wakelee at Stanford University School of Medicine, Division of Oncology). Blood samples 

were collected from patients at the Stanford Cancer Institute after informed consent per 

Stanford University Institutional Review Board approved protocols (IRB:12597).

Lens-Free Shadow Imaging System

The captured cells were quantified in microfluidic channels using a lens-free shadow 

imaging system. Briefly, lens-free shadow imaging platform was realized by utilizing 

angular spectrum method (ASM).[33,34,47] In ASM, light diffracting from an object is 

expanded into a superposition of complex plane waves. The samples are illuminated by a 

partially coherent illumination system, and light diffracted from the edges of the cells forms 

diffraction patterns as hologram shadows onto the surface of a CMOS-based imaging sensor. 

To obtain the original image, ASM-based back-propagation technique was performed. In 

this method, the raw holographic image is multiplied with the transfer function of light in 

glass, and an inverse fast Fourier transform is then performed at every 100 μm distance in 

the negative propagation direction. At a certain distance, an image with resolvable features is 

achieved and a deconvolved image is reconstructed (Figure 1F, and Figure S3, Supporting 

Information). The distortion and newly formed holographic patterns can be observed by 

further back propagating from this threshold z value. The reconstructed image provides 

sharp features at the figure center of each diffraction pattern, which corresponds to captured 

neutrophil cells in the microfluidic channel.

Cell-Capture Model

In the model, a group of antibodies was assumed to be randomly distributed on the surface 

of the chip. Cells were then placed down on the surface of the channel, and determined if 

they have enough antibodies nearby to stay stuck in the channel when it is washed. It is 

considered that some constant fraction, φ, of the antibodies in the channel will end up bound 

to the surface. Given an antibody mass m, a channel height h, and assuming a cell binding 

neighborhood of area A, one can write the total expected number of antibodies that a cell 

will interact with as λ = Ahρ/φ, where ρ is the antibody concentration in the fluid (Figure 

2E). Since the antibodies are randomly distributed, a Poissonian sampling of the surface is 

used and assumed that any cell with more than some critical number of bound antibodies, nc, 

will stay in the channel. This distribution is given by:
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P(n, λ) = λne−λ (3)

The total number of bound neutrophils in the channel is the sum of all cells that have nc or 

more attached antibodies. Dividing by the total number of trials, a bound fraction is obtained 

given by the cumulative distribution function of the Poisson distribution, namely:

Capture efficiency = P(n ≥ nc, λ)

= ∑n = nc
∞ P(n, λ) = 1 −

Γ ⌊nc + 1⌋, λ
nc !

(4)

where Γ is the Gamma function.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Lens-free shadow imaging platform for capturing and quantification of neutrophils to 

monitor neutropenia at the POC. A) PMMA, DSA, and microscope glass slide are 

assembled to fabricate the microfluidic chip with channels (height: 50 μm). B) Finger prick 

volume of whole blood is diluted with PBS/RBC lysis buffer in 1:5. C) Blood was 

withdrawn with a syringe pump (flow rate 5 μL min−1) into microfluidic channels. D) A 

biotinylated antibody specific to CD45 and CD66 cell surface marker binds to white blood 

cells and neutrophils, respectively, on the channel surfaces. The remaining unbound cells 

were washed away with PBS. The channel surfaces were also coated with BSA to prevent 

nonspecific binding. E) Captured neutrophils are then imaged using a lens-free shadow 

imaging system. The images were then processed with the ImageJ software to quantify the 

cell number. F) The patterns formed holographic images on CMOS sensor and reconstructed 

using an in-house written image processing algorithm by back-propagation method for every 

100 μm distance starting from the raw image. The algorithm resolves the diffraction patterns 
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and places a dot at the center of each holographic set. These images were further processed 

to improve quality.
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Figure 2. 
Optimization of the experimental variables. To define the optimum conditions for cell 

capture, we examined the effect of three interrelated variables: flow rate, capture antibody 

concentration, and incubation time of blood. A) To optimize the flow rate, we kept the 

antibody concentration constant and varied the flow rate. We observed that the highest 

capture efficiency was achieved with 5 μL min−1 flow rate. B) For optimizing antibody 

concentration, we kept the flow rate constant at 5 μL min−1, and varied the antibody 

concentration. We observed that the highest capture efficiency was achieved using 100 μg 

mL−1. C) For optimizing the incubation time, we kept the antibody concentration at 100 μg 

mL−1, the flow rate at 5 μL min−1, and used three different time periods. D) A graph of all 

these three parameters together, showing that the highest capture efficiency was achieved 

with 20 min incubation time, 5 μL min−1 flow rate, and 100 μg mL−1 antibody 

concentration. E) Results of a theoretical model that uses a Poisson distribution of cells 

within the microfluidic channel surface, captured by varying number of surface antibodies 
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(anti-CD66b antibodies). The model suggests that the 2–5 binding sites per neutrophil is 

enough to achieve the observed collection efficiencies and fits the form of the experimental 

efficiency curve.
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Figure 3. 
Effect of different buffer solutions with varying dilutions on cell capture efficiency. To 

evaluate the effect of different buffers on cell capture efficiencies, we utilized PBS and RBC 

lysis buffer solutions for dilution of whole blood. A) In PBS, we used six sample solutions 

diluted with PBS (undiluted whole blood (WB)). We observed that the number of captured 

cells decreased with higher dilutions, while the capture efficiency increased with higher 

dilutions, and the highest efficiency was achieved at 1:30 dilution (>95%). We also observed 

that the lowest efficiency was obtained when undiluted whole blood samples were used and 

this was attributed to significantly high number of RBCs present in blood, thus preventing 
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white blood cells to bind to the functionalized surface. B) To assess the effect of RBC lysis, 

we compared undiluted whole blood and whole blood diluted 1:5 in lysis buffer. C) To 

evaluate the specificity of the captured cells, we calculated the number of captured 

neutrophils, compared them using microscopy images taken from five randomly assigned 

regions within each microfluidic channel (yellow labeled regions of interests), and created 

from mosaic of 120 microscopy images. D) We used bright field light (gray), DAPI 

fluorescence (DNA stain, blue), and FITC fluorescence microscopy (anti-CD66b antibody 

staining, green) images and merged them to see overlapping cells for specificity 

determination. E) We obtained an average specificity percent higher than 95% in all regions 

after comparing the number of the cells in each imaging modality. F) We then used the 

Bland–Altman method to analyze the difference in variation between imaging techniques 

and we found HLoA as 1.68%, LLoA as −3.28%, and mean as −0.8%.
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Figure 4. 
Evaluation of lens-free shadow imaging system integrated with the microfluidic device. A) 

To evaluate the capture specificity of the lens-free shadow imaging system, we obtained a 

bright-field image of the entire channel with a 10× microscope objective, and identified five 

random regions of interest for cell counting, and compared the results using all four imaging 

techniques. The red-dashed square shows the actual region that is in the insets of each image 

taken with 40× magnification. B) An image of the one of randomly selected five regions 

taken with a DAPI filter (blue). C) A holographic image obtained from the same region with 

the lens-free shadow imaging system. D) The reconstructed image produced by the 

deconvolution of the holographic image of the same region using the angular spectrum 

method and the back-propagation algorithm. E) We calculated the number of cells in each of 

the five regions using bright field microscopy, fluorescent microscopy, and the lens-free 

reconstructed system images, and obtained a comparable number count in each region. We 

compared the cell counts between reconstructed images obtained via DAPI staining and 
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bright field microscopy, and used their count ratio as specificity. F) We then used the Bland–

Altman method to analyze the cell count differences between imaging techniques. We found 

HLoA as 9.96, LLoA as −19.39, and mean of −4.7.
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Figure 5. 
Performance evaluation of the platform and validation with clinical samples. We evaluated 

the platform capacity and performance using healthy control samples and with samples from 

patients with lung and kidney cancer and compared with the Beckman–Coulter Ac⋅T-diff 

Hematology Analyzer. A) The experiment was performed with WBCs, as well as neutrophils 

from whole blood obtained from healthy individuals and cancer patients. 20 μL of whole 

blood was diluted with 1:5 RBC lysis buffer, withdrawn and incubated in the microfluidic 

channels. The cells of interest were captured in the channels using capture antibodies (CD45 

antibody for WBCs and CD66b for neutrophils). B) We compared the number of WBCs and 

neutrophils from healthy controls using the platform and gold standard commercial 
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hematology analyzer, and they provided a linear correlation with R2 of 0.99 (N = 11, number 

of health sample devices, n = 1, 2, and 3, number of channels). C) We then compared the 

neutrophil count from cancer patients using lens-free shadow imaging system and 

hematology analyzer. The clinical samples provided a good correlation with R2 of 0.91 (N = 

5, number of patient sample devices, n = 1, 2, and 3, number of channels in each device). We 

also compared the methods using a t-test and found no significant difference between them 

(for p-value threshold set at 0.05, t = 0.36). D) We then compared all the microfluidic device 

counts with hematology analyzer using measurements from each channel. We found that the 

platform has significantly comparable performance with R2 value of 0.97 (n = 36). The 

platform was also able to measure the cell counts that were in the neutropenic regime, as 

shown in the inset (these counts were obtained from 1:20 and 1:30 diluted blood samples). 

E) We then calculated the overall average bias in the number of cells and found it to be 

±241.1 cells with an average of 4.2%, which is comparable to the gold standard (the 

accuracy error margin in commercial analyzer is ±5%, and 300 cells in the device manual).
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Table 1

Neutropenia classification.[48]

Absolute neutrophil count, ANC, (no. of cells per μL of blood) Grade Risk of infection

ANC > 1500 grade 1, normal Mild

1500 > ANC > 1000 grade 2, neutropenia Moderate

1000 > ANC > 500 grade 3, neutropenia Severe

ANC < 500 grade 4, severe neutropenia Life-threatening
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