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Abstract

A low-cost microfluidic microarray capable of lysing cells and quantifying proteins released after 

lysis was designed and 3D-printed. The array lyses cells on-chip in lysis buffer augmented with a 

2s pulse of a sonic cell disruptor. Detection of desmoglein 3 (DSG3), a metastatic biomarker for 

head and neck squamous cell carcinoma (HNSCC), along with two accompanying HNSCC 

biomarkers from a single cell lysate of oral cancer cell cultures was demonstrated. A lysis chamber 

and reagent compartments deliver reagents into detection chambers decorated with capture 

antibodies immobilized onto inner walls coated with a highly swollen 3D chitosan hydrogel film. 

Sandwich immunoassays are achieved when captured analytes labeled with biotinylated secondary 

antibodies, which then capture streptavidin-poly[horse radish peroxidase] (Poly-HRP). Subsequent 

delivery of super-bright femto-luminol with H2O2 generates chemiluminescence captured with a 

CCD camera. DSG3 is membrane-bound protein in HNSCC cells of invaded lymph nodes, 

vascular endothelial growth factor-A (VEGF-A), vascular endothelial growth factor-C (VEGF-C) 

were positive controls overexpressed into the HNSCC culture medium. Beta-tubulin (β-Tub) was 
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used as a loading control to estimate the number of cells in analyzed samples. Limits of detection 

(LOD) were 0.10 fg/mL for DSG3, and 0.20 fg/mL for VEGF-A, VEGF-C and β-Tub. Three 

orders of magnitude semilogarithmic dynamic ranges were achieved. VEGF-A showed high in-cell 

expression, but VEGF-C had low levels inside cells. The very low LODs enabled quantifying these 

proteins released from single cells. Strong correlation between results from on-chip cell lysis, 

conventional off-line lysis and ELISA confirmed accuracy.

Graphical Abstract

A 3D printed microfluidic array with on-line cell lysis was developed for single cell assays to 

detect metastatic cancer biomarker proteins at sub-fg/mL levels
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INTRODUCTION

Ninety percent of all cancer deaths are caused by metastasis of original tumors (Spano et al., 

2012), and early detection leads to improved survival of cancer (Kalinich and Haber, 2018) 

and cancer metastasis patients (Gerges et al., 2010). While the approach reported here is 

applicable to any cancer and virtually any type of cells, the main goal of this work is to 

demonstrate the ability to quantify ultralow concentration of desmoglein 3 (DSG3) as a 

membrane-bound diagnostic biomarker for lymph node metastasis in oral cancer, or head 

and neck squamous cell carcinoma (HNSCC) (Siriwardena et al., 2018; Apu, et al., 2018). 

Membrane protein DSG3 is a biomarker for occult lymph node metastasis of HNSCC (Patel 

et al., 2013). It is highly expressed in metastatic oral cancer cells in neck lymph nodes, but 

not found in non-invaded lymph nodes (Patel et al., 2008). Oral cancer has an unusually high 

tendency to metastasize due to an extensive nearby neck lymphatic network (Leemans et al., 

1994; Forastiere et al., 2001; Marur and Forastiere, 2016; De Zinis et al., 2006). Incidence of 
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occult lymph node metastasis ranges between 10 – 50% (Shah et al., 1990; Kuriakose and 

Trivedi, 2009; Mücke et al., 2014; Read on NIH website on head and neck cancer, 2020; 

Read online on Genetics Home Reference, 2020; Koloutsos et al. 2014; Dogan et al., 2014). 

Thus, rapid and sensitive diagnosis of lymph node metastasis is essential for HNSCC 

prognosis and key for clinical staging and treatment decisions (Kuriakose and Trivedi, 2009; 

Snow et al., 1982).

The histopathological hematoxylin-eosin (H&E)-immunohistochemistry (IHC) assay (de 

Bondt et al., 2007; Alkureishi et al., 2009; Don et al., 1995) can detect metastatic lesions 

~0.2 mm in lymph nodes, but requires days to deliver the report and cannot be used for in-

operative staging. Modern imaging tools (Di Gioia et al., 2015; de Bree et al., 2014; 

Chaturvedi et al., 2015), and assays of circulating cancer cells (Gerges et al., 2010) are not 

yet sensitive enough to detect very early metastasis. Real time (RT)-PCR, single-cell RNA 

sequencing and other next generation sequencing techniques can detect metastasis at single 

cell level coupled with robust cell sorting techniques such as fluorescence-activated cell 

sorting (FACS), but are relatively expensive, require long assay time and technical skills, and 

are mostly available in the research setting to date (Ferris et al., 2011; Ellsworth et al., 

2017). H&E- IHC of sentinel lymph nodes remains the preferred option, despite false 

negatives due to failure to detect lesions <0.2 mm (Ferris et al., 2011; Kim et al., 2013). 

Thus, there is urgent need for fast, accurate, and ultrasensitive in-operative detection of 

metastatic oral and other cancers.

Microfluidics can be used to design fast, reliable platforms for ultrasensitive automated 

multi-protein assays (Rusling, 2013). Microfluidic tools possess inherent qualification for 

low-cost production, ease of complex fluid handling, miniaturization and automation 

(Whitesides, 2006). With high surface area to volume ratio, microfluidics allowed 

ultrasensitive detection of analytes from small volumes due to improved interaction kinetics 

between targets and surface biorecognition elements. This interaction allows development of 

assays with much shorter assay time and lower cost compared to other protein quantification 

techniques (Sackmann et al, 2014; Sia et al, 2008; Henares et al, 2008). We previously 

demonstrated the use of an amperometric microfluidic immunosensor to detect low 

concentrations of DSG3 as a reliable oral cancer biomarker for lymph node metastasis (Patel 

et al., 2013). Several microfluidic immunosensors using electrochemical, fluorescent, 

electrochemiluminescent (ECL), and chemiluminescent (CL) detection have been developed 

to measure multiple protein and peptide biomarkers for cancer diagnostics (Malhotra et al., 

2012; Kelley et al., 2014; Dixit et al., 2016; Otieno et al., 2016; Tang et al., 2017). These 

devices have been integrated with different signal amplification approaches, such as 

nanoparticles or magnetic beads-HRP conjugates loaded with thousands of enzymes and 

antibodies in electrochemical and CL detection, antibody-coated Ru-(bpy)3
2+-doped silica 

nanoparticles in ECL detection, immunohybridization chain reaction (HCR) in 

electrochemical and fluorescent detection. The assay sensitivity was mostly limited to 5–100 

fg/mL, while Zhang (Zhang et al., 2012) reported a detection limit of 0.1 fg/mL using gold 

nanoparticle (NP)-assisted immuno-HCR. Although highly sensitive, HCR requires a 

cocktail of enzymes, DNA primers, and extensive optimizations to achieve such sensitivity 

and still suffers from nonspecific interactions between NPs and cell lysate components 

(Zhang et al., 2012; Bi et al., 2017). CL used for signal transduction needs no excitation 
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light, therefore minimizes background and is promising for lower detection limits compared 

to other optical methods like fluorescence. Recently emerged desktop 3D printers offer a 

revolutionary, low cost tool to rapidly develop and fabricate high performance microfluidic 

sensor arrays (Kadimisetty et al., 2018; Rusling, 2018; Sharafeldin et al., 2018). Chemical 

and ultrasonic cell lysis for the extraction of intracellular proteins have been well studied 

(Shehadul Islam et al., 2017; Nan et al., 2014), and these results supported our endeavors 

toward an automated microfluidic-lysis immunoarray.

Detection of proteins at the single-cell level could provide unprecedented understanding of 

disease progression and holds the potential for development of novel diagnostic tools at very 

early stages of disease. Various approaches have been developed to separate target cells from 

a population of cells (cell sorting) followed by proteomic analysis. These include a DNA-

encoded antibody library (DEAL) to develop a single-cell barcode chip assay (Ma et al., 

2011), used to detect proteins secreted form intact single cells sequestered within a PDMS 

trap (Lu et al., 2015). DEAL was also used to quantify secreted proteins from cells lysed on-

chip, but with limited sensitivity (low pg/mL limits of detection, LOD) (Shi et al., 2012). 

Other DNA-based antibody coding was used for multiplexed screening of cell-surface 

proteins (Stoeckius et al., 2017; Peterson et al., 2017). While DNA-encoding provide a 

powerful multiplexing tool, it requires extensive engineering and optimization to overcome 

cross-talk and nonspecific interactions between nucleotides, proteins and antibodies. 

Alternatively, single phenotypes of cells were sorted using fluorescence-assisted cell sorting 

(FACS) combined with mass spectrometry (MS) to screen proteins, but this approach had 

limited sensitivity and high costs (Chen et al., 2019). Other single cell protein analysis 

technologies include micro-engraving, droplet microfluidics, single cell western blot, and 

magnetic ranking cytometry. All these techniques, though promising, have not achieved high 

detection sensitivity, multiplexing capabilities, or high cost (Labib and Kelley, 2020).

In this paper, we describe a 3D printed microfluidic array for ultrasensitive CL detection of 

proteins at single cell levels. Intact cell samples are introduced into the device and lysed by 

sonic-assisted chemical lysis. Detection chambers are coated with a chitosan hydrogel film 

that swells into a 3D structure with immobilized capture antibodies (Fig. 1). This open-

network 3D hydrogel structure helps increase antibody surface coverage and availability, 

which in combination with poly-HRP labels and ultrabright femto-luminol for CL 

generation, provided ultra-high assay sensitivity (LOD <1 fg/mL), and good correlation with 

enzyme linked immunosorbent assays (ELISA). The new immunoarray-lysis device has 

LODs 10,000-fold better than the best reported ELISA LODs of several pg/mL (Jones et al., 

2020; Zhang et al., 2014), and 1000-fold better than reported lateral flow assay (LFA) of sub 

pg/mL (Wu et al., 2013; Li et al., 2020). While some lateral flow assays achieve protein 

multiplexing, they do not support multifunctionality with integrated sample treatments like 

lysis and often suffer from low reproducibility (D. Bishop et al., 2019).

We report here the first immunoarray, to our knowledge, that determines proteins released 

from a single cell with online cell lysis and multiplexed protein detection without the need 

for pre-analysis cell sorting. The device provides the ability to quantify an intracellular, 

phenotype-specific protein, DSG3, at ultralow concentration (0.1 fg/mL). Quantifying 

soluble proteins like VEGF-A and VEGF-C as positive controls for HNSCC was used to 
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determine sample type (Fountzilas et al., 2006), HNSCC positive or negative, and limit false 

positive results. Automated assay in < 1 hr and very low cost (~$6/assay), are major 

advantages of this technique. This strategy was able to detect DSG3 at the single cell level 

with limit of detection (LOD) 0.10 fg/mL and 0.25 CL units (CLU)/log(fg/mL) sensitivity. 

VEGF-A had LOD 0.20 fg/mL and sensitivity of 0.31 CLU/log (fg/mL), VEGF-C had LOD 

0.20 fg/mL and sensitivity of 0.08 CLU/log(fg/mL) and β-Tub had a 0.20 fg/mL LOD and 

0.05 CLU/log (fg/mL).

RESULTS

Microfluidic chip design.

A five-inlet disposable microfluidic chip design isolated reagents and samples before 

detection was fabricated with a Form 2 3D stereolithographic printer from Formlabs 

polyacrylate Clear Resin (F2-GPCL-04) at a cost of ~ $0.60 (Fig S5, SI). Five 80 μL 

chambers were prefilled with sample, and solutions of biotinylated antibodies, poly-HRP, 

CL reagent and wash buffer (PBS-T20) (Fig. 1). Sample and reagent chambers sequentially 

fed a detection compartment featuring 8 detection chambers (8 μL ea.) filled with chitosan 

hydrogel and attached capture antibodies to measure 3 protein biomarkers and bovine serum 

albumin (BSA) as negative control in duplicates. Programmable peristaltic micropumps 

(Takasago Fluidic Systems) delivers sample and reagents to the chambers with flow 

controlled by an Arduino® microcontroller (Fig. 1). Micropumps are housed in a 3D printed 

support accommodating a sonic cell lysis probe (Sonic Soak) directly under the sample 

chamber. Detailed information of assay preparations and procedures can be found in Video 

S1, SI. Total cost of hardware is ~$330. A single assay costs ~ $6 in consumables.

Chitosan film characterization.

The 3D chitosan film strongly physiosorbed on inner walls of the individual detection 

chambers offers a highly porous hydrogel for anchoring massive numbers of capture 

antibodies (Ab1). White light interferometry images shows large peaks (5–33 μm high) and 

~10% valleys (Fig. 2 A, B). The chitosan film after swelling contains water at ~600% × total 

mass (Sharafeldin et al., 2019), and volume of the wet film increased 1000% compared to a 

dry film (Fig 2, C–F). These huge volume and mass increments along with rough surface 

allowed immobilization of ~1.0×1013 antibodies/cm2 in the detection chambers (Table S1, 

SI).

Multiplexed protein assay.

Detection antibody (Ab2) and polyHRP concentrations and incubation times required to 

capture target proteins from lysates by Ab1 in detection compartments were optimized for 

highest signal to noise ratio and highest analytical sensitivity (Fig S1–S4, SI). The optimized 

protocol was used to quantify selected proteins. Standards were prepared in RIPA lysis 

buffer (50 mM Tris-HCl, pH 8.0, with 150 mM sodium chloride, 1.0% Igepal CA-630 

(NP-40), 0.5% sodium deoxycholate, and 0.1% sodium dodecyl sulfate, and 2% Halt 

Protease and Phosphatase Inhibitor Single-Use Cocktail) spiked with 5x diluted human 

serum as a surrogate for a complex protein matrix. Fig 3 shows calibration curves for the 

biomarker proteins with standard deviations less than 20% at each concentration. Fig. 3A 

Sharafeldin et al. Page 5

Biosens Bioelectron. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and 3B show re-colorized CL images captured from analysis of standard protein surrogates 

and cell culture analysis. The BSA negative control was used to normalize the measured 

signals for target proteins and showed, along with the non-spiked control surrogates, a 

consistent very low background. This demonstrated that non-specific adsorption had a 

limited contribution to the measured signal, and if any, it was neutralized by the 

normalization against BSA negative controls. Limit of detections (LOD) were 0.10 fg/mL 

for DSG3, 0.20 fg/mL for VEGF-C, 0.20 fg/mL for VEGF-A, and 0.20 fg/mL for β-Tub. 

Dynamic ranges were 0.10–100 fg/mL for DSG3, 0.20–200 fg/mL for VEGF-C, 0.20–120 

fg/mL for VEGF-A and 0.20–100 fg/mL for β-Tub. The ability to detect sub-fg levels of 

DSG3, VEGF-A and VEGF-C promised single cell analyses. β-Tub, a loading control in 

western blots (Liu and Xu, 2006; Li and Shen, 2013), was measured as a cell counting 

marker for highly diluted samples.

DSG3 has expression levels of 90–250 fg/tumor cell which is well above the assay LOD. 

VEGF-C and VEGF-A are positive protein biomarkers inside cells and expressed into the 

culture media as well. VEGF-C in the cell culture media has levels higher than 100 pg/mL 

which fits assay dynamic range after dilution. VEGF-C was undetectable in washed cells 

without culture media, while VEGF-A was detected in both washed cells and in culture 

media.

Effect of Sonication.

To test the effect of sonication on lysis efficiency, lysis in the chip was done with lysis buffer 

only with no sonication, and compared to lysis with buffer augmented with either 2s or10s 

sonic pulse. Lysis was also tested in PBS buffer (no lysis buffer) with 0, 2 and 10s 

sonication. With no sonication, lysis buffer and PBS buffer samples had concentration of 

VEGF-C 10±5 pg/mL and DSG3 and β-Tub were undetectable. With 2s sonication in lysis 

buffer, DSG3 and β-Tub were found at 50–150 fg/mL with 11±3 pg/mL VEGF-C. PBS 

buffer with 2s sonication also gave levels of DSG3 and β-Tub (2–10 fg/mL) but at lower 

concentrations compared to experiments using only lysis buffer. With 10s sonication in lysis 

buffer there was no noticeable change in found protein concentration compared to 2s 

sonication, but 10s sonication in PBS buffer showed increased DSG3 and β-Tub (Fig 4). 

Results underline the need for a sonic pulse in lysis buffer to release target membrane 

proteins.

Assay validation.

Selected concentrations of analyte proteins in RIPA buffer + 5% human serum to as 

surrogate for a complex protein matrix were determined on the same day using different 

chips to estimate intra-day variation. Relative standard deviations (RSD) were 11% for 

DSG3, 9% for VEGF-C and 14% for β-Tub. Similarly, inter-day variations over five days 

were RSD 13% for DSG3, 12% for VEGF-C and 17% for β-Tub. Recoveries from spiked 

protein cell lysates after subtracting control signals were between 80% and 120%, indicating 

analytically acceptable accuracy (Shah et al., 2000) (Table S2, SI).
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Comparison of online and offline lysis.

Four cell lines were used to assess performance of the assay to lyse cells online and quantify 

proteins in the lysates. HN12, HN13, HN30 and Cal27 oral cancer cell line samples were 

also lysed offline using a previously reported procedure (Patel et al., 2013), and target 

analytes were quantified using the microfluidic chip. Culture media were diluted 104-times 

to 100 cell/mL, and 80 μL of samples containing cells from each cell line were analyzed. 

Strong correlation between results obtained from on-line and off-line lysis demonstrated the 

efficiency of the on-line cell lysis protocol (Fig 5). Also, cell samples were lysed using 

offline lysis and target protein biomarkers were quantified in lysates using ELISA. Good 

correlation between ELISA and our microfluidic lysis chip assay confirmed accuracy (Fig. 

5). One-way ANOVA was used to compare the results of the three analytical techniques for 

target proteins in each of the analyzed cell lines. Results showed no statistical difference 

between online cell lysis or offline cell lysis with CL microfluidic protein detection, or 

offline cell lysis combined with ELISA (P-value > 0.05) (Table S3, SI). The amount of β-

Tub per cell for each cell line was estimated by dividing the found β-Tub concentration by 

the counted number of lysed cells (100 cell/mL) in each sample based on the data from Fig 5 

for later use as a cell counter.

Single Cell Protein Measurements—Individual cell separation was not done in this 

study, but highly diluted samples from cell cultures were tested. Samples were diluted until 

approximately a single cell remained (cell cultures were diluted 106-times). 10 μL of diluted 

samples were loaded into the sample chamber, and analyzed using online lysis. Due to cell-

to cell variations (heterogenicity) and absence of cells in some diluted samples, trials from 

the same cell line can end up finding no cells or one single cell, as labeled on the bar in Fig. 

6. Using the previously obtained protein calibration curves, β-Tubulin content per single cell 

was estimated for each cell line using samples in which the cells had been pre-counted. That 

is, numbers of cells in the highly diluted samples were estimated from β-Tub concentration 

divided by average β-Tub conc./cell, to find if specific analyzed samples contained single 

cell nor no cell. Then, assay response was related to protein levels of DSG3, VEGF-C and 

VEGF-A plotted on the graphs (Fig 6). Fig. 6 (A–D) shows protein concentrations found in 

diluted samples, without washing the cells to remove culture medium, and thus represents 

intracellular components and soluble proteins secreted into the culture medium. We found 

high levels of VEGF-C in all samples due to its solubility and expression into the cell culture 

media, noted as “Cell+Media” on the bars of Fig 6 (A–D). Thus, VEGF-C can be detected 

even though no cells were introduced into the chip for analysis. We then measured VEGF-C 

without the culture medium in isolated cells washed three times with osmotically balanced 

PBS. Fig. 6 (G–H) demonstrates found protein concentrations in culture medium-free cells, 

after washing cells and suspending them in PBS, thus represent intracellular protein 

expression. VEGF-C was not detected in any washed cells from any of the tested cell lines. 

VEGF-A was found in washed cells at detectable levels qualifying it to be a good control 

biomarker for oral cancer cells. Washed cells were then diluted in PBS buffer to single cell 

content (10 μL) and analyzed for VEGF-A, DSG3, and β-Tub with BSA as negative control. 

Fig. 6 (G–H) shows DSG3 and VEGF-A levels in single cells where number of cells were 

estimated using the β-Tub concentration as previously described. VEGF-A was detected in 

washed cells and had good correlation to DSG3 in the analyzed cell samples.
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DISCUSSION

We described above a microfluidic device for online cell lysis coupled to ultrasensitive 

detection of a panel of 4 proteins with the ability to quantitatively detect a membrane-bound 

metastasis biomarker protein for oral cancer and associated soluble protein biomarkers at the 

single cell level. This is the first microfluidic device with sub-fg level sensitivity for single 

cell protein measurements and cancer metastasis to our knowledge. Cell lysis employs RIPA 

chemical lysis augmented by a 2s pulse of a 50 KHz sonic wave. Ultrasonication was 

essential for cell lysis, and also helps mix cells with RIPA lysis buffer in the sample 

chamber. This approach allowed fully automated system operation, eliminating the need to 

manually mix cell samples with lysis buffer before the assay.

The protein biomarker panel used allowed us to fully develop an assay relevant to membrane 

bound cancer metastasis biomarkers. DSG3 is exclusively expressed in oral cancer cells 

invaded into lymph nodes, absent in non-invaded lymph nodes, and not expressed into blood 

or lymphatic fluid (Patel et al., 2013). The ability to detect sub-femtogram levels of DSG3 

enabled detection of a single metastasized cell. VEGF-A has also been previously reported 

to have strong correlation to state of head and neck cancer metastasis (Sousa et al., 2014; 

Zhang et al., 2015). Measuring VEGF-A and DSG3 in the same assay will increases 

significance of assay outcomes related to metastasis. The assay is also general, and 

adaptable to any small biomarker panel including membrane bound proteins, the number of 

proteins determined could be increased by increasing the number of detection wells in the 

3D printed chip.

The use of chitosan hydrogel to immobilize antibodies provided a 3D platform for antibody-

antigen interaction improving interaction kinetics which in turn was reflected in decreased 

assay time and increased sensitivity. The 30 trillion Ab1 per well in this immunoarray is 

much larger than 0.36 trillion Ab1 on a flat 0.012 cm2 sensors, and 6 trillion on SWCNT 

forest arrays (Malhotra et al., 2010). Thus, Ab1-loading in the present work is 5-fold greater 

than on our previous SWCNT arrays with 5 fg/mL LOD for DSG3 (Patel et al., 2013). The 

highly swollen chitosan hydrogel featuring water filled channels inside a 3D network 

facilitate mass transport of labeled analyte to find and bind to Ab1 in the detection chambers. 

Improved interaction kinetics is also facilitated by the microfluidic detection compartment 

with low volume/surface area ratio (10 μL/cm2). This helps accelerate mass transport-

controlled analyte-antibody binding, decreasing assay time while maintaining ultra-

sensitivity. The use of polymeric streptavidin multi-labelled with 400 HRP enzymes in poly-

HRP combined with ultra-bright CL reagent femto-luminol provided large signal 

amplification, resulting in the sub femtogram LODs, and providing bright images even at 

very low analyte concentrations. CL images may appear inhomogeneous due to the change 

of the interaction kinetics between HRP/Luminol and enhancers over the course of image 

acquisition reported in many CL/ECL systems (Maus et al., 1999; Bi et al., 2013; Zong et 

al., 2014).
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CONCLUSIONS

An ultra-sensitive detection device for proteins extracted from within single cells was 

developed and validated. The technique features the first sub-fg detection level microfluidic 

device with on-chip lysis and chemiluminescent detection for single cell protein 

measurement, and is applicable to cancer metastasis diagnostics. This system achieved sub-

femtogram LODs of cell-residing proteins in a single cell, which was further enhanced by 

high signal amplification from streptavidin-Poly-HRP labels and ultrabright femto-luminol. 

Future work will adapt the immunoassay to real-time surgery room settings in which 

sectioned lymph node tissue can be introduced, lysed, and analyzed on a suitably modified 

chip. Additionally, on-chip single cell isolation will be designed and implemented, so that 

cancer cells can be separated from normal cells in tissue before lysis and detected without 

any pre-treatment.

MATERIALS AND METHODS

Materials.

All reagents and chemicals were of analytical grade. Chitosan (low molecular weight) and 

glutaraldehyde were from Sigma Aldrich. Blocker casein in PBS buffer was from Thermo 

Fisher. ELISA kit for Vascular Endothelial Growth Factor-C (VEGF-C) (DY752B), and 

Vascular Endothelial Growth Factor-A (VEGF-A) (DY293B) were from R&D Systems. 

Human Desmoglein3 (DSG3) monoclonal antibody (MAB1720), human DSG3 biotinylated 

polyclonal antibody (BAF1720), recombinant human DSG3 chimera protein (1720-DM) and 

bovine serum albumin (BSA) were purchased from R&D Systems. Monoclonal [EP1331Y] 

beta-Tubulin antibody, biotinylated monoclonal [BT7R] beta-Tubulin antibody and 

recombinant human beta-Tubulin protein (ab70187) were from Abcam®. RIPA lysis buffer 

(50 mM Tris-HCl, pH 8.0, with 150 mM sodium chloride, 1.0% Igepal CA-630 (NP-40), 

0.5% sodium deoxycholate, and 0.1% sodium dodecyl sulfate, and 2% Halt Protease and 

Phosphatase Inhibitor Single-Use Cocktail) was from Sigma Aldrich. Chemiluminescence 

(CL) was generated using Thermo Fisher Supersignal® West Femto chemiluminescent 

substrate, containing femto-luminol and hydrogen peroxide mixed immediately before use. 

Streptavidin-Poly(Horseradish Peroxidase) (Poly-HRP80) conjugate was obtained from 

Fitzgerald®. CL was measured using a Syngene® dark box with CCD camera. Images were 

processed using GeneSnap® software. Phosphate buffer saline (PBS) pH 7.4 was 0.01 M 

sodium phosphate in 0.14 M NaCl and 2.7 mM KCl. Phosphate buffer saline-tween20 (PBS-

T20) was 0.01 M sodium phosphate in 0.14 M NaCl, 2.7 mM KCl and 0.05% Tween-20. 

Oral cancer cell lines CAL27 was from ATCC (Va), HN12, HN13 and HN30 were provided 

by Dr. Silvio Gutkind, University of California San Diego, and cultured in Dulbecco’s 

modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum at 37°C in the 

presence of 5% CO2 as described previously (Jeon et al., 2004).

Antibody immobilization.

Capture antibodies (Ab1) were immobilized on the inner walls of each detection chamber 

using previously reported chitosan/glutaraldehyde chemistry (Sharafeldin et al., 2019). 

Briefly, a thin film of chitosan was formed on the inner walls of detection chambers by 
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adding 8 μL of 0.5 mg/mL chitosan in 0.05 M HCl (pH 4.0) into each detection chamber and 

was allowed to incubate for 3 hrs. Each detection chamber was equipped with a sample/

reagent injection hole of 0.75 mm diameter, where antibody solutions were injected and 

removed. The hole was then blocked with a Kapton tape or a drop of PDMS to prevent 

leakage. After adding the tape, the hole maintained a tiny air bubble preventing the flowing 

samples and reagents from getting in direct contact with the adhesive layer. Chitosan 

solution was drained out and the liquid film was dried under vacuum at RT overnight. 8 μL 

of 3% glutaraldehyde in PBS (pH 8.0) was added to detection chambers for 3 hrs, washed 

with DI water and 8 μL of capture antibodies at pre-optimized concentrations were added 

and incubated overnight. Unbound antibodies were washed with PBS-T20 and detection 

compartments were incubated with 1% casein blocker buffer for 1 hr, washed with PBS-T20 

and chips were stored at 4˚C until used. See Video S1, SI for more detailed information.

Multiplexed biomarker chemiluminescence assay.

80 μL of standards with different concentrations of biomarker panel prepared in RIPA 

buffer/5% human serum to mimic cell lysate surrogates were introduced into sample 

compartment through the injection hole as explained previously. Similarly, 80 μL of buffer, 

biotinylated antibodies, Poly-HRP, and luminescence substrate were introduced into their 

designated chambers through the injection hole that was blocked with Kapton tape 

afterwards (See Fig. 1 for chamber designation). Samples were delivered to detection 

compartment by activating sample pump for 25s at a flow rate of 200 μL/min, incubated for 

20 min, and washed by activating the PBS-T20 pump for 1 min at a flow rate of 200 μL/min. 

Biotinylated detection antibodies (Ab2) were delivered to detection compartment by 

activating Ab2 pump for 30s at 200 μL/min, incubated for 15 min and washed with 200 μL 

PBS-T20 by activating PBS-T20 pump for 1 min. Poly-HRP was flowed to detection 

compartment by activating HRP pump for 30s, incubated for 10 min, and washed with 200 

μL of PBS-T20. Finally, femto luminol chemiluminescence reagent was delivered to 

detection compartment and chemiluminescence signal was captured using a CCD camera for 

15s. See Video S1, SI for more detailed information.

Assay Validation.

To assess the accuracy of assay, spiked concentration of each biomarker from protein 

depleted cell lysates was measured. The same chemiluminescent assay procedures were 

adopted to estimate the concertation of each protein biomarker.

Cell culture.

Cell cultures, HN12, HN13, HN30 and CAL27 were analyzed for the selected biomarker 

panel. Cells were cultured in DMEM supplemented with 10% fetal bovine serum (FBS) in 

presence of 5% CO2 at 37°C. Cells with culture medium were collected by mechanical 

separation of adherent cell layer from culture plates and number of cells per mL were 

estimated by using manual cell counting.
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Biomarker quantification from offline cell lysates.

Offline cell lysis was used as standard method to prepare cell lysates that was introduced 

directly into the sample chamber and delivered right away to detection compartment. Cells 

were lysed by incubation with RIPA lysis buffer for 20 min with intermittent vortexing. Cell 

lysates originally estimated to have 1 × 106 cells/mL were diluted 104X before introducing 

80 μL of lysate (~ content of 100 cells/mL) into the sample chamber in order to bring 

biomarkers into the working concentration of the assay. Same chemiluminescent assay 

procedures were followed.

Biomarker quantification after online cell lysis.

Collected cells with culture medium was diluted 103 times and 5 μL of the dilute cell 

solution was introduced into the sample chamber containing 75 μL of RIPA lysis buffer (in 

total 104X dilution to ~ 100 cells/mL analyzed) through the sample injection hole. Once 

introduced, the ultrasonic probe (50 KHz) was activated for 2s to mix the cells with the lysis 

buffer and augmented the lysis process. Solution was kept in the sample chamber for 20 min, 

delivered to detection compartment and incubated for 20 min. Same chemiluminescent assay 

procedures were followed to quantify protein biomarkers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

• This is the first automated 3D-printed microfluidic immunoarray capable of 

lysing by using a 50 KHz cell disruptor and quantifying released biomarker 

proteins bound to cells.

• Advantages over other single cell approaches are low cost, speed, accuracy 

and sensitivity.

• Unprecedented sub-fg/mL limits of detection are achieved by combining 

cylindrical detection chambers filled with capture antibodies on a highly 

swollen 3D chitosan hydrogel, streptavidin poly[horseradish peroxidase] 

(Poly-HRP) labels and ultrabright femto-luminol reagent to generate 

chemiluminescence

• Proteins residing within single cells were quantitatively measured
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Fig 1. 
Device design encompasses a microfluidic chip with 5 inlets connected to peristaltic 

micropumps, sample and rectangular prism reagent chambers with capacity of 80± 5 μL, and 

8 cylindrical detection chambers with 8±1 μL capacity each; dimensions are 52 × 36 × 

2.25mm (L×W×H). A microfluidic chip is designed to house sample and reagents and 

deliver them sequentially to detection compartment. The assay protocol utilizes poly-HRP 

and ultra-bright femto-luminol to produce chemiluminescence that is captured using a CCD 

camera. The microfluidic chip is mounted on the housing device support equipped with 

sonic lysis probe and micropumps. Programmable micropumps are connected to 

microfluidic chip sample and reagent chambers and controlled by an Arduino 

microcontroller.
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Fig. 2. 
White light interferometry surface profile of chitosan-coated 3D printed polyacrylate 

surface: (A) top view and (B) side view. Digital microscope images of side view of a 

chitosan hydrogel hemisphere loaded with methylene blue dye (C) with water and (D) after 

drying. Digital microscope images of top view of chitosan hydrogel hemisphere loaded with 

methylene blue dye (E) with water and (F) after drying. Images show ~1000% increase in 

hemisphere volume after saturation with water.
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Fig 3. 
Recolored CL images of (A) protein standards and (B) cell lines. Calibration curves 

obtained with the microfluidic microchip for (C) DSG3, (D) VEGF-C, (E) VEGF-A, and (F) 

β-Tub. CL signal was captured using CCD camera integration for 15 s. (n=8)
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Fig 4. 
Influence of sonic pulse time on the extraction and quantitation of (A) DSG3, (B) VEGF-C, 

and (C) β-Tub in RIPA lysis buffer (blue line) and PBS buffer (Red dotted line). Assay 

without sonication corresponds to data obtained at 0s sonication time. (n=4)
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Fig 5. 
Comparison of results obtained using online lysis, offline lysis and ELISA for cell lines (A) 

HN12, (B) HN13, (C) HN30 and (D) CAL27. (n=4)
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Fig 6. 
Estimated biomarker concentration from single or no cell samples after online cell lysis 

including culture medium for (A) HN12, (B) HN13, (C) HN30, and (D) CAL27 cell lines. 3 

different samples were tested from each cell line (n=2) to study cell to cell variation. 

Number of cells was estimated from β-Tub concentration per single cell, marked as no cell 

or single cell on the graph for DSG3. VEGF-C is secreted into the cell culture media in 

unwashed cell samples, therefore detected with high expression level compared to DSG3, 

both in the cell and the culture media, marked as Cell+Media on the graph. Estimated 

biomarker concentration from washed single or no cell samples after online cell lysis for (E) 

HN12, (F) HN13, (G) HN30, and (H) CAL27 cell lines. 3 different samples were tested 

from each cell line (n=2) to study cell to cell variation. Number of cells in each sample was 

estimated using the found β-Tub concentration per single cell, marked as no cell or single 
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cell on the graph for DSG3 and VEGF-A in the washed cell samples, without the cell culture 

media, VEGF-A was detected at similar expression level to DGS3.
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