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Here we present chemically stable and biodegradable hydrogel beads for the isolation of 

circulating tumor cells (CTCs) and circulating exosomes in liquid biopsy. The liquid biopsy 

hydrogel beads (LBbeads) consisting of alginate and poly(vinyl alcohol) hydrogels show both 

chemical stability and stimuli-degradable characteristics. Unlike single component hydrogels, 

this hybrid form is not easily degraded by buffers or cell culture media while its degradable 

characteristic remains; thus, it is useful in bio-applications requiring multi-step processes with 

various reagents and lengthy incubation periods. We applied our platform to clinical samples 

for isolating two promising circulating biomarkers for a liquid biopsy, CTCs and exosomes, by 
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conjugating the hydrogel surface with anti-EpCAM and anti-CD63 antibodies, respectively, 

thus achieving 37.4 CTCs and comparable amount of exosome recovery per 1 milliliter of blood. 

The results show easy device-free isolation and retrieval of CTCs and exosomes, with recovered 

circulating biomarkers successfully analyzed by western blot analysis and fluorescence 

microscopy. We believe that this simple and versatile platform enables us to isolate prominent 

circulating biomarkers for clinical use in cancer diagnosis.  

 

1. Introduction 

In recent years, liquid biopsy has emerged as an important technological breakthrough in 

medical sciences and engineering [1-3] with considerable potential for early detection, [4-5] 

diagnosis, [6-7] prognosis, [8-9] therapeutic outcome prediction, [10-11] and evaluation of recurrence 

or disease progression. [8-12] Unlike conventional biopsy, which requires invasive extraction of 

small tissue samples through costly and stressful surgical procedures, this alternative biopsy 

method examines non-solid biological samples, such as blood and urine. This minimally 

invasive examination allows for more frequent monitoring of patients at reasonable costs, with 

less pain and risk involved. [3,13] Therefore, it is expected that the socioeconomic burden of 

disease can be substantially lowered through this game-changing strategy. [14] For these reasons, 

many researchers have been developing isolation and detection techniques for disease-related 

circulating biomarkers from biological fluids. In the case of cancer research, circulating tumor 

cells (CTCs), circulating extracellular vesicles (e.g. exosomes) and circulating tumor nucleic 

acids (ctNA) are often studied. [15-17] 

Notwithstanding the recent advances and investment boom in genome-based approaches 

targeting ctNA, significant effort is still needed to find a correlation between cellular level- and 

molecular level studies. [18-19] Specifically in the cancer research, the first recognized target in 

liquid biopsy was circulating tumor cells (CTCs). [20–22] As a part of tumor tissue, they represent 

the primary tumor, so their isolation satisfies the objective of biopsy. Although, circulating 
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tumor DNA (ctDNA) is now considered the most important target in liquid biopsy, CTCs are 

still an attractive target because they carry the full set of tumor-related content and information, 

including tumor DNA. However, the development of CTC technologies have been stagnant 

since CellSearch® was approved by the FDA in 2008 as the clinical relevance still remains 

unclear. [23-25] Most recent methodologies, which preferentially focus on capturing and 

enumerating CTCs, are complex and are unsuitable for point-of-care diagnosis [26-27]. 

Unlike CTCs, circulating exosomes are stable and abundant in liquid, making them optimal for 

both quantitative and qualitative clinical studies. Their role is has not yet been clearly defined, 

but many researchers believe they carry important cargo to even distant organ sites, which is 

implicated in signaling processes. This means that tumor-derived exosomes may also carry 

tumor-related content and information, hence playing a significant role in metastasis, just like 

CTCs. However, due to the lack of functional methods to isolate exosomes in point of care 

settings, clinical use of exosomes has been hampered. Additionally, as the characteristics (size, 

shape, frequency, surface protein expressions, etc.) of CTCs and exosomes are completely 

different, methods to isolate each circulating biomarker differ from each other. A major 

drawback for deployment of a one-size-fits-all platform that achieves multi-level detection is a 

lack of compatibility between platforms tailored to isolate different circulating biomarkers. 

Therefore, one strategy to address this imbalanced development of technologies is the 

simultaneous detection of two or three different circulating biomarkers in identical liquid 

samples obtained from the same patient, allowing complementary readouts from individual 

biomarkers.  

Here we propose a simple, versatile, material based device-free assay for the simultaneous 

detection of circulating biomarkers using immunoaffinity-based degradable hydrogel beads 

(LBbeads). Hydrogel beads have been applied to various biological fields, including drug 

delivery, wound healing, tissue engineering, cell-block formation etc., however, use in direct 

liquid biopsy applications with in-depth studies of its stability as well as degradability was 

This article is protected by copyright. All rights reserved 

Au
th

or
 M

an
us

cr
ip

t 

 

 



     

4 

 

rarely studied. The present beads overcome the aforementioned issues by using: (a) a highly 

specific, affinity-based approach to isolate different targets in a single platform; (b) degradable 

robust hydrogel beads to provide a simple and versatile environment for isolation while also 

enabling stimuli-driven circulating marker release. Here, we used alginate and poly(vinyl 

alcohol) (PVA) hybrid hydrogel, that has been mostly used to fabricate cell-laden hydrogel for 

certain specific applications, such as neocartilage formation for tissue restoration [28], wound 

healing material with mechanical strength [29-30], 3D-bioprinting bone tissue scaffolds [31] due 

to its greater robustness. We make use of these functional unique characteristics to achieve both 

highly stable and stimuli-driven degradable functionalities. The beads are formed by ionotropic 

gelation and are degraded upon chelating divalent cations (Fig.1A) thus, the captured 

circulating biomarkers are subsequently released by ion-chelating agent-assisted hydrogel 

degradation. In this way, the collection of the purified circulating biomarkers from a few drops 

of blood can be accomplished within 2 hours, including pre-treatment and final biomarker 

collection steps (Figure S1). Previously, we devised a microfluidic dual-isolation platform that 

isolates CTCs and circulating exosomes in melanoma [32], however, it still needs sophisticated 

chemical strategy to release isolated circulating markers from the device and is not easy to scale 

up to potential larger volumes due to the device saturation. The proposed concept has the 

advantage of being able to detect multi-level analytes, both CTCs and circulating exosomes 

(Fig 1B) and easily release them via stimuli-driven hydrogel release. Its relatively cheap price 

and easy scale-up possibility also allows for larger volume processings. Preclinical studies 

using model samples containing cancer cells or cancer cell-derived exosomes demonstrated that 

the present hydrogel beads functionalized with specific antibodies are capable of target 

circulating biomarker recovery. We extended our study to clinical blood samples from patients 

with non-small cell lung cancer (NSCLC) to illlustrate the trnaslational potential of the present 

platform, and we showed that not only each biomarker isolation from blood but also potential 

translational implications in dual-circulatng biomarker isolation towards cancer diagnosis. To 
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the best of our knowledge, this is the first hydrogel platofrm being able to isolate multiple 

circulating markers from clinical samples in various buffer/reagent conditions. This versatile 

platform and comprehensive profiling of circulating biomarkers will allow for enhanced 

understanding of diseases.  

 

2. Results and Discussion 

2.1. Preparation of hybrid hydrogel beads for circulating biomarker isolation 

An important advantage of this hydrogel-based approach is biocompatibility. As hydrogels are 

composed of a crosslinked polymeric network, they have the innate capacity to hold water 

within their porous structure, [33] providing a native-mimicking environment different from 

rigid artificial environments. Due to their high water absorbing capacity, hydrogels have been 

applied to a host of biological challenges, including 3-dimensional cell culture, [34] 

microencapsulation, [35] tissue engineering, [36] wound healing, [37] drug delivery systems, [38,39] 

cell block formation, [40] biosensors and bioelectronics. [41,42] However, it is difficult to achieve 

both degradability and chemical stability in common hydrogels since those requirements are 

somewhat entangled. Classically, degradability is a property of “physical hydrogels” (also 

known as “reversible hydrogel”), that commonly prohibits long-term incubation with biological 

samples. Whereas chemical stability is a property of “chemical hydrogels” (also known as 

“permanent hydrogel”), which are not suitable for short-term application. Recently, a few 

researchers have blended more than one type of hydrogel using various physical or chemical 

cross-linking methods for their own applications, [43, 44] and here, to achieve our goal of having 

both of these properties, we blended two hydrogels: alginate (biodegradable natural hydrogel) 

and PVA (chemically stable synthetic hydrogel). The present beads, composed of the two-

component hydrogels, have the stability to endure biological solutions for extended durations, 
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and can be naturally degraded in a short time with application of specific stimuli. The fabricated 

hybrid hydrogels are in millimeter scale (d=2.21±0.30 mm) and shown in Figure 1C.  

 

2.2. Stability of the hybrid hydrogel beads 

In order to evaluate the applicability of the present hydrogel platform to isolate circulating 

biomarkers in various buffers and solutions, we examined the pH responsiveness, stability, and 

degradability of the hybrid hydrogel. Figure 2 shows the basic characterization of the hybrid 

hydrogel when exposed to various buffered solutions, cell culture media, or chelating solution. 

Average initial and dehydrated weight of the beads were 4.45 ± 0.06 mg and 0.22 ± 0.01 mg, 

respectively (n = 90), and the shrink-swell ratio was calculated at 20.23 ± 0.02. The shape and 

weight of the beads were preserved for multiple days with minimal degradation and significant 

changes were not apparent even after 10 months of incubation (Figure S2 and Figure S3). 

During the incubation period (t = 120 minutes), the weight had varied approximately 4 ~ 8% 

from their initial values (Figure 2A). Given that the beads were quite swollen at the initial state 

(t = 0 minutes), the beads were thoroughly stable in the buffered solution: weight change % of 

6.42 ± 1.77 % (Sodium acetate, pH 5.0); 5.50 ± 1.20 % (MES, pH 5.5); 5.83 ± 1.79 % (Sodium 

citrate, pH 6.0); 5.96 ± 0.67 % (MOPS, pH 6.5); 4.68 ± 1.05 % (PBS, pH 7.0); 4.25 ± 0.16 % 

(HEPES, pH 7.5); 6.28 ± 1.55 % (Tris-HCl, pH 8.0); 7.52 ± 2.68 % (Sodium borate, pH 8.5). 

From these results, we interpret the pH-responsive behavior as follows. (a) In an acidic 

environment, the hydrogel beads lost the water stored inside, followed by slight shrinking. As 

a result, the rate of change in weight increased without regard to the original structure and 

composition. (b) In a basic environment, the hydrogel beads absorbed the water from outside, 

and were gradually swollen; but it is hard to preserve their original structure because they were 

loosely bonded through ionic interaction. Consequently, the beads were slowly damaged. The 

results from incubation with cell culture media also support our expectation (Figure 2B). 

Although they were exposed to a cation-rich environment, the weight change rate observed in 

This article is protected by copyright. All rights reserved 

Au
th

or
 M

an
us

cr
ip

t 

 

 



     

7 

 

the first 120 minutes did not differ significantly with other buffered solutions: 5.72 ± 0.58 % 

(DMEM); 6.59 ± 0.51 % (MEM); 6.34 ± 0.83 % (RPMI 1640). When considering that the 

weight change rate against crosslinking solution was also estimated to be 2.21 ± 2.39 %, the 

beads were still stable in the cell culture media. On the other hand, the beads were substantially 

degraded after 60-minute incubation with chelating solutions: 75.54 ± 4.74 % (EDTA); 65.78 

± 5.16 % (EGTA); 60.88 ± 0.00 % (BAPTA); 29.03 ± 3.88 % (IDA); 47.77 ± 3.89 % (NTA); 

73.27 ± 12.21 % (DPTA). The differences in degradation rate between the six chelators were 

related to their own equilibrium constant against calcium ions. The beads in the EDTA and 

DTPA groups were too pulpous to handle at this point, thus 120-minute follow-up was 

impractical because they had almost disappeared. As we expected, EDTA was most effective 

in degradation of the present beads (Figure 2D). In order to apply the beads to pre-separated 

layers of blood, we examined the beads stability in two different plasma separation reagents, 

Ficoll-Paque and 6% dextran solution (Figure 2E). The beads did not show any noticeable 

change in weight up to ten minutes, implying possibilities for direct use of the beads in plasma 

or buffy coat layer. Given the need for isolated cell/vesicles to undergo further downstream 

analysis, we evaluated the bead stability in two different cell/vesicle lysis buffers, RIPA and 

TRIzol (Figure 2F). The beads remained stable in RIPA for more than five minutes, which is 

enough to lyse cells/vesicles while beads in TRIzol showed notable weight loss after two 

minutes of incubation. As RIPA buffer is used for membrane lysis of EVs for protein analysis, 

we performed protein marker expression studies using recovered exosome samples.  

 

2.3. Evaluation of LBBeads for circulating biomarker isolation using model samples 

We then modified the stimuli-responsive hydrogel beads with various antibodies to isolate 

circulating biomarkers in blood. Based on their intended target biomarker, each sub-type of 

beads was classified as either CTC beads (anti-EpCAM antibody-immobilized hydrogel beads) 

or exosome beads (anti-CD63 antibody-immobilized hydrogel beads). Meanwhile, WBC beads 
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(anti-CD45 antibody-immobilized hydrogel beads) and unmodified beads without antibody 

conjugation were prepared as non-target and blank controls, respectively. Each sub-type of 

beads was then incubated with model samples containing breast cancer cell line MCF-7 derived 

circulating biomarkers in buffer solutions. The performance of the beads was evaluated using 

fluorescence-based relative target biomarker affinity, capture efficiency, immunofluorescence 

staining analysis, and electron microscopy analysis.  

First, we performed CTC isolation and characterization studies with CTC beads, WBC beads, 

and control beads. Each sub-type of beads was incubated with CTC model samples containing 

spiked cancer cells and WBCs in PBS buffer solution. After a 60-minute incubation, recovered 

beads were stained with FITC-conjugated anti-EpCAM antibody and TRITC-conjugated anti-

CD45 antibody. Then, we compared the FITC-fluorescence intensity of the CTC-specific beads 

to that of the WBC and control beads (Figure 3A) using fluorescence microscopy. The results 

show the average fluorescence signal intensity of CTC beads (n=5) was 1.92 times higher than 

that of the control beads (n=5). The level of intensity was evenly distributed among all five 

beads. Although the fluorescence signal intensity of WBC beads (n=5) was greater than that of 

the control beads, wide variation existed amongst beads, which we attributed this signal to non-

specific binding of cancer cells or 1-10% unavoidable fluorescence overlap from WBC staining 

with TRITC. In order to evaluate the specificity of each bead type, we incubated our beads in 

prepared CTC and WBC model samples containing a known number of spiked cells. As a result, 

CTC beads showed a 28.1-fold increase in captured cancer cells compared to the unmodified 

beads; on the contrary, approximately 24.5 times more WBCs were isolated by WBC beads 

than CTC beads, at the identical condition. The cell loss due to nonspecific binding was 

estimated to be less than 2 cells per bead. This result implies that our CTC beads specifically 

isolate CTCs from a heterogeneous sample without significant cell loss.  

To evaluate a CTC capturing performance of the beads, we spiked a known number of cells 

(~200 cells) into blood/PBS buffer, applied to our 8-10 CTC-beads, recovered the beads, and 
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dissolved them in EDTA solution for 10 minutes for captured cell enumeration on Cytospin 

slides. At the same time, control beads having no antibody conjugation were also applied to 

identical samples and compared with CTC beads. From this study, we found that a significantly 

higher number of cancer cells are captured using CTC beads (Figure 3B, Figure S6) at both 

cancer cells spiked in buffer and blood samples. Quantitatively, over 30% of spiked cancer cells 

were recovered using CTC-beads while control beads captured less than 5%. This specific cell 

isolation ability was also evaluated using a fluorescence microscope (Figure 3C) and a Field 

Emission Scanning Electron Microscope (FE-SEM) (Figure 3D). Pre-fluoresced cancer cells 

were successfully recovered using CTC beads. The hydrogel beads showed sub-microscale 

wrinkling patterns due to the methodology of the gelation process (Fig. 3D); thus, the image of 

the captured circulating biomarkers can be distinctly distinguished on the basis of size and shape. 

Simultaneously, exosome-specific beads were separately incubated with exosome model 

samples made from MCF-7 cancer cell culture supernatant. After a 60-minute incubation, the 

performance of exosome-specific beads was assessed in the same manner as CTC beads, 

utilizing fluorescence imaging, nanoparticle tracking analysis, bicinchoninic acid (BCA) 

analysis, and electron microscopy study. Implementing a similar fluorescence comparison 

study, we found that the exosome beads (anti-CD63) (Figure 4A) showed 3.26 times higher 

average EpCAM fluorescence signal intensity compared to the unmodified beads. More 

important implications of this data are shown in the results from exosome-specific beads 

incubated with exosome-free samples. The average signal intensity of exosome beads incubated 

in exosome-free buffer was similar to that of the unmodified beads, but significantly lower than 

that seen with exosome-specific beads incubated with exosome samples. These results show 

that: (a) the MCF-7 cell derived-exosomes are successfully isolated by the Exosome-specific 

beads and; (b) the MCF-7 cell derived-exosomes show EpCAM expression, just like the cells 

of their origin.  
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For capture efficiency of exosome beads, we used two different analysis methods, nanoparticle 

tracking analysis and BCA analysis. Starting from a known concentration of exosomes 

(~6.0x109/ml), we compared exosomal concentrations before and after isolation on the beads. 

From this study, we found that exosome beads capture over 60% of spiked exosomes while 

control beads capture less than 20% of spiked exosomes. We found similar results using BCA 

analysis measuring total protein quantity after exosome isolation and lysis (Figure 4B). 

Exosome beads’ specificity was evaluated by a fluorescence microscope and an electron 

microscope. Exosomes pre-stained with lipophilic dye were identified on exosome beads 

surface (Figure 4C). The exosomes on exosome beads were easily distinguished since the size 

of the vesicle (50~100 nm) was much smaller than that of wrinkling patterns on the surface; as 

a consequence, the inherent structures remained, but were also covered by a large number of 

exosomes (Figure 4D).  

 

2.4. Dual-circulating biomarker isolation using clinical samples from non-small cell lung 

cancer patients 

We tested the feasibility of this application to process and analyze samples from cancer patients. 

Recent reports suggest that there may be value in obtaining complementary data from two or 

more circulating biomarkers in the blood as a way to provide more comprehensive analysis in 

patients with cancer. Recent work analyzing both cell-free DNA (cfDNA) and exosomal RNA 

showed meaningful progress in rare mutant detection by qPCR and next generation sequencing 

(NGS) compared to analyzing cfDNA alone. [45] Y.-J. Chiu et al. analyzed the cancer cells and 

cancer cell derived exosome in terms of single cell analysis under various physical/chemical 

stimuli. However, this study only focused on a model sample so clinical studies using several 

circulating biomarkers have not been successfully accomplished yet. [46] 

Here, we chose two types of beads, CTC-specific bead and exosome-specific bead, to capture 

and study two types of biomarkers using identical blood samples from the same patients. Five 
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clinical samples from non-small cell lung cancer (NSCLC) patients and 3 healthy donor blood 

samples were tested. Whole blood samples were separated into two samples, buffy coat and 

plasma layer, and used for CTC and exosome isolation, respectively.  

For CTC isolation, given that NSCLC cancer cells express EGFR as well as EpCAM, combined 

antibody cocktails were used to make CTC-specific beads. The beads were incubated with cell 

samples, and after 1 hour incubation we decomposed the CTC-specific beads (n=10) using an 

EDTA solution, and the isolated CTCs were then collected by centrifugation. Remaining cells 

were cytospun onto glass microscope slides and fluorescently stained for four unique cell 

markers: DAPI, CD45, pan-cytokeratin, and vimentin. DAPI+/cytokeratin+/CD45- cells were 

considered as CTCs. Vimentin positivity was considered as a mesenchymal property of CTCs. 

As shown in Figure 5A, an average 37.4 ± 30.7 CTCs were found in 1 milliliter of patients’ 

blood from the five different NSCLC patients. Also, NSCLC patient samples contained 

significant concentrations of CTCs in all samples tested, while only 1 healthy donor sample 

contained any CTCs. This is significant as increased number of CTCs in NSCLC patients has 

been linked with poor prognosis. [47,48]  The robustness of our platform was also compared to 

our in-house label-free microfluidic device, Labyrinth (Figure 5B). [49,50] As LB beads isolate 

CTCs via immunoaffinity-based isolation as does the only FDA-approved CTC technology, 

CellSearch, we compared CTC isolation performance with a size-based CTC isolation device. 

When we compared with Pan CK+/EpCAM+ cells isolated by Labyrinth, our device-free 

platform showed a competing result with an average CTC number of 37.4 CTCs/ml vs. 30.2/ml 

from Labyrinth for 5 lung cancer clinical samples. However, due to the principle of CTC 

isolation we used, our platform might miss certain subtypes. For example, LC4 had more than 

300 CTCs that are exclusively vimentin positive, yielding a huge discrepancy between two 

methods. More detailed profiling of these CTC subsets using a label-free CTC isolation is 

described in Figure S7. This can be further improved by immobilizing new antibodies to our 

hydrogel beads. It is also noteworthy that our platform isolates more CTCs than the label-free 
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isolation device in some cases. As the label-free device makes use of size difference between 

CTCs and WBCs, it is possible that smaller sized CTCs might have been missed during the 

sample processing while our immunoaffinity-based platform isolates them without any 

difficulty.   

CTCs from cancer patients include cytokeratin positive cells that were vimentin-positive and 

vimentin-negative, and more than 75.2 % of cells were verified as dual-positive. On a case-by-

case analysis, we found noticeable differences among the patients: (a) CTCs recovered from 

most samples express a predominant amount of vimentin; (b) over 50% of captured CTCs in 

LC5 are vimentin negative. The representative images of this heterogeneity in CTCs are shown 

in Figure 5C (left). Vimentin expression amongst CTCs isolated from each patient was then 

examined, with results shown in Figure 5C (right). These results show that in 80% of patients 

tested, a majority of isolated CTCs were vimentin positive. The high expression of vimentin, 

an EMT marker, has been demonstrated on CTCs isolated from NSCLC patients, and has been 

linked to liver metastasis. [47,51]  

The existence of CTC clusters within patient blood samples was investigated. As shown in 

Figure 5D, 60% of tested patient samples contained CTC clusters. Clustered CTCs accounted 

for almost 30% of all isolated CTCs within patients’ samples containing at least one CTC 

cluster. 

Concurrently, we analyzed the exosome-specific beads in two different ways: (1) exosomal 

protein analysis using BCA for quantitative analysis of exosome and (2) western blotting 

analysis for qualitative analysis of exosomes. For both cases, we directly applied RIPA lysis 

buffer to extract proteins. At the same time, we also isolated exosomes using a gold-standard 

exosome isolation technique, ultracentrifugation and analyzed their quantities using a widely-

used exosome quantification method, NanoSight. The overall results from a nanoparticle 

tracking analysis (NTA) and a protein quantity study in 8 different clinical samples are 

summarized in Figure 6A. It is noteworthy that in overall cases, the trend of total protein 
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quantities between samples is similar as that from ultracentrifugation, which is analyzed using 

NanoSight. From the comparison between quantities in CTC and exosome within samples, there 

were no differences in total quantity (Figure 5A). However, percentage of vimentin positive 

CTCs may be related to total exosome protein quantity, implying that mesenchymal CTCs 

secrete more exosomes though further studies are needed to verify this claim.  Also, no 

significant difference in exosome concentration was observed between patients and healthy 

donors even though healthy donors showed higher quantities compared to that of cancer patients. 

In order to study innate information of exosomes, we preformed western blotting analysis and 

quantified certain protein expressions based on blot images. Western blot images (Figure 6B) 

revealed that recovered exosomes express exosomal protein marker, CD9, while a cellular 

marker, calnexin, shows negative, implying that the Exosome-beads is capable of exosome 

isolation with high specificity and purity. The western blots were run using Bio-rad’s Stain Free 

Gel system, whereby each specific proteins band can be normalized to the total protein of its 

lane. This allowed us to compare the relative protein expression of both CD9 and EpCAM 

between samples (Figure 6C-D). This study revealed that healthy donor group shows 1.71 

times higher expression in CD9. There is no difference in EpCAM expression between cancer 

and healthy in spite of its significance in CTC studies. This is likely because exosomes derive 

from all cell types, including many epithelial cell types, which would lead to a fairly consistent 

EpCAM expression between people. 

From these studies, one could glean a few conclusions that will need verification in larger 

studies. First, as we evaluated in a recent study, there was no significant relationship between 

number of CTCs and concentration of total exosomes. [32] However, we noted a direct 

correlation between the fraction of CTCs expressing mesenchymal markers and total exosome 

concentration; this is similar to what has been previously reported. [52] Second, results from one 

biomarker correlated to data on other biomarkers, demonstrating a major advantage of 

simultaneous detection of two biomarkers from the same patients. As shown in Figure 5A, 
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CTC enumeration alone would not be a convincing metric for LC1 because the CTC count was 

relatively low comparing to healthy controls. However, EpCAM expression in exosomes from 

LC1 is relatively higher compared to others and could therefore serve as a complementary 

biomarker. As exosome quantity and detection frequency is generally higher than that of CTCs, 

this dual-marker analysis could allow for a better understanding about disease. More work with 

a larger clinical cohort will be needed to make more robust comparison and definite conclusions.  

It is also possible that our technology could be compared to conventional magnetic bead-based 

isolations or microfluidic devices that have been used in liquid biopsy. However, the present 

hydrogel platform offers very affordable cost of analysis, easy circulating marker release, 

minimized antibody use, and ferrofluid-free condition for further potential downstream analysis.  

Our research might have several drawbacks, some pertaining to inherent limitations associated 

with circulating biomarker isolation. As our CTC-specific beads have more affinity to 

epithelial-like CTCs, our approach may miss some portion of CTCs which have lost EpCAM 

or EGFR expression during EMT process. Since the frequency of mesenchymal-like CTCs in 

circulation is not fully revealed, discrepancies in total epithelial CTC number and cancerous 

exosome concentration could be increased as disease complexity increases. For example, 

relatively low numbers of CTCs and relatively high exosome concentration for LC1 may be 

explained by the patient’s tumor displaying more mesenchymal characteristics.  

Similarly, there might be difference in mesenchymal protein expression between CTCs and 

exosomes. LC5 showed the highest epithelial characteristic in CTCs having the lowest percent 

of vimentin positivity, however its associated exosomes showed low expression of EpCAM.  

In the following future study using the current platform, we will consider several facts recently 

discovered to analyze our data in more detail. 1) circulating tumor cells from patients with 

advanced cancer display both epithelial and mesenchymal markers. [53] 2) Mesenchymal stem 

cells secrete more exosomes than epithelial cancer cell. [52] We expect that further findings and 

studies involving larger groups of patients would uncover unsolved results from this study. 
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3. Conclusion 

In summary, we created a hybrid hydrogel and applied our hydrogel-bead platform for blood-

based liquid biopsy using two circulating biomarkers. The stimuli-responsiveness of the present 

hydrogel facilitate the capture and release of circulating biomarkers using immunoaffinity 

technology. The versatility of the present platform allows for simultaneous isolation of two 

circulating biomarkers, CTCs and exosomes, from NSCLC patient blood samples, with a simple 

alteration of antibodies. Using the present platform, we were able to comprehensively diagnose 

a status of patients using two circulating biomarkers, allowing complementary readouts from 

individual biomarkers. To the best of our knowledge, this study is the first report on a device-

free platform aiming to isolate dual circulating biomarkers in identical samples and finding the 

similarities and differences between them. We hope that the comprehensive results from the 

present novel liquid biopsy platform would enable us to get a better understanding of disease 

that may eventually aid in simple clinical decision making.  

This article is protected by copyright. All rights reserved 

Au
th

or
 M

an
us

cr
ip

t 

 

 



     

17 

 

Experimental Section 

Materials & Reagents. 99.5% ethyl alcohol, sodium alginate (brown algae, low viscosity), 

poly(vinyl) alcohol (Mw 85,000-124,000), calcium chloride, 1-ethyl-3-[3-

dimethylaminopropyl] carbodiimide (EDC), and N-hydroxysulfosuccinimide (Sulfo-NHS) 

were purchased from Sigma-Aldrich (St Louis, MO). Dulbecco's Modified Eagle Medium 

(DMEM), Minimum Essential Medium (MEM), Roswell Park Memorial Institute (RPMI) 1640 

medium, 1 % (v/v) penicillin-streptomycin, and 10% (v/v) fetal bovine serum were purchased 

from Invitrogen (Carlsbad, CA) and Gibco (Gaithersberg, MD). Avidin, biotinylated BSA, 

CellTracker™ Green CMFDA were purchased from Thermo Fisher Scientific (Waltham, MA). 

Biotinylated anti-EpCAM antibody and Biotinylated anti-CD63 antibody were purchased from 

BD bioscience (San Jose, CA). All chemicals were used as received. 

 

Fabrication of the Degradable Hydrogel Beads. The degradable hydrogel beads were 

prepared as follows. First, 2% (w/v) alginate solution and 2% (w/v) PVA solution were blended 

under constant stirring at 85 °C, followed by cooling down to room temperature. In the 

meantime, the aggregated pellets inside the mixture were whisked vigorously using 

homogenizer until completely disappeared. Then, the homogenized, hybrid mixture composed 

of two hydrogels were left to age for more than 48 hours. Separately, crosslinking solution was 

prepared by diluting calcium chloride (CaCl2) solution to deionized water in a 1:10 volume 

ratio. Afterwards, the prepared mixture was loaded in a form of droplets into a crosslinking 

solution through a homemade extruder; each hydrogel drop was solidified instantaneously as a 

spherical shape. Finally, the fabricated beads were further incubated with crosslinking solution 

for hardening their structure. 

 

Characterization of the Degradable Hydrogel Beads. The prepared degradable hydrogels 

were evaluated based on size, weight, shrink-swell ratio, chemical stability, and degradability. 
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First, the diameter and weight of the beads were measured using metric ruler and laboratory 

scales. Then, the beads were submerged into deionized water and incubated for 24 hours, 

followed by size and weight measurement. The same procedure was repeated when the beads 

were completely dehydrated after natural drying for 24 hours. Based on the shift in weight, 

shrink-swell ratio was estimated as follow: 

 

Shrink˗Swell Ratio =
(𝑇ℎ𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑓𝑢𝑙𝑙𝑦˗ℎ𝑦𝑑𝑟𝑎𝑡𝑒𝑑 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙 𝑏𝑒𝑎𝑑)

(𝑇ℎ𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑒ℎ𝑦𝑑𝑟𝑎𝑡𝑒𝑑 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙 𝑏𝑒𝑎𝑑) 
 

 

Stability of the Degradable Hydrogel Beads. The stability of the present hydrogel was 

evaluated by incubating with the most widely used buffer solution with different pH level: 

Sodium acetate (pH 5.0), MES (pH 5.5), Sodium citrate (pH 6.0), MOPS (pH 6.5), PBS (pH 

7.0), HEPES (pH 7.5), Tris-HCl (pH 8.0), Sodium borate (pH 8.5). Considering their inherent 

pH range, each solution was chosen and adjusted to the precise pH level using 5% acetic acid 

and 1mM NaOH. Second, the stability against three kinds of cell culture media was investigated: 

Dulbecco's Modified Eagle's Medium (DMEM), Minimum Essential Medium (MEM), Roswell 

Park Memorial Institute (RPMI) 1640 medium. The evaluation was performed on the basis of 

the percent of weight change during the fixed incubation time (5 min, 10 min, 20 min, 30 min, 

40 min, 50 min, 60 min, 90 min, and 120 min). The stability of hydrogels against two widely 

known cell lysis reagents for downstream analysis was also investigated: RIPA for protein 

extraction and Trizol for nucleic acid extraction. At last, the stability against two plasma 

separation reagents was evaluated: Ficoll and Dextran. For increasing consistency and 

decreasing variability, each bead at a certain period was taken out of the test tube and pat dried 

thoroughly with clean wipers, and then weighted using laboratory scale. The measurement in 

each condition was repeated five times with five different beads.   
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Degradability of the Degradable Hydrogel Beads. The degradability of the present hydrogel 

was evaluated by incubating with six different kinds of chelating agent: 

ethylenediaminetetraacetic acid (EDTA), ethylene glycol tetraacetic acid (EGTA), (1,2-bis(o-

aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid) (BAPTA), iminodiacetic acid (IDA), 

nitrilotriacetic acid (NTA), and diethylenetriaminepentaacetic acid (DTPA). The six candidates 

were chosen based on stability constant and reactivity to mono-, di-, or trivalent cation. Since 

these molecules scavenge divalent cations, mostly Ca2+ in here, the ionically crosslinked fibers 

were gradually separated from outer to inner space of the beads. As a result, the weight of the 

beads decreased with the incubation time (10 min, 20 min, 30 min, 40 min, 50 min, 60 min, 90 

min, 120 min). Alike stability test, each bead at a certain period of time was taken, pat dried, 

and weighted five times for increasing consistency and decreasing variability. 

 

Surface Modification and Antibody Immobilization. The antibodies were immobilized onto 

the prepared hydrogel beads following previously reported methods. [54-56] First, the beads were 

slightly dehydrated and fully hydrated again using deionized water. Separately, 200 mM of 1-

ethyl-3-[3-dimethylaminopropyl] carbodiimide (EDC) and 200 mM of N-

hydroxysulfosuccinimide (Sulfo-NHS) were prepared by dissolving in deionized water and 

mixed in a 1:1 ratio to activate EDC-NHS coupling. Then, the beads were incubated with the 

mixture under constant stirring at room temperature. Subsequently, the beads were carefully 

washed with deionized water so as not to damage the soft and swollen surface. Afterwards, the 

beads containing amine-reactive functional group were immersed in the order as followed: 1 

mg/ml of biotinylated BSA solution (in 10 mM Tris buffer); 200 μg/ml of avidin solution (in 

10 mM Tris buffer); 1~10 μg/ml of biotinylated antibody solution (in 10 mM Tris buffer). Each 

step was conducted at 4℃, and the unreacted molecules were removed by washing with PBS 

buffer solution. At the final step of antibody immobilization, the beads were designed 
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differently for the type of antibody: anti-EpCAM antibody, anti-CD45 antibody, and anti-CD63 

antibody were chosen for CTC isolation, WBC elimination, and exosome isolation, respectively.  

 

Surface Characterization Using Field Emission Electron Microscope (FE-SEM). The 

morphology of the modified surface was examined using a Magellan400 (FEI company, USA) 

attached Schottky thermal field emitter gun (FEG). The images were recorded with the in-lens 

detector (TLD) at an acceleration voltage of 3.0 kV, by setting a working distance of 4.5 ~ 5.5 

mm. The operating condition was optimized in order to minimize sample damage.  The bead 

samples were fixed using 4% formalin solution, washed with PBS buffer, and dehydrated in 

increasing concentrations of ethanol (70, 80, 90, 95, and 100%) for 5 minutes each. Then, they 

were cut in half, attached onto SEM stub, and coated with osmium of 3.0 nm thickness for 

avoiding degradation or charging effects of biomolecules and hydrogels. The purpose of the 

FE-SEM measurement was: (a) to confirm the surface condition (shape, appearance, porosity, 

and so on) of the present beads; (b) to confirm the presence of the capture circulating biomarkers 

or background cells (e.g. white blood cells). 

 

Cancer Cell Culture and Model Sample Preparation. Two cell lines of breast cancer, MCF-

7 and MDA-MB-231 were used in this work. Each cell line represents the epithelial- and 

mesenchymal-like phenotype in CTCs, respectively. MCF-7 and MDA-MB-231 were cultured 

in Dulbecco’s modified Eagle’s Minimal Essential Media (DMEM, Life technologies, Inc.). 

Media was supplemented with 10% (v/v) exosome-depleted fetal bovine serum (System 

Bioscience, LLC) and 1% (v/v) penicillin-streptomycin (Invitrogen). For the CTC model 

samples, we spiked the cancer cells in 1ml of PBS solution or blood from healthy donors at the 

cell concentration of 1 x 105 cells/ml. This model sample was used for performance verification 

of anti-EpCAM antibody conjugated bead for CTC isolation. For the exosome model samples, 

1 x 105 number of cancer cells was incubated in exosome-depleted media for 1 day, then cell 
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culture supernatant (CCS) was gently replaced from the cell plate. This CCS was followed by 

mild centrifugation for excess cell elimination, and then 1ml of CCS was prepared for 

performance verification of anti-CD63 conjugated bead for exosome isolation.  

 

Human Blood Sample Preparation. The sample collection and experiments were approved 

by University of Michigan Institutional Review Board (IRB). Informed consents were obtained 

from all participants of this clinical study and non-small cell lung cancer blood samples were 

obtained after approval of the institutional review board at the University of Michigan 

(HUM00119934). Clinical information of patient samples can be found in Table S2. All 

experiments were performed in accordance with the approved guidelines and regulations by the 

ethics committee at the University of Michigan. The blood sample (1mls each) was collected 

in BD Vacutainer® tube and used within 12 hours after sampling. The blood sample was used 

without dilution and any pretreatment such as erythrocyte lysis or density gradient separation 

for minimizing the cell loss during any other processes.  

 

Immunofluorescence staining for circulating tumor cell study. Cells captured by the anti-

EpCAM bead were analyzed by immunofluorescence staining. After release of captured cells 

from the bead, cells were cytospun onto glass slides at 800 rpm for 10 minutes at medium 

acceleration and subsequently cytospun with 4% paraformaldehyde (PFA) (16% PFA was 

diluted 1:4 in PBS, Cat.# PI28908, ThermoFisher) for fixation using the same parameters. Glass 

slides were rinsed with PBS 3 times before being stored at 4⁰C until multiple samples could be 

obtained and stained in batch. For staining, slides were permeabilization using 0.2% Triton X-

100 (Cat. # T9284, Sigma-Aldrich) for 3 minutes before being rinsed with PBS 3 times for 5 

minutes each.  Slides were subsequently blocked for 30 min each using a blocking solution of 

1% bovine serum albumin (Cat.# B4287, Sigma-Aldrich) and 10% normal goat serum (Cat.# 

50062Z, ThermoFisher) in PBS. Slides were incubated overnight at 4 ⁰C with a solution of 
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primary antibodies: Mouse anti-human Pan Cytokeratin (1:100 diluted in blocking solution, 

Cat.# MCA1907, BioRad.), Mouse anti-human CD45 (1:100 diluted in blocking solution, Cat.# 

MCA87, BioRad), and Rabbit anti-human Vimentin (1:50  diluted in blocking solution, Cat.# 

5741, Cell Signaling).  After overnight incubation, slides were washed 3 times for 5 minutes 

each with PBS before incubating at room temperature for 1.5 hours with a solution of secondary 

antibodies: Goat anti-mouse Alexa Fluro 546 (1:100 diluted in blocking solution, Cat.# A-

21123, ThermoFisher), Goat anti-mouse Alexa Fluro 488 (1:100 diluted in blocking solution, 

Cat.# A-21131, ThermoFisher), and Goat anti-rabbit Alexa Fluro 647  (1:100 diluted in 

blocking solution, Cat.# A-21245, Thermo Fisher). After incubation slides were washed with 

PBS 3 times for 5 minutes each. Finally, a drop of ProLong Gold Mountant with DAPI (Cat. # 

P36935, ThermoFisher) was added to each slide followed immediately by a cover slip. Slides 

were imaged at 20x magnification using a Nikon Ti2 Eclipse. Each slide was individually 

assessed for CTC using the following criteria: Pan cytokeratin+/ DAPI+/ CD45-. Additionally, 

the expression level of vimentin was noted for each CTC.  

 

Immunofluorescence staining for exosome study. For model sample experiments, pre-

ultracentrifuged extracellular vesicles were stained using lipophilic dye, DiO. 1µl of DiO 

staining dye (ThermoFisher, USA) was mixed with 100µl of exosome solution and incubated 

for 20 minutes. After another ultracentrifugation to remove excess dye, the precipitated pellet 

was suspended with PBS and used for exosome capture experiments. For In-Vivo fluorescence 

imaging system, exosomes captured by the anti-CD63 bead were stained by 

immunofluorescence staining. Without release of captured exosomes, the exosome 

immobilized bead was directly followed by immunofluorescence staining for evaluation of 

cancer-associated marker expression. In order to evaluate the epithelial/mesenchymal 

properties on captured exosome by beads, we stained the exosome-specific bead with E-

cadherin and vimentin, which are expressed on epithelial and mesenchymal exosomes, 
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respectively. Because this marker usually expressed on surface, we leaved out the 

permeabilization step. After fixation, exosome immobilized beads were labeled with staining 

dye containing Alexa fluor® 488-conjugated E-cadherin and PE-conjugated anti-human 

vimentin for 1 hour. After washing out excess dyes three times with PBS, the labeled beads 

were verified using In-Vivo imaging system.  

 

Fluorescence Verification using In-Vivo Imaging System. Spectral fluorescence images 

were obtained using Xenogen In-Vivo Imaging System (PerkinElmer, Waltham, MA). In order 

to obtain whole-body fluorescence images of the beads via non-destructive way, we utilized the 

equipment, which had been developed for in-vivo imaging of animal models. The FITC, TRITC, 

and Cy5 were detected at the wavelengths of 395 nm/ 509 nm, 554 nm/586 nm, 678 nm/694 

nm (excitation/ emission), respectively. Fluorescence images were gathered during 3~5 seconds 

of exposure time (f/stop = 2), and bright-field photographs were also obtained for each imaging 

time. Those images were merged and analyzed using Living Image 4.52 software (Caliper Life 

Sciences).  

 

Protein extraction and western blot analysis for exosome. Exosome lysis was performed 

using RIPA buffer (Cat #: 89900, ThermoFisher Scientific, USA) with 1% protease inhibitor 

(Cat#: 78441, ThermoFisher Scientific, USA). The prepared buffer solution was applied to 

Exosome beads after exosome isolation and washing steps. Beads were incubated with RIPA 

buffer for 10 minutes in a conical tube and followed by mild centrifugation to collect 

supernatant.Total protein was measured by standard BCA analysis according to the 

manufacturer’s instructions. Western Blot analysis was performed on a precast Stain Free 4-

20% SDS gel from BioRad (Cat#: 4568094). The samples were prepared in 4x Laemelli buffer 

(Cat #: 161-0747, Bio-rad)  with 2-mercaptoethanol and heated to 95°C for 5 minutes before 

loading onto the gel.  The gel was run at 250V for 28 minutes before transferring for 7 minutes 
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onto an Immune-Blot low fluorescence PVDF membrane (Cat#: 1620261)  using BioRad’s 

TransBlot Turbo on their preset mixed molecular weight setting. Blocking was performed in 

5% non-fat milk in TBST for 90 minutes. Primary antibodies were incubated overnight on a 

rocker at 4°C at a concentration of 1:500 (Flotillin-1, Santa Cruz, USA), 1:1000 (CD9, Cell 

Signaling; Calnexin, Cell Signaling, USA), or 1:1500 (Beta-Actin, Cell Signaling, USA) in 5% 

BSA milk in TBST. Thorough rinsing was performed, and then secondary antibody was 

incubated for 2 hours at room temperature (anti-Mouse, Santa Cruz; anti-Rabbit HRP, Cell 

Signaling, USA) at 1:1500 in 5% BSA  milk in TBST. 

 

Protein expression quantification from western blots. Following gel transfer using BioRad’s 

TransBlot Turbo, the membrane was imaged using a ChemiDoc system (BioRad, USA) on their 

preset StainFree Blot setting.  This image captured the total protein per lane. The membrane 

was then incubated with primaries, secondaries, and chemilumescence before imaging using 

the same ChemiDoc system for the band of interest.  Using BioRad’s software, the total protein 

in each lane from the StainFree Blot image is compared to an arbitraty lane (usually the first 

lane with protein) to set a normalization factor for each subsequent lane.  Moving to the image 

with the protein bands, each band is selected, the density is calculated, and the normalization is 

applied to calculate a normalized protein intensity for the band of interest.  This number can 

then be compared between lanes. 

 

Nanoparticle tracking analysis for circulating exosomes. For the profile analysis of isolated 

exosome and measurement of exosome concentration, nanoparticle tracking analysis (NTA) 

was performed using NanoSight NS300 (Malvern Instruments, UK). Sample of interest was 

loaded into the main instrument housing and the movement was monitored through a video 

sequence for 20 seconds in duplicate. Data acquisition and processing were performed using 

NanoSight NS300 Control Software.  
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Figure 1. A fabrication and analytical procedure for liquid biopsy using stimuli-responsive 

hybrid hydrogel beads. A) Fabrication of and modification of the liquid biopsy hydrogel to 

isolate circulating tumor cells (CTCs) and circulating exosomes; B) Reaction and procedure of 

circulating biomarkers isolation and subsequent recovery; C) The fabricated liquid biopsy 

hydrogel beads.  
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Figure 2. Basic characterization of the stimuli-responsive hydrogel beads consisting of 

poly(vinyl alcohol) and alginate. A) Stability of the present hydrogel beads against 8 biological 

buffers varying pH level (Sodium acetate (pH 5.0), MES (pH 5.5), Sodium citrate (pH 6.0), 

MOPS (pH 6.5), PBS (pH 7.4), HEPES (pH 7.5), Tris-HCl (pH 8.0), Sodium borate (pH 8.5)); 

B) Stability of the present hydrogel beads against 3 widely used cell culture media (Dulbecco's 

Modified Eagle's Medium (DMEM), Minimum Essential Medium (MEM), Roswell Park 

Memorial Institute (RPMI) 1640 medium); C) Stability of the present hydrogel beads against 

crosslinking solution (calcium chloride); D) Degradability of the present hydrogel beads against 

6 chelators having different stability constant (ethylenediaminetetraacetic acid (EDTA), 

ethylene glycol tetraacetic acid (EGTA), (1,2-bis(o-aminophenoxy)ethane-N,N,N′,N′-

tetraacetic acid) (BAPTA), iminodiacetic acid (IDA), nitrilotriacetic acid (NTA), and 

diethylenetriaminepentaacetic acid (DTPA); E) Stability of the hydrogel beads against two 

different plasma separation reagents; F) Degradability of the present hydrogel beads against 

two different lysis buffers, RIPA and Trizol, for protein and nucleic acid extraction, respectively. 
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Figure 3. Performance of liquid biopsy hydrogel beads (LBBeads) for circulating tumor cell 

(CTC) recovery. A) CTC capture performance comparison based on fluorescence intensities 

using fluorescent cancer cells with three different hydrogel beads; B) CTC recovery 

performance after capture and release cancer cells from the beads; C-D) Isolated fluorescent 

MCF-7 cancer cells under fluorescence microscope (C) and scanning electron microscope 

(SEM) (D).  
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Figure 4. Performance of liquid biopsy hydrogel beads (LBBeads) for exosome recovery. A) 

Exosome capture performance comparison based on fluorescence intensities using exosome 

fluorescence staining; B) Exosome recovery performance based on nanoparticle tracking 

analysis (NTA) and total exosomal protein quantities; C-D) Isolated and lipophilic dye stained 

MCF-7 derived exosomes under fluorescence microscope (C) and scanning electron 

microscope (D).  

 

  

This article is protected by copyright. All rights reserved 

Au
th

or
 M

an
us

cr
ip

t 

 

 



     

35 

 

 
 

Figure 5. Profiling of circulating biomarkers in non-small cell lung cancer patients’ blood. A) 

Circulating biomarker quantity analysis using immunostaining (CTCs) and BCA analysis 

(Exosome); B) CTC isolation performance comparison between LB beads and label-free CTC 

isolation microfluidics, Labyrinth; C) Vimentin expression analysis of CTCs isolated from lung 

cancer patient blood samples; D) CTC cluster analysis of CTCs isolated from the same lung 

cancer patient samples (All scale bars=10μm). Arrows identifying the CTC cluster in LC5 

merged image. 
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Figure 6. Profiling of exosomes in non-small cell lung cancer patients’ blood. A) Comparison 

of the exosome recovery between ultracentrifugation (analyzed by NanoSight) and LB beads 

(analyzed by total protein concentration) using clinical samples; B) Western blotting analysis 

of exosomes in clinical samples; C-D) Exosomal (C) and epithelial cancer marker (D) relative 

expression on isolated exosomes from clinical samples. 
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