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Abstract

The lack of an effective detection method for lung circulating tumor cells (CTCs) presents a 

substantial challenge to elucidate the value of CTCs as a diagnostic or prognostic indicator in lung 

cancer, particularly in non-small cell lung cancer (NSCLC). In this study, we prepared a capture 

surface exploiting strong multivalent binding mediated by poly(amidoamine) (PAMAM) 

dendrimers to capture CTCs originating from lung cancers. Given that 85% of the tumor cells 

from NSCLC patients overexpress epidermal growth factor receptor (EGFR), anti-EGFR was 

chosen as a capture agent. Following in vitro confirmation using the murine lung cancer cell lines 

(ED-1 and ED1-SC), cyclin E-overexpressing (CEO) transgenic mice were employed as an in vivo 

lung tumor model to assess specificity and sensitivity of the capture surface. The numbers of 

CTCs in blood from the CEO transgenic mice were significantly higher than those from the 

healthy controls (on average 75.3 ± 14.9 vs. 4.4 ± 1.2 CTCs/100 μL of blood, p<0.005), indicating 
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the high sensitivity and specificity of our surface. Furthermore, we found that the capture surface 

also offers a simple, effective method for monitoring treatment responses, as observed by the 

significant decrease in the CTC numbers from the CEO mice upon a treatment using a novel anti-

miR-31 locked nucleic acid (LNA), compared to a vehicle treatment and a control-LNA treatment 

(p<0.05). This in vivo evaluation study confirms that our capture surface is highly efficient in 

detecting in vivo CTCs and thus has translational potential as a diagnostic and prognostic tool for 

lung cancer.

Late detection and frequent recurrence of metastatic lung cancer makes it the leading cause 

of cancer-related mortality in the United States.1,2 Approximately 85% of lung cancers can 

be histologically defined as non-small cell lung cancer (NSCLC) and the majority of patients 

with NSCLC are diagnosed with an inoperable and rarely curable disease. Following the 

discovery of abnormal chest radiographs or computed tomography (CT) scans, lung tissue 

biopsies or fludeoxyglucose-positron emission tomography (FDG-PET) scans are typically 

performed to determine respectively the pathology and the clinical stage.3 Complications 

with lung tissue biopsy may arise such as pneumothorax, bleeding, infection, air embolism, 

and, rarely, tumor spreading along the track of the needle.4 Instead, “liquid biopsy” via 

detection of circulating tumor cells (CTCs) from peripheral blood is a promising alternative 

to detect lung cancer and its metastasis since CTCs are known to correlate with clinical 

stage, metastasis, and recurrence of lung cancers.5-8

However, currently available CTC detection methods to capture CTCs from NSCLC 

patients are inefficient and thus need for improvement. Although the only FDA-approved 

CTC detection method, CellSearch®, relatively successfully captured CTCs from the small 

cell lung cancer (SCLC) patients, it exhibited much lower sensitivity for CTCs from NSCLC 

patients.6,7 Additionally, CellSearch® failed to detect CTCs in blood from many NSCLC 

cases including Stage IV patients.6,7,9 Considering that NSCLC patients represent 

approximately 85% of all lung cancer patients, an improved CTC detection method with 

clinically significant sensitivity toward CTCs from NSCLC patients is urgently required.

We developed a CTC capture system that takes advantage of strong multivalent binding and 

modularity offered by PAMAM dendrimers, in order to provide a platform technology for 

effective detection of various types of CTCs. We previously showed that a biomimetic 

approach that exploits the naturally occurring strong multivalent binding effect mediated by 

surface-modified generation 7 (G7) PAMAM dendrimers markedly improved efficiency of 

tumor cell capture.10 Moreover, following thorough screening of various cancer-specific 

capture agents, our platform could be functionalized with various tumor-cell-specific 

antibodies in pattern to detect CTCs from diverse cancer types with high sensitivity and 

specificity.11 Hence, it was hypothesized that a combination of the dendrimer-mediated 

multivalent binding effect and the NSCLC-specific capture agent would result in enhanced 

surface capture of the NSCLC cells.

Clinically relevant in vivo murine models of lung carcinogenesis can be used in place of 

human blood samples to validate the sensitivity and specificity of the lung cancer-adapted 

capture platform. Such murine transgenic mouse lines were generated to mimic aberrant 

cyclin E expression, a negative prognostic indicator in the NSCLC patients, and the cyclin 
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E-overexpressing (CEO) mice have a higher incidence and rapid onset of lung 

carcinogenesis.12,13 The CEO mouse model mimics key features of clinical lung 

carcinogenesis allowing for better understanding of lung cancer biology and molecular 

therapeutics. For example, the CEO mice were used to develop and test an engineered 

antagonist (locked nucleic acid) against microRNA-31 (anti-miR-31) as a therapeutic 

agent.14 Additionally, the CEO mice were used to establish in vitro murine lung cancer cell 

lines: a wild-type cyclin E-driven lung cancer cell line (ED-1) and invasive ED1-SC 

harvested from tumor of FVB/N mice after subcutaneous injection of ED-1 cells.

In this study, we performed a series of experiments to assess our stated hypothesis. First, 

three capture agents for NSCLC were screened using ED-1 and ED1-SC to develop a 

multivalent capture platform that is optimized for effective detection of lung cancer cells 

(Figure 1a). The detection sensitivity and specificity of the chosen capture surfaces were 

then measured using blood samples drawn independently from both wild-type and 

transgenic CEO mice with lung tumors. Lastly, the NSCLC-specific capture surface was 

investigated in its applicability as a monitoring tool of therapeutic effects by counting CTCs 

in peripheral blood after anti-miR-31 treatment in CEO transgenic mice. This study provides 

evidence that validates the potential of our multivalent capture surface to be clinically 

translated into a diagnostic and prognostic tool to detect disseminated NSCLC CTCs.

Materials and Methods

Materials

Anti-human epithelial-cell-adhesion-molecule (EpCAM)/TROP1 antibody (anti-EpCAM) 

and anti-human epidermal growth factor receptor-2 (HER-2)/TROP1 antibody (anti-HER-2) 

were purchased from R&D systems (Minneapolis, MN). Anti-human epidermal growth 

factor receptor (EGFR) antibody (anti-EGFR, N-20) and unconjugated goat anti-mouse IgG 

antibody (H+L, anti-IgG) were acquired from Santa Cruz Biotech (Dallas, TX) and Pierce 

Biotechnology, Inc (Rockford, IL), respectively. All antibodies except anti-IgG used are 

polyclonal antibodies and cross-react with both mice and human proteins. Epoxy-

functionalized glass surfaces (SuperEpoxy2®) were purchased from TeleChem International, 

Inc (Sunnyvale, CA). PAMAM dendrimers (G7), bovine serum albumin (BSA), Calcein 

AM, and all other chemicals were obtained from Sigma-Aldrich (St. Louis, MO).

Surface preparation

Antibodies against human epithelial markers, such as anti-EpCAM, anti-HER-2, and anti-

EGFR, at a concentration of 5 μg/mL in PBS were immobilized on either PEG- or 

dendrimer-surfaces by overnight incubation. The PEG- and dendrimer-immobilized surfaces 

were prepared from an epoxy-functionalized glass slide under the optimized condition as we 

previously reported.10,11 Briefly, epoxy-functionalized slides were PEGylated by adding 0.5 

μg/mL of a heterobifunctional PEG (NH2-(PEG)-COOH, 5 kDa, Nektar Therapeutics 

(Huntsville, AL)) in DDI water for 4 hrs. Some surfaces were then further functionalized 

with dendrimers by adding an excess amount of partially carboxylated G7 PAMAM 

dendrimers (50 μM in PBS buffer (pH 9.0)) for 6 hrs after EDC/NHS activation (an 1:1 

mixture of EDC/NHS in DDI water for 1 hr). Note that G7 PAMAM dendrimers were used 
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to accommodate multiple antibodies per dendrimer, considering their sizes (molecular 

weights of typical antibodies and G7 PAMAM dendrimers are both approximately 100 

kDa). To prevent non-specific binding, the antibody-immobilized surfaces were treated with 

1 (w/v)% bovine serum albumin in PBS or 1 μg/mL methoxy PEG-NH2 (Nektar 

Therapeutics) in DDI water for 4 hrs. The volume of all reagents used in this preparation 

was fixed at 300 μL. All incubation processes were carried out at room temperature with 

constant, gentle shaking, and the surfaces were washed between steps with DDI water and 

PBS to remove residual chemicals from the surfaces. The functionalized surfaces were 

immediately used for the subsequent experiments.

Cell culture and Binding assays

ED-1 and ED1-SC cells were grown in RPMI media supplemented with 10% (v/v) FBS and 

1% (v/v) penicillin/streptomycin in a humidified incubator at 37°C and 5% CO2. HL-60 

cells purchased from ATCC (anassas, VA) were cultured in Iscove's Modified Dulbecco's 

Medium (IMDM) supplemented with 10% (v/v) FBS and 1% (v/v) penicillin/streptomycin. 

Prior to all experiments, the ED-1 and ED1-SC cells were transferred into tissue culture 

dishes at concentrations of 1 × 106 cells/mL two days before experiments. To fluorescently 

label the cancer cells for the binding assays, the ED-1 and ED1-SC cells were stained while 

on the flask with 4 μM of calcein AM in Ca2+-included PBS for 30 min before all binding 

experiments were conducted. The final cell suspensions, at a concentration of 8 × 105 

cells/ml, were placed on ice throughout the subsequent cell experiments.

For the binding assay, each antibody-immobilized surface was incubated with cancer cell 

suspensions (total 2 × 105 cells per surface) for 10 min at 37°C. Unbound cells were 

removed from the surface by washing with PBS buffer. The bound cells on PEG- or 

dendrimer-immobilized surfaces were agitated using a shaker (600 rpm) for a total of 5 min, 

and the number of the remaining cells on the surfaces was recorded. To measure binding 

specificity, different numbers of Calcein AM-labeled cancer cells (20, 100, 1,000, and 

10,000 cancer cells) were resuspended in 1 mL of PBS containing 2 × 107 cells/mL HL-60 

cells. These mixed cell suspensions were added onto each antibody-immobilized surface and 

incubated at 37°C for 10 min. The unbound cells were removed from the surface by manual 

washing with PBS buffer. Based on the loading cell number, the recovery yield (%) was 

calculated.

Transgenic mice and their treatments

The described animal protocols were reviewed and approved by Dartmouth's Institutional 

Animal Care and Use Committee (IACUC). To compare the number of CTC in mouse blood 

from wild-type FVB mice and transgenic CEO mice that develop spontaneous lung tumors, 

six to seven mice of each arm were used. The following study was then performed to 

compare the number of CTC in mouse blood in correlation to lung pathology using anti-

miR-31 LNA as a novel therapeutic strategy. Seven- month old, sex-matched CEO mice 

were each injected with either vehicle (PBS with 10% mouse serum (Invitrogen, Carlsbad, 

CA)), control LNA (3 mg/ml), or anti-miR-31 LNA (3 mg/ml) via tail veins once daily for 5 

days before being euthanized using an IACUC-approved protocol at 24 hrs after the last 

treatment. Note that three mice treated with vehicle were 17 months old. Five to six mice of 
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each treatment group were used. Blood for CTC detection was drawn via cardiac puncture 

and lung tissues were harvested, formalin-fixed and paraffin-embedded, processed and 

sectioned for histopathology and hematoxylin and eosin (H&E) staining. The pathologist 

was blinded to the treatment administered.

Buffy coat isolation from blood samples

The withdrawn mouse blood was kept at 4°C and the experiments were performed within 24 

hrs after receiving the blood samples. In a round bottom-tube, a sequence of the following 

solutions was loaded without mixing: 1 mL of Ficoll-Paque Plus (Stemcell Technologies 

Inc., Vancouver, Canada) and up to 1 mL of the mouse blood diluted in 1 mL of PBS buffer 

(3 mL in total volume). The PBS buffer was supplemented with 2% FBS and EDTA. The 

round bottom-tubes were centrifuged at 20°C for 20 min at 1,500× g with brake function off. 

The upper plasma layers were removed without disturbing the plasma-Ficoll interphase. One 

milliliter of the mononuclear cell layer at the plasma-Ficoll interphase (buffy coat) was 

transferred into a new round bottom-tube without disturbing the erythrocyte/granulocyte 

pellets in the bottom layer. The buffy coat including the cancer cells was washed twice with 

FBS/EDTA-included PBS buffer for 10 min at 2,000 rpm with the brake function on. The 

recovered cells were resuspended in 500 μL of RPMI culture media.

CTC capture and identification

The antibody-immobilized surfaces were incubated with the blood samples at 37°C for 1 hr. 

Unbound cells were removed from the surfaces by washing with PBS buffer. After fixing 

the captured cells with 4% paraformaldehyde for 15 min and washing with PBS, the fixed 

cells were permeabilized with 1% TritonX in PBS for 15 min and treated with 5% BSA for 1 

hr. CTCs were identified using a multi-step process. First, the cells were immunostained 

overnight with the first primary antibodies: rabbit anti-wide spectrum cytokeratin (1:50). 

Second, the first secondary immunofluorescent-tagged antibodies, goat anti-rabbit Alexa 

Fluor 594 (red, 1:500), were incubated for 1 hr for signal amplification. Then the cells were 

immunostained with the second primary antibodies, mouse IgG1 anti-CD45 (1:1,000), for 1 

hr. Finally, the second secondary immunofluorescent-tagged antibodies, goat anti-mouse 

IgG1 Alexa Fluor 488 (green, 1:500), were incubated for 1 hr. Antibodies were diluted using 

5% BSA-PBS buffer, and the surfaces were washed with PBS buffer three times. After 

staining the nuclei with DAPI for 2 min, the surfaces were sealed with mounting media to 

obtain images under a fluorescence microscope (Olympus IX70 inverted microscope, 

Olympus America, Inc., Center Valley, PA). Images were recorded using a 10× objective 

and a CCD camera (QImaging Retiga 1300B, Olympus America, Inc.). The number of cells 

on the surfaces was counted, based on the images taken in independent observations/

measurements using ImageJ (NIH).

Results and Discussions

Enhanced binding stability through dendrimer-mediated multivalent binding

For our dendrimer-functionalized capture platform to be used for detection of NSCLC-

derived CTCs, the surface had to be customized via immobilization of lung cancer-specific 

CTC surface markers selected from literature and binding affinity screenings of antibodies 
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using in vitro lung cancer cell lines (Figure 1). For NSCLC cells, binding counterparts for 

several surface markers of the tumor cells (e.g. epidermal growth factor receptor (EGFR), 

human epidermal growth factor receptor-2 (HER-2), and epithelial cell adhesion molecule 

(EpCAM)) would be reasonable for use as capture agents. The expression of EGFR, a 

member of the ErbB family of transmembrane tyrosine kinase receptors, is detected in up to 

85% of NSCLC.15 Abundant expression of EGFR in NSCLC tissue relative to adjacent 

normal lung tissues is reported to associate with a poor survival outcome for lung cancer 

patients and an increased recurrence after tissue resection.15,16 HER-2 has been found to be 

overexpressed on NSCLC cell lines such as NCI-H1650 and NCI-H1466,17 and EpCAM is 

commonly targeted for CTC detection including those originated from lung cancer.6,7

Binding enhancement through dendrimer-mediated multivalent binding effect was first 

observed using ED-1 and ED1-SC via a static agitation assay. Given that the significant 

enhancement of cancer cell binding was shown with anti-EpCAM and anti-HER-2 in our 

previous publications,10,11 the newly employed capture agent, anti-EGFR, was tested to 

confirm whether the multivalent binding effect is applicable to the use with this antibody. 

Compared to the linear poly(ethylene glycol) (PEG)-coated surface with anti-EGFR, the G7 

PAMAM dendrimer-immobilized surface with anti-EGFR showed modestly improved 

recovery yields (percentage of the number captured on the surface out of the initial number 

of cells added) for both lung cancer cell lines, ED-1 (4.6% increase) and ED1-SC (9.8% 

increase), as shown in Supporting Information, Figure S1. However, one of the most unique 

characteristics of multivalent binding is its substantially decreased dissociation kinetics, 

rather than association kinetics.10,18 By measuring fractions of remaining cells (Figure 1b) 

on the surfaces after agitation, the dissociation rate constants (kd, Supporting Information, 

Table S1) were calculated, which can be used to determine relative binding strength between 

the cells and the surface.10 Our data showed that the binding between the cancer cells and 

the anti-EGFR-dendrimer-immobilized surface was much more stable than that on the anti-

EGFR-PEG-coated surface, as demonstrated by the increased fraction of the remaining cells 

and decreased dissociation rate constant (∼1.5 fold decrease) over static agitation. It is 

notable that the more invasive ED1-SC cells generally showed the greater degree of 

enhanced binding stability on the anti-EGFR-dendrimer-immobilized surfaces than ED-1 

cells. Although the enhancement in binding kinetics as a result of incorporation of 

dendrimers was less significant, compared to our prior report,10 the improved dissociation 

kinetics support that the use of dendrimers as a linker for antibody immobilization provides 

enhanced detection.

In addition to the multivalent binding effect, the enhanced capture efficiency of the 

dendrimer surface observed in this study could be due to the high local density of the 

antibodies immobilized on the surface enabled by the nano-scale topography created by the 

dendrimers.10 We previously showed that the highly localized, many functional groups of 

the dendrimers significantly increased the local density of the antibodies, improving the 

overall capture efficiency.10,11

Next, the recovery yields of ED-1 and ED1-SC were compared among the capture surfaces 

functionalized with different proteins, as shown in Figure 1c. Four antibodies, anti-IgG, anti-

EpCAM, anti-HER-2, and anti-EGFR, were separately immobilized onto individual 
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dendrimer-functionalized surfaces. Among the four surfaces, the anti-IgG-immobilized 

surface was used as a negative control. The EpCAM–/HER-2–/EGFR– HL-60 cells 

exhibited little-to-no binding to any of the antibody-immobilized surfaces, confirming that 

all the bindings observed in this experiment was a result of specific interactions. Both ED-1 

and ED1-SC showed low binding on the anti-IgG- immobilized surface (2.7 ± 0.3% for 

ED-1 and 2.6 ± 0.6% for ED1-SC of recovery yields). The anti-EpCAM-immobilized 

surface also induced a similarly low degree of capture of ED-1 (1.6 ± 0.2%) and ED1-SC 

cells (2.9 ± 0.7%). These surface-marker-screening results demonstrated the limitation of 

EpCAM-based lung CTC detection, explaining in part why the anti-EpCAM-coated 

immunomagnetic beads (CellSearch®) exhibited low detection efficiency in clinical trials 

for NSCLC patients.5-7,19 The anti-HER-2-immobilized surface allowed for higher binding 

of ED1-SC (14.2 ± 2.6%), yet the binding of ED-1 (2.9 ± 1.2%) on the same surface was 

comparable to that on the anti-IgG- or anti-EpCAM-coated surfaces. Interestingly, anti-

EGFR showed the highest recovery yields of both cells among the selected antibodies tested. 

ED1-SC cells displayed higher binding to the anti-EGFR-immobilized surface (70.8 ± 2.4% 

recovery yield) than ED-1 cells (13.5 ± 1.2% recovery yield). In addition, a mild synergistic 

enhancement was observed with an antibody mixture of anti-HER-2 and anti-EGFR (1:1, 

(v/v)) where marginal increases in recovery yield by 0.9 and 4.0% were observed for ED-1 

and ED1-SC, respectively.

The binding specificity of the surfaces was then tested using ED-1 and ED1-SC cells 

suspended with the leukocyte model, HL-60 cells. Different numbers of the cancer cells 

ranging between 40-10,000 cells were spiked into 1 mL of PBS solution containing ten 

million HL-60 cells to simulate the physiological density of CTCs among leukocytes.19 The 

recovery yields of ED1-SC cells on all anti-body-immobilized surfaces were generally 

higher than those of ED-1 cells (Figure 1d). Under the three conditions using the two 

antibodies (anti-HER-2, anti-EGFR, and a 1:1 mixture of anti-HER-2 and anti-EGFR), the 

recovery yield of ED1-SC cells was as high as 93.3%. The recovery yield on the anti-

HER-2-coated surfaces was the lowest at less than 33.3% regardless of the number of cancer 

cells added into the cell mixtures. Only marginal improvement (less than 6% increase) was 

observed using the mixture of anti-EpCAM and anti-EGFR (1:1, (v/v)). The highest binding 

of the tumorigenic ED1-SC cells on anti-EGFR and only modest antibody cocktail effect led 

us to use the anti-EGFR-immobilized dendrimer surfaces for subsequent experiments.

CTC Capture from blood of the CEO transgenic mice

CTC capture directly from blood of wild-type FVB/N and CEO transgenic mice with lung 

tumors was performed using the adapted platform with anti-EGFR (Figure 2a). The numbers 

of the captured CTCs per 100 μL of blood from both healthy and transgenic mice with lung 

tumors are plotted in Figure 2b. Significantly more CTCs were captured from the transgenic 

mice with macroscopic lung cancer (75.3 ± 14.9 CTCs per 100 μL, n=7) than the wild-type 

controls (4.4 ± 1.2 CTCs per 100 μL, n=6, p=0.0011), demonstrating the applicability of our 

technology to detect in vivo CTCs for the first time. Given that the blood from mice was 

collected via cardiac puncture, the detected CTCs from the wild-type mice (4.4 ± 1.2 CTCs) 

could be due to the contamination with normal epithelial cells during the blood harvest.20 

Among the captured cells, CTCs were identified via a series of immunostaining (Figure 2c), 
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as previously reported.21,22 The cytokeratin-and DAPI-positive cells were identified as 

CTCs (red-fluorescent cells in Figure 2d) whereas the CD45-positive, nucleated cells on the 

surface were identified as leukocytes (green-fluorescent cells in Figure 2d). In addition, 

detailed information regarding the histological analysis and the CTC numbers are 

summarized in Supporting Information, Table S2. The histology results corresponded to the 

number of captured CTCs from blood, i.e., the more tumorigenic properties such as multiple 

lung and metastatic tumors, the more CTCs in peripheral blood (Supporting Information, 

Table S2). Additional fluorescence images of the captured cells on the anti-EGFR-G7 

surfaces are shown in Supporting Information Figure S1, which indicates that significantly 

more CTCs were captured from the blood of the CEO mice than that of the healthy control.

The results obtained using the CEO transgenic mouse model present advantages for in vivo 

validation for our CTC device to be eventually used for human NSCLC detection. First, the 

CEO transgenic mouse model has similar features to human lung cancer. Other carcinogen-

induced or genetically engineered models of lung cancer rarely exhibit metastasis and 

frequently develop pulmonary adenomas rather than invasive tumors.23,24 The CEO 

transgenic mice mimic many features of the human lung carcinogenesis including 

premalignancy and multiple sites of lung cancers, providing a good model mimicking the 

human disease.12 Secondly, the correlation between the number of CTCs and NSCLC 

metastasis in multiple sites of dissemination can be confirmed by histological analysis of the 

CEO transgenic mice. Lung cancer metastasis is correlated to the number of CTCs in 

peripheral blood, which is supported by our observation of the substantially higher number 

of CTCs in the CEO mice than in the wild-type mice (Figure 2b). In fact, the CEO 

transgenic mice with a higher number of CTCs in peripheral blood showed correlation with 

more macroscopic tumors, as confirmed by the histology analysis (Supporting Information, 

Table S2). Thirdly, the validation of a CTC detection system using the CEO mice can 

overcome limitations of in vitro validation that lacks the heterogeneity of the surface marker 

expression on CTCs and the high number and variety of hematological cells in blood.

Therapeutic effect monitored by changes in CTC numbers in the blood of transgenic mice

To evaluate the ability of our CTC detection platform for therapeutic effect monitoring, anti-

miR-31 locked nucleic acid (LNA) was chosen as a representative therapeutic approach for 

the treatment of the transgenic mice. miR-31 is overexpressed by NLSLC cells and targets 

tumor suppressors, such as large tumor suppressor 2 (Lats2) and PP2A regulatory subunit B 

alpha isoform (Ppp2r2a), consistent with miR-31 acting as an oncomir.14 Targeting miR-31 

by anti-miR oligonucleotides is reported to decrease cellular proliferation in mouse and 

human lung cancer, increase the expression of the tumor suppressors, and subsequently 

suppress lung cancer proliferation in a dose-dependent manner.14 Therefore, the anti-miR-31 

LNA has potential as a therapeutic agent in NLSLC cancer. In an effort to validate our CTC 

detection platform as a tool for monitoring in vivo responses to therapeutic treatments, 

changes in CTC numbers were measured in blood from the CEO transgenic mice and 

correlated to the therapeutic effect of anti-miR-31 LNA (Figure 3a).

To monitor the therapeutic effect of anti-miR-31 LNA, we counted the number of captured 

CTCs per 100 μL blood of the transgenic mice after anti-miR-31LNA, control LNA, or 

Myung et al. Page 8

Anal Chem. Author manuscript; available in PMC 2016 October 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



vehicle treatment, as shown in Figure 3b. The average number of CTCs in the anti-miR-31 

LNA-treated group was measured to be 8.6 ± 2.5, which was substantially lower than other 

groups (vehicle- and control LNA-treated groups). The control LNA-treated mice showed 

46.3 ± 13.1 CTCs that were higher than the vehicle-treated group (29.9 ± 12.2 CTCs), 

although the difference was not statistically significant. Generally, our CTC capture surface 

detected the lowest number of CTCs in blood as well as the lowest occurrence of lung 

cancers from the anti-miR-31 LNA-treated mice. The histology results along with the 

number of CTCs are summarized in Supporting Information, Table S3. Note that not all 

mice developed lung cancer, which was typically observed12; however, once the tumor was 

developed, the mice treated with either vehicle or control LNA exhibited more advanced 

tumors than the a31-LNA-treated mice (Figure 3c). Although we did not observe that the 

anti-miR-31 LNA treatment reduced tumors in the CEO mice during the study period, the 

anti-miR-31 LNA-treated mice exhibited less lung tumors than the control LNA group, 

which was correlated to the lower number of CTCs counted from the anti-miR-31 LNA 

group.

Our results indicate that the unique combination of the CEO transgenic mouse model and 

the highly sensitive CTC device can provide a promising method for preclinical drug 

screening to develop tools to identify, validate, and optimize new therapeutic and preventive 

regimens for lung cancers. We have observed that the high number of CTCs in blood of the 

CEO transgenic mice indicates an adverse prognosis after therapy (Figure 3b). The results 

shown in this paper prove the sensitivity and specificity of our dendrimer-based system with 

anti-EGFR in capturing CTCs from blood as well as in examining the therapeutic effects of 

drug candidates.

Size difference between in vivo CTCs and in vitro cancer cells

It is notable that the sizes of the captured tumor cells from in vitro cell lines and in vivo CEO 

transgenic mice were significantly different, as shown in Figure 3d. The captured ED-1 and 

ED1-SC cells were measured to be 17.7 ± 2.8 μm and 17.1 ± 3.9 μm in diameter, 

respectively, which were significantly larger than the in vivo CTCs (6.4 ± 0.9 μm for the 

vehicle-treated control and 6.3 ± 1.2 μm for the control LNA group). Furthermore, CTCs 

from the anti-miR-31 LNA treatment group (6.9 ± 2.1 μm) had a variation in cell size than 

other groups tested in this study. The average diameters of the captured CTCs between in 

vitro cell lines and transgenic mice were significantly different (p<0.0001).

Most of the existing size-based filtration systems are based on an assumption that epithelial 

tumor cells would be larger than normal hematological cells including leukocytes. However, 

the significantly smaller size of the CTCs from mouse blood than the in vitro cell lines 

shown in Figure 3d suggests that the size-based separations may present limitations, 

especially in clinical situations.25-27 This potential issue is further supported by a study 

where, in human cancer patients, the CTC size was measured in a broad range of 4-30 μm in 

diameter.8 It is also reported that, due to the portion of CTCs that is smaller than leukocytes, 

a size-based filtration system showed the limited capture efficiency.8 It is therefore obvious 

that our approach using the antibody-functionalized dendrimer surface is of high potential in 
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providing highly sensitive and specific detection of CTCs that may not be achieved by some 

of the size-based filtration systems.29,30

Conclusions

In conclusion, a versatile, dendrimer-based CTC detection platform was adapted for lung 

cancer CTCs by immobilization of anti-EGFR that is specific to NSCLC cells including 

ED-1 and ED1-SC, and used to measure murine CTCs from peripheral blood of CEO 

transgenic mice. The correlation between the number of CTCs and lung cancer development 

in the transgenic mice was determined, showing that CTCs detected using our platform can 

serve as an indicator for lung cancer development. We also validated this CTC detection 

platform as a way to monitor the therapeutic effect of anti-miR-31 using the transgenic 

mouse model, which demonstrates that CTC monitoring has potential for translational 

studies in lung cancer biology and therapy. All in all, our study presents a new CTC 

methodology for NSCLC, offering a promising way to monitor cancer progress and 

responsiveness to therapeutic intervention.
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Figure 1. 
Selectivity and sensitivity screening of a G7 PAMAM dendrimer-immobilized platform with 

antibodies against surface markers using in vitro murine lung cancer cell lines, ED-1 and 

ED1-SC. a) A schematic illustration of this study investigating polymer chemistry, 

sensitivity, and specificity. b) Enhanced binding between anti-EGFR and cancer cells 

through dendrimer-mediated multivalent binding. c) Antibody screening for capturing of 

mouse lung cancer cells. All antibodies were functionalized on dendrimer-immobilized 

surfaces. Anti-EGFR antibody showed the highest binding with the both lung cancer cells, 

but not with HL-60, a leukocyte model. d) High recovery of the both cells from cell 

mixtures (in a range of 40-10,000 ED-1 or ED1-SC cells mixed with 1 × 107 HL-60 cells 

were used) using anti-EGFR. (n=3, All error bars: standard error (S.E.)).
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Figure 2. 
CTC detection from healthy and transgenic mice using an anti-EGFR-G7 dendrimer-

immobilized platform. a) An illustration of the experiment independently using wild-type 

FVB/N mice and CEO transgenic mice. b) Comparison of the captured cell numbers per 100 

μL blood between two groups on the anti-EGFR-dendrimer surfaces. A significantly higher 

number of CTCs (75.3 ± 14.9 CTCs per 100 μL, n=7) was captured from the transgenic 

mice than that (4.4 ± 1.2 CTCs per 100 μL, n=6, p=0.0011) from wild-type controls. (Mean 

± S.E., **p<0.005) c) An immunostaining scheme of the captured cells and d) its 

representative images: i) DAPI staining, ii) cytokeratin staining, and iii) CD45 staining. The 

cell with a white arrow was identified as a CTC.
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Figure 3. 
Comparison of the number and size of captured cells among three experimental groups on 

anti-EGFR-G7 dendrimer-immobilized surfaces. a) A schematic illustration of the three 

experimental groups of CEO transgenic mice to monitor therapeutic effects of anti-miR-31 

LNA (a31-LNA). b) CTC numbers detected from the three groups. The group treated with 

a31-LNA (8.6 ± 2.5 CTCs, n=6, p= 0.0484) showed a significant decrease in CTC number 

compared to the other two groups. The CTC number in the group treated with C-LNA (46.3 

± 13.1 CTCs, n=5) was not statistically significantly different from that in the control CEO 

mice with vehicle treatment (29.96 ± 12.2 CTCs, n=5). (mean ± S.E., *p<0.05) c) 

Representative histology images of lung tissues of the CEO mice: i) healthy lung and ii) 

lung tumors formed in the vehicle-treated control; iii) lung tumors formed in the control 

LNA (C-LNA) group; and iv) shrunk lung tumor and close-to-the-normal lung tissue 

morphology found in the a31-LNA group. All images were taken at 20× magnification. d) 

Size distribution of the captured cells on the anti-EGFR-dendrimer surfaces. The cells from 

in vitro cell lines (17.7 ± 2.8 um for ED-1 and 17.1 ± 3.9 μm for ED1-SC) were larger than 

those from in vivo animal blood (6.4 ± 0.9 μm for control, 6.3 ± 1.2 μm for C-LNA, and 6.9 

± 2.1 μm for a31-LNA). (mean ± S.D., ****p<0.0001).
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