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Abstract

Inherent electrical properties of cells can be beneficial to characterize different cell lines and their 

response to experimental drugs. This paper presents a novel method to characterize the response of 

breast cancer cells to drug stimuli through use of off-chip passivated-electrode insulator-based 

dielectrophoresis (OπDEP) and the application of AC electric fields. This work is the first to 

demonstrate the ability of OπDEP to differentiate between two closely related breast cancer cell 

lines, LCC1 and LCC9 while assessing their drug sensitivity to an experimental anti-cancer agent, 

Obatoclax. Although both cell lines are derivatives of estrogen-responsive MCF-7 breast cancer 

cells, growth of LCC1 is estrogen independent and anti-estrogen responsive, while LCC9 is both 

estrogen-independent and anti-estrogen resistant. Under the same operating conditions, LCC1 and 

LCC9 had different DEP profiles. LCC1 cells had a trapping onset (crossover) frequency of 700 

kHz and trapping efficiencies between 30–40%, while LCC9 cells had a lower crossover frequency 

(100 kHz) and showed higher trapping efficiencies of 40–60%. When exposed to the Obatoclax, 

both cell lines exhibited dose-dependent shifts in DEP crossover frequency and trapping 

efficiency. Here, DEP results supplemented with cell morphology and proliferation assays help us 

to understand the response of these breast cancer cells to Obatoclax.
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1 Introduction

At diagnosis, 70% of breast tumors express estrogen receptors (ER+) and the standard of 

care for these patients is endocrine therapy with antiestrogens or aromatase inhibitors [1]. 

These therapies are designed to deprive the tumor of growth promoting actions of estrogens 
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and while they do have initial widespread clinical efficacy, 50% of women receiving 

endocrine therapy will show either de novo resistance or acquired resistance [2]. Therefore, 

endocrine resistance remains a major challenge in the clinic. In the laboratory, endocrine 

resistance has been studied at the molecular level using established breast cancer cell lines 

such as the ER+ MCF-7 derivatives, LCC1 and LCC9 [3]. MCF-7 cells have been used to 

model patients whose tumors are growth stimulated by estrogens and growth inhibited by 

anti-estrogen drugs [4]. LCC1 cells were selected from MCF-7 cells during in vivo 

propagation in mouse xenografts; although growth of LCC1 cells is estrogen independent, 

LCC1 grow is inhibited by antiestrogens. LCC9 cells are a derivative of LCC1; LCC9 cells 

were selected in vitro from LCC1 cells and are estrogen-growth independent and anti-

estrogen resistant [3]. Thus, LCC1 and LCC9 cells represent forms of ER+ breast cancer 

that require new drug treatments are excellent models to screen new anti-cancer agents.

To provide patients with more targeted cancer treatments, cell lines must be further analyzed 

to characterize ER+ cells and their response to experimental anti-cancer agents. 

Conventional cell manipulation methods such fluorescent tagging with Annexin V [5], MTT 

assays, and the trypan blue assays can be used to study drug-induced growth inhibition and 

cell death. Such assays showed that LCC1 and LCC9 cell density decreased in response to 

GX, an anti-tumor BH3-mimetic drug (GX15-070) [6]. However, proliferation assays can be 

laborious, time consuming and fail to provide insight into drug-induced biophysical changes. 

Methods such as electrorotation have been utilized to characterize cells based on their 

dielectric properties [7]. Huang et al. demonstrated the ability of electrorotation to detect cell 

membrane responses to drug-induced apoptosis in HL-60 cells [8]. This technique was able 

to provide real-time membrane property measurements for single cells, however, due to its 

low throughput, it is very difficult to analyze the changes in cell populations.

One promising alternative for analyzing the drug response of cancer cells is 

dielectrophoresis (DEP). DEP can provide insight into changes occurring in cell biophysical 

attributes, including size, membrane capacitance, and cytoplasmic conductivity. DEP is an 

electrokinetic-based technique in which uncharged particles suspended in a fluid can be 

moved via polarization forces induced by an inhomogeneous electric field [9]. It is a highly 

versatile and customizable method which does not require biological markers [10] and can 

be used to manipulate bioparticles based on their dielectric properties and discriminate based 

on the cell’s physiological state [11]. Moreover, DEP based characterization can be further 

integrated into microfluidic platforms to provide separation of live and dead cells [5], to 

separate circulating tumors cells from blood samples [12], or provide real time analysis of 

drug induced cytotoxicity in cells [13]. Typical AC electric fields used in DEP have not 

shown adverse effects on cells when applied within certain frequency and voltage ranges 

[14]. Therefore, integrating microfluidics into DEP based characterization can provide Lab-

On-Chip systems, which provide high throughput with real time analysis of live cells.

Various DEP based methods have been used to study the effect of drugs on cells. In a study 

by Wang et al., the effectiveness of DEP characterization as a rapid method superior to DNA 

fragmentation for the detection of drug-induced apoptosis in human myelogenous HL-60 

cells was demonstrated [15]. In addition, DEP has been utilized to complement flow 

cytometry to understand the underlying mechanism in multi-drug resistance reversal in 
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human leukemic cells [16] and human breast cancer cells [17]. Henslee et al. used the 

3DEP™ system to show DEP results were comparable to standard assays such as flow 

cytometry, trypan blue, and MTT assay whilst being faster and label-free [18]. The 3DEP™ 

system was also used to complement flow cytometry assessments of drug-induced apoptosis 

progression in Jurkat T-cells [19]. Similar studies have been carried out using DEP-based 

techniques to study the drug-induced apoptosis in lung cancer cells [20]. These studies 

illustrate the value of DEP in drug response analysis using electrodes in direct contact with 

cell samples. Such methods pose limitations such as sample contamination, electrolysis, and 

delamination of electrodes [21].

In contrast, the off-chip passivated-electrode insulator-based dielectrophoresis (OπDEP) 

uses a unique DEP design in which AC electric fields are capacitively coupled into the 

microchannel to alleviate some of the commonly known limitations in electrode-based DEP. 

This technique generates necessary electric field gradients through micro-pillars embedded 

within the microfluidic channel while utilizing reusable electrodes positioned on a separate 

detachable substrate for AC electric field generation. This platform has been previously used 

to isolate live and dead bacteria [22]. However, this is the first demonstration of the 

applicability of this technique for breast cancer cell drug analysis and the first use of 

insulator-based DEP for analyzing closely related drug sensitive and drug resistant breast 

cancer cells.

In this study, we employ the OπDEP platform to characterize two ER+ breast cancer cell 

lines, LCC1 and LCC9, and their DEP response to 100 nM, 500 nM, and 1 µM treatments of 

the anti-tumor drug GX. Scanning electron microscope (SEM) imaging was performed to 

compare the DEP results with cell morphological changes. Cell proliferation assays were 

performed to compare the DEP findings with a conventional drug assessment method.

2 Materials and methods

2.1 Device fabrication

Fabrication of OπDEP devices used in this study followed processes previously presented 

[22]. Electrodes were fabricated on a glass substrate through photolithography and 

deposition of chrome/gold by physical vapor deposition. A lift-off process was then 

employed to create a pair of electrodes with dimensions of 1000 and 600 µm in width and 

horizontal spacing, respectively, on a 500 µm thick glass substrate. After, a silicon wafer is 

patterned with photoresist and dry etched to create a negative silicon master.

Polydimethlsiloxanne (PDMS) (Dow Corning, MI, USA) microfluidic channels with an 

array of insulator pillars were fabricated using the negative silicon wafer as the mold. Inlets 

and outlets were punched on each chip and then bonded to a 100 µm thick #0 cover glass 

slide (Electron Microscopy Sciences, PA, USA) which separates the microfluidic chip from 

the electrodes. The microfluidic component was placed directly above and between the 

electrodes with minimal alignment and attached using tape. Figure 1 shows an optical image 

of the OπDEP chip with a close-up of the insulating pillars which are 100 µm in diameter 

with edge-to-edge 30 µm spacing with a depth size 40 µm for the entire microfluidic 

channel. Overall size of the entire chip is 3 cm × 2.5 cm.
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2.2 Cell culture and treatments

LCC1 and LCC9 cells lines were obtained from Tissue Culture Shared Resources of the 

Lombardi Comprehensive Cancer Center, Georgetown University, Washington, DC. As 

recommended by the supplier, cells were maintained in T-25 flasks in Minimum Essential 

Medium (MEM Richter’s modification) (Life Technologies, NY, USA) containing 5% 

Donor Calf Serum Charcoal Stripped (Valley Biomedicals, VA, USA) and antibiotics, 100 

U/mL penicillin and 100 µg/mL streptomycin (Mediatech, VA, USA), at 37°C in a 

humidified 5% CO2 incubator.

LCC1 and LCC9 cells were treated with GX (Selleckchem, TX, USA) for 12 h. Stock 

solutions of GX were prepared in dimethyl sulfoxide (DMSO) (Life Technologies, NY, 

USA), stored at −80°C, and diluted in culture media to the desired concentrations. A vehicle 

control treatment using 0.1% DMSO was also performed on both cell lines.

Immediately prior to DEP analysis, cells were harvested and fluorescently tagged with 5 µM 

5-chloromethyl fluorescein diacetate (Cell Tracker Green CMFDA Dye) (Life Technologies, 

NY, USA) in a low conductivity DEP buffer prepared by adding 8.5 g sucrose (Sigma 

Aldrich, MO, USA) and 0.725 mL MEM (Life Technologies, NY, USA) in 100 mL 

deionized water [23]. The conductivity of the DEP buffer was found to be 113 ± 0.54 µS/cm 

as measured using Conductivity Meter SG7 (Mettler Toledo, Scherzenbach, Switzerland). 

Cells were washed two times with DEP buffer to remove residual drug and CMFDA and 

avoid alterations in the solution conductivity. The final cell concentration in the samples was 

adjusted to 2 × 106 cells/mL for all experiments.

2.3 Experimental setup

For experimentation, a 1 mL syringe containing the fluorescently tagged cell solution was 

connected to the chip and the solution was driven through the channel at a constant flow rate 

of 10, 20, or 50 µL/hr based on the experiment of interest, using a Pump11 Elite syringe 

pump (Harvard Apparatus, MA, USA). Experiments were conducted at frequencies 50 kHz 

and100 kHz–1 MHz at 100 kHz intervals. Voltages were applied over this frequency range 

to the electrodes by using a 50 MHz function generator (4079 50 MHz Dual-Channel 

Arbitrary Waveform/Function Generator, B&K Precision, CA, USA) and a voltage amplifier 

(A800DI Voltage Amplifier, FLC Electronics AB, Sweden) to initiate DEP forces induced 

by the application of the AC electric field causing trapping around the pillars. Trapping of 

the cells was observed using a Zeiss Axio Observer.Z1 inverted epifluorescence microscope 

(Germany) with a 10× objective lens and imaged using a Zeiss AxioCam MRc camera 

(Germany).

Trials were observed for 25 s to account for 20 s DEP excitation, cell release and to allow 

cells to return to a continuous flow (see supporting information 1 and 2 for videos of 

trapping). Trapping efficiencies were calculated as the ratio of trapped cells to the total 

number of cells in each run. Crossover frequencies were determined by experimentally 

sweeping the voltage over the 50 kHz–1 MHz range to determine the frequency at which the 

cell switch from being repelled by the highest gradient areas in the electric field (negative 

DEP) to being attracted to the highest gradient areas in the electric field (positive DEP). 
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Only values for positive DEP are reported. Trials were operated using 20 µL/h flow rate and 

80 Vpeak-to-peak applied voltage. These two values were the optimal values for this study, see 

Supporting Information 3 for further information.

2.4 Scanning electron microscope sample preparation

Cells were grown with and without drug treatment on individual glass slides and fixed using 

a 4% formaldehyde solution in phosphate-buffered saline (PBS, Baker, PA, USA). Samples 

were post-fixed in 1% osmium tetraoxide, serially dehydrated in a graded ethanol series (15, 

30, 50, 70, 95, 100%), and critical point dried. After sputter coating the samples with gold, 

SEM images were acquired using a Carl Zeiss EVO 40 SEM (Germany).

2.5 Cell size measurement

Cell size in suspension was measured using images captured by the epifluorescence 

microscope and analyzed using the image processing software, Zen Pro Blue (Germany). 

Fifty cell sizes were measured for LCC1 and LCC9 vehicle and GX-treated trials. Final cell 

size was reported as the mean ± standard deviation, as shown in Table 1.

2.6 Cell proliferation assay

Cell proliferation assays were performed to assess the time course of response to GX. Cell 

proliferation was determined using the crystal violet assay. Cells were seeded at a 

proliferation of 5 × 103 per well in 96-well plates. Twenty-four hours later, the indicated 

concentration of GX or vehicle control was added for 12, 24 or 48 h treatments. Following 

treatment, cells were stained with a crystal violet staining solution as previously described 

[6]. Sodium citrate buffer was used to extract the dye, and an index of cell proliferation was 

obtained using the absorbance at 550 nm using a microplate reader (Bio-Rad, CA, USA). 

Results at 12, 24 and 48 h are shown in Fig. 2. LCC9 cells are significantly more sensitive to 

500 nM GX than LCC1 cells, confirming an earlier report by Schwartz et al [6].

2.7 Statistical significance analysis

For multiple group comparisons, Student–Newman–Keuls method comparison test was 

applied following ANOVA. Results were considered to be significantly different at p < 0.05. 

Statistical analysis was carried out using the Sigma Plot software (Jandel Scientific, SPSS, 

Chicago, IL, USA).

3 Results

3.1 DEP characterization of breast cancer drug response

While discerning among different cell types is an established application of DEP-based 

technologies, drug response characterization is another area which can benefit from DEP 

characterization methods and has not been explored to a great extent. Therefore, a drug 

sensitivity study of LCC1 and LCC9 cells to the drug GX was performed using the OπDEP 

platform. Figure 3 shows the response of LCC1 and LCC9 cells to GX treatment at 100 nM, 

500 nM and 1 µM compared to their vehicle counterparts.
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Vehicle control and GX-treated cells in both cases have notably different DEP profiles. In 

both cell lines, the crossover frequency shifted to a higher value in response to 1 µM GX 

exposure with LCC9 cells showing a larger shift in the crossover compared to LCC1 cells. 

As seen in Fig. 3, the LCC1 vehicle-treated cells had an initial crossover frequency of 700 

kHz. After 100 nM GX treatment, the LCC1 cells shifted their crossover frequency to 800 

kHz. When exposed to the 500 nM and 1 µM GX treatments, the cells reached a maximum 

in crossover frequency of 900 kHz.

Similarly, the LCC9 (vehicle) had a crossover of 100 kHz which shifted to a maximum of 

400 kHz when exposed to GX. When exposed to 100 nM or 500 nM GX, the crossover 

frequency shifted to 200 kHz. However, when exposed to the 1 µM solution, the crossover 

frequency shifted to 400 kHz.

In addition to changes in the crossover frequency, GX-treatment resulted in alterations in the 

trapping efficiencies. For vehicle-treated LCC1 cells trapping efficiency at 900 kHz was 

33% ± 2.8%. GX treatments of 100 nM, 500 nM and 1 µM GX caused graded increases in 

the trapping efficiency at 900 kHz to 38% ± 2.8%, 46% ± 2.3%, and 56% ± 1.2%, 

respectively. At the 1MHz frequency, the LCC1 vehicle-treated cells had a somewhat higher 

trapping efficiency (41% ± 1.8%) than the LCC1 GX-treated cells (36–27%).

In contrast, vehicle-treated LCC9 vehicle cells generally exhibited greater trapping 

efficiencies than GX-treated cells. The trend for 100–800 kHz was that with each 

concentration of GX, the trapping efficiency of the LCC9 cells decreased relative to the 

vehicle. However, at 900 kHz and 1 MHz the trapping efficiencies increased when exposed 

to GX. At 1 MHz the 100 nM, 500 nM, and 1 µM GX-treated cells had higher trapping 

efficiencies of 56% ± 1.1%, 72% ± 1.1%, and 68% ± 2.3%, respectively, versus 51% ± 1.2% 

for the vehicle.

These changes can be indicative of a change in the cell size and/or changes in the properties 

of the cell which relate to the electrical properties of the cell. Further experiments were 

carried out to understand the immediate effects of this drug on each cell line.

3.2 Morphology of vehicle and GX-treated LCC cells

The cell morphology and surface properties are visible aspects of the cell which play a role 

in the DEP response. Hence, SEM images of vehicle and GX-treated LCC1 and LCC9 cells 

were acquired (Fig. 4). These images reveal changes in the cell membrane. The cell surface 

of LCC1 vehicle-treated cells appears generally smooth with many pores. However, the cells 

became ruffled with many protrusions after treatment with GX. In contrast, vehicle-treated 

LCC9 cells have a rough surface appearance with many surface protrusions. However, after 

treatment with GX, the LCC9 surfaces appear smoother with fewer surface protrusions.

Cell size is another factor affecting the DEP force. The size of vehicle and GX-treated LCC1 

and LCC9 cells were measured (Table 1). LCC9 GX-treated cells showed a significant 

decrease in cell size while LCC1 GX-treated cells were slightly larger than the control cells. 

Cell shrinkage also termed apoptotic volume decrease (AVD) is a hallmark of apoptosis and 

might well account for the reduced cell size observed here in response to GX [24].
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4 Discussion

The DEP force acting upon a particle is a factor of various parameters as shown by Pohl [9]. 

The DEP profile (trapping efficiency in this work) can provide valuable information 

regarding the electrical properties of the cell. One such information can be extracted from 

the low crossover frequency which has been observed in the results presented in this work. 

Based on previously developed models [25], the low crossover frequency can be expressed 

as

f x1 ≈ 2
2πrCm

σs (1)

where r is the particle radius, Cm is the membrane capacitance, and σs is the conductivity of 

the solution the cells are suspended in. Based on this equation, at constant solution 

conductivity, the crossover frequency has an inverse relationship with both the cell radius 

and membrane capacitance.

Based on the DEP profile, studies have demonstrated that DEP can be a useful tool for drug 

assessment for cancer cells, while also providing insight into the cell physiology [17]. Wang 

et al. cited membrane changes determined by DEP profiles could be used as an indication of 

apoptosis in HL-60 cells. The study suggests that these membrane variations are caused by 

changes in the membrane area, which is associated with cell size or surface ruffles, folds or 

microvilli alterations [15]. Variations in these parameters modifies fx1, as described by Eq. 

(1), such that larger membrane capacitances and particle radii result in decreased values. 

Other studies investigated multidrug resistance in breast cancer cells using DEP and a 

single-shell model to extract membrane and cytoplasm properties. Their findings suggested 

cytoplasmic features are more critical than membrane properties in determining drug 

sensitivity. These investigators found no significant change in the electrical nature of the 

membrane between the drug sensitive and multi-drug resistant cell lines tested [16, 17].

Based on the frequencies used for these DEP studies, these variations in cellular DEP 

profiles can be attributed to differing physical characteristics, such as cell size, membrane 

capacitance, morphology, and membrane passive conductivity [26]. As shown by Gascoyn et 

al., the membrane capacitance is directly related to the degree of membrane folding which is 

dictated by the membrane morphology [11]. In their work, a membrane morphological score 

(M) is defined as

M = (R + P + F)
3 (2)

where R, P, and F are roughness, projections, and flattening compared to a smooth sphere, 

respectively. Based on this definition, we can predict that membrane capacitance would be 

greater in the vehicle-treated LCC9 than LCC1 cells; additionally, the vehicle-treated LCC9 

cells may be slightly larger than the LCC1 cells which again would predict a higher 
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membrane capacitance. High number of protrusions and larger membrane capacitances 

translate to lower crossover frequencies, as seen by the DEP profiles.

The LCC9 are strongly growth inhibited by GX while LCC1 are relatively GX insensitive to 

GX. The DEP profiles displayed by LCC9 and LCC1 should reflect these distinct drug 

sensitivities. As mentioned previously the fx1 is inversely proportional to cell size and 

membrane capacitance, meaning an increase in either parameter results in a decrease in 

crossover frequency. The trapping efficiency has the opposite relationship where in increase 

in cell size or capacitance results in higher trapping values. In response to GX, LCC9 cells 

showed a noticeable decrease in roughness, slight increase in projection, no change in cell 

flattening after GX treatment, and a concentration-dependent decrease in cell size. These 

physical observations would be expected to increase crossover frequency and decrease 

trapping efficiency. In LCC1 cells, however, we see noticeable increase in cell surface 

roughness and slight increase in projections. However, the cells become significantly 

rounded compared to vehicle condition where they show a flat surface mostly. These 

characteristic changes for both cell lines translates to their shifts in the DEP profiles.

Assuming constant membrane permittivity and thickness, findings regarding LCC9 are 

consistent with the concepts that the smoother membrane and smaller cell size contributes to 

a higher crossover frequency. Results show that when exposed to GX, LCC9 cells decreased 

proportionally in size as the GX concentration was increased. In addition, the cells decreased 

in the number of surface protrusions when exposed to the 500 nM GX treatment. The LCC9 

cell’s crossover frequency shifted from 100 kHz to a higher frequency of 400 kHz.

In contrast, GX-treated LCC1 cells, showed a higher proliferation of surface protrusions, 

while also shifting their crossover frequency from 700 kHz to a higher value of 900 kHz. 

The cell size increase was negligible in response to GX which is consistent with lack of 

apoptosis in this line (Table 1). This indicates that factors other than cell size or surface 

roughness contribute to the DEP profile. Because the crossover frequency for LCC1 is 

relatively high, changes in the cytoplasm as demonstrated by other studies [18] or membrane 

passive conductance [26] might be responsible.

Beyond crossover frequency, we observed that for GX-treated LCC9 cells, the overall 

trapping efficiency at lower frequencies (200–500 kHz) decreased compared to the vehicle-

treated cells. In the more GX-sensitive LCC9 line, that the trapping efficiency over this 

range decreased with increasing concentrations of GX. This change is consistent with 

membrane morphology and cell size as LCC9 GX-treated cells have fewer protrusions and 

are smaller in size than the vehicle cells (Table 1). However, at frequencies beyond 500 kHz, 

the trapping efficiencies became more similar to the vehicle cells, suggesting minimal or no 

changes in internal dielectric properties.

The LCC1 vehicle and GX-treated cells also have relatively similar trapping efficiencies for 

high frequencies. This may imply that the cell size and surface morphology is no longer 

playing as large of a role in the DEP profile as the frequencies are becoming larger. Again, 

this suggests that the internal cell components such as the cytoplasm are predominant 

influences on the DEP profile in this cell line. Supporting this are the findings that GX 
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elicits cytoplasmic autophagosomes in LCC1 cells and that compared with LCC9 cells, 

autophagy plays a more prominent role than apoptosis in the toxicity of GX in this cell line 

[6].

We have shown the OπDEP platform was able to detect changes in the DEP profile after 12 

h GX treatment, while a traditional drug assessment method such as proliferation assays 

require seeding and at least 24 h incubation prior to treatment. Similarly, DEP has shown to 

detect drug response in cells (after 2 h of treatment) faster than other assessment methods 

such as flow cytometry which typical requires 24 h [20]. Along with this advantage, the 

OπDEP platform eliminates certain common drawbacks associated with other DEP 

platforms. The benefits of OπDEP include reusable electrodes, passivation from cell 

solution (preventing interactions between the cells and electrodes) and localization of 

electric fields, making this a cost-effective for tool for rapid drug assessment.

Nevertheless, we acknowledge the OπDEP platform is limited by the thick passivation layer 

(100 µm) which causes the system to require large electric field magnitudes. This translates 

to limited frequency ranges due to equipment restrictions and large electronics. Further 

limitations of the platform are discussed in Zellner et al. [22]. In addition, as this study 

evaluated frequencies at 100 kHz intervals, the DEP profiles generated are only discrete 

values. In order to produce a more continuous profile, additional data points should be added 

for future studies.

Further studies need to be performed to better define the relationships which link DEP 

characteristics and the cellular alterations which lead to each kind of profile. Additionally, to 

evaluate the predictive nature of the trapping efficiency and crossover frequency DEP 

analyses with unknown cell samples should be conducted. Future directions for this platform 

encompass the fabrication of multiple channels on a single chip in order to enable 

simultaneous differential measurements for various trials, leading to more robust results and 

reduced experimental time.

5 Conclusion

By utilizing the previously established OπDEP platform, we have shown that different cell 

lines exhibit different and distinctive trapping profiles. When the cells were exposed to a 

chemical stimulus, the initial trapping frequency and the trapping efficiencies vary. The 

treated cells are clearly distinguished from their vehicle counterparts based on shifts in their 

DEP profiles, exhibiting the applicability of this method for drug sensitivity studies. These 

shifts in the DEP profiles can be further examined to determine the underlying biophysical 

changes due to drug exposure. Thus, this method of analysis provides greater insight into the 

biophysical changes of cells in a rapid, label-free assay. Additionally, the inherent benefits of 

the OπDEP platform such as reusable electrodes and separation between the electrodes and 

sample shows the platform’s tremendous potential for drug sensitivity studies.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Top view of the fabricated microfluidic chip and electrodes. The image shows the 

alignments of the microfluidic device with the DEP pillars positions directly above and in-

between the reusable (detachable) electrodes spaced 400 µm. (B) Close-up of the DEP 

pillars within the microfluidic chip and electrodes that lie below the microfluidic chip and 

surround the DEP pillars.
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Figure 2. 
Proliferation assay results for untreated and 500 nM GX-treated LCC1 and LLC9 cells under 

control conditions (DMSO vehicle alone) at 12, 24, and 48 h.
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Figure 3. 
Trapping profile of vehicle and GX-treated at 100 nM, 500 nM, and 1 µM (A) LCC1 and (B) 

LCC9 cells, each bar represents mean ± standard error of mean for at least three experiments 

(n> = 3).
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Figure 4. 
SEM images of vehicle control and 500 nM GX-treated LCC1 and LCC9 cells with labeling 

below each image.
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Table 1

Measured axial length cell size for vehicle and GX-treated LCC1 and LCC9 cells

Treatment LCC1 (µm) LCC9 (µm)

Vehicle 13.0 ± 2.0 15.0 ± 1.0

GX 100 nM 12 h 13.5 ± 1.0 14.5 ± 1.5

GX 500 nM 12 h 14.5 ± 1.5 11.0 ± 1.5

GX 1 µM 12 h 15.5 ± 1.5 10.0 ± 1.0
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