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Abstract: In this study, we used three-dimensional (3D) printing to prepare a template of a micro-

fluidic chip from which a polydimethylsiloxane (PDMS)lung chip was successfully constructed. 

The upper and lower channels of the chip are separated by a microporous membrane. The upper 

channel is seeded with lung cancer cells, and the lower channel is seeded with vascular endothelial 

cells and continuously perfused with cell culture medium. This lung chip can simulate the micro-

environment of lung tissue and realize the coculture of two kinds of cells at different levels. We 

used a two-dimensional (2D) well plate and a 3D lung chip to evaluate the effects of different 

EGFR-targeting drugs (gefitinib, afatinib, and osimertinib) on tumor cells. The 3D lung chip was 

superior to the 2D well plate at evaluating the effect of drugs on the NCI-H650, and the results 

were more consistent with existing clinical data. For primary tumor cells, 3D lung chips have more 

advantages because they simulate conditions that are more similar to the physiological cell mi-

croenvironment. The evaluation of EGFR-targeted drugs on lung chips is of great significance for 

personalized diagnosis and treatment and pharmacodynamic evaluation. 
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1. Introduction 

Lung cancer is the most common cancer worldwide and the most common cause of 

cancer-related deaths, with more than 2.2 million new cases of lung cancer and 1.8 mil-

lion deaths from lung cancer being reported in 2020 [1]. Studies have shown that 

non-small cell lung cancer (NSCLC) accounts for 85% of all lung cancer types; the sensi-

tive mutation rate of adenocarcinoma tissue in patients with advanced NSCLC patients 

in mainland China is 48.0%, and the overall epidermal growth factor receptor (EGFR) 

mutation rate is 50.2% [2]. For patients with advanced NSCLC and a positive EGFR gene 

drive, epidermal growth factor receptor tyrosine kinase inhibitors (EGFR-TKIs) are the 

current first-line treatment option [3–6], but these lung cancer patients still have tumor 

recurrence and aggressive metastasis. The five-year survival rate of non-small cell lung 

cancer is less than 20% [7]. Moreover, there are individual differences between different 

lung cancer patients, and there are also differences in their sensitivities to different tar-

geted drugs. To improve the efficacy of EGFR-targeted anti-lung cancer drugs, screening 

in vitro before clinical treatment is an important step, and such drug screening is valua-

ble to choose an appropriate regimen and individualized treatment for each patient. 
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Therefore, drug screening has become essential for improved drug efficacy and patient 

prognosis [8,9]. 

Detection platforms for drug screening mainly include two-dimensional (2D) cell 

cultures, three-dimensional (3D) organoid cultures, and animal models. In vitro cultures 

of 2D tumor cell lines or immortalized cell lines is a common method of studying tissue 

pathophysiology and drug response, but they cannot reproduce the structural, mechan-

ical, and functional properties of human tissues and cannot mimic the inherent complex 

properties of tissues and organs. Organoids are organ-specific multicellular 3D cultures 

that reproduce some key structural and functional properties of the corresponding or-

gans [10], but they cannot mimic biophysical properties, thus hindering their application 

in disease modeling and drug screening. Animals are also used to model human physi-

ology for disease research, preclinical drug development, and screening. However, due 

to the differences between animals and humans, there are large differences in the physi-

ological structures, tissue and organ functions, life support, etc. Thus, animal models 

cannot provide a strong theoretical basis for the development and research of human 

lung models in vitro for disease modeling and drug development and screening [11]. 

Moreover, animal experimental research has other limitations, such as a long model es-

tablishment cycle, high cost, low efficiency, and single research time point; in addition, 

animal experiments also involve ethical issues. Therefore, it is crucial to develop an intu-

itive and reliable drug screening detection platform to guide the individualized treat-

ment of lung cancer. 

Microfluidic organ chips, with their advantages of high throughput, automation, 

real-time multi-index monitoring, and accurate simulation of the physiological microen-

vironment in vivo, can predict the curative effect and toxicity of drugs more quickly and 

accurately and have great potential in the development of drug screening [12–14]. 

Among them, the lung organ chip is one of the earliest researched organ chips, which can 

simulate the physiological microenvironment, such as the alveolar structure and respir-

atory membrane, and has been widely studied and applied [15–18]. Compared with a 

conventional cell culture in vitro, a lung organ chip model can simulate lung physiolog-

ical and pathological conditions more accurately. Lung organ chips can also solve the 

shortcomings of animal experiments, such as long cycles, high costs, and ethical prob-

lems. They are expected to provide a low-cost alternative for studying human organ 

physiology and organ diseases as well as advancing toxicology research and drug 

screening [19,20]. Xu Z. et al. used microfluidic chip technology to conduct an experi-

mental study on the drug sensitivity efficacy of individualized chemotherapy drugs and 

gefitinib in a 3D cell culture model. The results showed that the efficacy of the combined 

drug group was significantly better than that of the single-agent group [9]. Jain A. et al. 

used lipopolysaccharide endotoxins (LPS) to infect upper human alveolar epithelial 

primary cells in a whole blood perfused alveolar chip, which indirectly stimulated en-

dothelial cells in lower 3D blood vessels by activating alveolar epithelial cells, resulting in 

pulmonary thrombosis [21]. Alveolar chips can also allow for the rapid screening of an-

tithrombotic drugs. Mulholland et al. proposed a microfluidic platform for drug screen-

ing of cancer cell-rich multicellular spheroids from tumor biopsies, allowing extensive 

anticancer drug screening prior to treatment [22]. These studies demonstrate the poten-

tial of lung organ chips to facilitate personalized tumor therapy. 

At present, polydimethylsiloxane (PDMS) is the main material of lung chips, and 

lung chips are mainly prepared via soft lithography [23–26], but the photoresist template 

preparation steps are cumbersome, requiring glue mixing, baking, exposure, develop-

ment, etc. When using emerging 3D printing technology to prepare lung chips, the op-

eration is simple, the preparation cost is low, and the chips can be mass-produced. To 

date, there has been no relevant research using EGFR gene drive-positive primary lung 

cancer cells to screen EGFR-targeted anti-lung cancer drugs in lung organ chips. In this 

study, we used 3D printing technology to prepare a resin template of the microfluidic 

chip from which a PDMS sandwich lung chip was successfully constructed. The upper 
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and lower channels of the chip are separated by a microporous membrane. The upper 

channel is seeded with lung cancer cells, and the lower channel is seeded with vascular 

endothelial cells and continuously perfused with a cell culture medium. The schematic 

design and principle of the chip are shown in Figure 1. The results show that the lung 

organ chip with a microporous membrane can simulate the microenvironment of lung 

tissue and realize the coculture of lung cancer cells and vascular endothelial cells at dif-

ferent levels with a high rate of survival. We used two strategies, a 2D well plate and a 3D 

lung chip, to evaluate the effects of different EGFR-targeting drugs (gefitinib, afatinib, 

and osimertinib) on NCI-H650 cells and primary lung cancer cells. 

 

Figure 1. (A) A schematic diagram of the experimental principle. (B) A schematic diagram and 

image of the lung-on-a-chip. 

2. Materials and Methods 

2.1.3D Printing Manufacturing of Chip Templates 

The chip templates were first prepared by using a 3D printing device (nanoArch® 

SI40, BMF Material Technology Inc., Shenzhen, China) according to the equipment 

manual. Identical templates were prepared for the top and bottom layers. First, we used 

drawing software to design the chip template. We determined that the length, width, and 

height of the templates should be within the range allowed by the 3D printer (≤9400 μm, 

≤5200 μm, and ≤3000 μm, respectively), to design the microchannel and liquid inlet or 

outlet. Then, we used BMF_3Dslice software to transform the designed 3D model into 

pictures, adjust the size of the model, assign its location relative to the print platform, and 

create slices. Finally, we loaded the sliced 3D model into the computer connected to the 

3D printer. According to the number of pictures and the required accuracy of the chip 

templates, we adjusted the descending distance and ascending distance of our platform: 

the descending distance (M-d) was 4 cm, and the ascending distance (M-u) was 3.97 cm. 

The descending and ascending waiting times of the platform were as follows: the de-
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scending waiting time was 40 s, the ascending waiting time was 60 s, and the exposure 

time (photosensitive resin curing time) for each descending and ascending step was 7 s. 

We set the stitching mode to automatic printing, and then the chip template was suc-

cessfully printed. To ensure the flatness of the upper surface of the chip template and the 

accuracy of the channel, it was necessary to clean the photosensitive resin remaining 

between the channels of the chip template with a large amount of ethanol to ventilate and 

dry at room temperature. The prepared chip template was photographed using an in-

verted fluorescence microscope (IX-73, Olympus, Tokyo, Japan), and the microchannel 

heights of the chip template were measured by a stylus profiler (AlphaStep D-300 Stylus 

Profile, KLA, Pennsylvania, USA). 

2.2. Microchip Fabrication 

We treated the prepared resin template with silanization; the template could then 

be used to mold the PDMS layer, and the PDMS could be sealed with a microporous 

membrane to prepare the microfluidic chip. In detail, we first added 3 μL of 

1H,1H,2H,2H- perfluorooctyl triethoxysilane (Sigma, Louis, MO, USA) to the resin tem-

plate for silanization treatment and placed it in an oven at 80 °C for 6 h. We then mixed 

PDMS (Sylgard 184, Dow Corning, Midland, MI, USA) and its curing agent at a ratio of 

10:1, poured it into the resin template, vacuumed it until the bubbles were removed, and 

put it in an oven at 80 °C for 1 h to polymerize the PDMS, and removed it from the mold 

after cooling. The PDMS layer was complete after punching the inlet/outlet holes. We 

placed the upper PDMS layer with channels face up, cut the polycarbonate microporous 

membrane to the appropriate size (pore size 5 μm, Neuro Probe), and adjusted it to fit 

the channels with tweezers. We carried out plasma treatment on the upper PDMS layer 

and the bottom PDMS layer covering the microporous membrane. After 60 s, we took it 

out, aligned and sealed it, put it in an oven at 80 °C for 1 h, and then aligned and placed 

it on the PDMS with tweezers. We plasma treated the top PDMS layer (with membrane) 

and bottom PDMS layer for 60 s. We then removed the pieces, aligned and sealed them, 

and then placed the chip in an oven at 80 °C for 1 h. The follow-up experiments were 

carried out after ultraviolet sterilization. 

2.3. Diffusion Characterization of Porous Membrane 

We used the dye diffusion method to verify the permeability of the microporous 

membrane in the chip. Rhodamine 123 (RH-123, Sigma, Louis, MO, USA) aqueous solu-

tion with a concentration of 10 μg/mL was added to the microchannel of the upper layer 

of the microchip, and rhodamine B (RH-B, Sigma, Louis, MO, USA) aqueous solution 

with a concentration of 10 μg/mL was added to the microchannel of the bottom layer of 

the microchip. Focusing the microscope on the microchannel of the bottom layer, we 

obtained the changes in the diffusion of RH-123 in the microchannel from the upper layer 

to the bottom layer by taking time-lapse pictures by confocal microscopy (FV3000, 

Olympus, Tokyo, Japan). 

2.4. Isolation of Primary Lung Cancer Cells 

This study was approved by the Medical Ethics Committee of Shenzhen Hospital of 

the Southern Medical University (Ethics number: SZYYEC2021R074). To test the effi-

ciency of this new platform, we also performed a drug evaluation on fresh primary lung 

cancer cells positive for EGFR Exon19. The patient, a 69-year-old female, did not receive 

chemotherapy or radiotherapy before the operation. After obtaining informed consent 

from the patient, lung cancer tissue was obtained during an operation on 5 August 2021. 

After the operation, the invasive adenocarcinoma was confirmed by pathological exam-

ination and analysis. The gene test indicated that the EGFR Exon 19 was positive. Ac-

cording to the UCII (2017) standard, there was one case of stage IA3. Immediately after 

removal, the tissue was immersed in a culture medium and kept cold during transporta-
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tion to the laboratory. Necrotic areas, fatty tissue, blood clots, and connective tissue were 

removed. Then, the tumor was chopped, digested with collagenase I (0.3 mg/mL) at 37 °C 

for 2 h, collected, and centrifuged (200× g, 5 min). Sediments were prepared as single cells 

suspended in serum-free Dulbecco’s modified Eagle’s medium (DMEM) and separated 

into different fractions by Percoll discontinuous gradient centrifugation (400× g, 20 min; 

30% and 70% Percoll). The cells at the interface of 30% and 70% Percoll were collected, 

and gradient medium was removed with PBS to obtain human primary lung cancer cells 

(LCA-1) [9]. 

2.5. Cell Culture 

Human non-small cell lung cancer NCI-H1650 cells were purchased from the Cell 

Bank/Stem Cell Bank of the Chinese Academy of Sciences (sourced from ATCC). HU-

VECs were purchased from BeNa Culture Collection Co., Ltd. (sourced from ATCC, 

Suzhou, China). NCI-H1650 cells and HUVECs were cultured in Roswell Park Memorial 

Institute Medium 1640 (1640, Gibco) containing 10% fetal bovine serum (Gibco) and 1% 

penicillin–streptomycin double antibody (Gibco). Human primary lung cancer cells 

(LCA-1) were cultured in DMEM (high glucose; Gibco) containing 10% fetal bovine se-

rum (Gibco) and 1% penicillin–streptomycin double antibody (Gibco). The cells were 

cultured in an incubator at 37 °C and 5% CO2. 

2.6. Cell Staining 

The cells were labeled with Cell Tracker according to the manufacturer’s instruc-

tions. Cell Tracker Green CMFDA was used to label NCI-H1650 cells, and Cell Tracker 

Red CMTPX was used to label HUVECs. After coculturing on both sides of the mi-

croporous membrane, fluorescence images of the cells were obtained with a laser scan-

ning confocal microscope. In addition, calcein-AM staining was used to evaluate cell vi-

ability. The staining process was carried out as reported in our previous research [27]. 

2.7. Data Statistics 

ImageJ software and confocal microscope software were used to identify the diffu-

sion distance, cell location, cell morphology, and fluorescence intensity in the fluorescent 

dye diffusion images and cell staining images. 

3. Results and Discussion 

3.1. Evaluation of 3D Printing Chip Templates and Microchip 

In this study, the microchip templates were prepared by 3D printing, including the 

upper layer template and the bottom layer template. They have a similar structure, as 

can be seen in Figure 2A. The two templates have the same microchannel structure, with 

a design height of 1840 μm and a width of 390 μm, which connects the inlet and outlet 

(each with a diameter of 3.0 mm). To facilitate adding cells and drugs to the microchan-

nel in the bottom layer, another inlet and outlet were added in the upper layer, which 

was connected to the bottom layer. The prepared chip template is shown in Figure 2B. 

After measurement, the actual size of the template microchannel was 398 ± 2 μm high 

and 1846 ± 5 μm wide. The slight deviation from the design is due to the accuracy of 3D 

printing. However, the error is very small and does not affect the use in this study. 

Compared with traditional photolithography methods, the 3D printing method simpli-

fies the steps and does not require glue adjustment, baking, exposure, development, etc., 

which greatly simplifies the labor and time costs. The equipment has also been simpli-

fied, eliminating the need for the spin coater, oven, and UV exposure machine, meaning 

that we only needed a 3D printer. This makes this method more suitable for commercial 

manufacturing. However, it can also be seen that the precision of 3D printing will affect 

the precision of the size of the chip template and the smoothness of the surface. The 

height error of the template we manufactured was about 2 μm, and the channel width 
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error was close to 10 μm. The accuracy of 3D printing is not as good as that of traditional 

lithography, so this method is more suitable for templates with simple patterns that do 

not require high channel sizes or heights. In addition, after the upper and lower layers 

and the microporous membrane were sealed using plasma, we characterized the micro-

chip with a microscope, and it could be seen that the microchannel was clearly defined. 

We also carried out SEM characterization of the microporous membrane, and the mi-

cropore size was relatively uniform and approximately 5 μm. This size can ensure that 

when cells are seeded, suspended cells (generally about 10 μm in diameter) will not pass 

through the microporous membrane. Furthermore, during subsequent cell culture or 

drug stimulation, the molecules can diffuse easily and the cells can be continuously sup-

plied with a culture medium to maintain cell survival. Next, after sealing, photographs 

of the areas where the upper and lower microchannel meet the membranes will be un-

clear because the microporous membrane is translucent. Thus, during cell experiments, 

the cells need to be observed by means of fluorescent staining. Overall, it is feasible to 

manufacture microchips using 3D printing to prepare resin templates, and the size error 

of the channel is within an acceptable range. This method is more suitable for large-scale 

preparation than conventional methods of preparing PDMS templates. 

 

Figure 2. (A) Design of the 3D printed chip template. (B) Microscopy or SEM images of chip tem-

plates, microchips, and microporous membranes. (C) Fluorescence images and plots of fluores-

cence intensity profiles for the characterization of small molecule diffusion in a microchip. Green, 

RH-123 aqueous solution. Red, RH-B aqueous solution. Scale bar = 1 mm. 

3.2. Diffusion Characterization of Small Molecules in Chips 

In this study, to simulate the process in which small drug molecules stimulate lung 

tumor cells in vivo, we applied a fluid containing EGFR-targeting drugs to one side of 

the channel, which allowed the small drug molecules to enter the other side of the 

channel through the pores of the microporous membrane by diffusion. To verify the fea-

sibility of small molecule diffusion, we used RH-123 dye molecules with molecules sim-

ilar to the EGFR-targeted drugs as fluorescent probes, and real-time observation was 

performed by fluorescence photography. First, the RH-123 and RH-B aqueous solutions 
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were injected into the upper and bottom channels, respectively. The merged fluores-

cence image is shown in Figure 2C. At the beginning (~1 min), RH-123 (green) and RH-B 

(red) were in their respective channels due to the presence of the membrane. After that, 

we tracked the fluorescence changes of the RH-123 dye only. The RH-123 dye was ob-

served on the channel on the other side after approximately 10 min and the channel was 

completely filled after 30 min. To show the change in fluorescence intensity more intui-

tively, we define the branch end of the bottom channel as position 0, define the intersec-

tion of the upper and bottom channels as position 100, and use the fluorescence intensity 

change curve at different times to describe the changes in fluorescence intensity of 

RH-123 from position 0 to position 100. RH-123 can easily pass through the microporous 

membrane with a pore size of 5 microns, which means that when an EGFR-targeted 

drug with a similar molecular weight was added to one side channel, it could also easily 

enter the other channel through the micropore to achieve drug administration. 

3.3. Stratified Co-Culture of HUVEC and NCI-H1650 Cells 

On the established microchip, we cocultured HUVECs and non-small-cell lung 

cancer NCI-H1650 cells. In the study, Cell Tracker Red CMTPX and Cell Tracker Green 

CMFDA dyes were used to label HUVECs and NCI-H1650 cells, respectively. These two 

dyes that are commonly used in organ-on-a-chip studies are live cell tracking dyes that 

do not affect cell viability and adhesion properties. To promote the attachment of HU-

VECs to the microporous membrane, we modified the sterilized microchip with type I 

collagen. We injected 40 μL of 0.01% (w/v) type I collagen solution into the microchip 

from the bottom channel inlet, incubated it at 37 °C for 30 min, and then washed it with 

PBS buffer solution. Then, 40 μL of the 2 × 105/mL HUVEC cell suspension labeled with 

Cell Tracker Red CMTPX was added to the bottom channel. Then, the chip was placed 

upside down in a Petri dish with culture medium and cultured in an incubator for 1 day 

to wait for HUVECs to adhere to the microporous membrane. Next, 40 μL of the 2 × 

105/mL NCI-H1650 cell suspension labeled with Cell Tracker Green CMFDA was added 

to the upper channel, and the chip was placed in the incubator for 1 day to allow the 

NCI-H1650 cells to adhere to the microporous membrane. The liquid in the upper chan-

nel was carefully removed to fill the channel with air. Then, the precision syringe pump 

pipes were connected with the inlet of the bottom microchannel. After that, the HUVECs 

and NCI-H1650 cells were co-cultured for 1 day with continuous medium flow (100 

μL/h) controlled by the syringe pump. The HUVECs and NCI-H1650 cells on both sides 

of the microporous membrane were photographed by confocal microscopy. The results 

are shown in Figure 3. We defined the z-axis position of the microporous membrane as 0 

μm. As can be observed by confocal microscopy, the HUVECs and NCI-H1650 cells ad-

hered to both sides of the microporous membrane. This indicates that the noncontact 

stratified coculture of HUVECs and NCI-H1650 cells was successfully established by 

adding cells separately to make them adhere to both sides of the microporous mem-

brane, leading to a structure similar to that of the lung respiratory membrane in vivo. 

This model is also frequently used to simulate the alveolar or lung bronchial cell micro-

environment in vitro in lung-on-a-chip studies. 
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Figure 3. Fluorescence images of HUVECs and NCI-H1650 cells stratified co-cultured on both 

sides of the microporous membrane. HUVECs (red) were labeled by Cell Tracker Red CMTPX and 

NCI-H1650 cells (green) were labeled by Cell Tracker Green CMFDA. Scale bars = 30 μm. We de-

fined the z-axis position of the microporous membrane as 0 μm. The indicated distances are 

measured from the membrane plane (0 μm). The positive values are above it, while the negatives 

are below. 

3.4. Evaluation of EGFR-Targeted Drugs for NCI-H1650 Cell 

EGFR-TKIs are the current first-line treatment option for patients with advanced 

NSCLC with a positive EGFR gene drive. Common EGFR-targeting drugs include 

first-generation ones such as gefitinib, which inhibit the EGFR protein function of cells 

through competitive binding with ATP and mainly target exon 19 deletion and exon 

21-point mutation. The second-generation EGFR-targeting drugs, represented by afat-

inib, are different from the first-generation drugs. In addition to reversibly binding ATP 

binding sites on EGFR in a competitive way, they can also be alkylated or covalently (ir-

reversibly) bound with EGFR-specific amino acid residues, mainly targeting exon 19 de-

letion and exon 21-point mutation. The third-generation EGFR-targeting drugs, repre-

sented by osimertinib, can not only competitively and irreversibly bind to the 

ATP-binding site on EGFR but can also target the most common drug resistance muta-

tion, T790M. In addition to the deletion of exon 19 and the point mutation of exon 21, it 

can also mutate T790M in exon 20. In view of the clinical efficacy and safety of gefitinib, 

afatinib, and osimertinib, we chose to evaluate these EGFR-targeted drugs. 

In this study, we used a 2D well plate and a 3D lung chip to test the effects of three 

kinds of EGFR-targeted drugs, (i.e., the first-generation EGFR-targeted drug gefitinib, 

the second-generation EGFR-targeted drug afatinib, and the third-generation 

EGFR-targeted drug osimertinib) with different concentrations on the viability of 

HCI-H1650 cells. The three EGFR-targeted drugs at concentrations of 0, 5, 10, and 20 

μg/mL were applied to NCI-H1650 cells in well plates or lung chips for 24 h, and calce-

in-AM staining was used to characterize cell activity. The fluorescence images obtained 

by confocal microscopy are shown in Supplementary Material Figure S1, and the results 

were statistically analyzed (Figure 4). In both the 2D well plate and the 3D lung chip, the 

death rate of HCI-H1650 cells without EGFR-targeted drugs was less than 5%, which can 

be used as a control group for cell experiments. The average fluorescence intensity in the 

plate control group (0 μg/mL) was generally higher than that of the microchip control 

group (0 μg/mL). This is mainly because, under the same magnification, the cells ob-
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served in fluorescence images of the microchip group are only those that have adhered 

and survived in the microchannel, so the cell adhesion area was less than that in the 

plate group, and the value after calculating the average intensity was lower. Regarding 

the effects of different concentrations of targeted drugs on HCI-H1650 cell activity, the 

first-generation drug gefitinib significantly reduced the cell activity when it was 20 

μg/mL compared with the well plate control group. Afatinib and osimertinib at lower 

concentrations of 5 μg/mL or 10 μg/mL reduced the activity of HCI-H1650. This showed 

that the second-generation and third-generation drugs were superior to the 

first-generation drugs in the treatment of pulmonary non-small-cell lung cancer, which 

was similar to the results reported in the literature [4,5]. On the other hand, compared 

with the chip control group, gefitinib and afatinib greater than 10 μg/mL and osimer-

tinib greater than 5 μg/mL could significantly reduce cell activity. In particular, the 

third-generation targeted drug osimertinib showed better efficacy on the lung chip. At 

the same concentration, osimertinib was more effective than afatinib and gefitinib. This 

was consistent with the current clinical results. Clinical studies have shown that the me-

dian progression-free survival with the third-generation targeted drug osimertinib is 

approximately 18.9 months, which is better than the median progression-free survival 

with the second-generation targeted drug afatinib (approximately 11 months) and that 

of the first-generation targeted drug gefitinib (approximately 10 months). The 

third-generation drug is better than the second-generation drug, and the sec-

ond-generation drug is better than the first-generation drug [4–6]. The above showed 

that for the drug evaluation of EGFR-targeted drugs in NCI-H1650 cells, the 3D lung 

chip method was better than the 2D culture method, which showed the feasibility of our 

prepared 3D lung chip for the evaluation of EGFR-targeted drugs in vitro. 

 

Figure 4. Drug evaluation of EGFR-targeted drugs. Effects of different concentrations of gefitinib, 

afatinib, and osimertinib on HCI-H1650 cells using a 2D well plate and 3D lung-on-a-chip methods. 

n = 3. 

3.5. Evaluation of EGFR-Targeted Drugs for Primary Lung Cancer Cells 

We also used 2D well plates and 3D lung chips to test the effects of the three kinds of 

EGFR-targeted drugs, gefitinib, afatinib, and osimertinib, at different concentrations on 

the viability of LCA-1 primary lung cancer cells. The LAC-1 primary lung cancer cells 

were determined to be positive for EGFR Exon 19 after genetic testing, and 

EGFR-targeted drugs should thus have an effect on it. The first-generation 

EGFR-targeted drug gefitinib was used at three concentrations (0, 5, and 10 μg/mL), 

which were tested on LCA-1 cells in 2D well plates and 3D lung chips. The fluorescence 

images were obtained by confocal microscopy, and the results were statistically analyzed 

as shown in Figure 5A. The results showed that gefitinib had no significant effect on cell 

activity in the 2D well plate group, and the cells showed a certain level of drug resistance. 

However, gefitinib partially reduced cell activity in the 3D lung chip group. With the 

second-generation EGFR-targeted drug afatinib (results shown in Figure 5B) in the 2D 

well plate group, cell viability gradually weakened as the concentration increased, sug-
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gesting that the drug concentration is positively correlated with cell death; however, 5 

μg/mL afatinib in the lung chip was not enough to induce significant cell death. In addi-

tion, osimertinib (results shown in Figure 5C) had no significant effect on cells at 5 

μg/mL, so the drug concentration was adjusted to 0, 10, and 20 μg/mL, and it was found 

that the cell activity decreased gradually as the concentration increased in the 2D well 

plate group and decreased significantly at 20 μg/mL. In the 3D lung chip group, osimer-

tinib also affected cell viability in a concentration-dependent manner. Furthermore, for 

the same drug concentration of 10 μg/mL, only afatinib was effective on cells in the 2D 

well plate, while cells were evidently not sensitive to that concentration of gefitinib or 

osimertinib. On the other hand, in the 3D lung chip group, each of the three drugs at a 

concentration of 10 μg/mL had an effect on cell viability. The sensitivity of primary lung 

cancer cells to the three kinds of EGFR-targeted drugs was not as typical as that of lung 

cancer cell lines in both 2D plates and 3D chips, which may be due to the heterogeneity of 

primary tumor cells. However, compared with the 2D well plate, the 3D lung chip puts 

forward higher requirements for primary cell culture on the one hand, and on the other 

hand, it more realistically simulates the microenvironment of lung tumor cells in vivo by 

including the gas environment, blood flow stimulation, and cell co-culture. These factors 

in the chip are very likely to change the cell’s morphology and sensitivity to drugs. In the 

presence of cell co-culture and fluid factors, primary lung cancer cells in the microchip 

were more likely to grow into clumps compared with a 2D plate or NCI-1650 cells, which 

was similar to their behavior in vivo. Overall, we believe that the 3D lung chip can more 

closely simulate the real tumor environment when it comes to drug efficacy evaluation, 

as well as a series of other factors, such as topographic structure, cocultured endothelial 

cells, fluid flow, and gas environment, which were similar to the real environment in 

vivo, indicating the feasibility of the organ-chip method. 

 

Figure 5. (A) Drug evaluation of EGFR-targeted drugs with different concentrations of gefitinib on 

LCA-1 cells using the 2D well plate and 3D lung-on-a-chip methods. (B) Drug evaluation of 

EGFR-targeted drugs with different concentrations of afatinib on LCA-1 cells using the 2D well 

plate and 3D lung-on-a-chip methods. (C) Drug evaluation of EGFR-targeted drugs with different 
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concentrations of osimertinib on LCA-1 cells using the 2D well plate and 3D lung-on-a-chip 

methods. n = 3, * p < 0.05. 

4. Conclusions 

We developed a microporous membrane lung chip based on 3D printing manufac-

turing technology, which realizes the coculture and fluid delivery strategy of lung can-

cer cells and vascular endothelial cells at different levels. The effects of different 

EGFR-targeted drugs (gefitinib, afatinib, and osimertinib) on NCI-H650 cells and pri-

mary lung cancer cells were tested in 2D well plates and 3D lung chips. The results show 

that the 3D lung chip is better than the 2D well plate for the evaluation of the effects of 

the drugs on the non-small cell lung cancer NCI-H650 cell line, and the data from the 

microchip have more advantages, as they can more closely match the existing clinical 

drug data. For primary tumor cells, the 3D lung chip can provide conditions that are 

more in line with the physiological cell microenvironment. The evaluation of 

EGFR-targeted drugs on the lung chip is of great significance to personalized diagnosis 

and treatment and pharmacodynamic evaluation. 

Supplementary Materials: The following supporting information can be downloaded at: 

www.mdpi.com/article/10.3390/bios12080618/s1, Figure S1: Fluorescence images of LCA-1 cells 

treated with different concentrations of gefitinib, afatinib, and osimertinib for 24 h. Scale bar = 500 

μm. 

Author Contributions: Conceptualization, X.G., C.Z. and J.T.; methodology, J.T. and X.S.; soft-

ware, J.Z.; validation, J.T., X.S. and H.L.; formal analysis, J.K. and L.X.; investigation, J.T.; re-

sources, C.Z.; data curation, J.T.; writing—original draft preparation, J.T. and X.S.; writ-

ing—review and editing, X.G. and C.Z.; visualization, J.T.; supervision, X.G.; project administra-

tion, C.Z.; funding acquisition, C.Z. All authors have read and agreed to the published version of 

the manuscript. 

Funding: This research was funded by the Key Research and Development Program of Guang-

dong Province, China (No. 2020A111128030). 

Institutional Review Board Statement: This study was approved by the Medical Ethics Commit-

tee of Shenzhen Hospital of Southern Medical University (Ethics number: SZYYEC2021R074). 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The data that support the findings of this study are available from 

the corresponding author upon reasonable request. 

Conflicts of Interest: The authors declare no conflicts of interest. 

Reference 

1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: Globocan 

Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249. 

https://doi.org/10.3322/caac.21660. 

2. Shi, Y.; Li, J.; Zhang, S.; Wang, M.; Yang, S.; Li, N.; Wu, G.; Liu, W.; Liao, G.; Cai, K.; et al. Molecular Epidemiology of EGFR 

Mutations in Asian Patients with Advanced Non-Small-Cell Lung Cancer of Adenocarcinoma Histology—Mainland China 

Subset Analysis of the PIONEER study. PLoS ONE 2015, 10, e0143515. https://doi.org/10.1371/journal.pone.0143515. 

3. Mok, T.S.; Wu, Y.L.; Thongprasert, S.; Yang, C.H.; Chu, D.T.; Saijo, N.; Sunpaweravong, P.; Han, B.; Margono, B.; Ichinose, Y.; 

et al. Gefitinib or carboplatin-paclitaxel in pulmonary adenocarcinoma. N. Engl. J. Med. 2009, 361, 947–957. 

https://doi.org/10.1056/NEJMoa0810699. 

4. Park, K.; Tan, E.; O’Byrne, K.; Zhang, L.; Boyer, M.; Mok, T.; Hirsh, V.; Yang, J.C.; Lee, K.H.; Lu, S.; et al. Afatinib versus ge-

fitinib as first-line treatment of patients with EGFR mutation-positive non-small-cell lung cancer (LUX-Lung 7): A phase 2B, 

open-label, randomised controlled trial. Lancet Oncol. 2016, 17, 577–589. https://doi.org/10.1016/S1470-2045(16)30033-X. 

5. Soria, J.C.; Ohe, Y.; Vansteenkiste, J.; Reungwetwattana, T.; Chewaskulyong, B.; Lee, K.H.; Dechaphunkul, A.; Imamura, F.; 

Nogami, N.; Kurata, T.; et al. Osimertinib in Untreated EGFR-Mutated Advanced Non-Small-Cell Lung Cancer. N. Engl. J. Med. 

2018, 378, 113–125. https://doi.org/10.1056/NEJMoa1713137. 

6. Cheng, Y.; He, Y.; Li, W.; Zhang, H.; Zhou, Q.; Wang, B.; Liu, C.; Walding, A.; Saggese, M.; Huang, X.; et al. Osimertinib Versus 

Comparator EGFR TKI as First-Line Treatment for EGFR-Mutated Advanced NSCLC:FLAURA China, A Randomized Study. 

Targ. Oncol. 2021, 16, 165–176. https://doi.org/10.1007/s11523-021-00794-6. 



Biosensors 2022, 12, 618 12 of 12 
 

 

7. Zappa, C.; Mousa, S.A. Non-small cell lung cancer: Current treatment and future advances. Transl. Lung Cancer R. 2016, 5, 288–

300. https://doi.org/10.21037/tlcr.2016.06.07. 

8. Hassell, B.A.; Goyal, G.; Lee, E.; Sontheimer-Phelps, A.; Levy, O.; Chen, C.S.; Ingber, D.E. Human Organ Chip Models Reca-

pitulate Orthotopic Lung Cancer Growth, Therapeutic Responses, and Tumor Dormancy In Vitro. Cell Rep. 2017, 21, 508–516. 

https://doi.org/10.1016/j.celrep.2017.09.043. 

9. Xu, Z.; Gao, Y.; Hao, Y.; Li, E.; Wang, Y.; Zhang, J.; Wang, W.; Gao, Z.; Wang, Q. Application of a microfluidic chip-based 3D 

co-culture to test drug sensitivity for individualized treatment of lung cancer. Biomaterials 2013, 34, 4109–4117. 

https://doi.org/10.1016/j.biomaterials.2013.02.045. 

10. Lancaster, M.A.; Knoblich, J.A. Organogenesis in a dish: Modeling development and disease using organoid technologies. 

Science 2014, 345, 1247125. https://doi.org/10.1126/science.1247125. 

11. Snoeck, H. Modeling human lung development and disease using pluripotent stem cells. Development 2015, 142, 13–16. 

https://doi.org/10.1242/dev.115469. 

12. Hwang, S.; Lee, S.; Park, J.Y.; Jeon, J.S.; Cho, Y.; Kim, S. Potential of Drug Efficacy Evaluation in Lung and Kidney Cancer 

Models Using Organ-on-a-Chip Technology. Micromachines 2021, 12, 215. https://doi.org/10.3390/mi12020215. 

13. Azizgolshani, H.; Coppeta, J.R.; Vedula, E.M.; Marr, E.E.; Cain, B.P.; Luu, R.J.; Lech, M.P.; Kann, S.H.; Mulhern, T.J.; Tandon, 

V.; et al. High-throughput organ-on-chip platform with integrated programmable fluid flow and real-time sensing for complex 

tissue models in drug development workflows. Lab. Chip. 2021, 21, 1454–1474. https://doi.org/10.1039/d1lc00067e. 

14. Walter, F.R.; Valkai, S.; Kincses, A.; Petneházi, A.; Czeller, T.; Veszelka, S.; Ormos, P.; Deli, M.A.; Dér, A. A versatile 

lab-on-a-chip tool for modeling biological barriers. Sens. Actuators B Chem. 2016, 222, 1209–1219. 

https://doi.org/10.1016/j.snb.2015.07.110. 

15. Zhang, M.; Wang, P.; Luo, R.; Wang, Y.; Li, Z.; Guo, Y.; Yao, Y.; Li, M.; Tao, T.; Chen, W.; et al. Biomimetic Human Disease 

Model of SARS-CoV-2-Induced Lung Injury and Immune Responses on Organ Chip System. Adv. Sci. 2021, 8, 2002928. 

https://doi.org/10.1002/advs.202002928. 

16. Park, S.; Kim, T.; Kim, S.; You, S.; Jung, Y. Three-Dimensional Vascularized Lung Cancer-on-a-Chip with Lung Extracellular 

Matrix Hydrogels for In Vitro Screening. Cancers 2021, 13, 3930. https://doi.org/10.3390/cancers13163930. 

17. Carvalho, Â.; Ferreira, G.; Seixas, D.; Guimarães-Teixeira, C.; Henrique, R.; Monteiro, F.J.; Jerónimo, C. Emerging 

Lab-on-a-Chip Approaches for Liquid Biopsy in Lung Cancer: Status in CTCs and ctDNA Research and Clinical Validation. 

Cancers 2021, 13, 2101. https://doi.org/10.3390/cancers13092101. 

18. Nawroth, J.C.; Lucchesi, C.; Cheng, D.; Shukla, A.; Ngyuen, J.; Shroff, T.; Varone, A.; Karalis, K.; Lee, H.; Alves, S.; et al. A 

Microengineered Airway Lung Chip Models Key Features of Viral-induced Exacerbation of Asthma. Am. J. Respir. Cell Mol. 

Biol. 2020, 63, 591–600. https://doi.org/10.1165/rcmb.2020-0010MA. 

19. Shrestha, J.; Razavi, B.S.; Aboulkheyr, E.H.; Yaghobian, A.D.; Thierry, B.; Ebrahimi, W.M.; Ghadiri, M. Lung-on-a-chip: The 

future of respiratory disease models and pharmacological studies. Crit. Rev. Biotechnol. 2020, 40, 213–230. 

https://doi.org/10.1080/07388551.2019.1710458. 

20. Li, K.; Yang, X.; Xue, C.; Zhao, L.; Zhang, Y.; Gao, X. Biomimetic human lung-on-a-chip for modeling disease investigation. 

Biomicrofluidics 2019, 13, 31501. https://doi.org/10.1063/1.5100070. 

21. Jain, A.; Barrile, R.; van der Meer, A.D.; Mammoto, A.; Mammoto, T.; De Ceunynck, K.; Aisiku, O.; Otieno, M.A.; Louden, C.S.; 

Hamilton, G.A.; et al. Primary Human Lung Alveolus-on-a-chip Model of Intravascular Thrombosis for Assessment of Ther-

apeutics. Clin. Pharmacol. Ther. 2018, 103, 332–340. https://doi.org/10.1002/cpt.742. 

22. Mulholland, T.; McAllister, M.; Patek, S.; Flint, D.; Underwood, M.; Sim, A.; Edwards, J.; Zagnoni, M. Drug screening of biop-

sy-derived spheroids using a self-generated microfluidic concentration gradient. Sci. Rep. 2018, 8, 1–12. 

https://doi.org/10.1038/s41598-018-33055-0. 

23. Huh, D.; Matthews, B.D.; Mammoto, A.; Montoya-Zavala, M.; Hsin, H.Y.; Ingber, D.E. Reconstituting Organ-Level Lung 

Functions on a Chip. Science 2010, 328, 1662–1668. https://doi.org/10.1126/science.1188302. 

24. Huh, D.; Leslie, D.C.; Matthews, B.D.; Fraser, J.P.; Jurek, S.; Hamilton, G.A.; Thorneloe, K.S.; McAlexander, M.A.; Ingber, D.E. 

A Human Disease Model of Drug Toxicity–Induced Pulmonary Edema in a Lung-on-a-Chip Microdevice. Sci. Transl. Med. 

2012, 4, 147r–159r. https://doi.org/10.1126/scitranslmed.3004249. 

25. Li, W.; Sun, X.; Ji, B.; Yang, X.; Zhou, B.; Lu, Z.; Gao, X. PLGA Nanofiber/PDMS Microporous Composite Mem-

brane-Sandwiched Microchip for Drug Testing. Micromachines 2020, 11, 1054. https://doi.org/10.3390/mi11121054. 

26. Zamprogno, P.; Wuthrich, S.; Achenbach, S.; Thoma, G.; Stucki, J.D.; Hobi, N.; Schneider-Daum, N.; Lehr, C.M.; Huwer, H.; 

Geiser, T.; et al. Second-generation lung-on-a-chip with an array of stretchable alveoli made with a biological membrane. 

Commun. Biol. 2021, 4, 168. https://doi.org/10.1038/s42003-021-01695-0. 

27. Yang, X.; Li, K.; Zhang, X.; Liu, C.; Guo, B.; Wen, W.; Gao, X. Nanofiber membrane supported lung-on-a-chip microdevice for 

anti-cancer drug testing. Lab. Chip. 2018, 18, 486–495. https://doi.org/10.1039/c7lc01224a. 


