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Background: Lung cancer is one of the most common malignant tumors worldwide. Despite advances in 
lung cancer treatment, patients still face challenges related to drug resistance and recurrence. Current methods 
for evaluating anti-cancer drug activity are insufficient, as they rely on two-dimensional (2D) cell culture 
and animal models. Therefore, the development of an in vitro drug evaluation model capable of predicting 
individual sensitivity to anti-cancer drugs would greatly enhance the success rate of drug treatments for lung 
cancer patients. The purpose of this research is to utilise conditional reprogramming technology to cultivate 
patient-derived lung cancer cells and to construct an in vitro 3D culture model using sodium alginate (SA) 
and gelatin. The aim is to study the biological characteristics of cells in the 3D culture model and to further 
investigate the sensitivity of anti-cancer drugs based on the alginate-gelatin 3D culture model. This approach 
provides new means and insights for personalized precision anti-cancer therapy and the development of new 
anti-cancer drugs.
Methods: Conditional reprogramming technology was used to generate conditionally reprogrammed 
lung adenocarcinoma cells (CRLCs). Alginate-gelatin hydrogel micro-beads were created to explore their 
potential use in the assessment of anti-cancer drugs. Cell proliferation was also examined using the MTS 
assay method. Live/dead staining was performed to estimate cell distribution and viability using calcein 
acetoxymethyl ester/propidium iodide (calcein-AM/PI) double staining. Protein expression was assessed by 
Western blot. 
Results: The cells grown in the three-dimensional (3D) culture were in a state of continuous proliferation, 
and there was an obvious phenomenon of cell mass growth. The drug sensitivity assay results demonstrated 
that compared with the 2D-grown cells, the CRLCs grown in the alginate-gelatin hydrogel micro-beads 
exhibited more resistance to anti-cancer drugs. The results also showed that the 3D-cultured CRLCs showed 
greater protein expression levels of stem cell hallmarks, such as Nanog Homeobox (NANOG), SRY-Box 
Transcription Factor 2 (SOX-2), and aldehyde dehydrogenase 1 family member A1 (ALDH1A1), than the 
2D-grown cells. 
Conclusions: These findings suggest that the 3D hydrogel cell culture models more closely mimicked 
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Introduction

According to statistics, lung cancer is the leading cause of 
cancer-related death in men, and the second highest cause 
of cancer-related death in women, second only to breast 
cancer (1,2). There are two main forms of lung cancer: non-
small-cell lung cancer (which accounts for 85% of all lung 
cancer cases), including adenocarcinoma, squamous cell 
carcinoma and large cell carcinoma, and small-cell lung 
cancer (which accounts for 15% of all lung cancer cases) (3).

Antineoplastic agents have distinct individual differences 
in terms of drug sensitivity, which causes interindividual 
variation in therapeutic effects. Increases in drug resistance 
continue to be the growing threat to achieving cures in 
patients with cancer (4). Therefore, personalized drug 

evaluation platforms for patients need to be established to 
enable personalized treatment decisions.

Conditionally reprogrammed (CR) technology allows 
for the rapid and efficient expansion of primary tumor 
cells from humans in large quantities in a short period 
without the introduction of any exogenous genes (5,6). 
This technique is straightforward and highly efficient, 
and the cultured CR cells maintain their original genetic 
characteristics, making them a valuable research model for 
studying diseases and individualized drug sensitivity testing 
(7,8). In our previous work, it was demonstrated through 
short tandem repeats testing and second-generation 
sequencing analysis that CR tumor cells can maintain their 
original genetic characteristics (9).

Different drug evaluation models have their limitations. 
The two-dimensional (2D) monolayer cell culture model 
differs greatly from the real physiological conditions in 
vivo because cells are unable to maintain their complete 
morphology, tumor microenvironment (TME), and cell-
extracellular matrix (ECM) interaction, resulting in 
discrepancies in cell differentiation, proliferation, and 
cellular functions (10,11). Patient-derived xenograft 
models can better represent the TME in vivo. However, 
constructing patient-derived xenograft models is complex, 
time-consuming, and costly. Despite the significant 
anatomical and physiological similarities between animals 
and humans, which make them suitable models for research, 
genetic differences and ethical constraints limit their 
clinical application. Additionally, studying the relationship 
between drug resistance and microenvironmental regulation 
in xenograft models is relatively challenging (11,12). 
However, the use of three-dimensional (3D) cell culture 
models has been shown to be an efficient way to maintain 
the cell morphology and the cell-cell interaction (13). 3D 
cell culture models provide more relevant tumor models 
that resemble real physiological conditions and can be used 
to build personalized drug screening platforms (14). The 
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construction of organoids suffers from low success rates, 
lengthy procedures, high costs, and the inability for long-
term cultivation. In contrast, 3D cell models allow for the 
rapid acquisition of a large number of primary human cells 
within a short period, without altering the cells’ inherent 
genetic characteristics, making them more advantageous as 
an in vitro drug screening model.

3D models are widely used in medical research because 
of their unique advantages (15). 3D models can combine 
the experimental advantages of in vitro research (e.g., long-
term expansion, freezing preservation, and a low cost) with 
the advantages of in vivo research (e.g., providing cells with 
more realistic physiological conditions) (16). Currently, 
3D models have been successfully used in several types of 
cancer, including malignant melanoma (17), colorectal cancer  
(CRC) (18), prostate cancer (19), ovarian cancer (20), breast 
cancer (21), and lung cancer (22). To date, 3D cell culture 
models have been widely used in studies, such as drug 
discovery, disease modelling, and drug screening studies (23). 
Notably, the pathophysiology of breast cancer has been 
studied through the construction of 3D culture models (24). 
Sun et al. established 3D cell culture models of CRC and 
colorectal liver metastasis, and found a strong correlation 
between drug responses in the 3D cell culture model and 
clinical effects (25).

Hydrogels, which are common materials for cell 
encapsulation, can be used to develop 3D models that 
are structurally similar to the cell-ECM interaction. SA 
is one of the most broadly studied and applied hydrogels. 
Alginate is a naturally occurring anionic polymer and has 
been widely used in many biomedical applications and 
tumor research studies because of its good biocompatibility 
and biodegradability (26,27). However, alginate cannot 
provide sufficient biological cues for cells to attach (28). 
Gelatin is made of hydrolysate from collagen, which is the 
main component of the ECM and retains arginyl-glycyl-
aspartic acid peptide that can improve cell adhesion and 
proliferation (29,30). The addition of gelatin can improve 
the biocompatibility of SA microspheres (31).

In this study, we constructed a 3D cell-laden system 
with similar mechanical and biological properties to tissues, 
and we simulated the in vivo environment of lung cancer 
by mixing cancer cells with alginate and gelatin for the 
anti-cancer drug evaluation. In this study, we successfully 
constructed 3D culture models of lung cancer cells derived 
from nine patients. The physical properties of the 3D beads 
and the cytocompatibility of the alginate and gelatin were 
examined. We demonstrated that the expression levels of 

stemness proteins were higher in the 3D micro-beads than 
the 2D monolayer beads. Finally, the sensitivities of the 
anti-cancer drugs in the 3D models and the 2D monolayer 
models were compared. We hope that this method can be 
further applied in the 3D cell-laden system field and our 
findings can provide insights into the field of personalized 
and precision therapy. We present this article in accordance 
with the MDAR reporting checklist (available at https://tlcr.
amegroups.com/article/view/10.21037/tlcr-24-490/rc).

Methods

Materials 

Alginate, gelatin, high-glucose Dulbecco’s modified eagle 
medium (DMEM), and fetal bovine serum were purchased 
from Thermo Fisher Scientific, USA. Calcium chloride was 
obtained from Shanghai Aladdin Biochemical Technology 
Co., Ltd., China. Collagenase IV was purchased from 
MP Biomedicals, USA. The cell proliferation MTS assay 
kit was obtained from Promega, USA. The calcein-AM/
PI double-staining kit, Radio Immunoprecipitation Assay 
Lysis buffer (RIPA), and phenylmethylsulfonyl fluoride 
(PMSF) were purchased from Beyotime Biotech Inc., 
Shanghai, China. Rho kinase (ROCK) inhibitor Y27632, 
carboplatin, cisplatin, paclitaxel, docetaxel, vinorelbine, 
gemcitabine, osimertinib, and gefitinib were purchased 
from MedChemExpress, USA. The primary antibodies 
were against glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH), NANOG, ALDH1A1, and SOX-2. GAPDH 
(CAT: 2118) was purchased from Cell Signaling Technology, 
USA. NANOG (CAT: 14295-1-AP), ALDH1A1 (CAT: 
15910-1-AP), and SOX-2 (CAT: 11064-1-AP) were 
purchased from the Proteintech Group, USA. The goat anti-
mouse antibody (CAT:7076) and goat anti-rabbit antibody 
(CAT:7074) were purchased from Cell Signaling Technology, 
USA. A 5× loading buffer (BioRad, USA) was added to 
the protein samples in 1:4 dilution and mixed. The PC-9 
cells were purchased from Meisen Chinese Tissue Culture 
Collections (Meisen CTCC, China, CTCC-003-0204). The 
Swiss-3T3-J2 cells were purchased from American Type 
Culture Collection (ATCC, USA, CRL-1658).

Preparation of alginate-gelatin hydrogel precursor

The SA solution at a concentration of 4% (w/v, autoclaved) 
and gelatin aqueous solution at concentrations of 0.5% and 
1% (w/v), sterilized by a 0.22-μm filtration membrane (Merck 

https://tlcr.amegroups.com/article/view/10.21037/tlcr-24-490/rc
https://tlcr.amegroups.com/article/view/10.21037/tlcr-24-490/rc
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Millipore, Germany), were dissolved in ultrapure water. They 
were stored in a refrigerator (at 4 ℃) for later use. 

Patient-derived lung tumors

Fresh lung tumor tissues were collected from patients 
who underwent surgical resection at the First Affiliated 
Hospital, Sun Yat-sen University (Guangzhou, China). The 
study was conducted in accordance with the Declaration of 
Helsinki (as revised in 2013). The study was approved by 
the Ethics Committee of the First Affiliated Hospital, Sun 
Yat-sen University (No. [2018]-153) and informed consent 
was taken from all the patients. The surgically removed 
samples were stored in a sterile centrifugal tube for further 
operation. The patients’ information is set out in Table 1.

Digestion of patient-derived lung tumor tissues

The patient-derived tumor tissues were removed from the 
preservation solution and quickly immersed in 95% ethanol 
for disinfection (less than 3 seconds) and then washed three 
times with phosphate buffer solution (PBS), split into 2–3 mm 
pieces, and centrifuged at 300 g for 5 minutes. Each sample 
was then digested in a reagent supplemented with advanced 
Dulbecco’s modified eagle medium/Nutrient Mixture F-12 
(DMEM/F12), containing 2.5 mg/mL of collagenase IV 
and 0.1 mg/mL of DNase I, and placed in a water bath at 
37 ℃ for 6 hours. Subsequently, the solution was filtered 
through a 100-μm cell mesh sieve (Biologix Biotech Co., 
Ltd., Shandong, China) followed by centrifugation at 500 g  
for 5 minutes and washed with PBS. This study utilized 

irradiated Swiss-3T3-J2 mouse fibroblast cells and Rho 
kinase (ROCK) inhibitor Y27632 for cell culture.

Cell culture

The SA solution (4%) and gelatin aqueous solution (0.5% 
or 1%) were mixed at ratios of 3:1 or 4:1 for later use. The 
cell pellet was resuspended using a sodium alginate (SA)-
gelatin mixture, adjusting the cell density to 5×105/mL. 
Next, the alginate-gelatin hydrogel mixed with the cells was 
extruded through 1-mL syringes and slowly dropped into 
the calcium chloride (CaCl2) solution (2%, autoclaved). The 
solution was then allowed to stand for 10 minutes to ensure 
adequate cross-linkage. After being washed with PBS three 
times, the 3D micro-beads were stored in high-glucose 
DMEM. The cells were collected by adding sodium citrate 
to dissolve the 3D micro-beads.

Scanning electron microscope analysis of cell micro-beads

After three days of culturing, some freeze-dried cell micro-
beads were examined by scanning electron microscope 
(SEM) (Hitachi, Japan). To improve their conductivity, 
the completely freeze-dried cell micro-beads were sputter 
coated with gold on the surface and were scanned on a 
SU8100 SEM at voltage of 3.0 kV.

Cytocompatibility of the alginate-gelatin hydrogel

The PC-9 cells and CRLCs were centrifuged, and 
resuspended by alginate-gelatin hydrogel precursor to adjust 

Table 1 List of lung cancer samples used to establish patient-derived micro-beads

Case Gender Age (years) Lung cancer type Type of gene mutation

Patient-1 Male 40 Adenocarcinoma NA

Patient-2 Female 67 Adenocarcinoma EGFR L858R

Patient-3 Female 68 Adenocarcinoma NA

Patient-4 Female 59 Adenocarcinoma EGFR L858R, T790M

Patient-5 Male 56 Adenocarcinoma NA

Patient-6 Male 66 Adenocarcinoma NA

Patient-7 Male 81 Adenocarcinoma NA

Patient-8 Female 67 Adenocarcinoma NA

Patient-9 Male 52 Adenocarcinoma EGFR Del 19

NA, not applicable.
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the cell density to 5×105 cells/mL as a cell-hydrogel mixture. 
The proliferation activity of the PC-9 cells and CRLCs was 
assayed by MTS on days 1, 3, 5, and 7. Each cell micro-bead 
was placed with 10 μL of MTS solution and 90 μL of fresh 
medium in 96-well plates. After incubation for 4 hours, 
the absorbance of the solution at 490 nm was measured 
by a microplate reader (Thermo Fisher Scientific, USA). 
For 2D culture, 3,000 cells were seeded in 96-well plates. 
After incubating until the time of testing, medium in each 
well was replaced with 10 μL of MTS solution and 90 μL  
of fresh medium. Similarly, the OD values were detected 
after incubating at 37 ℃ for 2 h. The cell viability rate was 
the ratio of the OD value of the experimental group to the 
OD value of the control group.

Live/dead staining

Live/dead staining was performed to estimate the cell 
distribution and viability using a calcein-AM/PI double-
staining kit. After incubation for 2 hours, the live/dead cell 
staining of the micro-beads was imaged under confocal 
microscopy (Leica, Germany).

Drug screening

MTS was used to measure the effects of the drugs in the 
2D monolayer and 3D cell micro-bead models. After  
5 days of culturing, the 2D monolayer cells, which were 
seeded in 96-well plates, and the 3D cell micro-beads were 
tested with therapeutic compounds for 4 days at 37 ℃ with 
dimethyl sulfoxide (DMSO) or DMEM used as the control. 
The following chemotherapeutics and targeted drugs 
were tested: carboplatin, cisplatin, paclitaxel, docetaxel, 
vinorelbine, gemcitabine, osimertinib, and gefitinib. 

Western blotting

Protein expression was analyzed by Western blotting. In 
brief, after being washed twice with PBS, the cells were lysed 
in RIPA buffer containing PMSF and protease inhibitors 
on ice for 30 minutes, shaken and centrifuged (12,000 rpm, 
15 minutes, 4 ℃). The supernatants were diluted with 5× 
loading buffer and then boiled at 100 ℃ for 5 minutes. Load 
samples quickly at a protein concentration of 30 μg per well. 
The proteins were run on 10% gradient Sodium dodecyl 
sulfate - polyacrylamide gel electrophoresis (SDS-PAGE) 
for separation and then transferred onto polyvinylidene 
difluoride membranes by electro-blotting before being 

blocked with 5% bovine serum in Tris-buffered saline 
buffer containing 0.1% Tween 20 (TBST) for 60 minutes 
at room temperature. The membranes were washed with 
TBST three times for 10 minutes each time, and then 
incubated overnight at 4 ℃ with the following primary 
antibodies: GAPDH, NANOG, ALDH1A1, and SOX-2. 
After being washed three times with TBST, the membranes 
were incubated with secondary antibodies for 1 hour. 
Protein expression was next visualized using Enhanced 
chemiluminescence (ECL) reagents (Thermo Fisher 
Scientific, USA) on the ChemiDoc MP imaging system 
(BioRad, USA).

Statistical analysis

All the data are expressed as the mean ± standard 
deviation of at least three individual biological experiments. 
Comparisons between two groups were performed using 
Student’s t-test, while comparisons among multiple groups 
were conducted using one-way analysis of variance (ANOVA). 
Significance levels were set at *, P<0.05, **, P<0.005, ***, 
P<0.001, ****, P<0.0001, and ns = not significant (P>0.05).

Results

The establishment and characterization of the cell  
micro-beads

In this study, alginate-gelatin hydrogel was used to fabricate 
the cell micro-beads. We mixed 4% alginate with 0.5% (w/v)  
or 1% (w/v) gelatin at the ratios of 3:1 or 4:1. After the 
cells were resuspended in the alginate-gelatin hydrogel, 
the crosslink between the 4% alginate and 2% CaCl2 
solution led to the completion of the cell micro-beads 
(Figure 1A). As the SEM images in Figure 1B show, the 
micro-bead was nearly a sphere in shape and had a porous 
structure, which enabled cell proliferation and adhesion. 
The average diameter value of the micro-beads from group 
1 was 0.2728±0.00227 cm, and the micro-bead diameters 
showed a normal distribution (Figure 1C). Additionally, we 
performed particle size analysis on three different batches 
of alginate-gelatin microbeads. There was no difference in 
the diameters of the alginate beads in groups 1–3, which 
showed the consistency and stability of the cultivation 
approaches (Figure 1D).

Morphological changes of the cells in the micro-beads

The PC-9 cells were cultured in alginate-gelatin hydrogel 
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Figure 1 The establishment and characterization of the cell micro-beads. (A) Workflow of the alginate-gelatin hydrogel and cell micro-bead 
culture preparation. (B) SEM images of the cell micro-beads with the PC-9 cells. (C,D) The diameters of the micro-beads. The particle size 
of the microbeads was analyzed using the Image J software. The results of the particle size analysis were then processed with OriginPro 8.5 
software, employing the Gauss function for nonlinear curve fitting. (C) The diameter of the micro-beads from group 1 showed a normal 
distribution. (D) Groups 1–3 are different batches of alginate-gelatin microbeads. The data are presented as mean ± SD (n=30). Alg, alginate; 
Gel, gelatin; ns, not significant; SEM, scanning electron microscope; SD, standard deviation. 
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in which the SA solution (4%) and gelatin aqueous solution 
(0.5% or 1%) were mixed at ratios of 3:1 or 4:1 (Figure 2A). 
We observed that similar multicellular structures, which 
looked like clusters of grapes, formed in different alginate-
gelatin hydrogels after culturing for 3 days. Conversely, the 
cells derived from patients that were cultured in alginate-
gelatin hydrogel for 7 days had multicellular structures 
that looked like spheres (Figure 2B,2C). The PC-9 cells 
and the cells derived from patients cultured in micro-
beads for 7 days formed larger multicellular structures day 
by day (Figure 2A,2C). Cells were observed growing in 
alginate-gelatin microbeads with varying concentrations 
of alginate and gelatin. It was found that cells formed 
multicellular structures earlier in microbeads composed of 
4% alginate and 1% gelatin in a 4:1 ratio. Considering the 
higher stiffness of tumor tissue, subsequent studies will use 
alginate-gelatin microbeads constructed with 4% alginate 
and 1% gelatin in a 4:1 ratio.

The viabilities of the cells in the 2D monolayer and 3D 
micro-bead models

The PC-9 cells and the cells derived from patients in micro-
beads underwent live/dead staining. It was observed that 
both the PC-9 cells and the cells derived from patients were 
alive in the micro-beads (Figure 3A). We further cultured 
the PC-9 cells and the cells derived from patients in the 
2D monolayer and 3D micro-beads for 7 days. The cell 
proliferation curve used the cell viability value on day 1 as 
the baseline viability value. Relative viability values at each 
time point were calculated in comparison to this baseline, 
and the proliferation curve was plotted accordingly. Cells 
cultured in SA-gelatin microspheres exhibited a flatter 
growth curve and a lower proliferation rate compared to 
cells cultured in 2D conditions (Figure 3B-3D). There was 
no significant difference in the cell viabilities of the different 
concentrations of alginate-gelatin hydrogel at day 7. Thus, 
cells can maintain good viability and continue to grow and 
proliferate within micro-beads of different compositions 
(Figure 3D). We further tested the viabilities of the cells 
derived from patients 1–3 in the micro-beads and found that 
the cells derived from patient 1 in the 3D micro-beads had 
higher proliferation rate than those derived from patients 2 
and 3. Thus, there were differences in the cell proliferation 
of the cells derived from different patients (Figure 3E).

The expression levels of the stemness proteins were 
significantly higher in the 3D micro-bead model than the 
2D monolayer model

The characteristics of the cancer stem cells (CSCs) play a 
pivotal role in tumor initiation, progression, and therapy 
resistance (32). The overexpression of the transcription 
factors, such as Sox2 and Nanog, contributes to the 
regulation of CSC phenotypes (33). We sought to examine 
whether the expression levels of the stemness proteins 
were significantly higher in the 3D micro-bead model 
than the 2D monolayer model. We found that compared 
with the 2D monolayer, the cells in the 3D micro-beads 
of both the PC-9 cells and the cells derived from patient 4 
showed stronger expression levels of Nanog, SOX-2, and 
ALDH1A1 (Figure 4).

Personalized drug evaluation

The patient-specific sensitivities to anti-cancer drugs 
in the 3D bead culture and 2D monolayer culture were 
tested by MTS assays. After being cultured for 5–7 days, 
the cells in the 3D beads were treated with anti-cancer 
drugs for an additional 4 days (Figure 5). A list of the half 
maximal inhibitory concentration (IC50) value of the anti-
cancer drugs against the cells under the 2D and 3D culture 
conditions are shown in Table S1, which details the log IC50. 
The results illustrated that the cells from different patients 
reacted differently to different drugs, and the 3D beads 
mostly had higher IC50 values than the 2D monolayer. 

We found that the 3D models of different patients 
responded differently to different concentrations of different 
drugs. For example, the 3D models of patients 1, 6, and 7 
were the most sensitive to gemcitabine, while the 3D models 
of patients 3, 5, and 8 were the most sensitive to cisplatin. 
The 3D models of different patients also showed different 
sensitivities to the same drug at the same concentration; for 
example, carboplatin was the least sensitive to the 3D models 
of most of the patients with the exception of patient 9.

Discussion

The survival benefits and cure rates for lung cancer patients 
have improved dramatically with the advent of molecular 
targeted therapy. Molecular targeted therapy has been 
widely used in the treatment of lung cancer, but there are 

https://cdn.amegroups.cn/static/public/TLCR-24-490-Supplementary.pdf
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Figure 2 The morphological changes of the cells in the micro-beads. (A) PC-9 cells were cultured in the alginate-gelatin hydrogel in which 
the SA solution (4%) and gelatin aqueous solution (0.5% or 1%) were mixed at ratios of 3:1 or 4:1. Scale bars, 75 μm. The arrows indicate the 
multicellular structures. (B) The cells derived from patients 1, and 9 were cultured in alginate-gelatin hydrogel for 7 days; scale bars: 250 μm,  
75 μm, 50 μm (from left to right). (C) The cells derived from patient 4 were cultured in alginate-gelatin hydrogel. Scale bars: day 1: 250 μm,  
250 μm, 75 μm; day 3: 75 μm, 50 μm, 25 μm; day 8: 250 μm, 50 μm, 25 μm (from left to right). Alg, alginate; Gel, gelatin.
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still many problems with current lung cancer treatments. 
Molecular targeted therapy can only benefit a fraction of 
patients with specific tumor mutation genes. Additionally, 
due to epigenetic alterations, patients with the same genetic 
mutations still respond heterogeneously to the therapeutic 
effects (34,35). Therefore, the in vitro prediction of an 

individual’s sensitivity to anti-cancer drugs would help 
improve the success rate of drug treatments.

Currently, there is no technology that can remodel 
various tumors in vitro with 100% accuracy. The 2D 
monolayer cell culture model is commonly used to evaluate 
the pharmaceutical activities of anti-cancer drugs because 
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Figure 5 Drug evaluation of the cells under 2D and 3D culture conditions. (A) Heatmap of the logIC50 values for the anti-cancer drugs by 
applying nonlinear regression. (B) Dose-response curves for the anti-cancer drugs of the 3D models. The data are presented as mean ± SD 
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of its low cost and low technical threshold (36). However, 
the 2D monolayer cell culture model differs from the real 
physiological conditions of patients in vivo, which causes 
inaccurate drug responses and thus impedes the discovery 
of potential drug candidates (37).

In this study, we developed a 3D cell-laden system that 

aimed to establish lung cancer models that could more 
closely replicate either structures or functions in vivo for 
anti-cancer drug evaluations compared to 2D cultures. 
Currently, hydrogels can be processed by different methods 
that can represent human tumors, such as 3D bioprinting 
(38,39) and microfluidics (40). Our method is economical 

https://www.sciencedirect.com/topics/chemistry/antineoplastic-agent
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and has a low technical threshold. Photo-initiator and UV 
light are often applied on gelatin meth-acryloyl solutions, 
which may cause oxidative stress and damage to DNA repair 
proteins; however, this issue did not arise in our method (41).  
In this study, we showed that cells can maintain good 
viability and continue to grow and proliferate within micro-
beads of different compositions. However, we did not 
investigate the effects of different concentration variations 
of CaCl2. In other published works, we found that the 
increased concentration of calcium chloride and SA inhibits 
cell multiplication because of the excessive calcium ions and 
compact structure of the alginate capsules (42).

We found that alginate and gelatin do not restrict 
cell growth and proliferation. Cells in alginate-gelatin 
microbeads continue to proliferate and tend to form 
noticeable cell clusters. Compared to 2D culture conditions, 
3D culture conditions enhance the spheroid formation 
ability of primary lung cancer cells and increase the 
expression of stemness proteins such as ALDH1A1, SOX2, 
and NANOG. This indicates that 3D cell culture can 
enhance the stemness of cells, making their characteristics 
more similar to those of in vivo tumor cells. We compared 
the sensitivities of anti-cancer drugs in traditional 2D cell 
culture models and 3D bead models, and found that the 
cells in the 3D bead models showed significantly higher 
resistance than those in the 2D models, which provides 
evidence of the higher resistance of the anti-cancer drugs 
of the cells in the 3D bead models than the 2D models. 
The results of targeted drug sensitivity testing showed that, 
compared to 2D culture conditions, cells cultured under 
3D conditions exhibit higher sensitivity to targeted drugs. 
Similar to our study, Xiao et al. (43) constructed 3D models 
of non-small cell lung cancer cell lines HCC827, H1975, 
and PC-9 and found that the sensitivity of the EGFR-
targeted drug cetuximab was significantly higher in the 3D 
models than in the 2D models. EGFR mutation-carrying 
cell lines displayed a more sensitive growth inhibition 
response to targeted drugs. Further comparison with in vivo 
drug sensitivity results in animal models indicated that the 
drug response results from the 3D tumor models had higher 
consistency with animal experiments than the 2D models, 
better predicting in vivo drug responses. Pickl et al. (44) 
observed that human breast cancer cell line SKBR-3 formed 
spheroids under three-dimensional culture conditions that 
were more sensitive to trastuzumab treatment than cells 
under 2D culture conditions. Further studies revealed that 
in 2D cultures, human epidermal growth factor receptor-2 
(HER2) and human epidermal growth factor receptor-3 

(HER3) formed heterodimers, whereas in multicellular 
spheroids, HER2 formed homodimers. Trastuzumab is 
a monoclonal antibody that specifically targets HER2. 
Therefore, in tumor spheroids, HER2 homodimerization 
leads to enhanced activation of HER2, thereby enhancing the 
inhibitory effect of trastuzumab on cancer cell proliferation. 
Additionally, a study has found that in the culture of non-
small cell lung cancer cell lines HCC827 and HCC4006, 
EGFR phosphorylation is significantly upregulated in 3D 
cultures compared to 2D cell cultures (45). Therefore, it is 
speculated that the higher drug sensitivity observed under 
3D culture conditions maybe because cells in 3D cultures 
better simulate the in vivo EGFR signaling of tumors.

In the future, we intend to examine more factors, such 
as other types of drugs and drug combinations. To develop 
a precise personalized medication regimen, we will further 
compare the sensitivities of anti-cancer drugs to the 
effects of clinical combination drugs. Notably, the TME is 
associated with patient prognosis and the treatment response 
because it can affect cancer multiplication, migration, and 
invasion (46). The 3D cell-laden model can mimic the in 
vivo growth conditions of lung cancer by vascularization (47), 
and multicellular co-cultures (48) with high efficiency.

Conclusions

In this study, we evaluated the feasibility of using SA and 
gelatin as hydrogel materials for the fabrication of 3D 
models and for applications in drug sensitivity testing. It 
has been shown that SA and gelatin are able to promote cell 
aggregation and better mimic the in vivo microenvironment. 
Compared with the 2D culture, the cells cultured in the 
3D model showed higher levels of tumor stem cell marker 
expression, demonstrating that the 3D culture model can 
enhance the stemness properties of cancer cells. Further, 
the cells grown in the 3D culture were also less sensitive 
to drugs than those grown in the 2D culture. Culturing 
CRLCs directly from surgical specimens will facilitate 
screening assays to identify the most effective approach to 
treatment using conventional therapies, and thus provide 
insights into the development of novel individualized 
therapeutic regimes for lung cancer patients.
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