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Abstract 

 

Background and purpose: Patient-derived tumor 3D multicellular cultures are a novel non-small cell lung 

cancer (NSCLC) model for studying tumor biology and precision medicine, which recapitulates tumor 

morphology and gene expression profile. However, practical application is challenged by issues such as low 

establishment rates, long-term production difficulties, and the absence of immune microenvironment 

components. To address these issues, this study aimed to evaluate the efficacy of a novel method for generating 

free-floating patient-derived organotypic tumor spheroids (PDOTS) using a stimuli-responsive extracellular 

matrix (ECM)-mimicking gel. 

Experimental approach: Free-floating PDOTS were established from 18 NSCLC tumors and characterized 

by their morphology, marker expression, and extracellular matrix composition. Cell composition in PDOTS 

and their parental tumors was analyzed by flow cytometry, while RT-PCR was used to assess the expression 

of genes encoding signaling molecules. Finally, drug response and the expression of drug resistance genes 

were evaluated in the NSCLC PDOTS. 

Findings/Results: The PDOTS were successfully generated with a success rate exceeding 90%, forming 

spheroids within one week. These PDOTS preserved the parental tumor's morphology and included stromal 

and immune cells. Notably, 58% of the PDOTS maintained cytokine and growth factor expression profiles 

closely mimicked those of the original tumors. Furthermore, the PDOTS demonstrated varied responses to 

anticancer drugs, potentially influenced by differential expression of drug resistance-associated genes. 

Conclusion and implications: The high establishment rate and rapid production timeline of free-floating 

PDOTS using a stimuli-responsive ECM-mimicking gel make this approach a promising tool for advancing 

cancer biology research and evaluating therapeutic strategies with greater accuracy. 

 

Keywords: Cytokine; Drug resistance; Non-small cell lung cancer; Patient-derived organotypic tumor 

spheroids; Personalized medicine. 

 

INTRODUCTION 

 

Despite significant advances in treatment 

modalities in the last decade, lung cancer 

remains the first-ranked contributor to cancer-

related deaths worldwide (1). Non-small cell 

lung cancer (NSCLC), with an approximately 

15-20% 5-year survival rate, accounts for 80% 

of all lung cancer cases (2). Poor survival rate 

is partially attributed to the lack of an accurate 

prognostic method to evaluate treatment 

outcomes, which would help select a suitable 

experimentally-based treatment regimen for a 

certain patient.  
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Although genomics and transcriptomics 

have advanced precision medicine by linking 

genetic alterations and upregulated signaling 

pathways to targeted drugs (3), there are no 

reliable biomarkers for the prediction of tumor 

responses to chemotherapy (4), which remains a 

major treatment option for advanced NSCLC (5). 

To address this concern, three-dimensional 

(3D) tumor-derived multicellular cultures, 

including patient-derived tumor organoids 

(PDTOs) and patient-derived organotypic 

tumor spheroids (PDOTS), have emerged as 

robust and reliable in vitro models for precision 

medicine (6,7). Increasing evidence confirms 

the phenotypic and genotypic correspondence 

between original tumor tissues and 

PDTOs/PDOTS across various cancers (8-10). 

Some clinical studies have demonstrated the 

high prognostic value of PDTOs/PDOTS for 

the evaluation of patient responses to targeted 

therapies and chemotherapeutic agents (11). 

However, patient-derived spheroids and 

organoids have certain limitations, primarily 

due to technical constraints in their production 

techniques. The most common method of 

PDTO fabrication is based on embedding of 

tumor-isolated cells in MatrigelTM domes and 

their further incubation in the medium, 

encouraging growth of epithelial cells (7). This 

submersion technique typically produces 

spherical organoids that morphologically 

resemble tumor tissue but consist solely of 

epithelial cells and lack stromal and immune 

components that are crucial for certain 

applications, such as studying checkpoint 

blockade mechanisms (12). Another method is 

designed to produce PDTOs from micro pieces 

of tumor tissue, followed by their incorporation 

in collagen I gel and cultivation in an air-liquid 

culture system (13). Although this technique 

preserves immune and stromal components, it 

seems to provide non-uniform organoids that 

can be an obstacle to personalized drug testing. 

Compared to PDTOs, PDOTS generally retain 

stromal and immune components more 

effectively but exhibit limited morphological 

resemblance to the original tumor tissue. Most 

methods for producing PDOTS are based on the 

use of scaffolds (11,14), although a scaffold-

free method has also been used (15). 

Nonetheless, the main challenges limiting the 

clinical integration of drug sensitivity testing 

using PDTOs or PDOTS include the low 

success rate of establishing viable 3D cultures 

and the prolonged time required for expanding 

organoids or spheroids from patient samples, 

which often takes weeks to months (16). 

Here, we produced NSCLC PDOTS using a 

novel method, which has been tested earlier for 

the generation of highly fibrotic and more drug-

resistant NSCLC spheroids (17). This approach 

exploits the embedding of tumor-isolated cells 

in stimuli-responsive extracellular matrix 

(ECM)-mimicking gel that allows for obtaining 

free-floating PDOTS in a short time. To date, 

no studies have evaluated the performance of 

this technique for NSCLC PDOTS generation. 

The primary goal of this study is to assess the 

efficiency of this method and characterize the 

resulting PDOTS. 

 

MATERIALS AND METHODS 

 

Human specimens 

Small tissue fragments of 1 cm3 volume were 

obtained from surgically resected lung specimens 

of both lung tumor tissues and non-neoplastic 

tissues. Histopathological examination 

definitively identified samples as either tumor or 

normal tissue. Expert pathologists confirmed the 

diagnosis for each case. 

 

Generation of free-floating NSCLC PDOTS 

Upon surgical resection, lung tumor tissues 

were immersed in DMEM/F12 (Gibco, USA) 

growth medium containing 1% PenStrep 

(PanEco, Moscow, Russia) and promptly 

transported to the laboratory on ice within 12 h. 

Next, the tumor tissues were sectioned into 

multiple pieces. One piece was embedded in 

HistoPrep tissue embedding media (Fisher 

Scientific, Ottawa, Canada), and kept frozen at 

-80 °C for further immunostaining. A second 

piece was preserved in RNeasy solution 

(Evrogen, Moscow, Russia) to enable 

subsequent total RNA isolation. A third piece 

was fixed in 10% buffered formalin (Thermo 

Fisher Scientific, USA) for H&E staining. 

Another piece was used for the preparation of 

tissue lysate for immunoblotting. The 

remaining tissue was finely minced using 

surgical scissors and suspended in 10 mL of 
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DMEM/F12 growth medium containing 1% 

PenStrep and 1 mg/mL collagenase I (Gibco, 

USA). Upon 1.5-h incubation at 37 °C with 

slow and gentle agitation, the digested tissue 

suspension was passed through a 70-μm cell 

strainer (Falcon, USA). The obtained cell 

suspension was centrifuged at 1,500 rpm for 5 

min at 18-20 °C, followed by the pellet washing 

with Hanks’ balanced salt solution (HBSS) and 

resuspension in 6 mL of fresh growth medium 

for spheroids (DMEM/F12 supplemented with 

20 ng/mL of basic fibroblast growth factor 

(bFGF; 10014-HNAE, SinoBiological, China), 

50 ng/mL human epidermal growth factor 

(EGF; ab55566, Abcam, UK), N2 (PanEco, 

Moscow, Russia), NeuroMax (PanEco, 

Moscow, Russia), 10 mM Glutamax (Gibco, 

USA), 1 mM N-acetyl cysteine (Sigma, USA), 

10 mM nicotinamide (Sigma), 10 μM Y27631 

(ab120129, Abcam, UK), 15 μM HEPES 

(Sigma, USA) and 1% PenStrep). The cells 

were counted using a hemocytometer. A part of 

the collected cells was frozen for further flow 

cytometry analysis. 

Free-floating NSCLC PDOTS were 

produced as described earlier (18). Briefly, 96-

well plates were initially coated with 50 μL of 

a 1% w/v agarose solution in Milli-Q water. 

This coating was allowed to solidify at room 

temperature for approximately 20-30 min. 

Subsequently, a stimuli-responsive ECM-

mimicking gel solution with resuspended tumor 

cells was prepared using SANATO 3D culture 

gel kit (#FTBM0051, Phystech Biomed, 

Russia) and 1% (v/v) SANATO reagent 

(#FTBM0050, Phystech Biomed, Russia) 

according to the manufacturer’s protocol. Then, 

25 μL gel domes containing 10,000-50,000 

cells were dispensed into each well, and the gel 

was allowed to solidify at 37 °C for 20 min. 

After gelation, 100 μL of growth medium for 

spheroids was added to each well, and the plates 

were placed in an incubator, where they were 

cultured at 37 °C in a humidified atmosphere 

containing 5% CO2. Growth medium was 

changed every other day throughout the entire 

experiment. The PDOTS were subjected to 

daily examination for 14 days, during which 

their size and morphology were observed using 

bright field microscopy with an AxioVert.A1 

microscope (Zeiss, Oberkochen, Germany). 

PDOTS areas were determined in the 

brightfield images using ImageJ software 

(1.42v, US National Institutes of Health, USA). 

Measurements were performed on at least ten 

spheroids per time point. 

 

Immunohistochemistry analysis 

One-week-old free-floating NSCLC PDOTS 

were harvested, embedded into HistoPrep 

tissue embedding media (Fisher Scientific, 

Ottawa, Canada), and frozen at -20 °C. 

Subsequently, the frozen blocks with spheroids 

and original tumor tissues were cut into 10-μm-

thick sections, fixed in the mixture of acetone 

and methanol (1:1) for 15 min, and air-dried at 

room temperature. Then, the slides were 

washed with Tris-buffered saline with Tween™ 

20 (TBS-T) (1x) and kept in blocking solution 

for 1 h at room temperature. Then, samples 

were incubated with primary antibodies for 3 h 

at room temperature. To stain ECM 

components, rabbit monoclonal anti-

fibronectin primary antibodies (ab2413, 

Abcam, UK), rabbit polyclonal anti-type I 

collagen antibodies (ab34710, Abcam, UK), 

and rabbit polyclonal anti-laminin antibodies 

(ab11575, Abcam, UK) were used. To stain 

other cell protein biomarkers, rabbit anti-PD-

L1 (ab205921, Abcam, UK), anti-α-smooth 

muscle actin (α-SMA; ab124964, Abcam, UK), 

and anti-Ki-67 (ab15580, Abcam, UK) primary 

antibodies were used. After incubation with 

primary antibodies, the samples were washed 

with TBS-T and incubated with goat anti-rabbit 

IgG labeled with Alexa Fluor 488 (ab150077, 

Abcam, UK) for 1 h at room temperature. 

Nuclear DNA was stained with 4′,6-diamidino-

2-phenylindole (DAPI) for 10 min before the 

samples were covered with a cover glass. The 

images of tumor tissue and spheroid sections 

were obtained using an inverted AxioVert A1 

microscope (Zeiss, Oberkochen, Germany) 

equipped with a ×20/0.6 objective lens. 

 

Western blotting 

NSCLC PDOTS or tumor tissue lysates 

containing equal amounts of total protein (15 

μg) were mixed with loading buffer, boiled for 

5 min, separated by denaturing 12.5% sodium 

dodecyl sulfate (SDS)-polyacrylamide gel, and 

transferred to Amersham™ Hybond™ 0.45 μm 



Ismail et al. / RPS 2025; 20(5): 651-666 

 

654 

PVDF membrane (GE Healthcare, UK). The 

membrane was blocked for 1 h with a blocking 

buffer (Bio-Rad, Hercules, CA) under gentle 

agitation and incubated overnight with 

antibodies against E-cadherin (ES2220, ELK 

Biotechnology, China), thyroid transcription 

factor (TTF1; ab76013, Abcam) for 

adenocarcinomas, p63 (ab247245, Abcam, UK) 

for squamous cell carcinomas, or β-actin (ab8227, 

Abcam, UK) as a reference. Then, the membrane 

was washed twice with TBS-T and incubated 

with horseradish peroxidase (HRP)-conjugated 

secondary antibody (ab205718, Abcam, UK) at 

room temperature for 1 h, followed by several 

washings with TBS-T and deionized water. 

Protein bands were visualized by the ChemiDoc 

XRS+ imaging system (Bio-Rad, Hercules, CA) 

using chemiluminescence mode. 

 

Flow cytometry 

One-week-old NSCLC PDOTS were 

collected and treated with 1% collagenase I for 

0.5-1 h at 37 °C. The cells, isolated from 

disintegrated spheroids, were washed with ice-

cold Versene solution and used for sample 

preparation. Unfrozen cells, isolated earlier 

from the parental tumors, were also washed 

with ice-cold Versene solution and processed 

for sample preparation. The cell suspensions 

were stained with antibodies against well-

established surface markers CD206 for M2-

polarized tumor-associated macrophages, PD-

L1 for an immunosuppressive fraction of cancer 

cells, and CD8 for cytotoxic T-cells using 

ab195192, ab205921, and ab17147 from 

Abcam, respectively. The samples, stained with 

anti-PD-L1 and anti-CD8 IgGs, were also 

treated with fluorescently labeled secondary 

antibodies (ab150113 and ab150115, Abcam, 

UK). Another sample was fixed in 4% 

paraformaldehyde with 0.1% Triton X-100, 

followed by staining with antibodies against α-

SMA (ab124964, Abcam, UK) to determine 

myofibroblasts and secondary antibodies 

(ab150113, Abcam, UK). The staining was 

carried out at 1:100 and 1:200 antibody 

dilutions for the primary and secondary 

antibodies, respectively. To minimize non-

specific IgG binding, the cell staining was 

performed in 1% bovine serum albumin (BSA) 

and 10% fetal bovine serum (FBS) solution. 

Unbound antibodies were removed by washing 

with phosphate-buffered saline (PBS). 

Recommended isotype controls were used as 

negative controls to exclude non-specific 

binding events. The cells were subjected to flow 

cytometry analysis using a CytoFLEX flow 

cytometer (Beckman Coulter, Brea, CA). Per 

sample, 10,000 events were gated. 

 

RNA extraction and quantitative real-time 

polymerase chain reaction  

Total RNA was isolated from PDOTS or 

tumors using the ExtractRNA kit (Evrogen, 

Moscow, Russia) in accordance with the 

manufacturer's protocol. The prepared samples 

were subjected to spectral analysis. If the 

absorption ratio A260/A280 was lower than 2.0, 

the samples were purified again using CleanRNA 

Standard (Evrogen, Moscow, Russia). cDNA was 

synthesized by random priming from 1 μg of total 

RNA using the MMLV RT kit (Evrogen, 

Moscow, Russia). These samples were subjected 

to quantitative polymerase chain reaction (qPCR) 

using CFX96 Real-Time PCR Detection System 

(Bio-Rad, Hercules, CA) with the primers listed 

in Table S1. For each reverse-transcribed sample, 

amplification of 18S rRNA served as an internal 

quantification standard. The results were 

analyzed using CFX Manager software supplied 

by the manufacturer. All samples were run in 

triplicate. 

 

Cell viability assay 

Viability of NSCLC PDOTS treated or non-

treated with anticancer drugs was assessed using 

CellTiter-Glo® 3D Cell Viability Assay 

(Promega, Madison, WI) according to the 

manufacturer’s protocol. Briefly, the spheroids 

were exposed to different concentrations of 

cisplatin, etoposide, pemetrexed, paclitaxel, or 

gemcitabine (all from Sigma, St. Louis, MO) for 

96 h. Incubation of the PDOTS with drugs was 

carried out from day 7 to day 11. The final 

concentration of the drugs in wells ranged from 0 

to 2 μM. After incubation with drugs, an equal 

volume of CellTiter-Glo® 3D reagent was added 

to the wells. Next, the plate was vigorously 

agitated for 5 min and incubated for an additional 

25 min at room temperature in the dark. The 

luminescence was measured using a microplate 

reader CLARIOstar Plus (BMG LABTECH, 
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Ortenberg, Germany). All samples were tested in 

triplicate at each drug concentration. 

 

Statistical analysis 

The statistical data analysis was carried out 

using GraphPad Prism 5 (GraphPad Software 

Inc., San Diego, CA) software. Spheroid area 

and viability data are expressed as mean ± SD. 

All experiments were conducted in triplicate or 

more. To assess similarity between primary 

tumors and tumor-derived spheroids, 

correlation analyses were carried out. For each 

gene or protein of interest, correlations between 

RNA expression levels or biomarker-positive 

cell percentages in primary tumors and matched 

spheroids across patients were evaluated using 

Pearson’s correlation coefficient (r). A P-value 

< 0.05 was considered statistically significant. 

 

Supplementary materials 

Additional supporting information is 

available at: 

https://github.com/Ukulele329/RPS_updated/b

lob/main/Supplementary%20Materials.docx. 

 

RESULTS 

 

Characterization of free-floating NSCLC 

spheroid morphology 

The generation procedure of free-floating 

PDOTS resembles the conventional technique 

of PDTO production (Fig. 1A). Similarly, the 

isolated tumor cells were placed into an               

ECM-mimicking hydrogel, followed by 

incubation at standard conditions. At the same 

time, the gradual shrinkage of stimuli-

responsive gel in the used technique encourages 

cell-to-cell connections and rapid formation of 

multicellular aggregations, which are becoming 

free-floating spheroids over time (Fig. 1B). 

We obtained free-floating PDOTS from 

different types of NSCLC tumors, including 

adenocarcinoma, large-cell carcinoma, and 

squamous cell carcinoma (SCC) (Fig. S1A and 

Table S2). The usage of this technique allowed 

us to obtain free-floating spheroids with over 

90% probability (Fig. S1B). These PDOTS 

were assembled within one week and had a size 

of over 200 microns (Fig. 1C and D). 

 
Fig. 1. Generation of free-floating NSCLC PDOTS. (A) Schematic representation of the free-floating PDOTS 

generation process. (B) Main stages of morphological changes during free-floating spheroid formation. Biorender 

software (https://biorender.com/) was used to create figures (A) and (B). (C) Time-lapse monitoring of spheroid 

morphological changes in transmitted light. (D) Kinetics of PDOTS area change over time for NSCLC_007, 

NSCLC_012, NSCLC_013, measured using brightfield images. The data are expressed as the mean ± SD. NSCLC, 

Non-small cell lung cancer; PDOTS, patient-derived organotypic tumor spheroid. 

https://github.com/Ukulele329/RPS_updated/blob/main/Supplementary%20Materials.docx
https://github.com/Ukulele329/RPS_updated/blob/main/Supplementary%20Materials.docx
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Fig. 2. Characterization of free-floating NSCLC PDOTS. (A) Immunoblotting analysis indicated the presence of lung 

adenocarcinoma-specific marker TTF1 and squamous-cell carcinoma-specific marker p63 (and its absence in large-

cell carcinoma NSCLC_006) in the spheroids obtained from the corresponding NSCLC tumors. (B-D) IHC analysis 

of ECM distribution in NSCLC tumors and PDOTS. Collagen I (green) (B), fibronectin (red) (C), and laminin (green) 

(D) were detected in both tumors and free-floating PDOTS. DAPI staining indicates cell nuclei (blue). NSCLC, Non-

small cell lung cancer; PDOTS, patient-derived organotypic tumor spheroid; TTF1, thyroid transcription factor 1; 

IHC, immunohistochemistry; ECM, extracellular matrix; DAPI, 4′,6-diamidino-2-phenylindole. 

 

To confirm the preservation of tumor-specific, 

proliferative, and tissue integrity markers in 

PDOTS, we conducted immunoblotting analysis 

and immunohistochemistry (IHC) staining. 

Immunoblotting analysis of the obtained PDOTS 

indicated the retention of adenocarcinoma- or 

SCC-specific markers TTF1 and p63 (19), 

respectively (Fig. 2A). To further understand the 

integrity of free-floating spheroids, we examined 

the expression of ECM components and E-

cadherin, an adhesion molecule primarily involved 

in the adhesion of epithelial cells to one another 

(20). IHC staining has shown that, similar to the 

parental tumors, free-floating PDOTS produce 

stromal ECM proteins such as collagen I, and 

basement membrane-specific proteins including 

fibronectin and laminin (Fig. 2B-D). As a                      

part of the tumor microenvironment, ECM                    

can significantly contribute to enhanced 

chemoresistance by acting as a steric barrier to the 

diffusion of therapeutic agents (21) and by 

promoting pro-survival signaling (6). All tested 

samples of free-floating PDOTS displayed the 

expression of E-cadherin that could mediate 

cellular contacts (Fig. S2), suggesting the retention 

of tissue integrity. In addition, the presence of Ki-

67-positive staining in one-week-old PDOTS  

(Fig. S3) confirms ongoing proliferation, as Ki-67 

is a well-established and widely accepted marker 

of cell proliferation.  
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Fig. 3. Cell composition of free-floating NSCLC PDOTS. (A) Gating of CD206+, PD-L1+, αSMA+, and CD8+ cells, 

isolated from original tumors or PDOTS. (B) Pearson’s correlations between cell compositions of PDOTS and parental 

tumors. Pearson’s correlation coefficients and P-values were determined. (C) IHC images of αSMA+ (red) and PD-L1+ 

(green) cells in NSCLC tumors and free-floating spheroids. DAPI staining indicates cell nuclei (blue). NSCLC, Non-

small cell lung cancer; PDOTS, patient-derived organotypic tumor spheroid; IHC, immunohistochemistry; CD206, cluster 

of differentiation 206, or mannose receptor; PD-L1, programmed death-ligand 1; α-SMA, α-smooth muscle actin; CD8, 

cluster of differentiation 8, a co-receptor for the T-cell receptor; DAPI, 4′,6-diamidino-2-phenylindole. 

 

Cell composition of free-floating NSCLC 

PDOTS 

To evaluate the expression of cell type-

specific markers and compare the cellular 

composition of the PDOTS with the original 

tumors, we performed flow cytometry analysis. 

For cell phenotyping, four cell-specific markers 

were used (Fig. 3A). First, the percentage of 

cells expressing CD206, a marker of M2 tumor-

associated macrophages, was determined. 

These cells are known to promote tumor 

growth, angiogenesis, and immunosuppression 

through the secretion of anti-inflammatory 

cytokines and remodeling of the tumor 

microenvironment (22). Next, the enrichment 

of the patient tumors and PDOTS with                   

CD8+ T-cells and myofibroblasts expressing 

αSMA was defined. In NSCLC, CD8+ T-cells 

are key mediators of anti-tumor immunity, 

while myofibroblasts contribute to 

immunosuppression and tumor progression 

through extracellular matrix remodeling and 

cytokine secretion (23). Finally, the fraction of 

PD-L1-positive cells was evaluated. In the 



Ismail et al. / RPS 2025; 20(5): 651-666 

 

658 

tumor microenvironment, PD-L1 can be 

expressed by cancer cells and immune                       

cells (24), and its expression level has                     

been previously considered a prognostic   

marker in NSCLC (25). It was found that free-

floating PDOTS retain immune and stromal 

cells. Moreover, percentages of CD8+, 

CD206+, PD-L1+, and αSMA+ cells correlated 

between spheroids and the original tumors               

(Fig. 3B). IHC staining of tumor and                     

spheroid sections also confirmed the presence 

of αSMA+ and PD-L1+ in both specimens                          

(Fig. 3C). Thus, the obtained results                               

display the similarity of cell compositions 

between free-floating PDOTS and the                      

parental tumors. 

 

 
Fig. 4. Gene expression profiles of cytokines and growth factors in the free-floating NSCLC PDOTS and the parental 

tumors. (A) Heatmaps of normalized cytokine and growth factor gene expression profiles in NSCLC tumors and 

spheroids. indicates Pearson correlation analysis revealed statistically significant correlations between tumors and free-

floating PDOTS in 7 out of 12 samples (*P < 0.05 and **P < 0.01) (see also Table S3). (B) Pearson correlations between 

cytokine/growth factor expression in PDOTS and the parental tumors. Pearson’s correlation coefficients and P-values 

were determined for each gene (see also Table S4). NSCLC, Non-small cell lung cancer; PDOTS, patient-derived 

organotypic tumor spheroid. 

  



NSCLC PDOTS for personalized testing of chemotherapeutic drugs 

659 

Comparison of cytokine and growth factor 

expression profiles in PDOTS and parental 

tumors 

To compare the expression of secretory 

biomarkers between PDOTS and the original 

tumors, we assessed the levels of 12 genes 

encoding cytokines and growth factors 

(interferon gamma (IFNG), tumor necrosis 

factor alpha (TNFA), interleukin (IL)6, IL1B, 

IL12A, IL23A, IL10, transforming growth 

factor-beta (TGFB), epidermal growth factor 

(EGF), vascular endothelial growth factor A 

(VEGFA), TNF-stimulated gene-6 protein 

(TSG6), and fibroblast growth factor 2 

(FGF2)), all of which play important roles in 

the NSCLC tumor microenvironment. RT-PCR 

analysis revealed notable variations in the 

expression profiles of these cytokines and 

growth factors among NSCLC tumors and their 

corresponding free-floating spheroids (Fig. 

4A). Considering separate samples, the 

expression profile correlated between free-

floating PDOTS and the original tumors in 7 of 

12 patients, indicating a high extent of immune 

microenvironment mimicking in 3D culture 

(Fig. 4A and Table S3). 

Considering separate cytokines and growth 

factors, the correlations in gene expression 

between tumors and PDOTS were found for six 

specific genes, including EGF, VEGFA, IL1B, 

IFNG, TNFA, and FGF2 (Fig. 4B and Table 

S4). Thus, reproducing cytokine/growth factor 

expression profiles in free-floating spheroids 

might be important for their use in the tumor-

immune cell crosstalk studies. 

 

Anticancer drug response of free-floating 

NSCLC PDOTS 

To demonstrate the feasibility of using free-

floating NSCLC PDOTS for personalized drug 

sensitivity analysis, we evaluated their viability 

after exposure to five of the most commonly 

used chemotherapeutics, including cisplatin, 

etoposide, pemetrexed, paclitaxel, and 

gemcitabine. Notably, the process of spheroid 

generation and viability assay after drug 

exposure took ten days, which could be 

considered a clinically relevant term. 

Analysis of drug sensitivity indicated a 

broad diversity in IC50 values for different 

drugs across free-floating PDOTS from ten 

patients (Fig. 5A and B). In some cases,                     

IC50 values surpassed clinically relevant 

maximum concentrations (Cmax) (26) for some 

drugs, indicating these spheroids to be resistant 

to certain drugs (Fig. S4). Interestingly, some 

free-floating spheroids, such as NSCLC_008, 

NSCLC_009, NSCLC_010, and NSCLC_011, 

displayed relatively high sensitivity to all tested 

drugs. However, in most cases, the spheroids 

exhibited resistance to at least one drug. 

Importantly, no cases of complete PDOTS drug 

resistance to all drugs were observed among the 

PDOTS. 

In this regard, in vitro patient-derived tumor 

models can be a valuable tool for personalized 

assessment of chemotherapeutic efficacy. 

 

Analysis of PDOTS drug resistance 

To understand the possible cause of drug 

response variation, the mRNA expression levels 

of cytochrome P450 (CYP) and ATP-binding 

cassette (ABC) transporters were measured, 

which can mediate drug resistance. Some CYPs 

make anticancer drugs more soluble and less 

toxic by oxidizing them (27), while transporters 

actively pump chemotherapy drugs out of cancer 

cells, thereby reducing their efficacy (28). 

Although PCR analysis demonstrated a 

similarity in CYP expression levels between 

PDOTS and the original tumors (Fig. 6A),                 

we did not find any trends in the expression of 

different CYPs and resistance to certain drugs 

(Fig. 6B and C). As for ABC transporter 

expression, we identified several interesting 

findings (Fig. 6D and D). For instance, 

NSCLC_012 spheroids with the highest                 

ABCC5 expression are resistant to pemetrexed. 

Indeed, ABCC5 was shown to mediate the 

inherited resistance to pemetrexed in several 

cancers (29). According to our data, NSCLC_003 

spheroids with the highest ABCG2 expression are 

more resistant to cisplatin. These data are 

consistent with the results of previous studies 

demonstrating that different ABCG2-

overexpressing tumors, including NSCLC, are 

resistant to this drug (30). Interestingly, we 

observed substantial variation in CYP and ABC 

expression across NSCLC PDOTS from different 

patients (Fig. 6B-E), which likely contributes to 

individual differences in resistance to 

chemotherapeutics.  
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Fig. 5. Drug sensitivity profiling of free-floating NSCLC PDOTS. (A) A heatmap of cisplatin, paclitaxel, gemcitabine, 

etoposide, and pemetrexed IC50s, determined for free-floating PDOTS from ten NSCLC patients. (B) Drug dose-

dependent survival curves for free-floating PDOTS from ten NSCLC patients (see also Fig. S2). Data are presented as 

mean ± SD, n = 3. NSCLC, Non-small cell lung cancer; PDOTS, patient-derived organotypic tumor spheroid. 
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Fig. 6. Analysis of drug resistance gene expression in free-floating NSCLC PDOTS. (A) Heatmaps of CYP gene 

expression profiles in the NSCLC tumors and spheroids. (B) CYP gene expression levels in free-floating PDOTS versus 

(C) IC50 values of chemotherapeutics in them. (D) ABC gene expression levels in free-floating PDOTS versus (E) IC50 

values of chemotherapeutics in them. Data are expressed as means, n = 3. NSCLC, Non-small cell lung cancer; PDOTS, 

patient-derived organotypic tumor spheroid; CYP, cytochrome P450; ABC, ATP-binding cassette transporters. 

 

DISCUSSION 

 

PDTOs/PDOTS have emerged as a 

promising tool in personalized medicine for 

drug screening purposes. Several studies have 

demonstrated the retention of the histological 

and genetic characteristics of primary tumors 

(31) and the high prognostic value of NSCLC 

PDTO/PDOTS models (32-35). At the same 

time, earlier reports have noted certain issues 

related to the production of lung cancer 3D 

multicellular models and their properties, such 

as low generation success rate (32,36,37), 

fibroblast and normal epithelium overgrowth 

(38), loss of immune components over time 

(12), and the need for long-term cultivation 

before drug testing (32). The primary goal of 

this study was to generate and characterize free-

floating PDOTS, obtained using a new 

technique (Fig. 1A and B), in light of these 

reported issues. 

The use of stimuli-responsive ECM-

mimicking gels and non-adhesive coatings 

allows for the generation of free-floating 

PDOTS within one week (Fig. 1C and D), 

whereas the traditional method of culturing in 

MatrigelTM or similar ECM-like gel typically 

requires a longer time for PDTO/PDOTS 

formation (10). The speed of intercellular 

contact formation during organoid or spheroid 

assembly likely plays a critical role in their 

successful establishment. It has been shown 
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that cell aggregation in tumor spheroids is 

mediated by E- and N-cadherins, which are key 

contributors to pro-survival signaling and drug 

resistance (39). Rapid reformation of functional 

E-cadherin junctions is essential for the survival 

of both normal epithelial and cancer cells 

derived from highly differentiated carcinomas 

(40,41). While E-cadherin expression was 

confirmed at the protein level in all tested 

samples of free-floating spheroids (Fig. S2), the 

accelerated restoration of cell-cell interactions 

during spheroid formation may explain the 

significantly higher establishment success rate 

of over 90% (Fig. S1B) compared to the 40-

70% success rates typically reported for 

conventional NSCLC organoids (32,33,35-37). 

Fast assembly of free-floating spheroids 

appears to be important not only for their 

survival but also for better mimicking the tumor 

microenvironment. In PDTO models, it has 

been shown that long-term organoid cultivation 

often results in the overgrowth of stromal cells, 

such as cancer-associated fibroblasts (42), or 

the loss of immune cells due to their limited 

expansion capacity (16). While the deficiency 

of immune cells can be addressed by adding 

them to the tumor organoid culture (43), 

overcoming contamination with fibroblasts 

remains more challenging (37). This problem 

can be partly solved by filtering out large 

stromal cell clusters before starting the 

organoid culture and by adjusting the growth 

medium to slow down the growth of normal 

lung organoids (32). The free-floating PDOTS 

showed expression of cancer cell-specific 

NSCLC markers (Fig. 2B) as well as ECM 

components of connective tissue (collagen I) 

and basement membrane (laminin and 

fibronectin) (Fig. 2C-E). Flow cytometry 

analysis demonstrated a strong correlation in 

the proportion of αSMA-positive fibroblasts 

between the original tumors and PDOTS 

without evidence of fibroblast overgrowth (Fig. 

3B and C). Additionally, PD-L1+ cells, CD8+ 

T-cells, and CD206+ macrophages were 

retained in the free-floating PDOTS at levels 

similar to those observed in the parental tumors 

(Fig. 3B and C). 

A unique pattern of cytokine and growth 

factor expression profile in a tumor strongly 

affects tumor growth and the development of 

immune tolerance. Multiple growth factors, 

cytokines, and their receptors are considered 

significant prognostic NSCLC biomarkers (44). 

We first evaluated whether PDOTS reproduce 

growth factor/cytokine expression in the 

parental NSCLC tumors. It turned out that the 

expression profile in free-floating PDOTS 

correlated with the parental tumors in 58% of 

samples (7 of 12; Fig. 4A). Significant 

correlations were found for six growth factor 

and cytokine genes, including IL1B, IFNG, 

EGF, VEGFA, FGF2, and TNFA (Fig. 4B). 

These cytokines and growth factors 

significantly contribute to NSCLC progression 

and can be produced by various cell types in the 

tumor microenvironment, including cancer 

cells, fibroblasts, and immune cells (45). For 

instance, EGF binds to and activates the EGFR 

receptor, which is associated with NSCLC 

tumor growth and increased survival rate (46). 

FGF2 and VEGFA are both growth factors that 

contribute to tumor angiogenesis (44). TNFα 

and its receptor are prognostic biomarkers for 

NSCLC, which is associated with increased 

drug resistance and poor outcome (47). IL-1β, a 

proinflammatory cytokine from the IL-1 

family, contributes to tumor cell proliferation, 

pro-survival signaling, migration, and 

chemoresistance in NSCLC (48). Finally, the 

proinflammatory cytokine IFNγ activates the 

STAT1 transcription factor in lung 

adenocarcinoma cells, leading to PD-L1 

upregulation and the acquisition of immune 

tolerance (49). 

Thus, free-floating spheroids exhibited a 

relatively high similarity to the parental tumors 

in terms of morphology, cell composition, and 

growth factor/cytokine expression profile. 

Therefore, the developed spheroid tumor model 

could be a valuable tool for personalized 

analysis of drug sensitivity. 

Despite significant advances in targeted 

therapies and immunotherapeutic strategies, 

chemotherapy remains the primary first-line 

treatment option for advanced NSCLC in 

European countries (5). The gold standard for 

NSCLC chemotherapy involves a platinum-

based doublet, combining cisplatin (or 

carboplatin) with another cytostatic drug such 

as pemetrexed, gemcitabine, etoposide, or 

paclitaxel. Although tumor responsiveness to 
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chemotherapy is highly variable and treatment 

often carries a high risk of adverse effects, no 

reliable genetic biomarkers are currently available 

to predict its efficacy (50). In this context, the use 

of PDTOs/PDOTS to personalize chemotherapy 

represents a promising approach. 

Our data confirm a broad variation in drug 

sensitivity across free-floating PDOTS from 

different patients, reaching up to two orders of 

magnitude in IC50 value (Fig. 5). Some PDOTS 

exhibited very high IC50 values for certain 

drugs, suggesting resistance to those treatments 

(Fig. S4). Several factors may contribute to the 

observed variation in drug response. One 

important factor is the difference in the 

expression of genes involved in drug resistance, 

including CYP enzymes and ABC transporters 

(27,28). According to our data, free-floating 

PDOTS exhibited a high degree of similarity in 

CYP expression compared to the original 

tumors (Fig. 6A). However, significant 

variation in CYP and ABC expression across 

PDOTS from different NSCLC patients was 

observed (Fig. 6B-E), highlighting the 

importance of evaluating individual drug 

resistance to optimize therapeutic outcomes. In 

this context, the use of PDOTS appears highly 

promising for the personalized selection of 

chemotherapeutic agents. At least, it could 

assist in choosing the second drug to pair with 

cisplatin or carboplatin in a platinum-based 

doublet regimen. Moreover, PDOTS could 

serve as a useful platform for testing ABC (51) 

and CYP (52) inhibitors developed to overcome 

resistance to multiple cytostatic drugs. 

It should be noted that in this study, we 

generated free-floating spheroids from 

surgically resected tumor tissue and maintained 

them under short-term culture conditions. 

Consequently, the assessment of PDOTS drug 

sensitivity in this context is primarily applicable 

to guiding adjuvant therapy decisions. In 

contrast, PDTOs enable the generation of 3D 

cultures from limited tissue obtained through 

minimally invasive biopsies. These cultures 

support long-term expansion, serial passaging, 

and cryopreservation, enabling their use in 

neoadjuvant therapy selection and biobanking 

(7). Therefore, further optimization is needed to 

adapt free-floating PDOTS protocols for use 

with biopsy-derived material, facilitating their 

potential role in preoperative treatment 

planning. Another limitation of PDOTS is their 

rapid evolution following establishment. 

Cultivation conditions can markedly influence 

the viability and proliferation rates of various 

cell types and cancer cell clones, leading to 

significant shifts in cell composition and 

clonality over time. While this approach 

enables rapid processing and analysis, it may 

present limitations in terms of long-term 

usability and scalability. 

 

CONCLUSION 

 

This study aimed to investigate the 

properties of NSCLC PDOTS generated using 

a free-floating method. This technique offers a 

high success rate in establishing spheroids and 

accelerating assembly, allowing the time 

between tumor tissue acquisition and drug 

testing to be reduced to as short as ten days. The 

free-floating spheroids preserved key 

similarities to the parental tumors, including 

morphology, ECM, and cell composition, and 

cytokine/growth factor expression profiles. 

These characteristics make the obtained 

PDOTS a valuable tool for various applications, 

including cancer research and personalized 

drug testing, which can be exploited for the 

management of adjuvant chemotherapy, as 

discussed in this study. Future directions may 

include optimizing PDOTS protocols for use 

with biopsy-derived material to support 

preoperative treatment planning, as well as 

adapting them for longer cultivation to allow 

immunotherapeutic testing. We believe that the 

growing evidence supporting the benefits of 

PDOTS/PDTOs for personalized treatment, 

coupled with ongoing advancements in 

production techniques, will facilitate the 

clinical translation of this promising 

technology. 
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