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Despite limitations like poor mimicry of the human cell microenvironment, contamination risks, and batch-to-batch variation, cell culture media with animal-derived components such as fetal bovine serum (FBS) have been used in vitro for decades. Moreover, a few reports have used animal-product-free media in advanced high throughput three-dimensional (3D) models that closely mimic in vivo conditions. To address these challenges, we combined a high throughput 3D model with an open access, FBS-free chemically-defined medium, Oredsson Universal Replacement (OUR) medium, to create a more realistic 3D in vitro drug screening system. To reach this goal, we report the gradual adaptation procedure of three cell lines: human HeLa cervical cancer cells, human MCF-7 breast cancer cells, and cancer-associated fibroblasts (CAFs) from FBS-supplemented medium to OUR medium, while closely monitoring cell attachment, proliferation, and morphology. Our data based on cell morphology studies with phase contrast and real-time live imaging demonstrates a successful adaptation of cells to proliferate in OUR medium showing sustained growth kinetics and maintaining population doubling time. The morphological analysis demonstrates that HeLa and MCF-7 cells displayed altered cell morphology, with a more spread-out cytoplasm and significantly lower circularity index, while CAFs remained unaffected when grown in OUR medium. 3D fiber scaffolds facilitated efficient cell distribution and ingrowth when grown in OUR medium, where cells expand and infiltrate into the depths of 3D scaffolds. Drug toxicity evaluation of the widely used anti-cancer drug paclitaxel (PTX) revealed that cells grown in 3D cultures with OUR medium showed significantly lower sensitivity to PTX, which was consistent with the FBS-supplemented medium. We believe this study opens the way and encourages the scientific community to use animal product-free cell culture medium formulations for research and toxicity testing.
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1 INTRODUCTION
Conventional two-dimensional cell cultures (2D) provide an artificial set-up for culturing cells in a monolayer that significantly differs from the growth condition of cells within tumors due to the lack of structural and biochemical composition found in human tumors in vivo (Jensen and Teng, 2020; Ackermann and Tardito, 2019). Recently, 3D cell culturing approaches based on patient-derived organoids, spheroids, and other scaffold-based 3D systems have emerged to enhance the accuracy and efficacy of cancer research and drug screening (Cacciamali et al., 2022). Scaffold-based 3D tumor models can provide both spatial and structural support and biophysical signals to the cells, essential for mimicking the tumor architecture, morphogenesis, and tumor-stromal crosstalk (Barbosa et al., 2022). Despite these advances, most of the ongoing cancer research is still performed using conventional cell growth media supplemented with fetal bovine serum (FBS) formulated over half a century ago (Ackermann and Tardito, 2019). FBS is a source to easily obtain growth factors, essential hormones, minerals, and trace elements required for attachment and proliferation for long-term cell culturing and use of cells in different experimental settings. Regardless of the ethical issues concerning FBS production and animal welfare (Van der Valk et al., 2018), FBS has a high variability in the concentration of unknown and ill-defined components, which could lead to significant batch-to-batch variation which may affect scientific reproducibility (Oredsson et al., 2019; Jochems et al., 2002). Moreover, FBS is a recognized source of viral and prion (xenogeneic proteins) contamination in cell culture due to the risk of bovine diseases and non-human pathogens transmission (Pilgrim et al., 2022; van der Valk, 2022; Weber et al., 2022). Furthermore, certain FBS batches may contain toxic factors that can significantly affect the quality and reliability of the experimental results (van der Valk, 2022).
To address the issues regarding the use of FBS in cell culture media there are several commercially available animal-free components media alternatives in the market (e.g., animal origin component-free Cytiva Life Sciences HyClone™ serum-free medium, and Gibco Dynamis™ serum-free medium for growing mammalian cells) as well as medium supplemented with human serum or human platelet lysate (Chelladurai et al., 2021). These xeno-free media alternatives aim to replace FBS supplementation in cell culture (Pilgrim et al., 2022; Caneparo et al., 2022). However, many of these animal-component-free media lack open access for commercial and proprietary reasons and the specific media formulations are often undisclosed, making scientific progress in the field more challenging (van der Valk, 2022). Therefore, among the research community, many research groups have attempted to formulate a serum-free medium to overcome these limitations. Establishing open access sources, and databases such as https://fcs-free.org/ and encouraging information-sharing on the formulation details of serum-free medium are crucial for advancing research practices in the field. Serum-free medium allows scientific consistency and reproducibility across different laboratories and research experiments while alleviating the issues related to variability, contamination, and ethics (Gottipamula et al., 2013). To this end, we have successfully developed an open source, animal component-free, and chemically defined medium (Rafnsdóttir et al., 2023; Weber et al., 2022). This defined medium, which we now refer to as the Oredsson Universal Replacement (OUR) medium (Oredsson et al., 2024), is formulated to support a wide variety of cell types, both adherent and suspension cells, and offers a step forward in xeno-free 3D tumor modeling. Serum-free media has been frequently used to obtain patient-derived tumor organoids and stem-cell-derived organoids (Balvers et al., 2013; Pamarthy and Sabaawy, 2021). This approach was initiated by the Sasai group in 2008, which used the serum-free medium for generating self-organized brain organoids (Eiraku et al., 2008). However, a few studies have demonstrated the use of serum-free media in scaffold-based 3D culture systems in cancer research. Gomez-Roman et al. (2017) developed a 3D glioblastoma model using Alvetex polystyrene scaffold in combination with a serum-free medium to study anti-cancer drug and radiation responses. This suggests that further optimization of the dual use of serum-free media with scaffold-based 3D systems is needed to develop clinically relevant tumor models.
In the present study, we aim to recreate a physiologically relevant 3D human cervical and breast mini-tumor model in combination with xeno-free OUR medium within a high throughput screening (HTS) system. The 3D cultures provide a more physiologically relevant context and by combining this with OUR medium, this approach represents a better and more promising alternative model for in vitro drug testing and investigation of tumor biology. The human cancer cell lines and cancer-associated fibroblasts (CAFs) used in this study have been gradually adapted and transitioned from a conventional 10% FBS-supplemented medium to OUR medium. Throughout the adaptation procedure, several key cell parameters such as proliferation rate and morphology were closely monitored. We employed biocompatible, collagen-mimicking electrospun polycaprolactone (PCL)-based 3D 96-well plates developed and validated previously by Malakpour-Permlid and Oredsson (2021). Here, we use the 3D scaffolds to generate 3D mono-cultures of human cervical cancer HeLa cells, human breast cancer MCF-7 cells, and CAFs in an animal-component-free setup. The cytotoxicity of the conventional chemotherapeutic drug, paclitaxel (PTX) was assessed in 3D HTS cultures. We propose that our xeno-free 3D tumor model setup serves as an alternative to standard 3D drug screening platforms that typically rely on the use of FBS-supplemented medium and other animal-derived components.
2 MATERIALS AND METHODS
2.1 Cell lines
The human breast cancer cell line MCF-7 (HTB-22) and the human cervical carcinoma cell line HeLa (CCL-2) were purchased from the American Type Culture Collection (Manassas, VA, United States). Human CAFs were obtained from Prof. Stina Oredsson, Lund University with permission to use from Prof. Akira Orimo, Graduate School Juntendo University, Tokyo, Japan (Kojima et al., 2010). Before adaptation to OUR medium, all the cell lines were cultured in Dulbecco’s Modified Eagle Medium containing 4.5 g/L glucose (Sigma-Aldrich, Denmark A/S, Hellerup, Denmark) supplemented with 10% heat-inactivated FBS (Sigma-Aldrich, Denmark A/S, Hellerup, Denmark), 2 mM L-glutamine (ThermoFisher Scientific, Waltham, MA, United States), 1 mM non-essential amino acids (ThermoFisher Scientific), 100 μg/mL streptomycin (Gibco, Gaithersburg, MD, United States), and 100 U/mL penicillin (Gibco). The cell lines were passaged twice a week using trypsin/EDTA™ (0.05%) (Sigma-Aldrich Sweden AB) while they were maintained in a humidified incubator (95% humidity) with 5% CO2 in air at 37°C in CO2 incubator.
2.2 Drug treatment
The conventional chemotherapeutic drug PTX was obtained from Tocris Bioscience (Abingdon, United Kingdom). A 100 mM stock solution was made in 100% dimethyl sulfoxide (DMSO) (Sigma-Aldrich, Denmark A/S, Hellerup, Denmark) and stored at −20 °C. A working solution of 100 µM was diluted in sterile PBS with no calcium or magnesium (Gibco). A serial dilution using the medium with 1,000, 500, 250, 100, 50, and 10 nM final concentrations was prepared and used for the experiments. The cells treated with PBS with 0.1% DMSO were considered as standard negative control. Additionally, as positive controls, DMSO was used to create a serial dilution with concentrations of 0.1, 0.6, 1.2, 2.5, 5, 8, and 10% in OUR medium.
2.3 Cell adaptation to OUR medium
The composition and formulation of OUR medium used in this study were previously described and specified by Rafnsdóttir et al. (2023) and Weber et al. (2022). The OUR medium is an animal product-free, chemically defined medium designed for both 2D and 3D cell culture. As described by Rafnsdóttir et al. (2023), it contains DMEM/Ham´s F12 as a basal medium with a mix of non-protein and protein components essential for cell attachment, spreading, proliferation, and long-term routine cell culturing. To promote optimal cell attachment and proliferation in OUR medium, all the cell lines underwent a 1-month adaptation period where they were introduced and adapted to OUR medium by gradual dilution of FBS as illustrated in Figure 1. Initially, all the cells were cultured in a DMEM medium supplemented with 10% FBS. Then, the reduction procedure was performed in a step-wise manner, gradually decreasing the FBS content in OUR medium (7%, 5%, 2%, 1%, and 0%), ultimately leading to the complete elimination of FBS in OUR medium. Before introducing the cells to the reduced percentages of FBS in OUR medium the cells were passaged and pelleted by centrifugation at 300g for 5 min at 4°C. Then, OUR medium was removed, and the cell pellet was resuspended in the fresh OUR medium with the lower percentages of FBS until FBS was totally omitted. To improve cell proliferation, attachment, and expansion, Corning® Primaria cell culture flasks (Corning, New York, United States) were used instead of standard cell culture flasks during the adaptation and routine cell culturing. The light in the laminar flow bench was turned off due to the medium’s sensitivity to light, due to the potential degradation of certain components when exposed to light. The cells were defined as adapted when the cell growth between routine passaging was constant showing stable cell growth characteristics, such as a consistent doubling time and stable morphology.
[image: Figure 1]FIGURE 1 | Schematic illustration of the process involved in cell adaptation from an FBS-supplemented medium (FBS-SM) to Oredsson Universal Replacement (OUR) medium.
2.4 Cell culture maintenance
The cells grown in OUR medium were initially rinsed with PBS when passaging. Following aspiration of PBS, the animal-free recombinant trypsin-like enzyme (Tsuji et al., 2017), TrypLE™ Select dissociation reagent (ThermoFisher Scientific) was used (1.5 mL/75 cm2) for detachment and the cells were incubated at 37°C for 5 min. Subsequently, 5 mL of OUR medium was added, and the cells were dispersed through careful trituration. Another 5 mL of OUR medium was then added, and the cell numbers were determined using an automated cell counting unit (NucleoCounter® NC-200TM, ChemoMetec A/S, Allerod, Denmark). After cell counting, 3 × 106 cells were transferred to a 75 cm Corning® Primaria cell culture flask. The cells were passaged twice a week with fresh medium replacement after 72 h in between sub-culturing. The replacement medium did not contain fibronectin (Rafnsdóttir et al., 2023). Routine passaging and the following experimental work were carried out with the light turned off in the laminar flow bench due to the light sensitivity of the components of the OUR medium. The cells were maintained in a humidified incubator (95% humidity) with 5% CO2 in air at 37°C (CO2 incubator).
2.5 High throughput 3D polycaprolactone-based 96-well plates
For the drug screening experiments, we used a custom-designed high throughput (HT) non-homogenous 3D PCL fiber network incorporated into the wells of 96-well plate as described previously by Malakpour-Permlid and Oredsson (2021). In short, to obtain a non-homogenous PCL fiber structure, the electrospun PCL fiber membranes were sectioned into well-defined fragments within a semi-solid ethanol/water mixture (4 mg/mL) using a sterilized Waring LB20ES laboratory mixer (Radnor, PA, United States) for 15 min. To maintain a temperature below −60°C, which is the glass transition point of PCL, liquid nitrogen was periodically added to the PCL mixture at a rate of 10 mL per 100 mL of mixture. Then, PCL solution (150 μL) was dispensed into the wells of clear flat-bottomed hydrophobic 96-well plates (Corning, NY, United States). The 96-well plate with PCL solution in the wells was incubated at 59°C for 7 min, followed by immediate placement on ice. Lastly, the plates were left to dry overnight in a laminar airflow bench.
2.6 Surface modification by plasma treatment and sterilization
As reported by Recek et al. (2016) and Asadian et al. (2020), to enhance the hydrophilicity of PCL fibers in the wells of 96-well plates, the plates underwent a 10 s O2 plasma treatment using a ZEPTO low-pressure plasma laboratory unit (Diener electronic GmbH Co. Ebhausen, Germany). Before seeding cells into the 3D 96-well plates, they were sterilized with absolute ethanol for 15 min, followed by rinsing the wells thrice with sterile PBS.
2.7 Growth curve studies
HeLa cells, MCF-7 cells, and CAFs used for growth curve experiments were seeded in Primaria Petri dishes with a diameter of 3 cm. All cell lines were seeded at a density of 32,000 cells/cm2. On days 1, 2, 3, and 4 after seeding, cells in Petri dishes were dislodged using TrypLE™ Select dissociation reagent (500 µL) and resuspended in fresh OUR medium before cell counting with NucleoCounter® NC-200TM automated cell counting unit (ChemoMetec A/S, Allerod, Denmark). All the growth curve experiments were repeated 3 times, each time with 2 replicates (n = 6). The population doubling time (PDT) was calculated using the following formula:
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Where T is the duration of the growth period, Nt represents the final cell count at time t, N0 is the initial cell count at time 0, and t represents the time interval between the initial and final cell counts.
2.8 Cell morphology analysis
Cell morphology was observed and visualized using a Zeiss bright-field primovert inverted phase contrast microscope (Carl Zeiss Suzhou Co., Ltd., Suzhou, China) using 10 × 0.3 NA. objective lenses. The average cell area and circularity index were determined to quantify the cell morphology parameters. Data were collected from 60 different cell measurements for each cell type derived from 3 different phase contrast images. ImageJ (www.imagej.net/) was used for subsequent cell area and circularity index analysis using the following formula:
[image: image]
According to the ImageJ program, the circularity index value of 1.0 indicates a perfect circle while a value approaching 0.0 suggests an increasingly elongated or polygonal morphology (https://imagej.net/ij/plugins/circularity.html).
2.9 Cell seeding in 3D cultures for drug screening
After cell detachment, the cells were resuspended in OUR medium, and cell suspensions containing a defined number of HeLa cells, MCF-7 cells, or CAFs were prepared using OUR medium (500,000 cells/mL), and 100 µL of cell suspension (50,000 cells) was added carefully on top of 3D scaffolds in the wells of 3D 96-well plates. The cells were allowed to adhere to the network of the PCL-based 96-well plates for 2 h followed by the addition of 100 µL medium. The plates were kept in the CO2 incubator for 1 week and with OUR medium renewal after 72 h of incubation. After 1 week of incubation, the medium was changed, and the final concentrations shown in figures of PTX or DMSO in OUR medium were added to the wells. The chosen concentrations used in these experiments are based on the work of Zasadil et al. (2014), Malakpour-Permlid and Oredsson (2021), and Rafnsdóttir et al. (2023) defining clinically relevant doses of paclitaxel for drug screening. Next, the cultures were incubated in the CO2 incubator for 72 h.
2.10 AlamarBlue™ cell viability assay
Cell viability was indirectly assessed by measuring the reduction of AlamarBlue™, a colorimetric indicator of cellular mitochondrial activity (O'Brien et al., 2000). The AlamarBlue™ reagent (ThermoFisher Scientific) was added (20 µL) to the medium of each well of the plate. The plate was covered with aluminum foil to avoid exposure to light and incubated in the CO2 incubator for 6 h. Then, 100 µL of the medium in each well was transferred to another standard 96-well plate to measure the reduced resazurin to resorufin in the medium. The measurement was performed using a Tecan Spark 20 M microplate reader, operated with Tecan Spark Control dashboard software (Tecan, Männedorf, Switzerland). The reduction of AlamarBlue™ was measured at 590 nm emission after excitation at 540 nm. The results are plotted as % of control (Figure 6) i.e., fluorescence units at 590 nm. All the experiments were repeated at least three or four times.
2.11 Fixation and staining of cells for visualization
Following the AlamarBlue™ assay, the cell cultures were fixed with 3.7% formaldehyde in PBS and maintained at 4°C for 15 min. After this, the cells were washed with PBS three times. Blocking and permeabilization of the cultures were achieved by adding a blocking buffer with 1% bovine serum albumin and 1% Tween 20 in PBS at room temperature for 1 h. Then, the cultures were incubated with Alexa Fluor™ 488 phalloidin (A11029, 1:50) (ThermoFisher Scientific) for 2 h at room temperature. Following three washes with PBS, the cell nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) at 1 μg/mL concentration in PBS for 2 min at room temperature. The stained cultures were stored at 4°C overnight before microscopic imaging. We currently use human serum albumin to replace bovine serum albumin during the staining procedure.
2.12 Confocal laser scanning microscopy
To examine the distribution of the cells in the 3D PCL network, a Leica SP8 DLS inverted confocal laser scanning microscope (Leica Microsystems, Wetzlar, Germany) was used. Imaging was performed using a 25×/0.95 IMM water immersion objective. For 3D cultured samples, RapiClear® 1.49 clearing agent from SunJin Lab Co. (Hsinchu, Taiwan) was applied to facilitate imaging. Each culture condition was imaged in at least three replicates, with 3–5 images captured per replicate. This ensured that a representative sample of the cells was captured, and reliable data was obtained for analysis.
2.13 Time-lapse live microscopy
For time-lapse live imaging of cell proliferation and movement, we used a HoloMonitor® M3 phase holographic microscope (PHI AB, Lund, Sweden) which was placed in a regular 37°C CO2 incubator. The cells were seeded in 25 cm2 Primaria tissue culture flasks and they were allowed to attach for 24 h in a 37°C CO2 incubator before initiating the time-lapse imaging. The vented cap was tightly screwed and then the tissue culture flask was placed on the stage of the HoloMonitor® M3 phase holographic microscope, and images were captured every 10 min for 72 h with a ×10 phase contrast objective. For image acquisition on the M3 microscope, the software program Hstudio® (PHI AB) was used.
2.14 Statistical analysis
The experiments conducted in this study were repeated at least three or four times, with five to six independent cultures utilized in each experimental iteration. The results obtained were expressed as the mean ± standard error of the mean (SEM). When two groups were compared, Student’s t-test was used and a p-value less than 0.05 (p < 0.05) was considered statistically significant. GraphPad Prism 10 software (www.graphpad.com) was used to plot the graphs. The graphical abstract and illustration 1 were created using the BioRender platform (www.BioRender.com).
3 RESULTS
3.1 Cell morphology and microscopic appearance after adaption to OUR medium
When adapting immortalized cell lines to a serum-free medium, typically two different fast and slow adaptation approaches are followed (van der Valk et al., 2010). Either a rapid adaptation can be employed in which the cells are directly adapted to the serum-free medium by a direct and abrupt switch from FBS-supplemented medium to serum-free medium (Sinacore, et al., 2000) or a step-wise adaptation procedure where it involves gradual reduction of FBS-concentrations over multiple passages (van der Valk et al., 2010; Weber et al., 2022). Here, we decided to use a gradual reduction adaptation protocol to OUR medium following Rafnsdóttir et al. (2023) where the FBS was serially diluted to finally reach 0%. The cells were initially cultured in a 10% FBS-supplemented medium and the FBS concentration was gradually reduced during each subsequent passaging from 10% to 7%, to 5%, to 2%, to 1%, and 0% in OUR medium until the cells could be grown completely serum-free OUR medium. Also, cell characteristics such as attachment, morphology, and proliferation were closely monitored during each adaptation step in this work.
All the cell lines adhered to the Corning® Primaria tissue culture vessels after passaging in each adaptation step. We have utilized the Primaria cell culture flasks instead of conventional or regular plastic tissue culture vessels recommended by Ince et al. (2007) in this work. The cells were allowed to grow and proliferate for a week to reach approximately 90% confluency before the next passaging. Each cell line was then cultured and maintained in the same reduced FBS-supplemented medium for 2–3 subculture before proceeding with the following serum reduction steps. All the cell lines eventually were successfully adapted to the OUR medium. To compare the effect of different growth culture media on the phenotypic behavior of cells, the morphology of the MCF-7 cells, HeLa cells, and CAFs were evaluated using microscopic imaging during the adaptation process to ensure the establishment of a stable and well-adapted cell line. Representative images of each cell type in a medium with 10% FBS and then adapted to OUR medium containing 2% FBS, 1%, and FBS-free OUR medium are shown in Figure 2. Further, changes in the morphology of cells cultured in 10% FBS-supplemented medium and OUR medium after complete adaptation were evaluated by analyzing the cell area and circularity index, as shown in Figure 3. The cells did not show any difference in morphology during the initial adaptation process with 7% FBS, and 5% FBS in OUR medium. However, when cultured in OUR medium without FBS, HeLa (Figure 2D) and MCF-7 (Figure 2H) cancer cells exhibit a more spread-out morphology with extended cytoplasm compared to their appearance when grown in FBS-supplemented, where they tended to have a more circular and polygonal morphology. This observation aligns with our cell circularity index analysis, showing that HeLa and MCF-7 cells grown in OUR medium demonstrate significant elongation, with their circularity index being significantly lower compared to when grown in an FBS-supplemented medium (Figures 3B, D). However, it was interesting to observe that while OUR medium significantly reduced the area of HeLa cells, MCF-7 maintained its size regardless of the elongation effect (Figures 3A, C). In contrast, no significant difference was observed in the morphology of CAFs when grown in FBS-supplemented and OUR medium (Figures 2I, L). This result is consistent with CAFs cell area and circularity index analysis when grown in both media (Figures 3E, F).
[image: Figure 2]FIGURE 2 | Morphology of human cervical cancer HeLa cells (A–D), human breast cancer MCF-7 cells (E–H), and cancer-associated fibroblasts (CAFs) (I–L) cultured in medium with 10% FBS or in OUR medium supplemented with 2, 1, or 0% FBS, respectively. Representative images have been taken with an inverted phase contrast microscope at ×10 magnification. The scale bar is 50 µm.
[image: Figure 3]FIGURE 3 | Morphological analysis of cell area and circularity index of human cervical cancer HeLa cells (A, B), human breast cancer MCF-7 cells (C, D), and cancer-associated fibroblasts (CAFs) (E, F) cultured in medium supplemented with 10% FBS (FBS-SM) and OUR medium, respectively. The cell area and circularity index were analyzed using ImageJ software. Results represented mean ± SEM of three independent images (N = 3, n = 60).
3.2 Live real-time observation of cell proliferation and movement
In addition to monitoring cell phenotype at specific time points, we have observed HeLa cells, MCF-7 cancer cells, and CAFs behavior in real-time for 72 h using time-lapse imaging in an M3 holographic microscope. Supplemental videos S1–S3 are M3-derived phase contrast time-lapse videos of HeLa, MCF-7, and CAFs, respectively, cultured in OUR medium for 72 h. In the movies, cells are seen rounding up and dividing into 2 cells, after which they spread out and attach to the plates. The gradual increase in cell numbers is obvious as well in cell movement. Supplemental videos S1 shows HeLa cells exhibiting rapid movements with cytoplasmic protrusions, indicating active cell motility and dynamic changes in cell morphology during proliferation and cell division. Supplemental video S2 shows MCF-7 cells displaying similar proliferative behavior, with many cell divisions leading to a steady increase in cell numbers and growth patterns throughout the imaging period. In Supplemental videos S3, CAFs are observed to increase in cell number progressively showing a distinctive elongated and thin morphology. The time-lapse movie highlighted their tight interactions and frequent burst divisions. Unlike HeLa and MCF-7 cells, CAFs move around together more collectively while extending and retracting their cytoplasm during cell division. Overall, the time-lapse videos comprehensively show the dynamic cellular activities, behaviors, and proliferation of HeLa, MCF-7, and CAF cells during routine culturing in OUR medium.
3.3 Cell proliferation and growth after adaption to OUR medium
Following the FBS reduction step, we consistently maintained the cells in several routine passages, during which optimal growth was established. Optimal growth was indicated when the cells showed consistent cell proliferation, stable cell numbers at every routine passage, and reached confluency over several days. Consequently, the cells were considered to have successfully adapted to OUR medium and were ready for further experiments. As the components of the growth medium can impact cell performance and behavior (Caneparo et al., 2022), in the next step, we aimed to establish growth curves of HeLa and MCF-7 cancer cells and CAFs to determine their PDTs (Figure 4). The growth kinetics of mammalian cell subculturing commonly consists of an initial lag phase where the cells adapt to their new environment. This phase is followed by a phase of exponential growth where the PDT can be calculated (Sakthiselvan, et al., 2019). All the cell lines grown in OUR medium show a 24 h lag phase before entering the exponential phase of cell proliferation (Figure 4). Table 1 presents the PDTs of HeLa and MCF-7 cancer cells as well as of CAFs cultured in OUR medium and 10% FBS-supplemented medium. The data are derived from our laboratory and obtained from the literature for comparison. Additionally, we have deduced the PDT of all the cells cultured in FBS-supplemented medium from routine passaging during this study. The PDT during the exponential growth phase was 57.5, 32, and 46.3 h for HeLa cells, MCF-7 cells, and CAFs in OUR medium, respectively (Table 1). MCF-7 and CAFs proliferated at a growth rate in OUR medium comparable to that in the FBS-supplemented medium, but not HeLa cells. When culturing HeLa cells in OUR medium, HeLa cells proliferate slower compared to the proliferation in the FBS-supplemented medium. According to the Cellosaurus cell lines database, PDT of HeLa cells grown in an FBS-supplemented medium is reported to be 31.2 h and 48 h from two different sources (www.cellosaurus.org/CVCL_0030). The PDT of MCF-7 cells and CAFs cultured in the OUR medium were comparable to those for the same cell lines cultured in FBS-supplemented in our laboratory and as found in the literature (Table 1). Cellosaurus cell lines database has reported a PDT of 31.2 h for MCF-7 cells in an FBS-supplemented medium (www.cellosaurus.org/CVCL_0031). Additionally, the National Cancer Institute (NCI) has reported a doubling time of 25.4 h for MCF-7 cells (NCI-60 cancer cell line list: https://dtp.cancer.gov/discovery_development/nci-60/cell_list.htm). PDT of CAFs cultured in an FBS-supplemented medium in our laboratory was found to range between 38–45 h depending on the cell’s passage number and it is known that doubling times for CAFs can vary significantly due to their extreme heterogeneity (Louault et al., 2020; Ored et al., 2020).
[image: Figure 4]FIGURE 4 | Growth curves of human cervical cancer HeLa cells (A), human breast cancer MCF-7 cells (B), and cancer-associated fibroblasts (CAFs) (C) cultured in OUR medium in a 2D monolayer system. The data for each cell line is compiled from 3 independent experiments (where the number of replicates in each experiment is 3 or 4). The symbol represents the mean of the cell number of all data ± SEM.
TABLE 1 | Population doubling time (PDT) of human cervical cancer HeLa cells, human breast cancer MCF-7 cells, and cancer-associated fibroblast (CAFs) cultured in OUR medium and in 10% FBS-supplemented medium.
[image: Table 1]3.4 Evaluation of cell expansion and infiltration into 3D cultures using OUR medium
After establishing the cell proliferation rate in OUR medium, we aimed to grow cells in an HTS 3D cell culturing model to evaluate the suitability of OUR medium to support the expansion and infiltration of cells into a PCL-based fiber network scaffold. HeLa and MCF-7 cells were cultured in a 3D PCL-based fiber network in OUR medium for 10 days to investigate cell expansion and infiltration. Confocal z-stack imaging was performed to assess the infiltration of HeLa and MCF-7 cells grown in OUR medium into the 3D culture model (Figure 5). The results from the images show that cells cultured in OUR medium were able to infiltrate into the depth of the 3D PCL fiber network (Figure 5). Our z-stack imaging data show infiltration to a depth of 50 μm and 62 µm for HeLa and MCF-7 cells, respectively (Figures 5A, B). These findings demonstrate, for the first time, that OUR medium successfully supports the infiltration of both HeLa and MCF-7 cells into the depth of the 3D PCL fiber network.
[image: Figure 5]FIGURE 5 | Confocal microscopy Z-stack images of human cervical cancer HeLa cells (A) and human breast cancer MCF-7 cells (B) in 3D cultures after 10 days of incubation in OUR medium. The cultures were fixed in 4% formaldehyde and labeled to visualize actin filaments (green) and cell nuclei (blue). The confocal plane images were obtained at approximately 2 µm distance from each other in the 3D culture. The scale bars are 100 µm.
3.5 Drug toxicity of cells in 3D cultures grown in OUR medium
In this study, we investigated the toxicity of PTX on HeLa, MCF-7 cells, and CAFs cultured in OUR medium in 3D HTS 96-well plates. Figure 6 displays the dose-response curves derived from three or four independent experiments in which HeLa, MCF-7, and CAF cultures were treated with PTX for 72 h (Figures 6A–C). Control or untreated cells were exposed to PBS containing 0.1% DMSO for 72 h. The results show that when the cells are cultured in 3D with OUR medium the toxicity of PTX is limited as it was not possible to derive the IC50 values for any of the cell types.
[image: Figure 6]FIGURE 6 | Dose-response curves for human cervical cancer HeLa cells (A), human breast cancer MCF cells (B), and cancer-associated fibroblasts (CAFs) (C) in 3D cultures treated with paclitaxel (PTX). The cells were seeded and incubated for 1 week in 3D cultures in OUR medium before adding PTX at concentrations 10, 50, 100, 250, 500, and 1,000 nM. Control cells were treated with PBS containing 0.1% DMSO. The toxicity was evaluated using the AlamarBlue™ assay and the results are expressed as the percentage reduction of AlamarBlue™ compared to control. The curves are drawn in GraphPad Prism 10 using all data from three or four independent experiments with n = 18–24 for each data point in the figure. The triangle, circle, and square symbols represent different experimental replicates.
Additionally, to confirm that it is possible to see toxicity in this 3D model system with OUR medium, we treated HeLa and MCF-7 cells with DMSO as a positive control. The 3D cultures of HeLa and MCF-7 were incubated in OUR medium for 1 week, followed by treatment with different concentrations of DMSO (0.1, 0.6, 1.2, 2.5, 5, 8, and 10%) for 72 h. Figure 7 presents the dose-response curves obtained from these experiments. The dose-response curves showed that DMSO exposure had a cytotoxic effect on cell proliferation of both MCF-7 and HeLa 3D cultures when they were grown in OUR medium (Figure 7). The average IC50 values obtained were 6.8 ± 0.8 and 6.4 ± 0.1 in HeLa and MCF-7 3D cultures, respectively. By demonstrating consistent IC50 values for DMSO in HeLa and MCF-7 3D cultures, our findings show the robustness of OUR medium as a cell growth medium for three human cell types and experimental conditions. Also, these findings highlight the significance of the potential cytotoxic effects of DMSO in 3D culture systems, particularly when utilized as positive control alongside screening other chemotherapeutic drugs. Altogether, these data present that OUR medium supports the growth of multiple cancer cell lines and allows for high-throughput compound screening.
[image: Figure 7]FIGURE 7 | Dose-response curves for human cervical cancer HeLa cell (A) and human breast cancer MCF-7 cell 3D cultures treated with dimethyl sulfoxide (DMSO). The cells were seeded and incubated for 1 week in 3D cultures with OUR medium before the addition of DMSO to the concentrations 0.1, 0.6, 1.2, 2.5, 5, 8, and 10% as positive control of the possibility to induce cell death in 3D cultures. Control cells were treated with PBS. The toxicity was evaluated using the AlamarBlue™ assay and the results are expressed as the percentage reduction of AlamarBlue™ compared to control. The curves are drawn in GraphPad Prism 10 using all data from three independent experiments with n = 6 for each data point in the figure. The triangle, circle, and square symbols represent different experimental replicates.
3.6 Morphological evaluation of drug-treated cells grown in OUR medium
Confocal laser scanning microscopy was used to further study and validate the cellular response to PTX treatment using OUR medium in 3D cultures. Representative single confocal plane images of control cells treated with PBS with 0.1% DMSO and 1,000 nM PTX treated cells captured in the center of the fiber network of 3D cultures are shown in Figure 8. Figures 8A, C show the morphology of untreated HeLa and MCF-7 cancer cells is rounded while the untreated fibroblasts exhibited elongated and stretched-out morphology with a very clear actin cytoskeleton (Figure 8E). Comparing Figures 8A, B, the MCF-7 cells tend to form more tightly packed cellular aggregations than the HeLa cell in 3D cultures, which may be related to the slower growth rate and proliferation kinetics of the latter cells compared to MCF-7 cells (Table 1). With a slower proliferation rate, there may be fewer HeLa cells available to contribute to the formation of dense cellular aggregates compared to the more rapidly dividing MCF-7 cells. In the dense tumor-associated stroma in vivo, CAFs are usually organized in a distinct parallel-patterned and aligned arrangement, promoting various cellular behaviours such as cancer cell migration, communication, and tumor progression (Amatangelo et al., 2005). Here, we observe that untreated CAFs maintained an elongated, and spindle-shaped morphology in OUR medium (Figure 8E). Therefore, the cellular morphology of CAFs compared to untreated CAFs remains consistent and unchanged, when grown in OUR medium. Comparing Figures 8A, C, E, representing untreated, HeLa, MCF-7, and CAFs, respectively, with Figures 8B, D, F, which show PTX-treated HeLa, MCF-7, and CAFs, respectively, the minimal toxicity of PTX at 1,000 nM is apparent compared to the untreated cells in Figure 6. These findings further confirm the AlamarBlue results and suggest that OUR medium has the potential to support drug screening experiments. However, further studies with a full dose-response range are needed to fully validate its application in drug screening.
[image: Figure 8]FIGURE 8 | Confocal microscopy single plane images of control and paclitaxel (PTX)-treated 3D cultures of human cervical cancer HeLa cells (A, B), human breast cancer MCF-7 cells (C, D), and cancer-associated fibroblasts CAFs (E, F), respectively. The images were taken on day 10 of incubation grown in OUR medium. PTX-treated cultures were exposed to 1000 nM PTX for 72 h. The images are representative of the cells treated with 1000 nM PTX in the dose-response data (Figure 6). The cultures were fixed in 4% formaldehyde and labeled to visualize actin filaments (green) and cell nuclei (blue). The confocal images are captured in the middle of the 3D cultures. The scale bar is 50 µm.
4 DISCUSSION
The present study evaluated the suitability of OUR medium for cell adaptation, establishing a 3D culture system, and HTS 3D drug studies. The successful adaptation of HeLa cells, MCF-7 cells, and CAFs to the serum-free OUR medium aligns with a previous study that used gradual FBS reduction for transitioning cells to serum-free conditions (Rafnsdóttir et al., 2023). It has been suggested by van der Valk et al. (2010) that the cells should have a high viability of 90% or above during the adaptation steps when transitioning from an FBS-supplemented medium to a serum-free medium indicating robust growth and proliferation rate. As suggested by Ince et al. (2007), the use of Corning® Primaria flasks played a key role in facilitating cell attachment and growth during the adaptation process. Corning® Primaria flasks surfaces are both positively and negatively charged due to modification of nitrogen and oxygen-containing surface chemistry, respectively, compared to only negatively charged regular culture flasks. This modification facilitates cell attachment, spreading, and growth when cultured in OUR medium. It must be highlighted that the extracellular matrix in the tissue microenvironment contains proteins of highly negatively and positively charged due to the presence of various functional groups (Hynes, 2009; Lu et al., 2012). The observed morphological changes in HeLa and MCF-7 cells after adaptation to FBS-free OUR medium is consistent with previous studies. HeLa cells have shown some cytoplasmic retraction in other studies when they were grown in a serum-free medium supplemented with only human insulin, transferrin, hydrocortisone, epidermal growth factor, and fibroblast growth factor (Hutchings and Sato, 1978). Also, Abdeen et al. (2011) have reported alteration in HeLa cell morphology during the adaptation process from FBS-supplemented medium to Scharfenberg’s modification 6 (SMIF-6) protein-and serum-free medium where HeLa showed a more spindle-shaped morphology in serum-free medium. In contrast, CAFs did not exhibit significant changes in their cell area nor circularity index and therefore in their morphology when grown in OUR medium. This is in line with previous observations where human dermal fibroblasts and vesical fibroblasts showed no significant difference in morphology when cultured and maintained in bovine serum albumin-containing serum-free medium compared with an FBS-supplemented medium (Caneparo et al., 2022).
Time-lapse imaging provided valuable insights into the dynamic behavior and response of HeLa, MCF-7, and CAF cells when grown in OUR medium. The rapid cancer cell movements and active cell division observed in HeLa and MCF-7 cells further confirm that OUR medium supports cell division and therefore cell proliferation. On the other hand, it was observed that CAFs exhibited higher collective motility than cancer cells. Overall, the successful adaptation of HeLa, MCF-7, and CAF cells to OUR medium, as demonstrated through live imaging, contributes to our understanding of how OUR medium influences cellular dynamics and behavior over time.
In our laboratory, we have successfully adapted more than 23 different cell lines to grow and thrive in xeno-free OUR medium which can make it potentially a standard universal medium for cell culture. The results in this report indicate that MCF-7, HeLa, and CAFs adapted well to the OUR medium, maintaining comparable growth rates to those cultured in the FBS-supplemented medium. Also, The PDT obtained from the growth curves was compared with PDTs obtained in our laboratory, where the cells were cultured in a medium supplemented with FBS or donor herd horse serum. This suggests that the FBS-free OUR medium effectively supports the proliferation of these cell lines, providing a reliable alternative to the FBS-supplemented medium. Recent studies have reported 50.4 h and 72 h PDT within the same CAF sub-population derived from primary tumors (Pelon et al., 2020). In comparison, CAFs grown in OUR medium with a PDT of 46.3 h show a comparable proliferation rate with this report. Previously, Rafnsdóttir et al. (2023) have shown that the human pancreatic cancer cell line, MiaPaCa-2 cells, and mouse L929 cells maintained similar PDT when grown in OUR medium formulation as the FBS-supplemented medium. HeLa cells exhibited a longer PDT in OUR medium compared to the FBS-supplemented medium. Similarly, a longer PDT and slower growth rate were found for JIMT-1 cells in OUR medium compared to the FBS-supplemented medium (Rafnsdóttir et al., 2023). It is widely recognized that cell cycle length and PDT are inversely proportional and regulated by cell size and cell morphology (Cadart et al., 2018). Therefore, variations in PDT seem plausible when comparing in vitro to in vivo as we so far have not substantially compared cell behavior in the two conditions. Presumably, the most correct PDT would be the growth rate found in the human body where they are growing in their natural microenvironment. However, in the clinic, tumor doubling time, e.g., the time a tumor requires to double in volume, is commonly discussed rather than the cell’s PDT (Nakahashi et al., 2023).
3D cell culturing has been suggested to affect some aspects of cell behaviors, such as response to drug treatments, reflecting physiological conditions more accurately than traditional 2D cell culture (Jensen and Teng, 2020). The results from the 3D culturing experiments demonstrate that OUR medium can effectively support the expansion and infiltration of HeLa and MCF-7 cells into a 3D PCL-based fiber network. We have previously demonstrated that the electrospun PCL-based 3D model used in this study can provide suitable spacing and porosity, permitting cell infiltration into the scaffold’s electrospun network when they are grown in donor herd horse serum-supplemented medium (Malakpour-Permlid and Oredsson, 2021) and OUR medium (Rafnsdóttir et al., 2023). Therefore, the observed infiltration depths of 50 µm for HeLa cells and 62 µm for MCF-7 cells are comparable to previous results using donor herd horse serum-supplemented medium (Malakpour-Permlid and Oredsson, 2021). Additionally, this observation suggests that the absence of serum in OUR medium does not limit the expansion and ingrowth of cancer cells into the fiber network of our 3D model.
3D cell cultures are valuable platforms for HTS of anti-cancer drugs offering more reliable and efficient toxicity assessments (Wang and Jeon, 2022). This study shows the suitability of OUR medium for the 3D drug HTS application, demonstrating that HeLa, MCF-7, and CAFs grown in a 3D PCL fiber scaffold exhibit lower sensitivity to PTX compared to standard 2D systems. Further, the morphological analysis of PTX-treated cells in 3D cultures confirms the limited cytotoxicity of PTX at 1,000 nM in cells cultured in OUR medium. PTX, a well-established chemotherapeutic agent used currently for the treatment of cancer patients, disrupts microtubule dynamics during cell division which triggers pathways associated with cell death (Jordan and Wilson, 1998). Earlier, we have shown that OUR medium can be used for HTS dose-response testing of PTX in human JIMT-1 breast and MiaPaCa-2 pancreatic cancer cells cultured under a 3D setting (Rafnsdóttir et al., 2023). This observation aligns with the well-accepted concept that decreased drug responsiveness found in 3D cell culturing models is due to different intrinsic factors associated with the 3D microenvironment (Costard et al., 2021). Also, it has been reported that the reduced drug sensitivity of cells cultured in the electrospun 3D scaffold-based models can be in part due to the tortuous 3D fiber network structures, formation of cellular aggregations, and secreted ECM proteins within the 3D cultures which limit the distribution and availability of anti-cancer drugs to cells (Di Paolo and Bocci, 2007; Malakpour-Permlid, et al., 2024). Here, we did not aim to compare drug toxicity with cells grown in an FBS-supplemented medium, donor herd horse serum-supplemented medium, or within a 2D cell culture setting, as we have already investigated this in our previous research work. In our recently published study (Malakpour-Permlid, et al., 2024), we investigated the toxicity of PTX on HeLa and CAFs in the same 3D electrospun fiber scaffold, which we refer to as a non-homogenous 3D culture, using FBS-supplemented medium. The data demonstrated that similar to the results obtained when cells are grown in OUR medium, the PTX has limited toxicity on HeLa and CAFs in the FBS-supplemented medium, where it was not possible to derive the IC50 values in both cases (Malakpour-Permlid, et al., 2024). Also, we have previously used 3D HTS PCL fiber scaffolds to generate mini-tumors in vitro to assess the toxicity of PTX on JIMT-1 breast cancer cells and human normal fibroblasts using 5% heat-inactivated donor herd horse serum-supplemented medium (Malakpour-Permlid and Oredsson, 2021). Using the same 3D HTS PCL fiber scaffolds and OUR medium, we investigate the toxicity of PTX on JIMT-1 and MiaPaCa-2 cells (Rafnsdóttir et al., 2023). In our works, we have consistently found that the cells demonstrated significantly lower sensitivity to PTX when grown in 3D cultures compared to 2D cultures, which is in line with observations from other studies (Zhao et al., 2014; Baek et al., 2016). In this study, we use three new cell lines for 3D toxicity testing using OUR medium than in our previous published work. Thus, we expanded a wider range of cell lines that can be cultured in OUR medium and we demonstrated that combining OUR medium with 3D cultures presents a promising alternative to conventional 2D cultures for dose-response testing. Given our extensive collective information and data regarding different media, we chose to only culture the cells in 3D using OUR medium to further support and validate the notion that OUR medium is suitable for 3D drug screening. Previously, Zirvi and Hill (1988) demonstrated that treatment of human colon adenocarcinoma cells HT-29 with anti-cancer drugs, 5-fluorouracil and cisplatin, grown in both serum-free medium and 10% FBS-supplemented medium did not affect the results, and identical drug-response curves were derived. Consistent with these findings, it has been observed that cancer cells were found to show resistance to 5-fluorouracil efficacy when cultured in the presence of a physiologically relevant cell culture medium such as a human plasma-like medium (Cantor et al., 2017). Dubois et al. (2019) have used MDA-MB-231 and SUM1315 triple-negative breast cancer cells for the formation of 3D multicellular spheroids produced in a new synthetic serum-free medium for therapeutic drug screenings. The spheroid sensitivity to the anti-cancer chemotherapeutic drug epirubicin was evaluated in a serum-free medium and compared to the reference 10% FCS-supplemented medium. It was demonstrated that both MDA-MB-231 and SUM1315 spheroids showed lowered viability after treatment indicating similar cytotoxicity of anti-cancer drugs when grown in serum-free medium and FBS-supplemented medium (Dubois et al., 2019). The cytotoxicity effect of DMSO on cells cultured in OUR medium, used as a positive control, confirmed that OUR medium can be effectively used for cytotoxicity studies in 3D cultures. These findings are comparable with the studies performed using DMSO on cells grown in an FBS-supplemented medium. Previous reports have indicated that IC50 values of approximately 1.8% and 1.9% DMSO have been observed for MCF-7 and HeLa cancer cells cultured in 2D cultures with FBS-supplemented medium, respectively (Jamalzadeh et al., 2016; Demir et al., 2020). Our findings in the 3D cell culture show higher IC50 values with an average of 6.8 ± 0.8 and 6.4 ± 0.1 for HeLa and MCF-7 3D cultures, respectively. Also, it was demonstrated that treatment of pancreatic cancer cells with 10% DMSO led to total cell death in both monolayer 2D and miniaturized ECM-based 3D cell culture systems (Shelper et al., 2016). Thus, we believe that our data provides a strong indication of the reliability of using open access OUR medium across different experimental settings. Overall, our results demonstrate that the completely animal-component-free OUR medium may be a suitable growth medium for use in in vitro cytotoxicity studies for screening and selection of new therapeutic drugs.
5 CONCLUSION
In summary, the animal-component-free OUR medium formulation utilized here is a serum-free cell culture medium as an alternative to a widely-used FBS-supplemented medium that effectively supports the proliferation of cancer cells and normal cells and allows for HTS drug screening in 3D settings. A successful gradual adaptation procedure was implemented for the transition of cancer cells and CAFs grown in FBS-supplemented medium to OUR medium, resulting in the maintenance of their proliferation rate and morphology in OUR medium. For the first time, 3D cultures of human cervical cancer HeLa cells, human breast cancer MCF-7 cells or CAFs, were established using serum-free OUR medium. When growing the adapted cells in a 3D HTS PCL-based scaffold model, we found that the cells were able to distribute and infiltrate into the depths of the 3D PCL-based. Moreover, in a drug toxicity evaluation, we found that the toxicity of PTX was reduced in 3D culture using OUR medium which is in line with studies from our lab and other studies. Our animal-component-free system will offer a scientifically reproducible and efficient solution for drug screening applications in line with 3 R principles. We hope that our findings, as well as other studies using FBS-free media alternatives, promote the rapid removal of FBS from cell culture media, offering researchers an ethical, reliable, and consistent platform for conducting experiments in tumor biology and drug testing.
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