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The effect of microenvironmental viscosity on the emergence of colon cancer cell resistance to doxorubicin
[bookmark: _Hlk154169623]Tianjiao Zeng ab, Chengyu Lu ab, Man Wang ab, Huajian Chen a, Toru Yoshitomi a, Naoki Kawazoe a, Yingnan Yang c and Guoping Chen *ab
Colon possesses a unique physiological environment among human organs, where there is a highly viscous body fluid layer called mucus layer above colonic epithelial cells. Dysfunction of the mucus layer not only contributes to the occurrence of colorectal cancer (CRC) but also plays an important role in the development of chemoresistance in CRC. Although viscosity is an essential property of the mucus layer, it remains exclusive how viscosity affects chemoresistance in colon cancer cells. In this study, the influence of viscosity on their chemoresistance was elucidated by culturing colon cancer cells in media of different viscosities supplemented with doxorubicin (DOX). The viscosity range was adjusted from 99.4 mPa·s to 776.6 mPa·s by adding polyethylene glycol of different molecular weights in culture medium. Cell viability in the high viscosity medium was higher than that in the low viscosity medium. Expression of chemoresistance-related genes such as ABCC2 and ABCG2 increased when cells were cultured in the high viscosity medium. Furthermore, cell migration increased while proliferation decreased when cells were cultured in the high viscosity medium. The colon cancer cells cultured in the high viscosity medium exhibited high expression of p21 mRNA. The results suggested that viscosity could affect the resistance of colon cancer cells to DOX by regulating the expression of chemoresistance-related and proliferation-related genes.
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Introduction
Colorectal cancer (CRC) is a significant global health concern, accounting for approximately a tenth of all cancer cases and deaths worldwide 1. The incidence and mortality rates of CRC are rising annually due to the changes in lifestyle and dietary habits 2. A continuous increase in the global burden of CRC is foreseeable and investigation of the influence of extracellular microenvironment on the treatment of CRC is important 3. 
In human body, one of the unique properties of colon compared to other organs is the formation of a mucus layer overlaying the colonic epithelial cells 4. The mucus layer is a viscoelastic aqueous secretion, mainly consisting water, salts and a kind of macromolecular components called mucins (MUC) 4, 5. Abnormal characteristic of mucus layer such as the altered MUC expression increases mucus layer penetration and atypical extracellular mucin expression is always observed in colon diseases including CRC 6. It has been reported that the colon cancer cells express aberrant forms or amount of MUC and even use MUC to control the microenvironment during invasion and metastasis 7. Defective functions of the mucus layer are considered as a pathophysiological mechanism for colonic disease and can eventually lead to CRC 6, 7.
Chemotherapy is generally adopted after surgical resection to effectively treat CRC 8, 9. To make the treatment more effective, more and more studies are focusing on developing novel chemotherapy strategies or combination therapies for CRC 10-12. Despite much progress has been made in CRC chemotherapy, the problem of chemoresistance remains a clinical challenge 13. The mechanism of chemoresistance emergence is complex, which includes while not limited to overexpression of ATP-binding cassette (ABC) drug transporter proteins, apoptosis and/or autophagy deregulation and alteration in microenvironment 14-16. Among them, it is widely known that high expression of ABC transporter proteins is a main mechanism behind the emergence of chemoresistance 17, 18, and previous studies have reported that knocking down the ABC transporter genes reveres the chemoresistance of cancer cells 19, 20. 
The important role of the microenvironments in inducing drug resistance has also been recently revealed 16, 21. For instance, high extracellular matrix (ECM) stiffness can enhance the expression of P-glycoprotein mRNA, thus inducing resistance to doxorubicin (DOX) in breast cancer cells 22. Notably, the mucinous carcinoma or adenocarcinoma such as uterine, gastric and colorectal cancers, which is characterized by an abundant mucus layer over the tumour, routinely shows less sensitivity to chemotherapy and radiotherapy 23-26. MUC in the mucus layer may be involved in the low chemotherapeutic efficiency of CRC 27. It has been reported that compared with parent colon cancer cell lines, the 5-fluorouracil (5-FU)- and/or methotrexate (MTX)-resistant colon carcinoma HT-29 have higher expression levels of mucin-2 (MUC2). It is speculated that MUC may play a role for tumour cells to evade chemotherapy 28. Furthermore, overexpression of mucin-1 (MUC1) in the mucus layer is related to the anti-apoptosis of CRC, which can decrease the sensitivity of colon cancer cells to cisplatin 29.
It is now well understood that the mucus layer participates in the progression of CRC, especially the promotion of CRC chemoresistance. However, understanding of the effect of mucus layer is at present confined to MUC and its physical barrier impact 27. For example, the barrier effect of simulated intestinal fluid on drug delivery has been reported 30-32. Except the barrier effect, other properties of the mucus layer such as viscosity should also be considered because mucus layer is a highly viscous solution 33-35 and the alteration of MUC can change the viscosity of mucus layer 36-38. Although extracellular fluid viscosity has been reported to affect migration and dissemination of cancer cells 39, it remains exclusive if viscosity of the mucus layer is related to the emergence of chemoresistance in CRC.
Therefore, in the present study, we prepared polyethylene glycol (PEG)-containing DMEM culture media with varying viscosities and cultured colon cancer cells to explore the effect of viscosity on the resistance of colon cancer cells to DOX. PEG solutions with the same concentration but different molecular weights were prepared to adjust the viscosity of the culture medium and the cell viability of colon cancer cells to DOX in different viscous media was analysed. Moreover, the possible mechanism of how viscosity affects chemoresistance was investigated by analysing the expression of drug resistance-related genes.
Materials and methods
Preparation of polyethylene glycol (PEG) solutions with different viscosity
PEG with different molecular weights were used to control the viscosity of culture medium as previously described 40, 41. High-molecular weight PEG (PEG 8M, Mw 8,000,000, Sigma-Aldrich, USA), low-molecular weight PEG (PEG 35K, Mw 35,000, Sigma-Aldrich, USA), and their mixture at a weight ratio of 3:1 were used to prepare cell culture medium with high, low, and middle viscosities, respectively. PEG solution (1.5%, wt/v) was prepared by dissolving PEG powder in Milli-Q water and sterilized it by passing through the Millipore syringe filter with a mesh size of 0.45 μm (Merck Millipore) for the further use.
Preparation of cell culture medium with different viscosity
The 5.75-fold concentrated Dulbecco’s modified Eagle’s medium with high glucose (Sigma-Aldrich) was prepared by dissolving the powder of high glucose Dulbecco’s modified Eagle’s medium (DMEM) in Milli-Q water and sterilized it by passing through the Millipore syringe filter with a mesh size of 0.45 μm (Merck Millipore). Following filtration, the concentrated DMEM was mixed with the 1.5% (wt/v) PEG solution with a volume ratio of 2:8. After thorough mixing, the complete DMEM culture medium was supplemented with fetal bovine serum (FBS, 10%, v/v), L-glutamine (L-G, 584 mg L-1), and antibiotics (P/S, 100 U mL-1 penicillin and 100 μg mL-1 streptomycin) to achieve a final concentration of 1-fold DMEM and 1.0% (wt/v) PEG. The DMEM culture medium mixed with high-molecular weight PEG, low-molecular weight PEG, and a combination of high- and low- molecular weight PEG were designated as H-DMEM, L-DMEM, and M-DMEM, respectively. The DMEM culture medium without PEG was prepared by diluting the concentrated DMEM with sterilized Mill-Q water, further supplemented with 10% FBS, L-glutamine (584 mg L-1) and antibiotics (100 U mL-1 penicillin and 100 μg mL-1 streptomycin) to achieve a final concentration of 1-fold DMEM, which was labelled as N-DMEM. To prepare culture medium containing DOX, the DOX solution was first prepared by dissolving the DOX·HCl powder in sterilized Milli-Q water at a concentration of 10 mg mL-1. Afterward, the DOX solution was added to different viscous media at the required concentration and mixed well by stirring overnight.
Viscosity measurement
The viscosity of cell culture medium was measured by a MCR 302 rheometer (Anton Parr, Germany) using rotational shear mode as previously described 41. The sample was placed between two parallel plates (PP-50) with a testing gap of 1.0 mm. A layer of low-viscosity silicone oil was covered the edge of the sample to prevent the solvent evaporation during the measurement. The measurement was conducted with shear rates ranging from 0.1 to 100 s-1 at a constant temperature of 37 °C. The viscosity at a shear rate of 0.1 s-1 was determined to be the zero-shear viscosity. Four samples were used for each measurement to calculate the means and standard deviations.
Cell culture
[bookmark: _Hlk169506566]Colorectal cancer cell line SW480 (CCL-228, ATCC, USA) was cultured in DMEM serum medium containing 10% fetal bovine serum (FBS, Gibco), L-glutamine (Sigma), and antibiotics (100 U mL-1 penicillin and 100 μg mL-1 streptomycin) in a humidified incubator (5% CO2, 37 °C) with a confluence around 75%.
Anticancer effect of doxorubicin (DOX) in normal culture medium
[bookmark: OLE_LINK7][bookmark: OLE_LINK1]The anticancer effect of doxorubicin (DOX) to SW480 cells was investigated by water-soluble tetrazolium salt-1 assay (WST-1 assay). DOX with a concentration range from 100.00 μg mL-1 to 0.01 μg mL-1 was prepared by dissolving DOX·HCl powder in sterilized Milli-Q water and diluting it to the required concentration when used. Sub-cultured SW480 cells were detached from the culture plate using trypsin-EDTA solution and seeded on 96-well plate with cell density of 5 × 103 cells per well. After cell seeding for 12 h, the culture medium was replaced to the fresh culture medium with or without different concentration of DOX and continuously cultured for 48 h and 72 h. After culturing, withdrawn the culture medium and added 100 μL WST-1 working solution which diluted the WST-1 reagent by fresh DMEM with volume ratio of 1:10 to each well. Afterward, placed the plate at 37°C incubator and incubated for 2 h continuously. The absorbance of the sample under 440 nm was measured as the optical density value (OD) by using a microplate reader (Spark Multimode Microplate Reader, Tecan). The anticancer effect of DOX to colon cancer cells was calculated using the following formula: inhibition rate (%) = [(OD medium without DOX - OD medium with DOX) / OD medium without DOX] × 100. Four samples were used for each measurement to calculate the means and standard deviations. The concentration of DOX that induces 50% inhibition rate of SW480 cells is defined as the IC50 value.
Cell viability assay in different viscous medium by Live/Dead staining
The cell viability in different viscous media was analysed by using Live/Dead staining and WST-1 assay, respectively. For the Live/Dead staining, the cells were labelled with a Live/Dead kit (Dojindo, Japan). Sub-cultured SW480 cells were seeded on 24-well plate with 2.5 × 104 cells per well. After cell seeding for 12 h, the culture medium was replaced to the fresh culture medium with different viscosities that with or without DOX and continuously cultured for 48 h and 72 h. The DOX concentrations were diluted from 10 mg mL-1 to 0.05, 0.1, 0.2, 0.5, and 1.0 mg L-1, respectively. After 48 h and/or 72 h culture, withdrawn the culture medium and washed with 1 X PBS once. Following stained the samples with calcein-AM and propidium iodide in serum-free DMEM medium for 10 min at 37 °C, the cells were washed three times with 1 X PBS and immediately analysed by BZ-X710 fluorescence microscopy (Keyence Corporation, Japan). To quantify the staining results, cell viability was analysed using flow cytometry. Briefly, after the cells were cultured in different viscous media with or without addition of DOX for 48 h and 72 h, the culture medium was withdrawn and the cells were washed with 1 X PBS once. The cells were collected after digestion with a trypsin-EDTA solution. After centrifugation (1,100 rpm, 5 min, 4°C), the cells from each sample were resuspended in the same volume of Live/Dead staining solution and stained for 15 min while avoiding light. A flow cytometer (BD AccuriTM C6 Plus) was used to analyse the cell fluorescence and calculate the cell number under limited conditions (sampling 100 μL at medium reading speed for each sample). FlowJo software (FlowJo 10.10.0) was used to process the data and calculate the cell viability.
Cell viability assay in different viscous medium by WST-1 assay
To quantitatively analyse the effect of viscosity on cell chemoresistance, the WST-1 assay was used to analyse cell viability as described above. After measurement, the cell viability of samples treated with different viscous media that with or without DOX was calculated using the following formula: cell viability (%) = [(OD medium with DOX) / (OD medium without DOX)] × 100. Four samples were used for each measurement to calculate the means and standard deviations. The IC50 values were calculated by a GraphPad Prism software.
Real-time PCR analysis (RT-qPCR analysis)
[bookmark: _Hlk162357150]The mRNA expression levels of ABCB1 (ATP-binding cassette sub-family B member 1), ABCC1 (ATP-binding cassette sub-family C member 1), ABCC2 (ATP-binding cassette sub-family C member 2), ABCG2 (ATP-binding cassette super-family G member 2), and CDKN1A (cyclin-dependent kinase inhibitor 1) in the SW480 cells were analysed after cell culturing for 72 h by real-time PCR as previously described 22, 42. Sub-cultured SW480 cells were seeded on 6-well plate with 2.5 × 105 cells per well. After cell seeding for 12 h, the culture medium was replaced with fresh media of different viscosities that with or without DOX and continuously cultured for 72 h. The DOX concentration was 0.1 mg L-1. Afterward, withdrawn the culture medium and added 1 mL Sepasol solution (Nacalai Tesque, Kyoto, Japan) for extraction of total RNA. A high-capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA) was used to reverse transcription of the complementary DNA (cDNA) from 2 μg of purified total RNA. The cDNA served as a template for RT-qPCR analysis, and the amplification of glyceraldehyde-3-phosphate dehydrogenase (GAPDH), ABCB1, ABCC1, ABCC2, ABCG2, and CDKN1A were conducted using a QuantStudios 3 Real-Time PCR system (Thermo Fisher Scientific). GAPDH (Hs99999905_m1) was used as the housekeeping gene (Thermo Fishes, Japan). The pre-designed primer and probe sequences of ABCB1 (Hs00184500_m1), ABCC1 (Hs01561483_m1), ABCC2 (Hs00960489_m1), ABCG2 (Hs01053790_m1), MUC1 (Hs04259677_g1), MUC2 (Hs03005103_g1), and p21 (CDKN1A) (Hs00355782_m1) were used (Tab. S1). The relative expression of each gene was calculated using a 2-∆∆Ct method with an endogenous control (GAPDH). Four samples were used for each measurement to calculate the means and standard deviations.
Western blot analysis of chemoresistance-related proteins
Western blot was used to analyse the expression of chemoresistance-related proteins as described previously 43. Briefly, sub-cultured SW480 cells were seeded in a 6-well plate at a density of 3.0 × 106 cells per well. After culture for 12 h, the culture medium was replaced with fresh culture medium of different viscosities, either containing or not containing DOX, and the cells were continuously cultured for 72 h. The DOX concentration was diluted from 10 mg mL-1 to 0.1 mg L-1. After 72 h of culture, the culture medium was withdrawn and the cells were washed with 1 × PBS once. The cells were collected after digestion with a trypsin-EDTA solution. After centrifugation (1,100 rpm, 5 min, 4°C), the cells were lysed on ice in 300 μL RIPA buffer (sc-24948, Santa Cruz) containing PMSF, sodium orthovanadate and protease inhibitor cocktail. Then, the protein concentration was measured and normalized by a Pierce BCA Protein Assay Kit (23225, Thermo Scientific). The samples were mixed with 4 × Laemmli sample loading buffer (1610747, Bio-Rad) to achieve a final concentration of 1 × Laemmli sample loading buffer and a protein concentration of 1.5 μg/μL. Afterward, 15 μL of protein sample was loading onto 10% denaturing acrylamide gels and subsequently transferred to a PVDF membrane using a semi-dry transmembrane method. The membrane was blocked by using a 5% BSA solution for 1 h at room temperature (RT). After three washes with 1 × TBST, the membrane was probed with primary antibodies overnight at 4°C (MRP2/ABCC2, Cell signalling technology, CST12559; BCRP/ABCG2, Abcam, ab207732 and MUC1, Abcam, ab245693; and GAPDH, Cell signalling technology, CST2118). Afterward, the membrane was incubated with the HRP-conjugated secondary antibody (K4003, Dako) for 1 h at RT. After three washes with 1 × TBST, the DAB method (K3468, Dako) was used to visualize the immune-reactive bands. The image was captured using an Amersham Typhoon (Cytiva).
Cell migration assay 
[bookmark: OLE_LINK2]The cell migration ability was analysed by a scratch assay. Sub-cultured SW480 cells were seeded on 6-well plate with 5 × 106 cells per well to obtain around 95% confluence of each well after cell seeding. The cells monolayer was wounded by scratching with a sterile pipette tip. Cells were washed three times with 1X PBS to remove the detached cells, and the culture medium was replaced with media of different viscosities with or without the addition of DOX (0.1 mg L-1). Images of the scratch were taken at 0 hour and every 12 h after being wounded by the microscope (Olympus, Japan) until 72 h. Each well was imaged at 6 to 10 fixed positions. The average area of each scratch was analysed by image J software. Four samples were used for each measurement to calculate the means and standard deviations. The wound recovery rate was calculated using the following formula: recovery rate (%) = [(area x hours) / (area 0 hours)] × 100. The ‘x hours’ in the formula indicated 12 to 72 hours. 
Cell proliferation assay
The cell proliferation ability was analysed by using WST-1 assay. In order to confirm the correlation between OD value of WST-1 assay and the cells number, the relationship between OD value and SW480 cell number was first plotted. Briefly, the SW480 cells were seeded on 24-well plate at a concentration from 5 × 103 cells per well to 2 × 105 cells per well. After cell seeding for 12 h, withdrawn the culture medium and added 500 μL WST-1 working solution which diluted the WST-1 reagent by DMEM with volume ratio of 1:10 to each well. The absorbance of the sample under 440 nm was measured as the optical density value (OD) by using a microplate reader (Spark Multimode Microplate Reader, Tecan). The function of cell number and OD value was plotted by GraphPad Prism software. Linear regression analysis was used to calculate the slope, and the data were sampled from Gaussian distribution with two-tailed options to analyse the correlation. Four samples were used for each measurement to calculate the means and standard deviations. For the proliferation analysis, the SW480 cells were seeded on 24-well plate at a concentration of 8 × 103 cells mL-1. 12 h after cell seeding, culture medium was replaced with fresh media of different viscosities. After culturing the cells for 24, 48, and 72 h, withdrawn the culture medium and added 500 μL WST-1 working solution which diluted the WST-1 reagent by DMEM with volume ratio of 1:10 to each well. Afterward, placed the plate at 37°C incubator and incubated for 2 h continuously. The absorbance of the sample under 440 nm was measured as the optical density value (OD) by using a microplate reader (Spark Multimode Microplate Reader, Tecan). The analysed results 12 h after cell seeding was defined as 0 hour. Four samples were used for each measurement to calculate the means and standard deviations.
Detection of cell cycle
The cell cycle was analysed by PI staining and quantified by using a flow cytometer. Briefly, sub-cultured SW480 cells were seeded in a 6-well plate at a density of 1.5 × 106 cells per well. After culture for 12 h, the culture medium was replaced with fresh culture medium of different viscosities and continuously cultured for varying time periods. At the time points when the cells were cultured in different viscous media for 0 h, 24 h, 48 h and 72 h, the cells were collected and resuspended in cold 1 × PBS. The cell suspension was slowly dropped into pre-cold ethanol (99%) to achieve a final concentration of 75% ethanol and fixed at -20°C overnight. After fixation, the cells were washed once with cold 1 × PBS and resuspended in RNase A solution (50 μg mL-1) at 37°C for 30 min. Afterward, the cells were stained by PI solution (20 μg mL-1) at RT for 15 min while avoiding light. After the cells were filtered through a 300-mesh filter, a flow cytometer (BD AccuriTM C6 Plus) was used to analyse different phases of the cells under limited conditions (sampling 3.0 × 104 cells at slow reading speed for each sample). FlowJo software (FlowJo 10.10.0) was used to process the data and calculate the distribution of cell phases.
Statistical analysis
[bookmark: OLE_LINK6]All quantitative experiments were repeated in triplicate or quadruplicate to calculate the means and standard deviations (S.D.). Statistical analysis of the experimental data was performed by GraphPad Prism software. Two-way ANOVA with Dunnett’s multiple comparison test was used to compare the samples. The p value was used to determine the level of significance: * p < 0.05, ** p < 0.01, and *** p < 0.001. p > 0.05 indicates that there is no significant difference, expressed as ns.
Results
Viscosity of cell culture medium with different molecular weight of PEG
[bookmark: OLE_LINK3]The viscosity of PEG solution depends on the molecular weight of PEG and increases with its concentration 44. The viscosity of culture medium was adjusted by using PEG 8M, PEG 35K and a mixture of PEG 8M and PEG 35K at a 3:1 weight ratio. The content of total PEG in the media was 1.0 % (wt/v). The viscosity was measured at a shear rate ranging from 0.1 to 100 s-1 at 37 °C. The DMEM culture medium mixed with PEG 8M, PEG 35K and a combination of PEG 8M and PEG 35K were designated as H-DMEM, L-DMEM and M-DMEM, respectively. The DMEM culture medium without PEG was labelled as N-DMEM. As presented in Fig. 1a, all culture media showed shear-thinning behaviour with the increase of shear rate, which indicated that disentanglement and elongation of polymer chains dominated the rheological behaviour 45. The H-DMEM exhibited the highest viscosity among the samples within the shear rate range. The viscosity of L-DMEM exhibited almost the same viscosity as that of N-DMEM, indicating that 1.0% (wt/v) of PEG 35K had less effect on the viscosity of culture medium. The viscosity of M-DMEM exhibited a viscosity change between H-DMEM and L-DMEM. The viscosity value at a shear rate of 0.1 s-1 was determined as the zero-shear viscosity 41. As shown in Fig. 1b, N-DMEM had the lowest zero-shear viscosity (99.4 ± 8.9 mPa·s), while H-DMEM had the highest zero-shear viscosity (776.6 ± 76.8 mPa·s). The viscosity of the culture medium could be adjusted from 99.4 to 776.6 mPa·s, which covered the viscosity range of mucus layer 46.
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Fig. 1 Viscosity of cell culture media supplemented with different molecular weight of PEG. (a) Apparent viscosity of cell culture media under steady shear rate from 0.1 s-1 to 100 s-1 at 37 °C. (b) Zero-shear viscosity of cell culture media under a shear rate equal to 0.1 s-1. Data are expressed as the means ± S.D. (n = 4).

Effect of viscosity on resistance of colon cancer cells to DOX
SW480 cells were cultured in the different viscous media with or without DOX for 48 and 72 h. Based on the IC50 value of DOX to SW480 cells (Fig. S1), the concentration of DOX supplemented in the media was adjusted to a range that included the IC50 value, which was 0.05 mg L-1, 0.1 mg L-1, 0.2 mg L-1, 0.5 mg L-1 and 1.0 mg L-1. Cell viability was investigated by the Live/Dead staining and WST-1 assay (Fig. 2 to Fig. 4).
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Fig. 2 Live/Dead staining of colon cancer cells after 48 h culture in N-DMEM, L-DMEM, M-DMEM and H-DMEM without (a) or with different concentration of DOX (b-f). Scale bar: 200 μm. Green fluorescence: live cells; red fluorescence: dead cells. Live cell percentage evaluated from Live/Dead staining of colon cancer cells after 48 h culture by flow cytometry (g). The data were normalized to the cell viability in the respective culture medium without DOX. Data are the means ± S.D. (n = 3). Significant differences: * p < 0.05, ** p < 0.01, and *** p < 0.001. ns = no significant difference.

After 48 h culture, almost all the colon cancer cells in the different viscous media without DOX were alive (green fluorescence) and the number of live cells was similar (Fig. 2a and g). The results indicated that PEG was nontoxic to cells. When DOX was added, the number of live cells decreased and some dead cells (red fluorescence) were observed (Fig. 2b-f and g). Most dead cells were detached and removed from the cell culture plates during the staining process. Therefore, the live cells were used for the viability evaluation. The number of live cells was dependent on both DOX concentration and viscosity. When the cells were cultured in the media having the same viscosity, the number of live cells gradually decreased with the increase of DOX concentration in either culture medium. The number of live cells cultured at 1.0 mg L-1 DOX was the lowest (Fig. 2f and g). When the cells were cultured in the same concentration of DOX, the number of live cells decreased with the decrease of viscosity (Fig. 2b-f and g). The number of live cells in the N-DMEM was the lowest at either DOX concentration.
The cells cultured for 72 h showed a similar trend of viability variation to that after 48 h culture (Fig. 3). With the extension of culture time, the difference between each group became more evident. More cells were killed in the low viscosity medium and at a high concentration of DOX. The quantified results of live cell number were consistent with the staining results (Fig. 3g). The Live/Dead staining results indicated that the number of live cells decreased with DOX concentration, while increased with the viscosity of the culture medium.
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Fig. 3 Live/Dead staining of colon cancer cells after 72 h culture in N-DMEM, L-DMEM, M-DMEM and H-DMEM without (a) or with different concentration of DOX (b-f). Scale bar: 200 μm. Green fluorescence: live cells; red fluorescence: dead cells. Live cell percentage evaluated from Live/Dead staining of colon cancer cells after 72 h culture by flow cytometry (g). The data were normalized to the cell viability in the respective culture medium without DOX. Data are the means ± S.D. (n = 3). Significant differences: * p < 0.05, ** p < 0.01, and *** p < 0.001. ns = no significant difference.

Cell viability after 48 h and 72 h culture was further quantified by WST-1 assay (Fig. 4). Cell viability decreased with the increase of DOX concentration and the decrease of viscosity. When the cells were cultured in media having the same viscosity, cell viability decreased significantly with the increase of DOX concentration. When the cells were cultured at the same concentration of DOX, cell viability decreased significantly with the decrease of viscosity. Long time culture made the cell viability decrease more evident. Furthermore, the IC50 value was analysed to confirm the sensitivity of cells to the drug. The IC50 values of cells cultured in M-DMEM and H-DMEM were significantly higher than those in N-DMEM and L-DMEM (Fig. 4e). The results became more evidence after 72 h of culture (Fig. 4f). The cells cultured in H-DMEM exhibited the highest IC50 value among all groups, which indicated that higher concentration of DOX was needed to kill these cells. The sensitivity of colon cancer cells to DOX decreased with the increase of microenvironmental viscosity. All these results suggested that cells cultured in the highly viscous medium were less sensitive to DOX. Increase of viscosity led to an increase in cell tolerance to DOX, emphasizing the effect of viscosity on the cellular response to the anticancer drug.
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Fig. 4 Quantified viability of colon cancer cells after 48 h (a, c) and 72 h (b, d) culture in N-DMEM, L-DMEM, M-DMEM and H-DMEM media supplemented with different concentration of DOX. Cell viability dependence on DOX concentration (a, b) and viscosity of culture medium (c, d). The data were normalized to the cell viability in the respective culture medium without DOX. IC50 value of DOX to colon cancer cells after 48 (e) and 72 h (f) culture in different viscous media. Data are the means ± S.D. (n = 4). Significant differences: * p < 0.05, ** p < 0.01, and *** p < 0.001. ns = no significant difference.

Effect of viscosity on gene expression of drug-resistance genes
[bookmark: OLE_LINK8]The ATP-binding cassette (ABC) drug transporter proteins exhibit a close relationship with the drug resistance in colon cancer cells 47, 48. To investigate the possible mechanism of how viscosity affected drug-resistant ability in colon cancer cells, the gene expression levels of ABCB1, ABCC1, ABCC2 and ABCG2 were analysed by using RT-qPCR (Fig. 5). There was no significant difference in the expression level of ABCB1 among the groups (Fig. 5a). As for the expression level of ABCC1, it increased with the increase of viscosity, but the increase was not significant among the groups (Fig. 5b). These results demonstrated that the viscosity of the culture medium had little or no effect on the expression levels of ABCB1 and ABCC1 mRNAs (Fig. 5a-b). On the other hand, the expression level of ABCC2 was not significantly different when the cells were cultured in different viscous media without DOX (Fig. 5c). Whereas it increased with the increase of viscosity when cells were treated with DOX. The expression level of ABCC2 in the H-DMEM was significantly higher than that in the N-DMEM under presence of DOX (Fig. 5c). Furthermore, the expression level of ABCG2 increased with viscosity and the expression level of ABCG2 in the H-DMEM group was significantly higher than that in the N-DMEM and L-DMEM when cells were treated with DOX (Fig. 5d). 
In addition to the ABC transporter proteins, the expression of MUC also participates in the chemoresistance of colon cancer cells 49, 50. Therefore, it is important to confirm whether changes in microenvironmental viscosity could affect MUC expression. The RT-qPCR results showed that viscosity had little to no effect on the expression level of mucin 1 (MUC1) and mucin 2 (MUC2) mRNAs. However, when DOX was added, the expression levels of these genes increased and showed a similar trend to ABCC2 (Fig. 5e-f), indicated that DOX-containing H-DMEM promoted the expression of MUC1 and MUC2 mRNAs. 
Furthermore, the expression levels of these proteins were analysed by Western blotting. After cells were cultured in DOX-containing medium, the expression levels of ABCC2, ABCG2, and MUC1 proteins increased. The cells cultured in H-DMEM exhibited higher expression of ABCC2, ABCG2 and MUC1 proteins than the cells cultured other viscous media (Fig. 5g-i). The Western blotting analysis was consistent with RT-qPCR. Besides, it was worth noting that viscosity of the culture medium had a distinct effect on the gene expression level of ABC drug transporters. It might be due to the genetic polymorphism of the ABC family 51, 52. According to our results, viscosity acts as a microenvironmental factor on the differential expression of ABC genes, which could provide a mechanistic insight into the microenvironmental-induced drug resistance since ABC genes have evolved in response to toxicants and other microenvironmental conditions 53. All the results demonstrated that addition of DOX stimulated the expression of these proteins and increasing the viscosity further promoted their expression. This may explain the mechanism by which high viscosity induced DOX resistance in colon cancer cells.
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Fig. 5 The expression levels of chemoresistance-related genes and proteins. Quantified expression levels of ABCB1 (a), ABCC1 (b), ABCC2 (c), ABCG2 (d), MUC1 (e), and MUC2 (f) mRNAs in colon cancer cells after 72 h culture in N-DMEM, L-DMEM, M-DMEM and H-DMEM media without or with 0.1 mg L-1 DOX. Western blotting of ABCC2 (g), ABCG2 (h), and MUC1 (i) proteins in colon cancer cells after 72 h culture in N-DMEM, L-DMEM, M-DMEM and H-DMEM media with or without 0.1 mg L-1 DOX. The data relative to GAPDH were normalized to the expression level in N-DMEM. Data are the means ± S.D. (n = 4). Significant differences: * p < 0.05. ns = no significant difference.

Effect of viscosity on migration ability of colon cancer cells
Emergence of drug resistance reveals the plasticity of colon cancer cells, but it is not the only outcome of cancer progression. To clarify if microenvironmental viscosity affected the progression of chemoresistance in colon cancer cells through other pathways, we further examined the effect of viscosity on the migration ability of colon cancer cells (Fig. 6 and Fig. S3). Cell migration ability was analysed by a scratch test. Before scratching, the cell monolayer reached approximately 95% confluence (Fig. 6a). After scratching, there were almost no cells left in the wound area (Fig. 6b) and the cell migration led to a decrease in the wound area, which was reflected by the increase of recovery rate (Fig. 6i-j). Interestingly, the wound-healing speed in the H-DMEM group was faster than that in the N-DMEM and L-DMEM groups even 12 h after scratching (Fig. 6c and Fig. S3) and the difference gradually became more significant with the extension of the culture time (Fig. 6c-h and Fig. S3). After 72 h culture, the recovery rate of the scratch wound in the H-DMEM group was over 70%, while that in the N-DMEM was around 40% (Fig. 6i). The scratch test indicated that the colon cancer cells exhibited a high migration speed in the high viscosity medium compared to that in the low viscosity medium (Fig. 6). The results were consistent with the findings in other cancer cell lines 39, 54, which demonstrated that high viscosity had a promoting effect on migration of cancer cells. Interestingly, the cell migration in viscous media without DOX showed similar trend as that in DOX-containing viscous media (Fig. 6j and Fig. S3). These results demonstrated that the promotive effect of high microenvironmental viscosity on cell migration ability was likely independent of the effects of the drug.
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Fig. 6 Effect of viscosity on cell migration ability with or without Dox by a scratch test. Photomicrographs of the scratched cells before and after 12, 24, 36, 48, 60 and 72 h culture in the viscous media containing 0.1 mg L-1 DOX (a-h). Quantification of the recovery area of cells cultured in the N-DMEM, L-DMEM, M-DMEM and H-DMEM with (i) or without (j) addition of 0.1 mg L-1 DOX. Scale bar: 500 μm. Data are the means ± S.D. (n = 4). Significant differences: * p < 0.05, ** p < 0.01 and *** p < 0.001. ns = no significant difference.

Effect of viscosity on proliferation of colon cancer cells
Finally, the proliferation ability of colon cancer cells cultured in different viscosity media without DOX was analysed. The cells cultured in the N-DMEM and L-DMEM proliferated rapidly with culture time. Cell proliferation in the N-DMEM and L-DMEM was significantly higher than that in the M-DMEM and H-DMEM. The proliferation of colon cancer cells in the H-DMEM was the lowest. The results demonstrated that the inhibitory effect of viscosity on cell proliferation ability (Fig. 7a). Increasing the viscosity of culture medium inhibited colon cancer cell proliferation. To demonstrate the possible mechanism of proliferation inhibition of viscosity on colon cancer cells, gene expression level of cyclin-dependent kinase (CDK) inhibitor, p21 (also known as p21Cip1/Waf1), was analysed after the cells were cultured in different viscous media for 72 h (Fig. 7b). The expression level of p21 mRNA increased significantly when the cells were cultured in the H-DMEM compared to that in N-DMEM and L-DMEM. Since p21 is a well-known inhibitor of cell cycle, the inhibition effect of high viscosity medium to proliferation of colon cancer cells could be due to the cell cycle arrest, which was induced by the high expression level of p21.
To assess whether viscosity affected the cell cycle of colon cancer cells, the cell cycle distribution was analysed by flow cytometry after cells were cultured in different viscous media for 72 h. An obvious increase in the G0/G1 phase was observed in H-DMEM and M-DMEM, which was significantly higher than that in N-DMEM and L-DMEM. These results suggested that high microenvironmental viscosity inhibited cell proliferation by G0/G1 cell cycle arrest.
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[bookmark: OLE_LINK4]Fig. 7 Effect of viscosity on proliferation of colon cancer cells without DOX. Cell number after 24 h, 48 h and 72 h culture in the N-DMEM, L-DMEM, M-DMEM and H-DMEM (a). Quantified expression level of p21 mRNA in colon cancer cells after 72 h culture in the N-DMEM, L-DMEM, M-DMEM and H-DMEM (b). The data relative to GAPDH were normalized to the expression level in the N-DMEM. Cell cycle profiles quantified by flow cytometry after culture in different viscous media for 72 h (c). Data are the means ± S.D. (n = 4). Significant differences: * p < 0.05, ** p < 0.01, and *** p < 0.001. ns = no significant difference.

Discussion
Mucus layer as a crucial component of the colon environment has been suggested to have a close relationship with CRC progression 6, 27. Different from normal liquid, the mucus layer exhibits high viscosity and rheological characteristics of shear-thinning. Viscosity is an important property for the mucus layer to be retained on the epithelial surface. It is of great importance to discover and understand the associated mechanism of viscosity-colon cancer cells interaction in order to comprehend the involvement of mucus to the emergence of drug-resistant CRC and to identify the novel potential treatment targets for CRC 6, 7.
There are many kinds of polymers used for viscosity study 55, 56. Among them, PEG is one of the most prevalent materials used to adjust the viscosity of culture medium due to its good biocompatibility 41. The viscosity of PEG solutions arises from the hydrodynamic interactions between separate polymer chains, which not only is a function of PEG concentration but also depends on the average molecular weight of PEG 44, 57. More importantly, PEG is a bioinert material that does not interact with cells when added to the culture medium 58, 59. Using PEG to adjust the viscosity can help to understand how viscosity affects the chemoresistance of cells. The viscosity of culture medium could be adjusted by altering the molecular weight and/or concentration of PEG. To rule out the effect of osmotic pressure 54, we prepared different viscous media by changing the molecular weight of PEG while keeping the same concentration, as it been used to prepare viscous media in our previous study 43. In our previous study, it has been demonstrated that the addition of the same concentration PEG had no effect on the osmolarity of the culture media 43. Therefore, the results in this study were solely dependent on viscosity, not affect by osmolarity because the osmolarity did not change. Therefore, DMEM culture media with 1.0% (wt/v) concentration of PEG of different molecular weights were prepared to culture the colon cancer cells in a viscosity range from 99.4 mPa·s to 776.6 mPa·s. 
When the cells were cultured in the viscous media, cell viability increased with the increase of viscosity under the presence of DOX. The colon cancer cells exhibited the highest viability when cultured in DMEM with a viscosity of 776.6 mPa·s under the same concentration of DOX, which suggested that increasing viscosity enhanced the DOX tolerance of colon cancer cells. To the best of our knowledge, this is an inaugural study revealed the relation between viscosity and chemoresistance of colon cancer cells.
To elucidate the possible mechanism of viscosity on chemoresistance of colon cancer cells, some chemoresistance-related genes were investigated. The ABC transporter family can trigger the efflux of anticancer drugs out of the cancer cells and consequently confer drug resistance 60, 61. There are 48 human ABC transporters that belong to this class of transmembrane proteins and some of these transporters have a very broad range of substrates that can overlap with each other. For example, DOX is a common substrate for ABCB1, ABCC1, ABCC2 and ABCG2 62. The expression levels of these genes in colon cancer cells were analysed.
The expression levels of ABCB1 and ABCC1 showed no significant difference when cells were cultured in the different viscosity media with or without DOX. The results demonstrated that alteration of viscosity and addition of DOX did not increase the expression of these genes in colon cancer cells. Despite ABCB1 being the most studied ABC transporter that is associated with drug resistance, the downregulation of this gene in CRC has been reported, which is correlated with the early emergence of CRC 63. As for ABCC1, its expression is enhanced in colon cancer cells when treated with other anticancer drugs 64. Hence, we hypothesized that neither of these genes belongs to the target genes for the emergence of DOX resistance in colon cancer cells. In contrast, upregulation of ABCC2 and ABCG2 expression levels was observed when the cells were cultured in H-DMEM. Therefore, the enhancement of ABCC2 and ABCG2 expression could be the mechanism for the emergence of drug resistance of colon cancer cells in high viscosity medium 65, 66. Furthermore, even though upregulation of ABCC2 and ABCG2 were both observed when the cells were cultured in the high viscosity medium, the effects of viscosity on these two genes should be considered separately. The increase of ABCC2 expression exhibited significant difference only in the culture medium added with DOX, indicating that the upregulation of this gene needed synergistic effects of DOX and viscosity. On the other hand, the increase of ABCG2 expression was significant with or without DOX. The results demonstrated that enhancement of viscosity could promote the expression level of ABCG2 regardless of the addition of DOX. The high viscosity medium exhibited a greater effect on promoting ABCG2 expression than that on ABCC2. 
Expression of ABCC2 and ABCG2 proteins showed the same trend as that of their gene expression. The expression of ABCC2 and ABCG2 proteins increased when cells were cultured in DOX-containing H-DMEM. Because these proteins can passively pump intracellular drugs out of the cells, the promoting effect of high microenvironmental viscosity on these proteins could strengthen their role in inducing chemoresistance in colon cancer cells. 
In addition to the high expression of ABCC2 and ABGC2, an increase in MUC1 and MUC2 expression levels was also observed. MUC1 and MUC2 are proteins belonging to a heterogeneous group of large O-glycoproteins 67. MUC1 is a membrane-bound mucin while MUC2 is a secreted mucin. Both of them have been reported to exhibit high expression levels in drug-resistant cancer cells or be upregulated after drug treatment 68, 69. According to the RT-qPCR results, the expression of MUC1 and MUC2 mRNAs increased after DOX treatment, which was consistent with the previous studies 70. Moreover, the cells cultured in DOX-containing H-DMEM exhibited higher expression of MUC1 and MUC2 compared to those in N-DMEM. These results demonstrated that increased microenvironmental viscosity could promote the expression of MUC1 and MUC2, which could further contribute to the chemoresistance of colon cancer cells.
Because of the multifactorial nature of chemoresistance, overexpression of ABC transporter and MUC should not be the only reason for chemoresistance emergence in colon cancer cells. Recently, the effect of other cell functions such as cell migration and proliferation on chemoresistance has been frequently revealed 71. Our results indicated that viscosity increased the migration of colon cancer cells, which was consistent with a previous report 54. Accordingly, the effect of high viscosity medium on colon cancer cells leading to fast cell movement could also contribute to the chemoresistance emergence.
The high viscosity medium increased cell migration, whereas inhibited proliferation of colon cancer cells. To identify the reason, we analysed the expression of cell proliferate associated gene p21. Meanwhile, the cell cycle distribution was assessed by flow cytometry because the p21 protein can act as a negative regulator of cell proliferation by its ability to inhibit CDK functions and especially contribute to G1/G0 phase cell cycle arrest 72, 73. Upregulation of p21 mRNA was observed when the cells were cultured in the high viscosity medium. Moreover, the proportion of cells in the G1/G0 phase increased significantly when cells were cultured in H-DMEM. Given that the anticancer mechanism of DOX is mainly through the inhibition of cell proliferation, cancer cells with a faster proliferation rate are generally more sensitive to chemotherapy 74. Therefore, the inhibition of cell proliferation in high viscosity medium could be another factor for the chemoresistance emergence of colon cancer cells. Moreover, the p21 upregulation also correlates with enhancement of tumour invasiveness, aggressiveness and indicator of poor prognostics 72, 75. The upregulation of p21 in colon cancer cells cultured in the high viscosity medium could not only explain the proliferation inhibition but also become a possible bypass mechanism for the emergence of chemoresistance.
All the results suggested that microenvironmental viscosity was involved in the emergence of chemoresistance of colon cancer cells (Fig. 8). Numerous studies have reported strategies to deliver drugs to colon cancer cells by penetrating the mucus layer 76, 77. The results in this study demonstrated the importance of microenvironmental viscosity on the chemoresistance of colon cancer. Microenvironmental viscosity of mucus layer should be considered as one of the physical markers to evaluate the response of colon cancer cells to chemotherapy. Improvement of microenvironmental viscosity may be considered a useful strategy to decrease the chemoresistance of colon cancer for enhanced the effect of chemotherapy.

[image: ]
Fig. 8 Schematic of the effect of medium viscosity on the resistance of colon cancer cells to DOX.

Conclusions
In this study, the influence of microenvironmental viscosity on the chemoresistance emergence of colon cancer cells was investigated by culturing the cells in culture media having different viscosity (99.4 mPa·s to 776.6 mPa·s). The high viscosity medium increased cell tolerance to DOX and promoted expression levels of ABCC2 and ABCG2 mRNA. Meanwhile, the high viscosity medium increased cell migration ability while decreased cell proliferation ability. The colon cancer cells cultured in the high viscosity medium exhibited high expression of p21 mRNA. These results suggested that increase of medium viscosity contributed to the emergence of resistance in colon cancer cells to DOX through regulation of chemoresistance-related and proliferation-related genes.
Author contributions
Guoping Chen and Naoki Kawazoe: Conceptualization; Guoping Chen, Naoki Kawazoe, Toru Yoshitomi, Yingnan Yang, and Tianjiao Zeng: Software; Tianjiao Zeng and Naoki Kawazoe: Validation; Tianjiao Zeng, and Chengyu Lu: Formal analysis; Tianjiao Zeng, and Chengyu Lu: Investigation; Guoping Chen, Naoki Kawazoe, Toru Yoshitomi: Resources; Tianjiao Zeng, Chengyu Lu, Man Wang, and Huajian Chen: Data curation; Tianjiao Zeng and Guoping Chen: Writing-original draft preparation; Tianjiao Zeng, Chengyu Lu, Man Wang, Huajian Chen, Naoki Kawazoe, Toru Yoshitomi, Yingnan Yang, and Guoping Chen: Writing-review and editing; Tianjiao Zeng and Chengyu Lu: Visualization; Guoping Chen: Supervision; Guoping Chen and Naoki Kawazoe: Project administration.
Conflicts of interest
There are no conflicts to declare.
Acknowledgements
This research was supported by JSPS KAKENHI Grant Number 19H04475, and 24K03289.
Notes and references

1.	4
2.	W. Xie, J. Zuo, Z. Ma, W. Yu, Z. Hu, T. Yang and Z. Song, The Journal of nutrition, health and aging, 2022, 26, 1061-1069.
3.	A. R. Marley and H. Nan, Int J Mol Epidemiol Genet, 2016, 7, 105-114.
4.	R. A. Cone, Advanced Drug Delivery Reviews, 2009, 61, 75-85.
5.	S. Hu, R. Zhao, Y. Xu, Z. Gu, B. Zhu and J. Hu, Journal of Materials Chemistry B, 2024, 12, 13-38.
6.	O. I. Coleman and D. Haller, Cancers, 2021, 13, 616-634.
7.	M. A. Hollingsworth and B. J. Swanson, Nat Rev Cancer, 2004, 4, 45-60.
8.	J. Sandhu, V. Lavingia and M. Fakih, J Surg Oncol, 2019, 119, 564-582.
9.	E. Vail, A. P. Choubey, H. R. Alexander, D. A. August, A. Berry, P. M. Boland, M. F. Eskander, M. S. Grandhi, B. Haliani, H. In, T. J. Kennedy, R. C. Langan, J. C. Maggi, H. A. Pitt, S. Ganesan and B. L. Ecker, Cancer Med, 2024, 13, 1-11.
10.	S. Maher, A. Santos, T. Kumeria, G. Kaur, M. Lambert, P. Forward, A. Evdokiou and D. Losic, J Mater Chem B, 2017, 5, 4097-4109.
11.	H. Hu, S. Yao, Q. Xu, X. Cai, Z. Mo, Z. Yang, W. Chen, Q. He, X. Dai and Z. Xu, J Mater Chem B, 2023, 11, 9185-9200.
12.	C. Ito, K. Taguchi, T. Yamada, K. Hanaya, Y. Enoki, T. Sugai, T. Komatsu and K. Matsumoto, J Mater Chem B, 2024, 12, 5600-5608.
13.	M. Lu, X. Hu, C. Cheng, Y. Zhang, L. Huang, X. Kong, Z. Li, Q. Zhang and Y. Zhang, Oncol Rep, 2023, 51, 1-10.
14.	S. T. Pan, Z. L. Li, Z. X. He, J. X. Qiu and S. F. Zhou, Clin Exp Pharmacol Physiol, 2016, 43, 723-737.
15.	T. Zeng, M. Xu, W. Zhang, X. Gu, F. Zhao, X. Liu and X. Zhang, Oncol Rep, 2021, 46, 1-12.
16.	D. A. Senthebane, A. Rowe, N. E. Thomford, H. Shipanga, D. Munro, M. A. M. A. Mazeedi, H. A. M. Almazyadi, K. Kallmeyer, C. Dandara, M. S. Pepper, M. I. Parker and K. Dzobo, Int J Mol Sci, 2017, 18, 1586-1616.
17.	D. Westover and F. Li, J Exp Clin Cancer Res, 2015, 34, 159.
18.	W. E. Kaminski, A. Piehler and J. J. Wenzel, Biochim Biophys Acta, 2006, 1762, 510-524.
19.	J. Wijnholds, R. Evers, M. R. van Leusden, C. A. Mol, G. J. Zaman, U. Mayer, J. H. Beijnen, M. van der Valk, P. Krimpenfort and P. Borst, Nat Med, 1997, 3, 1275-1279.
20.	J. Wijnholds, G. L. Scheffer, M. van der Valk, P. van der Valk, J. H. Beijnen, R. J. Scheper and P. Borst, J Exp Med, 1998, 188, 797-808.
21.	N. Erin, J. Grahovac, A. Brozovic and T. Efferth, Drug Resist Updat, 2020, 53, 100715.
22.	T. Zeng, H. Chen, T. Yoshitomi, N. Kawazoe, Y. Yang and G. Chen, Gels, 2024, 10, 202-215.
23.	O. Poujade, P. Morice, R. Rouzier, P. Madelenat, F. Lecuru, J.-M. Muray, P. Mathevet, S. Alran, R. J. Salmon and F. Reyal, Int J Gynecol Cancer, 2010, 20, 815-820.
24.	V. Mengardo, E. Treppiedi, M. Bencivenga, M. Dal Cero and S. Giacopuzzi, Updates Surg, 2018, 70, 167-171.
25.	K. Oberholzer, M. Menig, A. Kreft, A. Schneider, T. Junginger, A. Heintz, K.-F. Kreitner, A. M. Hötker, T. Hansen, C. Düber and H. Schmidberger, Int J Radiat Oncol Biol Phys, 2012, 82, 842-848.
26.	S. C. Glasgow, J. Yu, L. P. Carvalho, W. D. Shannon, J. W. Fleshman and H. L. McLeod, Br J Cancer, 2005, 92, 259-264.
27.	N. Jonckheere, N. Skrypek and I. Van Seuningen, Biochimica et Biophysica Acta (BBA) - Reviews on Cancer, 2014, 1846, 142-151.
28.	E. Leteurtre, V. Gouyer, K. Rousseau, O. Moreau, A. Barbat, D. Swallow, G. Huet and T. Lesuffleur, Biology of the Cell, 2012, 96, 145-151.
29.	E. O’Connell, I. S. Reynolds, D. A. McNamara, J. P. Burke and J. H. M. Prehn, Cancers, 2021, 13, 1389-1403.
30.	F. Ingels, B. Beck, M. Oth and P. Augustijns, Int J Pharm, 2004, 274, 221-232.
31.	G. Antonello, A. Marucco, E. Gazzano, P. Kainourgios, C. Ravagli, A. Gonzalez-Paredes, S. Sprio, E. Padín-González, M. G. Soliman, D. Beal, F. Barbero, P. Gasco, G. Baldi, M. Carriere, M. P. Monopoli, C. A. Charitidis, E. Bergamaschi, I. Fenoglio and C. Riganti, Particle and Fibre Toxicology, 2022, 19, 49-77.
32.	Z. Izadi, A. Divsalar, A. A. Saboury and L. Sawyer, Chemical Biology & Drug Design, 2016, 88, 209-216.
33.	A. Macierzanka, A. R. Mackie and L. Krupa, Sci Rep, 2019, 9, 17516.
34.	V. Barmpatsalou, I. R. Dubbelboer, A. Rodler, M. Jacobson, E. Karlsson, B. L. Pedersen and C. A. S. Bergstrom, Eur J Pharm Biopharm, 2021, 169, 156-167.
35.	M. Boegh, S. G. Baldursdóttir, A. Müllertz and H. M. Nielsen, Eur J Pharm Biopharm, 2014, 87, 227-235.
36.	J. Leal, H. D. C. Smyth and D. Ghosh, Int J Pharm, 2017, 532, 555-572.
37.	M. E. Johansson, H. Sjovall and G. C. Hansson, Nat Rev Gastroenterol Hepatol, 2013, 10, 352-361.
38.	B. K. Rubin, Otolaryngol Clin North Am, 2010, 43, 27-34, vii-viii.
39.	K. Bera, A. Kiepas, I. Godet, Y. Li, P. Mehta, B. Ifemembi, C. D. Paul, A. Sen, S. A. Serra, K. Stoletov, J. Tao, G. Shatkin, S. J. Lee, Y. Zhang, A. Boen, P. Mistriotis, D. M. Gilkes, J. D. Lewis, C. M. Fan, A. P. Feinberg, M. A. Valverde, S. X. Sun and K. Konstantopoulos, Nature, 2022, 611, 365-373.
40.	J. Zheng, Y. Wang, N. Kawazoe, Y. Yang and G. Chen, J Mater Chem B, 2022, 10, 3989-4001.
41.	J. Zheng, H. Chen, C. Lu, T. Yoshitomi, N. Kawazoe, Y. Yang and G. Chen, J Mater Chem B, 2023, 11, 7424-7434.
42.	R. Sun, H. Chen, J. Zheng, T. Yoshitomi, N. Kawazoe, Y. Yang and G. Chen, Advanced Healthcare Materials, 2023, 12, e2202604.
43.	C. Lu, T. Zeng, M. Wang, T. Yoshitomi, N. Kawazoe, Y. Yang and G. Chen, Biomater Sci, 2024, 12, 5598-5609.
44.	S. Kirinčič and C. Klofutar, Fluid Phase Equilibria, 1999, 155, 311-325.
45.	M. E. Cooke and D. H. Rosenzweig, APL Bioengineering, 2021, 5, 011502.
46.	M. A. Miller and S. Medina, Advanced Functional Materials, 2024, DOI: 10.1002/adfm.202402514, 2402514.
47.	J. S. Castresana, M. M. Zhu, J. L. Tong, Q. Xu, F. Nie, X. T. Xu, S. D. Xiao and Z. H. Ran, PLoS ONE, 2012, 7, e41763.
48.	Y. Li, P. Gong, J.-x. Hou, W. Huang, X.-p. Ma, Y.-l. Wang, J. Li, X.-b. Cui and N. Li, Journal of Immunology Research, 2018, 2018, 1-13.
49.	E. O'Connell, I. S. Reynolds, D. A. McNamara, J. P. Burke and J. H. M. Prehn, Cancers (Basel), 2021, 13.
50.	S. Marimuthu, S. Rauth, K. Ganguly, C. Zhang, I. Lakshmanan, S. K. Batra and M. P. Ponnusamy, Cancer Metastasis Rev, 2021, 40, 575-588.
51.	E. R. Lepper, K. Nooter, J. Verweij, M. R. Acharya, W. D. Figg and A. Sparreboom, Pharmacogenomics, 2005, 6, 115-138.
52.	R. Kerb, S. Hoffmeyer and U. Brinkmann, Pharmacogenomics, 2001, 2, 51-64.
53.	L. Silverton, M. Dean and K. Moitra, dmdi, 2011, 26, 169-179.
54.	J. Gonzalez-Molina, X. Zhang, M. Borghesan, J. Mendonca da Silva, M. Awan, B. Fuller, N. Gavara and C. Selden, Biomaterials, 2018, 177, 113-124.
55.	K. Lee, Y. Chen, X. Li, Y. Wang, N. Kawazoe, Y. Yang and G. Chen, J Mater Chem B, 2019, 7, 7713-7722.
56.	K. Lee, Y. Chen, X. Li, N. Kawazoe, Y. Yang and G. Chen, Journal of Materials Science & Technology, 2021, 63, 1-8.
57.	I. V. Shulyak, E. I. Grushova and A. M. Semenchenko, Russian Journal of Physical Chemistry A, 2011, 85, 419-422.
58.	A. D. Abreu-Rejón, W. A. Herrera-Kao, A. May-Pat, A. Ávila-Ortega, N. Rodríguez-Fuentes, J. A. Uribe-Calderón and J. M. Cervantes-Uc, Polymers, 2022, 14, 4912.
59.	C. Licht, J. C. Rose, A. O. Anarkoli, D. Blondel, M. Roccio, T. Haraszti, D. B. Gehlen, J. A. Hubbell, M. P. Lutolf and L. De Laporte, Biomacromolecules, 2019, 20, 4075-4087.
60.	S. Mirzaei, M. H. Gholami, F. Hashemi, A. Zabolian, M. V. Farahani, K. Hushmandi, A. Zarrabi, A. Goldman, M. Ashrafizadeh and G. Orive, Drug Discov Today, 2022, 27, 436-455.
61.	R. W. Robey, K. M. Pluchino, M. D. Hall, A. T. Fojo, S. E. Bates and M. M. Gottesman, Nat Rev Cancer, 2018, 18, 452-464.
62.	A. H. Schinkel and J. W. Jonker, Advanced Drug Delivery Reviews, 2012, 64, 138-153.
63.	V. Andersen, U. Vogel, S. Godiksen, F. B. Frenzel, M. Saebo, J. Hamfjord, E. Kure and L. K. Vogel, PLoS One, 2013, 8, e72119.
64.	X. Y. Chen, Y. Yang, J. Q. Wang, Z. X. Wu, J. Li and Z. S. Chen, Front Oncol, 2021, 11, 640656.
65.	Y. Zhu, S. Huang, S. Chen, J. Chen, Z. Wang, Y. Wang and H. Zheng, Cell Death & Disease, 2021, 12, 449-465.
66.	H. D. Tuy, H. Shiomi, K. I. Mukaisho, S. Naka, T. Shimizu, H. Sonoda, E. Mekata, Y. Endo, Y. Kurumi, H. Sugihara, M. Tani and T. Tani, Oncol Lett, 2016, 12, 2752-2760.
67.	N. Jonckheere, N. Skrypek and I. Van Seuningen, Biochim Biophys Acta, 2014, 1846, 142-151.
68.	M. Milella, M. Rutigliano, F. Lasorsa, M. Ferro, R. Bianchi, G. Fallara, F. Crocetto, S. D. Pandolfo, B. Barone, A. d'Amati, M. Spilotros, M. Battaglia, P. Ditonno and G. Lucarelli, Biomolecules, 2024, 14.
69.	H. Zhou, Y. Shen, G. Zheng, B. Zhang, A. Wang, J. Zhang, H. Hu, J. Lin, S. Liu, X. Luan and W. Zhang, Clin Transl Med, 2024, 14, e1701.
70.	E. Bourdon, T. Swierczewski, M. Goujon, N. Boukrout, S. Fellah, C. Van der Hauwaert, R. Larrue, B. Lefebvre, I. Van Seuningen, C. Cauffiez, N. Pottier and M. Perrais, Cancers (Basel), 2024, 16.
71.	J. De Las Rivas, A. Brozovic, S. Izraely, A. Casas-Pais, I. P. Witz and A. Figueroa, Arch Toxicol, 2021, 95, 2279-2297.
72.	A. Maiuthed, C. Ninsontia, K. Erlenbach-Wuensch, B. Ndreshkjana, J. Muenzner, A. Caliskan, H. Ahmed P, C. Chaotham, A. Hartmann, A. Vial Roehe, V. Mahadevan, P. Chanvorachote and R. Schneider-Stock, Cancers, 2018, 10, 373-395.
73.	T. Abbas and A. Dutta, Nat Rev Cancer, 2009, 9, 400-414.
74.	N. Vasan, J. Baselga and D. M. Hyman, Nature, 2019, 575, 299-309.
75.	T. Abbas and A. Dutta, Nature Reviews Cancer, 2009, 9, 400-414.
76.	M. Surendranath, R. R. M and R. Parameswaran, J Mater Chem B, 2022, 10, 5913-5924.
77.	L. M. Ensign, R. Cone and J. Hanes, Adv Drug Deliv Rev, 2012, 64, 557-570.

image1.tiff
Microenvironmental viscosity

DOX resistance of colon cancer cells | DOX resistance of colon cancer cells 1





image2.tiff
1000

100

10

(b)

N-DMEM - LDMEM - M-DMEM - HDMEM
T, g
frag, B Eino 77664768
P, . >
L el Z T
i ti 8
(N g
' 2
LI T s 306.3£48.7
by 8
i £ 1083£20.7 — %
o 99489
& 1
01 1 10 100 NOMEM LDMEM M-ODMEM H.OMEM

Shear rate (s™)




image3.tiff
M-DMEM L-DMEM N-DMEM

H-DMEM

(a) (b) (c) (d) (e) (f)

Control  0.05mglL* 0.1 mg L? 0.2mgL* 0.5 mg L 1.0 mgL*

(g)
* N-DMEM * L-DMEM M-DMEM *  H-DMEM
ns
100 ok il o
T T e
—~— V—‘ *
>
‘S *
| 50 F
S
@
o
0

o 0.05 0.1 0.2 0.5 1.0

DOX concentration (mg L'l)




image4.tiff
(a) (b) (c) (d) (e) (f)

Control 0.05 mg L 0.1 mgL? 0.2 mg L*? 0.5 mg L* 1.0mgL*

N-DMEM

s :
z
z i
e
=
H
=
Q
=
- i
z
=
e
:
(8) * N-DMEM = L-DMEM M-DMEM -+ H-DMEM
ns
100
_
z I
B of |1 Thel 20 3 [
2 [l | e B
3 [ H
o

A AR

0 0.05 0.1 0.2 0.5 1.0

DOX concentration (mg L'l)




image5.tiff
(a) + Control * 0.05mgl?: 0.1mgl? (b) « Control * 0.05mgl?: 01mgl?
02mgl? - 05mgl? * 1.0mglL? © 02mgl? - 05mgl? + 10mgLt

o
N-DMEM  LDMEM M-DMEM  H-DMEM NDMEM  LDMEM M-DMEM  H-DMEM

N
s
=

N-DMEM + LDMEM - M-DMEM * HODMEM

N-DVMEM * LDMEM - M-DMEM ° H-DMEM

Cell viability (%)
Cell viability (%)

0 005 01 02 05 10

DOX concentration (mg L) DOX concentration (mg L)

(f)

—_—
(]
-

1Cg (mg L)
=
——

ICg (mg L)

H}t|

05 I I 0.1 + I

N-DMEM L-DMEM M-DMEM H-DMEM N-DMEM L-DMEM M-DMEM H-DMEM





image6.tiff
(a) (b)

© N-DMEM * L-DMEM : M-DMEM ° H-DMEM

20

e 2 w F " s
K = . 5 R N
§ 20 e s
£z §%
SB1sq . 28 .
§3 B g g0 !
ggto T g2 :
3 ] %05
2 os g .
g 8
< 0. < 0.
Control DOX Control DOX
(c) (d)
. N-OMEM © LOMEM - MOMEM - H-OMEM
g 25 - 2 °
s v ® .
2 3
ez w cExa
S81s 2 28
3 ' i3 .o
E8u0 ! g3, i
g . ge
b} 059 |+ k] ny .
g alhli LA
2 2
< 0.0- < o
Control DOX Control DOX

=

(e)

© N-DMEM * LDMEM - M-DMEM * H-DMEM

g 3 g 5
5 K] b
e o g ¢
HP =
-l L 93
7 g2
£3 £5, -
e 9 —=—
g2 ! g2 . X
& ¢ oI
g g n
2 R T
5 s
Control DOX Control DOX
seedede (M) ge
et ENOIN

&

GAPDH





image7.tiff
H-DMEM-DOX M-DMEM-DOX L-DMEM-DOX N-DMEM-DOX

il

Recovery rate (%)
2

. pln

© N-DMEM * L-DMEM : M-DMEM * H-DMEM

2

Recovery rate (%)
8 8
'j
ﬂ

MHW

;

12 24 36 48 60 72
Times (h)

o
R
N
¥

36 48 60 72
Times (h)




image8.tiff
(a)

—_
o
-

- NDMEM - LDMEM - M-DMEM - H.DMEM s
e g
2 2 . T
. ® ., :
LR g8
5 B <
i, ie |
§ 524 T
2 K 1
= o
8 B
o
N-DMEM L-DMEM M-DMEM H-DMEM
Times (h)
(C) * N-DMEM - LDMEM - M-DMEM - H-DMEM
100

@ JE

a2

.g 80 -

Q.

S 0| [} .

8

3

£ a0 ]

20 L .
. B |||

G1 phase S phase G2 phase




image9.tiff
Viscosity of culture medium ‘ Viscosity of culture

eo00oee

ABCC2, ABCG2 mRNA expression level {, ABCC2, ABCG2 mRNA expression level T
Cell migration ability {, Cell migration ability 1
Cell proliferation ability 1

Cell proliferation ability
p21 mRNA expression level |, p21 mRNA expression level

I |

Chemort ance of colon cancer cells P

Colon cancer cellin Colon cancer cellin

| P o e Dovoruticin (00X




