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Abstract

:

In spite of many anti-cancer drugs utilized in clinical treatment, cancer is still one of the diseases with the highest morbidity and mortality worldwide, owing to the complexity and heterogeneity of the tumor microenvironment. Compared with conventional 2D tumor models, 3D scaffolds could provide structures and a microenvironment which stimulate native tumor tissues more accurately. The extracellular matrix (ECM) is the main component of the cell in the microenvironment that is mainly composed of three-dimensional nanofibers, which can form nanoscale fiber networks, while the decellularized extracellular matrix (dECM) has been widely applied to engineered scaffolds. In this study, pig kidney was used as the source material to prepare dECM scaffolds. A chemical crosslinking method was used to improve the mechanical properties and other physical characteristics of the decellularized pig kidney-derived scaffold. Furthermore, a human breast cancer cell line (MCF-7) was used to further investigate the biocompatibility of the scaffold to fabricate a tumor model. The results showed that the existence of nanostructures in the scaffold plays an important role in cell adhesion, proliferation, and differentiation. Therefore, the pig kidney-derived matrix scaffold prepared by decellularization could provide more cell attachment sites, which is conducive to cell adhesion and proliferation, physiological activities, and tumor model construction.
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1. Introduction


Breast cancer, lung cancer, and colorectal cancer are the three most prevalent cancers among women, which account for 50 percent of all new diagnoses. Among those, breast cancer alone accounts for 30 percent of diagnosed cancer in women [1]. In the United States, 1 in 8 (13%) women can be diagnosed with invasive breast cancer in their lifetime. By 2019, the number of new breast cancer cases in the United States had surpassed 250,000, and 3.8 million American women have a history of breast cancer so far [2], Therefore, there is always a need for an in vitro 3D environment for breast cancer tumor model construction to better study the biological behavior of tumor cells and provide a platform for the screening of tumor drugs.



The 2D culture environment method is a routine method for studying malignant breast cells and stromal cells in vitro, but this will lead to the loss of 3D structure and can negatively affect cell interaction and function, resulting in inconsistent results from the test in vivo [3]. In addition, 2D cell culture cannot replicate the various characteristics of solid tumors in vivo and their resistance to drugs. This results in a large number of ineffective drugs tests being tried directly on animals, which not only leads to the excessive use of animals but also prolongs the time for drug discovery [4]. There is always a need to find a medium to connect two-dimensional cell culture with animal experiments in vivo, so the establishment of a three-dimensional cell culture model in vitro has been put on the agenda. Various scaffolds based on biomaterials have been widely used in three-dimensional cell culture models. The biomaterials used to make scaffolds may be natural polymers such as alginate [5], collagen [6], gelatin [7], fibrin [8], and albumin [9], or synthetic polymers such as polyvinyl alcohol [10], polyethylene glycol [11], and polyacrylamide [12]. Scaffolds made from different materials have different properties. For natural polymer materials, although they have a good biocompatibility and are conducive to cell adhesion and proliferation, their mechanical properties are poor, with a relatively higher degradation rate. Synthetic polymer materials have good mechanical properties and are easily processed. Their structure and properties can be modified and regulated as needed, which makes them more suitable for mass production. However, synthetic polymer materials still lack cell action sites and have poor cell adhesion.



Decellularization-derived matrix scaffolds have become a replacement platform for tumor tissue engineering due to their biomechanical properties and tissue-specific extracellular matrix (ECM) composition [13]. An ECM is an acellular three-dimensional polymer network composed of collagen, proteoglycan/glycosaminoglycan, elastin, fibronectin, laminin, and several other glycoproteins [14,15]. It is highly dynamic because it is continuously deposited, remodeled, and degraded during development until it matures to maintain tissue homeostasis. Therefore, its composition varies with tissue change according to specific requirements [16]. ECM protein can guide the differentiation of embryonic stem cells and is an important factor that affects cell behavior during organogenesis. In particular, if the ECM protein structure is very similar to the ECM structure of the target tissue in vivo, the differentiation to the target tissue can be improved [17,18]. ECMs are a component of the cellular microenvironment, mainly composed of three-dimensional nanofibers. The fiber diameter is generally between 50 and 500 nm [19]. The nano-level fiber network formed plays an important role in cell adhesion, proliferation, and differentiation [20]. Different sources of decellularized extracellular matrixes (dECMs) have been developed, most of which are derived from patients or animals and are accessible. Instead of experiments on living animals, decellularization only requires parts of pathological tissues or fresh animal tissues from market sale. The kidney is highly heterogeneous, with complex vascular structures and many functional structures. Its highly complex microstructure and basement membrane composed of different proteins which can support at least 26 different cells are closely aligned [21,22]. In addition, because the evolution of pigs is similar to that of humans, there are similarities in physiological activities and organ size [23]. Therefore, pig kidney is chosen as the 3D environment for constructing breast cancer tumor models.



Solid tumors grow in vivo and their development process is the result of the constant interaction between tumor cells and the microenvironment. The kidney has a highly complex microscopic structure with nearly 30 types of cells, a network of blood vessels, a basement membrane composed of different proteins which support the adhesion of at least 26 different types of cells, as well as many functional structures. In addition, breast tumors are metastatic and may metastasize to the kidney. Thus, in order to better study the biological behavior of tumor cells (atypia, diffusion, and metastasis [24]) and anti-tumor drugs screening, this study uses porcine renal tissue as the main raw material to construct an acellular-derived matrix scaffold. Due to the limited mechanical properties of the ECM, chemical crosslinking technology was used to further modify and prepare the required pig kidney acellular-derived matrix scaffold. On this basis, the feasibility of constructing a tumor model was further explored by inoculating breast cancer (MCF-7) cells into the derived scaffold. By comparing the physical properties of acellular matrix scaffolds before and after crosslinking, the effect of crosslinking on the scaffolds and whether it denatures the acellular matrix were investigated. The biocompatibility of the scaffold and the size of the tumor ball were studied by laser confocal and scanning electron microscopy to evaluate the construction of breast cancer tumor models. The two-dimensional environment was also constructed to compare the difference in cell growth with the three-dimensional method. In this study, the effects of a secondary microstructure on tumor progression and cell adhesion were investigated, aiming to provide a platform with a higher biocompatibility for drug screening and basic cancer research.




2. Materials and Methods


2.1. Materials


Human breast cancer MCF-7 cells were purchased from Shanghai Zhongqiao Xinzhou Biotechnology Co., Ltd. (Shanghai, China). The adipose tissue was provided by the Affiliated Hospital of Dalian Medical University (Dalian, China). Human adipose tissue-derived stem cells (ADSCs) were isolated from subcutaneous adipose tissue obtained from liposuction surgery performed on a 32-year-old woman. The process strictly adhered to the requirements of the Helsinki Declaration with the patient’s consent. MCF-7 and ADSCs were cultured in a humidified incubator at 37 °C with 5.0% CO2 and Dulbecco’s improved Eagle medium (DMEM) containing 10% fetal bovine serum. Sodium dodecyl sulfate (SDS) was purchased from Shenyang WanLei Technology Co. (Shenyang, China), LTD. N-(3-dimethylaminopropyl)-N’-ethyl carbonimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), and 2-(N-morpholino) ethane sulfonic acid (MES) were purchased from Beijing Balinway Technology Co. (Beijing, China), LTD. DMEM and fetal bovine serum (FBS) were purchased from Gibco (Carlsbad, CA, USA). Calcein-AM, propyl iodide (PI), and Hoechst 33,342 were all purchased from Calbiochem (San Diego, CA, USA). A Cell Counting Kit-8 (CCK-8) was obtained from Selleck.cn (Shanghai, China).




2.2. Preparation of Acellular Porcine Kidney Matrix Scaffold


Fresh pig kidneys were purchased from the market, washed with clean water until the water had no obvious blood color, and then refrigerated at −20~−30 °C for 10~14 h. After freezing, the renal pelvis and fibrous capsule were removed, and the remaining kidneys were cut into small pieces of 10~16 cm3 in volume. The kidney block was bathed in phosphate (PBS) buffer and washed several times. The treated renal lumps were put into the 0.5~1 wt.% sodium dodecyl sulfonate (SDS) solution and agitated under low-speed for 48~72 h. At room temperature, the acellular matrix was soaked and washed in phosphate (PBS) buffer solution 6~10 times, and the solution was changed every 20 min. The matrix was frozen in a refrigerator at −20~−30 °C for 3~5 h and then freeze-dried for 14~19 h to obtain a porous kidney-derived matrix scaffold. The kidney-derived matrix scaffolds were then crosslinked for 36~48 h in ethanol solution containing 50 mmol/L 1-(3-dimethylaminopropyl)-3-ethyl carbonimide hydrochloride (EDC), 50 mmol/L N-hydroxysuccinimide (NHS), and 50 mmol/L 2-(N-morpholino) ethanesulfonic acid (MES). After crosslinking, the decellularized matrix scaffolds were cleaned with PBS buffer solution 5~6 times. Finally, the pig kidney decellularized scaffolds after cleaning were freeze-dried for another 19~24 h to obtain the crosslinked pig kidney-derived matrix scaffolds.




2.3. Analysis of the Micro-Nano Structure of the Porcine Kidney-Derived Decellularized Matrix Scaffold


The nanoscale structure of the pig kidney-derived decellularized matrix scaffold was observed by a Quanta 450 tungsten filament scanning electron microscope (FEI company, Hillsboro, OR, USA). The specific steps were as follows: 5 pig kidney cells-derived matrix scaffolds were cut into 3 mm × 3 mm × 1 mm blocks and fixed to the slides by conductive adhesive. The samples were then observed under different magnification after dust removal and spray gold operations. At last, the software Image-Pro Plus (IPP) (6.0 Version, Media Cybernetics Company, Rockville, MD, USA) was used to investigate the nanoscale structure quantitatively. Briefly, the scale in each SEM image was saved as a new spatial calibration. By measuring length and distance based on the above scale length, the fiber length can be automatically displayed. The fiber structure at different parts of each bracket was measured to calculate the average aperture.




2.4. Decellularization Efficiency Test


Scanning electron microscopy (SEM, SU1510, Hitachi High Technologies, Tokyo, Japan) was used to observe the microstructure, pore size, and vascular structure of the pig kidney matrix after decellularization and crosslinking. In addition, histological staining analysis was performed on the pig kidney matrix before and after decellularization. For the sample treatment, the samples were fixed by 2.5% glutaraldehyde, dehydrated through different concentrations of ethanol (50%, 70%, 80%, 90%, 100%), embedded by paraffin, and sliced into the thickness of 3 mm for hematoxylin and eosin staining (H&E), as well as Masson trichromatic staining.




2.5. Physical Performance Test of Pig Kidney Matrix Scaffold


The mechanical properties of the extracellular matrix were optimized by chemical crosslinking. In this study, the properties of the porcine renal decellularized matrix scaffolds, such as water absorption, porosity, compression modulus, infrared spectrum, contact angle, and thermal stability, were compared before and after the crosslinking, and the denaturation of the scaffold was also discussed.



2.5.1. Water Absorption Rate


To compare the water absorption of the pig nephritic-derived matrix scaffolds before and after crosslinking, the dense surface of the kidney-derived matrix scaffold was excised and then the dry weight of each sample (n = 9) was measured as m1. Cut scaffold blocks were then placed in a 24-well plate filled with PBS buffer and let stand for 12 h. Scaffolds were then taken out, wiped of the moisture using absorbent paper, and weighted as m2. Multiple groups of each material were tested and the average value was taken as the experimental result. The water absorption rate of the scaffold can be calculated as


  W  ( % )  =      (   m 2  −  m 1   )     m 1    × 100 %  












2.5.2. Porosity


A volumetric flask with a volume of 10 mL was chosen and filled with ethanol, and was weighed as W1. The scaffold weighing WS was immersed into ethanol inside the volumetric flask and then placed in a vacuum dryer to drain the air inside the scaffold. After the ethanol was filled into the pore structure of the scaffold, the volumetric flask was filled with ethanol again and weighed as W2. The sample that had been filled with ethanol was taken out and the remaining ethanol and the volumetric flask was weighed as W3. The porosity of the scaffold can be calculated as


  Φ =      (   W 2  −  W 3  −  W S   )     (   W 1  −  W 3   )    × 100 %  












2.5.3. Contact Angle Detection


The differences in the contact angle of the decellularized matrix scaffold (n = 6) in pig kidney before and after crosslinking were compared. A drop (6 μL) of water was injected on the flat sample surface with a microsyringe and the droplet was filmed with a high-speed camera and the contact angle of the droplet was calculated by software.




2.5.4. Infrared Spectrum Detection


Several kidney-derived decellularized matrix scaffolds (n = 9) before and after crosslinking were taken, and the dense outer membrane on the surface of the scaffolds was removed and then crushed after liquid nitrogen treatment [25]. The potassium bromide tablet method was used to analyze the processed scaffolds by infrared spectroscopy. In order to obtain the spectrum, a resolution of 4 cm−1 and a spectral wave number range of 4000 to 500 cm−1 were used to compare the spectral differences of the kidney-derived matrix scaffolds before and after crosslinking.




2.5.5. Compressive Modulus Test


The mechanical properties of the decellularized pig kidney scaffolds (n = 9) before and after crosslinking were measured on a universal experimental machine [26]. Some scaffold materials before and after crosslinking were cut smooth with a certain thickness. The loading speed of longitudinal compression was 1 mm/min, and the maximum pressure was 50 N. The force-displacement data were obtained directly from the test results. The compression modulus of decellularized pig kidney scaffold can be expressed as


  E =  σ ε  =   Y / A B    (  L − X  )  / L    








where E indicates the compression modulus; Y indicates the pressure load during the test; A, B, and L indicate the length, width, and height of the scaffold, respectively; and X indicates the compression depth under pressure load.




2.5.6. Thermal Stability Analysis


The thermogravimetric (TGA) (METTLER TOLEDO, Greifensee, Switzerland) and differential scanning calorimetry (DSC) analyses (METTLER TOLEDO, Greifensee, Switzerland) were performed to compare the thermal stability of the scaffold derived from porcine kidney before and after crosslinking. Experimental conditions were as follows: the scaffold was ground into powder after being treated with liquid nitrogen, the temperature was increased at the rate of 10 °C/min under nitrogen protection, and the temperature increased from 25 °C to 600 °C. TA Universal Analysis 2000 thermal analysis software (5.0.1 Version, TA Instruments, New Castle, PA, USA) was used for data analysis.





2.6. Biocompatibility


ADSCs were cultured in DMEM containing 10% fetal bovine serum [27]. The culture medium was changed every three days. The biocompatibility of the pig renal decellularized matrix scaffolds was studied by the inoculation of ADSCs on the scaffolds. The scaffold treatment was as follows: the crosslinked pig renal matrix scaffolds were cut into small pieces with a volume of 5 mm × 5 mm × 2 mm, soaked in 75% alcohol, and placed on the ultra-clean table for overnight ultraviolet sterilization. The cells were immersed in PBS for two hours before inoculation, and the liquid was changed every 1 h. The scaffold was then placed in a 24-well plate and a double-sided inoculation method was adopted. A total of 20 μL of ADSC suspension with a cell density of 2 × 105 cells/mL was taken and inoculated on the scaffold. After 1, 3, 5, 7, and 10 days, the cells were stained with 2 μmol/L calcein-AM, 4 μmol/L PI, and 5 μg/L Hoechst 33,342, incubated in an incubator at 37 °C for 30 min, and then observed and photographed under a confocal laser microscope.




2.7. Construction of Breast Cancer Tumor Model


To compare the proliferation and cell morphology of breast cancer (MCF-7) cells in two- and three-dimensions, the biocompatibility of MCF-7 cells on the pig renal scaffolds, cell permeability, and tumor sphere size were studied.



2.7.1. Growth Status of Breast Cancer Cells (MCF-7) on the Kidney Matrix Scaffold


The growth of MCF-7 cells on the pig renal matrix scaffolds was studied. A total of 20 μL MCF-7 cell suspension with a density of 4 × 106 cells/mL was inoculated on the pig kidney scaffold and cultured for 3, 5, 7, 10, 14, and 21 days. A total of 2 μmol/L calcein-AM, 4 μmol /L PI, and 5 μg/L Hoechst 33,342 mixed staining solution was added and incubated at 37 °C for 2 to 3 h. The images were observed and photographed under a laser confocal microscope.



In addition, the proliferation of MCF-7 cells in the 2D and 3D environments was investigated. The cell activity was quantitatively analyzed by the CCK-8 method. In a 24-well plate, 20 μL of MCF-7 cell suspension was used for inoculation on the pig kidney scaffold. The cell density was 5 × 105 cells/mL. The same number of MCF-7 cells were also inoculated in a 24-well plate for culture as the control group for 3D cell culture. Cell activity was measured on days 1, 3, 5, and 7 (n = 5). CCK-8 (10% v/v in DMEM) was added and incubated in an incubator at 37 °C for 3 h. Then, 100 μL of reaction solution was transferred to a 96-well plate. The optical density (OD) value at 450 nm was measured by a microplate reader (Varioskan Flash, Thermo Fisher, Waltham, MA, USA).




2.7.2. Permeability of Breast Cancer Cells (MCF-7) on the Porcine Kidney Matrix Scaffold


The permeability of MCF-7 cells at different depths (10 μm, 40 μm, 100 μm) on the pig renal scaffolds was investigated. A total of 20 μL of cell suspension with a cell density of 1 × 106 cells/mL was inoculated on the pig kidney scaffold. After 3, 7, and 21 days of culture, 2 μmol/L calcein-Am, 4 μmol/L PI, and 5 μg/L Hoechst 33,342 complex dye solution was added and incubated in an incubator at 37 °C for 3 h, and then observed under a confocal laser microscope. Fluorescence staining was used to locate the locations of living cells and nuclei to investigate the distribution of cells in the scaffold. Layer-by-layer scanning was carried out along the Z-axis of the structure. The image scanning interval was set as 10 μm, and the 3D reconstruction of the obtained multi-layer scanning image showed the distribution and infiltration of cells in the scaffold.




2.7.3. The Size of Tumor Spheres in Breast Cancer


Inverted microscopy, fluorescence microscopy, and scanning electron microscopy were used to analyze the size of the edge and inner tumor sphere of the pig kidney scaffold [28]. A total of 20 μL of cell suspension with a cell density of 4 × 106 cells/mL was inoculated on the pig kidney scaffold. After 3, 5, 7, 10, 14, and 21 days of culture, the tumor spheres were observed and photographed under an inverted microscope, fluorescence microscope, and scanning electron microscope, respectively. The size of the tumor spheres was quantitatively analyzed using IPP software.




2.7.4. Enzyme-Linked Immunosorbent Assay (ELISA)


On the 3rd, 7th, and 14th day of culture, the cells were centrifuged at 2500 rpm for 20 min to collect the supernatant of MCF-7 cells cultured on 2D or 3D renal scaffolds. The supernatant was stored at −20 °C before the experiment. According to the manufacturer’s instructions, the expressions of hypoxia-inducible factor-1α (HIF-1α) and breast cancer susceptibility protein 1 (BRCA1) were observed in the 96-well plate. The reference sample and test sample were properly diluted in advance. The OD value was measured at a 450 nm wavelength with a microplate reader. The HIF-1α and BRCA1 concentrations were calculated according to the standard curve.





2.8. Statistical Analysis


All experimental results were expressed as mean ± SD (standard deviation). The statistical significance of the differences between groups was assessed using a one-way ANOVA, and then the t-test analysis was performed using OriginPro (V9.0, OriginLab Corporation, Northampton, MA, USA). When p < 0.05, the test result was considered to have significant difference.





3. Results and Discussion


3.1. Decellularization Efficiency of the Porcine Kidney Matrix


Figure 1a shows the whole process of the pig renal decellularized matrix scaffold preparation. The porcine kidney matrix is elastic and appears light red before decellularization, and changes from light red to transparent after decellularization. When a certain pressure was applied on the decellularized matrix, the shape of the pig kidney matrix did not change dramatically, indicating that the pig kidney matrix had good mechanical properties after decellularization, which was also reflected in the subsequent compression modulus detection results. To improve the mechanical properties of the decellularized matrix, the matrix was treated by EDC/NHS, which could crosslink the amino group with the carboxyl group. EDC/NHS is non-toxic and the intermediate could be easily removed. In addition, scaffolds crosslinked by EDC/NHS exhibited a better biocompatibility. After crosslinking, the volume of the scaffold was slightly reduced after the secondary freeze-drying.



The micromorphology of the pig kidney matrix after different process steps is shown in Figure 1b. In tissue engineering, the key factor affecting the performance of scaffolds is the pore structure of the scaffolds. Therefore, in this experiment, the microstructure of the matrix scaffolds prepared was further observed by a scanning electron microscope. It can be seen from the figure that the scaffolds have abundant interconnected porous structures, which are conducive to intercellular contact and mass transfer. The microstructural surface of a pig kidney is very dense, which indirectly indicates the difficulty of the acellular process. Although there was no significant difference between the uncrosslinked- and the crosslinked-derived matrix scaffolds, further observation showed that the two were different in terms of micromorphology. The scaffold diameter of the pig kidney matrix without crosslinking was randomly distributed, with a large aperture range and some structures destroyed, and the aperture range was 132~363 μm. The matrix scaffold after crosslinking had a uniform pore size distribution and complete structure, which may be due to the repair of the scaffold structure during the crosslinking process and the reconnection of amide bonds damaged during the acellular process. The pore size range was 127~238 μm. The favorable pore structure of the scaffold provides sufficient space for cell proliferation and differentiation, which can improve the mass transfer ability between the pores of the scaffold and is therefore conducive to waste transfer and nutrition transport, and provides a balanced growth environment for the cell [29]. In the figure, we can see the complete vascular structure of the matrix scaffold, with the diameter of the vessels ranging from 927 to 1383 μm. In addition, the experimental results before and after decellularization showed that the effect of decellularization was outstanding, and the pore structure of the scaffold was well preserved.



Figure 1c shows Masson and H&E histological staining before and after decellularization in the pig kidney matrix. Ali et al. found that glomerular and tubular structures could be reserved after appropriate decellularization, which turned out to be red by H&E staining, and cells disappeared completely [30]. The decellularized extracellular matrix (dECM) showed intact pore structure and glomerulus, while cells were invisible, indicating that decellularization was successful. As reported, collagen and glycosaminoglycan (GAG) were abundant within native tissues, which are main components of ECM and provide support for cell growth and cell invasion [31]. Masson staining showed that the collagen structure of the extracellular matrix was preserved well and the complex collagen network retained after decellularization could contribute to cell adhesion [32]. The arrows indicate the glomerular structure. There was no obvious damage to the glomerular structure before and after decellularization, but only the corresponding red cell structure was removed. In addition to the glomerular structure, the structure of other parts was also intact, so the effect of decellularization was significant.




3.2. Microstructure and Elemental Analysis of the Pig Kidney-Derived Matrix Scaffold


The existence of nanostructures plays an important role in cell adhesion, proliferation, and differentiation. ECM is a component of the cell microenvironment, mainly composed of three-dimensional nanofibers, which can form nanoscale fiber networks [33,34,35]. It was observed by scanning electron microscope that the pig kidney matrix scaffold was composed of many fiber networks showing a honeycomb appearance. This result is consistent with what Hussein et al. reported, as well as the result of H&E and Masson staining, providing a supportive structure for cell growth [36]. The fiber network at different locations was further enlarged (green arrow) and the thickness of the fiber was measured using IPP software, ranging from 30 to 500 nm (Figure 2a), indicating that nanoscale fiber networks were reserved in the decellularized matrix. The pig kidney scaffold still retained the fibrous structure after crosslinking. It was reported that the decellularized-derived matrix scaffold could provide more cell attachment sites, which was conducive to the adhesion and proliferation of cells on the scaffold, the conduct of various physiological activities, and the successful construction of the tumor model [37]. In addition, EDS analysis was conducted on different areas before scanning electron microscopy. The results showed that the pig kidney scaffold was composed of C (47.36%), N (15.41%), O (36.21%), and S (1.02%).




3.3. Physical Properties of the Pig Kidney Matrix Scaffolds


3.3.1. Porosity of the Kidney-Derived Matrix


The porosity before and after the crosslinking of the pig renal matrix scaffold is shown in Figure 3a. The results showed that the porosity of the porcine kidney-derived matrix scaffolds decreased from 84.14 ± 3.20% to 81.09 ± 4.63% after crosslinking, which indicated a significant difference (p < 0.05) [38], As reported, dECM derived from animal tissues exhibited a porous structure with a porosity around 80%, allowing higher cell adhesion and cell invasion [13,39]. The decrease in porosity may be caused by increased molecular interaction after EDC/NHS intervention or the collapse and fusion of pores by secondary freeze-drying. This is also consistent with the observed slight decrease in the volume of the scaffold after crosslinking.




3.3.2. Water Absorption and Contact Angle of the Pig Kidney-Derived Matrix Scaffolds


Figure 3b,i shows the water absorption rate and contact angle performance of the pig nephritic-derived matrix scaffolds. Protein interactions and cell adhesion after scaffold transplantation depend on the scaffold’s ability to absorb water. In this study, the hydrophilicity of the pig kidney-derived matrix scaffolds was investigated by measuring the surface contact angle and water absorption of the scaffolds. There was no significant difference in the water absorption of the derived matrix scaffolds before and after crosslinking (p < 0.05), which decreased from 1287.39 ± 47.43% to 934.23 ± 55.65%. The results of the water contact angle showed that the contact angle of the scaffold increased from 31.00° to 41.33° after the surface of the scaffold was stabilized by deionized water. It may be that the crosslinking increases the hydrophobic property of the scaffold material and reduces the hydrophilicity of the scaffold, which is consistent with the result of the water absorption test. The decrease is due to the formation of amide bonds between the amino group and the carboxyl group, which reduces the number of hydrophilic groups on the molecular chain. After crosslinking, the molecular chains are closer together and the activities of hydrophilic groups are restricted, which prevents the scaffold from binding to water to a certain extent. However, compared with decellularized tissues from other animal sources, the crosslinked scaffold still exhibited a high hydrophilicity [39,40]. The microenvironment of native tissue is fluid, with nutrition, oxygen, and metabolic waste contacting directly with cells. Therefore, scaffolds with a higher hydrophilicity are able to absorb more nutrition in fluid medium and the exchange of metabolic waste is higher, promoting cell growth and proliferation [41].




3.3.3. Compression Modulus of the Pig Kidney-Derived Matrix Scaffold


Figure 3c shows the compression modulus of the pig renal matrix scaffold before and after crosslinking. Biological scaffolds have certain mechanical properties and can bear certain loads in the process of tissue and cell growth since most cells tension is resisted by the matrix [38]. For many cell types, the tactile perception of matrix hardness feeds back into adhesion and the cytoskeleton, as well as net contractility [42]. Previous literature has shown that cell proliferation is rigid-dependent, with a greater ability to proliferate on hard surfaces [43]. The stress–strain curve of the scaffold was tested by a universal testing machine. According to the stress–strain curve, it is obvious that the crosslinking has a significant effect on the mechanical properties of the scaffold. At each strain level, the compression modulus of the scaffold increased significantly after crosslinking (p < 0.05). When the maximum strain was 0.7, the compression modulus of the crosslinked scaffold was 847.28 ± 58.05 kPa, and that of the uncrosslinked scaffold was 404.97 ± 22.63 kPa. As reported before, the compression modulus of native kidney is 41.62 ± 22.40 kPa, which is much lower than decellularized kidney [44]. Therefore, decellularization improved the mechanical characteristics of the kidney tissue, making it more flexible to load cell clusters.




3.3.4. Thermal Stability of the Pig Kidney-Derived Matrix Scaffolds


The test results of the pig kidney-derived matrix scaffolds thermal stability are shown in Figure 3d,g,h. DSC-TGA was used to determine the thermal stability before and after the crosslinking of the pig kidney-derived matrix scaffold. It can be seen from Figure 3d that DSC presents a wide endothermic peak, indicating that the decomposition of the pig kidney scaffold is an endothermic process. With the increase of temperature, two obvious absorption peaks appeared near 95 °C and 300 °C, which correspond to the thermal shrinkage temperature and decomposition temperature of the material. The former is the temperature where the physical structure and folding structure of the material begin to be destroyed, and the latter is the temperature where the chemical bonds and hydrogen bonding within biological macromolecules begin to be destroyed. As the main component of the pig kidney matrix scaffold is collagen, a kind of protein, when the thermal shrinkage temperature is reached, the tertiary structure of the collagen molecule begins to dissociate and the microstructure is destroyed, indicating that the collagen become inactive. When the thermal shrinkage temperature is reached, the triple helix structure of the collagen molecule begins to dissociate and the microstructure is destroyed, indicating that the collagen is inactive. When the temperature rises to the decomposition temperature, the primary and secondary structures of collagen are completely destroyed and amino acids or other small organic molecules are formed. Therefore, the microstructure of collagen within the material was destroyed from 95 °C to 300 °C and it was broken down into small molecules. After crosslinking, the thermal shrinkage temperature of the scaffold increased to a certain extent as 12 ± 2 °C, indicating that crosslinking improved the thermal stability of the scaffold.



In addition, the TGA curve is shown in Figure 3g,h. The figure also differentiates the TG curve to investigate the corresponding decomposition rate of the renal scaffold at different temperatures. The results show that during the whole heating process, there were two stages of weightlessness before and after the crosslinking of the scaffolds. In the first stage, the scaffold surface moisture and some small molecules were mainly lost, while in the second stage, the binding water in the scaffolds was mainly lost. At this time, the collagen molecules were completely destroyed and lost their activity. As binding water combined more tightly with chemical molecules within the material, it is more difficult to take binding water away, resulting in a slower weight loss in the second stage compared with the first stage. It is also consistent with the differential curve, which indicated the change of weight loss rate in Figure 3h. The decomposition rate of the scaffold first increased and then decreased, and reached the peak at about 290 °C, and the reaction ended at 400 °C. In terms of the weight loss rate of the pig kidney matrix scaffold, the weight loss rate of the uncrosslinked matrix scaffold between 80 °C and 150 °C was only 4.65%/°C and 71.39%/°C in the whole process; the weight loss rate of the crosslinked matrix scaffold between 80 °C and 180 °C was 2.90%, and the weight loss rate of the whole process was 60.06%/°C. It can be concluded from the weight loss rate that the crosslinked pig kidney scaffold maintains a good stability during the temperature rise compared with the uncrosslinked pig kidney scaffold.




3.3.5. Infrared Spectra of Pig Kidney-Derived Matrix Scaffolds


Figure 3e,f shows the infrared spectrogram results of the pig kidney-derived matrix scaffold [45]. The main component of the scaffold is collagen, so the spectrum is mainly composed of the vibration of the amide group (amide band I, II, III, IV). Vibrational bands involved here are listed in Table 1, and the same absorption bands were observed in dECM as reported [46]. For the uncrosslinked scaffold spectrum, 3454 cm−1 was the N–H stretching vibration (hydrogen bond) peak of the amide A belt, while 2922 cm−1 was for the amide II band C–H stretching vibration peak. The spectra between 1000 cm−1 and 1800 cm−1 were further enlarged to obtain a clearer observation of the peak difference of pig kidney scaffolds before and after crosslinking [47]. The peak shape before and after the crosslinking was the same, but the transmittance was slightly different, indicating that the main chemical bonds within the scaffold were not changed after crosslinking, and the original molecular structure was still maintained. The difference of transmittance before and after crosslinking indicated that the C–H bond damage after crosslinking was greater than that before crosslinking, which may be due to the damage of secondary freezing to the scaffold. The strong peak at 1661 cm−1 was that of the amide I with the C=O stretching vibration, and also the COO-antisymmetric contraction vibration peak of the α helix. This peak may show a certain degree of red shift. The reason may be that the C=O group was affected by the hydrogen bonding C=O stretching vibration frequency or the coupling between C=O or C=O, which causes the frequency red shift. There was a peak at 1558 cm−1 for the amide II band with the N–H stretching vibration peak, while 1456 cm−1 was the bending vibration peak of -CH2- or -CH3-. Moreover, 1240 cm−1 was the stretching vibration peak of N–H, which belongs to the amide III band. The peak at 1080 cm−1 was the C–N stretching vibration or N–H stretching vibration peak of the amide IV band. For the scaffold after crosslinking, the amide I band from 1661 cm−1 to 1658 cm−1, amide II band from 1553 cm−1 to 1549 cm−1, amide III, and amide IV band did not change. In addition, the spectra between 1000 cm−1 and 1800 cm−1 were further enlarged to obtain a clearer observation of the peak difference of pig kidney scaffolds before and after crosslinking. In addition, EDC/NHS is a chemical crosslinking agent, connecting C=O and N–H to form an amide bond, which could also be a reason why the transmittance was lower after crosslinking.



Due to the limited mechanical properties of pig kidney matrix scaffolds, the chemical crosslinking method was adopted in this experiment to enhance the mechanical properties of the scaffolds [48]. Meanwhile, crosslinking also enhanced the thermal stability of the scaffolds, optimized the pore structure of the scaffolds, and made the original disordered pore structure become regular and orderly. In addition, IR spectra showed that crosslinking did not change the collagen structure of the scaffold. Moreover, the nanoscale fiber network is all over the scaffold, which is conducive to physiological activities such as cell adhesion and proliferation on the scaffold. In the following tumor model construction, a crosslinked renal scaffold is used for further experiments.





3.4. Biocompatibility of Pig Kidney Matrix Scaffolds


The biocompatibility test of the pig kidney matrix scaffolds is shown in Figure 4. The good biocompatibility of the scaffolds is essential for the successful construction of tumor models. Chaji et al. developed 3D tumor models based on 3D bioprinted hydrogels with ADSCs and MCF-7, as well as co-culture. It was found that MCF-7 exhibited a higher viability and metabolic activity than ADSCs [49]. Due to the infinite proliferation and high viability of MCF-7 cells, normal cells ADSCs were used to investigate the biocompatibility of scaffolds. Calcein-AM is a cell staining reagent that can fluorescently label living cells. The Hoechst marks all the nuclei and PI is often used for apoptosis detection. Collagen within the scaffold could also be stained by Hoechst, which allowed a comparison with the result of calcein-AM staining [50]. One day after inoculation, calcein-AM staining showed that the cell density was very low and a single cell adhered to the pore structure of the scaffold. Three and five days after inoculation, the number of cells gradually increased, and with the extension of time, the heads and tails of the cells slowly joined together. Seven days after inoculation, the cells gathered into colonies. Ten days after inoculation, the area of the colony became larger and larger as the number of cells increased (red arrow). Hoechst staining also revealed a gradual increase in the number of nuclei. No red staining cells (dead cells) were found by PI staining, indicating that the renal matrix scaffold has a good biocompatibility.




3.5. Construction of the Breast Cancer Tumor Model


The establishment of a breast cancer tumor model will be evaluated from the following aspects: the adhesion of MCF-7 cells in 2D and 3D environments, the comparison of proliferation, the infiltration of MCF-7 cells in pig renal scaffolds, and the size of the tumor spheres.



3.5.1. Growth of MCF-7 Cells in 2D and 3D Environments


The growth of MCF-7 on a pig kidney matrix was studied by live and dead staining (Figure 5). On the first day after inoculation, the cells were few and adhered to the surface of the scaffold as a single cell. On the seventh day, the scaffold was completely covered by cells. It is worth noting that the scaffold of an acellular pig kidney contains collagen, so the scaffold itself can be easily stained by Hoechst 33,342, but not easily stained by calcein-AM, especially when the number of cells is small and the scaffold is not covered in the first two days (Figure 5a). On the seventh day, certain parts of the scaffold with cells were enlarged, and it can be seen that the cells adhered to the void structure of the scaffold in a colony. From Hoechst 33,342 staining in Figure 5b, it can be seen that the scaffold was stained, but only the cells attached to the scaffold in the form of colonies can be seen in the calcein-AM staining. In addition, after 21 days of culture, calcein-AM and Hoechst 33,342 staining results also clearly showed the process of continuous cell proliferation. On the 21st day, the cells had already covered the whole scaffold (Figure 5a). CCK-8 was used to detect and compare the proliferation of cells on 3D acellular pig kidney scaffolds and 2D culture conditions (Figure 5c). On day 1, there was no significant difference in cell proliferation between the 3D scaffolds and 2D culture environments (p > 0.05). However, as the culture time was prolonged, the cell number difference was further increased from day 3 to day 7 (p < 0.01), with a significant difference. The reason why the cell proliferation in the 3D scaffold was lower than that in the 2D culture may be due to the different degrees of contact between the cells and the medium in the two culture systems. There is mass transfer inhibition in the 3D scaffold, which affects the transportation of nutrients, causing the cell proliferation rate in the 2D environment to be faster than in the 3D scaffold. In addition, the tumor spheres formed on the 3D scaffold had cavities similar to the necrotic tumor areas in vivo, which lacked oxygen, and the slow proliferation rate of tumor cells in the 3D culture system was also related to the hypoxic environment inside the tumor spheres [43], In addition, it was reported that cells grown on harder materials exhibit proliferation, while the microenvironment in vivo is softer than a solid engineered scaffold, so our tumor model stimulated a tumor microenvironment more similar to that of native tissues [51].




3.5.2. Infiltration of MCF-7 Cells in Pig Renal Scaffolds


The infiltration of MCF-7 cells on the renal scaffold is shown in Figure 6. The distribution of MCF-7 cells in scaffolds directly affects the development of tumor models in vitro. As reported, cancer cells exhibited eight hallmark capabilities including activating invasion/migration, which played an important role in tumor progression and the formation of a neoplastic state [52]. Del Bufalo et al. investigated cell invasion of a tumor model based on PEG-fibrin hydrogel by Matrigel invasion assay, confirming that tumor cells showed different levels of invasion under different culture conditions, and co-culture with HUVECs increased tumor migration. However, only the cell invasion at 24 h was investigated [53]. In this study, the distribution and infiltration of MCF-7 cells in pig renal matrix scaffolds during culture were investigated. After multi-layer scanning, the number of MCF-7 cells on different layers (10 μm, 40 μm, and 100 μm) was different, indicating that the permeability of MCF-7 cells in each layer of the pig kidney-derived matrix scaffold was different. Although it is not easy to stain the scaffold with calcein-AM, the morphology of the cells can be analyzed. It can be observed from Figure 6a that after 3 days of culture, most of the cells were located on the surface of the scaffold (10 μm). On the 7th day, the cells adhered not only to the surface (10 μm) but also inside the scaffold (40 μm), with a small number of cells osmotic at 100 μm (Figure 6b). The scaffold (10 μm, 40 μm, 100 μm) was covered with cells when the incubation period reached 21 days (Figure 6c). After focal length adjustment, the surface of the constructed material and its depth below 400 μm were sequentially scanned along the Z-axis, and the scanned images were further reconstructed in 3D. At day 3, calcein-AM infected few cells, but by 7 days of culture, the number of cells and the penetration depth of the cells were well reflected (Figure 6d).




3.5.3. Investigation of Tumor Sphere Size


The construction of the breast cancer tumor model is shown in Figure 7. Under an inverted microscope, the tumor sphere at the edge of the scaffold was observed to increase continuously, and the overall light transmittance of the scaffold was observed to decrease continuously (Figure 7a,c). Fluorescence microscopy was used to investigate the growth of tumor spheres inside the scaffolds, and the growth of tumor spheres inside the scaffolds increased from 7 to 21 days (Figure 7b). In the 2D environment, the cells proliferated rapidly, but no tumor sphere was found until the cells fell off from the scaffold (Figure 7d). After growing on the scaffold for 3 days, the first cells were observed to join into spheres (Figure 7e). The size of the tumor spheres at the edge of the scaffold and inside the scaffold was investigated. IPP software was used to measure tumor spheres after different culture days (n > 6): tumor spheres increased significantly from the third day to the fifth day (p < 0.05), and the fifth day, the seventh day, the tenth day, and the twenty-first day all showed a significant increase (p < 0.01). Scanning electron microscopy (SEM) and confocal laser microscopy (LSCM) images were used to quantitatively measure the size of tumor spheres inside and around the scaffold with IPP software. The results showed that tumor sphere size was increased from 90.85 ± 4.58 μm to 318.98 ± 15.98 μm from 3 to 21 days of culture (Figure 7f). This result was consistent with the report that different densities of cells resulted in different spheroid sizes, and the spheroid area of cells at the density of 45,000 cells/well turned out to be 6.0 × 106 μm2 [54]. Reports showed that the size of tumor spheroids could be controlled at around 200 μm after 7 to 8 days when grown in microwells, which was the largest [55,56]. In this study, the size of the tumor sphere increased from day 3 to day 21, indicating that the platform simulated the process of tumor formation more realistically.




3.5.4. HIF-1α and BRCA1 Expression in 2D and 3D Environments


The expressions of HIF-1α and BRCA1 in the supernatant of the cell culture after 14 days in the 2D and 3D environment were measured by ELISA (Figure 8). Hypoxia is common in many types of solid tumors, where tumor cells proliferate rapidly and form large solid tumor clumps, leading to blockages and compression of blood vessels around these clumps. Hypoxia plays a key role in the tumor microenvironment by upregulating vascular endothelial growth factor (VEGF) through hypoxia-inducing factor 1-α (HIF-1α). Upregulation of VEGE, in turn, promotes the production of new blood vessels, providing sufficient oxygen to tumor cells [57,58,59]. After renal scaffold growth, HIF-1α increased and HIF-1α expression was significantly different after 14 days compared with the 2D environment (p < 0.05), indicating that the renal scaffold can simulate the real tumor microenvironment in vivo. It was reported that the expression of HIF-1α varied with the thickness of the scaffold and inoculum density, and it could be detected using immunofluorescence at the depth of 150–200 μm [60]. In this study, it was consistent with the cell investigation of cell infiltration. BRCA1 is overexpressed in breast tissues, so it has typically been used as a marker to investigate the progression of breast cancer [61]. The expression of BRCA1 in the cell supernatant increased gradually under the two culture conditions. Although there was no significant difference, the densities of the 2D and 3D cells were the same. According to the above results, the proliferation of the 2D cells was significantly higher than that of the 3D culture conditions. Therefore, compared with the 2D environment, growth on the renal scaffold has more advantages in promoting the expression of BRCA1. Compared with the 2D growth environment, kidney-derived scaffolds can be more similar to the real tumor microenvironment.






4. Conclusions


We used porcine kidney-derived matrix scaffolds prepared by decellularization methods to construct close-to-real breast cancer tumor models. Porcine kidney decellularized matrix scaffolds can better simulate the tumor microenvironment in vivo with human cancer cells and promote cell growth and progression. Compared with the 2D culture system, although the proliferation rate of MCF-7 cells is slow, the cells in the pig kidney scaffold show an increased expression of breast cancer markers and hypoxic proteins. The tumor model constructed in this experiment provides a new method for studying tumor biology and treatment strategies. Future research will focus on considering cell types to improve the physiological complexity of breast cancer tumor models.







Author Contributions


Conceptualization, S.Y., L.Z. and K.S.; methodology, S.Y., L.Z., K.S., Y.K. and B.P.; software, S.Y., Z.J. and K.S.; validation, S.Y.; L.Z. and Z.C.; formal analysis, S.Y., L.Z., Y.N., K.S.; investigation, S.Y., L.Z. and Z.C.; resources, K.S., T.L., Y.N., Y.K. and B.P.; data curation, S.Y., L.Z. T.L. and K.S.; writing—original draft preparation, S.Y., L.Z. and K.S.; writing—review and editing, Z.J., T.L., Y.N., Y.K., B.P. and K.S.; visualization, S.Y. and K.S.; supervision, T.L., K.S., Y.N., Y.K. and B.P.; project administration, K.S. and Y.N.; funding acquisition, K.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by National Natural Science Foundation of China, grant number 31670978; the State Key Laboratory of Fine Chemicals, grant number KF1111; the Fundamental Research Funds for the Central Universities, grant number DUT20ZD206/DUT20YG118/DUT21YG113.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All data generated or analyzed during this study are included in this published article.




Acknowledgments


This work was supported by the National Natural Science Foundation of China (31670978), the State Key Laboratory of Fine Chemicals (KF1111) and the Fundamental Research Funds for the Central Universities (DUT20ZD206/DUT20YG118/DUT21YG113).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2020. CA Cancer J. Clin. 2020, 70, 7–30. [Google Scholar] [CrossRef] [PubMed]

	



DeSantis, C.E.; Ma, J.; Gaudet, M.M.; Newman, L.A.; Miller, K.D.; Goding Sauer, A.; Jemal, A.; Siegel, R.L. Breast cancer statistics, 2019. CA Cancer J. Clin. 2019, 69, 438–451. [Google Scholar] [CrossRef] [PubMed]

	



Phan-Lai, V.; Florczyk, S.J.; Kievit, F.M.; Wang, K.; Gad, E.; Disis, M.L.; Zhang, M.; Disis, N.L. Three-Dimensional Scaffolds to Evaluate Tumor Associated Fibroblast-Mediated Suppression of Breast Tumor Specific T Cells. Biomacromolecules 2013, 14, 1330–1337. [Google Scholar] [CrossRef] [PubMed]

	



Nunes, A.S.; Barros, A.S.; Costa, E.C.; Moreira, A.F.; Correia, I.J. 3D tumor spheroids as in vitro models to mimic in vivo human solid tumors resistance to therapeutic drugs. Biotechnol. Bioeng. 2019, 116, 206–226. [Google Scholar] [CrossRef]

	



Lee, K.Y.; Mooney, D.J. Alginate: Properties and biomedical applications. Prog. Polym. Sci. 2012, 37, 106–126. [Google Scholar] [CrossRef]

	



Parenteau-Bareil, R.; Gauvin, R.; Berthod, F. Collagen-Based Biomaterials for Tissue Engineering Applications. Materials 2010, 3, 1863–1887. [Google Scholar] [CrossRef]

	



Santoro, M.; Tatara, A.M.; Mikos, A.G. Gelatin carriers for drug and cell delivery in tissue engineering. J. Control. Release 2014, 190, 210–218. [Google Scholar] [CrossRef]

	



Noori, A.; Ashrafi, S.J.; Vaez-Ghaemi, R.; Hatamian-Zaremi, A.; Webster, T.J. A review of fibrin and fibrin composites for bone tissue engineering. Int. J. Nanomed. 2017, 12, 4937–4961. [Google Scholar] [CrossRef]

	



Kratz, F. A clinical update of using albumin as a drug vehicle—A commentary. J. Control. Release 2014, 190, 331–336. [Google Scholar] [CrossRef]

	



Rodríguez-Rodríguez, R.; Espinosa-Andrews, H.; Velasquillo-Martínez, C.; García-Carvajal, Z.Y. Composite Hydrogels based on gelatin, chitosan and polyvinyl alcohol to biomedical applications: A review. Int. J. Polym. Mater. Polym. Biomater. 2020, 69, 1–20. [Google Scholar] [CrossRef]

	



D’Souza, A.A.; Shegokar, R. Polyethylene glycol (PEG): A versatile polymer for pharmaceutical applications. Expert Opin. Drug Deliv. 2016, 13, 1257–1275. [Google Scholar] [CrossRef] [PubMed]

	



Chen, W.-H.; Liao, W.-C.; Sohn, Y.S.; Fadeev, M.; Cecconello, A.; Nechushtai, R.; Willner, I. Stimuli-Responsive Nucleic Acid-Based Polyacrylamide Hydrogel-Coated Metal-Organic Framework Nanoparticles for Controlled Drug Release. Adv. Funct. Mater. 2018, 28, 1705137. [Google Scholar] [CrossRef]

	



Li, W.; Hu, X.; Yang, S.; Wang, S.; Zhang, C.; Wang, H.; Cheng, Y.Y.; Wang, Y.; Liu, T.; Song, K. A novel tissue-engineered 3D tumor model for anti-cancer drug discovery. Biofabrication 2019, 11, 015004. [Google Scholar] [CrossRef]

	



Theocharis, A.D.; Skandalis, S.S.; Gialeli, C.; Karamanos, N.K. Extracellular matrix structure. Adv. Drug Deliv. Rev. 2016, 97, 4–27. [Google Scholar] [CrossRef] [PubMed]

	



Halper, J. Basic Components of Connective Tissues and Extracellular Matrix: Fibronectin, Fibrinogen, Laminin, Elastin, Fibrillins, Fibulins, Matrilins, Tenascins and Thrombospondins. In Progress in Heritable Soft Connective Tissue Diseases; Springer: Cham, Switzerland, 2021; Volume 1348, pp. 105–126. [Google Scholar] [CrossRef]

	



Walker, C.; Mojares, E.; del Río Hernández, A. Role of Extracellular Matrix in Development and Cancer Progression. Int. J. Mol. Sci. 2018, 19, 3028. [Google Scholar] [CrossRef]

	



Ross, E.A.; Williams, M.J.; Hamazaki, T.; Terada, N.; Clapp, W.L.; Adin, C.; Ellison, G.W.; Jorgensen, M.; Batich, C.D. Embryonic Stem Cells Proliferate and Differentiate when Seeded into Kidney Scaffolds. J. Am. Soc. Nephrol. 2009, 20, 2338–2347. [Google Scholar] [CrossRef]

	



Baker, B.M.; Chen, C.S. Deconstructing the third dimension–how 3D culture microenvironments alter cellular cues. J. Cell Sci. 2012, 125, 3015–3024. [Google Scholar] [CrossRef]

	



Beachley, V.; Wen, X. Polymer nanofibrous structures: Fabrication, biofunctionalization, and cell interactions. Prog. Polym. Sci. 2010, 35, 868–892. [Google Scholar] [CrossRef]

	



Lou, J.; Stowers, R.; Nam, S.; Xia, Y.; Chaudhuri, O. Stress relaxing hyaluronic acid-collagen hydrogels promote cell spreading, fiber remodeling, and focal adhesion formation in 3D cell culture. Biomaterials 2018, 154, 213–222. [Google Scholar] [CrossRef]

	



Guan, Y.; Liu, S.; Liu, Y.; Sun, C.; Cheng, G.; Luan, Y.; Li, K.; Wang, J.; Xie, X.; Zhao, S. Porcine kidneys as a source of ECM scaffold for kidney regeneration. Mater. Sci. Eng. C 2015, 56, 451–456. [Google Scholar] [CrossRef]

	



Remuzzi, A.; Figliuzzi, M.; Bonandrini, B.; Silvani, S.; Azzollini, N.; Nossa, R.; Benigni, A.; Remuzzi, G. Experimental Evaluation of Kidney Regeneration by Organ Scaffold Recellularization. Sci. Rep. 2017, 7, srep43502. [Google Scholar] [CrossRef] [PubMed]

	



Vodička, P.; Smetana, J.K.; Dvořánková, B.; Emerick, T.; Xu, Y.Z.; Ourednik, J.; Ourednik, V.; Motlík, J. The Miniature Pig as an Animal Model in Biomedical Research. Ann. N. Y. Acad. Sci. 2005, 1049, 161–171. [Google Scholar] [CrossRef] [PubMed]

	



Wan, L.; Pantel, K.; Kang, Y. Tumor metastasis: Moving new biological insights into the clinic. Nat. Med. 2013, 19, 1450–1464. [Google Scholar] [CrossRef] [PubMed]

	



Li, W.; Hu, X.; Wang, S.; Xing, Y.; Wang, H.; Nie, Y.; Liu, T.; Song, K. Multiple comparisons of three different sources of biomaterials in the application of tumor tissue engineering in vitro and in vivo. Int. J. Biol. Macromol. 2019, 130, 166–176. [Google Scholar] [CrossRef]

	



Li, W.; Hu, X.; Li, Y.; Song, K. Cytotoxicity and growth-inhibiting activity of Astragalus polysaccharides against breast cancer via the regulation of EGFR and ANXA1. J. Nat. Med. 2021, 75, 854–870. [Google Scholar] [CrossRef]

	



Li, W.; Hu, X.; Wang, S.; Jiao, Z.; Sun, T.; Liu, T.; Song, K. Characterization and anti-tumor bioactivity of astragalus polysaccharides by immunomodulation. Int. J. Biol. Macromol. 2020, 145, 985–997. [Google Scholar] [CrossRef]

	



Zhu, J.; Zheng, S.; Liu, H.; Wang, Y.; Jiao, Z.; Nie, Y.; Wang, H.; Liu, T.; Song, K. Evaluation of anti-tumor effects of crocin on a novel 3D tissue-engineered tumor model based on sodium alginate/gelatin microbead. Int. J. Biol. Macromol. 2021, 174, 339–351. [Google Scholar] [CrossRef]

	



Sobral, J.M.; Caridade, S.; Sousa, R.; Mano, J.F.; Reis, R.L. Three-dimensional plotted scaffolds with controlled pore size gradients: Effect of scaffold geometry on mechanical performance and cell seeding efficiency. Acta Biomater. 2011, 7, 1009–1018. [Google Scholar] [CrossRef]

	



Ali, M.; Pr, A.K.; Yoo, J.J.; Zahran, F.; Atala, A.; Lee, S.J. A Photo-Crosslinkable Kidney ECM-Derived Bioink Accelerates Renal Tissue Formation. Adv. Healthc. Mater. 2019, 8, 1800992. [Google Scholar] [CrossRef]

	



Hoshiba, T. Decellularized Extracellular Matrix for Cancer Research. Materials 2019, 12, 1311. [Google Scholar] [CrossRef]

	



Poornejad, N.; Nielsen, J.; Morris, R.J.; Gassman, J.R.; Reynolds, P.; Roeder, B.L.; Cook, A.D. Comparison of four decontamination treatments on porcine renal decellularized extracellular matrix structure, composition, and support of renal tubular epithelium cells. J. Biomater. Appl. 2016, 30, 1154–1167. [Google Scholar] [CrossRef] [PubMed]

	



Vogel, V.; Sheetz, M. Local force and geometry sensing regulate cell functions. Nat. Rev. Mol. Cell Biol. 2006, 7, 265–275. [Google Scholar] [CrossRef] [PubMed]

	



Junka, R.; Yu, X. Polymeric nanofibrous scaffolds laden with cell-derived extracellular matrix for bone regeneration. Mater. Sci. Eng. C 2020, 113, 110981. [Google Scholar] [CrossRef]

	



Liu, L.; Yoshioka, M.; Nakajima, M.; Ogasawara, A.; Liu, J.; Hasegawa, K.; Li, S.; Zou, J.; Nakatsuji, N.; Kamei, K.-I.; et al. Nanofibrous gelatin substrates for long-term expansion of human pluripotent stem cells. Biomaterials 2014, 35, 6259–6267. [Google Scholar] [CrossRef] [PubMed]

	



Hussein, K.H.; Saleh, T.; Ahmed, E.; Kwak, H.-H.; Park, K.-M.; Yang, S.-R.; Kang, B.-J.; Choi, K.-Y.; Kang, K.-S.; Woo, H.-M. Biocompatibility and hemocompatibility of efficiently decellularized whole porcine kidney for tissue engineering. J. Biomed. Mater. Res. Part A 2018, 106, 2034–2047. [Google Scholar] [CrossRef] [PubMed]

	



Tajima, K.; Kuroda, K.; Otaka, Y.; Kinoshita, R.; Kita, M.; Oyamada, T.; Kanai, K. Decellularization of canine kidney for three-dimensional organ regeneration. Vet. World 2020, 13, 452–457. [Google Scholar] [CrossRef]

	



Berrier, A.L.; Yamada, K.M. Cell-matrix adhesion. J. Cell. Physiol. 2007, 213, 565–573. [Google Scholar] [CrossRef]

	



Lv, K.; Zhu, J.; Zheng, S.; Jiao, Z.; Nie, Y.; Song, F.; Liu, T.; Song, K. Evaluation of inhibitory effects of geniposide on a tumor model of human breast cancer based on 3D printed Cs/Gel hybrid scaffold. Mater. Sci. Eng. C 2021, 119, 111509. [Google Scholar] [CrossRef]

	



Xu, J.; Fang, H.; Zheng, S.; Li, L.; Jiao, Z.; Wang, H.; Nie, Y.; Liu, T.; Song, K. A biological functional hybrid scaffold based on decellularized extracellular matrix/gelatin/chitosan with high biocompatibility and antibacterial activity for skin tissue engineering. Int. J. Biol. Macromol. 2021, 187, 840–849. [Google Scholar] [CrossRef]

	



Lih, E.; Park, K.W.; Chun, S.Y.; Kim, H.; Kwon, T.G.; Joung, Y.K.; Han, D.K. Biomimetic Porous PLGA Scaffolds Incorporating Decellularized Extracellular Matrix for Kidney Tissue Regeneration. ACS Appl. Mater. Interfaces 2016, 8, 21145–21154. [Google Scholar] [CrossRef]

	



Discher, D.E.; Janmey, P.; Wang, Y.-L. Tissue Cells Feel and Respond to the Stiffness of Their Substrate. Science 2005, 310, 1139–1143. [Google Scholar] [CrossRef] [PubMed]

	



Ananthanarayanan, B.; Kim, Y.; Kumar, S. Elucidating the mechanobiology of malignant brain tumors using a brain matrix-mimetic hyaluronic acid hydrogel platform. Biomaterials 2011, 32, 7913–7923. [Google Scholar] [CrossRef] [PubMed]

	



Poornejad, N.; Frost, T.S.; Scott, D.R.; Elton, B.B.; Reynolds, P.R.; Roeder, B.L.; Cook, A.D. Freezing/Thawing without Cryoprotectant Damages Native but not Decellularized Porcine Renal Tissue. Organogenesis 2015, 11, 30–45. [Google Scholar] [CrossRef] [PubMed]

	



Vásquez-Rivera, A.; Oldenhof, H.; Hilfiker, A.; Wolkers, W.F. Spectral fingerprinting of decellularized heart valve scaffolds. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2019, 214, 95–102. [Google Scholar] [CrossRef]

	



Zhao, F.; Cheng, J.; Sun, M.; Yu, H.; Wu, N.; Li, Z.; Zhang, J.; Li, Q.; Yang, P.; Liu, Q.; et al. Digestion degree is a key factor to regulate the printability of pure tendon decellularized extracellular matrix bio-ink in extrusion-based 3D cell printing. Biofabrication 2020, 12, 045011. [Google Scholar] [CrossRef]

	



Wang, J.-Z.; Zhu, Y.-X.; Ma, H.-C.; Chen, S.-N.; Chao, J.-Y.; Ruan, W.-D.; Wang, D.; Du, F.-G.; Meng, Y.-Z. Developing multi-cellular tumor spheroid model (MCTS) in the chitosan/collagen/alginate (CCA) fibrous scaffold for anticancer drug screening. Mater. Sci. Eng. C 2016, 62, 215–225. [Google Scholar] [CrossRef]

	



Chaji, S.; Al-Saleh, J.; Gomillion, C. Bioprinted Three-Dimensional Cell-Laden Hydrogels to Evaluate Adipocyte-Breast Cancer Cell Interactions. Gels 2020, 6, 10. [Google Scholar] [CrossRef]

	



Li, L.; Qin, S.; Peng, J.; Chen, A.; Nie, Y.; Liu, T.; Song, K. Engineering gelatin-based alginate/carbon nanotubes blend bioink for direct 3D printing of vessel constructs. Int. J. Biol. Macromol. 2020, 145, 262–271. [Google Scholar] [CrossRef]

	



Baker, B.; Trappmann, B.; Wang, W.Y.; Sakar, M.S.; Kim, I.L.; Shenoy, V.B.; Burdick, J.A.; Chen, C. Cell-mediated fibre recruitment drives extracellular matrix mechanosensing in engineered fibrillar microenvironments. Nat. Mater. 2015, 14, 1262–1268. [Google Scholar] [CrossRef]

	



Fong, E.L.; Harrington, D.A.; Farach-Carson, M.C.; Yu, H. Heralding a new paradigm in 3D tumor modeling. Biomaterials 2016, 108, 197–213. [Google Scholar] [CrossRef]

	



Feder-Mengus, C.; Ghosh, S.; Reschner, A.; Martin, I.; Spagnoli, G.C. New dimensions in tumor immunology: What does 3D culture reveal? Trends Mol. Med. 2008, 14, 333–340. [Google Scholar] [CrossRef] [PubMed]

	



Del Bufalo, F.; Manzo, T.; Hoyos, V.; Yagyu, S.; Caruana, I.; Jacot, J.; Benavides, O.; Rosen, D.; Brenner, M.K. 3D modeling of human cancer: A PEG-fibrin hydrogel system to study the role of tumor microenvironment and recapitulate the in vivo effect of oncolytic adenovirus. Biomaterials 2016, 84, 76–85. [Google Scholar] [CrossRef] [PubMed]

	



Ferreira, L.; Gaspar, V.; Mano, J. Bioinstructive microparticles for self-assembly of mesenchymal stem Cell-3D tumor spheroids. Biomaterials 2018, 185, 155–173. [Google Scholar] [CrossRef]

	



Li, X.; Deng, Q.; Zhuang, T.; Lu, Y.; Liu, T.; Zhao, W.; Lin, B.; Luo, Y.; Zhang, X. 3D bioprinted breast tumor model for structure–activity relationship study. Bio-Design Manuf. 2020, 3, 361–372. [Google Scholar] [CrossRef]

	



Han, S.; Kim, S.; Chen, Z.; Shin, H.K.; Lee, S.-Y.; Moon, H.E.; Paek, S.H.; Park, S. 3D Bioprinted Vascularized Tumour for Drug Testing. Int. J. Mol. Sci. 2020, 21, 2993. [Google Scholar] [CrossRef] [PubMed]

	



Szot, C.S.; Buchanan, C.F.; Freeman, J.W.; Rylander, M.N. 3D in vitro bioengineered tumors based on collagen I hydrogels. Biomaterials 2011, 32, 7905–7912. [Google Scholar] [CrossRef]

	



Lanz, H.L.; Saleh, A.; Kramer, B.; Cairns, J.; Ng, C.P.; Yu, J.; Trietsch, S.J.; Hankemeier, T.; Joore, J.; Vulto, P.; et al. Therapy response testing of breast cancer in a 3D high-throughput perfused microfluidic platform. BMC Cancer 2017, 17, 709. [Google Scholar] [CrossRef]

	



Tamura, R.; Tanaka, T.; Akasaki, Y.; Murayama, Y.; Yoshida, K.; Sasaki, H. The role of vascular endothelial growth factor in the hypoxic and immunosuppressive tumor microenvironment: Perspectives for therapeutic implications. Med. Oncol. 2020, 37, 2. [Google Scholar] [CrossRef]

	



Petrova, V.; Annicchiarico-Petruzzelli, M.; Melino, G.; Amelio, I. The hypoxic tumour microenvironment. Oncogenesis 2018, 7, 10. [Google Scholar] [CrossRef]

	



Li, W.; Hu, X.; Wang, S.; Wang, H.; Parungao, R.; Wang, Y.; Liu, T.; Song, K. Detection and Evaluation of Anti-Cancer Efficiency of Astragalus Polysaccharide Via a Tissue Engineered Tumor Model. Macromol. Biosci. 2018, 18, e1800223. [Google Scholar] [CrossRef]








[image: Materials 15 01935 g001 550] 





Figure 1. Decellularization efficiency of porcine kidney tissues. (A) Macrostructure of pig kidney matrix before decellularization, after decellularization and after crosslink; (B) SEM analysis of pig kidney matrix, uncrosslinked dECM, crosslinked dECM,and vascular structure of dECM; (C) H&E and Masson staining. (a,b) represent H&E staining of procine kidney matrix before and after decellularization, respectively. (c,d) represent Masson staining of procine kidney matrix before and after decellularization, respectively. (e), (f), (g) and (h) are magnification images of (a), (b), (c) and (d). scale: 200 μm (top), 100 μm (under). 
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Figure 2. Microstructure analysis of pig kidney matrix scaffolds. (a) Reticular structure of pig kidney-derived matrix scaffold nanofibers; scale: 50 μm (top), 5 μm (under). (b) Element analysis of pig kidney-derived matrix scaffold. 
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Figure 3. Physical performance analysis of pig nephritic-derived matrix scaffolds before and after crosslinking. (a) Porosity test of pig kidney matrix scaffolds before and after crosslinking, * p < 0.05. (b) Water absorption test of pig kidney matrix scaffolds before and after crosslinking, * p < 0.05. (c) Compression modulus test of pig kidney matrix scaffold before and after crosslinking. (d) Differential calorimetry scanning test of pig kidney matrix scaffolds before and after crosslinking. (e) Infrared spectrum detection of pig kidney matrix scaffolds before and after crosslinking. (f) Amplification of infrared spectrum at 1000~1800 cm−1. (g) TG analysis and TG differential curve of uncrosslinked pig renal matrix scaffolds. (h) TG analysis and TG differential curve of pig kidney matrix scaffolds after crosslinking. (i) Test of the contact angle of the pig kidney matrix scaffolds before and after crosslinking. 
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Figure 4. Growth of adipose tissue stem cells (ADSCs) on pig kidney-derived matrix scaffolds. The cells were dyed alive with calcein-Am, PI, and Hoechst 33,342, respectively; scale: 200 μm. The red arrows indicate cell colonies. 
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Figure 5. Growth of breast cancer (MCF-7) cells on pig renal matrix scaffolds. (a) MCF-7 cells were grown on the piglet renal matrix scaffold for 1, 3, 5, 7, 10, 14, and 21 days. The cells were dyed alive with calcein-Am, PI, and Hoechst 33,342, respectively; scale: 200 μm. (b) Dead and alive staining of MCF-7 cells on the pig renal matrix scaffold after 7 days growth, scale: 100 μm. (c) The survival of MCF-7 cells growing on 24-well plates and nephron-derived matrix scaffolds for 1 to 7 days was measured by CCK-8; NS, p > 0.05; ** p < 0.01. 
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Figure 6. Infiltration of MCF-7 cells (10 μm, 40 μm, 100 μm) in pig renal matrix scaffolds by laser confocal microscopy. The cells were dyed alive with calcein-Am, PI, and Hoechst 33,342, respectively. (a) Infiltration of MCF-7 cells on pig renal matrix scaffolds after 3 days of growth; scale: 200 μm. (b) Infiltration of MCF-7 cells on pig renal matrix scaffolds after 7 days of growth; scale: 200 μm. (c) Infiltration of MCF-7 cells after 21 days of growth on the pig renal matrix scaffold; scale: 200 μm. (d) 3D reconstruction of 40 MCF-7 cells grown on a renal matrix scaffold for 3 and 7 days by laser confocal microscopy; scale: 200 μm. 
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Figure 7. Tumor sphere size of MCF-7 cells after 3, 5, 7, 10, 14, and 21 days of renal matrix scaffold growth. (a) The tumor sphere size of MCF-7 cells at the edge of the scaffold was observed by inverted microscope 3, 5, 7, 10, 14, and 21 days after the growth of MCF-7 cells on the scaffold; scale: 100 μm. (b) Fluorescence microscopy was used to observe the size of tumor spheres inside the scaffolds after MCF-7 cells grew on the renal scaffolds for 7 days, 14 days, and 21 days; scale: 100 μm. (c) An inverted microscope was used to observe the overall distribution of MCF-7 cells cultured on the renal matrix scaffold 3, 5, 7, 10, 14, and 21 days later; scale: 200 μm. (d) MCF-7 cells were cultured on 24-well plates for 1, 3, 5, and 7 days with inverted microscope; scale: 200 μm (up), 60 μm (bottom). (e) Scanning electron microscopy was used to detect the size of tumor spheres of MCF-7 cells cultured on a renal matrix scaffold 3, 7, 10, and 14 days later; scale: 50 μm. (f) Combined with inverted microscope, scanning electron microscope, and laser confocal microscope images, IPP software was used to quantitatively measure the tumor sphere size inside and at the edge of the scaffold; * p < 0.05, ** p < 0.01. 
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Figure 8. The expression of HIF-1α and BRCA1 in culture supernatant of MCF-7 cells in 2D and 3D culture system by ELISA. NS—not significant, p > 0.05; * p < 0.05. 
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Table 1. Main vibrational bands in infrared ray (IR) spectra before and after crosslinking.
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	Vibration Peak (cm−1)
	Vibrational Bands





	3454
	N–H stretching vibration (hydrogen bond) of amide A



	2922
	C–H stretching vibration of amide II band



	1661
	C=O stretching vibration, COO- with α helix antisymmetric contraction vibration



	1558
	N–H stretching vibration



	1456
	CH2- or -CH3- bending vibration



	1240
	N–H stretching vibration of amide III band



	1080
	C–N stretching vibration or N–H stretching vibration peak of the amide IV band
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