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Abstract

:

The advent of personalized cancer treatment resulted in the shift from the administration of cytotoxic drugs with broad activity spectrum to a targeted tumor-specific therapy. Aligned to this development, the focus of this study revolved around the application of our novel and patented microtube array membrane (MTAM) in the US National Cancer Institute (NCI) developed an HFA (hollow fiber assay) assay; hereinafter known as MTAM/HFA. Electrospun poly-L-lactic acid (PLLA) MTAM was sterilized and loaded with cell lines/patient derived tumor cells (PDTC) and subcutaneously implanted into the backs of BALB/C mice. Anticancer drugs were administered at the respective time points and the respective MTAMs were retrieved and the viability tumor cells within were quantified with the MTT assay. Results revealed that the MTAMs were excellent culture substrate for various cancer cell lines and PDTCs (patient derived tumor cells). Compared to traditional HFA systems that utilize traditional hollow fibers, MTAM/HFA revealed superior drug sensitivity for a wide range of anticancer drug classes. Additionally, the duration for each test was <14 days; all this while capable of producing similar trend outcome to the current gold-standard xenograft models. These benefits were observed in both the in vitro and in vivo stages, making it a highly practical phenotypic-based solution that could potentially be applied in personalized medicine.
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1. Introduction


The development of anticancer drug research are often plagued with poor translatability between the developmental phases and the clinical phases [1]. This is often caused by the use of cancer cell lines in the research and development, where there are significant differences in terms of molecular markers between cell lines and primary tumors. In addition, the lack of heterogeneity in induced tumor models employed in the research and development phases further aggravates the poor translatability of outcome between various development phases [2,3]. Therefore, there is an urgent need for better models in anticancer drug research and development.



Patient-derived xenografts (PDXs), established from tumor tissue directly engrafted into immune-deficient mice, are one possible solution. There is increasing evidence that suggest PDXs consistently conserve biological features of the parental malignancies (histologic architecture, gene-expression, mutational status and metastatic potential), while maintaining the complex interaction between implanted tumor cells and its microenvironments [4,5,6,7,8]. Various research have demonstrated that there are correlations between PDX models and the corresponding clinical outcomes [9,10,11,12]; with growing number of research groups advocating the integration PDX models into current treatment of cancer patients in predicting clinical response [13,14]. In line with this development, large scale in vivo anticancer drug screening in 60 treatment regimens against a comprehensive collection of PDX models (1075 models across 15 cancer types) have successfully duplicated treatment response of previous clinical trials [15]. In addition, extensive analysis on a larger and more heterogeneous patient population has also revealed similar degree of accuracy [16]. In view of these outcomes, strong emphasis has been placed in the development of PDX models in anticancer drug screening.



About 20 years ago, Dr. Hollingshead, M. et al. at the National Cancer Institute (NCI)/NIH, USA, proposed a unique in vivo hollow fiber assay (HFA) that can dramatically reduce the screening time required, the number of animals and the quantity of required candidate compound [16,17]. This technology involves the encapsulation of cancer cell lines within the commercially available hollow fibers (HFs), which were then subcutaneously (SC) or intraperitoneal (IP) implanted into the respective animals, and followed by the administration of the candidate drug(s). At predetermined time points, the HFs were extracted and the cancer cell lines within the HFs quantified. Unlike traditional xenografts, the HFA screening of anticancer drugs only require two weeks as opposed to 60–90 days. Furthermore, a single animal can be implanted with multiple cancer cell lines (in different HFs) thereby resulting in a rapid, economical and significant improvement in the ethical use of animals in the experiments [18,19]. Despite these benefits, the HFA technique is plagued with one key weakness namely, the poor sensitivity towards anticancer drugs, which is the result of the thick lumen walls of hollow fibers (100–200 μm).



Recently, we developed a new class of hollow fibers known as the microtube array membrane (MTAM), which consisted of ultra-thin, homogenously porous, one-to-one connected individual fibers [20,21,22]. The unique microstructures conferred various benefits in various applications from ethanol fermentation, nerve regeneration and cancer studies [23,24,25,26,27,28]. By replacing the traditional hollow fibers used in the HFA process with our MTAMs, we aim to demonstrate the use of our MTAM-based HFA (MTAM/HFA) in personalized medicine. The use of conventional PDX models for personalized medicine are often plagued with weaknesses such as requiring a long testing time and large sample required for successful engraftment, which may not be available [29,30].



In this study, we strive to demonstrate the MTAM/HFA in screening of several types of cancer cell lines against several types of anticancer drugs in both in vitro and in vivo settings. In addition, we also will demonstrate the use of MTAM/HFA in the determination of the drug sensitivity of patient’s tumor cells, which could potentially increase the accuracy and sensitivity of anticancer drug screening within a clinically practical time frame.




2. Materials and Methods


2.1. MTAM Preparation


Preparation of poly-L-lactic acid (PLLA) microtube array membranes (MTAM) with different tube wall porosity has been reported previously [9,10]. Briefly, PLLA (BioTechOne, Taipei, Taiwan) and polyethylene glycol (Sigma-Aldrich, St. Louis, MO, USA) were dissolved in a cosolvent N,N-dimethyl formamide (DMF; Tedia, Fairfield, OH, USA) and dichloromethane (DCM; Mallinckrodt, St. Louis, MO, USA) to form a solution containing PLLA to PEG (polyethylene glycol) at a ratio of 7:3. The resulting solution was electrospun at a voltage of 5–7 kV provided by an electrostatic charger (You-Shang Co., Fongshan City, Taiwan) under ambient conditions (relative humidity of 50% + 5% and a temperature of 25 °C + 1 °C). The resulting MTAM were washed with double distilled water (ddH2O) and air dried for 24 h.




2.2. Cell Culture


Human bone chondrosarcoma, fibroblast-like (SW1353) cell line, fibro sarcoma (HT1080) cell line, human lung adenocarcinoma (A549), colon cancer cell line (HCT116) and glioblastoma multiform (GBM) were used and maintained in conditional medium. The cell culture and all assays in this study were performed in DMEM/F-12, RPMI, and HDMEM (GIBCO, Gaithersburg, MD, USA) supplemented with 10% FBS (Biological Industries, Kibbutz Beit-Haemek, Israel), 50 U/mL penicillin, and 50 mg/mL streptomycin (full medium, Biological Industries, Israel) at 37 °C in a 5% carbon dioxide atmosphere.




2.3. Cell Proliferation Assay


The respective fibers were washed three times using ddH2O and placed in a container containing ddH2O for ultra violet (UV) light sterilization. After sterilization, the fibers were flushed under sterile conditions. SW1353, HT1080, and A549 cells (2 × 105 cells/10 μL) were drawn into a 0.5 cm × 1.5 cm PLLA/30 MTAM via capillary action; and into CellMax fibers measuring 1 cm. The ends of the respective fibers were sealed by pliers at 0.5 cm intervals several times. The cell containing fibers were then cultured in six-well plates filled with complete growth culture medium.




2.4. Cytotoxicity Study


The respective cells that were cultured within six-well plates were siphoned into the respective fibers at a density of 2 × 105 cells/10 μL, and the ends of the fibers were sealed with a plier. Next, these fibers containing cells were maintained in six-well plates in the complete growth culture medium. The corresponding anticancer drugs were administered accordingly and incubated in 37 °C in a 5% CO2 atmosphere. At a predetermined time, fibers were cut into pieces then analyzed by the BCA protein assay kit (Pierce). The absorbance at 562 nm was measured by ELISA (Multiskan GO, Thermo Scientific, Waltham, MA, USA). All experiments were performed three times with 12 replicated wells for each sample and control per assay.




2.5. Preparation and Implantation of Cell-Loaded MTAM


All animal studies were approved by the animal research ethics committee (LAC-2016-0207). Thirty Male BALB/c mice at 6–7 weeks of age were purchased from BioLASCO Taiwan Co., Ltd. (Taipei, Taiwan) and were free of known pathogens at the time of use. All procedures were performed in compliance with the guidelines of the Institutional Animal Care and Use Committee, which are based on the guidelines of the Association for Assessment and Accreditation of Laboratory Animal Care including facility (protocol number LAc-2U14-U193). Mice were housed in the TMU Laboratory Animal Center (Taipei, Taiwan) in a conventional environment at constant temperature (20 °C ± 3 °C) and humidity (50% ± 20%). To prepare samples, a sterile field was established in a biological safety cabinet. Immediately prior to cell siphoning, the respective fibers were individually rinsed with condition media. The cell suspension (2 × 105 cells/10 μL) was siphoned into a 0.5 cm × 1.5 cm PLLA/30 MTAM and CellMax fibers measuring 1 cm via capillary action. Next, the ends of the fibers were sealed by plier at 0.5 cm intervals several times until the ends of the fibers were not be cocked. After preparation, the samples were transferred to culture dishes containing complete medium and incubated overnight at 37 °C in a 5% CO2 atmosphere prior to implantation into mice. Anesthesia (methoxyflurane [Pitman-Moore, Inc., Mundelein, IL]) was induced into the respective mice by via inhalation. For subcutaneous (s.c.) implants, a small skin incision measuring 1–2 cm was made at the nape on the back. Samples were inserted with a caudal through the subcutaneous tissues. The skin incision was closed with a skin staple. After 24 h of cell proliferation, the animals were treated with the corresponding anticancer drugs. The respective fibers were retrieved at the respective predetermined time points. A general clinical observation (e.g., in life numbers, body weight, food consumption) was made twice daily by a veterinarian.




2.6. Patients


This study included two patients with colorectal cancer (IRB: N201512059), heck and neck cancer (IRB: N201704053) and breast cancer (IRB: N201604012) whom were diagnosed at Taipei Medical University Hospital (TMUH). Surgical specimens and core needle biopsy were taken before any treatment. All patients signed an informed consent for the usage of their tumor samples for research.




2.7. Response Evaluation Criteria In Solid Tumors (RECIST)


Responses to therapy were then converted to clinical outcomes (based on RECIST) from changes in tumor volume over the course of treatment.




2.8. Statistics


Data are presented as mean values ± SD. Statistical significance was analyzed by two-tailed Student’s t-test. Values of P < 0.05 (n = 5) were considered significant.





3. Results


3.1. Cell Culture of Cancer Cell Lines in PLLA MTAM


The PLLA MTAM appeared to be an off-white thin film to the naked eye. Conversely, when observed under the SEM (TM3030, Hitachi, Tokyo, Japan), the unique microstructures consisted of one-to-one, individually connected submicron scale hollow fibers. The surface of the respective MTAM consisted of homogenously distributed pores of about 200 nm. In terms of the dimensions of the individual lumens, the height × width measured 60 μm × 40 μm, and a lumen wall thickness of 2.2 ± 0.4 μm (Figure 1a). The PLLA MTAM appeared transparent under the optical microscope and the cells cultivated on the inner lumen surface appeared to be attached to it (Figure 1b). GF-GBM cells were cultured for 24 h in both the PLLA MTAM and culture dish, followed by fluoroscopy examination of the morphology. The morphology of GBM appeared to closer to the morphology found in in vivo settings as opposed to those observed in culture dishes (Figure 1c). Five types of cancer cells; A549, SW1353, HT1080, GBM and HCT116 were cultured within the MTAM in an in vitro setting and all of the cancer cells lines proliferated well in MTAM (Figure 1c). In the case of GBM, the green fluorescent gene transfected GBM cell directly showed the growth of cell in MTAM under the observation of florescent microscopy. The results demonstrate that our novel hollow fiber tube can be used to culture cancer cell lines.




3.2. Effects of MTAM/HFA System on the Cytotoxicity of Cancer Cells


The need for characterizing the initial cell loading density of hollow fibers for improving compound efficacy has been shown earlier [31]. During the treatment period cytotoxicity was assessed using the “stable end point” modified MTT ((3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) assay. First, H460 and A549 cells seeded at 2 × 105 cells/10 μL were defined as the optimal seeding density for in vitro and in vivo growth within hollow fibers over 4 days (Figure 2a). Additional in vitro and in vivo MTAM/HFA studies involving pemetrexed treatment were performed using this cell seeding density. When compared the cell culture dish, the drug sensitivity in these two conditions were similar in this two cell lines (H460 ≤ 50%, A549 ≥ 50%) (Figure 2b). Next, we tested the cell toxicity in an in vivo setting. The MTAM contained individual cancer cell was subcutaneous transplanted onto two different sites, located on the back of a single mice; which was followed by the standard pemetrexed (100 mg/kg; i.p.) treatment. At day 10, fibers were excised, and the cell viability results revealed cells retrieved from fibers from pemetrexed-treated mice to have the same drug sensitivity (when compared to in vitro data) in these two cells (Figure 2c). We subcutaneously transplanted an empty MTAM as a blank to avoid contamination from host cell. On the other hand, we used 15 mice divided into five experimental groups: control, Gemcitabine, Doxorubicin, Cisplatin, and Herceptin. The fibers were excised from the mice at day 4 and 10. Compared to the control groups, Herceptin treatment produced a significant reduction in net growth of about 50% for HT29 (P < 0.01) (Figure 2d). Taken together, these results proved that our MTAM/HFA can be applied for multi-drug and multi-cancer cells conditions screening in a one-time operation.




3.3. In Vitro and In Vivo Studies of Drug Sensitivity of Cancer Cell Lines Cultured within MTAM/HFA and PVDF(Polyvinylidene Fluoride) HFA


In the traditional HFA system, PVDF hollow fibers were employed and in this study served as a benchmarked. Comparatively, the cell count within the PLLA MTAM was one to two orders higher than the cell count within PVDF HF systems (Figure 3a). Upon administration of Cisplatin, there was higher rate of decrease of cancer cells within PLLA MTAM than that of PVDF systems (Figure 3b). Cell count within PLLA MTAM appeared to be suppressed at a low concentration of 15 μM as oppose to 50 M for the cell count within the PVDF systems (data not shown). Regardless of dosage, Cell toxicity sensitivity of Cisplatin was observed to be higher in MTAM-based systems. Similar outcomes can be observed in the in vivo cell toxicity test. Furthermore, the MTAM system registered a significantly higher difference in terms of cell viability between the positive and negative control in the in vivo setting. The corresponding CellMax system barely registered any difference in cell viability between the positive and negative control (Figure 3b). Comparatively, cancer cells cultured within MTAM appeared to be sensitive to cisplatin even at a relatively concentration of 15 μM as oppose to cancer cells cultured within CellMax which exhibited very little reaction to cisplatin at low concentration.




3.4. Comparison of MTAM vs. PDX as a Primary Culture Substrate


In order to develop the application of MTAM for clinical usage, we simulated the clinical situation and tried to establish a personalized anticancer drugs selection platform for clinical patients. Here, we first created a tumor specimen by colon cancer cell line HT29 by subcutaneous injection in nude mice. A few days later, the tumor was removed from the mouse and divided into two parts: one for MTAM, another was re-subcutaneously transplanted into a new nude mouse. Both groups were grown for an appropriate period of time for colorectal cancer drug testing (Figure 4a). The two models assessed in our analysis were treated with two cancer drugs: Oxaliplatin and irenotecon, and cell proliferation was measured by MTT assay or tumor volume. The results were shown in Figure 4b,c. We found the MTAM group showed more sensitivity to irinotecan. Similarly, the xenograft group was also more responsive to irinotecan. It’s worth noting that the MTAM group required less time than the xenograft group by a significant margin. Thus, the results suggested that the MTAM system can be a highly rapid alternative screening system to xenograft models which could assist many oncologists in determining the best anticancer drug for a particular patient within a clinically practical timeframe.




3.5. MTAM/HFA as a Potential Platform for Anticancer Drug Screening in Personalized Medicine


For establishment of MTAM-based PDTC for drug selection, we divided digested-tumor specimen from three patients in three different tumor types into two conditions. One was loaded into MTAM then cultured in optimal medium, another was directly seeded. Tumor samples were obtained from core biopsies (breast cancer; head and neck cancer), or surgical excisions (colon cancer). The cell viabilities from these two groups were detected by MTT assay. The results demonstrated that patient derived tumor cells had better proliferation rate in MTAM (Figure 5a). Then, we tested the drug sensitivity of colon cancer PDTC in vivo. The MTAM containing patient’s cancer cell was subcutaneous transplanted in BALB/c mice and the fibers were excised from the mice at day 4 and 10. Compared to the control groups, Cisplatin treatment produced a significant reduction in net growth of about 50% in this case (P < 0.01) (Figure 5b). Taken together, these results proved that our MTAM-based PDTC (MTAM/HFA-PDTC) can be applied in anticancer drug selection. We also tested some of MTAM/HFA-PDTCs against therapies that yielded a positive outcome in the corresponding patient (Figure 5c). MTAM/HFA-PDTCs were tested against the same treatment received by the patient, and responses assessed using changes in cell viability. A positive response was designated as positive and correlative to clinical outcome of patients if a RECIST equivalent of complete response (CR), partial response (PR), or stable disease (SD) was observed. As an example, Figure 5c shows the PDTC results for a female with stage III breast cancer. This patient will take the Neoadjuvant chemotherapy. After treatment with the same regimen, tumor cell cannot even grow within MTAM.





4. Discussion


The nanoporous PLLA MTAM possessed self-supporting structure can be easily handled and manipulated into most the configurations as desired throughout the experimental procedures. In regards to the cell loading procedure, the process primarily employed the capillary force that existed in the respective lumens, thereby siphoning the droplet of cell culture media up into these lumens. Additionally, due to the transparent wall of the PLLA MTAM, the tumor cells that were siphoned into the PLLA MTAM were clearly visible. It was observed that the PLLA MTAMs were not as mechanically sound as CellMax fibers; nevertheless, this did not hamper the use of the PLLA MTAMs throughout the duration of the experiment as the PLLA MTAMs were sufficiently strong. For ease of tracking, the PLLA MTAM can be colored through the addition of food grade dye to the polymer solution prior to electrospinning. The addition provided a high contrast between the PLLA MTAM and the surrounding soft tissue; a highly beneficial characteristic for ease of identification of the PLLA MTAM.



Results indicated that the MTAM with the diameter size between 50 and 60 μm performed the best in terms of cell survivability. Potentially, at this diameter, oxygen was allowed to freely permeate deep into the respective PLLA MTAM thereby allowing tumor cells in the PLLA MTAM to survive better since oxygen appeared to be one of the most important nutrient for cells proliferation [32]. An alternative explanation could be because of cells aggregation when cultured within the PLLA MTAM. At the diameter between 50 and 60 μm, tumor cells could be more evenly distributed thereby resulting in the growth of the tumor cells without exerting massive mitotic pressure to the neighboring tumor cells [33]. The porous walled PLLA MTAM outperformed the solid walled PLLA MTAM because the porosity increased the available pathways for gaseous and nutrients exchange to the level sufficient to support the metabolic activities of the cancer cells [34]. When compared to the cells cultivated within the CellMax fibers, the cell count within the PLLA MTAM were between one to two order higher since MTAM cell culture systems were able to continuously supply nutrients to cells in high density and retained autocrine factors in a closed system [35].



Prior to in vitro and in vivo toxicity test, the IC 50 (half maximal inhibitory concentration of Cisplatin against GFP-GBM on TCP (tissue culture plate) was conducted and the IC 50 was around 15 mM. Based on the results in Figure 3b, regardless of the concentration of Cisplastin, it appeared that upon the administration, the tumor cells cultivated within the PLLA MTAM registered a sharper decrease when compared to the cells cultivated in CellMax systems; indicating that the anticancer drug perfused better into the PLLA MTAM than CellMax fibers which coincided with the presence of the thinner lumen wall of the PLLA MTAM. In the case of in vivo cell cytotoxicity test, it was further confirmed the earlier in vitro results indicating that the PLLA MTAM system were superior to that of the CellMax system, which can be observed through the significantly higher OD (optical density) reading of the negative controls of the tumor cells cultivated within the PLLA MTAM compared to that of the significantly lower OD reading of the negative control of the tumor cells cultivated within the CellMax fibers.



High failure rates are often associated with the lack of reliable preclinical models to predict the effects these newly developed drugs in a setting resembling the complex nature of the tumor environment. One method to overcome this problem is to utilize a patient-derived xenograft model (PDX) [6]. The grafting of cancer cell specimen either subcutaneously or orthotopically in nude mice are thought to be able to be utilized as preclinical models. In order for PDX to be clinically relevant and practical to the point where it is applicable in personalized medicine, the biological fidelity of the transplanted tumors must be maintained when compared to the tumor of origin. Additionally, the time required for such transplantation must be significantly reduced while significantly increasing the overall success of the transplantation. Jonsson et al. reported the drug effects on tumor cells, host animal toxicity and drug pharmacokinetics are the same in animal models using an extended hollow fibers model as those found in traditional xenograft models [7].



Intraperitoneal hollow fiber activity was also found to be a better predictor of xenograft activity when compared to subcutaneous hollow fiber activity or intraperitoneal plus subcutaneous activity combined [8]. Compared to PDX and traditional hollow fiber systems, the PLLA MTAM will benefit patients in terms of relatively quick turn-around time, smaller cell sample needed and of course, a higher drug sensitivity. This will allow oncologist treating a particular patient to know the best anticancer drug that should be administered. Early treatment of cancer will without a doubt increase the survival chances of the patient [9]. MTAM-based drug screening platform can be readily transformed to an effective drug selection protocol for individual treatment. By replacing the cancer cell-line used in current study with patient-derived tumor cell (PDTC), the comprehensive result with the most powerful drug/combinations of drug toward this individual can be identified in a timely fashion.



Additionally, several other limitations were observed in the use of PDX as a standard modality in modeling human cancers. Namely, the loss of tumor microenvironment and immune-response [36], selection for clonal subpopulations that are different from that of the original tumor [37], the diversity in drug metabolism [38] and cost versus effectiveness [39]. Predominately, the grafting of tumors are research tools employed in the pharmaceutical industry with poor response rates observed with repeated lines of traditional chemotherapy, the value of this tool in addressing the continuing challenges in clinical oncology will increase over time.




5. Conclusions


The in vitro and in vivo data gathered in this study demonstrated that MTAM is a superior culture substrate for cancer cells when compared to traditional HFs, as well as being a significantly more sensitive and reliable system for anticancer drug screening. The MTAM/HFA system conferred significant benefits in terms of the cost, rapidness, reliability and the reduction in the overall number of required animal used in a study; while maintaining comparable trend outcome compared to the current gold standard-traditional xenograft model. Clinically, we also demonstrated the potential of MTAM/HFA-PDTC, which demonstrated its practicality, ease of use and reliability. In short, the range of benefits of the MTAM/HFA system made it a highly practical phenotypic-based solution that could potentially be applied in applications such as anticancer drug screening for personalized medicine and as a pre-xenograft model the development of anticancer drugs.







Author Contributions


Investigation and experimental formal analysis, C.-H.T. and W.-T.H.; MTAM fabrication & writing—review and editing, C.H.C.; Data curation & paper editing, J.-K.L.; Clinical data analysis & medical input, S.-H.T., P.-L.W., K.-Y.L., G.-M.L.; Project administration and supervisory, C.-C.C.




Funding


This project was partially supported by the University Research Excellence Grant of Taipei Medical University, under the grant number of TMUTOP103002-7 and by the Ministry of Science and Technology of Taiwan under grant number MOST105-2221-E-030-020.




Acknowledgments


Help on the in vivo study from Pan S. L. of Translational Medicine Program at Taipei Medical University is also acknowledged. PLLA was kindly supplied by BioTechOne Inc. Taipei, Taiwan.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Denison, T.A.; Bae, Y.H. Tumor heterogeneity and its implication for drug delivery. J. Controll. Release 2012, 164, 187–191. [Google Scholar] [CrossRef]

	



Jonkers, J.; Berns, A. Conditional mouse models of sporadic cancer. Nat. Rev. Cancer 2002, 2, 251–265. [Google Scholar] [CrossRef] [PubMed]

	



Huse, J.T.; Holland, E.C. Genetically engineered mouse models of brain cancer and the promise of preclinical testing. Brain Pathol. 2009, 19, 132–143. [Google Scholar] [CrossRef] [PubMed]

	



Hidalgo, M.; Bruckheimer, E.; Rajeshkumar, N.V.; Garrido-Laguna, I.; De Oliveira, E.; Rubio-Viqueira, B.; Strawn, S.; Wick, M.J.; Martell, J.; Sidransky, D. A pilot clinical study of treatment guided by personalized tumorgrafts in patients with advanced cancer. Mol. Cancer Ther. 2011, 10, 1311. [Google Scholar] [CrossRef] [PubMed]

	



Garralda, E.; Paz, K.; Lopez-Casas, P.P.; Jones, S.; Katz, A.; Kann, L.M.; Lopez-Rios, F.; Sarno, F.; Al-Shahrour, F.; Vasquez, D.; et al. Integrated next-generation sequencing and avatar mouse models for personalized cancer treatment. Clin. Cancer Res. 2014, 20, 2476–2484. [Google Scholar] [CrossRef] [PubMed]

	



Villarroel, M.C.; Rajeshkumar, N.V.; Garrido-Laguna, I.; De Jesus-Acosta, A.; Jones, S.; Maitra, A.; Hruban, R.H.; Eshleman, J.R.; Klein, A.; Laheru, D.; et al. Personalizing cancer treatment in the age of global genomic analyses: PALB2 gene mutations and the response to DNA damaging agents in pancreatic cancer. Mol. Cancer Ther. 2011, 10, 3–8. [Google Scholar] [CrossRef] [PubMed]

	



Stebbing, J.; Paz, K.; Schwartz, G.K.; Wexler, L.H.; Maki, R.; Pollock, R.E.; Morris, R.; Cohen, R.; Shankar, A.; Blackman, G.; et al. Patient-derived xenografts for individualized care in advanced sarcoma. Cancer 2014, 120, 2006–2015. [Google Scholar] [CrossRef]

	



Bruna, A.; Rueda, O.M.; Greenwood, W.; Batra, A.S.; Callari, M.; Batra, R.N.; Pogrebniak, K.; Sandoval, J.; Cassidy, J.W.; Tufegdzic-Vidakovic, A.; et al. A Biobank of Breast Cancer Explants with Preserved Intra-tumor Heterogeneity to Screen Anticancer Compounds. Cell 2016, 167, 260–274. [Google Scholar] [CrossRef]

	



Bian, B.; Bigonnet, M.; Gayet, O.; Loncle, C.; Maignan, A.; Gilabert, M.; Moutardier, V.; Garcia, S.; Turrini, O.; Delpero, J.R.; et al. Gene expression profiling of patient-derived pancreatic cancer xenografts predicts sensitivity to the BET bromodomain inhibitor JQ1: implications for individualized medicine efforts. EMBO Mol. Med. 2017, 9, 482–497. [Google Scholar] [CrossRef]

	



Bertotti, A.; Migliardi, G.; Galimi, F.; Sassi, F.; Torti, D.; Isella, C.; Cora, D.; Di Nicolantonio, F.; Buscarino, M.; Petti, C.; et al. A molecularly annotated platform of patient-derived xenografts (“xenopatients”) identifies HER2 as an effective therapeutic target in cetuximab-resistant colorectal cancer. Cancer Discov. 2011, 1, 508–523. [Google Scholar] [CrossRef]

	



Hidalgo, M.; Amant, F.; Biankin, A.V.; Budinska, E.; Byrne, A.T.; Caldas, C.; Clarke, R.B.; de Jong, S.; Jonkers, J.; Maelandsmo, G.M.; et al. Patient-derived xenograft models: An emerging platform for translational cancer research. Cancer Discov. 2014, 4, 998–1013. [Google Scholar] [CrossRef] [PubMed]

	



Julien, S.; Merino-Trigo, A.; Lacroix, L.; Pocard, M.; Goere, D.; Mariani, P.; Landron, S.; Bigot, L.; Nemati, F.; Dartigues, P.; et al. Characterization of a Large Panel of Patient-Derived Tumor Xenografts Representing the Clinical Heterogeneity of Human Colorectal Cancer. Clin. Cancer Res. 2012, 18, 5314–5328. [Google Scholar] [CrossRef] [PubMed]

	



Morelli, M.P.; Calvo, E.; Ordonez, E.; Wick, M.J.; Viqueira, B.R.; Lopez-Casas, P.P.; Bruckheimer, E.; Calles-Blanco, A.; Sidransky, D.; Hidalgo, M. Prioritizing Phase I Treatment Options Through Preclinical Testing on Personalized Tumorgraft. J. Clin. Oncol. 2012, 30, E45–E48. [Google Scholar] [CrossRef] [PubMed]

	



Jimeno, A.; Tan, A.C.; Coffa, J.; Rajeshkumar, N.V.; Kulesza, P.; Rubio-Viqueira, B.; Wheelhouse, J.; Diosdado, B.; Messersmith, W.A.; Lacobuzio-Donahue, C.; et al. Coordinated epidermal growth factor receptor pathway gene overexpression predicts epidermal growth factor receptor inhibitor sensitivity in pancreatic cancer. Cancer Res. 2008, 68, 2841–2849. [Google Scholar] [CrossRef] [PubMed]

	



Gao, H.; Korn, J.M.; Ferretti, S.; Monahan, J.E.; Wang, Y.Z.; Singh, M.; Zhang, C.; Schnell, C.; Yang, G.Z.; Zhang, Y.; et al. High-throughput screening using patient-derived tumor xenografts to predict clinical trial drug response. Nat. Med. 2015, 21, 1318–1325. [Google Scholar] [CrossRef] [PubMed]

	



Decker, S.; Hollingshead, M.; Bonomi, C.A.; Carter, J.P.; Sausville, E.A. The hollow fibre model in cancer drug screening: the NCI experience. Eur. J. Cancer 2004, 40, 821–826. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, S.V.; Haber, D.A.; Settleman, J. Cell line-based platforms to evaluate the therapeutic efficacy of candidate anticancer agents. Nat. Rev. Cancer 2010, 10, 241–253. [Google Scholar] [CrossRef]

	



Suggitt, M.; Cooper, P.A.; Shnyder, S.D.; Bibby, M.C. The hollow fibre model—facilitating anticancer pre-clinical pharmacodynamics and improving animal welfare. Int. J. Oncol. 2006, 29, 1493–1499. [Google Scholar]

	



Shnyder, S.D.; Cooper, P.A.; Scally, A.J.; Bibby, M.C. Reducing the cost of screening novel agents using the hollow fibre assay. Anticancer Res. 2006, 26, 2049–2052. [Google Scholar]

	



Ou, K.L.; Chen, C.S.; Lin, L.H.; Lu, J.C.; Shu, Y.C.; Tseng, W.C.; Yang, J.C.; Lee, S.Y.; Chen, C.C. Membranes of epitaxial-like packed, super aligned electrospun micron hollow poly(L-lactic acid) (PLLA) fibers. Eur. Polym. J. 2011, 47, 882–892. [Google Scholar] [CrossRef]

	



Yang, J.C.; Lee, S.Y.; Tseng, W.C.; Shu, Y.C.; Lu, J.C.; Shie, H.S.; Chen, C.C. Formation of Highly Aligned, Single-Layered, Hollow Fibrous Assemblies and the Fabrication of Large Pieces of PLLA Membranes. Macromol. Mater. Eng. 2012, 297, 115–122. [Google Scholar] [CrossRef]

	



Lin, L.C.; Shu, Y.C.; Yang, J.C.; Shie, H.S.; Lee, S.Y.; Chen, C.C. Nano-porous Poly-L-lactic Acid Microtube Array Membranes. Curr. Nanosci. 2014, 10, 227–234. [Google Scholar] [CrossRef]

	



Hung, W.C.; Lin, L.H.; Tsen, W.C.; Shie, H.S.; Chiu, H.L.; Yang, T.C.K.; Chen, C.C. Permeation of biological compounds through porous poly((L)-lactic acid) (PLLA) microtube array membranes (MTAM). Eur. Polym. J. 2015, 67, 166–173. [Google Scholar] [CrossRef]

	



Yang, S.H.; Lin, H.Y.; Chang, V.H.S.; Chen, C.C.; Liu, Y.R.; Wang, J.H.; Zhang, K.Q.; Jiang, X.Q.; Yen, Y. Lovastatin overcomes gefitinib resistance through TNF-alpha signaling in human cholangiocarcinomas with different LKB1 statuses in vitro and in vivo. Oncotarget 2015, 6, 23857–23873. [Google Scholar] [PubMed]

	



Tseng, V.C.H.; Chew, C.H.; Huang, W.T.; Wang, Y.K.; Chen, K.S.; Chou, S.Y.; Chen, C.C. An Effective Cell Coculture Platform Based on the Electrospun Microtube Array Membrane for Nerve Regeneration. Cells Tissues Organs 2017, 204, 179–190. [Google Scholar] [CrossRef] [PubMed]

	



Chen, C.C.; Wu, C.H.; Wu, J.J.; Chiu, C.C.; Wong, C.H.; Tsai, M.L.; Lin, H.T.V. Accelerated bioethanol fermentation by using a novel yeast immobilization technique: Microtube array membrane. Process. Biochem. 2015, 50, 1509–1515. [Google Scholar] [CrossRef]

	



Chew, C.; Wu, C.; Chen, C. A novel electrospun Microtube Array Membrane (MTAM) based low cost conceptual tubular Microbial Fuel Cell (MFC). Eur. Polym. J. 2016, 83, 138–147. [Google Scholar] [CrossRef]

	



Yang, A.-J.; Marito, S.; Yang, J.-J.; Keshari, S.; Chew, C.-H.; Chen, C.-C.; Huang, C.-M. A Microtube Array Membrane (MTAM) Encapsulated Live Fermenting Staphylococcus epidermidis as a Skin Probiotic Patch against Cutibacterium acnes. Int. J. Mol. Sci. 2019, 20, 14. [Google Scholar] [CrossRef]

	



Izumchenko, E.; Paz, K.; Ciznadija, D.; Sloma, I.; Katz, A.; Vasquez-Dunddel, D.; Ben-Zvi, I.; Stebbing, J.; McGuire, W.; Harris, W.; et al. Patient-derived xenografts effectively capture responses to oncology therapy in a heterogeneous cohort of patients with solid tumors. Ann. Oncol. 2017, 28, 2595–2605. [Google Scholar] [CrossRef]

	



Barutello, G.; Rolih, V.; Arigoni, M.; Tarone, L.; Conti, L.; Quaglino, E.; Buracco, P.; Cavallo, F.; Riccardo, F. Strengths and weaknesses of pre-clinical models for human melanoma treatment: dawn of dogs’ revolution for immunotherapy. Int. J. Mol. Sci. 2018, 19, 799. [Google Scholar] [CrossRef]

	



Sadar, M.D.; Akopian, V.A.; Beraldi, E. Characterization of a new in vivo hollow fiber model for the study of progression of prostate cancer to androgen independence. Mol. Cancer Ther. 2002, 1, 629–637. [Google Scholar] [PubMed]

	



Davidson, A.J.; Ellis, M.J.; Chaudhuri, J.B. A theoretical approach to zonation in a bioartificial liver. Biotechnol. Bioeng. 2012, 109, 234–243. [Google Scholar] [CrossRef] [PubMed]

	



Chapman, L.A.C.; Shipley, R.J.; Whiteley, J.P.; Ellis, M.J.; Byrne, H.M.; Waters, S.L. Optimising Cell Aggregate Expansion in a Perfused Hollow Fibre Bioreactor via Mathematical Modelling. PLoS ONE 2014, 9, e105813. [Google Scholar] [CrossRef] [PubMed]

	



Khajavi, R.; Abbasipour, M. Electrospinning as a versatile method for fabricating coreshell, hollow and porous nanofibers. Sci. Iran. 2012, 19, 2029–2034. [Google Scholar] [CrossRef]

	



Gloeckner, H.; Lemke, H.D. New miniaturized hollow-fiber bioreactor for in vivo like cell culture, cell expansion, and production of cell-derived products. Biotechnol. Progr. 2001, 17, 828–831. [Google Scholar] [CrossRef]

	



Izumchenko, E.; Meir, J.; Bedi, A.; Wysocki, P.T.; Hoque, M.O.; Sidransky, D. Patient-Derived Xenografts as Tools in Pharmaceutical Development. Clin. Pharmacol. Ther. 2016, 99, 612–621. [Google Scholar] [CrossRef]

	



Kreso, A.; O’Brien, C.A.; van Galen, P.; Gan, O.I.; Notta, F.; Brown, A.M.K.; Ng, K.; Ma, J.; Wienholds, E.; Dunant, C.; et al. Variable Clonal Repopulation Dynamics Influence Chemotherapy Response in Colorectal Cancer. Science 2013, 339, 543–548. [Google Scholar] [CrossRef]

	



Peterson, J.K.; Houghton, P.J. Integrating pharmacology and in vivo cancer models in preclinical and clinical drug development. Eur. J. Cancer 2004, 40, 837–844. [Google Scholar] [CrossRef]

	



Aparicio, S.; Hidalgo, M.; Kung, A.L. Examining the utility of patient-derived xenograft mouse models. Nat. Rev. Cancer 2015, 15, 311–316. [Google Scholar] [CrossRef]








[image: Materials 12 00569 g001 550]





Figure 1. (a) SEM view of the top and transverse section of the MTAM depicting the microstructure of the electrospun MTAM; (b) optical microscopy image of the A549 cells loaded (siphoned) into the respective lumens of the MTAM; (c) the GFP-GBM cells that were loaded at a cell density of 1 × 106 cells/mL and its corresponding optical microscopy image; (d) cell viability of various cancer cell lines that were cultured in MTAM that demonstrated excellent cell viability; and (e) Calcien-AM stained optical microscopy images of GBM cultured on MTAM. Results are expressed as mean data from six fibers (Student’s t-test; P < 0.05). 
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Figure 2. Anticancer drug screening of the MTAM-based HFA system (a) in vitro and in vivo cell culture of H460 and A549 which demonstrated superior cell proliferation within 4 days when cultured using MTAM as a substrate, the growth inhibition of H460 and A549 cells by pemetrexed (b) in vitro or (c) in vivo. (d) Growth inhibition of HT29 cells in the MTAM implanted s.c. in mice. Drugs were administrated once daily by i.p. injection from days 3–7 after implantation (Student’s t-test; P < 0.05). 
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Figure 3. Comparison of cell growth rate and drug sensitivity between MTAM and PVDF HF. (a) H1080, A549 and SW1353 cells loading in MTAM or PVDF-HF at 1 × 106 cells/mL, were incubated at 37 °C and retrieved at each time point. (b) Growth inhibition of GBM cells in the MTAM or PVDF-HF in growth medium (top right) or implanted s.c. in mice (bottom right). Drugs were administrated once daily by i.v. injection from days 3–7 after implantation. Student’s t-test; P < 0.05. 
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Figure 4. The Mouse PDX model was used to evaluate the reliability of MTAM PDX system (a) HT29 cancer cell line were injected into mouse model to establish a tumor, and this mice is treated as a ‘patient’. The resulting tumor were extracted and divided into two, where one part was utilized in the MTAM-based HFA system and the other in a standard xenograft model to serve as a benchmark. (b) Growth inhibition of primary HT29 cells in the MTAM implanted s.c. in mice. Drugs were administrated once daily by i.v. injection from days 3–7 after implantation. (c) Nude mice bearing 100 mm3 xenografts were randomized into treatment groups, Tumor volume of mice bearing primary HT29 xenografts was measured every other day. Both (b) and (c) appeared to provide similar screening outcome trend and to a certain extent comparable outcome, which suggested that the MTAM PDX system was capable of producing similar outcome when compared to the current gold standard (traditional xenograft) Student’s t-test; P < 0.05. 






Figure 4. The Mouse PDX model was used to evaluate the reliability of MTAM PDX system (a) HT29 cancer cell line were injected into mouse model to establish a tumor, and this mice is treated as a ‘patient’. The resulting tumor were extracted and divided into two, where one part was utilized in the MTAM-based HFA system and the other in a standard xenograft model to serve as a benchmark. (b) Growth inhibition of primary HT29 cells in the MTAM implanted s.c. in mice. Drugs were administrated once daily by i.v. injection from days 3–7 after implantation. (c) Nude mice bearing 100 mm3 xenografts were randomized into treatment groups, Tumor volume of mice bearing primary HT29 xenografts was measured every other day. Both (b) and (c) appeared to provide similar screening outcome trend and to a certain extent comparable outcome, which suggested that the MTAM PDX system was capable of producing similar outcome when compared to the current gold standard (traditional xenograft) Student’s t-test; P < 0.05.



[image: Materials 12 00569 g004]







[image: Materials 12 00569 g005 550]





Figure 5. PDTC models accurately replicate patient responses. (a) Graph depicting different tumor types growth in culture dish or MTAM to establish PDTC. (b) PDTC colon cancer models were screened by different type of anticancer drugs. (c) PDTC models were screened against the corresponding therapies received by the patient. Graphs show the average implanted cell viability for three to nine animals and SD. * Treated groups significantly different from untreated controls at the end point of the experiment (Student’s t-test; P < 0.05). 
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