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Abstract

:

The current tools for validating dose delivery and optimizing new radiotherapy technologies in radiation therapy do not account for important dose modifying factors (DMFs), such as variations in cellular repair capability, tumor oxygenation, ultra-high dose rates and the type of ionizing radiation used. These factors play a crucial role in tumor control and normal tissue complications. To address this need, we explored the feasibility of developing a transportable cell culture platform (TCCP) to assess the relative biological effectiveness (RBE) of ionizing radiation. We measured cell recovery, clonogenic viability and metabolic viability of MDA-MB-231 cells over several days at room temperature in a range of concentrations of fetal bovine serum (FBS) in medium-supplemented gelatin, under both normoxic and hypoxic oxygen environments. Additionally, we measured the clonogenic viability of the cells to characterize how the duration of the TCCP at room temperature affected their radiosensitivity at doses up to 16 Gy. We found that   ( 78 ± 2 ) %   of MDA-MB-231 cells were successfully recovered after being kept at room temperature for three days in 50% FBS in medium-supplemented gelatin at hypoxia (  0.4 ± 0.1 ) %   pO2, while metabolic and clonogenic viabilities as measured by ATP luminescence and colony formation were found to be   ( 58 ± 5 ) %   and   ( 57 ± 4 )  %, respectively. Additionally, irradiating a TCCP under normoxic and hypoxic conditions yielded a clonogenic oxygen enhancement ratio (OER) of   1.4 ± 0.6   and a metabolic OER of   1.9 ± 0.4  . Our results demonstrate that the TCCP can be used to assess the RBE of a DMF and provides a feasible platform for assessing DMFs in radiation therapy applications.
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1. Introduction


Radiation therapy is a commonly used and effective treatment for loco-regional control of primary tumors [1]. The prescribed radiation dose is used as a surrogate measure of the biological effectiveness of the radiation [2]. However, the absorbed dose is a physical quantity (energy absorbed in a volume per unit mass of the volume), which does not always reflect the biological response of the tumor [3]. Various dose modifying factors (DMFs), such as radiation beam quality [4], dose rate (conventional versus ultra-high dose rate (FLASH)) [5] and tumor oxygenation [6], can result in diverse biological responses for the same absorbed dose delivered. For instance, extra care must be taken when using heavy ion therapy beams, such as protons or carbon ions, as their relative biological effectiveness (RBE) increases as the charged particle slows down [7], and this can impact normal tissues, which may receive the dose at the distal end of the tumor. Additionally, in the case of FLASH radiotherapy, physical parameters, such as total dose, dose rate, pulse rate (number and width), total beam duration, fractionation and radiation type [8,9], must be optimized for biological response and normal tissue sparing. Finally, tumor hypoxia will also affect the radiobiological response of low linear energy transfer (LET) radiation, as it makes tumor cells more resistant to the indirect action of low LET radiation on DNA damage.



Although medical physicists use physics-based dosimeters, such as ionization chambers, diodes, radiochromic film, etc., for quality control of the radiation beams and patient-specific doses, they do not possess adequate tools to evaluate DMFs, which can alter the RBE of a prescribed dose. Hence, there is a need for a biologically based platform to quantify and validate the relative radiobiological response of a given radiotherapy technology or patient-specific treatment. However, a significant limitation for medical physicists in utilizing such biologically based platform is their lack of wet lab skills, a wet lab facility and the equipment needed to perform biological analysis. Hence, we propose a transportable cell culture platform (TCCP), which serves as a biological tool for testing radiobiological responses under various clinical and research scenarios. Figure 1 shows the proposed workflow for TCCPs.



In this study, we construct and evaluate the ability of a TCCP to maintain sufficient cell viability at ambient room temperature for a few days to evaluate shippability to a clinical facility and back for the evaluation of radiation DMFs. As proof of principle, we used the metastatic MDA-MB-231 breast cancer cell line to demonstrate how the effects of hypoxia during radiation exposure can be evaluated with a TCCP.



Due to the high proliferation rate of cancer cells, tumor growth is often accompanied by regions, which are insufficiently oxygenated [10]. These hypoxic regions are rarely seen in normal tissues, but it is estimated that more than 80% of tumors have regions with oxygen tensions   < 0.3 %   [11,12,13,14,15,16,17]. Hypoxic regions are relatively hostile, and they drive the evolution of cancer cells toward more aggressive and metastatic phenotypes. For example, it is known that tumors with moderate to severe hypoxic regions are more resistant to treatment with radiation and/or chemotherapy [18,19,20]. Furthermore, the severity and extent of hypoxia in tumors have been found to correlate with poorer loco-regional tumor control [14,21], greater risk of metastasis [22,23] and poorer patient outcome [24]. Hence, hypoxia is a significant DMF to consider in cancer treatment.



Currently, a common approach for shipping cells to another facility involves the addition of a cryoprotectant called DMSO, followed by cell freezing and the use of dry ice to maintain the frozen state during transportation [25,26,27,28]. This approach is both expensive and challenging due to the strict shipping requirements for dry ice. Furthermore, it carries the risk of compromising cell viability if the shipment is delayed and the dry ice melts, as DMSO is toxic to cells [29]. Additionally, in the context of studying cellular radiation effects, the cells would have to be thawed for irradiation and frozen again for transport to a wet lab for analysis, which would further degrade cell viability. Hence, there is a clear need for a simpler, more cost-effective method of transporting cells for characterization of radiation DMFs.



Several methods of shipping cells at room temperature for the purpose of sharing them between distant research labs have been reported in the literature. These include shipping them in complete mixtures of semi-solid hydrogels, such as medium-supplemented Matrigel® [30], a low-melting-temperature (LMT) agarose [31], a proprietary HemSolTM gelatin mixture [32] and a medium-supplemented gelatin mixture [33]. In this study, we chose to test the use of a gelatin medium simply because it is three orders of magnitude cheaper than Matrigel®; it is commercially available, easily maintained in a solid gel form for irradiation at room temperature and easy to return to liquid state to recover cells for post-irradiation analysis. We initially explored the use of an LMT agarose, but we found that the melting temperature was too high (approximately   40   ° C  ), which could potentially cause heat shock to the cells when melting the gel [34].



While it was reported by Ohyabu et al. [33] that cells transported with medium-supplemented gelatin maintained a viability of over 96% after 7 days at room temperature, as determined with trypan blue staining, trypan blue is unreliable for assessing viability below 80% [35], leading to possible overestimation of viability [36]. Furthermore, trypan blue only assesses viability due to membrane integrity and not metabolic and/or reproductive viability. Because the reproductive viability of cancer cells is a critical determinant of local tumor recurrence after radiotherapy treatment, we used the gold standard clonogenic assay in this study to assess the reproductive viability of the MDA-MB-231 cancer cells after a period of 1–7 days at room temperature in the TCCP. We also assessed metabolic viability via the amount of ATP present. Finally, as proof of principle for the use of the TCCP to quantify a DMF in radiotherapy, we also investigated the ability of the TCCP to assess the effect of hypoxia on cell viability.




2. Results


2.1. Survival of Cells at Room Temperature in the TCCP Hydrogel Formulation


The MDA-MB-231 cells in a mock shipment TCCP format at room temperature (  ( 21.9 ± 0.2 )   ° C  ) in the normoxic environment (      20.7 ± 0.3   %   p O   2   )   were found to have a recovery, metabolic and clonogenic viability half-life of approximately 3 days under normoxic conditions (Figure 2, Figure 3 and Figure 4, panel (A)). However, the TCCP cells in the hypoxic (      0.4 ± 0.1   %   p O   2   )   environment had an increased metabolic and clonogenic half-life of up to 5 days (Figure 3 and Figure 4, panel (B)). The assays also generally showed an increase in viability as a function of FBS concentration (Figure 1, Figure 2 and Figure 3). Notably, within the initial 48 h, the 50% FBS hydrogel formulation concentration resulted in a   ( 23 ± 6 ) %   increase in recovery from the normoxic environment (Figure 2A) and a   ( 29 ± 10 ) %   increase in recovery from the hypoxic environment (Figure 2B) as compared to the 10% FBS hydrogel formulation. Similarly, the 50% FBS hydrogel formulation had   ( 24 ± 6 ) %   and   ( 22 ± 10 ) %   greater metabolic activity within the first 48 h in the normoxic (Figure 3A) and hypoxic (Figure 3B) environments, respectively, compared to the 10% FBS hydrogel formulation. After 48 h, the impact of FBS concentration on recovery and metabolic viability diminished, with less than a 10% difference observed, except for the outlier on day 3 in hypoxic recovery. However, the higher FBS concentration in the hydrogel formulation continued to show greater viability for the first 3 days in the normoxic environment (Figure 4A) and for up to 5 days in the hypoxic environment (Figure 4B).



Additionally, the MDA-MB-231 cells in hypoxic TCCPs generally showed greater cell recovery and metabolic and reproductive viability than cells in normoxic TCCPs (Figure 5). The impact of a hypoxic environment on TCCP cell viability was observed to have the most pronounced effect on cell recovery within the initial 3-day period, similar to the influence of FBS concentration. By day 3, hypoxia resulted in a   ( 23 ± 3 ) %   increase in recovery compared to the normoxic environment (Figure 5A). The protective effect of hypoxia was also seen with respect to metabolic viability, which was greater than the normoxic TCCPs in the first 6 days (Figure 5B). However, the difference in metabolic viability between hypoxia and normoxia was minimal, with an increase of   ( 11 ± 4 ) %   or less. The effect of hypoxia on clonogenic viability was minimal within the first 3 days, with a more prominent increase of   ( 25 ± 9 ) %   and   ( 23 ± 13 ) %   in reproductive viability on days 4 and 5, respectively (Figure 5C). Hence, the TCCPs composed of 50% FBS hydrogel formulation in a hypoxic environment at room temperature yielded the greatest cell recovery and metabolic and reproductive viability.




2.2. Recovery Time after Irradiation Affects Radiosensitivity of Cells in the TCCP


The assessment of radiosensitivity using the clonogenic assay was affected by the suboptimal conditions of the cells in the TCCP. These conditions included a hypothermic ambient room temperature   ( 21.9 ± 0.2 )   ° C   and the absence of 5% CO2 supplementation to maintain the cells at an optimal physiological pH range. Figure 6 shows the effect on survival fraction when cells are kept in the TCCP at room temperature after irradiation.



The surviving fractions shown in Figure 6 for the MDA-MB-231 cells recovered immediately after irradiation (day 0) are in close agreement with those in the study by Abdullah et al. [37], which were 0.5, 0.2, 0.03 and 0.003, for 1, 2, 4 and 6 Gy, respectively. However, under the suboptimal room temperature conditions (days 2 and 4), the recovery time post-irradiation causes the cells to become radiosensitive and their survival fractions to decrease with each corresponding day (Figure 6). By day 2, while the survival fraction at 1 Gy compared to day 0 (recovered immediately after irradiation) is the same, the higher doses (2, 4 and 6 Gy) show a statistically significant decrease in cell survival   ( p < 0.05  ). Additionally, by day 4 after irradiation, even a low dose of 1 Gy results in a   ( 21 ± 19 ) %   decrease in survival.




2.3. Irradiated Hypoxic TCCPs Display a Relative Radiobiological Response


Figure 7 shows the ability of a vacuum seal bag to maintain a hypoxic environment for the TCCP. The   %     p O   2     on day 0 at the time of removal from the hypoxic chamber was measured at   ( 1.81 ± 0.04 ) %     p O   2    , and on day 7, it was measured to be   ( 2.63 ± 0.02 ) %     p O   2    . Therefore, the vacuum seal only permitted an increase of   ( 0.82 ± 0.06 ) %     p O   2     from day 0 to 7.



To observe a robust relative radiobiological response, characterized by hypoxic sparing and enhanced cell recovery and clonogenic viability, the TCCP plates were irradiated 24 h after being removed from the hypoxic chamber. This setup was designed to mimic an ideal overnight shipment, followed by irradiation the next day and an overnight return shipment, with recovery 24 h post-irradiation. At the time of irradiation, we measured the hypoxic TCCP samples to be   ( 1.84 ± 0.03 ) %   p   O   2    , and they exhibited a value of   ( 1.92 ± 0.04 ) %   p   O   2     at the time of recovery. We measured the normoxic TCCP samples to be   ( 20.7 ± 0.3 ) %   p   O   2     at the time of irradiation and   ( 20.9 ± 0.4 ) %   p   O   2     at the time of recovery. Notably, we observed the hypoxic sparing effect when comparing hypoxic and normoxic TCCPs (Figure 8). The OER for the TCCPs was calculated at a 50% survival fraction, resulting in a value of   1.4 ± 0.6  . The   α   and   β   parameters constituting the linear quadratic curve fits (Equation (6)), as well as the OER values for normoxic and hypoxic TCCPs, are summarized in Table 1.



The application of the CellTiter-GLO 2.0 assay to irradiated hypoxic and normoxic TCCPs to measure the fraction of cells which survived metabolically revealed a similar hypoxic sparing effect as the clonogenic assay (Figure 9).



After normalizing the relative light unit (RLU) values of the irradiated sample to the non-irradiated TCCP control, the data were found to follow an exponential decay with respect to dose, with a plateau in background RLU values at doses greater than 6 Gy. Consequently, the metabolic survival data exhibited a plateau-bounded exponential decay, which was fitted to the following equation:


  M S F = [   1 −   S F   l o w     ×   e   − α D   ] +   S F   l o w    



(1)




where MSF is the metabolic surviving fraction; α is the RLU decay constant; and     S F   l o w     is the high dose background ATP signal. These parameters for the normoxic and hypoxic TCCPs are given in Table 2.



The metabolic OER (mOER) was computed using Equation (1) to find the ratio of the dose of the hypoxic TCCP to the normoxic TCCP to achieve an endpoint of 50% MSF. The MSF (50%) was as follows:


  MSF ( 50 % ) = 1 −     1 −   S F   l o w     2     = 1 −     1 − 0.40   ±   0.01   2     = 0.70 ± 0.01 ,  



(2)







MSF(50%) from Equation (2) was used to look up the doses from Figure 9 that were used to compute the mOER. These doses and the mOER are given in Table 3.





3. Discussion


Currently, medical physicists optimize and perform quality control of novel radiotherapy technologies and patient-specific treatments using physics-based dosimeters. However, with the increasing use of heavy charged particle based therapies, which have high-end-track LETs, and the emergence of novel radiotherapy delivery technologies, such as FLASH, the absorbed dose is no longer always an adequate surrogate of the radiobiological effect. Hence, there is a growing need to develop a biologically based tool, which can be shipped to a radiotherapy facility, irradiated and shipped back to a wet lab for analysis without the use of dry ice.



This study aimed to evaluate the use of a cost-effective in-house hydrogel formulation platform for keeping cells alive at ambient room temperature in both normoxic and hypoxic environments to ultimately serve as a tool to evaluate the radiobiological effects of radiotherapy technologies and treatments. The hydrogel formulation was composed of lab-grade gelatin, FBS and RPMI nutritive media. The mixture was placed over the attached MDA-MB-231 cancer cells in a covered well plate to form the TCCP.



As proof of concept, we evaluated the ability of the TCCP to maintain cell viability at ambient room temperature and quantified the radiation dose modifying effect of hypoxia using the reproductive cell survival and metabolic ATP quantification assays. We chose the MDA-MB-231 cancer cell line because if the cell viability turned out to be insufficient for radiation studies with this hardy cell line, then the TCCP approach would have very little chance of working in less hardy cell lines.



Within the first 7 days, this study found that the 50% FBS hydrogel formulation outperformed the 10% and 20% FBS concentrations under both normoxic and hypoxic conditions. For example, within the first 48 h, 50% FBS compared to 10% FBS resulted in a   ( 23 ± 6 ) %   increase in recovery, a   ( 24 ± 6 ) %   increase in metabolic viability and a   ( 26 ± 14 ) %   increase in clonogenic viability. In addition to the increased concentration of FBS, it was observed that a hypoxic versus normoxic TCCP environment contributed to     ( 32 ± 11 ) %   greater cell recovery and   ( 15 ± 14 ) %   greater clonogenic viability on days 3 and 5, respectively. The ability of FBS to increase cell recovery and colony formation is consistent with other studies [39,40] due to its capacity for regulating cell growth, buffering pH changes [41] and maintaining osmotic pressure [42], which are all critical for cells at suboptimal conditions in the TCCP. The effects of lower oxygen concentrations on improved reproductive viability of 2D breast cancer cell line cultures have also been previously observed [43,44]. Hence, it is not surprising that the combination of increased FBS concentration and hypoxia yielded the greatest cell recovery and metabolic and reproductive cell viability.



Although these results using our gelatin formulation fall somewhat short of the viability reported by Wang, J. et al. using a Matrigel® formulation [30], it is not clear whether this is due to a difference in the medium—i.e., their use of Dulbecco’s modified Eagles medium DMEM versus our use of RPMI—a difference in the hydrogel used, or a difference in the assay chosen to quantify viability. For example, Wang, J. et al.’s study did not quantify reproductive viability and used the MTT assay to assess metabolic viability, which can overestimate viability compared to the CellTiter-Glo® metabolic assay [45] used in this study. Regarding the type of cell culture medium, this study’s findings differ from two previous studies, which used gelatin combined with DMEM [33] or HemSolTM [32] across various cell lines, which reported greater viability. However, it is crucial to highlight that these studies assessed viability solely through the traditional trypan blue dye exclusion method. This method is less sensitive than metabolic assays and does not reflect reproductive viability, which was the principal assay employed in this study and is considered the gold standard for evaluating radiation toxicity. Future research is needed to assess the impact of hydrogel type and cell culture medium when using the same metabolic assay and clonogenic assay for reproductive cellular viability.



The observed decline in cell recovery in the TCCP with increasing time intervals between irradiation and cell recovery at higher doses is likely attributable to suboptimal hypothermia and a progressive decrease in pH. This pH reduction is a result of cells consuming nutrients and generating metabolites.



In this study, the OER at the 50% viability endpoint for the MDA-MB-231 cell line was found to be   1.4 ± 0.6  . This result is directionally in line with the higher OER of   1.8 ± 0.7   reported by Lagadec et al., which was performed at a higher level of hypoxia (0.1% pO2) [43]. This expected directional agreement suggests that the TCCP is a reliable method for measuring dose modifying effects. Additionally, given the similarity of the OER with the mOER   ( 1.9 ± 0.5 )  , the metabolic assay shows promise as a higher throughput assay than the clonogenic assay for evaluating a DMF. Moreover, the observation that CellTiter-Glo® 2.0 was able to show hypoxic sparing at doses greater than 6 Gy is of interest. While the clonogenic assay could also be used to observe this effect, at doses above 6 Gy, this becomes challenging due to the large number of cells required. This is due to the reduced plating efficiency and radiosensitivity resulting from the time spent in the TCCP before recovery. In contrast, the metabolic survival assay only requires 1000 cells per well for each dose point, making it a potentially useful tool for quantifying DMFs at doses above 6 Gy. This includes the FLASH sparing effect, which is most prominent at doses above 10 Gy [46].



Overall, this study demonstrates the feasibility of using the TCCP to maintain cell viability at ambient room temperature long enough for one day shipping to a radiation therapy facility for irradiation and one day shipping back to a wet lab for analysis and evaluation of a DMF. However, the study has two limitations: (1) we only used one cell line; and (2) the results obtained with this hardy metastatic cell line may not extend to other cell lines or primary cancer cells.



In addition to the future studies suggested above, we plan to (1) investigate the robustness and reproducibility of using the TCCP to assess donor matched normal and tumor cell line viability in radiotherapy applications and to (2) construct a tissue-equivalent phantom to embed the TCCP for shipment to a radiotherapy clinic for irradiation and return shipment for analysis.




4. Materials and Methods


4.1. Cell Culture and Reagents


MDA-MB-231 breast cancer cells were cultured in RPMI 1640 medium with L-glutamine additives (GibcoTM, Thermo Fisher Scientific, Inc., Waltham, MA, USA) and supplemented with 10%, 20% or 50% fetal bovine serum (FBS) (GibcoTM, Thermo Fisher Scientific, Inc., Waltham, MA, USA) and 1% penicillin streptomycin (GibcoTM, Thermo Fisher Scientific, Inc., Waltham, MA, USA). Concentrations of FBS above the standard 10% were used to establish whether they could promote greater cell growth and viability. Cells were cultured in a humidified Galaxy 170S incubator (New Brunswick, Inc., Eppendorf AG, Germany) at 37 °C and 5% CO2.




4.2. Construction of the Cell Plate Platform


MDA-MB-231 cells in the liquid medium described in the next section were seeded into either a 12-well (CorningTM, Thermo Fisher Scientific, Inc.) or a 96-well white wall clear bottom (Stellar Scientific, Baltimore, MD, USA) culture plate and incubated at a density of   ( 2.5   ±   0.2 ) ×   10   5     cells/well or   1000 ± 60   cells/well, respectively. They were stored in the incubator at   37   ℃   for 24 h to allow them to attach to the bottom of the wells. Once the cells were attached, the liquid culture media were removed and replaced with 2 mL or 200 mL (for 12-well or 96-well plate, respectively) of our hydrogel formulation (a mixture of RPMI 1640, FBS and 3% gelatin) designed to keep the cells viable at ambient room temperature. This hydrogel formulation, on top of the attached cells in the well culture plates, constituted the TCCP.



To assess the effects of hypoxia on the viability of the irradiated MDA-MB-231 cells, the TCCPs were prepared by placing them in a Torun AGB-3B vacuum glove box (Changshu Tongrun Electronic Co., Ltd., Changshu, China) filled with ultra-high-purity (99.999%) N2 gas and keeping them at (  0.4 ± 0.1 ) %     p O   2   .   The partial pressure of oxygen was measured with a Model 600 Oxygen Analyzer (Engineered Systems & Designs, Inc., Woburn, MA, USA). The TCCPs were left in the hypoxic chamber at ambient room temperature for a set number of days to mimic shipping time, with the plate lid left slightly ajar to ensure adequate nitrogen gas diffusion into the hydrogel formulation to achieve hypoxic equilibrium within the TCCP. Once the TCCPs were ready to be removed from the hypoxic chamber, they were vacuum sealed inside the hypoxic chamber with a vacuum sealer (DZ-290A Sinbo) in 3 mm thick transparent (combination of polyester and nylon) vacuum bags (CarePac, Inc., San Dimas, CA, USA).



Upon removal from the hypoxic chamber, the oxygen concentrations of surrogate water samples were measured with fiber-optic OXFOIL sensors using Pyroscience FireSting-pO2 (PyroScience, Inc., Aachen, Germany) equipment at the time of removal from the hypoxic chamber, at the time of irradiation and at the time of recovery. Surrogate water samples were used instead of gelatin medium, as the gelatin medium was found to interfere with the optical reading. That is, an equivalent volume of water was used in place of the gelatin medium. Additionally, the OXFOIL sensors were glued to the bottom of the well plate (corresponding to the location where the cells in the TCCP were attached) using acrylic transparent glue, so as not to interfere with the optical reading. The sensors were also calibrated to read through the transparent bottom of the well plate and the enclosing vacuum bag.




4.3. Procedure for Seeding and Recovering Cells from the TCCP Hydrogel Formulation


The following procedure was used to prepare the medium-supplemented gelatin solution (hydrogel formulation) of the TCCP:




	
Pre-warm a desired amount of 10–50% fetal bovine serum (FBS) supplemented RPMI complete growth medium to   37   ℃   in a bead bath.



	
Once it is warm, add HEPES (GibcoTM, Thermo Fisher Scientific, Inc.) pH buffer (pH 7.4) to a final concentration of 20 mM and mix using a vortex mixer (Fisher Scientific, Inc.) at 1500 rpm.



	
Add gelatin powder from bovine skin (Sigma-Aldrich, Inc., St. Louis, MO, USA) to the still   37   ℃   warm HEPES medium solution for a 3% final concentration of gelatin. Place back in the bead bath until all gelatin granules have melted and vortex again to ensure the solution is mixed thoroughly. Use immediately or store in the fridge for further use.



	
Add a working volume (i.e., 2 mL for 12-well plate or 200 μL for 96-well plate) of   37   ℃   liquid hydrogel formulation to adherent cells in a well plate by aspirating off the current liquid growth media and replacing them with gelatin medium.



	
Place the culture plate in a   4   ℃   fridge for 30 min for hydrogel formulation to set.



	
Remove the culture plate from the fridge and add parafilm between the plate lid and well rim to prevent evaporation of hydrogel formulation during transport.



	
To mimic ambient room temperature conditions, the hydrogel formulation TCCPs were left at   21.9 ± 0.2   ° C   in a Styrofoam container on a lab bench for 1–7 days. After the allotted time, the TCCPs were recovered either following irradiation treatment to examine cell survival from irradiation or with no irradiation treatment to examine viability of the TCCP due to mock shipping time.








For recovery of TCCP cells



	
After the desired number of mock shipping days following irradiation or no irradiation treatment, the hydrogel formulation was removed by placing the TCCP plates in a 37 °C incubator for at least 30 min for the gelatin to melt.



	
After removing the hydrogel formulation, the cells were trypsinized using 0.25% trypsin (GibcoTM, Thermo Fisher Scientific, Inc.), counted with a Bright-Line hemocytometer (Hausser Scientific, Horsham, PA, USA) and diluted for clonogenic assay or given fresh complete RPMI growth medium for incubation in the CellTiter-Glo® metabolic viability assay.







4.4. Fraction of Viable Cells Recovered


Immediately after the cells were trypsinized and collected from the TCCPs, they were pelleted with a   4 × 50   swing-bucket rotor centrifuge (Cole-Parmer, Inc., Vernon Hills, IL, USA) at 195 RCF and resuspended to a known volume of   0.50 ± 0.06   mL of complete RPMI growth media. The concentration of viable cells recovered from the TCCP was assessed by applying the trypan blue (GibcoTM, Thermo Fisher Scientific, Inc.) stain and manually counting the cells with a Bright-Line hemocytometer (Hausser Scientific). This concentration was multiplied by the resuspended volume to estimate the number of viable cells recovered, and the fraction of recovered viable cells was computed using the following equation:


  Fraction   of   Viable   Cells   Recovered =   N u m b e r   o f   v i a b l e   c e l l s   r e c o v e r e d   O r i g i n a l   n u m b e r   o f   c e l l s   s e e d e d   i n   t h e   C P P    



(3)








4.5. Radiation Treatment Protocol


The TCCPs were irradiated with either liquid medium or 3% gelatin medium covering them. The X-ray irradiation was delivered to the cells at a dose rate of   1.37 ± 0.01   Gy/min, with 100 kVp and 5.0 mA delivery settings and a 0. 5 mm added aluminum filter using the CellRad irradiator (Faxitron, Tucson, AZ, USA). Samples were placed on the X-ray machine turntable at a distance of 23.0 cm from the X-ray source within a field size diameter of 16.2 cm. The turntable was set to rotate to ensure a uniform radiation dose coverage for the TCCPs. Beam flatness was measured by using Gafchromic EBT3 film (Ashland, Inc., Wilmington, DE, USA) and was found to be   ( 6.0 ± 0.8 ) %   with the turntable rotation. Prior to the experiment, the CellRad system dose calibration was checked using the AAPM TG-61 protocol [47]. The TCCP cover and hydrogel formulation attenuation, the inverse square law and the shutter correction time (0.7 s) were computed and accounted for to ensure that the cells in the TCCP received the desired radiation dose.




4.6. Cell Survival Assay


Cells recovered from the TCCPs were trypsinized and seeded into 6-well plates in triplicate. Cell seeding numbers were dependent on the radiation dose received by the TCCP to account for decreased plating efficiency of cells, which spent a greater number of days at ambient room temperature. To allow for adequate colony growth, the seeded cells were incubated for 10–14 days, equivalent to 6–7 cell doublings for the MDA-MB-231 cell line. After incubation, the colonies were fixed with 100% methanol for at least 10 min and stained with 0.5% crystal violet (Innovating Science® product from Aldon Corporation, Waltham, MA, USA) for at least 2 h. After washing, images of the colonies, defined as containing at least 50 cells, were manually counted using the FIJI (National Institutes of Health, Bethesda, MD, USA) cell counting feature, and the plating efficiency and survival fraction were calculated using Equations (4) and (5), respectively. Experimental survival fractions were fitted based on the linear quadratic function (Equation (6)) to determine the   α     and   β   parameters using the Microsoft Excel evolutionary solver to find the least squares fit with the data (Microsoft Corporation, Redmond, WA, USA). Uncertainties in the   α   and   β   parameters were evaluated with non-linear parameter error propagation by evaluating the Hessian matrix. Clonogenic viability was normalized to plating efficiency at day 0 for the non-irradiated TCCPs (Equation (7)). Additionally, the OER between hypoxic and normoxic irradiated TCCPs was determined using Equation (8).


  Plating   Efficiency =   N o .     o f   c o l o n i e s   N o .     o f   c e l l s   p l a t e d    



(4)






  Irradiated   Surviving   Fraction =   N o .     o f   c o l o n i e s   N o .     o f   c e l l s   p l a t e d × p l a t i n g   e f f i c i e n c y   ( 0   G y )    



(5)






  Linear   Quadratic   Fit =   e   − α D − β   D   2      



(6)






  Reproductive   Viability =   N o .     o f   c o l o n i e s   N o .     o f   c e l l s   p l a t e d × p l a t i n g   e f f i c i e n c y   ( D a y   0 )    



(7)






  OER =   D o s e     G y     h y p o x i c   C P P   D o s e     G y     n o r m o x i c   C P P     at the same surviving fraction .  



(8)








4.7. ATP-Based Metabolic Viability Assay


Immediately after recovering the cells from the TCCPs, they were trypsinized and replated in triplicate into 96-well white walled clear bottom culture plates (Stellar Scientific, Inc.) at a density of   1000 ± 60   cells/well.



After 6 days of cell incubation following recovery from the TCCPs, the fraction of metabolically viable cells was assessed by quantifying ATP using the CellTiter-Glo® 2.0 luminescent assay (Promega, Inc., Madison, WI, USA). The relative light unit (RLU) luminescent signal was measured using a SpectraMax iD3 plate reader (Molecular Devices, LLC, San Jose, CA, USA). The survival fraction of the irradiated cells was found by normalizing the RLU raw signals for each radiation dose point to the 0 Gy control RLU raw signal (Equation (9)).


  Metabolic   Survival   Fraction =   R L U   s i g n a l   o f   i r r a d i a t e d   C P P   R L U   s i g n a l   o f   n o n − i r r a d i a t e d   C P P   ( 0   G y   c o n t r o l )    



(9)







The metabolic viabilities of the non-irradiated cells recovered after being stored at ambient room temperature for a given number of days n were found by normalizing the RLU raw signal for day n in the TCCP to day 0 (cells removed from TCCP on the same day):


  Metabolic   Viability =   R L U   s i g n a l   ( n   d a y s   i n   t h e   C P P )   R L U   s i g n a l   ( 0   d a y s )    



(10)








4.8. Statistical Analysis


To assess the normality of each dataset, we used the Shapiro–Wilk test. For pairs of normally distributed datasets, we examined the equality of variances using the Levene non-parametric test. ANOVA was conducted to compare the means of the three datasets, which displayed both normality and homogeneity of variance. In cases where a trio dataset contained at least one set of data, which lacked both normality and homogeneity of variance, the Kruskal–Wallis non-parametric test was utilized. For pairs of datasets within the three groups, which passed the ANOVA or Kruskal–Wallis tests, we applied the Tukey test to find the means of the groups, which displayed a significant difference. For data where only two groups were compared, all the data satisfied the equality of variances, and a one-tailed pooled variance t-test was applied. All tests were conducted with a significance level of   α < 0.05  .





5. Conclusions


We evaluated the feasibility of using a hydrogel formulation platform to transport cell cultures at ambient room temperature to assess the factors, which modify the relative amount of absorbed radiation dose required to achieve the same biological effectiveness. We used a metastatic breast cancer cell line (MDA-MB-231) and hypoxia as the dose modifying factor (DMF) to show the proof of concept for such platform. Further development of this platform could serve as a valuable tool for validating dose delivery and optimizing novel radiotherapy technologies in radiation therapy.
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Figure 1. Proposed TCCP workflow. The TCCP is composed of cultured cells adhered to the bottom of a multi-well plate with gelatin media added over it to create a semi-solid gel state. The TCCP is shipped to the radiation site, where the TCCP can slot into a tissue-equivalent phantom cut-out to achieve a uniform radiation dose. After irradiation, the TCCP can be shipped back to the wet lab for analysis, and the results can be shared with the radiation research/treatment team. 
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Figure 2. The fraction of viable cells as determined by trypan blue exclusion and a manual hemocytometer as a function of FBS hydrogel formulation concentration and days the TCCP was kept at room temperature. The fraction of recovered cells is shown for TCCPs kept under (A) normoxic and (B) hypoxic conditions. The three measurement points associated with each bar graph are plotted. An asterisk above a bracket covering all three bar graphs end to end indicates a statistically significant difference (p < 0.05) between all three groups. An asterisk above a bracket whose ends lie above the midpoints of two bar graphs indicates a statistically significant difference (p < 0.05) between only the two corresponding groups. 






Figure 2. The fraction of viable cells as determined by trypan blue exclusion and a manual hemocytometer as a function of FBS hydrogel formulation concentration and days the TCCP was kept at room temperature. The fraction of recovered cells is shown for TCCPs kept under (A) normoxic and (B) hypoxic conditions. The three measurement points associated with each bar graph are plotted. An asterisk above a bracket covering all three bar graphs end to end indicates a statistically significant difference (p < 0.05) between all three groups. An asterisk above a bracket whose ends lie above the midpoints of two bar graphs indicates a statistically significant difference (p < 0.05) between only the two corresponding groups.



[image: Ijms 24 15953 g002]







[image: Ijms 24 15953 g003] 





Figure 3. Metabolic viability as a function of FBS concentration and days the TCCP was kept at room temperature assessed with the CellTiter-GLO 2.0 assay and a subsequent 5-day incubation post-recovery. Metabolically viable cells normalized to day zero of the respective FBS concentration are shown for TCCPs kept under (A) normoxic and (B) hypoxic conditions. The three measurement points associated with each bar graph are plotted. An asterisk above a bracket covering all three bar graphs end to end indicates a statistically significant difference (p < 0.05) between all three groups. An asterisk above a bracket whose ends lie above the midpoints of two bar graphs indicates a statistically significant difference (p < 0.05) between only the two corresponding groups. 
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Figure 4. Fraction of clonogenic viability as a function of FBS concentration and days the TCCP was kept at ambient room temperature. The fraction of recovered cells is shown for TCCPs kept under (A) normoxic and (B) hypoxic conditions. The three measurement points associated with each bar graph are plotted. An asterisk above a bracket covering all three bar graphs end to end indicates a statistically significant difference (p < 0.05) between all three groups. An asterisk above a bracket whose ends lie above the midpoints of two bar graphs indicates a statistically significant difference (p < 0.05) between only the two corresponding groups. 
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Figure 5. Comparison of hypoxic versus normoxic 50% FBS concentration TCCPs kept at ambient room temperature. The comparison is with respect to (A) recovered cells, (B) metabolic viability and (C) clonogenic viability. The three measurement points associated with each bar graph are plotted. An asterisk above a bracket covering the bar graphs indicates a statistically significant difference (p < 0.05) between all three groups. 
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Figure 6. Surviving fractions are categorized by the number of days post-irradiation (A) low dose and (B) high dose, which the cells were recovered from the TCCPs kept at ambient room temperature. Day 0 is defined as recovery of the cells from the TCCP immediately after irradiation. The three measurement points associated with each bar graph are plotted. An asterisk above a bracket covering all three bar graphs end to end indicates a statistically significant difference (p < 0.05) between all three groups. An asterisk above a bracket whose ends lie above the midpoints of two bar graphs indicates a statistically significant difference (p < 0.05) between only the two corresponding groups. 
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Figure 7. Oxygen concentration (  %     p O   2    ) within the vacuum sealed hypoxic TCCP was monitored over 7 days in a normoxic   ( ( 20.7 ± 0.3 ) %     p O   2   )   ambient room temperature   ( 21.9 ± 0.2 )   ° C   environment. Measurements were taken after the vacuum sealed plate was removed from a hypoxic chamber after a 24 h equilibration period. The three measurement points are plotted for each day. 
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Figure 8. Clonogenic survival fractions and linear quadratic curves from irradiated hypoxic ((  1.84 ± 0.03 ) %   p   O   2    ) and normoxic (  ( 20.7 ± 0.3 ) %     p O   2    ) TCCPs. The three measurement points are plotted for each dose. 
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Figure 9. Metabolic survival fraction (MSF) under hypoxic and normoxic TCCP conditions from normalized RLU values using the CellTiter-GLO 2.0 assay to quantify the ATP present. The three measurement points are plotted for each dose. 
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Table 1.   α   and   β   parameters for hypoxic and normoxic TCCP clonogenic results, along with the corresponding   α  /  β   ratios. Uncertainties in the   α   and   β   parameters were computed using non-linear parameter error propagation by evaluating the Hessian matrix [38]. Additionally, the OER at a 50% survival rate is reported, including the propagated error. * Note:   α  /  β   for the hypoxic case is designated not applicable (NA) because the   β   parameter cannot be determined more accurately and this leads to a division by 0.
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Condition

	
    α    

	
    β    

	
    α        / β    

	
OER at 50% Survival






	
Normoxic

	
   0.97 ± 0.04   

	
   0.07 ± 0.03   

	
   14 ± 6   

	
   1.4 ± 0.6   




	
Hypoxic

	
   0.7 ± 0.1   

	
   0.00 ± 0.05   

	
NA *











 





Table 2. α and     S F   l o w     parameters for hypoxic versus normoxic TCCP metabolic results using the CellTiter-GLO 2.0 assay. Uncertainties in the α parameter were determined with non-linear parameter error propagation by evaluating the Hessian matrix [38].
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	Condition
	    α    
	SFlow





	Normoxic
	   0.45 ± 0.04   
	   ( 38 ± 2 ) %   



	Hypoxic
	   0.25 ± 0.04   
	   ( 41 ± 2 ) %   










 





Table 3. Doses at MSF (50%) for hypoxic and normoxic metabolic TCCP and corresponding mOER.






Table 3. Doses at MSF (50%) for hypoxic and normoxic metabolic TCCP and corresponding mOER.





	
Condition

	
Dose (Gy) at MSF (50%)

	
mOER at MSF (50%)






	
Normoxic

	
   1.5 ± 0.2   

	
  1.9 ±   0.4




	
Hypoxic

	
   2.8 ± 0.4   
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