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Abstract

:

Maintaining steady-state, aerobic cultures of yeast in a bioreactor depends on the configuration of the bioreactor system as well as the growth medium used. In this paper, we compare several conventional aeration methods with newer filter methods using a novel optical sensor array to monitor dissolved oxygen, pH, and biomass. With conventional methods, only a continuously stirred tank reactor configuration gave high aeration rates for cultures in yeast extract peptone dextrose (YPD) medium. For filters technologies, only a polydimethylsiloxan filter provided sufficient aeration of yeast cultures. Further, using the polydimethylsiloxan filter, the YPD medium gave inferior oxygenation rates of yeast compared to superior results with Synthetic Complete medium. It was found that the YPD medium itself, not the yeast cells, interfered with the filter giving the low oxygen transfer rates based on the volumetric transfer coefficient (KLa). The results are discussed for implications of miniaturized bioreactors in low-gravity environments.
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1. Introduction


Many experiments conducted with Brewer’s yeast, Saccharomyces cerevisiae, use batch and continuous cultures to rear cells in growth medium. For aerobic cultures, however, oxygenation of media is often problematic and different methods have been proposed for different growth media [1]. Common methods for aerating yeast cultures are bubbling, shaking, or stirring, which promotes oxygen transfer into the culture through the free surface while newer methods use filters for aeration [1]. Some of these methods pose problems, such as the use of commercially available yeast extract peptone dextrose (YPD) medium which foams when bubbled constantly or intermittently and may oxidize compounds in the medium. Anti-foaming agents can be used, but they too may alter the composition of the medium. For situations where the free surface area is reduced or absent, oxygen is not replenished in the head space and stirring and shaking cannot be used. Therefore, other methods are needed to aerate the yeast. Additionally, if cell cultures remove oxygen faster than it can be supplied, which occurs when biomass concentrations and cell respiration rates are very high, then more effective methods are needed to replenish oxygen [2]. One of the main reasons for studying newer oxygen transfer technologies, particularly aeration filters, is to combine these with miniaturized bioreactors and sensors to improve bioreactor design for applications in space. In microgravity, head space, and thus shaking and stirring of cultures, are not feasible, nor is bubbling medium with air or oxygen [3]. Also critical is a small system size since the payload is limited [3].



Recent reviews of bioreactor aeration discuss a variety of methods [4,5,6]. There are also many variables that can influence aeration including temperature, mixing rate, membranes, biomass concentration, and media [7,8,9,10]. In this study, we use a novel sensor array to compare different filter technologies and media to conventional methods to determine if the methods can be used in space to oxygenate yeast cultures.




2. Materials and Methods


2.1. The Bioreactor and Data Analysis


A 70 mL Erlenmeyer flask was used as the bioreactor chamber. The chamber volume was kept constant at 40 mL, leaving a 2 cm head space with a surface area of 7.1 cm2. The overall volume of the system, including, tubing and filters, was 50 mL. For all experiments, a peristaltic pump (Phamacia LKBP-1, Uppsala, Sweden) with a flow rate of 10 mL h−1 was used to transfer the medium to the bioreactor giving a system dilution rate of D = 0.2 h−1. The bioreactor volume was kept constant via an overflow tube connected to a sample bottle. For experiments with filters, a second peristatic pump (Alitea-XV, Stockholm, Sweden) was used to recirculate cells through the filters at a flow rate of 26.7 mL min−1.



The bioreactor was mounted atop an optical array (model SFR vario by PreSens GmbH, Regensburg, Germany) to non-invasively and simultaneously sample time series of optical density (OD) for biomass, dissolved oxygen (DO), and pH in the bioreactor chamber (Figure 1). To sample DO and pH, the array used chemically treated spots that were autoclavable. The DO spots (SP-PSt3-YAU-D7_YOP) reacted with oxygen molecules and emitted a fluorescent signal at 505 nm. The pH spots (SP-PG1-V2-D7-US-SA-2004-1) reacted with hydrogen ions and fluoresced at 470 nm. These two spots were glued to the inside bottom of the bioreactor chamber, aligned with the optical detectors for DO and pH (Figure 1a). Optical density (OD) of yeast in the bioreactor was measured as backscatter from cells with illumination provided at a peak wavelength of 605 nm by an LED and absorption determined over the visible band by a positive intrinsic negative (PIN) photodiode. Additionally, the optical array measured ambient temperature and pressure.



Pre- and post-calibrations of DO and pH were done using standard solutions. Biomass (OD) measured by the optical array was calibrated every 10–12 h from grab samples (2 mL) analyzed on the Eppendorf spectrometer (Eppendorf plus) at 650 nm. Data dropouts were not interpolated and missing points, displayed as zeros, were deleted from the time series. This resulted in gaps in the time series. Aberrant data points were not edited, deleted, or interpolated, resulting in rapid spikes and declines in some time series.




2.2. Culture Conditions


Cultures of wild type Saccharomyces cerevisiae (BY4742, MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0) were obtained from Dr. R. Willaert at the University of Brussels, Vrije. For steady-state experiments, cells were grown in 7.5 g L−1 glucose in either yeast extract-peptone dextrose (YPD) or synthetic complete (SC) media. Glucose and media were autoclaved separately and combined under sterile conditions.



YPD was made with 1% yeast extract (BD 212750), 2% peptone extract (BD 211677) and either 2% glucose for inocula or 0.75% for steady-state cultures. This is the same composition as in commercial YPD, sold as Gibco® (Thermo Fisher, Waltham, MA, U.S.A.) and NutriSelect®Basic (Sigma-Aldrich, St. Louis, MO, U.S.A.). The SC media was prepared with yeast nitrogen base (YNB) without amino acids, which were added separately.



Since the composition of YPD is seldom analyzed or reported, an example of its composition is provided in Table 1 to compare with the composition of the SC medium, keeping in mind that media can vary from batch to batch depending on the contents of each extract.



Inocula were prepared in YPD batch cultures of 100 mL with 20 g L−1 glucose, and cells were grown at 30 °C on a shaker (250 rpm). Within 24 h, the yeast culture was transferred to two, 50 mL centrifuge tubes and centrifuged for 10 min at 4000 rpm to concentrate the inoculum. YPD was decanted and the remaining cell concentrate was washed with either YPD or SC medium (7.5 g L−1 glucose), then vortexed for 20 s and centrifuged again. After three washings, the inoculum was prepared by mixing cells in 10 mL of medium, then measuring OD at 650 nm on an Eppendorfplus spectrometer (Eppendorf Co.). The dry weight of the inoculum was estimated based on a predetermined linear relationship (N = 102, r2 = 0.955):


Biomass = 0.1073 + (0.2225 mg/mL OD) × ODmeasured



(1)







After inoculating the growth chamber, the volume was adjusted to 40 mL, mixed manually to homogenize the cell distribution, and the OD was measured again to determine the initial biomass, t0, in the system.




2.3. Oxygenation Methods


Since the optical spots were mounted to the bottom of the bioreactor chamber, a stir bar would have interfered with data acquisition and therefore could not be used as a means for oxygen transfer. Consequently, other methods of aeration were tested. Seven experiments were conducted to determine the oxygenation rates of the YPD medium. The ambient conditions during these aeration experiments were relatively constant. Temperatures had a maximum change of 0.5 °C, while the maximum difference in barometric pressure was 19 mbars (Table 2). This resulted in a maximum change in DOs of 0.2 mg L−1.



For experiment 1, the YPD medium was bubbled with sterile air using a 0.2 mm filter in-line with an air pump (Q = 0.2 L min−1). In experiment 2, the bioreactor operated as a continuously stirred tank reactor (CSTR) mixed with an impellor motor (3 V, Motraxx LRE-280RAC-2865) at 13800 rpm to transfer oxygen from the headspace. In experiment 3, DO levels were chemically enhanced by adding 200 mg L−1 of hydrogen peroxide (PEROX-AID®) to the bioreactor and mixed by recirculating the bioreactor volume using a peristaltic pump (Q = 26.7 mL min−1). In experiment 4, oxygenation and mixing were performed using a flat membrane filter (Evenflow, PTFE 44) in-line and downstream of the recirculating peristaltic pump. For experiment 5, a Liqui-Cel (G569.75x), hollow-fiber filter (HFF) with a volume of 2.5 mL was substituted for the flat plate membrane.



In experiment 6, yeast cultures were aerated with a polydimethylsiloxan hollow-fiber filter with a volume of 1.5 mL (PDMSXA-100 cm2 by PermSelect Ann Arbor, MI, USA)—hereafter referred to as the PDMS, in-line with the recirculating peristaltic pump (Figure 2). Lastly, in experiment 7, the SC medium was oxygenated using the PDMS downstream of the recirculating pump in order to compare with oxygenation rates of the YPD medium.



For experiments 4–7 (i.e., filters), the recirculation pump had a constant flow (26.7 mL min−1) that continuously passed cells over the filter to provide aeration. The retention time in the growth chamber was 1.9 min, which was sufficient to keep yeast suspended without causing cell lysis. Initially, the air pump was connected to the filters and a CO2 trap was placed between the filters and recirculation pump (Figure 2b), but these were omitted since they had no impact on gas transfer in the cultures.



To determine how fast the filters could replenish oxygen-free YPD and SC media, 10 mg mL−1 of Na2SO3 was prepared in stock media and 20 mL added to the sample chamber, after removing 20 mL of oxygenated medium [4]. As a control, filtered de-ionized water (FDIW) was aerated with the filters and DO was monitored without and with the addition of Na2SO3.



Generally, oxygen transfer rate to the medium, from gas to dissolved state, was quantified as the coefficient:


   K L  a =   d D O     d t      1   (  D  O s  − D  O  B r    )         



(2)




where DOs is the saturated oxygen concentration and DOBr is the oxygen concentration in the bioreactor. For the impeller (treated as a CSTR), KLa was defined as:


   K L  a =   − l n  (    D  O s  − D  O  B r N     D  O s  − D  O  B r 0      )     t N  −  t 0     



(3)




where the subscripts 0 and N are for the beginning and end time of the measurement, respectively. For the membrane and hollow-fiber filters, the KLa was calculated as:


   K L  a =   Q D  O  B r     A   l n  (  1 −   D  O  B r     D  O S     )     



(4)




where Q is the fluid flow rate through the filters in mL min−1. The PDMS filter volume was 2.1 mL and its lumen surface area was 100 cm2. For all KLa measurements, the mass transfer rate has units of min−1.



Oxygen utilization rate (OUR) by the yeast was determined as:


    d D O     d t   =  K L  a  (  D  O s  − D  O  B r    )  −  q  D O   ∗  X  b i o m a s s    



(5)






    d D O     d t   =  K L  a  (  D  O s  − D  O  B r    )  − O U R  



(6)







Such that OUR = qDO(Xbiomass) where qDO is the specific respiration rate per unit biomass and Xbiomass is the biomass concentration.



Solving for OUR gives,


  O U R =  K L  a  (  D  O  S     − D  O  B r    )  −   d D  O  B r     d t      



(7)







For steady-state conditions d/dt = 0 and Equation (7) reduces to


  O U R =  K L  a  (  D  O  S     − D  O  B r    )   



(8)







For all experiments, DOBr and DOS were corrected for changes in temperature and atmospheric pressure (Table 2).



Analysis of variance (ANOVA) was conducted on data from the same time series and separate time series using SPSS v27 and a Tukey test was used to discriminate differences between means. Statistical tests were run for unequal variance with alpha values set to 0.01. Mean values, plus and minus one standard deviation, are used throughout the paper and in all tables where the sample size is designated by N.





3. Results


3.1. The Bubbling Method


Filtered air was bubbled in the YPD medium of the culture chamber using an air stone (i.e., sparge) connected to an air pump (Figure 3a). However, bubbles adhered to the DO and pH spots interfering with the optical measurements (Figure 3a).



As an alternative, filtered air was bubbled into the medium reservoir (Figure 3b) and pumped into the growth chamber at the dilution rate of 0.2 hr−1 (Q = 10 mL hr−1). The average rate of decrease in dissolved oxygen was −0.23 ± 0.03 mg L−1 min−1. The decrease in DO indicated that oxygen was consumed by the yeast (i.e., respired) at a greater rate than the medium could replenish it. This is illustrated in Figure 3c.




3.2. The Impeller Method


The impeller method (Figure 4a) was very effective for transferring oxygen over the air-medium interface. The average rate of aeration was 0.15 ± 0.16 mg L−1 min −1 and DO remained high for all replicated experiments. A typical time series is shown in Figure 4b, where DO in the YPD culture was initially 6.8 mg L−1 and biomass was 2.8 mg mL−1 (the pH sensor failed). After diluting the culture with low DO medium (0.5 mg mL−1 oxygen), DO was reduced from 6.8 to 3.8 mg L−1, however, mixing rapidly increased DO to 5.7 mg L−1 within 10 min, and equilibrated at approximately 6 mg L−1.




3.3. The H2O2 Method


YPD medium was chemically oxygenated by adding hydrogen peroxide, which gave a mean aeration rate of 0.40 ± 0.15 mg L−1 min−1. However, for all replicated experiments, dissolved oxygen decreased over time to anoxic levels. This is illustrated by the time series in Figure 5 where the anoxic medium increased from DO < 0.5 mg L−1 to 12 mg L−1 within 5 min but was reduced to 1.1 mg L−1 in less than 30 min. Coincident with the addition of H2O2, biomass deceased from 4 mg mL−1 to a steady-state value of 1.2 mg L−1, which may have been a response of cells to the strong oxidizing potential of peroxide (O22−), which is toxic for the yeast.




3.4. Flat Membrane Filter Method


For the flat plate filter, low DO medium was inoculated with yeast and circulated over the membrane using the recirculating pump. The average aeration rate was −0.21 ± 0.35 mg L−1 min−1, indicating that the membrane could aerate the cultures. Figure 6 shows that DO was unable to increase in concentration and remained low even when the biomass was diluted from 8.9 to 2.3 mg mL−1 with low DO medium. After shaking the flask (at t = 77 min) to mechanically aerate the bioreactor, the DO increased slightly to 2 mg L−1 but rapidly decreased again.




3.5. The LiquiCel Hollow-Fiber Filter (HFF) Method


The Liqui-Cel HFF had a negative aeration rate with an average of −0.26 ± 0.13 mg L−1 min−1. A typical run is shown in Figure 7.



The DO decreased from 4.1 mg L−1 to a nearly constant level of 0.18 mg L−1 as a result of yeast respiration being higher than the aeration rate. The pH was fairly constant between and 5.5 and 5.3. The biomass initially increased from 2.1 to 2.8 mg mL−1 as a result of initial cell mixing, but thereafter remained constant.




3.6. The PDMS Hollow-Fiber Filter (HFF) Method


Aeration of yeast cultures with the PDMS filter and YPD was not effective over the long term. Overall, DO declined at an average rate of −0.14 ± 0.29 mg L−1 min−1. For example, in Figure 8a DO was initially high at 6.8 mg L−1 but within 240 min, DO decreased to a low of 0.18 mg L−1 as a result of yeast respiration.



Biomass was initially steady at 1 mg mL−1 when DO was high, but as oxygen was depleted, biomass fell to a minimum of 0.35 mg mL−1 over a 10 h period. Biomass increased again during anoxic conditions to a high of 2.1 mg mL−1. The pH decreased linearly from 7.4 to 5.8 as respired CO2 increased. Thereafter, pH was nearly constant at 5.8.



The experiment was repeated after cleaning the PDMS by flushing the 100 mL of 70% ethanol, rinsing with 100 mL of filtered de-ionized water (FDIW), and re-inoculating the YPD. However, even after cleaning the filter, the DO in the culture progressively decreased Figure 8b).



Using the same PDMS filter (after cleaning), the experiment was repeated using the SC medium. In all runs with SC medium, the PDMS filter kept the yeast cultures aerated at an average rate of 0.26 ± 0.13 mg L−1 min−1. The final time series in Figure 9a illustrates how DO recovered each time Na2SO3 was added. Initially, DO was high and steady at 7.6 mg L−1. After the first addition of Na2SO3, at t = 16 min, the DO in the bioreactor was reduced to 0.33 mg L−1 within 14 min, at a rate of −0.24 mg L−1 min−1. After a 2-fold dilution of Na2SO3 solution, the DO rose to 1.2 mg L−1 before the next addition at t = 116 min as Na2SO3. Despite the data dropouts in the time series between minutes 229 and 334, there was an increase in the DO concentration to 4.2 mg L−1 over this time period. This increase in DO was not an artifact as demonstrated by: (1) the rapid increase in DO from 3.4 to 6.6 mg L−1 after the addition of a small volume of Na2SO3 at 366 min; and (2) a longer time series (2.1 days) where both DO and pH increased slightly and biomass remained constant (Figure 9b). For this longer time series, DO was near 4.1 mg L−1, which was sufficient to maintain aerobic cell respiration.




3.7. Analysis of Methods


Of the seven aeration methods, four could not effectively aerate cultures. Negative trends in aeration (i.e., DO over time = dDO/dt) occurred in the YPD medium for bubbling, flat membrane, Liqui-Cel, and PDMS methods, indicating that these methods could not replenish DO at rates equal to or greater than respiration rates of the yeast cultures.



The three methods that did provide sufficient aeration for cultures were the PDMS filter using SC medium and the impeller, and H2O2, both using YPD medium. While the H2O2 trend was only transient, both the impeller/YPD and the PDMS/SC methods did reach a steady state, however, DO trends were not statistically different (N = 3, |t| = 2.01, p = 0.098).



To determine the effectiveness of the PDMS filter to oxygenate the two media, several time series were collected using only the YPD and SC media without yeast. In an anoxic YPD medium, DO never recovered (for example in Figure 10a where DO remained low and constant below 0.22 mg L−1). Even after cleaning the filter and repeating the experiment with oxygenated YPD the maximum DO of 5 mg L−1 progressively decreased despite continued aeration through the PDMS filter (Figure 10b). This negative aeration rate represents a negligible oxygen transfer rate, KLa.



To determine the KLa for the SC medium, Na2SO3 was added periodically and the increase in DO was monitored. The result was an average aeration rate of 0.34 ± 0.13 mg L−1 min−1. As a control, FDIW was substituted for SC resulting in an average aeration rate of 0.37 ± 0.12 mg L−1 min−1. Both these processes are illustrated in Figure 11. DO of the SC medium was initially high and constant at 7.6 mg L−1 which decreased to 7.1 mg L−1 after the first addition of Na2SO3 (Figure 11a). A second addition reduced DO to 1.2 mg L−1 at a rate of −0.05 mg L−1 min−1, but the medium rapidly reached a DO of 7.6 mg L−1 at a rate of 0.69 mg L−1 min−1. The same trend occurred using FDIW, where the DO was initially high and constant at approximately 8 mg L−1 (Figure 11b). After Na2SO3 was added to the FDIW, DO decreased to <1 mg L−1 but was soon re-aerated by the filter.



To determine if the mean KLa values for the PDMS filter with SC and FDIW (i.e., no yeast) are representative of other bioreactors, they were compared to literature values of other aeration methods (Table 3). An ANOVA of the KLa data indicate the methods were not statistically different (df = 33, F = 0.525, p = 0.597). Additionally, when YPD was used with the PDMS filter, the aeration rate was near zero, and YPD without glucose gave the same result (Table 3).



Few papers report the oxygen uptake rate (OUR) of yeast in continuous cultures and those that do seldom provide KLa values for their aeration method. However, some values for S. cerevisiae are shown in Table 4 along with our experimental results. Statistically, there is a difference in the mean OUR values (df = 24, F = 4.93, p = 0.006), where PDMS/SC was greater than literature values, most of which were for sparged-impellers.



To resolve if this difference was a result of different biomass concentrations, qO2 means were calculated by standardizing OUR by biomass for those data sets where both OUR and biomass were available. Interestingly, none of the qO2 means were statistically different (df = 24, F = 0.714, p = 0.558), indicating that biomass could not account for the high oxygen uptake rates of the PDMS/SC method.





4. Discussion


The KLa values for the steady-state impeller/YPD and the PDMS SC methods were in the same range as most bioreactor aeration processes using yeast media and de-ionizer water. The most surprising result was the negligible KLa coefficients for PDMS/YPD method. Some studies have suggested that the viscosity of the broth plays the dominant role in reducing gas transfer to cultures as a result of substances in the solution, for example, sugars, especially in high concentrations [4,19]. Yet glucose concentrations were the same in the YPD and SC media (7.5 g L−1) for all the experiments. However, additional experiments using the PDMS filter and YPD with and without glucose confirmed that the YPD medium, and not the glucose, inhibited oxygen transfer in the hollow-fiber filter. The main differences of the YPD recipe from SC were the concentrations of the yeast nitrogen base and various amino acids (Table 1). Thus, one possibility is that amino acids in the medium could have clogged filter surfaces. For example, arginine, isoleucine, and phenylalanine were determined to be “sticky” in comparison to lysine and glutamic acid [35]. While it is conceivable that amino acid concentrations may have accounted for the difference in KLa values between the two media, it is also possible that other constituents in the exacts contributed to this effect.



It is known that KLa can be enhanced with higher mixing rates [5,12] as demonstrated by the impeller experiment. However, increased mixing increases shear stress on cells and can potentially damage them [36]. The highest KLa for a bioreactor, which was nearly 10 times higher than the average values in Table 3, was achieved with a PDMS filter at a high flow rate. However, increased flow through these filters also equates to increased shear stress on cells. The low flow rate (i.e., recirculation rate) in our PDMS/SC experiments not only achieved adequate aeration rates but kept cells growing at a constant specific growth rate of 0.2 h−1.



The measurement of DO also affects the calculation of KLa. Aroniada et al. [5] caution that the use of membrane DO probes have slow response times at high DO levels which increase when DO tends to zero. The use of the optical array to measure DO eliminated this variability, as evidenced by the immediate response of the DO spot to the addition of Na2SO3 to the media and FDIW. However, air bubbling in the bioreactor chamber is not compatible with this non-invasive sensor array since bubbles often adhered to the optical spots.



The oxygen utilization rate (OUR) using the PDMS filter differed depending on the medium in the bioreactor, which was also found for other filters [7]. For the continuous cultures, the lowest oxygen uptake rate (OUR) was in the YPD medium coincident with the lowest biomass. OUR progressively increased as biomass increased (not shown). The fact qO2 levels were not different indicates that biomass cannot account for the higher OUR values of the PDMS/SC method, signifying that the PDMS/SC method is superior to sparged-impeller aeration in maintaining highly oxygenated cultures.




5. Conclusions


Overall, the PDMS hollow-fiber filter in combination with the SC medium maintained near saturating DO levels for most cultures. This was essential since at low dilution rates the volume of the aerated medium being fed to the bioreactor was inadequate to supply cells with sufficient oxygen. Overall, the PDMS/SC method is easy to use, provides sufficient aeration of the yeast culture at lower mixing and dilution rates for moderate biomass concentrations. Combined with the novel PreSens sensor array, the system provides non-invasive, continuous sampling of aerobic yeast respiration in small sample volumes and thus may be suitable for space applications.
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Figure 1. (a) the optical window of the sensor array showing the detectors for dissolved oxygen (blue rectangle, top left), pH (red rectangle, top right), and optical density (green rectangle, bottom); (b) the optical sensor array with the arrow pointing to the optical window; and (c) the complete bioreactor system with the bioreactor flask atop the optical array. 
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Figure 2. Three filter technologies. (a) From left to right: the PDMSXA-100 cm2 (PDMS) filter, the Evenflow flat membrane filter, and Liqui-Cel filter; (b) schematic of the bioreactor system showing the filter location (in blue) downstream of the recirculating pump. 
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Figure 3. Bubbled YPD medium in: (a) the culture chamber; (b) the medium reservoir to the left of the culture chamber; and (c) time series of aerated medium delivered at D = 0.2 h−1. Colors are blue for DO, red for pH, and green for biomass. 
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Figure 4. (a) Set-up of stirred bioreactor; and (b) a time series of the bioreactor mixed with an impeller and YPD medium. Colors are blue for DO and green for biomass. 
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Figure 5. Hydrogen peroxide addition to YPD medium in the bioreactor (arrow). Colors are blue for DO, red for pH, and green for biomass. 
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Figure 6. Oxygenation of the bioreactor with the flat membrane and YPD medium. Colors are blue for DO, red for pH, and green for biomass. 
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Figure 7. Liqui-Cel HFF and YPD medium. Colors are blue for DO, red for pH, and green for biomass. 
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Figure 8. PDMS hollow-fiber filter with YPD medium for: (a) longer term experiment and (b) after cleaning the PDMS filter. Colors are blue for DO, red for pH, and green for biomass. 
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Figure 9. (a) PDMS hollow-fiber filter using SC medium with additions of Na2SO3; (b) longer term, time series of the steady-state culture using the PDMS bioreactor with SC but no Na2SO3 additions. Colors are blue for DO, red for pH, and green for biomass. 
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Figure 10. (a) YPD aeration with the PDMS hollow-fiber filter; (b) PDMS washed with 100 mL of FDIW to remove YPD. 
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Figure 11. Oxygenation using the PDMS hollow-fiber filter with (a) SC medium without yeast and (b) filtered de-ionized water. 
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Table 1. Formula for the SC medium and an example of the composition of YPD.
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	Composition 1
	YPD 2

(mg L−1)
	SC

(mg L−1)
	Composition 1
	YPD 2

(mg L−1)
	SC

(mg L−1)





	(NH4)2SO4
	0
	5000
	Lysine
	183
	76



	YNB
	17,000
	6700
	Methionine
	61
	76



	Amino acids
	2611
	1216
	Phenylalanine
	192
	76



	Alanine
	257
	76
	Proline
	
	



	Arginine
	292
	76
	Pyrrolysine 2
	
	



	Aspartic acid
	
	
	Serine
	122
	76



	Asparagine
	102
	76
	Selenocysteine
	
	



	Cysteine
	
	76
	Threonine
	95.1
	76



	Glutamine
	397
	76
	Tryptophan
	
	



	Glutamic acid
	
	
	Tyrosine
	102
	76



	Glycine
	120
	76
	Valine
	170
	76



	Histidine
	42.5
	76
	Nucleic acids
	
	



	Isoleucine
	
	
	Adenine
	ND 3
	18



	Leucine
	212
	176
	Uracil
	ND 3
	76







1 Twenty amino acids from nine essential, six conditionally essential, and five non-essential amino acids. 2 Non-essential amino acids normally not in either medium. The YPD composition from [11]. 3 ND—No Data.
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Table 2. Operating conditions during the different experiments.
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	Experiment
	Repeated
	Medium
	Temperature

(°C)
	Pressure

(mbars)
	DOS1

(mg L−1)





	1 Bubbling
	4
	YPD
	26.4 ± 1.1
	973.8 ± 0.31
	7.74



	2 Impeller
	3
	YPD
	26.4 ± 1.1
	973.8 ± 0.31
	7.74



	3 H2O2
	3
	YPD
	26.8 ± 0.18
	973.8 ± 0.50
	7.69



	4 Flat Membrane
	2 2
	YPD
	26.6 ± 0.10
	965.0 ± 2.4
	7.65



	5 Liqui-Cel HFF
	3
	YPD
	26.6 ± 0.10
	965.0 ± 2.4
	7.65



	6 PDMS HFF
	8
	YPD
	26.3 ± 0.65
	957.2 ± 0.11
	7.62



	7 PDMS HFF
	5
	SC
	26.8 ± 0.23
	949.1 ± 0.35
	7.54







1 Dissolved oxygen in the bioreactor (DOBR) and the saturated DO (DOs) were taken at the end of the experiments. Values were compensated for temperature and pressure. 2 Repeated three times but one file was corrupted.
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Table 3. KLa from experiments and the literature.
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	Aeration Process
	Medium
	KLa (min−1)
	N 1
	References





	Bubbled
	Broth
	0.30−2.4
	4
	[12,13]



	Bubbled
	DIW
	1.5−3.4
	2
	[14]



	Impeller (CSTR)
	Broth
	0.09−1.7
	4
	[2,15]



	Impeller-Sparged
	Broth
	0.30−2.4
	15
	[16,17,18,19,20,21,22,23,24,25,26,27,28,29,30]



	Impeller-Sparged
	DIW
	0.24−5.5
	8
	[5,12,23,28]



	Membranes
	WW 2, Broth
	0.13−8.1
	3
	[9,31,32]



	Various HFF
	DIW
	0.03−2.7
	8
	[9,10,33]



	PDMS 2500
	DIW
	0.33−7.8
	2
	[10]



	PDMS 100 1
	FDIW
	1.3−1.7
	5
	This study



	PDMS 100 1
	SC
	1.1−1.5
	4
	This study



	PDMS 100 1
	YPD
	≤−0.09
	4
	This study



	PDMS 100 1
	YPD (no glucose)
	≤−0.02
	3
	This study







1 N—sample size. 2 WW—wastewater.
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Table 4. Oxygen uptake rates of yeast 1.






Table 4. Oxygen uptake rates of yeast 1.





	Method
	Biomass

(mg mL−1)
	KLa

(min−1)
	OUR2

(mg O2 L−1 min−1)
	qO2 (mg O2 gDwt−1 min−1)
	N 3





	H2O2/YPD
	2.3−3.5
	2.3 ± 1.2
	2.3 ± 0.29
	3.7 ± 5.7
	3



	Impeller/YPD
	0.3−2.67
	0.87 ± 0.02
	6.0 ± 3.1
	2.3 ± 1.2
	3



	PDMS/YPD
	0.6–1.2
	negligible
	−0.18 ± 0.32
	0.06 ± 0.09
	4



	PDMS/ SC
	1.4–38
	1.3 ± 0.17
	5.6 ± 4.3
	3.0 ± 4.1
	4



	Sparged-Impeller [20,23,24,25,26,27,29,30,34]
	1.4−50
	1.3 ± 0.17
	0.88 ± 1.0
	4.8 ± 5.7
	13







1 All yeast are S. cevevisiae except for one, Schizosaccharomyces pomb [25]. 2 For negligible KLa, OUR was calculated based on dDO/dt. OUR is reported as positive uptake. 3 N is the sample size.
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