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Abstract

In this demonstration, spheroids formed from the β-TC6 insulinoma cell line were cultured as a model of manufacturing a mammalian islet
cell product to demonstrate how regulating nutrient levels can improve cell yields. In previous studies, bioreactors facilitated increased culture
volumes over static cultures, but no increase in cell yields were observed. Limitations in key nutrients such as glucose, which were consumed
between batch feedings, can lead to limitations in cell expansion. Large fluctuations in glucose levels were observed, despite the increase in
glucose concentrations in the media. The use of continuous feeding systems eliminated fluctuations in glucose levels, and improved cell growth
rates when compared with batch fed static and SSB culture methods. Additional increases in growth rates were observed by adjusting the feed
rate based on calculated nutrient consumption, which allowed the maintenance of physiological glucose over three weeks in culture. This method
can also be adapted for other cell types.

Video Link

The video component of this article can be found at https://www.jove.com/video/52224/

Introduction

In order to generate large numbers of viable and functional human cells for transplantation, regulation of the culture conditions is imperative.
Depletion of nutrients, along with buildup of metabolic waste are major contributors to senescence and metabolic changes that reduce the quality
of the cell product1–3. This procedure demonstrates a method to culture mammalian cells in spheroids using a stirred bioreactor combined with
an adjusted rate perfusion feeding system to regulate glucose in a physiological range4 throughout the duration of the culture. For the purpose of
these studies, the physiological range was defined as between 100 and 200 mg/dl. The same methods can be used to regulate other nutrients
and metabolic wastes such as lactate.

Static cultures in small volumes (1 - 30 ml) are typically used in the laboratory setting to maintain and differentiate cell lines for experimental
purposes. Cell passaging is performed with complete medium changes as needed at regular intervals. Most “conventional” culture medium has
a high glucose concentration (450 mg/dl for DMEM used in these studies) to allow for less frequent medium changes without the risk of nutrient
limitations. However, this batch-feeding method still requires frequent manipulation, introduces variability in the cell environment, and increases
the risk of contamination5–9. Stirred suspension bioreactors (SSB) provide better mixing and decreased handling3,10–20, but like static cultures,
require manual medium changes that contribute to potentially damaging fluctuations in nutrient and waste product levels. Perfusion feeding of
SSB cultures reduces these problems by continuous infusion and removal of medium, but large changes in nutrient levels due to cell growth
remain an issue. The use of an adjusted feeding rate from calculations of nutrient usage based on estimated cell requirements can provide the
stable cell environment required to optimize cell viability and function21–24.

There is a large body of literature describing methods for scalable SSB cultures of mammalian cells specifically for culture and expansion of
pluripotent cells25–32, with others focused on islet (beta) cells17,33,34, or production of biological products24,35–38. Many of these investigated
cell types may be grown in spheroid cultures, and specific procedures for the cell type being used should be optimized prior to implementing
a continuous feeding system. In this demonstration, a perfusion feeding method was used to expand a beta cell line grown as spheroids in a
stirred bioreactor39–43. The method described herein provides a straightforward implementation of feeding rate adjustments based on off-line
glucose measurements to achieve targeted culture conditions. Adjusting the feed rate with this method to maintain a physiological glucose level
is shown to increases cell yields. Mammalian cells are dependent on a key nutrient, glucose, for energy production, so the use of this cell line
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represents a model for many cultured mammalian cells44. In addition, this line exemplifies the further complexity of beta cells, which are sensitive
to chronic high levels of glucose45. For this study, β-TC6 cells were allowed to form spheroids in culture to approximate the average size of
islets of Langerhans in vivo. The perfusion bioreactor system17–19,21,46 with a feed rate adjusted to glucose consumption, resulted in maintaining
physiological conditions and higher cell yields without changes in viability.

Protocol

1. Cell Line and Maintenance

1. Obtain β-TC6 cells (or other desired adherent mammalian cell line). In preparation for the study, culture, passage, and cryopreserve the cells
according to provider instructions.

2. Assemble the Continuous Feeding System

NOTE: The continuous feeding system design in the method below was based on similar systems described in literature17–19,21,47–49. Assembly of
the system used here is described in detail in a previous publication3.

1. Collect the components needed for the feeding system which consists of five primary components: a medium reservoir, peristaltic pump,
stirred bioreactor, waste reservoir, and custom designed tubing/sampling set.

1. Establish the medium reservoir using a 1 L glass bottle, the waste reservoir using a 2 L glass bottle, and the stirred bioreactor using a
250 ml volume glass reactor (off the shelf version).

2. Use a digital peristaltic pump or similar pump with an 8 channel pump head to control medium exchange.
3. Manufacture the reservoir and modified bioreactor lids from hard and autoclavable plastic with stainless steel pipe pass-through ports

to provide ventilation through sterile filters, and allow for medium transfer between reservoirs and bioreactors. Alternatively, purchase
specialized lids with flow ports from various vendors.
 

NOTE: The bioreactor lid may contain additional pass-through ports for optional instrumentation and monitoring probes (e.g., oxygen
monitor).

4. Attach an outflow tube (OT) fabricated from porous glass aeration tubes with an average pore size range of 40 µm to 60 µm, and
a pore density of 40% to the modified SSB lid. Alternatively, choose another outflow tube based on the specific requirements of the
culture.
 

NOTE: Choose the OT pore size to remove only medium and cell debris, leaving cell aggregates in culture (as described in section 6
and publication3 for more details).

2. Assemble autoclavable perfusion tubing sets from polyvinylidene fluoride (PVDF) tubing connectors and durable peristaltic pump tubing. The
length of the section is dependent on the distance between the different components.
 

NOTE: Take special care when selecting tubing variety to ensure durability and reliability for long term experiments.
3. Assemble the tubing set from three parts: a feed line, a waste line, and a sample line.

1. Assemble the feed line using two tubing diameters (L/S 14 and L/S 13). Use the L/S 14 for the primary tubing that will span the
distance from the bioreactor to the medium reservoir, and insert a short length of L/S 13 in the middle of the tubing length for the pump
section using the appropriate PVDF adaptors.

2. Use Standard PVDF hose-barbed tubing adaptors to join two pieces of L/S 14 tubing on either side of the shorter pump section (L/S
13) tubing.
 

NOTE: Alternatively, the entire length of tubing could be smaller-diameter L/S 13 tubing, and the entire tubing length could be replaced
when the pump-section integrity is in question.

4. Assemble the second tubing section for waste removal using larger diameter (L/S 16) tubing and insert a short section of L/S 14 tubing in the
middle for the pumping section. This is done in the same way as the feed line assembly using PVDF hose-barbed adaptors, or alternatively
using a continuous length of the desired pump tubing size, and replacing as needed.
 

NOTE: If the same pump and pump head are used for the feed circuit and the waste circuit, the pump section of the waste removal tubing
lines must be a larger diameter than the pump section of the feeding line. This ensures that the removal pump rate is faster than the feed
rate, and will avoid the potential for large changes in the culture volume, and reduce the risk of overflow.

5. Assemble the final component of the tubing set: a sample collection assembly.
1. This procedure describes a custom assembled sampling port system; alternatively, a sterile sampling port may be purchased from

various vendors.
2. Construct the set from three short (~ 6 cm) L/S 14 tubing lengths connected together with a T-type PVDF connector, and two small

hose clamps on two of the tubing lengths.
3. Attach a sterile gas filter for gas venting to one of the clamped lengths, and the other is used for connection to a sterile sampling

syringe (sterile gas filters may need to be added in a bio-safety cabinet following sterilization as many sterile filters are not
autoclavable).

4. Connect the third end to a stainless steel sample connector attached on the lid of the bioreactor.
5. Autoclave the sampling assembly while connected to the bioreactor prior to beginning the experiment (refer to step 3 below).
6. Use this assembly to collect sterile samples from the bioreactor as needed without disturbing the continuous feed process.

3. Autoclave All Materials

1. Prepare all bioreactor components for autoclave sterilization.
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2. Collect individual components for sterilization. Medium and waste reservoirs (assembled from step 2.1.1), 250 ml spinner flask (assembled
from 2.1.1), necessary modified lids (assembled from 2.1.3), outflow tube (described in 2.1.4), three tubing sets (assembled in sections 2.2
through2.5), outflow tube (as needed for continuous feeding).

1. Assemble spinner flask with all components and be sure the outflow tube is firmly attached inside the spinner flask (described in
section 2.1.4), and attach the custom assembled sampling port (section 2.5), or other sampling port to the top of the lid.

2. Wrap the entire spinner flask assembly with autoclave wrap material, and autoclave indicating tape. Be sure that the wrap airtight.
NOTE: Aluminum foil or similar material can be used to cover the individual ends of each access port in the bioreactor lid to preserve
sterility of the connector/ends when unwrapping and when non-connected to the tubing sets inside the incubator.

3. Assemble the modified lids of the medium and waste reservoirs and then attach to the respective glass bottles. Cover them using
aluminum foil and autoclave indicating tape.

4. Individually wrap the tubing sets (section 2.2 - 2.5) with autoclave wrap and tape to assist in final assembly. Aluminum foil or similar
material can be used to wrap the individual ends of each tubing set to preserve sterility of the connector/ends when unwrapping.

5. Autoclave all wrapped items using a standard dry autoclave cycle (e.g., “Gravity” setting with ~ 15 psi at 121 °C for 30 min or more).
 

NOTE: Do not attach sterile filters prior to autoclaving unless they are confirmed to be autoclave safe.

4. Spheroid Formation

NOTE: This technique is similar to those described in the literature17–19,21,50–52 for other mammalian cell cultures. All procedures following
sterilization should be done in a laminar flow hood and using sterile gloves to maintain sterile conditions for cell culture.

1. For all conditions, culture and expand β-TC6 cells in standard adherent cultures (described by vendor) until sufficient cell quantities are
obtained to seed the desired number of bioreactors.

1. Assemble the continuous feeding bioreactor with outflow tube as shown in Figure 1 and described in section 2, and connect sampling
port to sampling lid. NOTE: The outflow tube and sampling port assembly should be added to the bioreactor for continuous feeding
prior to spheroid formation, and should be pulled up out of the culture medium until continuous feeding is started.

2. Sterilize the modified SSB assembly by autoclave (described in section 3).
3. Attach sterile vents (0.22 µm or smaller sterile filters) to the appropriate locations on the lids of the spinner flask, and medium and

waste vessels.
 

NOTE: This is important to prevent vapor lock, and to allow gas exchange between the incubator (5% CO2) environment and the
bioreactor. The gas exchange is necessary to maintain the correct pH when using bicarbonate-buffered media.

2. Collect the cells by gentle trypsinization using 0.25% (w/v) Trypsin- 0.53 mM EDTA solution, at room temperature aided by mechanical
agitation for 2 - 3 min, and seed into bioreactors at a density of approximately 1.3 x 106 cells/ml in 200 ml culture medium.

1. Move designated flasks out of the incubator and into a Bio-Safety cabinet.
 

NOTE: All cell culture and manipulations should be done in a Bio-Safety cabinet using proper sterile technique.
2. Remove culture medium from flasks by aspirating.
3. Wash cells by pipetting 5 ml of phosphate buffered saline (without Ca++ or Mg++), into flask, and rinsing across the cells on the surface,

and then aspirate the PBS.
4. Add 3 ml of Trypsin-EDTA solution to each flask that will be collected (typically about 10x 175 cm2 T-flasks).
5. Allow harvested cells to incubate at room temperature for 2 - 3 min in bio-safety cabinet.
6. Agitate gently by hand to loosen cells from flask surface, and collect cells by adding 6 ml of culture medium (with serum) to the flask,

and transfer the cells to a 50 ml tube. When one 50 ml tube is full, use another 50 ml tube until all of the needed cells have been
collected (approximately one 50 ml tube will be needed for every 5 T-175 flasks collected).

7. Gently centrifuge (approximately 50 x gravity) the collected cell suspensions to pellet the cells.
8. Aspirate the remaining medium leaving the pellet intact.
9. Collect all of the cells in a single tube by re-suspending the pellets in culture medium (containing serum) using a pipette, and

transferring all pellets into the same tube.
10. Count the cell density using a standard hemocytometer with trypan blue staining as described in the literature53.
11. Add desired number of total cells to sterile SSB for each condition (1.3 x 106 cells/ml was the targeted starting cell densities for this

demonstration).
12. Add medium (with the desired glucose concentration, in this case we used medium glucose levels within the physiological range) to

SSB using a pipette to reach the desired total culture volume (200 ml culture volume was used for these studies).
 

NOTE: For these continuous fed SSB studies the cultures were seeded using a modified “low-glucose” version of the culture medium
(100 mg/dl). This allowed the cultures to start at the desired target glucose concentration rather than starting with a “high-glucose”
medium and waiting for the glucose consumption to bring the glucose levels down into the physiological range to begin feeding. All
other medium for feeding in these studies used the standard “high-glucose” medium (500 mg/dl).

13. Move SSB with cells to a stir plate inside a cell culture incubator.

3. Culture cells in the bioreactors without feeding for 3 days at 37 °C, with 5% CO2, 100% relative humidity, and a stir rate of 70 rpm to allow
spheroids to form.
 

NOTE: No significant proliferation should be observed during the three day spheroid formation period.
4. After spheroid formation, divide spheroids among bioreactors with desired culture conditions.

5. Continuous Feeding Culture and Adjusted Feed Rate

1. Autoclave or gas sterilize all of the components, and assemble in a biological safety cabinet using sterile techniques (steps 2 - 4).
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2. After spheroid formation, remove the SSB from the incubator and assemble the components for the continuous feeding system in a biological
safety cabinet.

1. First fill the fresh medium reservoir with the desired culture medium, and then connect to one side of the feed line. Also ensure that the
fresh medium reservoir is properly vented with a sterile filter.

2. Connect one side of the feed line to the feed inlet port on the bioreactor in a sterile manner. A sterile filter should be installed between
the feed line and the bioreactor inlet port to filter the medium before it enters the bioreactor.

3. Connect the waste line to the bioreactor outflow tube and the medium waste reservoir, and ensure that the waste reservoir is properly
vented with a sterile filter.

3. Move the assembly out of the biological safety cabinet (this will probably require two people to carry all of the vessels and tubing), and put all
components out for long-term culture.

1. Put the SSB onto the stir plate inside of the incubator using the same culture parameters for spheroid formation (37 °C, 5% CO2, 100%
humidity and 70 rpm). NOTE: It may be necessary to temporarily disconnect the tubing segments from the bioreactor if the lines need
to run through holes in the side of the incubator rather than out through the gasket in the door. This can be done in an aseptic way by
wrapping the ends of the tubing sets with aluminum foil prior to autoclaving (step 3), and waiting to attach the bioreactor side of the
feed and waste tube sections until the bioreactor is inside the incubator. The tube lines can be put in place, and the aluminum foil can
be removed inside the incubator and quickly attached to the bioreactor.

2. Run remaining ends of tubing sets (the ones not connected to the bioreactor lid) out through the incubator access port (pass-through),
or through a notch in the incubator door gasket.

3. Outside of the incubator (in a nearby biosafety cabinet if possible), quickly connect the feed line to the fresh medium reservoir, and the
waste line to the medium waste reservoir, and ensure that the waste reservoir is properly vented with a sterile filter. NOTE: To do this in
an aseptic manner, remove the aluminum foil from the tubing and vessel connectors and connect to the respective vessels as quickly
as possible (especially if this connection needs to be done outside of the biosafety cabinet).

4. Put fresh medium reservoir (filled with desired feed medium) inside nearby mini-refrigerator. Check to ensure that the feed and waste
lines are able to exit the incubator and enter the refrigerator without preventing the doors on each from closing. It is also critical that the
feed lines are not pinched closed by the doors of either the refrigerator or the incubator.
 

NOTE: The medium used for these studies was the standard high glucose (500 mg/dl) culture medium recommended by the vendor
for this cell type. Any high glucose medium could be used based on the specific needs of the cell type being cultured. The glucose
concentration of the feed medium should be reasonably higher (2x or more) than the desired concentration in the culture as the feeding
system relies on increasing the feed rate of high glucose medium to maintain adequate glucose levels in the cultures while maintaining
reasonable feed rates.

5. Next, the waste medium reservoir can be put on the bench top outside the incubator in a convenient location.
6. Next, place the “pump section” of the feed and waste lines into the pump head ensuring the proper orientation so that the feed lines

will pump medium from the fresh medium reservoir into the SSB, and the waste lines will pump medium from the SSB and to the waste
medium reservoir.

4. Turn the pump on to the desired feed rate.
1. Calculate the feed rate using the adjusted feed rate equation described in the literature3 and in the provided representative results

section below.
2. Use the most recent cell count information (procedure described in step 5) along with the growth prediction, and the medium glucose

measurements to estimate the feed rate needed to maintain the desired glucose concentration in the culture.
 

NOTE: The cell growth rates and glucose consumption rates will need to be obtained prior to doing these procedures.
3. Set the pump speed based on the calculated feed rate.

5. Repeat the feed rate calculation and adjust the pump speed for each sampling point (every three days for the described method).

6. Cell Counts, Viability, and Glucose Concentration Measurements

1. Collect samples from each bioreactor every three days, or as desired.
2. Take culture samples from continuously fed SSB cultures using the specialized sampling port described above.

1. Leaving the continuously fed SSB inside the bioreactor, attach a sterile syringe (a 5 ml volume syringe was used for these studies) to
un-filtered connection of the sampling port.

2. Move the sampling tube down into the culture medium.
3. Unclamp the tube section going to the syringe, and withdraw the desired total sample volume.
4. Move the sampling tube up so that it is no longer submerged in the culture, and continue to withdraw the syringe until air is removed.
5. Clamp the tube that feeds the syringe, and detach the syringe containing the sample, and set aside.
6. Pre-load a second fresh sterile syringe with air, and attach to the sterile filter side of the sampling port.
7. Unclamp the tube going to the syringe-filter side of the sampling port, and then purge the sampling port by gently expelling the air in the

syringe through the sterile filter. This ensures that the sampling port will be clear of any residual medium.
8. Re-clamp the tube going to the filter, disconnect the sterile syringe and discard it.

3. Take the syringe that contains the cell sample from the culture, and expel it into a 10 ml tube. Sub-samples of known volumes may be taken
directly from this tube.

4. For cell counts, remove a known volume of cells and transfer to a micro-centrifuge tube, and gently centrifuge for 1 - 2 min (approximately 50
x gravity).

5. Transfer the supernatant to a separate tube for glucose measurements, and re-suspend the pellet with the same volume of trypsin-EDTA
solution (0.25% (w/v) trypsin, 0.53 mM EDTA), and count in triplicate using a standard hemocytometer with trypan blue staining as described
in the literature53.

1. Add medium (with serum) to the sample for dilution as necessary.
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2. Count the cells, and calculate the cell viability by recording live (unstained) cells, and dead (stained) cells independently (viability % =
live cells / total cells).

6. Measure medium glucose levels in triplicate using a blood glucose meter and single use test-strips.
1. Take glucose measurements as described by the glucose meter instructions substituting the culture medium for blood.
2. Dip the test strip in the medium to be tested (collected from count samples above), and repeat for the desired number of replicates

(three replicates are recommended).
3. Test both the fresh medium and waste medium for glucose concentrations.

 

NOTE: For some meters, measurements lower than 20 mg/dl (detectable threshold of the meter), may be observed as an error in the
meter output.

7. Spheroid Settling Rate Measurements

1. To ensure that cell clusters are not being removed by the continuous feeding system, measure the settling rate of β-TC6 spheroids by
observing their sedimentation in a large diameter plastic pipette.

2. Culture β-TC6 cells in SSB bioreactors to form spheroids as described above.
3. After 3 days of culture, take 30 ml samples of the spheroid suspension and place in a 50 ml tube.
4. Gently pipet up and down using a wide diameter 25 ml pipette to distribute evenly in suspension, then stop pipetting with the suspension at a

known level in the pipet (e.g., 20 ml mark), and then record the time for all of the spheroids to settle 5 cm.
5. Repeat this procedure enough times to attain statistical confidence (usually n > 3).

 

NOTE: For biological studies, a p value less than 0.05 is considered to be statistically significant when comparing measurements. The
standard error of the mean was used for reporting errors, and the two tailed un-paired student-t test was used to compare conditions for the
presented data.

Representative Results

Medium Glucose Levels and Fluctuations Restrict Cell Expansion in Standard SSB Cultures

Glucose levels fluctuate in static cultures and SSB cultures throughout the culture period3. These fluctuations intensify with increasing cell
number during the 21-day culture period and were nearly identical in both static and SSB cultures. These observations are presented in our
previous publication3. The glucose levels can be super-physiological for the duration of the culture period for both methods. Because this chronic
exposure may inhibit cell growth54, a continuous feeding system was developed to eliminate glucose fluctuations and improve nutrient control
during spheroid culture.

Continuous Feeding System for Spheroid Culture

Continuously adding fresh medium and removing old medium for the duration of the culture period can be accomplished using a simple medium
replenishment system. The system described in Method 2 and shown in Figure 1 used a pump and tubing set to continuously replenish medium
and a separate outflow tube to continuously remove medium while preventing the removal of spheroids from the culture. The medium inlet was
at the opposite side of the reactor to minimize any possibility of interfering with the proper function of the OT, and to allow for thorough mixing.
Fresh medium (with high glucose, 450 mg/dl) was maintained at refrigerator temperature to ensure long term stability and continuously added
to the culture through a medium inlet with a full medium replacement rate every three days to replenish the nutrients. This system limited the
manipulations and intervention required during the culture period by replacing the manual batch medium replacement process with a continuous
process3,22,23. The cold medium entered the bioreactor in small volumes over time (0.046 ml/min) relative to the total culture volume (200 ml),
giving each “drop” of added medium time to equilibrate temperature with the surrounding culture medium that was at 37 °C. This ensured that
the added cold medium did not reduce the overall culture temperature being maintained within the incubator. Stirring of the culture medium also
increased heat transfer efficiency, and improved temperature uniformity in these cultures. Temperature maintenance could be a concern if very-
high feed rates were used with small culture volumes, but these unlikely conditions were not tested for these studies. The culture volume was
maintained at a constant level in the continuous feeding system by ensuring that the average medium removal rate was equal to the feeding
rate. The system used for these studies actually removed medium at a higher flow rate than the feed rate because the removal tubing section
used larger diameter tubing for the pump section. Despite the faster removal rate, the culture volume was maintained by adjusting the level of
the outflow tube inside the reactor to the desired culture volume level. Continuously adding fresh medium to the SSB resulted in a small increase
in the medium level in the reactor, and when the medium reached the level of the OT, medium was removed from the reactor at a faster rate.
The medium was removed through the porous glass OT, leaving the cell spheroids in culture until the medium level fell below the bottom of the
OT. This system avoided the complexity of using tenuous flow and volume sensors to control the pump speeds, and is the standard for use
with many SSB based culture apparatus47,48. The OT was designed to ensure that spheroids were not removed from the culture through the
removal circuit, and the pore size and density in the fritted glass tube were large enough (40% and 40 - 60 µm respectively) to ensure that the
linear flow velocity was less than the settling rate of the spheroids used for these culture studies. The linear flow was calculated as described
in detail3. The average linear medium velocity through the pores in the OT was calculated to be 0.17 cm/min and this was far slower than the
slowest observed spheroid settling rate. The average settling velocity was measured as described in method 7 and was 2.53 ± 0.26 cm/min for
the spheroids used in these studies. The spheroids were observed to increase in size as the culture progresses, and these larger spheroids
settled faster due to their increased mass-drag ratio, which further decreased the possibility of removal through the OT. Some spheroids were
trapped in the lower pores on the outside edges of the OT, but this was primarily due to mechanical collision when the outflow tube dips into the
stirred medium. This did not prevent proper function of the OT, and did not contribute to a measureable loss of spheroids in the cultures tested.
The OT for these studies was cleaned after each study, (with DI water flush), and replaced after use for two culture studies to avoid the risk of
decreased function. The OT could be replaced after every study if spheroids are observed to clog the pores during a specific study (this was
not observed in the presented work). Due to the cyclic removal of medium using this method, the medium culture volume fluctuated by as much
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as 6%. The fluctuations were caused by the surface tension of the medium that allowed the OT to remove a bit more medium after the average
medium level fell below the bottom of the OT.

Eliminating Nutrient Fluctuations Improved Cell Growth in SSB Cultures

Continuously replacing the medium in SSB cultures using the system described above increased culture yields during the 21-day culture period
when compared to the standard SSB cultures. The feed rate was maintained constant throughout the culture period at a rate that replaced
the entire culture volume every three days to be comparable to the batch-fed SSB cultures. Eliminating the nutrient fluctuations resulted in an
increase in cell yields (Figure 3) despite the high glucose concentration3. Spheroid size was also measured at the end of the culture period
by 2D microscopic assessment (standard light microscopy described in literature3), and the spheroids in CF-SSB cultures were significantly
larger (p < 0.02, student-t test) that in static or standard SSB cultures as reported in literature3. These observations support the cell-count data
suggesting a higher growth rate in CF-SSB cultures while the viability was maintained at the same high level (96.23 ± 0.85%) regardless of
culture condition. The continuously fed SSB (CF-SSB) culture system eliminated the nutrient fluctuations in spheroid cultures, and improved
cell growth rates, but the glucose levels remained super-physiological which may have prevented even further improvement in cell expansion
(Figure 2). To further improve upon the CF-SSB culture system, an algorithm was used to adjust the feed rate during the culture period with the
goal of improving the control of glucose levels in SSB cultures.

Calculation of Adjusted Feed Rate

Several factors can be considered for the calculation of feed rate to maintain consistent glucose levels. The specific factors of interest can be
altered for a given study and for a specific cell line. For the purpose of this demonstration, we considered growth rate and glucose consumption
determined from previous cultures, as well as the actual glucose levels at the time of adjustment3. Feed rate adjustments can be made at
any interval in time. For this demonstration, samples were collected and the feed rate was adjusted every three days based on the sequential
calculations described as follows.

Calculation of Predicted Growth Rate

Equation 1 predicts the cell growth during a certain period of culture, with the predicted cell count (N2) representing the expected total number of
cells in culture at some time in the future. This method uses a linear growth rate approximation where the current cell count (N1) is added to the
estimated growth rate of the cells in spheroid cultures (Rg) multiplied by the culture period (t2-t1).

 (1)

Calculated Baseline Feed Rate

The baseline feed rate (RF) was calculated using equation 2 by estimating the glucose consumed in the culture during the culture period
(numerator) and dividing it by the glucose concentration in the feed medium (CF, denominator). The consumed glucose is estimated by
multiplying the previously determined glucose consumption rate for the given cell type (R1) by the weighted average of N1 and N2 from equation
1. This consumption rate was then divided by the glucose concentration (CF) in the feed medium to calculate the average medium feed rate
needed to replace the glucose consumed during the same culture period.

 (2)

Adjusting Feed Rate with Observed Glucose Levels

Further adjustments were made to the baseline feed rate to accommodate the measured glucose levels (C1) at the chosen time point using
equation 3. This glucose-adjusted feed rate (GAFR) can be used to maintain levels when unexpected changes in growth or death occur in the
culture. This equation incorporated a control constant (X), and a value of 0.5 was used for these data3. C1 represents the glucose concentration
measured in the culture medium on the sample day, and CD represents the target medium glucose concentration. The final value adjusts the
predicted feed rate from the second calculation.

 (3)
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Figure 1: Continuous Feeding System Diagram with Outflow Tube. (A) Diagram of the demonstrated system. (B) Fritted glass filter placed
on outflow tube to allow medium to be removed from the culture without loss of cells. Figure reproduced with permission.3

 

Figure 2: Glucose Measurements for SSB, CF-SSB, and Adjusted CF-SSB Cultures. (A) Medium glucose measurements from β-TC6
spheroid cultures using static, SSB, and CF-SSB culture methods and feeding with standard high glucose medium. The continuous feeding
is able to eliminate the glucose fluctuations, but the average glucose levels in the medium change dramatically during the culture period, and
far above the physiological range (indicated by the grey bar). The adjusted feeding is able to eliminate the fluctuations as well as maintain the
glucose concentrations near physiological levels for the duration of the culture period. Error bars for glucose measurements are too small to
be visible on the scale shown (Standard Error ≤ 4% for all measurements). The data from the figures is presented in previous publication with
permission.3
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Figure 3: Cell Counts from SSB, CF-SSB, and Adjusted CF-SSB Cultures with Growth Adjusted Feed Rates. Cell growth reported as fold
change in cell number during the 21-day culture period comparing SSB with regular medium changes against constant feed rate SSB cultures
and adjusted feed rate SSB cultures. Error bars report the standard error of the mean, and p-values reported are for an un-paired two-tailed
student-t statistical test. Reproduced with permission.3

Discussion

Generating mammalian cell products for the production of biological agents and for cell therapies requires the culture and monitoring of
mammalian cells in large scale55–58. Further, these applications call for defined and validated culture conditions. Simply increasing the volume of
cells using research technologies will not meet all of these requirements. Manual medium changes causing fluctuations in nutrients and buildup
of waste products reduce cell quality, viability and yield. The use of bioreactors is well established for the commercial culture of microorganisms
for bio-pharmaceutical applications, and similar strategies have been applied to mammalian cell cultures. The complex interaction of mammalian
cells with their environment necessitates specific modifications to regulate nutrient levels in order to optimize cell expansion potential.

To address these issues, we developed a straightforward method to maintain glucose levels in a specific targeted range, approximating
physiological levels in a stirred suspension bioreactor with an adjustable rate perfusion feeding mechanism. To accomplish this, spheroids of
a beta cell line were generated in a stirred suspension bioreactor. A perfusion feeding system was employed to provide a continuous feeding
mechanism to replace standard batch feeding procedures. Cell growth rates were observed, and used to predict approximate glucose use rates.
Actual glucose levels also were measured over the time in culture to adjust feed rates in response to actual nutrients consumed and metabolic
products deposited in the medium by the cells. This method prevented the fluctuations in glucose levels seen with other static and SSB systems3

where glucose levels fluctuated dramatically with medium changes every 3 days. Using the batch-feeding strategies, glucose concentrations
dropped as much as 275 mg/dl over three days, at late stages in the 21-day expansion. These fluctuations in glucose levels limited cell yield.

Calculation of the medium replacement rate for demonstration of the adjusted feeding system incorporated an established growth rate and
glucose consumption rate for the cell line, as well as the observed (measured) culture densities and glucose levels at each feeding time-point.
For different cell types, or for more complex tissue culture systems, these assumptions may not hold true. To ensure more accurate glucose
control, the algorithm also included a feedback control system to account for the variability of individual cultures. Limitations of a perfusion
method based on growth rate alone, including the impact of heterogeneity in glucose utilization for cells throughout the spheroids and changes
in glucose consumption based on parameters such as differentiating stem cells, can be mitigated by a feedback control system. Depending
on the application, cells that exhibit exponential growth rates or more complex growth profiles could be implemented to improve the algorithm
performance. The assumptions and values used for the feed rate calculations can be altered to adhere to actual culture conditions.

The presented methods are intended to produce cells for a therapeutic application in which the expansion and culture of spheroids would be for
a finite duration, and the cells themselves are the product.. It may be desirable for some investigators to continuously expand or culture cells
using a similar method, but this would present other challenges not encountered for these studies. If cultured for extended periods, the spheroids
would continue to grow in size, and the viability of some cells in the nucleus of the spheroid may suffer due to increasing nutrient and oxygen
diffusion limitations. These cultures may require further manipulations to dissociate large spheroids to prevent this limitation when long-term
cultures are desired. No decrease in viability was observed for spheroids generated with this protocol, suggesting that this limit was not reached
during the 21-day culture period of this study.
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For cellular therapies, these techniques could be used in combination with additional regulatory systems to improve cell yield, function and
viability. For example, the SSB method could be combined with facilitating technologies including micro-carrier surface cultures for adherent
cells to improve cell growth rates, or encapsulation of cells or spheroids. Further, more complex adjustment algorithms could be implemented
to provide tighter culture control. Feeding adjustment could be combined with the control of multiple other parameters, such as pH, dissolved
oxygen concentration, temperature, and injection of reagents to make further improvements59,60. To improve outcomes in other applications, this
method could be automated15,24, and feed rates can be calculated more or less often, further refining culture conditions.

Manufacturing processes61–63 must be defined and carefully controlled to make reproducible biological products. The use of continuous medium
replacement can be used to mitigate fluctuations in critical nutrients observed in large scale cell production, and incorporating an adjustable
feeding system can implement even more control on the cell environment, to maintain desired nutrient levels. The described method could be
used with other mammalian cells for both cellular and pharmaceutical products.
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