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Abstract

Background aim.—Translation of therapeutic cell therapies to clinical scale products is critical 

to realizing widespread success. Currently, however, there are limited tools that are accessible at 

the research level and readily scalable to clinical scale needs.

Methods.—We herein developed and assessed a closed loop bioreactor system in which 1) a 

highly gas permeable silicone material was used to fabricate cell culture bags and 2) dynamic flow 

was introduced to allow for dissociation of activated T-Cell aggregates.

Results.—Using this system, we find superior T-Cell proliferation compared to conventional bag 

materials and flasks, especially at later time points. Furthermore, intermittent dynamic flow could 

easily break apart T-Cell clusters.

Conclusions.—Our novel closed loop bioreactor system is amenable to enhanced T-Cell 

proliferation and has broader implications for being easily scaled for use in larger need settings.
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Introduction

Current advances in clinical T-cell therapies holds great promise towards the near term 

eradication of specific cancers [1–3]. While a continuous stream of new cell therapeutic 

candidates emerges, there has been less focus on the underlying biomanufacturing methods 

and tools to expand human T cells at commercial scale. Many benchtop scale experiments 

typically still use T-flasks, cell culture bags, or small bioreactors whereas larger scale 

processes with increased regulatory constraints have shifted to clinical scale, closed-loop, 

and automated systems[4–6]. While large scale clinical and industrial scale process are often 

robust, they are also encumbered by rigid protocols, whereas smaller scale tools are highly 

adaptable to rapidly evolving needs.

A scalable system for the expansion of T cells, like other cell types, must match the nutrient 

needs of the cells as they grow, especially the transport of gases such as oxygen and carbon 

dioxide. The transport of gases in cell culture is inherently related to the cell culture 

container; the most widely used bench scale culture vessels are T-flasks and cell culture 

bags. While T-flasks are common place tools in nearly every biological laboratory 

environment, scaling can become cumbersome when large cell quantities are required [7,8]. 

While large vessels exist, such as multi layered flasks and cell factories, these systems are all 

openloop and require manual intervention for media exchanges and cell harvesting. Cell 

culture bag systems open up the opportunity for a different approach to scaling, ranging 

from as small as 5mL up to several liters from commercially available source, to 

theoretically even larger volumes for custom designs. Scaling becomes more straightforward 

as the bag sizes can be easily increased, although physical handling of such systems may 

become an issue at significantly larger volumes. Furthermore, culture bags are amenable to 

closed loops systems as they can be easily fitted with ports for sterile access. Presently, 

culture bags are limited in terms of their material composition; typically: polyolefin/EVA or 

FEP. While all these materials will allow for gas permeation and cell growth, they are less 

than ideal due to their reduced gas permeation as compared to filter capped flasks[9]. We 

herein take advantage of a highly gas permeable silicone rubber material that has 

demonstrated great success in the culture and maintenance of cells to fabricate our own 

custom cell culture bag[9–11]. Another significant part of bench level cell expansion is the 

normalization of cell concentration and media replenishment[12,13]. This process requires 

the disaggregation of T-cell clusters in order to properly enumerate the culture. There is 

currently no system, let alone a closed loop one, that is able to perform this, except from a 

manual pipetting process. Numerous commercial devices include culture agitation which 

aims to promote nutrient diffusion into the media but does not shear aggregates apart. We 

herein assess a new custom and highly gas permeable cell culture bag with the ability to be 

integrated into a closed loop system to facilitate the disaggregation of T-cell clusters.
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Methods

Cell Culture

Media for all cell culture followed the same recipe: RPMI 1640 (Gibco, Thermo Fisher 

Scientific), 1% penicillin-streptomycin (Gibco, Thermo Fisher Scientific), 1% HEPES 

(Gibco, Thermo Fisher Scientific), 1% sodium pyruvate (Gibco, Thermo Fisher Scientific), 

and 10% heat-inactivated FBS (Peak FBS).

Jurkat cells (ATCC) were initially seeded at a density of ~250k/mL, counted every other day, 

and renormalized to a concentration of ~250k/mL after each count.

PBMCs were obtained from fresh health donors (Massachusetts General Hospital). Approval 

for the consented collection of blood from healthy volunteers and the testing of 

biospecimens was obtained from the Institutional Review Board of Massachusetts General 

Hospital (reg. No. 2011B000346). All methods involving these samples were performed in 

accordance with institutional and biosafety regulations. PBMCs were isolated per standard 

Ficoll density separation methods.

Primary T-cells were isolated from PBMCs using a negative selection, pan T-cell isolation 

kit per vendor recommended protocol (STEMCELL Technologies). T-cells were seeded at 

an initial density of 1M/mL in basal media supplemented with 50IU/mL IL-2 (aldesleukin, 

Prometheus Laboratories) and activated using a CD3/CD28 T-cell activator (ImmunoCult, 

STEMCELL Technologies) or soluble CD3/CD28 (R&D Systems). T-cells were initially left 

undisturbed for the first three days, then counted and renormalized to 500k/mL every other 

day thereafter. We did not further dissect out populations to CD4, CD8, or CD56 (natural 

killer) cells.

Cell Culture Vessels

Polystyrene culture flasks with vented caps were used as control standard vessels (Corning). 

Three bags were herein used: polyolefin/EVA copolymer (Evolve, Origen), custom FEP 

(American Durafilm), and custom silicone rubber bags were fabricated in house from sheets 

(Rogers Corporation). Custom silicone bags were fitted with silicone tubing (Cole Parmer), 

and sealed with adhesive sealant designed for silicone (DAP). Culture flasks and Origen 

bags came pre-sterilized. FEP and silicone bags/tubing were sterilized through exposure to 

0.5M NaOH for a minimum of one hour. NaOH sterilized vessels were subsequently flushed 

out three times with sterile PBS to remove all trace NaOH. Specific details on vessels can be 

found in Table 1.

Perfusion with silicone cell culture bags was accomplished through peristaltic pumping 

(Cole Parmer). Flow rate was set at 100mL/min and run for 1–2 minutes total.

Media Gas/Analyte Measurements

Dissolved O2 and CO2, pH, and HCO3 were measured using a handheld blood/gas analyzer 

(iStat, Abbott). A CG4+ cartridge (Abbott) was used for all measurements.
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Results

Intermittent Fluidic Culture Improves T-Cell Yields and Minimizes Cell Aggregation

The effects of a continuous flow culture on the soluble CD3/CD28 activated proliferative 

capacity of T-cells was first examined. A clear negative effect was observed with continuous 

flow on T-cell proliferation resulting in roughly a quarter of the initial cells present by day 9, 

Fig 1A. We hypothesized that nutrient deprivation was an issue as stimulated T cells formed 

large clonal aggregates and therefore considered an intermittent flow strategy to disaggregate 

T-cell clusters and promote improved nutrient distribution. This was accomplished through 

integration of a magnetically actuated centrifugal pump and a cell culture bag (polyolefin/

EVA) to facilitate gas transfer. The magnetic pump we used is preferable to other forms of 

pumps (i.e. other centrifugal or peristaltic pumps) due to its compact size and reductions in 

mechanical forces which can readily lead to significant cell shearing and death [14]. 

Applying intermittent flow (100mL/min) for 5 minutes every other day, we see a significant 

difference. A modest 1.3-fold increase in cell number was observed in the intermittent flow 

group, Fig 1A. Intermittent flow adequately dissociated T-cell clusters as expected. After 5 

minutes of continuous flow, we find a near homogenous single cell suspension that was once 

full of large clusters Fig 1B. Overall, cell proliferation is rather low compared to historical 

static culture methods in flasks, so we further examined more significant ways to impact 

improved nutrient transport by other means.

Effect of cell culture bag material on cell proliferation

Our attention next focused on cell culture bag materials as a way to improve gas transport. 

We determined the growth characteristics of a T-cell line, Jurkat, in four distinct cell culture 

vessels. The material characteristics are shown in Table 1, and were chosen to have very 

different gas transfer properties. Silicon, for example, even at twice the material thickness 

over polyolefin and FEP bags, has O2 and CO2 permeability that is improved by over an 

order of magnitude (Table 1). Over the course of 6 days, we observed a large expansion as 

expected of this cell line. Interestingly, we observed that the flask and silicone bags are 

comparable at roughly 40-fold growth while polyolefin/EVA and FEP are comparable at 

around 20-fold. These results yielded doubling times of: 1.12 +/− 0.07 days (flask), 0.94 +/

−0.28 days (silicone), 1.38 +/− 0.27 days (polyolefin/EVA), and 1.37 +/− 0.18 days (FEP) 

(Figure 2A). All conditions were readily fit by an exponential dose curve with R2 all above 

0.96.

We then went on to assess media properties using a clinical blood-gas analyzer. We observe 

comparability of dissolved oxygen (pO2) in all conditions at all times except for flasks 

which are noticeably lower (Figure 2B). We then move onto to dissolved carbon dioxide 

(pCO2) and notice an interesting hierarchal trend. From highest to lowest across all time 

points, we find in descending order: FEP, polyolefin/EVA, flask, and silicone (Figure 2B) 

which may possibly tie into why particular vessels outperform. Bicarbonate, which 

contributes to total CO2 and carbonic acid content, may also be at play here and potentially 

explain some of the deficiencies in polyolefin/EVA and FEP bags at earlier time points 

(Figure 2B).
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Taking note of the pH, we see a varied response wherein flask conditions are typically lower 

across the board (Figure 2B). There is an overall decreasing trend over time, which is likely 

resultant from increasing cell mass. The reduced proliferation in polyolefin/EVA and FEP is 

unlikely due to a biocompatible issue to their wide availably as a commercial product for the 

culture of cells (Origen, Miltenyi, Saint Gobain, etc.).

Closed loop system for the expansion of primary T-Cells

From the materials testing phase with Jurkat cells, we were able to observe that flasks and 

silicone bags were superior to polyolefin/EVA and FEP vessels with respect to overall cell 

proliferation. We then transitioned to more relevant primary immunocult CD3/CD28 

activated T-cells and extended the duration of the experiment due to a potential slight 

advantage to silicone observed in our initial Jurkat study. Figure 3A depicts our silicone bag 

setup with perfusion loop. The tan colored tubing fits into the pump head of the peristaltic 

system whereas the blue port is a needleless syringe port used for taking samples and 

introducing new media.

We observe an even greater improvement in the silicone bag compared to the T-flask by day 

9 (73.0 +/−14.0 vs 43.0 +/− 0.44 fold change, Figure 3B). No differences in cell viability 

were observed between these groups (data not shown). We find once again that this occurs at 

the later time points, wherein the earlier time points demonstrate comparability between the 

two systems. We also find that our bags result in an increased cell concentration over time 

while the flasks spike and decrease (Figure 3C); note that cell concentration was normalized 

to 1M/mL at days 3,5,7, and 9. This assessment was based on an initially purified pan CD3 

population, we did not further measure CD4, CD8, or CD56 at the end of the experiment.

Discussion

Our work describes the ability of a closed loop bioreactor system to facilitate T-cell 

aggregate dissociation and improved gas transfer properties leading to higher cell 

proliferation by using a silicone based cell culture bag material. We herein take away two 

major conclusions from flow conditions: 1) the notion that proper Tcell activation and 

proliferation require physical interaction between cells and blast formation[15–19], which 

continuous flow does not provide and 2) material properties of the culture vessels may 

underlie the major differences seen between intermittent flow and flask culture. Note that we 

based our results on a initial pan CD3 population but did not further dissect into CD4, CD8, 

or CD56 populations. Based on the stimulation reagent (immunocult, CD3/CD28, we 

anticipate expansion to only be limited to CD3 and potentially a small NKT cell population.

Silicone rubbers are highly gas permeable [9,20]. As such, this class of material which we 

used to fabricate our bags has been implemented into next generation culture systems to 

enable high transfer of oxygen to cells, such as the G-Rex from Wilson Wolf. We 

interestingly find an added benefit of improved release of CO2 to the atmosphere. 

Accumulation of dissolved carbon dioxide is a known negative regulator of cell proliferation 

[21,22]. Thus, by allowing the permeation of excess CO2 to the environment, longer term 

growth can thus be sustained. This issue becomes exacerbated by increases in cell mass and 

may thus explain why the silicone bag may appear to outperform the T-flask at later time 
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points. This suggests the importance of CO2 in cell culture and demonstrates silicone rubber 

as a means to temper accelerated accumulation. However, CO2 does indeed still rise over 

time in the improved silicone bag indicating elevated CO2 production and retention rate 

above the permeation rate through the membrane. Next generation methods of a cell culture 

system may include CO2 monitoring after which a threshold is reached, media replacement 

may be performed to renormalize cell waste. Additional technologies may also be added 

such as a rocking device to enhance convection of the media within the bag to potentially 

improve gaseous transfer with the ambient incubator environment. While pO2 is a useful 

metric to monitor cell cultures, it may provide confounding information as an actual 

comparator between bag conditions. We notice a depression in early on in flasks which may 

be partially due to the increased cell proliferation at early time points – current technologies 

are using pO2 as a method to determine cell concentration[23]. There is a slight gradual 

downward trend in all conditions, although not significant, which is likely explained by the 

increasing cell burden within the culture.

Although many industrial closed systems do not disturb the cell aggregates that form during 

T-Cell activation, we chose to mimic a protocol typically performed at the benchtop scale 

and found in numerous manufacturer protocols [12,13]. These protocols involve de-

aggregating cells at set intervals to count and renormalize cell concentration with new 

media. While we believe that normalizing to fresh media is highly critical, it is this aspect of 

minimizing cell aggregate size to ensure improved nutrient diffusion into aggregates to be of 

importance as well [24–26]. This may lead to improved industrial designs in which 

aggregate shearing technologies are implemented to facilitate this improved nutrient access 

to cells. Further studies must be performed to assess the effect of aggregate sizing and 

frequency of shear stress applied to cells on cell phenotype and function.

We herein demonstrate the feasibility of an enhanced cell culture bag in combination with a 

dynamic circulating flow system that allows for high yield cell expansion and cell cluster 

disaggregation in a closed loop. There is surprisingly no commercially available, silicone 

rubber cell culture bag despite its vastly superior gas transport characteristics relative to 

readily available products. We believe one potential reason for this is due to manufacturing 

and costs. Polyolefin/EVA and FEP materials can easily be cut to shape and heat sealed to 

form a fully leakproof container. Silicone rubbers, on the other hand, must be cured to the 

final desired configuration which typically requires molds and can be prohibitively 

expensive. Thus, without significant market impetus to recoup tooling costs, it becomes 

more apparent why there may be a lack of such a vessel on the market. While we were able 

to construct our bags with simple silicone specific glue, this process is highly manual and 

inconsistent across batches – which is not amenable to large scale production. Increased 

market demand for this type of system may result in the tools taking hold.

Our resulting closed flow system may, at face value, only hold use for aggregating cells 

which may need dissociation. One can, however, imagine an alternate system in which the 

combination of continuous flow with a highly gas permeable bag may now contend with stir 

tanked bioreactors for the large-scale expansion of cells seeded on microcarriers. The 

continuous flow will keep microcarriers in suspension allowing for proper nutrient transport 

while the silicone bag may provide an alternative to gas sparging in tanks which can be 
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detrimental to cells due to bubble formation. These continuous flow systems also do away 

with reactor impellers which add a high level of complexity to bioreactor optimization 

design in maximizing cell dispersion and nutrient availability while minimizing damage to 

cells. Current systems, such as the Prodigy or Xuri, apply peristaltic flow for media/buffer 

exchange during cell culture; none currently apply direct shear stress in a dynamic manner 

as described herein this system. Greater investigation into such systems may lead to efficient 

yet significantly simpler bioreactor systems. We believe that such systems should be scalable 

up due to the simple nature of the bag fabrication. Furthermore, these magnetic fluidic 

systems are also available in sizes aimed to process higher volumes, albeit at elevated flow 

rates.

We thus find that silicone rubber makes a highly suitable material for use as a cell culture 

bag with comparable and improved performance to T-flasks especially for long term culture. 

We further demonstrate that such a system is readily amenable for use a closed loop system 

to be paired with a perfusion system to facilitate shear disaggregation of cell clumps to 

promote improved nutrient transport and allow for cell density enumeration.
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Figure 1. Comparison between continuous and intermittent fluidic cell culture conditions.
The proliferative capacity of primary T-cells was compared in a continuous perfusion setup 

and intermittent perfusion setup. Continuous perfusion was performed at 100mL/min using a 

magnetically actuated pump while intermittent perfusion was performed every other day 

(starting at Day 3) at 100mL/min for 5 minutes. A) We observe a 0.25× change in the 

continuous group, 1.3× in intermittent, and 13× in flask culture. It is clear that continuous 

perfusion is detrimental to T-cell proliferation. Interestingly, intermittent perfusion is only 

modestly better and significantly worse than standard T-flask culture – this difference may 

arise due to the material properties of the different culture vessels. ** = P<0.001 B) We 

observe the ability of shearing action to dissociate T-cell blast clusters. We were able to 

visually and microscopically identify clusters, whereby after 5 minutes of continuous flow, 

we find a near homogenous single cell suspension.
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Figure 2. Comparison of cell culture vessels using a Jurkat T cell line
We herein assessed the growth characteristics and media properties in a standard tissue 

culture flask and silicone, polyolefin/EVA, and FEP cell culture bags. A) Comparability 

between flask/silicone and polyolefin/FEP is observed wherein the flask/silicone has 

significantly improved cell proliferative capacity. Both flasks and silicone bags were 

significantly different compared to polyolefin/EVA and FEP (*** = P<0.001). B) 

Comparison of several media characteristics including: dissolved O2, CO2, pH, and HCO3. 

Comparability is seen in O2, with the flask being overall lower across all days. CO2 
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demonstrates an advantage to silicone with overall lower values across the experiment. pH 

values show comparability with an overall downward trend likely due to increased cell 

burden. HCO3 demonstrates drastic difference at early time points but normalizes by the end 

of the culture. * = P<0.05, ** = P<0.01, *** = P<0.005.
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Figure 3. Growth comparison of primary human T-cells
Proliferative comparison of flask versus silicone bag for the growth of healthy, primary T-

cells. A) Picture depicting the custom designed and manufactured silicone bag. Tan loop 

represents the portion interfacing with the peristaltic pump for flowing action. Medium 

introduction and sampling were accomplished through a needleless syringe port. B) Growth 

comparison over a 9-day culture. Medium and fresh IL-2 was added on the days 3, 5, 7, and 

9. Flask growth holds an advantage at early time points, however, silicone systems show a 

drastic increase in cell yield by the latest time point. * = P<0.05. C) Growth comparison 

over a 9day culture as measured by cell concentration. We observe that the bag has an 

increasing cell concentration at each time point whereas flask conditions spike and decrease. 

Note that cell concentration was normalized to 1M/mL on days 3, 5, 7, and 9.
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Table 1.

Culture Vessel Properties

Wall Thickness
(mil)

Maximum Volume
(mL)

O2 Permeability[8,9]
(cm3·mm/mm2·day·atm)

CO2 Permeability[8,9]
(cm3·mm/mm2·day·atm)

Culture Flask N/A 280 N/A N/A

Silicone 10 220 4 × 104 2 × 105

Polyolefin/EVA 5 250 2 × 102 1 × 103

FEP 5 175 3 × 102 8 × 102

Properties of cell culture vessels used for experimentation including: wall thickness, maximum allowable system volume, O2, and CO2 
permeability.
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