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Abstract

Background aims: Human mesenchymal stromal cells (hMSCs) and their secreted products 

show great promise for treatment of musculoskeletal injury and inflammatory or immune diseases. 

However, the path to clinical utilization is hampered by donor-tissue variation and the inability 

to manufacture clinically relevant yields of cells or their products in a cost-effective manner. 

Previously we described a method to produce chemically and mechanically customizable gelatin 

methacryloyl (GelMA) microcarriers for culture of hMSCs. Herein, we demonstrate scalable 

GelMA microcarrier-mediated expansion of induced pluripotent stem cell (iPSC)-derived hMSCs 

(ihMSCs) in 500 mL and 3L vertical wheel bioreactors, offering several advantages over 

conventional microcarrier and monolayer-based expansion strategies.
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Methods: Human mesenchymal stromal cells derived from induced pluripotent cells were 

cultured on custom-made spherical gelatin methacryloyl microcarriers in single-use vertical wheel 

bioreactors (PBS Biotech). Cell-laden microcarriers were visualized using confocal microscopy 

and elastic light scattering methodologies. Cells were assayed for viability and differentiation 

potential in vitro by standard methods. Osteogenic cell matrix derived from cells was tested in 

vitro for osteogenic healing using a rodent calvarial defect assay. Immune modulation was assayed 

with an in vivo peritonitis model using Zymozan A.

Results: The optical properties of GelMA microcarriers permit noninvasive visualization 

of cells with elastic light scattering modalities, and harvest of product is streamlined by 

microcarrier digestion. At volumes above 500 mL, the process is significantly more cost-effective 

than monolayer culture. Osteogenic cell matrix derived from ihMSCs expanded on GelMA 

microcarriers exhibited enhanced in vivo bone regenerative capacity when compared to bone 

morphogenic protein 2, and the ihMSCs exhibited superior immunosuppressive properties in vivo 
when compared to monolayer-generated ihMSCs.

Conclusions: These results indicate that the cell expansion strategy described here represents a 

superior approach for efficient generation, monitoring and harvest of therapeutic MSCs and their 

products.
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Introduction

Human mesenchymal stromal cells (hMSCs) and their secreted products are promising 

candidates for the development of broad-spectrum therapeutics owing to their ability to 

differentiate into connective tissues and the capacity to modulate the immune system 

[1–5]. For example, hMSCs from various tissue sources have the capacity to facilitate 

the repair of bone and cartilage in experimental models and in clinical trials [6–15] 

and the immunomodulatory properties of hMSCs also give them utility for treatment of 

inflammatory disorders such as rheumatoid arthritis, Chron’s disease, and graft-vs-host 

disease [16–18]. Nevertheless, the translational impact of hMSC therapy is challenged 

by the unpredictable nature of tissue-derived hMSC batches yielding variable results in 

preclinical studies [19–22] and in clinical trials [23,24]. A committee of the International 

Society for Cell and Gene Therapy (ISCT), the society that established the minimal criteria 

for hMSC classification [25], recently reviewed clinical trials that tested hMSCs for the 

treatment for acute respiratory distress as a result of COVID-19. This review highlighted that 

the major determinants of variability in clinical trials are likely donor-derived variability and 

inconsistent manufacturing practices [26]. Recently, induced pluripotent stem cells (iPSCs) 

have been used to derive hMSCs, and the resultant iPSC-derived hMSCs (ihMSCs) have 

been reported to share the comparable differentiation and immune modulatory properties as 

tissue-derived hMSCs [27–31]. Utilizing iPSCs as a source for hMSCs mitigates variables 

pertaining to donor variability because iPSCs can be theoretically expanded without limit 

from a genetically identical source.
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Culture of hMSCs has traditionally been achieved using plastic-adherent monolayer culture, 

with flasks, plates or multistack systems [32], but while these methodologies are well 

characterized, scale-up is labor and resource-intensive. In view of this, there has been a 

recent shift to microcarrier culture, motivated by a need to better facilitate cell yields 

required for widespread clinical use [33–36]. Cell-laden microcarriers can be cultured 

in spinner flasks but many therapeutic cell types are susceptible to the adverse effects 

of shear stresses caused by rapid fluid agitation [37]. To significantly reduce shear 

effects, rocking-bag cultures are available [38], but there are scale limitations with these 

systems. Vertical wheel bioreactors offer the same flexibility and scalability as stirred-tank 

bioreactors, but subject cell-laden microcarriers to less shear stress, representing a suitable 

compromise between scalability and agitation parameters for large-scale cell manufacture on 

microcarriers [39]. Current commercial microcarriers are primarily produced from plastic, 

ceramic or polysaccharide, often with a biocompatible coating such as collagen. Several 

commercially available microcarriers have been approved for the manufacture of various cell 

types, but they are nondegradable and must be filtered from the cells upon harvest which 

may result in shear stress, clogging of the filtration device, and kinetic damage to the cells 

[40,41].

The current challenge for the development of hMSC-derived technologies is the provision of 

the means to generate clinically relevant yields of hMSCs or their products in a manner that 

is safe, scalable, reproducible, biocompatible, and cost effective.

This group previously described an approach to fabricate customizable, degradable gelatin 

methacryloyl microcarriers (GelMA-M) using a step-emulsification microfluidic device 

[42]. The microcarriers exhibited improved optical characteristics as compared to their 

polystyrene counterparts [43] and simplified cell harvest by complete digestion of the 

microcarriers. When cultured on GelMA-M in vertical wheel bioreactors (VWB) at 100 

mL scale, the ihMSCs retained in vitro trilineage differentiation potential and immune 

modulatory capacity [42]. In this study, we demonstrate that VWB/GelMA-M culture is 

scalable to at least 3L in a manner that is more cost effective than standard monolayer 

expansion. The GelMA-M permits accurate enumeration of attached ihMSCs by light sheet 

imaging of fluorescently labeled nuclei and label-free visualization of cell bodies by elastic 

light scattering microscopy (ELSM). Rapid product harvest is achieved by microcarrier 

digestion using standard trypsin-based cell dissociation reagents. In proof-of-concept studies 

performed in vivo, we demonstrate that the system can be used to generate ihMSC-derived 

osteogenic cellular matrix (OCM) or immunomodulatory ihMSCs.

Collectively, these results indicate that the VWB/GelMA-M cell expansion strategy 

described here represents a superior approach for efficient generation, monitoring and 

harvest of therapeutic MSCs and their products.

Results

Expansion of ihMSCs attached to GelMA-M in 500 mL VWBs.

GelMA-M spherical microcarriers were synthesized using the microfluidic approach we 

previously reported [42]. GelMA-M equivalent to 2500 cm2 of growth area were cultured 
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with an initial seed of 2.5×106 ihMSCs in a single-use 500 mL VWB. Samples were 

recovered every 2 days for cell enumeration followed by replacement of 50% of the medium. 

Control cultures were performed as monolayers attached to tissue culture plates and with 

porcine gelatin-coated polystyrene microcarriers (Pall-Solohill) in 500 mL VWBs. These 

microcarriers were chosen because they share the biochemistry of GelMA-M microcarriers. 

After an initial 4-day lag phase, a rapid period of expansion on GelMA-M resulted in 

approximately 5 population doublings followed by a stationary period after day 6 of culture 

(Figure 1A,B). Expansion on monolayer culture was unremarkable, with cells gradually 

accumulating with increases in doubling time as cell density increased (Figure 1A,B). 

Expansion with VWB/GelMA-M plateaued at 30 000 cells per cm2 (S.D. 2000) (yield 

6.9×107–8.0×107), monolayer yields were significantly lower at 21 000 cells per cm2 

(S.D. 800) and cell yields using polystyrene microcarriers were 15 000 cells per cm2 

(S.D. 1500) (Figure 1A). Visualization of the microcarriers by confocal microscopy after 

fluorescent staining of cytoplasm and nuclei indicated the presence of live, intact cells 

attached to the surface of GelMA-M. Furthermore, the surface area on GelMA-M was 

completely occupied at day 6 with aggregation of the cell-laden microcarriers (Figure 

1C, see supplementary Figure S1). We have previously demonstrated that elastic light 

scattering (ELS) can be employed to visualize the cytoplasm of cells attached to the 

surface of GelMA-M without need for fixation or labeling and with computational image 

analysis, this modality could be leveraged to enumerate cells [43]. When cell number 

measurements generated by ELS were compared to those determined by a hemacytometer-

based automated cell counter, measurements correlated strongly (Pearson r, 0.9943, P < 

0.0005) (Figure 1C). Cells attached to GelMA-M were recovered by digestion of the 

microcarriers by treatment with a standard trypsin-based dissociation reagent resulting 

in a final viability of over 95%. The ihMSCs then readily proliferated on standard 

monolayer plastic with a classic, spindle-shaped morphology [33]. When subjected to 

standard osteogenic assays in monolayer cultures, ihMSCs expanded by VWB/GelMA-M 

and polystyrene microcarriers both exhibited improved mineralization potential as compared 

to ihMCSs expanded on monolayers when measured by alizarin red S (ARS) staining 

followed by ARS recovery and spectrophotometric quantification (Figure 1D) [44]. Several 

studies have reported that ihMSCs exhibit poor adipogenic differentiation potential when 

using adipogenic differentiation medium (ADM) adapted for tissue-derived hMSCs [27,42]. 

When the dose of indomethacin and dexamethasone was raised 100-fold and 2-fold 

respectively (ADM*), adipogenic responses by ihMSCs were superior to use of standard 

ADM (see supplementary Figure S2A). An additional adipogenic induction protocol (AIM) 

originally adapted for brown adipocyte differentiation [45] was also tested but this had 

limited effect on ihMSCs (see supplementary Figure S2A). Adipogenic potential of ihMSCs 

grown on monolayer, polystyrene microcarriers and GelMA-M was compared by staining of 

lipid droplets with Oil Red O (ORO) followed by isopropanol extraction. With ADM*, 

polystyrene outperformed monolayer and GelMA-M derived ihMSCs, with GelMA-M 

ihMSCs generating the fewest lipid vacuoles. These results are expected given the inverse 

relationship between osteogenic and adipogenic propensities of MSCs [6]. Collectively, 

these data demonstrate that the 500 mL VWB/GelMA-M microcarrier system generates 

greater cellular yields than monolayer and polystyrene microcarriers and is suitable for 

scalable expansion of ihMSCs.
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Scalability of cultures to 3 L.

Scalability is an attractive characteristic of PBS VWB systems. We questioned whether 

cultures could be scaled from 500 mL to 3 L without significant impact to yield. In the 

case of 500 mL bioreactors, the vessels are contained in standard humidified tissue culture 

incubators in the presence of 5% (v/v) CO2 but the 3L bioreactors require aeration and 

CO2 supply. To recapitulate conditions of monolayer culture and the 500 mL VWB as 

closely as possible, CO2 flow was set to a constant delivery of 0.3 L min−1 resulting in 

a pH range of 7.0–7.5 for the duration of the culture. Dissolved oxygen was equivalent 

to atmospheric conditions, delivered by headspace aeration. A 500 mL VWB/GelMA-M 

culture was employed to generate the cells necessary to seed the 3L VWB. In contrast 

with the expansion kinetics observed with 500 mL bioreactors where the majority of cell 

accumulation occurred during a proliferative burst between day 4 and 6, proliferation in 

the 3L proceeded gradually with a relatively constant doubling time (Figure 2A,B). Yields 

were slightly lower than in monolayer cultures which exhibited a rapid phase of growth 

at day 2–4 with progressive lengthening of doubling time as the cultures approached the 

stationary phase. In this case, final yields were (20 500 cells per cm2, S.D. 800) from 

monolayer cultures and 14 500 per cm2 (S.D. 6500) for the 3L bioreactor with a final yield 

of 1.43×108–3.28×108 cells.

As seen with the 500 mL cultures, accumulation of cells on the GelMA-M microcarriers 

occurred concomitant with aggregation (Figure 2C, see supplementary Figure S3). ELS 

imaging and cell enumeration generated results that strongly correlated with standard cell 

counting techniques (Pearson r, 0.9700, P = .0062) (Figure 2C). The ihMSCs expanded 

in the 3 L bioreactors generated osteoblast- and adipocyte-like cells in monolayer assays 

(Figure 2D,E). Cells attached to GelMA-M were recovered by digestion of the microcarriers 

by treatment with standard trypsin-based dissociation reagents with a final viability of over 

90%. When expanded on monolayers, the recovered ihMSCs readily proliferated with a 

classic, spindle-shaped morphology.

These results indicate that expansion of ihMSCs using VWB/GelMA-M is scalable at 500 

mL to 3L with yields that are similar to those observed in monolayer cultures. In the case 

of 3L however, there is a slight reduction in yield as compared to monolayer suggesting 

extension of the duration of culture or optimization of oxygen provision might be beneficial. 

Noninvasive imaging by ELS, and recovery by microcarrier digestion is also feasible at this 

scale.

Generation of an osteogenic cell matrix with therapeutic potential using the 
VWB/GelMA-M approach—We have reported that an osteogenic cell matrix generated 

by monolayer-cultured ihMSCs (ihOCM) has the capacity to efficiently heal experimental 

bone defects [46]. To examine whether ihOCM could be generated and harvested at pilot 

scale using the VWB/GelMA-M approach, ihMSCs were cultured in 500 mL VWB vessels 

on GelMA-M the presence of an osteogenic basal media (OBM) containing the PPARγ 
inhibitor GW9662 [47] to trigger secretion of high levels of ihOCM. After 8 days of 

exposure to OBM, the ihOCM was recovered from the osteogenically enhanced ihMSCs 

(OEihMSCs) and microcarriers by detergent lysis, nuclease digestion, light trypsinization 
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and a series of chloroform and acetone washes using a technique previously described for 

monolayers [47]. The extraction process served to deplete cell structures, globular protein 

and the microcarriers while leaving the ihOCM components intact (Figure 3A). Control 

ihOCM was generated in the same manner from monolayers. The electrophoretic profiles 

of ihOCM generated on GelMA-M were similar to profiles of ihOCM extracted from 

monolayer cultures (Figure 3B). While the ihOCM is a complex mixture of potentially 

osteogenic factors, presence of collagen VI, XII and the putative collagen VI/XII bridging 

molecule transforming growth factor-beta-induced protein (TGFBI) have been shown to 

correlate with osteogenic activity [46]. All three of the factors were present in monolayer-

derived and GelMA-M-derived ihOCM (Figure 3C). The ihMSCs from GelMA-M cultures 

reproducibly yielded more ihOCM than monolayers when standardized to growth area 

(Figure 3D,E).

The therapeutic potential of live OEihMSCs and the ihOCM generated from them under 

GelMA-M and monolayer conditions were compared using a standard calvarial defect 

model performed in immune compromised nude mice. For evaluation of live cells, 1×106 

OEihMSCs, previously cultured in monolayers or on GelMA-M, were implanted in 4 mm 

diameter calvarial defects using clotted human plasma as a vehicle. The ihOCM preparations 

were also implanted in another cohort of mice so as to fill the volume of the defect. Positive 

controls consisting of gelatin foam (GF) soaked with 50 μg mL−1 bone morphogenic protein 

2 (BMP2) and negative controls consisting of GF soaked in saline were also performed. 

After 4 weeks, the mice were humanely euthanized and calvarial bones were recovered for 

microcomputed tomographic (μCT) scanning and histology.

Microcomputed tomographic (μCT) scans were employed to perform calculations of defect 

closure (as percentage area) (Figure 4B, see supplementary Figure S4A), volumetric bone 

formation (Figure 4C, see supplementary Figure S4B, Figure S5), healing index (HI) where 

a value of 1 represents the volume of bone generated in the defect that is equivalent 

to the volume of bone in an anatomically equivalent region of interest (ROI) on the 

contralateral side of the cranium (Figure 4E, see supplementary Figure S4D, Figure S5), 

surface area to volume ratio (SVR, normalized to the contralateral side) (Figure 4D, 

see supplementary Figure S4C, Figure S6) and average bone thickness at the defect 

(Figure 4F, see supplementary Figure S4E). Monolayer- and VWB/GelMA-M-generated 

live OEihMSCs did not induce significantly more bone formation than GF alone (Figure 

4A, C, and E, blue plots), resulting in marginal defect closure (Figure 4B, blue plots). 

Where bone had formed under these conditions, the structures were of inferior thickness 

(Figure 4F, blue plots) and high SVR, indicating sparsely distributed bone (Figure 4D, blue 
plots). In contrast, extensive bone had formed in the presence of BMP2-soaked GF (Figure 

4C,E, and F, green plot) resulting in near complete defect closure in most cases (Figure 4B, 

green plot). In the case of ihOCM, the monolayer and VWB/GelMA-M-derived materials 

were comparable to each other and also BMP2 in terms of volumetric bone formation 

(Figure 4C, red plots), HI (Figure 4D, red plots), SVR (Figure 4D, red plots) and structure 

thickness (Figure 4F, red plots) but ihOCM generated from VWB/GelMA-M was more 

effective in achieving defect closure than ihOCM generated by monolayers (Figure 4B, red 
plots), suggesting that the VWB/GelMA-M remained more evenly distributed throughout the 

defect.
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Overall, ihOCM from both monolayer and VWB/GelMA-M sources exhibited equivalent 

osteogenic activity to BMP2 in quantitative assays, but on closer inspection, histological 

distinctions were apparent (see supplementary Figure S7). The ihOCM-driven de novo bone 

was confined to the site of the defect and consisted of dense bony structures composed 

of interspersed patches of mature bone and primitive osteoid with interconnected patches 

of fibrous tissue. Bone marrow containing compartments were evident in bone generated 

by ihOCM from monolayer and VWB/GelMA-M, but were more frequent in specimens 

from the VWB/GelMA-M ihOCM treated group. Histological analysis of defects from 

GF and live ihMSC treated groups indicated primarily fibrous tissue (see supplementary 

Figure S7A,C,E), but sparsely distributed bone was evident, especially from OEihMSCs 

generated in VWB/GelMA-M cultures (see supplementary Figure S7E). Bone was abundant 

in BMP2-treated defects, but these bone masses frequently lacked sufficient structural 

integrity to remain intact during histological processing (e.g., see supplementary Figure 

S7B). Cavities in the BMP2-treated de novo bone were often larger than seen with ihOCM-

treated counterparts (see supplementary Figure S7B, Figure S8) with frequent presence of 

erythrocytes and lymphocytes (see supplementary Figure S7B, arrowed green and yellow 
respectively). It was also noted that all mice from the BMP2 treatment group exhibited 

palpable bony growths that often extended away from the defect (see supplementary Figure 

S8A,B). The BMP2-driven growths consisted of a bony external layer with a fatty (see 

supplementary Figure S8A) or fibrous (see supplementary Figure S8B) internal region that 

was devoid of mature bone. On the other hand, de novo bone in ihOCM treated defects was 

confined to the site of the defect and it was often thicker than the surrounding calvarial bone, 

likely reflecting the dimensions of the original implant which was slightly thicker than the 

calvaria (see supplementary Figure S8C). In all cases, ihOCM generated robust bone tissue 

that exhibited morphology that was typical of newly formed bone.

Collectively, these data indicate that the VWB/GelMA-M approach is suitable for scalable 

generation of functional ihOCM with yields per unit growth area are higher than those 

attained by monolayer culture. Of added importance is the ability to utilize trypsin to 

destroy the microcarriers during downstream processing of ihOCM. The ihOCM generated 

comparable levels of de novo bone to the clinical gold standard, BMP2, but ihOCM-driven 

bone tissue was histologically more reminiscent of natural bone, lacking the cavitation, 

ectopic bone formation and fibrous accumulations often observed with BMP2 [48–51].

GelMA microcarrier culture enhances the immunomodulatory potential of ihMSCs in vitro.

To assess the immunomodulatory potential of hMSCs generated by the VWB/GelMA-M 

approach, a standard peritonitis assay was performed where mice were subjected to 

intraperitoneal (IP) administration of Zymozan A to induce sterile inflammation (Figure 

5A) [52]. After 15 min, 2×106 ihMSCs harvested from monolayer cultures or 3 L GelMA-M 

cultures were also administered by the IP route. A control group received sterile PBS with 

no cells. After 6 h, the mice were humanely euthanized and immune cells and secreted 

factors were collected by peritoneal lavage. To assay for inflammatory response [52], lavage 

supernatant was assayed for levels of tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6) 

and chemokine ligands 1 and 2 (CXCL1 and CXCL2) by enzyme linked immunosorbent 

assay (ELISA) and cells were stained for CD11b and Ly6G followed by enumeration 

Haskell et al. Page 7

Cytotherapy. Author manuscript; available in PMC 2024 April 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



by flow cytometry to determine neutrophil invasion. Mice treated with monolayer-derived 

ihMSCs exhibited a slight tendency for reduced levels of peritoneal inflammatory factors, 

but no measurements were significantly lower than in the saline only control group. 

However, mice that received ihMSCs cultured on GelMA-M exhibited significantly reduced 

peritoneal neutrophil invasion as well as reduced levels of peritoneal TNF-α, IL-6, and 

CXCL2 (Figure 5B).

These results indicate that ihMSCs expanded using the VWB/GelMA-M approach have 

the capacity to reduce several key markers of inflammation in a simple murine model of 

peritonitis, suggesting that ihMSCs expanded by this scalable approach possess valuable 

anti-inflammatory properties.

Preliminary cost analysis of the VWB/GelMA-M expansion strategy.

Generation of MSCs for human trials is commonly achieved by monolayer culture within 

single or multistack plates or flasks. Even though monolayer culture has disadvantages, 

familiarity with this approach is favored over drawbacks related to cost, reagent burden, 

labor intensity and scalability limitations. To gain insight into potential cost benefits of the 

VWB/GelMA-M approach versus monolayer culture, the materials costs associated with 

both approaches were compared. Monolayer cultures in 150 cm2 plates were compared 

to VWB/GelMA-M cultures performed at 100 mL—3 L scale. In the case of GelMA-M 

synthesis, it was assumed that all microfluidic components, surfactant, and oil are replaced 

at the beginning of a 40-h uninterrupted work cycle (compatible with the operations of a 

manufacturing facility), but oil and surfactant is recycled during each work cycle.

Under these conditions, it is estimated that 160 000 cm2 of growth area can be generated 

at a cost of $0.02/cm2 (Table 1) using a single microfluidic device [42]. For comparison, 

the 15 cm culture plates used for monolayer controls in this study were purchased for 

$0.03/cm2, the polystyrene microcarriers were purchased for approximately $0.05/cm2 

and commercial multistack systems cost approximately $0.05/cm2. With consideration of 

the costs associated with attachment substrate, bioreactors, medium utilization and other 

reagents, VWB/GelMA-M expansion reduces the culture cost by 30% at the 500 mL scale 

and 35% at the 3 L bioreactor scale as compared to monolayer culture when normalized to 

growth area (Table 2). Given that medium is a primary driver of cost in cell manufacturing 

processes, it is important to note that in these experiments, cell yields per mL of medium 

utilized (including replenishments over 8 days) was 30 700 cells per mL in monolayers and 

31 400 cells per mL for the 3 L VWB cultures. Clinical trials using human MSCs for a 

variety of diseases report a dose of 1×106–1.2×107 cells/kg [16,53]. Assuming the minimum 

dose of 6.8×107 cells is needed for a 68 kg adult, VWB/GelMA-M culture has the capacity 

to reduce the cost of an iPS-MSC therapy by $4800 USD per dose.

Discussion

Previously, we demonstrated that monodisperse spherical GelMA microcarriers (GelMA-

M), with tunable diameter and stiffness, could be generated in large numbers using a 

microfluidic step emulsification device, and that these microcarriers could be utilized 

to expand ihMSCs in 100 mL miniature VWBs [42]. Attached cells could be rapidly 

Haskell et al. Page 8

Cytotherapy. Author manuscript; available in PMC 2024 April 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



harvested by enzymatic degradation of the microcarriers dismissing the need for separation 

of cells and microcarriers that often negatively impacts yield and viability. Unlike plastic 

microcarriers, the GelMA-M permitted direct visualization and enumeration of attached 

cells using light sheet imaging of fluorescently labeled specimens and ELSM could be 

performed on cell-laden GelMA-M without need for fixation or labeling [43]. Given that 

the VWB/GelMA-M system exhibited promising characteristics for cell manufacture, the 

current study focused on scalability of the culture system for generation of therapeutically 

useful cells and cell-derived products. The primary rationale for utilization of the 

commercially available PBS-VWB system is a significant body of literature supporting the 

linear scalability of the system [39,54–56] and the availability of bioreactors with capacity 

ranging from 100 mL to 80 L. In this study, existing protocols for 100 mL cultures were 

scaled to 0.5 L and 3 L.

One of the most useful characteristics of microcarrier cultures is the capacity to maximize 

the ratio of attachment surface to volume of growth medium. In this study, a relatively low 

surface area to volume ratio (SVR) of 5 cm2 per mL was utilized because it corresponds 

to the SVR commonly employed for monolayer cultures, and a major focus of this study 

was to perform meaningful comparisons with monolayer derived ihMSCs. Increasing the 

SVR can lower manufacturing costs by increasing the growth area while minimizing the 

need for expensive media components, and successful short-term culture of MSCs has been 

reported using SVRs above 5 (Table 3) [35,57–59]. Nevertheless, rapid nutrient depletion 

and accumulation of waste products can occur more readily as the SVR of the culture is 

increased, and nutrient deprivation coupled with waste accumulation can affect final product 

quality. Continuous harvest of bioreactor cultures has the advantage of maximizing yields 

from a single bioreactor, but this procedure has the potential to amplify intraculture variation 

in both population doublings and cell-density. Both of these parameters can have a profound 

effect on downstream functionality [19,20,60–62].

In contrast with culture systems that utilize a continuous growth surface, the kinetics of 

cell expansion in microcarrier bioreactors is complicated by the initial seeding density, how 

this affects the relative proportion of populated microcarriers at the time of seeding, and 

the ability of cells to migrate from one carrier to another. In our previous study utilizing 

100 mL bioreactors, a seeding density of 1000 cells per cm2 was found to be optimal for 

GelMA-M, with nearly 100% of the cells becoming attached to the microcarriers after 22 h 

of incubation [42]. While this is a lower seeding density than many reported studies utilizing 

VWBs and similar bioreactors, the lower seeding density reduces the size of seed cultures 

while generating competitive yields (Table 3). In this study, an initial seeding density of 

1000 cells per cm2 predicts occupation of approximately 50% of the microcarriers after 

the attachment phase, and direct visualization at day 2 of culture suggests this is the case 

(Figure 1C, Figure 2C). As local cell density increases, transfer from one microcarrier 

to another is then necessary to facilitate further expansion and account for the observed 

population of virtually all microcarriers at the time of harvest. It is unclear whether this is 

achieved primarily through the process of detachment and reattachment or through migration 

between aggregated microcarriers, but microcarrier association is very common during the 

logarithmic phase of expansion and thereafter (e.g. Figure 2C, day 4).
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When expanded on monolayers, ihMSCs used in this study are usually seeded at an initial 

density of 500–1000 cells per cm2 for homogeneous cell dispersal and rapid expansion [46] 

followed by harvest at 15 000–25 000 cells per cm2 (5–6 population doublings). This density 

at harvest corresponds to 60–70% confluence so as to avoid impairment of proliferation 

rate, clonogenicity, and differentiation potential that can be caused by prolonged exposure 

to confluence [33]. After 8 days of culture, the final cell density of ihMSCs expanded 

in 3L VWB/GelMA-M was slightly lower than observed for monolayers (Figure 2A) at 

14 500 cells per cm2 (versus 20 500 per cm2 for monolayers), but the doubling time 

remained comparatively low, suggesting that a single additional day of culture has the 

potential to result in yields equivalent to monolayers (Figure 2B). It should be noted that 

monolayers received a complete medium change every 48 h whereas the VWB received a 

half-replenishment of medium every 48 h so as to reduce the risk of further aggregation 

in low medium volumes, and it is possible that this could have affected the rate of cell 

expansion. In contrast, ihMSCs grown in 500 mL bioreactors exhibited a rapid growth 

phase between days 4 and 6 that plateaued on day 7 at 30 000 cells/cm2 (Figure 1A) 

Despite growing to relatively high density for ihMSCs, differentiation capacity and further 

proliferative activity on monolayers observed during preparation of the differentiation assays 

was not perturbed. The discrepancies between the growth kinetics of ihMSCs expanded in 

500 mL and 3 L is unclear because growth conditions (initial seeding density, SVR, pH, 

medium composition, O2 concentration) were comparable between the two bioreactors. It 

should be noted, however, that seed cultures for the 3L VWB were generated in 500 mL 

VWB rather than monolayers, and this could play a factor in the initial growth kinetics in 

the 3L bioreactor, especially if the 500 mL seed cultures were exposed to a short duration of 

confluence.

The ability to rapidly monitor live cells attached to GelMA-M without need for labeling, 

fixation or other time-consuming invasive optical techniques represents major advantage 

over other commercial microcarriers. The improved optical characteristics arise from a 

refractive index that is nearly identical to growth media and saline [42,43] permitting, with 

light sheet imaging, rapid visualization of relatively large aggregates that frequently occur 

in microcarrier cultures. Using an algorithm we have described elsewhere [43], fluorescently 

stained nuclei were employed to enumerate attached ihMSCs with accuracy equivalent to 

cell counts performed on recovered samples (Figure 1C, Figure 2C). It should be noted 

however, that while ELS cannot yet be employed to accurately determine cell counts, it 

can be used to accurately measure cell volume and this was found to correlate closely 

with ihMSC cell number in VWB/GelMA-M cultures [43]. Therefore, with appropriate 

standardization, ELS may be utilized to directly enumerate cells in real time without need 

to fix or label specimens. Moreover, continuous monitoring by ELS could in turn inform on 

rapid adjustment of culture conditions and accurate timing of product recovery.

We previously demonstrated that ihOCM derived from the same line of ihMSCs used in this 

study has the capacity to repair critical-sized bone defects with efficacy at least equivalent 

to the clinical benchmark BMP2 [46]. Here, we demonstrated that the VWB/GelMA culture 

system facilitated the scalable synthesis of ihOCM that could be readily recovered from 

cells and microcarriers by a simple series of digestions and washes (Figure 3A–C). At 

scale, the process of ihOCM recovery could be performed directly in the bioreactor vessel 
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dismissing the need to manually scrape that material off the plastic growth surface for 

further processing as is the case with standard monolayers [47]. Simplification of the 

process by processing the cell-laden GelMA-M in a closed system resulted in greater yields 

when compared to standard monolayers (Figure 3E). The ihOCM generated by standard 

monolayers and GelMA-M culture induced deposition of a comparable amount of de novo 
bone in murine critical-sized defects as the clinical gold standard BMP2 [63,64] (Figure 4), 

suggesting an equivalent level of healing. However, further inspection of the bone stimulated 

by BMP2 highlighted several concerning characteristics not shared by the ihOCM-driven 

bone. All BMP2-treated animals exhibited a large palpable growth by the fourth week of 

recovery which was confirmed to be bone by μCT and histology. These growths extended 

far beyond the site of the defect (see supplementary Figure S7) and exhibited histological 

characteristics not typical of natural bone (see supplementary Figure S6). The resultant 

bone was morphologically aberrant as compared to ihOCM-driven bone, with prominent 

voids containing fatty marrow (see supplementary Figure S7A) and fibrous tissue (see 

supplementary Figure S7B). There was also a prevalence of lymphocyte-like cells in the 

BMP2-treated defects (see supplementary Figure S6B). On the other hand, bone generated 

by ihOCM was histologically normal, with thick trabecular structures composed of mature 

bone and osteoid with interspersed islands of normal marrow (see supplementary Figure 

S6D,F, Figure S7C). The observations made here resemble clinical reports of BMP2-induced 

side-effects including inflammation, [65,66], osteolysis and ectopic bone formation [48–50], 

bone voiding [51] and osteopenia [67]. Despite these risks, biologics like BMP-2 are often 

considered preferable to cytotherapies and cadaveric allografts due to risk of batch variation, 

immune reaction, and the fear of disease transmission [64,68]. In this study, live cells 

induced very limited bone formation, indicating that extracellular matrices derived from 

ihMSCs are not only superior in efficacy to live cells, but they also have a far lower 

potential for disease transmission because the processing methodologies include exposure 

to putative antimicrobial agents such as chloroform and acetone [47,69,70]. It should be 

noted that OCM purification and testing was performed with material generated only at the 

500 mL scale due to resource limitations. Successful functionality of this material supports 

additional future studies with OCM generated at scales above 3L.

The ihMSCs used in this study have been demonstrated to inhibit tumor necrosis factor-α 
output by a macrophage-like cell line [46] and interferon-γ output by isolated murine 

splenocytes [42] when challenged by lipopolysaccharide in vitro. To evaluate the potential 

anti-inflammatory effects of the VWB/GelMA-M generated ihMSCs, we employed a simple 

in vivo assay based on peritoneal inflammation induced by zymosan exposure followed by 

administration of ihMSCs by the same route [52]. Assay of peritoneal lavage demonstrated 

that ihMSCs generated by VWB/GelMA-M, but not monolayer, was sufficient to inhibit 

several markers of inflammation. The lack of activity by monolayer ihMSCs is surprising 

because live cells and their secreted extracellular vesicles (EV) have been shown to inhibit 

inflammation in various studies [71,72], but the improved performance of VWB/GelMA-M 

ihMSCs could be attributable to microcarrier culture which can improve EV output and 

immune modulatory capacity [73].

In this study, we hypothesized that degradable GelMA-M are well-suited for scale up of 

ihMSC cultures in VWBs. Using the standardized culture conditions (medium composition, 
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SVR, ambient O2, physiological pH) GelMA-M attachment permitted robust expansion in 

VWBs from 100 mL [42] up to 3 L with lower cost of cell production at the 500 mL 

and 3 L scale relative to conventional monolayer culture. Uniquely, the process could be 

monitored by visualization of live cells while attached to the microcarriers using ELS. 

Two potentially therapeutic products were successfully generated using the VWB/GelMA-M 

system, OCM and immune modulatory ihMSCs. Given that the PBS VWB systems are 

designed for linear scalability, further scale up is feasible [39,54–56], but it should be 

noted that the 3 L bioreactors represent excellent suitability for personalized, autologous 

applications. While the approaches described herein offer several attractive advantages such 

as improved cost at scale, ease of product harvest, visualization, and the potential for 

chemical and biomechanical tuning of the microcarriers, this study has some limitations. At 

the 3L scale, cell recoveries were lower than those attained at 500 mL and on monolayers. 

Since a stationary phase was not attained during the 8-day culture duration, it is likely 

that extension of the culture time would improve yield. The 3 L bioreactors were also 

fed oxygen via headspace aeration rather than direct administration of O2 in an attempt 

to maintain continuity in conditions between monolayers and 500 mL cultures. The pH 

remained stable in 3L cultures suggesting that severe hypoxia was not occurring in the 

cultures. Nevertheless, the potential benefits of direct O2 administration should be addressed 

in further studies, especially in anticipation of further scale-up.

A preliminary cost analysis predicts that the generation of MSCs using the VWB/GelMA-M 

system could be more cost effective than monolayer expansion of cells. However, it should 

be noted that these results are based on limited data and account only for the materials 

utilized to generate the product. At this time, it is unclear how labor costs and time will 

factor into the production of GelMA-M and the cell-based products derived from them, and 

further work is required to determine more accurate assessments of cost effectiveness.

Given the need for robust, cost-effective modalities for the manufacture of cell-based 

products, the VWB/GelMA-M approach described here addresses several of the pain-points 

that currently challenge cell manufacture. It is robust, linearly scalable, utilizes standard 

conditions, permits rapid visualization of live cells, and is cost effective as compared to 

monolayer-based expansion.

Materials and Methods

For detailed methodology, refer to supplemental materials

Study design: The objective of this study was to determine whether GelMA-M 

microcarriers could be employed to expand ihMSCs or their ECM for immune modulation 

and bone regeneration. For all experiments, the number of replicates and statistical test used 

are reported in the figure legends. The reported replicates refer to biological replicates. All 

in vitro experiments in the main text were performed at least twice, and no outliers were 

excluded. For in vivo experiments, mice were randomly assigned to treatment groups. Group 

sizes were determined by power analyses using post hoc data sets to attain a power of 0.8 

(α=0.05).

GelMA synthesis: GelMA was synthesized as previously described [42,74]
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Microfluidic Device Fabrication and GelMA-Microcarrier (GelMA-M) 
Generation: Fabrication of the microcarrier generation microfluidic device and GelMA-M 

has been described in detail previously [42].

Monolayer Culture: Cell culture protocols were adapted from [33].

500 mL Bioreactor Culture: Passage 3 ihMSCs were expanded on monolayers prior to 

culture in 500 mL bioreactors. Seed cultures were assayed for viability and cell attachment 

to GelMA-M as described previously [75]. In each case, viability and attachment was above 

90%. Two and one half million ihMSCs were added to a 500 mL single use PBS bioreactor 

module (PBS Biotech catalog#FA 0.5-D-001) containing 500 mL of CCM and 5.5×106 

microcarriers (corresponding to 2500 cm2 growth area, 1000 cells per cm2, 0.5 cm2 per 

mL medium). The bioreactor was placed in a humidified CO2 (5.0%) incubator at 37°C. 

To facilitate attachment of ihMSCs to GelMA-M, the culture was mixed for 1 min at 12 

RPM followed by static incubation for 20 min. After 24 h, the bioreactor base was set to 

17 RPM continuously. The cultures were half-fed every 2 days. On day 8, the cell-laden 

GelMA-M were recovered by centrifugation at 500 RCF for 5 min and incubated with to 50 

mL trypsin-EDTA for 5 min at 37°C. The trypsin was deactivated by addition of 100 mL 

CCM, followed by recovery of ihMSCs by centrifugation at 500 RCF for 5 min.

3 L Bioreactor Culture: The bioreactor vessel (PBS-3 Vertical-Wheel Single-Use 

Vessel (Floored Wheel catalog#FA-3-D-504) was prepared in accordance with manufacturer 

protocols for standard utilization. 1.5×107 ihMSCs were mixed with 3.3×107 microcarriers 

suspended in 1 L of 37°C CCM. To homogeneously attach ihMSCs to GelMA-M, a looped 

protocol was employed to agitate the culture at 20 RPM for 1 min followed by a 20-min 

pause. After 24 h, the vertical wheel was set to run continuously at 20 RPM. The culture was 

half-fed every 2 days. On day 8, the cell-laden GelMA-M were recovered on a 740 μm nylon 

mesh filter and washed thoroughly with PBS. Trypsin was added to the filter and after 8 min 

of digestion, an equal volume of CCM used to deactivate the trypsin followed by recovery of 

ihMSCs by centrifugation at 500 RCF for 5 min.

Microcarrier Imaging: Imaging was performed as previously described [43] using a Z1 

Lightsheet microscope. ELS was achieved at 638 nm.

Osteogenic Differentiation: Reagents were purchased from Sigma Aldrich unless 

otherwise stated. Differentiation and staining with alizarin red and spectrophotometric 

quantification was performed as previously described [44,47].

Adipogenic Differentiation Potential: Reagents were acquired from Sigma Aldrich 

unless otherwise stated. Adipogenic differentiation was performed on ihMSC monolayers 

using three test formulations of adipogenic differentiation media (see Supplemental 

Materials). At the conclusion of differentiation, cultures were stained with Oil Red O, 

imaged and the dye was quantified spectrophotometrically (see Supplemental Materials).

ihOCM Generation: The ihOCM was extracted as previously described [47]. The cell-

laden GelMA-M and monolayer slurry were resuspended in lysis buffer (0.1% (v/v) Triton 
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X-100, 1 mM MgCl2, and 10 μg/mL DNAse I) and incubated at 37°C for 2 h on an 

orbital shaker at 60 RPM. After the initial incubation, 0.01% (v/v) trypsin was added and 

incubation was continued for 15 h. The ihOCM was then washed twice in dH2O, once in 

chloroform, once in dH2O, and once in acetone and then air-dried. Dry ihOCM was stored at 

−80°C until use.

Calvarial Defect Assay: All vertebrate animal procedures were performed in accordance 

with a protocol approved by the Texas A&M University Institutional Animal Care and Use 

Committee (IACUC) as described previously [46] and in the Supplemental Materials.

μCT Analysis: Fixed calvaria were rinsed with PBS and wrapped in parafilm (VWR 

International) immediately prior to scanning. 360° scans were conducted every 0.5° with a 

22 kV, 166 mA beam at 18 μm resolution with automatic flat-field correction and frame 

averaging. NRecon (Micro Photonics) was used for axial reconstructions with 1% smoothing 

kernel gaussian, 5% beam hardening, and dynamic range of 0–0.146173. Misalignment 

compensation was performed automatically for each sample. A defect was drilled into the 

contralateral side of a fixed sample not used for analysis to standardize reconstruction and 

thresholding settings and mock hydroxyapatite phantoms (Bruker) were used to calibrate the 

instrument and analysis software. A standardized volume of interest was generated based on 

the dimensions of the mock defect in CTan (Micro Photonics) to calculate the volume and 

density of the de novo bone in the defect. CTvol (Micro Photonics) was used to render the 

scans, again using the mock defect to determine the threshold for new bone.

Histology: Blocks were embedded in paraffin, sectioned and stained in the standard 

manner with Masson’s Trichrome Stain by the Research Histology Unit at the Texas A&M 

School of Veterinary and Biological Sciences.

Immunomodulation Assay: Two-month-old male BALB/c mice (Jackson Laboratories) 

were utilized in in accordance with a protocol approved by the Texas A&M University 

IACUC to perform a sterile peritonitis assay [52].

Statistics: GraphPad Prism version 9.4.1 for Windows was used for plotting data and 

performing statistical tests. Details of each statistical analysis are provided in figure legend

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Expansion of ihMSCs in 500 mL vertical wheel bioreactors. (A) Growth curves (n=3) for 

ihMSCs cultured on GelMA-M in 500 mL VWBs (green) compared to 15 cm monolayer 

culture plates (purple). Final yield for polystyrene microcarriers (black). Error bars represent 

standard deviations. (B) Doubling times at specified durations of culture for ihMSCs 

cultured on GelMA -M (green) compared to monolayers (purple). Horizontal line represents 

the mean and error bars represent standard deviations. Data analyzed by Student’s t-test. 

Asterisks represent * = P < 0.05, ** = P < 0.01. (C) Merged DiO (green) and DRAQ5 

(blue) staining of ihMSCs growing on GelMA-M and images generated by elastic light 

scattering (monochrome) (bar = 50 μm). Also refer to supplementary Figure S1. Comparison 

of cell enumeration by standard cell counts compared to results generated by analysis 

of fluorescent light sheet images (below right). (D) In vitro osteogenic differentiation of 

ihMSCs cultured on monolayers and GelMA-M. Representative phase contrast images 

(left) of undifferentiated (Control) and differentiated cells (Osteo) stained with Alizarin 

Red S (bar = 200 μm). Quantification of ARS staining in differentiated cultures (right). 
Data analyzed by ANOVA and Tukey post-test. Asterisks represent ** = P < 0.01. (E) 

In vitro adipogenic differentiation of ihMSCs cultured on monolayers and GelMA-M. 

Representative phase contrast images of undifferentiated (Control) and differentiated cells 

(Adipo) stained with Oil Red O (bar = 100 μm). Quantification of ARS staining in 

differentiated cultures (right). Horizontal line represents the mean and error bars represent 

standard deviations. Data analyzed by ANOVA and Tukey post-test. Asterisk represents * = 

P < 0.05.
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Figure 2. 
Expansion of ihMSCs on GelMA microcarriers in 3L vertical wheel bioreactors. (A) 

Growth curves (n=3) for ihMSCs cultured on GelMA-M in 3 L vertical wheel bioreactors 

(green) compared to 15 cm monolayer culture plates (purple). Error bars represent standard 

deviations. (B) Doubling times at specified durations of culture for ihMSCs cultured 

on GelMA-M (green) compared to monolayers (purple). Horizontal line represents the 

mean and error bars represent standard deviations. Data analyzed by Student’s t-test. (C) 

Merged DiO (green) and DRAQ5 (blue) staining of ihMSCs growing on GelMA-M and 

images generated by ELSM (monochrome) (bar = 50 μm). Also refer to supplementary 

Figure S7. Comparison of cell enumeration by standard cell counts compared to results 

generated by analysis of fluorescent light sheet images (below right). (D) In vitro osteogenic 

differentiation of ihMSCs cultured on monolayers and GelMA-M. Representative phase 

contrast images (left) of undifferentiated (Control) and differentiated cells (Osteo) stained 

with Alizarin Red S (bar = 200 μm). B) Quantification of ARS staining in differentiated 

cultures (right). Data analyzed by ANOVA and Tukey post-test. (E) In vitro osteogenic 

differentiation of hMSCs cultured on monolayers and GelMA-M. Representative phase 

contrast images of undifferentiated (Control) and differentiated cells (Adipo) stained with 

Oil Red O (bar = 200 μm). For (D and E), horizontal line represents the mean and error bars 

represent standard deviations. Asterisks represent * = P < 0.05, ** = P < 0.01, *** = P < 

0.005.
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Figure 3. 
Growth of iPS-hMSCs on GelMA microcarriers improves yields and simplifies recovery 

of ihOCM. (A) Phase contrast images of osteogenically enhanced ihMSCs and ihOCM 

attached to microcarriers (above), ihOCM after decellularization and digestion of 

microcarriers (below) (bar = 100 μm). (B) Silver stained SDS-PAGE electropherogram of 

ihOCM generated from iPSC-OEhMSCs cultured on monolayers (Mono) and gelMA-M 

(GelMA). Densitometry trace is provided on right. Each lane was loaded with 50 μg of 

material. (C) Immunoblots for key ihOCM components collagen I, VI and XII and TGFBI 

using conditions identical to Panel B. (D, E) Recovery of ihOCM from 10 cm2 of growth 

area on monolayers or GelMA-M shown in pure pelleted form (D) with mass quantification 

(E). Horizontal bar represents the mean. Data analyzed by Student’s t-test, * = P < 0.05.

Haskell et al. Page 22

Cytotherapy. Author manuscript; available in PMC 2024 April 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
The ihOCM generated on GelMA microcarriers heal critical-sized calvarial bone defects. 

(A) Three-dimensional renderings of calvarial defects after 4 weeks of healing in the 

presence of no material (Mock), Gelfoam, BMP-2, osteogenically enhanced ihMCS 

grown as standard monolayers (Mono-cells) or GelMA-M (GelMA-cells) and ihOCM 

generated from standard monolayers (Mono-ihOCM) or from GelMA-M (GelMA-ihOCM). 

Trichrome-stained histological sections are presented below each rendering (bar = 1 mm) 

with high power magnification for BMP-2 and ihOCM at right of panel (bar = 200 μm). 

(B) Defect closure as a function of percent defect filled by bone tissue. (C) Volume of 

de novo bone formed at site of defect. (D) SVR normalized to an anatomically equivalent 

region on contralateral side. (E) Healing index as a function of the ratio between the 

volume of de novo bone at the defect normalized to an anatomically equivalent region on 

contralateral side. (F) Average structure thickness of de novo bone. In each case, horizontal 

line represents the mean and error bars represent standard deviations. Results analyzed by 

one-way ANOVA and Dunnett’s multiple comparison test with Gelfoam as the control. 

Asterisks represent * = P < 0.05, ** = P < 0.01, *** = P < 0.005. Also refer to Figures S2–5.
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Figure 5. 
ihMSCs harvested from GelMA-M exhibit immunomodulatory characteristics in vivo. (A) 

Mice were subjected to peritoneal challenge with zymosan followed by administration of 

PBS containing ihMSCs. After 5 h peritoneal lavages were subjected to measurements of 

inflammatory markers. (B) Proportion of cells collected from peritoneal lavage positive for 

neutrophil markers CD11b and Ly6G. (C–F) Levels of TNF-α, IL-6, CXCL1, or CXCL2 in 

peritoneal lavages as determined by ELISA. All measurements are presented as a percentage 

normalized to PBS. Results are analyzed by one-way ANOVA with Tukey’s multiple 

comparison test, n = 10, * = P < 0.
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Table 1

Estimated weekly cost to produce GelMA microcarriers at the current scale.

Running costs per week

Component Amount/day (day 1) Amount/day(days 2–5) Cost ($)

Photo initiator (g) 0.188 0.188 $126.90

Needles 2 0 $9.80

0.02” Tubing (ft) 5 0 $19.33

PDMS (g) 10 0 $20.86

Slides 1 0 $6.77

Fluorinated oil (mL) 104 31.2 $567.42

Surfactant (mL) 26 7.8 $2230.80

0.01” Tubing (ft) 5 0 $18.63

Gelatin (g) 24 24 $23.98

Glycerol (mL) 120 120 $51.00

Methacrylic anhydride (mL) 6 6 $4.54

PBS (mL) 1000 1000 $211.70

Total cost/week ($) $3291.73

Product per week

Microcarriers 354000000

Growth area (cm2) 160008

Cost/cm2 ($) $0.02057

Represents fabrication using a single setup running for 8 h per day, 5 days per week. Assumes all-new components are used on day 1% and 70% of 
surfactant/fluorinated oil are retained on each subsequent day.
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