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 ABSTRACT 

 

Bioreactor-mediated expansion of human mesenchymal stem cells (hMSCs) is a 

promising technique for the generation of hMSCs and their secreted products for 

immunoregulation therapies at scales required for use in the clinic. However, there are 

gaps in knowledge regarding how hMSCs behave on different microcarrier surfaces 

during bioreactor culture, and how the type of media supplementation alters their 

phenotype after expansion. The goals of the experiments presented in this dissertation 

were two-fold: 1) to characterize the behavior of a renewable source of induced pluripotent 

stem cell-derived mesenchymal stem cells (ihMSCs) in a scalable bioreactor platform 

using gelatin-based microcarriers generated with high-throughput microfluidics; and 2) to 

evaluate ihMSC phenotype in monolayer culture using xenogen-free media containing 

human platelet lysates (hPL). 

Gelatin methacryloyl (GelMA) is a photocrosslinkable derivative of gelatin that 

has not previously been used for microcarrier-mediated bioreactor expansion of hMSCs 

for immunomodulatory applications. The immunomodulatory potency of the ihMSCs 

and their extracellular vesicles (EVs) were evaluated in vitro. The results demonstrate 

the ability to rapidly produce GelMA microcarriers using a step emulsification 

microfluidic device and their utility for the expansion of ihMSCs in a 100 mL vertical 

wheel bioreactor without compromising cell identity, while also enhancing the 

immunomodulatory potential of cells and harvested EVs. Additionally, the culture of 

these ihMSCs with hPL-supplemented media improved adipogenic differentiation 
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potential and EV production capabilities compared to ihMSCs culture in media 

supplemented with FBS while retaining their immunomodulatory potential. 
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NOMENCLATURE 

 

ADM Adipogenic Differentiation Medium 
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CCM Complete Culture Medium 
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FABP4 Fatty Acid Binding Protein 4 

FDA Food and Drug Administration 

GAPDH Glyceraldehyde 3-Phosphate Dehydrogenase 

GelMA Gelatin Methacryloyl 
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hMSC Human Mesenchymal Stem Cell 

hPL   Human Platelet Lysate 

IFN-γ Interferon-γ 

ihMSC Induced Pluripotent Stem Cell-Derived Human Mesenchymal Stem Cell 

IL-1β Interleukin-1β 

IL-10 Interleukin-10 

IL-6 Interleukin-6 

iPSC Induced Pluripotent Stem Cell 

ISCT International Society of Cell & Gene Therapy 

ITS Insulin, Transferrin, Selenium 

kDa Kilodalton 

kPa Kilopascal 

LAP Lithium Phenyl-2,4,6-Trimethylbenzoylphosphinate 

LPL Lipoprotein Lipase 

LPS Lipopolysaccharide 

MWCO Molecular Weight Cutoff 

NIH National Institute of Health 

OBM Osteogenic Basal Medium 

OBM+Dex Osteogenic Basal Medium + Dexamethasone 

OCN Osteocalcin 

ORO Oil Red O 

PBS Phosphate-Buffered Saline 
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PDMS Polydimethylsiloxane 

PET Polyethylene Terephthalate 

PFA Paraformaldehyde 

PNPP p-Nitrophenyl Phosphate 

PPAR-γ Peroxisome Proliferator-Activated Receptor-γ 

qRT-PCR Quantitative Reverse Transcriptase Polymerase Chain Reaction 

RA Rheumatoid Arthritis 

RNA Ribonucleic Acid 

RPM Rotations per Minute 

RUNX2 Runt-Related Transcription Factor 2 

RWVB Rotating Wall Vessel Bioreactor 

SDS Sodium Dodecyl Sulfate 

SLA Stereolithography 

SLE Systemic Lupus Erythematosus 

STC-1 Stanniocalcin-1 

TGF-β1 Transforming Growth Factor-β1 

TGF-β3 Transforming Growth Factor-β3 

Th Helper T-Cell 

TNF-α Tumor Necrosis Factor-α 

T-Reg Regulatory T-Cell 

TSG-6 Tumor necrosis factor-inducible gene 6 protein 
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CHAPTER 1  

INTRODUCTION  

1.1 Clinical Trials and Production of Human Mesenchymal Stem Cells (hMSCs) 

1.1.1 Graft-Versus-Host Disease (GvHD) Treatment: A Success in hMSC Therapeutics 

Acute GvHD (aGvHD) is a life-threatening complication that affects 

approximately 35-50% of allogeneic hematopoietic stem cell transplant recipients.1 Pro-

inflammatory cytokine release post-transplant triggers donor T-cells to mount an 

immune response against recipient tissues, leading to disorders of the gastrointestinal 

tract, liver, and skin. High-dose steroids are used to treat aGvHD, though the response 

rate of patients to therapy is only 30-50%.2 There exists no standard protocol for treating 

steroid-resistant aGvHD (SR-aGvHD), and the five-year survival of patients with severe 

disease is only 25%.3 

hMSCs have been studied as a therapeutic agent for SR-aGvHD due to their anti-

inflammatory properties.2,4,5 Though response to hMSC therapy varies depending on 

symptoms and disease severity, a recent collection of clinical trials reported success 

treating pediatric SR-aGvHD with intravenous allogeneic hMSC preparations 

(Ryoncil™), with 66% of patients responding to treatment. Of the responders, 83% 

survived 180 days after treatment.6 In September 2020, Ryoncil™ is scheduled to be the 

first FDA-approved hMSC therapeutic with the potential to save thousands of lives per 

year. 

Additional clinical trials have demonstrated that hMSCs or extraceullular 

vesicles (EVs) isolated from hMSCs are effective in treating the symptoms of 
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autoimmune diseases such as inflammatory bowel disease (IBD), rheumatoid arthritis 

(RA), and systemic lupus erythematosus (SLE), further reinforcing the potential 

application of hMSCs as anti-inflamatory therapeutics.7-9 

1.1.2 Reducing Costs Through Donor and Stem Cell Source 

The increasing number of clinical trials has led to high demand for hMSCs, with over 7 

trillion cells needed in 2016 and 100 trillion cells needed for 2040 (Figure 1-1-A).10 

While it may be ideal to treat patients with autologous hMSCs to minimize risks of 

immune response, cells from patients with diseases such as SLE are senescent and lack 

immunosuppressive capabilities.11 Additionally, allogeneic hMSCs can be expanded to 

larger batch sizes for treating multiple patients, reducing quality control steps and 

production costs by 66% compared to autologous therapy.12 

The source for stem cell isolation is also important to consider for minimizing 

harm to the donor. hMSCs from bone marrow aspiration (BM-hMSCs) or lipoaspirates 

can lead to chronic pain and post-procedure complications. Umbilical cord-derived 

mesenchymal stem cells can be harvested without a loss, but still suffer from expansion 

limitations and donor-to-donor variability. ihMSCs can potentially circumvent 

complications and donor variability by producing MSC-like cells from a self-

propogating iPSC line.13 Additionally, previous studies have shown that ihMSCs can 

expand for 64 population doublings before reaching senescence, increasing the number 

of active cells at harvest compared to other tissue-derived hMSCs (Figure 1-1 B).13,14 
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Figure 1-1: Historical hMSC Demand and Meeting Demand with ihMSC 

Expansion. 

(A) hMSC demand since 2000 has risen to 7 trillion cells by 2016. Reprinted from [10]. 

(B) ihMSCs expand to higher cell numbers compared to BM-hMSCs. Reprinted from 

[13]. 

 

1.1.3 Optimum Reactor Design for hMSC Expansion 

Previous studies have found that hMSC production costs are directly dependent 

on cell expansion potential, particularly the time between population doublings and the 

number of cells that can be isolated from a single culture vessel. Four types of 

bioreactors have been typically used for hMSC expansion: multilayer flasks (MLF), 

multiplate reactors (MPB), hollow-fiber bioreactors (HFB), and microcarrier-mediated 

bioreactors (STR).15,16 Previous studies have identified MPB and STR expansion as the 

most cost-efficient techniques for generating large batches of allogeneic hMSCs (Figure 

1-2 A). However, the maximum expansion area in STRs can exceed 11 million cm2 per 

reactor, 100-fold higher than MPBs.16 Additionally, hMSC expansion using xeno-free 

media reduces population doubling times compared to fetal bovine serum (FBS)-

containing media, further reducing production costs by up to 16% (Figure 1-2 B).10,16,17 

By combining STR expansion and xeno-free media, production costs can be reduced to 

ihMSCs 

BM-hMSCs 
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the point where hMSC therapeutics are competitive with currently-approved 

therapeutics.6 

 

Figure 1-2: Techniques to Reduce hMSC Production Costs. 

(A) Economic modeling of hMSC expansion demonstrates that MPB and STR 

bioreactors are the only two technologies capable of generating hMSC doses that are 

below the current insurance reimbursement rates for congestive heart failure and GvHD. 

Reprinted from [16]. (B) hMSC expansion in hPL compared to FBS increases the number 

of population doublings over three passages. Reprinted from [18]. 

 

1.2 hMSCs: Origin and Immune Modulation Mechanisms 

1.2.1 Defining hMSCs and Immunomodulatory Mechanisms 

Human mesenchymal stem cells were originally identified as colony-forming 

fibroblastic cells that were collected from the bone marrow and were responsive to 

irradiation.19 Further research into these cells identified that they could self-renew, 

expressed a specific set of cellular surface markers, and were capable of differentiating 

along adipo-, chondro-, and osteogenic lineages. These were eventually employed in 

2006 as the minimal criterion for defining and identifying hMSCs.20  

Subsequent research has led to the discovery that hMSCs can alter the immune 

system through several different mechanisms. Pro-inflammatory cytokines such as 

Interferon-γ (IFN-), Tumor Necrosis Factor-α (TNF-), and Interleukin-1β (IL-1) 

prime hMSCs to produce and support an anti-inflammatory environment through 
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stimulation of regulatory T-cell expansion, suppression of Th1, Th2, and Th17 cells, and 

induction of anti-inflammatory antigen presenting cells, including anti-inflammatory M2 

macrophages.21 The anti-inflammatory mechanisms of hMSCs occur through the 

secretion of soluble factors, direct cellular interactions, and the release of extracellular 

vesicles (EVs) (Figure 1-3). 

 

Figure 1-3: The Various Mechanisms by Which MSCs Exert Their Effect on the 

Immune System. 

After being primed with cytokines such as IFN-γ, TNF-α, and IL-1β, hMSCs can cause 

immunomodulation via a number of mechanisms including soluble factor release, cell-

cell interactions, and the release of EVs. The broad effects are to inhibit the expansion of 

pro-inflammatory cell types while driving the activation and expansion of anti-

inflammatory cells such as T regulatory lymphocytes (T-Regs) and M2 macrophages. 

Adapted from [21]. 
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1.2.2 EVs and their Properties 

EVs have attracted interest as a cell-free therapeutic because they can be isolated 

from cell culture media and can suppress inflammatory responses. In particular, they 

have been shown to inhibit pro-inflammatory T-cell proliferation, particularly Th17 

cells. At the same time, they induce T-Reg proliferation and IL-10 secretion.21 

There are three types of EVs, each being produced via different mechanisms and 

affecting the immune system in different ways.22-24 Exosomes are particles 30-150 nm in 

diameter that are derived from endosomes and are stored in multivesicular bodies. 

Exosomes are released during fusion of multivesicular bodies with the plasma 

membrane. They contain a number of biological materials including mitochondria, RNA, 

proteins, and signaling molecules.  

Upon arrival at their target destination, exosomes are endocytosed and either 

interact directly with membrane bound receptors or fuse with another intracellular lipid 

bilayer, releasing their contents into the cytoplasm. Key mediators of exosome effects on 

immunomodulation include Transforming Growth Factor- β1 (TGF-β1), Pentraxin-

Related Protein (PTX), and micro-RNAs let7b and mir-21.25 Microvesicles (150-600 nm 

diameter) and apoptotic bodies (>1000 nm diameter) are also part of the EV family, but 

are usually produced during cellular stress responses and are formed directly from the 

plasma membrane. 

1.2.3 Generating EVs 

The production of EVs derived from hMSCs or hMSC-secreted exosomes 

requires large surface areas to generate relevant therapeutic quantities of either 
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material.26,27 In addition to being able to generate higher cell densities than traditional 

monolayer culture, microcarriers can aggregate into three dimensional structures during 

culture, improving the immunomodulatory potential of the expanding hMSCs through an 

unknown mechanism.28,29 Previous studies have reported increased gene expression of 

TNF stimulated gene/protein 6 (TSG-6) and other anti-inflammatory proteins in 

hMSCs aggregated in spheroids and cultured on microcarrier surfaces in bioreactors 

compared to hMSCs cultured in monolayer.25,28 TSG-6 exerts its effect on macrophages, 

changing them from a proinflammatory (M1) to an anti-inflammatory (M2) phenotype. 

Therefore, the identification of materials or culture conditions that can improve 

immunomodulatory potential during microcarrier expansion are key to the development 

of cell therapeutics. 

1.3 Microfluidic Devices for Custom Microcarrier Preparations 

1.3.1 Properties of Microcarrier and Gelatin Methacryloyl (GelMA) 

Commercially available microcarriers are prepared from a number of materials 

and coatings, depending on the desired application.30 Most commercially available 

microcarriers are non-degradable, necessitating separation technologies such as 

tangential flow filtration to isolate cellular product.31 Degradable, naturally-derived 

materials have been explored for hMSC expansion to remove the need for filtration and 

separation.32 In particular, gelatin-based materials have integrin binding domains and 

can be crosslinked using several strategies.33,34 A derivative of gelatin, GelMA, is a 

promising material due to the ease of fabrication and tunability of the resulting 

mechanical properties.35 GelMA is often produced by the reaction of gelatin with 



 

8 

 

methacrylic anhydride, resulting in methacryl group addition to amino acids with 

primary amines or hydroxyls (Figure 1-4).36 The methacryl groups will react via radical-

mediated polymerization to form a covalent network between gelatin molecules. The 

bloom strength, extraction technique, degree of functionalization, and weight percentage 

of gelatin in the prepolymer solution directly affect mechanical and chemical properties 

including stiffness, integrin binding site density, and prepolymer viscosity.37 

 

Figure 1-4: GelMA Reaction Overview and Integrin Binding Potential 

The overall reaction schematic for GelMA production whereby methacrylic anhydride 

covalently modifies primary amines and hydroxyls on the gelatin molecule (blue). These 

methacryl groups can be covalently-crosslinked using radical mediated polymerization. 

However, integrin binding sites are such as RGD (Red) are preserved after metacryl 

addition and polymerization. Reprinted from [35]. 

 

1.3.2 Generating GelMA Microcarriers 

The generation of microcarriers from GelMA typically is performed using water-

in-oil emulsion techniques, where the aqueous GelMA prepolymer solution is broken 

into small droplets in an organic or insoluble fluid and kept separated using surfactants 

before polymerization. After polymerization, the GelMA microcarriers are purified and 
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used in their desired applications.38-41 A number of techniques can be used to generate 

GelMA microcarriers, from mechanical disruption via vortexing to electrospray of the 

prepolymer solution into oil.42,43 However, microfluidic techniques are a more reliable 

method of generating microcarriers with specific diameters and low polydispersity.44 

Of the different droplet formation mechanisms, step emulsification has emerged 

as a candidate for high throughput generation of microcarriers because of the relative 

independence of droplet formation and inlet flowrates, in contrast to flow-focusing 

microfluidic devices.45,46 The formation of droplets begins by the introduction of a fluid 

into a channel that steps into a larger space filled with immiscible fluid. The curvature of 

the forming droplet causes a pressure difference to form between opposite ends of the 

droplet, where the inlet fluid begins to form a “neck” of fluid. As the droplet continues 

to form, the pressure drop between the droplet and neck decreases, driving fluid into the 

forming microcarrier. At a critical pressure difference, the fluid flowing from the neck 

into the droplet exceeds the fluid flowing from the remaining prepolymer solution into 

the neck, leading to the neck decreasing in size until it detaches from the nozzle, 

collapsing due to Rayleigh-Plateau instability (Figure 1-5). 
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Figure 1-5: Mechanism of Droplet Production Using Step Emulsification  

In this figure, the production mechanisms of droplet formation in the dripping (left) and 

jetting (right) regimes are shown from several views, including from the view of the 

neck in the bottom panel. Reprinted from [46]. 

 

This mechanism of microcarrier fabrication is primarily dependent on the 

prepolymer viscosity and the interactions between the prepolymer solution and the 

material that forms the neck.46 There is a critical flowrate that, if exceeded, prevents the 

collapse of the neck before the formation of the next droplet. Droplet generation at 

flowrates exceeding the critical flowrate occurs via jetting and leads to higher droplet 

diameter and size dispersity. Several models have been developed to predict the critical 

flowrate for step emulsification devices using the capillary number, a ratio of viscous 
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forces of the dispersed fluid to the surface tension between the dispersed and continuous 

phases.46,47  

One advantage of step emulsification is the linear scalability of droplet 

formation, as the critical flowrate scales linearly with the number of step channels on the 

device. Additionally, the features of step emulsification microfluidic devices permit their 

fabrication using polydimethylsiloxane (PDMS) molds of a silicon wafer mask prepared 

using soft photolithography. 

1.4 Xeno-free hMSC Culture Using hPL 

1.4.1 Benefits and Molecular Mechanisms of hPL Supplementation 

As knowledge about hMSCs grows, quality criteria have been developed to 

minimize the risk of adverse events. The FDA has released guidelines recommending the 

elimination or minimization of animal products in cell-therapy production.48-52 hPL has 

emerged as an allogeneic alternative for hMSC expansion that is affordable to both 

manufacture and purchase.53 hPL offers several advantages over FBS for hMSC 

expansion including decreased immunoreactivity.53-55 Platelet units can also be 

combined in large numbers to minimize lot variability, with a previous study showing 

that pooling of more than 200 platelet units per batch decreases variability in 

composition and cell behavior.27,51,54-56 

A number of proteins and materials that contribute to the expansion-promoting 

effects of hPL are found in the alpha granules of intact platelets (Figure 1-6). Through 

lysis mechanisms including freeze/thaw cycles, platelet activation with exogenous 

materials, or mechanical disruption, alpha granules release material into the surrounding 
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plasma, increasing the concentration of growth factors to levels suitable for hMSC 

expansion.56 

 

Figure 1-6: Platelet Components Recovered in hPL  

A number of the growth factors and proteins are present in both hPL and FBS, with 

important components derived from both plasma and platelet alpha-granules.57,58 

Reprinted from [58]. 

 

1.4.2 Preparing hPL for Use in Cell Culture 

A number of studies characterizing the effect of hPL supplementation have found 

that it supports improved expansion of hMSCs from various tissue sources compared 

with FBS.49,59 In addition, several studies have found that hPL improves the osteogenic 

differentiation potential of hMSCs.60,61 However, early studies used heparin to prevent 

fibrinogen polymerization in the culture media. The fibrinogen in hPL bound to hMSCs, 

limited their ability to inhibit T-cell proliferation, and increased their immunogenicity.62 
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To address this issue, fibrinogen can be removed from hPL by treatment with calcium to 

stimulate the coagulation cascade and form a fibrin polymer network.63 Mechanical 

disruption of the fibrin network allows for recovery of the platelet lysate and reduction 

of fibrinogen by three orders of magnitude, though the concentration of some growth 

factors is reduced due to interactions with the polymerized fibrin.63 Fibrinogen-reduced 

human platelet lysate has been shown to remove the requirement for porcine-derived 

heparin in culture media, further assisting the transition to xeno-free cell culture. 

There are concerns about the use of human platelet lysates due to the poorly 

understood characteristics of the generated material.55 Critical quality attributes are still 

being determined, and the possibility of transmitting infectious diseases remains a 

concern. However, techniques such as electron beam irradiation of the platelet lysate 

product, pooling of hundreds if not thousands of platelet donations, and current good 

manufacturing practice (cGMP)-compliant production and validation can reduce or 

mitigate the risks for hMSC production.51,54,64 

1.5 Dissertation Overview and Approaches 

1.5.1 Section 2: Bioreactor Expansion of ihMSCs on GelMA Microcarriers 

In this section, GelMA microcarriers were prepared using several different types 

of microfluidic devices and eventually mass-produced using a step emulsification 

microfluidic device. These microcarriers were used to expand ihMSCs in well plates, 

rotating wall vessel bioreactors (RWVBs) and vertical wheel bioreactors. Cell identity 

was determined using colony forming unit assays, morphologic evaluations, and 

trilineage differentiation potential. EVs were harvested from and quantified from the 
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vertical wheel bioreactor. Finally, the ihMSCs and EVs were assayed for 

immunomodulatory potential using an in vitro splenocyte activation assay. 

1.5.2 Section 3: Culture of ihMSCs in hPL 

 In this section, ihMSCs were cultured in culture medium containing hPL or FBS. 

Population doubling times and colony forming unit assays were used to determine the 

concentration of platelet lysate to use for media supplementation. Morphologic 

differences between cells cultured in hPL or FBS were quantified using CellProfiler®. 

Trilineage differentiation and immunomodulatory potential was also evaluated in cells 

cultured in both supplements. Finally, EV production capabilities and 

immunomodulatory potential were determined after ihMSC expansion in either FBS or 

hPL. 
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CHAPTER 2  

ANALYSIS OF HUMAN MESENCHYMAL STEM CELLS AFTER BIOREACTOR-

MEDIATED EXPANSION ON DEGRADABLE GELATIN METHACRYLOYL 

MICROCARRIERS 

2.1 Introduction 

hMSCs and their secreted products have been found to be effective in treating 

disorders resulting from a heightened immune response, demonstrated by several clinical 

trials and preclinical studies.65-67 In particular, hMSCs and hMSC-derived EVs have 

been used successfully to treat GvHD, RA, and perianal fistulas of Crohn’s disease in 

humans .7-9,67,68 To meet the expected future demand for hMSC and hMSC-derived EV 

therapy, there is a pressing need to develop scalable methods for hMSC and EV 

production while retaining immunomodulatory function.10,12,69  

Current methods for production of hMSCs and hMSC-derived EVs are largely 

reliant on monolayer culture techniques. However, hMSC expansion on microcarriers in 

STRs is a more efficient, scalable, and cost effective technique to produce the billions of 

cells necessary for therapeutic lot production.70-72 Microcarrier expansion does not 

compromise stem cell identity or potency, and has even been found to improve the 

effectiveness of harvested EVs for immunomodulatory applications.73,25,74  

Commercially available microcarriers have diverse characteristics that impact the 

ability to expand and recover hMSCs.75,76 Polystyrene-based microcarriers have the 

advantage of robust mechanical properties but are non-degradable, requiring filtration to 

remove the hMSCs and EVs following production.31 Degradable microcarriers, such as 
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gelatin-based microcarriers, improve the recovery of cells circumventing the need for 

filtration.77 However, gelatin-based commercially available microcarriers are porous, 

which allows for invasion of the hMSCs into the microcarrier during culture, resulting in 

apoptosis of the cells at the core of these microcarriers and reducing recovery.78  

Combining a non-porous, biodegradable microcarrier with scalable bioreactor 

technologies could provide a platform for improved isolation of hMSCs and EVs. 

GelMA is a photo-crosslinkable derivative of gelatin that retains integrin-binding and 

enzymatic-degradation potential while forming covalent crosslinks between gelatin 

molecules.39,79 Microcarriers prepared from GelMA have previously been used for the 

expansion of hMSCs on low attachment well plates without penetration of hMSCs into 

the microcarrier.39 However, GelMA microcarriers have not been used for the expansion 

of hMSCs in scalable bioreactors. Additionally, they have not been used for the 

production of hMSCs or EVs for immunomodulatory applications. 

It is necessary to not only optimize bioreactor and microcarrier platforms, but 

also to select the appropriate donor for cell expansion. ihMSCs can be prepared from a 

single stock of iPSCs, permitting the production of trillions of cells with identical 

properties from a single donor.13,14 The immunomodulatory capabilities of ihMSCs and 

ihMSC-derived EVs are comparable to those from BM-hMSCs both in vitro and in 

preclinical models of inflammatory diseases.80 However, the expansion of ihMSCs in 

scalable bioreactor technologies has not been reported. 

In this study, we hypothesized that GelMA microcarriers produced using a step 

emulsification microfluidic device can serve as a degradable microcarrier platform for 
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the expansion of ihMSCs in scalable bioreactors without compromising stem cell 

identity or immunomodulatory capabilities. To test this hypothesis, ihMSCs were 

expanded on GelMA microcarriers in vertical wheel or RWVBs and evaluated based on 

their stem cell identity and immunomodulatory potential. We also hypothesized that 

extracellular vesicles produced from ihMSCs following microcarrier expansion would 

retain immunomodulatory potential. We compared the results of our fabricated GelMA 

microcarriers with a commercially available collagen-coated polystyrene microcarrier 

(Pall-Solohill) that has previously been used for hMSC expansion in bioreactors.75,81,82 

2.2 Methods 

2.2.1 GelMA Synthesis and Characterization 

GelMA was synthesized after modifications were made to a protocol by Loessner 

et al.83 Briefly, type A porcine gelatin, bloom 300 (Sigma) was reacted with methacrylic 

anhydride (0.6 mL methacrylic anhydride/g gelatin) in phosphate-buffered saline (PBS) 

for 1 hour at 50 oC with vigorous stirring. After quenching the reaction with 40 oC PBS 

and dialyzing for 7 days through a 12-14 kDa nitrocellulose membrane against deionized 

water at 40 oC, the pH was readjusted to 7.4 using 1 M sodium bicarbonate (NaHCO3), 

filtered through a 0.2 μm polyethersulfone (PES) filter, and lyophilized for 7 days in 0.2 

μm filtered conical tubes. The number of functionalized amines was determined using a 

fluorescamine reagent according to the manufacturer’s protocol (Thermo-Fisher). 

Viscosity at 40 oC was measured over 1 min using rheology at a constant strain of 1/s 

(MCR 301 Rheometer, Anton Paar). 

2.2.2 Compressive Mechanical Testing of Crosslinked GelMA 
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Elastic modulus of bulk GelMA hydrogels were measured using dynamic mechanical 

analysis at 37 oC using a stress-strain sweep at a rate of 5% strain/min for 3 min (Q800, 

TA Instruments). The elastic modulus of individual microcarriers was estimated from 

the force-displacement relationship with a microcantilever with a flat indenter (Figure 

2-1). 

 

Figure 2-1: Nanoindentation Analysis for Determining GelMA Microcarrier Elastic 

Modulus  

Micrograph of nanoindentation to measure the GelMA microsphere force-displacement 

curve. Microcarriers stained with Trypan Blue were tethered to the bottom surface of a 

polystyrene plate using EDC-NHS chemistry and kept hydrated in PBS buffer until 

measurement. The nanoindenter cantilever, cantilever tip, and individual GelMA 

microcarriers are indicated. 

 

2.2.2 Microfluidic Step Emulsification Device Fabrication 

A master mold for the microfluidic device was developed on a silicon wafer with 

SU-8™ 2025 (20 µm height) and 2075 photoresist (180 µm height, Microchem Inc.) 

using conventional soft photolithography. PDMS (10:1 mixture, Sylgard 184) was 
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poured over the master mold and polymerized at 85 oC for 1 hour. PDMS components 

and a 2” x 3” glass slide were exposed to 1 minute of oxygen plasma treatment, pressed 

together to form a covalent bond, and cured overnight at 85 oC. The assembled 

microfluidic device was then treated with Aquapel™ (3M) to make the microfluidic 

surface fluorophilic and sterilized by autoclaving prior to microcarrier production. 

2.2.3 GelMA Microcarrier Fabrication 

Two techniques were used to manufacture GelMA microcarriers, an SLA-printed 

coaxial flow-focusing device and a 100-channel step emulsification microfluidic device 

(Figure 2-2). Microcarriers were generated and purified in a biosafety cabinet to 

maintain sterile conditions. Microcarrier production rates, oil consumption rates, and 

diameter distributions were used to determine the optimal technique for microcarrier 

generation in subsequent experiments. 

To produce microcarriers with the coaxial flow device, GelMA and photoinitiator 

lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) were dissolved in PBS at 50 

oC to a final concentrations of 7.5% (w/v) and 1% (w/v), respectively.84 The GelMA 

solution and mineral oil (Light Mineral Oil with 1% (v/v) Span-80, Sigma) were added 

to syringes and connected to the microfluidic device using Tygon™ ABW00001 tubing. 

Peristaltic pumps were used to perfuse the device with GelMA and mineral oil at flow 

rates of 0.6 mL/hr and 15 mL/hr, respectively. Microcarriers were then exposed to 365 

nm-wavelength ultraviolet light (120 mW/cm2) for 2 minutes before collection into a 

beaker filled with ice water. The microcarrier and water mixture was decanted into 50 

mL conical tubes, and the microcarriers were separated from residual oil using 
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centrifugation at 1650 xg for 10 min. Microcarriers were washed three times with PBS 

before storage in PBS at 4 oC. 

To produce microcarriers with the step emulsification device, GelMA and LAP 

were dissolved in PBS at 50 oC to final concentrations of 4% or 7.5% (w/v) and 10 mM, 

respectively. The GelMA solution and fluorinated oil (Novec 7500 with 1% (v/v) 

PicoSurf-1, Sphere Fluidics) were added to syringes and connected to the microfluidic 

device using Tygon™ ND 100-80 tubing (0.01” ID x 0.03” OD, Saint Gobain). 

Peristaltic pumps were used to perfuse the device with GelMA and fluorinated oil at 2 

mL/hr and 4 mL/hr, respectively, for microcarrier generation. Microcarriers and 

fluorinated oil flowed into Tygon ND 100-80 tubing (0.02” ID x 0.06” OD, Saint 

Gobain) and were exposed to 365 nm-wavelength ultraviolet light (75 mW/cm2) for 50 

seconds before collection into a 50 mL conical tube. After removing the majority of 

fluorinated oil by pipet, the microcarriers were separated from the residual oil by 

centrifugation over a 20 mL glycerol bed at 3,000 xg for 60 seconds. Microcarriers were 

transferred to another 50 mL conical tube through a 300 µm strainer, washed three times 

using PBS, and stored at 4 oC until use. 
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Figure 2-2: Coaxial Flow and Step Emulsification Microfluidic Devices Used in 

This Study  

(A) A representative image of the coaxial flow microfluidic device is shown, along with 

a magnified image of the nozzle shown below. (B) A representative image of the step 

emulsification microfluidic device in generating GelMA microcarriers. Scale Bar 

represents 100 µm. Images from (A) were adapted from [85]. 

 

2.2.4 Quantifying Microcarrier Diameter 

Images of microcarriers were acquired using bright field microscopy during and 

after purification. The diameters were quantified using a custom Matlab™ (Mathworks) 

code. Histograms and plots of diameters during production were generated using 

Prism™ (GraphPad). 

2.2.5 Monolayer Cell Culture 

Induced pluripotent stem cell-derived human mesenchymal stem cell (ihMSCs) 

were provided by Dr. Carl Gregory and prepared as previously described.13 Cells were 

seeded at 500 cells per cm2 on tissue culture polystyrene and expanded in complete 

culture medium (CCM) containing α-Minimum Essential Media (Invitrogen), 10% (v/v) 

Fetal Bovine Serum (FBS, Atlas Biologicals), 4 mM L-Glutamine, and 100 U/mL 
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penicillin and streptomycin changed every 2-3 days. Upon reaching 70% confluence, 

cells were exposed to 0.25% trypsin, 0.1% EDTA (Corning) at 37 oC for 5 minutes. 

After deactivating trypsin with CCM, cells were collected by centrifugation at 500 xg for 

5 minutes. ihMSCs from passage 3-6 were used for experiments. 

2.2.6 Microcarrier Degradation Assay 

To optimize degradation methods, 4% GelMA microcarriers were placed in 

CCM and incubated overnight to allow for serum protein attachment. This incubation 

step was used in subsequent microcarrier experiments listed below. After the overnight 

incubation, 5 cm2 of microcarriers were placed into 1.7 mL Eppendorf tubes and washed 

twice with 1X PBS. The microcarriers were then exposed to 1 mL of 0.25% trypsin, 

0.1% EDTA (Corning), 0.05% TrypZEAN™, or Accutase™ and were incubated with 

agitation at 37 oC for 5 minutes, conditions used for ihMSC release from microcarrier 

and monolayer surfaces. Afterwards, microcarrier mixtures were transferred to wells of a 

12-well plate containing 1 mL CCM and imaged using phase-contrast microscopy to 

assess the degree of degradation. 

2.2.7 Microcarrier Attachment Assay 

ihMSCs were added for a final seeding density of 1,000, 5,000, or 10,000 

cells/cm2 to 25 cm2 of GelMA or collagen-coated polystyrene microcarriers in low 

attachment 6-well plates (Corning). After adjusting the volume of each well to a 5 mL 

with CCM, plates were agitated with a uniaxial rotor at 6 RPM (Mimetas™) for 22 hours 

in a cell culture incubator. The cells were harvested from the microcarriers by incubation 

with 0.25% trypsin/0.1% EDTA for 5 minutes at 37 oC, and the cells collected from the 
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collagen-coated polystyrene spheres were passed through a 40 µm cell strainer (PET 

mesh, PluriSelect). The cells were pelleted at 500 xg for 5 minutes and quantified using 

a hemocytometer. 

2.2.8 Low-Attachment Well Plate Microcarrier Expansion 

A total of 1,000 ihMSCs/cm2 were seeded onto 25 cm2 of GelMA microcarriers 

in low attachment 6-well plates according to the protocol in 2.2.7. Half of the media was 

exchanged every 2 days after collecting the microcarriers into 15 mL conical tubes and 

allowing them to settle. The cells were harvested on day 8 and counted according to the 

protocol listed in 2.2.7. 

2.2.9 Vertical Wheel Bioreactor Expansion 

A total of 1,000 ihMSCs/cm2 were seeded onto 500 cm2 of GelMA or collagen-

coated polystyrene (Pall-Solohill) microcarriers in PBS-0.1MAG vertical wheel 

bioreactors (PBS Biotech) containing 100 mL CCM. ihMSCs were allowed to attach to 

microcarriers for 16 hours during on/off cycles of 12 RPM for 1 minute followed by 0 

RPM for 20 minutes. After 16 hours, the bioreactor speed was increased to 17 RPM and 

changed to continuous operation. Bioreactor speeds for attachment and expansion were 

lower than those used in previous studies to minimize shear experienced during 

culture.71,86 Every 2 days, half of the media in each bioreactor was replaced with fresh 

CCM after allowing the microcarriers to settle. On day 4, the speed of reactors 

containing collagen-coated polystyrene microcarriers was increased to 20 RPM to 

prevent microcarrier settling, while reactors containing GelMA microcarriers were 
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maintained at 17 RPM due to the lack of settling. These speeds were maintained until the 

end of the bioreactor expansion on day 8. 

To assess expansion on the microcarrier surfaces, 10 mL aliquots of the GelMA 

or polystyrene microcarriers were removed every 2 days for ihMSC quantification. 

Microcarriers were washed with PBS and cells were removed via exposure to 0.25% 

trypsin/0.1% EDTA for 5 minutes at 37 oC with agitation. After deactivation of the 

trypsin with CCM, ihMSCs were separated from collagen-coated polystyrene 

microcarriers using a 40 µm cell strainer and pelleted at 500 xg for 5 minutes. Since 

GelMA microcarriers completely degraded during trypsin exposure, the cells did not 

require straining after trypsin deactivation and were directly pelleted. The number of 

ihMSCs was determined using a hemocytometer and divided by the microcarrier surface 

area to determine the degree of cell expansion. 

After 8 days of expansion, microcarriers were removed from the reactor and 

allowed to settle in 50 mL conical tubes before aspiration of liquid culture media. 

Microcarriers were washed twice with 50 mL of PBS before the addition of 30 mL 

trypsin/EDTA and incubation for 5 minutes at 37 oC under 120 RPM agitation on an 

Advanced Digital Shaker (VWR). After the addition of culture media to deactivate 

trypsin, ihMSCs were separated from collagen-coated polystyrene microcarriers using a 

40 µm cell strainer while ihMSCs isolated from GelMA microcarriers were not. Cells 

were collected after centrifugation at 500 xg for 5 minutes in CCM and 

concentration/viability was determined using trypan blue exclusion visualized on a 

hemocytometer. 
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2.2.10 Rotating Wall Vessel Bioreactor Expansion 

A total of 1,000 ihMSCs/cm2 were seeded onto 62 cm2 of GelMA or collagen-

coated polystyrene microcarriers in 10 mL RWVBs (Synthecon). ihMSC attachment 

occurred over 1 hour during on/off cycles of 24 RPM for 1 min followed by 0 RPM for 

20 minutes. After this, the reactors were set for continuous operation at 24 RPM to 

ensure the microcarrier movement was minimized in the bulk fluid. Every 2 days, half of 

the media in each bioreactor was replaced with fresh CCM. Cells were expanded on 

microcarriers until day 6 or day 8, at which point they were washed twice with 10 mL 

PBS before exposure to 5 mL trypsin at 37 oC for 5 minutes with agitation. After trypsin 

deactivation with CCM, the cells were collected, strained according to the protocol in 

2.2.9, and used for subsequent experiments. 

2.2.11 Colony Forming Capabilities 

Colony forming capabilities of recovered cells were determined as previously 

described.87 Briefly, a total of 100 ihMSCs were seeded in 15 cm dishes with 20% (v/v) 

FBS-containing CCM and incubated for 21 days before staining with 3% (w/v) crystal 

violet in methanol. Colonies were counted by hand, and the number of colonies was 

divided by 100 to determine the percentage of cells in culture that were capable of self-

replicating.88 

2.2.12 Alizarin Red S Staining 

Osteogenic differentiation was evaluated using previously described 

methods.87,89 Briefly, cells were expanded in 12-well plates before exposure to 

osteogenic basal medium (OBM) consisting of 5 mM β-glycerophosphate (Sigma), 50 
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µg/mL ascorbic acid (Sigma), and CCM containing 20% FBS. Media was exchanged 

every 2-3 days to promote mineralization. After 21 days, monolayers were washed with 

PBS and fixed with 4% (w/v) paraformaldehyde (PFA) in PBS for 15 minutes. After 

fixation, monolayers were washed with PBS and deionized (DI) water before staining 

with 40 mM Alizarin Red S (ARS) in pH 4.0 water for 30 minutes. Residual ARS stain 

was washed with DI water and imaged using bright field microscopy. The amount of 

ARS in each well was quantified using absorbance at 405 nm after dye extraction using 

10% (v/v) acetic acid in water. 

2.2.13 Oil Red O Staining 

Adipogenic differentiation was evaluated using previously described methods.87 

Briefly, cells expanded in 12-well plates were exposed to adipogenic differentiation 

medium (ADM) consisting of 500 nM dexamethasone (Sigma), 500 nM 

isobutylmethylxanthine (Sigma), 500 nM indomethacin (Sigma), and CCM containing 

20% FBS. Media was exchanged every 3-4 days to promote lipid droplet formation. 

After 28 days of differentiation, monolayers were fixed with 4% (w/v) PFA in PBS and 

washed with PBS before staining with 0.6% Oil Red-O (ORO) in 60% isopropanol/40% 

PBS for 30 minutes. Monolayers were washed with PBS and imaged using bright field 

microscopy. Quantification of incorporated dye was performed using absorbance at 510 

nm after extraction of dye with 100% isopropanol as previously described.90 

2.2.14 Toluidine Blue Staining 

Chondrogenic differentiation was evaluated using previously described 

methods.87 Briefly, 200,000 ihMSCs were pelleted in 15 mL conical tubes in either 
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CCM with 20% FBS or in chondrogenic differentiation medium (CDM) consisting of 

High-glucose DMEM (Invitrogen), 100 nM dexamethasone, 50 µg/mL ascorbate 2-

phosphate (Sigma), 40 µg/mL proline (Sigma), 100 µg/mL pyruvate (Sigma), 500 

ng/mL Bone Morphogenetic Protein-2 (BMP-2), 10 ng/mL Transforming Growth 

Factor-β3 (TGF-β3), and insulin, transferrin, selenium (ITS)+ Premix (Corning). Media 

was exchanged every 3 days for 21 days, at which point the pellets were washed with 

PBS and fixed with 4% PFA. After measuring the diameter, pellets were embedded in 

parrafin, cut in 10 µm sections, placed on microscope slides, and stained with Toluidine-

Borate. Images of the sections were acquired using bright field microscopy. 

2.2.15 EV Purification 

After 8 days of expansion in RWVBs or vertical wheel bioreactors, ihMSC-laden 

microcarriers were washed twice with PBS and incubated in 10 mL or 60 mL of a 

previously-described chemically defined (CDPF) medium for 24 hours to promote EV 

generation.25,91 After passing the media supernatants through a 0.2 µm PES filter and 

concentration using Vivaspin™ tubes (10 kDa MWCO, GE Healthcare, Chicago, IL), 

EVs were collected via ultracentrifugation at 100,000 ×g for 16 hours at 4 oC using a 

Sorvall WX Floor Ultracentrifuge with an AH-629 36-mL swinging bucket rotor 

(Thermo Scientific). EV pellets were resuspended in PBS, and particle size and 

concentration were determined using a NanoSight LM-10 nanoparticle tracking system 

(Malvern). The remaining suspended EVs were stored at -80 oC until further use. 
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2.2.16 Immunomodulatory Potential 

The immunomodulatory potential of isolated ihMSCs and secreted EVs were 

evaluated using in vitro LPS stimulation of murine splenocytes as previously 

described.25,91,92 Splenocytes (5×105 cells/well) isolated from 6-week old BALB/c or 

C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME) mice were stimulated with 50 

ng/mL LPS in RPMI containing 5% heat-inactivated FBS with 100 U/mL penicillin/100 

mg/mL streptomycin. The splenocytes were mixed with ihMSCs (2.5×103, 5×103 and 

10×103 cells/well) plated the day before or with the indicated number of EVs. After 24 

hours, the concentration of IFN-γ, IL-6, TNF-α in cell-free supernatant was determined 

using ELISA in triplicate according to the manufacturer’s protocol. Three wells of 

splenocyte culture were used as technical replicates. 

2.2.17 Cost Analysis 

An analysis was performed to determine the cost of disposable reagents for the 

production of GelMA microcarriers using the two different microfluidic devices 

available in this study. Costs were determined using the required reagents for the 

production of 20 mL of GelMA microcarriers. The production costs were normalized to 

microcarrier surface area and compared to the costs of commercial microcarriers. 

2.2.18 Statistics 

Statistical differences between groups were evaluated and deemed significant at 

p-values less than 0.05. Differences in attachment densities was measured using two-

way ANOVA with Tukey’s multiple comparisons test. Differences in cell densities in 

low-attachment plates and PBS bioreactors were determined using two-tailed t-tests. 
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Differences in expansion between the two microcarrier cultures was evaluated using a 

repeated measures ANOVA, and differences between cell densities on each day were 

determined using Sidak’s multiple comparison test. Difference in cell viability after 

harvest from the PBS bioreactor was determined using two-tailed t-tests. Differences in 

ARS and ORO intensity were measured using a one- or two-way ANOVA with Tukey’s 

multiple comparisons test. Differences in cytokine secretion in the murine splenocyte 

assay were determined using a one-way ANOVA with Dunnett’s or Tukey’s multiple 

comparisons test. 

2.3 Results 

2.3.1 GelMA Microcarrier Production Using Step Emulsification 

Microcarriers were initially produced using a coaxial flow focusing device that 

has been used previously in the lab for the production of GelMA microcarriers.85 The 

microcarriers had an average diameter of 73 ± 23 µm and were able to be isolated 

effectively from mineral oil with an overall recovery of only ~20%. A 100-channel step 

emulsification microfluidic device was evaluated for further experiments due to previous 

studies demonstrating higher production rates of more uniform microcarriers with lower 

flowrates for the oil phase (Figure 2-3 A-B).93 

The maximum flowrate for production of monodisperse droplets in a step 

emulsification depends on the viscosity of the aqueous solution21.  Using isothermal 

rheology, the viscosities of 4% and 7.5% GelMA prepolymer at 40 oC and a shear strain 

of 1/sec were 2.65 and 6.07 mPa*s, respectively. These readings may not be 

representative throughout the microfluidic device, as GelMA solutions are shear thinning 
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and thus susceptible to shear stress and strain.94 These viscosities are predicted to result 

in jetting for flowrates above 6 and 3 mL/hr for 4% and 7.5% GelMA, respectively.93 To 

ensure the microfluidic device was not operating in the jetting regime, the GelMA 

flowrate was set to 2 mL/hr.  

Microcarriers produced from both 4% and 7.5% GelMA had uniform diameters 

of approximately 120 µm that followed normal distributions with coefficients of 

variation less than 5% (Figure 2-3 C-D). In addition, though the diameter of the 4% and 

7.5% GelMA microcarriers appeared to increase during 2 hours of continuous 

production, the average diameters were always within one standard deviation of one 

another (Figure 2-3 E). Based on these results, GelMA microcarriers were prepared 

using step emulsification microfluidics for subsequent experiments. 
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Figure 2-3: Uniform GelMA Droplets are Generated Using Step Emulsification 

Microfluidics  

(A) A schematic of the microfluidic device demonstrates the dimensions and the flow 

pattern of the GelMA (Dispersed) phase and the fluorinated oil (Continuous) phase. (B) 

A diagram of the microcarrier production process indicates the location of UV 

crosslinking between droplet generation and collection. Not shown in this diagram is that 

the GelMA, fluorinated oil, and microfluidic device were maintained in a 40 oC heated 

environment. (C) Bright field images of 4% and 7.5% GelMA microcarriers demonstrate 

uniform diameter distributions after crosslinking and collection. (D) Microcarriers 

prepared from 4% and 7.5% GelMA adopt normal diameter distributions around 120 

µm. Additionally, there was an appreciable degree of overlap between the two 

microcarrier preparations. (E) Average and variance of microcarrier diameters did not 

appreciably changeover 2 hours of production. Data presented in this figure is 

representative of three independent microcarrier productions. Scale bars represent 100 

µm. Reprinted from [95]. 

 

We also determined that the compressive modulus of bulk hydrogels made from 

4% and 7.5% GelMA were 0.98 ± 0.36 kPa and 8.15± 0.65 kPa, respectively. To relate 

the bulk modulus measurements to that of an individual microcarrier, we measured the 

force-displacement relationship of a 4% GelMA microcarrier. A Hertz model fit (red) to 

the indentation curve (blue) indicated an elastic modulus of 2.5 kPa (Figure 2-4 A). 
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Applying a constant compressive strain to the microcarrier resulted in minimal stress 

relaxation, indicating the microcarrier largely behaved like an elastic solid (Figure 2-4 

B). Nanoindentation was not performed on 7.5% GelMA microcarriers due to sample 

loss prior to the measurement at an off-site facility. 

Incubation of the collected microcarriers with commercially available proteases 

demonstrated complete degradation of microcarriers by trypsin and TrypZEAN™ after 5 

minutes, while Accutase™ did not degrade the microcarriers even after 15 minutes 

(Figure 2-4 C). 

 

Figure 2-4: GelMA Microcarriers are Elastic And Proteolytically Degradable 

(A) Nanoindentation analysis of 4% GelMA microcarriers demonstrates an elastic 

modulus of 2.5 kPa. (B) Stress-relaxation curve of 4% GelMA microcarriers 

demonstrates low relaxation of compressive load with constant strain. (C) Representative 

images of 4% GelMA microcarriers after incubation with the indicated protease at 37 oC 

demonstrate complete degradation of microcarriers by 5 minutes when incubated with 

0.25% trypsin/0.1% EDTA or 0.05% TrypZEAN™. Meanwhile, microcarriers incubated 

with Accutase™ were not degraded even after 15 minutes of incubation, though the 
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number of microcarriers appears to decrease as a function of time. Scale bar represents 

100 µm. 

 

2.3.2 ihMSC Expansion on GelMA Microcarriers 

Optimal seeding densities of ihMSCs on 4% and 7.5% GelMA microcarriers 

compared to collagen-coated polystyrene microcarriers were determined using pilot 

experiments performed in low-attachment well plates. After 22 hours, the cells seeded at 

1,000 and 5,000 cells/cm2 had 100% recovery. The recovery of ihMSCs after initially 

seeding at 10,000 cells/cm2 was approximately 80% in all tested microcarrier conditions. 

The density of recovered cells from collagen-coated polystyrene microcarriers trended 

lower than the GelMA microcarriers in all three conditions (Figure 2-5 A).  

The comparison of ihMSC expansion potential on 4% and 7.5% GelMA 

microcarriers in low-attachment plates over 8 days resulted in a maximal cell density of 

approximately 15,000 cells/cm2. The final density was identical regardless of whether 

cells were seeded at 6,600 cells/cm2, a seeding density similar to those used in other 

studies, or 1,000 cells/cm2 (Figure 2-5 B).71  

To determine whether the same degree of expansion was possible in a vertical wheel 

bioreactor, 8-day expansions were performed with 4% and 7.5% GelMA microcarriers 

seeded with 1,000 ihMSCs/cm2. Three-fold fewer ihMSCs were recovered from 4% 

GelMA microcarriers than 7.5% GelMA microcarriers (Figure 2-5 C). As a result, only 

7.5% GelMA microcarriers were used for subsequent vertical wheel bioreactor 

experiments. The experiment was repeated to compare the degree of expansion between 

7.5% GelMA microcarriers and collagen-coated polystyrene microcarriers. Expansion of 

ihMSCs was similar on both microcarriers, and viability was not different in the cells 
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recovered in either condition (Figure 2-5 D-E). Millimeter-sized microcarrier aggregates 

were observed on days 6 and 8 of expansion on 7.5% GelMA microcarriers. Live/dead 

staining demonstrated no apoptotic cells in the center of the aggregates (Figure 2-5 F). 

 

Figure 2-5: GelMA Microcarriers Are a Suitable Scaffold for ihMSC Expansion in 

Vertical Wheel Bioreactors  

(A) The number of ihMSCs recovered after 22 hours of microcarrier culture in low 

attachment plates yielded similar quantities to the initial number added. Dashed lines 

were added indicating the original seeding densities to ease comparison between the two 

time points. (B) Expansion of ihMSCs over 8 days on 4% and 7.5% GelMA 

microcarriers in low attachment plates resulted in final cell densities around 15,000 

cells/cm2 regardless of the original seeding density. (C) The expansion of ihMSCs on 

4% GelMA microcarriers in PBS bioreactors was significantly lower than the expansion 

on 7.5% GelMA microcarriers. (D) Expansion curves between 7.5% GelMA and 

collagen-coated polystyrene microcarriers demonstrated over 10-fold expansion over 8 

days in PBS bioreactors. There was a significantly increased number of cells recovered 

from 7.5% GelMA on Day 4, but the two expansion curves were not statistically 

different. (E) The viability of cells recovered from GelMA and collagen-coated 

polystyrene microcarriers was higher than 95%. A representative image of Live/Dead 

stained ihMSCs on GelMA microcarriers after 8 days of expansion is shown in (F). Data 

presented in this figure are generated from at least three independent cultures. 

Differences between final cell densities of each microcarrier group at specific seeding 

densities in (A) was evaluated using one-way ANOVA. Differences between cell 
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densities in (B) were evaluated using two-way ANOVA. The differences between cell 

numbers and viability in (C) and (E) were evaluated using two-tailed t-tests.  Differences 

between expansion curves in (D) were evaluated using a repeated-measures ANOVA, 

with the means on each day being compared via Sidak’s multiple comparisons test. * 

indicates statistically different values at p<0.05. Reprinted from [95]. 

 

2.3.3 Validation of Stem Cell Identity 

After isolation from the microcarriers, the identity of ihMSCs was verified 

according to clonogenicity and differentiation potential, components of the ISCT hMSC 

criterion.20 Following bioreactor expansion, the colony forming potential of ihMSCs 

expanded on 7.5% GelMA or collagen-coated polystyrene microcarriers was not 

significantly different than monolayer-expanded ihMSCs (Figure 2-6 A-B). 

Furthermore, ihMSCs adopted a spindle-shaped morphology with a majority having a 

central halo on phase contrast microscopy, features typical of hMSCs. These features 

were present regardless of whether cells were cultured on either microcarrier (Figure 2-6 

C). Clonogenic potential was similar during pilot experiments of ihMSCs expanded on 

4% GelMA and 7.5% GelMA microcarriers in Rotating Wall Vessel Bioreactors 

(RWVBs), where 7.5% GelMA microcarrier and monolayer cultures had similar colony 

forming potentials, while 4% GelMA microcarrier cultures were significantly lower than 

the other two groups (Figure 2-6 D-E). 
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Figure 2-6: The Clonogenicity of ihMSCs is Maintained on all Microcarrier 

Surfaces but 4% GelMA After Expansion 

(A) Colony forming capabilities of ihMSCs are not significantly different between 

monolayer and microcarrier expansion. Representative images of plates from the colony 

forming assay are shown in (B). (C) Images of ihMSC monolayer culture 4 days after 

bioreactor isolation demonstrate that the recovered cells do not significantly alter their 

morphology compared to monolayer culture. (D) Quantification of colony forming 

potential demonstrates that ihMSCs expanded on 4% GelMA microcarriers form fewer 

colonies than those expanded on 7.5% GelMA microcarriers or monolayer. (E) 

Representative images of colony forming plates in (D). A total of three plates per 

condition were used for generating the data in (A) and (D). Scale bar represents 100 µm. 

* indicates statistical significance at p<0.05. Reprinted from [95]. 

 

The osteogenic differentiation potential of ihMSCs was maintained after 

microcarrier expansion in vertical wheel bioreactors, with dense ARS staining of 

mineralized monolayers (Figure 2-7 A-B). The amount of ORO staining in ADM-treated 

ihMSCs appeared slightly increased visually compared to CCM-treated cells, though 



 

37 

 

absorbance readings of extracted dye were not significantly different between either 

culture condition (Figure 2-7 C-D). Finally, increased toluidine blue staining and the 

formation of lacunae was observed after culture in chondrocyte differentiation medium 

in monolayer and polystyrene cultures. Clusters of cells separated by vacant space were 

observed after CDM culture of 7.5% GelMA microcarriers (Figure 2-7 E). 
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Figure 2-7: Trilineage Differentiation Potential of ihMSCs is Maintained After 

Microcarrier Expansion  

(A) Representative images of ARS-stained monolayers after 21 days of culture 

demonstrate robust mineralization in ihMSCs expanded on 7.5% GelMA and collagen-

coated polystyrene microcarriers, with the observed staining intensity similar to 

monolayer-expanded ihMSCs. (B) There was no difference between the absorbance of 

ARS extracts prepared from mineralized monolayers. (C) Representative images after 28 

days of culture in ADM appears to increase the number of ORO droplets compared to 

ihMSCs maintained in CCM. (D) There was no statistically significant difference in 

absorbance of extracted ORO dye between culture supplement or microcarrier surface. 

ARS and ORO dye were extracted from three different wells for quantification. 

Statistical differences in ARS absorbance intensity were determined using one-way 
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ANOVA with Tukey’s multiple comparison test, while differences in ORO were 

determined using two-way ANOVA with Tukey’s multiple comparison test. Statistical 

relevance was evaluated at p<0.05. Reprinted from [95] 

 

The osteogenic and adipogenic differentiation observed in the vertical bioreactors 

was similar to differentiation observed after RWVB expansion on 4% and 7.5% GelMA 

microcarriers and cells grown in monolayer (Figure 2-8 A-B). Robust mineralization and 

ARS staining were observed after osteogenic differentiation in ihMSCs recovered from 

both microcarriers, while there appeared to be a small increase noted visually in ORO 

staining after adipogenic differentiation that was insignificant upon quantification 

(Figure 2-8 C-D). 

 

 

Figure 2-8: Osteogenic and Adipogenic Differentiation Potential Are Preserved 

After RWVB Expansion on GelMA Microcarriers  

(A) Representative images of ARS stained monolayers after 21 days of culture 

demonstrate robust mineralization in ihMSCs expanded on 4% and 7.5% GelMA 

microcarriers in RWVBs, with the observed staining intensity similar to monolayer-
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expanded ihMSCs. (B) There was no difference between the absorbance of ARS extracts 

prepared from mineralized monolayers. (C) Representative images after 28 days of 

culture in ADM appears to increase the number of ORO droplets compared to ihMSCs 

maintained in CCM. (D) No significant difference was observed between extracts of the 

ORO from the wells in (C). Dye was extracted from three wells for quantification. 

Statistical differences in Alizarin Red S absorbance intensity were determined using one-

way ANOVA with Tukey’s multiple comparison test, while differences in Oil Red O 

were determined using two-way ANOVA with Tukey’s multiple comparison test. 

Statistical relevance was evaluated at p<0.05. Reprinted from [95] 

 

2.3.4 EV Production and Immunomodulatory Characteristics 

A series of pilot experiments were performed after RWVB culture to determine 

whether microcarrier expansion altered the capability of ihMSCs or ihMSC-EVs at 

inhibiting cytokine secretion from murine splenocytes after LPS stimulation. Cells and 

EVs isolated from 7.5% GelMA microcarriers after RWVB cultures were able to dose-

dependently reduce splenocyte secretion of IFN-γ and IL-6 (Figure 2-9 A-D). 

Additionally, at several ihMSC:splenocyte ratios, cells isolated from 7.5% GelMA 

microcarriers suppressed IFN-γ secretion to a higher degree than cells recovered from 

monolayer or collagen coated polystyrene microcarriers (Figure 2-9 A). Additionally, 

cells isolated from 7.5% GelMA and collagen-coated polystyrene were more potent at 

suppressing IL-6 expression at the lowest ihMSC:splenocyte ratio (Figure 2-9 C). 
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Figure 2-9: GelMA Microcarrier Expansion in RWVBs Enhances or Preserves 

Immunomodulatory Capabilities of ihMSCs and EVs  

(A) Quantification of 24 hour IFN-γ release demonstrates that ihMSCs expanded on 

7.5% GelMA microcarriers are more potent immunomodulators than ihMSCs expanded 

on collagen-coated polystyrene microcarriers or monolayer culture. (B) EVs isolated 

from 7.5% GelMA microcarriers are able to reduce IFN-γ release independently. (C) 

Quantification of 24-hour IL-6 release demonstrates that ihMSCs grown on 7.5% 

GelMA or collagen-coated polystyrene microcarriers are more potent than monolayer-

cultured ihMSCs. (D) EVs isolated from 7.5% GelMA microcarriers are able to 

independently reduce the release of IL-6. * indicates statistical difference at p<0.05. 

Reprinted from [95] 

 

After the findings of our pilot experiments, EVs and cells were harvested after 

expansion using PBS bioreactors. The recovered ihMSCs were able to suppress the 

expression of IFN-γ, IL-6, and TNF-α, though the cells from microcarriers were not as 

potent as monolayer cultured cells when hMSCs and splenocytes were added in 1:100 

dilutions (Figure 2-10 A-C). 
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Figure 2-10: Vertical Wheel Bioreactor Expansion Produces Immunomodulatory 

ihMSCs  

(A) IFN-γ ELISA demonstrates ihMSCs from monolayer and collagen-coated 

polystyrene microcarrier culture are more potent at suppressing IFN-γ excretion than 

ihMSCs from GelMA microcarriers. (B) IL-6 ELISA demonstrates suppression of IL-6 

in all three ihMSC groups. (C) TNF-α ELISA demonstrates all three cell conditions are 

capable of suppressing TNF-α secretion. Differences from the positive control in (A)-(C) 

were measured using a one-way ANOVA with Dunnett’s post-hoc analysis. Differences 

between groups at corresponding dilutions were measured using a one-way ANOVA 

with Tukey’s post-hoc analysis. * indicates statistical significance at p<0.05. Reprinted 

from [95]. 

 

The number of recovered EVs was two-fold higher from GelMA microcarriers 

than collagen-coated microcarriers in vertical wheel bioreactors. (Figure 2-11 A). The 

average mean diameters between EVs were similar to one another, with monodisperse 

diameters present in each preparation (Figure 2-11 B-C). However, EV purifications 
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from either monolayer or either microcarrier expansion were unable to consistently 

reduce the secretion of either IFN-γ or IL-6 (Figure 2-11 D-E). 
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Figure 2-11: Vertical Wheel Bioreactor Expansion on GelMA Microcarriers 

Increases Production but Inhibits Immunomodulatory Potential of EVs  

(A) Twice the number of EVs are isolated from GelMA microcarrier cultures than 

polystyrene cultures in vertical wheel cultures. (B) The diameter of recovered EVs are 

the same from both bioreactors. (C) Representative histograms of recovered EVs 

demonstrate appropriate size distributions. (D) No significant pattern is found in 



 

45 

 

suppression of IFN-γ with EV treatment from either monolayer or microcarrier 

conditions. (E) EVs isolated from either monolayer or microcarrier were not consistently 

able to inhibit IL-6 secretion. Differences between exosome concentrations in (A) were 

measured using two-tailed t-tests. Differences from the positive control in (D) and (E) 

were measured using a one-way ANOVA with Dunnett’s post-hoc analysis and between 

each ihMSC:splenocyte ratio in using a one-way ANOVA with Tukey’s post-hoc 

analysis. * indicates statistical significance at p<0.05. Reprinted from [95]. 

 

2.3.3 Cost Analysis of Microcarrier Production 

A cost analysis comparing the two microfluidic device techniques is shown in 

Table 1. The cost to produce 20 mL of microcarriers was $312.81 for the flow focusing 

device and $103.14 for the step emulsification device. The reason in the reduction of 

cost was the recycling of fluorinated oil in step emulsification.  When normalized to 

surface area, the cost to generate both sets of microcarriers cm2 of culture area was lower 

than the value for purchasing the commercially available microcarriers used in this 

manuscript, which were 28.2 cents per cm2. 
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Table 1: Cost Analysis of Production for 20 mL of 7.5% GelMA Microcarriers 

Between Flow-Focusing and Step Emulsification Devices 

 

Microfluidic Device Platform 

Assume Production of 20 mL 7.5% GelMA Microcarriers 

SLA Flow-Focusing Device 100-Channel Step Emulsification 

Oil Mineral Oil Novec7500 

Surfactant Span-80 PicoSurf-1 

Surfactant Concentration Percent (v/v) 1 1 

Total Cost ($/mL) 0.075 8.698 

GelMA Cost ($/g) 4.107 4.107 

LAP Concentration (mg/mL) 10 2.94 

LAP Cost ($/mL GelMA) 1.19 0.349 

Oil Flowrate (mL/min) 0.25 0.067 

GelMA Flowrate (mL/min) 0.01 0.033 

Recovery 20% 70% 

Time (min) 10000 857.1 

Oil Used (mL) 2500 57.14 

GelMA Used (mL) 100 28.57 

Oil Lost (mL) 2500 14.29 

Total Cost for 20 mL GelMA ($) 312.8 140.4 

Average Diameter (um) 73 120 

StDev Diameter (um) 23 6 

SA (cm2) 1.674E-04 4.524E-04 

Volume (mL) 2.036E-07 9.047E-07 

Spheres in 10 mL 9.819E+07 2.210E+07 

Total SA (cm2) 16438 10000 

Cost per cm2 ($/cm2) 0.019 0.010 

 

2.4 Discussion 

In this study, we demonstrated that GelMA microcarriers support the expansion 

of ihMSCs in RWVBs and vertical wheel bioreactors without losing clonogenic or 

differentiation potential. Isolation of ihMSCs after bioreactor expansion on GelMA 

microcarriers could also be accomplished through direct dissolution of the microcarriers, 

thus avoiding use of cell strainers. ihMSCs and EVs recovered from RWVBs after 
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GelMA microcarrier culture showed at least comparable, if not greater, 

immunomodulatory potential than monolayer-cultured cells. 

 The use of step emulsification microfluidic devices for the generation of 

microcarrier batches is appealing due to their ability to maintain low variations in droplet 

diameter despite variations in flowrate.93,96 The 100-channel device used in this study 

was able to produce uniform 120 µm microcarriers over two hours of continuous 

production, similar to observations in previous publications.96 We also demonstrated that 

the cost to generate GelMA microcarriers with step emulsification microfluidics was 

lower than that of purchasing commercial microcarriers, even at the scale needed to 

operate a 2 L bioreactor. The maximum operating flowrates in step emulsification 

microfluidics are directly proportional to the number of channels, so 500 channels permit 

the production of 10,000 cm2 microcarrier surface area after 2 hours of operation - 

enough to operate a 2 L bioreactor.93 Future experiments should focus on optimizing the 

purification of GelMA microcarriers, including the use of microfluidic devices or filters 

to further collect oil for recycling.40  

Vertical wheel bioreactors and RWVBs were used since they minimize shear 

forces experienced during expansion since shear forces have been shown to be 

detrimental to hMSC expansion.97-101 RWVBs minimize shear forces by causing the cell 

culture media and microcarriers to rotate as a fluid mass though rotational acceleration 

of the entire reactor.102 Oxygen and carbon dioxide (CO2) transport occurs via diffusion 

through a semi-permeable silicon membrane, thereby preventing hypoxia in the culture 

environment. The impeller design in the vertical wheel bioreactor homogenizes fluid and 
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hydrodynamic forces by mixing in both axial and radial directions simultaneously.99 In 

addition, vertical wheel bioreactors can ensure adequate mixing with lower power 

inputs, avoiding turbulent mixing seen in stirred tank and rocking bag reactors.99 

Though we demonstrated ihMSCs expanded to similar densities on 4% and 7.5% 

GelMA microcarriers when cultured in low attachment plates, there was a three-fold 

decrease in expansion on 4% GelMA microcarriers compared to 7.5% GelMA and 

collagen-coated polystyrene when cultured in vertical wheel bioreactors. We originally 

pursued the use of 4% GelMA microcarriers for cell expansion as previous studies have 

demonstrated cell expansion in well plates after cell encapsulation in 4-5% GelMA 

hydrogels.37,103,104 However, the translation of 4% GelMA from low-attachment plates to 

vertical wheel bioreactors led to a three-fold decrease in the number of recovered cells 

after normalization to culture area. 

The clonogenicity and trilineage differentiation validation assays in this study 

have been used in previous studies after bioreactor hMSC expansion.71,73,105-108  The lack 

of chondrogenic staining in the cell pellet formed after GelMA microcarrier expansion 

could be attributed to the detachment of the section during staining. To address this 

issue, adhesive microscope slides could be used to ensure the section remains attached to 

the slide, or mRNA extracts can be prepared for qRT-PCR analysis of genes expressed 

during chondrogenesis, including the transcription factor Sox9 and extracellular proteins 

Collagen II, Aggrecan, and Collagen Oligomeric Matrix Protein.109 Other validation 

techniques such as metabolite analysis during expansion can assist in evaluating culture 

health and media exchanges in future experiments.71,73,107 



 

49 

 

In conclusion, we have demonstrated that GelMA microcarriers can serve as a 

degradable scaffold for hMSC expansion in scalable reactors while preserving stem cell 

identity and immunomodulatory potential. Additionally, EV production was greater 

during GelMA microcarrier culture than on monolayer or collagen-coated polystyrene 

culture. Though the EVs prepared after vertical wheel bioreactor expansion were not 

effective at suppressing LPS-induced splenocyte activation, they may be effective in 

other models of immune activation such as in vitro mixed lymphocyte reactivity 

assays.110 GelMA microcarriers can be produced using step emulsification microfluidic 

devices for lower prices than the purchase of commercial microcarriers. Future studies 

include immunophenotyping of produced cells and analyzing the chondrogenesis of 

ihMSCs GelMA microcarrier expansion, optimizing conditions for larger-scale 

bioreactor operations, particularly GelMA microcarrier production using step 

emulsification microfluidics and ihMSC culture conditions, and validation of the in vitro 

findings in this manuscript with in vivo models of inflammatory disorders. 
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CHAPTER 3  

EVALUATION OF HUMAN PLATELET LYSATE AS A XENO-FREE 

SUPPLEMENT FOR IMMUNOMODULATORY APPLICATION OF INDUCED 

PLURIPOTENT STEM CELL-DERIVED MESENCHYMAL STEM CELLS 

3.1 Introduction 

hMSCs and hMSC-derived EVs are emerging as therapeutic options for various 

disorders, including diseases of innate and adaptive immune regulation.6,111 However, 

FDA recommendations have prompted cell therapeutic culture to adopt xeno-free culture 

conditions.52,112 Therefore, using animal/xeno-free media is becoming an expectation for 

manufacturing therapeutic hMSC products, including ihMSCs. 

hPL is an animal-free supplement effective for ihMSC expansion.55,113 

Supplementation with hPL instead of FBS also reduces therapeutic production costs by 

increasing hMSC expansion relative to that obtained using FBS.17,114 However, there 

have been conflicting reports about maintenance of hMSC immunomodulatory potential 

after hPL supplemented expansion.53 A direct comparison between the 

immunomodulatory potential of ihMSCs grown in hPL- or FBS-supplemented media has 

not been reported.18,51,115-118 

Another improvement to the current state of cell therapy for immunologic 

diseases is the proposed use of cell-free products.23,68 Though ihMSCs have shown 

promise as a treatment option for immune-related diseases, the use of ihMSC-derived 

EVs avoids the risk of engraftment and alloimmunization.119 Media supplemented with 

hPL has been used for the expansion and purification of EVs from BM-hMSCs, though 
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the immunomodulatory potential was not evaluated.120 EVs isolated from ihMSCs 

expanded in FBS have immunosuppressive effects in several in vitro and in vivo 

inflammatory models.25,92 The immunosuppressive potential of EVs harvested from 

ihMSCs expanded in hPL has not been characterized. 

We hypothesized that culture of ihMSCs in hPL will improve or maintain 

expansion capabilities and immunomodulatory potential of cells and EVs compared to 

culture in FBS. Protocols for hPL preparation were compared to identify the technique 

with the highest recovery of purified hPL with potential for cGMP production. Initial 

experiments with hPL-supplemented media were performed in BM-hMSCs to assess 

expansion and differentiation capabilities. Subsequent experiments used hPL-

supplemented media in ihMSC culture to assess expansion, colony forming potential, 

and trilineage differentiation. Immunomodulation experiments were performed with 

ihMSCs and both production and immunomodulation experiments were performed in 

ihMSC-derived EVs after expansion in either FBS- or hPL-supplemented media. 

3.2 Methods 

3.2.1 Platelet Lysate Production  

hPL units were prepared using either expired whole-blood-derived platelet units 

(American Red Cross) for BM-hMSC culture or apheresis units (Children’s Healthcare 

of Atlanta) for ihMSC culture. Upon arrival, the platelet units were frozen at -20 oC until 

processing. The platelet units were lysed using two freeze-thaw cycles between -20 oC 

and 37 oC before they were pooled according to their donation type (whole-blood-

derived versus apheresis) and stored in 50 mL conical tubes at -20 oC until use. When 



 

52 

 

they were ready for use, platelet lysates were centrifuged at 3,000 xg for 20 minutes to 

pellet insoluble particulate material, and the supernatant was prepared for preparing cell 

culture media using different protocols.49,63,121 Briefly, the protocols to prepare platelet 

lysate supplement were performed as follows: 

A) Sterile calcium chloride (1 M in deionized water) was added to the platelet lysate 

supernatant to a final concentration of 20 mM. The solution was incubated at 4 

oC for two days before centrifugation at 4,000 xg for 15 min to compress the 

fibrin gel. The supernatant was then collected for cell culture.121 

B) Sterile calcium chloride (1 M in deionized water) was added to the platelet lysate 

supernatant to a final concentration of 20 mM. The solution was gently mixed by 

hand and incubated at room temperature for 4 hours, 4 oC for 12-16 hours, and 37 

oC for 1 hour to induce fibrinogen polymerization and clot stabilization.  The 

fibrin clot was mechanically disrupted before centrifugation at 3,000 xg for 20 

minutes to pellet the gel fragments. The remaining supernatant was collected and 

added to cell culture media.63 

C) The supernatant collected after two freeze-thaw cycles was diluted directly with 

cell culture medium to the desired final concentration. The solution was then 

mixed and incubated according to the protocol in procedure B to produce a fibrin 

gel. The fibrin gel was disrupted using mechanical agitation before centrifugation 

at 3,000 xg and filtration of the final supernatant through a 0.2 µm filter. The 

filtered supernatant was used directly for cell culture.63 
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The percent recovery of hPL using each protocol was calculated by dividing the 

final volume of recovered supernatant by the initial volume used for production. 

3.2.2 Cell Culture 

BM-hMSCs were purchased from the Institute for Regenerative Medicine (IRM, 

Texas A&M University), and cells between passages 3 and 6 were used for experiments. 

ihMSCs were produced according to a previously established protocol, and cells 

between passages 3 and 6 were used for experiments.13 Cells were seeded at 1,000 (BM-

MSC) or 500 (ihMSC) cells/cm2 and expanded in CCM containing indicated 

concentrations of hPL or FBS (Atlanta Biologicals). Culture media was changed every 2 

days until cells reached 70-80% confluence, at which point cells were harvested by 

exposure to 0.25% trypsin, 0.1% EDTA (Corning) for 5 minutes at 37 oC. After trypsin 

deactivation with CCM, cells were collected after centrifugation at 500 xg for 5 minutes 

and used for subsequent experiments. 

Microcarrier culture was performed with ihMSCs seeded onto 25 cm2 

Synthemax™ II microcarriers (Corning) in low-attachment 6-well plates (Corning). 

After adjusting the media volume to 5 mL using CCM supplemented with either FBS or 

hPL, the cultures were incubated at 37 oC with agitation from a unidimensional rocker 

set to 6 RPM (Mimetas™). Media was exchanged every 2 days, and cells were 

recovered on days 6 and 8 using trypsin-EDTA, passed through a 40 µm cell strainer, 

and counted using hemocytometry. 
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3.2.3 Osteogenic Differentiation Assays 

Osteogenic differentiation was performed as previously described.87,89 Briefly, 

cells were seeded in 12-well plates and expanded to 70-80% confluence in CCM before 

replacing media with osteogenic basal medium (OBM) containing either hPL or FBS. In 

some experiments, 100 nM dexamethasone was added to OBM to be promote 

mineralization in differentiation cultures. Media was exchanged every 2 days until 

analysis via ARS according to the protocol in Chapter 2. Alkaline phosphatase (ALP) 

activity assays were performed as previously described.89 Briefly, cells were washed and 

incubated at room temperature with p-Nitrophenyl Phosphate (PNPP, Sigma). 

Absorbance at 405 nm was recorded every 30 seconds, and the slope of absorbance 

change at 405 nm was determined and normalized to cell number using hemocytometry. 

Gene expression was analyzed using qRT-PCR after RNA extraction. 

3.2.4 Adipogenic Differentiation Assays 

Adipogenic differentiation was performed as previously described.122 Briefly, 

cells were seeded in 12-well plates and expanded in CCM. Upon reaching 70-80% 

confluence, media was replaced with adipogenic differentiation medium (ADM) 

containing CCM, 500 nM dexamethasone (Sigma), 500 nM 3-isobutylmethylxanthine 

(Sigma), and 500 nM indomethacin (Sigma) for BM-MSC culture or CCM, 500 nM 

dexamethasone, 500 nM 3-isobutylmethylxanthine, and 50 µM indomethacin for ihMSC 

culture. Cultures were performed for 19 days with BM-MSC or 14 days with ihMSC 

with media exchanges every 2 days. In some experiments, ADM was supplemented with 

10 µM troglitazone to enhance adipogenic differentiation.123 After differentiation, cells 
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were washed with PBS and fixed with 4% (w/v) PFA in PBS for 15 minutes. After 

fixation, monolayers were washed with PBS and stained with freshly prepared 0.6% 

(w/v) ORO in 60% (v/v) isopropanol/40% (v/v) 1X PBS for 30 minutes. Monolayers 

were washed four times with PBS and imaged using bright field microscopy. 

Quantification of incorporated dye was performed using absorbance at 510 nm after dye 

extraction with 2% (w/v) sodium dodecyl sulfate (SDS) in 50% (v/v) ethanol/50% (v/v) 

1X PBS for 20 minutes at room temperature. Additionally, gene expression was 

analyzed using qRT-PCR after RNA extraction. 

3.2.5 Colony Forming Unit Assay 

One hundred cells were seeded onto 15 cm dishes (Corning) in 25 mL CCM with 

20% (v/v) FBS and incubated in a 37 oC, 5% CO2 environment for 21 days. Cells were 

then stained and analyzed according to the protocol in Chapter 2. 

3.2.6 RNA Extraction and qPCR 

Total RNA was extracted from monolayers using a Qiagen RNeasy™ mini kit 

(Qiagen). Complimentary DNA (cDNA) was synthesized using a Superscript® III First-

Strand Synthesis Kit according to the manufacturer’s protocol, except for the use of a 

mixture of 50% random hexamer and 50% oligo-dT primers as previously described 

(Life Technologies).123 Detection of PCR products was performed using SYBR-Green® 

assays (Applied Biosystems) on an AriaMx thermocycler (Agilent Technologies). Fold 

changed were determined using the 2-ΔΔCT
 method. Primer sequences used in this study 

are provided in Table 2. 
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3.2.7 Morphology Analysis 

ihMSCs were seeded in 6-well plates (Corning) and expanded for 3 days before 

exposure to 10 µM CellTracker™ Green (Invitrogen) in serum-free CCM for 30 minutes 

at 37 oC. Cell monolayers were fixed with 4% paraformaldehyde in phosphate buffered 

saline (PBS) at room temperature for 15 minutes and incubated with 5 µg/mL Hoescht 

33842 (Sigma-Aldrich) for 15 minutes. Images of cells were acquired using an Axio 

Vert.A1 fluorescent microscope (Zeiss). Captured images were analyzed according using 

CellProfiler using a modification of a previously established protocol.124 

3.2.8 EV Production and Immunomodulation 

EV production and immunomodulatory assays were performed as described in 

Chapter 2. 

3.3 Results 

3.3.1 Optimizing hPL Production as a Cell Culture Supplement 

A set of experiments was performed with hPL purification techniques to 

determine which produced the most supplement from a given volume of platelets. A 

diagram of all media production techniques and yields is shown in Figure 3-1. All three 

techniques were cGMP-compatible and did not require the use of xenogeneic products 

during preparation and supplementation. However, the percent recovery of hPL 

significantly reduced when the fibrin polymer was not mechanically disrupted, with 80% 

of apheresis-derived hPL and 25% of random unit hPL volume purified for use. The 

protocols that involved disrupting the fibrin clot both led to recovery of approximately 

90% of the initial hPL volume, regardless of platelet source. Preliminary experiments 
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were performed with the protocol listed in Figure 3-1 C, as it did not require the use of 

calcium chloride or other exogenous agents. 

 

Figure 3-1: Summary of Production Techniques for Different hPL Purification 

Protocols 

A summary illustration of each protocol described in Methods section 3.2.1 is displayed 

in the figure above, with the letter to the left of each illustration corresponding to the 

protocol listed in the Methods section. The volume of liquid material recovered after 

fibrin removal are listed in the table. 

 

3.3.2 Determining BM-hMSC Expansion and Differentiation in cGMP-Compliant hPL 

Culture 

Media containing 10% or 5% (v/v) hPL, was used to expand and differentiate 

BM-hMSCs along osteogenic and adipogenic lineages. The doubling time of BM-
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hMSCs was equivalent between FBS and both hPL concentrations (Figure 3-2 A). 

Mineralization after 21 days was completely inhibited after BM-hMSCs were expanded 

and differentiated in hPL. A small but statistically insignificant amount of ARS was 

observed in BM-hMSCs expanded in hPL and differentiated in FBS. Robust 

mineralization was observed in BM-hMSCs expanded and differentiated in FBS (Figure 

3-2 B-C). Lipid droplet formation after expansion and differentiation in hPL was 

increased compared to the cells without differentiation or the cells differentiated in FBS. 

After differentiation in FBS-supplemented ADM, BM-hMSCs expanded in hPL had 

increased levels of lipid droplets compared to those expanded in FBS (Figure 3-2 D-E). 

Due to the absence of mineralization observed during osteogenic differentiation, 

chondrogenic differentiation was not performed on BM-hMSCs before transitioning to 

ihMSC culture. 
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Figure 3-2: hPL Alters the Expansion and Osteogenic Differentiation of BM-

hMSCs  

(A) The doubling time of BM-hMSCs was not affected by hPL supplementation. (B) 

Alizarin Red S stained monolayers after osteogenic differentiation of BM-hMSCs 

demonstrated that expansion with 10% (v/v) hPL reduced osteogenic differentiation 

potential, even if differentiation is performed in OBM with FBS. (C) Quantification of 

Alizarin Red S extracts reflected the staining results. (D) Oil Red O stained monolayers 

after adipogenic differentiation of BM-hMSCs demonstrated higher amounts of Oil Red 

O droplets after expansion and differentiation in hPL. (E) Quantification of Oil Red O 

extracts confirmed this observation. Additionally, FBS supplementation reduced Oil Red 

deposition after expansion in FBS or hPL, though hPL expanded cells had higher levels 

of Oil Red O comparable to controls. Differences between media supplementation in (A) 

and (E) were analyzed using one-way ANOVA with Tukey’s multiple comparison test 

and indicated by brackets, while differences between supplements in (C) and (E) were 

determined using two-tailed t-tests. * indicates statistical significance at p<0.05. Scale 

bar represents 100 µm. 

 

3.3.3 Determining Optimal hPL Concentrations for ihMSC Culture Using Media 

Trilineage differentiation, morphologic analysis, and immunomodulatory 

potential of ihMSCs were performed with lab-derived hPL prepared using exogenous 

calcium chloride and fibrin polymer disruption, as this technique uses cGMP-compliant 

ingredients and has been shown in previous studies to increase the calcium concentration 
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of cell culture media and enhance the mineralization potential of hMSCs.63,125,126  

Additionally, hPL supplementation at 5% (v/v) or lower was studied in ihMSC 

expansion due to the similarities observed between 10% and 5% during BM-hMSC 

culture. The doubling time and colony forming capabilities of ihMSCs were not 

significantly different when cultured in FBS and compared to any of the hPL 

concentrations tested (Figure 3-3 A-C). However, cells cultured in media supplemented 

with 2.5% hPL had a significantly reduced doubling time compared to those cultured in 

1% hPL (Figure 3-3 A). Though there was no significant difference in the colony 

forming capabilities of the four culture conditions, ihMSCs isolated from 1% hPL 

cultures formed smaller, lighter colonies than those observed in the other conditions 

(Figure 3-3 B-C). Based on these results, expansion media used in subsequent 

experiments contained 2.5% hPL. 

Quantification of ihMSC morphologic features using CellProfiler demonstrated 

that cells were smaller, less elongated, and had higher nucleus-to-cytoplasm area ratios 

after expansion in 2.5 % hPL relative to cells cultured with FBS. The morphologic 

features associated with hPL expansion is consistent with patterns typically associated 

with self-renewing MSCs (Figure 3-3 D-E). Finally, to determine whether 2.5% hPL 

supplementation affected 3-D microcarrier culture, ihMSCs were seeded onto 

Synthemax™ II microcarriers in low attachments with FBS or hPL supplementation. 

The expansion potential of ihMSCs on SynthemaxTM II microcarriers in low attachment 

plates was equivalent between FBS- and hPL-supplemented cultures (Figure 3-3 F).  
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Figure 3-3: Supplementation with 2.5% hPL Supplemented Media Alters the 

Morphology but not the Expansion Potential of ihMSCs  

(A) Population doubling times after 6 days of expansion were only different in ihMSC 

cultures containing 2.5% and 1% hPL. (B) ihMSCs expanded in FBS or hPL had 

comparable colony forming capabilities. (C) Representative images of colony forming 

unit plates used to generate the data shown in (B). (D) Representative images of cells 

expanded in FBS or hPL stained with CellTracker. (E) Quantification of cell shape 

parameters are shown in (E). (F) Expansion curves of ihMSCs on Corning Synthemax II 

microcarriers in low attachment plates demonstrated no significant difference in the 

expansion capabilities of cells grown in FBS or hPL. Differences in (A), (B), and the cell 

densities at day 8 in (E) were evaluated using one-way ANOVA with Tukey’s multiple 

comparisons test. Differences in (C) and (D) were evaluated using a Mann-Whitney U 

test. * indicates statistically significant differences (p<0.05). Scale bar represents 100 

µm. 
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3.3.4 Trilineage Differentiation Potential in hPL-Containing Media 

Trilineage differentiation potential of ihMSCs was evaluated in both hPL- and 

FBS-supplemented media to determine if changes in osteogenic and adipogenic 

differentiation were similar to results presented in Figure 3-2 with BM-hMSC cultures. 

ihMSCs were cultured in osteogenic basal media (OBM) containing either FBS or hPL 

with or without dexamethasone (OBM+Dex) based off previous studies that indicate 

dexamethasone stimulates osteogenic differentiation.109 Cells cultured in OBM 

containing FBS showed more intense ARS staining than cells cultured in OBM 

containing hPL (Figure 3-4 A), with the extent of staining quantified by absorbance. 

Adding dexamethasone nullified the differences in mineralization observed in 

OBM+Dex cultures containing FBS or hPL (Figure 3-4 A-B). In contrast to the 

decreased mineralization in OBM with hPL compared to OBM with FBS, ALP activity, 

an early marker of osteogenic differentiation, was higher on day 8 in OBM cultures 

containing hPL (Figure 3-4 C). 

The expression of early and late osteogenic differentiation markers were 

evaluated on day 21 of culture to determine if any were changed with hPL 

supplementation.109 Early markers of osteogenic differentiation, Runt-related 

transcription factor-2 (RUNX2), ALP, and late marker Osteocalcin (OCN) were not 

significantly different between CCM and OBM+Dex. Collagen type 1 alpha-1 (COLI) 

expression was increased in cultures containing hPL (Figure 3-4 D). 
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Figure 3-4: Osteogenic Differentiation Potential is Modulated by Supplementation 

of Culture Medium with hPL  

(A) ARS staining of ihMSCs cultured in osteogenic medium (OBM) with or without 

dexamethasone demonstrated robust mineralization in all conditions, with cells in FBS 

mineralizing to a higher degree than those in hPL without dexamethasone 

administration. (B) Quantification of ARS staining confirmed the observations in (A). 

(C) ALP activity assays following 8 days of differentiation demonstrated significantly 

greater activity in ihMSCs cultured in hPL compared to FBS. (D) qRT-PCR analysis of 

osteogenic markers demonstrated significant increase in COLI expression with hPL 

treatment. Data is representative of three independent experiments. Differences in (A) 

and (C) were measured using two-tailed t-tests, and differences in (D) were analyzed 

using one-way ANOVA with Tukey’s multiple comparisons test. Scale bar represents 

100 µm. * represents significant difference (p<0.05). 

 

After culture in adipogenic differentiation media, the number of ORO droplets 

was higher in hPL-supplemented cultures than those in FBS, with the differences 

confirmed by absorbance (Figure 3-5 A-B). When troglitazone was added to 

differentiation medium to further stimulate adipogenic differentiation, the ORO droplet 

number and size increased in both hPL- and FBS- supplemented ihMSC cultures, though 

the difference was not reflected in the absorbance values (Figure 3-5 A-B).  
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Gene expression for adipogenic markers was performed after 21 days of 

differentiation.109 Peroxisome Proliferation-Activated Receptor-γ (PPARγ) expression 

was upregulated in response to ADM with FBS and ADM containing troglitazone with 

hPL (Figure 3-5 C). Expression of PPAR-γ was also higher in troglitazone cultures 

supplemented with hPL vs. FBS. The expression of Fatty Acid Binding Protein 4 

(FAPB4), a late adipogenic marker, was only detected in ADM samples, but there was a 

significant increase in expression with both troglitazone and hPL supplementation 

(Figure 3-5 D). The expression of Lipoprotein Lipase (LPL), an early adipogenic 

marker, was not detectable in any sample except hPL-supplemented ADM treated with 

troglitazone (data not shown).  
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Figure 3-5: Adipogenic Differentiation is Enhanced with hPL Culture 

(A) ORO staining of ihMSCs cultured in ADM with or without troglitazone 

demonstrated lipid accumulation in hPL-supplemented conditions. (B) Quantification of 

extracted ORO dye demonstrated higher amounts of dye recovered with hPL in each 

media condition, and a significant difference between every FBS condition. (C) qRT-

PCR of PPAR-γ expression demonstrated upregulation of expression with ADM in FBS 

and troglitazone treatment in hPL supplemented media. (D) qRT-PCR of FABP4 

expression demonstrated increased expression with troglitazone and hPL treatment. Data 

are representative of three independent experiments. Data in (B) and (C) were analyzed 

between media conditions using one-way ANOVA with Tukey’s multiple comparisons 

test and between FBS and hPL with two-tailed t-tests. Data in (D) were analyzed using 

two-tailed t-tests. * represents significant difference between values (p<0.05). Scale bar 

represents 100 µm. 

 

Finally, chondrogenic staining demonstrated increased Toluidine Blue staining 

after CDM treatment (Figure 3-6). 
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Figure 3-6: Chondrogenic Staining is Comparable Between both FBS and hPL  

Staining of ihMSC pellets with Toluidine Blue staining in CDM cultures indicates 

increased levels of proteoglycans compared to CCM cultures. Additionally, 

chondrocytes and lacunae are observed in CDM pellets. 

 

3.3.5 ihMSC-Mediated Immunomodulation is Preserved after hPL Expansion 

The immunomodulatory potential of ihMSCs after expansion in hPL or FBS was 

measured in splenocyte co-culture after stimulation with LPS. IL-6 secretion was 

suppressed by all doses from ihMSCs expanded in FBS and hPL (Figure 3-7 A). ihMSCs 

also inhibited IFN-γ secretion in a dose-dependent manner (Figure 3-7 B). Finally, TNF-

α secretion was inhibited in all treatments, while only the FBS expanded ihMSCs were 

able to suppress the secretion in a dose-dependent manner (Figure 3-7 C). ihMSCs 

expanded in FBS were more potent than ihMSCs expanded in hPL at the 1:50 ratio. 
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Figure 3-7: ihMSCs Expanded in hPL Retain the Ability to Suppress Cytokine 

Secretion  

(A) IL-6 ELISA demonstrated that all ihMSC treatments were able to suppress IL-6. (B) 

IFN-γ ELISA demonstrated that all ihMSC groups were able to suppress IFN-γ in a 

dose-dependent manner. (C) TNF-α ELISA demonstrated that all ihMSC groups 

suppressed TNF-α secretion, and FBS suppressed secretion in a dose-dependent manner. 

Differences between positive control and all treatments were determined using one-way 

ANOVA with Dunnett’s multiple comparisons test. Differences between all doses from 

a specific media supplement were determined using one-way ANOVA with Tukey’s 

multiple comparison test. Differences between FBS and hPL at specific 

ihMSC:splenocyte ratios were determined using two-tailed t-tests. * indicates significant 

difference at p<0.05. 

 

3.3.6 EV Production and Immunomodulation After hPL Expansion 

To determine whether EVs isolated from hPL-expanded cells had 

immunomodulatory potential, purified EVs were characterized and used in the LPS-

stimulated splenocyte activation model. The number of EVs isolated from hPL cultures 

was increased compared to FBS cultures, though there were not enough replicates tested 

to determine statistical significance (Figure 3-8 A). Additionally, the number of secreted 

EVs per cell was higher after ihMSC expansion in hPL (Figure 3-8 B). The average 

diameter of both EV populations was similar, and histograms of both populations were 

within the diameter range of exosomes (Figure 3-8 C). The collected EVs from media 

supplemented with either hPL or FBS did not suppress the secretion of IL-6, though one 
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dose from FBS-expanded cells did suppress IFN-γ (Figure 3-8 D-E). However, this 

pattern was not reproducible in a dose-dependent manner. 

 

Figure 3-8: hPL-Expanded ihMSCs Produce Increased Numbers of EVs That Are 

Not Immunomodulatory  

(A) Quantification of the EV concentration revealed higher numbers of EVs after hPL 

expansion. (B) Normalization of EV number by cell counts demonstrated that hPL-

expanded ihMSCs secreted more EVs over 24 hours than FBS-expanded ihMSCs. (C) 

Diameter histograms of recovered EVs were of similar diameter. (D) IL-6 ELISA 

demonstrated no EV dose suppressed secretion. (E) IFN-γ secretion was lowered in one 
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dose of FBS EVs, though the effect was not dose-dependent. The differences between 

positive control and EV doses in (D) and (E) were determined using one-way ANOVA 

with Dunnet’s multiple comparisons test. * indicates significant difference at p<0.05. 

 

3.4 Discussion 

In this study, we explored the expansion capability and phenotypic changes of 

BM-hMSCs and ihMSCs after transitioning them to animal-free cell culture with hPL. 

We observed that both BM-hMSCs and ihMSCs had the same expansion capabilities and 

colony forming potential regardless of culture in hPL or FBS. Additionally, hPL 

supported the expansion of ihMSCs on microcarrier surfaces in low-attachment well 

plates. hPL supplementation inhibited mineralization in both BM-hMSC and ihMSC 

cultures without the use of dexamethasone. In contrast, adipogenic differentiation was 

induced with hPL supplementation in both cell types. The immunomodulation potential 

of ihMSCs was preserved after hPL expansion, and production of EVs was elevated 

compared to FBS, though the EVs lacked immunomodulatory potential. Taken together, 

we have observed that culture of BM-hMSCs and ihMSCs with hPL impacts 

differentiation potential but preserves expansion capabilities and cellular 

immunomodulatory potential. 

Initial experiments were performed with BM-hMSCs and hPL-supplemented 

media prepared without exogenous calcium chloride addition because previous studies 

demonstrated equal expansion and differentiation potential for MSCs cultured in hPL or 

FBS.63 Though expansion was preserved during culture with BM-hMSCs, the improved 

adipogenic but inhibited osteogenic differentiation led us to pursue other hPL 

purification protocols. We therefore used purification protocols that used calcium 
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chloride. Additionally, previous studies had demonstrated higher calcium concentrations 

in cell culture medium after hPL preparation with exogenous calcium chloride.125 

ihMSCs were also used in further experiments instead of BM-hMSCs due to their 

enhanced osteogenic differentiation potential and potential for limited donor 

variability.123  

Mineralization was observed in ihMSCs with hPL-supplemented OBM, though 

the degree of mineralization was equal to FBS only when dexamethasone was added. 

Additionally, osteogenic gene expression was not enhanced in hPL-supplemented 

cultures even with dexamethasone. Dexamethasone is a typical component of osteogenic 

differentiation media for the activation of Runx2-dependent transcription.109 Though the 

molecular mechanisms behind our observations are unknown, differences in growth 

factor concentrations between FBS and hPL could modulate other signaling pathways 

involved in osteogenic differentiation and ALP production.109 The concentration of 

soluble factors in hPL could also explain the differences observed in lipid droplet 

accumulation and gene expression observed during adipogenic differentiation. Future 

experiments including signaling pathway analysis may further define which ihMSC 

molecular processes are affected by hPL supplementation. 

Chondrogenic differentiation was observed in both hPL and FBS-treated cells. 

Though the comparisons were only made using microscopy, future experiments 

including the evaluation of chondrogenic gene expression and the measurement of 

sulfated glycosaminoglycans could further delineate any differences in chondrogenic 

differentiation potential.109,127 
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There is debate whether hPL supplementation preserves or suppresses hMSC 

immunomodulatory potential.115,116,118,128,129 Our study supports the evidence that hMSC 

immunomodulatory potential is preserved after hPL supplementation. The 

immunomodulatory potential of EVs isolated from chemically-defined CDPF media has 

not been evaluated after hPL expansion, though previous studies have demonstrated that 

EVs recovered after FBS supplementation reduce cytokine secretion after LPS 

stimulation in murine splenocytes.25,80 Our studies showed that ihMSCs expanded in 

hPL were capable of producing higher numbers of EVs compared to FBS. However, 

neither FBS- nor hPL-derived EVs suppressed cytokine secretion following LPS 

stimulation. CDPF has been shown to induce a stress response in hMSCs for 6 hours 

after initial exposure, thereby affecting the produced EVs during that time.91 Previous 

studies have exchanged CDPF media 6 hours after initial exposure, while the protocol 

used in our study did not.91 Subsequent experiments could be performed using the 

previously published protocols to further characterize the EV immunomodulatory 

potential. Additionally, the recovered EVs could be used in other in vitro inflammatory 

assays that model other disease conditions such as GvHD.110 

In conclusion, we have demonstrated that xeno-free media prepared using 

previously published protocols supports the expansion, differentiation, and 

immunomodulatory potential of ihMSCs. We have also demonstrated that expansion is 

preserved in BM-hMSC culture but osteogenic differentiation is not. This data provides 

a basis for further characterization of hPL on immunomodulatory capabilities of ihMSCs 
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and their EVs, and the transition of microcarrier culture from low-attachment well plates 

to bioreactors.
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CHAPTER 4  

CONCLUSIONS 

4.1 Summary of Thesis and Future Work 

Despite the success of hMSC-derived therapies to treat inflammatory diseases in 

pre-clinical and clinical trials, monolayer methods will not be able to meet demand 

should these treatments become FDA approved. Efforts to produce hMSCs have used 

xenobiotic reagents, and have relied on monolayer culture in cell stacks or multilayer 

culture vessels. The FDA has provided guidance against the use of xenogenic agents to 

produce human therapeutics, and cell recovery from monolayers are cumbersome and do 

not lead to complete recovery. The work presented in this dissertation presents 

systematic techniques to explore the production of materials for hMSC expansion in 

scalable bioreactors. 

In Chapter 2, ihMSCs were expanded on GelMA microcarriers in two types of 

bioreactors while preserving clonogenic, differentiation, and immunomodulatory 

potential. The optimal GelMA microcarrier generation production technique was 

determined to be step emulsification via recovered microcarrier conditions such as 

diameter variability and cost analyses. Of the two GelMA weight percentages used in 

this study, 15-fold expansion of ihMSCs was achieved after seeding at 1,000 cells/cm2 

using low attachment well plates, though 7.5% GelMA microcarriers were the only 

substrate comparable to commercialy-available microcarriers. Bioreactor expanded 

ihMSCs retained clonogenic and differentiation potential but developed improved 

immunomodulatory potential after RWVB expansion. Additionally, we demonstrated 
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that EVs harvested after bioreactor culture were capable of suppressing cytokine 

secretion after leukocyte activation. Without optimization of cell culture conditions, 

current bioreactor culture generates 75,000 cells/mL after 8 days of expansion. If 

directly scaled to 80 L, this cell expansion can generate 6 billion ihMSCs enough for the 

treatment of 7 50 kg patients with SR-aGvHD. Previous studies have found that 

optimized vertical wheel bioreactors support hMSC expansion to 300,000 cells/mL, 

increasing the number of treatments to 30.71,99 

In Chapter 3, we determined that two cGMP-compatible hPL production 

techniques lead to 90% recovery of the initial platelet unit. These hPL preparations 

supported similar population doubling times compared to FBS supplemented cultures 

while promoting morphologic features of self-renewing cells. hPL supplementation 

reduced osteogenic differentiation of both BM-hMSCs and ihMSCs while improving 

adipogenic differentiation potential and maintaining chondrogenic potential. Finally, we 

demonstrated that ihMSCs expanded in hPL retained immunomodulatory capabilities, 

demonstrating that ihMSCs can be cultured in xeno-free culture conditions for 

therapeutic applications. 

Future work will focus on scaling cell expansion on GelMA microcarriers and 

incorporating hPL into bioreactor cell culture. The production of GelMA microcarriers 

and the expansion of ihMSCs in bioreactors with hPL-supplemented media can be 

optimized to maximize production in multiliter vertical wheel bioreactors. Finally, 

isolated ihMSCs and EVs can be used for treating inflammatory conditions in animal 

models with an eye towards producing therapeutic grade cells for human therapeutics. 
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APPENDIX A 

Table 2: List of Primer Sequences Used in This Study 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Target Sequence 

GAPDH 
FOR CTCTCTGCTCCTCCTGTTCGAC 

REV TGAGCGATGTGGCTCGGCT 

collagen I 
FOR GAACGCGTGTCATCCCTTGT 

REV GAACGAGGTAGTCTTTCAGCAACA 

runx2 
FOR GCAAGGTTCAACGATCTGAGA 

REV TCCCCGAGGTCCATCTACTG 

alkaline phosphatase 
FOR GACCCTTGACCCCCACAAT 

REV GCTCGTACTGCATGTCCCCT 

osteocalcin 
FOR TGAGAGCCCTCACACTCC 

REV CGCCTGGGTCTCTTCACTAC 

PPAR gamma 
FOR CACAAGAACAGATCCAGTGGTTGCAG 

REV AATAATAAGGTGGAGATGCAGGCTCC 

FABP4 
FOR TCAGTGTGAATGGGGATGTGA 

REV TCAACGTCCCTTGGCTTATGC 

lipoprotein lipase 
FOR GGAATGTATGAGAGTTGGGT 

REV GGGCTTCTGCATACTCAAAG 


