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Abstract 

Cancer immunotherapy is based on harnessing the immune system of patients, instead of directly 

targeting the tumour as the conventional treatments (e.g. surgery, radiotherapy, and 

chemotherapy) do. It is undoubtedly one of the most promising therapeutic approaches towards 

the final goal of defeating cancer, as already recognized in 2013 by the journal “Science” as a 

“Breakthrough of the Year”. 

One of the most promising branches of current immunotherapies is adoptive cell therapy (ACT). 

ACT is demonstrating great promise by achieving long-term remissions in late-stage and 

refractory cancers, especially in haematological cancers and melanoma.  

However, these advanced personalized immunotherapies have to overcome several biomedical 

and technical limitations before they become a routine cancer treatment. One of the main 

limitations relies on the capacity to obtain adequate numbers of therapeutic T cells in the 

patients, which are persistent in vivo. Moreover, the time and elevated costs to produce these T 

cells should be reduced. 

In this thesis, all efforts were aligned to tackle these limitations by developing and applying 

hydrogels (synthetic and natural) as artificial lymph nodes (LNs) to efficiently expand primary 

human T cells and control the obtained phenotypes. 

Through a collaboration with the company Biogelx (United Kingdom), we studied commercial 

synthetic hydrogels capable to mimic extracellular matrix (ECM) properties, according to 

specifications. Several parameters were modified in order to optimize the conditions for T cell 

culture, i.e. the stiffness of the hydrogels, the cell density used in seeding, the hydrogel formation 

step and the cell recovery method. Despite many efforts in conjunction with the company, no 

proliferation of T cells was observed, and the material was found to be cytotoxic to human T cells.  
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In another industrial collaboration with Viscofan S.A. (Spain), 3D natural collagen hydrogels were 

used for the expansion of primary human T cells. After several optimizations, an important 

improvement in primary human T cell expansion was obtained in some of the collagen hydrogels 

used. Additionally, the phenotype obtained was not altered when compared with the state-of-

the-art methodology, consisting of expanding these cells in suspension systems. 

An inverse opal (IOPAL) strategy was employed to fabricate a second generation of our previously 

reported bulk hydrogels in order to increase the pore size and control their microstructure. These 

hydrogels were made of poly(ethylene) glycol (PEG) covalently combined with heparin (PEG-Hep) 

with the objective to mimic the ECM of the LNs. The PEG-Hep IOPAL hydrogels were fully 

characterized in terms of morphology and mechanical properties. Moreover, they resulted in an 

improvement in T cell proliferation when compared both to the state-of-the-art methodologies, 

and to its bulk form. Additionally, the phenotypes obtained with the IOPAL hydrogels were 

adequate to achieve T cell persistence in vivo.  

To mimic the fluid flow of the LNs, we have initiated the creation of a LN-on-a-chip containing 

our artificial LNs, the IOPAL PEG-Hep hydrogels, in collaboration with the Institute of 

Microelectronics of Barcelona (IMB-CNM-CSIC). An extensive optimization of the set-up 

conditions has been performed in terms of the design of the microfluidic device, the volumetric 

flow, the sterilization process and the cell seeding conditions. This process has allowed us to 

gather the necessary information to successfully fabricate a LN-on-a-chip in a recent future. 

In conclusion, this thesis has led to a better understanding on how to create a 3D hydrogel 

platform for T cell expansion, by taking inspiration from the human LN environment, to help 

improving current limitations of ACT.   
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Chapter 1 

Introduction and objectives 

 

1.1 Immunotherapy. Historical background 

Late summer of 1890, in New York city, a fascinating step towards cancer treatment took place, 

thanks to a young surgeon who was willing to think outside the box, Dr. William B. Coley, known 

nowadays as the father of cancer immunotherapy. 

On that summer, Elizabeth Dashiell who was only 17 years old, visited the recently graduated Dr. 

Coley, complaining about severe pain in her hand. At first Coley thought it would be an infection, 

but surprisingly he found it was a very advanced sarcoma. At these times, when very little was 

known about cancer, and before chemotherapy and radiotherapy, the young bone surgeon did 

the only think he could do, he amputated Dashiell’s right arm. Sadly, it did not work, the cancer 

spread all over the body and shortly after Elizabeth died.1,2 

Elizabeth Dashiell early death, one of his very first patients, made a huge impression on Coley, 

who decided at that moment, to study dozens and dozens of old records at New York Hospital 

looking for something that would help him understand this ruthless and aggressive disease. 

Indeed, he found one case of a German immigrant, Fred Stein, that had been hospitalized in 1885 

with an egg-sized tumor mass on his cheek. During the next three years, Fred Stein underwent 

five operations to remove the tumor from his left cheek. After each surgical resection, the mass 

grew again and bigger until it became the size of a man's fist. As it was common at the time 

among people undergoing surgery, Stein contracted a Streptococcus pyogenes infection. This 

bacterial infection causes very high fever, inflammation and, in many patients, death. But Fred 

Stein, survived to the infection and the high fever, and more than that, the tumor disappeared.1,2 
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For years, Dr. Coley tried to find this man. When he eventually did and examined the patient, he 

found out that Stein was free from cancer 8 years after the infection event. 

After this case, Dr. Coley speculated the Streptococcus pyogenes infection had reversed the 

cancer. For the following 40 years, Coley injected over 1000 patients with bacteria or bacterial 

products in order to treat various cases of cancer. Very good results were obtained at that time, 

especially in bone and soft-tissue sarcomas. These products became known as Coley’s Toxins.3–6 

Despite these great results, the work of Dr. William Coley was dealt with great criticism by other 

doctors since those results did not have a well understood reason behind. All these doubts, 

together with the development of radiation and chemotherapy caused his approach to be largely 

abandoned during his lifetime. 

However, in the 50s, several notable events took place that helped to improve the understanding 

of the immune system and its functions. For example, the clonal selection theory was introduced 

in 1957 by Frank Macfarlane Burnet (Nobel Prize in Physiology or Medicine – 1960).7 In fact, he 

stated in his published work entitled “Cancer – A Biological Approach, III. Viruses Associated with 

Neoplastic Conditions. IV. Practical Applications”, in the British Medical Journal: “The 

chemotherapeutic approach to date (…) suffers from one overwhelming intrinsic disadvantage, 

which may be put in oversimplified from – namely, that all anti-cancer drugs are also 

carcinogens.” Macfarlane Burnet continues further on the same report “A slightly more hopeful 

approach, which, however, is so dependent on the body’s own resources that it has never been 

seriously propounded, is the immunological one.”8 

Indeed, immunotherapy and the work carried on by Coley was not forgotten, and during this 

period, Coley’s daughter, Helen Coley Nauts, with the help of a grant (2000 dollars) from John D. 

Rockefeller Jr.’s son Nelson, created the well-known Cancer Research Institute (CRI).6 John D. 

Rockefeller Jr. was a close friend of Elizabeth Dashiell, the patient that motivated Dr. Coley’s 

work. 
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The following years were fulfilled with important discoveries that helped uncover the mysteries 

of the immune system, and to finally explain why the bacterial products used by Dr. Coley were 

successful, in the treatment of cancer patients. Indeed, it is currently known that the bacterial 

products were not responsible to fight cancer cells, but to awake the patient immune system. 

Specifically, the bacterial infection activated the immune system, which would also find the 

cancer cells and destroy them. 

Between 1958-1962 there were the discoveries of the human leukocyte antigen (HLA) by Jean 

Dausset9 (Nobel Prize of Medicine). In 1973, the discovery and characterization of dendritic cells 

by Ralph Steinman (Nobel Prize in Physiology or Medicine),10 and in 1974, the description of the 

major histocompatibility complex (MHC) restriction by Rolf Martin Zinkernagel and Peter Charles 

Doherty (shared Nobel Prize in Physiology or Medicine).11 On the same year, Georges Jean Franz 

Köhler together with César Milstein and Niels Kaj Jerne, contributed to the generation of 

monoclonal antibodies (shared Nobel Prize in Physiology or Medicine).12 

Around 1980 took place the important discovery and characterization of interleukins (ILs) such 

as IL-2, by Robert Gallo, Kendall A. Smith and Tadatsugu Taniguchi.13–16 In 1983, Philippa Marrack 

and her husband, John Wayne Kappler, discovered the T cell receptor (TCR), together with Ellis 

Reinherz and James Allison.17,18 

Around this time, a new branch of immunotherapy started to rise, the adoptive cell therapy 

(ACT), in which T cells are administered to patients in order to fight several diseases, such as 

cancer.19 One of the most prominent types of T cells used in ACT are the tumor infiltrating 

lymphocytes (TILs), which are T cells that have the ability to invade tumor tissues. In 1986, Dr. 

Rosenberg, a pioneer in this field, demonstrated that human TILs harvested from resected 

melanomas, contained cells able to specifically recognize autologous tumors (individual's own 

tumor).20 Just one year after, the same research group reported the first use of autologous TILs 

in ACT for patients with metastatic melanoma, leading to a regression of cancer.21 

All these great discoveries in the last century, among others not mentioned in this introduction, 

brought us to the modern immunotherapies. In 2010 the first autologous cell-based cancer 
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vaccine, Sipuleucel-T (known as Provenge®), developed by Dendreon Pharmaceuticals, was 

approved by the Food and Drug Administration (FDA) for the treatment of metastatic, 

asymptomatic stage IV prostate cancer.22 On the same year, Ipilimumab (Yervoy®), an anti-

cytotoxic T-lymphocyte antigen (CTLA)-4 monoclonal antibody was also approved by the FDA, for 

the treatment of patients with malignant melanoma.23 

In 2011, Carl H. June reports the first successful use of chimeric antigen receptor (CAR) T cells 

expressing the 4-1BB costimulatory signaling domain for the treatment of CD19+ malignancies.24 

Another great year for the field of cancer immunotherapy was 2017, with the first two CD19-

target CAR T cell therapies approved by the FDA, the tisagenlecleucel-T (Kymriah®; Novartis) and 

axicabtagene ciloleucel (Yescarta®; Kite Pharma/Gilead Sciences).25 

Ultimately, the area of cancer immunotherapies was awarded for its positive social impact once 

more when in 2018, James P. Allison and Tasuku Honjo shared the Nobel Prize in Physiology or 

Medicine for their contribution to the discovery of cancer therapy by the inhibition of negative 

immune regulation.26,27 

These recent successes in the field have proved the important role of immunotherapy in the 

treatment of cancer, placing this strategy as one of the most promising. However, the response 

rates are still modest in many cases, especially in solid tumors. Moreover, the mechanisms 

underlying the therapy should be better understood and the not so unusual secondary effects 

related with the boost of the immune system such as the cytokine release syndrome (CRS) should 

be minimized. Last but not least, the capacity to obtain adequate numbers of therapeutic T cells 

in the patients remains a challenge, and the time and costs to produce these T cells should be 

reduced.28 
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1.2 Immune system 

The immune system is responsible from protecting the body from harmful substances, germs and 

cell changes, and it is formed by various organs, cells and proteins. This system can be divided 

into two subsystems, the innate immune system (non-specific) and the adaptive immune system 

(specific). The innate immune system is the first line of defense against non-self-pathogens, with 

the main purpose of immediately prevent the spread of foreign pathogens throughout the body. 

On the other hand, the second line of defense is the adaptive immune system, which is specific 

to the pathogen. The hallmark of the adaptive immune system is the clonal expansion of 

lymphocytes (T and B cells) with an antigen receptor capable to fight a specific pathogen or 

cancer type.29 

The coordination of these immune responses in mammals are made in the secondary lymphoid 

organs (SLOs), which include the spleen, Peyer’s patches (PPs), tonsils, adenoids and lymph nodes 

(LNs). All SLOs include B and T cells, antigen presenting cells, stromal cells and a vascular supply. 

Moreover, if the immune cells (B and T cells) do not encounter an antigen, they simply receive 

homeostatic survival signals and continue their passage through the SLOs. But, if either T or B 

cells do have an antigen recognition event, then the SLOs are critical in providing the needed 

environment for cellular activation, proliferation, differentiation and even selection for high 

affinity antibodies. Furthermore, such SLO development is closely related with a precise 

regulation of lymphoid chemokines and cytokines.30 

 

1.2.1 Immune cells 

Immune cells can also be divided into innate and adaptive cells. Innate immune cells include 

macrophages, polymorphonuclear granulocytes (neutrophils, basophils and eosinophils), mast 

cells, dendritic cells, natural killer cells and also platelets. Dendritic cells, take up foreign antigens 

and migrate to SLOs, such as LNs, where they present their antigens to adaptive immune cells. 
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Adaptive immune cells are T and B cells, which elaborate a response targeted to the foreign 

agent. 

In ACT, the immune cells of interest are harvested from blood, through density gradient 

separation, where three different parts are obtained, the plasma components, the buffy coat 

containing leukocytes and platelets and a bottom layer of erythrocytes (red blood cells (RBCs)) 

with polymorphonuclear cells like neutrophils and eosinophils (Figure 1.1). In the buffy coat layer 

are the peripheral blood mononuclear cells (PBMCs), formed approximately by an 80% of T and 

B cells, 10% NK cells and 10% myeloid cells, mostly monocytes.31 

 

Figure 1.1 PBMC isolation by density gradient centrifugation. 

 

T cells descendent from the lymphoid progenitor cells, emerge as naïve CD4+ or CD8+ T cells (TN) 

(helper and cytotoxic types, respectively), until they detect an antigen through their interaction 

with antigen-presenting cells (APCs) such as dendritic cells. This encounter is mediated through 

a complex conjunction of signals including costimulatory receptors and secreted soluble 

cytokines, but mainly involving the interaction between the MHC/HLA of an APC and the TCR of 

a T cell.32,33 
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Then, T cells undergo proliferation and differentiation. TN can differentiate into central memory 

T cells (TCM), effector memory T cells (TEM), and terminally differentiated (TEMRA)34 (Figure 1.2) 

upon priming. TCM has been reported to be a preferable phenotype for therapy, particularly due 

to their long-lasting responses.35,36 

 

Figure 1.2 Differentiation of T cells from TN to TCM, TEM, and TEMRA. The diagram displays the 

metabolic alterations along the T cell differentiation. 

 

1.2.2 Lymph nodes 

There are hundreds of LNs (Figure 1.3) distributed throughout our bodies, all connected by the 

so called lymphatic system.37 They promote cellular motility and T cell-APC interactions.38,39 The 

LNs are divided in various micro compartments, such as the T and B cell zones, formed by 

connective tissue strands.40 Specifically, the inner part of the LNs consists of reticular fibers 

forming a network of extracellular matrix (ECM) proteins. These proteins are mainly collagen but 

also fibronectin, laminin, entactin, or heparan sulfate,41 responsible to form and support the LN 

compartments.40,42 Furthermore, this network is highly covered by the non-hematopoietic 

stromal cells that exist in the LNs, forming a dense cellular environment.38 
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These stromal cells combined with circulating biomolecules (e.g. cytokines among others) 

provide an optimal environment for the survival, migration, activation, proliferation and 

differentiation of T cells.43,44 

 

Figure 1.3 Representation of the LN structure, showing its complex microarchitecture. Lymph 

flow direction within the LN is depicted with arrows. 

 

1.3 Main cancer immunotherapies 

Immunotherapy is advancing towards the control of fundamental immune mechanisms to 

actively distinguish between healthy and cancerous tissues, and act specifically against malignant 

cells. Nowadays, there are two major strategies, the immune checkpoint therapy and ACT.45 

The immune checkpoint therapy consists of targeting and controlling the regulatory immune 

pathways in order to enhance the T cell immune response. To counter act immunosuppression 

induced by tumors, the blockade of down-regulating molecules and inhibitory signaling pathways 

can be performed by the use of specific antibodies, also called immune checkpoint inhibitors, 

leading to the proper activation of T cells and response against the tumour.46,47 Two of the most 
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relevant antibodies are the ones against CTLA-4 and the programmed cell death protein 1 (PD‐1) 

or its ligand (PDL-1). 

On the other hand, ACT involves the collection of (usually, autologous) T cells from peripheral 

blood or tumor excision, their ex vivo selection or engineering, their expansion in vitro, and their 

reinfusion into the patient to fight cancer cells (Figure 1.4).48 

 

Figure 1.4 General diagram of the process of ACT for cancer treatment. 

 

It is worth mentioning that, through memory subsets, durable antitumor therapeutic immunity 

was achieved in some cases of metastatic melanoma, lymphoma, lymphoid leukemias and other 

refractory tumors.49–52 Thus, the potential of this cellular therapy is undoubtful. However, current 

ACTs have several challenges to overcome in order to become a commonly accessible anticancer 

therapy to the public. 

There are different types of ACT depending of the T cell type employed. TIL-based techniques use 

autologous immune cells (generally mixtures of CD8+ and CD4+ T cells) extracted from cancer 
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tissues. TILs are specific against tumor cells, and thus can recognize tumor-associated antigens 

(TAAs).53 

Although this strategy has been used in several solid cancers like renal, ovarian, breast and 

colon,19 most of its success has been achieved with melanoma.54 Nevertheless, this strategy has 

some limitations, like the difficulty of selecting and expanding pre-existing tumor-reacting T cells 

from patients with tumor types other than melanoma.  

Recent advances have indicated that employing engineered T cells may be a better strategy to 

target cancer in some cases.55 TCR-modified cells are T cells harvest from patients, that are 

further genetically modified (with genes obtained from a tumor-reactive T cell) to express its TCR, 

thus conferring the antigen-specificity of the transferred TCR to the T cells (Figure 1.5). The first 

reported cancer regression in melanoma patients with a TCR targeting MART-1 was successfully 

achieved in 2006.56 However, this technique is still susceptible of causing severe adverse events, 

by destroying healthy tissues that express the target antigen in lower quantities, rising the 

importance of identifying target antigens that are highly selective only for tumor cells.  

On the other hand, CAR T cells have tumor-reactivity because of their transduction with an 

artificial receptor, the CAR, consisting of an antibody variable domain fused to a TCR constant 

domain (Figure 1.5). 

More specifically, CARs are synthetic constructs usually conformed by the tumor-reactive 

receptor, a CD3δ signaling domain and a costimulatory domain.57 In another words, CAR T cells 

obtain the antigen recognition properties of an antibody, and thus, there is no need for dendritic 

cells.58 

Several cases of medical successes have been reported with the use of CAR T cells targeting CD19 

and CD20 to treat chronic lymphocytic leukemia (CLL), B-cell lymphoma and acute lymphoblastic 

leukemia (ALL).24,59–62 Trials with CARs have also been performed to treat solid cancers, but the 

success rate is very limited, mostly due to the immunosuppressive capacity of the tumor 

microenvironment and the difficulty of identifying a suitable target antigen.19  
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Figure 1.5 Scheme of the antigen-specificity of the transferred human TCR-T cells and CAR-T cells. 

 

It is also worth noting in ACT strategies that different T cell subset plays different critical roles. 

The CD8+ subset is well known to display cytotoxic functions, while CD4+ T cells were thought to 

mostly help directing the immune response and activating cytotoxic subsets. However, there are 

indications that the combined effect of CD4+ and CD8+ T cell subsets results on the improvement 

of antitumor effectivity.63–67 Furthermore, in some specific applications, CD4+ CAR T cells have 

recently proven to induce a higher antitumor responses when compared with CD8+ T cells alone, 

by ensuring a more persistent effect against some antigens in mice.68 Indeed, CD4+ T cells are 

less inclined to exhaustion than CD8+ T cells.69  

Furthermore, CAR T cells derived from TN and TCM subsets were reported to be more persistent 

than TEM for a long-term immunity, while producing greater levels of cytokines. These findings 

highlight the importance in selecting adequate differentiated subsets to improve the efficacy of 

current cancer treatments.63,68 
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Finally, it is also worth mentioning that CD4+ T cells are an easy subset to purify given their 

natural abundance (up to 60% of total PBMCs), which makes them appealing for certain 

experimental procedures.  

In summary, there are different advantages and disadvantages for each cell type used in the 

various ACTs, but all of them have a common step consisting of expanding the respective cell 

populations ex vivo. This step is currently one of the main limiting factors for the broad use of 

ACT in clinics, especially for TIL-based therapies.  

Specifically, the time to produce these clinically relevant T cell types should be reduced, taking 

into consideration that patients with advanced cancers might worsen quickly. Also, the elevated 

costs derived from the bioengineering steps of T cells in the medical laboratories must be 

minimized. At present Kymriah® and Yescarta® (the two FDA-approved therapies) cost over 350 

000 dollars per infusion, which points serious concerns over affordability.70 

Thus, it is imperative to improve the performance of the state-of-the-art immune cell expansion 

systems to obtain clinically relevant doses in a short period of time and in a viable economic 

way.71,72 

Another important challenge in immunotherapies relies on the development of adequate 

preclinical models capable to reduce the use of laboratory animals. The development of artificial 

models, such as organoids and organ-on a chip models, that could mimic to some extent the in 

vivo immune responses, would be very interesting for the field.  

 

1.4 Current clinical expansion strategies for T cells 

1.4.1 T cell activation and expansion agents 

Current ex vivo T cell activation and proliferation systems are based on mimicking the APCs 

(Figure 1.6 A). Specifically, they use artificial APCs consisting of 3-5 µm-sized polymeric magnetic 
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covered with (co)stimulating antibodies, namely anti-CD3 and anti-CD28. (Figure 1.6 B).38,73 

Commercially, they are known as Dynabeads (Thermo Fisher Scientific) or MACS beads (Miltenyi 

Biotec GmbH). Nowadays, the majority of the clinical trials performed in the field of ACT to fight 

cancer use these beads.65,74–76 

 

Figure 1.6 Representation of the IS. A) In vivo T cell activation process through its interaction with 

an APC (dendritic cell). B) In vitro activation of a T cell with a Dynabead. 

 

Although they are simple to manipulate and remove through magnetic separation, they fail to 

provide the environmental signals naturally present in the human SLOs. The ECM of LNs is an 

important regulator of the T cell function, providing stimulatory biomechanical stimuli, that lead 

to adequate T cell communication, proliferation and differentiation.44 

The alternatives to these artificial APCs (e.g. Dynabeads) are the use of mitogens77–79, cell-based 

activation strategies80–82 and antibody-based activations.83,84 
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Mitogens are soluble peptides or small proteins that induce cell division. Examples are the 

phytohemagglutinin (PHA), concanavalin A (ConA), pokeweed mitogen (PWM) or phorbol-12-

myristate-13-acetate (PMA). Although some studies still use this strategy, as it was recently 

demonstrated in a clinical trial where PHA-expanded TILs were employed to treat patients with 

advanced melanoma85 the implementation of these traditionally used mitogens has decreased, 

as it has been seen that with an antigen-specific stimulation a more physiologically relevant T cell 

activation occurs.86 

With this objective, cell-based activation strategies that directly use APCs (e.g. dendritic cells and 

macrophages) to activate T cells have been described.87 For example, they have been employed 

to activate TILs in ACT to treat melanoma patients.80 Although these endogenous T cell activators 

provide a more in vivo like stimulation, their use has some general challenges such as the cost of 

generating good manufacture practices (GMP)-qualified APCs, risks of incomplete removal from 

the therapeutic cell population, potential donor-to-donor variation, and the limiting amount of 

these cells in the source material, especially if using autologous feeder cells from critically ill 

patients.81 Furthermore dendritic cell-based expansions are time consuming, as they often 

require multiple cultures, large number of cytokines and long periods of time to get relevant 

numbers of T cells.82 

Taking into account the challenges above mentioned, the use of more accessible approaches than 

cell-based methods, but more physiologically relevant than mitogens, has been popularized with 

antibody-based activations. These activation systems consist of the addition of antibodies, such 

as OKT3, an anti-CD3 monoclonal antibody (mAbs) that activates T cells by signal transduction 

through the TCR complex. For example, soluble anti-CD3 and recombinant IL-2 have been used 

to expand T cells with engineered TCRs for ACT. In a pilot trial, the expansion of T cells transduced 

with an NY-ESO-1-reactive TCR achieved durable tumor remissions in patients with metastatic 

synovial cell sarcoma and melanoma.84 

However, the majority of the clinical trials performed in the field of immunotherapy to fight 

cancer uses the commercially available paramagnetic beads coated with anti-CD3 and anti-CD28, 
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whereas the use of soluble antibody strategies are usually limited to activations were large 

expansion of T cells are not required. 

 

1.4.2 Bioreactors for T cell activation and expansion 

Many of the available T cell bioreactors were inspired by a technology used to grow bacteria and 

yeast,88 with the major objective of maximizing the numbers of T cells obtained, while reducing 

potential contaminations. The most common ones are those based on static, gas permeable 

culture bags, such as the G Rex bioreactors, WAVE bioreactors and the CliniMACS Miltenyi 

Prodigy system (Figure 1.7).81  

The G Rex flasks consist of a common cell culture flask with a gas-permeable membrane on its 

base able to support large volumes of cell culture medium while allowing gas exchange. They 

provide a cell culture environment that should be linearly scalable and adaptable as a closed 

system, facilitating the translation of cell-based therapeutics from the laboratories to the 

clinics.89 For example, it has been used to create in the clinics antigen-specific cytotoxic T cells 

for ACT.90,91 

 

Figure 1.7 G Rex flask, (courtesy of ScaleReady); WAVE bioreactor, (courtesy of Cytiva); and 

CliniMACS Prodigy, (courtesy of CliniMACS Miltenyi Biotec). 
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However, in order to obtain a precise control on critical variables such as pH or media flow, other 

bioreactor systems have been developed such as the WAVE bioreactor or the Miltenyi Prodigy 

system. 

The WAVE bioreactor also uses sterile culture bags that are transparent, disposable and allow 

cell culture media perfusion. This system allows high cell density, harvest, sampling and gas 

exchange.92 They are also compatible with GMP conditions.93 As an example, TILs from 4 

melanoma patients were expanded in the WAVE bioreactor and compared with a traditional 

static culture method (gas-permeable bags). The WAVE bioreactor contributed for a rapid 

expansion of TILs, but no phenotypic or other differences between processes were identified.92 

Finally, the CliniMACS Prodigy device is the first computer-controlled bioreactor in which each 

processing step can be automatized in a completely close system. This recent technology has 

been mainly employed in the optimization of T cell separation, selection and expansion protocols 

showing its robustness and reproducibility.94–97 For example, the efficiency of the Prodigy has 

already been seen in the production of CAR-T cells (targeting CD19 and CD20), which did not 

require a clean-room facility.98  

However, bioreactors mostly work with cells in suspension, but LNs are complex organs as 

explained above, and two-dimensional (2D) as well as suspension culture methods are not 

properly resembling the natural 3D environment of immune cells in vivo.99 

 

1.5 Toward 3D cell culture 

In order to mimic tissues and organs and/or recapitulate their key functions, the growing field of 

tissue engineering is developing and combining 3D scaffolds from natural or synthetic origin.43 

Among the most promising strategies, there are the hydrogels, which are (visco)elastic networks 

with interstitial spaces that can contain up to 99% w/w water.100–102 This property confers the 

hydrogels their excellent capacity to mimic the ECM.  
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Natural hydrogels, which normally consist of natural ECM components and/or contain 

biologically recognizable moieties, are biocompatible and sometimes biodegradable.103 The most 

prominent example is collagen, especially collagen type I, as it is the major structural component 

of many tissues.104 Furthermore, collagen is a low-cost material easy to obtain and manipulate 

with great cytocompatibility. These collagen characteristics not only have called the attention of 

academic researchers, but also of companies like Viscofan SA. The first example in literature of 

fabricating an in vivo artificial SLO was done with collagen sponges as 3D scaffold for cell culture. 

TEL-2, a thymic stromal cell line, was used after being altered to express lymphotoxin-alfa, 

contributing to form a lymphoid tissue.105 These collagen sponges once implanted into mice led 

to segregated B and T cells clusters as analyzed by immunohistochemical staining, and even high 

endothelial venule-like structures comparable to the ones found in the LNs. More interestingly, 

these artificial SLOs allowed B and T cell activation, which in immunodeficient mice enabled 

antigen specific immune responses.106 More recently, the same research group, added gel beads 

on the collagen scaffolds, that could slowly release a cocktail of lymphorganogenic chemokines 

in the absence of lymphoid tissue organizer stromal cells.107 Nevertheless, collagen 3D scaffolds 

have not yet been used for the activation and expansion of T cells for ACT applications. 

Towards a drug screening application, agarose gels were used as scaffolds to create an artificial 

SLO model. In this study, human T cell clustering and proliferation was observed, after exposure 

with APCs.108  

However, these natural hydrogels face some intrinsic disadvantages that challenge their 

translation to the clinics, such as the lack of reproducibility among samples, poor mechanical 

properties, low tuneability, and furthermore, they may trigger immune/inflammatory 

responses.103  

Synthetic hydrogels usually offer the possibility to precisely control their chemical, structural and 

mechanical properties, although they do not have any inherent bioactivity.103 Among the 

plethora of options, PEG is one of the most used synthetic polymers in tissue engineering, thanks 

to their interesting physicochemical properties. However, there are many more options, as 
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proven by the growing industry interest on the development of new synthetic hydrogels. For 

example, the small-medium enterprise (SME) Biogelx Limited is using aromatic peptide 

amphiphiles that can form self-supporting hydrogels with tunable mechanical properties and 

chemical compositions. These hydrogels can be applied in 2D and 3D cell cultures,109–114 but up 

to date, no studies have been reported on the effect of such materials on lymphocyte expansion 

and differentiation. 

With this objective, our research group performed a market study of the commercially available 

3D scaffolds and studied two systems with very different physicochemical properties for T cell 

culture and expansion.115 The synthetic 3D polystyrene scaffolds and Matrigel, a natural hydrogel 

prepared from a gelatinous protein mixture extract from the Engelbreth-Holm-Swarm mouse 

sarcoma. From this study we concluded that both 3D scaffolds improved human T cell 

proliferation, when compared with the state-of-the-art expansion method, i.e. Dynabeads in 

suspension, proving our hypothesis about the importance of adding 3D LN-like structures in T cell 

cultures.115  

However, these commercial options are still far from the actual LN structural, mechanical and 

biochemical properties. For such reason there is a need to develop more realistic 3D scaffolds 

that better mimics the LN environment, with the potential to result in superior expansion rates 

of certain T cell phenotypes. 

For that, we have recently reported 3D hydrogels with a design inspired by the LNs.116 In these 

3D scaffolds, we used cross-linked poly(ethylene)glycol (PEG) which provided the structural 

support, and heparin (Hep) that can bind to different proteins such as the cytokine CCL21, 

through its anionic character (Figure 1.8).117,118 

The 3D PEG-Hep hydrogels developed can be tuned in terms of physicochemical properties by 

changing the concentration of PEG. We found the hydrogels produced with 3% weight (wt) PEG 

to have a fibrillar structure with a mean pore size of 55 µm and a storage modulus of 0.75 KPa.116 

These hydrogels were found to improve the proliferation of primary human CD4+ T cells when 

compared with the state-of-the-art T cell expansion systems in suspension. This improvement 
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was further enhanced by loading these scaffolds with CCL21 molecules, a known cytokine to 

promote T cell homing and proliferation.44,119–121  

Besides, hydrogels with enlarged and homogeneous pore structures using the inverse opal 

(IOPAL) or inverted colloidal crystal technique, as a porogen method, have been reported.122,123 

They have been shown to increase T cell migration,124 but no examples of IOPAL hydrogels for T 

cell expansion experiments have been reported up to now. The structuration method is reported 

to provide a porosity above 70%, being the reproducibility of the synthesis process one of the 

main advantages of the method. Moreover, the uniform interconnectivity achieved leads to a 

more homogeneous distribution of macromolecules and cells inside the 3D scaffold.125,126 

 

Figure 1.8 Simplified scheme of an ACT process with T cells cultured in the CCL21-loaded PEG-

Hep hydrogels (not to scale). Human primary CD4+ T cells from adult healthy donors were 

activated with Dynabeads and used as a proof-of-concept prior to testing with patients. Thus, the 

expanded and differentiated T cells were not reinfused. (Adapted from ref. 116). 
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1.6. Lymph Node-on-a-chip 

Another main factor to be taken into consideration to recreate the natural LN conditions is the 

fluid flow, which can be studied and mimicked with microfluidic devices.127 These devices allow 

the continuous circulation of cell culture medium, with a constant supply of nutrients while the 

cellular waste is removed. Additionally, the mechanical stimulus from the flow is expected to 

have an influence on cell morphology and behavior, as seen with the flow shear stress known to 

promote lymphocyte transmigration across inflamed endothelial barriers.128 Moreover, shear 

stress variations affect naïve T cell interactions with APCs inside the LNs, thus influencing T cell 

activation and further development.129 

As briefly discussed in the section 1.2.2, (Figure 1.3) the lymph flow enters the LNs through 

various afferent lymphatic vessels passing through the subcapsular sinus (SCS) and then flows 

into the trabecular sinuses within the cortex. Subsequently, the lymph passes through the 

medulla and gathers in the connected medullary sinus, draining into the efferent lymphatic 

vessels to leave the LNs.130,131 This net unidirectional lymph flow, from afferent to efferent 

lymphatic vessels, found in the LNs is caused by intrinsic (such as phasic and fast vessel 

contractions) and extrinsic (such as muscle contraction and respiration) pumping processes.132 

Emergent advanced techniques are allowing to obtain quantitative information about the lymph 

flow in vivo, despite the technical challenge, improving the knowledge of lymphatic 

mechanobiology.130 Still, differences are observed in the results obtained for the lymph flow rates 

ranging from 0.3-14.0 μL/h, mainly due to the different animal models used, intrinsic variations 

of lymph flow and techniques employed.133–135  

In recent years microfluidic devices submitted to a flow have been used to create LN-on-a-chip 

models. As an example, an ex vivo polydimethylsiloxane (PDMS) microfluidic device with flow 

rates ranging from 7.2 to 24 µL/h allowed a spatiotemporal control of induced stimuli on mice LN 

slices embedded in agarose gel, thus forming a LN slice-on-a-chip.136 
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Recently, a multi-compartment microfluidic chip was fabricated to mimic inter-organ 

communication ex vivo between tumor and LN mice tissues. Specifically, a microfluidic chip 

constructed by several layers of PDMS and polymethyl methacrylate (PMMA) was filled with 

tissue slices embedded in agarose. They were interconnected with continuous medium 

recirculating with volumetric flow values varying from 30 to 120 µL/h.137  

Finally, HIRISTM III and IG-DeviceTM are two devices that were developed to mimic the in vivo LN 

environment. Both have been operated for long periods of time (14-30 days) with a continuous 

flow rate of 45 µL/h by using a peristaltic pump. The HIRISTM III is a polysulfone device which 

attempts to recreate the human LN environment in vitro with emphasis on T cell activation. 

Briefly, this device consisted of a stationary network of human mature dendritic cells in an 

agarose hydrogel matrix separated by microporous membranes from a compartment with a 

suspension of B and T cells. The IG-DeviceTM is the first 3D-organoid system of a human LN for in 

vitro testing of immune functions.108 This device holds different individually perfused culture 

compartments assembled for multi-parallel exposure of different drugs to matrix-assisted co-

cultures. These cell cultures consisted of organoids formed with dendritic cells, B cells, T cells and 

agarose hydrogels.  

These systems are an encouraging proof-of-concept of the benefits of including flow to artificial 

3D LNs to better recreate the natural conditions that T cells find in these SLOs. However, the 

examples described so far do not consider the complex 3D structure, mechanical properties and 

composition of the LN ECM. In addition, these studies have not assessed the effect of flow in T 

cell proliferation and differentiation in detail, nor its possible potential to improve ACT platforms 

for cell culture. 

 

1.7 Objectives 

The focus of this PhD thesis was the synthesis, preparation, and use of new 3D hydrogel platforms 

for lymphocyte (primary human CD4+ T cells) proliferation and differentiation to improve ACT. 
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Specifically, we aimed at mimicking the ECM of SLOs in order to create a more appropriate and 

realistic environment for immune cells.  

Within this main goal, several specific objectives were proposed: 

1. Study the potential of commercially available synthetic peptide-based supramolecular 3D 

hydrogels in collaboration with the SME Biogelx Ltd. (Chapter 2). 

2. Study the potential of in-development collagen matrices in collaboration with the publicly 

traded company Viscofan S.A. to mimic the LN composition (Chapter 3). 

3. Design and optimization of an artificial ECM inspired by the LNs, based on 3D PEG-Hep 

hydrogels with controlled pore sizes and interconnectivity, achieved through the inverse 

opal porogen strategy (Chapter 4). 

4. Design, fabrication and optimization of a microfluidic device to submit artificial LNs 

consisting of 3D PEG-Hep hydrogels and T cells to a flow to mimic the lymph (Chapter 5). 
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Chapter 2 

3D commercial synthetic peptide hydrogels for T cell 

culture 

 

2.1 Introduction 

There is a continuously growing interest in the development of new biomaterials able to interact 

with biological tissues and cells for different applications.1. As introduced in the previous chapter, 

it is important to study the effect of different types of materials with distinct properties as a 

scaffold for immune cell culture for immunotherapy. 

One of the most recurrent strategies nowadays is the use of hydrogels,2–4 i.e. (visco)elastic 

networks with interstitial spaces that contain as much as 90-99% w/w water. As explained in 

Chapter 1, our group has evaluated the performance of Matrigel (Thermo Fisher Scientific, United 

States of America), a gold standard hydrogel in the field of 3D cell culture systems for T cell 

culture.5 Nevertheless, Matrigel suffers from batch to batch variability and its composition is not 

well established, which limits its applicability. Alternatively, our group has developed a synthetic 

3D PEG-Hep hydrogel that has been proven to be an effective scaffold for primary human CD4+ 

T cell expansion.6 Indeed, synthetic polymers are an attractive option due to the possibility to 

control their chemical, structural and physical properties. 

Recently, small amphiphilic molecules have emerged as a new class of hydrogelators, forming 

supramolecular or molecular hydrogels.7–9 The Biogelx™ hydrogel technology (Biogelx, United 

Kingdom) is advertised to produce completely synthetic hydrogels by a simple peptide 

technology. According to the company, the commercialized supramolecular hydrogels can be 

independently adjusted in terms of both mechanical and chemical properties, to provide an 

optimal environment for the culture of a variety of cell types. 
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Chemically, the Biogelx™ hydrogels are based on a two-peptide system modified at the N-

terminus with an aromatic structure. Specifically, there is a hydrophobic “gelator” peptide Fmoc-

diphenylalanine (Fmoc-F2) and a hydrophilic “surfactant” Fmoc-serine (Fmoc-S). Through a 

combination of H-bonding and π-stacking interactions, these peptide building blocks co-assemble 

to form nanoscale fibers in aqueous environments (Figure 2.1). In the presence of Ca2+ ions, these 

peptide nanofibers crosslink to form hydrogels and the so-called “standard hydrogel” from 

Biogelx (BiogelxTM-S) is obtained. Furthermore, these peptide fibers present a hydrophilic 

functionality on the surface, being appropriate for cell adhesion.10–15 

 

Figure 2.1 Molecular structures of the BiogelxTM-S precursors: Fmoc-diphenylalanine (Fmoc-F2) 

and Fmoc-serine (Fmoc-S). 

 

In addition, the fiber density of the hydrogel controls its stiffness. More specifically, it is possible 

to tune the stiffness of the hydrogels from 0.5 kPa up to 100 kPa, matching a wide range of tissue 

types (Figure 2.2). This range of values contains the reported stiffness of a healthy LN which 

present a mean stiffness around 15 kPa, as found in several studies based on elastography, in 

contrast to metastatic LNs showing significantly higher values.16–19 

Additionally, some Biogelx products also incorporate biomimetic peptide sequences of the ECM 

proteins like fibronectin, laminin, and collagen. The collagen-mimetic peptide sequence is 
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glycine-phenylalanine-hydroxyproline-glycine-glutamate-arginine (GFOGER). The BiogelxTM-

GFOGER hydrogels are particularly interesting for T cell culture, as collagen is the major structural 

component of the LNs.20,21 

 

Figure 2.2 Scheme of Biogelx’s 3D hydrogels with different stiffness, tuned to match different 

tissue environments. Adapted from: http://www.biogelx.com/. 

 

These options provide a synthetic yet biologically-relevant alternative to animal-derived 3D 

matrices such as Matrigel and natural collagen.22 Previous work with Biogelx samples consisted 

in culturing perivascular stem cells on the hydrogels of different stiffness, soft (1 kPa), stiff (13 

kPa), and rigid (32 kPa), resulting in neuronal, chondrogenic and osteogenic differentiation, 

respectively.23 

 

2.2 Objectives and strategy 

The objective of this chapter is to study the commercial synthetic Biogelx hydrogels as artificial 

ECM to improve the current methodologies of expansion of T cells. In collaboration with the 

Biogelx company, two different hydrogels were studied, the BiogelxTM-S and BiogelxTM-GFOGER. 

Primary human CD4+ T cells from adult healthy donors were chosen between all the different 

http://www.biogelx.com/
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immune cell types, given their relevance for ACT in the clinics.24–26 Moreover, they ensured 

reduced biological variability as compared with PBMCs. Finally, they were more appealing than 

CD8+ T cells due to their natural abundance as immune cell population. 

The effect of each 3D matrix in comparison with the standard static suspension cultures were 

analyzed, but also the differences between the two studied samples. Furthermore, several 

parameters were studied in order to optimize the conditions for T cell culture with the Biogelx 

hydrogels, including the stiffness of the hydrogels, the cell density used for seeding, the pre-gel 

formation, the gelation step and the cell recovery method. 

 

2.3 Preparation of BiogelxTM-S and BiogelxTM-GFOGER hydrogels 

Biogelx products were supplied as lyophilized powder (Biogelx Powder). These powders are 

rehydrated with water to form a pre-gel solution at a desired concentration. The gelation of these 

products is triggered by divalent cations, such as Ca2+, which cross-link the hydrogel fibers 

resulting in a hydrogel. For such reason, the gelation process is triggered instantly when the 

Biogelx pre-gel solution encounters cell culture medium containing divalent cations (Figure 2.3). 

For the pre-gel formation the desired hydrogel stiffness is considered. According to the “Biogelx 

Powder – Preparation and Guidelines for Use” document (available at: http://www.biogelx.com/) 

the reference values are showed in Table 2.1 for standard and collagen Biogelx powders. 

With these reported values a “calibration curve” was created for each case, BiogelxTM-S and 

BiogelxTM-GFOGER. The “calibration curve” allowed to determine the amount of sample needed 

for a specific stiffness (Figure 2.4). These equations were also used to prepare hydrogels with 

stiffness values outside the range stated in the document “Biogelx Powder – Preparation and 

Guidelines for Use”, were we assumed linearity of the calibration curve to be maintain as also 

suggested by BiogelxTM team. 
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Figure 2.3 Schematic formation of the Biogelx hydrogels. A) Lyophilized Biogelx powders: the 

standard version BiogelxTM-S (left side) and the collagen mimetic version BiogelxTM-GFOGER (right 

side). B) Pre-gel formation step and C) hydrogel formation step. Adapted from: 

http://www.biogelx.com/. 

 

Table 2.1 Weight of Biogelx Powder–S and Biogelx Powder–GFOGER needed to prepare 

hydrogels of a certain stiffness. Adapted from http://www.biogelx.com/. 

Stiffness range of 
hydrogel required 

(kPa) 

Weight of Biogelx Powder 
(milligrams) for 5 mL  

Weight of Biogelx Powder – 
GFOGER (milligrams) for 5 mL  

0.8 – 1.1 22 mg 26 mg 

3.0 – 4.0 43 mg 52 mg 

8.0 – 9.2 67 mg 78 mg 

http://www.biogelx.com/
http://www.biogelx.com/
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Figure 2.4 Calibration curves of Biogelx powder samples weight (mg) vs the corresponding 

stiffness (kPa) reported in the “Biogelx Powder – Preparation and Guidelines for Use” document, 

available at http://www.biogelx.com/. 

 

In a typical experiment, hydrogels were prepared in a 96 well plate by adding 100 µL of pre-gel 

at the desired concentration, followed by a 15 min incubation at 37°C. During the pre-gel 

preparation air bubbles were formed but easily removed by centrifugation.  

Then the cell culture media Roswell Park Memorial Institute (RPMI) containing calcium ions was 

added to the pre-gel slowly and another incubation for at least 2 h at 37°C was performed to 

obtain the hydrogels. After removing the remaining media on top of the hydrogels the cells were 

added in a 2D seeding fashion (see Chapter 6 for further details). 

As an example, Figure 2.5 shows two hydrogels obtained with BiogelxTM-S at different stiffness: 

5 kPa (Figure 2.5 A) and 25 kPa (Figure 2.5 B). Worth noticing is the challenge of working with 

these hydrogels at higher stiffness, such as 25 kPa, because they were very brittle, as explained 

in the flowing sections. 
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Figure 2.5 Example of the hydrogels obtained with BiogelxTM-S powder at different stiffness: (A) 

5 kPa and (B) 25 kPa.  

 

2.4 CD4+ T cell proliferation study 

Primary human CD4+ T cells were obtained from a purification process of buffy coats of healthy 

adult donors, previously reported6 (see Chapter 6 for details). Then, the cells were cultured in 

suspension without Dynabeads (negative control), with Dynabeads (positive control) and with 

Dynabeads on the hydrogels under study (Figure 2.6). 

 

Figure 2.6 Scheme of the cell seeding in suspension (control +) and on hydrogels. 

 

CD4+ T cells were seeded and activated with Dynabeads on the 3D structure of the Biogelx 

hydrogels (BiogelxTM-S and BiogelxTM-GFOGER). After 6 days of culture, we analyzed CD4+ T cell 

proliferation through a carboxyfluorescein succinimidyl ester (CFSE) cell proliferation kit (see 
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Chapter 6 for details). CSFE is a cell permeable fluorescent molecule, used as a staining dye that 

covalently couples to intracellular molecules, via its succinimidyl group, such as lysine residues. 

Due to the covalent binding, this fluorescent dye can stay inside cells for long periods of time and 

is not transferred to adjacent cells. Furthermore the use of CFSE to monitor lymphocyte 

proliferation was found very useful, due to the gradual halving of CFSE fluorescence with each 

cell division27 (Figure 2.7). Nowadays, CFSE staining is a common procedure in immunology to 

study lymphocyte proliferation by flow cytometry allowing to quantify the proliferation of 

labelled cells up to 10 divisions.28  

For this analysis, the initial population is stained before cell seeding, therefore determining the 

maximum fluorescence, represented in Figure 2.7 as the “peak 0” (red line). Then, the stained 

cell population proliferates over time producing in the CFSE graph, as many peaks as cell 

generations. On Figure 2.7, it is also represented 5 generations, and in each generation, the 

fluorescence inside the cells is halved compared to their precursors. 

The resulting graph is analyzed to assess T cell proliferation by evaluating the proliferation, 

expansion and replication indexes. 

 

Figure 2.7 Representation of a typical CSFE analysis. On the left side the progressive halving of 

fluorescence within daughter cells after cell division, until generation 2. On the right, the peaks 

obtained by flow cytometry indicating 5 generations. 
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The proliferation index is the number of divisions suffered by the cells from the original 

population divided by the number of divided cells. The expansion index establishes the fold-

expansion of the whole population while the replication index determines the fold-expansion of 

the responding cells. The higher these values are, the higher quantity of cells after the 

proliferative process are obtained. These three indexes are relevant for cell therapy, especially 

when dealing with immune cell expansions by showing how responsive are cells after the 

proliferative stimulus, and how much they divide after such stimulus. Quantitatively, it is also 

possible to know how many cells are achieved after a proliferation event.29 

After 6 days of culture, the stained CSFE cells (and the Dynabeads, if present) are removed from 

the well plates after several re-suspensions. Dynabeads are removed through a magnetic 

separation. The cells are centrifuged to replace the RPMI growth media by a phosphate-buffered 

saline (PBS) solution to be then analyzed by flow cytometry (see Chapter 6 for details). 

 

2.4.1 CD4+ T cell proliferation using BiogelxTM-S hydrogels 

Taking into consideration the reported work with Biogelx hydrogels with stiffness ranging from 

1-32 kPa23 and the information provided by the company, BiogelxTM-S hydrogels were prepared 

and studied at two different stiffness, 25 kPa and 5 kPa. These values are 10 kPa lower and higher 

than the reported healthy LN stiffness of 15 kPa.16–19 Furthermore, with the soft hydrogel (5 kPa), 

we expected to compare the obtained results with the Matrigel system5 and the synthetic PEG-

Hep hydrogels,6 as briefly introduced in Chapter 1. 

The parameters used in the cell seeding protocol with the Biogelx samples consisted in 100 000 

cells per well (96 well plates) at a cell concentration of 2 million (M) cells/mL in RPMI 

(supplemented with 10% FBS, 1% PS, 100 mg/L CaCl2, denominated in this thesis as complete 

RPMI medium). The pre-gel was prepared with 100 µL of sterile water. The gelation was 

performed with the same RPMI, at 37°C for at least 2 h, and the standard cell recovery step was 

performed mechanically, with several resuspensions with a micropipette (see Chapter 6 for 
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further details). Any change on these parameters is highlighted in red colour on the specifications 

section of each corresponding figure. 

Figure 2.8 shows the proliferation graphs obtained by flow cytometry measurements, where side 

versus forward scatter (SSC vs FSC) gating was used to identify cell populations of interest based 

on granularity (complexity) and size, respectively. In the case of the negative control, the alive 

cell population can be clearly seen. A larger alive population have been also obtained for the 

positive control. However, no clear population of alive cells was observed for the cells cultured 

on the Biogelx hydrogels. In the case of hydrogels of 25 kPa, more events were recorded within 

the “alive cells” gate than when using 5 kPa hydrogels. Nevertheless, the typical alive cell 

population was not observed. Additionally, the hydrogels at 25 kPa were more brittle as 

commented before (Figure 2.5) and disrupted when trying to collect the cells for flow cytometry 

measurements. This situation raised the possibility that all the events recorded in the SSC vs FSC 

gate were little pieces of the hydrogel material. In conclusion, it was not possible to assess T cell 

proliferation through the expansion, replication and proliferation indexes. 

To improve the results obtained, we focused on the 25 kPa hydrogels, as higher number of events 

were obtained on the SSC vs FSC graphs. To avoid disrupting the hydrogels into little pieces, the 

cells were collected by using trypsin, since it is an agent commonly used in cell biology to help 

detaching the cells from surfaces or scaffolds. Additionally, we reduced the hydrogel amount to 

half to increase the ratio of cells/hydrogel with the objective to increase the chances to see the 

cell population during flow cytometry analysis (Figure 2.9). However, it was not possible to 

observe a clear population of alive cells when using the hydrogels. 

Then, we analyzed hydrogels of lower stiffness with the previous conditions to better mimic the 

LN stiffness values found on the literature.16–19 Despite being also challenging to handle due to 

their softness, we avoided working with brittle material as the BiogelxTM-S hydrogel at 25 kPa. 

Figure 2.10 shows the flow cytometry measurements obtained when using hydrogels at 9 and 2 

kPa. 
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Figure 2.8 Flow cytometry measurements presenting SSC vs FSC gating for the BiogelxTM-S, 25 

kPa and BiogelxTM-S, 5 kPa hydrogels in the presence of Dynabeads, according to the stated 

specifications. Control - are cells in suspension without Dynabeads, whereas the control + are 

cells in suspension with Dynabeads. 
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Figure 2.9 Flow cytometry measurements presenting SSC vs FSC gating for the BiogelxTM-S, 25 

kPa hydrogels in the presence of Dynabeads, according to the stated specifications. Control - are 

cells in suspension without Dynabeads, whereas the control + are cells in suspension with 

Dynabeads. 
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Figure 2.10 Flow cytometry measurements presenting SSC vs FSC gating for the BiogelxTM-S, 2 

kPa and BiogelxTM-S, 9 kPa hydrogels in the presence of Dynabeads, according to the stated 

specifications. Control - are cells in suspension without Dynabeads, whereas the control + are 

cells in suspension with Dynabeads. 
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Again, we could not observe a population of alive cells for the samples, unlike the negative and 

positive controls. Furthermore, as seen before, lower stiffness hydrogels contributed to lower 

events detected on the flow cytometry measurements. 

To improve cell proliferation using the hydrogels, we evaluated the possibility of substituting the 

water used to form the pre-gel by more cell-friendly alternatives. As the Biogelx hydrogel 

formation is highly dependent on calcium ions, we also considered using complete RPMI 

supplemented with a higher concentration of CaCl2. 

Consequently, we checked the proliferation of the CD4+ T cells in suspension by using different 

solutions. We added 50 uL of: a) RPMI, 10% FBS, 1% PS, 100 mg/L CaCl2, b) RPMI, 10% FBS, 1% 

PS, 200 mg/L CaCl2, c) PBS or d) H2O to a 50 uL of cell suspension (at 2x106 cells/mL) in RPMI, 10% 

FBS, 1% PS, 100 mg/L CaCl2 (Figure 2.11). All cases presented a characteristic alive population of 

cells (Figure 2.11 A), and further investigation of the proliferation parameters was possible 

(Figure 2.11 B).  

From this data, it was possible to investigate the proliferation, expansion and replication indexes 

of the cells in the different suspension environments (Figure 2.12). 

Adding RPMI, 10% FBS, 1% PS, 100 mg/L CaCl2, which is the cell culture media commonly used 

for CD4+ T cell cultures, resulted into the highest values in all three proliferation parameters. 

Specifically, the median values were 2.40, 6.55 and 8.88 for the proliferation, expansion and 

replication indexes, respectively.  

When adding H2O, the median values were 1.98, 3.84 and 4.83 for the proliferation, expansion 

and replication indexes, respectively, being the lowest among all conditions. When adding PBS, 

the median values were 2.00, 4.69 and 5.84, whereas when adding RPMI, 10% FBS, 1% PS, 200 

mg/L CaCl2 the median values were 2.17, 5.39 and 7.04 for the proliferation, expansion and 

replication indexes, respectively. 
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Taking these results into consideration and knowing that the gelation of these hydrogels is 

triggered by divalent cations, we used complete RPMI with a higher content of calcium ions. Thus, 

we compared the typical experiments with RPMI supplemented with 100 mg/L of CaCl2 to 

samples where the RPMI was supplemented with 200 mg/L of CaCl2. 

 

Figure 2.11 Flow cytometry measurements A) presenting SSC vs FSC gating for the cell 

suspensions in the presence of Dynabeads, in RPMI, 10% FBS, 1% PS, 200 mg/L CaCl2; H2O; PBS 

and RPMI, 10% FBS, 1% PS, 100 mg/L CaCl2. Control - are cells in suspension without Dynabeads. 

B) Diagrams of the resulting CFSE fluorescence peaks of a representative data point. 
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Figure 2.12 Raw data of the proliferation, expansion and replication indexes obtained for CD4+ T 

cells 6 days after culture in different solutions: RPMI, 10% FBS, 1% PS, 200 mg/L CaCl2; H2O; PBS 

and RPMI, 10% FBS, 1% PS, 200 mg/L CaCl2 with Dynabeads, (Ndonors = 1). 

 

The lower proliferation values obtained on Figure 2.12 are the ones in water and thus, to 

decrease the amount of water, the pre-gel solution was prepared in water/complete RPMI in the 

ratio 85/25. For these experiments we used a stiffness not as high as 25 kPa where the hydrogels 

are brittle, and not as low as 5 kPa where the hydrogels are more difficult to handle due their 

softness. We chose an intermediate stiffness of 15 kPa, the one of the healthy LNs.  

On Figure 2.13, it is shown the proliferation results obtained when using 100 µL hydrogels at 15 

kPa and two different cell recovery methods, mechanical or with trypsin. But, once again, no 

specific population of alive cells was observed on the SSC vs FSC graphs, despite of the good 

controls obtained. 

Then, we tried the same experiment, but the cells seeded were also in a solution of RPMI with 

200 mg/L CaCl2. Nevertheless, the results shown on Figure 2.14 are very similar to the ones 

obtained previously, since no alive population was found when using the hydrogels as scaffolds 

for T cell expansion. 
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Figure 2.13 Flow cytometry measurements presenting SSC vs FSC gating for the BiogelxTM-S, 15 

kPa hydrogels with a mechanically or chemically (trypsin) cell recovery step, in the presence of 

Dynabeads, according to the stated specifications. Control - are cells in suspension without 

Dynabeads, whereas the control + are cells in suspension with Dynabeads. 
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Figure 2.14 Flow cytometry measurements presenting SSC vs FSC gating for the BiogelxTM-S, 15 

kPa hydrogels with a mechanically or chemically (trypsin) cell recovery step, in the presence of 

Dynabeads, according to the stated specifications. Control - are cells in suspension without 

Dynabeads, whereas the control + are cells in suspension with Dynabeads. 
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In the next step, we seeded high cell densities in low stiffness hydrogels, inspired by a scientific 

paper entitle “Injectable Biomimetic Hydrogels as Tools for Efficient T Cell Expansion and 

Delivery”.30 Specifically, we seeded 2.5 times more cells than usual on top (2D seeding) and inside 

(3D seeding) of 1 kPa hydrogels (Figure 2.15). For the 3D seeding, the pre-gel solution was mixed 

with the cell suspension to obtain a final concentration of 5 M cells/mL.  A volume of 100 µL of 

the mixture pre-gel/cell suspension was used (see Chapter 6 for further details). Again, RPMI with 

200 mg/L of CaCl2 was used for the gelation step. Unfortunately, no alive cells were observed 

even when using a high cell density (5 M cells/mL) in contrast to the positive control (Figure 2.15). 

After all these trials, we decided to evaluate the possibility that the small number of events 

appearing on the SSC vs FSC graphs could indeed be little pieces of hydrogel instead of cells. To 

confirm this hypothesis, we used the following conditions: hydrogel with cells and Dynabeads, 

hydrogel with no cells but with Dynabeads, and hydrogels with no cells and no Dynabeads. For 

this experiment, a 2x106 cells/mL cell suspension in the commonly used RPMI, 10% FBS, 1% PS, 

100 mg/L CaCl2 was used to seed the cells on top of 25 kPa hydrogels (Figure 2.16). 

In this experiment, we only observed alive cell populations for the negative and positive controls. 

All the SSC vs FSC graphs obtained when using hydrogels were similar and did not present a clear 

alive cell population. These results indicated that even when not using cells or Dynabeads, several 

events were recorded on the flow cytometry measurements, which were then clearly attributed 

to little pieces of hydrogel. 

With these experiments, we could conclude that the BiogelxTM-S hydrogels seem to be cytotoxic 

to primary human CD4+ T cells. Furthermore, the fact that they are so brittle at high stiffness, 

made the cell recovery step very challenging, resulting in little pieces of hydrogel.  
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Figure 2.15 Flow cytometry measurements presenting SSC vs FSC gating for the BiogelxTM-S, 1 

kPa hydrogels with a 2D or 3D seeding, in the presence of Dynabeads, according to the stated 

specifications. Control - are cells in suspension without Dynabeads, whereas the control + are 

cells in suspension with Dynabeads. 
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Figure 2.16 Flow cytometry measurements presenting SSC vs FSC gating for the BiogelxTM-S, 25 

kPa hydrogels with cells & Dynabeads; with no cells, but with Dynabeads; and with no cells and 

no Dynabeads, according to the stated specifications. Control - are cells in suspension without 

Dynabeads, whereas the control + are cells in suspension with Dynabeads. 
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2.4.2 CD4+ T cell proliferation using BiogelxTM-GFOGER hydrogels 

Primary human CD4+ T cells were seeded on top of 9 kPa BiogelxTM-GFOGER hydrogels at a 

concentration of 2x106 cells/mL. Two different pre-gel volumes, one of 100 µL and the another 

of 50 µL were used. For cell recovery, we used a mechanical approach with several resuspensions 

and the action of trypsin for 2 min. Thus, we also intended to better recover cells from the 

possible attachment to the scaffold (Figure 2.17). As observed before, alive cells were only 

present in the cases of positive and negatives controls. For the BiogelxTM-GFOGER hydrogels, no 

alive cell population was obtained. 

Figure 2.18 depicts the results obtained when using the previously used conditions but reducing 

the cell suspension concentration from 2x106 cells/mL to 0.5 x106 cells/mL. The main motivation 

to decrease the number of cells by 75% was to explore the possibility that an excess of cells and 

their segregation products, such as interleukin-2 (IL-2), could influence the proliferation 

outcome.31–33  

Some results showed that mice engineered to lack the IL-2 or IL-2 receptors genes are not 

markedly immunocompromised, but instead develop autoimmune diseases, such as 

inflammatory bowel disease, due to a high number of activated T and B cells, elevated 

immunoglobin secretion and anti-colon antibodies. This means that IL-2, which drives T cell 

proliferation in vitro, is also being somehow required to limit T cell responses.34,35 

The samples where cells were seeded on top of the hydrogels showed no alive cell population. 

On the other hand, the controls presented the typical alive cell population, except for one 

replicate of the positive control. This result is attributed to a potential technical error during 

seeding or in the cell recovery step, as the other two positive controls showed a typical alive cell 

population. 
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Figure 2.17 Flow cytometry measurements presenting SSC vs FSC gating for the BiogelxTM-

GFOGER, 9 kPa hydrogels with 50 or 100 µL of pre-gel with Dynabeads, according to the stated 

specifications. Control - are cells in suspension without Dynabeads, whereas the control + are 

cells in suspension with Dynabeads. 



Chapter 2 - 3D commercial synthetic peptide hydrogels for T cell culture 

58 
 

 

Figure 2.18 Flow cytometry measurements presenting SSC vs FSC gating for the BiogelxTM-

GFOGER, 9 kPa hydrogels with 50 or 100 µL of pre-gel with Dynabeads, according to the stated 

specifications. Control - are cells in suspension without Dynabeads, whereas the control + are 

cells in suspension with Dynabeads. 
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In the next experiment, the effect of the stiffness was also evaluated, which was reduced from 

9kPA to 2kPa. Thus, we used 100 and 50 µL of pre-gel to form hydrogels at a stiffness of 2 kPa 

(Figure 2.19). Once again, cells only survived for the control conditions, showing a typical alive 

cell population. 

To check if the hydrogels were cytotoxic, we exposed cells to only one drop of this hydrogel 

formulation (Figure 2.20). Additionally, we tried again the condition of using 100 µL of pre-gel to 

form a hydrogel of 9 kPa to ensure reproducibility. Once more, alive cell populations were only 

observed for the control conditions. Moreover, the cells did not survive with the presence of only 

one drop of hydrogel confirming a high toxicity of the BiogelxTM-GFOGER hydrogels towards T 

cells, as shown before for the BiogelxTM-S. 

Finally, we evaluated the potential disaggregation of the BiogelxTM-GFOGER hydrogels. For that, 

we tested the following conditions: hydrogel with cells and Dynabeads, hydrogel with no cells 

but with Dynabeads, and hydrogel with no cells and no Dynabeads. In this experiment a 

concentration of 2x106 cells/mL was used with RPMI, 10% FBS, 1% PS, and 100mg/L CaCl2. Cells 

were seeded on top of 25 kPa hydrogels (Figure 2.21). Similar to the results obtained with 

BiogelxTM-S, all the SSC vs FSC graphs obtained when using BiogelxTM-GFOGER hydrogels did not 

present alive cells. The results indicated that the events recorded by flow cytometry 

measurements could most probably be attributed to little pieces of the hydrogel.  

In conclusion, both BiogelxTM-S and BiogelxTM-GFOGER hydrogels break into little pieces during 

the cell recovery step, making the cell analysis by flow cytometry complicated. More important, 

the cells cultured on these hydrogels are not viable and thus, these materials are not suitable for 

T cell culture. 
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Figure 2.19 Flow cytometry measurements presenting SSC vs FSC gating for the BiogelxTM-

GFOGER, 2 kPa hydrogels with 50 or 100 µL of pre-gel with Dynabeads, according to the stated 

specifications. Control - are cells in suspension without Dynabeads, whereas the control + are 

cells in suspension with Dynabeads. 
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Figure 2.20 Flow cytometry measurements presenting SSC vs FSC gating for the BiogelxTM-

GFOGER, 9 kPa hydrogels with a drop or 100 µL of pre-gel with Dynabeads, according to the 

stated specifications. Control - are cells in suspension without Dynabeads, whereas the control + 

are cells in suspension with Dynabeads. 
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Figure 2.21 Flow cytometry measurements presenting SSC vs FSC gating for the BiogelxTM-

GFOGER, 25 kPa hydrogels with cells & Dynabeads; with no cells, but with Dynabeads; and with 

no cells and no Dynabeads, according to the stated specifications. Control - are cells in suspension 

without Dynabeads, whereas the control + are cells in suspension with Dynabeads. 
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2.5 Fluorescence analysis 

The fluorescence analyses were carried out with the objective to evaluate how the CD4+ T cells 

interacted with these hydrogels after activation and during proliferation. The experiments were 

performed on the same 96 well plate where the cells were normally seeded. Furthermore, since 

the cells were stained with CSFE, as previously mentioned, it was possible to directly observe 

them under the fluorescent microscope (Figure 2.22). 

In these experiments, cells, at the concentration of 106 cells/mL, were cultured in suspension 

without Dynabeads in the case of the negative control, and with Dynabeads in the case of the 

positive control. Both BiogelxTM-S and BiogelxTM-GFOGER hydrogels were prepared at 25 kPa, and 

the respective pre-gels were made from 100 µL in water. After seeding the cells, 50 µL of RPMI, 

10% FBS, 1% PS, 100 mg/L CaCl2 were added to the wells (see Chapter 6 for further details). The 

microscopy images of the fluorescent cells were taken at different time points after seeding, i.e., 

with 1 h, 2 days and 5 days of incubation. 

 

Figure 2.22 Fluorescence microscopy images obtained from primary human CD4+ T cells seeded 

on the BiogelxTM-S, 25 kPa and BiogelxTM-GFOGER, 25 kPa hydrogels at different times of 

incubation (1 h, 2 days and 5 days). Cells in suspension without Dynabeads was control -, whereas 

cells in suspension with Dynabeads were control +. Scale bar: 100 µm  
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From these results, it was seen an increase of unspecific fluorescence with the pass of time, 

probably, due to the presence of free dye. Furthermore, the fluorescence of the cells as well as 

the contrast of the images decreased with time, because of the halving of the fluorescence 

happening in each division as mentioned before.  

The images show small black dots on the control + and on the BiogelxTM-S and BiogelxTM-GFOGER 

samples, which are the Dynabeads. However, the typical aggregation of cells together with the 

Dynabeads characteristic of cell proliferation was only seen in the control +. This behavior was 

not found for the cells seeded on the hydrogels.  

Additionally, on day 5, very few cells could be distinguished in accordance with the flow 

cytometry results discussed in the previous section. Furthermore, the images represent the 

bottom of the well plate with the cells under the hydrogels, since obtaining images of the possible 

cells inside the hydrogels was not possible. 

 

2.6 Stability of the hydrogels over time 

At this point, the stability of the BiogelxTM-S and BiogelxTM-GFOGER hydrogels was measured over 

time (up to 30 days) at two different stiffness (5 and 25 kPa). 

For this purpose, 100 mg of each hydrogel was prepared in triplicate, and its weight was verified 

at different times. For every weight check, the cell culture media (100 µL) was removed, the 

hydrogel’s weight was measured, fresh media was added again on top of the hydrogels and the 

samples were placed inside the incubator at 37°C, until the next weight check. The results 

obtained are shown in Figure 2.23. 
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Figure 2.23 Stability of Biogelx-S and -GFOER hydrogels at 5kPa and 25kPa over time, up to 30 

days (Nhydrogels = 3). 

 

With this basic experiment, which was not performed before as our industrial collaborators never 

stated the possibility of degradation issues, it was observed that the hydrogels with low stiffness 

(5 kPa) were totally degraded in a short time. On the other hand, samples with higher stiffness 

(25 kPa) showed higher stability. Interestingly, these hydrogels were stable during a week, which 

is the time we use to perform our cell culture experiments. The BiogelxTM-GFOGER hydrogels 

showed a better stability overtime than the standard ones. It is probably, the presence of the 

GFOGER sequence in the hydrogel which contributes to a higher number of H-bonding and π-

stacking interactions, leading to a more stable hydrogel. 

 

2.7 Hydrogel morphology characterization 

The scanning electron microscopy (SEM) technique is usually used to analyze dry samples at high 

vacuum. However, images of the surface of the hydrated hydrogels could be obtained by slowly 

decreasing the pressure and temperature of the vacuum chamber, i.e. using the so-called 

environmental SEM (ESEM) operational mode.  
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Morphological characterization of the BiogelxTM-S and BiogelxTM-GFOGER hydrogels with a 

stiffness of 9 kPa was performed by ESEM. Biogelx hydrogels with a stiffness of 25 kPa were not 

considered despite their high stability in cell culture media, because they are brittle, and 

therefore challenging to handle. On the other hand, the hydrogels of 5 kPa were too soft, and 

less stable overtime in comparison with stiffer hydrogels. For these reasons, we decided to 

measure hydrogels with intermediate stiffness of 9 kPa by ESEM. Representative images of the 

surface of each hydrogel are shown in Figure 2.24. 

 

Figure 2.24 Left: Photographs of the hydrogels analyzed by environmental SEM. Right: 

Environmental SEM images of the BiogelxTM-S and BiogelxTM-GFOGER hydrogels (9 kPa). 

 

These images show the roughness of the surface of the hydrogels, which is an important factor 

for cell adhesion, regardless of cell type and matrix materials.36 However, no pores were 

observed even at lower humidity levels. This fact may be one of the reasons of the low cell 

viability found for theses hydrogels, which may prevent cells to penetrate and move freely within 

the Biogelx hydrogels, which is one of the desired characteristics to mimic the LN environment. 
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2.8 Summary and conclusions 

In this chapter the potential of two different 3D scaffolds from the SME Biogelx Ltd., the 

BiogelxTM-S and BiogelxTM-GFOGER hydrogels were studied as 3D scaffolds for CD4+ T cell 

proliferation, as an alternative to the standard suspension systems. 

However, none of the flow cytometry experiments performed with the hydrogels resulted in an 

alive population of cells, despite the good results obtained with the controls. The fluorescent 

experiment results also supported these findings. No alive cells were clearly identified on the 

hydrogels unlike the positive controls, which showed the aggregation of cells together with 

Dynabeads that is typical of activated and proliferative T cell cultures. 

Furthermore, these hydrogels were found to be very challenging to handle, especially on the cell 

recovery step, because they tend to desegregate into small pieces. This situation led to several 

undesired events recorded in the flow cytometry as shown on the SSC vs FSC graphs. 

As a conclusion, we can affirm that despite the interesting physicochemical characteristics of 

these hydrogels, they were found to be not suitable for T cell proliferation in the conditions used 

in this study.  
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Chapter 3 

Collagen scaffolds for T cell expansion  

 

3.1 Introduction 

Collagen is 1/3 of the total protein content in humans and it is crucial in maintaining the biological 

and structural integrity of the ECM providing physical support to tissues, such as in the LNs.1,2 

Collagen features a structural motif composed of three parallel polypeptide strands forming a 

right-handed triple helix (Figure 3.1 A). These individual triple helices know as tropocollagen, 

further assemble in a hierarchical manner forming macroscopic fibers observed in tissues, bones 

and basement membranes.3 

LNs are filled with a reticular meshwork of porous, sponge-like tissue comprised of fibroblastic 

reticular cells (FRCs) and reticular fibers. These fibers are composed of a core of collagen fibrils 

enveloped in a layer of ECM proteins and other components of basement membranes.  

Collagen scaffolds for cell culture have been widely explored in tissue engineering due do its traits 

such as low immunogenicity, biocompatibility, biodegradability, good permeability and for its 

porous structure.4 As an example, a recent study reported 3D cultures of T cells using collagen 

hydrogels with high and low density.5 The effect of the different collagen densities on CD4+ and 

CD8+ T cell proliferation was evaluated. In this work it was concluded that T cell proliferation was 

significantly reduced in a high-density matrix compared to a low-density matrix. It was also 

reported a reduction in proliferation when cells were cultured in 3D compared to 2D.5 Such 

experiments are very relevant, since it is known that tumor progression is accompanied by the 

formation of a tumor-specific ECM, which is often rich in collagen, that leads to an increased 

stiffness.5,6 
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With the objective of exploring new potentialities of collagen and further improving the current 

state of cellular immunotherapies, in this Thesis various collagen samples were evaluated as a 3D 

scaffold for T cell proliferation and differentiation. Collagen samples were provided by the 

publicly-traded company Viscofan S.A., whose collagen products have been used for different 

biomedical applications. These applications include skin regeneration,7 urethra structure repair,8 

dentistry9 and cardiology,10–12 but it has never been used for lymphocyte proliferation and 

differentiation purposes. Among the available products, we worked with different collagen 

samples made from a collagen type I suspension. This collagen was produced from bovine skin 

and processed with different industrial treatments. The materials should retain the in vivo like 

structure of insoluble collagen fibers and as such, its biocompatibility and biodegradability 

(Figure 3.1 B). 

 

Figure 3.1 A) Scheme of the collagen fiber structure made of several collagen fibrils, that are 

made of triple helix collagen chains and B) a collagen mass photograph. 

 

3.2 Objectives and strategy 

To improve the existing approaches of culture and expansion of T cells with therapeutic 

phenotypes by using artificial ECMs consisting of 3D collagen hydrogels, a collaboration with 
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Viscofan S.A. was established. In this chapter we evaluate the performance of the Viscofan 

products for T cell proliferation and differentiation of adult donors. The samples studied, with 4% 

and 5% collagen, have been processed by different mechanical treatments. Due to industrial 

secrecy, the exact conditions applied on the different collagen samples used in this study were 

not shared with us. 

 

3.3 Pre-treatment of collagen masses for T cell culture 

3.3.1 Neutralization of collagen masses 

The collagen samples presented a jellylike consistency and were delivered in cooled and non-

sterile conditions. They were suspended in hydrochloric acid (HCl) at two different collagen 

concentrations, 4% and 5%. Furthermore, the samples received different processing approaches, 

resulting in 4 different collagen masses, the “Col1” and “Col2” (both at 4% of collagen), and 

“Col3” and “Col4” (both at 5% collagen). 

To perform cell experiments, the collagen masses needed to be firstly neutralized, since they 

were found to be at pH 3-4 with a pH indicator paper. Thus, we initially developed a neutralization 

protocol following recommendations of Viscofan. The first step consisted in soaking a portion of 

the masses in ammonium hydroxide (0.28-0.30%) for 20 min. After washing with PBS, the masses 

were cut and placed inside a 96 well plate template. The gels were left in the incubator for 3 days 

to ensure the complete evaporation of all the acidic solution. Finally, they were soaked in fresh 

PBS to obtain collagen masses at pH 6-7. Although the neutralization step was successful, 

ammonium hydroxide is potentially harmful for CD4+ T cell viability.13 For that reason, we 

developed an alternative protocol with sodium hydroxide (NaOH) at 0.05 M (Figure 3.2). This 

time, the hydration step was performed with complete RPMI medium instead of PBS. The reason 

behind this change was to present a more adequate environment to the cells at the seeding 

stage.  
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Figure 3.2 Neutralization protocol of collagen masses with sodium hydroxide. 

Once the neutralization of the masses was successfully achieved, the physical characterization of 

the material was performed by different techniques, as described in the following sections. 

 

3.3.2 Environmental SEM characterization 

The porosity of the different scaffolds hydrated in water was studied by ESEM. As mentioned in 

the previous chapter, the images of the inner structure could be obtained by slowly decreasing 

the pressure and temperature of the SEM vacuum chamber. Representative images for the 

different samples are shown in Figure 3.3. 

All samples showed the desired collagen fibres for T cell culture. Nevertheless, as it can be seen 

in the images, the Col2, Col3 and Col4 samples were contaminated with bacteria. These results 

pointed out the special attention that these collagen masses require in terms of sterilization.  

For this reason, the development of a sterilization protocol was considered to be incorporated 

into the pre-treatment step together with the neutralization process. 
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Figure 3.3 ESEM images of the different collagen masses Col1, Col2, Col3 and Col4. 

 

3.3.3 Neutralization and sterilization of collagen masses 

Upon reception, a sterilization step was performed by placing the samples under UV light for 1 

h. Then the masses were frozen (-20˚C) until use. In this case, the collagen masses were thawed 

and the neutralization process was performed with NaOH (0.05 M) for 30 min. After this, the 

masses were re-treated with UV irradiation for 1 h, before being cut and placed inside the 96 well 

plates. After, the collagen masses were hydrated in cell culture medium (200 µL complete RPMI) 

for at least one day. Finally, their pH was measured concluding that the collagen masses were 

successfully neutralized (Figure 3.4).  
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Figure 3.4 A) Process of neutralization and sterilization steps performed before using the collagen 

masses for T cell culture. B) pH measurements of the medium after the collagen masses (Col1, 

Col2, Col3 and Col4) sterilization and neutralization. The control sample is cell culture medium 

alone. 

 

3.4 T cell activation and expansion on collagen masses 

For these experiments, primary human CD4+ T cells were seeded on top of the collagen masses 

(Col2, Col3 and Col4) at the concentration of 1x106 cells/mL using complete RPMI (RMPI with 

10% FBS and 1% PS) with Dynabeads in 96 well-plates. The positive control, which corresponds 

to the state-of-the-art culture method, consisted of cells in suspension at the same concentration 

with Dynabeads. For further details see Chapter 6.  

 

3.4.1 Fluorescence microscopy analyses 

Fluorescence analyses were carried out with CFSE-stained CD4+ T cells. CSFE is a cell permeable 

fluorescent staining dye commonly used in proliferation studies, as explained in Chapter 2. Thus, 

it was possible to directly observe the fluorescent cells under the optical microscope at different 



Chapter 3 - Collagen scaffolds for CD4+ T cell expansion 

78 
 

time points after seeding, namely 2 h, 2 days and 6 days. Samples of Col2, Col3 and Col4 were 

analysed (Figure 3.5). 

 

Figure 3.5 Fluorescence microscopy images obtained from cells in suspension (control +) and 

seeded on different collagen masses (Col2, Col3 and Col4) at different times (2 h, 2 days and 6 

days). Scale bar: 100 µm. 

 

It was possible to see that the cell number increased over time together with a decrease on the 

fluorescence intensity of the cells, which indicates that cell proliferation occurred not only in 

suspension (control +), but also in the presence of the collagen samples. 

We observed more cells on superior layers than on the bottom of the well plate indicating that 

cells were mainly supported by the hydrogels. However, the characteristic opaque color of the 

collagen made difficult to analyze the existence of cells inside the collagen hydrogels by this 

technique. A significant number of cells was also observed on the edges of the wells because the 

cell suspension was added on top of the hydrogels and some cells slipped to the sides. 
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3.4.2 CD4+ T cell proliferation analyses 

T cell expansion was studied using the different collagen samples (Col1, Col2, Col3 and Col4) as 

3D scaffolds by flow cytometry. A static suspension of cells with Dynabeads was used as a positive 

control. After 6 days of culture, the stained CSFE T cells were removed from the well plate after 

several mechanical re-suspensions with the micropipette. Then, Dynabeads were removed 

through magnetic separation. The cells were centrifuged to replace the complete RPMI medium 

by a PBS solution to be then analyzed by flow cytometry (see Chapter 6 for details). 

T cell proliferation was assessed through the proliferation, expansion and replication indexes 

(Figure 3.6). In summary, the proliferation index represents the average number of divisions 

among the responding cells, the expansion index the fold-expansion of the whole population and 

the replication index is the fold-expansion of the responding cells.14 These three parameters are 

relevant for cell therapy, as discussed in Chapter 2. Results are normalized to the positive control 

to reduce the influence of the intrinsic donor variability (Figure 3.6). 

 

Figure 3.6 Normalized proliferation analyses of primary human CD4+ T cells 6 days after seeding 

on collagen scaffolds (Ndonors = 4 for Col2, Col3, Col4 and Ndonors = 3 for Col1). A) Proliferation 

index, B) expansion index and C) replication index. Statistical significance was determined by the 

Mann−Whitney U test (*p < 0.05). 
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The normalized proliferation index presented median values of 0.99, 1.17, 0.92 and 1.02, for the 

Col1, Col2, Col3 and Col4 samples, respectively. For the normalized expansion index, the Col1, 

Col2, Col3 and Col4 samples exhibited median values of 1.04, 1.20, 0.83 and 0.99, respectively, 

whereas for the normalized replication index, the values were of 0.98, 1.24, 0.84 and 1.01, 

respectively. As it can be observed, the collagen sample Col2, with 4% of collagen, significantly 

improved the results of the positive control by 17% and 24% in the proliferation and replication 

index, respectively.  

In summary higher proliferation results than the positive control (commercial standard 

methodologies used in some of the clinical trials reported in Chapter 1) were obtained. 

Nevertheless, we had to develop a sterilization protocol to avoid bacterial contamination, which 

is a common problem of hydrogels that have a natural origin like collagen. 

Finally, as the results for the 4% collagen were the most promising ones, especially the sample 

Col2, we decided together with the Viscofan S.A. team to continue the work only with samples 

with this percentage of collagen. 

 

3.5 Effect of the mechanical treatment and morphology of collagen samples 

We analyzed the effect of different mechanical treatments as well as sample morphology of 4% 

collagen samples on primary human CD4+ T cell proliferation. Specifically, we were provided with 

4 cooled and non-sterile collagen masses (Col2, Col5, Col6 and Col7) that received different 

mechanical treatments, including Col2 which resulted in the best proliferation results. Moreover, 

we received 3 more collagen formulations with different industrial treatments, all at 4% of 

collagen. These last samples were named dried collagen (DC), collagen hydrogel (CH) and sponge, 

and they were already sterilized by the company Viscofan S.A (Figure 3.7). Consequently, the DC, 

CH and sponge samples were simply thawed one day before seeding, washed with sterile PBS 

and conditioned overnight in complete RPMI medium at 37˚C and 5% CO2 (see Chapter 6 for 
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further details). The rest of samples (Col2, Col5, Col6 and Col7) needed to be neutralized and 

sterilized, as described before. This process was done without further problems. 

 

Figure 3.7 Photographs of the collagen masses after the sterilization and neutralization steps 

(Col2, Col5, Col6 and Col7) and DC, CH and sponge samples. 

 

3.5.1 ESEM characterization of the collagen masses and DC, CH and the collagen sponge 

The new collagen masses as well as the DC, CH and the sponge samples, all hydrated in Milli-Q 

water, were characterized by ESEM (Figure 3.8). All samples showed the desired collagen fibers 

for T cell culture, with the exception of the sponge. Interestingly, the sample CH presented large 

empty pores; some of them even larger than 100 µm. Even though the other samples also 

showed high porosity, they had several thin fibers, creating secondary smaller pores inside the 

larger ones. Such pore structure may be an impediment, to some extent, for the infiltration and 

movement of T cells in these materials. Furthermore, larger pores are expected to allow the 

formation of clusters of T cells with Dynabeads during the needed activation phase before 

proliferation. 
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3.5.2 CD4+ T cell proliferation analysis 

After confirming the neutralization protocol was successful, the preparation of collagen masses 

for cell seeding experiments was performed, as explained before and in Chapter 6. Then, primary 

human CD4+ T cells were cultured on the different collagen masses (Col2, Col5, Col6, Col7) and 

on DC, CH and sponge collagen samples, as stated in section 3.4.2 (see Chapter 6 for further 

details). Figure 3.9 shows the proliferation, expansion and replication indexes after normalization 

to the positive control, as before.  

The normalized proliferation index (median) values obtained for the Col2, Col5, Col6, Col7, DC, 

CH and sponge samples were of 1.24, 1.23, 1.17, 1.17, 1.20, 1.60 and 1.09, respectively. For the 

normalized expansion and replication indexes, the (median) values achieved were of 1.15, 1.16, 

1.16, 1.18, 1.20, 1.95, 0.96, as well as 1.38, 1.37, 1.25, 1.28, 1.32, 2.09, 1.14, for the Col2, Col5, 

Col6, Col7, DC, CH and sponge samples, respectively. 

Thus, all samples significantly improved the state-of-the-art commercial systems. However, the 

sponge sample showed the lower results, which might be related to its structural stability and 

lack of pores as discussed previously on this chapter (Figure 3.8). On the other hand, the CH 

samples constantly provided outstanding results in terms of proliferation, improving more than 

2 times the positive control. Specifically, the expansion index obtained for the positive control 

was in average 2.71 while the CH sample value was 5.49 before normalization, indicating that for 

each 1 million cells seeded on the CH samples, 5.49 million cells could be obtained after 6 days.  

Consequently, we focused on the corroboration of the proliferation results obtained with the CH 

sample. 
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Figure 3.8 ESEM images of the different masses (Col2, Col5, Col6 and Col7) and the DC, CH and 

sponge samples. 
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Figure 3.9 Normalized proliferation analyses of primary human CD4+ T cells 6 days after seeding 

on collagen masses (Col2, Col5, Col6 and Col7) and collagen DC, CH and sponge. Control +: cells 

in suspension with Dynabeads (Ndonors = 6). A) proliferation, B) expansion and C) replication 

indexes. Statistical significance was determined by the Mann−Whitney U test (*p < 0.05 and **p 

< 0.01). 
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3.6 T cell proliferation analysis on the CH sample – three trials 

Even though the same protocol was performed, the primary human CD4+ T cells seeded on the 

new batch of CH samples provided by Viscofan S.A. were found to be dead for all 4 different 

human donors tested after 6 days of culture. Thus, no proliferation results could be obtained by 

flow cytometry measurements as seen on the side versus forward scatter (SSC vs FSC) graphs. 

Nevertheless, a typical proliferated and alive population (60-70% alive) was obtained for the 

positive control with CD4+ T cells seeded in suspension with Dynabeads. These results suggested 

a potential fabrication issue in obtaining the CH sample or a possible contamination during 

transportation.  

In a second trial, new CH samples were provided by Viscofan S.A. and treated as explained before 

(Figure 3.10). In this experiment, it was possible to observe CD4 + T cell proliferation in 6 different 

human donors, but only 7 out of 29 CH samples contributed to this effect (Figure 3.10; highlighted 

in red). Figure 3.11 shows the normalized proliferation, expansion and replication indexes 

obtained for these populations. In the cases where more than one replicate was used per donor, 

the average value of the indexes was used. 

Even though only 7 CH samples contributed to the T cell expansion results, the median values 

obtained this time for the normalized proliferation index (1.45) and expansion index (1.82) were 

comparable with the values initially obtained, being the normalized proliferation and expansion 

indexes at that time 1.60 and 1.95, respectively. 
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Figure 3.10 Flow cytometry measurements showing the SSC vs FSC graphs of primary human 

CD4+ T cells seeded on the CH sample in the presence of Dynabeads. Control +: cells in suspension 

with Dynabeads (Ndonors = 6). With red, it is marked the populations used for proliferation analysis. 
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Figure 3.11 Normalized proliferation analyses of primary human CD4+ T cells seeded on the CH 

sample in the presence of Dynabeads. Control +: cells in suspension with Dynabeads (Ndonors = 4). 

A) Proliferation, B) expansion and C) replication indexes. Statistical significance was determined 

by the Mann−Whitney U test (*p < 0.05). 

 

For the normalized replication index, we obtained a median value of 2.63, which is even higher 

than the value initially achieved of 2.09. However, it should be considered the wide standard 

deviation of these CH samples (Figure 3.11 C) and the lack of homogeneity between CH samples 

on this batch.  

Despite the fact that most samples showed cytotoxicity, the good results obtained for some 

samples were indicative of the potential of the CH samples, and thus a new batch of CH samples 

was analyzed.  

For this new trial, Viscofan S.A. prepared 4 different CH samples (CH1, CH2, CH3 and CH4) of 4% 

collagen. These samples were differently processed with the objective to eliminate the possible 

cytotoxicity problem observed with the two previous batches. Nevertheless, the Viscofan S.A. 

team could not share with us the processes performed due to industrial secrecy. 
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3.6.1 Cell viability test 

We analyzed cell viability with propidium iodide (PI) after 2 days of culture in the presence of the 

different CH samples for 2 different donors (Figure 3.12). PI acts as a nucleic acid dye that 

distinguishes dead cells from alive ones (see Chapter 6 for further details).15,16 

As clearly shown in the cell viability graphs, all the CH samples contributed to cell death. In 

contrast, cells in suspension with Dynabeads (control +), and cells in suspension without 

Dynabeads (control -) remained mostly alive. 

 

Figure 3.12 Cell viability assay using PI as a staining agent for dead cells, after 2 days of cell culture 

with cells seeded on the collagen hydrogels (CH1, 2, 3 and 4) with Dynabeads, in suspension 

without Dynabeads (control -) or in suspension with Dynabeads (control +), (Ndonors = 2). 

 

3.6.2 Optical microscopy analyses 

To further investigate the reason for the observed cytotoxicity on these collagen hydrogels, an 

analysis under the optical microscope was performed to investigate the presence of possible 

contaminations (Figure 3.13).  
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Figure 3.13 Optical microscope images obtained from the CH samples (CH1, CH2, CH3 and CH4). 

 

In all the CH samples little “blue” fragments were observed, although in very low amounts and 

high dispersion throughout each CH sample. However, even after discussing with the Viscofan 

S.A. team, these fragments could not be identified. 

 

3.6.3 Inductively coupled plasma mass spectrometry measurements 

To further investigate the possible contamination, the 4 collagen hydrogels were analyzed by 

inductively coupled plasma mass spectrometry (ICP-MS) by the “Servei d'Anàlisi Química” (SAQ) 

of the “Universitat Autònoma de Barcelona” (UAB, Spain).  

This type of mass spectrometry uses an inductively coupled plasma to ionize the sample, creating 

atomic and small polyatomic ions, which are then detected. This technique is known for its ability 
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to detect metals and several non-metals in liquid samples at very low concentrations. 

Furthermore, it allows multiple elements to be measured simultaneously in a single analysis.17 

The results obtained by ICP-MS for the 4 CH samples can be seen in Figure 3.14. 

We only detected sodium (Na), potassium (K) and phosphorus (P) which was already expected 

taking into consideration the main components of PBS: monopotassium phosphate (KH2PO4), 

disodium phosphate (Na2HPO4), potassium chloride (KCl) and sodium chloride (NaCl). Thus, no 

clear contamination was identified, despite the small blue fragments observed by optical 

microscopy. 

 

Figure 3.14 ICP-MS results of the collagen hydrogels CH1, CH2, CH3 and CH4. 
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3.6.4 Continuous wave electron paramagnetic resonance measurements 

Finally, we evaluated the possibility that the sterilization process employed by Viscofan S.A. 

consisting of β-irradiation could partially damage the CH samples by creating free organic 

radicals.18,19 Consequently, we performed continuous wave electron paramagnetic resonance 

(cw-EPR) measurements at the X-band (~9 GHz frequency) and at room temperature (Figure 

3.15).  

EPR is a spectroscopy method used in the study of materials with unpaired electrons, especially 

useful for the detection of organic radicals. The cw-EPR is designed to optimize the weak 

magnetic resonance signal. However, it was not possible to detect the existence of any impurity 

related with the presence of radical species. 

 

Figure 3.15 cw-EPR measurements at the X-band (~9 GHz frequency) and at room temperature 

of the collagen hydrogels (CH1, CH2, CH3 and CH4) and of the flat holder, where the CH samples 

were placed for the measurement. 

 

Taking all these results into consideration, the Viscofan S.A. team suggested to move forward 

with a different material. The selection was their sponge, which was optimized to be more stable 

once in cell culture media. 
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3.7 CD4+ T cell proliferation and differentiation analysis using the optimized collagen sponges 

An optimized formulation of the collagen sponges with improved stability was finally investigated 

for T cell proliferation and differentiation. The received collagen sponges were already sterile and 

cut in a circular shape that perfectly covered the bottom of a 96 well plate. These sponges were 

stored at 4˚C until use. Before seeding, the samples were hydrated in complete RPMI medium 

for 24 h. Given that the optimized sponges had a high porosity, some bubbles observed. To 

overcome this issue, the cell seeding protocol was slightly varied. Specifically, 50 µL of the cell 

suspension were added on top of the hydrogels followed by an incubation of 30 min (37˚C, 5% 

CO2). Then, Dynabeads and the remaining 50 µL of complete RPMI were added, to have a total 

cell concentration of 1x106 cells/mL (see Chapter 6 for details). 

The normalized proliferation, expansion and replication indexes for the primary human CD4+ T 

cells seeded in suspension and on the optimized collagen sponges, both activated with 

Dynabeads, can be seen in Figure 3.16. The values obtained for the normalized proliferation index 

(1.10), expansion index (1.09) and replication index (1.43) were higher than the values initially 

obtained with the unmodified sponges, with the exception of the expansion index. Previously, 

we obtained (median) values of 0.97, 1.09 and 1.13 for the normalized proliferation, expansion 

and replication indexes. 

After 5 days of culture the resulting phenotypes were analyzed by cell staining with two 

antibodies, the CD62L and CD45RO (Figure 3.17). 

The CD45RO is a surface protein expressed by human leukocytes and used as a marker of memory 

T cells.20 CD62L, also named L-selectin is a transmembrane cell adhesion molecule expressed on 

most circulating leukocytes.21 The cells can be divided in subpopulations, which are called naïve 

(TN: CD45RO−/CD62L+), central memory (TCM; CD45RO+/CD62L+), effector memory (TEM; 

CD45RO+/CD62L−) and effector (TEFF; CD45RO−/CD62L−) cells. 
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Figure 3.16 Normalized proliferation analyses of primary human CD4+ T cells 6 days after seeding 

on collagen sponge samples (Ndonors = 1). A) Proliferation, B) expansion and C) replication indexes 

of cells seeded on the sponge sample in the presence of Dynabeads. Control +: cells in suspension 

with Dynabeads.  

 

 

Figure 3.17 Differentiation analyses of primary human CD4+ T cells 5 days after seeding on the 

collagen sponge samples with Dynabeads (Ndonors = 1), where TEM: effector memory phenotype, 

TCM: central memory phenotype, TN: naïve phenotype, TEFF: effector phenotype. Control -: cells in 

suspension without Dynabeads, control +: cells in suspension with Dynabeads. 
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A large naïve population (63%) was observed in the negative control, where cells were seeded 

with no Dynabeads. For both the control + and the sponge samples, in which cells had been 

seeded together with Dynabeads, a lower naïve population of 17% and 21%, respectively, was 

obtained. The TCM population, a clinically relevant phenotype, was of 56% and 54% for the control 

+ and the sponge samples, respectively, while the negative control only presented a 30%. 

Regarding the TEM phenotype, the cells stimulated with Dynabeads also presented a higher 

percentage of 21% and 17%, for the control + and the sponge, respectively, compared to the 

negative control, which showed a 5%. For TEFF phenotype we obtained for negative control, 

positive control and sponge samples values of 2%, 6% and 8%, respectively.  

As it has been shown, the optimized sponge samples were robust, and facilitated the cell recovery 

step, allowing to properly perform the proliferation and differentiation experiments. Due to time 

limitation, no further experiments were performed, but these last results are encouraging 

enough to further characterize the new sponges and better analyze their performance as 

scaffolds for 3D T cell culture. 

 

3.8 Summary and conclusions 

In this chapter, collagen, the main structural protein in the body, was chosen and analyzed as a 

3D scaffold to increase T cell proliferation in order to improve the performance of cellular 

immunotherapies such as ACT. With this objective, a collaboration with the Viscofan S.A. 

company was established.  

The collagen masses received from Viscofan S.A. were in non-sterile and acidic conditions and 

thus, a neutralization and sterilization protocol was successfully developed and optimized. Due 

to the importance of the morphology of the scaffolds for T cell proliferation, we also analyzed 

three different samples in addition to the collagen masses, namely DC, CH and collagen sponge 

with different structures. These samples were received already sterilized. All samples were 
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analyzed by ESEM, and except for the initial sponge, all samples presented the characteristic 

collagen fibers and high porosity.  

Preliminary T cell proliferation experiments were performed using fluorescence microscopy for 

the collagen masses Col2, Col3 and Col4. A good T cell proliferation was qualitatively observed 

over time in the presence of these collagen samples. To obtain quantitative results, T cell 

proliferation analysis were done through CFSE staining and flow cytometry. After 6 days of 

culture with collagen masses (Col2, Col5, Col6 and Col7) and the collagen samples DC, CH and 

sponge, interesting results were obtained. Importantly, the CH samples showed a median value 

2.1 times higher than the positive control, which is based on the state-of-the-art commercial 

systems, on the normalized replication index. However, the reproducibility of this sample 

remains a challenge to be overcome. Different techniques (optical microscopy, cw-EPR and ICP-

MS measurements) were used to understand this issue, but no unequivocal answer has yet been 

obtained. 

Considering the promising characteristics of using natural collagen type I fibers, an optimized 

formulation of the collagen sponges with improved stability was finally investigated. Proliferation 

analysis and differentiation analyses, both by flow cytometry, indicated a remarkable 

improvement in CD4+ T cell expansion, while not altering the phenotype obtained when 

compared with the positive control.  

In general, we can conclude that the collagen samples are promising materials for T cell 

proliferation. Nevertheless, further optimization procedures regarding material morphology and 

reproducibility should be obtained. 
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Chapter 4 

Inverse opal hydrogels for T cell expansion and 

differentiation 

 

4.1 Introduction 

To further improve the current T cell expansion methodology, 3D hybrid structures can be used 

to recreate the natural environment that T cells find in the LNs.  

In general, depending on the nature of their composition, hydrogels can be classified as natural 

or synthetic. Synthetic hydrogels, as mentioned in Chapter 2, are formed by artificial polymers 

such as polyethylene glycol (PEG), polyvinyl alcohol or acrylamide. As 3D cell culture platforms, 

they usually exhibit high reproducibility, easy manufacturing and processing, and the possibility 

to control their physicochemical properties. However, they present some limitations, due to the 

lack of endogenous factors that promote and allow cell function.1 

Natural derived hydrogels, as discussed in Chapter 3, are formed by proteins and ECM 

components such as collagen, fibrin or hyaluronic acid. Despite their inherent biocompatibility, 

they also tend to present certain limitations such as high risk of contamination, batch-to-batch 

variability and poor mechanical properties due in part to its quick degradation. This is why hybrid 

hydrogels combining the benefits of both natural and synthetic hydrogels are becoming more 

appealing.2 

PEG is one of the most studied synthetic materials for the creation of hydrogels for cell culture 

purposes because of its characteristics. It is a biocompatible, transparent, hydrophilic, and a 

biologically inert polymer, which prevents unspecific protein attachment.2,3 Its physicochemical 

properties can easily be adjusted, such as its elasticity that can be directly modified by the 

monomer length and PEG concentration during the synthesis.4 PEG hydrogels can be 
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manufactured with high reproducibility under cytocompatibility conditions, and can further be 

functionalized with biomolecules of interest, such as cell adhesive motifs.5–9 

Heparin (Hep) is a sulphated glycosaminoglycan naturally present in the ECM, with a high number 

of negative charges provided by carboxyl and sulphonyl groups.10 Although this molecule is 

commonly known as an anticoagulant and widely used in drug and growth factor delivery 

systems, it allows the interaction with cationic molecules and basic peptides through its negative 

charge, leading to the mediation of many biological processes.11–13  

Hydrogels consisting of PEG and Hep have been previously reported, more precisely low 

molecular weight heparin functionalized with maleimide (Mal-Hep) was crosslinked with 4-arm 

thiolated PEG (PEG-SH).14,15 But, these previous works have not evaluated these hydrogels as 

platforms for T cell culture and expansion. Recently, our group has reported that PEG-Hep 

hydrogels with a 3% wt of PEG that maintain the 1:1.5 molar ratio of PEG-SH and Mal-Hep 

provides good structural and mechanical properties (porosity, interconnectivity, loading capacity 

and stiffness) for T cell culture. Specifically, we obtained an improvement of primary human CD4+ 

T cell proliferation and the capacity to influence on the phenotype, being an appealing option to 

mimic an adequate environment for ACT, as briefly described in previous chapters.16 

Furthermore, it has been shown that hydrogels with enlarged and homogeneous pore structures 

can be prepared using the inverse opal (IOPAL) or inverted colloidal crystal strategy, as a porogen 

method.17,18 An IOPAL structure is the negative replica of its opal. The opal structure is commonly 

prepared with mono-sized spheres that form 3D packed arrays. Then the space between spheres 

is filled with a new material, such as a hydrogel solution. After gelification, the spheres are 

removed, obtaining only the IOPAL structure. The obtained material presents high internal order, 

uniform interconnectivity, improved porosity (above 70%) and high reproducibility among 

samples.19 The uniform interconnectivity achieved, leads to a more homogeneous distribution of 

macromolecules and cells inside the matrix.20,21  
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In a very recent scientific publication, a 3D co-culture system of endothelial-cell-encapsulated 

hepatocytes was used in an inverse opal scaffold to ensure the sufficient nutrient supply during 

cell proliferation, allowing to achieve a large volume of cell culture.22 Moreover, it has been 

shown that such kind of hydrogels with larger pores increase T cell migration.23  

Taking this information into consideration and our previously reported work using PEG-Hep 

hydrogels,16 we proposed to develop a protocol using the IOPAL strategy to control the pore size 

and interconnectivity with respect to the previously reported material, named here as bulk 

hydrogel (Figure 4.1). The larger pores were expected to facilitate the interaction between 

Dynabeads and T cells, which commonly results in clusters during the activation phase.24–26 

Furthermore, the increase in connectivity provided by the IOPAL structure was foreseen to 

promote T cell migration and a better nutrient, gas and waste circulation, leading ultimately to 

an enhancement of T cell proliferation of desired phenotypes. 

 

Figure 4.1 LN-inspired 3D PEG-heparin hydrogels on its bulk and IOPAL forms. 
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4.2 Objectives and strategy 

To improve the current methodologies of expansion of human T cells to facilitate the introduction 

of ACT in the clinics, we proposed to use an IOPAL strategy to increase the pore size and 

interconnectivity of our previously reported PEG-Hep hydrogels. The synthesized 3D IOPAL PEG-

Hep hydrogels were characterized in terms of morphology and mechanical properties. Moreover, 

the ability of such hydrogels to improve T cell culture was evaluated and compared with the bulk 

analogue. 

 

4.3 Synthesis and characterization of PEG-Hep IOPAL hydrogels 

For the creation of an opal, poly(methyl methacrylate) (PMMA) microbeads were selected, based 

on a previous work.23 They are available in a wide size range, and the polymer is well described 

to be soluble in several organic solvents.23,27,28 In an initial trial Spheromers® (Microbeads AS, 

Norway) with 60 ± 6 μm of diameter were used. This particle size was very similar to the pore 

sizes previously reported for our bulk PEG-Hep hydrogels.16 To dissolve these beads, we used 

acetone, chloroform, acetic acid (AcOH), dichloromethane (DCM), tetrahydrofuran (THF) and 

potassium hydroxide (KOH) at 5 and 10%, all at room temperature (RT). After 8 days, no signs of 

degradation were observed. To promote degradation, we considered heating and agitation by 

using DCM, dimethylformamide (DMF), toluene, dimethyl sulfoxide (DMSO) and AcOH as 

solvents. Though, after 8 days at 40˚C with magnetic agitation, the partial breaking of the PMMA 

beads was only noticeable for DMF, AcOH and DMSO (Figure 4.2). However, we suspected that 

the breaking of the beads was mostly associated to the mechanical impact of the magnet to them. 

To corroborate this hypothesis, DMSO and AcOH degradation was studied with no magnetic 

agitation at 40˚C using an orbital shaker (260 rpm) for 8 days. After this time the beads were still 

intact.  
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Figure 4.2 Images of PMMA beads (Spheromers®) degradation observed by optical microscopy. 

Degradation was analyzed after 8 days at 40˚C in (A) DMF, (B) AcOH, (C) DMSO with magnetic 

agitation. 

 

Thus, these PMMA beads were found to be only degraded after heavy mechanical forces 

exposure, which is a practice not compatible with the formation of an IOPAL hydrogel. After a 

discussion with the provider of Spheromers®, we realized that the PMMA beads were crosslinked 

to increase solvent resistance.  

Taking this information into consideration, non-crosslinked PMMA beads were purchased from 

a new provider (microParticles GmbH, Germany). In this case, a 10% aqueous suspension of 

PMMA beads with a diameter of 78.3 ± 1.7 μm were added in a Teflon template, and the opal  

was formed due to the Brownian interactions occurring during gradual solvent evaporation.20,27 

The diameter size of such PMMA beads was chosen, taking into consideration that pore sizes of 

80 μm resulted in unconstrained migration.23 Afterwards, a PEG-Hep hydrogel mixture, which is 

the one used for the bulk PEG-Hep hydrogels (Figure 4.3), was added on top of the PMMA opal 

in the template and left to infiltrate and solidify. Briefly, the mixture consisted of commercially 

available 4-arm thiolated PEG (PEG-SH) that undergoes a Michael-type reaction with maleimide-

functionalize heparin (Mal-Hep) in PBS, resulting in an hydrogel with both components 

consslinked.15 
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Figure 4.3 PEG-Hep bulk hydrogel synthesis. Mal-Hep mixed with 4-arm PEG-SH in PBS forms a 

hydrogel under a Michael-type reaction. 

 

To form the IOPAL PEG-Hep hydrogels, the PMMA opal was dissolved in glacial AcOH, thus 

obtaining completely transparent hydrogels, indicating the successful removal of the PMMA 

beads (Figure 4.4). Finally, the resulting IOPAL PEG-Hep hydrogels were washed, sterilized and 

incubated at 37˚C until cell seeding. 

 

Figure 4.4 Formation of the IOPAL PEG-Hep hydrogel. A) Simplified scheme of the formation of 

an IOPAL PEG-Hep hydrogel. B) Photographs of the opal & hydrogel hybrid before the AcOH 

treatment, where they are white and opaque. After AcOH treatment, they result in transparent 

hydrogels, indicating the complete removal of the PMMA. 
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4.4 Structural properties of the IOPAL PEG-Hep hydrogels 

The structural properties of IOPAL PEG-Hep hydrogels were studied and compared with bulk PEG-

Hep hydrogels by different characterization techniques, namely: ESEM, X-ray tomography and 

confocal microscopy.  

 

4.4.1 ESEM characterization 

Both types of hydrogels, the bulk and the IOPAL, were studied by ESEM and their pore size ranges 

were calculated (Figure 4.5). From the ESEM images we calculated the average pore size (300 

pores were analyzed) present in the bulk hydrogels. It was found to be 47 μm with a range of 9–

204 μm, being these results consistent with the ones previously obtained.16 The average pore 

size of the IOPAL hydrogels (300 pores analyzed) was 77 μm with a range of 24–165 μm, in 

accordance with the size of the PMMA beads used (78.7 μm ± 1.7 μm).  

 

Figure 4.5 A) ESEM images and B) pore size evaluation of bulk and IOPAL PEG-Hep hydrogels. The 

statistical significance was determined by the Kruskal Wallis ANOVA test (***p < 0.001). 
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4.4.2 X-ray microtomography 

Further physical characterization was performed by X-ray microtomography. The connectivity 

density for the IOPAL system was found to be four times superior when compared with the bulk 

hydrogel (Figure 4.6). This result is in accordance with the expected nature of an IOPAL structure, 

i.e. it presents interconnected pores.21 The connectivity density was calculated, as explained in 

Chapter 6, and the values obtained are represented in the table of Figure 4.6 C. 

 

Figure 4.6 X-ray microtomography analysis of 3D PEG-Hep hydrogels. A) X-ray microtomographs 

of a representative volume of interest and its B) cross-section of an IOPAL PEG-Hep hydrogel of 

1 cm of diameter. C) Connectivity density obtained (connectivity/volume of interest) for 3D PEG-

Hep bulk and IOPAL hydrogels (Nhydrogels = 2). 
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4.4.3 Confocal microscopy 

Additionally, we assessed cell infiltration in our IOPAL hydrogels by confocal microscopy. 

Specifically, primary human CD4+ T cells from adult donors were stained with CFSE, an 

intracellular dye that is only fluorescent in viable cells, as previously explained (see Chapter 6 for 

details).  

The volume represented in Figure 4.7 is 1.5 cm x 1.5 cm x 0.4 cm, consisting of approximately 

35% of the total volume of the IOPAL PEG-Hep hydrogel. These results indicate that the CD4+ T 

cells that have been seeded in a 2D fashion have penetrated quite homogenously through the 

IOPAL PEG-Hep hydrogel.  

 

Figure 4.7 3D confocal microscopy projection showing CFSE-stained primary human CD4+ T cells 

in a representative IOPAL PEG-Hep hydrogel after 5 days of incubation (area = 1.5 cm x 1.5 cm x 

0.4 cm). 

 

According to the information obtained from all these structural characterizations, we found our 

IOPAL PEG-Hep hydrogels to have a median pore size of 77 μm, which is a size expected to be 

large enough to allow T cell-Dynabead clusters during the activation phase. Furthermore, these 

pores sizes allowed the human CD4+ T cells used in this study to penetrate through the hydrogel 
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and a higher connectivity was achieved with the IOPAL strategy when compared with the bulk 

hydrogel that we previously reported.16 

 

4.5 Mechanical properties of IOPAL PEG-Hep hydrogels 

The stiffness is also a very important parameter to be taken into consideration, since it is known 

that LNs with metastasis or in lymphoma cases, harder tissues are observed compared to the 

healthy ones.29,30 Such histopathologic features may influence the T cell proliferation and 

differentiation outcomes and for such reason a mechanical study was performed. The mechanical 

properties of IOPAL PEG-Hep hydrogels were characterized by small-amplitude oscillatory shear 

(SAOS) rheology, in the linear-viscoelastic region (LVE). The protocol followed was a cycle of 

sweeps, namely strain and frequency sweeps.31 For the strain sweeps (Figure 4.8 A) we employed 

a constant frequency of 1.0 Hz and the shear stress was swept from 1 Pa to 50 Pa. For the 

frequency sweeps (Figure 4.8 B), we used a constant shear stress of 50 Pa and the frequency was 

ranged from 0.01 Hz to 1.0 Hz.  

The storage modulus (G’) obtained for the IOPAL hydrogels was of 0.46 ± 0.01 KPa, which is lower 

than the one of the bulk hydrogel (0.75 ± 0.08 KPa),16 as expected. This difference can be 

explained by the homogeneously larger and more interconnected pores of the IOPAL structure 

compared to the bulk. Furthermore, these values are in the same order of magnitude than 

Matrigel (Thermo Fisher Scientific, United States of America) with a stiffness of <5 KPa, being this 

material as explained in previous chapters, the gold standard in the growing field of 3D cell 

culture systems.32–34 Nevertheless, these IOPAL gels are softer than the reported LN stiffness, 

which are around 10 KPa as measured by in vivo shear-wave elastography for healthy tissues.35–

38 



Chapter 4 - Inverse opal hydrogels for T cell expansion and differentiation 

109 
 

 

Figure 4.8 SAOS rheology of IOPAL PEG-Hep hydrogels. A) Strain sweeps (NHydrogels = 2) and B) 

frequency sweeps (NHydrogels = 2). 

 

Furthermore, the IOPAL hydrogels (as seen previously also for the 3D PEG-Hep bulk hydrogels) 

have viscoelastic properties as G’ is higher than loss modulus (G’’), and therefore, they are more 

elastic than viscous.39 

 

4.6 CD4+ T cell viability, expansion and differentiation using IOPAL PEG-Hep hydrogels 

For the cell culture experiments, primary human CD4+ T cells from healthy adult donors were 

used. This is an interesting population not only due to their high natural abundance in comparison 

with other relevant T cell types such as CD8+ T cells or regulatory T cells, but also due to its 

usefulness and the growing interest they are attracting in the clinics.40–44 Bulk and IOPAL PEG-

Hep hydrogels were selected to culture CD4+ T with Dynabeads. As mentioned previously, 

Dynabeads are magnetic beads coated with anti-CD3 and anti-CD28 that are employed to 

polyclonally activate T cells. Both hydrogels were used as biomimetic LNs, as they were capable 

of providing a 3D culture environment, as confirmed by confocal microscopy. To determine the 

influence of the increased porosity and interconnectivity given by the IOPAL hydrogels compared 
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to the bulk hydrogels, T cell viability, differentiation and proliferation were measured by flow 

cytometry at days 5 or 6, as a standard time points.31,45 Before each flow cytometry 

measurement, the cells were carefully removed through vigorous pipetting in order to collect as 

many cells as possible from the hydrogels (see Chapter 6 for details). 

For T cell viability studies, a propidium iodide (PI) viability test with flow cytometry was 

performed after 5 days of culture (Figure 4.9). Less non-viable PI+ cells were obtained for bulk 

(31.8%) and IOPAL (26.1%) hydrogels than for suspension cultures activated with Dynabeads 

(control +; 39.9%). Cells in suspension without Dynabeads activation were only 15.5% PI+. 

 
Figure 4.9 Effect of IOPAL and bulk PEG-Hep hydrogels on CD4+ T cell viability. A) Representative 

flow cytometry histograms of the B) PI viability test performed with CD4+ T cells seeded with 

IOPAL and bulk PEG-Hep hydrogels, or in suspension (control +) with Dynabeads for 5 days. 

Control - represents cells in suspension with no Dynabeads. Bars are mean + standard deviation, 

(Ndonors = 4). Significance was determined by the Mann-Whitney U test (*p < 0.05). 
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As it can be observed in Figure 4.9, our 3D PEG-Hep hydrogels (bulk and IOPAL) show a tendency 

to increase, or at least maintain, cell viability compared to the current expansion systems. 

The proliferation assay was performed using CFSE-stained cells analyzed by flow cytometry after 

6 days of culture, as explained previously and in detail in Chapter 6. Specifically, we analyzed the 

expansion index which gives information about the growth of the whole culture, as a ratio 

between the final and the starting number of cells; the replication index, defined by the fold-

expansion of the culture, but only taking into account the activated cells; and the proliferation 

index related with the average number of divisions that stimulated cells have undergone.40 Given 

the donor-to-donor variability, the proliferation results (Figure 4.10) were normalized in each 

experiment to the positive control, consisting of CD4+ T cells with Dynabeads in suspension. For 

that reason, all the positive controls index values are 1. 

 

Figure 4.10 Effect of 3D PEG-Hep hydrogels on its bulk and IOPAL forms on CD4+ T cell 

proliferation. Normalized A) expansion, B) replication, and C) proliferation indexes of CD4+ T cells 

stimulated with Dynabeads 6 days after seeding on bulk and IOPAL PEG-Hep hydrogels. The 

control + consists of cells seeded in suspension with Dynabeads, (Ndonors = 7). 

 

The median normalized proliferation, expansion and replication indexes for the bulk hydrogels 

were 1.03, 1.01 and 1.29, respectively, in accordance with our previous results.16 The normalized 
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proliferation, expansion and replication indexes were significantly higher for the IOPAL 

hydrogels, being 1.18, 1.28 and 1.63, respectively.  

Both hydrogels showed statistically significant increases compared to the positive controls, 

except for the expansion index in the bulk hydrogel, even though a slight increase of 1% was 

observed. In another words, for each 0.1 million CD4+ T cells seeded on each replicate after 6 

days of culture, 0.77, 0.79 and 1.08 million cells were obtained for the positive controls, bulk and 

IOPAL conditions, respectively. 

Still, the major improvement was observed on the replication index with the IOPAL hydrogels. 

Specifically, these hydrogels resulted in an improvement of 63% compared to the cells activated 

in suspension (positive control), and an increase of 34% in comparison with the bulk hydrogels. 

This indicates that the responding cells that get activated in the hydrogels proliferate more than 

the activated cells in suspension.  

In summary, we can confirm that the increase in pore size, homogeneity and interconnectivity 

introduced by the inverse opal strategy, contributed to a better overall cell growth than the 

standard bulk hydrogels, which provided in turn, better results than the state-of-the-art 

suspension systems.  

Regarding the differentiation studies, the CD4+ T cell phenotypes were analyzed by flow 

cytometry on day 5 after seeding to obtain information about the subpopulations of naïve (TN: 

CD45RO−/CD62L+), central memory (TCM; CD45RO+/CD62L+), effector memory (TEM; 

CD45RO+/CD62L−) and effector (TEFF; CD45RO−/CD62L−) given their clinical importance in ACT.46–

48 In Figure 4.11 we represent the results obtained for one representative donor. 

As mentioned above, there is a donor-to-donor variability that should be taken into account. For 

this reason, we also analyzed the percentages of CD4+ T cells that express CD45RO and CD62L 

prior to stimulation with Dynabeads (negative control). 



Chapter 4 - Inverse opal hydrogels for T cell expansion and differentiation 

113 
 

 

Figure 4.11 CD45RO-FITC vs CD62L-PE graphs for CD4+ T cells in bulk and IOPAL PEG-Hep 

hydrogels. Percentage of TN, TCM, TEM and TEFF. CD4+ T cells seeded on bulk and IOPAL PEG-Hep 

hydrogels (and their controls) on day 5, represented in a CD45RO-FITC vs CD62L-PE graph. The 

negative control consists of cells seeded in suspension without Dynabeads, whereas in the 

positive control, cells are seeded with Dynabeads. When cells are seeded in the hydrogels, they 

are always stimulated with Dynabeads. This figure shows representative data obtained from 1 

donor. 

 

The differentiation percentage results with the statistical treatment of the different 

subpopulations studied for 6 different donors are shown in detail in Figures 4.12 A-D. In Figure 

4.12 E the differentiation results obtained are summarized in a column type graph, to simplify 

the comparison between the phenotypes when using the different seeding conditions above 

stated. 
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Figure 4.12 Differentiation of CD4+ T cells in bulk and IOPAL PEG-Hep hydrogels. A) Percentage 

of TN, B) TEM and C) TCM D) TEFF CD4+ T cells on day 5, (Ndonors = 6). E) Percentage of TN, TEM, TCM 

and TEFF CD4+ T cells summarized in a column type graph. The negative control (control -) consists 

of cells seeded in suspension without Dynabeads, whereas in the positive control (control +) cells 

are seeded with Dynabeads. When cells are seeded in the hydrogels, they are always stimulated 

with Dynabeads. Statistical significance was determined by the Mann-Whitney U test (*p < 0.05, 

**p < 0.01). 
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The main phenotype obtained in the negative control was TN with a median value of 45%. As 

expected, this subpopulation was found to be less preponderant when cells were activated. 

Specifically, the positive control, bulk and IOPAL hydrogels showed TN percentages of 6, 15, and 

11%, respectively. For the TEM phenotype, median values rose to 27% for T cells in suspension, 

32% for bulk hydrogels and 19% for IOPAL. Thus, the IOPAL hydrogels did not promote the TEM 

phenotype compared to suspension and the bulk hydrogels. In contrast, the TEFF phenotype 

resulted in lower percentages when cells were activated with values of 5, 9, and 7% for the 

positive control, bulk and IOPAL hydrogels, whereas the negative control showed a 12% of the 

total cell population. Remarkably, the median value for the TCM phenotype obtained in CD4+ T 

cells cultured in the IOPAL hydrogels was of 63%. This percentage is higher than the 43% obtained 

with the bulk hydrogels and comparable with the 62% obtained in suspension. It is worth 

mentioning that the TCM phenotype is of great importance for the clinics due its capacity to 

mediate an effective and sustained response. In contrast, effector cells present an immediate, 

but not a sustained defense response.49–53 In conclusion, these results indicate that PEG-Hep 

hydrogels can be used to tune the resulting phenotype of T cells only by adding a morphological 

change to their structure, such as the higher pore size, homogeneity and interconnectivity 

achieved with the IOPAL strategy. 

 

4.7 Summary and conclusions 

In conclusion, IOPAL 3D PEG-Hep hydrogels were synthesized, characterized and used for primary 

human CD4+ T cell culture. They resulted in an improvement in cell proliferation when compared 

to the state-of-the-art methodologies, and to its bulk form. This fact indicates the importance of 

pore size and interconnectivity on T cell activation and proliferation. Indeed, the obtained IOPAL 

PEG-Hep hydrogels presented higher pore sizes and interconnectivity than the bulk and allowed 

cell infiltration, which are requirements to improve T cell proliferation. Moreover, we 

demonstrated the capacity of such hydrogels to influence the phenotype obtained, which is 

closely related with the clinical outcomes.47,54  
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Thus, these hydrogels have the potential to help surpassing the current limitation of ACT of 

producing large amounts of cells with therapeutic phenotypes.55 This limitation is especially 

important in ACT based on TILs, i.e. in therapies with non-engineered T cells. Moreover, the IOPAL 

strategy could be applied to other hydrogels used in the growing field of 3D cell cultures for 

regenerative medicine and organoid engineering. 
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Chapter 5 

Lymph node-on-a-chip to improve adoptive cell therapy  

 

5.1 Introduction 

Microfluidic chip (MC) technology can nowadays provide a platform for cell culturing that is closer 

to the physiological environment than standard static cultures. In general terms, MCs can be 

described as devices with internal channels at the micro scale where the flow can be precisely 

controlled. These devices can be used for organ-on-a-chip applications.1 

The technology holds the potential to overcome some limitations of the static cell cultures as 

well as those related to the use of laboratory animals. Static cell cultures are simple and, as 

discussed in previous chapters, do not recreate well tissue or organ complex microenvironments. 

On the other hand, the use of animals does provide a platform to study cell cultures at the organ 

and system levels, but this approach is expensive, time-consuming and in most cases do not 

reflect the human physiology, not to mention the associated ethical burden.2,3 

Up to now, most of cell culture studies in MCs only involved cells. This approach can be a relevant 

option for some cell types, such as endothelial cells, but it does not recreate the 3D 

microenvironment found in the ECM.1 To improve this situation, efforts are being devoted to 

introduce ECM-like materials into MCs for 3D cell cultures. One of the main candidates as a 

scaffold for 3D cultures for microfluidic systems are hydrogels.4–6 In Figure 5.1, a scheme of a MC 

with a hydrogel suitable for cell culture is shown.  

For the creation of a LN-on-a-chip, the lymph flow should also be carefully established to mimic 

T cell natural microenvironment.7–10  
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Figure 5.1 Schematic representation of a MC with a hydrogel. The microfluidic device 

represented allows the flow to enter from the top (Flow in), pass through the hydrogel and leave 

through the opposite side, to be finally collected from the top of the MC (Flow out).  

 

In vivo, the unidirectional lymph flow is generated through the integration of extrinsic and 

intrinsic pumping processes,10,11 as already mentioned in the introduction. However, obtaining 

quantitative information about the lymph flow rates in vivo remains a technical challenge. Still, 

some trials have been reported like the injection of radioactive or fluorescent tracers into the 

lymphatic system. These experiments allowed the imaging of the lymphatic network morphology, 

while providing an indirect measurement of flow through quantification of the tracer transport.12 

These labelled techniques have some technical drawbacks, such as the low spatial resolution and 

alteration of the interstitial fluid flow due to the injection step. Despite these difficulties, by using 

a high-speed video system, injected microparticles tagged with near-infrared dyes, permitted to 

measure the volumetric flow in rat mesenteric prenodal lymphatics with a value of 13.95μL/h.12  

In a different approach, a continuous in vivo quantification of the lymph flow at high temporal 

resolution showed a volumetric flow value of 0.3 μL/h in mice lymphatic vessels by using a direct 

label-free measurement with a doppler optical coherence tomography (DOCT) technique.13 Also, 

the combination of phase-contrast synchrotron micro-computed tomography (µCT) and a 

corrosion casting technique indicated a transmural flow throughout mouse LNs of 0.6 μL/h.14 
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In addition to the information provided by in vivo experimental models, there are also some 

examples of LN-on-a-chip described in the literature,15–18 with volumetric flows ranging from 7.2 

to 120 µL/h, as briefly discussed in the introduction section. However, these examples used 

animal LN slices17,18 or a mixture of different cells types such as dendritic cells to activate T cells.16 

These approaches to not take into consideration the possible potential to improve ACT platforms 

for cell culture. In one side, the use of animal tissues to expand human T cells would rise several 

issues as explained previously in this introduction, on the other side the use of different cells 

contributes to a more complex culture system requiring further steps to isolate the clinically 

relevant T cells.  

Finally, it is worth pointing out a very recent publication where a LN-on-a-chip design allowed the 

study of the effect of hydroxychloroquine (HCQ) delivered to cells in a dynamic 3D setting, 

enabling real-time monitoring of two immune cells at the same time (Jurkat T and Raji B cells).19 

This multi-compartment chip enabled measurements of immune cell motility in response to 

drugs, where HCQ added to the cells through a constant and continuous flow was found to induce 

a reduction in T cell velocity while promoting persistent rotational motion. These findings 

highlight the importance and further potential of these LN-on-a-chip devices for drug screening 

and cellular dynamic studies in general.19 

In summary, there are no reported examples of a LN-on-a-chip including a 3D scaffold to imitate 

the ECM of the LNs, while considering the effect of flow on T cell proliferation and differentiation 

towards a better expansion strategy for ACT. 

 

5.2 Objectives and strategy 

In this thesis we focused on the design and fabrication of a LN-on-a-chip (Figure 5.2) with a net 

unidirectional pulsatile fluid flow that passes through a 3D hybrid hydrogel at a volumetric flow 

of 0.3 – 50 µL/h. This system was studied as a strategy to improve T cell expansion of specific 
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phenotypes, as well as to fabricate an animal-free system capable of performing some preclinical 

tests reliably.  

 

Figure 5.2 Schematic representation of the different components of a LN-on-a-chip. Primary 

human CD4+ T cell suspension with Dynabeads seeded in a PEG-Hep hydrogel, which resides on 

top of a porous membrane deposited at the bottom of the culture wells of the MC. This chip 

representation shows 3 connected wells. Once closed, tubes are connected to the inlet and outlet 

ports and a peristaltic pump is used to allow the complete RPMI cell medium flow. Scheme not 

to scale.  

 

The tasks to achieve the main objective mentioned above involved the optimization of the design 

and material of the chip; optimization of the bulk and IOPAL PEG-Hep hydrogels; setup the 

peristaltic pump to obtain the desired flow; optimization of the cell seeding conditions; study the 

need of cytokine supplementation and sterilization procedures; and finally, analysis of primary 

human CD4+ T cell proliferation in the microfluidic device using both bulk and IOPAL PEG-Hep 

hydrogels in comparison with the standard suspension culture method. 
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5.3 Design and fabrication of the microfluidic device towards a LN-on-a-chip 

In collaboration with the Biomedical Applications Group (GAB) at the Barcelona Institute of 

Microelectronics - National Microelectronics Center (IMB-CNM-CSIC), we designed and 

fabricated different MCs. The MC prototypes used in this thesis were a result of several rounds 

of redesign, containing all of them culture wells of 8 mm in depth and 6.58 mm in diameter. These 

values were chosen taking into consideration the diameter value of the common 96 well plates 

used in our laboratory (Greiner Bio-One, ref: 655180). In general terms all MCs fabricated 

consisted in a base, built of 4 layers of PMMA with a thickness of 2 mm in the three bottom layers 

and 8 mm for the upper one; and a cover with a 1 mm-thickness adhesive silicone layer and a 3 

mm thickness layer of PMMA on top. Further details can be found in Chapter 6.  

Once designed, the PMMA and silicone layers were cut in a laser machine. For the assemble of 

all the layers, a thermal press (at 20 kN, 80˚C, 45 min) was employed with isopropanol to improve 

the bonding. To be able to connect the tubes responsible for the circulation of cell culture 

medium, an inlet and outlet ports were glued on the top layer. Finally, the MCs could be properly 

closed with screws.  

Furthermore, to hold the hydrogels, T cells and Dynabeads inside the culture wells, while allowing 

the passage of cell culture medium, porous membranes were used. They were cut with the same 

diameter as the culture wells in the laser machine, and then they were glued to the bottom of 

the well with a double tape o-ring as schematized in Figure 5.2.  

 

5.3.1 Design and fabrication of the microfluidic chip 1 

The initial prototype named microfluidic chip 1 (MC1) consisted of four independent wells, with 

1 inlet and 1 outlet per well (Figure 5.3 A). However, the wells could also be connected externally 

with tubes, by connecting the outlet of one well with the inlet of the next well (Figure 5.3 B).  
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MC1 was designed to contain our PEG-Hep 3D hydrogels (bulk or IOPAL), both discussed in the 

previous chapter, for 5-6 days to mimic the lymph node in the body (Figure 5.3 C). The use of 

porous membranes (pore size: 0.45 µm) was needed, as mentioned before. After a simple flow 

experiment with only RPMI cell culture medium, it was possible to collect the hydrogels in very 

good shape and with a pink color, confirming the homogeneous circulation of the RPMI pink 

medium through the hydrogels (Figure 5.3 D). 

 

Figure 5.3 MC1 with four independent wells with (A) 1 inlet and 1 outlet per well or (B) 3 wells 

connected with 2 external tubes assuring the same flow in the 3 triplicates with 1 inlet and 1 

outlet. (C) PEG-Hep bulk hydrogels before placing them inside the MC1. (D) PEG-Hep bulk 

hydrogels removed for the MC1 after RPMI flow. 
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5.3.2 Optimization of the flow rate 

First, we calculated the minimum flow rate needed in our MC for the optimal culture of primary 

human CD4+ T cells, by taking into consideration the following equation: 

                                                                   𝐹(𝐶𝑖𝑛 − 𝐶𝑜𝑢𝑡) = 𝑅𝑁                                                                                 (1) 

in which F is the flow rate of the culture medium, Cin (2.2x108 pmol/L) and Cout (0 pmol/L) are the 

inlet and outlet oxygen concentrations in the cell culture medium, respectively, if we assume that 

all the oxygen is consumed in a single pass. R (5x10−3 pmol/h/cell) is the oxygen consumption 

rate for primary human CD4+ T cells,20,21 while N (105 or 3x105 cells) is the number of seeded cells 

in a single-well or triplicate in our MC, respectively.  

From the calculation of the above equation, the minimum flow needed to assure oxygen supply 

was found to be 2.27 μL/h and 6.81 μL/h for our single-well or triplicate setup, respectively. It is 

also worth noticing, that these values are in accordance with the volumetric flow range (0.3 to 

50 µL/h) proposed in the literature for mimicking the LN flow rates.12–18 

After establishing that the desired setting was a microfluidic system with a net unidirectional 

pulsatile fluid flow passing through the 3D hybrid hydrogel at the indicated volumetric flow range, 

the next step was to assess the possibility of obtaining these flow values in the laboratory. 

To do that, a standard tube of 0.5 mm diameter was connected to the empty MC1, and 0.01 and 

0.04 revolutions per minute (rpm) for 24 h were chosen to pump complete RPMI, achieving 

volumetric flow values of 8.0 and 42.7 µL/h respectively (Table 5.1). Next, one or three MC wells 

connected in line with bulk or IOPAL PEG-Hep hydrogels sustained by porous membranes were 

submitted to 0.04 rpm for 48 h, obtaining comparable volumetric flow rates of 45.4 and 47.7 

µL/h, respectively (Table 5.1). With this experiment, we demonstrated that no significant 

differences were obtained in flow values when placing the components needed to mimic the 

artificial LNs in the MC, i.e. the hydrogels and membranes, further supporting the possibility to 

work with triplicates connected in line.  
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At last, we analysed the volumetric flow for a week to evaluate possible flow variations over a 

typical cell culture time. In this experiment, triplicates were submitted to a flow at 0.01 and 0.04 

rpm, obtaining flow rates of 9.8 µL/h and 46.9 µL/h, respectively after 168 h (day 7). Table 5.1 

summarizes the results obtained for the different flow experiments performed, indicating that 

the MINIPULS® 3 Peristaltic Pump (kindly provided by the Biomedical Applications Group (GAB) 

from IMB-CNM-CSIC) is suitable for our requirements. 

 

Table 5.1 Preliminary experiments to assess the stability of the flow and suitability of the 

MINIPULS® 3 Peristaltic Pump. 

MC well components 
Revolutions 
per minute 

(rpm) 

Time of the 
experiment (h) 

Volumetric 
Flow (μL/h) 

Nº of 

wells 

Presence of 
hydrogel and 
membranes 

1 No 0.01 24 8.0 

1 No 0.04 24 42.7 

1 Yes 0.04 48 45.4 

3 Yes 0.04 48 47.7 

3 Yes 0.01 168 9.8 

3 Yes 0.04 168 46.9 

 

 

5.3.3 Optimization of the MC materials 

In the next step, we tested and optimized the composition of the different materials used in the 

MCs. PMMA was chosen for the MC fabrication due to its biocompatibility, good acceptance by 

mammalian cell cultures and its previous use in microfluidic devices.22–24 Furthermore, to support 

the hydrogels while preventing the circulation of CD4+ T cells and Dynabeads outside the wells, 

we evaluated the use of two different porous membranes, made of polyethylene terephthalate 
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(PET) and polytetrafluoroethylene (PTFE, commonly known as Teflon), both with a 0.45 µm pore 

size. 

With these objectives, we assessed cell viability and proliferation of primary human CD4+ T cells 

cultured on the material of the microfluidic chip (PMMA) compared to the standard polystyrene 

(PS) well plates, and the two different porous membranes (PET and PTFE).  

 

5.3.3.1 Effect of the PMMA well plates  

To assess the effect of PMMA as a material to build the MC on cell behavior, we used PI, a small 

fluorescent molecule commonly used to discriminate dead cells, as described in previous 

chapters. The PI viability test was performed with primary human CD4+ T cells purified from 

human blood donors and incubated for 6 days at 37˚C and 5% CO2. 

Thus, a primary human CD4+ T cell suspension with and without Dynabeads (positive and 

negative control, respectively) was seeded in regular PS 96 well plates as a commercial control 

material and in a home-made PMMA well plate with exactly the same sizes (Figure 5.4). The value 

of 33.4% of non-viable or apoptotic cells (PI+) was obtained for the positive control samples 

seeded in PMMA, which is very similar to the one obtained with the commercial PS plates 

(31.6%), confirming that the PMMA does not negatively affect CD4+ T cell viability. 

Next, CD4+ T cell proliferation was evaluated with the CSFE staining agent. In Figure 5.5 the 

proliferation capacity of T cells is represented by three usual numeric parameters, the 

proliferation, expansion, and replication indexes, as mentioned in previous chapters. After 6 days 

of culture with Dynabeads in suspension in a commercial PS well plate or in a PMMA well plate, 

the three indexes were measured and normalized to the PS positive control for an adequate 

assessment. 
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Figure 5.4 PI viability test performed on primary human CD4+ T cells. CD4+ T cells seeded for 5 

days in a commercial PS or PMMA well plate in suspension with Dynabeads (control +) or without 

Dynabeads (control -), (Ndonors = 1).  

 

 

Figure 5.5 Proliferation analyses of primary human CD4+ T cells 6 days after seeding in suspension 

with Dynabeads in a PMMA template or in a standard 96 well plate made of PS (control +), (Ndonors 

= 6). Normalized A) proliferation index, B) expansion index and C) replication index. Statistical 

significance was determined by the Mann−Whitney U test (*p < 0.05). 
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CD4+ T cells seeded in the fabricated PMMA well plate showed a statistically significant 

improvement in comparison with cells seeded in PS well plates, with median values of 1.14, 1.18 

and 1.19 for proliferation, expansion and replication indexes, respectively.  

In conclusion, the fabricated PMMA well plate did not negatively affect the cellular viability nor 

the proliferation of the CD4+ T cells. Therefore, we concluded that PMMA was a good option for 

the engineering of the microfluidic device. 

 

5.3.3.2 Effect of porous membrane material: PET and PTFE 

To maintain the artificial LN components (CD4+ T cells, Dynabeads and hydrogels) inside the MC 

wells, while allowing the circulation of cell culture medium, PET and PTFE porous membranes 

were studied. To evaluate the effect of the porous membrane material, primary human CD4+ T 

cell proliferation (Figure 5.6) and viability (Figure 5.7) experiments were performed. The porous 

membranes (PET or PTFE) were set on the bottom of the PMMA wells.  

The median values of the proliferation (1.02), expansion (1.13) and replication (1.06) indexes for 

cells seeded on top of PET membranes were similar to the positive control (PMMA wells without 

membranes), only showing statistical significance for the expansion index. Likewise, with the 

PTFE membranes, the proliferation, expansion and replication indexes median values were 1.08, 

1.16 and 1.15, respectively. In this case, there was statistical significance with the proliferation 

and expansion indexes when comparing the use of PTFE membranes to the positive control.  

In conclusion, the use of membranes is not negatively affecting CD4+ T cells proliferation and it 

is even slightly enhancing its performance. Furthermore, since there is no statistical difference 

between PET and PTFE membranes, PET was selected to be used on the MC, because these 

membranes are transparent unlike PTFE (Figure 5.6 D), allowing optical control. 
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Figure 5.6 Proliferation analyses of primary human CD4+ T cells 6 days after seeding in suspension 

with Dynabeads in a PMMA template with PET membranes (PET (PMMA)), with PTFE membranes 

(PTFE (PMMA)) or without membranes (control + (PMMA)), (Ndonors = 6). Normalized A) 

proliferation index, B) expansion index and C) replication index. Statistical significance was 

determined by the Mann−Whitney U test (*p < 0.05). D) Photographies of a transparent PET 

membrane (top) and a non-transparent PTFE membrane (bottom). 

 

Once PET was chosen as a material for the membranes, a PI viability test was performed in PS 

well plates. PI+ mean values (non-viable cells) of 23.3% were obtained when cells were seeded 

in PS well plates in contact with PET membranes (Figure 5.7). This value is smaller than the one 

obtained for the positive control samples (31.6%) seeded in PS well plates without the 

membranes. This result confirms that the PET membranes did not negatively affect cell viability 

and thus, were good candidates to be used in the microfluidic device. 
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Figure 5.7 PI viability test performed on primary human CD4+ T cells. CD4+ T cells seeded for 5 

days in a commercial PS with or without PET membranes. The cells were seeded in suspension 

with Dynabeads (control +) or without Dynabeads (control -), (Ndonors = 1).  

 

5.3.4 Importance of IL-2 concentration in the cell culture 

Interleukin-2 (IL-2) is a 15 kDa cytokine predominantly secreted by activated T cells, and 

represents a key player in the cell-mediated immune response.25 It is an early landmark in the 

activation program of CD4+ T cells in vitro,26 and it is frequently used as a supplement in T cell 

culture medium. IL-2 concentrations used for T cell expansions in different ACT studies vary 

between 10 IU/mL and 6000 IU/mL, or 12.0 ng/ml and 7228.9 ng/mL.27 Depending on the 

application, the IL-2 concentration was also found to influence the outcoming phenotype of T 

cells.28 
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Taking into consideration the important role of IL-2, we performed a test to evaluate its effect in 

our CD4+ T cell cultures. In a typical CD4+ T cell culture experiment, commonly described as a 

positive control in this thesis, cells are seeded in suspension in a 96 well plate made of PS, 

together with Dynabeads. On these typical positive control conditions, neither IL-2 is added to 

the complete RPMI cell culture medium during seeding, nor the IL-2 secreted by the activated 

CD4+ T cells is removed by replacing the cell culture medium. Indeed, in our static experiments, 

complete RPMI medium is added on day 2, without replacing the one in culture. Consequently, 

the secreted IL-2 remains in the well. 

However, in a microfluidic device with constant flow in an open circuit, the IL-2 secreted by the 

activated CD4+ T cells would be washed out by the flow. Thus, we decided to evaluate this 

potential effect on cell proliferation and differentiation. For that, we cultured CD4+ T cells with 

Dynabeads in a common 96 well plate made of PS. On day 2, we performed different treatments 

to the cells, according to four testing conditions. 

On the positive control samples, complete RPMI cell culture medium was directly added on top 

of the wells (100 µL), as usual. On sample A, cells were collected, centrifuged and re-suspended 

on the same vial and 100 µL of complete RPMI was added. Thus, this sample was designed to 

assess the effect of the experimental manipulation to the cells. On sample B, cells were collected, 

centrifuged and the supernatant was removed. After, 200 µL of complete RPMI was added. In 

this case, we could determine the influence of losing the secreted IL-2 by activated T cells. On 

sample C, cells were collected, centrifuged and the supernatant was removed. After, 200 µL of 

complete RPMI complemented with a specific concentration of IL-2 was added. Specifically, an 

enzyme-linked immunosorbent assay (ELISA) was performed on day 2 from the supernatant of 

the corresponding activated CD4+ T cells to know the concentration of the recombinant IL-2 

protein to be used to substitute the natural one.  

Thus, a specific concentration was obtained for the different 8 human blood donors. In particular, 

CD4+ T cells from 4 donors were used for proliferation studies, whereas the other 4 donors were 

used for differentiation studies (Table 5.2). Once the concentration of IL-2 on day 2 was 
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determined, the complete RPMI was further complemented with that concentration, before 

resuspending the cells on sample C. 

The proliferation and differentiation results are represented in Figure 5.8 and Figure 5.9, 

respectively. The normalized proliferation index exhibited mean values of 1.07, 1.15 and 1.04 for 

the samples A, B and C, respectively. For the normalized expansion index, the mean values 

obtained were 1.10, 1.31 and 1.09 for the samples A, B and C, respectively, whereas for the 

normalized replication index, the mean values were 1.05, 1.19 and 1.01. None of the normalized 

indexes presented statistically significant differences when using the Mann-Whitney U test 

(p>0.05).  

 

Table 5.2 IL-2 concentration determined on day 2 from activated CD4+ T cells. 

IL-2 concentration on day 2 

Donors 
Concentration 

(ng/mL) 
Used for: 

1 121 
Proliferation 

studies 
2 63 
3 131 
4 106 

5 94 
Differentiation 

studies 
6 75 
7 111 
8 99 

 

However, while it is know that IL-2 is produced by activated T cells and promotes further growth 

and differentiation of activated T cells,29 it was also discovered with in vivo experiments that 

naïve polyclonal T cells, activated with TCR and CD28-specific agonist antibodies produced IL-2 

quickly (achieving its peak at 24h) but transiently. Given that IL-2 was rapidly secreted by these 

helper T cells, and abundant in these cultures, several studies demonstrated that IL-2 itself 

suppresses IL-2 production, via a classic negative feedback loop.30 
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Figure 5.8 Proliferation analysis of primary human CD4+ T cells 6 days after seeding activated 

with Dynabeads in suspension for sample A, B and C. Normalized A) proliferation index, B) 

expansion index and C) replication index, (Ndonors = 4). 

 

This information may be the possible explanation for the fact that sample B seemed to provide 

slightly higher proliferation than the other samples, since the cell culture medium containing the 

IL-2 produced until day 2 was removed and replaced with complete RPMI without added IL-2. 

Thus, we could have disrupted the negative feedback loop, allowing the cells to produce again 

more IL-2 and continue to proliferate. Nevertheless, as mentioned before, no significant 

differences were detected. 

Regarding the differentiation results, after 5 days of culture the resulting phenotypes were 

analyzed by cell staining the CD62L/CD45RO antibodies, as previously described in this thesis. 

The CD4+ T cell subpopulations studied were TN (CD45RO−/CD62L+), TEM (CD45RO+/CD62L−), TEFF 

(CD45RO−/CD62L−) and TCM (CD45RO+/CD62L+) (Figure 5.9). 

For the TN subpopulation the median percentage values obtained were 9, 9, 10 and 10% for the 

control +, and samples A, B and C, respectively. The TEM subpopulation showed median values of 

20, 21, 23 and 18%, whereas the TEFF median values of 3, 4, 3 and 3% respectively. Regarding TCM 

subpopulation the median values obtained were 64, 63, 63 and 64%, for the control +, and 

samples A, B and C, respectively. Similar to the proliferation results, no statistically significant 

differences were detected, when using the Mann-Whitney U test (p<0.05). 
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Figure 5.9 Differentiation analysis of CD4+ T cells 5 days after seeding. A) Percentage of TN, B) 

TEM, C) TCM and D) TEFF for samples A, B, C and control +, (Ndonors = 4). 

 

Considering the results obtained in both proliferation and differentiation analyses of this section, 

it can be concluded that having a flow without supplementation of IL-2 may not be detrimental. 

In fact, it could even be somehow beneficial for the overall expansion of CD4+ T cells, by 

preventing a negative feedback loop of IL-2.  

 

5.3.5 Sterilization procedure for the MC and tubbing  

After several rounds of optimization to avoid contamination in our system, and considering the 

characteristics of the MC material (PMMA) and its stability limitations when using ethanol, the 

best conditions found for the cleaning and sterilization of the MC are: 1) external cleaning of the 

chip with a paper soaked with small amounts of 70% ethanol and abundant MilliQ water; 2) flow 
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MilliQ water through the wells and the inner channels; 3) UV sterilization for at least 1 h and 4) 

flow sterile PBS to clean the inner connections of the MC.  

To clean the polyvinyl chloride (PVC) tubes used in our microfluidic setup, they were immersed 

in 70% ethanol for 10 min, and then, 20 mL of 70% ethanol and MiliQ water were pump through 

them with a syringe. Finally, they were sterilized using UV during 1 h. The porous PET membranes 

were also sterilized during the same UV time (30 min on each side).  

 

5.3.6 Microfluidic setup for cell culture experiments 

In a common setup of the microfluidic system, we used the PMMA MC, PCV tubing, PET 

membranes, PEG-Hep hydrogels, medium, waste reservoirs and the peristaltic pump. 

Preceding the sterilization, the 0.5 mm diameter PVC tubes were cut to the desired length to 

obtain the experimental setup shown with red lines in Figure 5.10. To prevent the tubes from 

sliding when the peristaltic pump is working, a tube with two stoppers was used on the pump 

head, to be further connected by using 1.6 mm tube connectors to the other PVC tubes. After 

sterilization, all tubes were filled with complete RPMI medium using a syringe. Further details can 

be found in Chapter 6. 

PET membranes were glued inside the microfluidic culture wells, and then, they were cleaned 

and hydrated with sterile PBS. After 1 day, PBS was removed, and the MC was carefully filled with 

complete RPMI medium using a syringe to avoid air bubbles in the inner channels. Then, the RPMI 

medium was removed from the culture wells and the previously synthetized PEG-Hep hydrogels 

were placed inside the wells. After cell seeding (described in Chapter 6), the MC was closed, the 

tubes were connected and introduced inside the incubator at 37˚C and 5% CO2, as exemplified in 

Figure 5.10. Both medium and waste RPMI reservoirs were also introduced inside the incubator. 

Outside the incubator, the peristaltic pump was circulating cell culture medium from the medium 

reservoir at 0.04 rpm for 6 days. 
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Figure 5.10 Schematic microfluidic set up for cell culture experiments, with the peristaltic pump 

outside the incubator. The MC containing the activated CD4+ T cells seeded in the PEG-Hep 

hydrogels and both medium and waste reservoirs were placed inside of the incubator. Scheme 

not to scale.  

 

5.4 LN-on-a-chip optimization: MC2, MC3 and MC4 

Taking into consideration the state-of-the-art organ-on-a-chip device designs, a first prototype 

with independent wells (MC1) was designed to perform preliminary experiments (see section 

5.3.2). Anticipating our interest of working with triplicates per condition, while reducing the 

complexity of the microfluidic tubing setup, three wells of the MC1 were connected in line using 

external tubes, as shown in Figure 5.3 B. However, contamination was continuously observed 

when using this set up, probably due to the external tube connections. To overcome this issue 

and to decrease the manipulation steps, a chip with 3 internally interconnected wells in line, here 

denominated as MC2, was designed in collaboration with IMB-CNM-CSIC (Figure 5.11 MC2). 
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Despite the simplicity of the MC2, we found difficulties in generating a homogeneous pressure 

inside the MC, resulting in constant leakages. Thus, a new chip, the MC3, was designed with the 

following upgrades: 1) screws located not only on the edges of the device, but also in the middle 

part, 2) use of larger screws and 3) more resistant inlet and outlet ports (Figure 5.11 MC3). 

After this round of optimization, leakage was not observed and long-time pumping experiments 

(up to 6 days) were possible. However, CD4+ T cell proliferation was not obtained either with the 

MC3, due to the presence of air inside the MC. Moreover, contamination was still difficult to be 

avoided. Taking these issues into consideration, a new microfluidic device (MC4) was designed, 

this time with a single well (Figure 5.11 MC4). The main purpose of this design was to minimize 

the complexity of the system and avoid the contamination inside, although with this design we 

cannot obtain data in triplicate using a single MC. 

 

Figure 5.11 PMMA microfluidic chips fabricated, MC2, MC3 and MC4, from left to right. 

 

5.4.1 Optimization of cell seeding conditions and microfluidic experimental setup 

Once the MC3 was fabricated, and after checking that cell culture medium could flow inside for 

6 days without leakage, we realised that some changes on our common seeding protocol were 

needed. Up to this point, the seeding step was done similarly to the one performed on the PS 

well plates (see Chapter 6 for details). After a typical seeding step, with a final volume of 100 µL, 

some air space inside the wells of the microfluidic device remained, as the wells in the MC were 

not filled until the top. This presence of air inside the MC resulted into unexpected volume 

differences once the peristaltic pump was turn on. Therefore, we decided to change our normal 
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amount of cell culture medium added during seeding from 100 µL to 180 µL, which consequently 

changed the initial cell concentration from the usual 1 M/ml to 0.56 M/mL. 

To evaluate the effect of this modification, cells were seeded with 180 μL of medium and no extra 

one was added on day 2 of culture (as we usually do in our standard cell experiments). As shown 

in Figure 5.12, lower proliferation, expansion and replication indexes (median values of 0.9, 0.8 

and 0.8, respectively) were obtained in comparison to the standard positive control.  

 

Figure 5.12 Proliferation analysis of CD4+ T cells 6 days after seeding activated with Dynabeads 

in suspension in a PS 96 well plate as a “standard control +” or as a “180 µL control +”. A) 

Normalized proliferation, B) expansion and C) replication indexes for both conditions are shown, 

(Ndonors = 6). Statistical significance was assessed by the Mann-Whitney U test (**p < 0.01). 

 

This lower performance in cell proliferation was expected, since for 6 days, no addition (as we 

did with the positive control) or replacement (as it happens in the MC under flow) of the initial 

180 µL of cell culture medium was performed. In conclusion, the modification of the cell seeding 

conditions did not prevent cells from proliferating in the PS 96 well plate. 

Nevertheless, as a control experiment, we used these exact same conditions inside the MC3 

(without a continuous flow of cell culture medium), but the cells did not proliferate. These results 

could be justified by the lack of oxygen inside the system, as the peristaltic pump was 

intentionally stopped and both PMMA and tubes suffer from poor gas permeability. Therefore, 
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the next cell proliferation experiments were submitted to a flow of complete RPMI with a 

volumetric flow of ≈ 50 μL/h, as it is supposed to ensure the constant oxygen and nutrients supply 

required for cell survival, as previously discussed in section 5.3.2. 

Still, cells were found dead during the proliferation analysis of day 6 after pumping fresh cell 

culture medium during all the experimental time. So, it was hypothesized that the air available 

on the complete RPMI container (Figure 5.10) was not enough to provide the gas exchange 

needed to the cultured cells. To test this hypothesis but avoid contamination, we added a home-

made new cap to the complete RPMI container, which incorporated an aperture covered with a 

0.22 μm filter (Figure 5.13).  

 

Figure 5.13 Scheme of the reservoir containing complete RPMI to be supplied to the microfluidic 

system. A 0.22 µm filter was attached to a syringe needle and was passed through the reservoir 

cap to allow constant gas exchange during the experimental time in a sterile manner.  

 

Additionally, we decided to use IOPAL PEG-Hep hydrogels instead of bulk hydrogels, because as 

seen in the previous chapter, despite the extra steps for their preparation, they could significantly 

improve the proliferation of CD4+ T cells. Moreover, the IOPAL porosity is expected to allow a 

better flow within the hydrogel, granting a more homogenous distribution of nutrients to the 

seeded cells.  
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This attempt allowed to successfully observe for the first time in our experiments, alive primary 

human CD4+ T cells inside one of the wells of the MC3 after 6 days, with the cell culture medium 

being pumped with a volumetric flow of 50 μL/h (Figure 5.14). Worth highlighting is the fact that 

only the first well to receive fresh complete RPMI medium showed cell proliferation. 

Unfortunately, the other two wells were contaminated, and for that reason no CD4+ T cell 

proliferation was possible to be analysed for those wells. Despite this partial success, the 

normalized proliferation, expansion and replication indexes of human CD4+ T cells seeded inside 

the LN-on-a-chip (MC3) with IOPAL PEG-Hep hydrogels were lower than the positive control with 

values of 0.79, 0.44 and 0.56, respectively (Table 5.3). 

These findings suggested that still a new MC upgraded design was needed to avoid contamination 

in these devices. Therefore, the design of MC4 (Figure 5.11 MC4) with only one well was 

proposed, with the objective of minimizing the complexity of the system. Further experiments 

are currently being performed in our research group with this optimised version, the MC4. 

However, due to time limitations, it was not possible to incorporate the results in this PhD thesis. 

 

Figure 5.14 Representative alive population in an SSC Vs FSC graph and CFSE diagram of CD4+ T 

cells stimulated with Dynabeads 6 days after seeding in IOPAL PEG-Hep hydrogels placed in a PS 

96-well plate (control +) and inside the MC3 (Ndonors = 1; results of only one well). 
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Table 5.3 Normalized proliferation, expansion and replication indexes of CD4+ T cells seeded in 

IOPAL PEG-Hep hydrogels placed in the MC3 and inside the PS 96 well plate (control +), (Ndonors = 

1; results of only one well). 

Normalized Indexes Control + LN-on-a-chip 

Proliferation Index 1.00 0.79 

Expansion Index 1.00 0.44 

Replication Index 1.00 0.56 

 

5.5 Summary and conclusions 

Here we have presented the first steps toward a novel LN-on-a-chip, including a 3D scaffold to 

imitate the ECM of the LNs and taking into consideration the effect of flow on T cell proliferation. 

Different optimization steps have been performed. The MINIPULS® 3 Peristaltic Pump connected 

to 0.5 mm diameter tubes could be used to obtain the desired volumetric flow values within the 

0.3 to 50 μL/h range, mimicking the LN flow rates. 

Neither the PMMA material of the MC, nor the PET supporting membranes, alone or in 

conjugation, negatively affected CD4+ T cell viability and proliferation, being both good 

candidates as materials for the microfluidic device construction. 

The potential effect of adding IL-2 to the complete RPMI was evaluated, leading to the conclusion 

that not using IL-2 in the circulating cell culture medium may be beneficial for the overall 

expansion of CD4+ T cells, by preventing a potential negative feedback loop. 

Although the initial idea was to work with simultaneous triplicates in the same device (MC2 and 

MC3), after several optimization steps, it was concluded that the single-well MC4 would be a 

better version for the LN-on-a-chip construction to avoid contamination and leakages. Moreover, 

a new cap has been designed to ensure proper gas exchange.  
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In conclusion, the optimization of the design of the microfluidic device, the volumetric flow, the 

sterilization process, and the cell seeding conditions has been a complex process. However, it 

allowed to gather key information to have the best conditions for the successful development of 

a LN-on-a-chip with an expected lymphocyte expansion superior to the conventional static cell 

cultures. Experiments are currently in progress in our laboratory with this objective.  
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Chapter 6  

Experimental section 

 

6.1 Materials 

The BiogelxTM-S and BiogelxTM-GFOGER peptide powder samples were bought from Biogelx 

(United Kingdom). All the collagen products, i.e. the collagen masses (Col1, Col2, Col3, Col4, Col5, 

Col6, Col7) and sterile collagen samples (dried collagen, collagen hydrogel and sponges) were 

obtained from Viscofan SA (Spain). A 10% w/v aqueous suspension of poly(methyl methacrylate) 

(PMMA) beads (78.3 ± 1.7 μm diameter) was purchased from microParticles GmbH (Germany). 

The 96 well plates were obtained from Greiner Bio-One International GmbH (Germany). The PVC 

tubes of 0.5 mm diameter (PVC Tubing for MF1 and MF4 pump head) that connect to the 

standard PVC tubes with two stoppers (PVC Pump Tubes Orange/Yellow) connected to the 

peristaltic pump were purchased from Gilson (United States of America). Transparent PET 

membranes with a pore size of 0.45 μm (ipCELLCULTURETM track-etched membrane, ion track 

technology) were obtained from it4ip S.A. (Belgium) and PTFE membranes with a pore size of 

0.45 μm were acquired from GVS North America, Inc. (United States of America). The 0.22 μm 

filters (Nalgene Syringe Nylon Filter) were bought from Thermo Fisher Scientific (United States of 

America) and the 1.6 mm tube connectors (female and male luer lock to hosebarb adapter) were 

acquired from Cole-Parmer GmbH (Germany). LS columns and the CD4+ T cell isolation kit were 

obtained from Miltenyi Biotec GmbH (Germany). Heparin (Hep) was purchased from Fisher 

Scientific (Spain). Fetal bovine serum (FBS), penicillin/streptomycin (P/S), CellTrace CFSE cell 

proliferation kit and Dynabeads were supplied by Thermo Fisher Scientific (United States of 

America). The anti-human CD3 FITC, CD4 PE, CD45RO FITC antibodies and their controls used for 

flow cytometry were bought from Immunotools GmbH (Germany), whereas CD62L PE and its 

control were bought from BioLegend (United States of America). Lymphoprep (also called Ficoll) 

was acquired from Stemcell Technologies (Canada). pH paper was obtained from Johnson Test 
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Papers Ltd (United Kingdom) and the pH meter HI 5221 from Hanna Instruments (United States 

of America). The dentistry glue Picodent Twinsil was purchased from Picodent (Germany). 

Trypsin-EDTA, propidium iodine (PI), thiolated PEG (PEG-SH) (Mn 10,000 g/mol), N-(2-

aminoethyl) maleimide trifluoroacetate salt (AEM), 1-hydroxybenzotriazole hydrate (HOBT), N-

(3-dimethylamino-propyl)-N-ethylcarbodiimide hydrochloride (EDC-HCl), 2-(N-morpholino) 

ethanesulfonic acid (MES), Dulbecco’s phosphate bovine serum (PBS), RPMI-1640 media, and the 

rest of the products not otherwise specified were obtained from Merck (Germany). 

 

6.2 Equipment 

A R1 Medium Flow Pump Head (MINIPULS® 3 Peristaltic Pump, Gilson, Spain) was used to control 

the flow of complete RPMI medium in the MCs experiments. Proton nuclear magnetic resonance 

1H-NMR spectroscopy was performed in a 400 MHz Bruker Avance-III equipment (Bruker, United 

States of America). The incubator employed was acquired from Galaxy® 48 R, Eppendorf (Spain). 

The orbital shaker used was a Heidolph Unimax 1010 DT from Heidolph Instruments (Germany). 

The pH meter HI 5221 employed was from Hanna Instruments (Spain). Inductively coupled 

plasma mass spectrometry (ICP-MS) measurements were performed with a 7900 ICP-MS, Agilent 

Technologies, Inc. (United States of America) and the microwave oven used was from ultraWAVE, 

Milestone Srl. (Italy). Continuous wave electron paramagnetic resonance (cw-EPR) 

measurements were done with an ELEXSYS E500 from Bruker (United States of America). Flow 

cytometry experiments were performed with a BD FACSCanto (BD Biosciences, United States of 

America). The centrifuge used was a Frontier Centrifuge FC5515 (OHAUS, Sweden). A type II 

biological safety cabinet (MS2020 1.8, Thermo Fisher Scientific, United States of America) was 

used for cell culturing experiments. The fluorescence analyses were performed with a Leica TCS 

SP5 confocal microscope (Leica, Germany) and a Nikon Inverted Research Microscope ECLIPSE 

Ts2R (Nikon, Japan). SEM measurements were performed with a FEI Quanta 650F Environmental 

scanning electron microscope (Thermo Fisher Scientific, United States of America). The rheology 

experiments were done with a Rheometer HAAKE RheoStress RS600 (Thermo Fisher Scientific, 
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United States of America). A Skyscan 1272 high-resolution micro computed tomography (Bruker, 

United States of America) was used to evaluate the porosity and connectivity of the PEG-Hep 

hydrogels. Epilog Laser Mini 18 (Epilog Laser, United States of America) and a thermal press 

(PW10H, Paul-Otto Weber GmbH, Germany) were used to cut and bond the different layers of 

PMMA, respectively, for the assembly of the MCs. The functionalized Hep was lyophilized in a 

LyoQuest, Telstar (Spain). The cell counting was performed with a Neubauer chamber 

(Hirschmann, Germany). 

 

6.3 Synthesis and chemical procedures 

6.3.1 Biogelx sample preparation 

To prepare the Biogelx hydrogels, we followed the “Biogelx Powder – Preparation and Guidelines 

for Use” document, which indicates the weight values of Biogelx Powder needed to prepare 

hydrogels of a certain stiffness. Thus, the lyophilized powder (Biogelx Powder) was rehydrated 

with water (or water/complete RPMI in the ratio 85/25) following gentle pipetting steps until 

forming a pre-gel solution. In the occurrence of bubbles, we applied vortex and sonication (30 s). 

If these procedures were not enough to remove the bubbles, a centrifugation step (300 g, 6 min) 

was applied. 

In a typical cell culture experiment, 100 μL of pre-gel solution were added to the bottom of each 

sample well of a 96 well plate. Then, an incubation step of 15 min at 37°C and 5% CO2 was 

performed. After the incubation step, 150 µL of complete RPMI containing calcium ions (100 or 

200 mg/L CaCl2) were slowly added to the pre-gel solution and another incubation (for least 2 h 

at 37°C and 5% CO2) was performed to obtain the hydrogels. Finally, the cell culture medium 

remaining on top of the hydrogels was removed and the cells were added in a 2D seeding fashion. 
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6.3.2 Viscofan sample preparation 

From the Viscofan S.A. company, we received collagen samples in non-sterile and acidic 

conditions (collagen masses: Col1, Col2, Col3, Col4, Col5, Col6 and Col7), as well as sterile samples 

(DC, CH and “sponge”).  

• Non-sterile collagen samples: Upon reception, we performed a sterilization step under 

UV light for 1 h. Then the masses were divided in different 15 mL sterile “falcons” that 

were frozen (-20˚C) until use. The frozen samples were used only one time, in order to 

avoid contamination from handling and multiple freeze-thawing steps. When the collagen 

samples were needed to perform experiments, they were thawed and then the 

neutralization process was performed. This process consisted of soaking a portion of the 

masses with sodium hydroxide (NaOH) at 0.05 M for 30 min. This step was followed by 3 

washes with PBS, followed by UV irradiation for 1 h more. Then the masses were cut and 

placed inside a 96 well Teflon template at pH 6-7. Then, the masses were hydrated in cell 

culture complete RPMI medium (200 µL) and incubated for at least one day (37˚C and 5% 

CO2). Then, their pH was measured with a pH meter confirming the neutralization step.  

 

• Sterile collagen samples: The DC and CH samples were sterile and provided to us in 

separated 96 well plates for a single use. These well plates were stored at -20˚C until cell 

seeding. One day before cell seeding, the well plates containing DC and CH samples were 

placed at 4˚C. Both samples were hydrated for at least 3 h with 200 µL of complete RPMI. 

After the hydration time, the samples were ready to be used after a washing step in cell 

culture medium.  

The “sponge” samples were provided to us in sterile bags, which were kept at 4˚C until 

use. When needed for cell culture experiments, the sponges were placed inside the 96 

well plates and hydrated with 200 µL of complete RPMI overnight. After a washing step 

with the same cell culture medium, samples were used for cell culture. 
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6.3.3 Heparin functionalization with maleimide 

A Michael-type reaction was used to functionalize the Hep with a maleimide (Mal) group yielding 

a Mal-Hep derivative.1,2 Hep was dissolved in MES buffer and AEM, HOBT and EDC-HCl were 

added. The reaction was left overnight, and the product was purified using a dialysis membrane 

(MWCO 1000) with distilled and MiliQ water. After freezing the product at -80˚C, Mal-Hep was 

lyophilized and characterized by 1H-NMR. 

 

6.3.4 Synthesis of bulk PEG-Hep hydrogels 

PEG-Hep hydrogels were formed through a maleimide-thiol reaction between the Mal-Hep 

derivative and a 4-arm PEG-SH (ratio of 1.5:1) in PBS. After the solutions were mixed, they were 

kept at 37°C in the incubator during a minimum of 1 h. This resulted in a covalent crosslink and 

the consequent hydrogel formation with 3% wt of PEG,3 as demonstrated with control 

experiments with only one of the two reactants (Mal-Hep or 4-arm PEG-SH) at the same 

concentration used for the fabrication of 3% PEG-Hep hydrogels. For the characterization 

techniques X-ray tomography and rheology, bulk PEG-Hep hydrogels were formed by adding 100 

µL of Mal-Hep with PEG-SH solution to a 1.5 mL Eppendorf cap that was used as a template. In 

the case of cell studies, the volume of each bulk hydrogel used was of 30 µL added to a home-

made Teflon template. This template has 5 mm-diameter wells glued with Picodent Twinsil on a 

metallic surface. Once formed, the bulk hydrogels were removed from the templates and washed 

3 times with PBS and left in the same buffer until use. 

 

6.3.5 Synthesis of IOPAL PEG-Hep hydrogels 

100 μL of PMMA bead suspension were added in the 5 mm-diameter Teflon template wells and 

left 24 h for solvent evaporation and OPAL formation. Then, 30 μL of PEG-Hep mixture (prepared 

as described previously) were added on top of the formed OPAL and left to infiltrate in order to 
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form the hydrogel for at least 48 h in an incubator (37˚C, 5% CO2). Afterwards, the OPAL-PEG-

Hep hybrid hydrogels were removed from the template and the PMMA beads were degraded by 

introducing the hybrids in glacial AcOH for 72 h with agitation in the orbital shaker (150 rpm) and 

heating (40˚C). Finally, IOPAL hydrogels were removed from AcOH and washed three times with 

PBS. After 1 h of UV sterilization, IOPAL hydrogels were washed again with complete RPMI 

medium and incubated until seeding at 37˚C. For the characterization techniques X-ray 

tomography and rheology, larger IOPAL PEG-Hep hydrogels were formed by adding 333 µL of 

PMMA bead suspension to a 1.5 mL Eppendorf cap. After OPAL formation, 100 µL of fresh PEG-

Hep mixture was added on top. The following steps are analogous to the previously described 

ones for 30 µL hydrogels. In this case though, after the 3 washes with PBS, the IOPAL hydrogels 

were left in PBS until measurements. 

 

6.4 Biological techniques and protocols 

6.4.1 PBMC isolation and primary human CD4+ T cell purification 

The buffy coats used for this research were obtained from human donors from “Banc de Sang i 

Teixits” (Barcelona, Spain) after the approval of the “Ethics Committee on Animal and Human 

Experimentation” of the Autonomous University of Barcelona (UAB; Nrs. 4951 and 5099). The 

buffy coats are a fraction of an anticoagulated blood containing most of the white blood cells and 

platelets, and for such reason PBMCs were possible to be extracted by density gradient 

centrifugation using a separation medium (Ficoll). In detail, the buffy coats received were diluted 

with PBS with 2 mM of EDTA at 37°C in a proportion of 1:4. This diluted blood was then placed 

carefully on top of the Ficoll in 50 mL “falcons” forming two phases as exemplified in Figure 6.1, 

in a 2:1 ration. Then a centrifugation during 20 min at 300 g at 20°C was performed, leading to a 

white phase just below the supernatant (plasma), consisting of PBMCs, as exemplified in Figure 

6.1. 
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Figure 6.1 Blood purification and isolation of primary human CD4+ T cells. Scheme and 

photograph of the different phases resulting after the centrifugation of the blood with Ficoll, 

followed by the human CD4+ T cell isolation step through magnetic separation. 

 

The PBMCs phase was then collected and washed three times with PBS with 2 mM of EDTA and 

further centrifuged 300 g for 10 min at 20°C. Next, the obtained PBMCs were counted with a 

Neubauer chamber. 

To further select the CD4+ T cells population from the PBMCs, a human CD4+ T cell isolation kit 

was utilized. The isolation kit contains a “biotin-antibody cocktail” with antibodies against CD8, 

CD14, CD15, CD16, CD19, CD36, CD56, CD123, TCR γ/δ and CD235a (Glycophorin A), which are 

used to label non-CD4+ T cells, such as CD8+ T cells, B cells, NK cells, monocytes, neutrophils, 

eosinophils, dendritic cells, granulocytes, γ/δ T cells and erythroid cells. Another component of 

the kit is the CD4+ T cell “microbead cocktail”, consisting of magnetic microbeads conjugated to 

the monoclonal anti-biotin which bind all the previously labeled non-CD4+ T. After incubation 

with “biotin-antibody cocktail” and “microbead cocktail”, the cell suspension was added to a LS 

column attached to a strong magnet. The LS column allows the fast passage of CD4+ T cells while 

retaining the magnetically labelled cells. 

To verify the purity of the CD4+ T cells obtained, cell suspensions were prepared in PBS + 0.1% 

FBS that were further stained (30 min at 0°C, in the dark) with antihuman CD3 FITC, antihuman 

CD4 PE and their negative controls. After washing, CD4+ T cells were analyzed by flow cytometry. 
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The viability of the cells analyzed after this purification protocol was usually > 90%, and their 

purity (CD3+CD4+ T cells) usually > 95%. It is also important to mention that we only accepted to 

work with purity value of at least 90%. 

 

6.4.2 Cell seeding, culture and recovery 

CD4+ T cell seeding and culture in a 2D fashion: In a typical cell culture experiment, 50 μL of a 

CD4+ T cell suspension at a concentration of 2x106 cells/mL (105 cells/well) were seeded on top 

(2D fashion) of the Biogelx, Viscofan, bulk or IOPAL PEG-Hep hydrogels in a 96-well plate together 

with Dynabeads (1:1 ratio). Afterwards, 50 μL of complete RPMI medium were added and the 

suspension was gently mixed. Then, cells were left in an incubator (37˚C, 5% CO2). Two days after 

cell seeding, 100 μL of complete RPMI medium was added to each well. The cells were finally left 

in the incubator until differentiation or cell viability analysis on day 5, or proliferation analysis on 

day 6.  

Samples seeded inside the microfluidic devices were resuspended in 180 μL of complete RPMI 

medium the same day of the cell seeding. Moreover, they did not receive the extra 100 μL of cell 

media on day 2. 

Negative (without Dynabeads and hydrogels) and positive controls (without hydrogels) were 

seeded following the same procedure. Each condition was seeded in triplicate. 

CD4+ T cell seeding and culture in a 3D fashion: In Chapter 2, a 3D seeding approach was 

evaluated with the Biogelx samples. Specifically, the required amount of cell suspension in 

complete RPMI was centrifuged during 6 min at 300 g. After centrifugation, approximately 90% 

of the supernatant was removed, leaving about 10% to resuspend the pellet. Then it was added 

the required volume of pre-gel solution to obtain a final concentration of 5M cells/mL. A volume 

of 100 µL of the mixture pre-gel/cell suspension was used for the formation of the hydrogel at 

the bottom of a 96 well plate.  
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Then, similarly to the 2D seeding fashion used for the Biogelex hydrogels, we placed the well 

plate containing the pre-gel/cell solution in the incubator at 37˚C and 5% CO2 for 15 min. After 

this time, 150 µL of cell culture medium was added on top dropwise, and incubated (37˚C, 5% 

CO2). Two days after cell seeding, 100 μL of complete RPMI medium was added to each well, and 

cells were incubated (37˚C, 5% CO2) until proliferation analyses.  

 

Cell recovery: In a typical experiment, the cells were recovered mechanically, with several gentle 

resuspensions, in order to collect the maximum CD4+ T cells possible from the scaffolds used. 

Once collected, the cells were centrifuged (300 g, 6 min) and the supernatant was discarded. The 

cells were resuspended in 400 µL of FACS buffer (PBS + 0.1% FBS), being ready for flow cytometry 

analyses. 

In Chapter 2, we also tried to collect the cells chemically with the Biogelx hydrogels by the use of 

trypsin (0.05% trypsin-EDTA) in addition to the gentle resuspensions. During 2 min, the Biogelx 

hydrogels were incubated (37˚C, 5% CO2) in the presence of 200 µL of trypsin solution. After this 

time, a few more gentle resuspensions were performed. The cells were then collected and 

centrifuged (300 g, 6 min) and the supernatant was discarded. Finally, the cells were prepared 

for flow cytometry analyses as mentioned above. 

 

6.4.3 Proliferation analyses 

For proliferation studies, we used a CellTrace CFSE cell proliferation kit to stain the purified CD4+ 

T cells, just before their seeding. The staining solution is achieved by diluting 1 μL of CFSE stock 

solution in 99 μL of PBS with 5% of FBS. The CD4+ T cells to be stained were resuspended in PBS 

with a final volume of 900 μL. Then both, the staining solution (100 μL) and the cell suspension 

(900 μL) were mixed through rapid agitation in a vortex and incubated for 5 min at RT in the dark. 

Then, 10 mL of ice-cold PBS with 5% of FBS was incorporated with the objective of quenching the 
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staining. Finally, a last centrifugation (300 g, 10 min) was performed, the supernatant removed, 

and the CD4+ T cells resuspended in complete RPMI medium at the required concentration. Non-

stained cells were also seeded as negative control. 6 days after cell seeding, the Dynabeads 

present on samples with activated cells, needed to be removed with a magnet prior to the CD4+ 

T cell proliferation analysis. 

 

6.4.4 Differentiation analysis 

The phenotypes resulting after 5 days of culture were analyzed by cell staining with the 

CD62L/CD45RO antibodies. The Dynabeads present on samples with activated cells, needed to 

be removed with a magnet prior to the staining step. The experiment was performed with the 

antibodies antihuman CD62L PE and antihuman CD45RO FITC, and their negative controls. Next, 

cells were centrifuged, resuspended in PBS with 0.1% FBS, and incubated with the antibodies (2.5 

μl for the CD45RO and its control, and 1 μl for the CD62L and its control) for 30 min in ice and in 

the dark. Finally, the cells were washed and analyzed by flow cytometry. 

 

6.4.5 Cell viability 

The PI viability test was performed by staining the primary human CD4+ T cells with 0.5 μL of PI 

(1 mg/mL) during 3 min at RT before the flow cytometry measurements. 

 

6.4.6 Confocal microscopy 

The 3D images showed in Chapter 4 were obtained with a Leica confocal microscope equipped 

with 10X objectives, on day 5. They show CD4+ T cells inside an IOPAL PEG-Hep hydrogel in a 

measurement volume of 1.5 mm x 1.5 mm x 0.4 mm. 
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6.4.7 Fluorescence microscopy 

The fluorescence analyses were carried out on the same 96 well plate where the cells were 

normally seeded. Furthermore, since we stained the cells with CSFE for proliferation analyses, 

we could directly observe them under the fluorescent microscope. For these experiments, the 

cells at the concentration of 106 cells/mL were cultured in suspension together with Dynabeads 

for the positive control, or without Dynabeads in the case of negative control. Similarly, cells were 

seeded at the same concentration on top of the hydrogels.  

 

6.5 Physicochemical characterization 

6.5.1 Environmental scanning electron microscopy (ESEM) 

SEM is a technique used to examine the morphology of the surface and cross-section of various 

samples. It is a very common technique specially for dry samples under vacuum conditions, but 

to measure hydrogels, a special protocol and equipment are required. The ESEM equipment used 

was a versatile field emission scanning electron microscope, which provides high resolution 

imaging at high vacuum, low-vacuum and extended vacuum. These characteristics allow the 

characterization of all type of samples (conductive, non-conductive and wet samples). Therefore, 

the structure of the different hydrogels was possible to be analyzed with the “environmental 

mode”. In this mode, both pressure and temperature are slowly decreased to enable to image 

the structure of the hydrated samples. 

 

6.5.2 Inductively coupled plasma mass spectrometry (ICP-MS) measurements 

These measurements were performed by the “Servei d'Anàlisi Química” (SAQ) of UAB. ICP-MS is 

a type of mass spectrometry that uses an inductively coupled plasma to ionize the sample, 

creating atomic and small polyatomic ions, which are then detected.  
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Our collagen samples, which were all around 50 mg, were digested with a mixture of 

concentrated HNO3 and HCl in a microwave oven prior the measurement. 

 

6.5.3 Continuous wave electron paramagnetic resonance (cw-EPR) measurements 

EPR is a spectroscopy method used in the study of materials with unpaired electrons, especially 

useful for the detection of organic radicals. The continuous wave (cw) EPR technique operates at 

the X-band frequency (~9 GHz frequency), and it is designed to optimize weak magnetic 

resonance signals. In our case, the collagen hydrogels were put into a flat cell and measured at 

RT with a Bruker ELEXSYS E500 setup using 2 mW of microwave power, 0.2 mT and 100 kHz 

modulation frequency. 

 

6.5.4. Rheology 

Small amplitude oscillation technique (SAOS) was used to characterize the mechanical properties 

of the IOPAL hydrogels. Strain and frequency sweeps were performed at 37˚C to obtain the G’ 

and the G’’ in the LVE. The equipment was used with a 10 mm diameter rotor. For the strain 

sweeps we used a constant frequency of 1.0 Hz and the shear stress was swept from 1 Pa to 50 

Pa. For the frequency sweeps we used a constant shear stress of 50 Pa and the frequency was 

ranged from 0.01 Hz to 1.0 Hz. 

 

6.5.5 X-ray microtomography 

We used X-ray microtomography to study the 3D structure of the IOPAL PEG-Hep hydrogels and 

analyze the porosity, in terms of pore diameter and interconnectivity of the pores. The samples 

stored in PBS were frozen with liquid nitrogen and then lyophilized before the analysis. The 
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scanning time was 3 h with a minimum resolution of 5 μm, without any filter and with a peak 

voltage of 40-50kV. The connectivity density was calculated, by dividing the connectivity value by 

the volume of interest (VOI). 

 

6.6 Microfluidics design and fabrication 

6.6.1 Microfluidic LN-on-a-chip experimental design 

Four MCs were designed and fabricated in collaboration with Dr. Mar Álvarez and Prof. Rosa Villa 

(Biomedical Applications Group, GAB) at the Barcelona Institute of Microelectronics - National 

Microelectronics Center (IMB-CNM-CSIC). The MC prototypes used were a result of several 

rounds of redesign, containing all of them culture wells of 8 mm in depth and 6.58 mm in 

diameter. The MC1 was fabricated with 4 culture wells, the MC2 and MC3 with 3 cultures wells, 

while MC4 had only a single well. Regarding their dimensions, MC1 was 45x35 mm, MC2 was 

90x20 mm, MC3 was 40x45 mm and MC4 was 40x20 mm.  

All MCs fabricated consisted in a base, built of 4 layers of PMMA with a thickness of 2 mm in the 

three bottom layers and 8 mm for the upper one; and a cover, with a 1 mm-thickness adhesive 

silicone layer and a 3 mm thickness layer of PMMA on top. More detailed information about the 

design of each layer is presented in Figure 6.2. 

The PMMA and the silicone layers were cut in a laser machine. For the assembly of all the layers 

to form the MC, a thermal press (at 20 kN, 80˚C, 45 min) was employed with isopropanol to 

improve the bounding. To be able to connect the tubes responsible for the circulation of cell 

culture medium, inlet and outlet ports were glued on the top layer. Finally, the MCs could be 

properly closed by the used of screws.  



Chapter 6 - Experimental section 

163 
 

 

Figure 6.2 Design and composition of the different layers of the MCs. A) MC1, B) MC2, C) MC3 

and D) MC4 designs. The colour indicates the material composition and thickness of the layers 

used for each MC.  

 

Furthermore, to hold the hydrogels, T cells and Dynabeads inside the culture wells, while allowing 

the pass of cell culture medium, porous membranes cut with the same diameter as the culture 

wells in the same laser machine, were glued to the bottom of the well with a double tape o-ring. 
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6.6.2 Sterilization of microfluidic components 

The cleaning and sterilization of the MCs included the external cleaning of the chip with a towel 

paper soaked with small amounts of 70% ethanol and abundant MilliQ water; the flow of MilliQ 

water through the wells and the inner channels; the UV sterilization for at least 1 h and finally 

the flow of sterile PBS to clean the inner connections of the MCs.  

To clean the PVC tubes, they were firstly immersed in 70% ethanol for 10 min, and then 20 mL of 

70% ethanol and MiliQ water were pumped through them with a syringe. Finally, they were 

sterilized using UV during 1 h. The porous PET membranes were also sterilized during the same 

UV time (30 min on each side). 

 

6.6.3 Microfluidic setup 

Preceding the sterilization, 0.5 mm diameter PVC tubes were cut to the desired length to obtain 

the experimental setup shown in Figure 6.3. To prevent the tubes from sliding during the working 

time of the peristaltic pump, a tube with two stoppers (the so-called standard tube (ST)) was used 

on the pump head. This tube was further connected by using 1.6 mm tube connectors to the 

other PVC tubes, the one arriving (1st tube) and the one leaving (2nd tube) the peristaltic pump as 

schematized in Figure 6.3. After sterilization, all tubes were filled with complete RPMI medium 

using a syringe. 

PET membranes were glued inside the microfluidic culture wells, and then, they were cleaned 

and hydrated with sterile PBS. After 1 day, PBS was removed, and the MCs were carefully filled 

with complete RPMI medium using a syringe to avoid air bubbles in the inner channels. Then, the 

RPMI medium was removed from the culture wells and the previously synthetized PEG-Hep 

hydrogels were placed inside the wells.  
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Figure 6.3 Scheme of the microfluidic LN-on-a-chip setup. The 3 different 0.5 mm diameter PVC 

tubes with different lengths used to connect all the components are described. Inside the CO2 

incubator are both reservoirs and the MC, while outside, is the peristaltic pump used to pump 

cell culture medium, following the direction 1 to 4, as exemplified. The ST tube with stoppers is 

also schematized with an orange line on the peristatic pump head.  

 

After cell seeding (described in section 6.4.2), the MCs were closed, the tubes were connected 

and introduced inside the incubator at 37˚C and 5% CO2, as exemplified in Figure 6.3. Both 

medium and waste reservoirs were also introduced inside the incubator. A 0.22 μm filter was 

added in the cap of the medium reservoir to allow gas exchange. Outside the incubator, the 

peristaltic pump was pumping complete RPMI medium at 0.04 rpm for 6 days. 
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6.7 Data treatment and statistical analyses 

The PMMA layers were designed using the CorelDRAW X7 software from Corel Corporation, 

Canada (Figure 6.2). Cell viability, proliferation and differentiation data analyses were carried out 

with the FlowJo software (FlowJo LLC, BD, United States of America). Data processing was 

performed with OriginPro (OriginLab Corp. United States of America), using a non-parametric 

Mann Whitney U-test to evaluate the statistical significance among different conditions that 

included human donors. For the pore size distributions, the statistical significance was 

determined by a Kruskal-Wallis test. When box plots were described, the boxes correspond to 

the interquartile range defined by the 25th and 75th percentiles, the whiskers show 1 standard 

deviation, □ is the average, and the central line is the median. 
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Summary and outlook 

This doctoral thesis has focused on the use of natural and synthetic hydrogels as scaffolds to 

improve the current immune cell expansion methods. This main goal was settled to improve 

current limitations of immunotherapies, related with the production of large amounts of specific 

T cells in a short period of time, while making the process more economically affordable. 

Different materials were studied for the development of a suitable 3D scaffold that would mimic 

the ECM of the LNs to sustain and expand T cells, while obtaining clinically relevant phenotypes.  

Synthetic hydrogels comprising a nanofibrous network were used from the SME Biogelx 

company. Two different samples were studied for the culture of primary human CD4+ T cells, the 

BiogelxTM-S and the BiogelxTM-GFOGER. The first one is the standard hydrogel, which does not 

mimic any natural protein, whereas the second one includes a peptidic sequence that is present 

in collagen. Despite the in-depth optimization of the hydrogel conditions for cell culture, 

including the stiffness of the hydrogels, cell density, hydrogel formation step and cell recovery 

method, no proliferation was achieved. In fact, the synthetic peptides used to produce the 

hydrogels were found cytotoxic for the culture of human CD4+ T cells. 

In another industrial collaboration, collagen scaffolds were provided by the publicly-traded 

company Viscofan S.A. Several collagen samples including the collagen masses, DC, CH, and 

collagen sponges, were evaluated for T cell proliferation and differentiation of adult donors. In 

this case, the sample CH showed a median value of replication index 2.1 times higher than the 

positive control. However, the reproducibility of this sample remains a challenge to be overcome. 

The collagen sponge has also found to promote an improvement in CD4+ T cell expansion, while 

not altering the phenotype obtained when compared with the positive control. These sponge 

samples are expected to have a higher reproducibility than the CH samples from the fabrication 

point of view as indicated by the Viscofan team, and thus, it is a very promising scaffold for 

immune cell expansion. 
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With the same goal of improving the current methodologies of human T cell expansion and 

facilitate the introduction of ACT in the clinics, we proposed to use an IOPAL strategy to achieve 

a controllable pore size and a well-interconnected structure in our previously reported PEG-Hep 

hydrogels.1 These IOPAL hydrogels were characterized in terms of morphology and mechanical 

properties, but also as a culture system able to expand clinically relevant human CD4+ T cells. It 

was found that the IOPAL PEG-Hep hydrogels not only contributed to an improvement in cell 

proliferation when compared to the state-of-the-art methodologies, but also when compared to 

their bulk form. Moreover, we demonstrated the capacity of such IOPAL hydrogels to augment 

the TCM phenotype percentage in comparison with the bulk hydrogel, while maintaining it in 

comparison with the positive control. 

Finally, several efforts were focused on the design and fabrication of a LN-on-a-chip with a net 

unidirectional pulsatile fluid flow, that passes through a 3D hybrid hydrogel at a volumetric flow 

of 0.3 – 50 µL/h. After several optimizations involving the design and material of the chip, the 

membranes used to support the 3D hydrogels, the setup of the peristaltic pump to obtain the 

desired flow, the cell seeding conditions, the influence of cytokine supplementation and the 

sterilization procedures, we gathered valuable information for the fabrication of a LN-on-a-chip. 

Preliminary experiments of primary human CD4+ T cell culture in the microfluidic device using 

our IOPAL PEG-Hep hydrogels resulted in cell proliferation. However, contamination-related 

issues led to a new MC design, which is now being tested in our laboratory.  

As per bellow, the best conditions found on each chapter of this thesis for the expansion of 

primary human CD4+ T cells are compared (Figure S.1). For better comparison the results shown 

are normalized to the positive control. As explained, no CD4+ T cells proliferation was obtained 

with the hydrogels from the SME Biogelx company. However, the CH samples and both bulk and 

IOPAL PEG-Hep hydrogels improved cell proliferation when compared to the state-of-the-art 

methodologies, with normalized (median) replication indexes of 2.09, 1.29 and 1.63, respectively.  
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Figure S.1 Normalized replication index values from the best conditions found on each 3D 

hydrogel (with Dynabeads) used on this doctoral thesis for culturing and expanding primary 

human CD4+ T cells. Biogelx (no proliferation was achieved), Viscofan with CH sample (Ndonors = 

6), and PEG-Hep hydrogels in both, bulk and IOPAL forms (Ndonors = 7). Control + represents CD4+ 

T cells cultured in suspension in the presence of Dynabeads. 

 

Finally, it is also worth mentioning that the work presented in this doctoral thesis will be 

continued. Not only there are research projects to be finalized such as the LN-on-a-chip, but also 

there are new research paths to be explored. In the next paragraphs, there is an outlook of the 

work already ongoing in our lab as well as future insights divided in three main topics:  

 

a) Immune cell migration in 2D platforms under electric fields towards clinical applications 

Understanding the mechanism of cell migration and interaction with the microenvironment is 

not only of critical significance to the function and biology of cells, but also has extreme relevance 

and impact on physiological processes and diseases such as morphogenesis, wound healing, 

neuron guidance and cancer metastasis.2 External guidance factors such as topography, chemical 

and mechanical cues of the microenvironment can result in specific changes in cell motility and 
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signaling mechanisms, as previously demonstrated by us in collaboration with Prof. Dr. 

Kemkemer’s research group (Reutlingen University, Germany)3 and others.2,4 

In the group of Prof. Dr. Kemkemer studies have shown that cells can (actively) respond to applied 

electric fields (EFs) with directed migration, a phenomenon called electrotaxis. The directed cell 

migration is crucial for various physiological processes, and the precise manipulation of cell 

migration of very specific cell types would be extremely useful for the treatment of various 

diseases. With this in mind, targeting leukocyte migration remains a principal strategy to target 

enhanced or moderated immune responses towards the treatment of inflammatory disorders or 

cancer.2,4 The group of Prof. Kemkemer is aiming at specifically manipulating the cell behavior of 

different immune cells (mainly T lymphocytes, such as CD4+ and CD8+ T cells) with small 

exogenous EFs in the range of physiological EF strengths (5-20 V).  

I had the opportunity during my international short stay, to work in a project combining the 

expertise of the group of Prof. Kemkemer on modulating the migration of lymphocytes by EFs in 

2D environments with my research group expertise on studying the effect of artificial ECMs on T 

cell viability, proliferation and differentiation. More specifically, the goal of the short stay was to 

study primary human CD4+ T and CD8+ T cell differentiation on 2D substrates under different EF 

(5-20 V) and cell-adhesive ECM protein (fibronectin and ICAM-1) coatings. 

As shown in Figure S.2 A, the commercially available channel (Ibidi µ-Slide I, Cat.No:80106) was 

coated with fibronectin or ICAM-1. On the coated surfaces, previously purified and activated 

CD4+ T cells or CD8+ T cells were incubated at 37˚C and 5% CO2 for 24 h. Then the electrodes 

were placed inside the channel as shown in Figure S.2 B, and the EF was applied (5V or 20V) for 

1 h. The experimental setup to submit the cells to an EF is shown in Figure S.2 C. After the EF, the 

channels with the cells were further incubated for 3 days, until differentiation analyses.  
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Figure S.2 A) Ibidi µ-Slide I before coating and cell seeding steps. B) Ibidi µ-Slide I just before EF 

stimuli, with the electrodes and the agar bridges. C) Experimental set up for the EF stimuli. 

 

The phenotypes of the expanded primary human CD4+ T and CD8+ T cells were analyzed (Figure 

S.3) after 8 days of culture. In particular, the subpopulations of TN (CD45RO−/CD62L+), TEM 

(CD45RO+/CD62L−), TEFF (CD45RO−/CD62L−) and TCM (CD45RO+/CD62L+) were quantified by flow 

cytometry.  

As shown in Figure S.3 A, we could see a tendency on the effect of the EF on the differentiation 

of both, CD4+ and CD8+ T cells, when seeded on fibronectin-coated substrates. Specifically, a 

higher percentage of TCM was obtained on both cell types when using EF (5V and 20V). However, 

experiments with more donors are currently being performed in Prof. Kemkemer’s lab, with the 

objective to statistically confirming the results.  
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Figure S.3 T cell differentiation experiments with 2D surfaces coated with A) fibronectin (Ndonors 

= 4) and B) ICAM-1 (Ndonors = 1), showing the percentages TN, TEM, TEFF and TCM of CD4+ and CD8+ 

T cells on day 8.  

 

Similarly, we also evaluated the effect of EF on CD4+ and CD8+ T cell differentiation, when cells 

were seeded on substrates coated with ICAM-1 coating (Figure S.3 B). Although more 

experiments are also being performed to have more representative data, the effect of the EF 

when using ICAM-1 was not so evident as in the case of fibronectin (Figure S.3 A). In fact, the 

CD8+ T cells mainly showed TN in contrast with the TCM found when using fibronectin.  

So far, these promising results are in accordance with literature, since fibronectin is known to 

play a major role in cell adhesion, growth, migration and differentiation.5 On the other hand, 

ICAM-1 is a known ligand for the integrin LFA-1, a receptor mainly found on APCs.6 
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b) PEG-Hep hydrogels (bulk and IOPAL) for CAR T cell expansion 

As mentioned in the introduction, CAR T cells are achieving impressive results, especially in 

hematological cancers. Thus, we decided to evaluate CAR-T cell expansion using our PEG-Hep 

hydrogels after the positive results observed with CD4+ T cells. Initial experiments have already 

started in collaboration with the Institut d'Investigacions Biomèdiques August Pi i Sunyer 

(IDIBAPS) at the Hospital Clinic de Barcelona (Spain).  

 

c) PEG-Hep hydrogels for the formation of clinically relevant organoids 

Another potential application of our PEG-Hep hydrogels is to be used as platforms for organoid 

culture. Organoids are 3D multicellular in vitro systems that can mimic key structural or 

functional characteristics of real organs.7 Very recently, our PEG-Hep hydrogels started to be 

explored by some (pre)clinical groups of IDIBAPS and collaborators. This is a very exciting 

application to further expand the possibilities of our hydrogels. 
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Scientific contributions 

 

Patents: 

 

Title registered industrial property: EUROPEAN PATENT: A synthetic hydrogel and its use for 

immunotherapy and 3D-printing.  

Inventors/authors/obtainers: Eduardo Pérez del Río; Fabião Santos; Xavier Rodriguez 

Rodriguez; Marc Martinez Miguel; Miguel Angel Timoneda; Elisabeth Engel; Jaume Veciana; 

Imma Ratera; Judith Guasch.  

Nº of application: 20382432.1-1118 Date of register: 21/05/2020 

 

Title registered industrial property: EUROPEAN PATENT: An IOPAL hydrogel and its different 

uses for immunotherapy. 

Inventors/authors/obtainers: Fabião Santos; Eduardo Pérez del Río; Miquel Castellote Borrell, 

Jaume Veciana; Imma Ratera; Judith Guasch.  

(To be filed soon) 

 

Publications: 

 

• Peréz del Rio, E.; Santos, F.; Rodriguez, X.; Martínez, M.; Roca, R.; Arís, A.; Garcia, E.; 

Veciana, J.; Spatz, J.; Ratera, I; and Guasch, J. CCL21-loaded 3D hydrogels for T cell 

expansion and differentiation. Biomaterials. 259, 1 – 13. (2020). 

• Santos, F.; Valderas, J.; Perez del Río, E.; Castellote-Borrell, M.; Veciana, J.; Ratera, I; and 

Guasch, J. (2021) Enhanced human T cell expansion with inverse opal hydrogels. 

(Submitted). 

• Santos, F.; Perez del Río, E.; Martínez, M.; Rodriguez, X. R.; Ávila, G.; Veciana, J.; Ratera, 

I., and Guasch, J. (2022) Immune cell activation and expansion in 2D and 3D systems and 

their applications in the clinics. (To be submitted soon). 
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