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Injectable, Ultrasound-responsive Biomaterials as Cancer Vaccines 

ABSTRACT 

Cell-based cancer vaccines have the potential to eliminate tumors and prevent recurrence. 

However, their clinical success has been limited due to rapid loss of the transplanted cells and 

their effector function. Recently, an injectable, covalently crosslinked methacrylated (MA)-

alginate cryogel vaccine has been developed that can recruit and activate host dendritic cells 

(DCs) in situ, and generate potent antitumor responses. However, this cryogel requires a large 

16-gauge needle for delivery, and a portion of the gels break after injection. Additionally, 80% of 

the danger signal cytosine-phosphodiester-guanine-oligonucleotide (CpG-ODN) is released from 

the cryogel before peak DC recruitment. It is hypothesized that combining covalent and ionic 

crosslinking of alginate will lead to an injectable, tough cryogel platform capable of on-demand 

delivery of CpG-ODN via ultrasound to enhance cancer vaccination. 

Incorporating ionic crosslinking to the covalently crosslinked-only MA-alginate cryogels 

resulted in a tough cryogel with improved injectability. All tough cryogels could be injected 

through a smaller, 18-gauge needle without sustaining any damage both in vitro and in vivo, 

whereas all covalently crosslinked-only cryogels break after injection. The tough cryogel vaccine 

elicited strong antigen-specific cytotoxic T-lymphocyte (CTL) and humoral responses, and 

induced effective tumor-free protection against a murine breast cancer model.  

An ultrasound-triggered CpG-ODN release system was developed based on the tough 

cryogel. CpG-ODN was first condensed with polyethylenimine and then adsorbed onto tough 
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cryogels. Adsorbed CpG-ODN was released extremely slowly in vitro. However, ultrasound 

stimulation enhanced CpG-ODN release in a sustained manner, with minimal burst release 

during ultrasound stimulation. In vivo, ultrasound stimulation four days after vaccination induced 

significantly higher antigen-specific CTL responses in mice than that in control mice; stimulation 

immediately or 8 days after vaccination induced little CTL responses. Stimulation on Day 4 also 

generated the highest IgG2a antibody response. This optimal timing of CpG-ODN release 

coincided with the peak DC recruitment to the tough cryogel.  

Ultrasound-responsive tough cryogel vaccines present a promising minimally invasive 

delivery platform for cancer vaccination. It provides a useful tool to study the optimal timing of 

the delivery of immunomodulatory agents for scaffold-based cancer vaccines, and more broadly, 

an external stimuli-responsive, minimal burst release drug delivery system. 
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Chapter 1 : Introduction 

 

1.1 Motivation and Problem Statement 

Cancer is the second leading cause of death in the U.S., where approximately 600,000 

people died of cancer in 2016 (1). Furthermore, there will be an estimated 1.7 million new cancer 

patients in the U.S. alone in 2018 (2). Despite all the efforts in research, chemotherapy, radiation 

and surgery remain the first-line therapy for most cancers, with only marginal improvement in 

patient survival. Chemotherapy is often limited by its side effects caused by systemic toxicity, 

and many patients develop resistance to chemotherapy drugs. Furthermore, cancer recurs in 

many cancer survivors (3, 4). Therefore, there is a need for a more effective therapeutic strategy 

to treat or even cure cancer. 

A promising alternative strategy to cancer treatment is immunotherapy, where the 

immune system is harnessed to combat cancer (5, 6). In particular, cell-based cancer 

immunotherapy has shown a lot of promise in eliminating tumors and preventing cancer relapse 

by immune memory. So far, three cell-based immunotherapies have been approved by the U.S. 

Food and Drug Administration (FDA), including Provenge, a dendritic cell (DC) cancer vaccine, 

and Kymriah and Yescarta, which are chimeric antigen receptor (CAR) T cell therapies (7, 8). 

For these therapies, patients’ DCs or T cells are first isolated. Subsequently they are expanded 

and activated or modified in vitro before being re-injected back into the body (Figure 1.1). 

However, these treatment strategies have only been effective in a small subset of cancers, and 

severity of adverse side effects and rapid loss of the cells and their function after transplantation 

may limit their use (9-11). Furthermore, because these therapies have to be prepared individually 
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ex vivo for each patient, they are very expensive, the cost for Provenge being $93,000, and 

$475,000 and $373,000 for Kymriah and Yescarta, respectively (8, 12). 

 

 
Figure 1.1. Typical paradigm for current cell-based immunotherapy. 

Figure 1.1. Typical paradigm for current cell-based immunotherapy. ○1  Immune cells are 

first isolated from the patient and expanded in vitro. ○2  Immune cells are then activated or 

modified in vitro. ○3  Activated/modified cells are re-injected back into the patient. 

 

 

Previously, it was proposed that a biomaterial niche can be implanted in the body, attract 

immune cells to the material and then activate them in situ before they migrate to target sites 

(Figure 1.2). Recently, a number of scaffold-based cancer vaccines have been developed that are 

able to recruit and modulate host immune cells in situ to generate strong antitumor responses 

(13-16). In particular, a covalently crosslinked cryogel made of alginate, a biocompatible natural 

polysaccharide, serves as a pre-formed, injectable scaffold for minimally invasive delivery of the 
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cancer vaccine (16, 17). In an aggressive murine melanoma model, two doses of the cryogel-

based vaccine achieved complete tumor regression in 40% of the mice. However, this cryogel 

requires a 16 gauge needle for delivery, which has a diameter approximately 10 times larger than 

that of the needle gauge for flu shots. Even with this needle size, 30% or more of the cryogels 

break after injection. Furthermore, the cryogel has a large initial burst release of the adjuvant 

(danger signal), cytosine-phosphodiester-guanine-oligonucleotide (CpG-ODN), where more than 

80% of the loaded CpG-ODN is released before peak DC recruitment to the cryogel (16). As 

DCs lose the ability to process antigen, it will likely be critical to activate DCs with CpG-ODN 

after they process antigen. However, it remains unknown whether there is an optimal timing of 

CpG presentation for scaffold-based cancer vaccines. 
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Figure 1.2. Biomaterial-facilitated immune cell modulation in situ.  

Figure 1.2. Biomaterial-facilitated immune cell modulation in situ. Schematic of an 

implantable biomaterial system that mimics the microenvironment of an infection, allowing the 

recruitment, programming and subsequent targeting of activated antigen-presenting dendritic 

cells to the lymph nodes to participate in a potent antitumor response. Figure was obtained from 

Huebsch, et al. Nature 2009 (18). 

    

 

1.2 Hypothesis 

 Combining both covalent and ionic crosslinking of alginate polymers will lead to an 

injectable, tough cryogel platform capable of on-demand delivery of the adjuvant CpG via 

ultrasound to enhance cancer vaccination.  

 

1.3 Specific Aims 

The above hypothesis will be addressed with the following specific aims: 
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Aim 1: Develop an injectable, tough alginate cryogel as a platform for cancer vaccination. 

Aim 2: Develop an ultrasound-responsive vaccine system for on-demand delivery of CpG-ODN 

and evaluate the effect of the timing of CpG-ODN delivery on cellular and humoral immunity, 

and vaccine efficacy. 

 

1.4 General Strategy 

Recently, a tough hydrogel formed by an interpenetrating network of covalently and 

ionically crosslinked polymers was developed (19). This tough hydrogel displays an 

unprecedentedly high toughness of 9,000 J/m2 because the weaker ionic crosslinks can break 

reversibly from the stress as a mechanism to dissipate energy that would have broken the 

covalent crosslinks permanently. Inspired by this approach, for Aim 1 of this thesis, ionic 

crosslinks were incorporated into the covalently crosslinked-only alginate cryogels via calcium 

ions to form tough cryogels. The ability of the tough cryogel to be injected via needle and 

syringe without sustaining any damages was tested both in vitro and in vivo. Next, antigen-

specific cytotoxic T-lymphocyte (CTL) and humoral responses generated by the tough cryogel-

based vaccine were examined using a model antigen, ovalbumin. Finally, the prophylactic 

efficacy of the tough cryogel vaccine with irradiated tumor cells as the antigen source was 

determined using a murine breast cancer model. 

Using the tough cryogel from Aim 1 as the basis, a cryogel system where CpG-ODN 

release is triggered after ultrasound stimulation was developed in Aim 2. The negatively charged 

CpG-ODN was first condensed with a polycation, polyethylenimine (PEI) by electrostatic 

interaction to form nanoparticles with net positive charges. The positively charged condensed 

CpG-ODN nanoparticles were then adsorbed onto the negatively charged surface of the tough 
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cryogel, also via electrostatic interaction. Ultrasound was applied to the tough cryogel to disrupt 

the electrostatic interaction, and the ultrasound-triggered CpG-ODN release kinetics were 

assessed. Lastly, the effect of the timing of the ultrasound-triggered CpG-ODN release from the 

tough cryogel vaccine on the antigen-specific CTL and humoral responses as well as vaccine 

efficacy was studied. 

 

1.5 Significance 

 This work will provide a robust external stimuli-responsive biomaterial for minimally 

invasive cancer vaccination. The biomaterial scaffold developed here maintains all the 

advantages previous cryogels hold as pre-formed injectable scaffolds over typical injectable 

scaffolds that are assembled in the body post-injection. Its ability to be injected via a smaller 

needle will allow easier subcutaneous injection of the vaccine into patients, increasing the 

feasibility of the clinical use of this vaccine. Moreover, it could potentially be used as a 

minimally invasive, minimally destructive alternative to prophylactic mastectomy for breast 

cancer prevention among women with family history of breast cancer. Additionally, this vaccine 

could be used in combination with current therapies such as surgery, radiation, chemotherapy, 

targeted therapy or immune checkpoint blockade therapy. As previous scaffold-based vaccines 

have shown strong efficacy against murine melanoma (13-16), the potency of this vaccine 

against breast cancer will demonstrate the broad utility of the scaffold-based vaccines for 

treatment of different types of cancer.  

Scientifically, the work will also expand our knowledge on the deployment and design of 

scaffold-based cancer vaccines. To our knowledge, this is the first time the effect of the distance 

between vaccine scaffolds and draining lymph nodes on the kinetics of immune responses is 
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studied. The finding will likely have significant clinical implication as a faster immune response 

may be critical for therapeutic vaccination (20, 21). In addition, the ultrasound-triggered release 

system will provide a tool to study the effect of the timing of adjuvant release on immune 

response and vaccine efficacy. The knowledge gained from studies in this work will be useful 

information to guide the development of biomaterials-based immunotherapies in the future. 

Furthermore, this tool could also be applied to other immunomodulatory agents, including 

antigens (e.g. specific antigen proteins or peptides) or other adjuvants (e.g. 

polyinosinic:polycytidylic acid) to investigate whether there is an optimal timing for their 

releases from a scaffold-based vaccine. 

 

1.6 Outline of Thesis 

 Chapter 2 of the thesis will provide a brief review of engineering approaches to cancer 

immunotherapy. Chapter 3 will describe the development of an injectable, tough alginate 

cryogels as a platform for cancer vaccination (Aim 1). Chapter 4 will describe the development 

of ultrasound-responsive vaccine system that can deliver the danger signal, CpG-ODN on-

demand, and the effect of the timing of CpG-ODN release on immune responses and vaccine 

efficacy (Aim 2). Chapter 5 will summarize the main findings of this thesis, discuss their 

implications, and suggest potential future research directions.  
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Chapter 2 : Biomaterials for cancer immunotherapy 

 

2.1 Introduction 

Cancer immunotherapy is an increasingly promising strategy for the treatment of cancer. 

It utilizes the patient’s own immune system to attack cancer cells. As early as 1891, Dr. William 

Coley injected inactivated bacteria into patients’ tumors attempting to generate an immune 

response to attack the tumors (1, 2). Recently, three types of immunotherapies have been 

developed and approved by the U.S. Food and Drug Administration (FDA) that are potentially 

revolutionizing cancer treatment, including checkpoint blockade therapy, chimeric antigen 

receptor (CAR) T cell therapy, and therapeutic cancer vaccines (2-4). The journal Science named 

cancer immunotherapy Breakthrough of the Year in 2013 (3). 

Current FDA-approved immunotherapies focus on deploying cytotoxic T-lymphocytes 

(CTLs) to destroy cancer cells. For instance, immune checkpoint blockade therapy utilizes 

antibodies to blockade T cell surface immune checkpoints, such as programmed death-1 (PD-1) and 

cytotoxic T-lymphocyte antigen 4 (CTLA-4), that regulate T cell responses to unleash the underlying T 

cell response against cancer cells (5, 6). Several antibodies targeting CTLA-4 and PD-1 have shown 

remarkable reduction in tumor burden in a subset of patients, and have been approved by the FDA for 

treatment of melanoma, non-small cell lung cancer, urothelial cancer and others (7, 8). However, 

only a subset of patients are responsive to checkpoint blockade therapy. Possible reasons of this 

are that other immune checkpoints play a role in inhibiting CTL responses, or that pre-existing, 

but tumor-inhibited CTLs specific to the cancer cells are lacking. 

CAR T cell therapy and therapeutic cancer vaccines can complement immune checkpoint 

blockade therapy by providing or generating tumor-specific CTLs. CAR T cells are T cells that 
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are genetically modified to have receptors that can recognize and attack specific antigens on 

cancer cells. Adoptive transfer of CAR T cells has shown striking efficacy clinically against 

relapsed or refractory B cell lymphoblastic leukemia or B cell lymphoma (9). However, the 

efficacy of CAR T cells has only been observed in blood cancers in clinical and preclinical 

studies. Furthermore, high cost associated with ex vivo manipulation of cells and its severe 

toxicity may limit its expanded use. Provenge is the first and only FDA-approved cancer vaccine 

(10). It involves ex vivo activation and priming of dendritic cells (DCs) and subsequent 

reinfusion into patients to allow DCs to present antigen to CTLs in the lymph nodes (LNs) to 

generate tumor-specific CTL responses, and is approved for the treatment of prostate cancer. 

Nevertheless, despite its high cost, Provenge only extends patient survival by a marginal 4.1 

months (11, 12). 

Biomaterials provide promising opportunities to enhance current cancer 

immunotherapies. They can load multiple immunomodulatory agents in one material platform 

and protect them from systemic clearance and degradation to prolong their in vivo bioactivity. 

Their spatiotemporal release profiles can also be controlled by tuning the degradation rate of 

biomaterials in order to achieve sustained release for durable response or stimulation. 

Additionally, biomaterials can target specific cells of interest, reducing doses of therapeutics 

required and thereby potentially reducing systemic toxicity. Lastly, biomaterials can promote 

cell-cell and cell-material interactions to modulate immune cell functions. The following brief 

review will discuss recent biomaterials approaches for enhancing current cancer immunotherapy 

strategies. 

 

2.2 Biomaterials for delivery of immune checkpoint blockade therapy 
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The simplest way to concentrate immune checkpoint inhibitors in the tumor with minimal 

systemic clearance and toxicity is local, controlled delivery. An injectable, ionically crosslinked 

alginate hydrogel previously developed for local delivery of growth factors to promote 

angiogenesis (13) was used as a local drug depot for dual delivery of anti-PD-1 monoclonal 

antibody and a chemotherapy drug celecoxib (14). Peritumorial injection of the hydrogel co-

delivering anti-PD-1 antibody and celecoxib significantly prolonged high concentrations of both 

drugs in the tumor and adjacent tissue, which led to increased effector T cell levels and 

decreased regulatory T cell (Treg) and myeloid derived suppressor cell levels in the tumor. This 

dual delivery hydrogel system induced complete tumor regression in more than 50% of the mice 

in the B16-F10 melanoma model and significant reduction of lung metastases in the 4T1 breast 

cancer model. A microneedle patch made of hyaluronic acid could deliver pH-responsive dextran 

nanoparticles (NPs) containing anti-PD-1 antibody to the tumor in a controlled and sustained 

manner (15). This system enhanced the level of tumor-infiltrating CD8+ T cells and improved 

overall survival. Co-delivery of anti-PD-1 antibody and an indoleamine 2,3‐dioxygenase 

inhibitor by this microneedle patch rejected established B16-F10 tumors synergistically by 

enhancing tumor infiltration of effector T cells and reducing Tregs in the tumor (16). 

Tumor-targeted strategy was also developed to concentrate immune checkpoint inhibitors 

to the tumor microenvironment. Taking advantage of the fact that platelets home to wound sites 

(e.g. tumor resection site) and that platelets are associated with circulating tumor cells, anti-PD-

L1 antibodies were conjugated to the surface of platelets, which would home to the tumor 

resection site and release the payload to the residual tumor cells at the tumor bed or circulating 

tumor cells upon platelet activation (Figure 2.1) (17). The systemic circulation half-life of anti-

PD-L1 antibody increased more than six-fold when it was attached to platelets compared to free 
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anti-PD-L1 or a mixture of free anti-PD-L1 and platelets. This platelet-bound anti-PD-L1 

therapy significantly improved survival and prevented tumor recurrence and metastasis. 

 

 
Figure 2.1. Schematic of the delivery of anti-PD-L1 to the tumor resection site by platelets. 

Figure 2.1. Schematic of the delivery of anti-PD-L1 to the tumor resection site by platelets. 

Figure was obtained from Ye et al. ACS Nano 2016 (17). 

 

 

Targeting tumor-infiltrating T cells for delivery of chemotherapy to the tumor has 

increased the accumulation of drugs in the tumor by several orders of magnitude (18). Inspired 

by this approach, PD-1+ T cell-targeting NPs were developed (19). Anti-PD-1 F(ab’)2 fragments 

were conjugated to the surface of polyethylene glycol/poly(lactide-co-glycolide) (PLG) NPs 

delivering a Transforming Growth Factor (TGF)-β inhibitor, which counters the immune 

suppression by TGF-β (Figure 2.2). Intravenous injection of these NPs bound to ~5% of PD-1+ T 

cells in the tumor within an hour, a three-fold increase compared to isotype control NPs. There 

was also a >10-fold increase in NP+ PD-1+ T cells in the blood compared to isotype control. 

Moreover, only the targeted delivery of the TGF-β inhibitor via the anti-PD-1 conjugated NPs 

induced significant delayed tumor growth and prolonged survival, suggesting that the efficacy 

was dependent on targeted delivery of the TGF-β inhibitor. 
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Figure 2.2. F(ab’)2 conjugation to PLGA/PEG nanoparticles. 

Figure 2.2. F(ab’)2 conjugation to PLGA/PEG nanoparticles. Scheme of antibody fragment 

F(ab’)2 conjugation to the surface of maleimide-functionalized PEG-PLGA polymeric 

nanoparticles. Figure was obtained from Schmid et al. Nature Communications 2017 (19). 

 

 

2.3 Biomaterials for ex vivo manipulation of T cells 

Adoptive T cell therapies are often limited because the transplanted cells die or lose their 

effector function quickly. Cytokines such as Interleukin-12 (IL-12) and IL-15 have been used to 

support the transplanted T cells, but systemic toxicity limited their doses (20, 21). Biomaterials 

can provide these signals in a safe and sustained manner to enhance T cell survival and 

expansion. For example, liposomes encapsulating IL-15 superagonist (IL-15Sa) and IL-21 

cytokines were conjugated to CD8+ T cells before re-infusion (22). Liposome-conjugated CD8+ 

T cells showed 81-fold increase in proliferation six days after re-infusion compared to 

unconjugated CD8+ T cells. Liposome-conjugated CD8+ T cells also demonstrated marked 

enhancement in persistence in vivo, with 14.9-fold and 4.7-fold higher photon counts by 

bioluminescence imaging than unconjugated CD8+ T cells on Day 16 and Day 30, respectively. 

More recently, an antigen-presenting cell (APC)-mimicking scaffold (APC-ms) was developed 

for ex vivo expansion of primary T cells (23). IL-2 was first adsorbed onto high-aspect-ratio 

mesoporous silica rods (MSRs) for sustained presentation of IL-2 in a paracrine manner, and 
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with the MSRs as the basis, biotinylated liposomes were used to coat the MSRs followed by 

conjugation of biotinylated T cell stimulation and co-stimulation cues, anti-CD3 and anti-CD28 

antibodies to the liposomes via streptavidin, mimicking the lipid bilayers of APCs (Figure 2.3). 

Primary mouse and human T cells co-cultured with APC-ms had several-fold greater polyclonal 

expansion than those co-cultured with Dynabeads (commercially available expansion beads). 

APC-ms also promoted significantly greater antigen-specific expansion of human CTLs 

compared to autologous monocyte-derived DCs after 2 weeks. Furthermore, APC-ms induced 5 

times greater expansion of CD19 CAR T-cells than Dynabeads and achieved similar anti-tumor 

efficacy in a mouse lymphoma model.  

 

 
Figure 2.3. Fabrication of APC-mimicking scaffolds. 

Figure 2.3. Fabrication of APC-mimicking scaffolds. Figure was obtained from Cheung et al. 

Nature Biotechnology (23).  

 

 

T cells have to infiltrate tumors in order to destroy tumor cells, but even if T cells 

successfully arrive in the tumor, their effector functions can be suppressed by the 

immunosuppressive tumor microenvironment. To overcome these challenges, a macroporous 

alginate scaffold was developed to deliver tumor-specific T cells to the tumor or resection site 

(24). The alginate was first functionalized with integrin ligands for T cell adhesion. The integrin-
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modified alginate was crosslinked with calcium chloride, frozen in -78°C, and then lyophilized 

to create a macroporous structure allowing T cell loading and exfiltration. Lipid-coated silica 

microparticles presenting anti-CD3, anti-CD28 and anti-CD137 stimulatory antibodies and 

releasing T cell stimulatory cytokine IL-15Sa were embedded in the alginate scaffold to provide 

cues to support T cell activation and proliferation. T cells delivered by the scaffold expanded 167 

times at the resection site over locally injected, pre-stimulated T cells by Day 12. In an ovarian 

cancer model, scaffold-delivered T cells led to complete tumor regression in 60% of the mice, 

whereas injected T cells only led to modest survival benefit with no curative effect. 

 

2.4 Nanoparticle-based cancer vaccines 

Because LNs are the primary location for generation of adaptive immunity, targeting LN-

resident DCs directly using NPs carrying cancer vaccine payloads would be an efficient strategy 

to generate anti-tumor immunity. Studies have shown that NPs of diameter 20-45 nm were 

readily drained to the LNs and taken up by resident DCs or other antigen presenting cells (25-

27). Many NP platforms delivering antigens and danger signals have been developed to target 

LNs (28-34), or tumor-draining LNs specifically (35, 36). In particular, taking advantage of 

serum albumin’s ability to transport and accumulate bound molecules to LNs, Liu and colleagues 

conjugated cytosine-phosphodiester-guanine-oligonucleotide (CpG-ODN) or antigen peptides to 

albumin-binding lipids (37). These conjugates effectively bound to albumin, and enhanced 

accumulation in LNs by approximately 10 times compared to the soluble form. The vaccine 

consisted of CpG-ODN lipid conjugates and antigen peptide lipid conjugates generated 

significantly higher CTL and antibody responses and significantly delayed tumor growth relative 

to the soluble vaccine in mouse melanoma and cervical cancer models. More recently, CpG-



 

17 
 

ODN or antigen peptides coupled to synthetic high-density lipoprotein-mimicking nanodiscs 

showed significant accumulations in draining LNs (dLNs) compared to their soluble forms (38). 

Three doses of the nanodisc vaccine against a neoantigen of the murine MC38 colon cancer 

model at a biweekly interval generated an impressive 47-fold higher frequency of antigen-

specific CD8 T cells on Day 35 compared to the soluble vaccine. Moreover, combination therapy 

of the nanodisc vaccine and anti-CTLA4+anti-PD-1 checkpoint blockade therapies led to 

complete tumor regression in 90% of the mice in the B16-F10 melanoma model. 

The design of LN-resident DC-targeting NP vaccines typically assumes that antigens are 

non-specifically taken up by all LN-resident DCs given their superior antigen uptake capability 

(39). However, mature DCs lose the ability for antigen uptake significantly (40, 41), unless 

through specific endocytic receptors (42, 43). A high-density lipoprotein mimicking NP platform 

that can bind to the scavenger receptor class B1 (SR-B1) on DCs was utilized to target mature 

DCs through SR-B1-mediated uptake (39). The NPs delivering antigen peptides were efficiently 

taken up by mature DCs, which in turn promoted significantly more CTL proliferation in vitro. 

Immunization by the antigen peptide-delivering, CpG-ODN encapsulating NP vaccine led to 

significantly delayed tumor growth in both prophylactic and therapeutic settings against an 

E.G7-OVA model and a B16-F10 model, respectively. 

 

2.5 Scaffold-based cancer vaccines 

One of the causes for the high costs for cell-based immunotherapies is the need for ex 

vivo manipulation. Biomaterial scaffolds can deliver immunomodulatory agents and form a 

synthetic niche to program immune cells in situ with minimal interference from the immune 

suppressive signals of the tumor microenvironment. This approach could serve as a simple, low-
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cost alternative to ex vivo programing of immune cells currently being used for cell-based 

immunotherapies. One of the first materials that successfully programmed DCs in vivo was the 

non-porous ethylene-vinyl-acetate (EVA) polymer rods (1 cm long, 0.7 mm in diameter) loaded 

with CCL19 chemokine and tumor-associated antigens (44). Subcutaneous implantation of these 

EVA rods along with topical application of hapten over the implantation site to induce 

Langerhans cell egress from the epidermis, attracted epidermal Langerhans cells to the rods, and 

generated strong antigen-specific CTL responses using tumor-associated antigens prepared by 

three different methods. This vaccine strategy also induced strong prophylactic and therapeutic 

efficacy in two tumor models. In another system, a self-gelling nanoporous alginate hydrogel 

encapsulating activated DCs could be injected subcutaneously and rapidly recruit endogenous 

DCs and antigen-specific T cells to the injection site (45). This system could be useful in 

accumulating effector cells at target sites such as solid tumors. More recently, a PLG scaffold 

containing ~90% interconnected macropores (100s m in diameter) was shown to enhance DC 

infiltration into the scaffold and subsequently generated strong antigen-specific CTL responses 

(46, 47). The PLG scaffold released granulocyte-macrophage colony-stimulating factor (GM-

CSF), DCs followed this concentration gradient and migrated into the scaffold. DCs would then 

be activated by CpG-ODN (danger signal) and tumor lysate (antigen source) in situ, followed by 

trafficking to the draining LNs to present antigens to T cells (Figure 2.4). In a prophylactic 

vaccination model, one dose of this vaccine scaffold achieved tumor-free protection of the 

aggressive melanoma in 90% of the mice (46, 47). Most strikingly, in a therapeutic model 

against the same aggressive melanoma, two doses of the PLG vaccine scaffold led to complete 

tumor regression in ~50% of the mice (47). Several other DC recruitment factors and danger 

signals were loaded in the PLG scaffold and led to comparable efficacy against melanoma, 
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demonstrating the ability of the PLG scaffold to serve as a platform to deliver different 

immunomodulatory agents for cancer vaccination (48, 49). The PLG vaccine was also tested in a 

rat glioma model. Rats vaccinated after partial tumor resection had significantly improved 

survival compared to rats receiving blank scaffolds after tumor resection or having tumor 

resection alone (50). Interestingly, only vaccine scaffolds placed near the resection site induced 

antitumor efficacy, whereas those placed directly in the resection cavity did not. This finding 

suggests vaccination site as an important consideration for scaffold-based vaccination. The PLG 

scaffold-based vaccine is currently undergoing a phase I clinical trial in patients with metastatic 

melanoma (51). 

 

 
Figure 2.4. Schematic of the PLG scaffold-based vaccine. 

Figure 2.4. Schematic of the PLG scaffold-based vaccine. The PLG vaccine recruits and 

programs DCs in situ to generate antigen-specific T cell responses. Figure was obtained from Li 

and Mooney. Curr Opin Immunol, 2013 (52). 

 

 

Several injectable platforms have been developed to allow minimal invasive delivery of 

the vaccine instead of surgical implantation required by the PLG vaccine scaffold. For example, 

co-injection of chitosan and hydroxyapatite as well as crosslinking agents, tripolyphosphate and 
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chondroitin sulphate formed a hydrogel in situ (53). The hydrogel loaded with OVA antigen and 

adjuvant induced high anti-OVA antibody titers for over a year, likely due to prolonged 

sustained release of immunomodulatory agents. Another injectable, spontaneously assembled 

scaffold is based on mesoporous silica rods (MSRs) (54). Low-density packing of high-aspect 

ratio MSRs resulted in a macroporous structure after injection in vivo (Figure 2.5). A large 

number of DCs could be recruited to the space between the MSRs for immune modulation. The 

MSR vaccine elicited strong antigen-specific CTL response, and enhanced Th1 type and Th2 

type antibody responses compared to soluble vaccine control. Adsorption of peptide antigens to 

MSRs via polyethylenimine further enhanced host DC activation and CTL response (55). 

Strikingly, one dose of the MSR-PEI vaccine against E7 peptide was able to eradicate large, 

established TC-1 tumors. Furthermore, using B16-F10 or CT-26 neoantigens, the MSR-PEI 

vaccine eliminate lung metastases and significantly delayed tumor growth. One significant 

advantage of this vaccine platform is its ease of preparation, which involves only simple mixing 

of the components, and each component can be pre-assembled and stored in a lyophilized form 

for long term storage until the final assembly. Altogether, the MSR-based vaccine presents a 

highly promising platform for personalized vaccination. 
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Figure 2.5. Schematic of in vivo spontaneous assembly of MSRs and recruitment of host cells for maturation. 

Figure 2.5. Schematic of in vivo spontaneous assembly of MSRs and recruitment of host 

cells for maturation. A PBS dispersion of MSRs is injected into subcutaneous tissue of mice to 

form a pocket. After diffusion of PBS from the pocket, in situ spontaneous assembly of MSRs, 

analogous to the random assembly of thrown matchsticks, results in the formation of three-

dimensional interparticle spaces where host cells can be recruited and educated by the payloads 

in MSRs. Educated cells may then emigrate from the structure to interact with other immune 

cells. Figure was obtained from Kim and Li, et al. Nature Biotechnology, 2015 (54).  

 

 

Injectable, preformed hydrogels have also been developed for cancer vaccination. 

Preformed hydrogels are advantageous over typical in vivo self-assembled hydrogels in that their 

structure and volume after injection can be pre-defined, that crosslinking strategy is not limited 

by gelling conditions in vivo, and that any potentially toxic crosslinking agents can be removed 

prior to injection. One of the first examples of macroporous hydrogel for cancer vaccination was 

a methacrylated (MA)-alginate cryogel (56). It was covalently crosslinked via free radical 

polymerization at -20°C (Figure 2.6). Crosslinking took place around ice crystals, which became 

porogens that created a macroporous structure after thawing, allowing DC trafficking. It had 

excellent deformability and shape memory, making it injectable through a needle and syringe. 

Using irradiated tumor cells as the antigen source, the cryogel vaccine effectively prevented 

melanoma formation in 80% of the mice after the initial tumor inoculation as well as in all of 
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these surviving mice after a second inoculation (57). Moreover, the cryogel vaccine induced 

complete regression of established tumors in 40% of the mice. Alginate is normally not 

hydrolysable in vivo; therefore, the MA-alginate can remain in the body long term (56). As a 

biodegradable alternative, MA-gelatin cryogels have also been developed with the additional 

advantage of being inherently capable of cell attachment (58). These two types of cryogels 

require free radical initiators for crosslinking, which could be toxic or could damage the payload 

(59). To avoid this, alginate and gelatin polymers were modified with click chemistry pairs 

tetrazine and norbornene and were crosslinked bio-orthogonally to form hydrogels (60, 61). 

Cryogelation of click alginate or click gelatin polymers could be safe and bio-inert alternatives to 

MA-alginate and MA-gelatin cryogels. 

 

 
Figure 2.6. Overview of the alginate cryogelation process. 

Figure 2.6. Overview of the alginate cryogelation process. Alginate is chemically modified to 

allow radical polymerization (1); MA-alginate is added to APS/TEMED initiator system before 

incubation at −20 °C to allow ice crystal formation (2); the process of cryogelation takes place 

via the following steps: phase separation with ice crystal formation, cross-linking, and 

polymerization followed by thawing of ice crystals (porogens) to form an interconnected porous 

cryogel network (3); and conventional needle–syringe injection of preformed cryogels (4). 

Figure was obtained from Bencherif, et al. Nature Communications, 2015 (56). 

 

 

2.6 Conclusion 
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Advances in immunology and cancer biology in the recent decades have led to potentially 

revolutionizing immunotherapies for cancer treatment. Biomaterials have demonstrated a lot of 

potential to enhance the safety, efficacy and cost of current immunotherapies. The ability of 

biomaterials to control delivery of individual immunomodulatory agents spatiotemporally has 

contributed to the success. However, timing and sequence of delivery of these cues and their 

interactions are not well understood. Furthermore, most of the efforts in biomaterials-based 

cancer immunotherapy have focused on the adaptive immunity, especially T cells. Innate 

immune cell types, including but not limited to natural killer cells, macrophages and neutrophils 

play important roles in immunity, but how to harness them by biomaterials to generate potent 

anti-tumor responses has not been systemically explored. Inter-disciplinary collaboration 

between materials engineers and immunologists will likely further advance our understanding of 

immune oncology and help develop more potent treatments or cures of cancer in the future. 
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Chapter 3 : Injectable, Tough Alginate Cryogels as Cancer Vaccines 

 

Note: This chapter is adapted from Shih T-Y, Blacklow S, Li AW, Bencherif SA, Koshy ST, 

Darnell MC, Mooney DJ. Injectable, tough alginate cryogels as cancer vaccines. Adv Healthcare 

Mater, 7(10):e1701469 (2018).  

 

3.1 Abstract 

 A covalently crosslinked methacrylated (MA)-alginate cryogel vaccine has been 

previously shown to generate a potent response against murine melanoma, but is not 

mechanically robust and requires a large 16G needle for delivery. Here, covalent and ionic 

crosslinking of cryogels were combined with the hypothesis that this would result in a tough 

MA-alginate cryogel with improved injectability. All tough cryogels can be injected through a 

smaller, 18G needle without sustaining any damage, while covalently crosslinked-only cryogels 

break after injection. Cytosine-phosphodiester-guanine-oligonucleotide-delivering tough 

cryogels effectively activate dendritic cells (DCs). Granulocyte macrophage colony-stimulating 

factor-releasing tough cryogels recruit four times more DCs than blank gels by Day 7 in vivo. 

The tough cryogel vaccine induces strong antigen-specific cytotoxic T-lymphocyte and humoral 

responses. These vaccines prevent tumor formation in 80% of mice inoculated with HER2/neu-

overexpressing DD breast cancer cells. The MA-alginate tough cryogels provide a promising 

minimally invasive delivery platform for cancer vaccinations. 

 

3.2 Introduction 

Cancer vaccines have gathered significant attention recently because of their potential to 

eliminate tumors and establish immunological memory to prevent recurrence (1, 2). Cell-based 

vaccines typically involve isolating patients’ own dendritic cells (DCs) or other immune cells 
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and activating them ex vivo. The activated cells are then transplanted back into the patients. 

However, clinical success of cancer vaccines has been limited, likely due to tumor 

immunosuppression or short lifespan of transplanted activated cells (3-6).  

Biomaterial-based approaches to cancer vaccination have demonstrated promise in 

enhancing the effectiveness of cancer vaccines (2, 7-9). In particular, scaffold-based vaccines 

have been shown to successfully modulate host immune cells in situ and evoke potent antitumor 

responses (10-12). After implantation, these scaffolds release granulocyte macrophage colony-

stimulating factor (GM-CSF) to attract DCs to the scaffold site. In the scaffold, DCs are 

activated by Cytosine-phosphodiester-guanine-oligonucleotide (CpG-ODN) and tumor antigens, 

and then the activated DCs home to the draining lymph nodes (dLNs) and present the antigens to 

T cells to induce potent antitumor responses. A vaccine based on porous poly(lactide-co-

glycolide) scaffolds is currently undergoing a Phase-I clinical trial (13). 

A covalently crosslinked methacrylated (MA)-alginate cryogel was developed to be a 

preformed injectable platform for cancer vaccination (14). When the methacrylate groups on 

MA-alginate are crosslinked by free radical polymerization at -20°C, the crosslinking occurs 

around ice crystals. Thawing leads to cryogels with a macroporous structure that allows for DC 

trafficking. The cryogel also has excellent deformability and shape-memory that allows 

minimally invasive delivery through a needle and syringe. Compared to typical injectable 

scaffolds that are formed in situ after injection, the preformed cryogels hold several advantages, 

including the ability to create well-defined macrostructure and microstructure following 

injection, maintenance of a defined volume of gel at the injection site, bypassing the need for 

appropriate gelling conditions in vivo, or and the ability to remove before injection any 

potentially toxic precursor and crosslinking materials that could damage the surrounding tissues 
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(15). The cryogel vaccine has been shown to generate effective immunity against an aggressive 

melanoma model in mice (12). However, those cryogels were not mechanically robust. They 

required a large 16G needle for delivery, causing a large wound after injection, and can break 

during injection. While gel breakage is not expected to have a detrimental effect on the vaccine 

efficacy, the inability to precisely localize the vaccine could present logistical and regulatory 

issues, and it would be difficult to locate gel fragments for biopsy analysis. Furthermore, 

delivery through a smaller needle would allow easier subcutaneous injection into patients. While 

simply fabricating smaller cryogels may avoid these issues, this would limit drug loading 

capacity, and likely modulate a smaller number of immune cells.   

In this study, we hypothesized that combining covalent and ionic crosslinking would 

result in a tough MA-alginate cryogel with improved injectability. Previously, a network of 

covalently and ionically crosslinked polymers has demonstrated strikingly high toughness in the 

bulk form (16). Upon compression, the weaker ionic crosslinks will reversibly break first from 

the stress and dissipate energy that would have permanently broken the covalent crosslinks, 

thereby enhancing the toughness of the hydrogel. We fabricated a tough cryogel by incorporating 

ionic crosslinks to the covalently crosslinked MA-alginate cryogels via calcium ions. Alginate is 

a natural polymer that has been used in many biomedical applications, including drug delivery, 

cell delivery and tissue engineering (17). Calcium ions are commonly used in forming alginate 

hydrogels, and the hydrogel mechanical properties can be varied by changing the amount of 

calcium ions (17). Furthermore, calcium ions play an important role in regulating immune 

responses, and have been shown to promote inflammatory innate immunity and pathogen-

specific humoral immunity (18, 19). The ability of tough MA-alginate cryogels to be needle-

injected without sustaining damage was tested by injection via 16 and 18G needles. Antigen-
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specific cellular and humoral immune responses were studied to demonstrate the utility of this 

material to serve as a cancer vaccine platform. To explore the broad utility of the scaffold-based 

cancer vaccination approach, the efficacy of the tough cryogel as a prophylactic vaccine was 

investigated in a murine breast cancer model. Moreover, the effect of vaccine placement with 

respect to the dLNs was examined. 

 

3.3 Materials and Methods 

Materials 

LF20/40 and UP MVG sodium alginate were purchased from NovaMatrix (Sandvika, 

Norway). The two types of alginate have similar properties (Mw ~250 kDa, G content ~70%), 

except that UP MVG is a medical grade, ultrapure alginate with very low endotoxin level (≤100 

EU/g). UP MVG alginate was used in all cell and animal studies, as well as pore size 

characterization studies to ensure that the cryogels used in cell and animal studies have large 

pore sizes. LF20/40 alginate was used in the other studies. 2-(N-Morpholino) ethanesulfonic acid 

hydrate (MES), N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC), N-

hydroxysuccinimide (NHS), dimethylformamide (DMF), trimethylamine (TEA), ammonium 

persulfate (APS), N,N,N’,N’-tetramethylethylenediamine (TEMED), anhydrous calcium 

chloride, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), and alginate lyase were 

purchased from Sigma-Aldrich (Atlanta, GA). 2-aminoethyl methacrylate hydrochloride 

(AEMA) was purchased from Polysciences (Warrington, PA). Integrin binding peptide Gly-Gly-

Gly-Gly-Arg-Gly-Asp-Ser-Pro (GGGGRGDSP) was synthesized by Peptides International 

(Louisville, KY). Acrylate-poly(ethylene glycol)- N-hydroxysuccinimide (ACRL-PEG-NHS) 

(3.5 kDa) was purchased from JenKem Technology (Beijing, China). Hexamethyldisilazane 
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(HMDS) was purchased from Electron Microscopy Sciences (Hatfield, PA). Cyanine 5-amine 

(Cy5-amine) fluorescent dye was purchased from Lumiprobe (Hunt Valley, MD). Granulocyte 

macrophage colony-stimulating factor (GM-CSF) was purchased from PeproTech (Rocky Hill, 

NJ). CpG-ODN 1826 5’-tccatgacgttcctgacgtt-3’ was synthesized by Integrated DNA 

Technologies (Chicago, IL). The Quant-itTM OliGreen® ssDNA Assay Kit was purchased from 

Thermo Fisher Scientific (Waltham, MA). The GM-CSF enzyme-linked immunosorbent assay 

(ELISA) kit was purchased from R&D Systems (Minneapolis, MN). OVA was purchased from 

InvivoGen (InvivoGen vac-pova, San Diego, CA). RPMI 1640 media and ammonium chloride 

potassium (ACK) lysing buffer were purchased from Lonza (Basel, Switzerland). HER2/neu-

overexpressing DD breast cancer cell line, CT26, and HER2/neu-overexpressing CT26 colon 

cancer cell lines were obtained from Professor Glenn Dranoff’s laboratory, Dana-Farber Cancer 

Institute, Boston, Massachusetts (20, 21). BALB/cJ and C57BL/6J mice were purchased from the 

Jackson Laboratory (Bar Harbor, ME). Staining antibodies for flow cytometry were purchased 

from eBioscience (Santa Clara, CA). Allophycocyanin (APC)-conjugated H-2Kb-SIINFEKL 

tetramer was obtained from the National Institutes of Health (NIH) tetramer core facility. 

 

Synthesis of methacrylated alginate 

MA-alginate was synthesized as described previously (14). Briefly, LF20/40 or UP MVG 

sodium alginate (1.2 g) was dissolved in a 0.1 M MES buffer (pH ~6.5) at 0.6% (w/v). EDC 

(3.36 g) and NHS (1.56 g) were added to the alginate solution to activate the carboxyl groups of 

alginate. Then, AEMA (2.688 g) was added to the reaction mixture and stirred for 17 h at room 

temperature (RT) in the dark. The mixture was precipitated in excess acetone, filtered, and dried 

in a vacuum chamber at RT overnight.  
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Synthesis of ACRL-PEG-RGD 

ACRL-PEG-GGGGRGDSP (ACRL-PEG-RGD) was synthesized by conjugating an 

RGD peptide to ACRL-PEG-NHS (22). Briefly, GGGGRGDSP peptide (100 mg) was first 

dissolved in anhydrous DMF (30 mL) with TEA (4 M excess). Then, ACRL-PEG-NHS (419 

mg) was dissolved in anhydrous DMF and immediately added to the peptide mixture (at an 

ACRL-PEG-NHS to peptide ratio of 1:1.1) and stirred for 3 h at RT. The reaction mixture was 

precipitated twice in cold anhydrous ether and dried in a vacuum chamber overnight at RT. The 

conjugation was confirmed by NMR (Varian Unity Inova500B, Palo Alto, CA) (Figure S3.1). 

 

Fabrication of tough cryogels 

Tough cryogels were fabricated using a combination of covalent and ionic crosslinking of 

alginate. First, covalently crosslinked-only cryogels were formed (14). Briefly, 1.5% (w/v) MA-

alginate solution in deionized water was mixed with polymerization initiators TEMED (0.5% 

w/v) and APS (0.25% w/v). The mixture was quickly added to Teflon molds (5 mm diameter, 2 

mm height) which were placed at -20°C overnight while crosslinking occurred. Cryogels were 

thawed and then soaked in 200 mM calcium chloride (50 mM HEPES buffered; pH ~7.0-7.4) to 

form ionic crosslinking with calcium ions. They were soaked for different durations to vary 

calcium concentration in the gels. To quantify calcium concentrations in the gels, the gels were 

washed in a 25 mM HEPES buffer supplemented by 2 mM CaCl2 and 140 mM NaCl for 1 min 

under gentle stirring to remove excess calcium ions from the pores. Gels were then digested in 1 

mL 10 U/mL alginate lyase on a shaker by incubating overnight at RT. Samples were quantified 

using a calcium assay kit (BioVision, Milpitas, CA). When used, GM-CSF, CpG-ODN and 
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OVA, were mixed in the MA-alginate polymer solution prior to cryogelation. Cell-adhesive 

tough cryogels were fabricated by adding 0.8% (w/v) of ACRL-PEG-RGD to the MA-alginate 

solution as a comonomer prior to cryogelation. 

 

Physical characterization of cryogels 

To determine whether cryogels could undergo needle injection without sustaining 

damage, cryogels (5 mm in diameter and 2 mm in thickness) were injected with ~250 L of 

deionized water or a CaCl2 solution through a 16G or 18G needle. They were visually inspected 

and classified as either intact or damaged. A damaged gel is defined as a gel with any visible 

macroscopic fracture. 

HFUS imaging was performed to determine the effects of cryogel formulation and needle 

injection type (16 v. 18 gauge) on the ability of cryogels to maintain their original morphology in 

vivo post-injection. Cryogels were injected in ~250 L of phosphate-buffered saline (PBS) using 

a 16 or 18G needle subcutaneously into the backs of female, 6-8 week-old BALBc/J mice (n = 

3). Immediately following injection, sagittal B-mode images were acquired throughout the 

cryogel width (spacing 0.5mm) (Vevo 770 scanner; 35 MHz transducer (RMV712); axial 

resolution: 50μm, lateral resolution: 140μm, field of view: 15mm); VisualSonics, Toronto, 

Canada). Cryogel sections were segmented from each image slice in MATLAB (vR2017a; 

Mathworks, Natick, MA) and the three centermost images were evaluated for circularity (C = 4  

π  Area / perimeter²; range: 01 (circular)) and thickness as metrics of cryogel morphology. 

Cryogels were then explanted for inspection. 
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Scanning electron microscopy (SEM) was used to examine cryogels’ porous structure. 

Prior to imaging, cryogels were serially dehydrated in increasing concentrations of ethanol (30, 

50, 70, 90, and 100%) for 20 min each, incubated in HMDS for 10 min, and dried in a vacuum 

chamber for 1 h (23). Dried samples were mounted on aluminum pin mounts using conductive 

carbon tape, sputter-coated with gold, and then imaged using a Tescan Vega III SEM. 

The bulk physical dimensions (diameter and thickness) were measured using a caliper 

before and after injections through a 16G or 18G needle. 

For confocal microscopy imaging, cryogels were first covalently labeled with a Cy5 dye 

via a carbodiimide crosslinker chemistry. Briefly, cryogels were submerged in a 0.1 M MES 

buffer (pH ~6.5) with NHS (7.8 mg/mL) and EDC (16.8 mg/mL), at 1 gel/mL for 10 min, 

followed by addition of Cy5-amine (6.9 g/mL) to the reaction mixture. The reaction was 

incubated during gentle shaking for 2 h at RT in the dark, and then cryogels were washed in 

deionized water to remove excess fluorescent dye. Cy5-labeled cryogels were then imaged in 

Hank's Balanced Salt Solution (HBSS) using an Upright Zeiss LSM710 NLO microscope. When 

tough cryogels were imaged, CaCl2 (2 mM) was added to HBSS to prevent calcium ions in the 

gel from leaching out. Two cross-sections 200 m apart were imaged per cryogel. The cryogel 

images were analyzed by the ImageJ software (Fiji Java 6 20170530 version) using the BoneJ 

plugin (24). The pore spaces were fitted with the maximal circles that could fit in the space. The 

diameters of these maximal circles inform the dimensions of the pore space locally (25-27). 

Cryogels (8 mm in diameter and 6 mm in thickness) were characterized for Young’s 

Modulus, interconnected porosity, and swelling ratio. The Young’s Moduli of the cryogels were 

found using compression tests on an Instron with a 20%/min strain rate (28). Interconnected 
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porosity and swelling ratio were determined using the wicking method (14). Interconnected 

porosity (P) was calculated as P = mp / ms  100%, where mp is the mass of water wicked away 

(calculated by taking the mass difference between the fully hydrated and dehydrated sample), 

and ms is the mass of the fully hydrated sample. Swelling ratio (Q) was calculated as Q = ms / md, 

where md is the mass of the dried sample. 

 

Generation of BMDC and DC activation in vitro by tough cryogels 

Bone marrow-derived DCs (BMDCs) were generated according to standard protocols 

(29, 30). Briefly, hindlimbs of 6-8 week-old female BALB/cJ mice were harvested. The femurs 

and tibias were flushed by culture media (RPMI 1640 media supplemented with 10% heat-

inactivated fetal bovine serum (FBS), 1% penicillin/streptomycin, 50 M β-mercaptoethanol, 

and 20 ng/mL GM-CSF) to isolate bone marrow cells, which were then cultured for 7 days. 

BMDCs cultured between 7 and 10 days were collected and used for experiments. BMDCs were 

cultured in tough or covalently crosslinked-only cryogels to determine whether calcium in the 

tough cryogel can activate DCs. To study whether CpG-ODN-delivering tough cryogels could 

activate DCs long term, tough cryogels delivering 35 g CpG-ODN were placed in 1 mL of a 

solution of 1% bovine serum albumin (BSA) in PBS, and the release buffer was collected and 

replaced with fresh buffer at every time point. Released CpG-ODN was quantified by the Quant-

itTM OliGreen® ssDNA Assay Kit. After releasing CpG-ODN in vitro for up to 2 weeks, the 

tough cryogels were then incubated on a monolayer of 3x105 BMDCs overnight. Viability of the 

DCs and upregulation of DC activation markers were assessed by flow cytometry (BD LSR 

Fortessa, San Jose, CA) using APC-Cy7-conjugated fixable live/dead stain and APC-conjugated 

CD11c, fluorescein isothiocyanate (FITC)-conjugated CD86, and phycoerythrin (PE)-Cy7-



 

39 
 

conjugated major histocompatibility complex class II (MHC II) stains. Flow cytometry analyses 

were compensated. 

 

Immune cell recruitment to tough cryogels 

Gels containing 1.5 g GM-CSF were placed in 1 mL of a solution of 1% bovine serum 

albumin (BSA) in PBS, and the release buffer was collected and replaced with fresh buffer at 

every time point. Released GM-CSF was quantified by ELISA. Two tough cryogels containing 

no bioactives (blank) or 1.5 g of GM-CSF were injected subcutaneously via a 16G needle in the 

lower flanks near the inguinal LNs of 6-8 week-old female BALB/cJ mice. On day 7, the 

scaffolds were explanted and incubated in 250 U/mL collagenase type IV under agitation at 37°C 

for 30 min. The resulting cell suspensions were filtered through a 40 m cell strainer to isolate 

the cells from debris. Total cell count was performed by Countess II automated cell counter 

(Thermo Fisher Scientific). To identify immune cells and determine their viability and activation 

states, cells were stained with fluorescently-labeled primary antibodies and analyzed by flow 

cytometry. APC-Cy7-conjugated fixable live/dead stain was used to determine viability. APC-

conjugated CD11c and PE-Cy7-conjugated CD11b stains were used to identify DCs. FITC-

conjugated Ly6G and PE-Cy7-conjugated CD11b stains were used to identify neutrophils. PE-

conjugated F4/80 and PE-Cy7-conjugated CD11b stains were used to identify macrophages. 

Flow cytometry analyses were compensated, and cells were gated according to positive APC, 

FITC, PE, and PE-Cy7 using isotype controls. Based on the total cell count and the percentage of 

DCs, neutrophils and macrophages determined by flow cytometry, the number of each cell type 

in the scaffold was calculated. 
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Preparation of tough cryogel OVA vaccines and vaccination 

GM-CSF, CpG-ODN and OVA, were mixed in the MA-alginate polymer solution prior 

to cryogelation, with a final dose of 1.5 g of GM-CSF, 35 g of CpG-ODN and 150 ug of OVA 

encapsulated per tough cryogel. Two of these tough cryogels were injected in ~250 L of PBS 

by a 16G needle subcutaneously into lower flanks near the inguinal LNs of female, 6-8 week-old 

C57BL/6J mice (n = 5). Two blank tough cryogels were injected into each mouse as a control (n 

= 5).  

 

Detection of OVA-specific cytotoxic T-lymphocyte responses 

Blood was drawn from the mice 8 days after vaccination, and red blood cells were lysed 

by using the ACK lysing buffer. Half of the remaining blood cells were first stained with APC-

conjugated H-2Kb-SIINFEKL tetramer and subsequently stained with the FITC-conjugated CD8 

stain for flow cytometry analysis. The other half of the cells were co-incubated with 7 g/mL of 

OVA257-264 SIINFEKL OVA CD8 epitope in a 96-well U-bottomed plate for 1.5 h at 37°C. 50 uL 

of 1x GolgiStop™ (BD Biosciences) was added to each well and the cell were incubated for 

another 4 h at 37°C. The samples were stained with APC-Cy7-conjugated fixable live/dead stain 

and the FITC-conjugated CD8 stain. Then, the samples were incubated in Cytomix/Cytoperm 

(BD Biosciences) for 20 min at 4°C, washed in PermWash buffer and stained with APC-

conjugated interferon (IFN)- stain for flow cytometry analysis. Flow cytometry analyses were 

compensated. 

 

Detection of serum anti-OVA antibodies 
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Serum anti-OVA antibody titer was quantified by ELISA. Briefly, blood was drawn from 

C57BL/6J mice 4 weeks after vaccination, and sera were isolated from blood by centrifugation at 

2,200 g for 10 min. ELISA plates were coated with 10 g/mL OVA in PBS at 4°C overnight 

during gentle mixing. ELISA was performed following standard, established procedure. Anti-

OVA titer is defined as the lowest serum dilution where the ELISA OD value was 0.2. 

 

Preparation of tough cryogel breast cancer vaccines and vaccination 

GM-CSF and CpG-ODN were mixed in the MA-alginate/ACRL-PEG-RGD polymer 

solution prior to cryogelation, with a final dose of 1.5 g of GM-CSF and 35 g of CpG-ODN 

encapsulated per tough cryogel. The tough cryogels were mechanically compressed to partially 

squeeze out water in the pores before seeding irradiated tumor cells as the antigen. DD breast 

cancer cells were irradiated at a dose of 3,500 rads from a 137C source. Twenty microliters of cell 

suspensions at 1x107 cells/mL in complete RPMI 1640 cell culture media (supplemented with 

10% FBS and 1% penicillin/streptomycin) were pipetted into tough cryogels (total of 2x105 

cells/gel) and were incubated at 37°C, 5% CO2 for 6 h to allow for cell adhesion (12). 

Two tough cryogels loaded with 1.5 g of GM-CSF, 35 g of CpG-ODN, and 2x105 

irradiated DD cells per gel were injected in ~250 L of PBS by a 16G needle subcutaneously 

into lower flanks of female 6-8 week-old BALB/cJ mice (n = 5). As a control, two blank tough 

cryogels were injected into each mouse (n = 7). Blood was drawn from the mice periodically to 

assess anti-HER2/neu antibody level in sera. Thirty days after vaccination, the mice were 

challenged by 1x105 DD breast cancer cells injected subcutaneously in the back of the neck. 

Tumor growth and mouse survival were monitored. Tumors were assumed to be in an oval shape 

and tumor areas were calculated by the equation length × width × π / 4. Mice were euthanized for 
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humane reasons when the longest dimension of the tumor was greater than 20 mm, total tumor 

area was greater than 200 mm2, or severe ulceration or bleeding occurred. 

 

Detection of serum anti-HER2/neu antibodies 

The method to detect anti-HER2/neu antibodies in sera was adapted from a previous 

protocol (31). Blood was drawn from BALB/cJ mice, and sera were isolated from blood by 

centrifugation at 2,200 g for 10 min. Sera were diluted 100-fold and incubated with 100,000 

CT26 cells or HER2/neu-overexpressing CT26 cells for 20 min on ice. The cells were then 

stained with 200-fold diluted PE-conjugated anti-mouse pan-immunoglobulin G (IgG) secondary 

antibody (Jackson ImmunoResearch) for 20 min on ice. The cells were analyzed by flow 

cytometry, and the mean fluorescence intensity ratio between CT26 and HER2/neu-

overexpressing CT26 cells was calculated. 

 

Animal protocol 

All animal studies were performed in accordance with NIH guidelines, and with the 

approval of Harvard University’s Institutional Animal Care and Use Committee. 

 

Statistical analyses 

All values presented in this manuscript were expressed as mean ± s.d. Statistical analyses 

were performed using GraphPad Prism or Microsoft Excel unless otherwise specified. Data from 

the injection tests were analyzed by binomial tests. Two-way analyses of variance (ANOVA)s 

with post hoc Student’s t-tests with Bonferroni corrections were used to evaluate the effects of 

cryogel formulation and needle gauge injection type on cryogel circularity and thickness (SPSS, 
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v24, Armonk, NY). Mann-Whitney tests were used to analyze anti-OVA antibody titers. The 

survival data were analyzed by the Log-rank Mantel-Cox test. For other data, sample variance 

was first tested using the F-test to determine whether samples had equal variance. Samples with 

equal variance were analyzed by a two-tailed Student’s t-test. Samples with unequal variance 

were analyzed by a two-tailed Welch’s t-test. Differences with p < 0.05 were considered 

statistically significant. 

 

3.4 Results 

Injection testing of cryogels 

To study whether ionic crosslinking could prevent cryogels from sustaining damage 

during needle injection, MA-Alginate cryogels were soaked in a 200 mM CaCl2 bath to 

introduce ionic crosslinking (Figure 3.1). The cryogels were then loaded into a 16G or 18G 

needle attached to a syringe and injected (Figure 3.2A). Soaking times were varied to introduce 

different calcium concentrations to the cryogels (Figure 3.2B). Increasing soaking time, 

corresponding to increasing calcium concentration in the gel, enhanced gel toughness until the 

toughening effect plateaued at 10 min soaking time (37 mM calcium in the gel); all gels 

remained intact after injection when soaked for 10 min in the calcium bath. Longer soaking times 

led to a proportion of the gels sustaining damage after injection (Figure 3.2C). The 10-minute 

soaking time led to a significantly higher proportion of intact gels after injection compared to 

other soaking times except 5 min. The cryogels soaked in a 200 mM calcium bath for 10 min 

were used for all following experiments and were referred to as tough cryogels. 

The ability of tough cryogels to be injected through a smaller, 18G needle (inner cross-

sectional area 50% smaller than that of a 16G needle) without sustaining damage was then tested.  
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SEM images confirmed that the tough cryogels remained intact after 18G needle injection, 

whereas the covalently crosslinked-only cryogels were damaged after injection (Figure 3.2D). 

All tough gels could pass through an 18G needle intact, while all covalently crosslinked-only 

cryogels sustained damage after injection (Figure 3.2E).  
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Figure 3.1. Fabrication of MA-alginate tough cryogels. 

Figure 3.1. Fabrication of MA-alginate tough cryogels. (Top row) Fabricating MA-alginate 

tough cryogels. Step 1: MA-alginate solution mixed with radical initiators (APS/TEMED) is 

quickly added to a Teflon mold and placed at -20°C overnight to form macroporous covalently 

crosslinked-only cryogels; Step 2: Covalently crosslinked cryogels are placed in a CaCl2 bath to 

form ionic crosslinking; Step 3: MA-alginate tough cryogels with both covalent and ionic 

crosslinking result. (Bottom row) Crosslinking state of MA-alginate polymer chains at each step. 

Step 1: Uncrosslinked free polymer chains; Step 2: covalently crosslinked cryogels; Step 3: 

covalently and ionically crosslinked tough cryogels. 
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Figure 3.2. Tough cryogels remain intact after needle injection in vitro. 

Figure 3.2. Tough cryogels remain intact after needle injection in vitro. (A) Process of 

injection testing.  A cryogel is loaded into a needle and syringe ○1  and then injected into a bath 

○2 . The gel is visually inspected to determine whether it is intact or damaged ○3 . (B) Calcium 

concentrations in cryogels after different durations of soaking in a 200 mM calcium bath. n = 4. 

(C) Percentage of cryogels that were intact (% Intact) after needle injection through a 16G 

needle, as a function of soaking duration in a 200 mM calcium bath. n = 6-10. (D) Scanning 

electron microscopy images of tough cryogels (10 min soaking in a 200 mM calcium bath) (left) 

and covalently crosslinked-only cryogels (right) after injection via an 18G needle. (E) Percentage 

of intact tough cryogels (10 min soaking in a 200 mM calcium bath) and covalently crosslinked-

only cryogels after injection via an 18G needle. Some error bars are too small to be seen. n = 9. 

Values presented are expressed as mean ± s.d. Data were analyzed by a binomial test.* p < 0.05, 

** p < 0.01, **** p < 0.0001.  
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It was next determined whether tough cryogels reform and maintain their structure after 

subcutaneous needle injection. High frequency ultrasound (HFUS) imaging revealed that cryogel 

formulation was a significant factor on gel circularity and thickness post-injection (Figure 3.3A-

C). Tough cryogels remained more circular than covalently crosslinked-only cryogels after 

injection, independent of the needle gauge used for injection, with circularity similar to the 

theoretical circularity for a cryogel (0.74). Furthermore, tough cryogels maintained their 

thickness better than covalently crosslinked only cryogels (actual thickness ~2.0 mm). 

Explantation of the cryogels confirmed that tough cryogels maintained their structure after both 

16G and 18G needle injection while covalently crosslinked only cryogels fractured post-injection 

(Figure 3.3D). 
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Figure 3.3. Tough cryogels remain intact after subcutaneous injection into the backs of mice. 

Figure 3.3. Tough cryogels remain intact after subcutaneous injection into the backs of 

mice. (A) Representative sagittal B-mode high frequency ultrasound in vivo images of cryogels 

injected via a16G or 18G needle. Circularity (B) and gel thickness (C) as a function of cryogel 

formulation (tough v. covalently crosslinked-only) and needle injection type (16 v. 18G). (D) 

Images of cryogels after explantation. n = 3. Values presented are expressed as mean ± s.d. Data 

were analyzed by two-way ANOVAs with post hoc Student’s t-tests with Bonferroni corrections 

* p < 0.05. 
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Structural, mechanical and swelling properties 

SEM images showed that tough cryogels have a highly porous structure, which was 

maintained after needle injection (Figure 3.4A). Macroscopically, the tough cryogel’s structure 

was also maintained after needle injection, with no significant changes in diameter or thickness 

observed (Figure S3.2). The interconnected porosity, pore space dimension, stiffness, and 

swelling ratio of tough cryogels were next characterized, in comparison to covalently 

crosslinked-only cryogels. The presence of calcium did not dramatically affect interconnected 

porosity, as tough cryogels remained highly porous even though the difference was significant 

compared to covalently crosslinked-only cryogels (Figure 3.4B). As previous work has 

demonstrated, DC migration is impeded when scaffold pore size falls below 75 m (32), the 

dimension distribution of the pore space in the cryogels in the hydrated state was quantified. 

Analyses of confocal microscopy images revealed that both types of cryogels have a similar 

distribution of pore space dimensions (Figure S3.3). Approximately 80% of the pore space is 

greater than 75 μm, with median pore space at the 100 μm range for both types of cryogels. The 

high interconnected porosity and large pore space of tough cryogels is important to allow for 

immune cell trafficking. The stiffness of the two types of cryogels was also not significantly 

different, indicating that tough cryogels preserve the deformability favorable for needle injection 

(Figure 3.4C). Notably, tough cryogels had a significantly smaller swelling ratio compared to 

covalently crosslinked-only cryogels, supporting the formation of ionic crosslinks in tough 

cryogels (Figure 3.4D). 
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Figure 3.4. Physical characterization of tough cryogels. 

Figure 3.4. Physical characterization of tough cryogels. (A) Representative scanning electron 

microscopy images of tough cryogels without injection (left) and after 16G (middle) or 18G 

(right) needle injection. Interconnected porosity (B), stiffness (C), and swelling ratio (D) of 

tough and covalently crosslinked-only cryogels. n = 3. Values presented are expressed as mean ± 

s.d. Data were analyzed by a two-tailed Student’s t-test. ** p < 0.01.  
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In vitro DC activation 

To study whether tough cryogels are inherently immune-activating, BMDCs were seeded 

in the tough cryogels and cultured overnight. Flow cytometry analysis showed that DCs cultured 

in tough cryogels had significantly upregulated CD86 expression compared to those cultured in 

covalently crosslinked-only cryogels (Figure 3.5A). 

To determine whether CpG-ODN-loaded tough cryogels can activate DCs in a sustained 

manner, tough cryogels were first placed in a release buffer over a period of time in vitro. 

Following an initial burst release, CpG-ODN delivered by tough cryogels displayed sustained 

release for at least 14 days, with approximately half of CpG-ODN remaining in the gels (Figure 

3.5B). After releasing CpG-ODN for 3 days to 2 weeks, tough cryogels were co-cultured on a 

monolayer of BMDCs in vitro overnight. The tough cryogels delivering CpG-ODN induced 

significant upregulation of CD86 and MHC class II molecules on DCs even after two weeks of 

CpG-ODN release compared to blank tough cryogels (Figure 3.5C).  
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Figure 3.5. In vitro BMDC activation by tough cryogels. 

Figure 3.5. In vitro BMDC activation by tough cryogels. (A) Fractions of CD86+ CD11c+ DCs 

after culture in tough and covalently crosslinked-only cryogels, as analyzed by flow cytometry. 

(B) Cumulative release of CpG-ODN from tough cryogels. (C) Fractions of CD86+ (left) and 

MHC II+ (right) CD11c+ DCs after culture in media alone, tough cryogels containing no CpG-

ODN (Blank Tough), or tough cryogels delivering CpG-ODN after cryogels were previously 

allowed to release CpG-ODN for 3 days, 1 week or 2 weeks (3D Tough, 1W Tough and 2W 

Tough) prior to exposure to DCs. n = 4. Values presented are expressed as mean ± s.d. Data were 

analyzed by a two-tailed Student’s t-test or Welch’s t-test. * p < 0.05, ** p < 0.01, **** p < 

0.0001. 
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In vivo immune cell recruitment 

Recruitment of DCs to the scaffold site is a critical step in vaccination in this approach. 

GM-CSF delivered by tough cryogels displayed sustained release in vitro for at least 14 days 

following an initial burst release (Figure 3.6A). To examine the ability of tough cryogels to 

recruit DCs in vivo, blank tough cryogels or tough cryogels delivering GM-CSF were injected 

subcutaneously into mice. Tough cryogels delivering GM-CSF recruited approximately six times 

more immune cells than blank tough cryogels (Figure 3.6B). More importantly, tough cryogels 

delivering GM-CSF recruited approximately four times more DCs than the blank cryogels 

(Figure 3.6C). Tough cryogels delivering GM-CSF also recruited a significant number of 

neutrophils, but fewer macrophages, compared with the blank cryogels (Figure 3.6D-E).  
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Figure 3.6. In vivo immune cell recruitment by tough cryogels delivering GM-CSF. 

Figure 3.6. In vivo immune cell recruitment by tough cryogels delivering GM-CSF. (A) 

Cumulative release of GM-CSF from tough cryogels. (B) Total number of cells present in blank 

tough and GM-CSF-delivering tough cryogels 7 days after implantation. Quantification of (C) 

CD11b+ CD11c+ DCs (D) CD11b+Ly6G+ neutrophils and (E) CD11b+F4/80+ macrophages in 

cryogels. n = 5-6. Values presented are expressed as mean ± s.d. Data were analyzed by a two-

tailed Student’s t-test or Welch’s t-test. * p < 0.05, ** p < 0.01.  
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Antigen-specific cytotoxic T-lymphocyte and humoral responses 

To determine whether the tough cryogel vaccine could elicit an antigen-specific cytotoxic 

T-lymphocyte (CTL) and humoral responses, mice were vaccinated against a model antigen, 

ovalbumin (OVA). The vaccinated mice had a significantly higher fraction of SIINFEKL 

tetramer+ CD8 T cells as well as IFN-+ CD8 T cells in blood compared to mice receiving blank 

tough cryogels (Figure 3.7A-B). Furthermore, the vaccinated mice had significantly higher anti-

OVA IgG1 and IgG2a antibody titers than mice receiving blank tough cryogels (Figure 3.7C-D). 

Altogether, these results demonstrate that the tough cryogel vaccine could generate antigen-

specific CTL and humoral responses. 
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Figure 3.7. In vivo antigen-specific immune responses induced by the tough cryogel vaccine. 

Figure 3.7. In vivo antigen-specific immune responses induced by the tough cryogel vaccine. 

Fractions of (A) SIINFEKL+ and (B) IFN-+ cells among blood CD8 T cells in mice vaccinated 

with tough cryogel vaccines compared to mice treated with blank tough cryogels. Titers of (C) 

IgG1 and (D) IgG2a anti-OVA antibodies in sera of mice vaccinated with tough cryogel vaccines 

compared to mice treated with blank tough cryogels. The antibody titers of the blank group 

presented here are the lowest serum dilution. Some error bars are too small to be seen. n = 5. 

Values presented are expressed as mean ± s.d. Data were analyzed by a two-tailed Welch’s t-test 

for the T cell response experiment and by a Mann-Whitney test for the antibody titer experiment. 

* p < 0.05, ** p < 0.01.  
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Antitumor humoral immunity and prophylactic efficacy 

The ability of the tough cryogel vaccine to induce an antitumor response in vivo was 

tested in a prophylactic breast cancer model (Figure 3.8A). Mice were either given two blank 

tough cryogels as the control or vaccinated by the full tough cryogel vaccine implanted either 

near or far from the draining inguinal LNs (Figure 3.8B).  

Mice vaccinated by the full vaccine generated significantly higher levels of anti-

HER2/neu antibodies compared to the control mice by Day 14 (Figure 3.8C). High levels of anti-

HER2/neu antibodies were maintained in the vaccinated mice on Day 28 and Day 37. 

Interestingly, mice with the vaccination site closer to the dLN had a significantly higher level of 

anti-HER2/neu antibodies than those with vaccination site farther from the dLN on Day 14.  

Both groups had similar antibody levels in the subsequent time points, indicating that vaccination 

closer to the dLN induces a faster humoral response. 

The tough cryogel vaccine implanted close to the dLNs induced strong protective 

immunity against DD breast cancer cells, as 80% of the vaccinated mice remained tumor free for 

more than 150 days after tumor challenge. The tough cryogel vaccine implanted farther from the 

dLNs generated lesser protective immunity, with 40% of the vaccinated mice remaining tumor 

free in the same period. Mice in the vaccine groups that did develop tumors had delayed tumor 

onset and tumor growth, as compared to control mice which all developed tumors within 7 days 

of inoculation (Figure 3.8D).  Furthermore, the vaccinated mice had significantly prolonged 

survival, with 80% and 40% survival (near and far from LNs, respectively) by Day 150. In 

contrast, all control mice had to be euthanized within approximately 80 days, with a median 
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survival of 57 days (Figure 3.8E). The needle gauge used for injection did not affect survival 

efficacy with the tough cryogel vaccine (Figure 3.8F) 

 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 

 
 

 
 
 

 
 

 
 

Figure 3.8. Prophylactic efficacy of the tough cryogel vaccine. 

Figure 3.8. Prophylactic efficacy of the tough cryogel vaccine. (A) Outline of the prophylactic 

vaccination study. (B) Locations of injected tough cryogels. A 16G needle was used for injection 

unless specified otherwise. (C) Serum anti-HER2/neu antibody levels in mice vaccinated by the 

tough cryogel vaccine. (D) Tumor growth curves of individual mice vaccinated by blank 

cryogels (n = 7; left) or tough cryogel vaccines injected close (n = 5; middle) or far from the  
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Figure 3.8 (Continued). draining lymph nodes (n = 5; right). (E) Survival rates of mice 

challenged by HER2/neu-expressing DD breast cancer cells after vaccination by blank tough 

cryogels or tough cryogel vaccines injected close or far from the draining lymph nodes. (F) 

Survival rates of mice challenged by HER2/neu-expressing DD breast cancer cells after 

vaccination by blank tough cryogels or tough cryogel vaccines injected via a 16G or 18G needle. 

n = 8 (vaccines injected with both gauge needles led to 100% survival). Vaccines were injected 

in close proximity to the dLN. Values presented are expressed as mean ± s.d. Data were analyzed 

by a two-tailed Student’s t-test or Welch’s t-test for the antibody MFIR experiment, and by a 

Log-rank Mantel-Cox test for the survival experiments.* p < 0.05, ** p < 0.01, *** p < 0.001, 

n.s. not significant. 
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3.5 Discussions 

Incorporation of ionic crosslinking into MA-alginate cryogels enhanced toughness and 

improved cryogel injectability. Tough cryogels can be injected both in vitro and in vivo through 

an 18G needle that has an inner cross-sectional area 50% smaller than a 16G needle, but 

covalently crosslinked-only cryogels all broke after injection through an 18G needle. Ionic 

crosslinks are dynamic, and provide a mechanism for energy dissipation that lowers the energy 

experienced by covalent crosslinks. Calcium ions only bind to the carboxyl groups from 

guluronate blocks (G blocks) on adjacent alginate polymer chains to form the crosslinks (17, 33). 

Since methacrylation of alginate replaces carboxyl groups with methacrylate functional groups, 

the binding of calcium ions to G blocks is likely interrupted. However, the significant decrease in 

swelling ratio suggests maintenance of ionic crosslinking capacity in the tough cryogel, even 

though the amount of crosslinking might be lower than it would be with unmodified alginate. 

The decrease in swelling ratio did not lead to significant shrinkage of pore space dimensions as 

both tough and covalently crosslinked-only cryogels have approximately 80% of the pore space 

greater than 75 m. This is likely because ionic crosslinking takes place in the gel wall, and the 

nanopores in the gel wall may have decreased in size. However, the large pore space that allows 

dendritic cell trafficking is pre-defined by the size and shape of ice crystals, and is not affected 

by ionic crosslinking. Interestingly, despite the additional crosslinking, tough cryogels have a 

similar Young’s modulus compared to that of covalently crosslinked-only cryogels. This may 

result from both types of cryogels having similar porous structures with approximately 90% 

interconnected porosity.  During compression testing, the deformation of the cryogels is in large 

part due to the collapse of pores. This is clear from previous atomic force microscopy analysis, 
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which revealed the local stiffness of the covalently crosslinked-only MA-alginate cryogels is 

~100 MPa, approximately six orders of magnitude higher than the bulk stiffness (34).  

We observed that increasing the calcium concentration in the cryogel up to an optimal 

concentration improved gel injectability, while a significant proportion of the gels with higher 

calcium concentrations sustained damage after injection. This trend has been observed in other 

tough hydrogels (16, 35, 36). This phenomenon is likely because the gel becomes very stiff on 

the local level at high degrees of ionic crosslinking, and fewer ionic crosslinks break upon 

compression. The optimized tough cryogel is able to maintain both its micro- and macro-

architecture after injection, as no permanent changes to its porous structure and bulk physical 

dimensions were observed. Therefore, viscous effects likely only have a negligible impact on the 

tough cryogel during its intra-needle transit, likely due to the short transit time. Since there is no 

enzyme in humans or animals that can degrade alginate (17), the tough cryogel can likely remain 

stable in vivo for a long time. This, coupled with the fact that the tough cryogel preserves its 

structure after in vivo subcutaneous injection, suggest that the tough cryogel is potentially an 

ideal material for long-term cell modulation or drug delivery. 

The tough cryogel vaccine generated strong antigen-specific CTL and humoral responses. 

Significantly increased percentages of SIINFEKL tetramer+ and IFN-+ CD8 T cells as well as 

anti-OVA and anti-HER2/neu antibody titers were detected in the blood of vaccinated mice. 

While we did not investigate the contribution of HER2/neu-specific CD8 T cells to the 

prophylactic efficacy in the breast cancer model, we expect the expansion of HER2/neu-specific 

CD8 T cells aids in preventing tumor formation. Anti-HER2/neu antibodies may also play a role 

in tumor protection, with different IgG subclasses having different effector functions (37). 

Murine IgG1 antibodies bind and directly neutralize, whereas IgG2a antibodies bind and 
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facilitate antibody-dependent cellular cytotoxicity by effector cells such as natural killer cells or 

macrophages. In this study, we only quantified the pan-IgG anti-HER2/neu titer, but using OVA 

we demonstrated that the tough cryogel vaccine was able to generate IgG1 and IgG2a subtypes. 

Further studying the titers of IgG subclasses and the roles they play following vaccination could 

provide useful information for future scaffold-based vaccine design. 

Calcium in the tough cryogel stimulated DC activation in vitro. BMDCs cultured in the 

tough cryogel had significantly greater upregulation of the CD86 activation marker than those 

cultured in covalently crosslinked-only cryogels. It has been reported that calcium ions and 

calcium phosphate crystals can activate the NLRP3 inflammasome (19, 38-40), which is part of 

the innate immune system that regulates the secretion of pro-inflammatory cytokines IL-1β and 

IL-18 (41). DCs encapsulated in calcium crosslinked alginate bulk hydrogels were previously 

found to secrete significantly more IL-1β in vitro compared to DCs encapsulated in agarose or 

collagen hydrogels without calcium crosslinking (42). These same alginate hydrogels also 

increased IL-1β concentration in the surrounding tissue in vivo (42). Understanding and 

harnessing the downstream immune responses resulted from calcium may enhance the antitumor 

response of tough cryogel vaccines. 

Tough cryogels delivering GM-CSF recruited a significant number of neutrophils in vivo. 

Neutrophils are traditionally considered first responders to acute inflammation, killing pathogens 

through phagocytosis, release of pro-inflammatory proteins and deployment of neutrophil 

extracellular traps (43). However, more recently neutrophils have been shown to interact with B 

cells and enhance IgM and IgG secretion, but suppress T cell activities (43). How neutrophils 

effect vaccine efficacy and how they may be utilized in concert with adaptive immunity still 



 

63 
 

needs to be explored, and likely provides another parameter to optimize the design of the tough 

cryogel vaccine, or scaffold-based vaccines in general.  

The distance from the vaccine scaffold to the dLN was found to affect the kinetics of the 

antibody response. To the best of our knowledge, this is the first time this finding is documented 

in a scaffold-based vaccine. It is likely that the time required for DCs to traffic to the dLN is 

directly related to the vaccine distance from the dLN. The kinetics may not be key for a 

prophylactic vaccine, but a faster response may be critical for therapeutic vaccination (44, 45). 

The finding suggests placement of the vaccine as an important consideration for the deployment 

of a scaffold-based vaccine.  

The tough cryogel vaccine provided strong tumor-free protection against breast cancer in 

a murine model. Up to 80% of vaccinated mice remained tumor free 5 months after tumor 

challenge. While prophylactic mastectomy is highly successful in preventing breast cancer in the 

clinic (46-48), our vaccine could potentially serve as a minimally invasive, less destructive 

alternative. It could also be used as a combination therapy in HER2+ breast cancer patients with 

the standard therapy, trastuzumab, to prevent recurrence. Moreover, together with the efficacy 

previously shown against an aggressive murine melanoma model using other scaffolds (10, 12, 

49), our results demonstrate the broad utility of scaffold-based cancer vaccines.  

 

3.6 Conclusion 

An injectable tough MA-alginate cryogel has been developed to serve as a cancer vaccine 

that can be delivered in a minimally invasive manner. Combining covalent and ionic 

crosslinking, the tough cryogel demonstrated superior injectability compared to covalently 

crosslinked-only cryogels. The tough cryogels enhanced recruitment of DCs and other immune 
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cells. The tough cryogel vaccine generated strong antigen-specific cellular and humoral 

responses in vivo, and provided potent prophylactic efficacy against a murine breast cancer 

model. Furthermore, vaccination closer to the dLN induced a faster antibody response. The tough 

cryogels present a promising minimally invasive delivery platform for cancer vaccinations. 
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Chapter 4 : Ultrasound-triggered Release Reveals Optimal Timing of CpG-ODN Delivery 

from a Cryogel Cancer Vaccine 

 

4.1 Abstract 

 Recently, several injectable scaffold-based cancer vaccines have been developed that can 

recruit and activate host dendritic cells (DCs) and generate potent antitumor responses. However, 

the optimal timing of cytosine-phosphodiester-guanine-oligonucleotide (CpG-ODN) delivery for 

scaffold-based cancer vaccines remains unknown. We hypothesized that optimally timed CpG-

ODN delivery will lead to enhanced immune responses. A tough cryogel vaccine system where 

CpG-ODN release can be triggered on-demand by ultrasound was used. CpG-ODN was first 

condensed with polyethylenimine and then adsorbed to tough cryogels. Adsorbed CpG-ODN 

was released extremely slowly in vitro. During ultrasound stimulation, minimal burst release of 

CpG-ODN was observed, but CpG-ODN release was triggered, and it continued at an enhanced 

rate even after ultrasound was turned off. In vivo, ultrasound stimulation four days after 

vaccination induced significantly higher antigen-specific cytotoxic T-lymphocyte (CTL) 

response in mice compared to that in control mice and the highest immunoglobulin G2a (IgG2a) 

antibody titer among all the groups. In contrast, ultrasound stimulation immediately or eight days 

after vaccination induced little CTL responses and IgG2a titers. This optimal timing of 

ultrasound-triggered release coincided with the peak DC recruitment level in the tough cryogels. 

Moreover, vaccinated mice stimulated on Day 4 had prolonged survival compared to blank gel 

control. This system is a promising platform to study the optimal timing of delivery of 

immunomodulatory agents for cancer vaccination. 

 

 



 

71 
 

4.2 Introduction 

Biomaterials are promising tools to enhance the effectiveness of cancer vaccines. 

Recently, several injectable scaffold-based cancer vaccines have been developed. These vaccines 

deliver immunomodulatory agents to recruit and activate host dendritic cells (DCs) in situ, and 

have been shown to successfully generate potent antitumor responses against murine melanoma 

and breast cancer models (1-3).  

However, these vaccine scaffolds typically have an early burst release of the danger 

signal, cytosine-phosphodiester-guanine-oligonucleotide (CpG-ODN) (1-3). Up to 80% of the 

loaded CpG-ODN is released within the first two days, before DC recruitment level reaches its 

peak between Day 4 and Day 7. As immature DCs have the unparalleled capacity to internalize 

antigens for processing, whereas mature DCs have the ability to present antigens to T cells but 

lose the antigen processing ability (4, 5), it is likely critical that DCs take up antigens before they 

are activated by CpG-ODN in the vaccine. It remains unknown whether there is an optimal 

timing for CpG-ODN delivery from scaffold-based cancer vaccines.  

We hypothesized that optimally timed CpG-ODN delivery will lead to enhanced antigen-

specific cytotoxic T-lymphocyte (CTL) and antibody responses. Here, we present a system 

where CpG-ODN release from a cryogel-based vaccine can be triggered on-demand upon 

ultrasound stimulation. Previously, an alginate tough cryogel was developed as an injectable 

platform for cancer vaccination (3). CpG-ODN is first condensed with a polycation, 

polyethylenimine (PEI) to form positively charged nanoparticles. These nanoparticles are then 

adsorbed onto the surface of the tough cryogel via electrostatic interaction. To release CpG-ODN 

from the tough cryogel, ultrasound is applied to trigger the release. Ultrasound is widely used in 

clinical settings as diagnostic and therapeutic techniques (6). Because it can be delivered with 
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high precision spatiotemporally, and can penetrate deep into tissue (6, 7), ultrasound has also 

been widely used as an external stimulus for drug delivery applications (6, 8-13). In particular, it 

has been shown that the release of plasmid DNA (pDNA) condensed with PEI from an alginate-

based hydrogel can be triggered by ultrasound (11). In this study, the release kinetics of CpG-

ODN from tough cryogels with or without ultrasound stimulation were determined. Moreover, 

the in vivo antigen-specific CTL and humoral responses and the antitumor efficacy induced by 

the vaccine stimulated at different times were investigated. 

 

4.3 Materials and Methods 

Materials 

UP MVG sodium alginate was purchased from NovaMatrix (Sandvika, Norway). 2-(N-

Morpholino) ethanesulfonic acid hydrate (MES), N-(3-Dimethylaminopropyl)-N’-

ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), dimethylformamide 

(DMF), trimethylamine (TEA), ammonium persulfate (APS), N,N,N’,N’-

tetramethylethylenediamine (TEMED), anhydrous calcium chloride, and 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) were purchased from Sigma-Aldrich (Atlanta, GA). 2-

aminoethyl methacrylate hydrochloride (AEMA) was purchased from Polysciences (Warrington, 

PA). Cyanine 5-amine (Cy5-amine) fluorescent dye was purchased from Lumiprobe (Hunt 

Valley, MD). Granulocyte macrophage colony-stimulating factor (GM-CSF) was purchased 

from PeproTech (Rocky Hill, NJ). CpG-ODN 1826 5’-tccatgacgttcctgacgtt-3’ and 6-FAM-

labeled CpG-ODN were synthesized by Integrated DNA Technologies (Chicago, IL). The 

Quant-itTM OliGreen® ssDNA Assay Kit and Geneticin antibody were purchased from Thermo 

Fisher Scientific (Waltham, MA). The IL-12p70 enzyme-linked immunosorbent assay (ELISA) 
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kit and staining antibodies for flow cytometry were purchased from eBioscience (Santa Clara, 

CA). The GM-CSF ELISA kit was purchased from R&D Systems (Minneapolis, MN). OVA was 

purchased from InvivoGen (InvivoGen vac-pova, San Diego, CA). RPMI 1640 media and 

ammonium chloride potassium (ACK) lysing buffer were purchased from Lonza (Basel, 

Switzerland). C57BL/6J mice were purchased from the Jackson Laboratory (Bar Harbor, ME). 

Allophycocyanin (APC)-conjugated H-2Kb-SIINFEKL tetramer was obtained from the National 

Institutes of Health (NIH) tetramer core facility. The Vibra-Cell VCX 130 ultrasonic processor 

and the 3mm (630-0422) and 13 mm (630-0561) transducers were purchased from Sonics & 

Materials, Inc. (Newtown, CT). Aquaflex ultrasound gel pad and Aquasonic 100 ultrasound 

transmission gel were purchased from Parker Laboratories, Inc. (Fairfield, NJ). 

 

Synthesis of methacrylated alginate 

MA-alginate was synthesized as described previously (14). Briefly, UP MVG sodium 

alginate (1.2 g) was dissolved in a 0.1 M MES buffer (pH ~6.5) at 0.6% (w/v). EDC (3.36 g) and 

NHS (1.56 g) were added to the alginate solution to activate the carboxyl groups of alginate. 

Then, AEMA (2.688 g) was added to the reaction mixture and stirred for 17 h at room 

temperature (RT) in the dark. The mixture was precipitated in 10X excess acetone, filtered, and 

dried in a vacuum chamber at RT overnight. 

 

Fabrication of tough cryogels 

Tough cryogels were fabricated using a combination of covalent and ionic crosslinking of 

alginate (3). Briefly, 1.5% (w/v) MA-alginate solution in deionized water was first covalently 

crosslinked by radical polymerization with initiators TEMED (0.5% w/v) and APS (0.25% w/v). 
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The mixture was quickly added to Teflon molds (5 mm diameter, 1 mm height) which were 

placed at -20°C overnight. Cryogels were then thawed and soaked in 200 mM calcium chloride 

(50 mM HEPES buffered; pH ~7.0-7.4) for 10 min to form ionic crosslinking with calcium ions. 

When used, GM-CSF and OVA were mixed in the MA-alginate polymer solution prior to 

cryogelation. 

 

DC recruitment to tough cryogels 

Two tough cryogels containing 1.5 g of GM-CSF and 150 ug of OVA were injected 

subcutaneously via a 16G needle in the lower flanks near the inguinal LNs of 6-8 week-old 

female C57BL/6J mice. The scaffolds were explanted on different time points and incubated in 

250 U/mL collagenase type IV under gentle shaking at 37°C for 30 min. The resulting cell 

suspensions were filtered through a 40 m cell strainer to isolate the cells from debris. Total cell 

count was performed by Countess II automated cell counter (Thermo Fisher Scientific). To 

identify DCs and determine their viability and activation states, cells were stained with 

fluorescently-labeled primary antibodies and analyzed by flow cytometry. PerCP 7AAD 

live/dead stain was used to determine viability. APC-conjugated CD11c and fluorescein 

isothiocyanate (FITC)-conjugated CD11b stains were used to identify DCs. Flow cytometry 

analyses were compensated, and cells were gated according to positive APC and FITC using 

isotype controls. Based on the total cell count and the percentage of DCs determined by flow 

cytometry, the number of DCs in the scaffold was calculated. 

 

Preparation of condensed CpG-ODN nanoparticles 
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CpG-ODN was condensed with PEI (Mn ∼60,000) as described previously (15, 16). 

Briefly, 1 mL 300 g/mL CpG-ODN solutions were added to 2 mL PEI solutions dropwise while 

vortexing the mixture. The charge ratio between PEI and CpG-ODN (NH3
+:PO4

−) was varied 

from 3 to 7. The PEI-CpG-ODN condensate solutions were then mixed with 60 L of 50% (w/v) 

sucrose solution followed by lyophilization. Size, polydispersity index (PdI) and ζ-potential of 

condensed CpG before and after lyophilization were characterized by dynamic light scattering 

before and after lyophilization using a Malvern Zen3600 zeta-sizer (Malvern Instruments, 

Malvern, United Kingdom). 

 

Loading of condensed CpG-ODN onto tough cryogels 

Lyophilized condensed CpG-ODN nanoparticles were resuspended in deionized water at 

5 mg CpG-ODN/mL concentration. The suspension was added dropwise onto tough cryogels and 

were incubated on a shaker at 37°C for 1 h followed by soaking in a 200 mM CaCl2 solution for 

10 min. The final loading dose was approximately 50 ug of CpG per gel. To confirm adsorption 

of condensed CpG-ODN to tough cryogels, condensed 6-FAM-labeled CpG-ODN was loaded 

onto Cy5-labeled tough cryogels. The gels were then imaged in Hank's Balanced Salt Solution 

(HBSS) containing 2 mM CaCl2 using an Upright Zeiss LSM710 NLO microscope. 

Alternatively, for the experiment studying the effect of ultrasound amplitude on CpG-ODN 

release kinetics, condensed CpG-ODN nanoparticles were formed at ~3 mg CpG-ODN/mL 

concentration. The suspension was loaded directly onto tough cryogels without lyophilization. 

 

CpG-ODN and GM-CSF release in vitro 
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Tough cryogels loaded with condensed CpG-ODN and GM-CSF were placed in 1 mL of 

a solution of 1% bovine serum albumin (BSA) in HBSS supplemented with 2 mM CaCl2, and the 

release buffer was collected and replaced with fresh buffer at every time point. To study 

ultrasound-triggered CpG-ODN release in vitro, tough cryogels were transferred to 5 mL of the 

release buffer in 12-well transwell plates (Corning 3452, Corning, NY) (Figure S4.1). The 

transwell inserts were placed in the wells to prevent the tough cryogels from direct contact with 

the ultrasound transducer. The tip of the ultrasound transducer (630-0422 3 mm stepped 

microtip, Sonics & Materials Inc. Newtown, CT) was placed at the surface of the release buffer 

during stimulation. Ultrasound was applied at 30% amplitude for 5 min unless specified 

otherwise. For the experiment studying the effect of ultrasound amplitude on CpG-ODN release 

kinetics, ultrasound was applied for 20 min. Released CpG-ODN and GM-CSF were quantified 

by the Quant-itTM OliGreen® ssDNA Assay Kit and ELISA, respectively. 

 

Generation of BMDC and DC activation in vitro by tough cryogels 

Bone marrow-derived DCs (BMDCs) were generated according to standard protocols 

(17, 18). Briefly, hindlimbs of 6-8 week-old female C57BL/6J mice were harvested. The femurs 

and tibias were flushed by culture media (RPMI 1640 media supplemented with 10% heat-

inactivated fetal bovine serum (FBS), 1% penicillin/streptomycin, 50 M β-mercaptoethanol, 

and 20 ng/mL GM-CSF) to isolate bone marrow cells, which were then cultured for 7 days. 

BMDCs cultured between 7 and 10 days were collected and used for experiments. Condensed 

CpG-ODN-loaded tough cryogels after being in the release buffer for 2 days were stimulated by 

ultrasound at 50% amplitude for 20 min. The stimulated tough cryogels were then incubated on a 
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monolayer of 3x105 BMDCs overnight. The co-culture media were collected, and IL-12p70 level 

in the media was analyzed by ELISA. 

 

Detection of ultrasound signals through transmission media 

Acoustic voltage delivered by ultrasound transducers through transmission media was 

assessed. A 3 mm transducer and a 13 mm transducer were tested. A needle hydrophone (Dapco 

Industries Inc.) was situated below and pointing toward the transducer. The needle hydrophone 

and the transducer were separated by a 2 cm layer of either the Aquasonic 100 ultrasound 

transmission gel or the Aquaflex ultrasound gel pad. Acoustic voltage detected by the 

hydrophone was recorded and processed by the PicoLog Recorder software. As a control, the 

background noise created during ultrasound stimulation was measured by the hydrophone 

positioned not in direct contact with the transmission gel or gel pad. 

 

Preparation of tough cryogel OVA vaccine and vaccination 

GM-CSF and OVA, were mixed in the MA-alginate polymer solution prior to 

cryogelation, with a final dose of 1.5 g of GM-CSF and 150 ug of OVA encapsulated per tough 

cryogel. Condensed CpG-ODN containing 50 ug of CpG-ODN was then loaded onto each tough 

cryogel as described before. Two of these tough cryogels were injected in ~250 L of normal 

saline by a 16G needle subcutaneously into lower flanks near the inguinal LNs of female, 6-8 

week-old C57BL/6J mice. Two blank tough cryogels were injected into each mouse as a control. 

For in vivo ultrasound stimulation, subcutaneous gels were stimulated by the 13 mm transducer 

at 20% amplitude for 5 min through a 2 cm layer of Aquaflex ultrasound gel pad.  
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Detection of OVA-specific cytotoxic T-lymphocyte responses 

Blood was drawn from the mice, and red blood cells were lysed by using the ACK lysing 

buffer. Half of the remaining blood cells were first stained with APC-conjugated H-2Kb-

SIINFEKL tetramer and subsequently stained with the FITC-conjugated CD8 stain for flow 

cytometry analysis. The other half of the cells were co-incubated with 7 g/mL of OVA257-264 

SIINFEKL OVA CD8 epitope in a 96-well U-bottomed plate for 1.5 h at 37°C. 50 uL of 1x 

GolgiStop™ (BD Biosciences) was added to each well and the cell were incubated for another 4 

h at 37°C. The samples were stained with APC-Cy7-conjugated fixable live/dead stain and the 

FITC-conjugated CD8 stain. Then, the samples were incubated in Cytomix/Cytoperm (BD 

Biosciences) for 20 min at 4°C, washed in PermWash buffer and stained with APC-conjugated 

IFN- stain for flow cytometry analysis. 

 

Detection of OVA-specific antibody responses 

Serum anti-OVA antibody titer was quantified by ELISA. Briefly, blood was drawn from 

vaccinated C57BL/6J mice, and sera were isolated from blood by centrifugation at 2,200 g for 10 

min. ELISA plates were coated with 10 g/mL OVA in PBS at 4°C overnight during gentle 

mixing. ELISA was performed following standard, established procedure. Anti-OVA titer is 

defined as the lowest serum dilution where the ELISA OD value was 0.2. 

 

Prophylactic efficacy of tough cryogel vaccines 

OVA-expressing B16-F10 (B16-OVA) cells were cultured in RPMI 1640 media 

supplemented with 10% FBS, 1% penicillin/streptomycin and 1 mg/mL geneticin. Cells were 

passaged regularly without reaching full confluency until use. For tumor challenge, each mouse 
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was injected 3  105 B16-OVA cells subcutaneously in the back of the neck. Tumor growth and 

mouse survival were monitored regularly. Tumors were assumed to be in an oval shape, and 

tumor area were calculated by the equation length  width  π/4. Mice were euthanized for 

humane reasons when the longest tumor dimension was greater than 20 mm or severe ulceration 

or bleeding of the tumor occurred.  

 

Animal protocol 

All animal studies were performed in accordance with NIH guidelines, and with the 

approval of Harvard University’s Institutional Animal Care and Use Committee. 

 

Statistical analyses 

All values presented in this manuscript were expressed as mean ± s.d. Statistical analyses 

were performed using GraphPad Prism or Microsoft Excel. Mann-Whitney tests were used to 

analyze anti-OVA antibody titers. The survival data were analyzed by the Log-rank Mantel-Cox 

test. For comparisons of three or more groups, one way ANOVA with Tukey’s or Dunnett’s post 

tests were used. For other data, sample variance was first tested using the F-test to determine 

whether samples had equal variance. Samples with equal variance were analyzed by a two-tailed 

Student’s t-test. Samples with unequal variance were analyzed by a two-tailed Welch’s t-test. 

Differences with p < 0.05 were considered statistically significant. 

 

4.4 Results 

DC recruitment to the tough cryogels 
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The kinetics of DC recruitment to tough cryogels were determined (Figure 4.1A). There 

was an early influx of cells into the tough cryogel, as the total cellularity was the highest two 

days after implantation and then declined over time (Figure 4.1B). The number of DCs recruited 

to the tough cryogel increased over time and plateaued between Day 4 and Day 7 when both the 

percentage and the number of DCs in the tough cryogel peaked (Figure 4.1C-D). The timing of 

peak DC recruitment is consistent with what was reported previously (1, 2). This finding 

motivates the hypothesis that delivering CpG-ODN during peak DC level in the scaffold may 

lead to enhanced immune responses. 

 

 
 
 

 
 
 
 
 

 
 
 

 
 

 
 
 

 
 

 
 

 
Figure 4.1. Dendritic cell recruitment over time. 

Figure 4.1. Dendritic cell recruitment over time. (A) Outline of the dendritic cell recruitment 

study. (B) Total number of cells in tough cryogels. (C) Percentage of CD11b+ CD11c+ DCs 

among all cells in tough cryogels. (D) Quantification of CD11b+ CD11c+ DCs in tough cryogels. 

Values presented are expressed as mean ± s.d. Some error bars are too small to be seen. 
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Characterization and loading of condensed CpG-ODN nanoparticles onto tough cryogels 

To load CpG-ODN onto the tough cryogel and allow on demand ultrasound triggered 

release, CpG-ODN was first condensed with PEI, and then adsorbed onto the surface of the gel 

following lyophilization (Figure 4.2A). The condensed CpG-ODN nanoparticles with different 

PEI:CpG-ODN charge ratios were characterized (Figure 4.2B-D). Overall, increasing the 

PEI:CpG-ODN charge ratio significantly decreased particle size and PdI but significantly 

increased ζ-potential. Lyophilization did not drastically alter particle characteristics. 

Condensed 6-FAM-labeled CpG-ODN solution was pipetted dropwise onto Cy5-labeled 

tough cryogels. Confocal microscopy imaging showed that condensed CpG-ODN was adsorbed 

to the cryogel wall, and was distributed throughout the gels (Figure 4.2E). The loading efficiency 

of condensed CpG-ODN was greater than 99%, and was not dependent on charge ratio (Figure, 

4.2F). 
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Figure 4.2. Characterization of condensed CpG-ODN. 

Figure 4.2. Characterization of condensed CpG-ODN. (A) Schematic of condensation of 

CpG-ODN with PEI and its loading on to the tough cryogel. (B) Particle sizes, (C) polydispersity 

indices, and (D) ζ-potentials of condensed CpG-ODN of charge ratios of 3, 5, and 7 before and 

after lyophilization.  
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Figure 4.2 (Continued). (E) Representative image of lyophilized condensed CpG-ODN (charge 

ratio 3) adsorbed onto the tough cryogel. (F) Loading efficiency of condensed CpG-ODN to the 

tough cryogel by charge ratio. Values presented are expressed as mean ± s.d. Some error bars are 

too small to be seen. * p < 0.05, ** p < 0.01. 
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Ultrasound-triggered release of CpG-ODN in vitro 

The release kinetics of condensed CpG-ODN from tough cryogels with or without 

ultrasound stimulation were determined (Figure 4.3A-B). Condensed CpG-ODN was released 

from tough cryogels extremely slowly without ultrasound stimulation. When ultrasound was 

applied, CpG-ODN release was triggered with a minimal burst release. After ultrasound 

stimulation was discontinued, cryogels continued to release CpG-ODN at an enhanced rate in a 

sustained manner. The amplitude of ultrasound stimulation regulated the release rate (Figure 

4.3C).  

To determine whether ultrasonic energy physically damaged or denatured CpG-ODN, we 

performed a standard release study and stimulated tough cryogels condensed loaded with CpG-

ODN by ultrasound on Day 2. Ultrasound-stimulated, condensed CpG-loaded cryogels cultured 

with bone marrow derived DCs induced significantly higher IL-12p70 secretion than blank tough 

cryogels or media, indicating that the ultrasound-released CpG remained bioactive (Figure 4.3D). 

If ultrasound affects the GM-CSF release, the DC recruitment profile can be altered as 

well. We showed that ultrasound stimulation did not affect GM-CSF release, likely because the 

majority of GM-CSF was already released over the first few hours even without ultrasound 

(Figure 4.3E). 
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Figure 4.3. Ultrasound-triggered 

release of CpG-ODN in vitro. 

 

Figure 4.3. Ultrasound-triggered release of CpG-ODN in vitro. (A) Cumulative release of 

CpG-ODN from tough cryogels with (right) or without (left) ultrasound stimulation on Day 1. 

(B) Cumulative release of CpG-ODN from tough cryogels with (right) or without (left) 

ultrasound stimulation on Day 3. (C) Cumulative release of CpG-ODN of charge ratios 7 (left) or 

3 (right) from tough cryogels stimulated at different ultrasound amplitudes. Ultrasound was 

applied on Day 2.  
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Figure 4.3 (Continued). (D) IL-12p70 cytokine secretion by BMDCs co-cultured with post-

ultrasound stimulation (50% amplitude) tough cryogels loaded with condensed CpG-ODN. (E) 

Cumulative release of GM-CSF from tough cryogels with ultrasound stimulation on Day 1 (left) 

or Day 3 (right). The arrow denotes application of ultrasound. Values presented are expressed as 

mean ± s.d. Some error bars are too small to be seen. * p < 0.05, ** p < 0.01, *** p < 0.001.  
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Antigen-specific immunity induced by tough cryogel vaccine loaded with condensed CpG-ODN 

of different charge ratios in the absence of ultrasound 

To determine which formulation of condensed CpG-ODN elicited the least immune 

response, mice were vaccinated with tough cryogel vaccines loaded with condensed CpG-ODN 

of different charge ratios without ultrasound stimulation, and their blood T cells were analyzed 

on Day 8 (Figure 4.4A). Mice vaccinated with condensed CpG-ODN of charge ratio 3 had the 

lowest fractions of SIINFEKL+ and IFN+ CD8 T cells among the vaccine groups, and they were 

comparable statistically to those of the mice that received blank tough cryogels (Figure 4.4B-C). 

Only condensed CpG-ODN of charge ratio 7induced significantly higher levels of SIINFEKL+ 

and IFN+ CD8 T cells compared to control mice. Moreover, condensed CpG-ODN of charge 

ratio 7 treated mice generated significantly higher levels of tetramer+ and IFN+ CD8+ T cells 

than charge ratio 3 treated mice. A similar trend was observed in the prophylactic efficacy study. 

Mice vaccinated with condensed CpG-ODN of charge ratio 7 had significantly prolonged median 

survival compared to mice in all the other groups, while mice vaccinated with condensed CpG-

ODN of other charge ratios did not exhibit any survival benefit compared to blank gel treated 

mice (Figure 4.4E).  

Condensed CpG-ODN of charge ratio 3 was selected for future studies because it 

generated the lowest baseline immune response. We hypothesized that this formulation would 

allow us to observe greatest improvements in the immune responses when CpG-ODN was 

released by ultrasound stimulation. 
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Figure 4.4. In vivo antigen-specific immunity induced by tough cryogel vaccine loaded with condensed CpG-ODN of different 

charge ratios in the absence of ultrasound. 

Figure 4.4. In vivo antigen-specific immunity induced by tough cryogel vaccine loaded with 

condensed CpG-ODN of different charge ratios in the absence of ultrasound. (A) Outline of 

the prophylactic vaccination study. Fractions of (B) SIINFEKL+ and (C) IFN-γ+ cells among 

blood CD8 T cells in mice vaccinated with tough cryogel vaccines loaded with condensed CpG-

ODN of charge ratios 3, 5, or 7, compared to mice treated with blank tough cryogels. 
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Figure 4.4 (Continued). (D) Tumor growth curves of individual mice treated by blank tough 

cryogels or tough cryogel vaccines loaded with condensed CpG-ODN of charge ratios 3, 5, or 7. 

(E) Survival rates of mice challenged by 3x105 OVA-expressing B16-F10 cancer cells after 

treatment by blank tough cryogels or tough cryogel vaccines loaded with condensed CpG-ODN 

of charge ratios 3, 5, or 7. Values presented are expressed as mean ± s.d. * p < 0.05, ** p < 0.01.  
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Optimization of ultrasound stimulation for in vivo studies 

To optimize the ultrasound stimulation set-up for in vivo studies, ultrasound waves across 

transmission gels or gel pads were detected using a hydrophone. First, a 13 mm diameter 

transducer was used to deliver ultrasound. Through the gel pad, similarly strong ultrasound 

signals were detected initially, independent of the ultrasound amplitude setting (Figure 4.5A-D). 

However, at 30% or higher amplitudes, the strength of the acoustic signals declined over time. In 

particular, at 90% amplitude, the acoustic signal became virtually negligible after approximately 

20 seconds of stimulation (Figure 4.5D). This is likely because at high amplitudes, the transducer 

generated a large amount of heat, which melted the gel pad and reduced the efficiency of 

ultrasound transmission. The background noise created during ultrasound stimulation through the 

gel pad was not detected by the hydrophone through the air, indicating that the acoustic signals 

received by the hydrophone were indeed through the gel pad, not through the air (Figure 4.5E). 

Through the transmission gel, weaker ultrasound signals were detected, compared to 

those transmitted through the transmission gel pad at the same amplitudes (Figure 4.5F-G). This 

can be explained by the fact that the gel is less dense than the gel pad, making sound transfer 

through the gel less efficient. The strength of the acoustic signals also declined over time, similar 

to what was observed in the gel pad case. 

A transducer with a smaller diameter can concentrate the acoustic energy at a smaller 

area, thereby delivering more acoustic energy per unit area. Therefore, it was hypothesized that a 

3mm transducer could generate stronger acoustic signals than the 13mm transducer. However, 

the concentrated energy generated so much heat locally that the gel pad was melted quickly and 

lost its ability to transmit ultrasound effectively (Figure 4.5H). 
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Due to consistent strong delivery and transmission of ultrasound, 20% amplitude 

delivered by the 13mm transducer through the transmission gel pad was selected for the in vivo 

ultrasound stimulation studies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5. Detection of ultrasound acoustic signals through transmission media. 

Figure 4.5. Detection of ultrasound acoustic signals through transmission media. 

Acoustic voltage generated by different ultrasound settings: (A) 20% amplitude from a 13mm 

transducer through a transmission gel pad, (B) 30% amplitude from a 13mm transducer through 

a transmission gel pad, (C) 50% amplitude from a 13mm transducer through a transmission gel 

pad, (D) 90% amplitude from a 13mm transducer through a transmission gel pad, 
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Figure 4.5 (Continued). (E) 50% amplitude from a 13mm transducer through a transmission gel 

pad without the hydrophone in direct contact with the transmission gel pad, (F) 30% amplitude 

from a 13mm transducer through a transmission gel, (G) 50% amplitude from a 13mm 

transducer through a transmission gel, and (H) 50% amplitude from a 3mm transducer through a 

transmission gel pad. 
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Effect of the timing of CpG-ODN delivery on antigen-specific immune responses and 

prophylactic efficacy 

Mice vaccinated with tough cryogel vaccines loaded with condensed CpG-ODN of 

charge ratio 3 were stimulated by ultrasound on Day 0 (analogous to initial burst release), Day 4 

(the beginning of peak DC recruitment) and Day 8 (after peak DC recruitment), and peripheral 

blood was drawn for analysis (Figure 4.6A). Mice given blank tough cryogels served as the 

control. Eight days after vaccination, ultrasound stimulation on Day 4 led to significant higher 

levels of SIINFEKL+ and IFN+ CD8+ T cells in the blood compared to that of control mice 

(Figure 4.6B-C). Unstimulated mice (ultrasound was applied after blood draw, so effectively 

mice were unstimulated for the Day 8 time point) and mice stimulated on Day 0 did not induce 

significant SIINFEKL+ or IFN+ CD8+ T cell levels compared to the control group at this time 

point. Although there was some residual CTL response in the subsequent time points, the fact 

that CTL responses diminished or did not increase over time suggests that ultrasound stimulation 

at a later time point did not simply delay the CTL response, but that stimulation on Day 4 

generated the strongest CTL response. 

CpG-ODN promotes antigen class-switching toward Th1-like antibody isotypes such as 

IgG2a, but not IgG1 (19, 20). Indeed, all the vaccine groups induced similarly high levels of anti-

OVA IgG1 antibody titer, which were approximately four orders of magnitude higher compared 

to blank cryogel control (Figure 4.6D). Interestingly, stimulation on Day 4 induced the highest 

IgG2a antibody titer than other conditions (Figure 4.6D). However, despite the difference was up 

to two orders of magnitude higher, because of the large variability, the difference was not 

statistically significant. 
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All vaccine groups exhibited significant delayed tumor growth and prolonged median 

survival compared to the control (Figure 4.6E-F). No statistically significant difference was 

observed between the vaccine groups. Taken together, these findings suggest that 4 days after 

vaccination may be the optimal timing of CpG-ODN delivery for the cryogel-based cancer 

vaccine. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6. In vivo antigen-specific immune responses 

induced by the tough cryogel vaccine stimulated by ultrasound at 

different times. 

Figure 4.6. In vivo antigen-specific immune responses induced by the tough cryogel vaccine 

stimulated by ultrasound at different times. (A) Outline of the prophylactic vaccination study. 

(B) Fractions of SIINFEKL+ cells among blood CD8+ T cells in mice vaccinated with tough 

cryogel vaccines ultrasound-stimulated on D0, D4 or D8, compared to mice treated with blank 

tough cryogels. 
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Figure 4.6 (Continued). (C) Fractions of IFN+ cells among blood CD8+ T cells in mice 

vaccinated with tough cryogel vaccines ultrasound-stimulated on D0, D4 or D8, compared to 

mice treated with blank tough cryogels. (D) Titers of serum anti-OVA IgG1 (left) and IgG2a 

(right) antibodies in mice vaccinated with tough cryogel vaccines ultrasound-stimulated on D0, 

D4 or D8, compared to mice treated with blank tough cryogels. 
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Figure 4.6 (Continued). (E) Tumor growth curves of individual mice treated by blank tough 

cryogels or tough cryogel vaccines ultrasound-stimulated on D0, D4 or D8. (F) Survival rates of 

mice challenged by 3x105 OVA-expressing B16-F10 cancer cells after treatment by blank tough 

cryogels or tough cryogel vaccines ultrasound-stimulated on D0, D4 or D8. Values presented are 

expressed as mean ± s.d. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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4.5 Discussion 

Condensed CpG-ODN was released extremely slowly from the tough cryogel, but 

ultrasound stimulation significantly enhanced the release rate. This is likely because the 

electrostatic interaction that kept condensed CpG-ODN adsorbed to the tough cryogel was 

disrupted by the ultrasound. Interestingly, after only single ultrasound stimulation, the CpG-

ODN continued to be released at an enhanced rate even after stimulation was discontinued. This 

phenomenon is different from what was previously reported in an alginate hydrogel-based 

ultrasound-triggered release system, where a burst release of small molecules, proteins, 

nanoparticles and condensed ODNs occurred when ultrasound was turned on, but the release 

stopped after ultrasound was turned off (11, 21). The mechanism of this “digital release” profile 

was due to the reversible disruption of the ionic crosslinking alginate network by ultrasound 

stimulation, during which the entrapped payload was released. After ultrasound was turned off, 

the alginate network self-healed and prevented the release of the payload. In the current system, 

condensed CpG-ODN was adsorbed onto the surface of the tough cryogel instead of being 

entrapped in the gel. Ultrasound presumably disrupted the electrostatic interaction permanently; 

therefore, CpG-ODN release continued. This one-time on-demand delivery profile may be 

advantageous for clinical applications, as patients would only need to receive one session of 

ultrasound stimulation, avoiding repeated return visits, which could have patient compliance 

issues. 

It was found that increasing the charge ratio of condensed CpG-ODN increases the CTL 

response induced by the vaccine in the absence of ultrasound stimulation. Condensed CpG-ODN 

of charge ratio 7 induced significantly stronger CTL responses and led to significant 

improvement in survival compared to condensed CpG-ODN of charge ratio 3. This result was 
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unexpected because it was hypothesized that higher charge ratios would lead to stronger CpG-

ODN adsorption and, therefore, less CpG-ODN release from the tough cryogel. However, our 

data showed that there was little difference in release kinetics in vitro between the two charge 

ratios. Previously, it has been suggested that PEI could enhance immune responses through Toll-

like receptor-4 (TLR-4) and TLR-5 signaling (22, 23). PEI induced DC maturation and promoted 

secretion of pro-inflammatory cytokines IL-6 and TNF-α (24). Furthermore, PEI has been used 

to promote vaccine efficacy as an adjuvant (24-26). Therefore, the stronger CTL response 

induced by condensed CpG-ODN of charge ratio 7 may be attributed to the larger amount of PEI 

present in the vaccine. What roles PEI play in the cryogel-based vaccine will require further 

studies and can enhance our knowledge for material design for vaccination.   

Four days after vaccination was the optimal timing for CpG-ODN delivery. Mice 

receiving ultrasound stimulation to induce CpG-ODN release on Day 4 had the strongest CTL 

and IgG2a antibody responses. This timing coincides with the early stage of the peak DC 

recruitment level in the tough cryogel. Large numbers of DCs that have already been exposed to 

antigens are now available to be activated by CpG-ODN released by ultrasound. If ultrasound 

was applied on Day 0, similar to a burst release, DCs could be prematurely activated and lost 

their ability to endocytose and process antigens (4, 5). If ultrasound was applied on Day 8, fewer 

DCs would be activated by CpG-ODN. The latter two scenarios would lead to weaker immune 

responses, as observed in this study. The finding of the optimal timing for CpG-ODN delivery is 

likely important information to consider for designing scaffold-based vaccines in the future.  

It is not expected that ultrasound stimulation had a direct impact on DC activation or DC 

antigen uptake in this study. Previous studies have shown that ultrasound along with 

microbubbles or nanobubbles enhanced DC uptake of OVA and pDNA (27, 28). Ultrasound-
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induced oscillation of these bubbles created cavitation that increased the permeability of DC 

membrane and allow for enhanced OVA and pDNA uptake. However, the enhanced uptake was 

not observed using ultrasound alone without microbubbles. In this study, no microbubbles were 

used. Injection of microbubbles prior to ultrasound stimulation of the tough cryogel vaccine may 

further augment the immune responses and the antitumor efficacy of the vaccine. One limitation 

to the current study is the use of low frequency (20 kHz) ultrasound. A significant amount of 

heat was generated during stimulation, which melted the transmission gel and likely explained 

the relatively large variability of some of the in vivo results. Nevertheless, with high frequency 

ultrasound, stronger dose of ultrasound could be delivered with better precision without 

generation of excess heat, and potentially resulted in increased CpG-ODN release and more 

robust, consistent immune responses. 

  The tough cryogel ultrasound-triggered on-demand release technology may be applied 

to other types of adjuvants and antigens. For instance, TLR-3 ligand polyinosinic:polycytidylic 

acid [Poly(I:C)] carries negative charges and can be complexed with PEI (29). Other sources of 

antigen, such as neoantigen peptides has been shown to generate exciting therapeutic efficacy 

against melanoma in clinical trials (30, 31). Neoantigen peptides adsorbed to PEI in a 

mesoporous silica-based scaffold vaccine significantly enhanced vaccine efficacy (24). Studying 

how the timing of the delivery of Poly(I:C) and neoantigen peptides and the sequence of their 

delivery would greatly strengthen our insight into the design and deployment of materials-based 

cancer vaccination. 

 

4.6 Conclusion 
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A tough cryogel vaccine system where CpG-ODN can be released on-demand by 

ultrasound was developed. Delivering CpG-ODN during peak DC recruitment in the cryogels led 

to the strongest antigen-specific cellular and humoral responses. This finding is an important 

design parameter for future scaffold-based vaccine development. Furthermore, this system 

provides a promising platform to study the optimal timing of delivery of immunomodulatory 

agents for cancer vaccination, and an external stimuli-responsive, minimal burst release drug 

delivery system. 
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Chapter 5 : Conclusions, Implications, and Future Directions 

 

5.1 Conclusions 

In this thesis, an injectable, ultrasound-responsive alginate tough cryogel was developed 

as a novel cancer vaccine platform. Combination of covalent and ionic crosslinking of alginate 

polymers resulted in a robust, tough cryogel capable of minimally invasive delivery through 

needle and syringe. The tough cryogel-based cancer vaccine showed strong protection against a 

murine breast cancer model. The tough cryogel could also deliver a danger signal on-demand, 

upon ultrasound stimulation. Using this ultrasound-responsive system, it was demonstrated that 

the optimal timing of danger signal delivery coincided with the timing of the peak dendritic cells 

(DCs) recruitment in the tough cryogel.  

In the first aim, we developed an injectable, preformed tough cryogel with an appropriate 

combination of covalent and ionic crosslinking of alginate polymers. The tough cryogel could be 

injected both in vitro and in vivo without sustaining any damage through a needle ~50% smaller 

than what would be required of a covalently crosslinked-only cryogel. At this needle size, tough 

cryogels maintained their macro- and micro-structure, whereas covalently crosslinked-only 

cryogels all broke after injection. The tough cryogels enhanced recruitment of DCs and 

generated strong antigen-specific cellular and humoral responses in vivo. Using irradiated tumor 

cells as the antigen source, the tough cryogel vaccine induced tumor-free protection in 80% of 

the mice against a murine breast cancer model. It was also shown that vaccination closer to the 

dLN induced a faster antibody response.  

In the second aim, an on-demand CpG-ODN delivery system was developed based on the 

tough cryogel. Condensed CpG-ODN was adsorbed onto the tough cryogel strongly, and its 
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release was extremely slow. Ultrasound stimulation triggered the CpG-ODN release, which 

continued at an enhanced rate even after ultrasound stimulation was removed. We identified that 

condensed CpG-ODN of (NH3
+:PO4

−) charge ratio 3 induced minimal baseline (without 

ultrasound stimulation) antigen-specific cytotoxic T-lymphocyte (CTL) response compared to 

higher charge ratios. Stimulating tough cryogel vaccines delivering condensed CpG-ODN of 

charge ratio 3 on different days revealed that CpG-ODN delivery four days after vaccination led 

to the strongest antigen-specific CTL response and humoral response. This optimal timing of 

CpG-ODN delivery corresponded to the timing of peak DC recruitment level in the tough 

cryogel. 

The tough cryogel presents a promising minimally invasive delivery platform for cancer 

vaccinations. Our findings also suggest that the timing of the delivery of immunomodulatory 

agents may be critical to vaccine efficacy. The ultrasound-responsive tough cryogel vaccine 

system provides a useful platform to study the optimal timing of delivery of immunomodulatory 

agents for cancer vaccination. 

   

5.2 Implications 

The work in this thesis presented an external stimuli-responsive cryogel for minimally 

invasive cancer vaccination. Unlike typical injectable hydrogels where they are crosslinked in 

vivo after injection, the tough cryogel is a pre-formed injectable scaffold. Its structure and 

volume after injection are pre-defined, and its injection location can be precisely controlled. 

Moreover, its crosslinking method is not constrained by gelling conditions at the injection site in 

vivo, and any potentially toxic crosslinking agents can be removed prior to injection. The tough 

cryogel is also superior compared to the previous covalently crosslinked-only cryogel in its 
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ability to be injected via a smaller needle, which will allow significantly easier subcutaneous 

injection into patients, thereby increasing the feasibility for clinical translation.  

The potency of the tough cryogel vaccine against breast cancer also suggests several 

potential clinical implications. First, although prophylactic mastectomy is highly effective in 

preventing breast cancer among women with a family history of breast cancer or those with 

BRCA1 or BRCA2 mutations (1-3), it is a highly destructive procedure. The tough cryogel 

vaccine could provide a minimally invasive, minimally destructive alternative for these 

populations. This vaccine could also be used in combination with the standard therapy, 

trastuzumab to prevent tumor recurrence in patients of HER2+ breast cancer. Along with the 

strong efficacy against murine melanoma shown in previous scaffold-based cancer vaccines (4-

7), the potency of the tough cryogel vaccine against breast cancer highlights the broad utility of 

the scaffold-based cancer vaccines.  

Finally, the findings in this thesis also provide important information for the deployment 

and the design of scaffold-based cancer vaccines. To our knowledge, this is the first time the 

effect of proximity of the vaccination site to the draining lymph nodes (dLNs) on the kinetics of 

antibody response is reported. The finding that a shorter distance between vaccine scaffolds and 

the dLNs leads to a faster antibody response is likely clinically significant because faster immune 

responses may be critical for the efficacy of therapeutic vaccination (8, 9). Furthermore, we 

showed that optimally timed release of CpG-ODN enhances immune responses. This finding can 

be used to rationally guide the development of future biomaterials-based cancer vaccines. More 

broadly, the ultrasound-responsive tough cryogel vaccine system can be applied to study the 

optimal timing and/or sequence of the delivery of other immunomodulatory agents. 
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5.3 Future Directions 

Several future directions might be further explored to gain more thorough understanding 

of the utility and use of the tough cryogel vaccine that might be useful for informing future 

cancer vaccine design. First, the role of calcium ions in the tough cryogel on immunity is 

unknown. As discussed in Chapter 3, calcium ions and calcium phosphate crystals can activate 

the innate immunity NLRP3 inflammasome that regulates the secretion of proinflammatory 

cytokines IL-1β and IL-18 (10-13). A calcium crosslinked alginate hydrogel promoted DC 

secretion of IL-1β in vitro compared to other hydrogels that did not contain calcium ions (14). 

Results reported in this thesis also showed that DCs cultured in the tough cryogel upregulated the 

activation marker CD86. Understanding how calcium affects the immune responses generated by 

the tough cryogel vaccine may provide a new design parameter for vaccine scaffold development 

as well as providing insight on how to harness innate immunity to enhance anti-tumor responses.  

We demonstrated that vaccination closer to the dLNs generated a faster antibody 

response; however, whether vaccination distance to the dLNs affects the CTL response and 

prophylactic or therapeutic vaccine efficacy have not been investigated. Furthermore, it has 

always been assumed that the vaccine scaffold should be placed at a distance away from the 

tumor to minimize immunosuppressive influence from the tumor microenvironment; 

nevertheless, this hypothesis has never been thoroughly tested. Understanding how vaccination 

distance to the dLNs or the tumor would not only inform how scaffold-based cancer vaccines 

should be deployed clinically, but also provide critical information for next-generation vaccines 

that are designed for in situ generation of tumor antigens which likely requires intratumorial or 

peritumorial implantation of the vaccine scaffold.  



 

109 
 

The tough cryogel vaccine could be utilized as the basis for a vaccine system that is 

capable of generating tumor antigens in situ. For instance, the tough cryogel could deliver 

chemotherapy such as doxorubicin to the tumor to induce immunogenic cell death of tumor cells. 

Alternatively, the tough cryogel vaccine could be delivered in combination with radiation 

therapy on the tumor to create tumor antigens. These approaches could potentially lead to a 

simple, but powerful platform for personalized cancer vaccination.  

The ultrasound-responsive vaccine system could be used to study optimal timing for 

delivery of other types of adjuvants and antigens. For instance, TLR-3 ligand 

polyinosinic:polycytidylic acid [Poly(I:C)] carries negative charges and can be complexed with 

PEI (15), and may activate DCs with a different temporal profile as CpG-ODN, which is a TLR-

9 ligand. Different antigen types (e.g. protein versus peptide) will require different DC antigen 

processing times due to different numbers of amino acids. Studying how the timing and sequence 

of the delivery of Poly(I:C) and different antigens would be critical to maximize the therapeutic 

potential of cancer vaccines.  

What form of CpG-ODN is released after ultrasound stimulation was not studied in this 

thesis. The possibilities include both dissociated CpG-ODN and PEI are released, that only 

dissociated CpG-ODN is released while PEI remains adsorbed to the cryogel wall, or that CpG-

ODN is released in the condensed nanoparticle form. Comparing the polydispersity of CpG-

ODN-PEI in the release sample and that of condensed CpG-ODN using dynamic light scattering, 

or performing fluorescence resonance energy transfer analyses of fluorescently-labeled 

condensed CpG-ODN before and after ultrasound stimulation may shed light on this question. 
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The CTL and humoral responses induced by the ultrasound-responsive vaccine might be 

in part attributed to PEI, but its exact contribution and the mechanism of action were not 

explored in this thesis. PEI has been reported to activate DCs through Toll-like receptor-4 (TLR-

4) and TLR-5 signaling (16, 17), and has been used as an adjuvant to enhance vaccine efficacy 

(18-20). Our in vivo data comparing different charge ratios of condensed CpG-ODN also 

suggests that PEI might promote immune activation. Examining PEI’s effects on the immune 

responses generated by the ultrasound-responsive vaccine would help decouple the roles of CpG-

ODN and PEI and definitely demonstrate the effect of the timing of CpG-ODN delivery. 

One underlying assumption of the work in Chapter 4 is that DCs recruited to the tough 

cryogel will only home to the dLNs after they are activated by the released CpG-ODN. One 

limitation of Chapter 4 is that this assumption was not verified. Studying DC activation and 

trafficking between the vaccine scaffolds and dLNs after ultrasound stimulation will 

conclusively demonstrate that ultrasound-triggered CpG-ODN release is indeed the driving force 

behind DC activation and its subsequent homing to the dLNs. 

Lastly, the impact of ultrasound on the immune responses observed, if any, was not 

investigated. However, ultrasound alone was not expected to have significant contribution to the 

immune responses, as co-injection of micro- or nanobubbles were required to generate cavitation 

that increased the permeability of DC membrane for enhanced uptake of antigens (21, 22). 

Injection of microbubbles before ultrasound stimulation of the tough cryogel vaccine may 

strengthen the antitumor efficacy of the vaccine.  
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APPENDICES 

Appendix A: Chapter 3 Supplemental Figures 

 
Figure S3.0.1. 1H NMR spectra of RGD peptide, ACRL-PEG3500-NHS and ACRL-PEG3500-RGD. 
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Figure S3.1. 1H NMR spectra of (A) GGGGRGDSP peptide, (B) ACRL-PEG3500-NHS and (C) 

ACRL-PEG3500-RGD. The conjugation of GGGGRGDSP peptide to the polymer is confirmed by 

the absence of the peak at 2.67 ppm which represents the NHS-hydrogens and the presence of a 

peak at 3.1 ppm representing the hydrogens in the newly formed amide bond. 
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Figure S3.0.2. Tough cryogel bulk dimensions were maintained after needle injection in vitro. 

Figure S3.2. Tough cryogel bulk dimensions were maintained after needle injection in vitro. 

(A) Diameter and (B) thickness of tough cryogels before and after injections through a 16G or 18G 

needle. n = 8. Values presented are expressed as mean ± s.d. Data were analyzed by a two-tailed 

Student’s t-test. 
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Figure S3.0.3. Tough cryogels have a highly porous structure. 

Figure S3.3. Tough cryogels have a highly porous structure. Histograms of sizes of pore space 

in four individual tough and covalently crosslinked-only cryogels. The bar width is ~20 m. 
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Appendix B: Chapter 4 Supplemental Figures 

 

 
Figure 0.4. Schematic of the set-up for the in vitro ultrasound stimulation of tough cryogels. 

Figure S4.1. Schematic of the set-up for the in vitro ultrasound stimulation of tough 

cryogels.
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Appendix C: Effect of Calcium in the Tough Cryogels on Humoral Responses 

 

C1. Objective 

Calcium plays an important role in the immune system. It was hypothesized that the 

calcium in the tough cryogel may have an impact on the immune responses generated by the 

tough cryogel vaccine. The goal of this study was to determine the effect of calcium in the tough 

cryogels on humoral responses. 

 

C2. Methods 

GM-CSF, CpG-ODN and ovalbumin-gonadotropin-releasing hormone peptide (OVA-

GnRH) conjugate were mixed in the MA-alginate polymer solution prior to cryogelation, with a 

final dose of 1.5 g of GM-CSF, 35 g of CpG-ODN and 150 g of OVA-GnRH conjugate (50 

g GnRH peptide) encapsulated per tough cryogel. Two of these tough cryogels were injected in 

~250 L of phosphate buffered saline (PBS) or normal saline by a 16G needle subcutaneously 

into lower flanks near the inguinal LNs of female, 6 week-old BALB/cJ mice (n = 5). Two 

covalently crosslinked-only cryogels (no calcium) delivering the same amounts of GM-CSF, 

CpG-ODN and OVA-GnRH were injected in ~250 L of PBS into each mouse as a control (n = 

5). The volume of the injected cryogels were measured using a caliper over time. 

To detect serum anti-GnRH antibody, blood was drawn from the vaccinated mice, and 

sera were isolated from blood by centrifugation at 2,200 g for 10 min. Serum anti-GnRH IgG1 

antibody titer was quantified by ELISA following standard, established procedure. Anti-GnRH 

titer is defined as the lowest serum dilution where the ELISA OD value was 0.2. 
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C3. Results and Discussion 

Tough cryogel vaccines injected in PBS led to significantly larger gel volumes in vivo 

during the first three weeks after injection, compared to tough cryogel vaccines injected in 

normal saline and covalently crosslinked-only cryogel vaccines injected in PBS (Figure C.1). 

This phenomenon might be caused by calcium phosphate precipitates that formed when the 

calcium ions in the tough cryogel encountered the phosphate ions in PBS during injection. 

Calcium phosphate can activate the NLRP3 inflammasome of the innate immune system (1). 

Therefore, the presence of calcium phosphate likely enhanced the inflammation in the tough 

cryogel that led to a greater influx of innate immune cells, resulting in significantly larger gel 

volumes in vivo.  
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Figure 0.5. Volumes of different types of cryogels after subcutaneous injection. 

Figure C.1. In vivo volumes of different types of cryogels after subcutaneous injection.  
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Overall, all types of cryogel vaccines elicited strong and durable anti-GnRH IgG1 

antibody responses for at least six months, and they were statistically comparable at all time 

points (Figure C.2). Mice treated with tough cryogel vaccines injected in normal saline or PBS 

reached peak antibody titers at three and four weeks after vaccination, respectively, followed by 

a slow but statistically significant decline (p = 0.003 and p = 0.006, respectively, comparing 

titers at Week 20 and Week 4). Interestingly, IgG1 titers in mice treated with covalently 

crosslinked-only cryogel vaccines increased slightly more slowly, but maintained at high level 

over time (p = 0.17, comparing titers at Week 20 and Week 4). 
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Figure 0.6. Serum anti-GnRH IgG1 antibody titers in mice vaccinated with different types of cryogel vaccines. 

Figure C.2. Titers of serum anti-GnRH IgG1 antibody in mice vaccinated with different types of 

cryogel vaccines. 

 

 

C4. Conclusion 



 

122 
 

Calcium in the tough cryogel vaccine led to a faster IgG1 antibody response. However, the 

covalently crosslinked-only cryogel vaccine generated a more durable response.  

 

C5. Reference 

1. C. Jin, P. Frayssinet, R. Pelker, D. Cwirka, B. Hu, A. Vignery, S. C. Eisenbarth, R. A. 

Flavell, NLRP3 inflammasome plays a critical role in the pathogenesis of hydroxyapatite-

associated arthropathy. Proc Natl Acad Sci U S A 108, 14867-72 (Sep 06, 2011). 
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Appendix D: Protocol for Synthesis of Methacrylated Alginate 

 

Materials 

1. Ultrapure MVG alginate (NovaMatrix) 

2. 0.1M MES buffer in 0.3M NaCl, pH 6.5 (Sigma) 

3. EDC (Sigma) 

4. NHS (Sigma) 

5. Aminoethyl methacrylate hydrochloride (AEMA, Polysciences) 

6. Hydroquinone (Sigma) 

 

Methods 

Alginate 

(mg) 

0.1M MES, 

pH=6.5 (mL) 

EDC 

(mg) 

NHS 

(mg) 

AEMA 

(mg) 

Ratio 

(EDC:NHS:AEMA) 

1200 200* 3360 1560 2688 1:0.8:0.9 

* 0.05 mg/mL hydroquinone (lot#: WXBC3955V) 

 

1. Dissolve 1,200 mg alginate in 180 mL of MES (with 0.05 mg/mL HDQ) under stirring. It 

may take a few hours. 

2. Add EDC and then NHS to the alginate solution. Stir for 30 min to ensure activation of 

alginate. 

3. Dissolve AEMA in 20 mL MES (with 0.05 mg/mL HDQ). Slowly add the solution to the 

reaction mixture, and stir for 17 hours. At this step, the final alginate concentration in the 

mixture is 0.6% (w/v). Note: It is critical to add AEMA in the solution form and add 

slowly. This prevents reactants from crashing out. Wrap the bottle in aluminum foil to 

protect from light. 

4. Centrifuge the MA-Alg solution at 3000g for 5 min. 

5. Filter with a 70 um cell strainer. 

6. Precipitate the mixture with 10X excess acetone. Filter and collect the precipitate. 

7. Dry the precipitate in a vacuum chamber for ~ 1 day. 

8. Collect MA-alginate and store it in -20°C, protected from light. 
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Appendix E: Protocol for Synthesis of ACRL-PEG-RGD 

 

Materials 

1. ACRL-PEG3500-NHS (JenKem Technology) 

2. GGGGRGDSP peptide (Peptides International or Peptide 2.0) 

3. Dimethylformamide (DMF, Sigma)  

4. Trimethylamine (TEA, Sigma) 

5. Diethyl ether (Sigma) 

 

Methods 

1. Set up glassware as shown in the image below.  

i. Place a stir bar in a 100 mL two-neck round bottom flask.  

ii. Grease the inside of the center neck and clamp down a glass connector to the center 

neck of the two-neck round bottom flask. Close the side neck with a rubber stopper. 

iii. Turn on the vacuum pump.  

iv. Flame dry the round bottom flask under vacuum using a Bunsen burner. 

v. Let the glass cool down (approximately 20 min).  

vi. Insert a 16G needle through the rubber stopper and turn nitrogen gas on to flush the 

system (Cover the nitrogen bubbler (see image) for 2-3 min to ensure that nitrogen gas 

fills up the round bottom flask. When done, remove needle first before uncovering the 

bubbler to prevent backflow of air). 

2. Remove the rubber stopper (leave nitrogen gas on) and then add 100 mg of GGGGRGDSP 

peptide (MW758.75) to the round bottom flask through the side neck. Cover the neck with a 

rubber stopper. Insert the 16G needle to flush the system again (Cover the nitrogen bubbler 

(see image) for 2-3 min to ensure that nitrogen gas fills up the round bottom flask. When 

done, remove needle first before uncovering the bubbler to prevent backflow of air). 

3. Add 30 mL of anhydrous dimethylformamide (DMF, Sigma) to round bottom through the 

rubber stopper using syringe and 16G needle. 

4. Let stir until RGD peptide dissolves in anhydrous DMF. 

5. Add 53.3 mg trimethylamine (TEA) – 73.5 µL, 4 M excess of TEA (Sigma). 

6. Weigh out 419 mg ACRL-PEG-NHS (1.1 M excess of peptide; JenKem MW 3500) in a 50 

mL conical tube and dissolve the polymer in 30 mL DMF. Add it to the two-neck round 

bottom flask. 

7. Incubate while stirring for at least 3 hr at RT. Protect from light. 

8. Precipitate ACRL-PEG-RGD twice in 10x excess cold diethyl ether. 
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e.g. wash 60 mL DMF in 600 mL cold ether for the first wash, spin down the precipitate 

briefly for ease of collection, and then dissolve the precipitate in 20 mL DMF and wash in 

200 mL cold ether. Spin down again briefly for the final collection.  

9. Dry the precipitate in a vacuum chamber overnight at RT. 

10. Determine the degree of conjugation by NMR. 

  



 

126 
 

Appendix F: Protocol for Fabrication of Alginate Tough Cryogels 

 

Materials 

1. Methacrylated alginate (MA-Alginate) 

2. Ammonium persulfate (APS) (Sigma-Aldrich A3678) 

3. TEMED (Sigma-Aldrich T9281) 

4. Teflon molds (diameter: 5 mm, thickness: 1 mm) 

 

Methods 

1. Prepare Teflon molds and store in a -20 ̊C freezer overnight. 

2. Dissolve MA-Alginate in DI water at 1.5% (w/v). 

3. Prepare fresh TEMED (70 mg/mL in DI water) and APS (137 mg/mL in DI water) on the 

day of the fabrication. 

4. For 1 mL of MA-Alginate solution, add 40 uL of TEMED working solution. Place it in a 4 ̊C 

fridge for at least 10 minutes before Step 5. 

5. For every 40 uL of TEMED working solution, add 20 uL of APS working solution. Vortex. 

6. Immediately add the mixture to each well in the cooled molds and (as quickly as possible) 

store the molds in a -20 C̊ freezer overnight. 

7. All gels are soaked in excess 200 mM CaCl2 solution (50 mM HEPES buffered, pH 7.0-7.4) 

for 10 minutes. 

8. Gels are ready to use. 

Note: To incorporate GM-CSF, CpG-ODN and OVA, mix 1.8 ug, 70 ug and 450 ug in every 41.3 uL of 

MA-Alginate solution (volume per gel).   
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Appendix G: Protocol for Labeling Alginate Cryogels with Cyan-5 Dye 

 

Materials 

1. MA-Alg cryogels 

2. 0.1M MES buffer in 0.3M NaCl (pH = 6.5) 

3. EDC 

4. NHS 

5. Cy5-amine dye (653.77 Da) 

 

Protocol: 

1. Dissolve EDC and NHS at the following concentrations: 

Per 20 mL MES buffer For 1.5% MA-Alg gels 

EDC (mg) 336 

NHS (mg) 156 

 

2. For 12 gels, transfer 12 mL (1 mL/gel) of EDC/NHS solution to a 60 mm Petri dishes. 

3. Place 12 gels into each of the EDC/NHS solutions. Place the Petri dishe on a shaker in 

room temperature. Shake gently for ~10-15 min. 

4. Add 16.56 uL of 5 mg/mL Cy5 stock solution (corresponding to 82.8 ug of Cy5 dye, for 

DS0.3 modification) to each of the EDC/NHS solutions.  

5. React in room temperature for 2 hours. Protect from light. 

6. Gels are washed in DI water for 5 min. 

7. Gels are ready to use. 
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Appendix H: Protocol for Primary Bone Marrow Derived Dendritic Cell Culture 

 

Media: 

1. Sterile R10 media (pH to 7.4 after sodium bicarbonate is added) 

a. RPMI 1640 media – 500 mL 

b. Sodium bicarbonate – 1g (2 g/L) 

c. 100 U/mL penicillin/streptomycin – 5.5mL 

d. 10% Heat-inactivated FBS – 50 mL 

e. 2-mercaptoethanol – 1.9 uL (final concentration: 50 uM) 

f. GM-CSF – 11.1 uL from 1 mg/mL stock (final concentration: 20 ng/mL) 

2. Sterile HBSS with high antibiotics 

a. Hanks Balanced Salt Solution (HBSS) – 100 mL 

b. 100 U/mL penicillin/streptomycin – 15 mL 

 

Bone marrow isolation 

1. Euthanize a C57 BL/6J mouse in a CO2 chamber per OAR protocol. 

2. Wipe the abdominal and leg areas with an alcohol pad to remove/organize hair. 

3. Lift up the skin with forceps and cut into the skin without cutting the peritoneal cavity. 

Pull apart the skin to expose the hindlimb. 

4. Cut toward the hip to find the end of the limb and cut there without damaging the bones. 

5. Remove as much skin and muscles from the limb as possible. 

6. Place the limb in HBSS with high antibiotics and transfer it back to lab. 

7. In a biosafety cabinet in the lab, wash the bone in 10 mL of HBSS with high antibiotics 

six times. 

8. Cut off the epiphyses of the bones. 

9. Load 10 mL of R10 media in a 10 mL syringe with a 23G needle. 

10. Insert the needle into the core of the bone; flush out the bone marrow with R10 media 

and into a Petri Dish. Keep flushing until the bone turns white. 

11. Break up clumbs of bone marrow with an 18G needle by drawing R10 media with bone 

marrow from the Petri Dish and forcefully ejecting it back out into the dish until no 

clumbs are visible. 

12. Filtered the bone marrow through a 70um cell strainer. 

13. Count cells (between 7 and 25 um). 

14. Resuspend cells at 2x106 cells/mL. 

15. Add 1 mL of cell solution to each 100 mm Petri Dish containing 9 mL of R10 media 

(Day 0). 

16. Place the cells in an incubator (37°C). 
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17. On Day 3, add 10 mL of fresh R10 media. 

18. On Day 6, collet half of the culture supernatant, centrifuge and resuspend in 10 mL fresh 

R10 media and add back to the original culture dish. 

19. Available for use starting Day 7 and no later than Day 10. 

20. On Day 8, if not used, collet half of the culture supernatant, centrifuge and resuspend in 

10 mL fresh R10 media and add back to the original culture dish. 
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Appendix I: Protocol for T Cell Peptide Re-stimulation/Intracellular IFN- staining and 

SIIFEKL Tetramer Staining 

 

Materials: 

1. T cell media (for 1L) 

- 1L RPMI 1640 

- 10% HI-FBS 

- 110 mg sodium pyruvate 

- 1.192g (5 mM) HEPES 

- 1% Pen/Strep 

- 3.8 uL (50 uM) 2-mercaptoethanol 

2. OVA257-264 (SIINFEKL) CD8 epitope 

3. OVA323-339 CD4 epitope 

4. APC-conjugated SIINFEKL tetramer 

5. FACS staining Buffer (1L): PBS + 1% BSA + 0.1% Sodium Azide 

6. Non-TC round bottom 96-well plate 

 

Blood sample preparation for staining: 

1. Place collected blood (~120 uL) in a heparin-coated glass tube to prevent coagulation. 

2. Add 1 mL of ACK RBC lysing buffer to each tube. Gently swirl by hand. 

3. Transfer each sample to 9 mL of sterile PBS in a 15 mL tube. Spin down at 350g for 5 

min at 4°C. 

4. Resuspend cells with 100 uL of sterile PBS in a 1.5 mL sterile low-binding Eppendorf 

tube. Spin down at 350g for 5 min at 4°C. 

5. Gently remove the supernatant with a P200 pipette (set at 200 uL). Most of the RBCs or 

their debris will be removed. 

6. Resuspend cells in 230 uL T cell media. Add 100 uL to each well in two separate well 

plates (one for T cell re-stimulation; one for tetramer staining). Combine the extra cells 

for controls. 

7. Cells are ready for use. 
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T cell re-stimulation: 

1. Spin down cells at 350g for 5 min at 4°C. 

2. Add 100 uL of 2 ug/mL OVA257-264 (SIINFEKL) CD8 epitope+OVA323-339 CD4 

epitope (2 ug/mL each type) to each well. Incubate at 37°C for 1.5 hr. 

3. Add 50 uL of 1x GolgiStop (0.2 uL + 49.8 uL complete T cell medium) and incubate at 

37°C for 4 hours. 

4. Spin down cells at 350g for 5 min at 4°C. 

5. Resuspend in 200 uL of PBS. 

6. Spin down cells at 350g for 5 min at 4°C. 

7. Add 100 uL of fixable live/dead stain to each well (1:1000 dilution, 1 uL in 1 mL PBS). 

Incubate for 30 minutes at 4°C. 

8. Add 100 uL of PBS to each well. 

9. Spin down cells at 350g for 5 min at 4°C. 

10. Optional wash in 200 uL of FACS buffer. 

11. Resuspend in 25 uL Fc block (1:200 dilution in FACS buffer) and incubate for 10 min at 

4°C (optional for T cell staining). 

12. Add 100 uL of 1x antibodies to each well. Incubate for 20 min at 4°C. 

13. Add 100 uL of FACS buffer to each well. 

14. Spin down cells at 350g for 5 min at 4°C. 

15. Resuspend in 200 uL of FACS buffer. 

16. Spin down cells at 350g for 5 min at 4°C. 

17. Add 100 uL of Cytomix/Cytoperm to each well. Incubate for 20 min at 4°C. 

18. Add 100 uL of PermWash buffer to each well.  

19. Spin down cells at 350g for 5 min at 4°C. 

20. Wash in 200 uL of PermWash buffer. 

21. Spin down cells at 350g for 5 min at 4°C. 

** If stopping the experiment, resuspend cells in 200 uL of PermWash buffer. Wrap the plate 

in aluminum foil and store in the fridge. 

22. Add 100 uL of IFN-r antibody solution (1 uL of stock in 100 uL of PermWash buffer) to 

each well. Incubate for 20 min at 4°C. 

23. Add 100 uL of PermWash buffer to each well.  

24. Spin down cells at 350g for 5 min at 4°C. 

25. Wash in 200 uL of PermWash buffer 2 times. 

26. Spin down cells at 350g for 5 min at 4°C. 

27. Resuspend 200 uL of PermWash buffer. 

28. Run FACS. 
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Antibodies 

Make in 100 uL of FACS buffer (for 1x samples). Make 3600 uL. 

T cells Color Host Isotype Ab vol./100 

uL 

Ab vol. 

total CD4 PE rat IgG2a, kappa 0.5 uL 18 uL 

CD8a AF488 rat IgG2a, kappa 0.5 uL 18 uL 

IFN-r APC rat IgG1, kappa 1 uL 36 uL 

 

Minus-IFN-r APC control: Have one well of cells stained with CD4 PE, CD8a AF488 and 

live/dead stains only. 

Live/Dead control: Incubate cells in a 67°C hot water bath for 30 min. Mix them with an equal 

number of live cells. Only stained with live/dead stain (fixable viability dye eFluor 780 (APC-

Cy7), eBioscience 65-0865-14). -> Also serves as APC-Cy7 compensation control. 

 

Preparing compensation controls 

1. Vortex the positive beads for at least 30 seconds. Add one drop to each FACS tube. 

2. Add 1 uL of antibody each. 

3. Incubate for 15 minutes at room temperature. Protect from light. 

4. Add 1 mL of FACS buffer. 

5. Spin down at 400g for 5 minutes. 

6. Aspirate carefully and resuspend in 500 uL of FACS buffer. 

7. Vortex the negative beads for at least 30 seconds. Add one drop to each FACS tube. 
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Tetramer staining: 

1. Spin down cells at 350g for 5 min at 4°C. 

2. Add 50 uL of 7 ug/mL SIINFEKL tetramer in FACS buffer to each well. Incubate at 

37°C for 20 min. 

3. Optional wash in 200 uL of FACS buffer. 

4. Resuspend in 25 uL Fc block (1:200 dilution in FACS buffer) and incubate for 10 min at 

4°C (optional for T cell staining). 

5. Add 100 uL of 1x antibodies to each well. Incubate for 20 min at 4°C. 

6. Spin down cells at 350g for 5 min at 4°C. 

7. Wash in 200 uL of FACS buffer 2 times. 

8. Spin down cells at 350g for 5 min at 4°C. 

9. Resuspend in 200 uL of FACS buffer. 

10. Run FACS. 

 

Antibodies 

Make in 100 uL of FACS buffer (for 1x samples). Make 3600 uL each. 

T cells Color Host Isotype Ab vol./100 

uL 

Ab vol. 

total CD4 PE rat IgG2a, kappa 0.5 uL 18 uL 

CD8a AF488 rat IgG2a, kappa 0.5 uL 18 uL 

7AAD PerCP   1 uL 36 uL 

 

Minus-tetramer APC control: Have one well of cells stained with CD4 PE, CD8a AF488 and 

live/dead stains only. 

Live/Dead control: Incubate cells in a 67°C hot water bath for 30 min. Mix them with an equal 

number of live cells. Only stained with live/dead stain (7AAD-PerCP). -> Also serves as PerCP 

compensation control. 

 

Preparing compensation controls 

1. Vortex the positive beads for at least 30 seconds. Add one drop to each FACS tube. 

2. Add 1 uL of antibody each. 

3. Incubate for 15 minutes at room temperature. Protect from light. 

4. Add 1 mL of FACS buffer. 

5. Spin down at 400g for 5 minutes. 

6. Aspirate carefully and resuspend in 500 uL of FACS buffer. 

7. Vortex the negative beads for at least 30 seconds. Add one drop to each FACS tube. 
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Appendix J: Protocol for Detection of Anti-Ovalbumin Antibody by ELISA 

 

Materials: 

1. Ovalbumin (InvivoGen, vac-pova) 

2. ELISA Assay Diluent (BioLegend 421203) 

3. IgG1: Rat anti-Mouse IgG1, Clone: A85-1, Secondary Antibody, BD Biosciences; 1/EA 

550331 

4. IgG2a: Rat anti-Mouse IgG2a, Clone: R19-15, Secondary Antibody, BD Biosciences; 

1/EA 553388 

5. Streptavidin-HRP (BD Biosciences 554066) 

6. TMB Substrate Solution (BioLegend 421101) 

7. Stop solution (2N hydrochloric acid) 

8. ELISA wash buffer (0.1% Tween 20 in PBS) 

Procedure: 

1. Coat high binding 96-well plate with 100 uL of 10ug/ml ovalbumin in PBS overnight on 

a shaker at 4°C. 

2. Wash 3X with 300 uL of ELISA wash buffer. 

3. Block plate with 300 uL 1X ELISA Assay Diluent for 1h at RT. 

4. Wash 1X with 300 uL of ELISA wash buffer. 

5. Dilute serum samples in 1X ELISA Assay Diluent.  

6. Add 100 uL of diluted serum samples to each well. Have 8 wells of secondary antibody-

only control for each ELISA. Incubate at RT for 2h, or 4°C overnight for maximum 

sensitivity. 

7. Wash 3X with 300 uL of ELISA wash buffer. 

8. Add 100 uL biotin-anti-mouse IgG1 and IgG2a antibodies. Do 1:100 dilutions in 1X 

ELISA Assay Diluent. 

9. Incubate at RT for 2h. 

10. Wash 3X with 300 uL of ELISA wash buffer. 

11. Add 100 uL/well of streptavidin-HRP (1:1000 dilution in 1X ELISA Assay Diluent). 

Protect samples from light. Incubate at RT for 15 min. 

12. Wash 4X with 300 uL of ELISA wash buffer. 

13. Add 100 uL/well of Substrate Solution (1:1 TMB Substrates A and B). Protect samples 

from light. Incubate at RT for 15 min. 

14. Add 100 uL/well of Stop Solution.  

15. Read plate at 450 nm/540 nm. 
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Appendix K: Protocol for Detection of Anti-HER2/neu Antibody by Cell Staining 

 

Materials: 

1. CT26 cells 

2. HER2 CT26 cells 

3. FACS staining Buffer (1L): PBS + 1% BSA + 0.1% Sodium Azide 

4. PE-IgG secondary antibody 

Controls: 

1. Positive control 

2. Secondary only staining 

3. Unstained 

Experimental procedures: 

1. Trypsinize the cells. 

2. Filter cells through a 70um filter. 

3. Count cells and record cell number. 

4. Spin cells down at 350g for 5 minutes. 

5. Resuspend cells in staining buffer to 1x106 /mL. 

6. Add 100 uL of cell suspension to each well of non-TC, 96 well clear U bottom plates and 

leave the plates on ice. 

7. In a separate 96 clear U bottom plate, prepare diluted sera and controls. 

a. Sera are diluted 1:100 (3 L of sera in 300 L of staining buffer) 

b. Positive control should be diluted 1:100. 

c. Mix thoroughly by pipetting up and down 20 times. 

8. Spin down the cell plate at 350g for 5 minutes. 

9. Remove the staining buffer from the cell plate. 

10. Add 100ul of diluted sera to each cell well and mix thoroughly. 

11. Incubate on ice for 20 minutes. 

12. Wash 3X with 200 l of staining buffer. 

13. Add 100 uL of secondary antibody (1:200 dilution in staining buffer). 

14. Incubate on ice for 20 minutes in the dark. 

15. Wash 3X with 200 L of staining buffer. 

16. Resuspend cells in 200 L of staining buffer. 

17. Run flow cytometry. 

 

 


