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Abstract 
Immunotherapy can harness the power of the host immune system to fight cancer. In 
the last few decades, tremendous progress has been made in this field, with remarkable 
clinical successes achieved consisting of a durable response in a fraction of patients. 
However, there are enormous challenges to extending this therapy to the majority of 
cancer patients while retaining minimal adverse effects. Local immunotherapy is a 
promising approach for concentrating immunomodulation in situ without systemic 
exposure, therefore minimizing systemic toxicities. More importantly, local 
immunomodulation can still lead to systemic effects that confer overall anticancer 
immunity to eradicate disseminated diseases. To facilitate these local immunotherapies, 
a wide range of biomaterials have been developed as delivery systems to protect the 
locally injected immune-related therapeutics and extend their retention. Surgery-free 
injectable macroscale biomaterials are one of the most promising classes of 
biomaterials developed to date, as they are suitable for minimally invasive injection 
with needles or catheters and form a biocompatible three-dimensional matrix in situ as 
a drug-depot for controlled local delivery. In this mini-review, we provide an overview 
of the recent advancements in applying injectable macroscale biomaterials in local 
cancer immunotherapy by highlighting some recent examples. We compare various 
injectable biomaterials with different gelation mechanisms and discuss their 
applications in the delivery of immunomodulators, immune cells, and cancer vaccines. 
We also discuss current challenges and provide a perspective for the future 
development of injectable macroscale biomaterials in cancer immunotherapy.  
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1. Introduction 

Cancer immunotherapy, a treatment that harnesses the patient’s own immune system to 
fight cancer, has recently shown dramatic clinical success.1 For example, checkpoint 
blockade therapies have been widely used to treat a variety of malignancies leading to 
unprecedented durable responses in a fraction of treated patients.2 Adoptive T-cell 
therapy, such as chimeric antigen receptor (CAR) T-cell therapy, has been effective in 
eradicating some hematopoietic cancers in the clinic.3 However, the percentage of 
cancer patients benefiting from immunotherapy remain modest. To realize its full 
clinical potential, strategies are being actively explored to further enhance anti-cancer 
immunity through combination therapies or using potent immunostimulant agents. 
However, balancing anti-cancer immunity and the concurrent immune-related toxicities 
remains a major challenge.4  

Local immunotherapy concentrates the immunomodulatory activity in situ while 
eliminating systemic exposure, therefore minimizing the adverse systemic effects.5 
This local treatment could also lead to systemic immunity that eradicates disseminated 
diseases, a phenomenon called the “abscopal effect”.6,7 To facilitate local 
immunotherapies, a wide range of biomaterials have been developed as delivery 
systems to protect the locally injected therapeutics and extend their retention.8–13 
Among others, surgery-free injectable macroscale biomaterials are of particular interest, 
as these materials are suitable for injection with needles or catheters and form a 
biocompatible three-dimensional matrix in situ as a drug-depot for local therapeutic 
delivery (Figure 1). This easy and minimally invasive administration without the need 
for surgical implantation is clinically applicable14,15 and thus particularly promising in 
the delivery of immunotherapies.  

Injectable macroscale biomaterials typically possess certain physical properties, such 
as a liquid form, a shear-thinning property or a high compression strain, which enable 
the injectability.16,17 A great number of these biomaterials have been developed with 
diverse physicochemical properties, including physically crosslinked hydrogels, 
chemically crosslinked hydrogels, cryogels, inorganic scaffolds, etc.18–21 Therapeutics 
with diverse physicochemical properties (e.g., positive charge, negative charge, 
hydrophilicity, hydrophobicity) can be loaded into those injectable macroscale 
biomaterials with a high encapsulation efficiency in defined doses. Biomaterials loaded 
with mono or combination therapies serve as reservoirs for controlled and sustained 
local release of encapsulated therapeutics upon injection, resulting in a concentrated 
local activity that minimizes systemic dissemination.  
 
Other depot-forming macroscale biomaterials, such as implantable biomaterials, which 
are not injectable but require a surgery for implantation, can also be applied in 
immunotherapeutic delivery22,23 and have been reviewed previously.24,25 Nano- or 
micro-sized biomaterials that are injected locally without forming a macroscale matrix 
are not included in the discussion. In this mini-review, we give an overview of the 
recent developments in applications of injectable macroscale biomaterials in cancer 
immunotherapy delivery, including soluble immunomodulator delivery, immune cell 
delivery, and cancer vaccine delivery (Figure 1). The features and applications of 
various injectable macroscale biomaterials are discussed by highlighting some recent 
advances in the field (Table 1). We also share our perspectives on the future directions 



for the development of these biomaterials for cancer immunotherapy. 
 

2. Injectable Macroscale Biomaterials 

Many different types of injectable macroscale biomaterials have been developed to date. 
In general, these biomaterials can be categorized into i) physically crosslinked 
injectable hydrogels, ii) chemically crosslinked injectable hydrogels, iii) injectable 
cryogels, and iv) injectable inorganic scaffolds, the features of which are summarized 
in Table 2. In fact, injectable biomaterials have been widely applied in the clinic for 
various applications, such as cosmetic surgery26, post-operation anti-adhesion27, and 
tissue repairing28. Many are available in the market including hyaluronic acid-based 
hydrogel for post-operation anti-adhesion (e.g., Adcon®, SprayShield®)29,30 and 
osteoarthritis treatment (e.g., Gel-One® and Euflexxa®)31. Recently, a collagen-based 
injectable scaffold (AUGMENT®)28 received the approval from USA-Food and Drug 
Administration (FDA) for bone regeneration, which is the first alternative to autograft 
in hindfoot and ankle arthrodesis.  

Physically crosslinked hydrogels are typically fabricated based on noncovalent 
interactions, such as hydrophobic interactions, hydrogen bonding, etc. They either 
remain non-crosslinked (as a solution) before injection or possess a shear-thinning 
property that enables their injectability. Among them, supramolecular hydrogels and 
thermosensitive hydrogels are two extensively studied systems. The former has a three-
dimensional network that is stabilized by noncovalent interactions, such as hydrogen 
bond, π-π interactions, host-guest interactions, etc.32 As noncovalent interactions are 
reversible and weaker than covalent bonds under normal conditions, supramolecular 
hydrogels are intrinsically self-healing and can easily be injected into the target site via 
needle. These hydrogels can be made from diverse materials, including proteins, 
nucleic acids, polysaccharides, oligo- or poly-peptides, or synthetic polymers with 
pendant host and guest chemical groups (e.g., β-cyclodextrin and adamantane).33,34 This 
imparts huge structural and functional diversities to the supramolecular hydrogel 
system, which are beneficial for designing a custom-tailored delivery system for 
specific therapeutics. Particularly, programmable supramolecular hydrogels have 
attracted much attention recently as they can respond to complex biochemical stimuli 
orthogonally for precisely controlled release pattern of multiple cargos.35,36 

Thermosensitive hydrogels are a special type of physical hydrogel whose gelation 
process is induced by temperature variation.37,38 It remains a solution before injection 
and quickly transforms into a gel at physiological temperatures. Basically, the building 
blocks of thermosensitive hydrogels feature an amphiphilic structure with segregated 
hydrophilic and hydrophobic domains. The temperature-induced gelation is usually 
driven by increased hydrophobic interactions upon elevated temperature that facilitate 
the formation of physical junctions of the three-dimensional network. Due to the nature 
of the physical crosslinking, temperature-induced gelation is reversible. Also, the 
gelation temperature can be controlled by fine-tuning the hydrophilic/hydrophobic 
domain ratio.39 To date, various types of thermosensitive hydrogels have been 
developed, including polyethylene glycol (PEG)/polyester block copolymers, 
PEG/polypeptide block copolymers, amphiphilic poly(N-isopropylacrylamide) 



(PNIPAAm) copolymers, amphiphilic polyphosphazenes, chitosan derivatives, etc.37,38 
Notably, various recent studies focused on the biomedical applications of 
PEG/polypeptide block copolymers due to their inherent biocompatibility and tunable 
secondary structure that well mimics the extracellular matrix microenvironment.40,41 
Generally, the encapsulation conditions for thermosensitive hydrogels are typically 
mild, especially suitable for some environmentally sensitive drugs, such as proteins, 
because loading can be done in an aqueous system at room temperature or even at 
refrigerated temperatures. Additionally, the temperature-induced physical gelling 
process largely maintains drug bioactivity as compared to chemically crosslinked 
injectable hydrogels that rely on  chemical reactions for hydrogel network 
formation.42,43 hydrogels have received increasing attention 

Chemically crosslinked injectable hydrogels exploit covalent bonds to form the three-
dimensional network. Compared to traditional chemically crosslinked hydrogels, these 
injectable crosslinking reactions occur at the target site in vivo surrounded by tissues,21 
requiring the reactions being biocompatible without generating by-products toxic to 
normal tissues. Also, the reactions should be efficient to avoid excess reactive 
functional groups. To fulfill these requirements, some mild though highly efficient 
reactions can be used (e.g., click chemistry, disulfide formation, Michael additions, 
Schiff’s base reaction, enzymatic reactions, and redox/photo-initiated 
polymerization).44 Chemically crosslinked injectable hydrogels typically have a higher 
mechanical strength and network stability than their physically crosslinked counterparts. 
These features are important in supporting cell/tissue ingrowth and fabricating defined 
or gradient functionalized patterns inside hydrogels or on hydrogel surfaces.45–47 Also, 
stimulus-responsive chemical bonds or enzymatically degradable moieties can be 
introduced into the hydrogel network to achieve responsive release of cargos or 
programmable degradation behaviors.48,49  

Cryogel is a sponge-like network with interconnected micropores surrounded by a 
polymer wall. Generally, the microporous network is generated by freeze-thawing, and 
the matrix structure across the cryogel can be either chemically or physically 
crosslinked. Also, both natural or synthetic polymer can be used to construct cryogel.50 
Due to the microporous structure and good interconnectivity, cryogel has advantages 
of quick diffusion of soluble factors and better cellular infiltration/ingrowth as 
compared to hydrogels without microporous structure.51 Although cryogel is a solid 
and usually possesses a high mechanical strength, it can be injectable if the cryogel is 
molded into a shape designed for passing through a needle. In recent years, 
nanocomposite-encapsulated injectable cryogels have emerged as an advanced 
technique for multi-functionality and improved performances in the delivery of 
therapeutics.52,53  

Injectable inorganic scaffolds are a new form of macroscale biomaterial that use high-
aspect-ratio inorganic microrods to generate the scaffold network. Different from 
physically or chemically crosslinked injectable hydrogels, these rely on the physical 
stacking of the microrod to form a three-dimensional network structure and are 
injectable because of the microscale size of the building blocks that can pass through 
the needle. One unique characteristic of this system is that it has a highly rigid backbone 
made from microrod while retaining a micropore structure for cell/tissue ingrowth. It 



provides an alternative platform for the delivery of cell-based therapeutics or the 
recruitment of host cells in vivo. 
 

3. Injectable Macroscale Biomaterials for Immunomodulator 
Delivery 

Immunomodulators refer to any soluble factors that can directly control the immune 
response,54 such as cytokines, checkpoint blockade antibodies, co-stimulatory agonists, 
and chemical inhibitors. In cancer immunotherapy, immunomodulators stimulate the 
anti-tumor immune response. Systemic administration of those immunomodulators 
may lead to undesired immune stimulation and sometimes even lethal toxicity, 
especially in combination therapies.55,56 Therefore, a number of biomaterial-based 
strategies have been developed to improve immunomodulator targeting in tumor tissues 
to minimize this non-specific activation.57 Among different biomaterials, injectable 
macroscale biomaterials are a highly promising platform that can form a concentrated 
depot to confine the activity of immunomodulators to the target site without systemic 
dissemination. Here, we review the applications of injectable macroscale biomaterials 
in immunomodulator delivery by highlighting some recent examples.  

 

3.1. Physically Crosslinked Injectable Hydrogels 
3.1.1. Peptide- or DNA-derived Supramolecular Hydrogels 

In recent years, oligopeptide- and nucleic acid-based supramolecular hydrogels have 
gained much attention in the fabrication of delivery systems for immunomodulators due 
to their ease of synthesis and defined self-assembly structures.58–61 An interesting 
system called “STINGel” developed by Leach et al. is one elegant example made from 
an oligopeptide (K2(SL)6K2) that can self-assemble into an anti-parallel β-sheet-based 
nanofiber in solution.59 Interestingly, the immunomodulator, a synthetic cyclic 
dinucleotide (CDN), served as the crosslinker in the “STINGel” system via the 
electrostatic interactions between the negative thiophosphate groups on CDN and the 
positive lysine residues on the oligopeptide. Compared to CDN-encapsulated collagen 
hydrogels, the “STINGel” could achieve an eight-fold slower in vitro CDN release rate. 
This released CDN induced an anti-tumor response via the stimulation of the stimulator 
of interferon genes (STING) pathway, which involves the downstream activation of 
innate immune cells. It was demonstrated that after one peritumoral injection, six out 
of ten “STINGel”-treated mice displayed complete eradication of tumor growth, while 
only one out of ten mice treated with CDN-encapsulated collagen hydrogel showed the 
same. Thus, the local and extended release of the STING agonist greatly enhanced the 
treatment efficacy. Another possible reason for the enhanced efficacy is that the positive 
charges in the hydrogel network may increase the cellular uptake of CDN, which 
exhibits poor membrane permeability due to its overall negative charge. In principle, 
this supramolecular hydrogel system based on electrostatic interactions has great 
potential for the delivery of other immunomodulators with negative charge (e.g., 
unmethylated cytosine-phosphate-guanine oligodeoxynucleotides [CpG]). It could also 
be generalized to deliver positively charged immunomodulators by exchanging the 



terminal lysine residues on the oligopeptide with other negatively charged amino acids, 
such as glutamic acid. 

DNA-based supramolecular hydrogels are also of great interest in immunomodulator 
delivery as they enable the precise network structure design and can intrinsically deliver 
DNA-based drugs, such as the toll-like receptor 9 agonist CpG,60,61 which was 
developed as a hydrogel in 2011 by Nishikawa et al.62 At that time, however, this 
system showed only marginal anti-tumor efficacy even in combination with a chemical 
anti-tumor drug doxorubicin. Recently, the same research group further combined the 
CpG-incorporated DNA-based hydrogel with photothermal therapy to enhance the 
immunostimulatory functions of CpG.61 In this system, a CpG-containing hexapod-like 
DNA structure was designed to crosslink the gold nanorod (AuNR), which functioned 
as a photosensitizer for photothermal therapy, modified with complementary oligo-
DNAs on its surface. After mixing, they could form a shear-thinning hydrogel 
(designated as AuNR-CpG hydrogel) that could be injected by needle. Remarkably, the 
intratumoral injection of the AuNR-CpG hydrogel significantly inhibited the tumor 
growth in mice when combined with laser-induced photothermal therapy. Likely the 
hydrogel formulation plays an important role in generating robust immune responses 
via controlled immunomodulator release. As CpG is a commonly used adjuvant in 
vaccine studies,63,64 this system also has great potential in generating an effective cancer 
vaccine. In fact, some work has been done on this topic, and the details are discussed 
in the section “Injectable Macroscale Biomaterials for Cancer Vaccine Delivery”. 

 

3.1.2. Thermosensitive Hydrogels 

Recently, thermosensitive hydrogels have attracted much attention as 
immunomodulator delivery systems for their mild encapsulation and gelation 
conditions that preserve therapeutic bioactivities. For instance, these hydrogels have 
been used to deliver growth factors and preserve their bioactivities for tissue 
repairing.65,66 At present, the majority of the systems used for immune-modulator 
delivery are focused on PEG/polypeptide block copolymers.67–70 One of the 
representative works is a recent study that chemically incorporated an indoleamine-
pyrrole 2,3-dioxygenase (IDO) inhibitor dextro-1-methyl tryptophan (D-1MT) into the 
polypeptide block of the amphiphilic copolymer-based thermosensitive hydrogel 
system (Figure 2).67 The copolymer was synthesized by the ring-opening 
polymerization of D-1MT N-carboxyanhydride (NCA) and L-methionine NCA using 
amine-terminated PEG as an initiator. The L-methionine on the backbone imparted a 
reactive oxygen species (ROS)-responsive property to the hydrogel system that could 
be activated through the oxidation of the hydrophobic methylthiol group into the 
hydrophilic methyl sulfoxide/sulfone group. As a result, the hydrogel system exhibited 
an accelerated in vitro degradation kinetic and cargo release profile in the presence of 
ROS, which are upregulated in the tumor microenvironment. In a mouse model with 
B16F10 melanoma, a single intratumoral injection of the D-1MT-incorporated 
thermosensitive hydrogel system coloaded with anti-PD-L1 could significantly delay 
tumor growth and extend mouse survival when compared with free D-1MT plus anti-
PD-L1 (Figure 2), suggesting that the hydrogel depot was crucial for the enhanced anti-



tumor efficacy. However, as the in vivo experiment lacked a blank thermosensitive 
hydrogel loaded with anti-PD-L1, it is unclear whether the enhanced anti-tumor 
efficacy was mainly attributed to a sustained release of anti-PD-L1 or an enhanced 
synergistic effect from the sustained release of D-1MT. Also concerning, this system 
might not release single molecules, but those in the form of oligo-D-1MT that has 
impaired IDO inhibitory activity. Nevertheless, this concept may be useful for 
delivering immunomodulators that function properly or even better in a polymer form, 
such as polyinosinic:polycytidylic acid (poly[I:C]).  

Another interesting thermosensitive hydrogel system is a composite consisting of a 
cationic polyamine-PEG-polyamine triblock copolymer with ROS-responsive side 
chains (nitroxide radical) and a anionic homopolymer poly(acrylic acid) for the 
sustained release of interleukin-12 (IL-12).68 Interestingly, the in vitro release patterns 
were similar among various protein cargos with different molecular weights and 
isoelectric points (e.g., bovine serum albumin, insulin, glucose oxidase, avidin, and 
neutravidin). Thus, it may provide a universal platform for the synchronized and 
sustained release of multiple protein cargos in one formulation. However, as the 
hydrogel-formulated IL-12 displayed only slightly increased anti-tumor efficacy, the 
release kinetic needs to be further optimized for maximum effect in the follow-up 
studies. Nevertheless, the application of this polyion-complex-based hydrogel system 
can potentially be extended for the delivery of various positively or negatively charged 
immunomodulators, as it has the potential to achieve high loading efficiency and 
controlled cargo release via electrostatic interaction between the hydrogel network and 
immunomodulators.  

 

3.2. Chemically Crosslinked Injectable Hydrogels 

Despite the advantages of chemically crosslinked injectable hydrogels (e.g., persistent 
network structure for stable release kinetics), few studies to date have reported using 
them for immunomodulator delivery.71,72 One recent example is a ROS-responsive 
system developed by the Gu group for the co-delivery of a checkpoint inhibitor and a 
chemical anti-tumor drug gemcitabine (GEM) (Figure 3).72 The hydrogel system was 
made of poly(vinylalcohol) (PVA) and N1-(4-boronobenzyl)-N3-(4-boronophenyl)-N1, 
N1, N3, N3-tetramethylpropane-1, 3-diaminium (TSPBA). In this system, the TSPBA 
crosslinked the diols on PVA by complexing them with its two phenylboronic acid 
groups. The TSPBA could also be oxidized and scavenged upon elevated ROS levels, 
a key feature in the tumor microenvironment, to achieve tumor-site-specific release. As 
the crosslinking reaction occurs quickly, the PVA and TSPBA need to be loaded into a 
dual syringe separately before injection and mixed together only when they pass 
through the needle. Although this method ensures the injectability of the hydrogel 
system, it is worth noting that this method may generate heterogeneous regions with 
various physicochemical properties inside hydrogel, as the mixing process in the needle 
may not be sufficient. In in vivo studies, the peritumoral injection of the GEM and anti-
PD-L1-encapsulated hydrogel system significantly inhibited tumor growth and 
prolonged survival in both B16F10 (Figure 3) and low immunogenic 4T1 carcinoma 
models. Particularly in the B16F10 tumor model, the hydrogel system induced a 



systemic immune response that delayed the growth of distant tumor, as well, indicating 
that the hydrogel depot could also potentiate the efficacy of a chemo- and immuno-
combination therapy. Interestingly, loss of tumor-promoting M2-like macrophage was 
observed in mice treated only with the blank hydrogel, implying that the ROS-
scavenging property of the hydrogel system could remodel the tumor 
microenvironment for better anti-tumor efficacy. Therefore, the ROS scavenging 
moiety may be beneficial when designing injectable macroscale biomaterials for 
delivering macrophage-dependent immunomodulators. Finally, despite the injection 
method, this hydrogel system shows potential for clinical application, as it involves 
only two simple components: a small molecule crosslinker and PVA, which has been 
used as a drug additive in many clinical therapeutics. 

 

3.3. Injectable Cryogels 

Compared to physically or chemically crosslinked injectable hydrogels, injectable 
cryogel possesses a unique micropore structure that enables cell entrance, meaning it 
can concentrate target cells in the depot for a more efficient drug action kinetic. The 
pioneering work in the delivery of immunomodulators using injectable cryogel was 
done by the Mooney group73 wherein methacrylated gelatin (GelMA) was used to form 
the cryogel polymer network via redox-initiated radical polymerization. The cryogel 
was preformed into a cylindrical shape (5 mm diameter, 2 mm thickness) for injection 
via needle. Interestingly, the cylindrical cryogel could pass through a 16G needle (inner 
diameter ~1.2 mm) and recover its original shape after injection due to its high 
compression strain and elasticity. The immunomodulator granulocyte-macrophage 
colony-stimulating factor (GM-CSF) that attracts and stimulates immune cells (e.g., 
dendritic cells [DCs] and macrophages) could be loaded into the cryogel before 
crosslinking. After subcutaneous injection of the GM-CSF-loaded cryogel, it exhibited 
20-fold higher live-cell recruitment into the matrix when compared to blank cryogel, 
which is of great interest in generating a local immunization depot. However, the in 
vitro release of GM-CSF from the cryogel showed a large initial burst of around 50%, 
so there is still room for improvement in prolonged cargo release for the sustained 
recruitment of the host immune cells.  

 

4. Injectable Macroscale Biomaterials for Immune Cell Delivery 

In cancer immunotherapy, the ultimate anti-tumor responses are typically exerted by 
effector immune cells, such as cytotoxic CD8+ T cells, effector CD4+ T cells, and NK 
cells. Adoptive cell therapy has been developed into clinical applications including two 
CAR T-cell products recently approved by the FDA (Kymriah® and Yescarta®).74,75 
Despite the exciting clinical results in the treatment of liquid cancers, the efficacy of 
adoptive cell immunotherapy in solid tumors remain modest due to the impaired 
infiltration of immune cells into solid tumors and the immuno-suppressive tumor 
microenvironment.76,77 Those cell-based immunotherapies could also induce serious or 
even fatal side effects.78–80  



To address these challenges, biomaterial-based strategies have been explored for the 
local delivery of therapeutic immune cells because they can enrich the immune cells 
inside tumor tissues, reverse the immune-suppressive tumor microenvironment, and 
alleviate systemic toxicities, such as cytokine release syndrome81. Injectable 
macroscale biomaterials provide significant advantages in this particular application as 
they permit the simple mixing of therapeutic immune cells and injectable biomaterials 
ex vivo followed by the minimally invasive injection without surgery. In recent years, 
injectable hydrogel systems have been extensively investigated for the delivery of 
immune cells. For example, injectable alginate hydrogels were explored in a pioneer 
study by the Irvine group for the co-delivery of antigen-pulsed DC cells with supporting 
immunomodulators (e.g., CCL19, CCL21, and IL-15SA) for cancer 
immunotherapy.82,83 The DCs and immunomodulator-encapsulated hydrogel system 
outperformed free DCs plus immunomodulators in tumor growth inhibition and 
prolonging animal survival. Other examples are highlighted and discussed in this 
section.  

 

4.1. Chemically Crosslinked Injectable Hydrogels 

Chemically crosslinked injectable hydrogels are favored for generating a stable depot 
with a defined mechanical strength and network structure for desired cell 
growth/differentiation. For example, several of these systems have been designed to 
deliver chondrocytes for cartilage tissue engineering.84–86 Recently, some have also 
been used to encapsulate immune cells for enhanced cancer immunotherapy.87,88 One 
example of this is a hydroxyphenyl propionic-acid-conjugated gelatin (GHPA)-based 
hydrogel for the co-delivery of DCs and oncolytic adenovirus (oAd) that could co-
express IL-12 and GM-CSF in tumor tissue.88 The in situ crosslinking of the hydrogel 
was initiated using the horseradish peroxidase (HRP) and H2O2 enzymatic reaction, 
which is highly efficient and biocompatible with living tissues, to generate multiple 
phenolic radicals on one single polymer chain that couple together to form a crosslinked 
network. Interestingly, the in vitro release of DCs from the hydrogel system was 
dependent on the stiffness, with a faster release rate coming from hydrogels with a 
lower stiffness. This phenomenon may be partly attributed to the lower crosslinking 
density of a hydrogel system with a lower stiffness, and it provides a possibility to 
control the DC-release kinetic for optimal immune responses. The hydrogel system 
could also help the accumulation of DCs and oAd in both tumor tissue and draining 
lymph nodes for a prolonged period of time. Importantly, a single intratumoral injection 
of a DC- and oAd-loaded hydrogel would facilitate greater infiltration of CD8+ T cells 
and induce a more potent antitumoral effect compared to that of free DCs plus oAd. 
Thus, the prolonged release of the immune cells has a positive impact on the outcome 
of immune-cell-based cancer treatment.  

Chemically crosslinked injectable hydrogels have also been used to deliver 
macrophages to tumor sites for enhanced cancer immunotherapy using a hydrogel 
system consisting of thiolated poly(ethylene glycol)-grafted gelatin (Gel-PEG-Cys) and 
poly(ethylene glycol) diacrylate (PEGdA).87 When mixing the two components, a 
gentle crosslinking occurred via the Michael’s addition reaction between the thiol group 



on Gel-PEG-Cys and the acrylic groups on PEGdA. The encapsulated M1-like 
macrophages retained their phenotype and displayed a similar cytokine-release profile 
to that of M1-like macrophages cultured in normal medium. The peritumoral injection 
of the M1-macrophage-encapsulated hydrogel significantly delayed the tumor growth 
in a xenograft model compared to a blank hydrogel group. It is worth noting that a 
treatment group with M1 macrophage alone was absent in the in vivo study, so it is 
unclear if the hydrogel system could promote the efficacy of macrophage-based cancer 
immunotherapy. In the tumor microenvironment, macrophages are polarized to an M2-
like phenotype for tumor progression,89–91 so for future studies it will be of great interest 
to see if the injectable hydrogel system protects the macrophages from this polarization 
in the tumor microenvironment. Also, this system has the potential to generate an 
injectable hydrogel that can reprogram the tumor-promoting M2-like macrophage into 
the tumor-inhibiting M1-like macrophage phenotype. 

 

4.2. Thermosensitive Hydrogels 

Thermosensitive hydrogels are a good candidate for immune-cell delivery as they can 
encapsulate cells in solution at a low temperature without cell damage. Additionally, 
no chemical additive is needed in the hydrogel system, so it has a better 
biocompatibility when compared with the chemically crosslinked hydrogel. These 
hydrogels have served as promising platforms for the delivery of stem cells and the 
control of their differentiation.92,93 In recent years, thermosensitive hydrogels have 
emerged as a potential platform for the delivery of immune cells in cancer 
immunotherapy.94–96 A representative work is a thermosensitive chitosan hydrogel for 
the delivery of tumor-infiltrating lymphocytes and activated CD8+ T cells (Figure 4).96 
Initially, the chitosan was premixed with a phosphate-based buffer to generate the 
thermogelling system. The gelation time and mechanical strength of the hydrogel 
system could be finely tuned by varying the concentration of sodium bicarbonate in the 
buffer, and this provided a good platform for designing suitable physical features for 
immune cell proliferation. In the in vitro T-cell expansion experiment, it was found that 
the hydrogel system with a larger pore size and higher stiffness promoted a higher cell 
viability and proliferation rate of the encapsulated T cells (Figure 4), which the authors 
suspected was due to the heightened gas diffusion and nutrient exchange inside the 
hydrogel. To corroborate this, some studies have shown that T cell behaviors are 
stiffness dependent,97,98 with a higher stiffness potentially contributing to better in vitro 
T cell expansion. Intriguingly, CD8+ T cells tended to grow faster than CD4+ T cells in 
the thermosensitive chitosan hydrogel system (Figure 4), but the related mechanism 
wasn’t revealed in the article. It provides a hint that the type of immune response can 
be selectively controlled by using certain biomaterials. Finally, a primary Transwell T 
cell killing assay demonstrated that the encapsulated T cells could migrate from the 
thermosensitive chitosan hydrogel into the lower chamber seeded with tumor cells and 
perform normal, specific killing of these tumor cells. It suggested that the T cells 
delivered using thermosensitive chitosan hydrogels are likely to retain their potential 
for the specific killing of tumor cells in vivo. 

Other thermosensitive hydrogels, such as PEG-grafted chitosan and PEG-b-



P(MEO2MA-co-OEGMA-co-NHSMA) copolymer, have also been explored for the 
encapsulation of T cells,94,95 though none of these thermosensitive hydrogel systems 
have been studied in vivo to determine their anti-tumor efficacy. In the future, the 
therapeutic effect of immune cell-encapsulated thermosensitive hydrogels needs to be 
demonstrated to better understand the in vivo behaviors of the encapsulated immune 
cells. It will be of great value in designing desirable thermosensitive hydrogel systems 
for the efficient delivery of immune cells and the precise modulation of anti-tumor 
immune responses. 

 

5. Injectable Macroscale Biomaterials for Cancer Vaccine Delivery 

Cancer vaccines activate the host immune system against tumor antigens, either for 
prophylactic or therapeutic purposes. To generate a potent cancer vaccine, different 
strategies have been developed, including antigen-pulsed DCs, a peptide subunit 
vaccine, antigen-encoding mRNA/DNA, and tumor cell lysates.99 It remains 
challenging, however, to efficiently deliver tumor antigens to the desired immune 
organs or cells.100 Subunit cancer vaccines, such as mRNA/DNA and peptide-based 
cancer vaccines, accumulate poorly in draining lymph nodes upon parental injections 
and rapidly disseminate into the systemic circulation.101,102 In recent years, a great deal 
of biomaterial-based cancer vaccine platforms, including injectable macroscale 
biomaterials, have emerged for improving the delivery efficiency and potency of cancer 
vaccines.103–106 Injectable macroscale biomaterials can serve as a depot for both 
antigens and adjuvants for slow release and extended retention in lymph nodes. Such a 
depot could also be designed as an artificial immune organ to recruit antigen-presenting 
cells (e.g., DCs) for enhanced antigen uptake and presentation. The application of those 
minimally invasive biomaterials in cancer vaccine delivery is reviewed here.  

 

5.1. Physically Crosslinked Injectable Hydrogels 
5.1.1. Peptide- or DNA-derived Supramolecular Hydrogels 

In recent years, supramolecular hydrogels have attracted enormous interest in the 
delivery of cancer vaccines, with the majority of these hydrogels either oligo-peptide-
based or nucleic-acid-based, as peptide antigens and some DNA-based adjuvants, such 
as CpG, can be inherently incorporated into the hydrogel network with a defined 
structure and composition.107–117 One of the representative works in this area is a DNA-
derived supramolecular hydrogel-based cancer vaccine that incorporated the adjuvant 
CpG into the backbone of the DNA hydrogel network.108 It used two sets of CpG-
containing hexapod-like DNA with complementary ends to form the hydrogel network. 
Also, an ethylenediamine-conjugated ovalbumin (ED-OVA) with a positive net charge 
was developed to achieve the sustained release of the antigens via electrostatic 
interaction with the negatively charge DNA network. Intact OVA, even incorporated 
into the hydrogel, showed an initial burst release of up to 80 %, providing an elegant 
example of how to control the kinetic release via delicate chemical modification of the 
cargo. One intratumoral injection of ED-OVA-loaded DNA hydrogel could generate a 



potent anti-tumor response and completely eradicate tumor growth in two out of eight 
mice compared with OVA-loaded DNA hydrogel, implying that the sustained release 
of the antigen could enhance the efficacy of cancer vaccine. Moreover, a cationic 
synthetic peptide antigen (R8-FFRK-SIINFEKL) was tested for the fabrication of a 
subunit cancer vaccine. Remarkably, the R8-FFRK-SIINFEKL-loaded DNA hydrogel 
led to complete regression of tumor growth in five out of six mice. In another study, a 
tandem dual-subunit peptide antigen MUC1-P30 was also delivered with a similar 
CpG-incorporated DNA supramolecular hydrogel, and the hydrogel formulation 
exhibited prominent anti-tumor effects compared to the free antigen plus CpG.113 Thus, 
this DNA supramolecular hydrogel may provide a universal platform for effective 
synthetic peptide-based subunit cancer vaccines. In addition to introducing positively 
charged moieties into peptide antigens, incorporating a positively charged polymer into 
the hydrogel system could achieve the prolonged release of the antigens with a negative 
net charge,110 which may be simpler and more practical as it does not require chemical 
modification of the antigens.  

Peptide-based supramolecular hydrogels can form various self-assembled structures, 
such as nanofibers containing α-helixes or β-sheets, and self-assembling peptides could 
serve as adjuvants when conjugated with peptide or protein antigens.118–121 Various 
preclinical vaccines have been constructed based on these hydrogels against infectious 
diseases.122,123 Recently, some peptide-based supramolecular hydrogels have also been 
developed to elicit both effective humoral and cellular immune responses for cancer 
vaccines.109,111,114,116 A representative work is a system based on the naphthylacetic 
acid-modified tetra-peptide (Nap-GFFY; designated as L-gel),109 which possesses 
shear-thinning properties that enabled the injection and loading of the antigens through 
gentle shaking (Figure 5). Intriguingly, the enantiomeric counterpart of the tetra-peptide 

(Nap-GDFDFDY; designated as D-gel) induced stronger humoral and cellular immune 
responses than L-gel, possibly due to better stability of D-gel in vivo. Particularly, the 
OVA-loaded D-gel better inhibited tumor growth than the monophosphoryl lipid A + 
OVA bolus formulation. Moreover, the potential of D-gel for fabricating whole-cell 
cancer vaccines was also tested. X-ray-treated EG7 tumor cell (XTC)-loaded D-gel 
significantly inhibited tumor growth with decreased tumor volume over time (Figure 
5). Interestingly, the XTC-loaded L-gel displayed a similar, marginal anti-tumor 
efficacy to that of XTC alone. This suggests that the chemical composition of the 
hydrogel system, including isomeric effects, plays a key role in triggering potent anti-
tumoral immune responses and should be considered for developing effective cancer 
vaccines.  

Another interesting peptide-based supramolecular hydrogel system is a self-assembling 
and tumor-penetrable peptide Fmoc-KCRGDK (FK) for the construction of whole-cell 
cancer vaccines.115 The tumor cells were loaded with a PD-L1 expression inhibitor and 
a photoabsorbent indocyanine green (ICG). In this system, the potent anti-tumor 
immune response could be temporally triggered with laser radiation, providing a 
promising approach for precisely controlling anti-tumor responses using an external 
trigger.  

So far, none of the recent injectable peptide-based supramolecular hydrogels have been 
explored for the delivery of subunit peptide antigens, which will be of great interest in 



the future for cancer vaccines. These peptide antigens can be chemically incorporated 
into the hydrogel network for prolonged presentation and precise control over the ratio 
between different peptide epitopes. 

 

5.1.2. Thermosensitive Hydrogels 

Thermosensitive hydrogels can be kept in a solution state before being injected into the 
body, providing the advantage that the antigen and adjuvant can be loaded into the 
hydrogel homogeneously without any further modification or reaction step. Also, as the 
antigen and adjuvant are formulated into the hydrogel system in advance before 
transportation, it can be directly used on the spot without any additional mixing step, 
which is beneficial for vaccinations of large-scale populations.  

In recent years, the thermosensitive hydrogel systems for cancer vaccine fabrication 
have been almost entirely based on PEG/polyester block copolymers or chitosan.124–128 
The amphiphilic PEG/polyester block copolymer is first assembled into micelles and 
then aggregated to form a hydrogel network upon increased temperature.19,39 As this 
hydrogel system intrinsically contains a large proportion of hydrophobic domains, it 
has an edge in the sustained release of hydrophobic drugs. In a recent study, the DC-
recruiting factor GM-CSF was encapsulated in a methoxy-poly(ethylene glycol)-b-
poly(lactic-co-glycolic acid) (mPEG-PLGA)-based thermosensitive hydrogel, and a 
sustained release kinetic of GM-CSF was achieved without a significant initial burst.125 
As a result, the GM-CSF-loaded mPEG-PLGA thermosensitive hydrogel effectively 
enriched for DCs and macrophages in the depot after subcutaneous injection. After two 
immunization doses of DC-targeted and OVA-encoded lentiviral vectors as the antigen 
and monophosphoryl lipid A as the adjuvant, this system significantly suppressed tumor 
growth as compared to the system lacking GM-CSF. This indicated that DC enrichment 
in the hydrogel depot is crucial for enhanced vaccination efficacy. Interestingly, the 
authors injected the antigen/adjuvant mixture separately after the injection of GM-CSF-
loaded hydrogel for the immunization. If the separated administration of antigen and 
adjuvant improves the vaccination efficacy, it may provide a better administration 
strategy for injectable macroscale biomaterial-based cancer vaccines.  

The chitosan thermosensitive hydrogel is usually obtained by adding polyol salts (e.g., 
glycerol 2-phosphate disodium hydrate [GPDH]) into a chitosan solution. In one 
representative study, a chitosan/methylcellulose/GPDH ternary thermosensitive 
hydrogel was used to fabricate a subunit peptide cancer vaccine.127 The subcutaneous 
vaccination with TRP2 peptide180-188 (tyrosinase-related protein 2 residues 180-188; a 
B16 endogenous antigen) and Quil A (an adjuvant)-loaded chitosan thermosensitive 
hydrogel showed enhanced protection against tumor growth compared to TRP2 peptide 

180-188-pulsed DCs. Using OVA as a model antigen, it was further demonstrated that 
chitosan thermosensitive hydrogel-assisted vaccination could elicit stronger antigen-
specific cytotoxic and memory CD8+ T-cell responses than DC-based vaccinations, 
suggesting that the sustained release of antigen and adjuvant could achieve superior 
efficacy compared to the antigen-pulsed DC strategy. For future studies, it will be of 
great interest to investigate whether the enhanced vaccination efficacy is a result of 
local DC activation at the hydrogel depot or the enhanced accumulation of antigen and 



adjuvant in draining lymph nodes. 

 

5.2. Injectable Cryogels 

Because cryogel intrinsically possesses a microporous structure and high network 
interconnectivity, it is ideal for generating a favorable artificial niche for the recruitment 
and activation of DCs. Recently, the Mooney group explored the feasibility of using 
injectable cryogels for fabricating whole-cell cancer vaccines.129,130 These vaccines 
typically use irradiated tumor cells to elicit a broad spectrum of immune responses to 
tumor-derived antigens, including tumor-associated antigens and neoantigens.131 In 
some clinical trials, genetically modified tumor cells expressing GM-CSF were used 
for vaccinations, but this method is costly and phase 3 trial results were disappointing, 
possibly due to the lack of efficient DC co-stimulation.132 Here, the cryogel is expected 
to provide a platform for the enrichment and durable stimulation of DCs. In Mooney’s 
lab, a methacrylated alginate was used to fabricate the injectable cryogel sponge 
crosslinked via redox-initiated radical polymerization.130 The DC-stimulator GM-CSF 
and a CpG adjuvant could be physically incorporated into the system before 
crosslinking while the irradiated tumor cells were seeded on the fabricated cryogel 
sponge to serve as an antigen source. Strikingly, in a highly aggressive B16F10 tumor 
model, the cryogel-based whole-cell vaccine completely eradicated the established 
tumor in 40 % of mice after subcutaneous immunization with only a second boosting. 
More recently, a similar methacrylated alginate-based injectable cryogel was also 
examined to generate a prophylactic whole-cell cancer vaccine, and its subcutaneous 
injection prevented tumor growth in up to 80 % of mice.129  

Thus, this injectable cryogel system is a promising universal platform for fabricating 
effective whole-cell vaccines. However, the common problem in the existing systems 
is that the encapsulated cytokine or adjuvant (e.g., GM-CSF and CpG) displays a huge 
initial burst release (>50%), which is not ideal for maintaining a cytokine concentration 
gradient and a sufficient dose of adjuvants for effective DC recruitment and activation. 
A possible solution to this is to incorporate the cytokine or adjuvant-encapsulated 
polymer microspheres (e.g., poly[lactic-co-glycolic acid] and alginate microspheres) 
into the cryogel for sustained release of the cytokine and adjuvant. 

 
5.3. Injectable Inorganic Scaffolds 

At present, the vast majority of injectable macroscale biomaterial platforms rely on 
organic compounds such as synthetic polymers, peptides, and DNA for constructing 
the biomaterial network. Very few studies have focused on developing injectable 
inorganic biomaterials for the delivery of cancer immunotherapy and cancer vaccines. 
Until recently, the Mooney group has pursued the pioneering work on developing these 
scaffolds for effective cancer vaccines for both tumor-associated antigens and 
neoantigens.133,134 The building block of their injectable inorganic scaffold was a 
mesoporous silica microrod (MSR) with a high aspect ratio that could spontaneously 
assemble into a 3D scaffold in vivo (Figure 6). This system has the advantage that a 
simple fabrication combines both a mesoporous structure for drug release and a 



microporous structure for cell recruitment. Notably, cell recruitment into the MSR 
scaffold was highly dependent on the structural parameters of the MSR, with the high-
aspect-ratio MSR recruiting more DCs than the one formed from a low-aspect-ratio 
MSR. Moreover, both the mesopores on the MSR and the micropores between the 
stacking MSR were crucial for efficient cell recruitment, indicating that the physical 
features are important in designing injectable macroscale biomaterials to generate an 
effective immunization depot. Interestingly, a single immunization with GM-CSF, CpG, 
and OVA-loaded MSR scaffold (designated as MSR vaccine) induced both strong Th1 
and Th2 responses, while the bolus form containing the same dose of GM-CSF, CpG, 
and OVA elicited only a moderate Th1 response. Moreover, the MSR vaccine 
significantly delayed the onset of EG7-OVA tumor growth and extended the survival 
of the mice compared to the bolus vaccine (GM-CSF + CpG + OVA) (Figure 6). 
 
The same group further improved the MSR scaffold-based vaccine system by coating 
the MSR with cationic polymer polyethyleneimine (PEI).133 The PEI coating promoted 
the maturation and the antigen cross-presentation level of DCs, which may be due to 
enhanced lysosome rupture upon PEI uptake. Compared to the MSR vaccine in 
previous work, the GM-CSF, CpG, and OVA-loaded PEI-coated MSR scaffold 
(designated as MSR-PEI vaccine) stimulated stronger CD8+ cytotoxic T cell responses. 
Impressively, with a synthetic long peptide from the E7 oncoprotein of HPV as the 
antigen, one single intrascapular immunization with the MSR-PEI vaccine resulted in 
complete regression of tumor growth in 80% of mice with an E7-expressing TC-1 
carcinoma. Additionally, all the tumor-free mice were protected from a re-challenging 
with E7-expressing TC-1 carcinoma, which indicated that a potent immunological 
memory was generated. Moreover, a pool of B16F10 or MT26 neoantigens could be 
simultaneously loaded into the MSR-PEI scaffold in one formulation, and this 
formulated vaccine effectively eradicated lung metastases and synergized with anti-
CTLA4 antibodies to delay tumor growth in mice. Thus, this injectable inorganic 
scaffold may offer a simple and modular platform for the delivery of multiple antigens 
against different epitopes on a tumor cell surface.  

 

6. Perspective 

As illustrated by many examples, injectable macroscale biomaterials have exhibited 
great promise in promoting local cancer immunotherapy with enhanced efficacy and 
safety. Applications of such biomaterials have been focused to date on the delivery of 
various immunomodulators, immune cells, and cancer vaccines. Compared to other 
commonly used biomaterials (e.g., implantable biomaterials, nano-/micro-
biomaterials), this class has some unique advantages, such as facile formulation, 
surgery-free administration, shape fitness to body cavities, ease of depot size control, 
sustained local release of cargos, and a reduced toxicity. Studies are currently being 
performed to better understand the interactions between the immune system and the 
injectable macroscale biomaterials to further improve the physicochemical properties, 
such as chemical composition, network density, porosity and stiffness, and degradation 
products, of those materials for cancer immunotherapy.  
 



There are several key challenges to be addressed in the future application of this 
category of biomaterials for cancer immunotherapy in the clinic. First, intra-/peri-
tumoral injection of the biomaterials to deep tumors is challenging, though imaging-
guided injection techniques may provide solutions to this issue. Second, on-demand 
release of immune modulators/cells is highly desired for the exquisite manipulation of 
immune responses with improved spatiotemporal resolution. The injectable macroscale 
biomaterials developed to date have mainly depended on the passive release of the 
cargo via either diffusion- or degradation-dependent mechanisms. Controlled cargo 
release in response to intrinsic stimuli in the tumor microenvironment, such as low pH 
and matrix metalloproteinases, or extrinsic stimuli, such as light, magnetic fields, heat, 
and ultrasound, will be important for intelligent injectable biomaterials. Third, little is 
known about the in vivo expansion, migration, and functional status of encapsulated 
immune cells inside injectable macroscale biomaterials, which greatly hampers the 
application of these biomaterials in immune cell delivery. Finally, good 
biocompatibility is a prerequisite. Until now, few injectable biomaterials have been 
tested in the clinic for drug delivery applications (we performed a search in 
ClinicalTrials.gov). One example is a controlled release formulation of paclitaxel in a 
PEG-PLGA-based injectable thermosensitive hydrogel (OncoGel™), which has 
entered Phase II clinical trial for the treatment of recurrent glioma.135 Polysaccharides 
(hyaluronic acid, alginate, chitosan, etc.), collagen, poly(ethylene oxide)-
poly(propylene oxide) (PEO-PPO), and PEG-PLGA block copolymers so far constitute 
the majority of injectable macroscale biomaterials used in the clinic likely due to their 
excellent biocompatibility and biodegradability. Collaborations among bioengineers, 
immunologists, and cancer biologists will potentially address these issues and further 
advance the development of biomaterial-assisted cancer immunotherapy. We foresee 
that injectable macroscale biomaterials with sophisticated designs could provide a 
unique platform for the further development of local cancer immunotherapy, especially 
for combination therapies through the co-delivery of therapeutics with a synergistic 
effect. 
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Table 1. Representative examples of recent advances in injectable macroscale 
biomaterials for cancer immunotherapy delivery (From 2014 to 2018) 

Biomaterial type Composition Cargo  Gelation Factor Tumor Model Ref. 

1. Immunomodulator Delivery 

Supramolecular 
hydrogel 

K2(SL)6K2 peptide 
Synthetic 
STING 
agonist  

Formation of β-sheet 
nanofiber 

C57BL/6 mice with 
MOC2-E6E7 tumor 

59 

Supramolecular 
hydrogel 

CpG-containing 
hexapod-like DNA  

CpG 
Formation of DNA 

double helix 
C57BL/6J mice with 

EG7-OVA tumor 
61 

Supramolecular 
hydrogel 

Alginate/Ca2+ 
anti-PD-1/ 
celecoxib 

Electrostatic interaction 
C57BL/6 mice with 

B16F10 tumor or 4T1 
lung metastases 

136 

Thermosensitive 
hydrogel 

P(Me-D-1MT)-
PEG-P(Me-D-
1MT) triblock 

copolymer 

anti-PD-L1 
Micelle stacking via 

hydrophobic interaction  
C57BL/6 mice with 

B16F10 tumor 
67 

Thermosensitive 
hydrogel 

PMNT-PEG-
PMNT and PAAc 

IL-12 
Micelle stacking through 

hydrophobic and 
electrostatic interaction 

Balb/c mice with C26 
tumor 

68 

Chemically 
crosslinked injectable 

hydrogel 
PVA and TSPBA 

anti-PD-L1/ 
gemcitabine 

Covalent bond formation 
between diol and boronic 

acid 

C57BL/6 mice with 
B16F10 or 4T1 tumor 

72 

Injectable cryogel Methacrylated 
gelatin 

GM-CSF 
Polymerization of 

acylate groups 
\ 73 

2. Immune cell delivery 

Chemically 
crosslinked injectable 

hydrogel 

HP-modified 
gelatin/H2O2/HRP 

DC- and 
oAd-

expressing 
IL-12 and 
GM-CSF 

Enzymatic coupling of 
phenolic groups 

C57BL/6 mice with 
LLC 

88 

Chemically 
crosslinked injectable 

hydrogel 

PEGdA/Gel-PEG-
Cys 

M1 
macrophage 

Michael addition 
between acrylate group 

and sulfide 

BALB/c nu/nu mice 
with MHCC97L 

xenograft 

87 

Thermosensitive 
hydrogel 

Chitosan/NaHCO3/ 
phosphate buffer 

TIL or 
activated T 

cells 

Hydrophobic and 
electrostatic interactions 

\ 96 

3. Cancer vaccine delivery 

Supramolecular 
hydrogel 

Fmoc-KCRGDK 
peptide 

JQ1- and 
ICG-loaded 
4T1 tumor 

cells 

Formation of self-
assembled nanofiber 

BALB/c mice with 4T1 
or EMT6 tumor 

xenograft 

115 

Supramolecular 
hydrogel 

Nap-modified D-
tetrapeptide 

OVA or X-
ray-treated 
EG7 tumor 

Formation of β-sheet 
nanofiber 

C57BL/6J mice with 
B16-OVA or EG7 

tumor 

109 



cell 

Supramolecular 
hydrogel 

PEG-poly(L-
valine) copolymer 

TCL and 
poly(I:C) 

Physical aggregation of 
nanoassemblies via β-

sheet and α-helix 
formations 

C57BL/6 mice with 
B16 tumor 

117 

Supramolecular 
hydrogel 

CpG-containing 
hexapod-like DNA 

ED-OVA or 
R8FFRKSII

NFEKL 

Formation of DNA 
double helix 

C57BL/6J mice with 
EG7-OVA tumor 

108 

Thermosensitive 
hydrogel 

Chitosan/ 
Methylcellulose/ 

GPDH 

OVA or 
TRP2180-188/ 

Quil A 

Hydrophobic and 
electrostatic interaction 

C57BL/6J mice with 
B16-OVA or B16 

tumor 

126 

Thermosensitive 
hydrogel 

mPEG-PLGA 
diblock copolymer 

DC-LV-
OVA/GM-
CSF/MPL 

Micelle stacking through 
hydrophobic interaction 

C57BL/6J mice with 
B16-OVA tumor 

125 

Injectable cryogel 
Methacrylated-

alginate 

Irradiated 
DD cell/ 

GM-CSF/ 
CpG 

Polymerization of 
acylate groups 

BALB/cJ mice 
challenged by DD 

breast cancer 

129 

Injectable inorganic 
scaffold 

PEI-coated 
mesoporous silica 

microrod 

Peptide 
antigens/ 
GM-CSF/ 

CpG 

Stacking of high-aspect-
ratio microrods 

C57BL/6 mice with E7-
TC-1, B16F10 or CT26 

tumor 

133 

Injectable inorganic 
scaffold 

Mesoporous silica 
microrod 

OVA/GM-
CSF/CpG 

Stacking of high-aspect-
ratio microrods 

C57BL/6J mice with 
EG7-OVA tumor 

134 

 
Abbreviations: \, not performed; Fmoc, fluorenylmethyloxycarbonyl; STING, stimulator of interferon 
genes; CDN, synthetic cyclic dinucleotide; CpG, unmethylated cytosine-phosphate-guanine 
oligodeoxynucleotides; anti-PD-1, anti-PD-1 antibody; DMSO, dimethyl sulfoxide; HSP70, heat shock 
protein 70; P(Me-D-1MT), poly(L-methionine-co-dextro-1-methyl tryptophan); anti-PD-L1, anti-PD-1 
antibody; PEG, polyethylene glycol; PELG, poly-γ-ethyl-L-glutamate; DOX, doxorubicin; IL-2, 
interleukin-2; IFN-γ, interferon γ; PMNT, poly[4-(2,2,6,6-tetramethylpiperidine-N-oxyl) 
aminomethylstyrene]; PAAc, poly(acrylic acid); IL-12, interleukin-12; PVA, poly(vinyl alcohol); 
TSPBA, N1-(4-boronobenzyl)-N3-(4-boronophenyl)-N1, N1, N3, N3-tetramethylpropane-1, 3-diaminium; 
hIFN-α, human interferon α; GM-CSF, granulocyte-macrophage colony-stimulating factor; ICG, 
indocyanine green; DC, dendritic cell; OVA, ovalbumin; TCL, tumor cell lysates; Nap, naphthylacetyl; 
NSAID, nonsteroidal anti-inflammatory drug; poly(I:C), polyinosinic:polycytidylic acid; GPDH, 
glycerol 2-phosphate disodium hydrate; ED-OVA, ethylenediamine-conjugated ovalbumin; PLGA-
PEG-PLGA, poly(lactic-co-glycolic acid)-b-poly(ethylene glycol)-b-poly(lactic-co-glycolic acid); 
mPEG-PLGA, methoxy-poly(ethylene glycol)-b-poly(lactic-co-glycolic acid); DC-LV-OVA, DC-
targeting lentivirus expressing ovalbumin; MPL, monophosphoryl lipid A; PEI, polyethyleneimine; HRP, 
horseradish peroxidase; HP, hydroxyphenyl propionic acid; oAd, oncolytic adenovirus; PEGdA, 
polyethylene glycol diacrylate; Gel-PEG-Cys, thiolated poly(ethylene glycol)-grafted gelatin; TIL, 
tumor infiltrated lymphocytes; OEGMA, oligo(ethylene glycol) methyl ether methacrylate; EGFR, 
epidermal growth factor receptor; CAR T, chimeric antigen receptor T cell. 

 

 

 



Table 2. Representative features of different types of injectable macroscale 
biomaterials. 

 
Physically crosslinked 

injectable hydrogel 

Chemically crosslinked 

injectable hydrogel 
Injectable cryogel 

Injectable 

inorganic scaffold 

Size 1 mm ~  1 mm ~ 1 mm ~ 10 mm 1 mm ~  

Backbone  Polymer or self-
assembled structure 

Polymer chain 
Polymer chain or self-

assembled structure 
Inorganic 
microrod 

Crosslinking 
structure 

Physical aggregate Covalent linkage 
Covalent linkage or 
physical aggregate 

Physical stacking 

Porous 
structure 

No No Yes Yes 

Mechanical 
strength 

Low Moderate to high  High Moderate 

 

 

 

 

 



 

Figure 1. Schematic illustration of injectable biomaterials for the delivery of various 
cancer immunotherapies, including immunomodulators, cancer vaccines, and immune 
cells. Injectable biomaterials can be easily implanted into tissues via a simple injection 
and form a depot in situ for sustained and controlled therapeutic release. CpG, 
unmethylated cytosine-phosphate-guanine oligodeoxynucleotides; CDN, synthetic 
cyclic dinucleotide; IL-2, interleukin-2; GM-CSF, granulocyte-macrophage colony-
stimulating factor; PD-1, programmed cell death protein 1; CTLA-4, cytotoxic T-
lymphocyte-associated protein 4; DCs, dendritic cells; MPL, monophosphoryl lipid A. 

 

 

 

 

 

 



 

Figure 2. (A) Structure of P(Me-D-1MT)-PEG-P(Me-D-1MT) and ROS-triggered 
polymeric hydrophobicity transition. (B) Schematic illustration of localized hydrogel 
formation and bio-stimuli-triggered drug release and synergistic immunotherapy. (C) 
Average tumor volumes (n = 5), and (D) survival curves (n = 5) after a single treatment 
with various therapeutics (G1, PBS; G2, blank P[Me-D-1MT]-PEG-P[Me-D-1MT] 
hydrogel; G3, free D-1MT; and aPD-L1; G4, aPD-L1-loaded P[Me-D-1MT]-PEG-
P[Me-D-1MT]) when the tumor volumes reached ~110 mm3 on the seventh day 
(marked by red arrow). PEG, poly(ethylene glycol); D-1MT, dextro-1-methyl 
tryptophan; Me, L-methionine; P(Me-D-1MT), poly(L-methionine-co-dextro-1-methyl 
tryptophan); ROS, reactive oxygen species; DC, dendritic cell; aPD-L1, programmed 
death-ligand 1 antibody; IDO, indoleamine-pyrrole 2,3-dioxygenase; Treg, regulatory 
T cell. Adapted from ref. 67 with permission from Wiley-VCH. 
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Figure 3. (A) Schematic of combination chemoimmunotherapy using a ROS-
degradable hydrogel scaffold to deliver GEM and aPDL1 into the TME. (B and C) 
Local gel scaffold for inhibiting B16F10 melanoma growth in vivo. (B) Average tumor 
growth kinetics in control and treated groups (treatment started at day 0). Growth curves 
represent mean ± SEM; growth curves were stopped when the first animal of the 
corresponding group died. (C) Survival curves for the treated and control mice (n = 7 
to 10). ROS, reactive oxygen species; PVA, poly(vinyl alcohol); TSPBA, N1-(4-
boronobenzyl)-N3-(4-boronophenyl)-N1,N1,N3,N3-tetramethylpropane-1,3-
diaminium; aPDL1, programmed death-ligand 1 antibody; GEM, gemcitabine; ICB, 
immune-checkpoint blockade; UnTx, untreated. Adapted from ref. 72 with permission 
from American Association for the Advancement of Science. 
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Figure 4. (A) Method of cell encapsulation and culture into chitosan-based 
biocompatible thermogels (CTGels). (B) Logarithmic scale of average cell numbers 
obtained at different time points from the supernatant and from CTGels 1 or 2. The 
storage modulus of CTGels 1 and 2 were ~2.4 kPa and 3.5 kPa, respectively. (C) Graph 
of average percent of CD3+ cells that are also CD8+ or CD4+ was determined from cells 
collected from the media or those extracted from CTGel2 over a 15-day time course. 
Adapted from ref. 96 with permission from Elsevier. 
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Figure 5. (A) Chemical structure of short peptide-based hydrogelators. The hydrogels 
could be converted to viscous solutions by shaking or vortexing, allowing the 
incorporation of antigens by simple mixing. (B and C) D-gel enhances the 
immunogenicity and therapeutic efficacy of X-ray-treated whole-cell vaccines. (B) 
Tumor growth in C57BL/6J mice (n = 6 per group) vaccinated with PBS, XTC, L-gel, 
D-gel, L-gel-XTC, or D-gel-XTC, and then challenged with EG7 tumor cells. Mice 
were vaccinated and inoculated as described above, and the tumor volume was 
monitored every three days. (C) The survival time of mice vaccinated with PBS, XTC, 
L-gel, D-gel, L-gel-XTC, or D-gel-XTC, respectively (n = 6 per group). Day 0 on the 
survival curves represents the day of tumor challenge. Nap, naphthylacetic acid; G, L-
glycine; F, L-phenylalanine; Y, L-tyrosine; GD, D-glycine; FD, D-phenylalanine; XTC, 
X-ray-treated whole tumor cell; L-gel, hydrogel self-assembled from Nap-GFFY; D-
gel, hydrogel self-assembled from Nap-GDFDFDY. Adapted from ref. 109 with 
permission from Wiley-VCH. 
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Figure 6. (A) A schematic representation of the in vivo spontaneous assembly of MSRs 
and the recruitment of host cells for maturation. (B) Prophylactic cancer vaccine study 
using injectable MSRs. EG7-OVA tumor volume after the subcutaneous injection of 
various vaccine formulations ten days before tumor inoculation (n = 10). In (B), the 
tumor volumes were compared on days 21, 23, and 25 following the onset of tumor 
growth in the vaccine group. MSR, mesoporous silica microrod; OVA, ovalbumin. 
Adapted from ref. 134 with permission from Springer Nature. 
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