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SUMMARY

Nanomaterials and targeted drug delivery vehicles improve the therapeutic index of drugs and 

permit greater control over their pharmacokinetics, biodistribution, and bioavailability. Here, 

nanotechnologies applied to cancer immunotherapy are discussed with a focus on current and 

next generation self-assembling drug delivery systems composed of lipids and/or polymers. Topics 

covered include the fundamental design, suitability, and inherent properties of nanomaterials 

that induce anti-tumor immune responses and support anti-cancer vaccination. Established active 

and passive targeting strategies as well as newer “indirect” methods are presented together with 

insights into how nanocarrier structure and surface chemistry can be leveraged for controlled 

delivery to the tumor microenvironment while minimizing off-target effects.

INTRODUCTION

While the biochemical mechanisms and routes of administration for chemotherapeutic and 

immunomodulatory drugs are both routinely optimized, a critical third step is usually 

overlooked: specifying the biodistribution (i.e., where an administered drug transports and 

accumulates within the body). Although therapeutic targets for cancer typically reside 

within the tumor microenvironment, the vast majority of administered agents accumulate 

elsewhere, resulting in what is often perceived to be unavoidable adverse events. In this 

regard, one could argue that many therapeutics that are currently approved remain as 

unfinished products, resulting in the use of less optimal dosing and the acceptance of severe 

side effects that arise from their nonspecific biodistributions. Immunotherapy presents a 

double-edged sword with the promise of a complete cure for a select few, but at the risk 
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of severe and often life-altering side effects (Haratani et al., 2018; Sharma and Allison, 

2015). With these considerations in mind, strategies for harnessing the host immune system 

to generate safe, efficacious, and sustained tumoricidal events have increasingly incorporated 

engineered systems for enhanced targeting of specific cells and tissues (Nam et al., 2019). 

Directing the biodistribution and kinetics of anti-cancer and/or immunomodulatory agents 

with high control and precision reduces dosage and minimizes adverse autoimmune events 

arising from nonspecific immunomodulation. Biomaterials and nanoscale science are critical 

to the design of these targeted delivery strategies and provide modular platforms for 

building precision cancer immunotherapies that have controllable cellular interactions and 

release profiles to meet diverse challenges in the clinic (Irvine and Dane, 2020). Of note, 

the immune system is particularly amenable to therapeutic targeting and modulation by 

nanoscale materials, as a diverse range of pro- and anti-tumor myeloid and lymphoid cells 

have evolved to collect, process, and respond to nanoscale pathogens and particulates.

Here, we examine how a subset of nanobiomaterials (i.e., nanostructured materials 

optimized for biomedical applications) have been employed as drug delivery vehicles, 

also known as nanocarriers, to address specific limitations of current regimens for cancer 

immunotherapy. Although nanobiomaterials can be fabricated from organic or inorganic 

components via a wide range of methods reviewed elsewhere (Mitchell et al., 2021), we 

focus on the unique applications of nanocarriers formed by the spontaneous self-assembly 

of amphiphilic lipids and polymers. We first present an overview of molecular self-assembly 

principles and how this information can be harnessed in the laboratory to construct 

nanocarriers with specific physical and chemical properties of interest. After discussing how 

the combined structure and surface chemistry influence the pharmacokinetics and cellular 

interactions of nanocarriers (Vincent et al., 2021b), we introduce ligand-mediated and 

ligand-free targeting strategies for enhancing their accumulation within cells of the tumor 

microenvironment (TME). Applications of these controlled delivery strategies for traditional 

chemotherapy, as well as immunogenic cell death, checkpoint blockade immunotherapies, 

and anti-cancer vaccines are presented. Our discussion of chemotherapeutic delivery focuses 

on strategies that enhance accumulation within tumor cells after systemic administration and 

further explores the role of nanobiomaterials in enhancing immunogenic cell death beyond 

what is achieved by administering the drugs in conventional forms. Finally, advancements 

in targeted anti-cancer vaccination are covered for systems administered via intramuscular, 

subcutaneous, and intravenous routes.

Self-assembled nanocarriers: customizable vehicles for enhancing treatment safety and 
efficacy

The field of nanotechnology broadly includes all materials and devices at the nanoscale 

(10−9 m). Among them are peptide therapeutics and peptide assemblies, recombinant 

proteins, proteins engineered by directed evolution and de novo techniques, and diverse 

nanocarrier types of organic and inorganic composition. “Nanocarriers” are defined as drug 

delivery vehicles with at least one dimension at the nanoscale. These nanotechnologies 

are versatile platforms for pharmaceutical development due to their ability to control the 

solubility, stability, transport, cellular entry, and accumulation of drugs, as well as their 

release from intracellular and extracellular environments. Depending on their chemical 
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composition, nanocarriers can facilitate intracellular cargo release from endolysosomal 

compartments through a variety of mechanisms, which can include membrane fusion or 

disruption events, as well as pore formation and osmotic lysis (Xu et al., 2021). This 

capability of nanocarriers to facilitate selective intracellular drug delivery has proven to be 

highly advantageous for both chemotherapy and immunomodulation (Yao et al., 2020).

Nanocarriers that self-assemble from amphiphilic molecules (i.e., possessing both water-

soluble and insoluble components) provide biocompatible and customizable systems (Figure 

1; Box 1) that have been incorporated into a large number of Food and Drug Administration 

(FDA)-approved drugs and vaccines (Box 2) (Lammers and Ferrari, 2020; Mitchell et 

al., 2021). This class of materials includes lipid nanoparticles and liposomes, which have 

surged in popularity since being first applied to doxorubicin chemotherapy three decades 

ago (Doxil) (Barenholz, 2012) (Figures 1A and 1B). Most recently, self-assembling lipids 

were incorporated as key components of protein-based vaccines that protect against shingles 

(herpes zoster; Shingrix) (James et al., 2018) and the mRNA vaccines developed against 

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (Baden et al., 2021; 

Jackson et al., 2020; Polack et al., 2020). Lipids aside, there is also much interest in 

the development of self-assembling synthetic polymers. Synthetic polymers have several 

advantages over lipid systems, including their high physical and chemical customizability 

and greater control over vehicle shape/morphology (lipids are primarily limited to micelle 

and liposome morphologies) (Mitchell et al., 2021). Furthermore, these polymer systems are 

typically more stable than lipid systems in vivo, retain cargo more reliably and for longer 

periods of time, can avoid nonspecific lipase-mediated degradation, and offer greater control 

over chemistries that promote stimuli-responsive on-demand release of drug payloads 

(Bobbala et al., 2020; Mitchell et al., 2021).

Both natural and synthetic self-assembling macromolecules typically require amphiphilicity 

for controllable aggregation and therefore possess both a hydrophilic water-soluble (i.e., 

charged or polar head group or polymer block) and a hydrophobic insoluble (i.e., lipid tail 

or hydrophobic polymer block) component (Box 1; Figure 1C). Focus has been placed on 

the design of amphiphilic block (Mai and Eisenberg, 2012) or random (Li et al., 2014) 

copolymers wherein the hydrophobic/hydrophilic ratio specifies the morphology (shape) of 

the self-assembled nanostructures. Nanocarrier morphology is a major design choice due 

to its influence on cargo loading and release capabilities, as well as its role in governing 

multiscale interactions of the nanocarrier within physiological systems and its overall 

pharmacokinetics. Importantly, nanocarrier morphologies differ significantly in their size 

and solvent-exposed surface areas, which are critical properties for determining whether the 

vehicle will accumulate within tumors of different permeability (Cabral et al., 2011).

The most common nanocarrier morphologies include spherical micelles, cylindrical 

filomicelle, and vesicles. The micelle morphology describes structures having a hydrophobic 

core and a hydrophilic shell. Polymeric micelles are typically smaller structures, with a 

diameter of less than 100 nm. Filamentous micelles, also referred to as filomicelles, are 

cylindrical variants of the micelle that commonly have a nanoscale diameter and a length 

that either approaches or exceeds 1 μm (Geng et al., 2007; Karabin et al., 2018; Vincent 

et al., 2021b; Yi et al., 2016). The vesicle morphology consists of a hydrophilic shell, 
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hydrophobic internal layer, and a hydrophilic lumen. Vesicles are referred to as liposomes 

for lipid amphiphiles and polymersomes for polymer amphiphiles, and commonly have a 

diameter of less than 200 nm (Discher et al., 1999). Cell-derived exosomes are another 

type of vesicular nanocarrier that is gaining interest in cancer immunotherapy. Exosomes 

are outside the scope of the present article but have been reviewed in detail elsewhere 

(Dai et al., 2020). Liposomes (Ashley et al., 2016) and polymersomes (Allen et al., 2017; 

Discher et al., 1999) have been of great interest due to their ability to load both hydrophilic 

and hydrophobic payloads in the bilayer shell or aqueous core, respectively. Recently, 

polymeric bicontinuous nanospheres (BCNs) (Bobbala et al., 2018) and lipid cubosomes 

(Barriga et al., 2019; Kim et al., 2018) have demonstrated the utility of an additional 

nanocarrier architecture. The BCN morphology consists of 200- to 400-nm spheres with 

an internal cubic lattice structure and has presented unique advantages for controlled 

drug delivery, particularly for multi-drug formulations and stimuli-responsive, sustained 

intracellular release of chemotherapeutics (Bobbala et al., 2020).

The safety and efficacy of nanocarriers can be strongly impacted by their chemical 

composition. The chemical make-up of a nanocarrier determines its biodegradability 

and metabolism and contributes to its inherent immunomodulatory properties. Many 

lipid-based nanocarriers can be immunostimulatory, such as those incorporating 

dimethyldioctadecylammonium (DDA) (Gall, 1966; Korsholm et al., 2007), lipids derived 

from bacteria (Tandrup Schmidt et al., 2016), or modern ionizable cationic lipids (Ndeupen 

et al., 2021). The innate immunostimulation of certain nanocarrier platforms can prove 

beneficial when pro-inflammatory responses are desired to some extent, such as with 

lipid nanoparticles used for mRNA vaccination (Guevara et al., 2020; Hou et al., 2021). 

Furthermore, the intracellular presence alone of some nanomaterials can activate the NLRP3 

inflammasome (Hornung et al., 2008; Zhu et al., 2020). In general, polymeric systems 

tend to have less background inflammatory responses, with some systems serving as 

“blank slates” for customizing immunostimulation based primarily on the encapsulated 

payloads (Burke et al., 2022; Dowling et al., 2017). In contrast to this generalization, 

several immunomodulatory responses of common synthetic polymers warrant mentioning. 

Poly(ethylene glycol) (PEG) is a common component of numerous consumer products and 

drugs and is used as a non-fouling (i.e., avoids nonspecific protein and cell interactions) 

outer layer for most lipid and polymer-based nanocarriers, resulting in an extensive prior 

exposure of this polymer to the public. Rare but notable anti-PEG antibody responses have 

been reported and linked to a range of mild to severe allergic responses upon nanoparticle 

and vaccine administration that remain highly controversial and critically understudied 

(Bigini et al., 2021; Freire Haddad et al., 2021). Lactate metabolic degradation products 

of poly(lactic-co-glycolic acid) (PLGA) have been shown to be highly immunosuppressive 

(Allen et al., 2018a; Sangsuwan et al., 2020), and notably PLGA is the basis of many 

synthetic drug delivery platforms undergoing clinical trials (Box 2). Recent findings show 

that lactic acid is key to the metabolic activity of immunosuppressive regulatory T cells 

within the tumor microenvironment necessitates further investigation of the utility and 

impact of PLGA-based nanocarriers for anti-tumor strategies (Watson et al., 2021).
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Addressing limitations of cancer immunotherapy via nanocarrier-mediated controlled 
delivery

Strategies for therapeutic immunomodulation largely involve the induction or enhancement 

of T cell-mediated anti-tumor responses. Two clinically relevant examples that have been 

improved by controlled delivery strategies are immune checkpoint inhibitors (ICIs) and 

agents that exploit immunogenic cell death (ICD) (Zhou et al., 2019). Immune checkpoint 

receptors, such as the cytotoxic T-lymphocyte-associated protein 4 (CTLA-4/CD152) that 

is constitutively expressed by regulatory T cells (Takahashi et al., 2000), maintain self-

tolerance and avoid autoimmunity. CTLA-4 inhibits CD28 co-stimulatory receptors, which 

are constitutively expressed on naive T cells and play critical roles in T cell activation, 

proliferation, cytokine production, anergy, as well as a variety of other functions (Harding et 

al., 1992; Mueller et al., 1989; Schwartz, 1992). Both CTLA-4 and CD28 bind competitively 

to CD80 (B7–1) and CD86 (B7–2), but the higher affinity interaction of CTLA-4 with 

these molecules diminishes CD28 signaling (Seidel et al., 2018). Similar negative regulation 

mechanisms are also known to influence the functions of other immune cell types aside 

from T cells (Oyewole-Said et al., 2020). For example, stimulating CTLA-4 receptors on 

B cells can inhibit their production of immunoglobulin (Ig)G1 and IgE (Pioli et al., 2000). 

Elsewhere, it has been shown that CTLA-4 is expressed by monocyte-derived dendritic cells, 

which restricts the maturation of these cells and downregulates their presentation of antigens 

(Wang et al., 2011).

CTLA-4 receptors and other negative regulators of T cell activation can also be exploited by 

tumors to restrict T cell activity. Pharmacological ICIs therefore “switch off” the molecular 

signals that would otherwise prevent T cell functions, thereby enabling the host to generate 

productive T cell-mediated anti-tumor responses (Wolchok and Saenger, 2008). The first 

approved CTLA-4 inhibitor was Ipilimumab (Yervoy), a monoclonal antibody for treating 

unresectable or metastatic melanoma and for adjuvant treatment of cutaneous melanoma 

with certain pathological features (Hodi et al., 2010; Robert et al., 2011), which has been 

followed by other targets that include programmed cell death ligand 1 (PD-L1) (Freeman et 

al., 2000) and programmed cell death protein 1 (PD-1/CD279) (Agata et al., 1996; Bennett 

et al., 2003; Ishida et al., 1992; Parry et al., 2005). Like CTLA-4, PD-1 is an inhibitory 

receptor that binds to PD-L1 to counteract activating signals from T cell receptors (TCRs) 

and CD28 (Sharpe and Pauken, 2018). Aside from their presence on T cells, PD-1 and 

PD-L1 are also expressed by a variety of other influential cell types (Vaddepally et al., 

2020). Subsets of dendritic cells that express PD-1 and PD-L1 provide one such example 

and contribute to the negative regulation of T cells (Lim et al., 2016; Peng et al., 2020). 

Nivolumab (Opdivo) became the first FDA-approved human IgG4 monoclonal antibody 

against PD-1 in December of 2014, and is administered via intravenous infusion for the 

treatment of certain forms of melanoma, lung cancer, renal cell carcinoma, and Hodgkin 

lymphoma (Vaddepally et al., 2020). Pembrolizumab (Keytruda), an IgG4k monoclonal 

antibody against PD-1, was approved later that year for a broad range of cancers and was 

followed by Cemiplimab (Libtayo) in 2018 (Vaddepally et al., 2020). The FDA has approved 

three PD-L1 inhibitor antibodies for intravenous administration: avelumab (Bavencio), 

durvalumab (Imfinzi), and atezolizumab (Tecentriq) (Twomey and Zhang, 2021; Vaddepally 

et al., 2020). Avelumab is approved for certain populations of adult and pediatric patients 
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with metastatic Merkel cell carcinoma. Durvalumab is available for certain forms of locally 

advanced or metastatic urothelial carcinoma, and for certain patients with unresectable stage 

III non-small cell lung cancer. Atezolizumab is approved for the treatment of urothelial 

carcinoma, and as adjuvant treatment, first-line treatment, or combined treatment of a variety 

of other cancers. While monotherapy blockades that individually target CTLA-4, PD-L1, 

and PD-1 have had success in some cases, combined ICI immunotherapies have also been 

developed to simultaneously target multiple checkpoint inhibitors for greater efficacy.

ICD includes chemotherapy, photodynamic therapy, and radiotherapy, and can increase 

tumor immunogenicity (Kroemer et al., 2013; Krysko et al., 2012). Tumor cells undergoing 

ICD produce potent distress signals called damage-associated molecular patterns (DAMPs) 

like ATP, calreticulin (CRT), and high-mobility group Box 1 (HMGB1). For example, 

DAMPs released by dying cells within the TME promote the maturation of dendritic 

cells (DCs), which activate CD8+ cytotoxic T lymphocytes (CTLs) to destroy tumor cells 

(Tuettenberg et al., 2007; Zhou et al., 2019). It is known that classic chemotherapeutics, 

such as oxaliplatin (OXA; ELOXATIN), doxorubicin (DOX; doxorubicin hydrochloride), 

idarubicin (IDR; Idamycin PFS), and mitoxantrone (MX; NOVANTRONE), evoke ICD 

responses (Chen et al., 2019; Koceva-Chyla et al., 2005; Menger et al., 2012; Minotti et al., 

2004). These ICD agents, and others, are discussed in greater detail elsewhere (Fucikova et 

al., 2020; Sukkurwala et al., 2014).

Despite clinical success, modern ICI and ICD immunotherapies suffer from numerous 

issues. Many patients fail to respond to ICI immunotherapy due to resistance mechanisms, 

including mutations, immunoediting phenomena, metabolic alterations, immune cell 

subpopulation changes, and others (Liu et al., 2019a). These resistance mechanisms 

contribute to low objective response rates to ICI immunotherapy (Bol et al., 2019). 

Furthermore, ICIs commonly have toxicity issues arising from low treatment specificity, an 

issue that is frequently worse during combined ICI immunotherapy (Kennedy and Salama, 

2020). Regarding ICD induction, these therapeutics are limited by circulation time, restricted 

tumor cellular uptake, and adverse events arising from nonspecific cytotoxicity (Gao et al., 

2020). The reoccurring difficulties experienced by both ICI and ICD therapeutics result 

from suboptimal pharmacokinetics (PK) and pharmacodynamics (PD) (Centanni et al., 

2019; Janicka and Gubernator, 2017). Improving the performance of therapeutics can be 

challenging, and often requires the formulation and route of administration to be optimized 

via trial and error or chemical modification based on structure-activity relationships. 

Efforts to improve therapeutic performance often comes at the cost of efficacy. The high 

customizability of nanocarrier platforms can be used to tune therapeutic performance 

without chemically modifying the encapsulated agents. The biodistribution, circulation time, 

and cellular uptake of a nanocarrier is passed on to the therapeutic payloads loaded within 

them, presenting a powerful platform for controlled delivery applications. Hydrogel-based 

systems and biomaterial scaffolds also provide control over cancer immunotherapy, and 

these technologies are reviewed elsewhere (Karabin et al., 2018; Li et al., 2020; Xie et 

al., 2021). We discuss how the shape, size, and surface chemistry of delivery vehicles 

formed from self-assembled nanobiomaterials can be customized for targeted biochemical 

and cellular interactions to enhance immunomodulatory strategies in the treatment of cancer.
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Materials-based strategies for improving current cancer immunotherapies

Depending on the design and features of a nanocarrier, these technologies are capable 

of improving the efficacy of conventional cancer immunotherapies by increasing drug 

accumulation within the tumor, reducing systemic toxicity, and enabling the codelivery 

of multiple therapeutics (Peer et al., 2007). Nanobiomaterials can be engineered to 

stably transport therapeutics and diagnostics, either individually (Allen et al., 2017) or in 

combination (Yi et al., 2019), to specific biological targets. The diverse physicochemical 

properties of these payloads, such as nucleic acids, small molecule drugs, and proteins, pose 

great challenges for loading and encapsulation at optimal concentrations within nanocarriers. 

Approaches such as nanoprecipitation (Allen et al., 2018b; Markwalter et al., 2019) and 

microfluidics (Carugo et al., 2016) have improved the co-loading of diverse payloads into 

nanocarriers.

Work in the area of nanobiomaterial-mediated ICD is centered on applying nanocarriers to 

enhance chemotherapy, often with an emphasis on minimizing side effects that limit the 

maximum tolerable dose and by avoiding solubilization agents associated with toxicity 

concerns, such as cremophor EL (CREL). The continued development of nanocarrier 

chemotherapeutics is undoubtedly motivated by success of the PEGylated liposomal 

formulation of DOX, known as Doxil, with the objective to both build on its therapeutic 

index improvements as well as to address its flaws. Doxil has been proposed to achieve 

drug accumulation within tumors primarily via the enhanced permeability and retention 

(EPR) effect (the EPR effect is discussed in Box 3). Yet there is another facet to the 

story that extends beyond delivering chemotherapeutics at high concentration to its site of 

action. The efficacy of a given chemotherapy is defined not only by their own inherent 

ability to kill tumor cells, but also by their induction of anti-tumor immune responses 

that assist with this process (Zitvogel et al., 2008). In some cases, nanocarrier-enhanced 

chemotherapies stimulate anti-tumor responses while providing the patient with additional 

treatment benefits. One example is chimeric polypeptide DOX (CP-DOX) nanoparticles 

(MacKay et al., 2009), which induce cell death to a greater extent than free DOX in poorly 

immunogenic 4T1 mammary carcinoma tumors (Mastria et al., 2018). CP-DOX increased 

levels of leukocyte-recruiting chemokines (CCL2–5, CXCL2, and CXCL10) that increased 

tumor leukocyte infiltration such that >67% of live cells in a CP-DOX-treated tumor were 

leukocytes (Mastria et al., 2018), achieving robust mobilization of latent host immune 

responses. Importantly, poorly responsive 4T1 carcinoma cells obtained substantial immune 

sensitivity upon treatment with CP-DOX that was not observed for free DOX. In a separate 

study, OXA-encapsulated mPEG-PLGA nanoparticles (NP-OXA) increased HMGB1 release 

by 70% and ATP secretion by 48%, and further reported CRT increases of greater than 80%, 

compared with OXA treatment alone (Zhao et al., 2016). Furthermore, NP-OXA treatment 

promoted DC maturation, enhanced levels of interferon-γ positive CD8+ CTLs, and reduced 

tumor growth to greater extents in both immunocompetent and immunodeficient mice (Zhao 

et al., 2016). Collectively, these results provide good examples of how nanocarriers can 

enhance chemotherapy to actuate potent anti-tumor immune responses via the ICD pathway.

To mitigate the need for multiple injections and provide on-demand cytotoxicity, there 

is interest in delivering ICD agents using materials that release drug in response to 
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an external stimulus, such as light. The synergistic controlled delivery of ICD-inducing 

chemotherapeutics and photosensitizers for photodynamic therapy (PDT) demonstrate the 

utility of this approach. In a recent study, a porphyrin photosensitizer, pheophorbide A 

(PhA), and a cytotoxic chemotherapeutic, camptothecin, were co-delivered using PEG17-b-

PPS75 BCNs (Bobbala et al., 2020). Poly(ethylene glycol)-b-poly(propylene sulfide) (PEG-

b-PPS) is a stimuli-responsive material that releases drug payloads upon oxidation within 

acidic lysosomal compartments. The polymer variant that self-assembles into the BCN 

morphology has a uniquely long hydrophobic block, PPS75 (i.e., 75 PPS units), that is 

exceptionally stable and permits the formation of long-lasting depots within lysosomes. 

Co-loading PhA photosensitizer with camptothecin yielded lysosomal depots that deliver 

chemotherapeutic intracellularly in response to stimulation with light (Bobbala et al., 2020). 

Under ambient conditions, the BCNs protected normal cells from cytotoxic payloads, 

whereas the light-triggered photo-oxidation of the PPS block produced a morphological 

transition from BCNs into micelles (Bobbala et al., 2020). The mechanism of this transition 

involves oxidation-mediated increases in polymer hydrophilicity that favor micellarization. 

Controlling BCN-to-micelle transitions using light allowed for the on-demand release of 

camptothecin inside of cells, highlighting its potential use of an off-on triggerable delivery 

platform as a novel technology for PDT- and ICD-induced immunogenicity (Bobbala et al., 

2020). Aside from enhanced anti-tumor immunological responses and controlled release, 

nanobiomaterials also find utility in improving patient responses to ICI immunotherapies 

and increasing patient response rates (Goldberg, 2019).

Other opportunities exist for developing nanotechnologies that leverage synergy between 

ICI and ICD. A recent example is provided by nanoscale coordination polymer particles 

composed of an oxaliplatin (OxPt) prodrug core and a lipid-bilayer coating (Duan 

et al., 2019). The outer shell contained cholesterol conjugated to the ICD-inducing 

dihydroartemisinin (DHA) metabolite of artemisinin. These OxPt/DHA core-shell particles 

induced reactive oxygen species in cancer cells to elicit mitochondrial dysfunction and 

cell death. Furthermore, the core-shell particles enhanced anti-PD-L1 immunotherapy in a 

colorectal cancer mouse model (Duan et al., 2019). Synergy between OxPt/DHA core-shell 

particles and anti-PD-L1 treatments eliminated tumors after 40 to 50 days, led to the absence 

of tumor recurrence for 120 days, and produced a memory response capable of preventing 

tumor recurrence within a 1-month period after challenging mice with CT26 cell inoculation 

(Duan et al., 2019).

The need for targeted cancer immunotherapy

The primary objective of targeted drug delivery is to transport therapeutics directly to 

the site of action. Technologies that achieve this feat are sought after due to their 

potential to improve efficacy and to mitigate adverse effects arising from nonspecific 

drug accumulation at off-target locations. The latter consideration is particularly important 

for chemotherapeutics that can damage healthy cells and tissues. Furthermore, many 

immunotherapies employ potent immunomodulatory agents that can disrupt systemic 

immune homeostasis. For example, a host of adverse events commonly arise in response 

to ICB immunotherapy (Khalil et al., 2016), including autoimmune disorders and diabetes, 

often requiring the patient to discontinue treatment. Targeted nanobiomaterials can thus 
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be leveraged to minimize or avoid many of these undesirable effects for a wide range of 

immunotherapeutic strategies (Figure 2).

Targeted nanocarriers are often employed to selectively modulate the TME (Figure 2), which 

consists of a complex milieu of tumor cells, immune cells, blood vessels, extracellular 

matrix, and biomolecules (Werb and Lu, 2015; Whiteside, 2008). Cancer therapy is 

frequently obfuscated by the role of the TME in suppressing local immune cells and 

hindering the elimination of cancer cells (Beatty and Gladney, 2015; Drake et al., 2006; 

Heinrich et al., 2012; Menter and Tzankov, 2018; North, 1982; Wang et al., 2017). Given 

its importance in cancer progression and drug resistance, various cell types within the TME 

have emerged as important targets for cancer immunotherapy (Tsai et al., 2014). Multiple 

paths exist for directing nanocarrier biodistribution and cellular interactions within the TME 

(Figure 2). These range from adjusting the physical and chemical properties of the delivery 

vehicle itself to surface functionalization with ligands to enhance desirable nanocarrier-cell 

interactions.

Types of targeting strategies

The important cellular targets for cancer immunotherapy include tumor cells and cells of 

tumor-draining lymph nodes, as well as a variety of TME constituents, including tumor-

associated macrophages (TAMs), dendritic cells (DCs), T cells, and various suppressive 

myeloid cell populations. Targeting strategies are most commonly divided into one of two 

categories: passive targeting and active targeting. During passive targeting (Rosenblum et 

al., 2018), the physicochemical properties of the nanocarrier, such as size (Sykes et al., 

2014; Zhang et al., 2009), shape (Champion and Mitragotri, 2006; Geng et al., 2007; 

Yi et al., 2016), and charge (Heuts et al., 2021; Wang and Mooney, 2018), all influence 

biodistribution in a holistic fashion by modulating the transport properties, adsorption 

of blood proteins (also known as protein corona formation), and interactions with cell 

membranes. Active targeting strategies employ native or engineered ligands to bind to 

specific components of cell membranes (Rosenblum et al., 2018). In this section, we begin 

by discussing antibody-based strategies for targeted cancer immunotherapy, highlighting 

antibody-drug conjugates as a more minimalistic delivery technology with that achieves 

high specificity and is in clinical use. Moving next into higher-order vehicles, we discuss 

the properties of nanocarriers that are known to provide ligand-free, passive targeting 

functionality. Afterward, we introduce the rational design of targeting ligands, such as 

peptides or aptamers, that render nanocarriers as active targeting vehicles. Numerous 

examples of targeted nanotechnologies engineered to direct cancer immunotherapy to 

specific cell types within the TME are presented. Finally, we introduce a third method 

of targeting that has recently received renewed attention, which we refer to as “indirect” 

targeting. This method enhances uptake within the TME and improves cell-selective delivery 

not by directly enhancing interactions with the target cells, but through indirect actions 

on nonspecific off-target cells that are responsible for rapid nanocarrier clearance from 

circulation.
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Nanocarrier design principles for passive targeting

A critical step in designing a nanocarrier is selecting the structure (morphology/shape) of 

the vehicle and its surface chemistry, which should both possess suitable properties for the 

intended application. A useful analogy is to consider how the chassis of an automotive 

vehicle is optimized, where the shape and materials employed have direct implications on 

the utility. Similarly, the “nanocarrier chassis” (Vincent et al., 2021b) must be engineered 

to transport cargo, remain stable under in vivo conditions, interact with desired molecular 

targets, and degrade within specific biochemical environments (Figure 3). It is therefore 

important to note how distinct and unique different nanocarrier platforms can be despite 

common misconceptions that nanobiomaterials are interchangeable during drug delivery 

applications. The design space for these technologies is extensive, and even for material 

subsets that are similar, the nuances of their design can lead to a major divergence in 

performance. The chosen nanocarrier morphology must be capable of loading the selected 

cargo(es), often hydrophobic small molecules or hydrophilic biologics (proteins, nucleic 

acids, etc.) (Figure 3), at a quantity that is sufficient to achieve therapeutically relevant 

concentrations. The nanocarrier must also be designed to release drug at an appropriate rate, 

permit cargo escape from specific intracellular endolysosomal compartments, and should 

have physical dimensions that permit its transport across any biological barriers encountered 

in transit to the targeted site. While important, these considerations are covered at length 

elsewhere (Mitchell et al., 2021).

Here, our attention focuses on the surface properties of the nanocarrier chassis (Vincent 

et al., 2021b) that confer inherent targeting features. These surface engineering efforts 

differentially modulate the rate of nanocarrier uptake by diverse cell types and can therefore 

be customized for specific therapeutic applications. The surface chemistry of a nanocarrier 

modulates its baseline interactions with biological membranes and its rate of cellular 

internalization (Asati et al., 2010; Manzanares and Cena, 2020). Physicochemical properties 

further direct the composition (Vincent et al., 2021b; Walkey and Chan, 2012; Walkey et al., 

2012), higher-order protein layer organization (Zhang et al., 2020a), and clearance-altering 

biophysical properties (Vincent et al., 2021a) of adsorbed protein layers formed on the 

nanocarrier surface in situ. These protein coatings redefine the synthetic surface with a 

biological identity that largely dictates nanocarrier cellular interactions and has significant 

consequences on drug biodistribution (Vincent et al., 2021a, 2021b). The combination of 

morphology and surface chemistry defines the nanocarrier biological identity to modulate 

its interactions with monocytes, macrophages, and dendritic cells (Vincent et al., 2021b), 

thereby providing another exploitable property for controlling nanocarrier interactions 

within the TME. Passive targeting by a nanocarrier is strongly influenced by its shape/

morphology (Geng et al., 2007; Vincent et al., 2021b; Yi et al., 2016) and surface chemistry 

(Vincent et al., 2021a, 2021b). The morphology of a drug delivery vehicle influences many 

aspects of its performance including circulation time (Geng et al., 2007), biodistribution 

and preferential interactions with immune cell subsets (Vincent et al., 2021b), and route of 

internalization through different endocytosis pathways (Zhang et al., 2015).

Nanocarrier dimensions have been linked to the EPR effect for targeting solid tumors 

(Kang et al., 2020). The EPR effect primarily refers to the preferential accumulation of drug-
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bearing nanocarriers within tumors due to an increased leakiness of poorly developed tumor 

vasculature compared with normal, healthy tissues. For spherical systems, the diameter 

threshold has been shown to be below 200 nm to take advantage of the EPR effect (Peer et 

al., 2007). However, we note that while the EPR effect has drawn considerable excitement 

over the years, EPR-based targeting strategies have fallen short of expectations due to a 

variety of factors (see Box 3).

Spherical nanocarriers have been used in the clinic since the introduction of Doxil in 1995 

(Barenholz, 2012) (Figure 1A). A range of spherical morphologies can be self-assembled 

from lipid and polymeric amphiphiles, including micelles, vesicle structures (lipid vesicles, 

polymersomes [Discher et al., 1999]), and BCNs (Angelov et al., 2015; Bobbala et al., 

2018; La et al., 2014). These morphologies were introduced in depth earlier in this 

review. Micelles are primarily used in the delivery of small molecules that are sufficiently 

hydrophobic for encapsulation within their core. Hydrophilic payloads can also be delivered 

via micelles but typically require additional steps for stable complexation or conjugation 

respectively via electrostatic or covalent interactions. In contrast, vesicular structures 

can encapsulate biologics within their aqueous lumen without chemical modification. In 

addition, the hydrophobic component of vesicle bilayers permits the loading of lipophilic 

compounds using the same hydrophobic packing interactions observed for micellar 

nanostructures. The cubic structure of the BCN morphology provides a unique cage-like 

network of aqueous channels embedded within an extensive lipophilic volume, presenting an 

alternative to vesicles for facile loading and delivery of both hydrophilic and lipophilic 

payloads (Allen et al., 2018c). The BCN architecture possesses a remarkable stability 

that has proven useful in the development of photoresponsive and/or sustained anti-cancer 

therapies (Bobbala et al., 2020).

As described earlier, self-assembled filomicelles possess spherical cross sections of similar 

diameter as spherical micelles but are elongated in the third dimension to form a worm-like 

filamentous morphology (Figure 1C). The flexibility of these cylinders can be specified by 

their chemical composition (Li et al., 2021), allowing control over their circulation time and 

uptake by many myeloid cell populations (Geng et al., 2007). Of note, filomicelles of higher 

flexibility can circulate for extensive periods of time to avoid accumulation in off-target 

organs while accessing leaky vasculature (Christian et al., 2009; Yi et al., 2016), which 

has proven advantageous for targeting brain tumors (Baumann et al., 2013; Oltra et al., 

2013). By mimicking the role of collagen fibers within the extracellular matrix, filomicelles 

can also serve as the basis of synthetic hydrogels for sustained delivery of therapeutics. 

In one example, crosslinked filomicelles composed of PEG-b-PPS diblock copolymers 

were employed as injectable hydrogels for sustained bioresponsive delivery of micelles 

containing hydrophobic payloads (Karabin et al., 2018). These oxidation-sensitive hydrogels 

continuously released therapeutic and diagnostic nanocarriers for up to 1 month by way 

of a unique cylinder-to-sphere transition mechanism. The ability to control transitions in 

vehicle morphology is an advantage of self-assembled systems. Many opportunities exist 

for harnessing morphological transitions and in situ gelation of nanomaterials to achieve 

sustained drug release strategies, such as vaccine implants (Bobbala and Hook, 2020) and 

intratumoral injections that locally stimulate immune responses against cancer antigens 

(Vohidov et al., 2020).
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The role of nanocarrier morphology in modulating specific cellular interactions within 

the TME remains an open question. However, it is generally known that nanocarrier 

morphology has a profound effect on defining the baseline cellular uptake profile of a 

nanocarrier by various immune cell subsets. This a process that has been referred to as 

Nanostructure Enhanced Targeting (NSET) and has been extensively characterized on PEG-

b-PPS nanocarriers (Yi et al., 2016). Yi et al. (2016) demonstrated that polymersomes 

achieve greater uptake by dendritic cells (DCs) in vivo compared with micelles and 

filomicelles of identical surface chemistry, suggesting the vesicular chassis was optimal for 

targeting DC subsets. Wilson and colleagues also employed the polymersome morphology 

to enhance delivery to DCs, specifically developing polymersome delivery systems for 

the stimulator of interferon genes (STING) agonist 2′3′ cyclic guanosine monophosphate–

adenosine monophosphate (cGAMP) (Shae et al., 2019). Activation of the STING pathway 

can occur in response to cytosolic tumor-derived DNA, which elicits type I interferon 

(IFN-I) responses that promote DC maturation and improves the induction of anti-tumor 

T cell immunity (Nguyen et al., 2021). Polymersomes transporting STING-agonists 

improved vaccination against neoantigens (Shae et al., 2020), enhanced response to immune 

checkpoint blockade (Shae et al., 2019), and elicited ICD responses for anti-tumor immunity 

in neuroblastoma (Wang-Bishop et al., 2020).

Recent evidence may explain this morphology-dependent uptake of nanocarriers by specific 

immune cell subsets. Proteomic investigations using human blood and a PEG-b-PPS 

nanocarrier library that varied in morphology and surface chemistry found this passive 

targeting effect to be dependent on the biofouling of the nanocarrier surface by proteins 

within biological fluids (Figure 3). Protein adsorption is a biochemical process that occurs 

when nanocarriers are introduced into biological fluids and is defined by the adhesion 

of proteins to material surfaces, resulting in an outer layer proteins (Nel et al., 2009). 

This adsorbed coating of proteins is referred to as the “protein corona,” and its specific 

protein composition and biophysical properties are unique to the physicochemical properties 

of the material, resulting in nanocarrier-specific biochemical and cellular interactions and 

responses that often promote opsonization, clearance, and inflammation (Vincent et al., 

2021a, 2021b). These properties are important because they influence pharmacokinetics 

through redefining nanocarrier interactions at the organ and cellular levels (Vincent et al., 

2021a, 2021b). For example, higher uptake of methoxy-functionalized polymersomes by 

DCs was mediated by the unique fingerprint of proteins coating the nanocarrier surface 

(Vincent et al., 2021b).

In addition to the corona composition, the structure of denatured proteins within the 

adsorbed protein layer influences scavenging by innate immune cells. Specifically, the 

unfolded structure of albumin adsorbed onto nanocarriers within this same library was 

linked to scavenging by the SR-A1 receptor, resulting in distinct cellular biodistributions 

for polymersomes of identical size but possessing distinct surface chemistries (Vincent 

et al., 2021a). The multiscale mechanisms elucidated by this work hold promise for 

customizing nanocarrier morphology and surface chemistry to specify passive targeting 

across diverse myeloid populations within the TME for strategic and patient-specific 

immunotherapy. Of note, these results were specific to the PEG-b-PPS delivery system and 

could differ significantly across other platforms, highlighting both the need to extensively 
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characterize and benchmark different nanocarrier platforms as well as the diversity in 

targeting capabilities that can be achieved when optimizing the nanocarrier chassis.

Antibody-mediated active targeting

A wide range of antibodies are readily available with high specificity and affinity for unique 

epitopes within the TME, making these technologies highly versatile options for precision 

medicine and enhancing nanocarrier targeting. These include monoclonal antibodies 

(mAbs), bispecific antibodies (bsAbs), and anti-body-drug conjugates (ADCs), each of 

which can achieve improved efficacy and versatility when incorporated into nanotherapies. 

For example, mAb monotherapies have similar shortcomings in pharmacokinetics and off-

target effects as other cancer therapeutics, and suffer from efficacy limitations, as some 

patients do not respond to treatments or exhibit cancer recurrences over time (Gu et al., 

2007). Conjugation to the surface of nanocarriers (Figure 4) can significantly modulate 

mAb biodistributions by enhancing their selectivity for the TME and limiting side effects 

resulting from accumulation in off-target locations. Furthermore, mAb monotherapies 

are often restricted to extracellular targets and struggle to achieve intracellular delivery 

when necessary (Imai and Takaoka, 2006). This issue can be addressed by encapsulating 

intracellular-acting mAbs into nanocarriers that house an aqueous lumen, like vesicles 

and BCNs. Tian et al. (2015) encapsulated IgG within PMPC-b-PDPA polymersomes that 

were coated with angiopep-2 peptide to target the low-density lipoprotein receptor-related 

protein 1 (LPR-1), a receptor associated with the transcytosis and endocytosis into cells 

of the CNS. The angiopep-2 decorated NPs efficiently crossed the blood-brain barrier 

(BBB), and co-localized with CNS cells such as astrocytes, neurons, and glial cells to 

deliver IgG intracellularly. Importantly, while further investigation is warranted for mAb 

encapsulation, these studies denote the potential for nanomaterials to overcome limitations 

of mAb therapies such as intracellular delivery and pharmacokinetics of delivery through 

biological barriers such as the BBB. Moreover, nanoparticles can be designed with surface 

coatings, notably PEGylation, or with morphologies or surface chemistry that bypass the 

mononuclear phagocyte system (MPS) to some extent and prolong blood circulation time 

(Geng et al., 2007; Owens and Peppas, 2006; Vincent et al., 2021a), which would further 

enhance the therapeutic index of mAbs.

Nanocarriers are excellent substrates for the multivalent display and crosslinking of multiple 

antibodies simultaneously to enhance bsAb strategies. For example, bispecific T cell 

engagers (BiTEs) are bsAbs designed to simultaneously target tumor-specific antigens 

and CD3 to enhance tumor cell killing by cytotoxic T cells. BiTEs can be used as an 

effective strategy for generating antigen-specific T cell immune responses toward tumors 

with low major histocompatibility complex I/antigen expression levels (Gong et al., 2021). 

Like mAbs, BiTEs are limited in their pharmacokinetics and require sustained exposure to 

achieve prolonged T cell activation, penetration, and expansion in target tissues (Goebeler 

et al., 2016). In addition, because of the monomeric nature of their binding arms, singular 

BiTEs may not establish strong linkages of T cells to tumor cells (Brischwein et al., 

2007). Nanocarriers are able to overcome these limitations, and work in this area commonly 

simulates bsAbs-like interactions by displaying multiple functional ligands. The surface 

of nanocarriers can be modified to conjugate multivalent binding moieties that engage 
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different targets. An additional benefit to NP-BiTE strategies is the ability to encapsulate 

and deliver payloads that may augment T cells to further amplify therapeutic performance 

and/or direct the clearance of tumor cells by professional APCs. A multivalent bispecific 

nanobioconjugate engager (mBiNE) was reported by Yuan et al. (2017) that used a carboxyl-

functionalized nanoparticle core as a substrate to simultaneously display (1) trastuzumab 

mAb to target human epidermal growth factor receptor 2 (HER2) that is enriched on 

cancer cell membranes, and (2) calreticulin (CTR) to promote phagocytosis by APCs. This 

designed NP-BiTE promoted phagocytosis of HER2 E0771/E2 tumors by macrophages and 

enhanced T-lymphocyte activation and tumor accumulation, thereby producing a systematic 

and effective anti-tumor immune response (Yuan et al., 2017). Another study engineered 

HEK293 cells to produce exosomes that display two antibody types at their surface. 

This technology, referred to as SMART-Exos (synthetic multivalent antibodies retargeted 

exosomes), displayed mAbs against CD3 and EGFR to target T cells and epidermal growth 

factor receptor (EGFR)-positive triple-negative breast cancer cells (Cheng et al., 2018). The 

bispecific targeting SMART-Exos selectively recruited cytotoxic T cells to the tumor site 

and induced strong crosslinking between T cells and EGFR-expressing breast cancer cells 

to produce robust anti-tumor immunity (Cheng et al., 2018). These studies demonstrate that 

simulating bsAb BiTE functionality with engineered nanomaterials provides a novel class of 

immunotherapeutics for enhancing cellular anti-tumor responses.

The use of antibodies as targeting moieties is perhaps their most intriguing utility for 

developing the next wave of precision nanotherapies against cancer. ADCs are tripartite 

molecules that contain a cytotoxic agent stably linked to a tumor-specific mAb to target 

chemotherapeutics directly to cancer cells (Chau et al., 2019) and are among the fastest-

growing classes of oncology therapeutics (Beck et al., 2010). Numerous ADCs are 

now approved for clinical use, and more than 100 ADC candidates are under clinical 

investigation (Chau et al., 2019). Immune-stimulating antibody conjugates (ISACs) are 

one such modern ADC technology that has performed at a high level (Ackerman et al., 

2021). Ackerman et al. (2021) used HER2-targeting antibodies for the delivery of Toll-like 

receptor 7/8 (TLR7/8) dual agonists. The ISACs produced localized tumoricidal events 

mediated by myeloid cell populations and evoked T cell-mediated anti-tumor immunity 

(Ackerman et al., 2021). ADCs have also been applied to the delivery of novel bifunctional 

immunomodulatory agents (Wang et al., 2020). The agent in the cited study potentiates 

ICB therapies by upregulating PD-L1 expression through histone demethylase enzymes (i.e., 

an epigenetic regulation mechanism) and by activating TLR7/8 signaling but suffers from 

side effects arising from systemic exposure (He et al., 2021; Wang et al., 2020). Attaching 

these immunomodulatory agents to an anti-PD-L1 antibody created a unique therapeutic, 

referred to as an immune modulating antibody-drug conjugate (IM-ADC). IM-ADCs not 

only improved treatment specificity, but also enhanced ADC accumulation within tumor 

cells through a positive feedback loop that resulted from elevating PD-L1 expression levels 

(He et al., 2021).

The clinical success of ADCs has inspired the development of more sophisticated targeted 

drug delivery technologies that harness the benefits of nanocarrier platforms together 

with the cellular targeting specificity provided by antibodies. Nanomaterials with surface 

embedded mAbs are studied extensively, largely because of their ability to increase drug 
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loading capacity and payload delivery by avoiding early metabolism and excretion. In 

one example, the FDA-approved anti-EGFR mAb Cetuximab (CTX) was applied as a 

targeting moiety at the surface of PLGA nanoparticles loaded with camptothecin (CPT) 

chemotherapeutic to direct their delivery to CTX-resistant pancreatic cells (McDaid et 

al., 2019). Compared with untargeted CPT-PLGA, the CTX-CPT-PLGA nanoparticles 

significantly reduced murine tumor growth, which was attributed to the specificity conferred 

by the CTX targeting moiety. Others have attempted to use mAb-targeting together 

with antibody-dependent cellular cytotoxicity (ADCC) in the TME through immune cell 

recruitment. Liu et al. (2019b) developed a multifunctional platform that (1) displays the 

anti-Claudin-4 mAb KM3934 on cell-membrane derived nanovesicles (NVs) to successfully 

deliver cytotoxic doxorubicin (DOX) to OV-CAR-3 human ovarian tumor cells, and (2) 

transfers KM3934 to cancer cell membranes upon delivery. Compared with free DOX alone, 

this targeted nanotechnology achieved greater reductions in tumor volume while improving 

treatment safety. Furthermore, the targeted therapeutic recruited natural killer cells to the 

TME and promoted tumor necrosis via ADCC (Liu et al., 2019b), show-casing its versatility 

in generating potent therapeutic outcomes. Overall, nanomaterial-based cancer therapies 

employing mAb surface functionalization continue to emerge from the preclinical pipeline, 

and these technologies show potential for improving the precision of cancer immunotherapy.

Peptide-mediated active targeting

Diverse classes of peptides are employed in targeted drug delivery applications. These 

include linear and cyclic peptides (Figure 4), as well as lipidated variants depending on the 

application and delivery system employed. While linear peptides are easier to synthesize and 

screen, cyclic peptides confer a variety of unique benefits in terms of greater binding affinity 

and stability. For example, whereas many linear peptides are disordered, the conformational 

freedom of cyclic peptides is more restricted. This commonly yields a more defined shape 

(Malde et al., 2019) that often achieves higher affinities for its binding partner (cell 

surface receptors, etc.) (Millward et al., 2007). Cyclic peptides are also less susceptible 

to proteolytic degradation (Millward et al., 2007), an event that would otherwise serve to 

strip the drug delivery vehicle of its active targeting moieties and associated specificity. 

Irrespective of the peptide class, these targeting ligands are displayable on nanocarrier 

surfaces through either direct conjugation (Petros and DeSimone, 2010) or through the use 

of a lipid anchor that can stably incorporate into the hydrophobic domains of self-assembled 

nanocarriers (Stack et al., 2020; Vincent et al., 2021c; Yi et al., 2019). Importantly, lipid-

anchored targeting ligands must be rationally designed and optimized with respect to the 

surface properties of the nanocarrier chassis. For example, the PEG corona dimensions 

on a densely PEGylated vehicle will require a hydrophilic spacer, typically a PEG linker, 

between the lipid anchor and targeting peptide to allow accessibility of the peptide on the 

nanocarrier surface (Vincent et al., 2021c). Recent work has demonstrated that the spacer 

length of the linker is critical for tuning the biochemical access of the surface exposed 

targeting ligands to its molecular target, which has profound effects on receptor binding, 

nanocarrier engagement with the targeted cell type(s), and efficacy of the delivered drug 

payloads (Vincent et al., 2021c).
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A variety of peptide ligands have been identified for engaging receptors that are enriched 

on various cell types in the tumor microenvironment (David, 2017). The most well-known 

examples are linear and cyclic peptide ligands containing the ArgGly-Asp (RGD) motif 

that bind to αν integrins expressed on many endothelial surfaces (Bogdanowich-Knipp et 

al., 1999; Pierschbacher and Ruoslahti, 1984; Ruoslahti and Pierschbacher, 1987) (Table 1). 

The direct conjugation of RGD peptide variants with higher-order functionality, such as the 

iRGD peptide (CRGDK/RGPD/EC) (Table 1), to drugs and imaging agents successfully 

targets their delivery to cancer cells while enhancing cargo penetration into tumors 

(Sugahara et al., 2009). The iRGD peptide first binds αν integrins on the tumor endothelium 

and yields CRGDK/R following proteolysis (Sugahara et al., 2009, 2010). This fragment is 

a C-end Rule (CendR) motif (R/KXXR/K) that binds to neutopilin-1 (NRP-1) (Teesalu et 

al., 2009), which enables tumor-specific tissue penetration (Sugahara et al., 2010). Pairing 

RGD binding peptide with other ligands has also been exploited to enhance targeting by 

binding multiple receptors at the surface of tumor cells. In one receptor example, combining 

the RGD sequence with folic acid (FA) enhanced the delivery of paclitaxel (PTX) to 

MCF-7 human breast cancer cells by mesoporous silica nanoparticles (MSN) (Yan et al., 

2020). Cellular studies with PTX@MSNs-NH2-FA-RGD and control formulations provide 

further support for dual targeting strategies to enhance targeting specificity and improve 

efficacy of cytotoxic chemotherapeutics (Yan et al., 2020). Elsewhere, other studies have 

focused on targeting the delivery of cytotoxic agents to newly formed blood vessels at the 

tumor site. In one example, the PH1 peptide (Mai et al., 2009) was developed by phage 

displayed to bind Tie2 receptor tyrosine kinases that are overexpressed by the neovascular 

endothelium. Cisplatin-loaded liposomes displaying PH1 were significantly more cytotoxic 

to Tie2-positive cells than their untargeted counterparts that lacked peptide (Mai et al., 

2009).

Aside from targeting endothelial cells within the tumor microenvironment, many peptide-

mediated strategies have been developed to enhance the uptake of drugs and/or 

nanomaterials by various immune cell types. For example, the UNO peptide (Table 1) 

was developed by in vivo phage display using a 9-amino acid cyclic CX7C peptide 

library on peritoneal macrophages in mice bearing 4T1 metastatic breast tumors and 

binds to macrophage mannose receptor 1 (MRC1/CD206) (Scodeller et al., 2017). 

The surface display of the cyclic disulfide-bridged UNO peptide targeted PTX-loaded 

polyethylene glycol-polycaprolactone (PEG-PCL) polymersomes to CD206-expressing M2-

skewed TAMs in vivo (Scodeller et al., 2017). The UNO peptide is redox responsive and 

required linearization within reducing environments to interact with CD206 (Lepland et 

al., 2020). Later studies focused on the development of a short linear variant of the UNO 

peptide, referred to as mUNO (CSPGAK; Table 1) (Lepland et al., 2020; Scodeller et 

al., 2017), and demonstrated its use in targeting M2 TAMs in primary breast tumors and 

metastatic lesions (Lepland et al., 2020).

Indirect targeting strategies

A critical strategy to enhance tumor targeting is to directly address the nonspecific clearance 

and scavenging of nanocarriers by innate immune cells. Despite the numerous advancements 

in strategies for targeting specific cells described above, much less progress has been made 
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regarding the prevention of nonspecific clearance of nanomaterials by the MPS, which 

remains a key limitation of precision drug delivery (Figure 5A). This system of phagocytic 

cells indiscriminately clears nanomaterials from the circulation via receptor-dependent and 

independent mechanisms of endocytosis, inducing side effects and decreasing efficacy. 

A comprehensive survey of the literature reported that a median average of only 0.7% 

of administered nanoparticles successfully reaches solid tumors despite the use of surface-

conjugated targeting moieties like antibodies, peptides, or aptamers (Wilhelm et al., 2016). 

The vast majority (>90%) of systemically administered nanoparticles is usually cleared by 

cells of the MPS (Albanese et al., 2012). The MPS consists of circulating and organ-resident 

phagocytic cells, which internalize nanoparticles and eventually clear them through the 

liver (Albanese et al., 2012). This issue was initially addressed in the design of the first 

commercially available nanocarrier therapeutic, liposomal doxorubicin (Doxil), wherein 

PEG was displayed at the liposome surface after clinical trials initially failed (Barenholz, 

2012). PEGylation increased the circulation time of the liposomes to allow sufficient uptake 

by cancer cells and led to significant efficacy improvements. Yet PEGylation is not sufficient 

to inhibit the majority of clearance by the MPS, and a general failure to fully address 

this issue has limited the clinical translation of numerous nanotherapies (Park, 2013). 

Furthermore, new drug side effects can arise for nanocarrier-encapsulated formulations due 

to changes in drug biodistribution and exposure time. For example, it is generally known 

that liposomal DOX reduces the risk of adverse events such as cardiotoxicity and alopecia 

compared with conventional DOX treatment, but it is less commonly brought up that 

liposomal forms also increase certain mucocutaneous adverse events, such as palmar-plantar 

erythrodysesthesia (hand-foot syndrome) (Fukuda et al., 2017; Lorusso et al., 2007). It is 

known that the severity of this side effect is significantly correlated with the half-life of 

DOX (Lin et al., 2002). The negative consequences that can result from enhancements to 

drug circulation time and other performance metrics further motivate the development of 

strategies that enable greater control over nanocarrier biodistribution and stability in vivo.

Clearance by the MPS occurs primarily in the liver, spleen, lymph nodes, and blood through 

several endocytic pathways, including clathrin-mediated and clathrin-independent pathways, 

macropinocytosis, and phagocytosis (Rennick et al., 2021). Macropinocytosis is a process 

by which membranes extend to indiscriminately engulf extracellular fluid for internalization, 

while phagocytosis is usually receptor-initiated and internalizes with or without extension 

of plasma membranes via membrane invaginations (Rennick et al., 2021). If these pathways 

are temporarily inhibited in MPS cells prior to or in conjunction with the introduction of 

therapeutic nanocarriers that target the TME, the bioavailability and therapeutic efficacy of 

these nanocarriers can increase significantly (Stack et al., 2021). Developing nanoparticles 

with “stealth” properties to avoid this nonspecific uptake remains a critical objective for 

nanomedicine and many different strategies such as PEGylation, sialic acid modifications, 

and CD47 “don’t eat me” peptides, have been tried with variable levels of effectiveness. 

CD47 functions as a “marker of self” that is expressed at the surface of all cells in humans, 

as well as a variety of mice and other preclinical mammalian animal models. CD47 binds 

to signal regulatory protein-a (SIRPa), transducing a signal that prevents phagocytes from 

clearing host cells. The computationally designed CD47-binding peptides developed by the 

Discher group fall in this category (Rodriguez et al., 2013). Notably, nanocarriers displaying 

Vincent et al. Page 17

Cancer Cell. Author manuscript; available in PMC 2023 March 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



CD47 peptides enhanced drug delivery to tumors and improved circulation time by reducing 

clearance by macrophages (Rodriguez et al., 2013).

Alternatively, cells of the MPS can be directly depleted to avoid their interference during 

a study, which has most often been achieved using clodronate liposomes. A variant 

of this strategy was recently employed by Chan and colleagues to investigate the role 

of subcapsular macrophages during nanovaccination (Zhang et al., 2020b). Immunizing 

mice after depleting these cells resulted in a 30-fold increase in antigen-specific antibody 

production compared with the nanovaccine alone. In a separate study, Chan’s team found 

that instead of depleting MPS cells, the use of a high dose of nanocarriers to overload these 

cells could overcome their scavenging effects (Ouyang et al., 2020). A threshold dose of 1 

trillion nanoparticles was identified, where going above this amount significantly increased 

the tumor delivery efficiency from 0.03% of the injected dose to 12%, with up to 93% of 

cells in tumors being targeted. Recently, a less heavy-handed and potentially more clinically 

translatable strategy was demonstrated by Stack et al. (2021), where macropinocytosis 

inhibitory nanoparticles (MiNP) were directly engineered to safely and temporarily inhibit 

cells of the MPS as a pre-injection prior to administration of a therapeutic or diagnostic 

“effector” nanocarrier (Figures 5A and 5B). Subcutaneously pre-injected MiNP safely 

and temporarily disrupted nonspecific systemic clearance by MPS cells without impeding 

receptor-mediated endocytosis, allowing an up to 8-fold increase in uptake of folate-targeted 

effector nanocarriers within the TME. Interestingly, MiNP inhibition of phagocytes within 

subcutaneous tissue and lymphatics allowed subsequent subcutaneous administration of 

effector nanocarriers to achieve serum concentrations on par with standard intravenous 

injections. Strategies within this third category of targeting that indirectly enhance uptake 

within the TME by modulating off-target cells, instead of the nanocarrier itself, can therefore 

synergize well with standard active and passive targeting strategies.

Targeted anti-cancer vaccines

Nanocarriers have become critical components of vaccine formulations in general, 

largely owing to their ability to transport lipophilic molecules and protein antigens and 

combinations thereof for enhanced adjuvancy and targeting of innate immune cells (Soni 

et al., 2021). Important for cancer vaccination, nanocarriers can stimulate effective CTL 

responses to combat tumors by efficiently delivering tumor-specific antigens and adjuvants 

to antigen-presenting cell (APC) subsets (Fan and Moon, 2015; Wang and Mooney, 2018). 

To date, numerous controlled drug delivery platforms have been employed to induce both 

prophylactic and therapeutic anti-tumor immune responses. The nanocarriers within these 

formulations are often composed of biodegradable polymers, lipids, and inorganic materials, 

as well as virus-derived and virus-inspired self-assembling materials (Caldeira et al., 2020; 

Yoon et al., 2018). A key advantage of these delivery systems is the ability to target multiple 

payloads, such as both adjuvant and antigen, simultaneously to APCs in a similar fashion 

as pathogens, and this has led to nanocarriers being commonly referred to as “pathogen-like-

particles” (Soni et al., 2021). For example, self-assembled nanocomplexes using synthetic 

mRNA antigen, cationic lipid, and an adjuvant have been developed as prophylactic and 

therapeutic cancer vaccines (Islam et al., 2021). Nanocomplexes made up of ovalbumin 

(OVA) mRNA and a lipidated derivative of the adjuvant resiquimod (TLR7/8 agonist) 
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improved the transfection efficiency of mRNA by 95% and induced potent OVA-specific 

CTL responses in vivo as compared with OVA mRNA nanoparticles without adjuvant. 

Peptide-adjuvant constructs have also been designed to enhance CD8 T cell immunity 

to tumor antigens (Baharom et al., 2021; Lynn et al., 2020). These constructs made 

up of Reps1, an MC38 murine colon carcinoma neoantigen and imidazoquinoline-based 

TLR-7/8 agonists self-assembled to form 20-nm nanoparticles, which stimulated strong 

tumor-specific CD8+ T cell responses following intravenous administration (Baharom et al., 

2021).

Various nanocarrier characteristics, such as size, shape, and surface charge, play a vital role 

in dictating the fate of elicited immune responses (Vincent et al., 2021a, 2021b; Wang et 

al., 2019). Nanocarriers having a diameter smaller than 30 nm efficiently drain to lymph 

nodes following subcutaneous administration for internalization by APCs compared with 

nanocarriers with a size exceeding 100 nm (Benne et al., 2016; Schudel et al., 2020). 

For example, polymeric hybrid micelles (<30 nm) encapsulated with melanoma antigen 

peptide, Trp2 and TLR-9 agonist CpG oligodeoxynucleotide showed efficient internalization 

by DCs and stimulated strong antigen-specific CTL responses in vivo (Zeng et al., 2017). 

Large nanocarriers (>100 nm) can exhibit longer retention both at the injection site and in 

lymph nodes as compared with smaller-sized nanocarriers (Benne et al., 2016). Regarding 

surface charge, a positive surface charge can improve immunostimulatory properties of 

nanocarriers by enhancing their uptake by APCs due to favorable electrostatic interactions 

with negatively charged cell membranes (Heuts et al., 2021). Morphological influences have 

been examined to a lesser extent, but while spherical-shaped nanocarriers are widely studied 

as vaccine delivery vehicles, recent studies demonstrate that short aspect ratio rod-shaped 

particles are readily phagocytosed by APCs (Wang et al., 2019). Furthermore, nanocarrier 

physicochemical properties can be engineered for on-demand intracellular release of vaccine 

components upon physiological (oxidation, pH, enzymatic degradation) or external stimuli 

(light, ultrasound) to boost immune responses (Pacifici et al., 2020).

Considered to be the most critical and potent APCs during vaccination, DCs have become a 

major focus and target of nanotherapy for cancer vaccination. In this area, DC targeting 

has been achieved using both ligand-free and active approaches. An example of the 

former strategy was recently provided by Kranz et al. (2016), in the development of RNA-

lipoplexes (RNA-LPX) by adjusting the net negative charge of the lipid carrier. Systemically 

administered RNA-LPX bearing a negative charge targeted the delivery of RNA-encoded 

antigens to lymphoid-resident DCs, induced the TLR-mediated release of IFN-a to promote 

IFN-a-dependent tumor rejection, and resulted in the expansion of antigen-specific T cells. 

Results from preclinical animal models matched well with performance in humans, as RNA-

LPX induced IFN-a and antigen-specific T cell responses in a small number of melanoma 

patients in phase I dose escalation studies. The platform is amenable to the development of 

personalized RNA vaccines against cancer that can be tailored to the needs of individual 

patients (Sahin et al., 2017). In later clinical studies, the intravenous administration of RNA-

LPX vaccines produced strong CD4+ and CD8+ T cell immunity in patients with advanced 

melanoma (Sahin et al., 2020). This strategy of optimizing and tuning the surface charge was 

compatible with common lipid nanocarriers (1,2-di-O-octadecenyl-3-trimethylammonium 

propane [DOTMA], cationic lipid 1,2-dioleoyl-3-trimethylammonium-propane [DOTAP], 
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dioleoylphosphatidylethanolamine [DOPE], cholesterol, etc.) (Kranz et al., 2016). Charge 

tuning has also proven effective in enhancing APC uptake of personalized self-assembling 

peptide-TLR7/8a conjugate vaccines to promote T cell-mediated immunity (Baharom et 

al., 2021; Lynn et al., 2020). It is possible that charge tuning can also be applied in the 

development of ligand-free targeted polymeric nanovaccines. Furthermore, the work by 

Sahin et al. (2017, 2020), also demonstrates that targeting MPS subsets can be leveraged to 

reprogram important phagocyte populations with anti-tumor function.

Active targeting strategies specific for DC receptors such as mannose, DEC-205, CD40, 

Fc-receptor, CD11c, clec-9a, and mucin have been studied (Hossain and Wall, 2019; Wculek 

et al., 2020). Of note, the mannose receptor is highly enriched on the surface of APCs and 

has been frequently employed to enhance nanocarrier uptake by DCs. For example, Shi et 

al. (2017) designed mannose-decorated chitosan nanoparticles (MNS-CTS NP) for targeted 

delivery of tumor antigens to DCs. In this study, tumor cell lysates were prepared from 

B16 melanoma cells and encapsulated into MNS-CTS NP, which significantly enhanced 

uptake by endogenous DCs and increased the production of antigen-specific CTL responses 

following a subcutaneous administration in mice as compared with chitosan nanoparticles 

without mannose decoration. Interestingly, the enhanced CTL responses generated by MNS-

CTS NP conferred both prophylactic and therapeutic protection in B16 F10 melanoma-

induced mouse models.

A combinatorial therapeutic cancer vaccine strategy consisting of both active targeting of 

DCs as well as immune checkpoint blockade has been explored recently. Zhang et al. (2019) 

developed an effective DC-targeted strategy for cancer vaccination using lipid-polymer 

hybrid nanoparticles co-delivering an antigen and two adjuvants. These nanocarriers 

consisted of a biodegradable polymer polyethylene glycol-polycaprolactone-polyethylene 

glycol (PEG-PCL-PEG), DOTAP, and 1, 2-Distearoyl-sn-glycero-3-phosphoethanolamine 

(DSPE)-PEG-Mannose. The adjuvants imiquimod (TLR7/8 agonist) and monophosphoryl 

lipid A (TLR4 agonist) were encapsulated within the lipid bilayer whereas model antigen 

OVA was adsorbed onto the nanoparticle surface due to electrostatic interactions with the 

cationic lipid. When administered subcutaneously into mice, the mannose-decorated lipid-

hybrid nanoparticles showed greater retention in the lymphoid organs with enhanced cellular 

uptake and significantly increased the production of antigen-specific CTL responses as 

compared with nanoparticles without mannose decoration. In combination with an immune 

point checkpoint inhibitor (anti-PD-1), anti-tumor responses were further enhanced and 

prolonged the survival rate in an E.G7-OVA tumor model.

Several nanocarrier-based cancer vaccines are currently in different phases of clinical trials 

(Roy et al., 2020). Of note, the majority of these trials involve liposome-based delivery 

systems, including Lipo-MERIT (RNA antigens; advanced melanoma), DPX-Survivac 

(Survivin antigen; advanced stage ovarian, fallopian, or peritoneal cancer), DPX-0907 

(peptide antigens and polynucleotide adjuvant; advanced stage ovarian, breast and prostate 

cancer), and ONT-10 (glycopeptide antigen and PET lipid A adjuvant; advanced ovarian or 

breast cancer). Due to their prior clinical usage, long history of development, and familiar 

composition, liposomes continue to dominate as the nanocarrier of choice for clinical 

applications. The more recently developed polymeric nanocarriers are likely to eventually 
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gain clinical adoption due to their enhanced stability, customization, and versatility. 

Importantly, polymeric technologies provide these benefits while simultaneously solving 

numerous practical issues associated with nanocarrier-based vaccine formulations. It was 

recently shown that mixtures of self-assembling polymer amphiphiles, biologic payloads, 

and lipid-anchored targeting ligands can be formulated as carbohydrate-based powders 

that rapidly self-assemble into targeted nanocarriers upon hydration with water or saline 

(Bobbala et al., 2021). Powdered forms are stable in storage at room temperature for 

more than 6 months; are processed using a hydration procedure that can be completed 

within minutes to prepare monodisperse polymeric nanocarriers for on-demand clinical 

use; and are compatible with passive, active, and indirect targeting strategies (Bobbala et 

al., 2021). Thus, formulating targeted polymeric nanocarriers using these pharmaceutical 

engineering strategies may provide scalable, storage-stable platforms for anti-cancer 

vaccine development that can avoid cold chain requirements and have less manufacturing 

complexity.

Future avenues for developing holistic targeting strategies to improve the safety and 
efficacy of cancer immunotherapies

Future cancer immunotherapies can be improved by leveraging multiple targeting strategies 

together in a single formulation to achieve more precise and specific engagement with 

key cell subpopulations, potentially including subsets that have been neglected by existing 

anti-cancer drugs and technologies. For example, higher-performing targeting strategies may 

emerge through using a suitable drug delivery vehicle chassis together with engineered 

targeting ligands and inhibition of relevant off-target MPS cells. This would represent 

a holistic targeting strategy that employs a combination of passive, active, and indirect 

targeting methods and takes advantage of our improved understanding of the synthetic 

properties needed to direct how the nanocarrier surface is inevitably modified within 

biological environments. The bulk physicochemical properties of the delivery vehicle (size, 

shape, charge, and surface chemistry) can thus be tailored to the desired therapeutic 

objective and to bias baseline cellular interactions in a particular direction. The nanocarrier 

surface can be further engineered to display rationally designed active targeting moieties 

that enhance uptake by the cell type(s) of interest as well as direct delivery to specific 

intracellular compartments. And finally, decreasing nonspecific interactions with the MPS 

via incorporation of indirect targeted methods would increase circulation time and allow 

more opportunities for nanocarriers to find their targets.

One holistic pairing of targeting strategies with potential benefits includes the use of 

nanocarrier surface chemistries that modulate interactions with TAMs. Recently, it was 

demonstrated that the surface chemistry of a nanocarrier can be engineered to control the 

three-dimensional structure of adsorbed albumin (Vincent et al., 2021a). Albumin is the most 

abundant blood protein (40–50 mg/mL) and inevitably adsorbs to nanocarrier surfaces in 

biological fluids having a protein composition derived from blood. The conformation of 

adsorbed albumin is a molecular determinant of nanocarrier clearance by the innate immune 

system with particularly important implications for controlling scavenging by monocyte 

and macrophage subsets (Vincent et al., 2021a), suggesting a potential future utility for 

controlling interactions with TAMs. Anionic nanocarrier surfaces displaying biomimetic 
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phosphate groups stabilized adsorbed albumin through electrostatic repulsion to minimize 

macrophage uptake through the evasion of class A1 scavenger receptors (SR-A1; CD204), 

whereas common neutral hydroxyl- and methoxy-groups denatured adsorbed albumin to 

enhance nanocarrier clearance by various macrophage subsets in vivo (Vincent et al., 

2021a). An immunohistochemical analysis of 136 human glioma samples reported high 

SR-A1 expression by TAMs derived from circulating monocytes (Zhang et al., 2016). 

Collectively, these relationships suggest nanocarrier surface chemistry can be specified to 

control the structure of albumin coatings, applied prior to administration or formed in situ, to 

selectively tune interactions with TAMs. Since SR-A1 expression increases with the glioma 

grade (Zhang et al., 2016), the selectivity of this targeting strategy is expected to increase 

with cancer severity.

Conventional ICB strategies have focused on disrupting negative regulatory mechanisms to 

harness T cell-mediated anti-tumor responses, yet other immune cell subsets are gaining 

attention for their role in this process (Sarvaria et al., 2017; Tsou et al., 2016). Tumor-

infiltrating B cells are one such lesser understood cell type, which emerged from a recent 

multi-omic study that examined differential B cell contributions in patients that respond to 

ICB treatment versus non-responding patients (Helmink et al., 2020). This study identified 

class-switched memory B cells that might be responsible for producing anti-tumor antibody 

responses in treatment-responsive patients, and further noted that antigen presentation and/or 

cytokine responses associated with these B cell subpopulations may be important for 

driving effective tumor-associated T cell responses (Helmink et al., 2020). Utilizing targeted 

nanomaterials to generate or promote B cells with these functional characteristics could 

prove beneficial for either direct anti-tumor responses or more effective T cell-mediated 

responses to improve patient outcomes during ICB cancer immunotherapy.

CONCLUDING REMARKS

In closing, self-assembled nanobiomaterials are highly customizable and scalable platforms 

that will facilitate the development of the next wave of potent cancer immunotherapies. 

These technologies are compatible with a variety of therapeutic strategies, including 

traditional chemotherapy, ICI, ICD, and vaccination. Furthermore, the specificity and safety 

of cancer treatment can be improved using passive, active, and indirect targeting strategies. 

The greatest control over the pharmacokinetics, biodistribution, and bioavailability of 

encapsulated therapeutics likely will be achieved via holistic approaches that rationally 

incorporate multiple targeting strategies simultaneously to promote cell-specific interactions, 

account for fate-altering biofouling of the nanocarrier surface, and avoid off-target MPS 

clearance within physiological environments.
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Box 1.

Molecular self-assembly principles for nanocarrier development

Molecular self-assembly is an equilibrium process that describes the spontaneous 

formation of organized aggregates of well-defined structure from smaller building 

blocks (polymers, lipids, protein subunits, etc.) and is driven by energy minimization 

(Whitesides et al., 1991). Non-covalent forces underlie self-assembly, including 

electrostatic interactions and hydrophobic interactions, as well as van der Waals 

interactions, hydrogen bonding, aromatic (p-p) stacking, and metal coordination. Self-

assembled structures are ubiquitous in biology due to their key benefits for many 

processes and functions. All forms of life utilize self-assembly to wind up DNA into 

helical structures, fold polypeptides into functional three-dimensional shapes, and build 

phospholipid membranes that, together with other biomolecular components, are used for 

transport and to maintain concentration gradients of ions, nutrients, and waste products. 

Elsewhere in nature, this construction strategy is utilized extensively to create nanoscale 

compartments for various purposes, such as the 20- to 400-nm diameter icosahedral 

capsids of viruses that self-assemble from coat proteins and encapsulate viral genomes 

(Caspar and Klug, 1962; Losdorfer Bozic et al., 2013). These observations have inspired 

humans to harness molecular self-assembly principles in the laboratory to create designer 

drug delivery vehicles that improve modern medicine. This approach is advantageous 

for constructing drug-loaded nanobiomaterial delivery systems due to the speed of 

fabrication and loading of self-assembled nanocarriers, as well as the versatility of 

structures that can be stably formed in aqueous solutions. The microphase separation of 

diblock copolymer amphiphiles into thermodynamically stable morphologies depends on 

multiple factors. These include (1) the stretching of the hydrophobic blocks that comprise 

the aggregate core, (2) interfacial tension between the core and the outer solvent, 

and (3) repulsive interactions between chains within the hydrophilic corona (Mai and 

Eisenberg, 2012; Zhang and Eisenberg, 1995). The formation of different morphologies 

is governed by a competition between enthalpic contributions arising from interfacial 

energy (between the blocks) with entropic contributions from chain stretching (Mai and 

Eisenberg, 2012). The morphology that results from self-assembly of an amphiphilic 

polymer is related to the critical packing parameter (Cpp) (Lombardo et al., 2020), which 

is provided by Equation 1:

Cpp = V
aℎ • Ic

(Equation 1)

In Equation 1, V is the effective volume of the hydrophobic chains, Ic is the critical chain 

length, and a is the effective surface area of the hydrophilic head group. It is known 

that polymer amphiphiles having a Cpp < 1/3 self-assemble into micelles (Figure 1C). 

Polymer amphiphiles having a 1/3 < Cpp < 1/2 self-assemble into worm-like filamentous 

micelles (Geng et al., 2007; Karabin et al., 2018; Vincent et al., 2021b; Yi et al., 2016). 

Polymers with 1/2 < Cpp < 1 form vesicular structures or lamellae (Figure 1C). Planar 
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lamellae and inverted structures can be observed at Cpp = 1 and Cpp > 1, respectively 

(Mai and Eisenberg, 2012).
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Box 2.

Summary of major self-assembling drug delivery platforms in clinical and 
late-stage preclinical development

A variety of self-assembling nanobiomaterial platforms are available for cancer 

immunotherapy development, which can be divided into lipid and polymeric classes. 

Several lipid-based systems have been approved for clinical use, beginning with the 

FDA’s approval of Doxil in 1995 that consists of a PEGylated liposomal formulation 

of doxorubicin. New technologies continue to enter the clinic in various settings; most 

prominently in the development of mRNA vaccines against severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2), which used pH-sensitive ionizable lipid 

nanoparticles to deliver nucleoside-substituted mRNA molecules encoding the SARS-

CoV-2 spike (S) glycoprotein. Lipid systems bearing traditional anti-cancer agents, as 

well as novel anti-cancer vaccines delivering antigen-encoding nucleic acids, are likely 

to continue to emerge from the preclinical pipeline in the years to come (Guevara et 

al., 2020; Hou et al., 2021). The polymeric nanomaterial class is highly diverse due 

to the range of chemical modifications that can be used to finely tune the vehicle’s 

biological interactions and payload release to specific applications. The dominant 

polymeric materials under development include poly(lactic-co-glycolic acid) (PLGA), 

PEG-b-PLGA, and various Pluronic materials (Pluronic F-68, F-108, F-127; i.e., 

variants of the poly(ethylene oxide)-block-poly(propylene oxide)-block-poly(ethylene 

oxide) triblock copolymer). A broad range of polymeric materials are under preclinical 

investigation, including morphologically diverse polymeric delivery systems composed 

of poly(ethylene oxide)-block-polycaprolactone (PEO-b-PCL) (Geng and Discher, 2005; 

He et al., 2015) and the oxidation-responsive poly(ethylene glycol)-block-poly(propylene 

sulfide) (PEG-b-PPS) copolymers (Bobbala et al., 2020; Cerritelli et al., 2007; Scott et 

al., 2012; Vincent et al., 2021b; Yi et al., 2016), among others. Synthetic polymers have 

been introduced into the clinic as modifications to biologics (i.e., PEGylated biologics) 

and liposomal formulations (i.e., PEGylated liposomes such as Doxil). PLGA is perhaps 

the most well studied type of polymeric nanoparticle under clinical investigation, and 

has been applied as a carrier for chemotherapeutics and immunomodulatory agents 

(Rezvantalab et al., 2018). Regarding the latter, phase I dose escalation studies are 

currently under way for PRECIOUS-1 (trial ID = NCT04751786), a PLGA-based 

immunomodulatory nanoparticle encapsulating the invariant natural killer T cell (iNKT) 

threitolcermaide-6 and the New York Esophageal Squamous Cell Carcinoma-1 (NY-

ESO-1) cancer-testis antigen peptides for treating patients with NY-ESO-1-positive 

tumors. For all nanobiomaterial platforms, the inherent toxicity and immunogenicity 

must be considered, together with extracellular and intracellular degradation mechanisms 

of candidate materials prior to pursuing more thorough formulation development. Other 

practical considerations include ease of manufacturing (fabrication methods, scalability, 

etc.), drug loading capacity and efficiency, drug release kinetics under physiological 

conditions, and formulation stability. Important design handles for targeting therapeutic 

delivery to specific cell types include the physicochemical properties (Benne et al., 

2016; Bobbala et al., 2020; Vincent et al., 2021b; Wang et al., 2019; Yi et al., 2016; 

Yoon et al., 2018) of the “nanocarrier chassis” (Vincent et al., 2021b) and how these 
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properties interact with biological environments prior to reaching cellular targets (Vincent 

et al., 2021a, 2021b), as well as the incorporation of passive targeting features (Geng 

et al., 2007) and/or surface-displayable active targeting moieties (Mai et al., 2009; 

Scodeller et al., 2017; Sugahara et al., 2009, 2010). Active targeting moieties, such as 

peptide ligands, can be either directly conjugated to nanobiomaterials or displayed on 

amphiphilic systems using lipid anchors. As of this writing, polymeric nanocarriers and 

lipid- and/or polymer-based delivery vehicles displaying active targeting moieties are not 

yet in clinical use.
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Box 3.

Shortcomings of the enhanced permeability and retention (EPR) effect

The enhanced permeability and retention (EPR) effect (Maeda, 2015) takes advantage of 

the leaky vasculature of tumors for targeted therapeutic delivery. Use of the EPR effect 

requires the nanomaterial-drug conjugates or nanocarrier-encapsulated drugs to be of a 

compatible size, and to remain stable in circulation for sufficiently long periods (often 

>6 h) to reach the target site (Maeda, 2015). Recent results suggest that ongoing debate 

controversy over the efficacy of this strategy may result from size-dependent restrictions 

that can differ between patients and tumors (Blanco et al., 2015; Dreaden et al., 2012; 

Matsumoto et al., 2016). For example, slow developing BRAF(V600E)/PTEN tumors 

have more developed vasculature relative to B16F10 melanomas, which instead rapidly 

develop leaky vasculature for a noted EPR effect (Maeda et al., 2000). Furthermore, 

variability in blood flow and coagulation, as well as the systolic blood pressure, 

also contribute to the heterogeneity of the EPR effect (Maeda, 2015). Limitations of 

the EPR effect have primarily manifested in applications that require highly efficient 

delivery to tumor cells (e.g., chemotherapy, siRNA for targeting oncogenes, etc.). 

These limitations may not be as detrimental for immunotherapy applications that only 

require the activation of a small subset of immune cells to catalyze a potent anti-tumor 

response. Functional synergy achieved by multi-component nanocarrier formulations 

illustrate this point. For example, a systemically administered nanocarrier dual-loaded 

with immunomodulators entered into the perivascular region of tumors to promote the 

rapid expansion of APCs and the infiltration of lymphocytes throughout pancreatic 

tumors (Lorkowski et al., 2021). The extent of tumor accumulation required for effective 

immunotherapy is variable due to tumor and patient heterogeneity, and the optimal 

half-life of immunotherapeutic agents is less well studied than for chemotherapeutics and 

other more traditional anti-cancer agents.
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Figure 1. Summary of early nanomedicine milestones, self-assembling nanocarrier classes, and 
principles for controlling the assembled nanocarrier structure (i.e., morphology)
(A) Early milestones for the clinical adoption of anti-cancer nanotechnologies.

(B) The three major classes of self-assembling nanocarriers: liposomes, lipid nanoparticles 

(LNPs), and polymeric nanocarriers.

(C) The critical packing parameter for self-assembling polymer amphiphiles and its 

influence on nanocarrier morphology. The effective hydrophobic chain volume (V), critical 

chain length (lc), and effective surface area of the hydrophilic headgroup (ah) are presented 

from the equation for the critical packing parameter (Cpp). The Cpp for cone and truncated 

cone hydrophobic tail geometries is presented in the lower panel together with the favorable 

morphology for the self-assembled aggregate.
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Figure 2. Overview of nanobiomaterial applications for targeted cancer immunotherapy
Major applications for targeted nanobiomaterials include anti-cancer vaccines, immune 

checkpoint inhibition (ICI), immunogenic cell death (ICD), and chemotherapy. 

Abbreviations: tumor-associated macrophages (TAMs); dendritic cells (DCs); antigen (Ag).
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Figure 3. Overview of the nanocarrier “chassis” and surface biofouling
The design of nanocarriers begins with the selection of a material type, or building block 

(here, polymers or lipids), which favorably self-assemble into the morphology/shape of 

interest. The cargo loading capability of the nanocarrier is largely determined by the chassis 

morphology. Potential cargoes include small molecules (traditional chemotherapeutics, 

photosensitizers, etc.) as well as biologics including various antigens, adjuvants, nucleic 

acids, etc. The ovalbumin protein (PDB ID: 1OVA) and the DNA molecule from PDB entry 

4CJA are displayed for illustrative purposes. The building block should be engineered to 

contain terminal chemical groups of the desired atomic composition, polarity, and charge 

to yield the surface chemistry of interest. When designing the synthetic physicochemical 

properties, it is also important to understand how these design choices modulate nanocarrier 

interactions with biofluid proteins in a process referred to as biofouling. The formation of 
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an adsorbed surface coating of proteins (i.e., protein corona) redefines the nanocarrier’s 

biochemical and cellular interactions. The identity of adsorbing protein species, their relative 

abundance, and the structural conformation(s) can be tuned using the physicochemical 

properties of the nanocarrier chassis. All surface features described here influence the 

pharmacokinetics, biodistribution, and inflammatory potential of the nanocarrier.
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Figure 4. Summary of common targeting strategies for directing nanocarrier interactions and 
payload delivery
Targeting strategies include passive and active approaches, as well as holistic approaches 

that combine multiple targeting strategies in a single nanocarrier formulation to maximize 

control over drug interactions. Abbreviations: antibody (Ab); heavy chain antibody (HCAb); 

antigen-binding fragment (Fab); fragment variable (Fv); single-chain variable fragment 

(scFv).
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Figure 5. “Indirect” targeting via macropinocytosis inhibitory nanoparticles (MiNP)
(A) Example targeted “effector” nanoparticles (E-NP) bearing cancer therapeutic cargo and 

displaying a folate receptor binding ligand. E-NP commonly accumulate within tumor cells 

at low levels due to high uptake by cells of the mononuclear phagocyte system (MPS).

(B) Indirect targeting strategies provide one solution to this issue via silencing MPS uptake 

with micropinocytosis inhibitory nanoparticles (MiNP). The macropinocytosis inhibitor 

Latrunculin A (LatA) is depicted here. LatA is a 16-membered macrolide that depolymerizes 

actin in the cytoskeleton and blocks the incorporation of actin monomers into actin filaments 
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(LatA-actin complex is displayed from PDB ID: 1ESV). The pre-injection of MiNP results 

in the safe and transient inhibition of MPS cells that are responsible for scavenging 

and clearing the majority of administered nanocarriers and biologics. The subsequent 

administration of E-NPs achieves enhanced accumulation within the TME. Aspects of this 

figure were adapted from Stack et al., 2021. Nanoscale Horiz. 6, 393–400.
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