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Abstract

Advances in biomaterials for drug delivery are enabling significant progressin biology and 

medicine. Multidisciplinary collaborations between physical scientists, engineers, biologists, and 

clinicians generate innovative strategies and materials to treat a range of diseases. Specifically, 

recent advances include major breakthroughs in materials for cancer immunotherapy, autoimmune 

diseases, and genome editing. Here, strategies for the design and implementation of biomaterials 

Conflict of Interest
The authors declare no conflict of interest.

The ORCID identification number(s) for the author(s) of this article can be found under https://doi.org/10.1002/adma.201705328

HHS Public Access
Author manuscript
Adv Mater. Author manuscript; available in PMC 2019 November 07.

Published in final edited form as:
Adv Mater. ; : e1705328. doi:10.1002/adma.201705328.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://doi.org/10.1002/adma.201705328


for drug delivery are reviewed. A brief history of the biomaterials field is first established, and 

then commentary on RNA delivery, responsive materials development, and immunomodulation are 

provided. Current challenges associated with these areas as well as opportunities to address long-

standing problems in biology and medicine are discussed throughout.
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1. Introduction

A major focus of drug-related research has long been the synthesis and discovery of potent, 

pharmacologically active agents to manage, treat, or cure disease.[1] Globally, the market for 

pharmaceutical spending is expected to surpass $1.3 trillion by 2018.[2] However, it is now 

apparent that the therapeutic benefit and potency of a drug are not directly correlated; rather 

it is linked to the method of drug formulation and delivery within the body. The mode of 

delivery affects numerous factors that contribute to therapeutic efficacy, including 

pharmacokinetics, distribution, cellular uptake and metabolism, excretion and clearance, as 

well as toxicity.[3] Furthermore, drugs can lose their pharmacological activity due to changes 

in environmental factors such as moisture, temperature, and pH, which can occur in the body 

or during storage. As the biotechnology industry continues to develop new classes of 

biopharmaceuticals, improved fundamental understanding of how drug delivery affects 

safety and efficacy, along with new delivery technologies, are needed.[4] However, drug 

delivery remains a prominent challenge, including our limited understanding of biological 

barriers that limit drug delivery. These unmet needs and limitations have given rise to 

considerable research efforts focused on the design, implementation, and translation of 

biomaterials for drug delivery.

Biomaterials, in a collaborative effort by engineers, chemists, physicists, biologists, and 

clinicians, have been designed for use in advanced drug delivery systems for over 60 years.
[5] Biomaterials have improved the delivery and efficacy of a range of pharmaceutical 

compounds including antibodies, peptides, vaccines, drugs and enzymes, among others.[6] In 

particular, polymer and lipid-based materials[7] for drug delivery have been driven by 

advances in organic and synthetic chemistry, materials science, genetic engineering, and 

biotechnology.[8] Many of these materials have been designed to release therapeutics for 

extended periods of time and can be further modified to target specific locations within the 

body, thereby reducing the amount of drug to achieve the desired therapeutic effect along 

with reduced toxicity to the patient.[9] The physicochemical properties of biomaterials and 

their intended route of administration can be systematically tailored to maximize therapeutic 

benefits. Biomaterials have enhanced oral and injectable drug delivery,[10] the most common 

modes of drug administration,[11] while also creating new avenues for drug delivery 

including via pulmonary, transdermal, ocular, and nasal routes (Figure 1).[12] Each route has 

its own advantages and limitations (Table 1), requiring the design of biomaterials to be 

uniquely suited for drug delivery to the intended administration route.
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Despite the advances, challenges remain in emerging areas that require new classes of 

materials for drug delivery. Indeed, advances in genetic engineering and biotechnology have 

led to the development of new classes of nucleic acid, antibody, and protein-based 

therapeutics that will require a new wave of bio-materials capable of therapeutic protection, 

specificity, and controlled release. As biologists and clinicians continue to unravel biological 

responsive mechanisms within the body,[13] new “smart” or responsive biomaterials which 

have the potential to exploit and respond to these mechanisms are in demand for the 

development of next-generation precision medications. Immunologists continue to better 

understand the immune and foreign body responses (FBRs),[14] and thus the development of 

high-performance biocompatible materials will be crucial for the development of 

implantable devices for long-term controlled drug release, cell-based therapies, implantable 

sensors, as well as tissue engineering and regenerative medicine. Here, we provide a 

historical perspective of biomaterials research for drug delivery, along with the challenges 

and opportunities for biomaterials in three emerging areas of drug delivery: (i) nucleic acid 

delivery, (ii) “smart” bioresponsive materials for controlled drug delivery, and (iii) 

biomaterials to improve biocompatibility in drug delivery. We highlight the challenges 

currently presented across the field of drug delivery, breakthroughs in biomaterials research 

to overcome these hurdles, as well as future considerations and opportunities for 

biomaterials translation to the clinic.

2. Biomaterials: A Historical Background

2.1. Clinical Need for Controlled Drug Delivery

The need for materials for controlled drug release arose from the general problems 

associated with conventional dose delivery methods. Generally, drug administration required 

frequent, repeated doses that result in high variability of circulating drug concentrations 

throughout the treatment period (Figure 2). Upon administration, drug levels increase to 

therapeutic concentrations, but in some cases toxic side effects arise when the concentration 

rises above the maximum safe levels.[15] These methods also result in rapid drug level 

decreases to concentrations that are no longer therapeutic, which can be a result of 

metabolism, degradation, and transport away from the therapeutic target.[15] Collectively, 

this results in both wasted drug and material, and increased risk to patients due to reduced 

therapeutic efficacy as well as potential toxic side effects.[16] To address these issues, 

approaches for slowing the rate of release were developed.[17] These “sustained release” 

technologies contained the desired therapeutic in the form of capsules which were generally 

administered orally, and in some cases formulated for parenteral administration.[5,16] Drug 

release was dampened through the use of slowly dissolving cellulose coatings, the addition 

of drug-complexing substances to decrease drug solubility, the use of compressed tablets, as 

well as the employment of emulsion and suspensions[16] all housed within capsules. 

Sustained release formulations, however, still were influenced strongly by patient-to-patient 

variability, environmental effects, and required repeated dosages.[16]

As an alternative to sustained release, the ideal controlled drug release system offers several 

advantages. Such delivery materials release drugs at rates that do not change with time (i.e. 

zero-order release), maintaining release within the therapeutic window and avoiding the 
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inefficiencies of the drug concentration peaks and valleys of conventional formulations 

(Figure 2). By avoiding “peaks and valleys” and remaining within the therapeutic window, 

controlled release materials provide the benefit of reducing the total amount of drug required 

to achieve therapeutic efficacy. By decreasing the number of required doses these materials 

would also improve patient adherence, which is only 50% in developed nations.[18] By 

controlling drug release over longer therapeutic windows (i.e., days to years), such materials 

can also be injected and/or implanted directly within a specific diseased tissue, thereby 

limiting off-target side effects and increasing potency. In addition to avoiding “peaks and 

valleys,” controlled release systems must enhance the targeting of drugs to specific tissues 

and cells within the body to avoid off target effects.[7,19] To enhance tissue specificity, active 

targeting strategies utilizing affinity ligands on the surface of biomaterials have been 

employed for specific retention and uptake by diseased tissues and cells.[20] In this 

approach, ligands that bind to surface molecules or receptors overexpressed in diseased cells 

and tissues are selected for and conjugated to delivery materials.[21] Materials designed for 

controlled release should ideally also protect drugs from rapid clearance and/or degradation 

within the body.

Developing such biomaterials for controlled release is challenging and requires a 

multidisciplinary approach, incorporating engineers, physical scientists, biologists, and 

clinicians.[22] Design parameters include: (i) the incorporation of adequate drug within the 

host material for prolonged release profiles that are required to achieve therapeutic efficacy, 

(ii) protection of therapeutics from breakdown in vivo while also maintaining biological 

activity, and (iii) predictable release over the course of the therapeutic regimen, ranging from 

days to years. Additionally, the materials themselves and their degradation products should 

be nontoxic and biocompatible within the body, avoiding patient discomfort prior to and 

following administration. The expense of a particular material-drug formulation, due to the 

cost of material synthesis and/or fabrication, must also be taken into account during the 

design phase.

2.2. Biomaterials for Controlled Release of Small Molecules

Initial studies describing the incorporation of bioactive molecules into solid polymeric 

materials for achieving a sustained release profile were conducted in the 1950s and 1960s 

for agricultural applications.[16] Soon thereafter, polymeric biomaterials as controlled drug 

release systems for medical applications were pioneered in the 1960–70s.[23] The first 

reported biomaterial for controlled molecule release was silicon rubber when it was 

observed that hydrophobic, lipophilic small-molecule (molecular weight < 300 g mol−1) 

dyes diffused through the wall of silicon tubing (Figure 3).[23d] Given that medical grade 

silicones are biocompatible and used for implantation for a range of medical applications, 

this discovery led to the use of silicone rubbers for the controlled release of drugs, including 

atropine, histamine, anesthetics, steroids, and antimalarial and antischistosomal agents.
[23e,f,24] Notably, implanted silicone rubber released drugs over the course of days to months 

in dogs, rats, and sheep,[23e,24a,b] demonstrating that biomaterials induce controlled release 

of biologically active agents in the body. These reports suggested that modulating 

pharmacological actions by controlling drug release from biomaterials could be achieved, 

ultimately leading to the formation of ALZA in 1968 for the commercialization of some 
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technologies.[23d] This work further led to the development of an early drug delivery system 

approved by the U.S. Food and Drug Administration (FDA) in 1990, Norplant (now Jadelle), 

a contraceptive composed of silicone rubber tubes implanted in the forearm that releases 

levonorgestrel for up to 5 years with pregnancy rates of less than 1% per year.[25] Research 

within the field of biomaterials, drug delivery, and controlled release accelerated during this 

period, giving rise to the development of osmotic pumps for oral drug delivery in dogs,[26] 

drug-loaded hydrogels for ophthalmic drug delivery,[27] polymeric and albumin 

microsphere-based encapsulation for sustained release of drugs in rats, rabbits, and humans,
[28] as well as new mathematical models to quantify drug release from biomaterials.[29] 

Hydrogels, 3D networks of polymer chains crosslinked to form matrices with high water 

content, are now widely used in drug delivery and tissue engineering due to their tunable 

physical, chemical, and biological properties.[30] Broadly speaking, hydrogels demonstrate 

application in areas such as regenerative medicine.[31] In drug delivery, PEG has been 

utilized as a “stealth material” that enhances the circulation half-life of drugs, reduces drug 

accumulation in clearance organs such as the liver, while also enhancing the surface 

biocompatability of materials.[32] More comprehensive overviews on hydrogels[30,33] as well 

as the history of bio-materials for drug delivery and controlled release are detailed 

elsewhere.[23d,34]

2.3. Biomaterials for Controlled Release of Macromolecules

With the emergence of genetic engineering in the 1970s, large-scale production of proteins 

and other complex macromolecules became a reality. Similar to small-molecule delivery, 

controlled release of proteins and other macromolecules (i.e., insulin, heparin, enzymes) 

required the development of new biomaterials or new biomaterial designs. Synthetic 

materials were required that could ensure the delivery of proteins and macromolecules in 

unaltered forms to preserve their biological function, while simultaneously providing 

protection from degradation in vivo. However, silicone and other polymers used by ALZA 

for small-molecule release, such as ethylene vinyl acetate (EVA) copolymer and 

poly(hydroxyethlmethacrylate) (p(HEMA)), were impermeable to proteins and other 

macromolecules.[23d,35] Furthermore, it was largely thought within the controlled release 

community that proteins and other macromolecules could not be encapsulated and released 

at controlled rates from polymers.[36] Pioneering work first published in 1976 changed this 

perspective.[23a] By making solutions of polymer and its solvent (e.g., methylene chloride 

for EVA) mixed with lyophilized protein, and then evaporating the solvent to induce phase 

separation of protein from polymer, tortuous networks of interconnected pores were formed 

within the polymer matrix and thus were freely permeable to water.[23a] When the polymer 

was exposed to aqueous conditions, proteins and other macromolecules (MW > 1 000 000 g 

mol−1) embedded within the polymer diffused out of these pores as fluid entered. The 

narrow constrictions slowed macromolecule release to enable diffusion out of the polymer 

over a 100 day period (Figure 3).[23a] Biological activity of proteins were largely retained 

within these polymers, as EVA containing tumor angiogenesis factor and implanted into 

rabbit corneas induced vessel sprouting from the corneal edge, and grew towards the 

polymer in every case.[23a] These pioneering technologies led to rapid progress in the fields 

of biomaterials and drug delivery, with the development of a new generation of polymers 

which release macromolecules in a controlled manner (Figure 3).
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2.4. Evolution of Biomaterials for Drug Delivery

In the following decades came a dramatic expansion of biomaterials development for the 

controlled release of macromolecules, exploiting diffusion, chemical, swelling, and 

magnetic-based mechanisms, among others, for controlling the release rates of the 

incorporated drug (Figure 4).[16] Additionally, observations in the 1960s that phospholipids 

in aqueous systems can form bilayered structures led to the development of liposomes as the 

first nanoscale drug carriers in the 1970s.[37] The field then expanded to include dendrimers, 

micelles, polymeric nanospheres, and inorganic nanomaterials (e.g., gold, silicon, metal, iron 

oxide) in the burgeoning field of nanotechnology-based drug delivery in subsequent decades.
[38] As an alternative to pills and injections, transdermal delivery systems have utilized 

biomaterials science and microfabrication technology to create drug-containing, 

biodegradable microneedle patches that painlessly pierce the skin to increase drug 

permeability, which dissolve and leave no sharp waste after use.[12a,39] More recently, 

stimuli-responsive, “smart” (also known as “intelligent”) bio-materials have been designed 

that respond to a range of environmental stimuli (e.g., temperature, pressure, pH, enzymes, 

glucose), biological signals, or pathological abnormalities for actuating drug release.[13,40] 

Similarly, new biomaterials have been developed that are remotely trigged by stimuli 

including visible light, near-infrared (NIR) light, ultrasound, electric currents, and magnetic 

fields for on demand and pulsatile drug delivery.[41]

2.5. Clinical and Commercial Impact of Drug Delivery Materials

Many of these materials have translated into drug delivery systems used in the clinic, and are 

being commercialized for a range of disease therapies (Table 2).[11] Lupron Depot, a 

poly(lactic-co-glycolic) acid (PLGA) microsphere formulation encapsulating the hormone 

leuprolide, was originally approved by the FDA in 1989 for the treatment of advanced 

prostate cancer, and has since been approved for endometriosis.[42] Lupron Depot has been 

considered a commercial success, with over $1 billion in annual sales.[43] PLGA, poly(lactic 

acid) (PLA), and polyglycolic acid (PGA) materials have been utilized in several subsequent 

FDA approved microparticle depot systems developed by Genentech and Alkermes (Table 

2), due to their versatility in tuning material biodegradation time as well as their high 

biocompatibility arising from their natural degradation products, lactic acid and glycolic 

acid. Clinically relevant nanoparticles include Doxil, the first FDA approved cancer 

nanomedicine for the treatment of Kaposi’s sarcoma (approved 1995) and for recurrent 

ovarian cancer (approved 1998).[6,44] Doxil, a poly(ethylene glycol) (PEG) coated (i.e., 

PEGylated) liposomal formulation encapsulating the chemo-therapeutic doxorubicin,[45] 

enhanced circulation half-life and tumor uptake of the drug, while reducing its toxicological 

profile in patients compared to free drug.[46,96,97] More recently approved nanoparticle 

formulations include Marqibo, a liposomal formulation encapsulating vincristine FDA 

approved in 2012 for the treatment of a rare leukemia,[47] and Abraxane an albumin-bound 

paclitaxel nanoparticle formulation originally approved by the FDA in 2005 for the 

treatment of breast cancer.[48] An example of a transdermal drug delivery system is 

Duragesic, a patch containing the opioid fentanyl embedded within an acrylate polymer 

matrix, which was developed by ALZA and FDA approved in 1990 for chronic pain 

treatment.[12a] OROS, an osmotically controlled oral drug delivery technology, was also 

developed by ALZA and has been incorporated into several oral delivery products including 
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Concerta, which has generated over $1 billion in annual sales.[49] Implantable biomaterials 

used in the clinic include the Gliadel wafer, which consists of dime sized wafers comprised 

of the chemotherapeutic agent carmustine and a polymer matrix made of 

poly(carboxyphenoxy-propane/sebacic acid), which are surgically inserted into the brain 

post-tumor resection.[50] Gliadel wafer was FDA approved in 1996 for use as an adjunct to 

surgery in patients with recurrent glioblastoma multiforme, and in 2003 was approved for 

use as a first time treatment, increasing patient survival up to six months in some cases.[51] 

Collectively, the estimated market for advanced drug delivery systems is anticipated to grow 

from roughly $178.8 billion in 2015 to nearly $227.3 billion by 2020.[52]

3. Strategies, Modifications, and Materials for RNA Delivery In Vitro and In 

Vivo

3.1. Introduction

Every year, thousands of patients are diagnosed with diseases caused by the misregulation of 

both intracellular and secreted proteins.[53] Many cancers, for example, are caused by the 

overexpression of specific oncogenes which results in rapid and uncontrolled cell 

proliferation.[54] Alternatively, diseases including type I and type II diabetes are 

characterized by insufficient insulin levels in the bloodstream as a result of cellular 

resistance and/or the autoimmune response.[55] Other diseases, including cystic fibrosis, are 

characterized by the production of proteins of incorrect structure, a problem that originates 

at the genetic level in affected patients.[56] In short, aberrant protein production is a hallmark 

of many diseases found in medical cases around the globe.

Given this commonality, scientists and medical professionals alike often treat disease by 

administering therapeutic molecules (i.e., drugs) into the body that can regulate gene 

expression. In the most traditional sense, this process has been achieved by administering 

either small-molecule or protein-based drugs.[57] Small-molecule-based drugs can enter 

target cells and often act by inhibiting specific proteins through competitive binding; 

however, small molecules can readily accumulate in off-target tissues and are often poorly 

soluble. Moreover, only an estimated 2–5% of proteins in the body can be inhibited utilizing 

this mechanism of action; this implies that the majority of the human genome is 

“undruggable.”[58] Protein therapeutics, by contrast, offer increased specificity for their 

molecular targets or replace defective and/or missing proteins. However, it can be difficult to 

deliver exogenous proteins into the cytoplasm of target cells, and stability as well as size 

concerns with protein therapeutics can limit their application.[57]

To overcome these limitations, ribonucleic acids (RNAs) have been proposed as an 

alternative class of therapeutic molecules. RNAs are a promising class of drug candidates 

because they can endogenously regulate protein concentrations within target cells in vivo.[59] 

Short interfering RNAs (siRNAs), antisense oliognucleotides (ASOs), and microRNAs 

(miRNAs), for example, can silence specific genes to decrease protein concentrations;[60] 

messenger RNAs (mRNAs), by contrast, can be translated by ribosomes to upregulate 

protein concentrations within target cells (which, in turn, can also be secreted into the 

bloodstream);[61] finally, combinations of hybrid RNAs (such as sgRNA with the CRISPR/
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Cas9 gene editing system) can alter DNA at the molecular level to correct defective genes.
[62] In short, RNAs can target both the druggable and undruggble parts of the human 

genome, ultimately serving as a new therapeutic paradigm inspired by the central dogma of 

biology.[63]

But if RNAs boast so much therapeutic potential, why are there still so few RNA-based 

drugs currently available on the market? Indeed, it has been known since 1990 that 

exogenously administered RNAs can alter protein expression in vivo, yet the number of 

small-molecule and protein-based drugs vastly outnumbers those of RNA origin.[59b] The 

answer to this question lies at least in part due to extracellular and intracellular barriers 

associated with therapeutic RNA administration (Figure 5). When administered 

systemically, for example, RNAs trigger a similar immune response to that of invading 

pathogens given their similarity in molecular structure.[64] Additionally, RNAs are prone to 

degradation in the bloodstream due to chemical instability as well as the presence of 

circulating nucleases.[62] Upon exiting the bloodstream, RNAs must then navigate a 

complex extracellular matrix (ECM) and localize to target cells. Once there, the RNAs must 

enter into the cytoplasm or nucleus, a problem that is made challenging due to the fact that 

large, anionic biomolecules do not readily traverse the cellular membrane and can instead 

become entrapped within endosomal compartments.[65] It is also important to note that these 

same intracellular barriers apply to the local delivery of RNAs given that they must access 

the cytoplasm or nucleus of target cells for therapeutic benefit. The combination of these 

physiological barriers, in addition to the difficultly in sequence selection of therapeutic 

RNAs, has thus far limited their clinical translation and demands our attention.

In this section, we will delineate some of the emerging strategies and materials that aim to 

address the challenges associated with RNA delivery in vivo. We will begin by highlighting 

approaches that improve both RNA stability and cellular internalization. We will then focus 

our conversation on strategies to entrap and protect RNAs, paying particular attention to the 

material classes that improve the potency and biodistribution of RNA therapeutics. Our aim 

with this section, therefore, is to not only highlight some of the challenges of RNA delivery 

in vivo, but also to further establish RNA therapeutics as an emerging platform for the 

treatment of human disease.

3.2. RNA Modification Strategies

In using RNAs therapeutically, one approach is to transfect target cell populations in vitro 

with naked, unmodified RNAs. This process is inefficient because the charge density, size, 

and hydrophilicity of nucleic acids prevent efficient translocation of RNAs across cellular 

membranes.[60] To combat these inherent limitations, advances in electroporation,[66] 

microinjection,[67] sonoporation, laser irradiation, and hydrostatic pressure transfection have 

improved RNA transfection.[68] These advances have enabled scientists to explore the role 

that individual RNAs have in altering cell behaviors in vitro by silencing genes and 

upregulating the concentration of encoded proteins in a dose dependent and time controlled 

manner.

However, the instability and immunogenicity of naked, unmodified RNAs limits their 

efficacy when therapeutically administered in vivo. The human body is replete with 
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mechanisms to prevent exogenous RNAs from entering target cells—circulating nucleases in 

the blood stream, for example, can degrade systemically administered RNAs.[69] 

Additionally, pattern recognition mechanisms, including toll like receptors, associate 

exogenous RNA with pathogens thereby inducing an immune response. Another underlying 

issue is that nonspecific tissue accumulation can limit the targeting of specific organs (and in 

turn, specific cell populations).[62]

One strategy to overcome these physiological barriers is to alter RNA sequences with 

chemically modified sugars and linkers (Figure 6A).[70] Sugar and linker modification 

strategies are best suited for short RNAs that can be synthesized via established 

oligonucleotide synthesis techniques; longer RNAs (such as mRNA) are traditionally 

produced using in vitro transcription and are, accordingly, more difficult to modify in this 

fashion. The most common sugar modifications employed in RNA therapeutics involve 

substituting the endogenous 2′-hydroxy group with a 2′-fluoro, 2′-O-methyl, or 2′-deoxy 

substituent;[71] common linker modifications replace endogenous phosphodiester bonds with 

phosphorothioate or amide-based linkages.[72] By contrast, base pair modification strategies 

can be used for both short and long RNAs; 5-bromo-uridine, 5-methylcytidine, and 

pseudouridine have all been incorporated into potential RNA therapeutics.[73] It should be 

noted, however, that base pair modifications within siRNAs and ASOs are generally better 

tolerated than those found in mRNAs.[64b,74] This is because even slight modifications in 

mRNA structure can alter ribosomal translation, whereas chemically modified siRNAs and 

ASOs remain active.[75] Instead, variations in the untranslated region, 5′ caps, and 

polyadenylated 3′ tails are more commonly employed in potential mRNA therapeutics.
[61a,76] To date, the examples that best exemplify the power of RNA modification involve 

four ASOs that have been clinically approved. These ASOs, which include mipomersen for 

hypercholesterolemia,[77] eteplirsen for Duchenne muscular dystrophy,[78] nusinersen for 

spinal muscular atrophy,[79] and fomivirsen for ocular cytomegalovirus,[80] are all clinically 

approved and contain some form of chemical modification within their RNA backbone.

The direct conjugation of RNAs with molecular ligands represents yet another strategy to 

improve nucleic acid delivery in vivo (Figure 6B). While direct conjugation strategies may 

improve the pharmacokinetic properties of a given RNA sequence, they can also have a 

pronounced effect on therapeutic targeting of specific organs (due in part to receptor-

mediated endocytosis). For example, an array of molecular targeting ligands including 

vitamin E,[81] GalNAc,[82] cholesterol,[83] cell-penetrating peptides,[84] and antibodies[85] 

have been directly appended to RNAs for therapeutic investigation. Although they hold 

promise for all RNA therapeutics, direct conjugation approaches are frequently explored for 

applications involving siRNAs. Unlike mRNAs and ASOs, siRNAs are duplexed, and only 

the antisense strand binds to the RISC complex and induces RNA interference.[65a] 

Accordingly, the sense strand can be readily modified with a targeting ligand without 

significantly interfering with the silencing potential of the siRNA. To date, siRNAs modified 

with GalNAc, a complex galactose derivative, are one of the most pronounced success 

stories of RNA conjugation—following subcutaneous administration, siRNA GalNAc 

conjugates can induce silencing in the liver without the need for a delivery vector with a 

median effective dose of ≈1 mg kg−1 in mice.[86]
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As a concluding thought, it should be noted that RNA modification strategies are specific to 

both sequence and application. Given that RNAs vary in size, molecular architecture, and 

their routes of synthesis, RNA modification strategies are inherently difficult to generalize—

in short, what works for siRNAs may not work for ASOs nor mRNAs, with the same 

holding true in reverse. Nevertheless, RNA modifications have to date yielded the highest 

number of clinically validated drugs, and ongoing efforts will continue to utilize this strategy 

to inspire new solutions to delivery barriers associated with RNA therapeutics.

3.3. RNA Complexation Strategies

Whereas the success of RNA modification strategies is heavily dependent on RNA identity, 

RNA complexation strategies are more generalizable in nature.[60,62,87] While RNAs are 

structurally dissimilar in many ways, they share at least one common parameter—anionicity. 

Electrostatic complexation, the process by which cationic delivery materials can condense 

anionic RNAs, can therefore serve as a general mechanistic paradigm for protecting RNAs 

from degradation while simultaneously improving circulation time, stability, and cellular 

uptake (Figure 7).[61a,65a] Although viruses (such as adeno-associated viruses) have also 

been used to deliver RNAs via complexation strategies, their use has been extensively 

reviewed elsewhere and will not be of focus here.[88] Instead, we will highlight major 

subclasses of nonviral delivery vectors that have been developed over the years.

Cationic lipids are small-molecule-based systems that were originally employed for DNA 

delivery and have since been explored for RNA administration.[89] From a structural 

standpoint, cationic lipids consist of polar amine cores that have been covalently modified 

with nonpolar hydrophobic tails.[65a,90] The amine cores can either contain permanently 

cationic centers (quaternary ammonium salts) or amine cores that can be reversibly 

protonated (ionizable amines). In general, ionizable amines demonstrate improved toxicity 

profiles relative to quaternary ammonium salts. Several commercially available and 

proprietary cationic lipids including Lipofectamine, MegaFectin, and TransIT are widely 

used for the delivery of RNAs via the formation of lipoplexes;[91] other lipids including 1,2-

dioleoyl-3-trimethylammonium-propane (DOTAP) and 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine (DOPE) also complex into lipoplexes and have been used to deliver 

RNAs.[92] Although the potency of these materials can be limited in vivo, their ease of 

access to the general scientific community makes them attractive RNA delivery materials.

To improve the potency of lipoplexes, additional excipients can be coformulated alongside 

the cationic lipid to form lipid nano-particles (LNPs) (Figure 7A).[93] LNPs are composite 

supramolecular materials consisting of four primary components in addition to the nucleic 

acid: i) cholesterol (fluidizes the membrane),[46a,94] ii) lipid anchored poly(ethylene glycol) 

(decreases nonspecific uptake and aggregation),[95] iii) a phospholipid (modifies bilayer 

structure),[65a,96] and iv) an ionizable/cationic lipid (complexes the RNA and improves 

endosomal escape).[97] LNP efficacy and bio-distribution can be tailored in vivo by either 

modulating the ratio of these four components or by designing and synthesizing new 

ionizable/cationic lipids.[93a,b,98] Current advances have created thousands of ionizable lipid 

materials by employing both rational design and combinatorial strategies.[99] The most 

potent ionizable lipid materials discovered thus far for the in vivo delivery of nucleic acids 
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include DLinDMA,[97b] C12–200,[100] 503O13,[93c] OF-02,[93b] and OF-Deg-Lin.[98] These 

materials traditionally incite biological responses in the liver or the spleen of mice when 

administering siRNA or mRNA cargoes. Nonlipid-based nanoparticles have also been 

explored as therapeutic delivery options, including those derived from gold (Figure 7B).[101] 

These particles have demonstrated potency in the brain and can also reverse impaired wound 

healing. Interestingly, these gold siRNA nanoparticles can also be administered topically for 

gene regulation.[102]

Polymeric materials also serve as versatile foundations for RNA delivery (Figure 7C).[62,103] 

Natural and naturally derived polymers including chitosan (consists of repeating units of N-

acetyl-D-glucosamine and D-glucosamine subunits), polyaspartamide (consists of repeating 

units of aspartamide), and poly-L-lysine (consists of repeating units of lysine) can condense 

and deliver RNAs.[104] It is important to note that these materials all consist of subunits that 

can be protonated under acidic conditions. This protonation serves as the driving force for 

electrostatic complexation and may also aid in endosomal escape.[105] Synthetic materials, 

including those derived from polyethylenimine (a water-soluble polymer that can exist in 

linear, branched, and dendritic forms), have also been synthesized.[106] JetPEI is a 

commercially available version of PEI that has been used for the in vivo delivery of nucleic 

acids; one drawback, however, is that JetPEI does have toxicity and repeat dosing concerns 

due to its nondegradable chemical structure.[92] PEIs and dendrimers have also been 

synthetically modified with aliphatic tails to improve their potency and deliver nucleic acid 

cargos to the lungs;[107] however, they still remain nondegradable, which could be a concern 

for long term use. As a degradable alternative, poly(beta-amino esters) have been developed

—these materials are traditionally synthesized via the condensation of polyamine small 

molecules with diacrylates, both of which are commercially available.[108] Finally, polymer-

based hydrogel scaffolds have also been explored for the controlled delivery of nucleic 

acids. Burdick and co-workers, for example, have recently demonstrated that a 

polyethylenimine/poly(ethylene glycol) host–guest hydrogel can be used for local siRNA 

delivery (Figure 7D).[109] Artzi and co-workers have also shown that RNA-triple-helix 

hydrogels can be used to locally modulate endogenous miRNA expression in cancer models.
[110] Moreover, Forbes and Peppas have also demonstrated delivery of RNA to murine 

macrophages, and interest still resides in the development of oral delivery systems for 

RNAs.[111]

To summarize, it should be noted that hybridized approaches, that is, approaches that use 

delivery materials to complex modified RNAs, are extremely common. In ongoing clinical 

trials for RNA therapeutics, for example, this hybridized strategy has been employed to 

mitigate immunogenicity, increase stability, promote cellular uptake, and improve the 

potency of the therapeutic. Advances in these areas will continue to shape RNA delivery and 

help further establish the therapeutic potential of this field.

3.4. Remaining Questions, Emerging Leads, and Future Perspectives

The field of RNA delivery is replete with detailed studies, emerging leads, and innovative 

materials designs. Unique chemical modifications and delivery vectors have ushered in an 

age where we can affect biological processes in vivo using exogenously delivered RNAs, 
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and these advances are impacting the pharmaceutical market in real time. Indeed, Alynlam 

pharmaceuticals recently announced that their drug Patisiran, an RNAi-based therapy for the 

treatment of ATTR amyloidosis with polyneuropathy, successfully passed phase III clinical 

trials. Importantly, this result should help pave the way for additional RNAi based 

therapeutics as this is the first drug of its class to successfully reach this endpoint.

Nevertheless, as researchers in the field answer ever more questions, new areas of interest 

continue to emerge. For example, many recent efforts to codeliver RNAs for CRISPRCas9 

have been undertaken—these approaches are challenging because multiple types of RNAs 

must be entrapped within the same particle, complicating formulation strategies.[61b] More-

over, other work in this area has demonstrated the potential benefit of using viral and 

nonviral delivery vectors in tandem to induce gene editing in vivo.[112] Recent advances in 

structure guided chemical modifications of guide RNAs has also enabled gene editing using 

exclusively nonviral vectors.[113] Still others are focused on answering questions 

surrounding both mechanism of action of RNA based drugs as well as how these molecules 

interact with the immune system.

In short, the early pioneering work in RNA therapy serves as a tremendous platform for 

current research. Breakthroughs from chemists, physicists, biologists, engineers, and 

medical professionals alike have helped lay the foundation for both current and future 

studies. With continued effort and interest, therefore, breakthroughs in targeting the genome 

with RNA therapeutics will continue, helping to establish this field as a new therapeutic 

paradigm for the treatment of human disease.

4. Bioresponsive Polymers: From Design to Implementation

4.1. Introduction

From a drug delivery standpoint, an ideal therapeutic would treat or cure a disease without 

causing any side effects.[8] Despite advancements within medicine and science, however, we 

are still far from realizing this goal. Many chemotherapeutics, for example, kill both 

cancerous and healthy cell populations.[114] This is because these medications are 

preferentially taken up into rapidly dividing cells, a physiology that exists in both diseased 

and healthy tissues.[115] As a result, patients suffer from nausea, hair loss, fatigue, and in 

almost all cases, a temporary reduction in quality of life.[116]

To address these issues, scientists and medical professionals alike aim to improve upon the 

precision of therapeutics.[18] In an ideal world, a completely “precise” medication would be 

one that can control the amount of administered drug, in both space and time, exclusively to 

diseased cell populations. Although many strategies to achieve therapeutic precision exist, a 

major area of biomaterials research involves entrapping drugs within “triggerable” materials.
[117] Under physiological conditions, a triggerable material might simply act as a noneluting 

drug reservoir. Yet, upon exposure to altered physiological conditions within the body, such 

materials can respond to physiological cues and ultimately release their drug cargo into the 

surrounding environment to treat disease.[118] These materials can therefore serve as a 

general platform for improving the precision of therapeutics, independent of the target of 

interest.
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In this section, we will delineate select advances that have helped to establish “triggerable” 

systems as biomaterials. We discuss how to best design these systems, covering areas 

ranging from synthesis to formulation, as well as how to make these materials function 

properly within living organisms. After a brief discussion surrounding what makes polymers 

ideal platform materials for responsive applications, we will then transition to specific 

“triggers” that have been exploited within the body. We will then conclude with further 

thoughts to address the future of bioresponsive materials.

4.2. Polymers—an Ideal Platform for Responsive Biomaterials

For biomedical applications, several classes of materials are regularly employed due to their 

overarching material properties. Metals, for example, exhibit high conductivity, malleability, 

and excellent wear properties.[119] As a result, metals are used in wide array of medical 

devices ranging from pace makers to joint replacements. By contrast, ceramics are less 

conductive and have high strength.[120] This set of properties makes ceramics ideal base 

materials for applications in dental restoration, ranging from veneers to crowns to onlays.
[121] While metals and ceramics are well suited for many applications, they are perhaps not 

an ideal choice to create “responsive” materials. This is because the fundamental chemistry 

of metals and ceramics can be difficult to tune; as a result, it can be difficult to incorporate 

specific “triggers” into metal and ceramic-based materials that will respond to physiological 

cues in their immediate environment.

Polymers are one class of materials suitable for addressing the limitations posed by metals 

and ceramics in creating “responsive” materials.[122] Broadly defined, polymers are 

molecules consisting of repeat units of individual monomers.[123] Interestingly, polymers are 

found in both living systems and nonbiological areas. Proteins, for example, consist of 

repeat units of amino acids;[124] alternatively, plastic bags consist of polyethylene, a 

hydrophobic and readily processable material that also finds use in pipes, electrical wires, 

and joint replacements.[125] This broad applicability of polymers stems from the fact that 

they are, generally speaking, readily tunable from a chemical standpoint. For example, the 

molecular weight of polymers can be controlled via monomer stoichiometry using controlled 

polymerization strategies including ATRP,[126] RAFT,[127] NMO,[128] and ROMP;[129] their 

melting temperature, by contrast, can be modified by incorporating one or more exogenous 

monomers into the polymerization mixture;[123] finally, postpolymerization modifications 

can transform functional groups on the surface of reactive polymers into different molecular 

structures.[130] In short, polymers are a versatile class of materials that are ubiquitous in the 

modern world.

Beyond their chemical tunability, an additional parameter that makes polymers a strong 

candidate for responsive materials is that they can be formulated with drugs to control 

release.[13] Since the 1960s, polymers have been used for controlled release applications 

involving small and large molecular therapeutic cargos.[34b,131] From a mechanistic 

standpoint, these controlled release materials operate via one of several mechanisms (Figure 

8).[3] In degradable systems, for example, the drug is released through pores; in erodible 

systems, by contrast, the drug elutes as the surface degrades. Osmotic pumps respond to 

changes in osmotic gradients and release their cargo through pre-existing holes. Finally, 
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hydrogels, matrices, and reservoirs can control drug delivery via Fickian or non-Fickian 

diffusion, often times controlled by the mesh size of the base material. It should be noted 

here as well that many of these systems have been implemented in living systems, and 

accordingly, many polymeric materials have been developed that are fully biocompatible.

Building upon this strong foundational platform, great interest now resides in creating 

versions of these materials that are bioresponsive.[34a] For the purposes of this discussion, a 

bioresponsive material will be defined as one that can respond to a specific “trigger” inside 

or outside of the human body. Given that the body is replete with unique pathologies (pH 

gradients, temperatures, enzymes, small molecules, etc.) scientists and medical professionals 

are now creating materials that will respond to physiological alterations in both space and 

time. Here, we aim to highlight this work by identifying specific classes of trigger-

responsive polymers. Of note, we pay particular attention to functional group combinations 

that impart these responsive properties, and we also delineate select applications for which 

each of these polymer classes have been explored. In doing so, we hope to highlight select 

work that has been conducted thus far and inspire future discussion surrounding the 

milestone area of biomaterials research.

4.3. Triggerable Classes of Polymers for Biomaterials Applications

To date, polymers that can respond to a number of different triggers have been developed 

and explored for biomaterial applications.[8,131a,132] It is important to note that these triggers 

include chemical, biological, and physical stimuli.[13] Whereas many chemical and 

biological stimuli often occur within the body, those of physical origin are often external to 

the body and can be used to prompt drug delivery remotely. The aim for each of these 

systems is to improve the precision of drugs, as well as to improve patient quality of life. 

Below, we frame our discussion by identifying specific classes of responsive polymers and 

subsequently describe their use for biomaterials applications.

4.3.1. Redox-Sensitive Polymers—The human body consists of compartmentalized 

regions of differing redox potential.[13] The reducing agent glutathione, for example, is 

found at a concentration two to three orders of magnitude larger within cells than outside of 

them.[133] Contrastingly, oxidizing agents that include hydrogen peroxide are associated 

with tissue inflammation and injury.[134] These differences in redox potential between a 

local tissue/cellular environment and their surroundings present an opportunity to create 

bioresponsive materials that are triggered via oxidation or reduction within the body (Figure 

9A).

In order to respond to reduction triggers within the body, materials derived from disulfides 

are commonly employed.[135] Disulfide-based materials are frequently used as bioresponsive 

materials because disulfide bridges can be reduced under mild conditions to afford dithiol 

analogues. Within the cell, this process is most commonly mediated by glutathione, a 

tripeptide consisting of glycine, cysteine, and glutamic acid. To date, dilsufide based 

materials have been exploited for applications ranging from protein delivery to gene 

expression, among others.[136] Importantly, disulfide/dithiol interchange is a reversible 

chemical reaction which can be important for biomedical applications.
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Interestingly, many sulfur-based materials have also been developed to respond to oxidation 

triggers. Sulfur is a unique atom in that it can exist in multiple oxidation states; accordingly, 

sulfur based materials including block copolymers have been prepared for applications in 

areas such as gene delivery.[137] Alternatively, materials derived from boronic acids/esters 

have also been developed to respond to oxidation triggers.[138] In the presence of oxidizing 

agents such as hydrogen peroxide, boronic acids/esters can be converted into the 

corresponding alcohol. This chemical process has been exploited for triggered protein 

release applications using dextran as a base material, among others.

Finally, materials that can respond to both oxidation and reduction triggers have also been 

explored. One of the most common functional group motifs used for these dual activation 

materials are diselenides. Diselenides are similar in chemical structure to disulfides and have 

also been incorporated into responsive polymers.[139] Unlike disulfide materials, however, 

diselenides are sensitive to both oxidation and reduction, which allows for alternative 

triggers within nanobiotechnology applications.[140]

4.3.2. pH-Responsive Polymers—Many tissues, fluids, and organelles within the 

human body contain different pH values. For example, the stomach, the vagina, and 

lysosomes naturally exist at acidic pHs (<7). Alternatively, many others exist at neutral or 

near-neutral pHs including the ocular surface (7.1), the blood (≈7.4), and bile (7.8).[13] 

Moreover, pH gradients exist across many organ barriers, and many disease pathologies such 

as the tumor microenvironment exhibit different pHs relative to those in a healthy tissue.[141] 

Accordingly, one strategy to improve the efficacy and precision of therapeutic molecules 

involves the design of polymeric drug delivery systems that can respond to specific pHs.

As a general strategy to create pH-sensitive materials, it is common to incorporate chemical 

functional groups that can be protonated or deprotonated within polymeric matrices.[142] For 

example, amine containing polymers including those derived from 

dimethylaminoethylmethacrylate are protonated under acidic conditions to yield reversibly 

cationic materials.[143] By contrast, carboxylate containing polymers including poly(acrylic 

acid) are deprotonated under basic conditions to afford anionic matrices. Given that the 

charge of these polymers can be readily altered, materials derived from these polymers can 

respond to pH changes by swelling, degrading, shrinking, or dissociating.[131a] In doing so, 

these materials can release their drug cargo in a pH-responsive fashion within target tissues 

and organs in the body. To date, pH responsive materials have been used for a variety of 

applications including nucleic acid delivery, doxorubicin delivery, and taste masking, among 

others.[106,144]

One specific area where pH-responsive materials have improved therapeutic targeting is in 

the treatment of tumors. The tumor microenvironment often exists at a lower pH (≈5.7) than 

its surroundings (≈6.8–7) due to localized acidosis.[145] Given this difference, 

multifunctional acid sensitive nano-composites have been explored for the controlled release 

of anticancer drugs (Figure 9B).[146] Importantly, these materials were also functionalized 

with folic acid, improving the targeting of these materials to overexpressed folic acid 

receptors on the cancer cell surface. Moreover, a similar concept has been employed for 

materials incorporating acid-sensitive diaminoketal cross links, and drug-laden versions of 
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these materials have demonstrated increased cellular uptake relative to that observed for the 

free drug alone (Figure 9C).[147] Finally, acid responsive poly(ethylene glycol) derivatives 

have also been designed for the controlled release of therapeutics using hydra-zine 

chemistry, and tumor targeting with pH-responsive materials continues to be an area of 

interest to the drug delivery community (Figure 10A).[148]

4.3.3. Hydrolysis and Enzymatically Responsive Polymers—Hydrolysis-

sensitive polymeric materials have also been designed, synthesized, and implemented in vivo 

for drug delivery purposes. Hydrolysis prone materials by definition can be degraded by 

water, a trigger that is ubiquitous in the human body. This degradative process most 

commonly occurs through the nucleophilic addition of water into an electrophilic functional 

group on a polymer. Commonly employed electrophilic functional groups on polymers 

include esters and anhydrides, each of which have been employed in multiple types of 

responsive materials.[149] The Gliadel wafer is one example product on the market that 

demonstrates the power of hydrolysis-sensitive materials for drug delivery.[51] Consisting of 

the chemotherapeutic Carmustine impregnated within a polyanhydride material, the Gliadel 

wafer can be implanted into brain tumors for the controlled release of a chemotherapeutic to 

malignant gliomas. Of note, the Gliadel wafer improves the 6 month survival rate of patients 

diagnosed with glioblastoma multiforme.[51]

Enzyme-responsive polymers have also been developed for drug delivery. The 

concentrations of specific enzymes including matrix metalloproteins, hyaluronidases, 

phospholipases, and prostate specific antigen can deviate from normal values in association 

with specific disease pathologies.[13] Accordingly, many enzyme-responsive polymer 

systems have been developed, with applications ranging from tumor imaging, to doxorubicin 

delivery, and minimizing inflammation in the colon, among others.[150]

4.3.4. Temperature-Responsive Polymers—Temperature-sensitive polymers can 

also be used for drug delivery purposes.[151] The human body resides at a temperature of 

37 °C; by contrast, ambient temperature is ≈25 °C. To take advantage of this difference, 

polymer systems that flow at room temperature but gel at body temperature have been 

developed—these materials are predominantly used for local delivery applications, 

capitalizing on the sol-gel transition of specific polymers. Many base materials have been 

used for temperature responsive polymer development including poloxamers, poly(N-

alkylacrylamides), poly(N-vinylcaprolactams), cellulose, xyloglucan, and chitosan. Of note, 

the material properties of thermoresponsive polymers can be modulated by employing one 

or more of several different strategies.[152] These strategies include varying the ratio of 

monomers, end-group modifications, and postpolymerization modifications. Each of these 

strategies has afforded temperature-responsive polymers for varied biomaterials applications.
[131a,142,152b,153]

4.3.5. Magnetic-Responsive Polymers—Magnetic pulsing techniques serve as yet 

another “trigger” for controlling the release of drugs from responsive materials.[41f,154] This 

concept has been extended to designing systems to release compounds to specific organs by 

pairing therapeutic treatment with drug-loaded polymers and magnetic resonance imaging 

(MRI) techniques.[41f] Select examples include: i) the systematic release of dopamine from 
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alginates impregnated with magnetic beads; ii) targeted plasmid delivery to the lung using 

chitosan nanoparticles; and iii) insulin delivery, among others.[155] Magnetic “triggers” have 

also been combined with pH-responsive materials to afford dual responsive drug delivery 

systems.[156] The combination of two or more environmental responses in a single material 

can be highly advantageous. For example, if one were to include magnetic particles within a 

polymer that was designed to degrade in highly acidic conditions, then one could use MRI 

imaging to pinpoint the exact location that the drug was delivered upon dispersion of the 

particles within, for instance, the stomach.

An added benefit to incorporating magnetic material within a delivery nanoparticle is that it 

can double as a retrieval method. When designing any material or drug that will be 

implanted in a patient, it is important to establish a contingency plan. In case of an undesired 

immune response or rejection, for both molecular chemicals and living tissue alike, being 

able to remove the injected or implanted material is crucial. Having a magnetic system 

allows for the material to be more easily removed, especially in a self-circulating system 

(e.g., the blood stream or intraperitoneal spaces). Accounting for these factors into a drug–

polymer design broadens the project scope and challenges interdisciplinary research in order 

to achieve a unified engineered material. It is also important to note that some magnetic 

responsive systems have been approved by the FDA.[157]

4.3.6. Acoustic-Responsive Polymers—Another way to stimulate the release of a 

material’s payload is with acoustics.[41g,h,158] Material properties have been altered and 

optimized to release growth promoting molecules from acoustically responsive scaffolds 

using a megahertz-range ultra-sound system responsive polymer.[159] These designs permit 

the release of a payload through noninvasive techniques, wherein fibrin scaffolds were 

impregnated with a payload. In order to control the release of the drug from the polymer 

scaffold, a double-layer emulsion was created using a microfluidic device for a tiered 

delivery system via a sonosensitive emulsion. Broader designs can also be used, including 

microbubbles with drug dissolved in the fluid and a range of nanoparticle designs (Figure 

10B).[160]

4.3.7. Light-Responsive Polymers—An alternative method for external stimulation 

of drug delivery has been through the use of noninvasive and painless techniques including 

light-stimulated therapies.[161] The ease by which drugs can be delivered by light 

stimulation has been a major motivation for the design of systems to respond to this style of 

noninvasive trigger. Light stimulation drug delivery has been desirable due to the controlled 

spatial and temporal release of a therapeutic payload with both UV- and visible-wavelength 

irradiation. This technique provides a remote-activated approach that does not require direct 

patient contact.[162] Current challenges associated with light activated controlled drug 

release include the distance of the polymer vehicle from the light source, the density of 

native host tissue that the light has to penetrate to reach the delivery vehicle, and the 

potential for drug molecule degradation upon exposure to light.

One underlying mechanism of light-induced drug delivery involves a shift in molecular 

conformation including cis-trans isomerization and ring opening reactions.[163] This 

technology has been used to target melanoma cells through the release of drugs from a light-
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responsive azobenzene modified amphiphilic block copolymer.[164] Upon irraditaion, the 

conformation of the azobenzene switches, thereby altering the self-assembling structures and 

releasing the payload.

4.3.8. Electrically Responsive Polymers—Electrically responsive polymers 

represent yet another class of tunable materials for biomaterials applications.[165] The 

human body is replete with electrical stimuli; for example, neurons transmit information via 

electrical signals.[166] To directly interface with these cell populations and for other forms of 

orthogonal drug delivery in the body, different classes of electrically responsive polymers 

have been developed. From a chemical standpoint, electrically responsive materials tend to 

be highly conjugated aromatic systems.[167] Polypyrrole, for example, has been used 

extensively as a base material for electronic applications and the biocompatibility of 

polypyrrole nanoparticles has been studied in mice.[168] To date, electrically responsive 

polymers have been used for an array of biomaterials applications including controlled drug 

release, and have also been used in tandem with temperature responsive systems to form 

dual responsive materials, among others.[169]

4.3.9. Swelling and Contracting Polymers—Certain polymers have been designed 

to swell or shrink in response to an external stimuli.[10c,122c,170] Changes in porosity can 

result from leaching of ionic cross-linking molecules, which in turn alters the diffusion 

pathways for sensing molecules. Alginate is a commonly employed polymer that is isolated 

from seaweed and is relatively biocompatible. Tuning the spatial and temporal release of 

encapsulated materials is rather challenging, but has been successfully applied for a variety 

of applications using alginates. A recent example includes the sustained delivery of vascular 

endothelial growth factor (VEGF) and subsequent analogues from alginate to a localized 

region within the body. Using an injectable alginate design, the controlled release of VEGF 

was utilized to promote lymphatic vessel development through improved vascularization.
[171] In general, these hybrid designs have the potential to create future generations of 

materials for the paralleled delivery of therapeutics, regional specific sensing, and secondary 

responses for noninvasive detection.

4.4. Concluding Thoughts and Future Directions

We are currently in the midst of a global acceleration within the field of drug delivery. The 

development, formulation, and engineering of next-generation therapeutics is already 

underway. Researchers are actively paralleling material design and synthesis to entrap novel 

drug discoveries, which are working to meet clinical demands. What remains challenging is 

the design of polymer libraries that will remain broadly applicable to chemical, biological, 

and physical stimuli. A prominent factor is the diversity of environmental conditions that a 

material will encounter within the human body. Patient heterogeneity creates a continual 

challenge for the design of living materials. Enhancing the biocompatibility of implantable 

or injectable materials is a continual challenge and, as we have seen from recent advances, a 

number of unmet challenges must still be addressed to further our understanding of this 

field. As we continue to elucidate the physiological factors that underlie normal and diseased 

conditions, we will be better suited to create responsive and adaptive materials for drug 

delivery. Equipped with the fundamental understanding of these biological environments and 
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the advancement of molecular immunology, living material designs will continue to grow in 

sophisitication over time.

5. Immune Engineering: From Suppression to Weaponization

5.1. Introduction

The immune system has evolved to protect the host from invading pathogens by identifying 

and eliminating potential threats.[172] These same defense mechanisms serve as the largest 

barrier in the development of bioengineered treatment options. Biomaterials have enabled 

significant advances in drug delivery and immunotherapy, and have changed the landscape 

of tissue regeneration and wound healing.[173] Although implants such as pacemakers and 

drug-eluting stents are commonly used, their efficacy and half-life is shortened by their 

recognition by the immune system.[174] Over time, implanted devices trigger the 

accumulation of macrophages that impede function and structural integrity, and induce 

robust inflammatory responses that can lead to tissue damage, shock, or the need for lifelong 

immunosuppression. Similarly, injected polymeric micro- and nanoparticles for drug 

delivery can initiate inflammation at the site of injection and at target organs, and can be 

immunogenic, thereby complicating their approval for use in humans.[175]

As medical applications for solid implants, nanoparticles, and hydrogels grow rapidly, a 

better understanding of how bio-materials interact with the immune response is required.
[175,176] Consequently, efforts have been undertaken to improve bio-compatibility through 

the development of new polymers, modulation of surface chemistry on existing delivery 

platforms, and incorporation of immunomodulators.[177] A plethora of studies examine the 

biological underpinnings of the immune response against biomaterials with the hopes of 

limiting the foreign body response and toxicity.[177] Although research on overcoming 

immunological barriers is of paramount importance, innate and adaptive immune responses 

can also be exploited to enhance killing of potential threats to the host. By harnessing the 

power of the body’s natural defenses against both biomaterials and antigens, the immune 

response can be programmed to target and eliminate tumors and infection. Therefore two 

paradigms emerge: the use of biomaterials 1) to minimize or suppress the immune response 

and 2) to weaponize the immune response against disease-causing agents (Figure 11).

In this section, we will focus on biomaterial strategies that aim to suppress, stimulate, or 

shape the immune response, either directly or indirectly. We will begin with an overview of 

how the immune system recognizes invaders and initiates inflammation, and how the foreign 

body response is initiated. We will then discuss how inflammation can be suppressed or 

limited using recent biomaterial delivery approaches and bio-compatible materials. Finally 

we will describe how intrinsic properties of biomaterials and novel approaches to deliver to 

cargo can enhance immunity against vaccine and tumor antigens.

5.2. Activation of the Immune System by Pathogens and Biomaterials

A basic understanding of the mechanisms behind host defense is fundamental to efficiently 

design biomaterials that are compatible in local and systemic environments of the body. The 

immune system has evolved to rapidly detect invading pathogens and nonself patterns to 
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protect against damage and disease.[178] The innate arm of the immune system has evolved 

from early eukaryotes and serves as the first line of defense against invading pathogens. 

Innate cells including macrophages, neutrophils, and dendritic cells are critical in controlling 

early stages of infection. These cells express pattern recognition receptors (PRRs) to 

recognize conserved pathogen-associated molecular patterns (PAMPs), such as viral nucleic 

acids and polysaccharides from bacterial cell walls.[172] One class of PRRs called toll-like 

receptors (TLRs) is present on the surface and in endosomal compartments of host cells.[179] 

Upon recognition of PAMPs, TLRs lead to the production of type I interferons, key 

mediators in the antiviral response, and proinflammatory cytokines such as interleukin-6 

(IL-6), tumor necrosis factor-alpha (TNF-α), and the inactive form of interleukin-1beta (pro-

IL1β). These cytokines lead recruitment of leukocytes that participate in the inflammatory 

response. Adjuvants such as CpG oligodeoxynucleotides (CpG-ODN) and 

polyinosinic:polycytidylic acid (poly I:C) are detected by TLRs to bolster the response to 

vaccines. The inflammasome, another class of PRRs, forms a cytoplasmic complex of 

proteins that senses cellular damage, stress, viral and bacterial proteins, and commonly used 

vaccine adjuvants such as alum.[180] Upon activation of the inflammasome, recruited 

enzymes called caspases cleave and release IL-1β, resulting in a cascade of inflammatory 

events including neutrophil recruitment, and initiation of adaptive immunity days after 

infection.[181] The adaptive arm of the immune system, comprised of cellular and humoral 

responses, evolved about 500 million years ago and is only present in vertebrates. T cells 

and antibody-secreting B cells bear receptors that target specific antigenic sequences and 

establish immunological memory to prevent further reinfection.[182] Cytotoxic T cells are 

able to bind and kill host cells infected by pathogens. B cells release antigen-specific 

antibodies that can neutralize extracellular pathogens. Antigen-presenting cells (APCs) such 

as dendritic cells program the differentiation and function of T- and B-cell responses in 

lymphoid organs through a combination of cognate receptor engagement, costimulatory 

signaling, and cytokine production.[183] In addition to the direct elimination of infected cells 

and microbes, activated lymphocytes go on to release cytokines that act on diverse innate 

and adaptive cell types that perform effector functions including mucus secretion, 

antimicrobial peptide release, and tissue repair.[184]

After acute injury or infection, inflammatory responses are followed by an active phase of 

resolution to return the tissue to homeostasis. Endogenous resolution agonists such as ω−3-

derived resolvins, protectins, and maresins, and ω−6-derived lipoxins promote the apoptosis 

of neutrophils, the influx of nonphlogistic macrophages to clear debris and dying cells, and 

the initiation of tissue repair while preventing the entry of additional inflammatory cells into 

the tissue. These specialized proresolving mediators exhibit potent effects in a number of 

chronic inflammatory disease models.[185] Resolvin D2 has been shown to resolve sepsis by 

clearing local and systemic bacterial burden and limiting excessive inflammation, thereby 

regulating the immune response without immuno-suppression.[186] Cytokines such as 

interleukin-10 (IL-10) and transforming growth factor-beta (TGF-β) are also involved in 

limiting the inflammatory response and maintaining homeostasis.[187] A state of chronic 

inflammation can ensue if resolution fails to occur.

The FBR to a biomaterial or implanted device is the consequence of chronic inflammatory 

and wound healing responses over time.[174] After implantation, plasma proteins, clotting 
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factors, and extracellular matrix proteins begin to adhere to the surface of biomaterials, 

resulting in the recruitment of macrophages, their secretion of proinflammatory cytokines, 

and activation of the complement cascade. As adherent macrophages bind and attempt to 

engulf the biomaterial, these cells fuse leading to the formation of foreign body giant cells 

(FBGCs).[188] Cytokines and degradation products from FBGCc hasten the demise of the 

implant and diminish bacteriocidal activity of adherent cells, stimulation of lymphocytes, 

and extracellular matrix remodeling in the vicinity. The granulation tissue that arises consists 

of fibroblasts and neovasculature, which eventually forms the fibrous capsule that engulfs an 

implant.[189] The FBR is typically a nonspecific immune response involving innate immune 

cells and non-specific recruitment of lymphocytes.[190] In some cases, orthopedic and metal 

implants can initiate allergic hypersensitivity reactions involving antibodies and T cells 

against polymeric degradation products and metal salts.[191] Of note, the FBR is distinct 

from tissue rejection after organ transplantation, an event that takes place in an antigen-

specific manner due to recognition of non-self molecules expressed by the donor tissue.[192]

The immune system has evolved mechanisms to ensure that adaptive immune cells do not 

target self-antigens. This concept, called immunological tolerance, is orchestrated in part by 

negative costimulatory signaling during antigen presentation, and is maintained by 

regulatory T cells (Tregs) and other immunosuppressive factors that avert immune responses 

against self-peptides and commensal microbes.[193] When tolerance is broken, autoimmunity 

and inflammatory diseases can arise. Tumor cells employ tolerance mechanisms to impede 

recognition and destruction by innate and adaptive immune cells, via induction negative 

costimulatory pathways and Tregs.[194]

5.3. Limiting Inflammation Using Biomaterials

The implantation of biomaterial devices has revolutionized the field of medicine. Just as 

organ transplantation can replace defective parts of the body, inorganic pacemakers, stents, 

and bone implants have been designed to compensate for dysfunctional tissues within the 

setting of disease. Biomaterial devices have been fabricated to conform to their target 

locations and mechanical needs; the viscoelasticity of hydrogels is compatible for soft tissue 

implantation while nanoparticles are able to travel through the circulation to target specific 

cells types or remain systemic to exact their function.[175]

Both natural and synthetic materials delivered to the human body face the same challenge of 

attack by the immune system. Although the mechanisms by which they are recognized by 

host cells differ, the quest to suppress ensuing innate and adaptive responses remains a 

significant challenge. Biomaterial implants employ the use of nonfouling surfaces that 

prevent protein adsorption, porosity that favors differentiation of anti-inflammatory 

macrophages, and incorporation of siRNA against IL-4 and mTOR, mediators implicated in 

driving FBR responses.[195] Studies of the in vivo efficacy of polymer-based therapeutics in 

immunotherapy and tissue engineering reveal that the physicochemical properties of 

biomaterials are sufficient to stimulate the immune system. Characteristics such as shape, 

size, charge, and hydrophobicity of biomaterials may influence how biomaterials interact 

with the immune system (Figure 12).[118] For example, dendritic cells undergo maturation in 

the presence of hydrophobic biomaterials such as PLGA and chitosan, as compared to 
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alginate or hyaluronic acid.[196] Subcutaneous implantation of zwitterionic 

poly(carboxybetaine methacrylate) hydrogels in mice were ultralow fouling and stimulated 

blood vessel formation nearby, fostering the recruitment of macrophages with an anti-

inflammatory phenotype and preventing capsule formation for 3 months.[197] Biomaterials 

composed of ECM can have diverse consequences on the phenotype of macrophages 

depending on the tissue source of ECM.[198] Peptide nanofibers expressing a net negative 

charge via anionic amino acids are less likely to stimulate uptake by APCs, or antibody and 

T-cell responses as compared to positively charged fibrillized peptide biomaterials.[199] 

Conversely, anionic bacterial polysaccharides where positively charged motifs have been 

introduced are able to activate monocytes and dendritic cells via TLR2, resulting in 

enhanced T cell activation and proliferation.[200]

Recent studies have shed light on how size and surface chemistry on hydrogels could greatly 

improve treatment of type I diabetes (Figure 13). Spherical materials, 1.5 mm in diameter or 

larger were shown to reduce the fibrotic response compared to those with a smaller diameter 

or different shape.[118] This observation was made in rodents and nonhuman primates, and 

could have important implications for biocompatibility in humans. Triazole modifications on 

alginate hydrogels have been shown to mitigate fibrosis and the foreign body response 

against encapsulated human stem cell-derived beta cells in immune-competent diabetic 

mice.[201] Extrahepatic transplants of hydrogels functionalized with VEGF and containing 

islet grafts are able to improve the survival and function of encapsulated cells in mice.[202]

Just as our immune system has evolved to protect us from invading pathogens and foreign 

bodies, cells and tissues employ mechanisms to prevent unwanted clearance or immunity 

against self-antigens. Knowledge of these signals could facilitate the design of biomaterials 

that can prevent excessive inflammatory responses and enhance the half-life of implanted 

devices. For example, “don’t eat me” signals such as CD47 expressed on the cell surface 

prevent clearance or phagocytosis of cells that should be left undisturbed.[203] Expression of 

this marker on cancer cells prevents targeting and killing by immune cells. Rodriguez et al. 

demonstrated how peptides designed from human CD47 and conjugated to nanoparticles can 

prevent clearance, and enhance circulation and delivery of therapeutics into tumors in vivo.
[204]

Immunological tolerance is critical for preventing unwanted or exaggerated antigen-specific 

cellular and humoral responses.[205] When tolerance is broken, as in autoimmune diseases, 

food allergies, and hypersensitivity disorders, patients are routinely administered 

immunosuppressive drugs that can lead to opportunistic infections and cancer. Polymeric 

coencapsulation of the mTOR inhibitor rapamycin with an antigen of choice can induce a 

state of tolerance while minimizing systemic effects and promoting dose sparing.[206] This 

occurs by facilitating uptake by dendritic cells and initiation of tolerogenic T- and B-cell 

responses. Injection of PLGA nanoparticles containing either protein or peptide antigens and 

rapamycin leads to an increase in antigen-specific Tregs and a sustained reduction in 

antibody responses after challenge in models of experimental autoimmune 

encephalomyelitis (EAE), oral and airway allergies, and hemophilia.[206] In another study of 

EAE, the experimental model of multiple sclerosis, Tostanoski et al. used intralymph node 

injections of PLGA microparticles containing myelin oligodendrocyte glycoprotein (MOG) 
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and rapamycin to reverse paralysis, and trigger regulatory T cell accumulation and lymph 

node reorganization in mice.[207]

The resolution of inflammation is an active process, in part orchestrated by ω−3 derived 

lipid mediators that promote clearance of pathogens, apoptosis of neutrophils, and initiation 

of tissue repair.[208] Encapsulation of such resolution agonists into biomaterials can prevent 

local inflammatory responses and extend the life of drug delivery devices. Resolvin D1 

(RvD1) loaded in Pluronic gels or PLGA films can prevent neointimal hyperplasia and 

significantly decrease arterial inflammation after sterile injury.[209] Aspirin-triggered RvD1 

encapsulated into a PLGA film is able to initiate vascular remodeling and tissue repair using 

controlled release.[210] Fredman et al. similarly loaded a synthetic peptide that binds to the 

receptor of RvD1 into collagen iv-targeted nanoparticles, which led to protection against 

atherosclerosis in hypercholesterolemic mice.[211] This strategy to incorporate endogenous 

lipid mediators into biomaterials for drug delivery eliminates potential concerns frequently 

associated with protein delivery, such as antidrug antibody production.

Studies into the molecular mechanisms of inflammation following implantation of 

biomaterials have led to promising drug targets to prevent fibrosis. Inhibition of CSF1R, a 

molecule involved in the foreign body response, prevents macrophage deposition and 

extends the life of implanted biomaterials.[212] Conversely, addition of CD200 to the surface 

of PLGA microparticles and films inhibited proinflammatory cytokine secretion and 

enhanced nonphlogistic phagocytosis by macrophages.[213]

Although a great deal of research has been focused on how intrinsic biomaterial 

characteristics can induce an inflammatory response, the exact mechanisms by which innate 

and adaptive immune responses are initiated are still largely unknown. As these details 

become evident and are combined with newly emerging immunotherapies, our flexibility in 

delivering implants, scaffold, and biomaterials will be expedited.

5.4. Biomaterial Design to Harness the Immune System

As we elucidate the fundamental mechanisms underlying innate and adaptive immunity, our 

ability to harness the power of the immune system to target tumors and infections has led to 

numerous breakthroughs. The FDA has recently approved Kymriah, (CAR) T-cell therapy 

for the treatment of B-cell acute lymphoblastic leukemia.[214] This form of adoptive cell 

therapy involves removing T cells from a patient and genetically engineering chimeric T-cell 

receptors to target an antigen of choice.[215] Although CAR T-cell therapy is revolutionizing 

the treatment of many forms of hematological malignancies, this success is currently 

impaired by systemic toxicity and cytokine release syndrome after infusion, and difficulties 

infiltrating solid tumors. Bioengineering approaches can overcome these obstacles by 

targeting small-molecule drugs, engineered cells, or vaccines to specific organs, cell types, 

or even tumors within the body, resulting in release with desired kinetics and biodistribution 

(Figure 14). A recent study employed a novel microfabrication method to develop a single 

injection platform for the pulsatile release of vaccines. Ovalbumin (OVA)-containing 

microparticles delivered by subcutaneous injection into mice release at desired time points 

and result in higher OVA-specific antibody titers as compared to bolus injections.[216] 

Moreover, Stephan et al. demonstrate how a macroporous scaffold comprised of 
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polymerized alginate and functionalized with stimulatory and adhesion molecules can be 

implanted into tumor resection sites to deliver, expand, and disseminate tumor-targeting T 

cells to prevent relapse.[217] A similar biopolymer scaffold was employed to deliver CAR T 

cells and micro-particles containing a stimulator of IFN genes (STING) agonist thereby 

eradicating tumors and limiting antigen escape variants in mouse models of melanoma and 

pancreatic cancer.[218]

Biomaterials themselves can potentiate adjuvant responses from the immune system. PLGA 

has been demonstrated to activate the NLRP3 inflammasome leading to stronger adaptive 

immunity.[219] Titanium dioxide nanoparticles lead to proinflammatory cytokine secretion 

and maturation of dendritic cells, resulting in stimulation and proliferation of T-cell 

responses.[220] Strategies using biomaterials to boost vaccine and antitumor responses have 

been well investigated.[221]

During conventional vaccination methods, the ability to ensure that APCs effectively acquire 

soluble antigen and adjuvant without triggering systemic toxicity is a major challenge. This 

can be overcome by targeting vaccine formulations to lymphoid organs where immune 

responses are concentrated, or by recruiting APCs to the vaccine delivery site. The latter 

strategy, demonstrated in vivo by implantation of scaffolds able to modulate the phenotype 

of immune cells, has been greatly explored for cancer vaccines.[222] Spontaneously 

assembling scaffolds made of mesoporous silica rods (MSRs) have been developed that can 

recruit dendritic cells into its macroporous 3D micro-environment and prime them for 

antigen presentation via sustained release of antigen and adjuvant.[223] This leads to potent 

antigen-specific T cell and antibody responses against a target of choice. In addition to the 

adjuvants released by the rods, it is possible that degradation of the amorphous silica itself is 

stimulating the inflammasome, enhancing resultant adaptive immunity.

Another vaccine delivery strategy is based on a polylactide-co-glycolide (PLG) matrix 

containing immobilized CpG ODN, granulocyte-macrophage colony-stimulating factor 

(GM-CSF) to promote dendritic cell recruitment, and autologous tumor lysate that confers 

multiple antigens.[224] The scaffold leads to robust priming of CTLs and local and systemic 

anti-tumor responses in a B16 melanoma model. This study has led to the first personalized 

biomaterial-based cancer immunotherapy, called WDVAX, which has recently moved to a 

phase I clinical trial for stage IV melanoma.[225]

Lymph node-targeting vaccines have also been designed, informed by the capacity of 

albumin to capture and deliver dyes to the lymph node (LN) for cancer biopsies.[226] 

Amphiphilic vaccines synthesized with a lipophilic albumin-binding tail and conjugated to a 

heterobifunctional PEG polymer accumulate in the LN and generate a 30-fold increase in T 

cell priming, thereby enhancing tumor killing while limiting systemic toxicity.

Biomaterials can be used to mimic the APCs presentation of antigens to T cells to trigger 

immunity and memory responses. Artificial antigen presenting cells (aAPCs) made of 

spherical polymeric microparticles harboring surrogate major histocompatibility complexes 

(MHC) and anti-CD28 monoclonal antibodies bind the T-cell receptor (TCR) and CD28 on 

CD8+ T cells, leading to their activation. Such aAPCs can synergize with anti-PD1 mAb to 
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increase antigen-specific killing by CD8+ T cells in tumor microenvironments.[227] A study 

of the effects of particle geometry on CD8+ T-cell activation revealed that ellipsoidal aAPCs 

had prolonged contact with CD8+ T cells, increasing T cell proliferation and leading to a 

significant reduction in tumor volume in a murine B16 melanoma model.[228] This 

highlights the importance of capturing the in vivo behavior of phagocytic cells and their 

ability to change shape to promote cell–cell interactions.

Similarly the shape and size of the particles that phagocytes ingest can determine cytokine 

production and T-cell skewing.[229] Rod-shaped gold nanoparticles (AuNP) coated with 

West Nile Virus Envelope protein were able rupture lysosomal compartments and activate 

the NLRP3 inflammasome leading to IL-1beta and IL-18 secretion, while spherical and 

cubic AuNPs led to increased TNF-α, IL-6, IL-12, and GM-CSF from bone-marrow-derived 

dendritic cells (BMDCs).[230] Silica nanoparticles coated with varying poly(amino acid)s 

(PAAs) reveal that increasing hydrophobicity results in increasing levels of IL-1β secretion 

from BMDCs and IFNγ released from T cells.[231] Collectively, these data can inform the 

design of polymeric particles with enhanced adjuvancy during vaccination.

As discussed earlier in this review, delivery of nucleic acids into cells using nanoparticles 

has not only improved our ability to express new proteins, but also to stimulate the innate 

immune system to target an antigen of choice. Lipid nanoparticles for mRNA delivery have 

been efficacious in the B16F10 melanoma model.[93d] Kranz et al. used commonly used 

lipids, N-[1-(2,3dioleyloxy)propyl]-N,N,N-trimethylammonium chlo-ride (DOTMA) and 

DOPE to formulate cationic RNA lipoplexes (RNA-LPX) that efficiently underwent 

phagocytosis by APCs while protecting encapsulated RNA from extracellular degradation.
[232] Recognition of RNA by TLR7 in macrophages and plasmacytoid dendritic cells led to 

the production IFNα and priming of antigen-specific T-cell responses. To highlight its 

potential as a cancer immunotherapy, RNA-LPX encoding tumor antigens were injected into 

mice harboring either B-16 OVA or CT-26, both aggressively growing subcutaneous tumors. 

Rejection and clearance of tumors resulted in potent effector responses by CD8+ T cells. A 

phase I clinical trial is already underway for the treatment of patients with advanced 

malignant melanoma.[232]

Biomaterial design and dose-sparing abilities of nano- and microparticle vaccine 

formulations can facilitate optimal release kinetics that result in robust germinal center 

responses in the LN. One method to study such kinetics employed an osmotic minipump and 

computational modeling to demonstrate that continuous administration of increasing doses 

of HIV-1 env antigen, rather than bolus doses of varying concentrations, led to maximal 

antigen capture in the lymph node, plasma cell generation, and antigen-specific antibody 

titers. It would be interesting to see how such a dosing schedule also affects the quality and 

affinity of the antibody response.[233]

In addition to enabling antigen presentation, cytotoxic T lymphocyte (CTL) function can be 

directly exploited to deliver immunostimulants at the interface with target cells. Recent 

studies have demonstrated that drug-loaded lipid nanoparticles can be conjugated to the 

surface of CTLs.[234] Upon TCR binding of HIV-specific nanocapsule–CTL conjugates 

(NC-CTL) with cognate CD4+ T cells in vivo, granzyme secretion and lysis of NC 

Fenton et al. Page 25

Adv Mater. Author manuscript; available in PMC 2019 November 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



containing an IL-15 superagonist resulted in enhanced killing of HIV-infected CD4+ T cells.
[235] This strategy could have powerful implications for targeting latently infected cells in 

patients with HIV.

Significant efforts are being undertaken to improve adoptive cell therapy (ACT), the process 

of stimulating T cells ex vivo and reintroducing them into a patient to target cancers. 

Typically, the effector function of donor T cells is rapidly suppressed by tolerogenic 

signaling within the tumor microenvironment.[194] Zheng et al. targeted immunoliposomes 

loaded with a transforming growth factor-β (TGF-β) inhibitor to the internalizing receptor 

CD90 and the noninternalizing receptor CD45 expressed on donor T cells. This led to 

sustained activation and proliferation, which correlated with enhanced tumor infiltration by 

T cells and suppression of tumor growth.[236]

As we continue to elucidate the mechanisms by which bio-materials can stimulate immune 

responses, our progress in fine-tuning antiviral and tumor-killing responses will be 

catalyzed. Bioengineering strategies combined with our new knowledge of how the immune 

system responds to infectious disease and cancer will help us to change the lives of countless 

individuals.

5.5. Future Perspectives

As the field of immunoengineering continues to burgeon, a greater understanding of how 

and why biomaterials induce innate and adaptive immune responses will be revealed. Thus 

far, the exact mechanisms surrounding size, charge, hydrophobicity, and shape in activating 

immunity remain unclear. Collaborations between bioengineers and clinicians can advance 

the success of biomaterial-based immunotherapies, but the dearth of data on how novel 

biomaterials will behave in a human setting must be addressed. As many of the drug delivery 

systems and bioscaffolds discussed are easily tunable, there is ample room to use the same 

model system to incorporate a range of drugs and vaccines to treat a wide range of diseases.

6. Concluding Remarks

As a community, the biomaterials field strives to improve global health and well-being. Over 

the last 60 years, our ever-evolving biotechnology platform has impacted countless lives 

around the globe by enabling therapeutic paradigms that were once thought impossible. 

These tremendous advances are truly a testament to the power of collaboration within 

science. Engineers, for example, have modulated the rate at which we can administer drugs 

into the body; chemists and materials scientists have created systems that can respond to 

local and remote physiological stimuli; biologists have pinpointed the mechanistic routes of 

disease; physicists have modeled drug interactions with complex receptors; and medical 

professionals have conducted clinical trials and implemented next generation therapies for 

disease management. This multidisciplinary approach is a hallmark of the biomaterials field, 

and it is one that will continue to influence our research as we build further upon its diverse 

platform.

As we continue forward, many of the challenges that shaped the field 60 years ago remain 

the same today. How, for example, do we ensure that our research can have maximal impact 
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on improving global health? The translation of biomaterials from bench top to bedside is a 

daunting process. However, advances in biomaterials continue to enable next generation 

strategies that are safe and effective in human patients. Nevertheless, as our knowledge 

progresses within this field, more questions arise, and we must continue to refine our work 

to address these issues. It is our hope, therefore, that with continuing effort within the fields 

of engineering, chemistry, biology, medicine, and physics, that we will create even greater 

progress in biomaterials, with the ultimate goal of improving societal health and well-being 

for all.
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Figure 1. 
Examples of biomaterials and their routes of administration for in vivo use. In addition to 

pills and injections, biomaterials have been developed to successfully administer drugs in a 

variety of other ways. Images for ocular delivery: left: Reproduced with permission.[150b] 

Copyright 2014, American Chemical Society; right: reproduced with permission.[237a] 

Copyright 2014, Elsevier. Images for buccal delivery: reproduced with permission.[237e] 

Copyright 2015, Elsevier. Images for pulmonary delivery: left: reproduced with permission.
[12e] Copyright 1997, American Association for the Advancement of Science; right: 

reproduced with permission.[237f] Copyright 2009, Springer Science. Images for systemic 

delivery: reproduced with permission.[237d] Copyright 2016, National Academy of Sciences, 

USA. Images for surgical implantation: left: reproduced with permission.[237b] copyright 

2002, Adis International; right: reproduced with permission.[237c] Copyright 1998, Elsevier. 

Images for oral delivery: reproduced with permission.[237g] Copyright 2016, American 

Association for the Advancement of Science. Images for transdermal delivery: reproduced 

with permission.[170j] Copyright 2015, National Academy of Sciences, USA. Images for 

vaginal delivery: reproduced with permission.[237h] Copyright 2017, Elsevier.
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Figure 2. 
Schematic representation of drug plasma levels after various dosing regimens.
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Figure 3. 
Examples of controlled release platforms. A) The controlled release of macromolecules can 

be controlled via matrix tortuosity-controlled diffusion. B) Membrane controlled diffusion 

can be used to control the release of small molecules from materials including silicone 

rubbers. C) Hydro-gels can also be used for the controlled release of drugs via mesh size and 

network swelling. Adapted with permission.[3] Copyright 2016, American Chemical Society
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Figure 4. 
Timeline representing key moments in the history of biomaterials research.
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Figure 5. 
Delivery barriers to RNA delivery. Adapted with permission.[62] Copyright 2014, Macmillan 

Publishers Limited, part of Springer Nature.
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Figure 6. 
A) Common sugar, base pair, and linker modifications used in RNA delivery. B) 

Representative chemical ligands used for direct conjugation strategies to RNAs.
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Figure 7. 
A) In addition to RNA, lipid nanoparticles consist of four primary components—cholesterol, 

a phospholipid, a lipid anchored poly(ethylene glycol) derivatie, and an ionizable lipid. B) 

Spherical nucleic acids have been developed that can deliver RNA therapeutically to the 

brain following systemic administration. C) Polymer nanoparticles have been developed that 

can deliver RNAs to the lungs. Adapted with permission.[108b] Copyright 2016, WILEY-

VCH. D) Injectable hydrogels have been used to localize siRNAs to the myocardium in 

mice. Adapted with permission.[109] Copyright 2017, American Chemical Society.

Fenton et al. Page 46

Adv Mater. Author manuscript; available in PMC 2019 November 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. 
The design of “triggerable” materials that respond to environmental stimuli for the 

temporally and spatially controlled delivery of therapeutics.
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Figure 9. 
A) Localized regions throughout diseased tissue can be exploited for selective uptake of 

polymer vesicles and triggers for drug delivery. Adapted with permission.[148] Copyright 

2014, Royal Society of Chemistry. B) Controlled release of anticancer therapeutics from 

nanoparticles due to localized weakly acidic pH conditions. Adapted with permission.[146] 

Copyright 2012, Royal Society of Chemistry. C) Acid-degradable polymers for the release 

of anticancer drugs. Adapted with permission.[147] Copyright 2015, Royal Society of 

Chemistry.
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Figure 10. 
A) Targeting tumor cells with pH responsive materials. Adapted with permission.[148] 

Copyright 2014, Royal Society of Chemistry. B) Delivering a payload to a localized area of 

the body using noninvasive ultrasound to trigger release from microbubbles or nanoparticles. 

Adapted with permission.[160a] Copyright 2012, Elsevier.
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Figure 11. 
A) Intrinsic properties of biomaterials can influence cellular response. B) Cellular 

engineering for therapeutic applications. C) 3D scaffolds can alter cell activation. D) 

Nanoparticles can be targeted to specific cell populations.
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Figure 12. 
Size, shape, charge, and polarity may play a role in the immune response to biomaterials.
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Figure 13. 
A) Modified alginate hydrogels implanted in cynomolgus macaques mitigate the foreign 

body response. Adapted with permission.[201a] Copyright 2016, Nature Publishing Group. 

B) Increasing alginate sphere size results in reduced cellular deposition and firbrosis. 

Adapted with permission.[118] Copyright 2015, Nature Publishing Group.
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Figure 14. 
A) Spontaneous assembly of mesoporous silica rods recruits host cells for maturation in 

vivo. Adapted with permission.[223] Copyright 2015, Nature Publishing Group. B) Stable 

conjugation of nanoparticles to the surfaces of T cells and hematopoietic stem cells via cell 

surface thiols. Adapted with permission.[234a] Copyright 2010, Nature Publishing Group. C) 

RNA-lipoplexes trigger interferon alpha release, maturation of antigen-presenting cells and 

effector T-cell differentiation. Adapted with permission.[232] Copyright 2016, Nature 

Publishing Group.
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