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Abstract

In recent years, there have been major advances in the development of novel nanoparticle and 

microparticle-based therapeutics. An emerging paradigm is the incorporation of biomimetic 

features into these synthetic therapeutic constructs to enable them to better interface with 

biological systems. Through the control of size, shape, and material consistency, particle cores 

have been generated that better mimic natural cells and viruses. In addition, there have been 

significant advances in biomimetic surface functionalization of particles through the integration of 

bio-inspired artificial cell membranes and naturally derived cell membranes. Biomimetic 

technologies enable therapeutic particles to have increased potency to benefit human health.

Keywords

biomimetic; micro/nanoparticle; biomaterial; drug delivery

Engineering Biomimetic Particles for Next Generation Therapeutics

Particle-based therapeutics have been investigated in recent years for diverse biomedical 

applications. Owing in part to their ability to circumvent biological delivery barriers, 

customizability to a desired therapeutic and application, and compatibility with biological 

systems, there has been significant progress in translating particle-based therapeutics to the 

clinic for diseases such as cancer and infectious disease. Through rational design, 

biomimetic particles, or particles that mimic biological function, can be developed as 

therapeutics. The particles are often on the nanoscale or are on the microscale with 

nanoscale features. Biomimetic particles can modulate cell function, encourage tissue 

regeneration, and provide for enhanced drug delivery over traditional particle therapeutics.
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Biomimetic particles as next generation particle-based therapeutics replicate features from 

the biological systems and surfaces that the particles are designed to engage. By taking what 

has been learned through studies of cell and viral biology, particles can be engineered to 

mimic core cellular or viral aspects including physical properties such as material 

mechanical properties, particle size, and particle shape. In addition, these particles can be 

fabricated with surface features that also mimic the natural chemical and biological 

properties of biological surfaces including chemical composition, three-dimensional surface 

protein presentation, and membrane fluidity (Table 1). These strategies are increasingly 

being utilized and found to potentiate enhanced therapeutic action for the intended 

applications.

Many exciting new approaches are emerging from efforts to utilize bio-inspired design of 

new drug delivery systems. We will focus here on >100 nm particles which themselves 

directly mimic existing biological modalities for therapeutic applications. In addition to the 

biomimetic particles described here, many other approaches to bio-inspired drug delivery 

offer substantial promise [1, 2] such as apoferritin nanocages [3] and human serum albumin 

nanoparticles [4]. In addition, although the scope of this article includes a broad discussion 

of biomimetic particles, an area where biomimicry has particular impact is in the field of 

immunoengineering. As a result, many illustrative examples for engineering various 

biomimetic particles at the interface of chemistry, biology, and materials science are 

applications in this field. In describing these biomimetic particles, an inside-out approach is 

utilized starting with selection of core material properties, particle size, particle shape, and 

choice of encapsulated therapeutic. Subsequently, the design of biomimetic surfaces on 

these particles is described through the engineering of artificial cell membranes and the 

selection of surface bound ligands to mimic natural cells and viruses. Biomimetic particles 

can enable the realization of next generation therapeutics, where synthetic nanoparticles and 

microparticles emulate biological processes to enable highly efficacious and safe particle-

based therapeutics.

Physical Properties: Size, Material, and Shape

Size

One important parameter that must be considered in the design of a biomimetic therapeutic 

is the size of the particle intended to interact with the biological system. In the case of 

particles intended for cellular mimicry, the literature suggests that the closer the particle is to 

cellular size, the more potent the effect on the target cell. One classic example of this 

concept is the artificial antigen presenting cell (aAPC). aAPCs mimic the natural function of 

the traditional antigen presenting cell through the presentation of APC surface proteins on an 

acellular substrate. These surface proteins include a T-Cell Receptor agonist (such a 

recombinant major histocompatibility complex loaded with antigen), and an agonist for a 

costimulatory receptor (such as a monoclonal antibody for CD-28 on the cell surface). 

Various platforms have been utilized for the artificial antigen cell including polystyrene [5], 

biodegradable polyesters [6], and lipid based formulations [7]. Classically, size is a critical 

factor for modulating T-Cell activity with larger 4-5 micron particles identified as optimal at 

T-Cell stimulation [5]. More recently, it has also been shown that for the same protein dose, 
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nanodimensional aAPCs elicit 3-fold less cytokine production from T-Cells compared to 

micron-scaled aAPC counterparts [8]. One reason postulated for the relative ineffectiveness 

of nano aAPCs is that their individual areas of surface contact with the T-Cell are too small 

to permit T-Cell receptor clustering on the micron scale [9]. It has been shown that in a 

natural T-Cell/APC engagement, there is a dynamic rearrangement of surface receptors 

involved in signaling termed the immunological synapse (IS). [10] The net result is micron-

scale clustering of T-Cell receptors and co-stimulatory receptors. Furthermore, this 

clustering has been shown to result in the enhanced activation of T-Cells.[11] 

Nanoengineering approaches may improve upon this paradigm [12]; in particular, one recent 

strategy used to circumvent this difficulty is the use of magnetic nano aAPCs and an 

externally applied magnetic field to drive receptor clustering. With this platform, the nano 

aAPCs demonstrated a 15-fold increase in antigen specific T-Cell proliferation by clustered 

magnetic nano aAPCs compared to non-clustered magnetic nano aAPCs [13, 14].

At the level of a virus, nanoparticles of controlled size have been fabricated for size-

dependent mimicry of viral function. One of the features of the viral/host interaction that has 

been studied in great detail is the internalization rates and pathways of different sized 

particles. Nearly all eukaryotic cells engage in endocytosis and it has been shown that 

particles as large as 1 μm can be endocytosed in this process [15]. In addition, it has been 

shown that nanoparticle size can have a strong influence on the rate of internalization and 

the subsequent intracellular trafficking routes.[16]

One field where the size-dependent impact of endosomal trafficking of nanoparticles is 

gaining increasing attention is the area of nanoparticle vaccines. Nanoparticle vaccines 

attempt to mimic normal viral infection through the delivery of an antigen, or a gene 

encoding an antigen, and an adjuvant to accelerate the immune response to the antigen. As 

viruses exhibit a large diversity in size and immune response [17], this factor must be 

considered when designing a nanoparticle vaccine. Although the correlation between 

immunogenicity and nanoparticle size can depend on the application [18], it is clear that 

nanoparticle size can be used to tune the immune response. One potential explanation 

recently revealed is the preferential targeting of specific antigen presenting cell subsets. 

Numerous studies have been published on the impact of size on dendritic cell/macrophage 

cell internalization and subsequent immune phenotype of these cells [19-21]. Continued 

investigation into the effect of size on nanoparticle vaccine efficacy will greatly enhance our 

ability to mimic the natural capability of viruses to elicit immune responses.

Material

One of the most fundamental levels of biomimicry that can be achieved with a particle is 

through the selection of a core material. Traditionally, many therapeutic particles are 

synthesized from polymeric or inorganic metal precursors [22]. Although effective for many 

applications, these materials generally are not biomimetic owing in part to their synthetic 

nature. Consequently, there has been a focus to generate particles from materials that better 

mimic the natural biologic properties of cells and viruses.

For biomimicry at the cellular level, a key aspect is particles that have a low compressive 

modulus. One way this has been achieved is through the use of hydrogel-based 

Meyer et al. Page 3

Trends Biotechnol. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



microparticles synthesized from preformed template molds. Hydrogels have been shown to 

mimic red blood cell (RBC) compressibility, thus allowing them to squeeze through small 

flow channels [23]. By modulating the percentage of crosslinker used during hydrogel 

synthesis, particles of different rigidity can be synthesized ranging from 7.8 kPa to 63.9 kPa. 

Standard RBC modulus was noted to be 15-26 kPa. Low modulus microgels demonstrated a 

45-fold increase in elimination half-life compared to the equivalent high modulus microgels 

[24]. This effect was further demonstrated to be maintained across a wide variety of particle 

sizes smaller than 8.9 μm [25]. Another way in which particles mimicking the mechanical 

properties of cells have been created is thorough chemical destabilization of particle cores. 

Doshl et. al. demonstrated a 10,000-fold reduction in particle modulus (from 106 kPa to 102 

kPa) through core destabilization [26]. The resulting poly(lactic-co-glycolic acid) (PLGA) 

microparticles demonstrated deformability under flow through a size restricting capillary.

Viral mimicry can be achieved through direct use of biologically derived substances. For 

example, virus-like particles (VLPs) can be synthesized directly from viral capsid proteins. 

Due to their spontaneous self-assembly, and lack of genetic material required for viral 

reversion, VLPs are easy to assemble and safe to use compared to live viral counterparts 

[27]. In addition, since the process of VLP assembly retains the antigenic protein structure 

of the live virus, these nanomaterials have been well researched for their capability to act as 

adjuvants for vaccine therapies [28]. Owing in part to their safety and efficacy as vaccines, 

several VLP based platforms have been clinically approved including one for hepatitis B and 

human papilloma virus [29].

Material selection can also have implications for surface physiochemical properties such as 

topography and zeta potential. These surface properties can in turn have a broad impact on 

the way these materials interact with the biological system with which they are designed to 

interface. For example, surface charge can impact the affinity of a nanoparticle for the 

negatively charged membrane [30]. It was recently described by Cho et. al. using gold 

nanoparticles with different adsorbed molecules (containing cationic, anionic, and neutral 

surface moieties) that a positive surface charge on the particle enabled higher rates of 

internalization through the negatively charged membrane [31]. Surface roughness can also 

impact the way a cell interacts with a biomaterial. Returning to the aAPC as an example, 

there has been recent work by Fadel et. al. on the use of bundled carbon nanotubes as the 

core material for these biomimetic constructs [32]. Through modulation of chemistry in 

synthesis and subsequent introduction of surface defects, the authors were able to increase 

the accessible surface area for protein adsorption. The impact on T-Cell activation was 

dramatic with more than 10-fold higher levels of T-Cell activation by carbon nanotube 

aAPC with a rough surface topography compared to those without [32]. This finding was 

exploited in a later study to rapidly and efficiently generate large numbers of antitumor T-

Cells for melanoma therapy [33].

Shape

One of the recently elucidated parameters to generate biomimetic particles is through the use 

of shape. At the micron scale, cells will present a dynamically non-spherical three 

dimensional shape when interacting with other cells and the extracellular matrix [34]. At the 
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nanometer scale, viruses exhibit highly irregular 3D morphology which has been postulated 

to be correlated with cellular invasion [35]. To generate anisotropic particles, numerous 

approaches have been demonstrated including a thin film stretching method developed by 

Ho et. al. [36] and subsequently expanded for additional shapes [37] and automated [38]. 

Another well-researched method for the generation of particles with anisotropic shape is the 

particle replication in non-wetting templates method or PRINT [39]. This procedure has 

been recently expanded to produce particles of various shape and material composition [40, 

41]. In addition to the PRINT and thin film stretching techniques, there are also a variety of 

microfluidic techniques and self-assembly based techniques for the generation of anisotropic 

particles as well [42, 43].

Through their biomimicry, non-spherical particles have been shown to have a clear 

advantage over spherical particles as artificial antigen presenting cells. Traditionally, these 

particles have been spherical and micron sized in nature [44]. Non-spherical aAPCs were 

shown to elucidate a 20-fold stronger T-Cell response compared to spherical counterparts 

[45]. In addition, these aAPCs mediated a stronger antitumor effect in vivo compared to 

spherical aAPC, and the effects of particle shape were separable from other critical factors 

like antigen density or antigen dose [45]. Confocal experiments showed that this effect was 

mediated by improved interaction along the long axis of the ellipsoidal aAPCs (Figure 1A-
G) [45]. Despite the evidence suggesting the ineffectiveness of nano scale aAPCs [8] this 

shape effect was shown to be preserved at the nano-scale as well, with ellipsoidal nano 

aAPCs eliciting 15-fold stronger T-Cell activity compared to spherical nano aAPCs (Figure 
1H) [46].

Non-spherical nanoparticles have also gained interest for their drug delivery potential and 

enhanced mimicry of viral function for intracellular delivery. Recent evidence has suggested 

that non-spherical nanoparticles avoid non-specific clearance by the reticuloendothelial 

system [47]. For macrophage clearance, it has been demonstrated that ellipsoids can be 

internalized 2-fold less than their spherical counterparts [48]. Furthermore, aspect ratio plays 

a role in this inhibition of cellular uptake. Using MSCs and HeLa cells, Florez et. al. 

demonstrated that particle with an aspect ratio of 4 were taken up 2-5 times less than 

particles with aspect ratio of 2 [49]. In an attempt to elucidate this phenomenon, several 

groups have investigated the mechanism behind this differential uptake based on cell shape. 

Champion et. al. demonstrated that the angle in which the particle approaches the membrane 

has a profound impact on whether or not it is internalized [50]. For spherical particles, the 

angle of approach has no effect on internalization of the particle due to isotropy. For non-

spherical micro and nanoparticles, it was found that the rod-shaped particle could only be 

successfully internalized if the particle approached the membrane perpendicular to its long 

axis. Otherwise, the particle would not be internalized [50]. This observation could 

potentially be linked to the increased strain energy required for the membrane to wrap 

around the particle. Agarwal et. al. investigated internalization rates of rod and disc shaped 

particles of different shapes and aspect ratios. The authors found that discs were internalized 

more readily than rods and this was linked to the calculated 2 fold increase in strain energy 

of the membrane wrapping around the rod shaped particles as opposed to the disc shaped 

particles [51].
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In addition to resistance of non-specific cellular uptake, non-spherical particles have been 

shown to have increased targeted binding to cells in vitro. Barua et. al. reported that 

conjugation of a targeting antibody increased binding specificity and targeted uptake of 

prolate ellipsoids by a factor of 3 compared to spheres [52]. This effect translated in vivo as 

well. Kolhar et. al. demonstrated 2-fold more accumulation of targeted ellipsoids compared 

to spheres in lung endothelium (through conjugation of an antibody for ICAM for lung 

endothelial cells), and up to 7.5-fold more accumulation of ellipsoids compared to spheres in 

brain endothelium (through conjugation of an antibody for the transferrin receptor on brain 

endothelial cells) [53]. The mechanism behind the increased targeted binding to cells is 

more intuitive then that of the reduced non-specific uptake [54]. Non-spherical particles 

such as rods and discs generally have regions where the radius of curvature at the surface is 

much higher than that of spherical particle of equivalent volume. Assuming a fixed length of 

the targeting ligand, this increases the available functionalized area on the particle with 

which the cell can interact. As a result, there are more protein/ligand interactions between a 

particle with a larger radius of curvature than that of a smaller one. This increased avidity of 

non-spherical particles for targets in turn increases the binding affinity compared to 

volumetrically equivalent spherical particles [54].

There have also been many reports of successful intracellular drug and genetic therapeutic 

delivery with anisotropic nanoparticles. PRINT based rod shaped particles have been used 

extensively for applications including siRNA delivery [55], replicon vaccine delivery [56], 

and chemotherapeutic delivery [57, 58]. In addition, cylindrically shaped PRINT based 

particles have been used to investigate the impact of drug weight percentage in drug loading. 

Through direct templating of particles with the use of a single solvent, Chu et.al. was able to 

fabricate nanocylinders with a precise weight ratio of docetaxel content [59]. The authors 

demonstrated for the same amount of drug administered, particle with a lower weight ratio 

of the therapeutic demonstrated more effective delivery of the drug to a tumor site, and 

subsequent therapeutic benefit in an adenocarcinoma model. Such studies illustrate the 

importance of drug loading as a variable to be controlled in the fabrication of biomimetic 

particles for drug delivery.[59]

Self-assembled anisotropic nanoparticles have also been utilized in the past decade for gene 

and chemotherapeutic delivery. One prominent example in the literature of the use of shape 

to enhance the delivery of genetic therapeutics is the use of PEG-PPA block copolymers 

self-complexed with a plasmid to generate particles with anisotropic shape for gene delivery 

[60]. These rod-like micellar nanoparticles outperformed equivalent spherical nanoparticles 

for hepatic gene delivery in vivo by 10,000-fold [61]. Anistotropic self-assembled 

nanoparticles have also shown promise as vectors for intracellular delivery of doxorubicin. 

Karagoz et. al. demonstrated that block copolymer worm-like micelle formulations of 

doxorubicin were able to mediate 7-fold increased killing of cancer cells compared to 

spherical micelles [62]. These promising results motivate continued research in the 

application biomimetic nanoparticles for intracellular delivery.
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Soluble Mediators

Aside from mimicking the physical form of cells and viruses, there has been significant 

effort into designing particle therapeutics that mimic the secretory function of cells as well. 

One of the most widely studied methods to achieve this goal is the controlled release of 

small molecules and proteins for a paracrine effect on other cells. Mimicking the localized 

paracrine delivery of small molecules exhibited by cells is desirable for many therapeutic 

applications. It allows for spatial control over small molecule or protein therapeutic 

concentration to ensure only the target cell/cells are affected. One example of a natural, 

biological situation where this paracrine release occurs is in the engagement of a helper 

CD4+ T-Cell with its target. After activation by an APC, a CD4+ cell will polarize its 

granules for directional secretion of soluble mediators.[63] This ensures that only the 

subsequent target cells to which the CD4+ T-Cell binds will be effected by the secretion of 

these potent immunostimulatory cytokines such as IFN-γ. Biodegradable polymers remain a 

popular material of choice for this application due to their capability to interface with 

biological systems and permit controlled release of a therapeutic. Three applications 

involving mimetic biodegradable particles for paracrine delivery of soluble mediators 

include the delivery of growth factors for tissue regeneration, the delivery of chemokines for 

directed cell migration, and delivery of immune cytokines for enhanced immune cell 

activation.

The first application, particulate systems for controlled growth factor delivery, has been 

investigated for stem cell research and regenerative medicine due to the capability to mimic 

the temporal control over release seen in natural tissue regeneration. As an example, 

hydrogel microrods can deliver an insulin like growth factor mimicking peptide to prevent 

unwanted cardiac remodeling and enhance survival in a post myocardial infarction mouse 

model [64]. Additionally, for neural regeneration, PLGA nanoparticles have been shown to 

deliver leukemia inhibitory factor to support the growth of dopaminergic cells for the 

regeneration of lost tissue observed in Parkinson's disease [65].

Controlled release of chemokines for control over cell migration has been second area of 

interest in the application of biodegradable nano- and microparticles for paracrine delivery 

of soluble mediators. One area where establishment of a chemokine gradient has been of 

importance is the administration of particulate-based vaccines. To enhance the efficacy of 

dendritic cell targeting vaccines, Zhao et. al. designed PLGA microspheres designed to 

establish a chemokine gradient of chemoattractant molecules for DCs [66]. For recruitment 

of immune cells to the lymph nodes, Popova et.al. took advantage of the natural tendency of 

nanoparticles of sufficiently small size to drain to the lymph nodes upon injection. Once at 

their intended site, the nanoparticles would release a chemokine to attract a target immune 

cell to the lymph nodes [67]. Biomimetic particles have also been used to direct the 

migration of mesenchymal stem cells as well. Huang et. al. encapsulated stromal cell-

derived factor-1 in a chitosan based nanoparticle and demonstrated a 5-fold increase in MSC 

migration in a transwell assay over blank nanoparticle controls or soluble growth factor 

alone [68].
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Finally, paracrine delivery of soluble mediators has been applied in the delivery of cytokines 

in the context of aAPC technology. During the intimate contact between the APC and T-

Cell, the APC can release soluble mediators known as “Signal 3” to alter target T-Cell 

function. Owing in part to the tight contact and minimal distance between the two cells, 

these soluble mediators primary affect the target T-Cell. Taking this cue, Steenblock et. al. 

designed an aAPC with paracrine delivery of IL-2, the T-Cell growth factor, through the use 

of biodegradable PLGA. As a result of this loading there was an enhancement of T-Cell 

proliferation compared to soluble IL-2 [69]. In a follow up study, the same group explored 

this effect with computational modeling of release from a biodegradable particle juxtaposed 

against a cell. With reduced contact space between the aAPC and the T-Cell, there was a 2-

fold increase in surface concentrations of the released therapeutic and through local release 

this stimulation could occur with significantly lower doses IL-2 (Figure 2) [70]. In a 

melanoma tumor treatment model, Fadel et. al. reported similar therapeutic effect of the 

aAPC with paracrine delivery of IL-2 compared to aAPC administration with 1000-fold 

higher amounts of soluble IL-2 [33]. These results motivate further studies of local paracrine 

delivery of soluble mediators from targeted nanoparticle and microparticle therapeutics.

Surface Chemistry Mimicry

Biological cells are surrounded by highly complex membranes composed of lipid bilayers 

and glycated cell surface proteins, which are highly organized and transmit and receive 

critical signals that direct normal and abnormal cellular function. Recently, there has been 

increased attention in taking cues from this biology to design therapeutic particles with 

greater biomimicry. There are two main approaches towards development of biomimetic 

particles in general and for particles that mimic cell surfaces in particular. Bottom-up 

approaches begin with molecular components and then build these up through physical and 

chemical approaches into larger structures. Bottom-up approaches include many 

microfluidic and self-assembly-based techniques for the generation of supramolecular 

assemblies and particles. To emulate cells, bottom up approaches typically include the 

molecular components of cells such as lipids, as well as desired surface proteins, which are 

synthetically incorporated either by surface functionalization of an intact lipid bilayer or by 

formulating the proteins with lipid linkers and adding them during a particle coating step. 

Top-down approaches, on the other hand, are either directly engineered from the macroscale 

(such as PRINT technology) or directly utilize macroscale biological components that are 

reformulated. For example, to cause a particle to more closely emulate a cell, cell 

membranes can be harvested from biological cells and directly added to the particle cores.

Bottom up approaches

Surface conjugation—A major goal in particle-based drug delivery involves the 

avoidance of non-specific uptake and rapid clearance from the blood by immune cells such 

as macrophages. Classical approaches towards this problem involve densely conjugating 

hydrophilic polymers such polyethylene glycol (PEG) to the particle surface in an effort to 

minimize interactions with biomolecules and cells based on hydrophobic interactions and 

charge [71, 72]. Although there is significant research on the use of polymers to make 

nanomedicines more amenable to in vivo use, our focus in these sections is to summarize 
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some of the strategies that utilize design elements from cell membranes to avoid foreign 

designation by the body during circulation. For a more comprehensive review on some of 

these surface chemistries, we refer the reader to a more comprehensive review.[73]

One approach to improve on the PEGylated particle model is identification and use of 

biological “self” signals. CD47 has recently been identified as perhaps the most potent 

“self” marker and Rodriguez et al developed “self” peptides, computationally derived from 

human CD47, that optimally bind to the same binding partner as CD47 (CD172a) [74]. 

These “stealth” self peptides strongly inhibit nanoparticle uptake by macrophages at far 

lower densities than are required for effective protection by PEG, requiring only a single 

CD47 molecule per 60 nm particle [74].

Lipid coating—Cellular membranes are formed from fluid lipid bilayers and present a 

variety of protein signals in addition to being shielded by a dense glycocalyx. Sengupat et al 

developed anticancer “nanocells” (NC) [75] composed of a core PLGA nanoparticle with an 

encapsulated chemotherapeutic that was surrounded by a peglyated-lipid envelope that 

trapped an anti-angiogenic agent. This allowed for rapid release of the antiangiogenic agent 

followed by slower release of the chemotherapeutic, enabling vascular shutdown prior to 

direct tumor killing. NC showed significant tumor accumulation, tumor growth inhibition, 

mouse survival, tumor cell apoptosis, and reduced systemic toxicity.

Polymer-supported lipid bilayers (SLBs) have been used for a long time as cell-surface 

models [76-89]. Advantages of SLBs over polymer-support free systems such as free 

standing lipid membranes or liposomes include improved mechanical stability and 

maintenance of membrane fluidity [83, 84]. They have been developed for phase-transition 

chromatography [85, 86] as well as isolation of cell membranes on particle surfaces [87-89]. 

In a biomimetic approach, the Brinker group developed “protocells” with mesoporous silica 

cores surrounded by fully synthetic lipid bilayers [90-93]. These fully synthetic protocells 

can encapsulate a variety of chemically drugs and present ligands on the supported lipid 

bilayer surface, including short peptides and larger antibodies or glycoproteins (Figure 3A). 

This enables presentation of a variety of important biological signals on the cell-like 

artificial surface, including targeting moieties to enhance specific cell targeting and 

fusogenic peptides to enhance endosomal escape on the surface of the nanocarrier [93]. 

Compared to liposomes presenting the same targeting peptides, these protocells show 

increased membrane fluidity and as a result show enhanced specific binding due to the 

ability to recruit additional peptides to the particle-cell interface, increasing the multivalency 

of the interaction [93].

Top down approaches: Cell membrane coated particles

Rather than synthesizing an artificial membrane out of fully synthetic components, several 

groups have recently explored the concept of harvesting and purifying biological membranes 

from cells and then using the purified membrane to coat particles. Red blood cells (RBCs) 

offer a number of advantages as potential targets for biomimetic therapeutic particles as they 

have extremely long circulating half-lives, possess a discoidal-shape, and have the flexibility 

to squeeze through capillaries. Multiple groups have purified RBC membranes via 
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hypotonic lysis and centrifugation and generated RBC vesicles either via sonication or 

physical extrusion of the purified membrane through filters with defined pore sizes.These 

RBC vesicles, also named resealed erythrocytes, can then be loaded with a variety of 

hydrophilic drugs in the same fashion as with synthetic liposomes [94-96]. Challenges with 

this approach include early removal from the circulation, early drug release for smaller or 

more lipophillic molecules, and variability with particle fabrication and stability.

Hu et al [97] fused RBC vesicles with nanoparticle cores to form RBC membrane 

camouflaged nanoparticles (Figure 3B) by mixing nanoparticles cores with preformed RBC 

vesicles and then extruding the mixture repeatedly through polycarbonate filters. These RBC 

membrane camouflaged nanoparticles showed superior in vivo half-life compared to 

PEGylated nanoparticles. The process coats the nanoparticles in a unilamellar fashion, 

preserves the majority of the membrane proteins, including CD47, and presents them in a 

correct-side out orientation [98]. These RBC-coated particles were used as RBC decoys to 

protect against RBC lysis from pore forming toxins (PFTs) [99]. When formulated with 

PFTs and injected, these particles engender effective immune responses against the PFTs 

[100].

Leukocytes or white blood cells use their cell surface interactions to bind to inflamed 

endothelium and respond to infection in the tissues. Parodi et al [101] encapulated 

nanoporous silica nanoparticles with white blood cell (leukocyte) membranes and 

demonstrated that these “leukolike vectors” (LLVs) recapitulate functions of white blood 

cells, including avoiding immunological clearance, interacting with endothelial cells, and 

transporting drugs across a model of inflamed endothelium. In the presence of TNF-alpha, 

LLVs are transported across an inflamed endothelial barrier 4-fold more efficiently than 

bare particles, showing the same propensity to cross-inflamed endothelium as biologic 

leukocytes. These properties allowed doxorubicin-loaded LLVs to show enhanced tumor 

cell killing with relative protection of the endothelium, delayed liver clearance, and tumor 

accumulation in mice.

Nanoparticle biomimicry may be extended to other cell types as well through the harvesting 

of cellular “ghosts” such as from platelets [102] or mesenchymal stem cells (MSCs) [103]. 

MSCs show intriguing active tumor-targeting properties, and Furman et al. showed that 

MSC vesicles or nanoghosts loaded with sTRAIL could substantially inhibit prostate tumor 

growth in vivo [103]. Of particular note, this effect was restricted to nanoghosts derived 

from MSCs, as nanoghosts derived from human smooth muscle cells, which were of similar 

size and physical properties, showed no therapeutic effect [103]. This type of biomimicry is 

not restricted to use of purified membranes from healthy cells alone. Cancer cell membrane 

coated nanoparticles (CCNPs) [104] have also been produced and are efficiently taken up by 

dendritic cells and useful as cancer nanovaccines. CCNPs may also show enhanced tumor 

targeting for direct delivery of anticancer drugs.

Concluding remarks and future perspectives

The biomimetic strategies discussed in this review can be combined to enable next-

generation particles for cellular engineering. On the microscale, such particles could closely 
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mimic biological cells by precisely matching multiple aspects such as size, shape, membrane 

fluidity, presentation of protein extracellularly, receptor clustering, and release of soluble 

signaling factors. In some cases such “artificial cells” could have added benefits as 

therapeutics compared to biological cells as they can be precisely programmed and can resist 

extracellular signals from the microenvironment that are antagonistic to this precise 

programming. On the nanoscale, next-generation biomimetic particles could have enhanced 

stealth and “self” properties for prolonged circulation, enhanced avidity to their target 

through the design of shape, and the ability to signal on multiple biological levels 

simultaneously through the release of varied biomolecular cargos.

In one example of a potential future technology, off-the-shelf biomimetic biodegradable 

plastic particles, such as next-generation aAPCs, could be manufactured in large batches and 

stored lyophilized for long periods of time. Such particles could incorporate novel protein 

antigens, such as those discovered from a biopsy or by DNA/RNA sequencing, via synthetic 

peptide synthesis of the amino acid sequences followed by simple mixing with the off-the-

shelf aAPCs to load the novel antigen on the surface. These aAPCs could also encapsulate 

synergistic molecules, such as monoclonal antibodies for checkpoint inhibitors, for in vivo 

release. Such an immunotherapy would be non-cellular and may have certain advantages 

compared to cellular therapy in terms of manufacturing and regulatory hurdles. This 

particle-based therapy would also have a direct advantage over a traditional cell based 

therapy in that it could both resist suppression by the host immune system as well as have a 

biological impact on checkpoint inhibitors that the traditional antigen presenting cell could 

not effect.

There are varied potential advantages of biomimetic particle systems. They can enable a 

more precise and potent biological response while theoretically also improving specificity 

and safety. They may also be able to replace cellular therapies in a manner that could be 

potentially more controlled, safe, and efficacious. However, as with all new technologies, 

significant challenges remain before clinical translation. Many of these particle systems are 

complex and involve biological therapies. Combination products encompassing biologics, 

drugs, and devices (the particle) are more challenging from a regulatory and clinical trials 

standpoint than conventional small molecules. Scaling up manufacturing can be a significant 

hurdle as well, and continuous-based processes can have certain advantages over batch 

synthesis processes. Although there are challenges, the future of biomimetic particles, 

precisely designed particles that mimic biological systems, is promising.

In this review, current approaches at extending the therapeutic efficacy of nanoparticle and 

microparticle systems were discussed in the context of designing the particles to be more 

biomimetic. Bio-inspired design of nanoparticles enables long circulation times and stealth 

interaction with off-target molecules and cells and simultaneous high affinity interactions 

with target cells. Such biomimetic particles can encapsulate and release soluble small 

molecules and proteins extracellularly or intracellularly and can also present biological 

molecules in specific orientations to trigger cell signaling of target cells. These approaches 

can be used to combat many diseases, including treating cancer in new ways including 

through nanoparticle-based vaccines and construction of artificial antigen presenting cells. 

The future of particle-based therapeutics involves learning from natural biological systems 
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and designing the needed physical, chemical, and biological parameters to emulate them. 

Such biomimetic therapeutic particles have a promising outlook to benefit human health.
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Biomimetic Particles as Therapeutics – Highlights

➢ Engineering particle material, size, and shape enables enhanced biomimicry.

➢ Particles with paracrine delivery of soluble mediators mimic secretory cells.

➢ Artificial cell membranes mimic the surface chemistry of cells and viruses.

➢ Particles can be coated with naturally derived cell membranes for cell mimicry.
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Figure 1. 
Particle shape is a critical factor in antigen presenting cell biomimicry. (a) T-Cell (red) 

interacts with the long axis of an ellipsoidal artificial antigen presenting cell (green). 

Widefield view of (b,d) spherical and (c,e) ellipsoidal aAPC interacting with (b,c) cognate 

and (d,e) non-cognate T-Cells. (f) Ellipsoidal aAPC leads to greater frequency of conjugates 

between T-Cells and aAPC compared to spherical aAPC. (g) Ellipsoidal aAPC leads to 

greater length of contact between T-Cell and aAPC compared to spherical aAPC. (h) 

Nanoellipsoidal aAPC leads to greater in vivo proliferation and activation of T-Cells 

compared to equivalent spherical aAPC. Modified reproduction with permission from 

Sunshine et al, Biomaterials (2014) [45] and Meyer et al, Small (2014) [46].
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Figure 2. 
Paracrine release of IL-2 by a targeted nanoparticle therapeutic enhances T-Cell 

proliferation and activation. (a) Schematic illustration of experimental conditions to test the 

efficacy of paracrine delivery of IL-2. In the transwell condition, the particle and cells are 

separated by a transwell barrier. In the uncoated condition, the particle and cells are mixed 

together but there is no targeted delivery of the IL2. (b) The highest T-Cell fold expansion is 

observed in the groups with targeted paracrine delivery of IL-2 by artificial antigen 

presenting cell particles. (c) CD-25 (IL-2 receptor) expression is highest in the group with 

targeted paracrine delivery of IL-2. (d) Computational modeling of local juxtapositional 

concentration effects. With the narrowing of the gap between the aAPC and the cell, there is 

an increase in the available local concentration of the released therapeutic. Reproduced with 

permission from Steenblock et al, J Biol Chem (2011) [70].
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Figure 3. 
Schematics of (A) bottom-up, fully synthetic, biomimetic particle supported lipid bilayers, 

reprinted with permission from Ashley et al., Nat Mater. (2011)[93] and (B) top-down 

particle coating with biological membranes, reprinted with permission from Hu et al., PNAS 

(2011)[97].
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Table 2

Summary of the various advantages and disadvantages of bottom up and top down surface biomimicry 

strategies.

Advantages Disadvantages

Top Down • Complete control over contents
• Fully characterized

• Readily customizable
• Versatile

• Often requires multiple input sources and many steps to 
synthesize

Bottom Up • Can recapitulate complex properties
• May offer properties whose mechanisms have not been fully 

elucidated as yet
• Potentially highly biocompatible

• Limited membrane sources
• Incomplete control over content

• Varying difficulty and cost in membrane purification 
depending on cell type
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