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ABSTRACT 

Clinical translation of nanoparticle‐based drug delivery systems is hindered by an array of challenges including poor 
circulation time and limited targeting. Novel approaches including designing multifunctional particles, cell‐mediated 
delivery systems and fabrications of protein‐based nanoparticles have gained attention to provide new perspectives to 
current drug delivery obstacles in the interdisciplinary field of nanomedicine. Collectively, these nanoparticle devices are 
currently being investigated for applications spanning from drug delivery and cancer therapy to medical imaging and 
immunotherapy. Here, we review the current state of the field, highlight opportunities, identify challenges, and present 
the future directions of the next generation of multifunctional nanoparticle drug delivery platforms.  
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Graphical Abstract. Novel approaches in designing nanoparticles to overcome challenges faced by traditional 
nanoparticle‐based drug delivery systems. 

INTRODUCTION 

Research aimed at the development of novel nanoparticle technologies and their prospective use in a variety of medical 
applications have grown exponentially in recent decades. While broadly defined as colloidal particles ranging in size 
from nanometers into the submicron range, the scope of their properties, modes of preparation, compositions, and 
architectures vary vastly. As a result, their potential impact in numerous biomedical applications including drug delivery, 
tissue engineering, and diagnostics has become increasingly evident. Despite a wide range of tangible efforts, few 
nanoparticles have had meaningful clinical impact. In fact, during the 20 years following the FDA approval of Doxil in 
1995 for the treatment of Kaposi’s Sarcoma, fewer than 50 nanomedicines have received FDA approval [1]. Recently 
published reviews by Anselmo et al.[2] and Ventola[3] highlight current clinical trials of nanoparticle formulations while 
describing challenges impacting their successful translation to the clinic.  

Nanoparticle‐based drug delivery systems aim to provide several advantages over their free drug counterparts including: 
(i) protection of loaded cargo from degradation or deactivation, (ii) potential controlled release mechanisms, and (iii) 
altered pharmacokinetics and specific control of biodistribution [4,5]. Despite their great promise, nanoparticles suffer 
from rapid clearance from circulation, inefficient delivery to target tissues, and limited ability to cross challenging 
biological barriers such as the blood‐brain barrier [6–8]. Therefore, the development of alternative drug delivery designs 
have proven essential to address the above‐mentioned hurdles. 

In response to the challenge to navigate, alter, or interact with complex biological, physiological, or pathological 
processes, nanoparticle designs and architectures have evolved, in an attempt to address these challenges. However, 
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while one class of particle or material may address a single barrier, it is unlikely to address them all. For example, in the 
case of drug delivery for cancer therapy, the bulk and surface properties best suited for this multi‐step process – 
including systemic transport, tumor localization, cellular uptake and effective drug release – are conflicting [9]. 
Approaches to address this conundrum include the development of multifunctional particles, cell mediated transport 
mechanisms, and the use of biologically derived materials. Here, we discuss recent advances in the development of such 
particles, their potential applications with a particular focus on drug delivery and persisting challenges in the field of 
multifunctional drug delivery carriers.  

MULTIFUNCTIONAL NANOPARTICLES 

Multifunctional particles can be defined as any particle system with two or more engineered properties. Here, we focus 
on two distinct types of multifunctional particles – (i) those with surface anisotropy and, (ii) those with bulk anisotropy. 
In the case of surface anisotropic particles, the bulk composition is often uniform and controlled, post‐fabrication 
surface modifications are used to create non‐uniform surface features that diverge from their bulk properties. 
Conversely, bulk anisotropic particles contain multiple, distinct volumes within a single particle, often comprised of 
different materials, and as a result have dissimilar bulk properties. Discussed here, a variety of fabrication methods 
within each class, have been developed. 
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Figure 1. Techniques for the synthesis of multifunctional nanoparticles. (A) Vapor‐assisted deposition of macromolecules 
to select areas of nanoparticles through Matrix Assisted Pulsed Laser Evaporation (MAPLE). Scale bar, 200 nm. Adapted 
with permission from [10]. (B) Layer‐by‐layer fabrication of polymer‐coated, hollow silica nanoparticles for temporally 
controlled release of encapsulated drugs. Scale bar, 100 nm. Adapted with permission from [11] (C) Anisotropic, 
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multifunctional patchy nanoparticles formed through the use of glancing angle deposition (GLAD). Scale bar, 2 µm. 
Adapted with permission from [12] (D) Tandem nanoprecipitation and internal phase separation employed to create 
surface‐reactive, patchy nanoparticles prepared through the use of block copolymers (BCPs) and tuning of preparation 
conditions. Scale bar, 100 nm. Adapted with permission from [13] (E) Surface‐reactive, multicompartmental particles 
fabricated using electrohydrodynamic (EHD) cojetting through the spatially controlled addition of chemically orthogonal 
surface functional groups. Adapted with permission from [14] (F) Continuous and high‐throughput synthesis of 
multicompartmental nanoparticles through the formation of compound droplets in flow and subsequent UV initiated 
crosslinking. Scale bar, 100 nm. Adapted with permission from [15].  

 

Surface Anisotropy 
Isotropic particles synthesized through a variety of methods can have anisotropic surface properties that are controlled 
by post‐modification techniques. This can be achieved through the utilization of masks or templates, to controllably 
restrict the regions of particles to be modified [16,17]. Interfaces (liquid‐liquid [18], liquid‐solid [19], air‐liquid [20], and 
air‐solid [21]), where particles are either mechanically placed or spontaneously accumulate, act to mask a portion of 
each particle while surface modifications are performed within a single phase of a two‐phase system (Figure 1A). In 
other instances, the close packing of particles during the process, as in glancing angle deposition, self‐imposes restraints 
on the surface areas of particles available for modification due to shadowing effects caused by neighboring particles 
(Figure 1C) [12,22]. Here, it is through the control of the deposition angle that dictates the surface area and pattern 
achieved. Processes such as physical deposition including etching [23], chemical vapor deposition [10,24], or lithography 
[25] are used to selectively modify the exposed surfaces producing “patchy” particles. Finally, there are instances where 
uniform modification of the surface is performed to impart dissimilar particle characteristics from the bulk material 
(Figure 1B). In all cases, the result is a particle with regions of their surface with varied chemical, electrical, or 
amphiphilic properties distinct from their bulk properties. Together, these varied properties can be used to selectively 
modify particle surfaces. Examples with biomedical relevance include the covalent attachment of ligands for systemic 
targeting [26] or PEGylation to alter particle pharmacokinetics [27]. 

One of the more popular approaches for biological applications is the attachment of biomolecules to inorganic particles 
such as gold, or mesoporous silica that would otherwise have no targeting properties and lack biocompatibility. López et 
al. make use of a wax‐in‐water Pickering emulsion ‐ a solid‐liquid interfacial template ‐ to create  asymmetrically 
decorated mesoporous silica particles [28]. Effective delivery to cancer cells is achieved through targeting of cell 
membrane folate receptors before binding to mitochondria upon cellular uptake, finally delivering the encapsulated 
drug topotecan. By selectively controlling ligand placement, specific ligand density in each region is optimally 
maximized. Here, it is with a proper selection of ligands that aims to specifically interact with the cells of interest, 
namely folic acid, that facilitates increased tumor targeting and subsequent mitochondria binding while releasing the 
encapsulated payload.    

Alternatively, surface modifications can increase cellular interactions and uptake through a more general approach of 
controlling surface chemistry and thereby affecting surface charge density. Recently, the controlled modification of 
cationic dendrimers with polyethylene glycol (PEG) has been used for targeting cartilage cells to treat osteoarthritis [29]. 
Geiger et al. make use of the highly controllable size and reactive surface amine groups to optimize surface charge, 
maximizing cellular uptake while minimizing toxicity, through the subsequent attachment of PEG. After attachment of 
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the targeting ligand insulin‐like growth factor 1 (IGF‐1), these particles show increased specific uptake in cartilage cells, 
minimal toxicity, and significantly reduced disease symptoms. 

Bulk Anisotropy 
In contrast to the post‐modification routes that are used to create multifunctional nanoparticles with surface anisotropy, 
one or more bulk materials with distinct properties are used to create compositionally anisotropic particles. For 
example, the synthesis of complex nanoparticles through controlled self‐assembly processes can be achieved using block 
copolymers and variations in the solvent mixture (Figure 1D) [13,30]. On a larger scale, the selective surface 
functionalization of smaller building block particles can result in the formation of more complex supracolloidal 
assemblies [31,32]. The production of liposomes [33,34] or disk shaped particles [35,36] made of amphiphilic molecules 
such as lipids can be formed through similar self‐assembly processes. In contrast, flow processes, including microfluidics 
(Figure 1F)  [15,37] and electrohydrodynamic (EHD) co‐jetting (Figure 1E) [38–41], utilize the controlled flow of polymer 
solutions in specific orientations to one another in combination with a method of solidifying the individual particles to 
form stable colloids. Depending on the orientation of the individual flows, the distinct regions within the resulting 
particles can be radially anisotropic as is the case with core‐shell particles [42,43], or adjacent to one another giving rise 
to a Janus structure [15,44].  In the latter case, the bulk anisotropy directly translates to a surface anisotropy, which in 
some cases can be further modified for application specific properties. Alternatively, by taking a layer‐by‐layer (LBL) 
approach, nanoparticles can be assembled in a stepwise fashion, again resulting in layered particles with homogeneous 
surfaces [11,45–47]. In each of the aforementioned processes, particles with chemically distinct regions and properties 
can be synthesized. Upcoming examples highlight how research groups have leveraged bulk anisotropic particles to 
create multifunctional particles with potential medical applications.   

Nanoparticle research has long been applied for the delivery of therapeutics and biomedical imaging. Particle‐based 
imaging can be  achieved via the addition of fluorescent dye molecules, nuclear imaging agents for PET/CT (Positron 
Emission Tomography – Computed Tomography), SPECT (Single Photon Emission Computed Tomography) [48], and MRI 
(Magnetic Resonance Imaging) [49,50], or encapsulated inorganic nanoparticles for SERS (Surface‐Enhanced Raman 
Spectroscopy) [51] imaging.  The use of multi‐compartment particles may allow for these to be incorporated into a single 
particle system and coupled with controlled release of drugs. Combining the delivery and release of therapeutics while 
also providing a method of monitoring biodistribution and intracellular fate, termed theranostics, can prove to be a 
valuable tool within the clinic. Misra et al. demonstrated the ability to create biphasic nanoparticles comprising of a 
PLGA compartment loaded with an imaging agent alongside a second pH‐sensing, siRNA‐loaded compartment [52]. The 
synthesized particles demonstrated not only the ability to serve the dual function of particle tracking and therapeutic 
release but also made use of significant swelling of a single hemisphere to facilitate endosomal escape. 

The synthesis of nanoparticles with bulk anisotropy lends itself to the development of multifunctional particles with a 
unique control over their interactions with other particles or biological systems. For example, the use of dissimilar pH 
responsive polymers to form distinct regions within a single nanoparticle can be used to individually load and tune the 
release of encapsulated cargo [53,54]. Gröschel et al. made use of block copolymers to create patchy particles capable 
of guided self‐assembly to form supracollodial hierarchical assemblies [55]. In contrast, Varadharajan and co‐workers, 
also working with block copolymers, recently employed tandem nanoprecipitation and internal phase separation 
techniques to produce nanoparticles with complex structural and chemical anisotropy [13]. The resulting particles and 
their bulk morphology was dependent upon solution parameters including polymer concentration and solvent ratios. 
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Variations in these conditions resulted in biphasic anisotropic particles with onion‐like, dotted, or lamellar patterns 
where each surface region could then potentially be selectively modified. Such patterned particles could have future 
biomedical applications including biosensors through co‐enzyme immobilization.    

Creating bulk anisotropic Janus particles allows for selective and controlled modifications to be performed on the 
surface. Rahmani et al. demonstrated this through the synthesis and subsequent surface modification of tri‐
compartmental particles [14]. Here, a similar poly(lactic‐co‐glycolic acid) (PLGA) base was used in combination with 
dopants of functional PLA polymers. It was shown that by incorporating small amounts of a functional polymer within 
the bulk of an otherwise isotropic particle system, controlled surface functionalization through orthogonal click 
chemistry reactions could be used to selectively decorate the particle surface. This approach allows for the covalent 
attachment of specific targeting or stealth moieties with control over density, placement, and relative orientation of 
individual ligands relative to one another. Furthermore, the adaptability of the process suggests that the number of 
compartments and attached ligands is limited only by the number of orthogonal chemistries that can be performed on 
the resulting particle.  

While the highlighted methods of multifunctional nanoparticles aim towards overcoming biological barriers in the field 
of drug delivery, a great deal of progress remains to be made. Of particular importance is the ability to translate optimal 
cell penetrating and drug delivery achieved within in vitro systems to clinical relevance. The most daunting of challenges 
involves maintaining favorable particle attributes for cellular uptake while minimizing in vivo clearance from circulation 
to maximize targeting capabilities. For years, the gold standard of surface modification, PEGylation, promised to be a 
means to add a stealth‐like quality to nano‐sized colloids in the bloodstream. However, even to date, the fractions of 
injected particles remaining in circulation over extended periods of time, while improved, remain disappointing using 
this method [27]. More concerning is the recent observation of circulating antibodies against PEG as an innate immune 
response [56,57]. Together, these results motivate current research to identify alternative means to extend particle 
circulation, reduce their rapid clearance, increase local targeting, and effectively penetrate biological barriers such as the 
blood‐brain barrier (BBB).  

 

CELL-MEDIATED DELIVERY OF NANOPARTICLES 

Circulatory cells, as the body’s own delivery vehicles, possess inherent abilities specifically long circulation times, natural 
tissue targeting, and the ability to cross impermeable barriers. These significant properties make them great candidates 
to address some challenges concerning nanoparticle drug delivery systems [6,58]. One such delivery systems, termed 
“cellular hitchhiking” is an enhancement of the traditional ones, wherein targeted delivery via body’s natural vehicle, 
i.e., circulatory cells and optimal release of the cargo from engineered nanoparticles are realized in one delivery 
platform.  
 
Cellular hitchhiking has been performed using a variety of cell types (See Table 1).  In this review we focus on red blood 
cells, leukocytes, and stem cells, all of which have been exploited for the cell‐mediated transport of nanoparticles. We 
furthermore elaborate on various strategies that have been used to incorporate nanoparticles into or conjugate them 
onto the surface of these circulatory cells.  

 

A. RBCs 
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Figure 2. Different circulatory cells used in cellular hitchhiking formulations. (A) Scanning electron micrographs of 
nanogels adsorbed onto the surface of murine RBCs in vitro. Scale bar = 1 µm. Adapted with permission from [59] (B) 
Scanning electron micrographs of hyaluronic acid coated backpack attached to the surface of J774 mouse macrophages 
after 3 h incubation in cell culture conditions. Scale bar = 5 µm. Adapted with permission from [60] (C) Confocal image of 
fluorescently labeled  nanoparticles conjugated to biotinylated neural stem cell stained with calcein‐AM. Scale bar = 10 
µm. Adapted with permission from [61] (D) Schematic drawing of circulatory cell‐mediated targeting and delivery of 
nanoparticles. 
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Constituting > 99% of total blood cells, RBCs are long‐circulating cells with a lifespan of 100‐120 days in humans and 
natural carriers of many substances, especially oxygen, in the blood stream [62]. The innate properties of RBCs, such as a 
long circulation time, reversible deformation, and ability to squeeze through capillaries smaller than their diameter 
[6,63] make them suitable candidates as platforms for drug delivery systems [62,64]. 
In general, there exists two main methods to obtain RBC‐mediated nanoparticle drug delivery systems: (i) to internally 
load the NPs into RBCs, or (ii) to attach them onto the surface of the cells. Wu et al. fabricated RBC‐based micromotors, 
wherein iron oxide nanoparticles were encapsulated into the RBCs and the motors were powered and activated by 
ultrasound and an applied magnetic field, respectively [65]. Encapsulation of cargoes into RBCs using hypotonic dilution 
methods requires the formation of transient pores in the RBC membrane for diffusion of nanoparticles into cells[65] 
making it more invasive in comparison to anchoring the cargoes on their surface [66,67]. Surface loading can be 
achieved via non‐specific binding (electrostatic, van der Waals, hydrogen bonding and hydrophobic forces) [68], or 
specific binding (ligand‐receptor interactions or chemical conjugation) [66,69].  
Adsorption of NPs onto RBCs surfaces has been explored as a means of avoiding rapid clearance by the 
reticuloendothelial system (RES) [68,70]. As an example, RBC‐hitchhiking  of model polystyrene NPs led to a 100‐fold 
increase of NPs in vivo circulation time [68].   Because surface adsorbed nanoparticles will eventually detach from carrier 
RBCs due to cell‐cell interaction and shear forces, engineering the detachment of nanoparticles and their transfer to 
microvasculature endothelium will enable targeted organ delivery using RBC hitchhiking [59,71,72]. In a recent study, 
NPs adsorbed onto RBCs were delivered to the first microcapillary bed that the RBC‐NP conjugates encountered 
downstream to their injection site (Figure2A). Selective placement of intravascular catheters upstream of specific organs 
delivered RBC‐hitchhiked nanoparticles to various target organs such as lung, kidney, and brain. RBC‐liposome 
conjugates injected intravenously showed an increased brain delivery of 11.5% of the injected dose [59] compared to 
transferrin‐targeted nanoparticles having 1% target rates, at best [73]. It is important to optimize the loading ratio of 
nanoparticles onto the RBCs in order to provide optimal delivery but not induce adverse effects on the carrier cells [74]. 
To this end, Pan et al. designed high‐throughput in vitro assays to characterize the sensitivity of hitchhiked RBCs to 
potential damage of adsorbed NPs [75].  
 
Leukocytes 
Serving as major components of the adaptive and innate immune system, leukocytes are responsible for fighting 
inflammation, infection, and tumor growth [76,77]. Leukocytes inherently migrate to areas hard‐to‐reach by traditional 
nanoparticles such as inflamed tissue [78], migrate across endothelial barriers [79], and reach the hypoxic area of 
tumors [80,81], and thus are an attractive cell choice for hitchhiking [64].  
 
Macrophages and monocytes as phagocytic cells can naturally internalize nanoparticles and carry them to target sites 
that are otherwise largely inaccessible [82–84]. For example, macrophages have been used for delivering various 
nanocarriers across the blood‐brain barrier such as self‐assembled polyethyleneimine‐poly(ethylene glycol) catalase in a 
Parkinson’s Disease model [85], and gold‐silica nanoshells for photothermal therapy for glioma in vitro [86] and in vivo 
[87]. In another study, mouse peritoneal macrophages loaded with liposome‐doxorubicin were delivered to tumors both 
in subcutaneous and metastasis xenograft tumor models [88]. The macrophages were viable for up to 12 hours in spite 
of the time‐dependent release of doxorubicin from the liposomes [88]. After internalization, nanoparticles are subject to 
endosomal degradation [8] that can cause premature drug release, reducing the therapeutic effect [8,60,89] or affecting 
the migration of the carrier cells [90,91]. To overcome these challenges, nanoparticles that can be immobilized on cell 
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surfaces while avoiding phagocytosis were proposed (Figure 2B) [60,92,93]. Klyachko et al. showed that “backpacks” 
loaded with a potent antioxidant, catalase, were attached to the surface of macrophages and transmigrated across 
inflamed BBB in a mouse model of LPS‐induced encephalitis [90]. Alongside macrophages, a typical feature of monocytes 
as circulatory cells to migrate towards inflammation sites along a chemoattractant gradient [94] made them suitable to 
carry particles to inflamed tissues. Anselmo et al. took advantage of IgG‐Fc receptor interactions to attach cellular 
“backpacks” on the surface of monocytes while avoiding phagocytosis due to the polymeric backpacks size, disc like 
shape, and flexibility. Cellular functions such as transmigration through endothelium, or differentiation into 
macrophages were unimpaired after attachment of the backpacks onto monocytes.  Monocyte‐hitchhiked backpacks 
showed a 9‐fold higher accumulation in the inflamed skin compared to non‐cell attached backpacks and a 2‐fold higher 
targeting of inflamed lungs  than to normal lungs [95].  
 
T cells as key components of adaptive immune system are capable of sensing danger signals from invading pathogens 
and cancer. Upon antigen presentation, tumor specific T cells become activated to eliminate tumor cells [96]. In the 
context of adoptive T cell‐based strategies, utilizing patient’s natural T cells or engineered T cells with chimeric antigen 
receptors (CAR) to mediate tumor cell eradication has suggested promising new directions [96].  However, one of the 
major barriers for cell‐based therapies is loss of transplanted cell viability and function. Showing the enhancement of cell 
therapy outcome, Stephan et al. reported the immobilization of adjuvant drug‐loaded nanoparticles to the surface of 
therapeutic cells via maleimide‐thiol conjugation to provide sustained pseudoautocrine stimulation of the transferred 
cells in vivo [97]. Sustained release of the interleukins (IL‐15 and IL‐21) from the conjugated nanoparticles mediated 
robust T cell proliferation in vivo and resulted in enhanced eradication of established B16 melanomas [97]. Because of 
tissue‐homing ability of T lymphocytes, they were selected as carriers for lipid nanocapsules loaded with potent 
topoisomerase I poison SN‐38 [98]. The nanocapsules were covalently attached to the surface of polyclonal T 
lymphocytes to deliver the drug into lymphoma tumors. This approach reduced tumor growth significantly and increased 
survival compared to free SN‐38 and SN‐38 loaded lipid nanocapsules alone [98]. Cellular hitchhiking can be taken one 
step further if the cells play a dual role of transport and therapy. An interesting proof‐of‐concept study was reported by 
Wayteck et al. which cytotoxic T cells were selected due to both their tumoritropic migratory properties and innate 
tumor cell killing ability to carry siRNA loaded liposomes [99].  
 
Stem Cells 
Stem cell therapy often considered to be vital for tissue engineering and regenerative medicine [100]. A more recent 
development is the use of specific stem cell lineages such as mesenchymal stem cells (MSCs) and neural stem cells 
(NSCs) for drug delivery applications [101]. Their tumoritropic migratory nature make them desirable for targeted 
delivery of therapeutics [102,103]  and multimodality imaging agents [104] in cancer therapy.  
 
For designing stem cell‐mediated delivery platforms, nanoparticles can be loaded onto the cells surface as a first 
approach. For example, Doxorubicin loaded nanorattles were surface decorated with anti‐CD73 or anti‐CD90 to anchor 
to MSCs through antibody‐antigen interaction [105]. These conjugates were able to migrate toward the glioma 
xenograft and resulted in enhanced tumor cell apoptosis compared to the free drug and the drug‐loaded silica 
nanorattles [105]. In another example, NSCs were chosen as carries due to their ability to overcome high interstitial 
pressures and penetrate to hypoxic tumor regions. The NSCs mediated the transport of docetaxel‐loaded nanoparticles 
to enhance the efficiency of intratumorally administered nanoparticles. A pH sensitive bond was used to conjugate 
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nanoparticles to the surface of NSCs via biotin‐streptavidin interaction (Figure 2C). This hybrid cell‐nanoparticle system 
showed enhanced distribution and retention of the nanoparticles in a tripe negative breast cancer mouse model [61].  
 
In a second approach to formulate stem‐cell based delivery platforms, nanoparticles can be encapsulated into the stem 
cells. Poly‐lactic acid nanoparticles and lipid nanocapsules were internalized by marrow‐isolated adult multilineage 
inducible (MIAMI) cells, a subpopulation of MSCs as potential nanoparticle carriers in brain tumor therapy. It was shown 
that after their direct tumoral injection, loaded MIAMI cells migrated and distributed around the tumor mass [106]. In 
another example, Gold nanorods (AuNRs) taken up by NSCs demonstrated potential in improvement of photothermal 
therapy efficiency [107]. When the AuNRs were transported by NSCs after intratumoral injection, broader and more 
homogenous distribution of AuNR within the tumor was observed compared to free AuNRs. Improved in vivo delivery of 
AuNRs mediated by NSCs resulted in reduced tumor recurrence rates after NIR exposure [107].  
 

Table 1. Advantages, limitations and examples of in vivo applications of cellular hitchhiking formulations. 

Hitchhiked 
Cell Type 

 Cell Type 
Advantages 

Cell Type 
Limitations 

 Particle Cargo Benefits of Cellular 
Hitchhiking 

Ref. 

Red blood 
cells 

 ‐Abundant 
‐Long circulation 
time  
‐Easy isolation 

‐Limited tissue 
targeting 

 ‐200nm spheres and 
Rod shape 
polystyrene particles 

‐Increased lung 
targeting 

[72,108] 

Macrophages 
/Monocytes 

 ‐Ability to 
phagocytose 
nanoparticles 
‐Cross biological 
barriers 
‐Naturally migrate 
to sites of 
inflammation 
‐Reach hypoxic 
areas of tumors 

‐Low drug loading 
efficiency 
‐Endosomal 
degradation of 
phagocytosed 
cargo 

 ‐Self‐assembled 
polyethyleneimine‐
poly(ethylene glycol) 
catalase 

‐Enhanced delivery 
of catalase to PD‐
affected brain 
regions (crossing 
blood‐brain barrier) 

[85,109] 

T cells  ‐Ability to target 
specific cells  
‐Dual carrier and 
therapy capability 

‐Difficult 
harvesting and 
handling, 
‐Short in vivo 
lifespan  

 ‐300‐nm 
multilamellar lipid 
nanoparticles loaded 
with IL‐15 and IL‐21 

‐Enhanced tumor 
elimination in 
established B16 
melanomas 

[97,110] 

Stem cells  ‐Ability to 
internalize 
nanoparticles 
‐Tumoritropic 
migratory ability 

‐Difficult isolation 
and expansion 
‐Reports of MSCs 
association with 
promoting primary 
and metastatic 
tumor growth  

 ‐Poly(ethylene 
glycol)‐
poly(diisopropyl 
amino) 
ethyl methacrylate 
nanoparticles loaded 
with docetaxel 

‐Enhanced tumor 
delivery due to 
improved migration 
to hypoxic tumor 
cores in a triple 
negative breast 
cancer (TNBC) 
mouse model 

[61,103] 
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When designing efficient cell‐mediated nanoparticle delivery systems for targeting specific organs, a rational selection of 
appropriate cells is as important as precisely tuning the properties of nanoparticles. Nonetheless, challenges to this 
approach include sufficient drug loading capacity, premature drug release, triggered controlled release, preservation of 
the drug cargo from intracellular degradation, and protection of cell carriers from drug cytotoxic effects. Moreover, cost 
barriers and sufficient harvesting, or expanding of cells without contamination for reinjection into the body, and 
efficient migration of cell carriers to the target site are other important concerns.  Although there are challenges that 
needs to be addressed, cell‐mediated delivery platforms offer promising opportunities in improving diagnosis and 
therapeutics for various chronic diseases such as cancer. Developing smart biomaterials, engineering particle design 
parameters, and utilizing deliberate methods to conjugate nanoparticles to suitable cells can address some of the above‐
mentioned challenges. 
 
 
 
 
 
 
 

PROTEIN NANOPARTICLES 

A recent development in the field of nanoparticle‐based drug delivery replaces synthetic polymers with proteins as the 
primary building blocks of nanoparticles. As a material, proteins show great promise due to their variety, function, 
design flexibility through genetic engineering, and potential lack of immunogenicity. Three main techniques to develop 
protein nanoparticles (PNPs) will be explored in this review: nab technology, self‐assembly and coacervation.  
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Figure 3. Protein Nanoparticles hold great promise in medicine due to their variety and inherent functionalities. Three 
main methods exist to synthesize these particles. (A) Nab technology works by using a sheer mediated process to force 
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hydrophobic drugs within proteins and subsequently cause the proteins to aggregate into nanoscale particles. (B) Self‐
assembly techniques use the expression of specially designed proteins by microorganisms that subsequently self‐
assemble into structures that can be used for broad variety of therapeutic applications. (C) Coacervation functions by 
the addition of an organic solvent or reagent to a protein solution, which causes the formation of particles that are 
subsequently crosslinked using bifunctional crosslinkers. 

Nanoparticle Albumin Bound (nab) technology  
Nab technology is one of the oldest and most developed methods for making PNPs. Developed by Abraxis Bioscience 
(now a part of Celgene) to create a way of delivering paclitaxel, nab‐technology forces highly hydrophobic drugs into the 
internal hydrophobic pockets of human serum albumin (HSA) using a high‐pressure manufacturing process (Figure 3A). 
Paclitaxel is normally administered using harsh organic solvents [111]. By packaging the drug in albumin, a common 
protein in human blood that is not only water soluble but also has a naturally long circulation time, the drug can be 
delivered with reduced side effects [112]. The first FDA approved nab product was Abraxane, which has been approved 
for use as a first line therapy for non‐small cell lung cancer, metastatic adenocarcinoma, and as treatment for metastatic 
breast cancer. Additionally, Abraxane is in Japanese clinical trials by Celgene for use in metastatic pancreatic cancer and 
gastric metastatic cancer. 

In addition to the success of Abraxane, multiple other nab technologies are under investigation at both the industrial 
and academic level. ABI‐008 through ABI‐011 are a family of nab based drugs that are undergoing clinical trials. For 
example, AB‐009 (nab‐rapamycin/sirolimus, brand name Tarzifix™) is under investigation by Aadi Bioscience (licensed 
from Celgene) in a variety of phase 1 and 2 trials ranging from Metastatic Colorectal Cancer to Pulmonary Arterial 
Hypertension (see Table 2). In addition to multiple clinical trials, next generation nab technologies are actively being 
investigated. For example, actively targeted variants of nab particles have been made. Thao et al. developed nab 
particles made out of lactosylated albumin loaded with a mixture of paclitaxel and doxorubicin. The particles were 
designed to take advantage of the high affinity of lactose to asialoglycoprotein receptors, which are overexpressed in 
hepatocellular carcinomas. The particles were shown through in vitro and in vivo experiments to have increased 
accumulation in liver vs control (Pac/dox loaded into naïve albumin nab particles) [113]. In addition to applying targeting 
moieties to nab particles, there has been work done on the use of adjuvants in potential therapies. An interesting case 
was the work performed by Kinoshita et a.l, where Abraxane was delivered with a S‐nitrosated HSA dimers [114]. By 
modifying the HSA dimer through a disulfide bond on the free cysteine on albumin, they were able to release nitrous 
oxide (NO) as a vasodialator. This effect increased the delivery and efficacy of Abraxane in colon cancer and melanoma 
murine models, and reduced metastases. Creative combinations of therapies such as this show potential translatability 
in that they follow the pharmaceutical industry model of expanding the potential of a therapy through combination 
studies. 

While showing great potential, nab technologies have potential downsides. Early work has shown that Abraxane is 
associated with more rapid plasma clearance compared to the traditional liposomal formulation of paclitaxel (Taxol) 
[115]. Abraxane nanoparticles are stable in ex vivo saline solutions, but the particles quickly break down into albumin‐
paclitaxel complexes following administration [112]. This poor colloidal stability has been suggested as the reason 
behind the rapid clearance of the nanoparticles [116]. Work has been done to improve the colloidal stability of nab 
particles [116,117], but these works have used albumin bound paclitaxel particles made through coacervation 
techniques, not high pressure homogenization as Abraxane and other nab particles are. Further studies are thus needed 
to substantiate claims of improved stability. This problem of using coacervation synthesized particles as a stand‐in for 
Abraxane has also been seen in other studies with potentially impactful advances [118, 119]. In addition to poor 
clearance profiles, nab technology has the inherent downside of harsh synthetic conditions [120]. This potentially limits 
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the use of nab technology to deliver active proteins, such as enzymes, in ways that other synthetic routes that are able 
to [121]. Excellent reviews of nab technologies have been written by Hawkins et al. and Tan et al., among others, which 
we recommend for further reading [122,123]. Nab technology has shown the clinical potential of proteins as 
nanocarriers in medicine. 
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Table 2. Past, current or planned clinical trials of Abraxane‐like Nab Nanoparticles. 

Drug 
code 

Active 
Ingredient 

Mechanism of 
Action 

 Clinical 
Trial 
Phase 

Trial Description and Indication Trial 
Outcome Trial Years Sponsor(s) Clinical Trial 

Number 

ABI‐008 Docetaxel 

Chemotherapeuti
c, a semi‐
synthetic taxane 
analogue of 
paclitaxel 

 
1/2 

Single Agent Therapy of nab‐
Docetaxel for Hormone 
Refractory Prostate Cancer 

Completed 2007‐
2011 

Celgene 
Corporation 

NCT0047752
9 

 
1/2 

Single Agent Therapy of nab‐
Docetaxel for Metastatic Breast 
Cancer 

Terminated, 
reason not 
given 

2007‐
2008 

Celgene 
Corporation 

NCT0053127
1 

ABI‐009 
Rapamycin 
(aka 
Sirolimus) 

mTOR inhibitor, 
FDA approved as 
small molecule 
drug for the 
prevention of 
organ transplant 
rejection and the 
treatment of 
lymphangioleiom
y‐omatosis 

 

1 
Single Agent Therapy of nab‐
Rapamycin for Advanced Non‐
hematologic Malignancies 

Completed 2007‐
2011 

Celgene 
Corporation 

NCT0063528
4 

 

1/2 
Single Agent Therapy of nab‐
Rapamycin for Non‐muscle 
Invasive Bladder Cancer 

Ongoing 
2014‐
2020 
(Planned) 

Aadi, LLC and 
National 
Cancer 
Institute 

NCT0200933
2 

 

 2 

Single Agent Therapy of nab‐
Rapamycin for Advanced 
Perivascular Epithelioid Cell 
Tumors (PEComa), Malignancy 
With Relevant Genetic 
Mutations or mTOR Pathway 
Activation 

Ongoing 
2015‐
2020 
(Planned) 

Aadi, LLC 

NCT0249457
0, 
NCT0381751
5 

 

 1 

Single Agent Therapy of nab‐
Rapamycin for Severe 
Pulmonary Arterial 
Hypertension 

Ongoing 
2017‐
2020 
(Planned) 

Aadi, LLC NCT0258732
5 
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1 
Single Agent Therapy of nab‐
Rapamycin for Advanced 
Cancer With mTOR Mutations 

Ongoing 
2016‐
2019 
(Planned) 

Mayo Clinic 
and National 
Cancer 
Institute 

NCT0264631
9 

 

 1 

Combination Therapy of nab‐
Rapamycin, Temozolomide, 
and Irinotecan Hydrochloride 
for Pediatric Patients With 
Recurrent or Refractory Solid 
Tumors 

Ongoing 
2017‐
2020 
(Planned) 

Children's 
Oncology 
Group and 
National 
Cancer 
Institute 

NCT0297588
2 

 

 1/2 
Combination Therapy of 
Nivolumab and Nab‐rapamycin 
for Advanced Sarcoma 

Ongoing 
2017‐
2020 
(Planned) 

Sarcoma 
Oncology 
Research 
Center, LLC and 
Aadi, LLC 

NCT0319017
4 

 

 1/2 

Combination Therapy of Nab‐
rapamycin, FOLFOX and 
Bevacizumab as First‐line 
Therapy for Advanced or 
Metastatic Colorectal Cancer 

Ongoing 
2018‐
2021 
(Planned) 

Aadi, LLC NCT0343946
2 

 

 2 

Single Agent Therapy of nab‐
Rapamycin for Recurrent High 
Grade Glioma and Newly 
Diagnosed Glioblastoma 

Ongoing 
2018‐
2021 
(Planned) 

Aadi, LLC NCT0346326
5 

 

 1 
Single Agent Therapy of nab‐
Rapamycin for Surgically‐
Refractory Epilepsy 

Ongoing 
2018‐
2019 
(Planned) 

Seattle 
Children's 
Hospital and 
Aadi, LLC 

NCT0364624
0 

 
 1 

Combination Therapy of Nab‐
rapamycin, Pomalidomide and 
Dexamethasone for Relapsed 

Planned 
2018‐
2024 
(Planned) 

Massachusetts 
General 
Hospital and 

NCT0365742
0 

This article is protected by copyright. All rights reserved.



and Refractory Multiple 
Myeloma 

Aadi, LLC 

 

 1/2 

Combination Therapy of nab‐
Rapamycin and Pazopanib 
Hydrochloride for 
Nonadipocytic Soft Tissue 
Sarcomas 

Ongoing 
2019‐
2021 
(Planned) 

University of 
Washington 

NCT0366093
0 

 

 2 

Single Agent Therapy of nab‐
Rapamycin for Metastatic, 
Unresectable, Low or 
Intermediate Grade 
Neuroendocrine Tumors of the 
Lung or 
Gastroenteropancreatic System 

Ongoing 
2018‐
2020 
(Planned) 

Aadi, LLC and 
Ochsner Health 
System 

NCT0367003
0 

 

 2 

Single Agent Therapy of nab‐
Rapamycin for Genetically‐
confirmed Leigh or Leigh‐like 
Syndrome 

Planned 
2019‐
2023 
(Planned) 

Aadi, LLC NCT0374732
8 

ABI‐010 Tanespimyci
n 

Aka 17AAG a 
Hsp90 inhibitor 
analogue of 
geldanamycin 
currently under 
investigation for 
various 
indications 

 

 1 

Combination Therapy nab‐
Paclitaxel and nab‐17AAG for 
Advanced Non‐Hematologic 
Malignancies 

Withdrawn 
before 
enrolling its 
first 
participant 

2012‐
2014 Celgene NCT0082076

8 

ABI‐011 IDN 5404 

Thiocolchicine an
alogue. A dimer 
shown to have 
vascular 

 
 1 

Single Agent Therapy of nab‐
IDN 5404 for Advanced Solid 
Tumors or Lymphomas 

Terminated, 
reason not 
given 

2011‐
2014 

Celgene 
Corporation 

NCT0116307
1 

  1 Single Agent Therapy of nab‐ Ongoing 2017‐ NantBioScience NCT0258282
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disrupting 
activity and to be 
a topoisomerase 
I inhibitor 

IDN 5404 for Advanced Solid 
Tumors or Lymphomas 

2019 
(Planned) 

, Inc. 7 
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Self-assembled protein nanoparticles  
Self‐assembled nanoparticles are nanoscale structures made of protein complexes that can self‐assemble to form PNPs 
(Figure 3B). These structures are designed by creating recombinant proteins that contain oligomerization‐domains that 
create structure, and then a variety of other domains that can result in specific activity [124].  The synthetic methods 
and design strategies for nanoscale protein structures have been excellently summarized in recent reviews [124,125]. 

An interesting application of self‐assembled PNPs in the medical space is the use of caged protein nanoparticles [126]. 
These particles are made up of protein units that self‐assemble under specific conditions into hollow cage‐like 
structures. Inside these structures it is then possible to load a variety of therapeutic molecules such as enzymes[127] 
and small molecules [128]. In a recent study, Kawakami et al. designed a 60‐mer protein cage with a defined structure. 
Notably, they were able to design the particle so that specific residues faced either the exterior or interior of the cage, 
and subsequently were able to covalently modify these particles [129]. These covalent modifications were done using 
disulfide bonds, and thus this system could be designed to carry a drug in the inside of the cage, and then be released in 
a reducing environment.  

These self‐assembled nanoparticle technologies are elegant, sophisticated, and complicated, but these very 
characteristics call to question their potential for translation into the clinic in the near future. Most of the proteins used 
in these nanoparticles are not only novel recombinant proteins, but are also expressed in non‐mammalian organisms 
such as Escherichia coli [129].  Expression in non‐human organisms of recombinant proteins presents many regulatory 
problems and costs, as has been shown though the past 30 years with the rise of recombinant antibody and antibody 
fragment (Fab) technology [130]. Yet, with careful development, the rise of the multi‐billion dollar biological 
therapeutics field shows the potential for progressively more sophisticated therapies to enter the market. 

Coacervation-synthesized protein nanoparticles 
During coacervation, a “coacervation agent”, usually an organic solvent such as acetone or ethanol, is added to a 
concentrated aqueous solution of a protein of interest. The coacervating agent dehydrates the proteins and causes the 
precipitation of nanoparticles from the solution. The particles can then be crosslinked, rendering them water insoluble 
(Figure 3C). By controlling a variety of conditions, including the protein type, the rate of addition of the coacervating 
agent, the temperature of the procedure, the salt content of the solution, and the crosslinking agent and time, the 
resulting nanoparticle size, mechanical properties, and functionalities can be tailored to fit the needs of the application 
[131,132]. In addition, the process is highly reproducible, and the particles can be surface functionalized and loaded with 
a variety of therapeutics [133–135]. 

Initial work using coacervation focused on albumin proteins, but the field is now expanding to a variety of different 
proteins and applications. A wide variety of different proteins have been formulated into nanoparticles, as detailed in a 
recent review [136]. These proteins have been used in applications such as the packaging of small molecules and micro‐
nutrients for the food industry. Guo et al. produced whey protein nanoparticles loaded with zinc and showed that 
particle size could be controlled by modulating the amount of zinc added and the synthesis conditions. Additionally, they 
showed through in vitro experiments that site specific delivery of zinc was possible by pH dependent release of the 
micronutrient from the PNPs to its nutritionally relevant site, the intestinal track, as opposed to the stomach [137]. 

Through coacervation techniques, PNPs have been prepared from a wide variety of polypeptides and proteins for 
therapeutic purposes [121,138,139]. A recent publication that used the PNP technologies developed by the Champion 
lab demonstrated a proof of concept of a universal influenza virus [140]. Nanoparticles were comprised of a core of a 
tetramer of M2e epitopes from four influenza subtypes, and surface modified with one of two different recombinant 
mutants of the highly conserved hemagglutinin (HA) stalks from various subclasses of influenza. By creating a cocktail of 
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two nanoparticles, each modified with different recombinant HA variants, Deng et al. elicited universal protection to a 
wide variety of influenza subtypes. While the use of the highly conserved M2e epitopes has been attempted before in 
vaccines, these vaccines were constructed from virus‐like particles (VLP) loaded with epitopes and resulted in off target 
immune responses due to the carrier proteins in the VLP [141,142]. PNPs made almost entirely of proteins of interest, as 
was demonstrated in the work by Deng et al., can avoid off target effect problems. Additionally, coacervation‐
manufactured PNPs, as opposed to the self‐assembled or VLP counterparts, have greater stability over a large range of 
physiological environments, and studies have shown that they can potentially create cold chain‐independent therapies 
[143]. A clear downside of coacervation particles is inherent in the simplicity of their synthetic method, in that it creates 
homogeneous distributions of proteins throughout each particle. Only radial complexity through surface modifications 
methods are able to provide any kind of anisotropy to the particles, as opposed to technologies such as those discussed 
in previous sections.  

Another research avenue leveraging biologically‐derived materials focuses on engineering extracellular vesicle‐based 
systems such as exosomes. Their natural stability in the blood stream, presence of multiple adhesive proteins on their 
surface, and ability to transport functional biomolecules such as proteins and RNAs between cells, position them as 
potential drug carriers [144–146]. Exosomes have been exploited for targeted delivery of a wide range of therapeutic 
cargos such as siRNA to cross the BBB [147], the chemotherapeutic drug doxorubicin to solid tumors[148] and the 
antioxidant agent curcumin to inflammatory cells[149]. There are, however, limitations such as difficulties in scalability, 
and reproducibility, along with low drug loading capacity of well‐characterized extracellular vesicles that have restricted 
their clinical and pharmaceutical adoption [150]. In contrast with exosomes, particles that use proteins as their primary 
building blocks avoid most of these hurdles, and show similar positive characteristics. In addition, proteins have highly 
established manufacturing processes that have resulted in a plethora of products in the market, and thus have a more 
direct path to the clinic. 

Knowledge of protein folding and biochemistry has advanced to the point where novel structures and functions can be 
built de novo through either first principles engineering, as demonstrated in a variety of self‐assembled nanoparticles 
previously described, or through directed evolution, as has been seminally shown by the work of Frances Arnold and 
colleagues [151]. However, the use of novel proteins does raise questions of translatability of technologies that are 
based on almost entirely recombinant proteins and have no analogues in the clinic or even the human body. 
Additionally, new proteins offer the ability to potentially use the function‐follows‐form principles of proteins to build 
complex, compartmentalized nanomachines from protein nanoparticles, though this possibility has yet to be fully 
explored. The large number of different synthetic routes, functionalities and applications of nanoparticles based on 
proteins as their building blocks that have been recently developed and commercialized shows the bright potential for 
PNPs as a revolutionary form of nanoparticles in medicine. 

CONCLUSION 

The field of nanoparticle‐based drug delivery systems is currently at the verge of entering the clinical arena. A wide 
range of clinical trials that involve nanomedicines are currently being pursued. In spite of the increased acceptance and 
major technological progress in recent decades, the field of nanoparticle engineering is still severely limited by 
inefficient targeting and the lacking ability to cross challenging biological barriers, such as the blood‐brain barrier. This 
fuels a continuous quest for novel and improved nanoparticle systems that can be accessed by scalable and flexible 
manufacturing processes. Building on previous work with electrohydrodynamic cojetting, novel polymer/protein hybrid 
nanoparticles comprised of multiple internal compartments may become particularly attractive candidates for 
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nanomedicine‐based combination therapies (Figure 4A). In this case, polymer chemistry is merged with protein 
biochemistry to design nanoparticles where proteins de facto become one of the repletion units in engineered 
nanocarriers. Such an approach combines the versatility and targeting capabilities of synthetic nanoparticles with the 
excellent circulation and biodistribution as well as rapid clearance in RES organs typically observed for proteins. As an 
example, scanning electron microscopy image of bicompartmental nanoparticles made by electrohydrodynamic co‐
jetting is shown in Figure 4B. Here, one compartment is made from a PEG/insulin “co‐polymer” system, whereas the 
second compartment is comprised of PEG/hemoglobin. Each compartment stained with a distinct fluorescent marker, 
and subsequently resolved using Structured Illumination Microscopy is shown as an inset in Figure 4B. These and other 
advances will be necessary to design, engineer and manufacture the next generation of nanoparticle drug delivery 
platforms. 
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Figure 4. Multicompartmental protein nanoparticles can be made through electrohydrodynamic co‐jetting, as shown in 
(A). As an example, we synthesized particles with two compartments, one made of Insulin and the other of Hemoglobin. 
The particles are spherical as shown in the electron micrograph in (B), and show a clear bicompartmental nature when 
each compartment is selectively loaded with a fluorescent dye and imaged using structured illumination microscopy 
(insert). Scale bar is 200nm. 
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Table 1. Advantages, limitations and examples of in vivo applications of cellular hitchhiking formulations. 

Hitchhiked 
Cell Type 

 Cell Type 
Advantages 

Cell Type 
Limitations 

 Particle Cargo Benefits of Cellular 
Hitchhiking 

Ref. 

Red blood 
cells 

 ‐Abundant 
‐Long circulation 
time  
‐Easy isolation 

‐Limited tissue 
targeting 

 ‐200nm spheres and 
Rod shape 
polystyrene particles 

‐Increased lung 
targeting 

[72,108] 

Macrophages 
/Monocytes 

 ‐Ability to 
phagocytose 
nanoparticles 
‐Cross biological 
barriers 
‐Naturally migrate 
to sites of 
inflammation 
‐Reach hypoxic 
areas of tumors 

‐Low drug loading 
efficiency 
‐Endosomal 
degradation of 
phagocytosed 
cargo 

 ‐Self‐assembled 
polyethyleneimine‐
poly(ethylene glycol) 
catalase 

‐Enhanced delivery 
of catalase to PD‐
affected brain 
regions (crossing 
blood‐brain barrier) 

[85,109] 

T cells  ‐Ability to target 
specific cells  
‐Dual carrier and 
therapy capability 

‐Difficult 
harvesting and 
handling, 
‐Short in vivo 
lifespan  

 ‐300‐nm 
multilamellar lipid 
nanoparticles loaded 
with IL‐15 and IL‐21 

‐Enhanced tumor 
elimination in 
established B16 
melanomas 

[97,110] 

Stem cells  ‐Ability to 
internalize 
nanoparticles 
‐Tumoritropic 
migratory ability 

‐Difficult isolation 
and expansion 
‐Reports of MSCs 
association with 
promoting primary 
and metastatic 
tumor growth  

 ‐Poly(ethylene 
glycol)‐
poly(diisopropyl 
amino) 
ethyl methacrylate 
nanoparticles loaded 
with docetaxel 

‐Enhanced tumor 
delivery due to 
improved migration 
to hypoxic tumor 
cores in a triple 
negative breast 
cancer (TNBC) 
mouse model 

[61,103] 
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Table 2. Past, current or planned clinical trials of Abraxane‐like Nab Nanoparticles. 

Drug 
code 

Active 
Ingredient 

Mechanism of 
Action 

 Clinical 
Trial 
Phase 

Trial Description and Indication Trial 
Outcome Trial Years Sponsor(s) Clinical Trial 

Number 

ABI‐008 Docetaxel 

Chemotherapeuti
c, a semi‐
synthetic taxane 
analogue of 
paclitaxel 

 
1/2 

Single Agent Therapy of nab‐
Docetaxel for Hormone 
Refractory Prostate Cancer 

Completed 2007‐
2011 

Celgene 
Corporation 

NCT0047752
9 

 
1/2 

Single Agent Therapy of nab‐
Docetaxel for Metastatic Breast 
Cancer 

Terminated, 
reason not 
given 

2007‐
2008 

Celgene 
Corporation 

NCT0053127
1 

ABI‐009 
Rapamycin 
(aka 
Sirolimus) 

mTOR inhibitor, 
FDA approved as 
small molecule 
drug for the 
prevention of 
organ transplant 
rejection and the 
treatment of 
lymphangioleiom
y‐omatosis 

 

1 
Single Agent Therapy of nab‐
Rapamycin for Advanced Non‐
hematologic Malignancies 

Completed 2007‐
2011 

Celgene 
Corporation 

NCT0063528
4 

 

1/2 
Single Agent Therapy of nab‐
Rapamycin for Non‐muscle 
Invasive Bladder Cancer 

Ongoing 
2014‐
2020 
(Planned) 

Aadi, LLC and 
National 
Cancer 
Institute 

NCT0200933
2 

 

 2 

Single Agent Therapy of nab‐
Rapamycin for Advanced 
Perivascular Epithelioid Cell 
Tumors (PEComa), Malignancy 
With Relevant Genetic 
Mutations or mTOR Pathway 
Activation 

Ongoing 
2015‐
2020 
(Planned) 

Aadi, LLC 

NCT0249457
0, 
NCT0381751
5 

 

 1 

Single Agent Therapy of nab‐
Rapamycin for Severe 
Pulmonary Arterial 
Hypertension 

Ongoing 
2017‐
2020 
(Planned) 

Aadi, LLC NCT0258732
5 
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1 
Single Agent Therapy of nab‐
Rapamycin for Advanced 
Cancer With mTOR Mutations 

Ongoing 
2016‐
2019 
(Planned) 

Mayo Clinic 
and National 
Cancer 
Institute 

NCT0264631
9 

 

 1 

Combination Therapy of nab‐
Rapamycin, Temozolomide, 
and Irinotecan Hydrochloride 
for Pediatric Patients With 
Recurrent or Refractory Solid 
Tumors 

Ongoing 
2017‐
2020 
(Planned) 

Children's 
Oncology 
Group and 
National 
Cancer 
Institute 

NCT0297588
2 

 

 1/2 
Combination Therapy of 
Nivolumab and Nab‐rapamycin 
for Advanced Sarcoma 

Ongoing 
2017‐
2020 
(Planned) 

Sarcoma 
Oncology 
Research 
Center, LLC and 
Aadi, LLC 

NCT0319017
4 

 

 1/2 

Combination Therapy of Nab‐
rapamycin, FOLFOX and 
Bevacizumab as First‐line 
Therapy for Advanced or 
Metastatic Colorectal Cancer 

Ongoing 
2018‐
2021 
(Planned) 

Aadi, LLC NCT0343946
2 

 

 2 

Single Agent Therapy of nab‐
Rapamycin for Recurrent High 
Grade Glioma and Newly 
Diagnosed Glioblastoma 

Ongoing 
2018‐
2021 
(Planned) 

Aadi, LLC NCT0346326
5 

 

 1 
Single Agent Therapy of nab‐
Rapamycin for Surgically‐
Refractory Epilepsy 

Ongoing 
2018‐
2019 
(Planned) 

Seattle 
Children's 
Hospital and 
Aadi, LLC 

NCT0364624
0 

 
 1 

Combination Therapy of Nab‐
rapamycin, Pomalidomide and 
Dexamethasone for Relapsed 

Planned 
2018‐
2024 
(Planned) 

Massachusetts 
General 
Hospital and 

NCT0365742
0 
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and Refractory Multiple 
Myeloma 

Aadi, LLC 

 

 1/2 

Combination Therapy of nab‐
Rapamycin and Pazopanib 
Hydrochloride for 
Nonadipocytic Soft Tissue 
Sarcomas 

Ongoing 
2019‐
2021 
(Planned) 

University of 
Washington 

NCT0366093
0 

 

 2 

Single Agent Therapy of nab‐
Rapamycin for Metastatic, 
Unresectable, Low or 
Intermediate Grade 
Neuroendocrine Tumors of the 
Lung or 
Gastroenteropancreatic System 

Ongoing 
2018‐
2020 
(Planned) 

Aadi, LLC and 
Ochsner Health 
System 

NCT0367003
0 

 

 2 

Single Agent Therapy of nab‐
Rapamycin for Genetically‐
confirmed Leigh or Leigh‐like 
Syndrome 

Planned 
2019‐
2023 
(Planned) 

Aadi, LLC NCT0374732
8 

ABI‐010 Tanespimyci
n 

Aka 17AAG a 
Hsp90 inhibitor 
analogue of 
geldanamycin 
currently under 
investigation for 
various 
indications 

 

 1 

Combination Therapy nab‐
Paclitaxel and nab‐17AAG for 
Advanced Non‐Hematologic 
Malignancies 

Withdrawn 
before 
enrolling its 
first 
participant 

2012‐
2014 Celgene NCT0082076

8 

ABI‐011 IDN 5404 

Thiocolchicine an
alogue. A dimer 
shown to have 
vascular 

 
 1 

Single Agent Therapy of nab‐
IDN 5404 for Advanced Solid 
Tumors or Lymphomas 

Terminated, 
reason not 
given 

2011‐
2014 

Celgene 
Corporation 

NCT0116307
1 

  1 Single Agent Therapy of nab‐ Ongoing 2017‐ NantBioScience NCT0258282

This article is protected by copyright. All rights reserved.



disrupting 
activity and to be 
a topoisomerase 
I inhibitor 

IDN 5404 for Advanced Solid 
Tumors or Lymphomas 

2019 
(Planned) 

, Inc. 7 
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Graphical Abstract. Novel approaches in designing nanoparticles to overcome challenges faced by 
traditional nanoparticle‐based drug delivery systems. 
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Figure 1. Techniques for the synthesis of multifunctional nanoparticles. (A) Vapor‐assisted deposition of 
macromolecules to select areas of nanoparticles through Matrix Assisted Pulsed Laser Evaporation 
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(MAPLE). Scale bar, 200 nm. Adapted with permission from [10]. (B) Layer‐by‐layer fabrication of 
polymer‐coated, hollow silica nanoparticles for temporally controlled release of encapsulated drugs. 
Scale bar, 100 nm. Adapted with permission from [11] (C) Anisotropic, multifunctional patchy 
nanoparticles formed through the use of glancing angle deposition (GLAD). Scale bar, 2 µm. Adapted 
with permission from [12] (D) Tandem nanoprecipitation and internal phase separation employed to 
create surface‐reactive, patchy nanoparticles prepared through the use of block copolymers (BCPs) and 
tuning of preparation conditions. Scale bar, 100 nm. Adapted with permission from [13] (E) Surface‐
reactive, multicompartmental particles fabricated using electrohydrodynamic (EHD) cojetting through 
the spatially controlled addition of chemically orthogonal surface functional groups. Adapted with 
permission from [14] (F) Continuous and high‐throughput synthesis of multicompartmental 
nanoparticles through the formation of compound droplets in flow and subsequent UV initiated 
crosslinking. Scale bar, 100 nm. Adapted with permission from [15].  
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A. RBCs 
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Figure 2. Different circulatory cells used in cellular hitchhiking formulations. (A) Scanning electron 
micrographs of nanogels adsorbed onto the surface of murine RBCs in vitro. Scale bar = 1 µm. Adapted 
with permission from [59] (B) Scanning electron micrographs of hyaluronic acid coated backpack 
attached to the surface of J774 mouse macrophages after 3 h incubation in cell culture conditions. Scale 
bar = 5 µm. Adapted with permission from [60] (C) Confocal image of fluorescently labeled  
nanoparticles conjugated to biotinylated neural stem cell stained with calcein‐AM. Scale bar = 10 µm. 
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Adapted with permission from [61] (D) Schematic drawing of circulatory cell‐mediated targeting and 
delivery of nanoparticles. 
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Figure 3. Protein Nanoparticles hold great promise in medicine due to their variety and inherent 
functionalities. Three main methods exist to synthesize these particles. (A) Nab technology works by 
using a sheer mediated process to force hydrophobic drugs within proteins and subsequently cause the 
proteins to aggregate into nanoscale particles. (B) Self‐assembly techniques use the expression of 
specially designed proteins by microorganisms that subsequently self‐assemble into structures that can 
be used for broad variety of therapeutic applications. (C) Coacervation functions by the addition of an 
organic solvent or reagent to a protein solution, which causes the formation of particles that are 
subsequently crosslinked using bifunctional crosslinkers. 
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Figure 4. Multicompartmental protein nanoparticles, whose synthesis and characterization will be 
described in upcoming publications by our group, can be made through electrohydrodynamic co‐jetting, 
as shown in (A). As an example, we synthesized particles with two compartments, one made of Insulin 
and the other of Hemoglobin. The particles are spherical as shown in the electron micrograph in (B), and 
show a clear bicompartmental nature when each compartment is selectively loaded with a fluorescent 
dye and imaged using structured illumination microscopy (insert). Scale bar is 200nm. 
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