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Abstract

Vascular wall endothelial cells control several physiological processes and are implicated in many 

diseases, making them an attractive candidate for drug targeting. Vascular-targeted drug carriers 

(VTCs) offer potential for reduced side effects and improved therapeutic efficacy, however, only 

limited therapeutic success has been achieved to date. This is perhaps due to complex interactions 

of VTCs with blood components, which dictate VTC transport and adhesion to endothelial cells. 

This review focuses on VTC interaction with blood as well as novel ‘bio-inspired’ designs to 

mimic and exploit features of blood in VTC development. Advanced approaches for enhancing 

VTCs are discussed along with applications in regenerative medicine, an area of massive potential 

growth and expansion of VTC utility in the near future.

Endothelial cells (ECs) are implicated in a number of conditions, including inflammation, 

atherosclerosis, sepsis, thrombosis, ischemia, pulmonary hypertension, diabetes and some 

cancers [1,2]. ECs line blood vessels throughout the body and act as gatekeepers that control 

the transport of nutrients from blood to bodily tissues, blood fluidity, vascular signaling, 

vascular permeability, angiogenesis and blood cell trafficking to all surrounding tissues. 

Thus, ECs represent an important target for drug delivery. Many intravenously (IV) 

administered drug carriers are designed with active targeting approaches that employ ligands 

with high affinity to EC-specific receptors. Such vascular-targeted drug delivery approaches 

are a promising avenue to improve therapeutic efficacy and minimize side effects associated 

with non-targeted therapeutics. Despite this promise, these delivery systems have achieved 

limited therapeutic success to date.

Vascular targeting originally emerged from observation of indirect effects of cancer 

treatments. In particular, the interest in attacking the tumor vasculature arose from early 

observations by Denekamp and Hobson that the tumor endothelium has high proliferation 

rates that maintain tumor growth relative to the healthy endothelium [3]. A follow-up study 
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by the same group observed that cancer treatments such as radiation and chemotherapy 

designed to directly kill tumor cells also caused damage to the tumor vasculature, and this 

led to the suggestion of ‘vascular attack’ as a potential strategy to halt tumor growth [4,5]. 

Initially, a major stumbling block to this vascular targeting approach was identifying 

appropriate molecular targets, which has been partially surmounted via technological 

developments, such as phage display. With these techniques, libraries have since been 

developed to identify differences in genes and protein expressions between healthy and 

disease tissues [6]. Given the knowledge of shared molecular pathways in diseases regarding 

ECs [7], the vascular targeting approach has since been extended to various human diseases, 

including cardiovascular diseases. Recently, a wealth of research has focused on developing 

vascular-targeted particles, as they offer promise of high targeting efficiency with 

multivalency, drug protection/resistance and tunable loading and release properties [8].

Several challenges currently facing vascular-targeted drug delivery arise from the 

complexities of the vascular environment. Blood itself is a complex fluid, composed of 

erythrocytes (or red blood cells [RBCs]), leukocytes (or white blood cells [WBCs]), 

platelets, and plasma fluid (a high concentration solution of proteins, clotting factors, sugars 

and electrolytes). Each of these components can interact with vascular-targeted drug carriers 

(VTCs) and dramatically affect targeting efficiency.

In order for a VTC to successfully reach the vascular endothelium from circulation, it must 

navigate the complex branching vasculature, avoid systemic immune recognition and 

clearance, exit the bulk blood flow (marginate) and interact with the target endothelium and 

dock on the endothelium via specific receptors (Figure 1). Each of these steps presents 

different design challenges for VTCs, which must be addressed sequentially. Ultimately, the 

transportation of the drug carrier and its specific interaction with all blood components are 

just as critical as the choice of targeting ligand itself. If the VTC is not able to navigate the 

vasculature, exit blood flow, and interact with the appropriate ECs, all drug-targeting 

abilities will be rendered useless.

This review focuses on interactions of VTCs with blood components and the essential 

optimization of the transport step from human blood flow to the vascular wall for enhanced 

VTC binding efficiency. Design of targeted drug delivery particles has been reviewed 

extensively [9–12]. We have taken the inverse approach in this review by highlighting 

recent work identifying VTC interactions with blood components, which in turn inspire 

successful VTC particle designs. We review the current understanding of VTCs in the 

context of blood and identify novel approaches to improve VTC interactions with blood 

components for enhanced EC-targeting. We discuss the utility and mimicry of blood cell 

features in assisting drug delivery vehicles to the endothelium, as well as the role of the 

plasma protein corona as a promising drug delivery tool. Finally, we identify promising 

future directions for improving EC-targeting as well as discuss the application of VTCs in 

tissue engineering.
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Impact of blood flow dynamics & blood cell interactions on VTC targeting 

efficiency & optimization

Blood is a shear-thinning, anisotropic suspension that, when flowing, is characterized by a 

RBC-rich core in the center of the vessel. A corresponding RBC-depleted layer, or cell-free 

layer (CFL), forms near the vascular wall which contains WBCs, plasma and platelets 

[13,14]. The presence of this RBC core and CFL drives a number of physical interactions 

that impact VTC-targeting.

RBCs comprise 40–45% of blood volume, are biconcave in shape, and are highly 

deformable [15,16]. These RBC features, along with the hemodynamic, heterogeneous 

collisions with other blood components, are a key reason for blood cell segregation in flow 

[17]. Formation of the CFL leads to a decrease in hydrodynamic resistance, which allows 

leukocytes to marginate to the vessel wall more efficiently. Leukocyte margination also 

relies on heterogeneous collisions with the more flexible and discoidal RBCs, leading to 

their preferential localization in the CFL, called near wall excess (NWE) [18]. Originally, 

the term ‘margination’ described the ability of circulating leukocytes and platelets to 

localize to the CFL and associate with ECs in the presence of shear forces. Localization to 

the vascular wall allows these cells to constantly sample the ECs and respond rapidly to any 

changes in vascular permeability or surface protein expression. As with leukocytes, the 

presence of the RBC core drives VTC distribution and directly impacts VTC transport 

within a blood vessel. The significance of these effects will depend on parameters such as 

particle geometry, mechanical and material properties, as well as the specific vessel 

geometry, which defines the CFL and RBC core.

Physical interactions in the RBC core & CFL impact VTC transport to ECs

For VTCs, margination from bulk blood flow to ECs can be a major transport challenge. As 

aforementioned, heterogeneous collisions between RBCs and less deformable WBCs cause 

leukocyte margination to the vascular wall, creating the RBC core and CFL [17]. These 

collisions also occur with VTCs, which can experience deflection out of the RBC-core and 

increased exposure to ECs. While further work is needed to determine the specific role of 

changing RBC geometry in RBC interactions with VTCs, as RBC geometry can vary 

depending on capillary size, shear stress, RBC cell age and disease state (such as sickle-cell 

anemia) [15,19], some general guidelines have emerged on the impact of VTC size, shape 

and density on their interactions with RBCs based on recent studies [20–30].

The size of a particle is important in determining its margination dynamics and efficiency. 

Margination studies in simple flow scenarios have indicated benefits of small nanoparticles 

(NPs) over large microparticles [31], however, the addition of RBCs in in vitro and in vivo 

studies as well as in simulation generally yields higher margination efficiency of micron-

sized particles [23–28,30]. In particular, studies from our group, which measured binding 

efficiency of VTCs under physiological conditions using human blood, show that NPs (100–

500 nm) exhibit reduced adhesion relative to 2–3 μm VTCs in varied vessel sizes [22,23]. 

Furthermore, VTCs targeted to atherosclerotic plaques in ApoE −/− mice aorta revealed that 

2 μm spheres adhered significantly more than 500 nm particles [24]. Similarly, a theoretical 
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model by Lee et al. demonstrated that NPs 100 nm and smaller distributed uniformly 

throughout a blood vessel, whereas larger particles marginated more efficiently [30]. The 

general consensus is that NPs in the 100–500 nm size range mostly co-localize with the 

RBC rich core while microparticles with diameter larger than 1 μm exhibit NWE. However, 

in vivo work by Muro et al. using anti-ICAM coated polystyrene (PS) beads observed a 

lower targeting efficiency of large microparticles (particularly, 5 and 10 μm) relative to 

submicron 100 nm particles, explained by the higher pulmonary capillary entrapment for the 

micron-sized, untargeted control [32]. Namdee et al. similarly found that 5 μm spheres 

exhibited significantly lower adhesion to wall compared with 2 μm spheres with blood flow 

in channels on the order of arterioles and venules (10–50 μm diameter) [16], which was 

attributed to the small height of the CFL in small channels leading to RBC collisions with 

large microparticles to negatively impact the adhesion. This highlights an important paradox 

for VTCs; VTCs in the large micrometer dimensions are superior at marginating to the 

vascular wall in large vessels, yet there are sometimes ill-suited to sustain adhesion, and in 

some cases not able to pass through, small capillaries [33].

Resultant transport to the vascular wall following physical interactions with the RBC core 

are also controlled by particle geometry [9,12,34]. Mathematical models have demonstrated 

preferential margination of discoidal and ellipsoidal VTCs as compared with spherical VTCs 

in simple buffer flows. The lateral drift of VTCs to the endothelium is dependent on the 

Stokes number, and is proportional to aspect ratio, particle volume and density [35–40]. 

Recent mathematical models account for physiological features of blood flow, such as 

RBCs, and the increased adhesion of nonspherical microparticles was attributed to increased 

contact area with the target surface rather than increased localization from the RBC core into 

the CFL [27]. This is in agreement with in vitro and in vivo data using targeted VTCs to the 

endothelium [22]. To date, most studies have been limited to oblate, spheroid and spherical 

VTC geometries due to the ease of fabricating significant quantities of these shapes. 

Additional work is needed to elucidate the impact of complex shapes and asymmetry on 

margination for superior VTC efficiency.

Other cellular components of blood, such as leukocytes, physically interact with VTCs, and 

thus impact targeting efficiency. Leukocytes recognize VTCs by globulin antibodies 

acquired through opsonization, and subsequently remove or destroy the VTCs. These types 

of leukocyte-VTC interactions are dependent on size and shape, and spherical microparticles 

of approximately 2 μm in diameter have been identified as optimal for phagocytosis [33]. In 

addition to clearing VTCs from blood, leukocytes and VTCs that co-localize to the CFL 

collide during the adhesion process. Leukocytes can compete with and physically detach 

bound VTCs in vitro in both human pulsatile and recirculating blood flow [21]. Overall, the 

competitive removal effects of leukocytes on VTCs occurred at the point of adhesion, and 

can largely be mitigated by increasing the strength of VTC adhesion [21].

Mathematical treatment of fluid mechanics underlying margination 

phenomena

As evidenced in the previous section, margination is a complex phenomenon that involves 

the interplay of several forces and is yet to be completely understood. Owing to limitations 
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in the ability to experimentally image singular particle–cell interactions in bulk blood flow, 

researchers have turned to computational models to better understand the complexity of both 

cellular and particle margination. This section aims to describe the underlying fluid 

dynamics of blood and the significant progress in recent years for modeling of blood cells in 

flow and their segregation behavior.

In general, blood is modeled as a suspension of vesicles immersed in a viscous fluid that 

represents plasma. The motion of the vesicles in the fluid depends on their deformation, 

which is characterized by its membrane stretching elasticity and bending rigidity. The 

vesicles are modeled such that they mimic the deformation of the membranes of the 

different kind of blood cells. There are two main approaches to modeling vesicles. The first 

approach is to use continuum-based methods where the membrane is treated as a 2D 

viscoelastic interface embedded in a 3D space. These methods use material laws to describe 

the energy-strain relation of the membrane. A comprehensive review can be found by Li et 

al. [41] and in more detail, by Vlahovska et al. [42]. Particle-based models are an alternate 

approach to modeling cells that has gained momentum in recent years. In these models, the 

membrane is represented as a grid with beads in vertices interconnected through viscoelastic 

bonds. For a thorough review on these methods the reader is referred to [41,43]. These 

models are then paired with the fluids equations to simulate blood flow, and the cell 

interactions within [41–43]. A review by Fedosov and Noguchi on the multiscale modeling 

of blood flow gives a broader idea of the application of these methods, particularly for the 

particle-based methods [44].

Generally speaking, a solution of deformable particles (such as RBCs) will migrate away 

from the wall in simple shearing or pressure driven flow, forming a depletion layer whose 

thickness is a balance between wall-induced migration and shear-induced diffusion. 

Margination in blood is typically characterized by heterogeneous collisions where 

displacement of stiff particles is substantially greater than that of a deformable particle. 

Models of binary suspensions of rigid and ‘floppy’ capsules have been considered for 

leukocyte and platelet margination in the presence of RBCs. Crowl and Fogelson analyzed 

the mechanisms for platelet lateral motion-induced RBCs, and the mechanisms for platelet 

near-wall excess [45]. They used a Lattice Boltzmann method coupled with the immersed 

boundary method in two dimensions where they found that the platelet motion is driven by 

the complex motion of the RBCs. Kumar and Graham proposed a mechanism for 

margination comprising three main aspects [17]: the single particle migration velocity, 

collisions of a particle which pushes it toward the wall and the difference in displacement 

between homogenous and heterogeneous collisions. The overall drift velocity of a particle is 

composed of the migration velocity, umig, and an additional component that arises from 

gradients in collision frequency, Vc.

Focusing on the near wall region, the authors observed that the net effect of the collisions is 

a normal force directed toward the wall and thus this force prevents escape of the particle to 

the interior, central region of the channel. In opposition to this, the umig component of the 
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drift velocity orients the particle to move toward the interior (center) of the vessel. Stiff 

particles experience greater displacement when colliding with floppy (deformable) particles. 

As a result, stiff particles are retained in the near wall region namely as they reach a dilute 

concentration. On the contrary, floppy particles do not encounter a strong collision force 

toward the wall, a result of minimal effect from heterogeneous collisions with stiff particles.

Zhao et al. modeled blood flow using the Stokes flow boundary integral method in two and 

three dimensions to solve for the fluid velocity and hydrodynamic interactions. This 

approach is convenient for complex suspensions like blood which involve continuous 

deformation and complex geometry, though it neglects inertia so it is accurate mostly in 

microvessels [46]. Overall, the model shows good agreement for particle diffusivity 

compared with experiments with micron-sized beads in a cylindrical tube of similar 

diameter. The RBC membrane elasticity is modeled by a classic 2D strain energy functional, 

and has the empirical form:

where ES is the shear modulus of the membrane, ED the dilatational modulus and I1,2 the 

strain invariants for the in-plane deformation of the unstressed membrane. The amount of 

RBC deformation is described by the capillary number, which measures a balance of viscous 

force on the membrane relative to shear elasticity:

Rigid particles in the presence of RBCs were simulated in a suspension undergoing bulk 

shear motion and flow in a microchannel. The authors observe that shear-induced diffusion 

and/or a mean lateral velocity determine migration of particles due to hydrodynamic 

interactions with other particles and RBCs. This mean lateral velocity was observed to push 

platelets to the wall, resulting in near-wall excess.

Müller et al. employed the dissipative particle dynamics method (DPD) for 2D simulations 

and smoothed DPD (SDPD) for 3D simulations. Particles are simulated to interact locally 

via three pair-wise forces and in the case of the SDPD method, these forces are developed 

via discretization of the Navier–Stokes equation. For the 3D simulations, they used a 

particle-based model of the RBC membrane. This study analyzed the segregation behavior 

of drug carriers from the RBC core in terms of size and shape [27].

Vessel geometry & flow profile further complicates interactions between 

the RBC core, CFL & VTCs

The complex branching network of the vasculature creates an incredibly dynamic and 

diverse environment for VTCs. Throughout much of the body, blood flow is considered 

laminar, however, areas of the ascending aorta can become turbulent. Pulsatile flow is 

common in arteries, as they are subject to large changes in blood pressure. Veins and 
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capillaries, on the other hand, exhibit lower shear rates, minimal pressure fluctuations, and 

thus, laminar flow [47]. Shear stress, and therefore shear rate, varies widely from large 

arteries (10–70 dyne/cm2) down to the capillaries (1–6 dyne/cm2) [48]. These variations of 

flow shear and profile have a direct effect on the RBC core and CFL sizes. The CFL 

thickness varies throughout the cardiovascular systems due to changes in vessel size, shear 

rate and hematocrit (Figure 2) [17,49]. Finally, curvature in vessels, bifurcations and areas 

of disease, such as atherosclerotic plaque development, are associated with disturbed flow 

profiles, which has been described as “the pattern of flow that is nonuniform and irregular, 

including recirculation eddies and changes in direction with time (reciprocating flow) and 

space (flow separation and reattachment)” (Figure 3) [13,50–52]. Given all of these 

complexities, targeting to a specific region of the vascular wall is often challenging. The 

immediate environment surrounding a VTC is extremely dynamic and variable depending 

on the location within the vasculature. Recent works have attempted to better understand 

changes in local blood flow profiles and their subsequent role on VTC binding efficiency 

[21,24,53]. It has been observed that disturbed flow enhances VTC adhesion to ECs relative 

to laminar flow, which could be beneficial in a disease context where these types of profiles 

are prevalent.

Hematocrit in most vessels ranges between 30 and 45%, but hematocrit in capillaries is 

known to be lower due to the Fahraeus–Lindqvist Effect and much more variable [54,55]. 

While collisions with RBCs in larger vessels promote micron-sized VTC NWE, increased 

collisions with RBCs in small vessels may produce negative adhesion effects [22]. 

Increasing local hematocrit from 30 to 45% resulted in negative adhesion effects for larger, 

5 μm VTCs in straight channels, explained by the smaller CFL associated with the 

expansion of the RBC core at higher hematocrit and the subsequent disruptive blood cell-

VTC collisions [21]. Increases in hematocrit minimally impacted VTC adhesion in vertical 

step flow channel (VSFC) with recirculating flow, typical of bifurcations and region of 

sudden expansion in vivo, perhaps due to unique particle-RBC collision dynamics present in 

recirculation flow [21]. Müller et al. performed 3D simulations of blood flow and with 

increasing hematocrit (20–40%), 2 μm carriers increasingly distributed within the CFL with 

increasing hematocrit levels [27], in agreement with increased adhesion in vitro with 2 μm 

particles at higher hematocrit [21]. Thus hematocrit, dependent on vessel and VTC size, is a 

key determinant on the margination and binding efficiency of VTCs.

Work from our group has identified a size dependent critical shear rate, above which 

adhesion decreased due to higher disruptive hemodynamic forces, depending on the ligand 

type and surface density [23]. Thus, shear rate is an important factor in determining VTC 

adhesion efficiency, but since arteries exhibit high pulsatile shear, it is critical to investigate 

more complex flow environments. Sohrabi et al. theoretically investigated NP deposition 

using three different models and found that pulsatility enhances NP deposition relative to 

steady flows. In this study, blood was modeled as a laminar, Newtonian fluid, and thus, the 

impact of blood cell interactions was not taken into account [56]. Further work from our 

group investigated the effect of oscillating pulsatile and disturbed recirculation flow on VTC 

binding efficiency in blood flow containing RBCs and plasma. Overall, binding efficiency in 

pulsatile flow containing RBCs and plasma was size dependent with approximately two- to 
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three-fold improved adhesion observed for microparticles relative to laminar profiles of the 

same average shear rate, owed to the increased residence time of the particles near the ECs 

[24].

Intricacies within the vasculature result in complexities in blood flow, which has a direct 

effect on VTC efficiency. Bifurcation flow is a common feature of blood vessel geometry 

and often results in disturbed, pulsatile flow features, similar to that featured in the VSFC 

channel. Mathematical models have simulated NP deposition in bifurcation flow and found 

that maximal adhesion of NPs occurred more at the bifurcation region relative to the straight 

vessel entrance region [57]. In another study from our group, Charoenphol et al. 

characterized VTC binding efficiency to inflamed endothelium in a VSFC, where disturbed 

flow was recreated featuring a recirculation eddy. VTC adhesion efficiency was size-

dependent, favoring microparticles over NPs, and peaked at the flow reattachment point, 

owed to low shear and wall-directed velocity [24].

Overall, the investigation of blood flow profile, which is directly linked to vessel geometry, 

has generally revealed that VTC adhesion is favored in regions of complex/disturbed flow 

regimes. This provides supporting evidence for targeting vascular diseases with VTCs, 

particularly for cardiovascular complications, where oscillating shear stress, periods of 

high/low shear and recirculation eddies are common. Many groups are working toward 

physiological simulations of systemic blood flow dynamics, but are often limited to one case 

or one area in the body due to complexity and computational costs [58–60]. Furthermore, 

the theoretical models that investigate single cells dynamics are not scalable to the entire 

vasculature. Future studies and computational advances are needed to further elucidate VTC 

targeting efficiency in complex microvasculature networks and in capillary-sized vessels.

Bio-inspired VTCs mimicking blood component features: approaches for 

optimizing VTC targeting efficiency

The previous section discussed the critical impact that blood cells have on VTC targeting 

efficiency. ‘Bio-inspired’ drug carrier designs have emerged as a viable route to improve 

transport of VTCs to the vascular wall [61]. Over the past decade, there have been attempts 

to mimic the adhesion targeting properties of leukocytes and physical properties of blood 

cells. Leukocyte adhesion is highly efficient due to multiple surface ligands which enable 

capture, firm arrest and transmigration through the endothelial cells postinjury [62]. 

Leukocytes use two different adhesion mechanisms: PSGL-1 terminated with Sialyl–Lewisx, 

which binds to P-selectin during initial capture to the endothelial cell, and integrins which, 

when activated by the initial capture step, result in adhesion to cell adhesion molecules 

(CAMs) [63]. This adhesion cascade results in firm adhesion of the leukocyte under shear 

stress and subsequent transmigration into the inflamed tissue space. Numerous studies have 

investigated VTCs targeted to various adhesion molecules utilized by leukocytes [2,64,65], 

such as vascular cell adhesion molecule-1 (VCAM) [66–68], intercellular adhesion 

molecule-1 (ICAM) [32,69–71], platelet endothelial cell adhesion molecule-1 (PECAM), 

vascular endothelial (VE)-cadherin and selectins. Multi-receptor targeting approaches more 

closely mimic leukocytes and hold great potential as a design parameter for increasing 

specificity in drug delivery. This has been explored in several studies, where multi-CAM 
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targeting aided the optimization of certain therapeutic nanocarriers, and targeting 

performance could be modulated via combination and multiplicity of targeting ligands [72–

74]. An earlier study by Eniola et al. directly measured the binding efficiency of dual-

targeted microspheres (Sialyl–Lewisx and anti-ICAM-1) perfused over receptor-coated 

surfaces using a parallel-plate flow chamber. The study showed that firm adhesion, hence 

targeting, occurred only when both ligands interact with their receptors, mimicking the 

leukocyte adhesion cascade [74]. This concept was later applied for MRI imaging of 

atherosclerosis in ApoE −/− mice, where dual-targeted iron-oxide microparticles (PV-

MPIO) specific to P-selectin and VCAM-1 showed high specificity to activated endothelial 

cells in atheroprone regions [73]. Furthermore, the PV-MPIO bound only to the endothelial 

cells, not the macrophages, and adhesion density scaled closely with plaque size and lesion 

macrophage content [73].

Platelets, similar to leukocytes, marginate to the vascular wall in response to injury, 

particularly in diseases such as thrombosis [75]. One of the key functions of platelets is to 

form clots that seal injured vessels and arrest bleeding. Platelets are discoidal, 2–4 μm in 

diameter, and contain various surface ligands that are essential for clot formation. The 

development of synthetic materials that mimic biophysical and biochemical platelet 

attributes has recently opened new doors in the treatment of diseases like thrombosis. Doshi 

et al. fabricated synthetic platelets that mimic the size, morphology and deformability of 

natural platelets and functionalized the VTCs with ligands specific to endothelial cells and 

platelets themselves [76]. Synthetic platelets were perfused at 1500 s−1 in human blood in a 

127 μm parallel-plate flow chamber assay, and exhibited significantly higher co-localization 

with platelet thrombi relative to the rigid, targeted PLGA NP control. A similar study by 

Anselmo et al. investigated platelet-like NPs (PLNs), and used a triple-ligand strategy to 

simultaneously target platelet aggregates and the endothelial surface via adhesion to von 

Willebrand factor (VWF) and collagen [77]. The researchers showed that VWF/collagen 

targeted PLNs specifically bind to targeted surfaces with minimal off-target effects. An in 

vitro wound model utilized perfusion of PLNs and activated platelets through a parallel-

plate flow chamber over VWF/collagen surfaces, and revealed that triple-targeted PLNs 

actively recruited platelets from flow and were the most effective in adhering to the VWF/

collagen surfaces, validating the power of synergistic effects between the three ligands [77]. 

Lastly, these triple-targeted PLNs were tested in vivo and reduced the bleeding time by 65% 

in a BALB/c mouse transection model. However, rigid, triple-targeted NPs did not restore 

the extent of the effect of flexible PLNs. In vitro, larger PLNs (1–2 μm in diameter) were 

less efficient in targeting compared with 200 nm PLNs in terms of their adhesion to anti-

OVA glass in buffer flow [77], which is in contrast to aforementioned analyses with VTCs 

in RBC containing buffer or blood flows. The 200 nm PLNs more efficiently instigated 

hemostasis relative to larger micron-sized PLNs in vivo to which the authors suggested is 

due to shorter circulation time of the larger particles.

In addition to synthetically targeted VTCs, a few researchers have coated particles with 

cellular membranes. Hu et al. coated PLGA NPs with RBC membranes and observed 

superior circulation half-life by the RBC-membrane-coated NPs compared with control 

particles coated with synthetic stealth materials, such as polyethylene glycol (PEG). The 
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initial half-life (i.e., 50% particle clearance) for PEGylated PLGA carriers was 6.5 h, 

whereas RBC-membrane-coated PLGA was 9.6 h, demonstrating the superior in vivo 

immune evasion properties of biomimetic PLGA NPs over current stealth strategies, such as 

PEG [78]. Along the same line, a recent work explored coating of silicon NPs with 

membranes purified from leukocytes and showed these NPs can evade the immune system 

and exert targeting capabilities similar to natural leukocytes [79]. Specifically, these 

leukocyte-membrane-coated NPs showed increased circulation time as well as improved 

tumor localization relative to uncoated silicon NPs, which rely on passive targeting via the 

EPR effect.

The emerging trend of VTC design using blood cell mimicry with both targeting ligands and 

physical property imitation holds immense potential in both extending in vivo circulation by 

immune system evasion and enhanced margination due to blood cell-VTC collision 

dynamics. Collectively, these strategies have high potential in personalized medicine. 

However, there is no strong evidence to date that longer circulation time for VTCs is more 

important in vivo than rapid and high margination and adhesion.

Rethinking the traditional view of the plasma protein corona – a potential 

tool for drug delivery

The noncellular component of blood, plasma, plays a major role in IV particle drug delivery, 

especially in particle uptake and clearance by the reticuloendothelial system [80–83]. When 

a VTC is exposed to blood plasma, protein adsorption onto the particle surface occurs in 

seconds [84]. The dynamic plasma protein corona is a function of many parameters, 

including particle size, shape, hydrophobicity, material, exposure time and other 

physicochemical properties [85]. The corona is classically understood via the Vroman effect, 

where highly abundant (low affinity) proteins such as albumin are replaced over time by 

scarce (high affinity) proteins, however recent works have suggested this may not entirely 

explain the dynamics of corona formation [86]. Protein coronae on VTCs cause 

opsonization, a process defined by the adsorption of ‘opsonins’, typically immunoglobulins 

and complement, which initiate phagocytosis and clear- ance of VTCs from the blood. Thus, 

the protein corona has classically been viewed as an undesirable and unavoidable 

consequence of particulate VTCs in the human body due to shielded ligand-receptor 

interaction and reduced NP targeting efficiency in the presence of serum [87]. Additionally, 

the uptake specificity of functionalized NPs by cells is reduced in the presence of serum 

proteins [88]. The adhesion of VTCs to inflamed endothelium is negatively impacted by 

plasma protein adsorption, but this was shown to be a function of plasma donor and particle 

material type [89]. As a result, what a cell ‘sees’ in blood is not the pristine NP surface, but 

rather the corona-adsorbed NP population (Figure 4) [90].

Widespread use of ‘stealth’ mechanisms on particles can limit protein adsorption and thus 

increase in vivo circulation time and prevent nonspecific interactions with the immune 

system. Potential avenues for limiting plasma protein targeting effects include the use of 

PEGylation and zwitterionic functionalization [92–96]. PEGylation has long been known to 

limit protein adsorption by creating a hydrophilic layer and steric repulsion of proteins 

[95,97,98]. Thus, it is of interest to explore the possibility that PEG may eliminate, or at 
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least, greatly reduce the negative plasma protein effects on VTCs. However, this may be a 

challenging because stealth effects are reduced when adding targeting ligands to PEGylated 

drug carriers. Properties of the targeting ligand and PEG density, molecular weight and 

conformation can dramatically impact ligand affinity and VTC specificity, as well as corona 

presence and circulation time [92,99–102]. A debate remains whether PEGylated VTCs are 

truly free of the plasma effects in vivo [88,92], and PEGylation may never completely limit 

protein adsorption on VTCs [103]. In contrast, zwitterionic functionality, an alternative to 

PEGylation, has been shown to result in ‘corona-free’ NPs [93].

Recent works have demonstrated positive features of the protein corona which may be 

exploited to improve targeting/drug delivery properties of VTCs [104]. Protein-coated VTCs 

have resulted in cell-specific uptake. In particular, NPs that preferentially adsorb 

apolipoproteins, such as apoE, resulted in enhanced cellular uptake by brain capillary 

endothelial cells. This was achieved by coating polybutyl cyanoacrylate NPs with a 

surfactant coating, polysorbate 80 [105–108]. In addition, uptake of titanium dioxide NPs by 

A549 human lung epithelial cells was enhanced in the presence of FBS, due to surface 

adsorbed vitronectin protein [109]. Other studies have also revealed that particles of the 

same material but different surface properties can adsorb similar coronas but interact with 

cells by completely different internalization pathways. Specifically, anionic PS and cationic 

PS NPs incubated with FBS showed nearly identical protein coronas (mainly adsorbed 

BSA), yet the anionic NPs interacted with monkey kidney epithelial cells via the natural 

albumin receptor, whereas cationic NPs interacted with scavenger receptors, attributed to a 

denaturing of BSA by cationic NPs [110]. The redirection of NP-cell interaction as a result 

of the protein corona has also been observed in comparing uptake of serum-coated versus 

uncoated PS NPs, where the presence of serum resulted in NP uptake via phagocytosis, 

rather than clathrin-mediated endocytosis/micropinocytosis for the bare NPs [111]. In 

general, NPs that adsorb immunoglobulin and complement result in internalization by 

phagocytes, thus promoting macrophage uptake. The protein corona protects the cell from 

damage compared with bare NPs, as the corona-adsorbed particle minimally affects cell 

membrane integrity. However, these effects show protein-specific dependence, as carbon 

nanotubes coated with γ-globulins resulted in damaged cell membranes whereas fibrinogen-

coated carbon nanotubes do not [112]. Thus, the adsorbed NP-protein corona has abilities to 

modulate cell uptake, adhesion and cell membrane integrity. Of course, other particle 

parameters such as zeta potential and surface morphology can further confound these results.

A new direction in the field hopes to use the variations of VTC protein corona to assist and 

improve VTC targeting efficiency. Harnessing the enhanced uptake features of protein-

coated NPs could be used to direct the VTC to the cell of interest. This method of thinking 

considers the protein corona as a natural targeting mechanism, which can be tailored to 

enhance association with certain cells depending on the physicochemical properties of the 

NP. In general, hydrophobic NPs adsorb more proteins to mask their surface from water and 

absorb proteins that induce uptake by macrophages [104]. However, as an example of more 

directed corona-targeting, the specific corona surrounding N-isopropylacrylamide-co-N-tert-

butylacrylamide (NIPAM/BAM) copolymer NPs shows enhanced vitronectin adsorption, 

which leads to enhanced cellular uptake via αVβ3 integrin, an overexpressed receptor in 
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inflamed endothelium and cancer cells [113]. If one aims to use the corona as a targeting 

mechanism, then there must be control over the composition in vivo. In this light, the plasma 

protein corona is a worthy candidate to enhance targeting efficiency of drug carriers and 

some current studies have begun developing models for predicting cell association based on 

NP-corona features [114].

The protein corona may also play a fundamental role in development of personalized 

medicines. Recently, a study revealed that NPs coated with plasma proteins of patients with 

various diseases resulted in unique corona compositions [115]. The individualized corona 

may prove to be a useful avenue to pursue for personalized medicine as biological 

interactions are heavily dependent on the corona formation. Specific NP features may be 

employed in blood of a certain disease in order to attract specific proteins for enhanced 

cellular-targeting/uptake. Further research will likely assess different materials and 

properties of NPs with the goal of predicting the corona profile based on the chosen NP 

properties and plasma source. Furthermore, optimal VTC targeting and uptake properties 

can be clarified by investigating these properties for NPs exposed to plasma from a cancer 

patient.

Advanced approaches to improve VTC-endothelial cell affinity

ECs are stimuli-responsive cells, continually changing the presentation of surface markers, 

offering novel disease-specific targets. The adhesion molecules and other EC targets 

established to date represent a rather small subset of potential molecular targets, thus 

restricting widespread applicability of VTCs. Further identification of the dynamic 

membrane proteins on ECs in different tissues or disease conditions will yield a diverse 

array of potential EC targets. Novel proteomics approaches to quantify the dynamic 

‘membranone’ of ECs are working to overcome traditional challenges of membrane protein 

purification and analysis, including the low frequency and hydrophobicity of membrane 

proteins [116–118]. Additional work may find value in establishing targets of tissue specific 

markers in the interstitial extracellular matrix in addition to targeting ECs themselves [119].

To address the growing repertoire of EC targets, novel ligand moieties will need to be 

translated to VTC designs. Antibodies will continue to be a mainstay in targeting approaches 

due to their versatility and low immunogenicity. However, alternative protein scaffolding 

approaches have become increasingly attractive for their smaller size and may enable ease of 

conjugation to potential VTCs. The most common of these include affibodies, adnectins, 

anticalins and DARPins [120,121]. Affibodies have been utilized on targeted NPs for tumor 

applications [122–124], yet the majority of these targeting approaches have yet to find 

application in particle therapeutics or vascular targeting. Similarly, aptamers, 

oligonucleotides of RNA or single-stranded (ss)DNA, represent an increasingly effective 

targeting moiety which have yet to be widely translated to VTCs [125]. Aptamers are 

developed using a process called systematic evolution of ligands by exponential enrichment 

SELEX [126], which leads to high affinity targeting moieties. Aptamers have been 

developed for relevant applications, targeting molecules such as EC αvβ3 integrin [127], 

thrombin for anticoagulation [128,129] and inflamed ECs in aortic mouse atherosclerosis 

plaques [130]. Some groups have successfully translated these molecules into VTC moieties 
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targeted to tumor ECs [131,132], but many more opportunities remain to use these high 

affinity ligand approaches toward EC targets.

Combined with novel targeting ligands to highly specific EC targets, the next generation of 

VTC design will likely evolve to more complex designs with regard to VTC geometry, 

mechanical stiffness and asymmetric presentation of ligands to increase transport and 

adhesion at the vascular wall. For example, Janus particles, which are two-faced, 

asymmetrically-coated particles, may offer combinatorial targeting and stealth 

functionalities not achievable by uniform VTCs (Figure 5) [133]. Recent studies have 

explored how controlled, anisotropic presentation of ligands on Janus particles impacts 

cellular uptake, finding that macrophage uptake depended on ligand patch size and varied 

compared with uniformly-coated controls [134,135]. Moreover, such approaches could yield 

controlled release for a multitude of therapeutics [136]. Overall, these emerging, novel 

design parameters will likely shape the future of VTC delivery strategies and greatly 

enhance targeting efficiency.

VTC toxicity & immunogenicity

Besides physical interactions with blood cells that impact the distribution and vascular wall 

binding of VTCs in blood, molecular or chemical interactions between VTCs and blood 

cells are of high importance as such interactions can lead to toxicity and immunogenicity. 

While there is still insufficient data to allow full characterization of VTC toxicity in blood, 

existing evidence suggests this is more of an issue for nanoparticles than it is for 

microparticles [138]. Similarly, the VTC material type and surface characteristic all affect 

potential toxicity. VTC-induced hemolysis, in other words, breaking apart of RBCs, tends to 

be more prevalent for small (~20 nm) nanoparticles relative to larger ones, and occurs for 

both negatively and positively charged particles. Toxicity issues can also arise with VTC 

interaction with platelets. Similar to interactions with RBCs, nano-sized VTCs can induce 

platelet activation to trigger formation of clot within the bloodstream and is a function of 

several factors including nanoparticle surface characteristic, size and shape. Smaller, 

positively charged, nonspherical shaped particles may be more likely to cause platelet 

activation. Readers are referred to Huang et al. for a general discussion about toxicity of 

VTCs [139]. In addition to toxicity induced by VTC interaction with platelets and RBCs, the 

presence of VTCs in blood can activate immune cells (white blood cells), leading to 

inflammation response that if left unchecked could result in severe tissue damage as seen in 

autoimmune diseases. However, when designed appropriately, VTC interactions with 

immune cells can be used to elicit a desired and controlled immune response as with 

vaccines. In certain cases, however, VTC interaction with immune cells may significantly 

repress their function, i.e. immunosuppression, and lead to increase susceptibility to 

infection and cancer. Overall, if the immune cells are not the therapeutic targets of the VTC 

system, strategies to neutralize VTC surfaces, such as pegylation, must be employed to 

minimize their recognition by the immune system. Readers can find a more comprehensive 

discussion on VTC-induced immunogenicity in a prior review by Zolnik et al. [140].
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Case study: VTC for novel applications in regenerative medicine

The lessons learned as the vascular targeting field has matured from early work in oncology, 

to targeting inflamed ECs in heart diseases, are now enabling a plethora of alternative 

therapeutics in tissue engineering, increasing the scope of the field. The utility of VTCs in 

controlled delivery of growth factors and other vital components to vascularization of tissue 

grafts is one such avenue of great potential. VTCs are particularly attractive for their ability 

to provide scheduled delivery of growth factors to the implant region and enhanced 

vascularization efficiency.

Although nano- and micro-particles have been integrated into scaffolds or combined to form 

platforms for tissue engineering, the application of injectable, targeted carriers from these 

particles to enhance angiogenesis and neovascularization for regenerative strategies is in its 

infancy. In many cases, tissue regeneration takes weeks to months and requires persistent 

stimulation of growth factors [141]. The production of vascularized grafts for bone, for 

example, has met limited implementation in clinical practice due to failure to anastomose 

with the host vasculature and long-term loss of viability [142]. One promising scheme is 

mimicry of biological cascades by scheduled, sequential delivery of growth factors to 

enhance tissue regeneration as compared with approaches involving simultaneous growth 

factor release [142]. However, design of implantable scaffolds to accomplish extended 

delivery of growth factors with the correct temporal and spatial profile to both stimulate 

vascularization and enhance matrix production (by osteoblast in tissue engineered bone, for 

instance) is a complex endeavor [143] and is an unlikely solution to this problem. Injectable, 

targeted carriers are a potential solution to this challenge, permitting delivery of a temporal 

sequence of growth factor combinations and, potentially cells, to the implant region. There 

are several factors that may be suitable for targeting via these carriers to sites of 

angiogenesis and neovascularization to improve tissue engineering and regenerative 

outcomes.

It has been generally accepted that after birth, the growth of new blood vessels relies on the 

sprouting of resident endothelial cells from preexisting vessels (angiogenesis). This is the 

process that many tissue engineers have tried to replicate in the development of vascularized 

tissues in vitro [142]. Once implanted, these nascent tissues must establish connection to the 

host vasculature to survive. The upregulated expression of VEGF, GM-CSF, and HIF-1α in 

hypoxic environments [144] makes them attractive targets for VTCs, once the implants 

become ischemic, to deliver growth factor or even cells, such as purified human umbilical 

vein endothelial cells or endothelial progenitor cells (EPCs).

Recently, it has been shown that adult neovascularization can also occur through recruitment 

of a heterogeneous mix of myeloid cells from the bone marrow to the blood by VEGF, 

which is then correctly positioned by the chemokine SDF-1. SDF-1 augments the 

accumulation of EPCs to the site of neovascularization [145] in ischemic muscle models. In 

a study examining the possible therapeutic effects of SD-1, the authors showed that 

increased expression acts as a chemoattractant and homing signal for CXCR4+ EPCs [144]. 

In another study, SD-1 plasmids were delivered by ultrasound-mediated destruction of 

microbubbles after injection and localization to the site of neovascularization in a hindlimb 
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ischemia model in rats [146]. The authors demonstrated EPC homing to the area and a 

significantly increased arteriole density at day 14 post-delivery. For tissue engineering, 

VTCs targeted to these cytokines, alone or in combinations, can enhance neovascularization 

and survival of nascent tissues.

Angiogenesis and neovascularization can be enhanced in tissue engineered constructs by 

delivering growth factors like FGF-2, PDGF and TGF-β or cytokines like SD-1 with 

dendrimers and micelles functionalized as described above to target areas of overexpression 

of hypoxic cues. However, hypoxia may also induce apoptosis of the cells in certain types of 

implants, such as vascularized cardiac tissue [147]. In this case, using hypoxic markers to 

home VTCs would occur too late to ensure the survival of the graft. Alternative delivery 

strategies to target VTCs to the implantation site include superparamagnetic NPs or 

microparticles functionalized with homing sites for target cells. For example, in a study by 

Bock et al., magnetic scaffolds made of hydroxyapatite and collagen for bone tissue 

engineering were dip-coated in aqueous solutions containing iron oxide NPs stabilized by 

various macromolecules [148]. The magnetized scaffold did not affect cell viability and was 

able to attract particles. Growth factors could potentially be delivered to induce angiogenesis 

and neovascularization at multiple time points during healing by injection of magnetic 

carriers and application of a magnetic field gradient. Another application is the isolation of 

purified populations of endothelial cells. Kim and colleagues recently introduced poly(ɛ-

caprolactone) (PCL) microcarriers to stimulate the migration of ECs onto the microcarrier 

surface from the lumen of the intact aorta within 5 days [149]. Cell isolation techniques such 

as these can be used to collect desired cell types and co-localize them to sites of tissue 

engineered implants to enhance vascularization and implant survival.

Conclusion

In this review, we highlighted the importance of blood–VTC interactions in mediating 

targeting efficiency to the vascular wall. In particular, it is noted that microparticles maintain 

higher adhesion efficiency over NPs, however, NPs do have advantages in terms of 

navigating the microvasculature. The exploration of particle density and geometric 

asymmetry may be useful avenues to improve current transport limitations of VTCs. Vessel 

geometry and physical interactions with blood cells dictate margination, and thus, VTC 

adhesion efficiency. Future modeling and experimental studies are needed to clarify 

adhesion trends in capillary vessels and complex microvasculature to better predict VTC 

adhesion throughout the body. Going forward, the complexities of blood cannot be ignored 

when designing VTCs, and should be viewed as another parameter in designing highly 

efficient drug delivery systems. Using knowledge of blood cells and their interactions with 

VTCs has in part led to ‘bio-inspired’ VTC design. This has shown great promise in terms of 

increased circulation time, improved adhesion kinetics and overall targeting efficiency. This 

is an important avenue that will likely filter into design of next-generation VTCs. Although 

traditionally viewed as solely unwanted and detrimental for VTCs, the VTC-protein corona 

has been redefined by recent works to carry great potential for in situ VTC targeting. 

Continued research efforts will assess the protein corona, and comprehensively evaluate its 

role in exploitation for targeting as well as toxicity, hopefully resulting in increased 

translation of VTCs into the clinic. In addition to these considerations, advanced approaches 
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involving high affinity targeting ligands, ligand asymmetry and tuning of the particle 

modulus are interesting and novel directions for the next generation of VTCs. Lastly, 

exploration of VTC design for regenerative medicine applications has only recently begun. 

This represents an area of huge growth and opportunity for vascular-targeted drug delivery 

strategies. Continued research efforts are critical to greatly expand and reach all of the 

potential therapeutic benefits and utilities of VTCs. Moving forward, we anticipate the 

greatest advances in VTC development to be ones that rely heavily on understanding of 

carrier interactions with blood. It is imperative that researchers take blood components and 

interactions into consideration during their work and utilize/exploit their key features for 

optimal VTC drug delivery.

Future perspective

The field of vascular targeting will likely evolve extensively over the next decade. In 

particular, recent literature describing particles that mimic various features of natural blood 

cells will likely gain significant research momentum. The complexity of protein-

nanoparticle interactions will likely require development of predictive models in attempt to 

gain a broad and reliable system to understand and account for protein impacts on drug 

carrier targeting efficiency. In addition, studies have emerged suggesting ways to design 

particles ‘corona free’ and this could become a feature of the next generation VTCs.
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Key terms

Vascular-targeted 
drug delivery

A therapeutic strategy that employs VTCs to specifically adhere to 

the endothelium or bound blood cells on the endothelium (i.e., 

platelets) offering potential for limited off-target toxicity, increased 

drug protection and high targeting efficacy over nontargeted 

systemic delivery.

Plasma protein 
corona

Layer(s) of protein molecules that adsorb onto a drug carrier within 

seconds of exposure to human serum/plasma. It is a highly dynamic 

layer, which evolves from competition between proteins for 

adsorption onto the surface with a wide range of association/

dissociation rates of individual proteins

Margination Localization of leukocytes or particle to the vascular wall in blood 

flow.

Shear stress A measure of the friction force from a fluid on an object or body in 

the direction of the fluid. For example, as a VTC travels throughout 

the bloodstream, it will experience shear stress acting in parallel to 

the flow direction due to the force of blood flow. The magnitude of 

this shear stress is dependent on fluid velocity, vessel geometry and 

fluid viscosity.
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Hematocrit The percent red blood cell volume in a particular blood vessel.

Bio-inspired drug 
carrier designs

A novel approach to designing VTCs and other types of drug 

carriers by mimicking biophysical and biochemical features of 

natural blood cells in effort to improve drug carrier performance and 

targeting efficiency.

Multireceptor 
targeting

The use of multiple targeting ligands of a single and/or multiple 

type(s) on a drug carrier particle surface, resulting in stronger 

adhesion and more specific targeting.
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Executive summary

Impact of blood flow dynamics & blood cell interactions on vascular-targeted drug 
carrier targeting efficiency & optimization

• Vascular-targeted drug carrier (VTC) –blood cell interactions dictate the 

adhesion efficiency of VTCs in blood flow and complex blood flow profiles 

tend to result in higher levels of adhesion compared with laminar profiles, which 

is advantageous for treating diseases such as atherosclerosis.

• Stemming from interactions with blood cells, microparticles show superior 

margination over nanoparticles, an attractive feature from a drug delivery 

standpoint. However, nanoparticles can navigate the circulation with greater 

ease and are more likely to evade macrophage uptake than larger carriers. The 

ideal size may involve deformable and geometrically asymmetric carriers in an 

effort to optimize margination and circulation behavior.

Bio-inspired VTCs mimicking blood component features: approaches for optimizing 
VTC targeting efficiency

• Designing VTCs that mimic natural blood cell features (multiligands, flexible, 

discoidal) has shown great promise over rigid VTCs, particularly in studies 

fabricating ‘synthetic platelets’ to target platelet aggregates and damaged 

endothelium.

Rethinking the traditional view of the plasma protein corona – a potential tool for 
drug delivery

• The plasma protein corona has traditionally been viewed as an unwanted, 

undesirable phenomenon that is sought to be mitigated via the use of ‘stealth’ 

surface functionalities – however, recent works have revealed great potential to 

exploit the plasma protein corona as a natural mechanism to target cells and 

enhance uptake efficiency of VTCs.

Advanced approaches to improve VTC–endothelial cell affinity

• Advanced, novel approaches to surface design of VTCs include high affinity 

ligands and asymmetric ligand spacing. These types of design parameters will 

undoubtedly shape the next generation of VTCs by allowing multiple surface 

features/functionalities on a single particle, thus producing enhanced targeting 

efficiency.

Case study: VTC applications in regenerative medicine

• Injectable VTCs have been explored as therapies in cardiovascular diseases and 

cancer but have been minimally explored for applications in regenerative 

medicine. VTCs can be utilized as a ‘scheduled’ growth factor delivery system 

that is attracted to the implant region via magnetic scaffolds. This is a promising 

approach to enhance the neovascularization of nascent tissues and improve their 

survival.
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Figure 1. 
Blood is a complex fluid composed of red blood cells (RBCs), leukocytes, plasma proteins 

and platelets. (B) In order for a vascular-targeted drug carriers to bind to its target receptor 

on the inflamed vascular wall, it must overcome shear forces (ÝW) via adequate ligand-

receptor bond formation, providing the adhesive force (A). Adhesion may be increased by 

RBC collisions, which provide a normal force toward the wall (N), while decreased by 

plasma protein adsorption. Adhesion of nanoparticles is less efficient than microparticles 

due to entrapment in the red blood cell core and, thus, limited deflection into the cell free 

layer δ.

VTC: Vascular-targeted drug carrier.
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Figure 2. 
The cell free layer thickness (δ) depends on (A) shear rate, (B) vessel diameter and (C) 
hematocrit, or percent volume of red blood cells (RBCs), which is depicted via a vessel 

bifurcation where the cell free layer is reduced in the bottom daughter vessel (II) relative to 

the parent vessel. (A) Shows the inverse relationship between wall shear rate (Ýw) and δ, 

since Ýw,2 > Ýw,1 (B) Shows how reduced vessel diameter results in reduced δ thickness 

(d1 > d2). In (C), since δ~ dVTC′, adverse VTC adhesion effects may be observed resulting 

from increased RBC collisions.

VTC: Vascular-targeted drug carrier.
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Figure 3. 
(A) Plaque development near a vessel constriction, creating by recirculating, low shear 

blood flow, a common feature of atherosclerosis. (B) The carotid artery bifurcation is a 

common site of disturbed, low shear flow that is often associated with development of 

cardiovascular complications. Regions of low/oscillating shear are highlighted in orange.
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Figure 4. The nanoparticle–protein corona is the effective biological interface ‘seen’ by cells
(A) The dynamic nature of the protein corona is a result of complex competitive protein–

protein interactions and the vast differences among association/dissociation rates of various 

proteins, which leads to formation of the hard and soft corona. (B) A unique nanoparticle 

protein corona is formed as a result of particle physicochemical properties and the protein 

composition of the plasma.

Reproduced with permission from [91], © The Royal Society of Chemistry. For part B, see 

facing page.
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Figure 5. Two distinct polymer systems based on poly(ethylene oxide) (A & C) and poly(acrylic 
acid) (B & D) were used for biphasic carriers
Individual sides were encapsulated with fluorescent biomolecules (FITC-dextran, green, and 

rhodamine-B-dextran, red). Confocal images of biphasic particles are shown at the 

fluorescence emission range of FITC and rhodamine B as well as the overlay, revealing the 

biphasic character of the particles (A & B). The overlays of these two phases reveal the 

biphasic character of the nanocolloids. Size distributions of the PEO and PAA biphasic 

particles determined from the scanning electron microscope images are shown (C & D).
PAA: Poly(acrylic acid); PEO: Poly(ethylene oxide); FITC: FITC-dextran.

Reproduced with permission from [137], © Macmillan Publishers Ltd. For part D, see facing 

page. For color figures, please see online at: http://www.future-science.com/doi/full/

10.4155/TDE.15.38
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