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Over the last decades, researchers have developed an ever greater and more

ingenious variety of drug delivery vehicles (DDVs). This has made it possible to

encapsulate a wide selection of therapeutic agents, ranging from proteins, enzymes,

and peptides to hydrophilic and hydrophobic small drugs while, at the same time,

allowing for drug release to be triggered through a diverse range of physical and

chemical cues. While these advances are impressive, the field has been lacking

behind in translating these systems into the clinic, mainly due to low predictability

of in vitro and rodent in vivo models. An important factor within the complex and

dynamic human in vivo environment is the shear flow observed within our

circulatory system and many other tissues. Within this review, recent advances to

leverage microfluidic devices to better mimic these conditions through novel

in vitro assays are summarized. By grouping the discussion in three prominent

classes of DDVs (lipidic and polymeric particles as well as inorganic

nanoparticles), we hope to guide researchers within drug delivery into this exciting

field and advance a further implementation of these assay systems within the

development of DDVs.VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4923324]

I. INTRODUCTION

A plethora of drug delivery vehicles (DDVs) have been developed in the last decades and

many of them have been successfully employed in in vitro studies. However, the translation of

DDVs from in vitro to the preclinical and clinical stage has proven a considerable challenge

and only few DDVs have reached the market.1–3 An explanation for this fact is that many

DDVs, which have shown remarkable efficacy in preclinical trials, almost completely lose their

effectiveness when progressing to clinical studies. This serves as a striking example of the diffi-

culties associated with predicting the behavior of a carrier in such a complex system as the

human body.4,5

To date, researchers have relied on cell culture or animal models to study the potential of

different DDVs. The step from a petri dish to an animal is quite large and, while cell cultures

lack the complexity of biological tissues, direct in situ observation of carrier vehicles in animal

models, apart from being prohibitively slow and expensive, are also very challenging due to

practical challenges associated with visualization of particles in blood vessels and isolating con-

tributions from numerous factors.

The discrepancy between the preclinical and clinical data indicates a need for the develop-

ment and increased usage of new and improved in vitro testing assays that better mimic the

environment of a human body.6 Important factors affecting the behavior of DDVs in a biologi-

cal system include both physicochemical parameters of the DDVs as well as characteristics of

the biological target environment. Features of the biological target tissue that need to be taken
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into account when evaluating DDVs in vitro include their interaction with the rethiculo endo-

thelial system, the extravasation of DDVs into highly permeable tumor tissues, the inability of

two-dimensional cultures to reproduce extracellular barriers (which could be overcome by mak-

ing use of multilayer cell cultures that incorporate multiple cell types), or the differences in cell

phenotypes between cells cultured as monolayers compared to cells in native tissue. Although

mimicking all these different conditions may seem an enormous challenge, being aware of the

complexity of the human body can allow placing the focus where most impact can be

made.4,7–10 For example, since every intravenously administered DDV will be in contact not

only with the blood components but also with the constituent flow-dynamic environment,

microfluidic chips that can better simulate the dynamic environment of an in vivo situation

should be used to test different DDVs. Traditional cell culture studies performed in well-plates

under static conditions fail to consider the shear stress produced by the blood flow, which is

generally known to affect a variety of cellular behaviors.11–14 Additionally, the absence of flow

can lead to the gravitational settling of the vehicles on the cell surface, which directly induces

physiochemical stress in the cell. Furthermore, the appropriate cellular dosage of drug carriers

can be misleading due to their settling or aggregation during static exposure conditions.15

Microfluidic devices have started to emerge as a superior platform to test different DDVs

since they can mimic the flow created by body fluids under a microscopic environment. This

allows for the simulation of the fluidic aspects of in vivo situation with facile control over the

flow rate on the cells surface, enabling detailed analysis of the mechanisms that govern the

interactions of the drug carriers with the cells and, therefore, facilitating the correlation between

in vitro and in vivo studies.4,16 Assessing the interaction of drug carriers with cells while con-

sidering shear stress has already led to interesting findings, which are expected to facilitate a

more accurate prediction of how the different DDVs will perform in vivo. Therefore, it will nar-

row down potential lead candidates prior to animal experiments which are often tied to both

ethical and financial considerations.

This review features recent advances in the use of microfluidic devices as an alternative

approach to evaluate some of the most prominent classes of DDVs reported to date, namely,

lipidic, polymeric, and inorganic particles, by taking into consideration the dynamic flow condi-

tion of the body (Scheme 1). Table I depicts a summary of the different DDVs described in the

review, the cell line employed and the flow conditions applied to study their interaction with

cells as well as the outcome of the performed experiment.

II. LIPIDIC PARTICLES

Liposomes, which are spherical particles consisting of a lipid membrane(s) encapsulating

an aqueous medium, have been in the drug delivery field as carriers of therapeutic molecules

for more than three decades due to their potential to encapsulate both hydrophobic and hydro-

philic molecules while protecting them from harsh conditions (e.g., pH changes, light, and

enzymes), the simplicity of their assembly, their inherent low toxicity, and the possibility to

modify their surfaces.16,17 However, it has to be noted that, although research on liposomes as

DDVs has been in progress for over 30 years, there are only a few commercialized liposome-

based formulations for intravenous drug delivery (e.g., Doxil, a PEGylated liposomal formula-

tion of doxorubicin).18 This fact demonstrates that there is still considerable need to address the

challenges involved in the design and characterization of liposomal therapeutics. In the latter

case, it is of paramount importance to consider the dynamic in vivo environment in the body.

In recent years, the importance of shear stress in the cellular uptake/association of liposomal

drug delivery systems has started to be considered,16 and in this section we will highlight some

of the most recent examples.

Hosta-Rigau and Stadler were among the first to study the effect that physiological shear

stress had on the uptake of several liposomal formulations by different cell lines.19 The authors

employed a myoblast cell line due to their mechanosensitivity and also as a model cancer cell

line for drug delivery purposes since myoblasts are an immortalized cell line. By evaluating the

myoblast cell response to zwitterionic, negatively and positively charged liposomes in the
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presence of low shear stress, they demonstrated that positively charged liposomes have an

enhanced interaction with cells in the presence of shear stress as compared to static conditions.

Two low shear stresses (0.0146 dyn cm�2 and 0.146 dyn cm�2) were investigated to mimic the

environment in certain tissues. In particular, cells different than endothelial cells (ECs) such as

liver or tumor cells will experience a dynamic environment due to the bile flow20 or the inter-

stitial pressure in tumors,21 respectively, which create lower shear forces than the ones in the

microvasculature (s� 3–10 dyn cm�2). The results demonstrate that there is no significant dif-

ference in the cell uptake/association for zwitterionic and negatively charged liposomes as a

function of shear stress. However, when employing positively charged liposomes, the cell

uptake/association increased �8-fold in the presence of both investigated shear stresses as com-

pared to static conditions. To assess if the higher cell uptake/association could be translated

into a higher therapeutic response of the cells, the authors loaded the positively charged lipo-

somes with the antitumor compound thiocoraline (TC).22 The cells were exposed to this formu-

lation at a shear stress of 0.146 dyn cm�2 and at static conditions, followed by the assessment

of their cell viability. The results showed that when administering TC-loaded liposomes under

static conditions the cell viability was reduced by �45%. Application of shear stress drastically

increased the effectiveness of the antitumor compound and the cellular viability was reduced by

�73%. This study serves as an initial demonstration of how the combination several factors

determine the effect of shear stress on the DDVs-cell interaction. Only through the combination

of a favorable surface charge and shear stress an enhanced cellular association is observed.

This interplay in determining the effect of shear stress on DDV-cell interactions is a common

theme observed throughout this review and will be discussed in greater detail where

appropriate.

SCHEME 1. Schematic illustration of the administration of the most prominent drug delivery vehicles reported to date

(lipidic, polymeric, and inorganic particles) into a microfluidic device containing pre-seeded cells with the aim to study

their interaction/uptake by cells under the influence of shear stress.
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TABLE I. Summary of the different DDVs described throughout the review the cell line employed and the flow conditions applied to study their interaction with cells as well as the outcome of the

performed experiment.

Author Reference Lipidic particles Cell line Flow conditions Experimental outcome

Hosta-Rigau et al. 16 Negatively charged, positively charged,

and zwitterionic liposomes

Myoblast Shear stress¼ 0.146 dyn cm�2 Increased cell uptake/association of

positively charged liposomes vs.

negatively charged and zwitterionic

Teo et al. 23 Stealth (PEGylated) liposomes Myoblasts Shear stress¼ 0.146 dyn cm�2 No difference of cell uptake of

PEGylated liposomes vs. non-PEGylated

Hepatocytes Lower cellular uptake of PEGylated

liposomes vs. non-PEGylated liposomes

Panneerselvam et al. 33 Polydopamine (PDA) and highly

branched (HB)- pNiPAAM functional-

ized liposomes

Macrophages Shear stress¼ 4 dyn cm�2 Increased cell uptake/association of HB-

pNiPAAM functionalized liposomes vs.

PDA coated liposomes

Paulis et al. 40 Gd-based liposomal contrast agent func-

tionalized with anti-ICAM-1 (LaICAM-1)

Vascular endothelial cells (ECs) Shear stress¼ 0.25 and 0.5 Pa Decreased cell uptake/association of

LaICAM-1 when increasing shear stress

Author Reference Polymeric particles Cell line Flow conditions Experimental outcome

Farokhzad et al. 53 PEGylated poly(lactic acid) (PLA) NPs

and microparticles (MPs) conjugated to

aptamers that recognize the prostate spe-

cific membrane antigen (PSMA) protein

Prostate cancer epithelial cell

LNCaP (PSMA expressing)

Shear stress¼ 1 and 4.25 dyn cm�2 NPs-aptamer adheres to LNCap at low

shear stress

NPs-aptamer does not adhere to LNCap

at high shear stress

MPs-aptamer does not adhere to LNCap

at low shear stress

Prostate cancer epithelial cells PC3

(PSMA non-expressing)

NPs-aptamer does not adhere to PC3 at

low shear stress

Fillafer et al. 58 Poly(D, L-lactide-co-glycolide) (PLGA)

MPs conjugated to protein wheat germ

agglutinin (WGA)

Vascular ECs Shear stress¼ 0.2 and 1 s�1 Decrease of MPs-WGA binding to cells

upon increasing shear stress

Kona et al. 61 PLGA NPs conjugated to glycocalicin

(GPIba) expressed in platelets

Vascular ECs Shear stress¼ 20 dyn cm�2 Increasing shear stress increased

NPs-GPIb a adhesion

Kolhar et al. 72 Polystyrene (PS) NPs and rod-shaped

NPs (nanorods) coated with aICAM-1

antibody (aICAM-1-mAb)

Vascular ECs Shear stress¼ 15 and 250 s�1 ICAM-1-mAb-coated nanorods

exhibited the highest attachment to cell

under shear stress
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TABLE I. (Continued.)

Author Reference Lipidic particles Cell line Flow conditions Experimental outcome

Bhowmick et al. 74 aICAM-1-mAb PS-NPs Flow-adapted vascular ECs Shear stress¼ 4 dyn cm�2

Non-flow-adapted vascular ECs Higher cell internalization under shear

stress

Han et al. 75 PS-NPs conjugated to platelet-ECs adhe-

sion molecule-1 (PECAM-1) antibodies

(aPECAM-1-mAb)

Vascular ECs Acute shear stress Stimulated aPECAM-1-mAb-NPs

internalization

Chronic shear stress Inhibited aPECAM-1-mAb-NPs

internalization

Author Reference Inorganic particles Cell line Flow conditions Experimental outcome

Samuel et al. 91 CdTe quantum dots (QDs) ECs Shear stress¼ 0.05, 0.1 and 0.5 Pa Highest QDs uptake at lowest shear

stress

Mahto et al. 15 QDs Fibroblasts Flow rate¼ 0.5 ll min�1 Increased cell viability under shear stress

conditions, indicating less toxicity

Albanese et al. 98 PEGylated gold NPs (AuNPs) Melanocyte tumor-spheroid Flow rate¼ 50ll h�1 Under shear stress AuNPs accumulation

at the tissue periphery increases but pen-

etration depth does not increase

Kim et al. 101 Sub-50 nm mesoporous silica (MS)-NPs ECs Shear stress¼ 0.5, 3.3, 6.2, and

6.6N m�2

Higher uptake/cell association under

shear stress
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A follow up work by the same group was performed by Teo et al. which explored the cell

uptake of stealth liposomes in the presence of low shear stress.23 A common strategy to

increase the circulation time of liposomes by decreasing uptake by the reticuloendothelial sys-

tem is PEGylation.24,25 The authors employed an innovative approach to PEGylate positively

charged liposomes by making use of poly(dopamine) (PDA) to coat them. PDA, which has

recently attracted considerable interest for many biomedical applications,26–29 was employed to

coat liposomes since it can be further functionalized by thiols or amines in a straight forward

manner (Figure 1(a-i)).30 The PEGylation of the liposomes was subsequently performed

employing a graft copolymer with a poly(L-lysine) (PLL) backbone with PEG side chains

(PLL-g-PEG) (Figure 1(a-ii)). The cell uptake under the effect of shear stress of PEGylated lip-

osomes (LPDA_PEG) was studied. The immortalized myoblast cell line was employed as a model

cancer cell line to assess the potential effect that the interstitial environment found in tumors

can have on the cell/drug carrier interaction. The cell internalization of LPDA_PEG was also

investigated in hepatocytes due to their relevance in the liver. Unmodified drug carriers are

removed from the blood system and end up predominantly in the spleen31 or in the liver32

where they are either internalized by Kupffer cells or transferred to the bile and removed by he-

patocytes. An in vitro perfusion flow chamber with a monolayer of cultivated cells connected

to a pumping system injecting a solution with fluorescently labelled liposomes was employed to

conduct the experiments. The cells were then harvested and their fluorescence was measured by

flow cytometry. The results show that under static conditions there is no significant difference

in cellular uptake of PEGylated vs. non-PEGylated liposomes for both cell lines (i.e., myoblasts

and hepatocytes) (Figures 1(b) and 1(c), respectively). However, when shear stress was applied,

the results were different. For the myoblast cell line there was no significant difference in cell

uptake/association when employing PEGylated or non-PEGylated liposomes under the effect of

shear stress (Figure 1(b)). In contrast, when employing hepatocytes, there was a significantly

higher cellular interaction/uptake with non-PEGylated liposomes than with the PEGylated ones

under the presence of shear stress (Figure 1(c)). This clearly demonstrates that different cell

types show markedly different responses to DDVs under the influence of shear stress, further

adding to the complexity of predicting DDV-cell interactions and emphasizing the importance

of utilizing microfluidic devices in DDV characterization.

In a subsequent study from the same group, surface-modifications beyond classical

PEGylation were considered. Panneerselvam et al. employed PDA coated liposomes to post-

functionalize them with two temperature responsive polymer derivatives of poly(N-isoporpyla-

crylamide) (pNiPAAm).33 Aminated pNiPAAm (pNiPAAm-NH2) and highly branched

pNiPAAm (pNiPAAm-HB) were employed to coat the liposomes. Their internalization by mac-

rophages under the influence of shear stress mimicking the dynamic in vivo conditions in the

capillaries (s4¼ 4 dyn cm�2) was studied. While there was no significant difference in the cell

uptake of the liposomes with the three different coatings under static conditions, when applying

s4, liposomes coated with pNiPAAm-HB exhibited a significantly higher cell uptake after 2.5 h

compared to liposomes coated with only PDA or with pNIPAAm-NH2. This fact could be

explained by the different f-potential of the coated liposomes. As expected, the more negatively

charged carriers, PDA and pNiPAAm-NH2 coated liposomes, had a reduced cell association/

uptake. Similar to the study of Teo et al., this work also reveals the importance of surface mod-

ification in cellular uptake depending on the presence of shear stress.

When evaluating the interaction of DDVs with vascular ECs, considering the shear stress is

central. The vascular endothelium plays an essential role in the regulation of the inflammatory

phases of atherosclerosis, which is a generalized inflammatory process of the artery wall.34–36

In response to local inflammatory stimuli, the expression of the endothelial intracellular adhe-

sion molecule-1 (ICAM-1) is up-regulated. This effect is of major importance, since it allows

for leukocyte adhesion, followed by their extravasation through the EC layer to the site of

inflammation.37,38 Non-invasive in vivo molecular imaging of endothelial ICAM-1 expression

could provide valuable insights in the progression of cardiovascular disease-related inflamma-

tion, which could potentially improve diagnosis and treatment.39 Paulis and co-workers pre-

sented a paramagnetic liposomal contrast agent for multimodal magnetic resonance imaging of
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FIG. 1. (a) Schematic illustration of the coating process of liposomes and uptake experiments under static and flow

conditions. (i) Liposomes are exposed to a dopamine solution for coating with PDA followed by the adsorption of PLL-

g-PEG via Schiff Base addition and/or Michael addition of the amines of the PLL to the quinones of the PDA to form

LPDA_PEG (ii). Finally, the uptake/association efficiency of fluorescently labeled LPDA_PEG hepatocytes and myoblasts

under static and shear stress conditions was compared (iii). Reprinted with permission from Teo et al., Biochim.

Biophys. Acta, Gen. Subj. 1830, 4838 (2013). Copyright 2013 Elsevier. (b) Mean fluorescence of myoblasts exposed to

fluorescently labelled LPDA and fluorescently labelled LPDA_PEG (both either 100% (non-diluted) or 50% (2� diluted))

for 30min and 4 h under static (s0) and shear stress (s1) conditions as assessed by flow cytometry Reprinted with permis-

sion from Teo et al., Biochim. Biophys. Acta, Gen. Subj. 1830, 4838 (2013). Copyright 2013 Elsevier. (c) Mean fluores-

cence of hepatocytes exposed to fluorescently labelled LPDA and fluorescently labelled LPDA_PEG for 30min under static

(s0) and shear stress (s1¼ 0.146 dyn cm�2) conditions as assessed by flow cytometry. Reprinted with permission from

Teo et al., Biochim. Biophys. Acta, Gen. Subj. 1830, 4838 (2013). Copyright 2013 Elsevier. (d) Fluorescence micros-

copy of ECs incubated with L or LaICAM-1 containing rhodamine lipids (red) for 2 h at 37 �C and shear stress values of 0,

0.25 or 0.5 Pa. Scale bar¼ 100 lm. Reprinted with permission from Paulis et al., J. Nanobiotechnol. 10, 1 (2012).

Copyright 2012 BioMed Central. (e) Cellular fluorescence levels quantified by flow cytometry at different shear stress

levels. ECs were incubated with L or LaICAM-1 containing rhodamine lipids (red) for 2 h at 37 �C and shear stress values

of 0, 0.25, or 0.5 Pa. *¼ p< 0.05 vs. all groups, ANOVA with Bonferroni correction, **¼ p< 0.05 vs. LIgG, t-test.

n¼ 2–5. Reprinted with permission from Paulis et al., J. Nanobiotechnol. 10, 1 (2012). Copyright 2012 BioMed

Central.
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endothelial ICAM-1 expression.40 A Gd-based liposomal contrast agent was functionalized with

anti-ICAM-1 (aICAM-1) antibodies (LaICAM-1). The authors verified that the liposomal affinity

for ICAM-1 was preserved in the presence of leukocytes and under physiological flow condi-

tions, and that the efficiency of the in vitro binding of LaICAM-1 to ICAM-1 was reduced with

increasing shear stress within the physiological relevant range. As shown in Figure 1(d), fluo-

rescence microscopy images of ECs incubated with rhodamine labelled L (0 Pa) and rhodamine

labelled LaICAM-1 (0, 0.25, and 0.5 Pa) show that the fluorescence signal resulting from LaICAM-1

binding was detected at all applied shear stress values, whereas no significant fluorescence was

observed after application of L. However, increasing shear stress resulted in a reduction of the

fluorescence signal of LaICAM-1, which indicates decreased binding to ICAM-1 as compared to

static conditions (Figure 1(d)). After harvesting the cells from the flow chamber, the fluores-

cence intensity was quantified by flow cytometry and, as evidenced by a significant decrease in

cellular fluorescence, the application of flow reduced the ability of LaICAM-1 to adhere to

ICAM-1 on ECs (Figure 1(e)). In contrast to the studies discussed previously, the DDVs in this

work do not interact through a non-specific interaction (e.g., charge) but through a highly spe-

cific binding (i.e., antibody-antigen interaction). Interestingly, while in the former studies shear

stress seemed to potentiate the DDV-cell interaction, herein, the DDVs bind less effectively

with the cells, a fact that could be attributed to a potentially reduced surface residence time.

Taken together, these studies clearly indicate that when optimizing DDVs, taking into

account the shear stress that the different DDVs will experience at the site of action is crucial,

since the cell uptake will vary depending on parameters such as the carriers surface chemistry,

the target cell type, and the DDVs mode of binding.

Holme et al. demonstrated the significance of shear stress to drug delivery by being the

first to show shear-induced targeted drug delivery by engineering liposomes that are sensitive to

mechanical stress.41 While conventional spherical liposomes are highly stable to mechanical

stress, lenticular, or lentil-shaped liposomes can suffer instabilities along their equator, which

can turn into breaching points that lead to sensitivity to shear stress. Since, in atherosclerosis,

the inflammatory process of the artery wall results in narrowing of arterial blood vessels, there

are significant changes between the endogenous shear stress of healthy and constricted

arteries.42 The authors employed lenticular liposomes as a shear-induced drug delivery vehicle

to constricted arteries. They designed an in vitro system containing either a healthy or a con-

stricted poly(methyl methacrylate) artery model. An extracorporeal circulation pump was used

to simulate the heart and to control the pressure and flow rate by regulating the pump speed.

The authors showed that when employing dye-loaded lenticular liposomes, 17% of the

entrapped dye was released in the constricted model while only 3.0% of dye release was

observed after passing through the healthy artery model, therefore confirming the higher drug

release under high shear stress conditions. This study presents an interesting proof-of-concept

example that demonstrates that shear stress is not only important for our understanding of the

behavior of DDVs in vivo but can also be utilized as a release trigger for controlled drug deliv-

ery. However, further studies are required to investigate the stability of these non-spherical

liposomes in the highly varied in vivo environment.

III. POLYMERIC PARTICLES

Polymeric particles can be designed and engineered with a wide range of properties that

can provide many improved ways for drug delivery applications, therefore offering several

advantages over other types of particles. Polymeric particles have the ability to encapsulate a

wide variety of drugs and release them over prolonged periods. Their surfaces are straight for-

ward to modify with multiple targeting ligands able to interact with antigens that are differently

expressed by a subset of cells or tissues, and they can also be fabricated from a wide range of

materials that could be either degradable and/or possess an excellent stability, both in vitro and

in vivo.3 Also, central to the use of polymer particles for various applications is the optimiza-

tion of parameters that influence cell-particle interactions. These parameters include size, chem-

ical structure, and presence and density of escort molecules on the vehicle’s surface, which
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direct the targeted delivery. Recently, parameters such as the particles shape and mechanical

properties in therapeutic functions have been highlighted.3 Specifically, it has been shown that

macrophages engulf rigid particles to a significantly higher extent than soft particles, a finding

that has implications in immune clearance of nanoparticles (NPs). Recent studies have also

shown that the shape of the particles can have an intriguing effect on their function,43–48 and

non-spherical nanoscale particles of various shapes, such as rods, discoids, or cubes, have been

fabricated.3,44,49–51 The common approach to evaluate cell-polymer particle interactions consists

in performing sequential changes in the vehicle’s design that affect each parameter, followed

by the evaluation of the consequence of each change on the particles biodistribution using

in vivo animal experiments. However, these studies may require a large number of experimental

animals, in addition to being costly and time-consuming, thus imposing limits on the number of

parameters that can be optimized and examined. In the study of polymer particle-cell interac-

tions, microfluidics offer tools through which aspects of an in vivo environment can be mim-

icked, and responses to drug exposure studied.4,52 In this section, we highlight several studies

where microfluidic devices have been developed to mimic human (pathological) conditions to

investigate the behavior of engineered polymer particles prior to in vivo animal experiments.

The Langer group was the first in studying the interaction of polymeric particles with cells

under the presence of shear stress.53 As a model system, they studied the interaction of targeted

PEGylated poly(lactic acid) (PLA) NPs and microparticles (MPs) with two prostate cell lines

that differ in their expression of the prostate specific membrane antigen (PSMA) protein. The

PSMA protein is a well-known tumor antigen expressed on the surface of prostate cancer

epithelial cells54,55 as well as on the microvasculature of most studied tumors.56 Therefore,

vehicles that target the PSMA protein may have a broader utility in cancer therapy than just

prostate cancer. The PEGylated PLA particles were conjugated to aptamers that recognize the

PSMA protein57 and exposed to the prostate cancer epithelial cells LNCaP or PC3 (PSMA

expressing or non-expressing cell lines, respectively) under static conditions or under the effect

of shear stress (Figure 2(a)). The (aptamer-conjugated) NPs were loaded with rhodamine-

labeled dextran. The cell viability of the cells after being exposed to the different shear stress

conditions was determined by staining the cell membrane with calcein AM (green) and the

nuclei with DAPI (blue). The NP-aptamer bioconjugates are shown in red (Figure 2(b), top).

The number of NPs or NPs-aptamer conjugate (NPþ apt) attachment to LNCaP or PC3 cells

was quantified under static or fluid flow conditions by manually counting the number of par-

ticles per cell (Figure 2(b), bottom). The results demonstrate that NP-aptamer bioconjugates

selectively adhered to LNCaP but not to PC3 cells at static and low shear stress conditions

(s< 1 dyn cm�2) but they did not adhere when higher shear stress was applied (s� 4.5 dyn

cm�2). Control NPs and MPs lacking aptamers and MP-aptamer bioconjugates did not adhere

to LNCaP cells, even under very low shear conditions (s� 0.28 dyn cm�2). In accordance to

what has been observed for lipidic particles, the presence of shear stress reduces the interaction

between particle and cell if this interaction is highly specific (i.e., aptamer-antigen in this case).

Interestingly, the authors found that this effect is further increased for larger particles, demon-

strating that the presence of shear stress generated during fluid flow can have a significant effect

on the binding characteristic of targeted delivery vehicles in vitro.

Studying the interaction of DDVs with human ECs under shear stress is of particular im-

portance since, every intravenously administered DDV will travel in the blood circulation,

being in contact with the constituent flow-dynamic environment and taken up by ECs forming

the blood vessels. Fillafer et al. studied the interaction characteristics of protein-coated polymer

MPs with human ECs under the influence of shear stress.58 The cytoadhesive protein wheat

germ agglutinin (WGA) was conjugated to poly(D,L-lactide-co-glycolide) (PLGA) MPs since

several studies have shown that decoration with WGA mediates binding to the pharmaceutically

relevant Caco-2 cell line under static conditions.59,60 The targeting effect of WGA-MPs and

MPs conjugated to the non-specific protein bovine serum albumin (BSA-MP) to ECs mono-

layers was investigated under static and low to moderate shear rates (between 0.2 s�1 and

1 s�1). The results demonstrated that incubation at increasing flow velocities increasingly antag-

onized the attachment of both types of surface-modified particles. However, while binding of
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FIG. 2. (a) Schematic diagram of the PLA NPs-aptamer bioconjugate and the microfluidic device development. (i) The surface

of PEGylated PLA particles was modified by covalent conjugation with RNA aptamers that recognize the PSMA protein. (ii)

Model cell lines, LNCaP (þ PSMA) or PC3 (� PSMA), which differ in the pattern of PSMA expression, were patterned on glass

substrates and (iii) a microfluidic mold was aligned over the cell pattern to develop the microchannels for experimental proce-

dures. Reprinted with permission from Farokhzad et al., Anal. Chem. 77, 5453 (2005). Copyright 2005 American Chemical

Society. (b) Fluorescent images of rhodamine-labeled dextran-encapsulated PLA NPs-aptamer bioconjugates binding to LNCaP

cells under fluid flow at 0.25, 1, or 4ll min �1. The cell viability was determined by staining with calcein AM (green) and DAPI

(blue), and the NPs-aptamer bioconjugates are shown in red. The number of NPs or NPs-aptamer bioconjugate (NPþ apt) attach-

ment to LNCaP or PC3 cells was quantified under static or fluid flow conditions by counting the number of particles per cell. An

asterisk represents a statistically significant difference between NPs and NPs-aptamer bioconjugate groups (p< 0.05). A dagger

represents a significant difference relative to the 4ll min �1 group (p< 0.05). Reprinted with permission from Farokhzad et al.,

Anal. Chem. 77, 5453 (2005). Copyright 2005 American Chemical Society. (c) Normalized NPs bound density at different shear

stresses and size of the NPs. Reprinted with permission from Kona et al., Int. J. Pharm. 423, 516 (2012). Copyright 2012

Elsevier. (d) Adhesion and uptake of control NPs and GPIba-NPs by ECs via measurement of NPs in lysis cell samples after

30min of shear stress exposure. Asterisk indicates the significant differences compared to the same NPs group of static samples

(p< 0.05). Hash key denotes the significant difference between GPIba-NPs and control NPs (p< 0.05). Reprinted with permis-

sion from Kona et al., Int. J. Pharm. 423, 516 (2012). Copyright 2012 Elsevier. (e) Confocal microscopy images of ECs exposed

to NPs and GPIba-NPs. Fluorescent NPs were imaged using a FITC filter, while plasma membranes were stained with FM
VR
4-

64 FX red membrane dye and imaged using a TRITC filter. Images on the right side represent the color overlay of FITC and

TRITC filters. Reprinted with permission from Kona et al., Int. J. Pharm. 423, 516 (2012). Copyright 2012 Elsevier.
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BSA-MPs was totally inhibited by shear stress, grafting with WGA resulted in a pronounced

anchoring effect. While this study further emphasizes the ability of shear stress to reduce

particle-cell interactions, it also demonstrates the importance of targeting in carriers to facilitate

anchoring at the target site.

Kona et al. also employed PLGA NPs, targeted to injured arterial walls, to study their

behavior under shear stress to evaluate their potential to treat cardiovascular pathological condi-

tions.61 Upon injury or under conditions like thrombosis, inflammation, and restenosis, the

endothelium is activated and shows an increased expression of EC adhesion molecules such as

P-selectin and E-selectin as compared to normal healthy cells.62–65 The authors mimicked the

natural binding ability of platelets to damaged ECs and functionalized PLGA NPs of several

sizes with glycocalicin, the external fraction of glycoprotein Ib-a (GPIba) of platelets, which

has high affinity with P-selectin of damaged ECs as well as with the von Willebrand factor of

the subendothelium. The results showed that increasing the shear stress to 20 dyn cm�2

decreased the cellular uptake of NPs by ECs by threefold as compared to the static conditions

(Figure 2(c)). Such decrease in NPs adhesion at high shear stress levels and larger particle size

may be explained by the larger dislodging forces under high shear stresses for bigger particles

that might wash away adhered particles against adhesion. However, when the NPs were conju-

gated to GPIba the results were different. They showed that conjugated GPIba-NPs were taken

up more by activated ECs under physiological flow conditions compared to their non-

conjugated counterparts (Figures 2(d) and 2(e)). The authors speculate that this induced

adhesion and uptake of GPIba-NPs might be due to the higher binding strength of platelet

ligand-GPIba under high shear stress situations.66,67 Interestingly, this study goes against the

trend previously observed for targeted DDVs and highlights the importance of evaluating each

individual system und flow. The influence of shear stress can often be difficult to predict due to

a complex interplay of various factors.

The role of shape in vascular dynamics has long been known in terms of its influence on

the behavior of circulatory cells such as erythrocytes and platelets,68,69 and the shape of NPs in

the circulation is of particular interest because it has a significant impact on hydrodynamics and

interactions with vascular targets.70,71 Kolhar et al. studied the targeting of ECs under shear

stress while also taking into account the shape of the delivery system.72 The authors employed

polystyrene (PS) NPs and rod-shaped NPs (nanorods) coated with aICAM-1 antibodies (aICAM-

1-mAb) and exposed them to rat brain ECs (RBE4) under flow at shear rates ranging from 15 to

250 s�1. As controls for non-specific interactions, IgG-coated NPs were used. The results showed

that ICAM-1-mAb-coated nanorods exhibited the highest attachment to the endothelial mono-

layer under flow conditions as compared to static conditions. ICAM-1-mAb-coated nanorods

exhibited greater attachment/internalization to the endothelial monolayer under flow conditions

than ICAM-1-mAb-coated NPs, IgG-coated nanorods, and IgG-coated NPs; thus confirming that

endothelial targeting can be further enhanced by engineering the shape of ligand-displaying NPs.

Additionally, in vivo experiments in mice confirmed that shape-induced enhancement of vascular

targeting is also observed under physiological conditions in lungs and brain for NPs displaying

aICAM-1-mAb. This study demonstrates that the shear stress generated from fluid flow can have

a significant effect on the binding characteristic of DDVs of different shapes in vitro.

A factor that has not been discussed so far is the influence of shear stress on the cellular

behavior itself. The blood vessel walls react to multiple chemical and mechanical stimuli in the

flowing blood, the mechanical factors mainly being pressure and shear stress. The ECs of the

vessel walls undergo significant rearrangements when cultured in a flow environment, which is

more similar to the cell physiology in vivo as compared to the static cell culture environment.73

Bhowmick et al. cultured ECs under physiological shear stress for 24 h, which resulted in flow

adaptation: cell elongation and formation of actin stress fibers aligned to the flow direction and

studied cell uptake under shear stress conditions of PS-NPs functionalized with aICAM-1-

mAb.74 Their results showed that flow-adapted cells internalized aICAM-1-mAb PS-NPs under

flow, although at slower rate vs. non flow-adapted cells under static incubation. This fact

demonstrates that to better mimic the in vivo situation it is not only important to administer the

DDVs under flow conditions but also to grow the cells under flow. This is an important
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observation as it demonstrates that in vivo experiments should be carefully designed to mimic

physiological conditions from start to finish.

Han et al. also employed PS-NPs to target ECs.75 Although ECs do not internalize antibod-

ies to marker glycoprotein platelet-ECs adhesion molecule-1 (PECAM-1), multivalent NPs

coated with anti-PECAM-1 antibodies (aPECAM-1-mAb) trigger a non-canonical vesicular

uptake pathway known as CAM-endocytosis76,77 which is, therefore, a useful target for endo-

thelial drug delivery.78 With the aim to understand the factors modulating this pathway, which

will help to further optimize the design and use of therapeutics targeted to the endothelium, the

authors studied the effects of acute and chronic shear stress on endothelial endocytosis of NPs

targeted to PECAM-1, since this molecule is also implicated in the sensing of shear stress.79

They employed PS-NPs coated with aPECAM-1-mAb and their results demonstrated that EC

adaptation to chronic flow, manifested by cellular alignment with flow direction and formation

of actin stress fibers, inhibited aPECAM-1-mAb-coated NPs endocytosis. Acute induction of

actin stress fibers by thrombin also inhibited aPECAM-1-mAb NPs endocytosis, demonstrating

that formation of actin stress fibers impedes the EC endocytic machinery. In contrast, acute

flow without stress fiber formation stimulated the endocytosis of aPECAM-1-mAb NPs. Thus,

these studies demonstrate the importance of the local flow microenvironment for NPs uptake by

the endothelium and suggest that cell culture models of NPs uptake should reflect the microen-

vironment and phenotype of the target cells.

Presently, the target effect of site-specific drug delivery systems is by default determined

by in vitro cell binding assays under static conditions. However, as shown in the aforemen-

tioned reports, regarding the extent and specificity of particle binding, clear discrepancies

between the results obtained from static and more realistic dynamic models of the in vivo envi-

ronment, can be observed. In particular, the presence of substantial hydrodynamic drag forces

upon application in vivo is expected to explicitly affect the deposition characteristics of ligand-

coated particles. To attain preferential binding of the carrier to the diseased tissue in these envi-

ronments, the size and ligand coating density of the particles have to be adjusted according to

the flow conditions as well as the expected receptor density and affinity at the target tissue.

Similar to the work by Holme et al., Korin et al. employed PLGA NPs under the effect of

shear stress as an innovative approach to deliver drugs to obstructed blood vessels.80 Inspired by

the natural physical mechanism of platelet targeting in which circulating platelets are locally

activated by high shear stress in the obstructed blood vessels causing them to rapidly adhere to

the adjacent narrowed vessels,81–83 the authors designed a thrombolytic delivery system that tar-

gets drugs selectively to sites of flow obstruction, thus concentrating the active drug in these

regions. In particular, they used the high shear stress caused by vascular narrowing as a targeting

mechanism. They created microscale aggregates of PLGA NPs coated with the thrombolytic

drug tissue plasminogen activator (tPA). Upon being exposed to abnormally high shear stress,

like the ones encountered in highly constricted arteries,68,84,85 the micro-aggregates broke up

into nanoscale components. By using a microfluidic model of vascular narrowing that was

designed to mimic regions of blood vessels with 90% obstruction, the authors demonstrated that,

upon breaking up, because of the smaller size of the NPs compared to the micro-aggregates, the

shear-dispersed NPs adhere more efficiently to the surface of the blood vessel than the larger

micro-aggregates. The results demonstrated that, upon infusing the tPA-loaded micro-aggregates

at physiological flow rates through the clot-occluded microfluidic channels, the shear-dispersed

tPA-coated NPs accumulated at the surface of the artificial emboli, progressively dissolving the

clots and reducing their size. In contrast, treatment with soluble tPA at the same concentration

and flow conditions had negligible effects. This study is another example of how through careful

carrier design shear stress can be utilized to achieve a controlled drug delivery.

IV. INORGANIC PARTICLES

Inorganic NPs are attractive due to their unique physical functions, such as the bright light

emission of quantum dots (QDs),86 the optical and thermal properties of gold NPs (AuNPs),87

and the modular distribution of nano-sized pores of mesoporous silica (MS) NPs.88,89
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Since the vascular endothelium is a potential target for therapeutic intervention in diverse

pathological processes including inflammation, atherosclerosis, and thrombosis, the interactions

under shear stress of drug DDVs different than lipidic or polymeric particles, such as QDs,

AuNPs, and MS-NPs, have also been studied.

QDs, which are semiconductor inorganic nanocrystals, have been found to be extremely

useful for biological and medical applications due to their unique size-tunable optical and elec-

tronic properties such as tunable narrow emission spectra, high quantum yields, broad absorp-

tion spectra, and high resistance to photobleaching.15,90,91 Samuel et al.91 investigated the inter-

actions of negatively charged CdTe QDs with ECs under static conditions or under low,

medium, and high shear stress rates (0.05, 0.1, and 0.5 Pa, respectively) since, in humans, the

mean shear stress varies between 0.05 and 0.76 Pa in the veins, 0.3 and 0.7 Pa in the peripheral

arteries (e.g., the brachial artery and the femoral artery), and 1.0 and 1.5 Pa in the central

arteries (e.g., the carotid artery).91–95 Vascular inflammation and associated endothelial damage

were simulated by treatment with tumor necrosis factor-a (TNF-a) or by compromising the cell

membrane with the use of a low Triton X-100 concentration. AFM studies showed the combi-

natorial effects of shear stress and QDs on ECs morphology, such as membrane ruffling (i.e., a

meshwork of newly polymerized actin filaments) and the development of stress fibers. The

authors demonstrated that shear stress-induced membrane ruffling further mediates the uptake

of QDs by human ECs. Their results indicate a maximal uptake of QDs at a shear stress rate of

0.05 Pa, while, under static conditions (i.e., 0 Pa) QDs did not show any cellular uptake.

Additionally, EC exposure to mild detergents or TNF-a treatment had no significant effect on

QD uptake, which could suggest that the shear stress-induced QD uptake was independent of

adhesion molecules expressed by activated endothelium such as selectins E, L, and P or

PECAM-1 and ICAM-1. The overall message of this study is that the combinatorial influence

of factors such as NP surface characteristics, the presence or absence of shear stress, and the

functional state and cytoskeletal rearrangements of the ECs determine the ultimate fate of NPs

accumulation, which could have direct consequences for parenterally administered NP-

conjugated drugs, and therefore in vitro studies considering shear stress will have to be con-

ducted to obtain the desired in vivo effect.

On a different note, the cytotoxicity of QDs has been a subject of concern for many

researchers which have argued against the extensive uses of QDs because they may also pose

risks and toxicity to human health and environment under certain conditions.96 Several studies

have revealed cytotoxicity induced by QDs; however, those studies are entirely based on static

exposure conditions.15,97 Mahto and co-workers evaluated QD toxicity in fibroblast cells by

using microfluidics technology.15 The outcomes obtained from shear stress conditions were

compared to those of the static conditions (Figure 3(a)). The results suggested noticeable differ-

ences in the number of detached and deformed cells as well as the viability percentages

between the two different conditions. Although the cells showed similar morphological changes

in both cases of exposure conditions, i.e., static and shear stress, the number of detached cells

was significantly higher under static conditions than under the effect of shear stress after being

incubated with QDs for 12 h (Figures 3(b) and 3(c)). The results showed a significant difference

in the percentage of live cells between the two different exposure conditions at equal concentra-

tions of QDs (�30% and 75% in the cases of static and shear stress conditions, respectively)

(Figures 3(d) and 3(e)). The authors related the possible causes of QDs-induced cytotoxicity

irrespective of the types of exposure condition to the intracellular production of reactive oxygen

species and cadmium release. The difference in cell viability depending on the exposure condi-

tions was explained by the fact that under shear stress, the gravitational settling of particles

could be avoided and the shear stress probably assisted in the homogeneous distribution of NPs

in the culture medium during exposure time. Moreover, the shear stress exposure conditions

resembled in vivo physiological conditions very closely; therefore, offering potential advantages

for nanotoxicity research.

Albanese et al. were the first in employing microfluidic devices to study the role of

drug carrier design in tumor transport followed by its validation with an animal model.98

Although there have been significant advancements in the chemical synthesis and design of
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cancer-targeting therapeutic and diagnostic agents, the delivery of these agents still remains

inconsistent owing to poor control over pharmacokinetics and accumulation of carrier systems

in diseased tissues in vivo.98,99 Overcoming this problem requires a better understanding of how

blood-borne carriers enter their target tissue and distribute at the cellular level. Albanese et al.

employed a tumor-on-a-chip system where incorporation of tumor-like spheroids into a micro-

fluidic channel permits real-time analysis of NP accumulation at physiological flow condi-

tions.98 The authors made use of this tumor-on-a-chip system to evaluate the influence of

AuNP diameter, receptor targeting, and flow conditions on the transport of PEGylated AuNPs

within a model tumor tissue.100 They employed AuNPs since they can be prepared with precise

control over their size and shape, which will in turn affect their optical and chemical properties,

enhancing optical processes such as scattering, light absorption, fluorescence, and surface-

enhanced Raman scattering.87,89 The authors demonstrated that AuNP tissue accumulation was

restricted to hydrodynamic diameters of <110 nm and that receptor targeting improved accumu-

lation and retention. The flow rate applied to the AuNPs only affected their accumulation at the

tissue periphery and did not increase their penetration depth. These findings were confirmed in

a murine xenograft model, thus demonstrating that the tumor-on-a-chip provides an accurate

in vitro method to predict in vivo AuNPs transport in murine tumor tissue.

The interaction of solid silica19,91 and MS91,101 NPs under the influence of shear stress has

also been studied in several reports. Inorganic, biocompatible, porous ceramic NPs such as MS-NPs

FIG. 3. (a) Schematic illustration of the static exposure condition (1), which shows the possibility of the sedimentation phe-

nomenon in a conventional well-plate system, which can eventually lead to the non-homogeneous distribution of NPs, and

consequently, the development of physicochemical stress on cells. (2) Schematic representation of the flow exposure condi-

tion in a microfluidic compartment that shows the homogeneous distribution of NPs. (b) Morphological effects of QDs in

fibroblast cells under static and (c) flow exposure conditions. Scale bars¼ 100lm. (d) Effects of QD on cell viability under

static and (e) flow exposure conditions. Reprinted with permission from Mahto et al., Biomicrofluidics 4, 034111 (2010).

Copyright 2010 AIP Publishing LLC.
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which usually have a pore diameter of 2–4 nm, which can be tuned up to 30 nm, can be used

for incorporating high levels of drugs and biomolecules. Drug loading can be further modu-

lated by considering the interaction of the drugs with the walls of the pores. The surface chem-

istry of MS-NPs can also be modified for controlling their distribution after systemic adminis-

tration.89 MS-NPs possess additional properties such as water dispersity, resistance to

microbial attack, and swelling, which make them attractive candidates for nanomedicine appli-

cations. Samuel et al. studied the internalization of 50 nm sized MS-NPs into ECs under the

effect of shear stress, similar to the study of Mahto et al., demonstrating by AFM studies that

the combinatorial effects of shear stress and NPs on ECs morphology, such as membrane ruf-

fling and the development of stress fibers further mediates the uptake of MS-NPs. These

results demonstrate that shear stress is critical for a realistic prediction of the uptake of inor-

ganic particles.

Kim et al. studied the cytotoxicity of sub-50 nm MS-NPs to human ECs under microfluidic

flow conditions.101 The results demonstrated that unmodified MS-NPs show higher and shear

stress-dependent toxicity to ECs under flow conditions. However, even under flow conditions,

highly organo-modified MS-NPs show no significant toxicity to ECs.

V. OUTLOOK/FUTURE PERSPECTIVES

Human bodies are a highly complex system and possess a dynamic environment that repre-

sents a challenge for DDVs. By evaluating DDVs in classical in vitro assay systems, these

conditions have been over simplified, leading to an overall low predictability towards their

behavior in the clinic. The results discussed in this article demonstrate that a mentality shift is

starting to occur in the drug delivery field with the realization that more predictive in vitro

assay systems are necessary to progress DDVs towards the clinic. The discussed authors have

shown that the shear stress observed within our blood as well as many tissues is an important

factor that affects the interaction and impact DDVs have with and on cells. Microfluidic devices

allow for the cultivation of cells and are ideal to mimic in vivo shear stress conditions.

The observed effects of shear stress can be traced back to three mechanisms: First, cultur-

ing cells under shear stress conditions induces changes of the cellular morphology, e.g., forma-

tion of stress fibers and membrane ruffling; second, shear stress causes changes in the

interaction between DDVs and the cell due to, e.g., reduced binding strength due to the

increased shear forces experienced by the DDV; and finally, the flow impacts the distribution

of the DDVs in the culture medium, e.g., prevention of gravitational settling. As can be

expected in systems that mimic complex in vivo environments, the overall effect observed on

the cellular interaction of DDVs is a complex combination of these effects amongst others.

As such, it is difficult to draw specific conclusions on how shear stress affects the fate of

drug carriers. Instead, they illustrate that shear stress is an important factor that should be taken

into account both within carrier design and evaluation. The future of the field clearly lies within

establishing procedures to implement microfluidic testing within the development of DDVs. For

being able to retrieve reliable conclusions, a complete characterization of the physiochemical

parameters of the different DDVs is required. However, altering one parameter, e.g., surface

charge, while keeping the other parameters constant (hydrodynamic size, colloidal stability,

nature of the coating, etc.) is not an easy endeavor. Furthermore, comparing effects throughout

different studies is hampered by the fact that all the essential data on physicochemical charac-

terization may not always be provided. Therefore, consensus should be reached on which

parameters must be characterized as well as on the methods employed to perform the character-

ization. Additionally, the concentration of DDVs is another parameter on which consensus

should be agreed upon. Although expressing the concentration in terms of mass per volume or

particle number per volume, might be the easiest option, it is not always the most relevant, as

smaller DDVs evoke different cell response than the larger ones at a similar mass per volume

doses. Along with other groups,102,103 we believe that the concentration should be expressed in

terms of surface area per volume since both particle size and number are contained in this

metric. Additionally, attention should also be paid to the standardization of assays and methods

052605-15 Godoy-Gallardo et al. Biomicrofluidics 9, 052605 (2015)



in terms of incubation conditions such as the DDVs dose range as well as incubation time,

which should mimic actual human exposure to DDVs. Furthermore, the results of these novel

in vitro systems should be confirmed in humans and their greater predictability systematically

demonstrated within a clinical setting. We predict that these future developments will put a

strong toolset into the hands of researchers working on DDVs and will be an important contri-

bution to the progression of the field towards the clinic.
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