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Abstract

Plasma proteins rapidly coat the surfaces of particulate drug carriers to form a protein corona upon 

their injection into the bloodstream. The high presence of immunoglobulins in the corona formed 

on poly(lactic-co-glycolic acid) (PLGA) vascular-targeted carrier (VTC) surfaces was recently 

shown to negatively impact their adhesion to activated endothelial cells (aECs) in vitro. Here, we 

characterized the influence of anticoagulants, or their absence, on the binding efficiency of VTCs 

of various materials via modulation of their protein corona. Specifically, we evaluated the adhesion 

of PLGA, poly(lactic acid) (PLA), polycaprolactone (PCL), silica, and polystyrene VTCs to aECs 

in heparinized, citrated, and non-anticoagulated (serum and whole) blood flows relative to buffer 

control. Particle adhesion is substantially reduced in non-anticoagulated blood flows regardless of 

the material type while only moderate to minimal reduction is observed for VTCs in 

anticoagulant-containing blood flow depending on the anticoagulant and material type. The 

substantial reduction in VTC adhesion in blood flows was linked to a high presence of 

immunoglobulin-sized proteins in the VTC corona via SDS-PAGE analysis. Of all the materials 

evaluated, PLGA was the most sensitive to plasma protein effects while PCL was the most 

resistant, suggesting particle hydrophobicity is a critical component of the observed negative 

plasma protein effects. Overall, this work demonstrates that anticoagulant positively alters the 

effect of plasma proteins in prescribing VTC adhesion to aECs in human blood flow, which has 

implication in the use of in vitro blood flow assays for functional evaluation of VTCs for in vivo 
use.
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1. Introduction

Vascular-targeted drug delivery has long been explored for use as an efficient and non-

invasive alternative to current treatments for a variety of diseases, most notably, cancer [1,2]. 

Vascular targeting offers great potential to reduce side effects of non-specific cytotoxic drugs 

and increase overall therapeutic potency. However, several challenges still remain for this 

approach. Optimal VTC efficacy hinges on successful localization and adhesion of carriers 

to the vascular wall at the target site. Thus, VTC characteristics, including size, shape and 

surface characteristics that result in low VTC localization or adhesion to the vascular wall 

will undoubtedly hinder any potential benefit of this approach. Previously, rapid formation 

of a unique protein corona on poly(lactic-co-glycolic) acid (PLGA)-based VTCs was shown 

to drastically reduce their adhesion efficiency to inflamed endothelium in human blood flow; 

however, this effect was largely non-existent for polystyrene (PS), silica (Si), and titanium 

dioxide (TiO2) particles [3–5]. This plasma protein effect was linked to a unique, large 

presence of immunoglobulin sized (~150 kDa) proteins in the PLGA corona [3].

Although the protein corona is known to influence many processes such as targeted 

nanoparticle (NP) uptake [6] and VTC adhesion to the vascular wall [3,5], very limited 

studies have explored the influence of suspending fluid (i.e. plasma anticoagulant or its 

absence) in these processes. Serum (no anticoagulant) and anticoagulated plasma are both 

routinely used to assess NP-protein interaction for drug delivery applications, yet these 

mediums have their own unique protein composition, which can influence the type of 

proteins that adsorb on particle surfaces [6–11]. Specifically, concentrations of chemokines, 

complement factors, and apolipoproteins have been reported to increase in serum relative to 

plasma [7,12]. On the contrary, the concentration of coagulation proteins, such as fibrinogen, 

is significantly reduced in serum relative to anticoagulated plasma, and overall, serum tends 

to have a slightly lower total protein content than plasma [13]. Likely a result of these 

composition differences, unique particle protein coronae have been reported between serum 

and plasma exposed particles, resulting in differential cellular interactions [14,15]. Similarly, 

the composition of proteins in plasma has been shown to significantly change with the 

choice of anticoagulant, i.e. citrate versus heparin [8,12]. Heparin binds to a number of 

proteins commonly called “heparin-binding proteins”, including fibronectin, 

apolipoproteins, complement C3 and C4b, and antithrombin [16], and this binding process 

can affect the activity and plasma concentration of these proteins [17,18]. Indeed, Kim et al. 
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reported an increased concentration of Apo-AI and α2-macroglobulin in heparin relative to 

citrated plasma [12]. Furthermore, Schöttler et al. reported corona differences (increased 

fibrinogen and decreased vitronectin) observed between citrate relative to heparin exposed 

particles [14]. Despite this knowledge of differences in protein composition of serum and 

plasma or of different anticoagulants, the role of these differences in protein corona 

formation and the potential role in prescribing VTC adhesion to the vascular wall remain 

unknown.

In this work, we evaluate how protein adsorption and, subsequently, particle adhesion is 

affected by the characteristics of the suspending blood fluid and particle material type. 

Specifically, we employed viscous buffer, acid-citrate-dextrose (ACD) treated plasma, 

heparinized plasma, serum and anticoagulant-free whole blood as mediums for the flow 

adhesion of ~500 nm PLGA, poly(lactic acid) (PLA), polycaprolactone (PCL), PS and Si 

particles to activated human umbilical vein endothelial cells (HUVEC) in a parallel plate 

flow chamber (PPFC). A particle’s material type has been identified to cause substantial 

differences in the composition of proteins present in the particle’s surface adsorbed corona 

and thus represents a critical parameter to explore in this study [19,20]. Particles made from 

PLGA, PLA and PCL polymers were used in this study since they are biodegradable 

polyesters typically used in the construction of VTCs. PS and Si serve as control materials in 

our assays to allow comparison to existing literature. Both citrated (ACD) and heparinized 

whole bloods are explored as flow medium, as these are commonly used anticoagulants for 

blood draw that also act by different mechanisms [8]. ACD chelates calcium ions, thus 

preventing the clotting process, whereas heparin acts by binding to antithrombin III, causing 

inactivation of thrombin [12]. These differences in mechanism of action between ACD and 

heparin can have profound impacts on the overall plasma composition [7,12,18,21]. We 

investigate differences in particle binding between serum and anticoagulated plasma to 

determine if the absence of clotting factors/proteins, as is the case for serum (anticoagulant 

free), impacts particle adhesion from flow based on the known significant changes in the 

protein corona formed onto VTCs between these two mediums [7,22]. Anticoagulant free 

whole blood is used here in an attempt to best resemble particle interaction in vivo in 

humans. We then probed whether any observed corona-induced adhesion reduction is 

mitigated by increased copies of targeting ligand on the particle surface for the different 

materials, as observed previously with PLGA microparticles [3]. Non-pegylated (non-PEG) 

particles are employed throughout this study to highlight the impact of material type in any 

observed corona-induced effects, which can shed light on the extent of surface modification 

required for VTCs of different materials to successfully reduce or alter plasma protein 

adsorption.

2. Materials and methods

2.1 Particle size and concentration characterization

PLGA, PLA, and PCL carboxylated 500 nm particles were obtained from Phosphorex, Inc. 

(Hopkinton, MA). The VTC particle concentration was obtained by manual counting on a 

hemacytometer (Hausser-Scientific). Non-fluorescent particles were used to limit any effect 

of a fluorescent dye on VTC-protein interaction. Particles were rendered fluorescent after 
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the plasma/serum/VB incubation and prior to use in flow assays. Si and PS green fluorescent 

particles were purchased from Corpuscular (Cold Spring, NY) and Polysciences, Inc. 

(Warrington, PA), respectively. VTC size was measured by dynamic light scattering (DLS) 

using a Malvern Zetasizer instrument. Carboxylated stocks were dispersed in PBS++, with 

1% bovine serum albumin (BSA) and then washed with 50 mM PBS prior to making the 

DLS measurement. Carboxylated biodegradable PLGA, PLA, and PCL particles were 

soaked in 50 mM MES at pH 7 (for PCL, pH ~5) for ≥ 20 hr prior to DLS measurement 

which corresponds to the time required for NeutrAvidin conjugation to these particles. VTC 

diameters ranged from ~400–700 nm as listed in Table 1. Table 2 lists the average sLea 

ligand site density of the various VTC materials.

2.2 Surface ligand conjugation

Particle stocks were first conjugated with NeutrAvidin via covalent carbodiimide chemistry 

followed by linkage to biotinylated sialyl-Lewisa (sLea) (Glycotech Corporation). The 

coupling of NeutrAvidin has been described elsewhere [23]. Briefly, an approximate particle 

surface area of 9.1 × 109 μm2 mL−1 of conjugation volume was used. Particle concentration 

was determined by manual count of a known volume of particle solution using a 

hemocytometer. The conjugation volume consisted of equal parts NeutrAvidin (5 mg mL−1) 

and N-Ethyl-N′-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDAC) (Sigma) (75 

mg mL−1) dissolved in 50 mM 2-(N-morpholino)ethanesulfonic acid (MES) buffer. VTCs 

were first incubated with 5 mg mL−1 NeutrAvidin for 15 min, followed by addition of an 

equal volume of EDAC at 75 mg mL−1. 1 M sodium hydroxide (NaOH) was added (~47 μL 

mL−1 conjugation volume) to pH the solution to ~7.4 and allowed to rotate on an end-to-end 

rotator for ~20 hr. Following the 20 hr incubation step, ~7.5 mg glycine mL−1 conjugation 

volume was added to stop the crosslinking reaction and allowed to incubate for 30 min. This 

NeutrAvidin attachment protocol is expected to yield a consistent density of avidin across 

material types – a density of ~ 1.1 x 105 and 9.7 x 104 avidin μm−2 was achieved for PLGA 

and PS, respectively. Conjugated VTCs were washed and re-suspended in 1 mL of 50 mM 

phosphate buffered saline (PBS).

Attachment of the targeting ligand was performed by suspending NeutrAvidin coated 

particles in 100 μL of biotinylated sLea (diluted in PBS with calcium and magnesium (PBS+

+) with 1% BSA) at concentrations ranging from 0.4 to 10 μg mL−1. Surface area to volume 

ratio of the various VTCs was varied to achieve the desired ligand site density. NeutrAvidin-

coated particles were allowed to rotate in the targeting ligand solutions for 45 min, and then 

washed three times with PBS++ 1% BSA buffer and suspended in a final volume of 1 mL. 

The zeta potentials for sLea particles exposed to plasma or serum were obtained using the 

Malvern Zetasizer instrument.

2.3 Quantification of ligand density

Targeting ligand density was quantified via flow cytometry using an Attune flow cytometer 

(Applied Biosystems) as described elsewhere [23]. For quantifying sLea density, 1 × 106 

particles were incubated for 20 min in a 1:10 solution (100 μL volume) of anti-CLA-PE 

(Miltenyi Biotec). Following the incubation step, VTCs were washed three times with PBS+

+ with 1% BSA buffer and suspended in a final volume of 1 mL. Rat-IgM-PE (Fisher 
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Scientific) was used as the isotype control. Quantification of the number of ligand sites on 

the particle surface was achieved via use of Quantum R-PE MESF calibration beads (Bangs 

Laboratories). Specifically, the amount of fluorescent molecules was correlated to 

fluorescence intensity via a calibration curve. The number of sites was then determined 

based on the differences in the median fluorescence intensity between the anti-CLA-PE 

stained and Rat-IgM-PE stained particles. To assist in gating and visualization of non-

fluorescent 500 nm particles during flow cytometry, sLea-coated particles were stained with 

biotin-FITC prior to sample testing.

2.4 HUVEC culture

Human umbilical vein endothelial cells (HUVECs) were obtained via a commonly used 

collagenase perfusion method [24]. Umbilical cords were generously donated by the U of M 

hospital under a Medical School Internal Review Board (IRB-MED) approved human tissue 

transfer protocol (HUM00026898). The protocol is exempt from informed consent per 

federal exemption category #4 of the 45 CFR 46.101.(b). HUVECs isolated from the 

umbilical cords were pooled and grown in tissue culture using T-75 flasks pre-coated with 

0.2 wt% gelatin. Preparation of HUVEC coated coverslips for flow chamber assays is 

described elsewhere [24,25]. HUVEC monolayers were activated with 1 ng mL−1 interleukin 

1-beta (IL1-β) for 4 hrs prior to performing the flow experiment to facilitate binding of sLea-

coated particles via upregulation of human E-selectin.

2.5 Blood preparation

Blood was obtained from healthy human donors according to a protocol approved by the 

University of Michigan Internal Review Board. Informed, written consent was obtained from 

all subjects prior to blood collection. Anticoagulant solutions were added to blood at a ratio 

of 7 mL to 50 mL of blood. To obtain serum, blood without any additive was allowed to sit 

upright in a 50 mL conical tube for at least 2 hr, and then centrifuged at 2000g for 10 min at 

4°C. For plasma collection, ACD or heparinized whole blood (WB) was centrifuged at 

2250g for 20 min at 4°C. An additional spin at 6797g for 5 min was employed to remove 

residual white blood cells and platelets from plasma. To determine the hematocrit, whole 

blood was centrifuged at 2250g for 20 min at 4°C and the ratio of RBC volume to total 

blood volume was taken as the hematocrit value. Suspension of washed RBCs in viscous 

buffer (RBCs-in-VB), a buffer solution with viscosity matching that of human plasma and 

consisted of PBS++ with 1 wt% BSA and 1.4 wt% dextran, is used here as control. To 

prepare reconstituted blood assays (e.g. RBCs-in-VB, RBCs-in-Serum), RBCs from ACD 

WB were washed 3 times with PBS−− via centrifugation at 1000g for 30 min. A final wash 

was performed at 2250g for 20 min, and VB or serum was added to the RBC pellet to 

achieve a matching hematocrit to that obtained with ACD whole blood. An average 

hematocrit of 44 ± 1 (S.E.)% was used for all assays.

2.6 Parallel plate flow chamber (PPFC) assay

Flow adhesion assays were performed using a Nikon TE 2000-S inverted microscope fitted 

with a digital camera. The microscope incubator was heated to ~37°C prior to the 

experiment. A circular parallel plate flow chamber (Glycotech Corporation; Supplement 

Figure 1) containing a straight rectangular channel was used for all flow assays as previously 
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described elsewhere [3,23–25]. Briefly, for each trial, an activated coverslip containing a 

monolayer of HUVEC was vacuum-sealed to the bottom of the flow chamber deck. The 

outlet of the flow chamber is connected to a syringe pump, which controls the flow rate. 

Vascular-targeted particles were incubated for 5 min in buffer, serum, or plasma, mixed and 

then added to the flow medium (blood, RBCs-in-Serum, or RBCs-in-VB) at a concentration 

of 1 × 106 particles mL−1 and the mixture then added to a syringe connected to the flow 

chamber inlet. The duration of each flow assay was 5 min at a shear rate of 200 s−1. After 

the flow experiment, the amount of bound VTCs along the channel width, at a fixed position 

from the channel entrance, was obtained by fluorescent imaging, which allowed for 

quantification of singlet bound particles. Particle stocks were sonicated briefly prior to use in 

assays to minimize particle aggregation. For the biodegradable VTCs (PLGA, PLA, PCL), 

particle fluorescence was achieved by labeling particles using biotin-PE antibody (added 3 

μL of 1 mg mL−1 biotin-PE solution) after exposure to plasma, serum, or VB (300 μL) for 5 

min to set the corona prior to labeling. For anticoagulant-free (ACF) WB assays, biotin-PE 

stained biodegradable VTCs stored in flow buffer were added to ACF blood and 

immediately used in assays. Particles were not exposed to ACF plasma prior to the ACF WB 

assay as ACF WB had to be drawn and used immediately before substantial clotting.

2.7 SDS-PAGE

SDS-PAGE was performed using 4–20% precast gels from Bio-Rad laboratories. sLea VTCs 

were exposed to plasma (ACD or heparinized), serum, ACF plasma or VB for a total of 10 

min – comprised of a 5 min incubation step followed by a 5 min centrifugation step to 

remove the soaked particles from the incubation media – similar to the preparation for the 

flow assay. For the ACF plasma assay, ACF WB was spun immediately after venipuncture at 

2250g for 10 min followed by a spin at 8000 RPM for 5 min. After 3 min of particle 

exposure to ACF plasma, 140 μL mL−1 ACD was added to ACF plasma-suspended particles 

(referred to later as ACF+ACD) to prevent particle clotting in ACF plasma during the 

centrifugation steps. VTCs were then washed 3 times with PBS and suspended in a final 

volume of 50 μL of detergent solution (0.06 M Tris-HCl, 1% SDS, 10% glycerol, lane 

marker tracking dye, pH 6.8) obtained from a SDS-PAGE Sample Prep Kit (Pierce). The 

VTC dispersion was then heated to 95°C for 5 min using a thermocycler to remove the 

corona proteins and then centrifuged for 5 min to collect the protein supernatant. This is a 

commonly used approach to remove the corona from particles exposed to plasma or serum 

[15,26,27]. A reducing agent is optional for this method and was not used here to maintain 

the full size of proteins in the corona [15,26,27]. For each condition, 15 μL of the protein 

supernatant was loaded into an individual lane on the gel and ran for ~25 min at 200 V. The 

molecular weight standard was obtained from Bio-Rad Laboratories, Precision Plus Dual 

Color Protein Standards.

2.8 Statistical methods

Data was analyzed using Prism. Data in figures was plotted with standard error and 

comparisons between adhesion assays were performed using 1 way ANOVA with Tukey 

post-test and confidence interval of 99% (α=0.01). In some instances, an unpaired t-test was 

employed.
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3. Results

3.1 Impact of anticoagulant and its absence on the adhesion efficiency of various VTC 
materials

Targeted nanoparticles were incubated in the blood medium of interest, citrated plasma, 

heparinized plasma or serum, for 5 min followed by evaluation of their adhesion efficiency, 

where particles suspended in whole blood (with either ACD or heparin as the anticoagulant) 

or RBCs-in-serum are exposed to an activated HUVEC monolayer in a 5 min flow assay. We 

anticipate that the 5 min of initial exposure to the blood medium is adequate for a stable 

protein corona to form on nanoparticles, as recent studies report that the nanoparticle plasma 

protein corona reaches qualitative equilibrium after ~30 sec of plasma exposure time 

[28,29]. Correspondingly, we observed that maximum reduction in PLGA particle adhesion 

occurs in as little as 30 sec of particle contact with plasma and was stable up to 5 min 

(Supplement Figure 2), suggesting that any dynamic processes occurring at later time points 

contributes a minimal role in orchestrating particle adhesion reduction [3]. Undiluted plasma 

or plasma product was employed in this work as it best represents the bloodstream condition 

in vivo [23,30,31].

Figure 1 shows the adhesion density of sLea-targeted particles of different material types to 

an activated HUVEC monolayer in flow of different blood mediums relative to the adhesion 

of the same particles in RBCs-in-VB (control). The adhesion density observed for PLGA 

and PLA particles at the endothelial wall were 75 to 82% lower in ACD and heparinized WB 

flows than the adhesion density of the same particles in RBCs-in-VB flows. In contrast, the 

adhesion density for PS, Si, and PCL particles in ACD WB were only moderately lower 

relative to the control (< 40% reduction). The use of heparin as anticoagulant in WB resulted 

in greater than 80% reduction in particle adhesion compared to the control for PS, but Si and 

PCL showed moderate effects with less than 60% adhesion reduction observed. A significant 

reduction in adhesion occurred for particles of all material types in RBCs-in-serum flows, 

where >80% reduction was observed relative to the control. To confirm that the adhesion in 

blood flows is specific, control experiments were performed with sLea-coated PLGA and PS 

particles in ACD WB flow over a non-activated HUVEC monolayer (no E-selectin 

expression). Particle adhesion density for PS particles was significantly lower on non-

activated HUVEC relative to the adhesion density on activated HUVEC as previously 

reported (Supplement Figure 3) [23]. However, in the case of PLGA, particle adhesion is 

low for both non-activated and activated monolayer due to negative adhesion effects of the 

corona in ACD WB. Overall, the impact of the protein corona on VTC adhesion was 

magnified in RBCs-in-serum and heparinized WB flows when compared to VTC adhesion 

in ACD WB for nearly all materials tested.

3.2 Evaluation of HUVEC adhesion of various VTCs in anticoagulant-free WB flow

Particle adhesion in anticoagulant-free (ACF) WB was evaluated in attempt to better mimic 

the in vivo human blood flow environment. The adhesion density of PS, Si, PLGA, and PCL 

VTCs were ~80% lower in ACF WB flows relative to the buffer control assay while PLA 

VTCs had a 95% reduction. The observed magnitude of VTC adhesion reduction in ACF 

WB was similar to observation with VTCs in RBCs-in-Serum (also anticoagulant-free) for 
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all material types with the exception of PLGA. Instead, PLGA showed improved 

performance (P<0.0001 via two-tailed, unpaired t-test) in ACF blood (~80% reduction) 

compared to RBCs-in-Serum (~90% reduction). Overall, the absence of anticoagulant in 

blood (e.g. ACF WB) compared to anticoagulated WB was shown to exert a greater extent of 

adhesion reduction on particles irrespective of the material type.

3.3 Impact of ligand density in mitigating plasma-associated VTC adhesion reduction

Previous work observed that the density of targeting ligand on VTC surface can play a role 

in mitigating the extent of the negative impact of the plasma protein corona on the adhesion 

of PLGA VTCs in ACD treated blood [3]. We explore this possibility here for particle 

adhesion in all the different blood conditions. As shown in Figure 3, PLGA particles having 

a high ligand density of ~15,000 sLea sites μm−2 displayed improved adhesion in ACD WB, 

exhibiting only 30% reduction relative to the control. In addition, only ~55% adhesion 

reduction was observed in heparinized WB with the high ligand density. In contrast, 

increasing the site density of PLGA VTCs did not improve their relative adhesion density in 

RBC-in-serum or ACF WB flows (compare to Figure 1 and 2). Similarly, having a 

moderately higher ligand density (~7000 sLea sites μm−2) on PCL did not significantly 

impact their relative adhesion in ACD WB, heparinized WB, or serum (Figure 4). A further 

increase in PCL site density to ~15,000 sLea sites μm−2 offered no additional recovery in 

adhesion for ACD WB (Supplement Figure 4). Overall, the magnitude of the targeting 

ligand density was observed to abate the negative impact of the protein corona for PLGA in 

anticoagulated whole blood flows but had no effect on adhesion in RBCs-in-Serum or ACF 

WB, where anticoagulant was absent.

3.4 Evaluation of differences in VTC plasma protein corona relative to material type and 
flow medium

We previously reported that the corona formed on PLGA VTCs in ACD blood, when 

analyzed via SDS-PAGE, contained a higher amount of proteins in the 150 kDa molecular 

weight range, which were mainly immunoglobulins as determined by mass spectrometry 

analysis of the corona [3], relative to PS VTCs and that the intensity of this 150 kDa band 

directly correlated with the extent of the negative impact of plasma proteins on their 

adhesion efficiency (see Figure 9 in Reference [3]). To determine whether the same large 

plasma proteins are important in the differential impact of the different blood mediums on 

VTC adhesion in this work, we conducted an SDS-PAGE analysis of the corona formed on 

PLGA VTCs incubated in various mediums similar to our prior publication. We then 

evaluated whether differential protein adsorption also explained the differential impact of 

plasma on VTCs of different materials via SDS-PAGE analysis of the different VTCs in 

ACD blood. For this work, VTCs were incubated in the blood medium of choice for 5 min 

followed by a 5 min centrifugation step. Thus, particles were exposed to the blood medium 

for a total of 10 min similar to the flow assays.

Figure 5A presents an image of the SDS-PAGE gel for PLGA particles in which there is a 

notable increase (2.0 +/− 0.4 folds via ImageJ) in the intensity of the band at the 150 kDa 

mark for the corona acquired from serum versus ACD plasma. However, the adsorption 

intensity of immunoglobulins and other large proteins is reduced in the corona derived from 
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heparinized blood-derived, despite the fact that VTCs experienced the same or a larger 

adhesion reduction in heparin compared to ACD WB flow. It is worth noting that the SDS-

PAGE protein profile for a 2% solution of plasma (ACD and Heparin) was mostly similar to 

the profile obtained for a 2% solution of serum with the exception of the depletion of a 

relatively high molecular weight band in the free serum profile (Supplement Figure 5; lane 

9, > 250 kDa), which is likely fibrinogen based on general knowledge of serum and plasma 

proteomics [15].

In terms of material type, SDS-PAGE analysis of PLGA, PCL, and PLA coronae formed in 

ACD WB revealed increased adsorption (1.47 +/− 0.10 folds via ImageJ) of 150 kDa 

proteins on PLGA and PLA particles relative to PCL (Figure 5B). On the contrary, PCL 

exhibited increased albumin adsorption (1.55 +/− 0.10 increase in relative intensity) 

compared to PLGA and PLA particles. Furthermore, SDS-PAGE analysis of PCL particles 

soaked in ACF plasma showed enhanced adsorption of protein in 150 kDa band compared to 

ACD soaked particles (Figure 5C). In addition, zeta potential measurements (Supplement 

Figure 6) were performed for all particle materials soaked in ACD plasma, heparin plasma, 

serum, and viscous buffer to provide insight into the influence of electrostatic interactions 

and overall protein content in the various coronae across material types. Minimal differences 

in zeta potential were observed between the different materials soaked in plasma and serum 

media. Overall, the increased presence of large proteins in the corona of VTCs correlates 

with the decrease in particle adhesion in plasma and anticoagulant free blood flows as 

previously reported [3].

4. Discussion

The data presented in this work demonstrates that the presence of anticoagulant in blood 

plays a significant role in modulating the adhesion efficiency of VTCs to HUVECs in human 

blood flow, depending on the VTC material type and ligand density. Specifically, all VTC 

materials exhibit significantly low flow adhesion (≥ 75% reduction relative to RBCs-in-VB) 

when a suspension of RBCs-in-Serum or ACF whole blood is used as flow medium, while a 

generally milder negative effect on particle adhesion is observed in anticoagulant-containing 

whole blood flows with the exception of PLGA and PLA VTCs. Our observation of 

significantly reduced particle adhesion in non-anticoagulant-containing blood flows was 

attributed to increased adsorption of immunoglobulin proteins (~150 kDa), e.g. serum-

exposed versus plasma-exposed particles. Between the two anticoagulants evaluated, ACD 

appears to mute the effect of plasma proteins on VTC adhesion more than heparin, where 

ACD WB adhesion was reduced only ~35% relative to control for PS, Si, and PCL, while 

~60–80% relative reduction was observed in heparinized WB for VTCs of these materials. 

Increasing the particle ligand density was only effective against adhesion reduction in 

anticoagulant-containing WB, particularly for ACD WB, where sensitive materials like 

PLGA recovered up to 70% adhesion relative to buffer. Overall, PLGA and PLA VTCs 

exhibited the greatest adhesion reduction in anticoagulant-containing blood flows, while 

PCL and Si VTCs demonstrated distinct resistance to the impact of plasma proteins on their 

adhesion.
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We anticipated that the impact of plasma proteins on VTC adhesion would be more 

pronounced in serum versus anticoagulant-containing plasma blood flows. Though serum is 

devoid of several large proteins involved in the clotting process, including fibrinogen, factor 

V and fibronectin [7,12], immunoglobulins that are the critical “negative” proteins for VTC 

adhesion are expected to be present in roughly the same concentration between 

anticoagulant-containing WB and RBCs-in-Serum. Indeed, immunoglobulins such as IgG 

have been quantified and observed to be highly similar in concentration between human 

serum and plasma, typically between a range of ~5–20 mg mL−1 [32,33]. Thus, it was 

expected that a more favorable landscape for immunoglobulin adsorption on particles results 

in the absence of anticoagulant in serum; hence the observed increase in immunoglobulin 

adsorption (~2-fold increase in intensity) on serum soaked particles (Figure 5) and the 

downstream stronger negative effect of serum on particle adhesion.

While the negative impact of plasma proteins on VTC adhesion was overall tempered in 

anticoagulant-containing blood flows, VTCs adhesion was significantly better in WB flows 

with ACD as the anticoagulant compared to heparin. This observation is not surprising as 

heparin and ACD anticoagulants act by different mechanisms. Heparin (which acts to 

prevent coagulation by catalyzing inactivation of thrombin by antithrombin III) binds to a 

significant number of other plasma proteins [34], and the binding of heparin/heparin sulfate 

to these “heparin-binding proteins” can modify their activities, metabolism and 

concentration [17,35]. A study by Kim et al. identified a variety of proteins that are 

contained in higher concentration in heparin versus citrated plasma, including α2-

macroglobulin, haptoglobulin precursor, Apo-AI, Apo J precursor, complement factor H 

precursor [12]. A recent work by Schöttler et al. also observed slight differences in the 

protein corona between polystyrene NPs exposed to heparin and citrated blood, where a 

compositional increase in fibrinogen and decrease in vitronectin was observed in citrate 

relative to heparin corona, and these particles exhibited differential uptake in HeLa cells and 

macrophages [14]. Similarly, the corona profiles observed for PLGA particles here show 

differences between heparin versus ACD exposed particles. The fact that immunoglobulin 

band previously linked to the low adhesion of PLGA particles in citrated blood is not 

prominent in the corona of PLGA particles exposed to heparinized blood may suggest that 

other proteins are involved in causing enhanced adhesion reduction of VTCs in heparin 

versus citrated blood flow. Notably, the main unique band in the heparin lane (Figure 5A) is 

between 100 and 150 kDa, possibly a form of haptoglobulin (~100 kDa) or complement 

factor H (~140 kDa), given the fact these proteins have been identified to be in higher 

concentration for heparin versus citrated plasma [12]. We will probe this potential impact of 

other plasma proteins elevated in heparinized blood on VTC adhesion in future studies.

The impact of VTC material type on protein adsorption and particle adhesion also comprised 

a major component of this work. Overall, PLGA and PLA closely resembled each other and 

showed a large reduction (>75%) in their blood flow adhesion relative to the control assay in 

all suspending fluids tested (Figure 1 and 2). In contrast, PCL and Si mimicked each other, 

both materials exhibiting a mild adhesion reduction in anticoagulant-containing blood 

relative to the other materials. Interestingly, this impact on particle adhesion of material type 

was eliminated for non-anticoagulant-containing fluids (i.e. ACF WB and RBCs-in-Serum) 

with all materials exhibiting a low adhesion density (≤ 75% reduction). Given that the zeta 
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potential was highly similar for all materials in plasma and serum (Supplement Figure 5), 

electrostatic interactions likely do not explain the differential adhesion behavior between 

these materials. Instead, material-dependent VTC adhesion efficiency in ACD WB may be 

linked to hydrophobicity, since PCL and PS particles (which showed better adhesion 

efficiency in ACD WB) are of greater hydrophobicity than PLA and PLGA [36]. 

Furthermore, hydrophobicity is generally known to be an important parameter that affects 

the formation of a VTC’s corona in terms of type and amount of bound proteins [19,37,38]. 

Hydrophobic particles are known to attract greater amounts of protein in the corona, which 

might be expected to enhance any corona-induced effect [19]. However, hydrophobic 

patches also maintain a higher affinity for albumin adsorption, as observed here with PCL 

particles relative to PLGA and PLA, which has been discussed in the literature to reduce 

nonspecific protein adsorption on NPs, improve their circulation time, and limit 

phagocytosis; thus, albumin is considered dysopsonic in nature [19,27,38–42]. Proteins like 

IgG are opsonic in nature and promote clearance from the bloodstream via macrophage 

phagocytosis [43]. There is visibly reduced immunoglobulin and increased albumin presence 

on PCL relative to PLA and PLGA (Figure 5B). Albumin here may act as a positive protein 

to mitigate the adsorption on PCL VTCs of the large immunoglobulin that were previously 

linked to reduced adhesion effects in ACD plasma [27]. This innate resistance of PCL to 

adsorption of immunoglobulin also likely explains the lack of impact of ligand density on 

adhesion PCL VTCs in anticoagulant-containing blood flows, whereas for PLGA and PLA 

VTCs that highly attract immunoglobulins in their corona, higher ligand density implies a 

reduced surface area for protein adsorption (Figure 3, 4). Finally, Si, although a relatively 

hydrophilic material, may benefit independently due to its higher particle density relative to 

all other materials studied here, based on previous work showing that particle density 

improves adhesion in RBCs-in-Buffer flow [4].

It is important to note that the carboxylic acid and avidin surface density will be present as a 

distribution on the particle surface, which may cause particle-to-particle variation in the 

corona composition or conformation of adsorbed corona proteins [41,44,45]. To mitigate any 

potential contribution of batch-to-batch variations linked to the associated particle 

processing steps, VTC adhesion assays were performed head-to-head for each material type 

in the different suspending fluids, i.e. same day and same particle batch, and the results 

normalized to the buffer control. Thus, it is expected that the observed differential VTC 

adhesion efficiency in the different blood medium for a given material type reported here is 

largely the result of differential protein affinity for the particle material surface rather than 

subtle differences in the distributions of carboxylic acid and avidin groups on the particle 

surface.

Also, we make the distinction here that non-PEG particles were employed in this work 

despite the fact that PEGylation of particle surfaces is widely used as a strategy to limit 

protein adsorption to drug carriers, resulting in delayed recognition by the immune system 

and long circulation time in vivo [46]. Non-PEG particles were employed based on multiple 

considerations. Specifically, recent studies have shown that corona-induced reduction of cell 

uptake, targeting, and blood flow adhesion persists despite functionalization of particles with 

intermediate brush to brush-range PEG densities [3,6,47–49]. In addition, recent work from 

our lab has shown that corona-induced adhesion reduction in porcine blood for 500 nm 
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diameter polystyrene spheres did not benefit from surface PEGylation [49]. However, a 

recent report by Dai et al. observe that corona-induced negative effects on cell targeting can 

be mitigated via the use of refined “backfilling” PEGylation techniques [50]. Despite this 

highly valuable technique, however, PEGylation has recently been shown to generate an 

immune response via anti-PEG antibodies upon re-administration, potentially limiting its 

application in vivo [51,52]. As such, several recent studies have focused on identifying 

alternative approaches to mitigating plasma protein adsorption on biomaterials. Zwitterionic 

surface coatings, a class of non-fouling, biocompatible materials capable of complete 

resistance to protein adsorption, are the most promising contender; offering a refined 

alternative to PEGylation [53]. Zwitterionic materials bind water via electrostatic 

interactions as opposed to PEG, which exploits H-bonding forces. Given the strength of 

electrostatic interactions, zwitterionic-induced hydration is much stronger [54], leading to 

minimal (if any) protein adsorption on surfaces coated with these materials [55]. 

Poly(sulfobetaine) (pSB) and poly(carboxybetaine) (pCB) are two common types of 

zwitterionic materials, but pCB is more attractive due to its potential for functionalization 

with aminated biomolecules via simple carbodiimide chemistry given its free carboxylate 

groups. Recent studies have observed significant stability of gold pCB NPs in undiluted 

serum via minimal change in size measured by DLS up to 72 hr, while PEG NPs showed 

substantial size increases indicating protein fouling [53]. ELISA studies have also shown 

significant reduction in IgG adsorption on hydrogels containing mixed-charge compounds 

similar to zwitterions, as opposed to purely positively charged compounds. Thus, coating 

PLGA and other biodegradable particles with pCB or similar zwitterionic materials may 

provide a promising new direction for elimination of corona-induced negative adhesion of 

VTCs in human blood flow.

In addition to exploiting anti-fouling materials, there is growing shift in the literature 

towards exploiting the corona, rather than eliminate it, for targeting specific cells or cellular 

function [56,57]. For example, many researchers have explored covalent attachment of 

albumin and apolipoproteins to the VTC particle surface to direct cell-specific targeting and 

minimize opsonin adsorption [26,58–60]. This approach may be useful here to prevent 

corona-induced adhesion reduction of VTCs in light of the high absorption of albumin on 

PCL VTCs that appear to resist immunoglobulin adsorption. We will explore this and other 

promising approaches in our future work.

5. Conclusion

This study has revealed that the absence of anticoagulant magnifies the negative impact of 

the plasma protein corona on VTC adhesion to a model vascular wall in vitro via enhanced 

immunoglobulin adsorption on drug carriers relative to that observed in anticoagulant-

containing blood flows. Therefore, it is likely that anticoagulant-containing whole blood 

may result in an overestimation of drug carrier adhesion efficiency to the vascular wall in 
vivo, given the significantly enhanced negative corona impact on the adhesion of VTCs 

observed in non-anticoagulant-containing blood flows. In light of our previous work and 

recently reported failing of PEG coatings, it is likely that alteration in VTC surfaces that lead 

to altered protein corona via use of dysopsonin proteins to counteract enhanced 

immunoglobulin adsorption on VTCs or zwitterionic materials that better resist protein 
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fouling is necessary to improve VTC adhesion efficiency in vivo. However, an inherent 

limitation of this work is in the use of in vitro assays with blood outside the body. This 

system, although a predictive indicator of human blood in vivo, likely does not fully capture 

the landscape for protein adsorption and expected binding efficiency in a clinical setting. 

Next steps to better predict adhesion efficiency in human would likely involve in vivo 
evaluation of drug carriers in a porcine model, as we have previously identified this species 

to be a suitable comparison to human with regard to corona-associated adhesion effects.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of Significance

This study addresses the impact of anticoagulant on altering the extent of the previously 

observed protein corona-induced adhesion reduction of vascular-targeted drug carriers in 

human blood flows. Specifically, serum blood flow (no anticoagulant) magnifies the 

negative effect of the plasma protein corona on drug carrier adhesion relative to citrated 

or heparinized blood flows. Overall, the results from this work suggest that serum better 

predicts targeted drug carrier adhesion efficiency in vivo compared to anti-coagulant- 

containing plasma. Furthermore, this study offers critical insight into the importance of 

how the choice of anticoagulant can greatly affect drug delivery-related processes in 

vitro.
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Figure 1. 
PPFC assay with VTCs in various anticoagulants: HUVEC adhesion (% relative to RBCs-in-

VB Control) for PLGA, PLA, PS, Si, and PCL VTCs in ACD WB, heparinized WB, and 

RBCs-in-Serum relative to RBCs-in-VB after 5 min of flow at a shear rate of 200s−1. 

Particle concentration was fixed to 1 x 106 particles mL−1. n ≥ 4. * = p<0.01 relative to 

ACD-WB trial for given material via one-way ANOVA with Tukey post-test. ** = p<0.01 

relative to heparinized WB trial for given material via one-way ANOVA with Tukey post-

test.
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Figure 2. 
PPFC assay with VTCs in ACF WB: HUVEC adhesion (% relative to RBCs-in-VB Control) 

for PLGA, PLA, PS, Si, and PCL VTCs in Anticoagulant-free WB relative to RBCs-in-VB 

after 5 min of flow at a shear rate of 200s−1. Particle concentration was fixed to 1 x 106 

particles mL−1. n ≥ 3. * = p<0.01 relative to Anticoagulant-free WB trials relative to all 

other VTC materials.
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Figure 3. 
PPFC assay with high ligand density PLGA VTCs: HUVEC adhesion (% relative to RBCs-

in-VB Control) for high ligand density PLGA VTCs (~15,000 sites/μm2) in ACD WB, 

heparinized WB, RBCs-in-Serum, and Anticoagulant-free WB after 5 min of flow at a shear 

rate of 200s−1. Particle concentration was fixed to 1 x 106 particles mL−1. n ≥ 4. * = p<0.01 

relative to ACD-WB trial via one-way ANOVA with Tukey post-test. ** = p<0.01 relative to 

heparinized WB trial via one-way ANOVA with Tukey post-test.
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Figure 4. 
PPFC assay with high ligand density PCL VTCs: HUVEC adhesion (% relative to RBCs-in-

VB Control) for high ligand density PCL VTCs (~7,000 sites/μm2) in ACD WB, heparinized 

WB, and RBCs-in-Serum after 5 min of flow at a shear rate of 200s−1. Particle concentration 

was fixed to 1 x 106 particles mL−1. n ≥ 4. * = p<0.01 relative to ACD-WB trial via one-way 

ANOVA with Tukey post-test. ** = p<0.01 relative to heparinized WB trial via one-way 

ANOVA with Tukey post-test.
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Figure 5. 
SDS-PAGE: Characterization of surface bound protein coronae formed on PLGA, PCL, and 

PLA VTCs exposed to VB, plasma (ACD, heparin), and serum. A) PLGA only, Lane 1: 

molecular weight standard, Lane 2: corona from VB soak, Lane 3: corona from ACD plasma 

soak, Lane 4: corona from heparinized plasma soak, Lane 5: corona from serum soak. B) 

PLGA, PCL, and PLA, Lane 1: molecular weight standard, Lane 2: PLGA corona from VB 

soak, Lane 3: PCL corona from VB soak, Lane 4: PLA corona from VB soak, Lane 5: 

PLGA corona from ACD plasma soak, Lane 6: PCL corona from ACD plasma soak, Lane 7: 

PLA corona from ACD plasma soak. C) ACD (Lane 2) and ACF + ACD (Lane 3) soaked 

PCL particles
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Table 1

VTC DLS sizing measurements

The average VTC diameter (Z-average) and polydispersity index (PDI) is listed for all materials studied here. Data was obtained via 
DLS using a Malvern Zetasizer Nano equipped with a back scattering detector.

Material Z-Average (nm) PDI

PLA 635 0.25

PLGA 428 0.18

Si 712 0.12

PS 529 0.12

PCL 600 0.27

Acta Biomater. Author manuscript; available in PMC 2018 January 15.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Sobczynski and Eniola-Adefeso Page 24

Table 2

VTC ligand density quantification

The average sLea ligand density per μm2 and standard error (S.E) is listed for all materials studied here. Data was obtained via flow 
cytometry (Attune, Applied Biosystems). sLea ligand densities were quantified by use of Quantum™ MESF PE calibration beads (Bangs 
Laboratories)

Material sLea density (sites μm−2) S.E.

PLA, PLGA 3500 700

PLGA (“high”) 15300 900

Si 4400 200

PS 6000 300

PCL 2200 500

PCL (“moderate”) 7100 1200

PCL (“high”) 14500 700
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