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Collagen-Binding Nanoparticles for Extracellular Anti-
Inflammatory Peptide Delivery Decrease Platelet Activation, 
Promote Endothelial Migration, and Suppress Inflammation

James McMastersa,1 and Alyssa Panitcha,1,*

aWeldon School of Biomedical Engineering, Purdue University, 206 South Martin Jischke Drive, 
West Lafayette, IN 47906

Abstract

Peripheral artery disease is an atherosclerotic stenosis in the peripheral vasculature that is typically 

treated via percutaneous transluminal angioplasty. Deployment of the angioplasty balloon 

damages the endothelial layer, exposing the underlying collagen and allowing for the binding and 

activation of circulating platelets which initiate an inflammatory cascade leading to eventual 

restenosis. Here, we report on collagen-binding sulfated poly(N-isopropylacrylamide) 

nanoparticles that are able to target to the denuded endothelium. Once bound, these nanoparticles 

present a barrier that reduces cellular and platelet adhesion to the collagenous surface by 67% in 

whole blood and 59% in platelet-rich plasma under biologically relevant shear rates. In vitro 
studies indicate that the collagen-binding nanoparticles are able to load and release therapeutic 

quantities of anti-inflammatory peptides, with the particles reducing inflammation in endothelial 

and smooth muscle cells by 30% and 40% respectively. Once bound to collagen, the nanoparticles 

increased endothelial migration while avoiding uptake by smooth muscle cells, indicating that they 

may promote regeneration of the damaged endothelium while remaining anchored to the 

collagenous matrix and locally releasing anti-inflammatory peptides into the injured area. 

Combined, these collagen-binding nanoparticles have the potential to reduce inflammation, and 

the subsequent restenosis, while simultaneously promoting endothelial regeneration following 

balloon angioplasty.

Graphical abstract

*Corresponding author: Phone: 1 (530) 754-3222 Fax: 1 (530) 754-5739, apanitch@ucdavis.edu.
1Present address: Department of Biomedical Engineering, University of California, Davis, One Shields Avenue, Davis, CA 95616

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Disclosures
Moerae Matrix, Inc. has a worldwide exclusive license to the MK2 inhibitor peptide. Alyssa Panitch owns greater than 5% of Moerae 
Matrix, Inc.

HHS Public Access
Author manuscript
Acta Biomater. Author manuscript; available in PMC 2018 February 01.

Published in final edited form as:
Acta Biomater. 2017 February ; 49: 78–88. doi:10.1016/j.actbio.2016.11.023.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

N-isopropylacrylamide; Thermosensitive polymer; Collagen; Platelet; Anti-Inflammatory Peptides

1. Introduction

Peripheral artery disease (PAD) is characterized by an atherosclerotic stenosis within the 

peripheral vasculature. Despite improved screening effectiveness, PAD still affects over 25% 

of adults over 55, and is even more prevalent in patients with cardiovascular risk factors such 

as smoking and hypertension [1-6]. Additionally, PAD is associated with increased risk of 

other cardiovascular diseases, making the development of an effective long-term treatment 

of paramount importance to the large population that lives with this disease [7, 8].

The current standard of treatment for severe PAD is percutaneous transluminal angioplasty, 

sometimes coupled with stent deployment to hold open the widened vessel. A major 

drawback of angioplasty is that balloon deployment damages the vessel wall, thus exposing 

the underlying collagenous matrix [9]. Circulating platelets can then bind to the sub-

endothelial collagen and become activated, releasing a host of pro-inflammatory factors 

including epidermal growth factor (EGF), IL-1β, and platelet derived growth factor (PDGF) 

[10-12]. Smooth muscle cells (SMC) exposed to these factors then become activated and 

proliferative, resulting in intimal hyperplasia and eventual restenosis, or narrowing of the 

vessel wall [13-17]. This process is further accelerated by pro-inflammatory cytokines 

released by the activated SMC, including tumor necrosis factor-α (TNF- α), interleukin-1β 
(IL-1β), interleukin-8 (IL-8) and interleukin-6 (IL-6) [18-20]. The development of restenosis 

can lead to peripheral limb ischemia, with treatment often necessitating a second angioplasty 

procedure to open the re-occluded vessel.

Rather than treating restenosis by attenuating the inflammatory cascade, current surgical 

methods utilize drug-loaded stents that release cytostatic compounds such as paclitaxel and 

sirolimus to combat the inflammation-induced cellular proliferation. While they are effective 

at inhibiting intimal hyperplasia [21-24], these compounds are untargeted and thus inhibit 

the proliferation of local endothelial cells along with the SMC [22, 23]. This results in 

incomplete healing of the treated area, leaving the stent and collagenous tissue chronically 

exposed and leading to long-term complications such as late stent thrombosis [25, 26]. 

Additionally, stents deployed in the peripheral vasculature have a high fracture rate due to 

the higher crushing and torsional forces they experience [27-29]. These issues make drug-

eluting stents a sub-optimal method to prevent restenosis following angioplasty. Thus there 

exists a need for an improved treatment system that can be deployed during angioplasty to 

attenuate the subsequent inflammation and promote healing of the damaged vessel.
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We have previously reported on a cell penetrating anti-inflammatory peptide 

(KAFAKLAARLYRKALARQLGVAA abbreviated KAFAK) that can reduce the expression 

of pro-inflammatory cytokines, by inhibiting mitogen-activated protein kinase activated 

protein kinase 2 (MK2) [30]. MK2 increases the production of pro-inflammatory cytokines, 

such as TNF-α and IL-6, regulating inflammation in several diseases, including 

atherosclerosis [31-35]. While KAFAK has been effective at reducing pro-inflammatory 

cytokine levels, poor bioavailability in the presence of serum proteases limits its efficacy 

[36-38]. Therefore it is desirable to use a delivery system that can protect the peptide from 

proteolytic degradation while providing a sustained release profile in vivo, thereby 

increasing KAFAK’s therapeutic efficacy while providing local delivery to the injured area 

[38-40].

Poly(N-isopropylacrylamide) (pNIPAM) is a thermosensitive polymer that has been 

extensively studied in biological applications as it exhibits a physiologically relevant lower 

critical solution temperature (LCST) around 33°C [41-47]. At temperatures below the LCST, 

crosslinked pNIPAM microgels are in a swollen hydrophilic state, allowing for the loading 

of water-soluble therapeutics via passive diffusion. Above the LCST, the particle then 

undergoes hydrophobic collapse, entrapping the loaded drug and allowing for a controlled 

diffusion out of the particle [38, 40, 47]. In addition, pNIPAM is readily copolymerized with 

other monomers such as acrylic acid (AAC) to provide easily modified functional groups. 

Bartlett et al. reported that the addition of the sulfated monomer 2-acrylamido-2-methyl-1-

propanesulfonic acid (AMPS) to the NIPAM backbone results in a charged nanoparticle that 

offers increased loading of cationic therapeutics via electrostatic attraction [38, 40]. 

Additionally, loading the peptide into the nanoparticle provided protection from proteolytic 

degradation while reducing osteoarthritic inflammation [48]. However these particles were 

untargeted, allowing them to diffuse away from the site of injury, thus limiting their potential 

for targeted release. This limitation can be overcome by modifying the delivery system with 

a targeting ligand that is specific to the damaged area. A particle successfully targeted to the 

balloon-injured vessel would be able to bind to the damaged area, and remain bound in the 

presence of blood flow, while locally releasing anti-inflammatory peptides to attenuate the 

inflammatory cascade.

We have reported on a collagen I binding peptide (RRANAALKAGELYKSILYGC 

abbreviated SILY) that has been shown to bind to type 1 collagen and prevent platelet 

adhesion and activation when attached to a dermatan sulfate backbone, while reducing 

intimal hyperplasia and platelet adhesion in vivo [49, 50] Additionally, pNIPAM 

nanoparticles modified with SILY have been shown to bind to collagen and prevent platelet 

activation while still providing a sustained release of their loaded peptide [51]. However, 

these studies were conducted in a static environment and did not investigate their efficacy in 
vitro. Here, we show that SILY-modified pNIPAM nanoparticles are effective at inhibiting 

platelet binding under biologically relevant flow conditions, and are capable of binding to 

SMC-elaborated collagen in vitro. Additionally, KAFAK-loaded nanoparticles effectively 

inhibit inflammation in endothelial cells (EC) and SMC while inhibiting platelet adhesion 

and demonstrating minimal cytotoxicity.
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2. Materials and Methods

2.1 Nanoparticle Synthesis

pNIPAm containing 5 mol% 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS) and 1 

mol% Acrylic Acid (AAc) were synthesized in a precipitation polymerization reaction as 

described previously [44, 51]. Briefly, 794.1 mg of NIPAm (Thermo Fisher Scientific), 28.5 

mg of N,N’-methylenebisacrylamide (MBA, Sigma-Aldrich), and 76.5 mg of AMPS 

(Sigma-Aldrich) were added to 70 °C MilliQ water (18.2 MΩ·cm resistivity, Millipore) that 

had been refluxed under nitrogen for 30 minutes. 5 μL of AAc (99.5%, Thermo Fisher 

Scientific) and 164 μL of sodium dodecyl sulfate (SDS, 10% w/v, Sigma-Aldrich) were 

added to the solution, and polymerization was initiated by the addition of 33.7 mg of 

potassium persulfate (Sigma-Aldrich). For fluorescent nanoparticle synthesis, 1 mol% 

fluorescein o-acrylate was pre-dissolved in 3% DMSO and then added to the shell polymer 

mixture and allowed to equilibrate for 30 minutes before the initiation of polymerization. 

After 5 hours, the reaction was cooled to room temperature and then dialyzed against MilliQ 

water for 7 days using a 15,000 MWCO dialysis membrane (Spectra-Por). Following 

dialysis, the purified poly(NIPAm-MBA-AMPS-AAc) nanoparticles were lyophilized and 

stored at room temperature.

2.2 Fabrication of Peptide-Modified Nanoparticles

Collagen binding nanoparticles were fabricated by using 1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride (EDC) and the heterobifunctional cross 

linker N-β-Maleimidopropionic acid hydrazide (BMPH) to crosslink SILY to the carboxylic 

acid groups of present in the nanoparticle, as described previously with slight modification 

[51]. First, lyophilized poly(NIPAm-MBA-AMPS-AAc) nanoparticles were activated by 

dissolving them in a coupling buffer consisting of 0.1 M MES (Sigma-Aldrich), 0.5 M NaCl 

(Sigma-Aldrich) and 0.4 mg/mL EDC (Thermo Fisher Scientific) at pH 6.0. After 15 

minutes, a 1:1 molar equivalent of BMPH (BMPH:AAc) was then added to the solution and 

allowed to shake at room temperature for 30 minutes. The BMPH conjugated nanoparticles 

(NP-BMPH) were purified by centrifugation at 18,000g and 25°C for 60 minutes. The 

pelleted particles were rinsed with MilliQ water and then lyophilized.

For SILY attachment, lyophilized NP-BMPH were then dissolved at 1 mg/mL in 1× PBS, 

and 1% of the total concentration of the collagen binding peptide 

RRANAALKAGELYKSILYGC (SILY, 80% purity, Genscript) was added as SILYbiotin and 

allowed to shake at room temperature for 45 minutes. The remaining peptide was then added 

and allowed to react for an additional 120 minutes, to create the SILY-modified 

nanoparticles (NP-SILY). For particles without SILYbiotin, the entire amount of SILY was 

added and allowed to react for 3 hours. The modified particles were purified by 

centrifugation and resuspension, as described above, and then lyophilized. Non-collagen-

binding particles were made using the peptide GVDVDQDGETGC (LFA, 78% purity, 

Genscript) and following the same protocol.
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2.3 Cell Culture

Human aortic endothelial cells were grown continually as a monolayer in medium 200 

(ThermoFisher Scientific) supplemented with low serum growth supplement (ThermoFisher 

Scientific) consisting of 1 μg/mL hydrocortisone, 10 ng/mL epidermal growth factor, 3 

ng/mL basic fibroblast growth factor, and 10 μg/mL heparin and 2% fetal bovine serum 

(FBS). Human coronary artery smooth muscle cells (SMC) were grown continually as a 

monolayer in medium 231 (ThermoFisher Scientific) supplemented with smooth muscle 

growth supplement (ThermoFisher Scientific) consisting of 2 ng/mL basic fibroblast growth 

factor, 0.5 ng/mL epidermal growth factor, 5 ng/mL heparin, 2 ug/mL recombinant human 

insulin-like growth factor, 0.2 ug/mL bovine serum albumin (BSA) and 4.9% FBS. All cells 

were maintained at 37°C and 5% CO2 and used between passages 3 and 8.

2.4 Endothelial Cell Migration

In order to ensure that NP-SILY does not adversely impact endothelial migration, we used 

Oris migration kits (Platypus technologies) to measure cellular proliferation after treatment 

with varying concentrations of modified nanoparticles. For migration on a collagen coated 

surface, human type I collagen (chronolog) was diluted in isotonic glucose and added to an 

Oris 96-well plate at a concentration of 10 μg/cm2 and incubated overnight at 4°C. The 

collagen solution was removed from the wells and the plate was air dried under UV for 24 

hours. The supplied stoppers were inserted into the wells to prevent cellular adhesion to the 

center of the wells. Endothelial cells were then seeded at 8,000 cells/well and allowed to 

grow to confluence for 36 hours. The stoppers were then removed, the wells were washed to 

remove unbound cells, and 100 μL of complete media containing 0, 1, 2, or 4 mg/mL NP-

SILY was added to each well. For collagen coated plates, wells were rinsed with media after 

30 minutes to remove unbound particles. Cells were then allowed to migrate for 24 hours 

before being stained with 10 μM CellTracker green (ThermoFisher Scientific) in media for 

30 minutes at 37°C. Stained cells were rinsed with PBS and the Oris plate mask was added 

to isolate the previously blocked area of the plate. Fluorescence was then read on 

Spectramax M5 plate reader at 492 nm excitation and 517 nm emission. Visualization of 

endothelial migration was performed with a Zeiss Observer Z1 fluorescent microscope.

2.5 NP-SILY Binding to Collagen In Vitro

In order to verify NP-SILY’s ability to bind to naturally elaborated collagen, we treated 

proliferative smooth muscle cells with modified nanoparticles. First, SMC were seeded at 

50,000 cells/cm2 on an 8 chambered glass slide (Lab-Tek) and allowed to bind for 24 hours. 

200 μL of complete media containing 2, 1, or 0 mg/mL of fluorescent NP-SILY or NP-

SILYbiotin was then added to the chambers and allowed to incubate for 30 minutes or 24 

hours before being rinsed 3× with media to remove unbound particles. Fluorescent NP-SILY 

was used for qualitative images of binding to collagen, while biotinylated NP-SILY provided 

parallel quantitative assessments of binding.

For studies using biotinylated particles, media was removed and 100 μL of a diluted 

streptavidin solution (R & D Systems) was added to each well and incubated on a plate 

shaker at 200 RPM and room temperature for 20 minutes. The plate was rinsed with PBS 

and 100 μL of a reagent color solution (R & D Systems) was added to each well and 
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incubated at 200 RPM and room temperature for 20 minutes. Finally, 50 μL of 2N H2SO4 

was added to stop the reaction, and absorbance was read at 450 nm and 540 nm on a 

SpectraMax M5 plate reader. For visualization of fluorescent collagen-bound NP-SILY, cells 

were imaged on a Zeiss Observer Z1 fluorescent microscope. Semi-quantitative 

measurements of amount of bound nanoparticles was determined by using ImageJ to 

measure the fluorescent area of 3 images of each treatment.

2.6 NP-SILY Cytotoxicity

The biocompatibility of SILY-modified nanoparticles was examined with a Vybrant MTT 

cell proliferation assay (Molecular Probes) according to manufacturer instructions. First, 

endothelial and smooth muscle cells were seeded in a 96-well tissue culture plate at 30,000 

cells/well and 50,000 cells/well respectively and allowed to adhere for 24 hours. The media 

was removed and fresh media containing varying concentrations of NP-SILY was added to 

each well and incubated for 24 hours. The media was removed and 100 μL of fresh media 

was added to each well. The MTT reagent was prepared by dissolving in sterile PBS at a 

concentration of 5 mg/mL, and 10 μL was added to each well and incubated for 4 hours at 

37°C. SDS was then dissolved in 0.01M HCL at a concentration of 100 mg/mL, and 100 μL 

was added to each well and incubated for 4 hours at 37°C. The absorbance was then read at 

570 nm on a Spectramax M5 plate reader.

2.7 Peptide Loading of NP-SILY

In order to demonstrate the modified nanoparticles ability to deliver therapeutics in an in 
vitro inflammatory culture system, we loaded the nanoparticles with the anti-inflammatory 

cell penetrating peptide (American Peptide). To load the nanoparticles SILY-modified 

nanoparticles and KAFAK were co-incubated in MilliQ water at final concentrations of 1 

mg/mL and 2 mg/mL respectively and stored at 4°C for 24 hours. Loaded nanoparticles 

were pelleted via centrifugation, and the supernatant was collected for analysis. A 

fluoraldehyde o-phthalaldehyde (OPA) assay was performed to determine the amount of 

KAFAK loaded into the nanoparticles. Briefly, 1:10 mixtures of sample and fluoraldehyde 

OPA were created in opaque 96-well plates (VWR), and the fluorescence was measured at 

an excitation of 360 nm and emission of 455 nm on a SpectraMax M5 plate reader. Values 

were compared against a standard to determine the amount of KAFAK present in the pre and 

post-load solution.

2.8 Prevention of In Vitro Inflammation

Given that platelet activation is an underlying cause of SMC inflammation and proliferation 

and that mechanical damage from balloon deployment can damage EC and SMC, we 

investigated the ability of KAFAK-loaded NP-SILY to inhibit inflammation in SMC and EC 

treated with platelet-derived growth factor (PDGF, Peprotech) an inflammatory factor 

released by activated platelets. SMC were seeded in a 96-well tissue culture plate at a 

density of 50,000 cells/cm2 and allowed to adhere for 12 hours before being serum starved 

by incubation in unsupplemented medium 231 for 24 hours. Cells were then treated with 10 

ng/mL PDGF and either KAFAK or KAFAK-loaded NP-SILY for 24 hours. The media was 

removed, and the concentration of IL-6 and TNF-α were then measured using an MSD 
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multi-array human cytokine assay kit (MesoScale Discovery) according to manufacturer 

instructions.

Briefly, 25 μL of sample was added to a pre-coated high bind plate, covered, and incubated 

at on a plate shaker at 700 RPM and room temperature for 2 hours. 25 μL of detection 

antibody solution was then added to each well, and the plate was then covered and incubated 

at 700 RPM for a further 2 hours. Finally, the plate was washed 3 times with PBS containing 

0.05% tween-20. 150 μL of 2× read buffer was added to each well, and the plate was read on 

a QuickPlex SQ 120 plate reader (MesoScale Discovery).

2.9 Prevention of Platelet Attachment Under Biologically Relevant Flow Conditions

The ability of NP-SILY to inhibit platelet binding under flow conditions was investigated 

using collagen-coated IBIDI microchannels to simulate a biological flow environment. First, 

human monomeric collagen (Chronolog) was diluted in isotonic glucose to and final 

concentration of 50 μg/mL. The collagen solution was then pipetted into the channels of an 

IBIDI μ-slide VI0.1 slide and incubated overnight at 4°C. The coated channels were then 

washed with 100 μL of PBS, and then blocked for 30 minutes at room temperature with 1% 

BSA in PBS. The channels were again washed with PBS and varying concentrations of NP-

SILY were added to the channels and incubated at 37°C for 30 minutes before being washed 

a final time.

15 mL of whole blood was collected into citrated vacutainers from healthy volunteers by 

venipuncture following an approved Purdue IRB protocol and with informed consent. The 

blood was centrifuged for 20 min at 200G and 25°C and the top layer of platelet-rich plasma 

(PRP) was collected. PRP and whole blood was then loaded into 3 mL syringes and a 

syringe pump was used to flow the fluid through the channel at a rate of 2.1 mL/hr, yielding 

a physiologically relevant shear rate of 375 s−1 [52]. After 30 minutes, the channels were 

washed with 100 μL of PBS and adherent cells were stained with CellTracker Green using 

the protocol mentioned previously. Flow channels were imaged on a Zeiss Observer Z1 

fluorescent microscope. Three images were taken of each channel, and ImageJ was used to 

measure total fluorescent area in order to determine the relative binding of cells in each 

treatment group.

2.10 Statistical Analysis

Statistical significance was determined using a one-way ANOVA with a Tukey post-hoc test 

to compare experimental groups. A significance level of α = 0.05 was used for all 

comparisons and all data is expressed as mean ± standard deviations.

3. Results

3.1 Nanoparticle Cytotoxicity

In order to remain viable in vivo drug delivery platforms, the modified nanoparticles must 

remain biocompatible at concentrations necessary to release therapeutic levels of KAFAK. 

The MTT assay indicates that there were no significant differences in cellular viability of 

endothelial (figure 1a) or smooth muscle cells (figure 1b) treated with up to 8 mg/mL of NP-
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SILY. This suggests that the nanoparticles can be used to locally deliver therapeutics without 

inducing a cytotoxic response in the surrounding cells.

3.2 Endothelial Migration

Due to the importance of endothelial migration on the healing of the damaged vessel, we 

investigated whether varying concentrations of NP-SILY impacted endothelial migration 

(figure 2). As seen in figure 2a, modified nanoparticles have no significant impact on 

endothelial migration on tissue culture plastic at concentrations below 4 mg/mL; however, 

higher concentrations of NP-SILY significantly decreased cellular migration. Conversely, an 

increase in cellular migration on a collagen-coated surface was observed at nanoparticle 

concentrations above 2 mg/mL (figure 2b).

3.3 In Vitro Collagen Binding

While the SILY-modified nanoparticles have demonstrated the ability to bind to a collagen-

coated surface [51], it is equally important that they have the capability to bind to collagen 

that is elaborated by the SMC found within the damaged blood vessel. Figure 3 

demonstrates NP-SILY’s ability to bind to collagen elaborated by human coronary artery 

smooth muscle cells 24 hours after plating on tissue culture plastic. As seen in the 

quantitative analysis of NP-SILYbiotin binding to SMC collagen (figure 3a), biotinylated NP-

SILY binds to the collagen matrix following a short 30-minute incubation at the 2 mg/mL 

concentration, while lower nanoparticle concentrations required a longer incubation to 

demonstrate the same level of collagen binding. Further, significantly more nanoparticle 

binding to collagen is seen after 24 hours when the SMCs have had time to secrete 

additional extracellular collagen. Conversely, nanoparticles modified with the non-collagen-

binding LFA peptide demonstrated only a small amount of non-specific binding, even after 

the longer 24-hour incubation.

Figure 3b shows imaging of fluorescently-labeled nanoparticles bound to the SMC matrix. 

After 30 minutes of incubation with fluorescent nanoparticles, distinct fiber-like structures 

are observed on top of the SMC, indicating that NP-SILY successfully binds to the 

elaborated collagen. After an additional 24 hours of culture, fluorescence can be observed 

farther away from the SMC, indicating that additional particles bound to the collagen as it 

was newly elaborated. This is further demonstrated in the semi-quantitative analysis of 

fluorescent images in figure 3c, which shows that fluorescence is detectable after an initial 

30-minute incubation and increases with prolonged incubation, likely due to additional 

signal from binding to newly elaborated collagen. Finally, after 30 minutes of NP-SILY 

exposure, fluorescence at 2 mg/mL is significantly higher than fluorescence at 1 mg/mL, 

indicating increased nanoparticle binding at higher nanoparticle concentrations, likely 

attributable to larger concentration gradients driving rapid binding to the collagen.

3.4 In Vitro Inflammatory Inhibition

In order to be a viable treatment for post-angioplasty vessel damage, KAFAK must be 

released at therapeutic concentrations at ~30 μM for effective inhibition of inflammation 

[30]. We investigated KAFAK-loaded NP-SILY’s ability to inhibit inflammation in 

endothelial and smooth muscle cells that had been stimulated with PDGF. Figure 4 shows 
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that the KAFAK-loaded nanoparticles were able to reduce inflammation in both cell types, 

with IL-6 levels decreasing 30% and 40% in endothelial (Figure 4a) and smooth muscle 

(Figure 4b) cells, respectively. The addition of free-KAFAK decreased endothelial 

inflammation by 80% and decreased SMC inflammation by 16%.

3.5 Prevention of Platelet Attachment Under Biologically Relevant Flow Conditions

Beyond providing a platform for the release of therapeutic peptides, the SILY-modified 

nanoparticles are designed to have dual-therapy potential by preventing platelet activation by 

binding to the collagenous matrix exposed by the angioplasty procedure. We tested this 

ability by flowing whole blood or PRP through a collagen-coated microchannel that had 

been treated with NP-SILY, and then probing for adherent platelets. Figure 5 shows that NP-

SILY was effective at preventing binding in both the whole blood and PRP. As shown in 

figure 5b, the highest tested concentration of NP-SILY reduced binding by 44% in whole 

blood. Interestingly, binding was further reduced at lower treatment concentrations, with 2 

mg/mL doses reducing binding by 53% and 59% in whole blood and PRP respectively. This 

trend continued at the lowest concentration with 1 mg/mL NP-SILY reducing binding by 

67% in whole blood. As can be seen in figure 5a, whole blood yielded larger clusters of 

bound cells compared to the PRP. This is likely due to the larger overall concentration of 

cells as well as the presence of red blood cells, which bind to denuded endothelium in the 

presence of bound platelets and have also been shown to enhance platelet binding [53]. 

Additionally, binding of platelets and red blood cells could have induced soft clot formation 

which could account for the large clusters of cells observed in figure 5A I and II

4. Discussion

Percutaneous transluminal angioplasty is one of the most common methods used to treat 

severe PAD. However, deployment of the balloon damages the endothelial layer, exposing 

the underlying collagenous tissue. Platelet adhesion and activation on this collagen results in 

the release of proinflammatory factors that lead to SMC activation and eventual intimal 

hyperplasia and restenosis [9, 13-16]. Here, we demonstrate that a sulfated collagen-binding 

poly(NIPAm-MBA-AMPS-AAC) nanoparticle, modified with the collagen-binding peptide 

SILY is able to bind to a collagenous matrix while preventing platelet adhesion and releasing 

therapeutic concentrations of cell-penetrating anti-inflammatory peptides. Previous work 

with SILY-modified peptidoglycans indicates that because SILY is derived from the platelet 

receptor to collagen it is able to competitively inhibit platelet binding to collagen. 

Additionally, when attached to a large macromolecule, prevention of platelet adhesion 

occurs through a combination of competitive binding to the collagen as well as steric 

hindrance provided by the overall size of the bound molecule [49]. A key benefit of 

preventing the platelet adhesion and subsequent activation is that it attenuates the 

inflammatory cascade at the initiating event, as opposed to attempting to mitigate the 

downstream results. Previous studies with collagen binding peptidoglycans have 

demonstrated that protecting the collagenous layer of the damaged vessel leads to reduced 

platelet deposition and intimal hyperplasia. These previous studies suggest that our modified 

nanoparticle has the potential to inhibit the increased SMC migration that is caused by the 
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activated platelets, possibly resulting in decreased intimal hyperplasia and reduced risk of 

restenosis [49, 50].

While previous work has demonstrated the biocompatibility of pNIPAM nanoparticles, 

eliciting low cytotoxicity when taken up by macrophages as well as showing excellent 

hemocompatibility [38, 54, 55], the surface addition of the collagen-binding peptide SILY 

has the potential to alter cellular uptake as well as biocompatibility. Additionally, as these 

modified particles are designed to be administered via porous balloon catheter directly to the 

damaged vascular environment, which contains migrating endothelial cells as well as 

proliferating SMC, they must not elicit cytotoxicity if taken up by either cell type. The 

results of our cytotoxicity analysis indicate that nanoparticles retained biocompatibility with 

both endothelial and smooth muscle cells at concentrations up to 8 mg/mL, which exceeds 

the concentration necessary to release therapeutic concentrations of KAFAK in vitro.

In addition to retaining biocompatibility, the modified nanoparticles must not interfere with 

the natural regeneration of the endothelial layer, which can occur one week following 

balloon angioplasty [9]. To this end, we tested endothelial migration on EC seeded on tissue 

culture plastic as well as a collagen-coated surface. We observed no change in migration of 

EC seeded on tissue culture plastic at treatment concentrations below 4 mg/mL; however, 

migration was significantly reduced at higher treatment concentrations. This is likely due to 

nonspecific binding of the nanoparticles to the tissue culture-treated surface, thus creating a 

negatively charged surface, which has been shown to reduce endothelial adhesion and 

migration [56]. Of greater concern is the possibility that nanoparticles bound to a collagen 

surface may provide a barrier to endothelial migration, resulting in decreased migration rates 

and, thus, impaired healing of the endothelial layer. Interestingly, collagen-bound 

nanoparticles increased endothelial migration at treatment concentrations above 1 mg/mL, 

suggesting that these particles may accelerate endothelial regeneration following 

angioplasty. A similar increase in endothelial migration was observed in SILY-modified 

glycosaminoglycans [17], where the increased migration was attributed to the molecules’ 

ability to sequester proliferative growth factors such as fibroblast growth factor-2 (FGF-2). 

Given the charged nature of the modified nanoparticle, it is possible that a similar 

mechanism is occurring here; the nanoparticles may act as a reservoir of FGF-2 and other 

positively charged growth factors, thereby increasing its local concentration and accelerating 

endothelial migration. Upon visualization of migrating endothelial cells, we observed the 

presence of migrating cells in the center of the well with markedly fewer cells where the 

silicone plug was in contact with the surface. This is likely due to damage to the collagen 

coating following plug removal. This damage would decrease the cells ability to remain 

adherent to the surface when the collagen layer was disrupted, resulting in the ring of lower 

cell density that we observed.

While NP-SILY’s ability to bind to a collagen-coated surface has been demonstrated 

previously [51], it is equally important to have the ability to bind to collagen that is 

organized into a more biologically relevant 3-dimensional matrix. In the body, smooth 

muscle cells control the elaboration and organization of the collagenous matrix through their 

expression of integrins and matrix metalloproteinases [13, 57, 58]. To test the ability of 

SILY-modified nanoparticles to bind to this matrix, we cultured SMC on tissue culture 
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plastic and observed particle binding after 30 minutes and 24 hours of treatment in both the 

quantitative NP-SILYbiotin assay and the semi-quantitative fluorescent image analysis. 

Interestingly, particle binding in globular forms was observed farther away from the cells 

after 24 hours (48 hours after seeding) indicating that the particles were able to bind to the 

collagen as it was secreted by the cells. Additionally, the particles retained their binding 

ability even after 24 hours in media containing 5% FBS. This indicates that the bound SILY 

was not proteolytically degraded, nor did the presence and adsorption of serum proteins 

inhibit SILY’s binding affinity. In contrast to the NP binding observed for NP-SILYbiotin, we 

did not observe a similar biotin signal for NP-LFAbiotin, which was as expected for the 

negative control NP. However, using fluorescence microscopy, we observed fluorescence in 

SMC that were treated with fluorescent NP-LFA for 24 hours. Interestingly, in contrast to 

NP-SILY, the fluorescent signal for the NP-LFA was intracellular, with no extracellular 

fluorescence observed. This indicates that the NP-LFA particles were internalized by the 

SMC, as the streptavidin assay used with the biotinylated NP-LFA particles yielded minimal 

signal due to the inability of streptavidin to penetrate the cell membrane and bind to the 

internalized biotinylated particles. Importantly, this demonstrates that conjugation of SILY 

and subsequent binding of the NP-SILY to collagen prevented cellular uptake of the 

nanoparticles, meaning that they would remain in the extracellular matrix where they would 

be able to release therapeutic peptides into the inflamed environment.

Once bound to collagen, the NP-SILY is designed to competitively inhibit collagen-induced 

platelet adhesion and activation. While this has been demonstrated in a static collagen-

coated plate [51], the presence of a flow-induced shear force has the potential to cause 

delamination of the collagen-bound nanoparticles and with it their platelet inhibition. Whole 

blood flow experiments, at physiologically relevant flow rates, demonstrated an inversely 

proportional dose-dependent decrease in cell binding between 44% and 67%. Similarly, flow 

experiments with PRP at 2 mg/mL yielded a 59% reduction in bound platelets. It should be 

noted that the measurements taken in whole blood included total binding of multiple cell 

types and thus were not specific to platelets. These results are consistent with our previous 

work that shows that platelet inhibition was highest at 2 mg/mL, suggesting that high 

concentrations of bound particles may increase cellular interaction possibly by changing the 

charge properties of the surface or through a surface roughening effect which could disrupt 

surface flow and increase cellular interaction. This will need to be carefully evaluated in 

vivo in future studies. When taken together with the measured reduction in platelet binding, 

this data indicates that, at appropriate concentrations, the barrier formed by the NP-SILY is 

not only effective at reducing platelet adhesion, but provides a general protective layer that 

prevents other cellular interactions with the collagen surface. While specific measurements 

of nanoparticle binding under flow were not obtained, nanoparticle detachment is not 

expected to present a problem given the numerous SILY peptides per nanoparticle. 

Additionally, the optimal time to administer the nanoparticles would be during the 

angioplasty procedure, before any platelet adhesion has occurred. This could most easily be 

accomplished through the use of a porous angioplasty balloon, which have been used to 

deliver therapeutics such as paclitaxel, thrombolytic agents [59], and nanoparticles [60]. 

During administration the balloon is in contact with the vessel wall, resulting in minimal 

flow which enables optimal nanoparticle binding to the denuded surface in a static 
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environment. While the differences in in vitro and in vivo binding time are a limitation of 

this study, with the nanoparticles having less time to bind when administered through a 

balloon, the peptide’s high binding affinity combined with the force generated by the 

balloon against the vessel wall leads us to expect that the nanoparticles will be able to coat 

the vessel prior to balloon withdrawal.

Once bound, the nanoparticles are designed to act as a platform for the controlled release of 

anti-inflammatory cell-penetrating peptides. The local release of these peptides into the 

damaged vessel would attenuate inflammation induced by mechanical damage caused by 

balloon deployment. Combined with the reduction in platelet binding and activation these 

nanoparticles can act as a dual therapy platform, inhibiting platelet binding-induced damage 

while releasing therapeutics to treat the underlying inflammatory state. We tested the ability 

of these particles to load and release the peptide KAFAK in the presence of inflamed smooth 

muscle and endothelial cells. In these tests, the particles successfully reduced inflammation 

measured by the production of IL-6. Treatment with KAFAK-loaded NP-SILY effectively 

reduced IL-6 levels by 30% in inflamed endothelial cells, while free KAFAK reduced 

inflammation by 80%. It appears that the KAFAK-loaded NP-SILY treatment was less 

effective than free-KAFAK, suggesting that the delivered KAFAK dose could be below the 

therapeutic range specific for endothelial cells; this indicates that cell-specific dose 

optimization may be required. Alternatively, since the EC media contained less serum than 

SMC media (2% vs. 5%) creating a less proteolytic environment, it is possible that 

decreased free-KAFAK degradation led to a higher therapeutic response. Given that SMC 

are a large component of the inflammatory cascade, and that their migration can directly 

lead to restenosis, it is of paramount importance that these particles effectively treat 

inflamed SMC. To this end, treatment with KAFAK-loaded particles reduced IL-6 

production 40%, back to basal levels after 24 hours. Previous in vitro studies using these 

peptides have shown a 30 μM dose inhibits inflammation in mesothelial cells to a similar 

degree to what we observed in our smooth muscle cells [30]. In vivo studies have also 

demonstrated significant reductions in inflammation following topical administrations of 

low doses of similar anti-inflammatory MK2 inhibitor peptides [61, 62]. Because of this, we 

expect similar results when we proceed to in vivo studies, due to the particles ability to both 

inhibit platelet adhesion and activation and reduce inflammation [51]. While there is some 

concern that in vivo delivery would result in rapid removal of KAFAK from the damaged 

area, the use of a cell-penetrating peptide helps to mitigate this concern. Previous in vivo 
studies indicate that the presence of a cell-penetrating domain facilitates rapid and active 

uptake into cells, suggesting that it should be able to exert its biological activity prior to 

being removed from the damaged area[30, 61-63].

5. Conclusion

We have developed a biocompatible dual therapy collagen-binding poly(NIPAm-MBA-

AMPS-AAc) nanoparticle that is able to prevent platelet binding and activation while 

releasing therapeutic doses of the anti-inflammatory cell-penetrating peptide KAFAK. In 
vitro inflammatory models show that treatment with KAFAK-loaded nanoparticles 

significantly reduced pro-inflammatory cytokine levels in both inflamed SMC and 

endothelial cells. Building on our previous work that demonstrated a greater than 60% 

McMasters and Panitch Page 12

Acta Biomater. Author manuscript; available in PMC 2018 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



inhibition in collagen-induced platelet activation [51] nanoparticles at 1mg/mL reduced 

cellular adhesion (red blood cells, leukocytes, and platelets) and platelet adhesion to a 

collagen surface by 67% and 59% respectively under biologically relevant flow conditions, 

indicating their potential to attenuate the inflammatory cascade initiated by platelet adhesion 

and activation. Finally, NP-SILY is able to bind to the collagenous matrix elaborated by 

SMC, avoiding uptake of the nanoparticles by proliferating SMC and allowing local the 

release of KAFAK into the damaged area. Combined, these properties indicate NP-SILY’s 

potential as a dual therapy platform that is able to inhibit restenosis of a treated vessel by 

attenuating the platelet activation-induced inflammatory cascade while simultaneously 

delivering therapeutic peptides to inhibit the inflammatory response of cells damaged by 

balloon deployment. Future work will focus on characterizing the particles potential for site-

specific delivery via porous catheter balloon, as well as its ability to bind to the denuded 

endothelium of an explanted porcine carotid artery. Additionally, in vivo studies will need to 

be conducted to confirm that KAFAK-loaded NP-SILY is a viable option for the inhibition 

of restenosis following balloon angioplasty, specifically looking for a reduction in intimal 

hyperplasia and a decrease in platelet and macrophage deposition.
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In this manuscript, we present our work on the development and characterization of a 

novel temperature sensitive collagen-binding nanoparticle system. We demonstrate that 

when bound to a collagenous matrix, the nanoparticles are able to promote endothelial 

migration while avoiding cellular uptake. We also show that the nanoparticles are able to 

reduce inflammation via the release of anti-inflammatory peptides which, when 

combined with its ability to inhibit platelet binding, could lead to reduced intimal 

hyperplasia following balloon angioplasty. The drug delivery platform presented 

represents a unique dual therapy biomaterial wherein the nanoparticle itself plays a 

crucial role in the system’s overall therapeutic potential while simultaneously releasing 

anti-inflammatory peptides.
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Figure 1. 
Nanoparticle Cytotoxicity. Results of an MTT assay on Endothelial Cells (1A) and Smooth 

Muscle Cells (1B) treated with varying concentrations of NP-SILY over 24 hours at 37°C
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Figure 2. 
NP-SILY effect on endothelial migration. Migration of endothelial cells cultured on tissue 

culture plastic (2A) and a collagen-I coated surface (2B) and treated with varying 

concentrations of NP-SILY. * indicates significance from all other treatments; ‡ indicates 

significance from untreated control. 2C: Fluorescent images of endothelial cells on a 

collagen surface after 24 hours of migration following treatment with NP-SILY at 0 mg/mL 

(I), 1 mg/mL (II), 2 mg/mL (III), and 4 mg/mL (IV), scale bar = 250 μm. Red lines indicate 

edge of cell stopper that was removed prior to migration, while arrows indicate direction of 

cell migration.
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Figure 3. 
NP-SILY binding to naturally elaborated collagen. 3A: Binding of NP-SILY biotin to 

collagen elaborated by cultured smooth muscle cells. Cells were treated for 30 minutes or 24 

hours at 37°C. 3B: Overlay images of fluorescent NP-SILY (A,B,C,D) and NP-LFA 

(E,F,G,H) binding to collagen elaborated by smooth muscle cells. Cells were treated for 30 

minutes (A, E, C, G) or 24 hours (B, F, D, H) at 1 mg/mL (A, B, E, F) and 2 mg/mL (C, D, 

G, H) of modified NPs. Scale bar = 50 μm. 3C: Semi-quantitative image analysis of the 

fluorescent area of nanoparticle binding. * indicates significance compared to LFA-modified 

nanoparticles at the same treatment concentration and time
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Figure 4. 
Anti-inflammatory effects of KAFAK-loaded NP-SILY. Inhibition of inflammation 

(measured by IL-6) in endothelial cells (4A) and smooth muscle cells (4B). Cells were 

treated for 24 hours at 37°C. * represents significant differences in IL-6 levels between 

groups indicated by brackets.
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Figure 5. 
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NP-SILY inhibition of cellular adhesion under flow. 5A: Images of fluorescently labeled 

cells bound to a collagen-coated surface, (I, II, V, VI) untreated or (III, IV, VII, VIII) treated 

for 30 min with 2 mg/mL NP-SILY, following tangential flow of whole blood (I, II, III, IV) 

or platelet-rich plasma (PRP) (V, VI, VII, VIII) Scale bar = 200 μm. 5B: Semi-quantitative 

image analysis of the fluorescent area of cell tracker-labeled cells shown in 5A. * indicates 

significance from untreated surface; ‡ indicates significance from 1 mg/mL treatment
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