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Abstract

Implantable vascular devices typically interface with blood and vascular tissues. Physical 

properties of device materials and coatings, independent of chemical composition, can 

significantly influence cell responses and implant success. Here, we analyzed the effect of various 

polymer processing regimes, using a single implant polymer - poly(ε-caprolactone) (PCL), on 

vascular endothelial cell (EC), smooth muscle cell (SMC), and platelet response. PCL films were 

formed by varying three parameters: 1) formation method - solvent casting, melt pressing or spin 

coating; 2) molecular weight – 50 or 100 kDa; and 3) solvent type – dichloromethane (DCM) or 

tetrahydrofuran (THF). We quantified the relationship of polymer processing choice to surface 

roughness, wettability, and bulk stiffness; and to EC adhesion, SMC adhesion, and platelet activity 

state (PAS). Multiple regression analysis identified which processing method signficantly 

impacted (F-ratio>p-value; p<0.1) polymer physical properties and vascular cell interaction. Film 

formation method affected PCL roughness (Rq), wettability (°), and stiffness (MPa) with spin 

coating resulting in the most wettable (81.8±0.7°), and stiffest (1.12±0.07 MPa; p<0.001) polymer 

film; however, solvent cast films were the roughest (281±66nm). Molecular weight influenced 

wettability, with the highest wettability on 50 kDa films (79.7±0.7°; p<0.001) and DCM solvent 

films (83.0±1.0°; p<0.01). The multiple regression model confidently predicted (F-ratio=9.88; 

p=0.005) wettability from molecular weight (p=0.002) and film formation method (p=0.03); 

stiffness (F-ratio=4.21; p=0.05) also fit well tofilm formation method (p=0.02). Film formation 

method impacted SMC adhesion and platelet activity state, but not EC adhesion, with melt press 

PCL promoting the highest SMC adhesion (18000±1536 SMCs; p<0.05) and PAS (5.0±0.7 
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%PAS). The regression model confidently fit SMC adhesion (F-ratio=3.15; p=0.09) and PAS (F-

ratio=5.30; p=0.05) to polymer processing choices, specifically film formation method (p<0.03). 

However, only SMC adhesion had a model that fit well (F-ratio=4.13; p=0.05) to the physical 

properties directly, specifically roughness and wettability (p<0.04).

Graphical Abstract
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Introduction

Synthetic polymer films and coatings are utilized extensively for tissue engineering and 

fabrication of implantable medical devices1. Long-term implant success is dependent on the 

interaction of target site cells with biomaterial surfaces. In particular, interfacing surface 

topography, roughness, and hydrophilicity, as well as bulk mechanical stiffness of polymers 

are known to impact cell adhesion, migration, proliferation and differentiation of various cell 

types2–5. A particular domain of use of polymer-based implants are for treatment of 

cardiovascular diseases (CVD). CVDs are the leading cause of morbidity and mortality in 

the United States and the Western world6. Implantable devices such as stents, biodegradable 

scaffolds, endoluminal paving layers, stent grafts, ventricular assist devices and the total 

artificial heart have emerged as the mainstay of therapy for CVD, with their use continuing 

to increase7–14. While these devices significantly improve patient symptoms, hemodynamics 

and mortality, their interaction with vascular endothelial cells (ECs), smooth muscle cells 

(SMCs), and platelets can significantly impact their long-term efficacy and freedom from 

adverse events. A primary mechanism of dysfunction and failure of these devices is 

progressive vascular cell overgrowth with restenosis, or surface thrombosis with embolism, 

all leading to clinically significant events. Vascular cells dynamically respond to their 

environment, with particular sensitivity to the physical and biochemical properties of their 

substrates and surroundings15.

SMCs are the dominant cell type that occupy the arterial media (middle layer), regulating 

blood pressure and blood flow distribution. In vascular injury or disease, SMCs migrate into 

and proliferate within the vessel lumen, forming a neointima, leading to progressive arterial 

obstruction16–18. Previous studies have revealed that SMCs, when subjected to a foreign 

implant material, respond more to stiffer versus softer substrates, with increasing migration 

and adhesion on materials with moduli up to hundreds of kPa19,20.
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Endothelial cells compose the blood-contacting luminal layer and are essential in 

maintaining vessel wall homeostasis as well as surface thromboresistance21–24. EC 

adhesion, proliferation, and migration behavior are vital in maintaining this anti-thrombotic, 

blood-contacting surface. With regard to implant material response, ECs demonstrate similar 

behavior to SMCs, preferring adhesion to rougher, stiffer materials, similar to surrounding 

ECM stiffness in the kPa to MPa range; and hydrophilic surfaces with contact angle up to 

100° at the liquid-substrate-air interface 25–27.

Platelets are vital cellular elements in blood, critical to the maintenance of vascular 

hemostasis, preventing bleeding in vascular injury, rapidly responsive to biochemical and 

mechanical stimuli. In the case of disease or exposure to foreign materials, platelets 

adversely form thrombi contributing to pathologic vascular occlusion28. Prior studies have 

shown that substrate surface properties are critical determinants of platelet responsiveness 

and activation. Specifically, increasing surface roughness especially under flow can lead to 

shear-mediated platelet activation and thrombosis29. Additionally, higher hydrophilicity can 

increase platelet interaction and subsequent activation at the biomaterial surface30.

To optimize vascular implant hemocompatibility, fabrication strategies aimed at promoting 

EC adhesion while simultaneously limiting SMC adhesion and platelet activation would 

improve device efficacy and safety. It is therefore beneficial to define optimal properties of 

biomaterials that differentially impact these vascular cells. While studies have focused on 

the utility of nano- and micro-texturing to design biomaterial surfaces and influence cell 

interactions, many of these methods are time-consuming, expensive, non-transferable to 

manufacture and unrealistic for application to implantable devices31. In contrast, in the 

present study we first examine the effect of basic polymer processing methods on the 

physical properties of films formed using a prototypic cardiovascular implant polymer - 

poly(ε-caprolactone) (PCL). We specifically focused on exploring the influence of: 1) 

formation method - solvent casting, melt pressing or spin coating; 2) molecular weight – 50 

or 100 kDa; and 3) solvent type – dichloromethane (DCM) or tetrahydrofuran (THF). We 

examined the impact of polymer processing choice and physical properties generated on EC 

adhesion, SMC adhesion, and platelet activation state. We hypothesized that interfacing 

polymer properties generated would influence vascular cell activity; and that this 

relationship is quantifiable and can be utilized to inform optimal PCL processing choices.

Experimental

Polycaprolactone film formation.

PCL pellets, 50 kDa (26289 Polysciences Inc., Warrington, PA, USA) or 100 kDa (1031 

Scientific Polymer Products Inc., Ontario, NY, USA), were dissolved in either 

tetrahydrofuran (THF; 3404 Honeywell Burdick & Jackson, Muskegon, MI, USA) or 

dichloromethane (DCM; 4944531L Honeywell Burdick & Jackson, Muskegon, MI, USA) 

(5% w/v). To ensure complete dissolution, solutions were stirred for 24 hours at room 

temperature prior to further processing.

Solvent casting.—Ten mL of PCL solution (5% w/v) was poured into 9 x 11 cm stainless 

steel pans and allowed to spread for uniform distribution. Pans were covered and allowed to 
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vent for 12 hours in a chemical fume hood. Only the evaporating polymer surface was used 

for cell experimentation. Schematic of solvent casting is shown in Figure 1A.

Melt pressing.—Solvent cast films were centered between mirror-polished stainless steel 

7 x 7 in. platens (S416–8 MetalsDepot, Winchester, KY, USA). Films were pressed between 

these platens at approximately 102 psi (5000 lbf) and then heated to 70 °C with a Carver 

benchtop hydraulic press (3851–0 Carver Inc., Wabash, IN, USA). Once 70 °C was reached 

and PCL film samples were fully melted, heating was terminated, and films were allowed to 

cool to room temperature for 12 hours, followed by pressure release. Schematic of solvent 

casting is shown in Figure 1B.

Spin coating.—Three mL of PCL solution (5% w/v) was deposited onto the center of a 

clean glass microscope slide mounted on a chuck of a spin coater system (PWM32 Headway 

Research Inc., Garland, TX, USA). The slide was spun at 50 rpm for 15 seconds, followed 

by 100 seconds of variant speed (500–600 rpm) depending on PCL molecular weight and 

solvent, then 1500 rpm for 100 seconds. To achieve desired film thickness, an additional 3 

mL of solution was immediately deposited onto the polymer slide and the process was 

repeated. Schematic of solvent casting is shown in Figure 1C.

PCL film post-processing.—After processing, all films were vacuum dried at 37 °C for 

24 hours to ensure complete solvent evaporation. Films were created such that thickness was 

70 ± 10 μm and measured using an electronic micrometer (IP54 Swiss Precision Electronics 

Inc., La Palma, CA, USA.) before further characterization. Prior to work with cells, films 

were rinsed thrice with DI water, once with ethanol (E7023 Sigma-Aldrich, St. Louis, MO, 

USA), and once with DI water. The samples were then UV treated for 15 min.

Film topography characterization.

PCL films were cut into 0.25 cm x 0.25 cm squares and mounted to glass cover slips. 

Surface topography was imaged using an atomic force microscope (AFM; MultiMode 8 

Bruker Nano Surface, Santa Barbara, CA, USA) in tapping mode (625 μm2 scan size, 512 

samples/line, 0.8 Hz scan rate). Roughness characterization was completed in triplicate for 

each PCL film type, and root mean square roughness (Rq) were determined utilizing the 

Bruker Nanoscope Analysis software (V1.40 Bruker Nano Surface, Santa Barbara, CA, 

USA) with the integrated roughness tools. Before rouhgness quantitation, surface images 

were plane fitted (1st order) and flattened (1st order) to prevent sample bowing or tilting 

from affecting topography parameters. The digital approximation of Rq utilized by the 

software is as shown32:

Rq =
Z1

2 + Z2
2 + ... ZN

2

N

Z = profile height values

N = number of data points
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Film wettability characterization.

Controlled characterization of hydrophobicity of PCL films was accomplished with a 

contact angle goniometer (CAM100 Raymarine Inc., Nashua, NH, USA). Ten μL drops of 

nano-pure water were added onto the film surface and imaged over 6 seconds, at 2 second 

intervals. Mean contact angle was calculated by obtaining the average of the left and right 

contact angles. Wettability characterization was repeated in triplicate for each PCL film 

type. Young’s equation for contact angle is as shown33:

YS = YL ⋅ cos θ + YSL

YS = solid surface tension

YL = liquid surface tension

YSL = solid-liquid boundary tension

Film stiffness characterization.

Stiffness of PCL films were characterized in triplicate using a dynamic mechanical analyzer 

(RSA-G2 TA Instruments, New Castle, DE, USA ) in tensile mode. PCL samples of equal 

length and width were strained at room temperature at a rate of 500 μm/s until fracture. 

Stiffness was calculated from force and strain data using the Young’s modulus formula34:

E =
F * L0
A * ΔL

E = Young’s modulus

F = force exerted

A = cross-sectional area

L0 = initial length of polymer

ΔL = change in length

Cell culturing.

Primary human umbilical vein endothelial cells (HUVECs; C-12200 PromoCell GmbH, 

Heidelberg, DEU) and primary human umbilical artery smooth muscle cells (HUASMCs; 

C-12500 PromoCell GmbH, Heidelberg, DEU), were used to assess vascular cell adhesion 

onto the PCL film samples. HUVECs were cultured in endothelial cell growth medium 

(C-22011 PromoCell GmbH, Heidelberg, DEU ) supplemented with 1% (v/v) penicillin-

streptomycin, 2% (v/v) fetal bovine serum, 0.4% (v/v) endothelial cell growth supplement, 

0.1 ng/ml EGF, 1 ng/ml bFGF, 90 μg/ml heparin, and 1 μg/ml hydrocortisone. HUASMCs 

were cultured in smooth muscle cell growth medium (C-22062 PromoCell GmbH, 

Heidelberg, DEU) supplemented with 1% (v/v) antibiotic-antimycotic, 5% (v/v) fetal bovine 

serum, 0.5 ng/ml EGF, 2 ng/ml bFGF, and 5 μg/ml insulin. All cells were incubated at 37 °C, 
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5% CO2 and grown to 80% confluency before use with experiments. Only passages between 

3 and 6 were used for both cell lines.

Cell adhesion quantification.

Cell adhesion to (1 x 1 cm) PCL films was measured by fluorescence-based assay, 

CyQUANT® Cell Proliferation Kit (C7026 Invitrogen, Carlsbad, CA, USA). In brief, 

Pyrex® cylinders (31666 Corning Inc., Corning, NY, USA) were placed on top of each film 

in a 24-well plate to provide a barrier in which 50 μL of cells (1 x 105 cells/mL) were 

deposited into and allowed to seed for 4 hours at 37 °C, 5% CO2. Cylinders were then 

removed, 450 μL cell media was added and plates were incubated for additional 20 hours. 

After 24 hours (total adhesion time), media was aspirated from wells, and PCL surfaces 

were gently rinsed with 1X phosphate-buffered saline (PBS; 10010023 Thermo Fisher 

Scientific, Carlsbad, CA, USA). The cells were frozen at −80 °C. After 24 hours, plates were 

thawed at room temperature; 200 μL of diluted CyQUANT® fluorescent dye was added and 

incubated at room temperature for 5 minutes. Fluorescence was measured with a 

spectrophotometric plate reader (FilterMax F5 Molecular Devices, San Jose, CA, USA) with 

filters at 480 nm excitation and 520 nm emission maxima.

Blood preparation and platelet isolation.

Blood was obtained from human donors, following informed consent, via venipuncture, 

mixed with 10% (v/v) acid citrate dextrose (ACD-A) and then centrifuged at 350 x g for 15 

minutes. Platelet-rich plasma (PRP) from the top layer of centrifuged blood was filtered 

through a gel filtration column packed with Sepharose 2B beads (1701300 GE Healthcare 

Life Sciences, Chicago, IL, USA). Gel-filtered platelets (GFP) were collected from the 

column and counted using a particle counter (Dual Z1 Beckman Coulter, Brea, CA, USA). 

All experiments were performed at a GFP concentration of 20,000 platelets/μL; dilutions 

were done using a HEPES-modified Tyrode’s buffer (i.e. “platelet buffer”) with 3 mM CaCl2 

added 10 minutes prior to experimentation.

Platelet adhesion and activation.

The platelet activity state (PAS) assay quantifies real-time platelet activation and thrombin 

generation rate35. GFP samples (1 ml) were incubated at room temperature with individual 

PCL films for 30 minutes. After 30 minutes incubation, GFP were aspirated at the surface of 

each PCL film and assessed for their platelet activity state. Tissue culture treated plates were 

used as a positive control. Thrombin generation was quantified using spectrophotometric 

plate reader (VersaMax Molecular Devices, San Jose, CA, USA) measuring absorbance at 

405 nm over 7 minutes. Chromozym-TH (11585398 Roche Diagnostics GmbH, Mannheim, 

DEU) was used as a thrombin-specific chromogenic peptide substrate. Thrombin generation 

rate was quantified as linear fit of absorbance over time and displayed as PAS value. This 

value was normalized to the thrombin generation rate of GFP sample sonicated with a 

digitial sonifier (SLPt Branson Ultrasonics, Danbury, CT, USA)to yield a PAS percentage.
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Statistical analysis.

PCL film experiments were executed in triplicate or more for physical characterization of 

surfaces; biological characterization experiments were performed n = 9 times. Data were 

analyzed by Welch’s unpaired t-test or ANOVA with unequal variances. P-values < 0.05 

values were considered statistically significant. To consider all factors characterized, 

multiple regression analysis was performed using standard least squares method with JMP 

software (V14 SAS Institute Inc., Cary, NC, USA). The regression model was assessed for 

collinearity or confounding variables by assessing correlation between residuals of variables. 

The model was a good fit with p-value < 0.05 and F-ratio of overall significance higher than 

the p-value. A regression model from the predictors was formed using significant parameter 

estimates (p < 0.05) as coefficients for the corresponding dependent variables; insignificant 

parameter estimates were discarded from the model.

Results

Uniform PCL film creation and validation.

Twelve unique PCL films were successfully fabricated by varying solvent (DCM, THF), 

molecular weight (50 kDa, 100 kDa), and film formation method (solvent cast, melt press, 

spin coat) (Figure 1). All films were verified to have consistent thickness (70 ± 10 um) prior 

to further characterization. To verify film purity and complete solvent evaporation, 

differential scanning calorimetry (DSC) was additionally performed (representative DSC 

graph in Figure S1). DSC analysis confirmed the identity of the PCL films, with melting 

temperatures at approximately 60 °C and crystallinity temperature at approximately 28 °C. 

During preliminary qualitative analysis, each polymer process was found to yield 

qualitatively distinct surface topography and roughness, as seen in the captured brightfield 

and atomic force microscopy (AFM) images (Figure 2); further supporting scanning electron 

microscope (SEM) images are shown in Figure S2.

Physical characterization of films.

Roughness.—To quantify surface topography of each PCL film surface, roughness values 

(Rq) were derived from AFM data and were found to range between 46 nm (solvent cast, 

DCM, 100 kDa) to 755 nm (solvent cast, THF, 100 kDa). Interestingly, the most and least 

rough films were both solvent cast 100 kDa PCL films, emphasizing the contributory effect 

of solvent on surface roughness (Figure 3A). Additionally, melt press films were 

consistently smooth regardless of solvent or molecular weight, likely due to being processed 

on mirror-polished stainless steel. When considering film formation method alone, solvent 

cast films were rougher than spin coat and melt press (p < 0.01) films (Figure 3B). Trends 

also identified that PCL films made with 100 kDa molecular weight or THF solvent were 

rougher, though this difference was not strictly statistically significant (Figure 3C and Figure 

3D).

Wettability.—Hydrophilicity of the PCL films were examined by contact angle analysis 

with deionized water. Contact angle measurements ranged from 69.8° (melt press, DCM, 50 

kDa) to 104.1° (solvent cast, THF, 100k Da) (Figure 4A). In this case, higher contact angle 

corresponds to lower hydrophilicity or wettability of the PCL film. The trend between film 
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formation methods was relatively consistent, with solvent cast films being the least 

hydrophilic, with a significantly higher contact angle than melt press or spin coat films (p < 

0.001) (Figure 4B). Similarly, the trend among molecular weight and solvent choice was 

consistent, leading to a significantly higher contact angle for 100 kDa PCL (p < 0.001) and 

THF solvents (p < 0.01) (Figure 4C and Figure 4D). From this data, we can conclude that 

spin coat, 50 kDa, DCM films had highest wettability; solvent cast, 100 kDa, THF films had 

lowest wettability.

Stiffness.—Differential mechanical analysis (DMA) was used to obtain tensional stress 

versus strain of each PCL film to determine its bulk stiffness (Young’s modulus). Measured 

PCL bulk stiffness ranged from 0.59 MPa (solvent cast, THF, 100 kDa) to 1.75 MPa (spin 

coat, THF, 100 kDa); similar to independent examinations of PCL tensile modulus36 (Figure 

5A). Interestingly, both the least and most stiff films were formed with THF and 100 kDa 

PCL, emphasizing the effect of film formation method on bulk polymer stiffness. This effect 

is seen when considering film formation method alone; spin coat films were significantly 

stiffer than solvent cast (p < 0.001) and melt press (p <0.001) films (Figure 5B). In contrast, 

there was no significant difference in stiffness when considering only molecular weight or 

solvent choice (Figure 5C and Figure 5D).

Biological characterization of films.

EC adhesion.—Approximately 5,000 human umbilical vein endothelial cells (HUVECs) 

in media were seeded on each PCL film for 24 hours. The number of adherent endothelial 

cells (ECs) on the surface of the polymer sample (1 x 1 cm) after 24 hours ranged between 

871 ECs (solvent cast, DCM, 50 kDa) to 38,007 ECs (solvent cast, THF, 50 kDa) (Figure 

6A). Because the highest and lowest adhesion occurred on solvent cast 50 kDa films, PCL 

solvent choice could impact EC adhesion. However, EC adhesion was highly varied, 

contributing to the lack of a significant difference in EC adhesion found between film 

formation method, molecular weight, or solvent choice (Figure 6B, Figure 6C, and Figure 

6D). In fact, while EC adhesion was significantly higher on solvent cast DCM 100 kDa 

films, compared to DCM 50 kDa films, the opposite effect was seen on spin coat films with 

the same solvent and molecular weights, suggesting there could be a significant confounding 

factor influencing EC adhesion. On average, all films supported EC viability and growth 

during the 24-hour culture period. Fold-increase of cell count is shown in Table S1.

SMC adhesion.—Approximately 5,000 human umbilical artery smooth muscle cells 

(HUASMCs) in media were seeded on each PCL film for 24 hours. The number of adherent 

smooth muscle cells (SMCs) on the surface of the polymer sample (1 x 1 cm) after 24 hours 

ranged between 2,285 SMCs (melt press, THF, 100 kDa) and 71,059 SMCs (spin coat, 

DCM, THF) (Figure 7A). Unlike with EC adhesion, the SMC adhesion differences between 

film formation methods were significant. Spin coat films adhered more SMCs than solvent 

cast (p < 0.05) or melt press (p < 0.001) films. Solvent cast films also adhered significantly 

more SMCs than melt press (p < 0.005) films (Figure 7B). Like ECs, SMC adhesion was not 

significantly different between molecular weight or solvent choices, however, the trend 

revealed higher adhesion with 100 kDa molecular weight and DCM solvent, opposite to the 

(non-significant) trends seen with EC adhesion (Figure 7C and Figure 7D). On average, all 
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films supported SMC viability and growth during the 24-hour culture period. Fold-increase 

of cell count is shown in Table S2.

Platelet activation.—One mL of gel-filtered platelets (GFP) (20,000 platelets/μL) were 

incubated for 30 minutes on the PCL films. Activation of platelets after PCL surface 

exposure were analyzed via colorimetric assay and normalized to a positive sonicated 

control. In this case, platelet activation is the precursor for blood clotting, and a higher 

platelet activity state (PAS) translates to a higher likelihood of thrombus formation at the 

blood-material interface. The measured PAS on each PCL film ranged from 0.8% (spin coat, 

DCM, 50 kDa) to 15.5% (melt press, DCM, 100 kDa) (Figure 8A). Additionally, there were 

differences among the different film formation methods, however, these were not statistically 

significant. Melt press films had higher platelet activation than both spin coat and solvent 

cast (p = 0.05) films (Figure 8B). In contrast, molecular weight and solvent choice were 

similar in their effects on PAS (Figure 8C and Figure 8D). Qualitative SEM images of 

platelets adhered to the PCL film surfaces are shown in Figure S2.

Effects of polymer processing choices on physical characteristics.

Multiple regression modeling using a standard least squares method was performed with the 

data collected from the PCL films to assess the effect of film formation method, solvent, and 

molecular weight on the measured roughness, wettability and stiffness of each film. With 

this regression model, input factors (polymer processing choice) could potentially predict 

response (physical properties) of the PCL film. Table 1 depicts the outputs from the model 

with statistically significant model fits and independent variables denoted by italicized 

values.

Interestingly, roughness did not have a significant model fit, however, wettability and 

stiffness fit well with the regression model when considering film formation method or 

molecular weight. Specifically, wettability could be predicted by molecular weight choice or 

film formation method. Equation 1 displays the regression model with these significant 

parameters inputted, all other factors were deemed negligible. Unlike wettability, stiffness 

was only significantly impacted by film formation method and was a less significant fit to 

this model. Equation 2 shows the relationship between film stiffness and film formation 

choice.

Equation 1. Wettability Regression Model by Molecular Weight and Film Formation 

Method

Contact Angle = 84.90 + 5.31 MW 50 − 5.31 MW 100 + 5.27 FSV C − 2.34 FMP
+ − 2.93Xe FSPC

Where MW50 and MW100 correspond to PCL molecular weight of 50 kDa and 100 kDa, 

respectively; FSVC, FMP, and FSPC correspond to PCL formation method of solvent cast, 

melt press, or spin coat, respectively. With this categorical model, the parameter equals 1 if 

the PCL film is formed with that molecular weight or that formation method; otherwise 

parameter is 0 (e.g. MW50=1, MW100=0; FSVC=1, FSMP=0, FSPC=0 for a 50 kDa, 

solvent cast PCL film).
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Equation 2. Stiffness Regression Model by Film Formation Method

Stiffness = 0.87 − 0.10 FSV C − 0.15 FMP + 0.25 FSPC

Where variables correspond to same parameters described for Equation 1.

Effects of physical characteristics and polymer processing choices on biocompatibility.

PCL film wettability, stiffness, and roughness data were fit to a regression model with 

biological characteristics as the dependent variables to examine the impact of each polymer 

physical property on cell interaction. Table 2 shows the statistical outputs from our model 

fitting. PAS and EC adhesion did not fit well to any linear multiple regression model with 

these independent variables. However, SMC adhesion had a significant relationship with 

PCL roughness and stiffness. Although less statistically significant than roughness, it is 

interesting to note that the stiffness had a very large impact on SMC adhesion compared to 

roughness, which can be seen with the much higher parameter estimate value. Equation 3 

depicts the relationship between roughness, stiffness and SMC adhesion.

Equation 3. SMC Adhesion Regression Model by Roughness and Stiffness

SMC Count = 33024.26 + 57.82 RQ + 36901.30 Y M

Where RQ corresponds to the measured roughness (Rq) of the PCL film in nm and YM 

corresponds to the measured Young’s Modulus (bulk stiffness) of the PCL film in MPa.

PCL film formation method, molecular weight, and solvent choices data were similarly fit to 

a regression model with biological characteristics as the dependent variables to see the 

impact of each polymer decision on vascular cell interaction. Table 3 shows the outputs from 

the multiple regression model in which SMC adhesion and PAS each fit well to film 

formation method, while EC adhesion did not fit will to any of the described independent 

variables. Specifically, melt press films significantly decreased SMC adhesion while 

significantly increasing PAS, as seen from the high parameter estimates. Equations 4 and 5 

depict this mathematical relationship to SMC adhesion and PAS, respectively.

Equation 4. SMC Adhesion Regression Model by Film Formation Method

SMC Count = 29746.28 + 1588.17 FSV C − 11746.64 FMP + 10158.47 FSPC

Where variables correspond to same parameters described for Equation 1.

Equation 5. PAS Regression Model by Film Formation Method

Platelet Activity State = 0.04 − 0.011 FSV C + 0.008 FSMP + 0.003 FSPC

Where variables correspond to same parameters described for Equation 1.
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Discussion

In this study, we go beyond simply identifying polymer processes that yield high cell 

adhesion by quantifying the differential interaction of vascular cells as they relate to multiple 

polymer processing states and resultant physical characteristics. Despite use of PCL films 

that are chemically identical, we found that specific, individual physical properties, 

influenced by polymer processing techniques, significantly impacted cell interaction. 

However, not all measured properties had confidently quantifiable relationships to cell 

behavior. EC adhesion specifically, was not significantly impacted by any of the polymer 

processing variations; whereas SMC adhesion and PAS differed, depending on the film 

formation method employed. Similarly, roughness, wettability, and stiffness were all 

significantly different when film formation method changed; however only wettability 

changed due to solvent or molecular weight variations.

The native vasculature is a complex, multi-layered tissue composed of a variety of different 

cells and matrix proteins, all of which individually play an integral role in the healthy 

behavior of surrounding cells and tissue. So too, then, should be the level of complexity 

considered when choosing polymer processing methods for implantable polymers that are 

bolstering or replacing the native extracellular matrix (ECM) of the arterial wall. While the 

relationship between cells and their environments are too complicated to be modeled by a 

single linear equation, isolating influencing factors and subsequent cell responses in this 

study has provided insight into the impact of individual factors on cell-specific behavior for 

potential vascular applications. As our results indicate, ECs do not seem to be as impacted 

by physical cues as SMCs and platelets; previous studies have indicated however, that they 

respond strongly to chemical interaction with integrins and extracellular matrix37,38. EC 

adhesive behavior could be more dependent on a biochemical interaction with the surface 

over a physical interaction, as suggested by some previous studies39–41. Therefore, it may be 

important to consider both biochemical factors (i.e. ECM coating) to enhance EC adhesion 

while simultaneously tuning physical properties that reduce SMC adhesion and PAS when 

making biomaterial choices. Accounting for the lowest SMC adhesion and PAS, our results 

indicate that melt pressed PCL films formed with THF would be the best option. While 

molecular weight caused wettability to change (50 kDa higher wettability, lower surface 

contact angle), the effect on vascular behavior was inconclusive with no significant change 

in PAS, SMC, or EC adhesion. Despite this, molecular weight was a significantly impactful 

parameter for determining wettability in our multiple regression model.

The differences between the significant cell response to physical parameters versus 

“goodness-of-fit” to our model are likely due to either confounding factors not considered 

here, or a nonlinear relationship within the ranges for the parameters studied.42,43 

Parameters for describing surface roughness, specifically, are commonly scrutinized for their 

ability to accurately describe surface micro- and nano-architecture; in response to this, some 

studies have examined effects of alternative roughness parameters such as surface skewness, 

kurtosis, surface area increase, and surface peak counts.44–47 Skewness and kurtosis 

especially have been investigated as they relate to osseointegration of bone implants with 

osteoblasts or osteoclasts, but have widely been ignored in the field of cardiovascular 

biology and vascular tissue-polymer interactions.48–50 In brief, skewness describes the bias 
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of the roughness profile in relation to the average roughness whereas kurtosis describes the 

sharpness of the surface topography. To investigate possibility of improved model fit with 

alternative roughness parameters we analyzed surface skewness and kurtosis and their 

relationship to vascular behavior and polymer processing choices. Only skewness had a 

significant relationship with film formation method, which further translated to significant 

impact on PAS (information in Supplementary Materials; Table S3 and S4, Equation S1 and 

S2). This emphasizes the point that roughness from topographic amplitude alone cannot 

accurately define the relationship between surface interaction, but rather the shape and 

slopes of peaks in which cells, especially platelets, interact can impact behavior. This could 

potentially be the case for describing wettability and mechanical properties of polymers as 

well. While the skewness data here matched well to PAS, the surface roughness only 

described a 25 by 25 um2 area of PCL; previous studies have shown that scaling the surface 

area probed for roughness to match the size of the cell or tissue in question could potentially 

translate better to larger cell types like endothelial and smooth muscle cells.51–53 Multi-scale 

modeling of roughness versus vascular cell behavior is an avenue we plan to explore in 

future work in addition to investigating a wider variety of roughness, wettability and 

mechanical parameters of the polymers. Application to a variety of cardiovascular-relevant 

polymers not discussed here will additionally be explored; of particular interest are a range 

of co-polymers used in device coatings (PLGA, PLLA), polyurethanes used in scaffolds, and 

fluoropolymers used in grafts and suture sealing (PTFE)54–56.

Study Limitations.

The vascular system is a complex environment difficult to simulate in in vitro 
experimentation. For accurate representation of the lumen-vessel interface, dynamic 

conditions including the 3-D extracellular environment, non-Newtonian flow, and 

hydrostatic pressure should be considered. Although cell adhesion or activation was 

explored here, this is a precursor to other, subsequent important cell responses which may 

provide more information about long-term cell integration. Future studies examining cell 

morphology, spreading, migration, proliferation, and phenotypic differentiation would be a 

valuable and potentially provide additional conclusions from adhesion alone. These in vitro 
studies did not consider the competitive nature of adhesion to a surface in which many 

proteins and cell types are competitively interacting to take up space on a surface. Instead, 

we chose to isolate our variables to see the interaction of single biologic components.

Conclusions

How polymers are physically fabricated matters. In the case of polymer implants or medical 

device coatings, even the smallest of changes in film formation method, molecular weight, 

and solvent can impact how cells interface with the implant or device. From this study we 

find that film formation especially is important for informing cell response in vascular SMCs 

and platelets, with melt press PCL formed with THF solvent resulting in the desired minimal 

adhesion. Despite all factors studied not providing a simple defined relationship, we can use 

many of the polymer processing methods and resultant physical properties to inform choices 

as to how to create PCL films for vascular-related medical implants. With further work, this 

model may be enhanced, allowing consideration of additional parameters to increase its 
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accuracy of representing and predicting vascular cell-biomaterial interactions at the implant 

polymer interface.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. PCL Film Formation Methods.
Brief description of protocol to form uniform PCL films via solvent cast (A), melt press (B), 

and spin coat (C) techniques.
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Figure 2. Images of Twelve Uniquely Formed PCL Films.
Each column depicts microscope brightfield images (left) and AFM 2-dimensional surface 

topographic images (right) of three film formation methods: solvent cast (left), melt press 

(middle) and spin coat (right). Each row is divided into the different molecular weights used 

to form the PCL: 50 kDa (top two rows) and 100 kDa (bottom two rows). Rows are further 

separated by alternating solvents used to dissolve and form PCL film: dichloromethane and 

tetrahydrofuran. Brightfield scale bars are depicted in bottom right of each image and 

represent 1 mm. AFM images represent a 25.0 μm x 25.0 μm section of the PCL film, 

legends to right of image correspond to height of topographic features between −1.8 μm and 

1.2 μm.
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Figure 3. Roughness of PCL Films.
Root-mean-square topographic heights (Rq) of each individual film was measured to obtain 

roughness (A). Roughness was compared between varying film formation method (B), 

molecular weight (C) and solvent (D). ** denotes significant difference with p < 0.01; *** 

denotes significant difference with p < 0.005. Values are displayed as mean roughness (n≥ 3) 

± standard error.
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Figure 4. Wettability of PCL Films.
Surface contact angle (°) of each individual film was measured to obtain wettability; contact 

angle has inverse relationship to wettability (A). Wettability was compared between varying 

film formation method (B), molecular weight (C) and solvent (D). * denotes significant 

difference with p < 0.05; ** denotes significant difference with p < 0.01; **** denotes 

significant difference with p < 0.001. Values are displayed as mean wettability (n≥ 3) ± 

standard error.
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Figure 5. Stiffness of PCL Films.
Young’s modulus (MPa) of each individual film was measured to obtain bulk stiffness (A). 

Stiffness was compared between varying film formation method (B), molecular weight (C) 

and solvent (D). * denotes significant difference with p < 0.05; ** denotes significant 

difference with p <0.01; **** denotes significant difference with p < 0.001. Values are 

displayed as mean stiffness (n≥ 3) ± standard error.
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Figure 6. EC Adhesion to PCL Films.
EC count after 24 hours incubation with each individual film was measured via fluorescence 

to obtain EC adhesion (A). EC adhesion was compared between varying film formation 

method (B), molecular weight (C) and solvent (D). * denotes significant difference with p < 

0.05. Values are displayed as mean EC count (n≥ 9) ± standard error.
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Figure 7. SMC Adhesion to PCL Films.
SMC count after 24 hours incubation with each individual film was measured via 

fluorescence to obtain SMC adhesion (A). SMC adhesion was compared between varying 

film formation method (B), molecular weight (C) and solvent (D). * denotes significant 

difference with p < 0.05; ** denotes significant difference with p < 0.01; *** denotes 

significant difference with p < 0.005; **** denotes significant difference with p < 0.001. 

Values are displayed as mean SMC count (n≥ 9) ± standard error.
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Figure 8. Platelet Activation Response to PCL Films.
Thrombin generation rate after 30 minutes incubation with each individual film was 

measured to obtain PAS (A). PAS was compared between varying film formation method 

(B), molecular weight (C) and solvent (D). Values are displayed as mean PAS (n≥ 9) ± 

standard error.

Ammann et al. Page 24

ACS Appl Bio Mater. Author manuscript; available in PMC 2020 September 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Ammann et al. Page 25

Table 1.

Multiple Regression Analysis - Effect Summary of Polymer Processing Methods on Physical Characteristics

Dependent Variable Model Fit F-Ratio Model Fit P-Value Independent Variables P-Value Parameter Estimate

Roughness (Rq) 0.94 0.49 Film Formation Method 0.32 Solvent Cast: 90.84
Melt Press: −81.74
Spin Coat: −9.09

Solvent 0.37 DCM: −41.6
THF: 41.6

Molecular Weight 0.17 50 kDa: −18.64
100 kDa: 18.64

Wettability (°) 9.88 0.005 Molecular Weight 0.002 50 kDa: −5.31
100 kDa: 5.31

Film Formation Method 0.03 Solvent Cast: 5.27
Melt Press: −2.34
Spin Coat: −2.93

Solvent 0.12 DCM: −1.9
THF: 1.9

Stiffness (MPa) 4.21 0.05 Film Formation Method 0.02 Solvent Cast: −0.10
Melt Press: −0.15
Spin Coat: 0.25

Solvent 0.72 DCM: 0.02
THF: −0.02

Molecular Weight 0.77 50 kDa: 0.01
100 kDa: −0.01
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Table 2.

Multiple Regression Analysis - Effect Summary of Polymer Physical Characteristics on Cell and Polymer 

Surface Interaction

Dependent Variable Model Fit F-Ratio Model Fit P-Value Independent Variables P-Value Parameter Estimate

EC Adhesion (EC Count) 0.62 0.62 Wettability (°) 0.35 −209.48

Stiffness (MPa) 0.37 −6924.62

Roughness (Rq) 0.65 5.12

SMC Adhesion (SMC Count) 4.13 0.05 Roughness (Rq) 0.03 57.82

Stiffness (MPa) 0.04 36901.30

Wettability (°) 0.22 −542.29

PAS (%) 1.09 0.42 Roughness (Rq) 0.25 −2.87E-5

Stiffness (MPa) 0.40 −0.00035

Wettability (°) 0.46 −0.014
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Table 3.

Multiple Regression Analysis - Effect Summary of Polymer Processing Methods on Cell and Polymer Surface 

Interaction

Dependent Variable Model Fit F-Ratio Model Fit P-Value Independent Variables P-Value Parameter Estimate

EC Adhesion (EC Count) 0.16 0.95 Solvent 0.47 DCM: −1071.03
THF: 1071.03

Molecular Weight 0.87 50 kDa: −237.07
100 kDa: 237.07

Film Formation Method 0.99 Solvent Cast: 37.29
Melt Press: 211.12
Spin Coat: −248.41

SMC Adhesion (SMC Count) 3.15 0.09 Film Formation Method 0.03 Solvent Cast: 1588.17
Melt Press: −11746.64
Spin Coat: 10158.47

Molecular Weight 0.35 50 kDa: 2650.52
100 kDa: −2650.52

Solvent 0.17 DCM: −848.54
THF: 848.54

PAS (%) 5.30 0.05 Film Formation Method 0.02 Solvent Cast: −0.011
Melt Press: 0.008
Spin Coat: 0.003

Molecular Weight 0.20 50 kDa: −0.003
100 kDa: 0.003

Solvent 0.21 DCM: 0.003
THF: −0.003
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