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Abstract
In previous work, we developed novel antibacterial hybrid coatings based on dextran containing
dispersed Ag NPs (~5nm, DEX-Ag) aimed to offer dual protection against two of the most
common complications associated with implant surgery, infections and rejection of the implant.
However, their blood-material interactions are unknown. In this study, we assess the
hemocompatibility and biocompatibility of DEX-Ag using fresh blood and two cell lines of the
immune system, monocytes (THP-1 cells) and macrophages (PMA-stimulated THP-1 cells).
Glass, polyurethane (PU) and bare dextran (DEX) were used as reference surfaces. PU, DEX and
DEX-Ag exhibited non-hemolytic properties. Relative to glass (100%), platelet attachment on PU,
DEX and DEX-Ag was 15%, 10% and 34%, respectively. Further, we assessed cell morphology
and viability, pro-inflammatory cytokines expression (TNF-α and IL-1β), pro-inflammatory
eicosanoid expression (Prostaglandin E2, PGE2) and release of reactive oxygen species (ROS,
superoxide and H2O2) following incubation of the cells with the surfaces. The morphology and
cell viability of THP-1 cells were not affected by DEX-Ag whereas DEX-Ag minimized spreading
of PMA-stimulated THP-1 cells and caused a reduction in cell viability (16% relative to other
surfaces). Although DEX-Ag slightly enhanced release of ROS, the expression of pro-
inflammatory cytokines remained minimal with similar levels of PGE2, as compared to the other
surfaces studied. These results highlight low toxicity of DEX-Ag and hold promise for future
applications in vivo.

Keywords
Silver nanoparticles; dextran; hybrid coating; hemocompatibility; cytocompatibility

Introduction
Current complications associated with implant surgery involve post-operative infections and
implant rejection (Sharples et al., 1991). Once the patient develops an infection, the
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microorganisms are extremely resistant to antibiotic therapy and most infections cannot be
fully resolved until the biomaterial is removed. The rejection of medical devices is
associated with a natural response of the body toward foreign materials. When in contact
with blood, foreign materials promote the rapid formation of thrombus that can either adhere
to the surface of the material (i.e., a local effect) and disrupt its performance or be detached
and carried downstream and eventually occlude a blood vessel (i.e., thromboembolism).
These complications aggravate a patient’s recovery and result in prolonged hospital stay,
need for further medical interventions, increased healthcare cost, and even mortality. Present
precautions often require patients to take antibacterial and anticoagulant drugs during for the
duration of the implant’s use. Hybrid biomimetic films having both antibacterial and
antithrombogenic properties are an alternative approach to limiting complications of use and
reducing the need for additional therapies.

In previous work, we developed antibacterial biomimetic hybrid films (DEX-Ag) intended
for blood contacting devices such as implants and catheters (Ferrer et al., 2012). DEX-Ag
coatings were inspired in the endothelial glycocalyx, an irregular brush-like layer that lines
the blood vessels and protects them from non-specific interactions. The endothelial
glycocalyx is made of a complex blend of polysaccharides and proteins. Within
polysaccharides, dextran, known to limit cell and protein adhesion, was the polymer of
choice (Massia et al., 2000; Eckmann et al., 2003; Ombelli et al., 2011). The DEX-Ag
coatings were prepared by grafting dextran to a substrate embedded with silver nanoparticles
(Ag NPs). The methodology involved two steps, the synthesis of Ag NPs in situ in the
presence of oxidized dextran followed by simultaneous grafting of dextran and the trapping
of Ag NPs within the layer. The resulting film displays dextran features as well as individual
Ag NPs (5nm) and aggregates, which are embedded within the film. The antibacterial
properties of the film were demonstrated against gram positive bacteria, Staphylococcus
aureus, the most common microorganism causing surgical site infections (O’Grady et al.,
2011). The hybrid films showed reduction in bacteria colonization when compared to
control surfaces. Relative to silicon and bare dextran, the hybrid coating strongly reduced
bacteria adhesion by 93% and 78%, respectively.

The hemocompatibility and biocompatibility of dextran and derivatives of dextran has been
longer known. Clinical uses of dextran (40,000–100,000 Da) include plasma volume
expansion and blood flow improvement whereas dextran derivatives are used for instance, as
anticoagulant (sulfate ester of dextran) and as oral iron supplementation (iron dextran
complex) (Naessens et al., 2005). In contrast, the hemocompatibility and biocompatibility of
Ag NPs remains controversial. While several reports focus on the benefits of Ag NPs as a
antibacterial, antifungal, anti-viral and anti-inflammatory agent (Zhang and Webster, 2009),
others alert of their toxicity (Nair and Laurencin, 2007). In vitro exposure of Ag NPs in
different cell lines has been associated with disruption of mitochondrial function and
increase in reactive oxygen species (ROS) levels, which may lead to cell apoptosis
(Braydich-Stolle et al., 2005; Hussain et al., 2005). Although the exact mechanisms by
which AgNPs alter mithocondrial function are unknown, Ag NPs react with the thiol groups
of proteins and enzymes including key components of the cell’s antioxidant defense
mechanism such as glutathione, thioredoxin, SOD and thioredoxin peroxidase. As a
consequence, Ag NPs may deplete the cell antioxidant defense mechanism which can lead to
an accumulation of ROS. Excess of ROS is associated with various human diseases. For
instance, ROS play a role in diabetes and neurodegenerative diseases. Furthermore, ROS
influences central cellular processes such as proliferation, apoptosis and senescence which
are implicated in the development of cancer (Waris and Ahsan, 2006).

The goal of this study was to test whether DEX-Ag elicits specific blood-contact reactions,
thrombosis and inflammation, that could limit its potential for in vivo applications. A hard
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inorganic surface (glass), a commercially available biomaterial (PU) and dextran (DEX)
surfaces were selected as reference surfaces. The hemocompatibility of the surfaces was
assessed by hemolysis and thrombogenicity (quantification of platelet adhesion and
activation). The biocompatibility of the surfaces was assessed using monocytes and
macrophages, cellular components of the immune system that play a critical role in
biological responses to materials (Anderson, 2001), e. g., mediate inflammation. Monocytes
circulate freely in the body and can maturate into macrophage-like adherent cells to simply
replenish macrophages or as a response to inflammation. These two cell types cover three
main functions in the body, phagocytosis, antigen presentation and cytokine production.
Because of these functions, monocytes and macrophages are commonly used to evaluate
biocompatibility of materials. In particular, we used THP-1 cells, a human monocytic cell
line, and matured THP-1 cells (macrophage-like) following stimulation with phorbol 12-
myrstate 13-acetate (PMA). We assessed their morphological changes and cytotoxicity,
monitored the release of three markers of inflammation, TNF-α, IL-1β and PGE2, and
examined the release of two ROS, superoxide and hydrogen peroxide, after incubation with
the surfaces.

Materials and methods
Materials and instruments

All solvents and reagents were of analytical grade and used as received. Dextran from
Leuconostoc ssp. (Mw = 100 kDa) was purchased from Fluka Chemie (Buchs, Switzerland).
3-aminopropyltriethoxysilane (APTES), sodium periodate (NaIO4), sodium
cyanoborohydride (NaBH3CN), silver nitrate (AgNO3), dihydroethidium (DHE), 2′,7′-
dichlorodhihydrofluorescein diacetate (DCF-DA) and ethidium homodimer were purchased
from Sigma-Aldrich (St. Louis, MI, USA). Square glass slides (25 × 25 mm2), round glass
slides (1 cm diameter), phosphate buffered saline (Ca2+ and Mg2+ free) (PBS),
Cyanmethemoglobin Standard and Drabkin’s reagent were purchased from Fisher Scientific
(Hampton, NH, USA). Tecothane TT-1055D (PU), medical grade aromatic polyether-based
thermoplastic polyurethane, was kindly donated by Lubrizol (Wilmington, DE, USA).
Calcein, Calcein Violet AM and 7-amino-actinomycin D (7-DAA) were purchased from
Invitrogen (Carlsbad, CA, USA). Prior to analyses, the surfaces were sterilized with ethanol.

Epifluorescence microscopy was performed using an Olympus IX70 microscope (Olympus,
Melville, NY, USA) outfitted with a Chroma Photofluor metal halide light source (89 North,
Burlington, VT, USA). Images were captured using a SensiCam QE camera (The Cooke
Corp., Romulus, MI, USA) (2 × 2 binning, 688 × 520). IPLab software was used for image
acquisition and to control the LUDL programmable filter wheels, shutters, and focus (Ludl
Electronic Products, Hawthorne, NY, USA). ImageJ (NIH, Bethesda, MD, USA) was used
for image analysis. Confocal microscopy was performed on an Olympus IX81 with
Fluoview FV1000 controller. Fluoview 1.6 was used for image acquisition and ImageJ was
used for analysis. Plate reader assays were performed using CHAMELEON™V (Hidex,
Turku, Finland). Flow cytometry was performed using BD FACSCalibur and CellQuest
software (Becton Dickinson, San Jose, CA, USA). Two-color analysis was performed with
FlowJo software (Tree Star Inc., Ashland, OR, USA).

Cleaning of glass surfaces
The glass slides (round for blood incubation studies and square for all other studies) were
cleaned prior further modification using “piranha” solution (70% H2SO4 and 30% H2O2) for
20 min at 80 °C, extensively rinsed with deionized water, blown dry with compressed N2 (g)
and exposed to ultraviolet light in a UVO-cleaner cleaner (UVO Cleaner model 42, Jelight
Co. Inc., Irvine, CA, USA) for 10 min.
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Preparation of DEX and DEX-Ag surfaces
DEX and DEX-Ag surfaces were prepared as previously reported (Ferrer et al., 2012).
Briefly, dextran was oxidized using NaIO4 (1:1 molar ratio) at a concentration of 50 mg/mL
for 6h, dialyzed for at least 3 days and lyophilized. Ag NPs were synthesized in an aqueous
solution of oxidized dextran (2 mL, 1 g/L) using AgNO3 as a precursor agent (1mL, 2 mM)
at 70 °C for 30 min. Prior grafting the coatings, surface amination was carried out on glass
using the vapor deposition method for 3 h at 70 °C. The aminated surfaces were then
submerged in 3 mL of aqueous solution of oxidized dextran (1 mg/mL) or freshly made
silver nanoparticles in oxidized dextran containing 75 μL of aqueous solution of NaBH3CN
(100 mg/mL) and were allowed to react in dark conditions overnight. After immobilization,
the grafted surfaces were removed from solution, submerged in deionized water for 5 min,
rinsed and blown dry with compressed N2 (g).

Preparation of PU surfaces
PU surfaces were prepared as described somewhere else (Ferrer et al., 2010). Briefly, 250
μL solution of PU (tetrahydrofuran/dichloroethane 1:1, 0.75 wt %) was spun coated (2000
rpm, 15 s) on glass. The coated surfaces were allowed to dry overnight in the hood.

Blood collection and preparation of platelet rich plasma
Following the UPENN Institutional Review Board protocol, blood was drawn from healthy
volunteers by venipuncture into acid citrate (hemolysis assay and blood incubation test) or
acid citrate dextrose (platelet adhesion test) as anticoagulant. Platelet-rich plasma (PRP) was
isolated from fresh blood by centrifuging at 3500 rpm for 20 min.

Hemolysis
The hemolysis assay was performed in agreement with standard ASTM F56-08 practice, a
colorimetric assay that measures the release of cyanmethemoglobin in solution (ASTM-
F756-08, 2000). According to this assay, the hemolytic properties of biomaterials are
classified as the percentage of released hemoglobin (% rHb) following blood incubation
with the biomaterial at least for 3 h. Non-hemolytic materials are those that experience 0–
2% rHb, whereas 2–5% rHb and >5% rHb relates to slightly hemolytic and hemolytic
materials, respectively. As a positive and negative control, deionized water and saline
(PBS), respectively, were used. 1 mL PBS and 125 μL of diluted blood ([Hb] ~ 10 g/L) were
added to all dishes and these were incubated at 37 °C for 3 h on a shaker. Following
incubation, the solutions were centrifuged at 700 g for 15 min. The natants were allowed to
react at 1:1 volume with Drabkin’s reagent (Ricca Chemical, Arlington, TX) for 15 min and
their absorbance was measured at 540 nm. The hemolysis ratio was calculated as the
supernatant hemoglobin concentration × 100 divided by the total hemoglobin concentration.
The hemoglobin concentration in blood was determined by means of a calibration curve.

Platelet adhesion
PU, DEX and DEX-Ag surfaces were incubated with 0.5 mL of PRP for 1 h at 37 °C under
static conditions. As a positive control glass surfaces were used. Following PRP incubation,
the surfaces were rinsed with PBS. The adhered platelets were stained using Calcein AM
(1.5 μM, 30 min at 37 °C) rinsed and imaged. Calcein-AM is a widely used fluorescent
probe that does not interfere with the adhesion process and has proven effective for the
assessment of platelet viability with similar reliability as radiolabelling assays (Gibbins and
Mahaut-Smith, 2004). For each surface, 5 images were collected using an epifluorescence
microscope with 10× objective and viable cells were counted using ImageJ (NIH, Bethesda,
MD, USA). The experiment was performed in triplicate.

Ferrer et al. Page 4

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2014 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Whole blood incubation
The potential of glass, PU, DEX and DEX-Ag to minimize cell activation responses (e.g.,
neutrophil and platelet activation, neutrophil-platelet interaction, platelet aggregation) was
studied by SEM following incubation with fresh drawn whole blood for 1 h at 37 °C on a
shaker. As a positive control glass surfaces were used. The adherent platelets were treated
for SEM by fixation in 2% gluteraldehyde in cacodylate buffer overnight. Samples were
then dehydrated with graded ethanols and dried using HDMS. The experiment was
performed in duplicate.

THP-1 Cell Culture
THP-1 cells and THP-1 cells stably transduced with GFP-actin (Ferrer et al., 2013; Lee et
al., 2012) were maintained in suspension culture in RPMI media (Gibco, Grand Island, NY,
USA), supplemented with 10% FBS (HyClone, Rockford, IL, USA), 1% penicillin
streptomycin (Invitrogen, Carlsbad, CA, USA), and 0.05 mM 2-mercaptoethanol. For all
experiments, cells (13,000 cells/cm2) were plated on 35 mm polystyrene petri dishes (BD,
Ashland, MA, USA) containing the modified glass slides. THP-1 cells were stimulated with
the addition of 1 μg/mL of Phorbol 12-myristate 13-acetate (PMA) for 72 h.

Morphologic study of THP-1 cells and PMA-stimulated THP-1 cells
The cell morphology of THP-1 cells and PMA-stimulated THP-1 cells after exposure to
glass, PU, DEX and DEX-Ag for 3 days was investigated by fluorescence microscopy and
confocal microscopy, respectively. The cell surface area contacting the surface of PMA-
stimulted THP-1 cells was measured using ImageJ.

Measurement of non-specific adherence and viability of THP-1 cells
The non-specific adherence of THP-1 cells after exposure to glass, PU, DEX and DEX-Ag
surfaces for 1 and 3 days was determined by hydrolysis of an acetoxymetyl ester derivative
fluorescent indicator, Calcein Violet AM (750 nM). For each surface, 9 images were
collected using 10× objective and viable cells were counted using ImageJ (NIH, Bethesda,
MD, USA). This experiment was performed in triplicate. The viability of THP-1 cells after
exposure to the surfaces for 3 days was determined by flow cytometry. Following surface
exposure, cells were stained with 7-DAA and were transferred into FACs tubes. Mean GFP
fluorescence was calculated from 10,000 live cells per sample. Cells that may have clumped
together were gated out based on their forward and side scatter profiles.

Measurement of specific adherence and viability of PMA-stimulated THP-1 cells
The specific adherence of PMA-stimulated THP-1 cells after exposure to glass, PU, DEX
and DEX-Ag surfaces for 3 days was determined as described in measurement of non-
specific adherence of THP-1 cells. The viability of PMA-stimulated THP-1 cells was
determined using Calcein Violet (750 nM) and ethidium homodimer (2 μM).

Measurement of TNF-α, IL-1β and PGE2 release
THP-1 and PMA-stimulated THP-1 cells were exposed to glass, PU, DEX and DEX-Ag
surfaces for 24 h (THP-1 cells only) and 72 h. LPS (10 μg/mL) was used as a positive
control. Following incubation, the cell suspensions were pelleted and the supernatant
removed and stored in the freezer (−80 °C). The concentrations of TNF-α and IL-1β were
measured using a sandwich enzyme-linked immunosorbent assay (ELISA) according to the
manufacturer’s instructions (Invitrogen, Carlsbad, CA, USA). The concentrations of PGE2
were measured using an ELISA kit (R&D Systems, Inc., Minneapolis, MN, USA). For TNF-
α, IL-1β and PGE2, the lowest standard concentrations used were 31 pg/mL, 15.7 pg/mL and
39 pg/mL, respectively.
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Detection of intracellular reactive oxygen species (ROS)
The amount of hydrogen peroxide and superoxide radical was monitored using DCF-DA
and DHE stains, respectively. DCF-DA turns fluorescent upon oxidation by the intracellular
ROS. DHE, a blue fluorescent probe, emits red fluorescence upon oxidation by superoxide
radical. Dead cells were monitored using 7-DAA. Following THP-1 and PMA-stimulated
THP-1 cells exposure to glass, PU, DEX and DEX-Ag surfaces for 72 h, the cells were
transferred to FACS tubes. PMA-stimulated THP-1 cells were scraped using a cell scraper.
Prior analysis, cells were incubated with 5 μM DHE, 20 μM DCF-DA and 5 μL 7-DAA for
5 min at room temperature. Hydrogen peroxide treated cells (0.09%) were used as a positive
control for DCF-DA analysis, whereas diethyldithiocarbamic acid (DDC) at a concentration
of 200 μM (2 h at 37 °C) was used as a positive control for DHE staining. DCC is a strong
inhibitor of superoxide dismutase activity in cells. Cells were analyzed at an excitation
wavelength of 488 nm and emission wavelengths of 530 and 610 nm for DCF-DA and DHE,
respectively and at excitation wavelength of 546 nm and emission wavelength of 647 nm for
7-DAA. Cells that may have clumped together were gated out based on their forward and
side scatter profiles. For each sample 10,000 cells were collected. Dead cell were excluded
from the calculations.

Statistical analysis
Data are presented as mean ± standard deviation. Statistical significance was assessed via
Student’s t-test (OriginLab, Northampton, MA, USA). Values of p < 0.05 were considered
statistically significant.

Results
Hemolysis

Water (98.6 ± 9.2 % rHb) and saline (0.537 ± 0.005 % rHb) were used as a positive and
negative control, respectively. Based on the standard ASTM F56-08 classification, all the
PU, DEX and DEX-Ag surfaces studied were non-hemolytic (Table 1). The presence of Ag
NPs enhanced the % rHb by two fold relative to PU and DEX while maintaining non-
hemolytic properties.

Platelet adhesion
A significantly lower percentage of platelets adhered to PU, DEX and DEX-Ag as compared
to glass (Figure 1A, p < 0.005). Relative to glass (100%) the amount of platelets that adhere
onto DEX, PU and DEX-Ag was of 15%, 10% and 34%, respectively.

Blood incubation
All surfaces exhibited platelet adhesion (Figure 1B) while minimizing neutrophil adhesion.
However, the platelets response varied within the four surfaces. A common classification of
platelet spreading includes five morphological forms describing increasing of activation
(Goodman 1998). These are discoid or round, dendritic or early pseudopodial, spread
dendritic, spreading and fully spread. According to this classification, platelets in contact
with DEX, DEX-Ag and glass reached fully spread and spreading morphologies. These, in
turn, formed a based layer for large number of pseudopodial platelets on top on glass and at
lower extent on dextran. Platelets on PU were evenly distributed over the surface and were
almost entirely dendritic and spread-dendritic morphologies.

Effect on cell morphology
Independent of the surface studied, THP-1 cells remained round in shape (data not shown).
Upon PMA-stimulation, changes in cell morphology with the different surfaces were
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observed. Figure 2 shows representative 2D- and 3D-morphology images of PMA-
stimulated THP-1 cells after 3 days exposure to glass, PU, DEX and DEX-Ag surfaces. The
cells spread the most on glass (Figure 2A), where the majority of cells exhibited amoeboid
morphology and some exhibited round morphology. On PU (Figure 2B), the cells spread
moderately leading to all type of shapes, elongated, amoeboid and round shape cells. In
contrast, DEX and DEX-Ag surfaces (Figure 2C and 2D, respectively) showed the least
spread cells with the majority of cells exhibiting round morphology and some showed
elongated morphology. To further quantify these observations, the surface area of at least 70
cells per surface was measured and compared. Gaussian fits for each surface have been
included in Figure 2. In particular, PMA-stimulated cells adhered on glass, PU, DEX and
DEX-Ag exhibited average surface area of 539 ± 29, 492 ± 36, 439 ± 24 and 420 ± 24 μm2,
respectively.

Cell adherence and viability
Within THP-1 cells, most cells circulated freely in the blood stream (Figure 3A). After 1 day
(grated bars), glass showed the highest number of adhered cells, i.e., activated non-
specifically, followed by PU. Some THP-1 cells also adhered on DEX but at significantly
lesser extent. In particular, DEX-Ag, the surface with the least adhered THP-1 cells, showed
a reduction of cells adhered of 90% and 94% relative to PU and glass, respectively (p <
0.005). After 3 days incubation the overall number of adhered THP-1 cells increased (solid
bars). The highest number of adhered cells was also observed on glass, but followed by
DEX and PU. Similar to 1 day incubation, DEX-Ag showed the least number of adhered
cells after 3 days incubation. By comparing the number of adhered THP-1 cells between 1
and 3 days incubation for the different surfaces, cells adhered increased after 3 day
incubation by a factor of 4 for glass and PU and by a factor of 23 and 19 for DEX and DEX-
Ag, respectively relative to 1 day incubation. Although DEX-Ag showed a significant
increase of adhered THP-1 cells after 3 days, DEX-Ag still showed a reduction of 55% and
70% relative to PU and glass, respectively (p < 0.005). THP-1 cells that adhered remained
mainly round on all surfaces but appeared slightly larger (less than 1 fold) on glass after 3
days incubation. Independent of the number of THP-1 cells adhered non-specifically on the
surfaces, all surfaces showed analogous cell viability (~95%, Figure 3B).

Upon PMA stimulation of THP-1 cells, cells adhered to the surfaces in a similar fashion as
non-stimulated THP-1 cells after incubation for 3 days (Figure 3C). Cells adhered on glass
the most, followed by DEX and PU. DEX-Ag exhibited the least number of adhered cells, a
reduction of 31% and 51% relative to PU and glass, respectively. In terms of cell viability
(Figure 3D), glass, PU and DEX exhibited similar viability (~ 95%) whereas a 16% decrease
on cell viability was observed on DEX-Ag (p < 0.005).

TNF-α and IL-1β release
Independent of which of the cytokine (TNF- α, IL-1β) and which of the surface of study
(glass, PU, DEX and DEX-Ag) were used, THP-1 cells did not elicit detectable cytokine
levels, e. g., levels measured were lower than lowest standard point. In contrast, LPS-treated
THP-1 cells released significant amounts of TNF-α (850 ± 40 pg/mL) and IL-1β (1334 ± 65
pg/mL), respectively.

Upon PMA-stimulation, THP-1 cells released higher amounts of TNF-α (Figure 4A) and
IL-1β (Figure 4B). The lowest amount of TNF-α was detected on DEX-Ag, followed by PU
whereas significant larger amount of TNF-α was detected on DEX, a 5–fold increase as
compared to glass. As expected, the largest amount of TNF-α was detected in LPS-treated
PMA-stimulated THP-1 cells (1634 ± 78 pg/mL). Similarly, cells incubated on DEX
presented high release of IL-1β (p < 0.005) whereas cells on DEX-Ag exhibited the lowest.
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DEX-Ag decreased IL-1β release of PMA-stimulated THP-1 cells by 90%, 85% and 96%
relative to glass, PU and DEX (p < 0.005). Although PMA-stimulated THP-1 cells on DEX
exhibited significant amount of IL-1β as compared to the other surfaces studied, the IL-1β
released was only about one-fourth of the amount released by LPS-treated PMA-stimulated
THP-1 cells (3048 ± 399 pg/mL).

Release of PGE2

PMA-stimulated THP-1 cells elicited greater amounts of PGE2 (Figure 5B) as compared to
non-stimulated THP-1 cells (Figure 5A). Within cell type, cells released comparable amount
of PGE2 independently of the surface of study. In particular, THP-1 cells released ~60 pg
PGE2/mL whereas PMA-stimulated THP-1 cells released ~ 250 pg PGE2/mL. LPS-treated
cells exhibited a significant amount of PGE2 as compared to the other surfaces studied (211
± 67 pg/mL and 491 ± 28 pg/mL were released by THP-1 and PMA-stimulated THP-1 cells,
respectively.)

Release of ROS
In general, PMA stimulation of THP-1 cells minimized the number of cells that release
hydrogen peroxide as compared to non-stimulated THP-1 cells for all the surfaces studied
(over 5 fold decrease) as well as its intensity per cell on PU and DEX-Ag (by 2 and 5 fold
decrease, respectively). However, the fluorescence intensity representing hydrogen peroxide
per cell was observed to increase upon PMA-stimulation of THP-1 cells on DEX (3 fold).

In contrast, the amount of cells expressing superoxide was within the same range
independently of PMA-stimulation (5–7% cell population). DEX-Ag exhibited the largest
percentage of cells expressing superoxide prior to PMA-stimulation (6.7% vs 5.5% and
5.1%, for PU and DEX, respectively) but intermediate upon PMA-stimulation (6.4% vs
6.7% and 6.1% for PU and DEX, respectively) with similar fluorescence intensity. Although
THP-1 cells on DEX exhibited the greatest superoxide levels per cell independent of PMA-
stimulation, these were within less than 2 fold those of PU and DEX-Ag.

Discussion
New biocoatings intended for blood contacting devices would benefit from possessing
antibacterial properties while remaining biocompatible to minimize the commonly
encountered infection and implant rejection complications associated with implant surgery.
Our approach to prepare hybrid biocoatings involves dextran, an α(1–6)-linked glycan,
water soluble and neutral, with multiple reactive sites available for subsequent
functionalization. Importantly, dextran has demonstrated outstanding properties against
nonspecific protein adhesion by our group (Ombelli et al., 2005; Ferrer et al., 2010) and
others (Piehler et al., 1999; Frazier et al., 2000; Martwiset et al., 2006). Although the
hemocompatibility and biocompatibility of dextran has been known longer, it is necessary to
ensure that these properties are retained when embedding Ag NPs in dextran. In the present
study we used blood and a human monocytic part of the immune system and commonly
used to interrogate the biocompatibility of materials, THP-1 and PMA-stimulated THP-1
cells, to study the hemocompatibility and biocompatibility of DEX-Ag. As controls, we also
studied a hard inorganic material (glass), a biocompatible commercial polymer (PU) and
bare dextran.

Ag NPs have shown to induce hemolysis and although, the mechanism by which Ag NPs
induce hemolysis is not well understood, in contact with body fluids, metallic silver ionizes
and releases Ag+ as a function of the particle surface area. Silver ions can enhance suicidal
red blood cell (RBC) death due to decreased ATP content and phosphatidylserine exposure
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to the surface (Sopjani et al., 2009). Further, silver ions can quickly react with anionic
ligands (e.g., chloride, thiols) which can damage proteins and antioxidants (Johnston et al.,
2010). In general, greater levels of in vitro hemolysis have been related to greater surface
area, increased silver ion release, and direct interaction with RBCs of nanosized Ag over
micro-sized particles (Choi et al., 2011). Our hybrid coatings, prepared with Ag NPs (5 nm)
embedded in dextran, exhibited non-hemolytic properties. This finding suggests slow release
of Ag+ due to low Ag NPs content and stabilization of Ag NPs in dextran. In previous work,
we measured a loss of 20 wt% of Ag of an initial 7 wt % during bacterial experiments (6 h
incubation at 37 °C, and 100 rpm) as determined by Rutherford Backscattering technique
(Ferrer et al., 2012).

Following material-blood interaction, thrombus formation, i.e., platelet aggregation, is the
earliest and most common consequence, which is initiated with platelet adhesion and
activation. Although the accountability of Ag NPs towards thrombus formation has been
researched, remains controversial. For instance, Shrivastava et al. (2009), demonstrated the
antiplatelet activity of Ag NPs in vivo and in vitro whereas Stevens et al. (2009) observed
that Ag NPs on coated catheters enhanced thrombin formation and platelet activation while
reducing platelet adhesion. In our studies, DEX-Ag coatings minimized platelet adhesion
(66% reduction) relative to glass. This is a significant finding considering that glass has
shown significant lower platelet adhesion than other biocompatible polymers, such as PVC
and polyethylene (Mohammad et al., 1974). Moreover, DEX-Ag exhibited a spreading/fully
spread monolayer of platelets, which have been shown important for clinical
biocompatibility of a biomaterial (Goodman, 1999).

To evaluate the biocompatibility of the hybrid coatings, we evaluated the THP-1 cells and
PMA-stimulated THP-1 cells following incubation with the surfaces. In particular, we
assessed cell morphology, cell viability, cellular release of three pro-inflammatory markers
(TNF-α, IL-1β, PGE2) and cellular release of ROS.

The hybrid coatings and other surfaces studied did not trigger THP-1 cell activation (e.g.,
adherence), alter cell morphology or diminish cell viability. Upon PMA stimulation, THP-1
cells adhered onto surfaces. As others, we observed dependence of cell morphology on
surface. The resulting cell morphology has been related to the chemistry, topography,
modulus and more recently, to the biocompatibility of the surface. In particular, hydrophilic,
lower modulus and biocompatible surfaces have been shown to minimize THP-1 cell
attachment and activation (i.e., less cell spreading) (Irwin et al., 2008; Ferraz et al., 2010;
Lee et al., 2012). Our studies showed fewer adhered cells on DEX-Ag relative to the other
surfaces studied. Whereas a reduction of adhered cells have been associated to
biocompatibility by others (Lee et al., 2012), we observed a 16% reduction in cell viability
on DEX-Ag. This reduction in cell viability may explain increased hemolysis ratio measured
on DEX-Ag relative to the other surfaces, while still maintaining non-hemolytic properties.
The toxicity of Ag NPs (20 nm and 40 nm) towards PMA-stimulated THP-1 cells has been
reported by Haase et al. ( 2011). Their studies showed a marked reduction in cell viability
with Ag NPs concentration and exposure time (24 h and 48 h). For instance, they reported
that incubation of the cells with Ag NPs (20 nm, 50 μg/mL) for 24 h and 48 h resulted in
about 40% and 20% cell viability, respectively. Compared to their results, the DEX-Ag
toxicity toward PMA-stimulated THP-1 cells which was measured after 72 h incubation
with the cells is minimal (77% vs 95% of other surfaces studied). Further, the cell
morphology was found dependent on the surface, but not on the presence of Ag NPs. Cells
spread the most on glass, followed by PU. The least spread cells were observed on DEX and
DEX-Ag. These observations are in agreement with previous studies of PMA-stimulated
THP-1 cells incubated on glass, PU and DEX reported in the literature (Tsai et al., 2011a;
Lee et al., 2012) and correlate well with modulus of the surfaces (Irwin et al., 2008). Glass,
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the stiffest surface studied, resulted in spread PMA-stimulated THP-1 cells whereas the
softest hydrophilic surfaces, DEX and DEX-Ag exhibit round cell morphologies.

One of the first responses of the immune system to infection is inflammation. Two of the
pro-inflammatory cytokines studied, TNF-α and IL-1β, are secreted via different pathways
by monocytes and activated macrophages in response to inflammation and contact
stimulation (e.g., foreign surface). These cytokines are important immunoregulatory
molecules. However, when produced in large quantities they can trigger (mediate and
amplify) a large inflammatory response which has been associated with several diseases
(e.g., Alzheimer’s disease). During inflammatory responses, cytokines and other unknown
signals activate TNF-α. Once activated, it can induce excessive cell proliferation that can
lead to cancer. In addition, it can activate the transcription factors of nuclear factor-kappaB
(NF-kB) pathway, which further enhances the progression and proliferation of cells to
tumors by suppressing cell death induced by c-Jun-N-terminal kinase (JNK) (Papa et al.,
2004). These pathways have been shown to mediate LPS-induced adhesion and correlate
with the high levels of pro-inflammatory cytokines observed in THP-1 and PMA-stimulated
THP-1 cells in response to LPS. In contrast, DEX-Ag and PU exhibited minimal release of
cytokines, as compared to glass and DEX. High dextran concentrations are known to induce
TNF-α and IL-1β. For instance, dextran sulfate solutions are used to induce colitis in mice
(Cooper et al., 1993). In agreement with previous studies (Schwende et al., 1996), we
observed greater release of TNF-α and IL-1β upon PMA stimulation of THP-1 cells. By
comparing DEX-Ag with DEX, our findings stressed the role of Ag NPs in minimizing
inflammatory responses. These results contrast with those of Trickler et al. (2010) who
demonstrated that Ag NPs (25 nm) enhance TNF-α and IL-1β in a time-dependent manner
in primary rat brain microvessel endothelial cells. However, their studies were limited to a
maximum of 8 h incubation-time, whereas our studies incorporate 3 days of incubation with
the surfaces and a different cell line. Importantly, the anti-inflammatory effects of Ag NPs
have been demonstrated in vivo by other groups (Wong and Liu, 2010). Nadworny et al.
(2008) explored the effect of AgNPs using a porcine model of contact dermatitis, while Bhol
and Schechter (2007) utilized AgNPs in a rat model of ulcerative colitis. Both studies
concluded that Ag NPs had direct anti-inflammatory effects (based on TNF-α and IL-1β
measurements) and improved the healing process significantly compared to controls.

Other mediators of inflammation are eicosanoids, a group of biologically active oxygenated
unsaturated fatty acids derived from arachidonic acid by the action of cyclooxygenases,
lipoxygenases, and cytochrome P450 mono-oxygenases. Eicosanoids have been shown to
play a role in inflammation and have been also recently linked to carcinogenesis (Greene et
al., 2011). The eicosanoid family includes prostaglandins such as PGE2, the most common
prostaglandin found in different human cancers including colon, lung, breast, and head and
neck cancers. PGE2 is also known to suppress the immune responses by inhibiting
macrophages, T cells and natural killer activity resulting in pro-tumorigenic activity.
Whereas increased pro-inflammatory cytokines are required for tumor invasion and growth,
several studies have shown that PGE2 suppresses TNF-α in THP-1 cells (Weigent et al.,
1990; Choi et al., 1996). To verify that the low levels of cytokines released by DEX-Ag lead
to a true reduced inflammatory potential, we also evaluated the release of PGE2 following
incubation with the surfaces for 3 days. In agreement with previous studies (Perezperez et
al., 1995), we observed greater release of PGE2 upon PMA-stimulation of THP-1 cells.
Independent of cell type, all surfaces released comparable amount of PGE2, confirming the
anti-inflammatory behavior of DEX-Ag surfaces.

NP-induced toxicity has been associated with ROS enhancement (Nishanth et al., 2011).
ROS in cells are traditionally generated for the purpose of killing invading microorganisms.
However, they can also cause damage to nearby tissues, and are thought to be of pathogenic
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significance in a large number of diseases (Babior, 2000). Within NPs, AgNPs have been
linked with enhancement of ROS generation in several cell lines as a function of dose,
exposure, particle size and matrix (Kim and Ryu, 2012). For instance, a 10× fold increase in
ROS levels was observed in alveolar macrophages after 24 h incubation with 50 μg/mL Ag
NPs (15 nm) (Carlson et al., 2008) and a drastic increase in ROS levels was detected in
THP-1 cells following 6–24 h incubation with PVP-coated Ag NPs (70 nm) (Foldbjerg et
al., 2009). In contrast, our hybrid coatings did not particularly alter ROS levels as compared
to PU and DEX. Few studies have appeared regarding the effect of ROS in THP-1 cells.
Haugen et al. (1999) studied the effect of PMA-stimulation of THP-1 cells on oxidants.
Although they observed that PMA-stimulation of THP-1 cells induced a rapidly increase in
superoxide radical (within 1 h incubation), they detected similar levels of superoxide and
hydrogen in THP-1 cells independently of PMA-stimulation after 24 h incubation. Other
groups have reported an enhancement of superoxide levels and phagocytic activity upon
PMA-stimulation (with up to 24 h incubation time). A longer incubation time study
indicated a reduction in the capacity to produce hydrogen peroxide and superoxide radical
upon PMA-stimulation after 4 days incubation time with larger levels of hydrogen peroxide
over superoxide radical (Nakagawara et al., 1981). The latter is in agreement with the data
presented herein. These higher levels of hydrogen peroxide observed after several
incubation days may be due to the action of superoxide dismutase that destroys the free
radical superoxide by converting it to hydrogen peroxide (Droge, 2002). However, because
the cellular production of ROS is very sensitive towards environment, differences in
experimental setup may impact the release of ROS and therefore, comparison between
different studies available in the literature is not easily performed or interpreted.

In this work, we have assessed DEX-Ag for two of the first major biological responses that
typically occur following implant of a biomaterial (Anderson et al., 2008), blood-material
interactions (hemolysis, thrombosis) and inflammation (monocytes and macrophages).
Overall, DEX-Ag coatings showed low toxicity and minimal inflammatory potential, thus,
making them promising for in vivo applications. In particular, DEX-Ag coatings may be
advantageous to minimize the rate of surgical-site infections (SSIs), the second most
common type of healthcare associated infection (HAI) in U.S. hospitals (290,000 per year)
accounting for the greatest additional healthcare cost, between $3.5 and 10 billion per year
(CDPH, 2011). Having high versatility, these hybrid coatings can be used to enhance the
biocompatibility of other materials, such as PU (Tsai et al., 2011b) and titanium (Shi et al.,
2009), by various graft-linking reactions.

Conclusions
We have studied the interaction of DEX-Ag with blood, monocytes (THP-1 cells) and
macrophages (PMA-stimulated THP-1 cells) and demonstrated that our hybrid coatings are
non-hemolytic, exhibited low platelet adhesion, minimal inflammatory potential and ROS
release. Further, the hybrid coatings were biocompatible towards monocytes but decreased
the cell viability of macrophages by 16%. Overall, DEX-Ag coatings showed low toxicity
and minimal inflammatory potential, thus, making them promising for in vivo applications.
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Highlights

• We examined specific blood-contact reactions of dextran doped with Ag NPs
coatings

• Biocompatibility was assessed with THP-1 cells and PMA-stimulated THP-1
cells

• Glass, polyurethane and dextran were used as reference surfaces

• Hybrid coatings exhibited non-hemolytic properties

• Low toxicity, inflammatory potential and ROS make them promising for in vivo
applications
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Figure 1.
Hemocompatibility studies. (a) Number of platelets adhered after 1h incubation of PRP.
Statistical significance: ### p<0.005 versus glass, ** p<0.05 versus PU, +++ p<0.005 versus
DEX (b) SEM fields of the surfaces after 1h incubation with whole blood. SEM were
obtained at ×1000 (scale bar: 100 μm) and ×2000 (inset, scale bar: 10 μm) magnification.
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Figure 2.
Cell morphology. Morphology of PMA-stimulated THP-1 cells after 3 days exposure to (a)
glass, (b) PU, (c) DEX and (d) DEX-Ag surfaces. Top: 3D-Volume view of XZ axis of the
bottom left image series, Left: Single bottom slice of image series, Right: Cell surface area
distribution.
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Figure 3.
Adhesion and cell viability. (a, c) Adhesion and (b, d) cell viability of after 1 day (grated
bars) or 3 days (solid bars) exposure to glass, PU, DEX and DEX-Ag surfaces. Statistical
significance: ### p<0.005 versus glass, *** p<0.005 versus PU, ** p<0.05 versus PU, +++
p<0.005 versus DEX.
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Figure 4.
Release of inflammatory cytokines. Amount of (a) TNF-α and (b) IL-1b released by PMA-
stimulated THP-1 cells following incubation with glass, PU, DEX and DEX-Ag for 3 days,
as determined by ELISA. LPS was used as a positive control. Statistical significance: ###
p<0.005 versus glass, *** p<0.05 versus PU, +++ p<0.005 versus DEX.
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Figure 5.
Release of PGE2. Amount released by (a) THP-1 cells and (b) PMA-stimulated THP-1 cells
following incubation with glass, PU, DEX and DEX-Ag for 3 days, as determined by
ELISA. LPS was used as a positive control. PGE2 released is not statistically significant
between surfaces (p>0.05).
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Figure 6.
ROS study. 2D-scatter plot showing superoxide (DHE) and hydrogen peroxide (DCF-DA)
released following incubation with (c, h) PU, (d, i) DEX, (e, j) DEX-Ag as determined by
flow cytometry. Cells incubated with (a, f) DCC and (b, g) H2O2 were used as a control for
superoxide and hydrogen peroxide release, respectively.
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Figure 7.
ROS study. (a, c) Amount (%) and (b, d) fluorescence intensity of cells that released
superoxide (solid bars) and hydrogen peroxide (grated bars) following incubation for 3 days
with the surfaces or controls.
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Table 1

Hemolytic activity of PU, DEX and DEX-Ag surfaces. Water and saline were used as positive and negative
controls, respectively.

Samples Optical density at 545 nm [Hb] (g/dL) Hemolysis %

Water 0.275 ± 0.026 0.16 ± 0.02 98.6 ± 9.2

Saline 0.00153 ± 0.00001 0.00089 ± 0.00001 0.537 ± 0.005

PU 0.00130 ± 0.00007 0.00075 ± 0.00039 0.455 ± 0.236

DEX 0.00147 ± 0.00005 0.00085 ± 0.00003 0.513 ± 0.019

DEX-Ag 0.00337 ± 0.00006 0.00190 ± 0.00003 1.180 ± 0.021
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