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Blood platelet adhesion is crucial in dictating haemocompatibility of medical implants and in platelet capture in diagnostics. 

Understanding the role of platelet activation in dictating platelet adhesion at chemically modified interfaces is important but relatively 

unexplored.  Using scanning electron microscopy and confocal fluorescence microscopy a quantitative assessment of capture of blood 10 

platelets at self-assembled monolayers and mixed monolayers (SAMs) on gold as a function of the activation status of the platelets was 

conducted.  

 Single and mixed monolayers were prepared using thiol-functionalized arginine-glycine-aspartic acid (RGD), C-Ahx-GRGDS (Ahx = 

aminohexanoic acid linker), thiolated poly(ethylene)glycol (PEG-COOH) and 1-octanethiol.  When incubated with suspensions of resting 

platelets, RGD promoted platelet adhesion compared to bare or alkanethiol modified gold.  Increasing the alkanethiol ratio in the 15 

deposition solution decreased the extent of platelet adhesion.  Platelet adhesion increased approximately 3 fold at PEG-COO- modified 

surfaces compared to RGD-alone.  Platelets adhered to RGD or mixed RGD:alkane SAM surfaces were found to be captured in their 

resting state.  In contrast, platelets captured at PEG-COO- SAM surfaces were activated by these substrates.  The effect of treating 

platelets with the chemical activators, Mn2+ or DTT or the physiological activator, thrombin, on the capture efficiency and activation at 

RGD modified surfaces was also investigated.  Mn2+ treated platelets presented similar adhesion to untreated platelets, while surprisingly 20 

DTT yielded a very significant decrease in platelet adhesion.  And, any platelets that were captured, were in a resting state. Thrombin 

activated platelets were captured with similar efficiencies as untreated platelets. However, the platelets captured were fully activated.  

The distinction between capture of chemically and physiologically activated platelet is interesting and likely to originate from differences 

in the conformation of the integrin induced by each process.  Finally, platelet adhesion to each surface could be reversed by incubation 

with a solution of linear or cyclical RGD or PEG-COO- for the RGD and PEGCOO- surfaces respectively.  The specificity of platelet 25 

removal confirmed that platelet adhesion at RGD surfaces is occurring through integrin-RGD interactions.   

 

Introduction 

In medical device or sensing applications, interfacial interactions 

between exogenous and bio-materials, particularly cells and 30 

proteins are crucial in dictating the efficacy and safety of a given 

medical component.  However, controlling these interactions 

remains an unsolved problem which limits clinical application of 

many materials.[1-4]  For example, non-specific adsorption at 

implantable devices can lead to fibrosis and inflammatory 35 

complications and the need for invasive device replacement.[5]  

In the case of blood-contacting materials, understanding and 

controlling, in particular, platelet interactions with the substrate is 

critical.[6-8]  Since platelet adhesion directly or through adsorbed 

protein on medical implants dictates  haemocompatibility, and 40 

such adhesion can lead to thrombus formation.[9] 

Cell-adhesion studies have been reported across a variety of 

substrates including for example, glass, polystyrene and gold[10-

13]  wherein, living cells have been shown to remodel contacting 

surfaces through the excretion of their own ECM proteins to 45 

provide a more ideal environment for their adhesion.  In some 

applications this can be an advantage, for example, where re-

endothelialization of an arterial wall after injury or implant is 

required.  Self-assembled monolayers (SAMs) have been 

explored as a means of both promoting and preventing cell 50 

adhesion.[14, 15]  They have the advantage of being facile to 

assemble and the films are usually stable and uniform.[16]  In 
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applications aimed at cell capture, a particularly attractive 

approach is to prepare SAMS which incorporate biological 

ligands capable of mimicking naturally occurring biomolecular 

interactions.[16, 17]  Such a strategy has been successfully 

applied for the integrin binding tripeptide arginine-glycine-5 

aspartic acid (RGD), a sequence recognized by 8 out of the 24 

known integrin proteins.[18-20] 

Conversely, non-adhesive or non-fouling surfaces have 

exploited alkane thiols with a variety of terminal groups or 

poly(ethylene)glycol (PEG) to form inert surfaces which are 10 

resistant to non-specific protein or cell adhesion.[21-23]  While 

cell adhesion studies on such surfaces have been quite widely 

studied, blood platelet adhesion interactions with modified 

surfaces remain comparatively unexplored.[24-30]  This is in 

spite of their importance both in dictating the haemocompatibility 15 

of a substrate and in the case of their capture, their potential value 

in diagnostics.  The latter in particular, is growing with increasing 

understanding of the role of platelets, beyond thrombosis, in a 

variety of disease states including inflammation and cancer.[31-

34]  20 

For blood platelets the RGD sequence is expected to be 

predominantly recognized by the integrin αIIbβ3.  What 

distinguishes platelets from other studies on cell adhesion by 

RGD is the capacity of platelets to undergo activation and gross 

morphological change, this physiological process occurs in the 25 

early stages of thrombus formation.  We were interested to see if 

RGD mediated both capture and activation at RGD surfaces and 

if activation was affected by the presence of a co-adsorbate. 

RGD is one of two peptide sequences through which integrin  

αIIbβ3 recognizes its primary ligand fibrinogen.[35, 36]  The RGD 30 

sequence is believed to bind principally at residues 109(118)–

171(133) on the β3 chain of the integrin and has been widely 

applied as a therapeutic target in inhibiting thrombosis.[37, 38]  

However, whereas fibrinogen binding to blood platelets requires 

that they are first in an activated state, the binding of peptidic 35 

RGD does not demand this prerequisite.[39, 40]  However, there 

is evidence that small molecule RGD binding can induce 

conformational change in αIIbβ3 and lead to platelet activation.  

For example, pre-incubating resting αIIbβ3 with an RGD peptide 

and then removing the peptide ligand through dialysis leaves 40 

αIIbβ3 in a high-affinity state for fibrinogen.[41]  Furthermore, 

integrin-RGD binding at interfaces can be affected by the 

activation status of the integrin.[42]  For example, integrin 

binding to polyacrylonitrile beads conjugated with RGD were 

found to be sensitive to the activation status of the integrin 45 

depending on the spacer length between RGD and the beads.[43]  

A Gly-Gly-Gly linker between the beads and RGD peptide 

presented selective binding of high-affinity integrins, while 

longer linkers resulted in non-discriminative binding.  Whilst for 

whole platelets RGD peptide ligand mediated binding to both 50 

resting and activated platelets.[44, 45]   

This contribution addresses the effect of surface chemistry on 

platelet adhesion, morphology and activation status across 

surfaces designed to be attractive or repellent to platelets. SAMs 

on gold prepared with thiolated RGD peptide sequence intended 55 

to capture platelet, were compared with hydrophilic anionic 

thiolated polyethylene glycol and hydrophobic thiolated alkane 

substrates intended to reduce platelet adhesion.  The effect of 

mixing such monolayers on platelet adhesion and morphology are 

quantitatively compared.  In particular, we were interested to see 60 

if changing the surface chemistry promoted the platelet from the 

resting to activated state, affected adhesion to the RGD surfaces 

and whether, platelets nominally activated through integrin 

activation via Mn2+ or DTT, or with the physiological activation 

via thrombin, showed inherent differences in adhesion as such 65 

distinctions might form the basis of potential screening and might 

also yield insights into the status of the integrin at the platelet 

surface on such activation.. [46-52]  

Confocal fluorescence microscopy and Scanning Electron 

Microscopy (SEM) were used to study platelet adhesion and 70 

spreading across the modified gold surfaces as a function of 

platelets activation status.  CD62P (α-granule) and phalloidin 

(actin) staining was carried out to assess platelet activation status 

from the extent of α-granule and actin organization of platelets 

adhered to the various surfaces.  Results suggest that the 75 

activation status and actin content of platelets differed depending 

on the surface chemistry employed.  Surprisingly, platelets 

activated via chemical stimuli (Mn2+ or DTT) presented 

dramatically reduced platelet capture by RGD surfaces, whereas 

thrombin activated platelets showed high levels of platelet 80 

capture compared to untreated platelet adhesion.  

Materials and methods 

Materials 

Silicon wafers coated with a 525 µm thick layer of gold over a 50 

Å titanium adhesion layer were purchased from Amsbio, USA.  85 

Page 2 of 14Biomaterials Science



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  3 

Aqueous gold plating solution was purchased from Technic Ink, 

UK.  1-octanethiol (C8H18S, 95%), ethanol (99%), 38% 

paraformaldehyde (PFA), Tetramethylrhodamine B 

isothiocyanate (TRITC)-phalloidin (λex 540 nm), thrombin from 

human plasma (100 U/ml) and fluoroshield mounting media were 5 

purchased from Sigma Aldrich, Ireland.  C-Ahx-GRGDS 

(C26H47N10O11S) peptide was purchased from Celtek Peptides, 

USA. Eptifibatide, (N6-(aminoiminomethyl)-N2-(3-mercapto-1-

oxopropyl-L-lysylglycyl-L-aspartyl-L-tryptophanyl-L-prolyl 

cysteinamide, cyclic (1–6)-disulfide), was purchased from 10 

Peptides International, USA.  Peptide structure and purity was 

manufacturer guaranteed, presented in supporting information 

(Fig.S1†).  SH-PEG4-COOH (C11H22O6S) was purchased from 

Quanta Biodesign Ltd., USA.  Phycoerythrin (PE) labelled mouse 

anti-human CD62P (λex 488 nm) was purchased from BD 15 

Biosciences, USA. 

Fabrication of planar gold surfaces  

The gold modified silicon wafer was washed thoroughly with 

water and acetone before use.  Teflon tape was then wrapped 

around half of the gold to produce a 1cm2 final film surface area.  20 

Electrolyte solutions were degassed with nitrogen for 30 minutes 

prior to deposition.  A gold film of 100 ± 30 nm in thickness was 

electrochemically deposited using from aqueous gold plating 

solution by applying a potential of -1 V (scan rate 100 mV/s) 

versus an Ag/AgCl (sat. KCl) electrode using a Model 660 CH 25 

Instrument electrochemical workstation. 

Surface modification: thiolated RGD, alkane or PEG 

Three thiolated species were used in this study; the platelet 

integrin recognizing peptide (SH)C-Ahx-GRGDS (C26H46N10O11 

SH), 1-octanethiol (C8H17SH) or SH-PEG4-COOH (C11H21O6 30 

SH).  In each case, the gold substrate was immersed in a 1 µM 

ethanol solution of thiolated C-Ahx-GRGDS, alkane or PEG for 

24 hours at room temperature.  Alternatively, mixed monolayers 

were prepared by immersing the substrates in ethanolic solutions 

of RGD: PEG or RGD: alkane at ratios of 1:1, 1:5 or 1:10 for 24 35 

hours at room temperature; The RGD concentration for SAM 

surface formation was maintained at 1 µM in the case of the 

mixed monolayers. Accepting that the ratio of components in the 

mixed SAMs are unlikely to match the deposition solutions, for 

simplicity when discussing the SAMs below we describe them in 40 

terms of their deposition solution ratios. 

 

Electrochemical analysis of modified surfaces 

Electrochemical desorption of the thiols were at the chemically 

modified gold surfaces was carried out with the modified gold 45 

electrode in contact with a 0.1 M solution of sulphuric acid 

(H2S04).  Cyclic voltammetry of both bare gold and gold 

functionalized with RGD, alkane or PEG were carried out, cycled 

between –1.4 V and 1.5 V using a scan rate of 0.1 (V/s) on the 

CH Instrument Model 660 work station. 50 

Preparation of washed human platelets 

The use of human blood was approved by the Royal College of 

Surgeons in Ireland Research Ethics Committee and was 

collected from donors with their informed consent.  Human blood 

was drawn into a syringe containing acid citrate dextrose (ACD) 55 

buffer to prevent coagulation.  Modified HEPES platelet buffer (6 

mM Glucose Dextrose D, 0.13 M NaCl, 9 mM NaHCO3, 10 mM 

sodium citrate,  10 mM HEPES,  3 mM KCl, 0.81 mM KH2PO4, 

0.9 mM MgCl2 6H2O) was prepared and kept at room 

temperature.  The pH was adjusted to 7.36 with acid-citrate 60 

dextrose (ACD) buffer.  5 ml of blood was transferred to a 15 ml 

tube and centrifuged at 150.g for 10 minutes at room temperature 

to separate the plasma from the red and white blood cells.  The 

PRP (Platelet Rich Plasma) upper phase was transferred to a 50 

ml tube.  Prostaglandin (PGE1, 1 µM concentration) was added to 65 

prevent platelet activation.  The platelets were collected by 

centrifugation at 720.g for 10 minutes.  Using 500 µl platelet 

buffer the platelet layer was carefully removed and placed in a 15 

ml tube.  Platelet counts were measured using a Sysmex XE-2100 

haematology analyser (Sysmex KX Series, SYSMEX UK LTD).  70 

Platelets were allowed sit for 1 hour and 1.8 mM CaCl2 was 

added to the platelets immediately before use. 

Platelet capture to modified planar gold surfaces  

The platelets were diluted to 30 (± 2) x 103/µl platelet 

concentration in platelet buffer (6 mM Glucose Dextrose D, 0.13 75 

M NaCl, 9 mM NaHCO3, 10 mM sodium citrate,  10 mM 

HEPES,  3 mM KCl, 0.81 mM KH2PO4, 0.9 mM MgCl2 6H2O).  

The substrate surface area, platelet volume, platelet 

concentration, incubation time and temperature were identical for 

all modified surfaces: 1cm2, 150 µl volume of 30 (± 2) x 103/µl 80 

washed platelets (4.5 (± 3) x 106 total platelets) incubated for 45 

minutes at 37°C respectively.  It is important to note that all 

studies were reproducible and are representative of N=3.   

Untreated platelets were incubated with each modified gold 

substrate at 37 °C for 45 minutes.  For platelet integrin activation 85 
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studies, platelets were activated according to literature 

methods.[46, 53-57]  Platelets were incubated with 1 mM of 

Mn2+ or DTT for 2 hours at room temperature or 1 U/ml thrombin 

for 10 minutes at room temperature prior to their incubation with 

the modified surfaces at 37 °C for 45 minutes.  To investigate 5 

reversibility of platelet adhesion, after platelets had bound to the 

RGD-alone modified surfaces, bound platelets were incubated 

with a 1 mM final concentration of RGD, PEG or the cyclic RGD 

peptide drug, Eptifibatide for 15 minutes at 37 °C.  All surfaces 

were washed at least three times with PBS, pH 7.4 prior to their 10 

preparation for SEM or confocal fluorescence microscopy 

analysis. 

Platelet dehydration 

Bound platelets were fixed with 2.5% glutaraldehyde for 3 hours 

at room temperature.  To dehydrate the adherent platelets for 15 

SEM imaging, samples were incubated in 5%, 10%, 20%, 40%, 

60%, 80% and 100% acetone for 15-20 minutes at a time. 

Samples were allowed to air dry for 2 hours before sputter 

coating. 

Scanning electron microscopy analysis 20 

The dehydrated platelet samples were mounted onto carbon 

surfaces adhered to aluminium SEM stubs.  Gold films were 

sputter coated over the platelet bound arrays using argon flow, at 

pressures between 3 and 4 x10-1 mBar for 2 minutes at a voltage 

of approximately 40 mA resulting in a gold layer of 25 

approximately 30 nm thickness.  Gold coated samples were 

imaged using a Hitachi S3400n SEM Tungsten system 

instrument.  All images were collected under identical conditions 

at 5.00 kV accelerating voltage unless otherwise stated. 

Confocal fluorescence microscopy analysis 30 

Live bound platelets were incubated with phycoerythrin (PE) 

labelled CD62P (PE-CD62P, 2 mg/ml stock, 1/100 dilution) for 

15 minutes at 37 °C.  Following incubation, CD62P stained 

platelets were fixed with 3.8% PFA solution for 10 minutes at 

room temperature for confocal studies.  For tetramethyl 35 

rhodamine-5-(and 6)-isothiocyanate-phalloidin staining (TRITC-

Phalloidin, 2 mg/ml stock), PFA fixed platelets were 

permeabilized with 0.01% triton solution for 30 minutes at room 

temperature. TRITC-phalloidin (1/100 dilution) was added to the 

surface bound platelets and incubated for 30 minutes at room 40 

temperature.  All confocal samples were mounted using 

fluoroshield mounting media.  Luminescence images were 

recorded on a Zeiss LSM510 Meta confocal microscope using a 

64x oil immersion objective lens (NA 1.4) unless otherwise 

stated.  A 488 nm argon ion laser was used for PE-CD62P and 45 

540 nm HeNe laser excitation used for TRITC-phalloidin 

imaging.  All images for quantitative platelet adhesion 

measurements covered an area of 200 x 200 µm.  Quantitative 

platelet adhesion measurements, measuring the number of 

platelets/cm2 were carried out using ImageJ software 50 

(http://rsb.info.nih.gov/ij/).   

Results and discussion 

Characterization of the modified gold surfaces  

The SAMs were prepared on gold as it is widely used in medical 

devices and sensors due to its chemical stability, bio-inertness, 55 

high conductivity and its well characterized gold-thiol 

chemistry.[58-63]  The gold substrates employed comprised 

electrochemically deposited gold ~100 nm thick on a silicon 

wafer substrate. The substrate was characterized prior to self-

assembly of the monolayer using SEM and atomic force 60 

microscopy (AFM), (Fig.S2†) and was found to have an average 

root mean square (RMS) roughness of ~12 ± 0.3 nm.  The effect 

of surface modification on surface hydrophilicity was assessed by 

contact angle goniometry (Fig.S3†).  The bare gold surface was 

modestly hydrophobic reflected in a static water contact angle of 65 

61 ± 1°.  Following 1-octanethiol SAM formation, the water 

contact angle increased to 92 ± 2°.  This value is consistent with 

previous contact angles reported for tightly packed alkane thiol 

on gold.[64]  SH-PEG4-COOH and C-Ahx-GRGDS SAMs 

rendered the substrate hydrophilic presenting water contact 70 

angles of 21 ± 3° and 14 ± 0.9° respectively.  In contrast, mixed 

deposition SAM solutions of thiolated RGD: alkane with ratios of 

1:1, 1:5 and 1:10 exhibited water contact angles of 85 ± 5°, 95 ± 

2° and 99 ± 3° respectively.  The difference between RGD-alone 

on gold, with their ostensibly hydrophilic surfaces, and the mixed 75 

RGD alkane surface which is relatively much more hydrophobic 

may be attributed in the case of the peptide alone to a relatively 

disordered layer which is well hydrated.  The film packing is 

tighter in the case of the alkane thiol containing films making 

them relatively more hydrophobic.  This is consistent with the 80 

changes to the electroactive area of the gold with these SAMs 

described below.  In contrast, the RGD: PEG SAM deposited at  

1:1, 1:5 and 1:10 ratios were all hydrophilic with contact angles  

of 12 ± 1° and 12 ± 0.4° and 14 ± 1° respectively. 

Voltammetry was performed to confirm SAM formation on the 85 
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planar gold surfaces (Fig.S4†).  The area under the gold oxide 

reduction peak at +0.7 V decreased by approximately 85 % 

following alkane monolayer deposition corresponding to a 

reduction in the real electroactive area from 6.8x10-2 cm2 to 

9.9x10-3 cm2 after modification.  A comparable decrease was 5 

observed for the 1:1, 1:5 and 1:10 RGD: alkane ratios suggesting 

that a low defect density monolayer is formed irrespective of the 

composition once the alkane thiol is used in the deposition 

solution.   

Effect of surface modification on human platelet adhesion 10 

and morphology 

Platelets, in their resting (non-thrombotic) state maintain a 

smooth discoid shape, see Fig. 1, (i).  In contrast, activation 

triggers significant morphological change that can be 

characterized by 4 stages; dendritic (D), spread-dendritic (SD), 15 

spread (S) and fully spread (FS) and depending on the conditions 

may also include the formation of platelet aggregates.  Fig. 1, (i) 

and (ii) shows representative SEM images of platelets captured 

on the 1:1 RGD: alkane substrate at different stages of spreading.  

The SEM images presented in Fig. 2 demonstrate that the 20 

composition of the capture surface significantly affects the 

capture efficiency and the activation state of the captured 

platelets.  This effect was investigated using confocal microscopy 

by staining the platelets with TRITC-phalloidin and measuring 

the number of adhered platelets using Image J software.  25 

Significantly, the number of captured platelets and their extent of 

activation measured from SEM and confocal imaging were 

indistinguishable indicating that preparation for SEM did not 

change the platelet morphology.  A summary bar graph of platelet 

counts/cm2 versus modified surface/platelet treatment is 30 

presented in Fig. 3.  Percentage platelet adhesion is expressed in 

terms of the percentage of bound platelets compared to the 

4,500,000 platelets incubated with the substrate. 

Both (i) unmodified (bare) gold and (ii) alkane thiol only 

controls presented minimal platelet adhesion; 21,666 ± 2,886 and 35 

22,500 ± 11,456 platelets/cm2 (0.5(± 0.1)% and 0.5(± 0.3)%), 

respectively and any platelets that did bind were resting reflected 

in their spherical shape and little or no evidence for pseudopodia 

formation. 

The RGD-only modified gold showed enhanced platelet  40 

adhesion, with approximately 17 (±0.6) % of incident platelets 

retained at the surface.  The morphology of the captured platelets 

were relatively uniform with the majority in the early stage 

dentritic spreading following 45 min. incubation, Fig 2, (v).  The  

 45 

Fig. 1 Representative SEM images of platelet adhesion to planar 

gold surfaces modified with a (i) hydrophobic alkane and (ii & 

iii) a moderately hydrophilic RGD: alkane mixed monolayer 

presenting the 4 stages of platelet spreading; (i) R – resting; (ii) D 

– dendritic; SD – spread dendritic; S – spread; FS – fully-spread 50 

and (iii) a platelet aggregate is labelled as A.  4.5 x 106 washed 

platelets were incubated with the self-assembled monolayer 

modified planar gold surfaces for 45 minutes at 37°C.  Bound 

platelets were dehydrated, sputter coated and imaged using 5.00 

kV accelerating voltage in all cases. 55 

relatively high numbers of bound platelets indicates the RGD is 

acting as a generic cell adhesion ligand.[22, 65-68]   

The extent to which RGD and alkane thiol phase separate in the 

monolayers is not known but Figure 3 suggests that the capture 

efficiency does depend on the RGD: Alkane thiol ratio.  This 60 

dependence likely reflects an increase in accessibility of the 

individual RGD binding sites when diluted with alkane thiol.  

However, for the 1:10 RGD: Alkane thiol capture surface the 

capture efficiency is significantly lower than the RGD-alone 

reflecting saturation of the relatively small total number of 65 

binding sites available. 

Strikingly, as shown in Fig. 3, (ii), the gold surface modified 

with PEG-COO- alone exhibited the highest platelet adhesion at 

nearly 60%.  In contrast to the RGD-only surface the majority of 

platelets bound to the PEG-COO- substrate were activated (Fig 5, 70 

(ii)) and fully spread as shown in Fig. 2, (iv & vi).  PEG is widely 

applied to surfaces to prevent adhesion of proteins or cells.  

However, the biocompatibility of PEG has been reported to 

depend greatly on PEG chain length, density and even on the 

method of SAM formation.[59, 69, 70]  For example, human 75 

fibroblasts exhibit higher spreading when immobilized at NH2 

and COOH terminated surfaces compared to CH3 or OH surfaces, 

mid-range surface wettability.[10]   The key driver of adhesion 
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and activation here is likely to be the carboxyl terminus on the  

 
Fig. 2 SEM images of platelets adhered to (i) an unmodified 

(bare) planar gold surface and gold surfaces modified with (ii) 

alkane alone, (iii) RGD-alone and (iv) PEG-COO- alone. (v) & 5 

(vi) Magnified images illustrating the minimal spreading of 

platelets bound to an (v) RGD modified planar surface and full 

spreading of platelets bound to a (vi) PEG-COO- modified planar 

surface.  4.5 x 106 platelets were incubated with the modified 

surfaces for 45 minutes at 37°C.  Following platelet fixation, 10 

dehydration and sputter coating, images were recorded using 5.00 

kV accelerating voltage. All images are reproducible, 

representative over N=3.  

PEG. 

At physiological pH used here, this surface is expected to be 15 

anionic due to deprotonation of the carboxyl termini of the PEG 

thiols.  Such hydrophilic, negatively charged surfaces are known 

to induce platelet activation.  Although often cited to occur due to 

contact activation of factor XII the mechanism remains the topic 

of discussion.[71-74]  20 

As shown in Fig 3 and Fig. 4 (i-iii), all RGD: PEG ratios showed 

platelet adhesion comparable to PEG-COO- alone and was 

accompanied full platelet spreading in all cases: (RGD: PEG 1:1 

ratio, 58 ± 2%); RGD: PEG 1:5 ratio, 47 ± 9% and RGD: PEG 

1:10 ratio, 45 ± 3%), respectively).  This observation suggests 25 

that the anionic charge on the PEG predominantly influences 

adhesion.  This was further confirmed by examining the effect of 

an RGD competitor on platelet adhesion to the PEGylated 

surfaces vide infra. 

Effect of surface modification on platelet activation  30 

Selective actin and P-selectin staining was conducted to assess 

the activation status of the surface bound platelets.  Actin exists in 

two forms: monomeric globules referred to as G-actin and 

polymeric filaments called F-actin.  F-actin is vital for the 

morphological changes that accompany platelet activation.  F-35 

actin content increases from approximately 40% in resting 

platelets to 50 to 80% in activated platelets.[75]  Distinct actin 

filament structures can be distinguished in activated platelets: 

filopodia, lamellipodia, a contractile ring encircling degranulating 

granules and thick bundles of filaments resembling stress fibres 40 

are typical structural features.  Examples of such structures are 

presented in the supporting information (Fig.S5†).[76]  P-selectin 

is a 140 kDa transmembrane glycoprotein also referred to as 

CD62P, which is stored in α-granules in resting platelets.  CD62P 

is rapidly directed to the platelet surface and may be excreted 45 

upon activation and so is a useful marker for platelet activation.  

An example of p-selectin transport in activated platelets is 

presented in supporting information (Fig.S6†).   

Fig. 5 shows representative confocal fluorescence images of 

washed platelets captured at gold surfaces modified with (i) 50 

RGD-only and (ii) PEG-COO- only.  Consistent with the SEM, 

both unmodified (bare) gold and alkane thiol modified gold 

showed little platelet adhesion (Fig.S7†).  Platelets captured at 

the RGD only surface presented concentrated CD62P and 

phalloidin staining at the centre of the bound platelets indicating 55 

they are captured in their resting state, Fig. 5, (i).  In contrast, 

PEG-COO- adhesion presented full platelet spreading and 

activation with CD62P diffusion and relocation towards the 

periphery of the platelets, Fig. 5, (ii).  Correspondingly, 

Phalloidin staining indicated significant actin reorganization in 60 

the bound platelet with the formation of actin stress fibres.  In the 

early stages of spreading CD62P and phalloidin co-localize 

strongly as seen at the RGD-only surfaces but once 

spreading/activation occurs significant differences can be 

observed between both labelling agents for the PEG-COO- 65 

surfaces suggesting advanced activation.  The effect of surface 

composition, i.e., RGD: alkane 1:1, 1:5 and 1:10 were similar 
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results to RGD-alone (Fig.S8†) with CD62P and phalloidin staining remaining centrally located suggesting platelets are in the 

 

Fig. 3  Bar graphs presenting platelet count/cm2 versus surface modification:  (i) RGD-alone and RGD: alkane 1:1.1:5, 1:10 ratios.  (ii) 

PEG-COO- alone and RGD:PEG  1:1, 1:5 and 1:10 ratios.  Bar graphs presenting platelet count/cm2 versus platelet treatment: (iii) 5 

untreated platelets and platelets incubated with a 1 mM final concentration of Mn2+ or DTT for 2 hours or 1 U/ml thrombin for 10 

minutes at room temperature.  (iv) Untreated platelets and platelets incubated post surface binding with a 1 mM final concentration of 

PEG-COO-, RGD or the RGD containing drug, Eptifibatide for RGD or PEG-COO- SAM surfaces.  RGD peptide concentration for 

SAM formation was 1 µM in all ratio cases.  4.5 x 106 platelets were incubated with the modified surfaces for 45 minutes at 37°C.  

Representative of N=3.  10 

(i) (ii) (iii) 

(iv) 
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Fig. 4 SEM images of gold surfaces modified with RGD:PEG  (i) 1:1, (ii) 1:5, (iii) 1:10 ratios and RGD: alkane (iv) 1:1. (v) 1:5 and (vi) 

1:10 ratios.  RGD peptide concentration for SAM formation was 1 µM in all ratio cases.  4.5 x 106 platelets were incubated with the 

modified surfaces for 45 minutes at 37°C.  Following platelet fixation, dehydration and sputter coating, images were recorded using 5.00 

kV accelerating voltage. All images are reproducible, representative of N=3.  5 
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Fig.5 Confocal luminescence images of platelets bound to planar gold surfaces modified with (i) RGD-alone and (ii) PEG-COO- alone SAM surfaces and 

stained for PE-CD62P (green) and TRITC-phalloidin (red).  30 x 103± 2 x 103/µl platelets were incubated with the modified surfaces for 45 minutes at 

37°C.  Bound platelets were stained for CD62P (1/100 dilution) and phalloidin (1/100 dilution).  Luminescence images were recorded using a 40x oil 

immersion objective lens (NA 1.4) with 488 nm Argon (CD62P) and 540 nm (phalloidin) HeNe laser excitation.  All images are reproducible, 5 

representative of N=3. 

resting state.  Equally, the surface composition does not alter the 

general state of activation of the platelets on PEG-COO-

containing surfaces (Fig.S9†).  Significant CD62P diffusion 

towards the periphery of the platelets was observed with 10 

phalloidin staining presenting intense longitudinal actin stress 

fibre formation.  An RGD: PEG 1:10 ratio presented advanced 

CD62P relocation with a distinct increase in CD62P 

luminescence intensity at the platelet membrane in addition to 

actin stress fibre formation, all consistent with platelets in their 15 

activated state. 

 

 

Integrin αIIbβ3 activation by Mn2+, DTT and whole platelet 
activation by thrombin yield different effects on platelet 20 

adhesion, morphology and activation status. 

Although “inside-out” platelet integrin αIIbβ3 activation in-vivo is 

regulated by agonist-driven signalling, i.e. thrombin, platelet 

integrin αIIbβ3 can also be activated by a range of chemical stimuli 

including Mn2+ and DTT.  These chemical stimuli have been 25 

shown to induce conformational changes in the integrin resulting 

in active-like states of the protein in free solution.[46-49]  In-

vitro Mn2+ and DTT have been shown to increase integrin 

expressing cell and platelet adhesion to surfaces modified with 

physiological extra-cellular membrane (ECM) ligands fibrinogen 30 
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and fibronectin (both contain RGD sequences).[50, 51]  Given 

that RGD binding is expected to occur at the integrin RGD 

recognition sites whereas the PEG-COO- binding is expected to 

be mediated through a different mechanism, we were interested to 

compare the effect chemical and physiologic activation of the 5 

platelet on the recruitment of platelets to the different surfaces as 

a function of activator identity. 

Fig. 6, (i) and (ii) show the effect of incubating 4.5 x 106 

platelets with 1mM Mn2+ or DTT for 2 hours at room temperature 

prior to their incubation with the RGD-only modified surface.  10 

1mM concentrations of activator were used as this is consistent 

with reported values required to induce integrin conformational 

change in the platelet.[46, 53-57, 77]  It is  also important to note 

that shorter incubation times of 15 minutes with Mn2+ or DTT 

were also carried out with the same effect (Fig.S11†).    15 

The summary data, Fig. 3 shows, surprisingly, that Mn2+ has no 

effect on the platelet capture efficiency, compared with resting 

platelets while DTT induces a significant reduction in capture 

number. 

The effect of Mn2+ induced integrin activation remains 20 

controversial, [78] with reports suggesting Mn2+ is a highly 

potent effector of integrin-mediated cell adhesion at low 

micromolar concentrations,[79, 80] and that it can alter the 

conformation of the ligand-binding pocket.[79, 81]  However, 

other investigations indicate that Mn2+ does not increase the 25 

proteins binding affinity to physiological ligands, i.e. fibronectin, 

and that it decreases the initial association rates of ligand with 

integrins resulting in only partial activation.[82-84] 

The results presented here showed that even after an incubation 

time of 2 hours at room temperature, the effect of Mn2+ is weak 30 

Mn2+ treatment does not affect the platelets ability to bind to the 

modified surface in this study and contrasts to previous 

publications reporting enhanced platelet adhesion to, for example, 

fibrinogen modified surfaces following Mn2+ treatment.[50, 51, 

85]  35 

DTT is known to reduce disulfide bonds within the integrins 

cysteine-rich domain leading to global conformational changes 

within both αIIb and β3 and the opening of the RGD binding site.  

[47, 84, 86, 87]  This response reportedly increases RGD 

mediated platelet adhesion to, for example, fibronectin modified 40 

surfaces.[53, 88] Rather surprisingly, Fig. 3 and Fig 6, (ii), show 

that in contrast to their physiological ligands, DTT treatment 

significantly reduced adhesion to the RGD-only surface (8 ± 

0.9% adhesion compared to 17 % ± 0.6 without DTT activation.   

We then compared the capture of platelets that had been 45 

activated by the powerful physiological platelet activator 

Thrombin.  Thrombin, activates at least three different thrombin 

receptors on human platelets: G-protein coupled receptors PAR 1 

and PAR 4 [89] and the membrane glycoprotein GPIb [90].  In 

addition, thrombin is the final enzyme in the coagulation cascade 50 

and acts to cleave the plasma protein fibrinogen into fibrin which 

polymerizes to form a fibrous mesh, which included with the 

above receptor activation, aids the platelet activation and 

aggregation process.[91]  

Thrombin treatment induces the characteristic morphological 55 

change in platelets associated with activation, characterized by 

the loss of discoid shape and the movement of granules toward 

the platelet periphery [92, 93].  It is surprising to note that 

thrombin activation leads to a completely different response to 

DTT.  As shown in Fig. 6, (iii), and Fig 6, (vi) thrombin 60 

activation lead to increased adhesion (20 ± 0.8 %) compared to 

untreated platelet adhesion (17 ± 0.6 %).  Full platelet spreading 

(Fig.S10†) was evident and activation with CD62P diffusion and 

relocation towards the periphery of the platelets, Fig. 6, (iii) was 

observed.  Correspondingly, Phalloidin staining indicated 65 

significant actin reorganization in the bound platelet with the 

formation of actin stress fibres.  All consistent, with activation, as 

expected from thrombin activated platelets. 

   Overall, the lower numbers of platelets captured and their 

resting status after platelet treatment with DTT or Mn2+ in 70 

contrast to the number of platelets captured after thrombin 

treatment (increased adhesion to untreated platelets) suggests that 

the platelets are being activated via different processes.  DTT 

treatment has been reported to activate only the platelet integrin 

αIIbβ3[46, 47, 94], while thrombin is known to activate the whole 75 

platelet including integrin αIIbβ3.[95, 96] However, in both cases 

it is the αIIbβ3, which is the target for the RGD surface so our 

results suggest that DTT, Mn2+ and thrombin all induce different 

conformational states within the integrin.  This difference is 

likely to originate from steric factors affecting accessibility of the 80 

RGD binding pocket of the integrin as a result of different extents 

of conformational change induced by each activator.[46, 53, 94, 

97] The influence of such steric effects is likely to be exacerbated 

by the fact that the RGD ligands are immobilised within a 

relatively close packed monolayer which will reduce RGD   85 
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Fig. 6 (i-iii) Confocal luminescence images of platelets treated with (i) Mn2+, (ii) DTT (1 mM final concentration, 2 hours incubation at 

room temperature) or (iii) thrombin (1 U/ml final concentration, 10 minutes incubation at room temperature) prior to incubation with 5 

planar gold surfaces modified with an RGD SAM.  (iv & v) SEM images illustrating the morphology of platelets adhered to RGD SAM 

surfaces following treatment with a 1 mM final concentration of (iv) Mn2+, (v) DTT or (vi) Thrombin under the same conditions as the 

confocal study. α granule secretion is suggested following DTT and thrombin treatment, highlighted by the white circles in (iii) and 

suggested clearly in (vi).  4.5 x 106 platelets were incubated with the RGD SAM surfaces for 45 minutes at 37°C. Platelet fixation, 

staining, mounting, dehydration and sputter coating was carried out as described.  Luminescence images were recorded using a 40x oil 10 

immersion objective lens (NA 1.4) with 488 nm Argon (CD62P) and 540 nm (phalloidin) HeNe laser excitation.  SEM images were 

recorded using 5.00 kV accelerating voltage.  All images are reproducible, representative of N=3. 

 

accessibility compared to other surfaces, particularly those based 

on the protein receptors which contain two or three binding sites 15 

per integrin. [46, 47, 98, 99] 

Reversibility of platelet adhesion to chemically modified 

surfaces  

The reversibility of platelet adhesion was investigated by 

incubating the platelet decorated surfaces with a 1mM solution of 20 

C-Ahx-GRGDS, Eptifibatide or PEG-COO- for 15 minutes at 

37°C, presented in Fig. 3.  Incubation with RGD removed 

approximately 83% of the bound platelets from the RGD 

modified surface indicating is occurring through integrin 

recognition of the surface confined RGD sequence.  Consistent 25 

with this result, incubation with Eptifibatide, a cyclical RGD 
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containing drug and effective integrin αIIbβ3 binding inhibitor 

removed approximately 39% of the bound platelets, whereas, 

PEG-COO- failed to remove the bound platelets from the surface 

at all, Fig. 3 (Fig.S12 to Fig.S14†). 

In contrast, incubating platelets bound to a PEG-COO- 5 

modified surface with either RGD or Eptifibatide had little effect 

on the bound platelets removing only 7% and 11% of the platelets 

adhered to the surface.  While, incubating the platelets bound to 

the PEG-COO- modified surface with 1 mM PEG-COO- in PBS, 

pH 7.4 solution, removed approximately 95% of the platelets 10 

from the surface, Fig. 3 (Fig.S12 to Fig.S14†).  

Therefore platelet adhesion to both RGD and PEG-COO- 

modified substrates is easily reversed by introducing an 

appropriate competitive agent.  Reversal of cell capture at 

modified surfaces by competitive exposure to RGD ligand has 15 

been shown for cells previously[100] but this is, we believe, the 

first time it has been demonstrated for platelets.  

 

Conclusions 

Understanding and controlling platelet adhesion to surfaces is 20 

important across a range of domains including implants and 

medical devices, while intact platelet capture in which the 

activation status of the platelet is controlled may be useful in 

diagnostics.  Self-assembled monolayers of C-Ahx-GRGDS 

peptide on planar gold surfaces exhibit a strong affinity for 25 

resting human platelets and the captured platelets retain their 

resting state or very early stage spreading.  Co-adsorption of the 

RGD with a second thiol had a significant impact on platelet 

capture.  Alkane thiol alone was found to effectively inhibit 

platelet adhesion while carboxyl terminated PEG strongly 30 

promoted not just platelet adhesion but platelet spreading and 

activation.  This is attributed to the anionic charge at the carboxyl 

terminus of the PEG used in this study. And, the presence of 

PEG-COO- tended to dominate the behaviour of PEG/RGD 

surfaces whereas RGD/alkane surfaces tended to undergo RGD 35 

like capture.  Interestingly, “activating” the platelets with Mn2+ 

had little effect on adhesion of these platelets to the RGD 

modified substrates.  And, surprisingly, DTT treatment of the 

platelets significantly inhibited binding, and the small number of 

platelets that bound were resting, suggesting that platelets that 40 

were activated by DTT were not capable of binding the surface 

immobilized RGD.  Remarkably, in contrast, treatment of the 

platelets with physiological activator thrombin, both increased 

platelet adhesion at the RGD surfaces and all platelets that were 

captured were fully activated.  The origin of these differences is 45 

likely to be steric, arising from differences in the conformation of 

the platelet integrin αIIbβ3 induced by each activation approach. 

Potentially usefully, platelet adhesion to the RGD SAMs was 

reversible.  Incubation of the bound platelets with either linear or 

cyclical RGD eliminated the bound platelets (83% and 39% 50 

elimination respectively) from the surface within 15 minutes, 

regardless of their extent of spreading/activation. Platelet 

adhesion to the PEG-COO- substrate was by contrast irreversible 

with either linear or cyclic RGD (7% and 11% elimination 

respectively).   55 

Overall, the ability to reversibly control platelet adhesion and to 

selectively capture platelets in a predominantly resting or 

activated state has value across both diagnostics and in 

understanding and controlling haemocompatibility of implantable 

materials.  Future work will focus on building greater 60 

physiological relevance, evaluating these modified surfaces under 

bio-relevant flow conditions. 
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