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ABSTRACT: Ordered spherical cap gold cavity arrays with 5.4, 1.6, and 0.98 μm diameter apertures
were explored as capture surfaces for human blood platelets to investigate the impact of surface
geometry and chemical modification on platelet capture efficiency and their potential as platforms for
surface enhanced Raman spectroscopy of single platelets. The substrates were chemically modified
with single-constituent self-assembled monolayers (SAM) or mixed SAMs comprised of thiol-
functionalized arginine−glycine−aspartic acid (RGD, a platelet integrin target) with or without 1-
octanethiol (adhesion inhibitor). As expected, platelet adhesion was promoted and inhibited at RGD
and alkanethiol modified surfaces, respectively. Platelet adhesion was reversible, and binding
efficiency at the peptide modified substrates correlated inversely with pore diameter. Captured
platelets underwent morphological change on capture, the extent of which depended on the topology
of the underlying substrate. Regioselective capture of the platelets enabled study for the first time of
the surface enhanced Raman spectroscopy of single blood platelets, yielding high quality Raman
spectroscopy of individual platelets at 1.6 μm diameter pore arrays. Given the medical importance of
blood platelets across a range of diseases from cancer to psychiatric illness, such approaches to platelet capture may provide a
useful route to Raman spectroscopy for platelet related diagnostics.
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■ INTRODUCTION

Deepening our understanding of the interactions between
biological materials and solid interfaces is of key importance
across a broad range of application domains including
medicine, medical devices, implants,1 and in biosensing.2 In
blood-contacting materials, platelet−substrate interfacial inter-
actions dictate hemocompatibility where limiting platelet−
substrate interactions is crucial to the efficacy and safety of
medical device and implants.1,3 Conversely, platelets are
important diagnostic indicators of cardiovascular health,5 are
indicated as useful biomarkers for some psychiatric disorders,4

and play a critical role in cancer metastasis, e.g., through tumor
cloaking.5,6 Selective capture and analysis of single platelets is
therefore of significant interest in diagnostics. Whereas the
impact of surface topography on cultured cells has been widely
explored in tissue engineering,7−9 the effect of nano- or
microstructuring of materials on platelet adhesion has been
explored to a lesser extent. However, surface topology along
with surface chemical modification can offer useful means of
control, either promoting (for biosensing) or preventing (in
implantables) platelet adhesion.10

Blood platelets are cell fragments (1−2 μm in diameter in the
resting state) and key players in hemostasis and in thrombus
formation.11 In vivo, platelets encounter topographically and
biochemically structured interfaces when impeding blood flow
during the blood clotting process. The effect of surface
nanotopography on platelet surface binding was investigated
by Sun et al.12 who reported that platelet adhesion could be

effectively reduced at superhydrophobic nanostructured films of
poly(carbonate urethane) with a fluorinated side that had been
coated with aligned carbon nanotubes. Zhou et al.13 reported
arrays of micropillars and nanogrooved structures on silicon
wafers presenting increasing surface hydrophobicity with
decreasing structure size; the arrays displayed minimal platelet
adhesion compared with that of a flat surface. Significantly, no
coagulation and activation was observed at the nanostructured
surfaces suggesting that superhydrophobicity decreases blood
platelet adhesion, activation, and aggregation.
Kita et al.14 investigated the behavior of single platelets on

substrates stamped with collagen and fibrinogen (Fg) proteins
and found that platelets use their filopodia to sense their
environment. Furthermore, they found that on smooth regions
of the protein modified substrates platelets can span uncoated
regions as broad as 5 μm suggesting that protein distribution
itself influences platelet behavior on substrates without any
underlying topography. More recently, Sandmann et al.15

reported the effect of underlying topography and protein
availability on platelet morphology using microstructured
(PDMS) substrates with varying fractional area coverage of
Fg coating. The extent of filopodia formation was influenced by
both the availability of binding sites and the substrate’s
topography. Platelets adapted their shape to avoid topographic
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holes at the cell periphery, and the authors concluded that
platelet adhesion and morphology is governed by the interplay
between spreading to an optimized area and adaption to the
substrate topography.
Whereas most platelet interfacial studies have focused on

protein interfaces, self-assembled monolayers (SAMs) offer a
simple approach to controlling surface chemistry. For example,
SAMs which incorporate biological ligands such as peptides
have been shown to promote cell surface capture.16−19 The
tripeptide arginine−glycine−aspartic acid (RGD) sequence is
recognized by 8 out of the 24 known integrins.20−22

Consequently, RGD has been explored for cell capture across
a range of materials.23,24 Recently, for example, Yoon et al.22

demonstrated cell adhesion and detachment at gold surfaces
modified with a thiol-functionalized RGD peptide which they
investigated from the perspective of analysis and reculturing in
microfluidic systems.
We recently demonstrated for the first time the application of

peptide SAM to platelet capture at planar surfaces using single
and mixed SAMs of thiolated RGD combined with hydrophilic
and hydrophobic coadsorbates.25 Efficient platelet adhesion was
observed at RGD modified surfaces attributed to platelet
integrin recognition at these substrates. Consistent with
previous reports, increasing the hydrophobicity of the surface
by modification with alkanethiol inhibited platelet adhesion,
and the limited number of platelets that did bind remained in
their resting state.12,13 Full platelet activation accompanied by a
3-fold increase in platelet adhesion was observed at hydrophilic
PEG-COO− terminated surfaces compared that of to RGD
modified surfaces and is attributed to both the hydrophilicity
and anionic charge of the PEG-COO− terminated surfaces.
Negative charge is known to induce platelet activation.26,27

Herein, we combine RGD containing SAMs with ordered
gold (on silicon) arrays of spherical cap pores prepared with
three diameters that range across the dimensions of a spread or
resting platelet to examine the impact of surface topography on
platelet capture by the peptide. We used gold arrays because of
their useful plasmonic properties with the ultimate aim of
exploitation of the platforms as substrates for surface enhanced
Raman spectroscopy of single platelets. The arrays are either
bare, modified with integrin binding tripeptide RGD, or are
spatioselectively modified at top surface or cavity interior with
alkanethiol and/or RGD. This latter approach was taken as a
means of capturing platelets at precise locations at the
nanostructured top surface of the array or the micrometer-
dimensioned cavity interiors. We examine the effect of the
surface chemistry on platelet activation status and capture
efficiency and explore whether platelets activated by Mn2+,
DTT, or thrombin, showed inherent differences in adhesion at
these substrates as such distinctions might form the basis of
potential screening.28 Finally, we show that high quality Raman
spectra can be obtained from a single platelet for the first time,
enabled by capture at these SERS active arrays. We anticipate
that platelet capture at such SERS active arrays will open
opportunities in platelet diagnostics.

■ 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. Aqueous gold plating solution was purchased from Technic Inc.,
UK. 1-Octanethiol (C8H18S, 95%), ethanol (99%), 38% paraformalde-
hyde (PFA), tetramethylrhodamine B isothiocyanate (TRITC)-
phalloidin (λex = 540 nm), thrombin from human plasma (100 U/

mL), and Fluoroshield mounting media were purchased from Sigma,
Ireland. C-Ahx-GRGDS (C26H46N10O11SH) peptide was purchased
from Celtek Peptides, USA. Eptifibatide, (N6-(aminoiminomethyl)-
N2-(3-mercapto-1-oxopropyl-L-lysylglycyl-L-α-aspartyl-L-tryptophanyl-
L-prolyl cysteinamide, cyclic (1−6)-disulfide), was purchased from
Peptides International, USA. Peptide structure and purity was
manufacturer-guaranteed, as presented in Figures S1 and S2.
Phycoerythrin (PE) labeled mouse antihuman CD62P (λex = 488
nm) was purchased from BD Biosciences, USA.

Fabrication of Gold Cavity Arrays: 5.4, 1.6, and 0.98 μm
Diameter Size. The gold-modified silicon wafer was washed
thoroughly with water and acetone before use. Teflon tape was
wrapped around half of the gold to expose a 1 cm2 surface area. Stock
solutions (10 wt %) of commercially obtained polystyrene (PS) latex
spheres (Bangs Laboratories, USA) with average commercial
diameters of 5.43 ± 0.14, 1.73 ± 0.15, and 0.96 μm (± not
commercially disclosed) were diluted to approximately 1% solution in
water in all cases. A thin layer of the spheres was deposited on the gold
plated silicon wafers and evaporated overnight at room temperature.
The gold electrolyte solution (Technic Inc., UK) was degassed with
nitrogen for 30 min prior to deposition. A potential of −1 V (scan rate
100 mV/s) versus an Ag/AgCl (saturated KCl) electrode was applied
by a Model 660 CH instrument electrochemical workstation. The
thickness of the cavities was controlled through the amount of charge
(C) passed in the electrochemical deposition step. All arrays were
characterized by SEM, AFM, cyclic voltammetry (CV), and water
contact angle measurements.

Characterization of the Gold Cavity Arrays: 5.4, 1.6, and
0.98 μm Diameter Size. SEM imaging was carried out on a Hitachi
S3400n SEM Tungsten system instrument. All images were collected
under identical conditions employing 5.00 kV accelerating voltage.
The top and interior surface areas of the gold cavity arrays were
estimated by SEM image analysis using ImageJ software (http://rsb.
info.nih.gov/ij/). The surface area of a single cavity was calculated
using the equation for the area of a truncated sphere:

πr3 2 (1)

where r is the radius of the sphere
The number of cavities in a defined area (225 μm2 in all cases) was

calculated from the SEM image using ImageJ software. The total
interior surface area of the cavity array was determined by multiplying
the number of cavities by the surface area of a single cavity. The top
surface area, i.e., the planar interstitial surface between each pore, was
determined by subtracting the area of all cavities from the total area of
the image.

The cavity depth/film thickness (t) of the cavities was estimated
using eq 2:

= ± −t r r r( )2
pore
2 1/2

(2)

where r is the radius of the template sphere and rpore is the radius of
the electrochemically deposited sphere pore mouth (evaluated from
SEM). The choice of the sign for the term ± depends on whether the
film is grown above or below the equator of the template sphere. In all
instances here the gold depth was grown above the sphere equator.

Low accelerating voltages were used for SEM to ensure surface
features were supported by atomic force microscopy (AFM)
measurements to characterize the extreme exterior topology of the
arrays. AFM imaging was carried out using a Veeco Bioscope II
Multimode Atomic Force Microscope with a Nanoscope III controller.
Samples were imaged in tapping mode in air using a MikroMasch
Ultrasharp noncontact 15 series tip with a resonant frequency of
approximately 325 kHz and force constant of approximately 40 N/m.
All images were collected at a scan rate below 0.5 Hz and at 512
samples/line resolution. The surface roughness, height, and diameter
of the cavity arrays were characterized using AFM. The normalized
thickness (tN) values could be calculated using eq 3:

=t
t
dN (3)
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where (t) is the film thickness and (d) is the diameter of the cavity
array measured by AFM.
Whole Array Chemical Modification of the Gold Cavity

Arrays. Two thiolated species were used in this study: the platelet
integrin recognizing peptide (SH)C-Ahx-GRGDS (C26H46N10O11SH)
and 1-octanethiol (CH3(CH2)7SH). In each case, the SAMs were
prepared by immersing the gold substrate after first sonicating it for 15
min (if the PS sphere was removed) in a 1 μM solution of the thiol for
24 h at room temperature. Alternatively, mixed monolayers were
prepared by immersing the substrates in solutions of RGD/alkane at
ratios of 1:5 or 1:10 for 24 h at room temperature; the RGD
concentration for SAM 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 ratio within the resulting
SAM, for simplicity when discussing the SAMs below we describe
them in terms of their deposition solution ratios.
Spatioselective Surface Modification of the Gold Cavity

Arrays. Selectively modified arrays were prepared via a two-step
adsorption process according to a method previously reported by us
and illustrated in Scheme 1 below.29 The gold cavity arrays, prior to
removal of the PS sphere template, were immersed in a 1 μM solution
of either thiolated C-Ahx-GRGDS or alkane for 24 h at room
temperature to selectively form a SAM of that material at the top
surface of the array. Following polystyrene sphere removal via THF
immersion (30 min incubation at room temperature), the array was
then immersed in a 1 μM solution of the desired thiol (RGD or
alkane) for 24 h at room temperature. This resulted in selective
modification of the top surface and cavity interior with two different
SAMs as reported previously.26

Following each step of the procedure the modified surfaces were
characterized by SEM, AFM, CV, and water contact angle measure-
ments (video based OCA 20 Data Physics contact angle measurement
system).
Electrochemical Characterization of the Modified Gold

Cavity Arrays. To confirm the extent of surface coverage of the
SAMs, electrochemical desorption of the thiols bound to the gold
array surfaces was carried out with the modified gold array electrode in
contact with a 0.1 M solution of sulfuric acid (H2SO4). Cyclic
voltammetry of the unmodified gold array, array functionalized with
RGD alone, alkane alone, mixed monolayer RGD/alkane (1:5 and
1:10 ratios), and selectively modified gold arrays were carried out by
cycling the electrode between −1.4 and 1.5 V using a scan rate of 0.1
(V/s) on the CH Instrument Model 660 workstation.
Preparation of Washed Human Blood Platelets. RGD

mediates the attachment of numerous cell types and is the principal
integrin-binding domain present within ECM proteins such as
fibrinogen, fibronectin, vitronectin, laminin, and various colla-
gens.30−32 Thus, to eliminate any possible interferences, platelets
were washed prior to incubation with the modified surfaces.

Washed platelets (WP) were prepared from donors who gave
informed consent and declared that they were medication free for the
previous 10 days. Ethical approval was obtained from the RCSI ethics
committee. Human blood was drawn into a syringe containing acid
citrate dextrose (ACD) 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
dextrose (ACD) buffer. A 5 mL aliquot of blood was transferred to a
15 mL tube and centrifuged at 150g for 10 min 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) was added (1 μL for every mL) to prevent
platelet activation. The platelets were collected by centrifugation at
720g for 10 min. Using 500 μL of platelet buffer, the platelet layer was
carefully removed and placed in a 15 mL tube. Platelet counts were
measured using a Sysmex XE-2100 hematology analyzer (Sysmex KX
Series, SYSMEX UK LTD). Platelets were allowed sit for 1 h, and 1.8
mM CaCl2 was added to the platelets immediately before use.

Platelet Capture at Gold Cavity Arrays. The platelets were
diluted to 30 (±2) × 103/μL platelet concentration in platelet buffer.
The substrate surface area, platelet volume and concentration, and
incubation time and temperature were identical across all studies at: 1
cm2, 150 μL volume of 30 (±2) × 103/μL washed platelets (4.5 (±3)
× 106 total platelets) incubated for 45 min at 37 °C respectively.
Percentage platelet adhesion is expressed throughout in terms of the
percentage of bound platelets compared to the 4 500 000 platelets
incubated with the substrate. Data presented represents N = 3 replicate
studies.

Platelet Integrin αIIbβ3 Activation by the Chemical or
Physiological Stimuli Mn2+, DTT, or Thrombin. A toal of 4.5
(±3) × 106 platelets were incubated with 1 mM of Mn2+ or DTT for 2
h at room temperature or 1 U/mL thrombin for 10 min at room
temperature prior to their incubation with the modified surfaces at 37
°C for 45 min.

Reversibility of Platelet Binding to the Modified Surfaces.
To investigate 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 linear RGD or the cyclic
RGD peptide drug, Eptifibatide, for 15 min at 37 °C. All surfaces were
washed at least three times with platelet buffer prior to their
preparation for SEM or confocal fluorescence microscopy analysis.

Scanning Electron Microscopy (SEM) Analysis. Bound
platelets were fixed with 2.5% glutaraldehyde for 3 h at room
temperature. To dehydrate the adherent platelets for SEM imaging,
samples were dried using increasing gradients of acetone/water (10−
100%) for 15 min at room temperature. Samples were allowed to air-
dry for 2 h before sputter coating. The dehydrated platelet samples

Scheme 1. Schematic Representation of Gold Cavity Array Fabrication Using Electrochemical Deposition
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were mounted onto carbon surfaces adhered to aluminum SEM stubs.
Gold films were sputter coated over the platelet bound arrays using
argon flow, at pressures between 3 and 4 × 10−1 mBar for 2 min at a
voltage of approximately 40 mA resulting in a gold layer of
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. Live, bound

platelets were incubated with phycoerythrin (PE) labeled CD62P (PE-
CD62P, 2 mg/mL stock, 1/100 dilution) for 15 min at 37 °C.
Following incubation, CD62P stained platelets were fixed with 3.8%
PFA solution for 10 min at room temperature. For tetramethyl
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 min at room temperature. TRITC-
phalloidin (1/100 dilution) was added to the surface bound platelets
and incubated for 30 min at room temperature. All confocal samples
were mounted using Fluoroshield mounting media. Luminescence
images were recorded on a Zeiss LSM510 Meta confocal microscope
using a 40× oil immersion objective lens (NA 1.4) unless otherwise
stated. A 488 nm argon ion laser was used for PE-CD62P, and a 540
nm HeNe laser excitation was used for TRITC-phalloidin imaging. All
images for quantitative platelet adhesion measurements covered an
area of 200 × 200 μm2. Quantitative platelet adhesion measurements,
e.g., assessment of the number of platelets/cm2, were carried out using
ImageJ software (http://imagej.nih.gov/ij/); platelet adhesion (%)
was then calculated from these counts.
Raman Spectroscopy. Following platelet fixation in PFA as

described above, Raman measurements were carried out using a Peltier
cooled (−70 °C) charge coupled device (CCD) camera (255 × 1024
pixels2) attached to a HORIBA Jobin-Yvon Labram HR 1000
spectrometer coupled to a Digital Instruments Bioscope II with an
inverted microscope. Samples were excited with a 785 nm diode laser
source. The spectrometer was equipped with diffraction gratings of
600 grooves/mm, and the slit allowed the spectral resolution of 2
cm−1.
The laser spot on the sample was 1 μm in diameter. The laser

power at the sample was set to between 1 and 2 mW. Data acquisition
time in the Raman experiments was 30 s. The Raman band of a silicon
wafer at 520 cm−1 was, along with the Rayleigh line, used to calibrate
the spectrometer, and the accuracy of the spectral measurement was
estimated to be approximately 1 cm−1. Postprocessing and analysis of
spectral data acquired were carried out using LabSpec software.

■ RESULTS AND DISCUSSION
Characterization of the Gold Cavity Arrays. PS sphere

templating is a simple and flexible approach to produce highly
ordered pore arrays of different sizes and shapes.33,34 Here, the
spherical cap gold cavity arrays were prepared by electro-
chemical deposition of gold onto planar gold films (525 μm
thick) on silicon wafer through close packed monolayers of
monodisperse polystyrene colloidal particles 5.4, 1.6, and 0.98
μm in diameter size. A schematic illustrating the array
fabrication and spatioselective SAM modification is shown in
Scheme 1. For SAM assembly across the entire array, the

templating spheres are removed from the array and the array
immersed after initial sonication to ensure filling in the
deposition solution for 24 h. To prepare spatioselectively
modified arrays, following the gold electrodeposition of the
array, the substrate is immersed in a solution of adsorbate
intended for deposition the top surface (thiolated alkane or
peptide) for 24 h without prior removal of the templating PS
sphere. The retained spheres act as a mask permitting SAM
formation only at the top interstitial regions of the array.
Following this first deposition step, the PS spheres are removed
via THF immersion (30 min incubation at room temperature)
and the partially modified array as shown in Scheme 1 is then
immersed for a further 24 h in the second adsorbate which then
assembles selectively at the cavity walls. This procedure was
reported previously wherein the removal of the PS spheres by
THF does not lead to any significant modification of top
surface SAM and Raman spectroscopy confirms the sphere is
removed.29,33

Prior to SAM assembly, substrates were imaged using SEM
and AFM, which confirmed the fabrication was reproducible
leading to well-ordered, close-packed arrays across all pore
dimensions; see Table 1. SEM images of the gold cavity arrays
are presented in Figures S3 and S4, and their analysis showed
pore diameters of 5.42 ± 0.01, 1.60 ± 0.02, and 0.98 ± 0.02
μm, respectively. Correspondingly, AFM measurements pre-
sented average cavity diameters of 5.44 ± 0.17, 1.60 ± 0.13, and
0.98 ± 0.05 μm, respectively.
A normalized thickness of approximately 0.50 ± 0.19 μm was

calculated using eq 3. From SEM, thicknesses of 2.95 ± 0.01,
0.54 ± 0.02, and 0.48 ± 0.02 μm were estimated for arrays
prepared with 5.4, 1.6, and 0.98 μm cavity diameters,
respectively; see Figure S3 and Table 1. AFM data was
consistent with SEM presenting film thicknesses of 2.7 ± 0.4,
0.7 ± 0.2, and 0.4 ± 0.04 μm for the 5.4, 1.6, and 0.98 μm
cavity arrays, respectively; see Table 1.
The top and interior surface areas of the gold cavity arrays

were estimated by SEM image analysis using ImageJ software,
presented in Figure S3. The cavity wall interior and top surface
areas decrease with decreasing cavity diameter presenting
(cavity wall/top surface) 622/397 ± 49, 375/150 ± 27, and
240/15 ± 9 μm2 for the 5.4, 1.6, and 0.98 μm cavity array sizes,
respectively. The roughness of the array surfaces were
characterized using AFM (Table 1). The surface roughness
decreased with decreasing cavity size; from 673 ± 41 to 232 ±
8 nm for the 5.4−0.98 μm diameter cavity array sizes,
respectively. All surface roughness, height, and diameter AFM
measurement data are presented in Figure S5.
The effect of surface topography and chemical modification

on surface hydrophilicity was assessed by contact angle
goniometry (Figures S6−S8 and Table S1). The unmodified
gold surfaces are modestly hydrophobic, reflected in static

Table 1. AFM and SEM Measurementsa

cavity array
diameter (μm) AFM Rq* (nm)

SEM film thickness
(μm)

AFM film thickness
(μm)

AFM normalized film
thickness, tN (μm)

AFM cavity
diameter (μm)

SEM cavity
diameter (μm)

5.4 672.67 ± 41.10 2.95 ± 0.01 2.74 ± 0.38 0.50 ± 0.38 5.44 ± 0.17 5.42 ± 0.01
1.6 300 ± 48.91 0.54 ± 0.02 0.72 ± 0.15 0.45 ± 0.15 1.60 ± 0.13 1.60 ± 0.02
0.98 232.33 ± 8.14 0.48 ± 0.02 0.43 ± 0.04 0.49 ± 0.04 0.98 ± 0.05 0.98 ± 0.02

aAFM measured root mean square (RMS) roughness, Rq, averaged over the entire surface; SEM estimated film thickness of cavities from base to top
surface; average AFM measured film thickness of cavities from base to top surface; AFM normalized film thickness, tN; AFM measured average
diameter of the cavity openings; SEM measured average diameter of the cavity openings. Data are means ± standard deviation of 3 independent
measurements.
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water contact angles of 80.44 ± 6.08, 79.22 ± 3.51, and 85.62 ±
10.37° for the 5.4, 1.6, and 0.98 μm diameter arrays,
respectively. Consistent with contact angles reported previously
for tightly packed alkanethiol on gold, 1-octanethiol SAM
formation induced an increase in the water contact angle to
100.24 ± 2.11, 110.34 ± 1.79, and 97.59 ± 9.64° for the 5.4,
1.6, and 0.98 μm diameter arrays respectively,.35

C-Ahx-GRGDS SAMs at the 5.4 μm diameter cavity arrays
rendered the substrates hydrophilic, reflected in a water contact
angle of 60.95 ± 1.58°. Interestingly, C-Ahx-GRGDS
modification to the two smaller diameter arrays did not
significantly affect water contact angles which were measured as
98.07 ± 3.41 and 98.90 ± 2.21° for the 1.6 and 0.98 μm
diameter cavity arrays, respectively. We recently reported that
C-Ahx-GRGDS SAMs on planar gold were highly hydrophilic,
generating a significant decrease in water contact angle from 61
± 1° (bare planar gold) to 14 ± 0.9° (RGD SAM modified
planar gold).25 The anomalous contact angles observed here
have been noted previously in analogous hydrophilic gold
cavity array substrates and are due to the poor wettability of the
cavity arrays with smaller diameter pores due to their poor
filling. Correspondingly, we have shown that aqueous filling of
hydrophilic pore arrays of similar dimensions requires
sonication of the substrate in aqueous media.36

Mixed SAM deposition solutions containing thiolated RGD/
octanethiol at ratios of 1:5 and 1:10 and the selective
modification of the array surface with RGD at the top surface
and alkane on the cavity walls and vice versa produced contact
angles comparable to alkane alone (>90° in all cases).
Octanethiol was used as a coadsorbate to ensure steric

availability of the RGD ligand for platelet adhesion when
coadsorbed as it is shorter than the thio-RGD. Octanethiol is a
midlength alkanethiol which is expected to exhibit high stability
and good lateral packing preventing coadsorption or displace-
ment when stepwise assembly is carried out.37 This was
confirmed by CV which was performed to monitor changes to
the electroactive area of the cavity array on SAM formation
(Figures S9−S11). In voltammetric studies, the cavity array was
used as the working electrode, and the area under the gold
oxide reduction peak at +0.7 V was used to estimate the
electroactive areas of the substrate. These were determined as

2.80 × 10−2, 4.11, and 8.70 cm2 for the 0.98, 1.6, and 5.4 μm
diameter cavity arrays, respectively.
As expected, the area under the gold oxide reduction peak

decreased following SAM modification across all three cavity
array surfaces. For example, for the 5.4 μm diameter cavity
array, following alkane monolayer assembly the electroactive
area decreased from 2.8 × 10−1 to 2.7 × 10−2 cm2, i.e., by >90%.
Similar decreases in the electroactive area of the arrays were
observed for the selectively modified surfaces (i.e., alkane at the
top surface and RGD on the cavity wall and vice versa) and 1:5
and 1:10 RGD/alkane ratios confirming in all cases that a low
defect density monolayer is formed irrespective of the SAM
composition. Furthermore, a reductive peak at a potential of
approximately −1.1 V, which is characteristic of thiol
desorption from a gold surface, was observed for all monolayer
modified gold cavity array surfaces, confirming successful thiol
binding to gold. Overall, voltammetry indicates, consistent with
previous reports, that the thiolated SAMs are stable toward the
conditions used for THF removal of the PS.29,33 Additionally,
the voltammetrically determined electroactive areas indicate
that the spatioselective SAM formation has occurred. Whereas
backfilling of the RGD modified surface is likely by the
alkanethiol during spatioselective modification, given the high
surface coverage of the RGD SAM evident from voltammetry it
is unlikely, as reported previously, to impact the plaletet
binding affinity and indeed this is borne out in our studies
here.38

Effects of Single-Constituent Self-Assembled Mono-
layer Surface Chemistry and Geometry on Platelet
Adhesion, Morphology, and Activation. Morphological
markers of platelet activation; loss of discoid shape, granule
transport toward the platelet periphery and reorganization of
actin occur following thrombin activation.39 Using these
changes as markers from SEM (an SEM image representing
all stages of platelet spreading is shown in Figure S12)25 and
fluorescence imaging (P-selectin (CD62-P) granule and actin
(phalloidin) reference image shown in Figure S13), the
activation status of platelets following adhesion to the modified
surfaces across the three cavity diameter array sizes was
assessed. Importantly, across all of the studies, the number of
captured platelets and their extent of activation as measured by

Figure 1. (A) Confocal luminescence images and SEM images of platelets bound to (top) 5.4, (middle) 1.6, and (bottom) 0.98 μm diameter cavity
arrays modified with RGD alone and stained for PE-CD62P (green, 1/100 dilution) and TRITC-phalloidin (red, 1/100 dilution). RGD
concentration for SAM formation was 1 μM. Luminescence images were recorded using a 40× oil 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. (B) Bar graphs
presenting platelets adhered (%) versus surface modification; 4.5 × 106 platelets were incubated with the modified surfaces for 45 min at 37 °C.
Representative of N = 3.
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SEM and confocal were consistent indicating that sample
preparation for SEM did not alter the platelet morphology.
Platelet capture at control cavity array surfaces, either

unmodified (bare) gold or alkanethiol modified cavity array
surfaces are shown in Figures S14 and S15. In both cases, only
0.5−1.5% adhesion of total platelet number exposed was
observed across any of the three cavity array aperture diameters.
Any platelets that did bind to the control surfaces were resting,
reflected in their spherical shape, absence of pseudopodia
formation, and centrally concentrated CD62P (green) and
phalloidin (red) staining in confocal fluorescence imaging
(Figure S15).
Figure 1A shows representative fluorescence and SEM

images of platelets captured at each of the three gold arrays
dimensions in which the entire surface is modified with a self-
assembled thiolated RGD monolayer. A summary bar graph
showing platelet adhesion (%) versus surface modification is
presented in Figure 1B. RGD is an effective generic cell
adhesion ligand recognized by integrin.40 And correspondingly,
modification of the array with this peptide dramatically
enhanced platelet adhesion compared to the controls. However,
notably, the extent of capture was strongly dependent on the
dimensions of the cavity aperture wherein approximately 84,
35, and 25% of incident platelets were retained at the 5.4, 1.6,
and 0.98 μm diameter array surfaces, respectively. Platelets
captured at the 5.4 μm aperture pores, shown in Figure 1A,
were captured essentially exclusively at the interior of the pore
and at a rate of one platelet per pore. The captured platelets
appear to be partially activated as they exhibit dendritic or
spread dendritic morphology and release of granules, for some
of the platelets adhered at the 5.4 μm cavity arrays, thought to
be the small spherical structures seen for example in Figure 1A.
α-Granules have a reported size range of ∼200−500 nm, a size
consistent with the structures seen here, and these spheroids
were only observed at platelets captured at the 5.4 μm diameter
aperture pores.
The platelet capture rate at the 1.6 μm diameter cavity array

was less than half that at the 5.4 μm diameter surfaces but
nonetheless capture rate was high and single platelets were
reproducibly captured at single cavities, rather like eggs in egg

cups (Figures 1A and S16). The capture rate was lowest for the
0.98 μm diameter array surfaces and captured platelets, because
of the small pore size, tended to be captured across several
pores. Although clearly dendritic, platelet spreading was
hindered at both 1.6 and 0.98 μm. Evidently the platelet does
not like to bend across the corners in these substrates, and
instead, filopodial elongation occurred. For the 1.6 μm array,
the filopodia tended to extend and curl around the interior of
adjacent pores and along the top surface, whereas for the 0.98
μm array, the filopodia extended along the planar top surface of
the array (Figure 1A). Therefore, the surface topology of the
spherical cavity arrays appears to bear a profound influence on
the platelet capture rate as well as on the resulting morphology
of the captured cell. Fluorescence imaging, shown to the left of
the SEM images indicates that the platelets captured at the
smaller cavity aperture arrays (1.6 and 0.98 μm) remained in a
resting state, indicated by the centrally concentrated CD62P
(green) and phalloidin (red) staining of the bound platelets
shown in Figure 1A. Representative larger scale images
highlighting the reproducibility of these studies are presented
in Figure S17.

Reversibility of Platelet Adhesion. To gain insight into
the origin of the platelet-surface interactions and because in
diagnostics applications it may be valuable to be able to clear
the surface, for example, for reuse, the reversibility of platelet
adhesion was investigated. The impact of incubating the platelet
decorated surfaces described above with a 1 mM solution of
linear peptide, C-Ahx-GRGDS or cyclical peptide drug,
Eptifibatide, for 15 min at 37 °C is presented in Figures
S18−S20. It was found that platelet adhesion to the RGD
modified substrates was reversed by introducing these peptides.
Incubation with linear RGD removed approximately 99% of the
bound platelets from the RGD modified surface, across all
cavity diameter arrays (Figure 1B). Eptifibatide, a cyclical RGD
containing drug and effective integrin αIIbβ3 binding inhibitor,
similarly removed approximately 98% of bound platelets from
the surface (Figure 1B). Significantly, incubation of the platelet
decorated surface with PBS buffer solution alone had no impact
on platelets adhered to the RGD modified surfaces; see Figure
S21. Combined, the results indicate that platelet adhesion is

Figure 2. Confocal luminescence images and SEM images of platelets bound to (top) 5.4, (middle) 1.6, and (bottom) 0.98 μm diameter cavity
arrays modified with (A) RGD/alkane 1:5 ratio and (B) RGD/alkane 1:10 ratio and stained for PE-CD62P (green, 1/100 dilution) and TRITC-
phalloidin (red, 1/100 dilution). RGD concentration for SAM formation was 1 μM in all cases. Luminescence images were recorded using a 40× oil
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. Representative of N = 3.
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occurring through integrin recognition at the RGD sequence
and that the surfaces can be cleared of platelets relatively readily
through displacement of the RGD at the surface by the solution
peptide which competes with the surface for integrin binding.
Effect of Mixed Monolayer Surface Chemistry on

Platelet Capture and Morphology: RGD/Alkane Mixed
SAM Substrates. We reported recently that platelet capture
efficiency depends on surface chemistry at planar modified gold
surfaces.25 In that study, enhanced platelet adhesion was
observed by mixing alkane with RGD at ratios of 1:1 and 1:5
RGD/alkane ratios compared to RGD alone. This we attributed
to increasing steric accessibility of the individual RGD binding
sites when diluted with alkanethiol. While platelet capture
decreased at a 1:10 RGD/alkanethiol, reflecting a reduction in
the number of available RGD binding sites.
Interestingly, conversely on the structured surfaces mixed

monolayers of both 1:5 or 1:10 RGD/alkanethiol significantly
reduced the capture efficiency compared with the RGD-alone
modified substrates reflected in the bar chart in Figure 1B. We
speculate an interplay of surface chemistry and geometry in this
case, attributed to the influence of the alkane containing
monolayer on the hydrophobicity of the interface which may
reduce the ability of the porous interface to fill in aqueous
media. Furthermore, as shown in Figure 2, platelets captured at
RGD/alkane mixed monolayers appeared to be completely

resting, with less dendritic morphology evident than that
observed for platelets captured at RGD-only surfaces. This is
particularly evident at the 5.4 μm diameter arrays. Correspond-
ingly, fluorescence imaging shows the platelets are spherical in
shape with centrally concentrated CD62P (green) and
phalloidin (red) staining (Figure 2A,B).

Effect of Selective Surface Modification on Platelet
Capture and Morphology. To understand if we could
impose spatial control over captured platelets to capture them
selectively at the exterior of the array or the cavity interior, we
selectively modified each surface with either RGD peptide or
alkanethiol SAMs using a two-step templated adsorption
process described previously, according to Scheme 1.33 For
5.4 μm diameter arrays, selectively modifying the exterior
surface with RGD and inner cavity walls with alkanethiol
resulted in an 80% decrease in platelet adhesion compared to
the RGD-only modified surface (Figure 3A). As shown in
Figure 3B the platelets captured were confined solely to the top
surface of the array and bound there with minimal spreading
and minimal filapodia extension. Interestingly, however, when
the space was available, e.g., at local planar defects formed
where a templating sphere had failed to stick, platelets bound
and fully spread; an example is shown in Figure S22. For the 5.4
μm diameter pore substrates in the reverse configuration, i.e.,
where the top surface was modified with alkanethiol and the

Figure 3. (A) Bar graphs presenting platelets adhered (%) versus selective surface modification; 4.5 × 106 platelets were incubated with the modified
surfaces for 45 min at 37 °C. (B and C) Confocal luminescence images and SEM images of platelets bound to (top) 5.4, (middle) 1.6, and (bottom)
0.98 μm diameter cavity arrays modified where (B) RGD is at the top surface and alkane on the cavity walls and (C) alkane is at the top surface and
RGD on the cavity walls. RGD is C-Ahx-GRGDS, and alkane is 1-octanethiol. Platelets were stained for PE-CD62P (green, 1/100 dilution) and
TRITC-phalloidin (red, 1/100 dilution). RGD concentration for SAM formation was 1 μM in all cases. Luminescence images were recorded using a
40× oil 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. Representative of N = 3.
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cavity walls with RGD, a large decrease in platelet adhesion was
also observed compared to the fully coated RGD surface alone
(72% decrease; Figure 3A). This decrease in coverage was
surprising as for the fully RGD coated substrates of the same
dimensions the platelets are captured almost exclusively within
the pores. The observation suggests the top surface plays a role
in binding, possibly in initial capture before the platelet
migrates to the surface it can expand into the cavity.
Furthermore, remarkably, in contrast to whole array RGD
modified 5.4 μm diameter pore substrates, captured platelets at
selectively modified 5.4 μm diameter pore substrates were
consistently fully spread to coat the full interior of the cavity
(Figure 3C). By contrast, selective modification of the 1.6 and
0.98 μm diameter array top surface with RGD and alkane on
the cavity walls presented comparable platelet adhesion levels
to the fully RGD modified surfaces of the same dimensions

(Figure 3A), whereas coating the cavity walls with RGD and
the top surface with alkane decreased the platelet count by
approximately 68 and 87% for the 1.6 and 0.98 μm diameter
arrays, respectively, compared to that of RGD-only modified
surfaces (Figure 3A).
These results indicate that in the two smaller pore

dimensions the cavity surface is not participating significantly
in the capture of the platelets. This is consistent with the
relative dimensions of the platelet and cavity as platelets
typically range between 1.5 and 3 μm in diameter in the
nonspread state and so are typically too large to penetrate
deeply into the cavity of the 1.6 and 0.98 μm diameter arrays,
so poor fluid filling of the smaller cavities may also play a role.
The data may also suggest that platelets are only capable of
binding to surfaces of low curvature, i.e., that they do not bend
around the smaller pore substrates to occupy the cavity.

Figure 4. (A) Bar graphs presenting platelets adhered (%) versus selective surface modification; 4.5 × 106 platelets were incubated with the modified
surfaces for 45 min at 37 °C. (B−D) Confocal luminescence images and SEM images of platelets bound to (top) 5.4, (middle) 1.6, and (bottom)
0.98 μm diameter cavity arrays modified with C-Ahx-GRGDS where platelets were treated with (B) 1 mM Mn2+, (C) 1 mM DTT for 2 h at room
temperature, or (D) thrombin (1 U/mL final concentration) for 10 min at room temperature prior to incubation with the array surface. Platelets
were stained for PE-CD62P (green, 1/100 dilution) and TRITC-phalloidin (red, 1/100 dilution). RGD concentration for SAM formation was 1 μM
in all cases. Luminescence images were recorded using a 40× oil 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. Representative of N = 3.
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Interestingly, though for the RGD top-surface modified 1.6
diameter arrays, as for the fully RGD modified surface, the
platelets were captured sitting egg-in-egg-cup style over single
pores, with the same adhesion levels in each case (Figure
3B,C). Although the platelet does not adhere to the interior of
the highly curved 1.6 and 0.98 μm diameter pores, it does in the
case of the 1.6 μm pores extend filopodia around the cavity
interior when they are RGD modified, but this does not occur
at the 0.98 μm diameter pores, suggesting there is a limit in
terms of surface curvature over which the pseudopodia will
extend (Figure 3B,C). Filopodia are integrin rich regions of the
platelet, so as expected, these are seen and extended only when
the surface area available for their extension is RGD modified.
For platelets captured across the smaller diameter selectively

modified arrays, fluorescence imaging, shown in representative
images in Figure 3, reveals that CD62P and phalloidin
colocalize centrally in adhered platelets, suggesting platelets
are in a resting or early stage of activation. Interestingly the
staining of platelets fully spread inside the 5.4 μm diameter
pore arrays presents an unusual pattern of CD62P and
phalloidin. Staining appears to be concentrated centrally and
at the edges of the platelets. This pattern reflects metal surface
fluorescence enhancement arising from the underlying gold
cavity interior rather than the distribution of stain, in particular,
a significant increase in fluorescence intensity around the rim of
the cavity is likely to arise from plasmonic enhancement
there.33,41,42 Representative larger scale SEM images high-
lighting the reproducibility of these studies are presented in
Figure S22.
Effect of Platelet Chemical and Physiological Activa-

tion on Platelet Capture, Morphology, and Activation:
Mn2+, DTT, or Thrombin. In the preceding experiments,
platelets were incubated with the modified cavity array surfaces
in their resting state. Focusing just on arrays fully modified with
RGD, we were interested to see if the activation status of the
platelets impacted capture efficiency and the morphology of the
captured platelets and also whether integrin-only (chemical
stimuli Mn2+ and DTT) versus whole platelet (physiological
activator thrombin) activation affects these parameters.
Herein, platelets were treated with the activating agent

following literature protocols,43−45 by incubating 4.5 × 106

platelets with either 1 mM Mn2+ or DTT for 2 h at room
temperature prior to their incubation with the RGD modified
array. The effect of this treatment on platelet capture is
reflected in the representative images shown in Figure 4B,C.
For Mn2+ treated platelets, a 66% reduction in platelet binding
was observed at the 5.4 μm cavity surface, compared to capture
of untreated platelets at the same surfaces. There was no
significant change in extent of platelet capture at the 1.6 μm
surface, whereas an 11% decrease in platelet adhesion count
was observed at the 0.98 μm surfaces (Figure 4A). Notably,
there was no change to the morphology of the captured
platelets compared to untreated platelets (Figure 1) following
Mn2+ treatment (Figure 4B).
DTT treatment of the platelets prior to surface exposure

reduced platelet adhesion further, by 83, 41, and 37% at the 5.4,
1.6, and 0.98 μm diameter RGD modified arrays respectively
compared to that of untreated platelet capture at the same
arrays (Figure 4A). In addition, the extensive platelet spreading
observed when resting platelets were incubated with fully
surface coated RGD arrays of 5.4 μm array is not observed for
DTT treated platelets (Figure 4C); instead, the platelets are
mainly captured in the spread dendritic state.

Finally, focusing on the 1.6 μm diameter pore array as
substrate, we examined adhesion of platelets which had been
activated with thrombin. Thrombin is a powerful physiological
platelet agonist that promotes platelet activation and
aggregation via activation of at least three different thrombin
receptors on human platelets.46 Thrombin treatment induces
the characteristic morphological change in platelets associated
with activation, characterized by the loss of discoid shape and
the movement of granules toward the platelet periphery.
Platelets were incubated for 10 min at room temperature

with thrombin prior to their exposure to the modified surfaces.
Platelet binding to the 1.6 μm diameter pore array was 39%
lower than for resting platelets (Figure 4). The extent of
capture was approximately the same for thrombin and DTT
treated platelets.
The decreased capture observed for platelets following

treatment with activators DTT and Mn2+ or agonist thrombin
was somewhat unexpected, as generally, the affinity for the
integrin is are expected to increase on activation.47,48 Although
at high DTT concentration fibrinogen binding has been
reported to decrease, this can be attributed to loss of the
native tertiary structure of integrin due to extensive reduction
of disulfide bridges.44,49 We and others have observed
previously that ex vivo integrin affinity for fibrinogen or RGD
peptides increases with DTT treatment, but consistent with this
study, we observed that platelet affinity is reduced on DTT
treatment when RGD is immobilized at planar substrates. In
both cases it is likely that the surface confinement of the RGD
plays a role in limiting steric availability of this ligand, since the
RGD ligands are immobilized within a close packed monolayer.
We speculate therefore that integrin activation causes
conformational changes in this protein which reduces its
affinity for surface-bound ligand interactions because of steric
constraints.
In contrast to captured Mn2+ or DTT treated platelets which

were found to be resting, platelets captured following thrombin
treatment were very evidently activated. Fluorescence imaging
showed CD62P diffusion and relocation toward the periphery
of the platelets and phalloidin staining showed significant actin
reorganization in the bound platelet with the formation of actin
stress fibers (Figure 4D). Overall, the results suggest that in all
cases the surfaces show strong selectivity for capture of resting
platelets, particularly in the case of the 5.4 μm diameter pore
array. Representative larger scale SEM images highlighting the
reproducibility of these studies are presented in Figure S23.

Surface-Enhanced Raman Spectroscopy (SERS) for
Platelet Analysis. In spite of their diagnostic potential, there
have been few reports of Raman studies of human platelets to
date.50,51 In contrast to whole cells,52,53 there have been no
reports of Raman spectroscopy of single platelets. This is likely
due to the difficulties in acquisition of platelet Raman spectra
due to their small size, interference under visible excitation
wavelengths from autoflourescence, and, in particular, the
resonant enhancement of carotenoids which are highly
prevalent in platelet membranes.54,55 Raman signal intensity
can be improved through plasmonic enhancement of Raman
signal in surface-enhanced Raman spectroscopy (SERS) which
has been widely reported for whole single cells.54,56,57 However,
SERS spectroscopy of human blood platelets has not been
reported. Lithographically prepared cavity arrays have been
widely shown to be effective and reproducible substrates for
SERS enhancement with plasmonic enhancement occurring
around the rim and base of the cavity.33,34 The 1.6 um arrays
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were selected here to explore platelet SERS as the dimensions
of the 5.4 um diameter cavity arrays are too large to provide
good SERS enhancement under the excitation wavelength used
here and the 0.98 um array showed the lowest capture rate.
Figure 5 (top) shows a representative white light image of a

1.6 μm diameter RGD modified array demonstrating that

adhered platelets are easily distinguishable from the cavity array
surface under white light illumination by their autofluorescence.
Using this image to locate adhered platelets, we were able to
obtain high quality Raman spectra from individual platelets
captured across the array. Figure 5e shows a representative
example of the SERS spectrum from the platelet shown under
785 nm excitation.

Raman measurements were notably reproducible, taken from
a single donor but carried out on multiple platelets across
multiple arrays; see Figure S24. Notable protein modes can be
identified in the SERS spectrum including vibrations attributed
to cysteine at approximately 445 cm−1 (S−S region) and 501
cm−1 (gauche−gauche−gauche cysteine isomer). A tyrosine
vibration association is suggested at approximately 767 cm−1.
Features around 615, 1612, and 1000 cm−1 are attributed to
phenylamine, and the band at 904 cm−1 is attributed to a (Cα−
C−N) peptide stretch. Underlying shoulders around 850 cm−1

and the feature at 1201 cm−1 are attributed to tyrosine.
Tryptophan and histidine bands are observed at 1358 and 1579
cm−1. In-plane ring vibrations are indicated at 1150 and 1301
cm−1. Amide III vibrations are present at 1238 and 1358 cm−1.
The vibrational band located at 1481 cm−1 is attributed to C−
H deformation mode principally from lipid. The broad amide I
band is relatively weak in the SERS spectrum but is evident at
approximately 1664 cm−1. Although platelets do not contain
nuclei, they contain mitochondrial DNA,58 and the relatively
intense bands at 1578, 1238, and 733 cm−1 are tentatively
attributed to nucleic acid residues. A number of modes
attributed to carbohydrate are observed around 400−450
cm−1 and at 1103 cm−1. The features observed are consistent
with single cell Raman spectra and for Raman of platelet
ensembles reported previously.59,60

For comparison, Figure 5D shows the SERS spectrum for the
C-Ahx-GRGDS modified array in the absence of platelet
adhesion confirming that the platelet spectroscopy is distinctive
from the RGD capture surface. A range of features attributed to
the peptide are identified: 634 cm−1 (C−S vibrations/COO−

wagging), 804 and 838 cm−1 (serine associated in phase (C−
C−O) stretches of primary alcohol functions and (C−N)
stretches of amines), 991 cm−1 (Cα−C−N peptide bond),
1047 and 1553 cm−1 (NH2 rocking), 1160 cm−1 (NH2
rocking/twisting), 1230 cm−1 (Amide III), 1311 cm−1 (CH2
deformation), and 1360 cm−1 (COO−).61,62 The feature at 451
cm−1 is tentatively attributed to Au−S vibrations from the
bound terminus of the peptide.
Figure 5A−C presents the Raman control spectra, collected

under 785 nm excitation of a 1.6 μm diameter gold cavity array
(A) unmodified, (B) 3.8% PFA solution on an unmodified 1.6
μm diameter gold cavity array, and (C) a single platelet
captured at a C-Ahx-GRGDS SAM modified planar gold
surface following incubation with 3.8% PFA for 15 min at room
temperature and washed gently with PBS (× 3) prior to Raman
measurements. The platelet was captured as described
previously from 4.7 × 106 washed platelets incubated with
the modified surface for 45 min at 37 °C, fixed with 3.8% PFA
for 15 min at room temperature, and washed gently with PBS
prior to Raman measurements. PFA was chosen due to its
reported minimal impact on the Raman spectra of biological
samples.63,64 Meade et al.63 report the following PFA Raman
peak associations: 874−908 cm−1 (CH2 twist), 1043 cm

−1 (C−
O), 1249 cm−1 (O−H deformation), and 1491 cm−1 (CH2
deformation). Correspondingly, PFA fixation, in this study, did
not produce any significant Raman signals.
As shown in Figure 5C, a single platelet captured under

analogous conditions at a smooth gold surface or multiple
platelets bound to a glass surface (Figure S25) exhibited
exceedingly weak Raman spectra or in the case of glass no
distinguishable spectrum against the glass background. This
indicates, as expected, that the spectra observed at the cavity
array are surface-enhanced. The quality of the platelet Raman

Figure 5. (top) White light microscopy image (255 × 1024 pixels) of
PFA-fixed platelets bound to a 1.6 μm diameter cavity array
demonstrating that platelets (examples circled white) are distinguish-
able from the cavity array; 4.5 × 106 washed platelets were incubated
with the modified surfaces for 45 min at 37 °C and fixed with 3.8%
PFA. Image was obtained using a 100× objective lens. (bottom)
Raman spectra of (A) bare gold array, (B) gold array following 3.8%
PFA incubation at room temperature, (C) a single platelet captured at
RGD monolayer modified planar gold, (D) RGD monolayer modified
gold cavity array alone, and (E) a single platelet adhered across a single
cavity of the 1.6 μm diameter array (C-Ahx-GRGDS SAM across the
whole array); 785 nm laser excitation and 30 s exposure time was used
in all cases. This data is reproducible with N = 3.
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observed here are speculated to be enhanced by the capture of
the platelets at the entrance of the 1.6 um pores which ensure
the platelet is coincident at the rim of the cavity where the
plasmonic field is expected to be strong under normal
incidence. The predictable capture of single platelets at this
position is reflected in the reproducibility of the resulting
Raman signals across multiple platelets and also indicates,
consistent with SEM and microscopy that the platelets
activation status is similar across all captured platelets.
As over 50% of the protein content on a platelet surface is

expected to be integrin and this content varies depending on
the activation status of the integrin, it is anticipated that SERS
may be a useful marker of platelet activation and potentially of
thrombotic status. This preliminary data suggest that this
platform may be a useful tool for platelet capture, and future
work will focus on advancing these studies.

■ CONCLUSIONS
This work suggests that platelet adhesion to gold spherical cap
arrays is influenced by both surface chemistry and the
dimensions of the cavities, that combining peptide monolayers
with controlled surface curvature can promote or prevent
platelet adhesion, and that platelets can be further selectively
captured based on activation status. Usefully, we found that
RGD surface platelet binding is reversible under application of
an RGD containing ligand with higher platelet affinity. The
ability to selectively capture platelets of particular size or
morphology may be attractive, as there are a range of disease
states which affect these parameters directly and combined with
single platelet Raman analysis this approach may provide a
convenient route to diagnosis. Future work will focus on
evaluating these modified surfaces for use with whole blood and
under biorelevant and flow conditions.
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