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A B S T R A C T   

Miniaturization of the sensor active areas to length scales of the order of the analyte has been sought as means to 
reduce device footprints, and to capitalize on the novel optical and electronic enhancements that arise at this 
scale. However, little is known on what to expect of the sensor behaviour if the sensor footprints are shrunk to the 
dimensions of the order of analyte themselves. Our results demonstrate the densities and kinetics of adsorption of 
analyte to significantly increase with decrease in the sensor footprints to dimensions of the order of few multiples 
of analyte dimensions. Such increase is found to be generic, irrespective of the nature of interactions that drive 
adsorption, exhibiting qualitative similarity for electrostatic adsorption of nanoparticles, chemisorption of pri
mary oligonucleotides, or complementary base pairing with target nucleotides. The carryover of these benefits 
onto a macroscopic sensor however requires high density nanopatterns exhibiting significant fill factors withtout 
compromising inter-feature isolation. The impact of feature dimensions, pattern fill factors, analyte concentra
tions, presence of convective flow, or the density of receptors are investigated using quantitative and real-time 
measurements of the nanostructure-analyte interactions using nanopatterned QCM sensors. The results indicate 
significant opportunities for rational design of nanopatterned macroscopic sensors, as well as nanoscopic sensors 
with sensor active areas of the order of analyte dimensions, e.g., electromagnetic hot-spots, or nanowire sensors.   

1. Introduction 

Spatial confinement of adsorption processes to tiny spaces of the 
order of few multiples of adsorbate dimensions is naturally encountered 
in sensing devices that deploy nanoscale components, e.g. transport via 
nanopores, [1] adsorption into metallic nanogaps that act as electro
magnetic hot-spots, [2] or adsorption to nanowires in electronic sensors. 
[3] The dimensionality of the adsorption features have been theoreti
cally been shown to impact the outcome of adsorption. [4] 
Zero-dimensional (0D) features were found to enhance sensitivity and 
response time as compared to 1D or 2D features. [3] Sutherland et al. 
showed an increase in the density of adsorption of laminin to antibody 
functionalized binary nanopatterns of circular features with feature 
width of 124 nm obtained by colloidal lithography. The study attributed 
the outcome to potential impact of nanopatches towards enhancing the 
availability of laminin binding regions, and reduced degree of protein 

denaturation. [5] Valsesia et al. produced a binary pattern of COOH 
nanodomes in a poly(ethylene oxide) anti-fouling matrix at different 
lattice constant and nanofeature diameter while keeping the surface 
area constant at 5%. The immobilization of receptor antibodies 
human-IgG was followed by Fab specific anti-human IgG. Although the 
study has shown improvements in terms of limit of detection (LoD) and 
antibody binding activity on nanopatterned surface, it is unclear 
whether the observed effects could be traced back to the geometric 
parameters. [6,7] In the same year, Krishnamoorthy et al. showed sto
chastic arrangement of mercaptohexadecanoic acid nanopatches 
(fouling) in ethylene glycol matrix (anti-fouling) with the fouling areas 
reaching around 10% of total surface. They found that the nano
patterned substrate increased the antigen binding capacity (ABC) by 
inducing a favourable antibody orientation. Their investigations showed 
an increase of 120% in ABC of confining nanopatterned interface as 
compared to unpatterned counterparts. [8] More recently, Sp̌acǩová 
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et al. systematically studied the nanopatterns performance with the 
perspective of improving mass transport efficiency in SPR biosensors. 
[9] A combination of theoretical modelling as well as empirical evi
dences, led to the conclusion that limiting the adsorption areas to just 
few isolated features helps to enhance analyte mass transport to the 
sensor surface. [9] A theoretical model from Lynn et al. disclosed the 
advantages of rationally designing nanopatterned interface to maximise 
surface-analyte interactions from the analyte transport point of view. 
Although small nanofeature dimensions and low fill factors have been 
found to provide the best performance in terms of analyte flux towards 
sensing regions, they would also reduce the global surface densities, 
rendering signal transduction a challenge for sensors with macroscopic 
footprints. [10] Interestingly, in a recent instance different from bio
sensing context, the spatially confined adsorption to nanoscale catalysts 
was found to enhance the performance in hydrogen gas sensing. [11] 
Despite these earlier investigations, there are significant gaps in exper
imental understanding of the impact of confining adsorption events to 
lengthscale of few multiples of the adsorbate dimensions, with regards, 
the degree of confinement, effect of fill factors, and the presence of 
microfluidic flow on the adsorption outcomes. It is also unclear if the 
impact of the nanopattern would be dependent on the nature of 
adsorption, or the type of adsorbate. 

In the current work we investigate the impact of nanopattern 
adsorption on two different adsorbates, viz. gold nanoparticles (AuNPs) 
and oligonucleotides. The comparable dimensions of AuNPs with single 
strand oligonucleotides makes them a simplistic physical model to study 
the adsorption process. [12] Understanding the nanopatterned attach
ment of nanoparticles to the surface is also attractive due to the elec
tronic, optical and catalytic properties of the resulting assemblies, that 
can be leveraged to improve performance in different applications, e.g., 
flash memories, catalysts, plasmon-enhanced spectroscopic sensing of 
molecular analytes. Metal nanoparticles assemblies have also been 
successfully employed as tags in colorimetric, spectroscopic bioassays as 
well as enablers to enhance signal to noise ratio in mass [13] or 
refractive index sensors. [14] A rational understanding of the impact of 
nanopattern geometry on the NPs adsorption would benefit 
outcome-driven design of high performing sensors. [15,16] Addition
ally, gold nanoparticles offer the advantage of being easily characterized 
using electron or scanning probe microscope. To the best of our 
knowledge, there has been no investigations in literature addressing the 
impact of nanopattern characteristics on the outcome of nanoparticle 
assemblies, and their comparison with biomolecular adsorption in a 
manner that isolates and addresses the impact of the different contrib
uting variables. 

Realization of nanoscale areas that effectively confines adsorption 
events within pre-determined features down to molecular resolutions 
still represents a significant challenge. Different techniques have been 
used for nanopatterning of biological receptors on surface, including 
self-assembly based nanolithography, [17] porous alumina, [18] elec
tron beam or nanoimprint lithography, [19,20] and AFM based 
methods. [21] While Scanning Probe Microscopy (SPM) or Electron 
Beam Lithography (EBL) techniques can address formation of such 
patterns, the resulting patterns span an area too small to enable inves
tigation of adsorption density and kinetics using real-time analysis tools 
such as quartz crystal microbalance (QCM), surface plasmon resonance 
(SPR), surface acoustic wave (SAW) devices or ellipsometry. Techniques 
such as nanoimprint lithography can support large area fabrication of 
highly resolved nanoscale features, although it suffers from poor pattern 
integrity during replication of features separated by only a few nano
meters. The latter is inevitable when high pattern fill factors are sought. 
Nanopatterning using self-assembly based techniques such as porous 
alumina, colloidal lithography, or block copolymers has been used to 
deliver large area patterns at low cost. Block copolymers offer significant 
process flexibility in delivering nanopatterns with lengthscales 
approaching molecular resolutions, while also allowing an orthogonal 
control over geometric variables. [22,23] However, none of these 

techniques have been leveraged so far, to study the impact of spatially 
selective adsorption to highly resolved nanopatterns, on the binding 
response of nanoparticles, or biomolecules. Here we demonstrate high 
density nanopatterns, with fill factors up to 61%, with orthogonal con
trol over size, and fill factors, that are shown to effectively confine 
adsorption to the features of the nanopattern. Investigation of the 
impact of the nanopattern characteristics in the presence and absence of 
flow, on the comparison of the outcomes for adsorption of nanoparticle 
and oligonucleotides show rare findings of high interest and importance 
for the design of nanopatterned biosensors. 

2. Materials and methods 

2.1. Materials 

Gold-coated quartz crystals (nominal frequency of 5 MHz, AT-cut 
and with 14 mm diameter) were purchased from Quartzpro (Järfälla, 
Sweden). Gold-coated SPR sensors were purchased from Technex 
(Wormerveer, Netherlands). Reactive Ion Etching (Plasmatherm 790, St. 
Petersburg, FL, USA) was used for sample cleaning, alternatively a UV- 
ozone was available from Jelight Company Inc. (Irvine CA, USA). Poly 
(styrene-block-2-vinyl pyridine) block copolymer was available in three 
different molecular weights: 248 kDa-b-195 kDa (System A), 55 kDa-b- 
50 kDa (System B) and 195 kDa-b-165 kDa (System C) they were ob
tained from Polymer Source Inc (Montreal, Canada). 4-aminothiophenol 
(4-ATP), 4-vinylpyridine thiol (4-VPT), tris(2-carboxyethyl)phosphine 
hydrochloride (TCEP), Sodium chloride (NaCl), 6-mercapto-1-hexanol 
(MCH) and tetrachloroauric(III) acid (HAuCl4.3 H2O) were purchased 
from Sigma-Aldrich. Spectroscopic grade m-xylene, ethanol and acetone 
were obtained from Sigma-Aldrich. Phosphate-Buffered Saline (PBS) 
and bovine serum albumin (BSA) solution (10x concentration) were 
purchased from R&D System (Abingdon, UK). m-PEG6-thiol (CH3-EG6- 
SH, OEG) was obtained from BroadPharm (San Diego, CA, USA). Water 
was filtered through a purification system (Milli-Q, Merck) and used 
immediately after. Nuclease-free water and IDTE (10 mM Tris, 0.1 mM 
EDTA) buffer were purchase from Integrated DNA Technologies (Cor
alville, IA, US). Single-strand oligonucleotides were also purchased from 
Integrated DNA Technologies. 

2.2. Samples preparation 

Substrates were first cleaned with acetone, ethanol and isopropanol 
and blow dried under nitrogen stream. To remove any carbon contam
inants they were then exposed to oxygen plasma (80 mTorr, 15 sccm O2, 
20 W) in a reactive ion etching system (Plasmatherm 790 RIE) for 
duration of 3-5 min. 

2.3. Atomic force microscopy (AFM) 

The nanopatterned template was investigated by Agilent 5100 AFM 
system (Santa Clara, CA, US) and aluminium coated silicon probes (PPP- 
NCHR) obtained from Nano And More (Paris, France). Topographical 
images were acquired by AFM in tapping mode at 3.2 V tapping voltage 
on an area of 2–4 µm. Height, diameters and pitches were extracted 
using Gwyddion 2.55 and Nanoscope Analysis. Heights distributions 
used in the template fabrication for oligonucleotides experiments were 
fitted to extracted histograms using OriginPRO 2019b. 

2.4. Scanning electron microscopy (SEM) 

SEM images were acquired using Helios 650 FE-SEM (Hillsboro, OR, 
US), at accelerating voltage between 2 and 5 KV and beam current of 25 
pA in top-view mode. The measurements were performed at multiple 
areas across the nanopatterned sensors to ascertain pattern integrity. 
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2.5. Nanopatterns for AuNP adsorption 

The unpatterned control was prepared by immersing gold-coated 
quartz crystal in amino-thiol (4-ATP, or 4-VPT) solution (5 mM in 
ethanol) for > 16 h typically, then washed and blow dried. The micellar 
template was obtained by a process reported earlier [24,25]: PS-b-P2VP 
of System A (diluted concentration between 0.5% and 1.4% w/v in 
m-xylene) was spin-coated on QCM sensor at fix spin speeds of 6000 
RPM. [26] Different periodicities were obtained by different block 
copolymer concentration. The surface as coated was then exposed to 
reactive ion etching for 30 s using oxygen plasma. Gold nanoparticles 
(AuNPs) were produced in-house using sodium citrate as reducing and 
stabilizing agent, according to Turkevich’s method. [27–29] Gold col
loids were characterized in size using SEM image analysis ‘(d = 10.9 +/- 
0.75 nm)’, and in pH = 6.8. QCM sensors with proper functionalization 
or template were then mounted in a QCM open module (QFM 401, Biolin 
Scientific, Sweden) which allows the injection of liquid directly on the 
sensor. The solution with gold nanoparticles was pipetted on top of the 
QCM sensor after a stable baseline was reached (refer to section 2.7 for 
QCM methods). The adsorption was left to occur for 3 h after which the 
substrate was washed repeatedly with water and dried in-situ, at the end 
of the process the adsorbed mass was measured. 

2.6. Single strand oligonucleotides preparation and experimental protocol 

Single strand probes and targets were diluted down to desired con
centration in IDTE + 0.5 M NaCl buffer. The same buffer has also been 
used for the washing steps between the various injection in the experi
mental protocol. The probe is a 20 bp sequence with a molecular weight 
of 6443.4 g/mol (TGC CCT ATT GTT GCG TCG GA), consisting of thiol 
end group to enable binding to gold surface. To the probe solution a 
100x molar excess of (tris(2-carboxyethyl) phosphine) (TCEP) was 
added to ensure that all the probes exist singularly and that no disul
phide bond is present in the mix. The target contains the complementary 
sequence of the probe to ensure the correct match (AA AAA AAA AAA 
AAT CCG ACG CAA CAA TAG GGC A) and is 33 bp sequence with mo
lecular weight of 10724.4 g/mole. The secondary oligonucleotide so
lution is prepared only at 1 µM in IDTE + 0.5 M of NaCl. Experimentally, 
the pursued concentration of primary probe (thus the probe chain and 
TCEP 100x molar excess together) is injected after a stable baseline has 
been achieved with IDTE + 0.5 M NaCl only. After 60 min of continuous 
injection at 20 µL/min, the surface is again equilibrated in buffer. Before 
injecting the target oligonucleotides chain, the buffer is switched to 
nuclease-free water and a solution of 6-mercapto-1-hexanol (MCH, 1 
mM in nuclease-free water) is injected until saturation. Surface is again 
washed with nuclease-free water and the circuit buffer is switched back 
to IDTE + 0.5 M NaCl to ensure the correct environment for the target 
oligonucleotides chain hybridization. Target injection lasts for 60 min, 
buffer is again flushed over the substrate afterwards. 

2.7. Quartz crystal microbalance (QCM) 

QCM measurements with dissipation monitoring (QCM-D) was ac
quired using QSense Analyzer system (Biolin Scientific, Sweden). The 
QCM-D system was coupled with both an open module (QOM 401) for 
gold nanoparticles experiment and a flow module (QFM 401) for mo
lecular interaction experiment. The frequency shifts were converted to 
mass using Sauerbrey’s equation, using 9th overtone for all data. The 
validity of the Sauerbrey’s equation to obtain the adsorbed mass, was 
assured through low values of dissipation, which confirms the rigidity of 
adsorbed layers. ΔD/(Δf

n )≪0.4× 10− 6Hz− 1.[30]. 

2.8. Surface plasmon resonance (SPR) 

SPR measurements were acquired using MP-SPR 220 A Naali (DBA 

Bionavis, Tampere, Finland). SPR was used to measure density of OEG 
layers. The SPR sensor was immersed in the OEGs solution at 1 mM 
concentration in milli-Q water for a duration of 2 h followed by washing 
with milli-Q water. The angular shift was determined from the differ
ence of SPR dip at 670 nm, before and after the OEG functionalization, 
and using the conversion factor, 1mdeg = 0.8 ng/cm2. [31] The SPR was 
chosen, instead of the QCM, to measure the grafting density of OEGs to 
remove the uncertainties naturally encountered when the QCM is used 
to measure hydrophilic polymers. [32] To achieve the same surface 
grafting density on the QCM substrates, the process is maintained equal 
in terms of OEGs concentration, incubation time and surface activation 
protocol. 

3. Results and discussion 

3.1. Impact of miniaturized active areas on adsorption of AuNPs 

Binary nanopatterns that enable selective adsorption onto nanoscale 
regions were prepared using self-assembled copolymer colloidal tem
plates on surface. This approach, already covered in earlier publications, 
has been shown to be a promising and reliable technique to realize high- 
density nanoscale features spanning large areas of any desired surface. 
[33,34] The low standard deviation of the templates allowed the di
mensions of the features and the feature densities to be defined within a 
tolerance of 15%. This allows the adsorption area to be readily calcu
lated and correlated with adsorption outcome obtained from quartz 
crystal microbalance (QCM) measurements. The first part of this 
investigation is focused on investigating the impact of nanopatterns on 
the densities and kinetics of adsorption of a generic nano-object, namely, 
gold nanoparticles (AuNPs) (section 3.1). The second part focuses on 
investigating the impact of high density nanopatterns on the adsorption 
of oligonucleotides and their binding with complementary sequence 
(section 3.2). 

3.1.1. Impact of nanopatterns on enhancement of density and kinetics of 
adsorption 

Nanopatterns presenting a quasi-periodic, hexagonal array of posi
tively charged templates were obtained directly on a QCM sensor using 
self-assembly of amphiphilic block copolymer reverse micelle colloids 
formed out of polystyrene-block-polyvinylpyridine. The presence of PVP 
renders the features positively charged at near-neutral pH,thereby 
driving attachment of negatively charged citrate-gold nanoparticles 
from an aqueous solution via electrostatic attraction. The attachment of 
the nanoparticles occurs only on the features, and thus presenting an 
interesting approach to investigate the influence of confinement on the 
adsorption outcome. The impact due to nanopatterns is compared with 
respect to unpatterned counterparts, that present positively charged 
amine SAMs. Two different controls were considered, viz. 4-aminothio
phenol (4-ATP) containing a primary amine and 4-vinylpyridine thiol 
(4-VPT) presenting a tertiary amine. The Fig. 1 shows the height maps of 
the templates and the unpatterned counterparts made of 4-ATP SAMs, 
before and after adsorption of gold nanoparticles. The AFM images 
confirms the adsorption occurring to be restricted only to the features, 
with adsorption of gold nanoparticles resulting in a height increase that 
is consistent with expectation from the diameter of the gold nano
particles (d = 10.9 +/- 1.3 nm). The AuNPs assembly on the template 
features can be assumed to be a monolayer, which is consistent with the 
observation from FESEM measurements. By characterizing the surface 
geometry with atomic force microscopy (AFM) it is possible to accu
rately derive the percentage of surface available for adsorption on the 
nanopatterned surface. The unpatterned surface is considered to have 
100% of its surface available for adsorption. Depending on the specific 
block copolymer employed and coating conditions used, it is possible to 
vary the size and density of features, thereby obtaining different values 
for the percentage surface available (listed in Table 1). The surface 
available in case of nanopatterns is calculated as in Eq. 1. 
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Savailable = Sfeature ∗ f (1)  

Where Sfeature is the area of a single feature (Sfeature = 2πh2), where h is 
the height of the feature and f is the feature density per unit area. The 
calculation of the surface available is essential to obtain normalization 
factors that enables decorrelating the impact of the surface areas in the 
comparison between the adsorption responses of unpatterned and 
patterned surfaces. 

To study the impact of nanopattern variables on the adsorption 
outcome, it is necessary to be able to fabricate nanopatterns with dif
ference in the size and density of features. The size can be varied by 
changing the polymer molecular weight, while the change in fill factor is 
achieved by controlling the evaporation speeds during deposition of 
colloids. Table 1 summarizes 4 different patterns, constituting 2 
different template sizes, with 2 different fill factors for each template 
size, that was used for the investigation. The values for height (h), pitch 
(p) and surface density of features (f) are determined using AFM and 
FESEM measurements, which are used to estimate the surface area 
available for adsorption, and the surface fill factors using Eq. 1. Fig. 2 
compares the response of AuNPs adsorption on to pattern A with that of 
2 different unpatterned control surfaces. The density and kinetics of 
adsorption was monitored using QCM. For these measurements, the 
QCM open module was used, which allows directly pipetting the solu
tion on to the sensor surface. The sensor is first equilibrated in air, then 
exposed to 400 µL of AuNPs solution for duration of two hours followed 

by washing with milliQ water and drying before the frequency shift is 
recorded. The sensor frequency shift was converted to mass using Sau
erbrey equation (cf. Methods). From the mass changes, it is possible to 
calculate the number of NPs per surface unit (NPs/µm2) using Eq. 2. 

[AuNP] = Δm/(VNPρAu) (2)  

Where Δm is the mass shift obtained from the frequency shift through 
the Sauerbrey’s equation, VNP is the estimated volume occupied by a 
single AuNP with a diameter d = 10.9 + /- 1.3 nm (Fig. S1) and ρAu =

1.932ng/µm3 is the gold density. 
The confirmation of the AuNPs distribution obtained after 2 h of 

incubation in AuNPs solutions was performed using FESEM measure
ments. The QCM measurements reveal an increasing trend for saturated 
AuNPs densities in the order of 4-VPT < 4-ATP < A33% < A61%. The 4- 
VPT was used as a control that is representative of the PVP units used 
for the patterns. The adsorption of AuNPs to 4-ATP recorded a greater 
density of particles as compared to 4-VPT, yet comparable in terms of 
AuNPs surface coverage to other instances in literature. [35,36] The 
4-ATP was chosen as a unpatterned control to compare the impact of 
nanopatterned surfaces. The density of AuNPs on A33% was found to be 
almost similar to that of 4-ATP controls, while the density of A61% was 
clearly over twice the density recorded on A33%. The observed density of 
AuNPs on the nanopatterns arises from adsorption to a fraction of the 
surface (33% or 61% for A33% and A61% respectively) as compared to 
unpatterned counterparts. Thus, a fair comparison between the surfaces 
cannot be made unless the available surface areas have been considered. 
Fig. 2B shows plots normalized with the available surface area. The 
comparison of the AuNPs density per unit area of the available surface 
reveals a dramatic enhancement on the nanopatterns as compared to the 
unpatterned counterparts. Further, Fig. 2B shows that the two patterned 
interfaces would reach the same AuNPs density (with a difference of 
5.6% in their saturated densities). By considering the figures provided in 
Fig. 2B, the AuNPs surface coverage would reach the 46% and 48% of 
the surface for A33%, and A61% respectively, while only 14% for the 
unpatterned 4-ATP SAM. 

Conversion of mass changes to adsorption densities on surface can 
result in overestimation of mass arising out of hydration on surface 
bound films. [28] To factor this in, the QCM measurements were 
recorded both in presence and in absence of water on the sensor surface 
(see Fig S3). The results show that the hydration of the interface result in 
an overestimation of 17% in case of unpatterned interface, while 40% 
and 11% overestimation in case of A33% and A61% respectively. The 
AuNPs densities were in parallel determined using FESEM 

Fig. 1. Adsorption of AuNPs on nanopatterns 
versus unpatterned controls. (A, D) AFM im
ages comparing (A, B) nanopatterned and (C, 
D) un-patterned QCM sensor surface, (A, C) 
before and (B, D) after attachment of gold 
nanoparticles. (E) line profiles corresponding to 
the white line segments in the AFM images 
shown in (A-D). (F) evolution in height distri
bution of the template features before and after 
AuNPs adsorption. (E,F) Dashed and solid lines 
indicate geometries before and after adsorption 
respectively. Red and black curves represent 
nanopatterns and unpatterned controls 
respectively.   

Table 1 
Geometric characteristics of the nanopatterns A and B used to investigate AuNPs 
adsorption. The subscripts in the pattern labels indicate fill factors. The mo
lecular weight (M) of block copolymers or 4-ATP, the experimentally deter
mined values for height (h), pitch (p), and feature density (f) and estimated 
values from Eq. 1 for surface per feature (Sfeature) and actual surface area 
available (Savailable) are provided.  

Pattern label M 
(Da) 

h 
(nm) 

p 
(nm) 

f 
(/µm2) 

Sfeature 

(nm2) 
Savailable 

(%) 

A33% 443 K 38.5  154  34 9780 + /- 
10%  

33% 

A61% 38.5  111  66 9780 + /- 
10%  

61% 

B52% 105 K 20  65  205 2513 + /- 
10%  

52% 

B58% 20  61  233 2513 + /- 
10%  

58% 

Unpatterned 
(4-ATP) 

125.2 NA 100%  
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measurements to confirm if the averaged parameters obtained from 
QCM could effectively represent the adsorption density. Fig. 2C com
pares normalized AuNPs densities ([AuNP]n) obtained from QCM mass 
changes under dry conditions, with those determined using FESEM. The 
strong agreement between the QCM and SEM measurements indicate the 

NP distribution observed by SEM to be representative of the distribution 
across the macroscopic QCM surface. A33% and A61% exhibited 36 or 38 
NPs per feature, amounting to difference of only 5%, which thus shows a 
lack of impact of the fill factor on the resulting nanoparticle densities. 
The increasing the fill factor from 33% to 61% results in scaling of the 

Fig. 2. (A) Kinetics of AuNPs adsorption on nanopatterns (A33%, black curve – A61%, green curve) and unpatterned control (on 4-ATP, red curve – on 4-VPT, grey 
curve) (B) shows the data normalized to the relative surface available. (C) shows a comparison of normalized saturated density of adsorption for patterned surface at 
two different fill factors and the 2 unpatterned surfaces. The two datasets are in good agreement with each other. [NPs] is obtained by Eq. 1. (D-G) SEM micrographs 
of (D) 4-VPT, (E) 4-ATP, (F) A33% and (G) A61% are shown. (enlarged images presented in Fig. S2). 
Textured bars indicated the data as obtained from SEM, untextured bars indicates the source of data being QCM. 

Fig. 3. Influence of the feature dimensions on the adsorption characteristics. (A) illustration of the relative dimensions of the nanopattern features and the nano
particle, with the ratio of their diameters indicated by η. (B) Plot shows progressive increase in normalized AuNP densities with decreasing value of η. (C) The SEM 
micrographs of the corresponding surfaces in the plot is shown for reference. (enlarged SEM images presented in Fig. S2). 
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absolute signals intensities, proportional to the increase in feature 
densities in the nanopattern. 

3.1.2. Impact of miniaturizing active areas on adsorption densities 
Following the observation of the impact of nanopatterns and the 

influence of fill factors, we aimed at exploring the impact of the degree 
of confinement on the adsorption densities. An increase in the degree of 
confinement would be achieved with decrease in feature dimensions of 
the nanopatterns while maintaining the size of the nanoparticles. As 
shown in Table 1, the feature width of the nanopatterns was approxi
mately halved while going from pattern A to pattern B. The reduced size 
results from the reduced dimension of the amphiphilic copolymer col
loids, while going from copolymer of molecular weight of 443–105 kDa. 
The impact of the molecular characteristics of the copolymer on the 
micelle aggregation numbers and thereby their size have been reported 
elsewhere. [24] As for pattern A, the pattern B could also be produced 
with different fill factors, 52% (B52%) and 58% (B58%), by varying the 
evaporation speeds of the copolymer colloids during template forma
tion. This allows the use of fill factors as an additional parameter while 
studying the impact of the feature widths. 

FESEM images confirm the adsorption of AuNPs to be restricted to 
the polymer features in pattern B, as observed before for pattern A. 
(Fig. 3) On pattern B, the AuNPs adsorption was determined to be 
12430NPs/µm2 for B52% and 12224NPs/µm2 for the B58% (after 
normalization). The relatively high surface coverage achieved of the 
order of 114–116% goes beyond possible physical explanation in terms 
of the standard RSA theory, which limits the maximum surface coverage 
to 54.7%. (dotted line, Fig. 3B) Other than the potential for non-specific 
nanoparticle binding that may occur between the features, potential 
multilayer adsorption could not be entirely ruled out on the basis of 
FESEM measurements. While the standard RSA theory disregards po
tential impact of the physical dimensions and shape on the nanoparticle 
coverage, other theories started to consider them to explain some of the 
outliers obtained experimentally where a surface coverage beyond 70% 
was achievable. [37–39] However, theories have yet to clarify any de
viations from the RSA predictions in the scenario of random sequential 
adsorption occurring to a nanopatterned interface whose characteristic 
lengthscale is in the same order of magnitude of the approaching 
adsorbate. Independent of these considerations, there is clear enhance
ment in the attained densities as the width of the features that allow 
adsorption reduced from 7.1 (pattern A) to 3.7 (pattern B) multiples of 
the nanoparticle dimensions. 

3.1.3. Nanopatterned adsorption under static conditions versus microfluidic 
flow- Indication of the role of analyte mass transport 

It has been previously theoretically and empirically hypothesized 
that increased density and kinetics of adsorption on nanopatterned 
surface could be attributed to the enhanced analyte mass transport. [9, 
10] A means to check the hypothesis would be to compare the perfor
mance of the nanopatterns in the presence and absence of an alternative 

influence such as convective flow that is also known to enhance analyte 
mass transport. Flow and other convection strategies are known to be 
effective ways to improve sensing performance especially in presence of 
low concentrations of analyte. In this direction, the AuNP binding 
response was compared for A33% patterns and unpatterned surfaces in 
the absence (as in Section 3.1.2) and presence of flow. The flow exper
iments were performed by exposure of the nanopatterned and unpat
terned surfaces to AuNP suspensions at a constant flow rate of 
10 µL/min, for duration of ~2 h. Following the adsorption, the sensor 
was flushed with water, and the measurements of adsorption densities 
under water were taken into consideration. Comparison of the adsorp
tion isotherms in the absence (Fig. 4, solid lines) and presence (Fig. 4, 
dotted lines) of flow shows a clear increase in the adsorption densities in 
the presence of flow for both unpatterned and patterned surface. To 
understand the impact of the concentration, the adsorption experiments 
were repeated for different concentrations of AuNP (within the range 2.1 
pM - 21.1 nM), on nanopatterned and unpatterned surfaces, in the 
presence and absence of flow. (Fig. 5) It is also noteworthy to observe 
that while a nanopatterned interface is able to see a saturation plateau at 
similar concentration (around 2 nM), the unpatterned interface never 
sees the saturation in absence of flow. In the presence of the flow, both 
un-patterned and the patterned surfaces appear to reach saturation. The 
comparison of adsorption densities as function of concentration shows 
higher values for A33% as compared to unpatterned samples for 
adsorption under both static and flow conditions. Moreover, it is 
possible to appreciate that at higher AuNPs concentration the difference 
between unpatterned and patterned substrate is reduced compared to 
lower concentration. The nanopatterns were able to sense as low as 200 
pM compared to 5 nM possible for the unpatterned substrate for static 
conditions (Fig. 5A, C). The unpatterned surfaces could sense an order of 
magnitude better under flow, down to 20 pM of AuNPs. 

Our findings suggest a better relative performance of the nanopattern 
as compared to unpatterned counterparts under static conditions as 
compared to under flow. The static conditions are especially valuable, as 
they can be easily realized under resource-constrained settings. The use 
of static conditions could obviate needs encountered for microfluidic 
conditions, viz. larger quantities of potentially precious samples, and 
more complex tools to handle small volumes. [40] In terms of normal
ized AuNPs surface coverage in static conditions, we see that A33% shows 
a maximum surface density of 4012 NPs/µm2 (corresponding to 37.4%) 
while the unpatterned surface reaches 662 NPs/µm2 (6%) (Fig. 5C). 
Such surface coverage increases up to 7656 NPs/µm2 (71.4%) for A33% 
and up to 3129 NPs/µm2 (29.2%) for the unpatterned substrate owing to 
the presence of the flow (Fig. 5D). The experiment shows both surfaces 
benefit from the introduction of convection with the nanopatterned 
surface doubling the NPs uptake and the unpatterned surface increasing 
it by a factor of five (Fig. 5A-B). The greater enhancement due to the 
flow on unpatterned samples as compared to the nanopatterns signifies a 
greater gain for the unpatterned surfaces. In other words, there is strong 
convergence in the effects due to introduction of nanopatterns and 

Fig. 4. Nanopatterned adsorption in the pres
ence and absence of flow. (A,B) Adsorption 
isotherms for attachment of AuNPs on A33% 
pattern (red curves) versus unpatterned con
trols (black lines) in the (A) absence (contin
uous lines) and (B) and presence of flow at 
10 µL/min (dashed lines). (B) Adsorption on 
A33% normalized to the available surface area 
(33%) for both the conditions evaluated. It can 
be seen that the presence of flow increases the 
absolute AuNPs adsorbed (A) and that the 
density of AuNPs is higher for the patterned 
template (B).   
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convective flow towards enhancement in adsorption. Since an increase 
due to convective flow can be attributed to an increase in mass transport 
to the surface, [41] the findings strongly indicate the role of nanopattern 
towards enhancement in analyte mass transport to the surfaces. 

3.1.4. Nanopatterns improve response times 
The results so far have clearly shown the opportunity to enhance the 

density of nanoparticles adsorbed, through the introduction of nano
patterns with high fill factors, and with increasing degree of confine
ment. To understand the impact on the rate of adsorption, the time taken 
to reach an adsorption density equivalent to 90% of the saturated 

adsorption densities (t90%) attained on the unpatterned surface was 
compared for the different surfaces. (Fig. 6) Fig. 6B shows the nano
patterned surfaces to take only 1–3 min to reach an areal density 
equivalent to what is reached by the unpatterned surface in 70 min. The 
different nanopatterns thus take 1–4% of the time necessary to reach the 
same density as the unpatterned surface, for adsorption taking place 
under static conditions or under flow. There appears no impact of the fill 
factors on the response times. However, there appears to be an increase 
in the t90% values with an increase in the degree of confinement, which 
could potentially result from an increase in the competition for the 
adsorption sites due increased degree of confinement for B (with feature 

Fig. 5. Adsorption process obtained in absence of flow (A) and in presence (B). The trend is also normalized by the respective surface area (i.e., 100% for the 
unpatterned surface and 37% for the patterned surface) in absence (A) and in presence of flow (B). (A) and the normalized counterpart (C) are obtained by sequential 
injection of AuNPs solution. 

Fig. 6. Comparison of response times on nanopattern versus unpatterned counterparts. (A) Illustration of the means to arrive at the t90%, the time to attain an 
adsorption density equal to 90% of the saturated signal on unpatterned surface. (B) Plot of t90%, shown for 4-ATP SAMs, and the nanopatterns with the different fill 
factors and the degree of confinement, in the presence and absence of flow. 
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width ~50% that of A). Further, introduction of flow is found to result in 
a 3-fold decrease in the t90% values of the unpatterned surface, while 
leaving that of A33% unchanged. This is aligned with expectation of 
enhanced adsorption kinetics expected due to convective flow. 

3.2. Impact of miniaturized active areas on adsorption of oligonucleic 
acids 

3.2.1. Fabrication of nanopatterns with (bio)chemical contrast 
The impact of nanopatterns on binding of nucleic acids was inves

tigated, to see if an enhancement of adsorption is observed as in the case 
of AuNPs. These experiments require producing a nanopattern that re
stricts the binding of nucleic acids to pre-defined nanoscale regions on 
the surface. A schematic illustration of the fabrication sequence to 
produce nanopatterns with contrast in binding of nucleic acids is shown 
in Fig. 7. Briefly, block copolymer templates were formed out of PS-b- 
PVP with a molecular weight of 195 kDa-b-165 kDa, directly on the 
QCM sensor (Fig. 7A(i)). The templates were coated with Ti (5 nm)/Au 
(15 nm) to form a uniform gold surface with a periodic surface topog
raphy, as defined by the template underneath (Fig. 7A(ii)). The gold 
surface was then incubated overnight in an aqueous solution of oligo
ethylene glycol thiol (CH3-EG6-SH, OEG) and rinsed with water prior to 
use (Fig. 7A(iii)). The density of OEG SAMs were determined to be 
1.89 × 1014 molecules/cm2 (or 0.54 nm2/molecule) by using SPR, by 
reproducing the OEG deposition on a SPR chip under identical condi
tions as for the gold topographies. The small size (l = 2.5 nm) and high 
densities of the OEG SAMs are expected to result in a brush configura
tion, allowing virtually no space for other molecules to diffuse in- 
between. [42] Upon deposition of the PEG, the surface does not show 
any type of contrast which would allow a selective molecular adsorp
tion. In order to achieve such a contrast, we deployed a subtractive 
approach that removes the PEG selectively from the elevated regions of 
the surface. For this, the uniformly PEG functionalized topographic 
patterns were spin-coated with a solution of ZEP520A-7 (ZEP) in anisole 
to submerge the features. (Fig. 7A(iv)). The ZEP covered surface is 
subsequently etched using O2 plasma RIE of either 90 s or 120 s for the 
patterns C10% or C24% respectively. The O2 plasma RIE would remove the 
ZEP as well as the OEG SAM for part of the topography, with rate and 
duration that is programmed to leave 25 nm of the surface underneath 
unaffected (Fig. 7A(v)). The ZEP is subsequently removed with acetone 
to obtain a pattern of OEG SAM in the matrix, with bare gold exposed on 
the patches (Fig. 7A(vi)). The choice of ZEP as resist was made on basis 
of its specific characteristics of low degree of cross-linking induced by O2 
plasma that enables ease of removal by acetone, as well as assuring 

robust protection of OEG SAMs underneath . 

3.2.2. Impact of nanopatterns on enhancement of adsorption and 
hybridization of oligonucleic acids 

Two different patterns, namely C10% or C24% with exposed bare gold 
surface of 10% or 24% respectively, were obtained by starting from 
templates with feature density of 25 and 60 features/µm2 respectively. 
The calculation of the available surface was made using the relevant 
parameters from AFM image analysis. Surfaces as processed show cir
cular regions of bare gold in a continuous matrix of OEG. The nano
patterns with OEG contrast would direct any adsorption to occur 
selectively within the bare gold regions, due to the anti-fouling perfor
mance of the OEGs (experimentally tested to be > 98%, see Fig. S4a). A 
thorough characterization by AFM and SEM is performed before and 
after such process and a summary of the geometric characteristics of the 
nanopatterns is presented in Table 2. The nanopatterned QCM sensor 
surface was subsequently exposed to thiolated oligonucleotide probes to 
achieve selective attachment of the probe oligos to the exposed gold 
regions. Subsequently, the surface was exposed to the target oligonu
cleotide with complementary sequence. The probe and the target se
quences were flown through a flow module, with a flow rate of 20 µL/ 
min, for duration of 60 min each, followed by IDTE + 0.5 M NaCl buffer 
to establish a baseline. 

Experiments were performed to identify the impact of solution 
concentration on the probe surface density, with each concentration 
performed independently on a freshly nanopatterned sensor. (Fig. 8A-B) 
As expected, the adsorption density of the probe oligos increases with 
the increase in its solution concentration. At the solution concentration 
of 1 µM, the unpatterned control recorded a mass density of 460 ng/cm2 

while the two patterned surfaces showed a mass density of 141 ng/cm2 

(C10%) and 194 ng/cm2 (C24%). The mass density increases in the order 
C10% < C24% < unpatterned surface, which is as expected based on the 
available surface areas. However, when normalized to the available 
surface, the C10% and C24% show density of 1410 ng/cm2 and 808 ng/ 
cm2, which is clearly higher than the unpatterned surface by 306% and 
175% respectively. (Fig. S4A) All throughout the concentration range 
studied, the C10% is found to achieve higher density of probes compared 
to both C24% and the unpatterned surface, while the difference increases 
at higher probe solution concentrations. The lower molecular densities 
at higher fill factors is aligned with theoretical studies that an increase in 
fill factor may not be necessarily advantageous in terms of achievable 
molecular densities. [9] In the next step, the probe functionalized sur
faces obtained were exposed to target strands at a fixed concentration to 
follow the hybridization. Before exposure to the target sequence, the 

Fig. 7. Fabrication and characterization of OEG 
nanopatterns. (A) Schematic illustration of the 
fabrication workflow. (i) polymer templates on 
QCM sensors, subjected to (ii) evaporation of 
(5 nm) Ti/(15 nm) Au (iii) functionalization 
with OEG (iv) Spin-coating of ZEP resist to 
partially mask the surface features. (v) O2 
plasma RIE of controlled duration to expose the 
top of the features. (vi) Removal of ZEP to 
result in OEG nanopattern. (B) Corresponding 
feature heights as measured using AFM (C) 
AFM images of specific steps shown for 
reference.   
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probe functionalized surface was washed in nuclease-free water and 
saturated with 6-mercapto-1-hexanol (MCH) to block non-specific 
binding sites. The higher surface concentration of probes resulted in 
higher densities of target capture (Fig. 8C, Fig. S4B). Upon normaliza
tion to the available surface, the target densities were also found to be 
distinctly higher as compared to unpatterned surface (Fig. 8D) The 
trends in Fig. 8B and Fig. 8D strongly suggests that a higher probe and 
target density is favoured at nanopatterns with lower fill factor. The 
molar ratios of the target to the probe would allow estimation of the 
hybridization efficiency as in Eq. 3. 

Hybridization efficiency =

(
Δmtarget

/
Mtarget

)

(
Δmprobe

/
Mprobe

) (3) 

Where Δmtarget and Δmprobe are the mass density of the target and 
probe respectively and Mtarget, Mprobe are the respective molecular 
weights (10724 Da and 6443 Da). The ratio describes the efficiency of 
hybridization: the closer the ratio is to 1 the higher the efficiency is. The 
hybridization efficiencies are compared for the nanopatterned and 
unpatterned surfaces as function of different probe surface 
concentrations. 

The unpatterned surface shows a hybridization efficiency which is 
reasonably stable at 0.67 + /- 0.06. For nanopatterned surface the hy
bridization efficiency was found to correlate with the surface density of 
probes - a higher probe surface density was found to result in lower 

hybridization efficiency. This indicates an adverse impact of the recep
tor crowding that contributes to reducing the hybridization efficiency. 
(Fig. 9) Prior literature have shown that it is possible to achieve higher 
analyte surface density by engineering and minimizing the steric hin
drance between adjacent receptor molecules.[43] We observed that for 
similar probe surface density the C24% would always perform better than 
the unpatterned substrate. As a comparative example, at 0.1 µM of probe 
solution concentration C24% and unpatterned surface have similar probe 
surface density (295 ng/cm2 and 354 ng/cm2 respectively) and thus we 
should obtain a similar ratio which however is equal to 1.05 for C24% and 
of 0.72 for the unpatterned substrate. Concerning the C10% nano
patterned interface we observed that the hybridization efficiency is 
constantly lower than the unpatterned counterpart. We estimated that 
the lower number of targets conjugated on C10% (and C24% to some 
extent) is strongly connected with the high probes surface density 
measured. Comparison of the response times were also made again, as 
for nanoparticles, as the time taken by the surfaces to reach 90% of the 
saturated adsorption density observed for the unpatterned surface. Re
sults show the C10% to be the quickest (t90% of 4 min), followed by C24% 
(t90% of 12 min) and then by the unpatterned counterparts (t90% of 
16 min). (Fig S4 C, D) The t90% in case of C10% was found to be reduced 
by a factor of 4 compared to unpatterned surface, and a factor of 3 
compared to C24%. Both patterns performed better than the unpatterned 
counterparts. 

Table 2 
The geometric characteristics of the OEG nanopatterns (labelled as ’C’) used for studying adsorption of oligonucleotides. The subscripts in the pattern labels indicate 
fill factors. The molecular weight (M) of the block copolymer used, the experimentally determined values for feature density (f), pitch (p), feature heights (h), radius 
(r), and estimated values for surface area per feature (Sfeature), total surface area available for adsorption (Savailable) are provided for the nanopatterns corresponding to 
the steps (ii) and (v) illustrated in Fig. 7.  

Pattern Label M (KDa) f (/µm2) p (nm) Au topography before ZEP coating (Fig. 7ii) Au topography after patterning (Fig. 7v) 

h (nm) r (nm) Sfeature (nm2) h (nm) r (nm) Sfeature (nm2) Savailable (%) 

C10% 360  25  186  50  50  15708  26  26  3927  10% 
C24% 60 120  24% 
Unpatterned NA 100%  

Fig. 8. Impact of nanopatterns on adsorption of oligonucleotides. (A, B) Adsorption of primary oligos (probe) to C10% (red line) and C24% (green line) and the 
unpatterned control (black line), shown (A) as measured and (B) upon normalization to the available surface (10% and 24%). (C,D) Adsorption of secondary oli
gonucleotides (target) to the probes, (C) before and (D) after normalization to available surface. 
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While the behaviour of nanoparticles and oligonucleotides, towards 
adsorption on nanopatterned surfaces were found to be qualitatively 
similar, there were key differences. The greater density of the probe at 
lower fill factors, and the higher density of the target at lower probe 
surface densities are aspects that were observed only in case of oligo
nucleotide adsorption. The trends for response times match with what 
was observed for the adsorption of nanoparticles, yet, with enhance
ments for nanopatterns that are not as dramatic as presented in Fig. 6. 
The difference between nanoparticles and the oligos could stem from the 
isotropy of the nanoparticle surface with large number of equivalent 
surface sites with which it could bind to the aminated surface. The high 
surface density of ligands on the nanoparticle surface would increase its 
avidity, which in turn is known in literature to influence its binding 
response, and determine its fate in-vivo. [44] The behaviour is also 
similar to the virulence of the viruses that correlates with spike densities 
on their exterior surface. [45] The potential gains due to large number of 
equivalent surface sites on a nanoparticle surface could be an important, 
yet, less studied influence in several nanoparticle-based assays reported 
in literature. The oligos, on the other hand, have a specific binding 
configuration that is determined by the specificity of the complementary 
base pairing interactions. Although remaining to be tested, typical bio
specific interactions would likely follow the behaviour of oligos when 
interacting with nanopatterns. The results provide interesting informa
tion on not only what to expect of the outcome of response with nano
pattern but also provides some design tips on how to harness its benefits. 
The results also point to the potential opportunity to increase density 
and decrease response times by the use of ligand decorated nano
particles in combination with nanopatterns with high fill factors. 

4. Conclusion 

Impact of confined adsorption within nanopatterns was investigated 
as a function of pattern fill factor, degree of confinement, presence of 
microfluidic flow, and the type of adsorbate. The impact of nanopattern 
geometry on adsorption response was compared for two different sce
narios, viz., electrostatic binding of gold nanoparticles, and hybridiza
tion of oligonucleotides. Well-defined nanopatterns with desired 
geometric attributes were fabricated directly on QCM sensors enabling 
absolute, quantitative, and real-time information of the impact of 
nanopattern characteristics on the adsorption density and kinetics. The 
uniformity of the nanopatterns allowed ease of geometric modelling that 
enabled translating the macroscopic QCM signal to what occurred at the 
level of individual features. AuNPs density onto nanoscale features was 
found to be significantly enhanced on nanopatterns as compared to bare 

surface counterparts. The nanoparticle densities increased further with 
reduction in the size of the nanoscopic regions where adsorption 
occurred, or in other words, with increase in the degree of confinement. 
The increase in fill factors did not increase the density of adsorption 
within the nanoscale features, while contributed favorably by increasing 
the macroscopic sensor signal, proportionate to the feature densities. 
Findings also revealed a similarity in the influence of nanopatterns and 
convective flow towards enhancing the adsorption densities. This simi
larity supports the hypothesis that the enhanced adsorption within 
nanopatterns would result from enhanced analyte mass transport to the 
sensor surface. The increased rate of adsorption within nanoscale re
gions as compared to unpatterned counterparts further supports this 
hypothesis. The nanopatterned adsorption of oligonucleotides appears 
to exhibit qualitative similarities with that of nanoparticles, yet, with 
important differences. The oligonucleotide probes were found to adsorb 
at a greater density on nanopatterns with a lower fill factor, while 
revealing higher hybridization efficiency on the nanopatterns with 
higher fill factor. The differences between the adsorption responses of 
nanoparticles versus oligonucleotides may stem from large number of 
equivalent binding sites on the gold nanoparticles that increases its 
probability of adsorption, and the adverse impact of steric hindrance on 
the hybridization of oligonucleotides at high probe densities. The find
ings favour miniaturization of sensing footprints to length scales of the 
order of analyte dimensions with potential to bring performance in
centives in combination with existing nanoscale sensors such as plas
monic nanoantennae, or nanowire FETs. The work further demonstrates 
nanopatterned QCM sensors as a unique and generic design tool to 
advance the investigations of nano-bio interactions for rational design of 
biosensors, and bio interfaces. 
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