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The production of nanoarrays containing a population of entrapped, heterogeneous nanoparticles is reported. The nanoarray consists of a
nanoporous film with pores of diameter 60—180 nm, formed from the phase separation of two immiscible polymers: polystyrene (PS) and
polymethylmethacrylate coated onto glass or silicon wafer. Nanoparticles of PS (120 nm) and silica (90 nm) were deposited into the
nanoporous films to generate the nanoarray containing a mixed population of nanoparticles.

1. Introduction: In this Letter, we demonstrate a facile, low-cost
method for fabricating a nanoarray containing a heterogeneous
population of nanoparticles. These arrays, when used in
conjunction with previously developed nanosensor technology
[1-3] have potential for application in biomedical sensing/
diagnostics where multi-sensor surfaces or ‘smart slides’ could be
developed. The arrays consist of a nanoporous polymer film
loaded with nanoparticles which sit in holes in the nanoporous
polymer film, akin to a nanoscale version of eggs in an eggbox.
By including a mixed population of nanoparticles in the array it
would be possible to incorporate a range of nanosensors,
selective to different analytes, together in one sensing platform on
a single glass slide. The nanoarray presented here offers the
potential to increase the number of test spots used in current
microarray technology [4] such that surfaces with a density of
1000 nanoparticles in an area of 100 um?® can be fabricated. The
high density of nanoparticles sensors gives a potential increase in
sensitivity and detection when measuring small samples.
Nanoarrays having each nanoparticle acting as a sensor could
generate a high-throughput array for the detection of many analytes.
Compared with the microarray technology, however, obtaining the
readout from a nanoarray is challenging as reading the optical
output from individual nanoparticles presents a problem because
of the lateral spatial resolution being limited by the diffraction of
light in optical microscopy. Nevertheless, the family of super-
resolution optical imaging techniques such as photoactivated local-
isation microscopy [5], stochastic optical reconstruction micro-
scopy [6], stimulated emission depletion microscopy [7] and
structured illumination microscopy [8] are in continuous develop-
ment and will make it possible to address single particles in a
nanoarray. Previously reported nanoarrays have been fabricated
using diverse nanolithographic techniques [9], examples are
dip-pen nanolithography [10], electron beam lithography [11],
focused ion-beam lithography [12], nanosphere lithography [13],
as well as nanoimprint lithography [14]. In contrast to these
‘top-down’ techniques it is also possible to use ‘bottom-up’
approaches to generate patterned nanoscale areas. Nanoscale fea-
tures can be generated using the self-assembly of diblocks copoly-
mer thin films without the requirement for complex lithography
techniques [15, 16]. In this Letter, we have exploited the self-
assembling nature of two immiscible polymers [polystyrene (PS)
and polymethylmethacrylate (PMMA)] to fabricate a nanoporous
film on glass and silicon substrates. Further, we have used this
nanoporous surface as a template to deposit nanoparticles in
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single nanoscale pores, thus creating the nanoarray. Fig. 1 is a sche-
matic drawing outlining the main steps of the construction of the
array.

2. Experimental details

2.1. Nanoporous polymer film formation: The silicon substrates and
the glass coverslips were cleaned with “piranha’ solution (3:1 ratio
of sulphuric acid and hydrogen peroxide (30%)) and then left to
stand in the solution for 45 min. The substrates were washed
thoroughly with deionised water and dried out with nitrogen. PS
(My=13K) and PMMA (M,,=10K) were used without any
further purification and modification. The polymers were
dissolved in toluene in the weight ratio 5 wt% PS:PMMA (75:25)
and spun-cast at 3000 rpm as a thin film on a clean silicon wafer

lz‘ /’/ — silicon wafer

lz‘ 4 —— silicon wafer + PS:PMMA film

silicon wafer + PS:PMMA film +
pattern formation (nancholes)
after UV and acetic acid washing

|I| . : —— nanoparticles (e.g. silica nanoparticles)

silicon wafer + patterned PS:PMMA film

+ incorporated nanoparticles

Figure 1 Schematic diagram of the several steps for the nanoarray

formation

1. A clean piece of silicon wafer is used as the main substrate (note: a glass
substrate was also used); 2. A layer of a polymeric solution made of PS and
PMMA with a specific ratio is spin-coated onto the substrate; 3. The
polymeric film is treated to generate a patterned surface of nanoholes
along the film; 4. Nanoparticles are fabricated; 5. Final assembly is
performed having the nanoparticles entrapped inside the nanoholes of the
nanoporous film
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or glass coverslip. The thin films were annealed under vacuum for
24 h in an oven at 125°C. The annealed film was placed under an
ultraviolet (UV) lamp (254 nm) for 30 min and washed with glacial
acetic acid (2 ml) followed with an extensive deionised water wash.
The resultant nanoporous film was dried out with nitrogen.

2.2. Nanoparticles preparation: The PS beads with an average size
of 100 £ 15 nm were used as purchased (from Sigma Aldrich, UK).
The silica nanoparticles (SiNPs) were prepared via a modified
Stober synthesis method [17]. A clean glass reaction vessel
containing 16.75 ml of pure ethanol and 1.28 ml of ammonium
hydroxide (28.8%) was prepared. The solvents were mixed for
20 min and 0.5 ml of tetracthyl orthosilicate was added. The
solution was stirred for 24 h under an Argon flux and centrifuged
at 12000rpm for 30min to collect the nanoparticles.

The nanoparticles were further washed twice with deionised
water and once with ethanol by centrifugation at 12 000 rpm to
remove the unreacted chemicals. The remaining pellet was
resuspended in water and filtered using a 0.02 mm Anodisc 25 to
recover the dried nanoparticles. The SiNPs had an average size of
80+ 10 nm as determined by atomic force microscopy (AFM)
and by dynamic light scattering with a Viscotek 802 (Malvern
Instruments Ltd, UK) characterisation.

2.3. Incorporation of the nanoparticles on the nanoporous polymer
film: A 0.75 ml mixture of 0.4 mg/ml of each nanoparticle solution,
PS and SiNPs, was mixed to a final volume of 1.5 ml (50:50 volume
ratio) and placed in contact with the polymeric film positioned at a
45° angle and left at 60°C in an oven until the remaining solvent
was evaporated.
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Figure 2 TM-AFM images of the self-assembled nanostructured PS:PMMA film with PMMA protrusions surfacing from the PS main matrix

a Height

b Phase

¢ Section

d Three-dimensional
Scale bar 2.5 mm
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2.4. Characterisation of the nanoporous film with and without
heterogenous nanoparticles: AFM measurements were performed
using a multimode AFM with a Nanoscope V controller and
Harmonix software (Veeco, Santa Barbara, CA, USA). TAP300
probes were used for tapping mode (TM)-AFM measurement
and HMX probes (HMXTM) for harmonix measurement (both
probers were from Veeco, Santa Barbara, CA, USA). The
HMXTM cantilever has a typical spring constant of 4 Nm™', a
flexural resonant frequency of 54 kHz and a torsional resonant
frequency of 1 MHz. The amplitude setpoint, drive amplitude
and gains were adjusted during imaging. A calibration protocol

as described in the Veeco Harmonix User Guide using the
provided Standard Harmonix calibration sample [PS-LDPE
(70:30)] was followed to calculate the detector sensitivity,
cantilever spring constant, HarmoniX force sensitivity and other
parameters to determine the correct quantity scales of the
nanomechanical parameters. The AFM data was processed with
the Scanning Probe Image Processor version 3.3.8 (SPIP)
(Image Metrology, Horsholm, Denmark) and the Nanoscope V
7.30 (Veeco, Santa Barbara, CA, USA) softwares. The contact
angle of the nanoporous film was determined with an optical
contact angle meter CAM 200 (KSV Instruments Ltd, Finland).
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Figure 3 TM-AFM height images of the produced nanoporous film after acid etching on silicon and glass
a TM-AFM height image of the produced nanoporous film after acid etching on silicon wafer
b TM-AFM height image of the produced nanoporous film after acid etching on glass

Scale bar 2.5 um
¢ Sectioning of the nanoporous film on silicon
d Sectioning of the nanoporous film on glass

e Histogram comparing the size of the nanoholes generated from the polymeric film when coated on silicon or glass
The nanoholes have an average ranging size (higher frequency) between 80 and 140 nm in both surfaces
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Figure 4 Schematic drawing showing the liquid interface movement over
the surface of the nanoporous film leading to the entrapment of
nanoparticles

3. Results and discussion: A PS and PMMA polymer solution
mixed in a 5wt% (75:25) ratio was spin-coated on two
substrates: silicon and glass, forming a thin film (<150 nm). The
75:25 ratio was initially selected for this work because of the size
range of PMMA domains and its coverage obtained over the
polymeric film. Other ratios like 85:15 and 80:20 lead to similar
results for the size range of the PMMA domains; but with a
variation of —5 and —2.5% of coverage per um? compared with
the ratio 75:25 (data not shown). This results in a pattern of
PMMA circular domains emerging in the PS matrix. This can be

seen in Fig. 2 that corresponds to step 2 in Fig. 1. The same film
pattern morphology was observed on both substrates (data not
shown). The phase imaging (Fig. 2b) also reveals a difference in
the phase signal between the circular domains (PMMA) and the
main matrix (PS). The difference in phase signal is due to the
two different components in the sample composition. The
sectioning and three-dimensional display enhances the
architectural elevation of 4 nm from the PMMA domains above
the main matrix (Figs. 2c¢ and d). The film morphology is
obtained since the PMMA domains raised first to the surface of
the polymer solution during the phase separation. The freeze-in
process during the spin-coating will happen faster for the PMMA
domains because of the solvent used for the mixing of two
polymers being toluene. PMMA is less soluble than PS in
toluene, resulting in the PMMA domains being localised above
the interface of the phase separation within the PS matrix. The
minor phase (PMMA) along the major phase (PS) established a
disperse phase morphology during the phase separation of the
two immiscible polymers. The annealing temperature of 125°C
was higher than the glass transition temperature for the PS to
anneal and to avoid the ‘dewetting’ phenomenon of the film from
the substrate surface.

The film was first exposed to UV light at a wavelength of 254 nm
to decompose the annealed PMMA chains and to reinforce at the
same time the annealing of the PS matrix along the film. By
washing the film with glacial acetic acid, the PMMA domains

[

Figure 5 TM-AFM images of the nanoporous film incorporating two different nanoparticles, PS beads and SiNPs, imaged from a silicon substrate

a Height images of a non-zoomed area, scale bar 2.5 um
b Phase images of a non-zoomed area, scale bar 2.5 um
¢ Height images of a zoomed area, scale bar 1 pm

d Phase images of a zoomed area, scale bar 1 um
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Figure 6 TM-AFM images using a THC probe of the nanoporous film in-
corporating PS beads and SiNPs

a Height

b Phase

¢ Adhesion

Scale bar 200 nm

were selectively removed. This generates a nanoporous PS film
without any disruption of its original matrix. The process was
repeated on silicon and glass substrates and revealed the same nano-
porous structure (Figs. 3a—d). The process was found to be highly
repeatable and produced a consistent and uniform structure over a
wide area (> Imm) confirmed by imaging randomly along the
sample surface (data not shown). The patterned circular nanoholes
distributed along the nanoporous film were analysed for their size
profiling using the SPIP software. The results demonstrated that
the mean diameter of the holes was ~100 nm for both substrates
(Fig. 3e). It is thought that the larger holes are formed by aggrega-
tions of smaller holes during the film formation. The nanoporous
template is generated and ready for the entrapment of the nanopar-
ticles. It should be noted that the holes are not regular and uniformly
distributed along the film since we did not use a diblock copolymer
in this work. The use of diblock copolymers can generate well-
organised, ordered cylindrical structures but the pore size range is
limited to a maximum of 50 nm [18, 19].

The evaporation rate of the nanoparticles solution promotes a
three-phase (vapours—suspension—substrate) contact line with the
nanoporous film substrate [20, 21]. The three-phase line will
move along the sample surface enabling the entrapment of nanopar-
ticles into the nanoholes by the action of the capillary forces (F.).
The substrate is kept under a 45° angle position to ensure
maximum entrapment of nanoparticles. The process is illustrated
in Fig. 4. The matrix of the nanoporous film is made of PS that
has a hydrophobic behaviour with a measured contact angle value
of 72°. A ratio of water/ethanol (60:40) enabled the suspension to
interact with the film surface. The ethanol decreased the contact
angle value to near 40° approaching complete wetting of the
film’s surface. The ethanol molecules are going to be localised at
the liquid/vapour interface rather than in the bulk of the solution
[22]. If only water was used to suspend the nanoparticles, the en-
trapping rate will be <5%, the remaining nanoparticles agglomer-
ated at the bottom of the film surface at the end of the
evaporation process (data not shown). Once the deposition
process is completed, the nanoporous film with the nanoparticles
was characterised by AFM (Fig. 5). From the AFM imaging it is
observed that all the nanoholes are filled with nanoparticles
(Figs. 5a and b). The AFM height images fail in some cases to evi-
dence that all the holes have nanoparticles; since the images rely on
height measurement and some nanoparticles are located deeper
inside the hole. These are observed when comparing height and
phase images. The diameter size of the nanohole controls the
number of nanoparticles to be incorporated into it. One nanoparticle
will be entrapped if the diameter size is around 100-160 nm. More
than one will be entrapped if the diameter size is larger than 160 nm.

The incorporation of two to three nanoparticles was observed.
Nanoparticles organised themselves inside the nanohole into a geo-
metrical arrangement related to the diameter size of the nanohole
and the number of nanoparticles that can be allocated. The lateral
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immersion forces between the hydrophilic nanoparticles that take
place in solution are also responsible for the allocation of more
than one nanoparticle into the nanohole. As the liquid film
becomes thinner during the displacement along the film, the
liquid surface deformation increases, leading to a strong interparti-
cle attraction [23], causing the observed self-assembly of the nano-
particles into the nanohole. The orientation of the nanoparticles
inside the nanoholes is independent of the direction of the motion
of the fluid interface during the evaporation, confirming an auto-
arrangement during the entrapment (Figs. 5¢ and d).

The arrays were imaged using TM-AFM using a torsional har-
monic cantilevers (THC) mode to probe adhesion and stiffness
[24]. A typical image is shown in Fig. 6. This shows the normal
height topography, phase and adhesion. The height image does
not clearly identify the nanoparticles because the height depends
on the depth that the particle sits in the pore and the size of the par-
ticle. The phase and adhesion images clearly differentiate between
the PS and silica beads with PS beads giving values close to the PS
film away from the pores. In the adhesion image (Fig. 6¢), adhesion
values for nanoparticles with a lighter colour (10.00 nN; assumed
to be the PS beads) in comparison to the darker nanoparticles
(3.52nN; assumed to be the SiNPs) and PS film surface
(9.32 nN) are obtained. The stiffness imaging (not shown) pro-
vides no useful contrast because the stiffness of both the PS
and silica was outside of the measurable range of this AFM
probe (spring constant=4 N m~" that is best suited for a surface
hardness range between 0.05 and 3.0 GPa).

4. Conclusion: A simple process to develop a nanoporous film
using a PS:PMMA blend mix solution was performed by the
selective removal of the PMMA domains. The nanoporous film
was used as a template to incorporate different nanoparticles. The
film was formed into two different substrates, silicon and glass,
with no pre-treatment and with the same reproducibility for
extensive areas (1 cm). The angled deposition method was
selective by entrapping nanoparticles inside the nanoholes by
means of the actuation of capillary forces. A distinction between
the PS beads and SiNPs was observed by looking at the phase
and adhesion properties measured by the THC probe.
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