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Ultra-High-Density 3D DNA Arrays within
Nanoporous Biocompatible Membranes for Single-
Molecule-Level Detection and Purification of
Circulating Nucleic Acids

M. Aramesh,**¢ O. Shimoni,*® K. Fox,*¢ T.J. Karle, A. Lohrmann,? K.
Ostrikov,%¢ S. Prawer*® and J. Cervenka®"

Extracellular nucleic acids freely circulating in blood and other physiologic fluids are
important biomarkers for non-invasive diagnostics and early detection of cancer and other
diseases, yet difficult to detect because they exist in very low concentrations and large
volumes. Here we demonstrate a new broad-range sensor platform for ultrasensitive and
selective detection of circulating DNA down to the single-molecule level. The biosensor is
based on a chemically functionalized nanoporous diamond-like carbon (DLC) coated
alumina membrane. The few nanometer-thick, yet perfect and continuous DLC-coating
confers the chemical stability and biocompatibility of the sensor, allowing its direct
application in biological conditions. The selective detection is based on complementary
hybridization of a fluorescently-tagged circulating cancer oncomarker (a 21-mer nucleic
acid) with covalently immobilized DNA on the surface of the membrane. The captured
DNAs are detected in the nanoporous structure of the sensor using confocal scanning laser
microscopy. The flow-through membrane sensor demonstrates broad-range sensitivity,
spanning from 10%® molecules per cm? down to single molecules, which is several orders of
magnitude improvement compared to the flat DNA microarrays. Our study suggests that
these flow-through type nanoporous sensors represent a new powerful platform for large
volume sampling and ultrasensitive detection of different chemical biomarkers.

years, fast biosensing techniques for a small number of
oligonucleotides achieving high precision and sensitivity with a

Extracellular nucleic acids, such as circulating DNAs and
RNAs, are believed to have diverse and vital roles in genetic
regulation and other physiological and pathological processes
in plants and animals.” 2 Circulating nucleic acids are freely
present in biological fluids, such as blood, plasma and urine.
Recently, it has been discovered that circulating nucleic acids
can serve as efficient blood-based biomarkers for early
diagnosis of cancer in patients.>® However, the concentrations
of each type of circulating nucleic acids (such as microRNAS)
expressed from either healthy or cancer cells in the blood
plasma is relatively low (~ 9,000-134,000 copies pL™) and
below the detection capability of the current detection
technologies.® Therefore, for early cancer diagnosis and
monitoring a response to therapy, highly-sensitive detection and
capture of low concentrations of circulating nucleic acids are
required. Although many scientific advances and technological
improvements have been made in genetic analysis in recent
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single molecular level detection capability are still scarce.®”

Nanotechnology offers an unprecedented opportunity to
manipulate solid state materials for genetic detection and
expression.®?® DNA arrays with a high density of
oligonucleotides immobilized on flat surfaces have been widely
used for genetic analysis and testing. ** However, the sensitivity
of these flat DNA microarrays is not sufficient for detecting
low traces of circulating DNA that typically exist in biological
fluids.® The fundamental requirement for such as a DNA/RNA
sensor is to possess (i) a very large number of capture sites
(high probability of detection), while (ii) being capable to
detect single molecules (high sensitivity). Recently a large
number of studies have been devoted to the design of new
biosensing platforms that would enhance the performance of
the DNA sensors. 2%

Nanopore-based sensing mechanisms are emerging as one
of the most promising methods for detection of RNA/DNA
fragments in a fluctuating background because they offer direct
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real-time and label-free detection.’®'® Such properties are
highly desirable for non-invasive early cancer diagnosis.
Nanopore sensing devices can be constructed from a single
nanochannel or an array of nanopores arranged in a membrane.
While a single nanopore has been found suitable for
translocation and detection of a single DNA or RNA
molecule,?®?* nanoporous membranes offer a fast and high-
throughput analysis of a large number of biological specimens.
Nanoporous materials, due to the large surface area, can
accommodate a much higher number of probes on their surface
compared to flat substrates. Higher concentration of the probes
on the sensor promises to provide a higher chance to capture
the target circulating DNA molecules on the sensor surface.
Additionally, the use of flow-through type membranes gives an
opportunity to speed up the isolation and detection of the target
molecules in large volumes via discriminatory size selection,
filtration and separation.

There are many types of porous materials, such as silicon,
silica, titania and alumina, which have been considered for
biological and medical applications.?®> 2% Although these
materials possess interesting features, such as easy and large-
scale fabrication, narrow pore size distribution, mechanical
robustness, tunable porous structure and controllable surface
chemistry, their limited long-term chemical stability and
biocompatibility remain an issue.?® * Recently, we have
developed a new method to protect the whole internal and
external surface of nanoporous anodic aluminum oxide (AAQO)
membranes by using a conformal coating of diamond-like
carbon (DLC).%! The nanoporous DLC coated AAO membranes
exhibit extremely good resistance to chemical and biological
corrosion, similar to diamond, which is particularly important
for both in vitro and in vivo applications. Additionally, the
entire (internal and external) surface of these carbon-coated
membranes offer an opportunity to be covalently functionalized
with a variety of chemical groups to allow specific interaction
with targeted molecules in sensing applications.* %

Here, we report the fabrication of multifunctional 3-
dimentional DLC-AAO nanoporous membrane sensors for
highly-sensitive and selective detection of nucleic acids. It is
demonstrated that nanoporous flow-through carbon-coated
membrane sensors exhibit much better sensor performance than
planar devices due to their large specific surface area and
efficient DNA capture in narrow nanochannels. In particular,
we show the detection of cancer oncomarker RAK |, a common
21-mer biomarker in patients with prostate, breast and
gynecological cancer.** Specifically, optical detection of
hybridization with complementary DNA in nanoporous
membranes down to the single-molecule level is demonstrated.
The immobilized fluorescently tagged DNAs are detected
inside the nanoporous membranes using depth profiling with
confocal microscopy. The sensitivity and selectivity mechanism
of DLC-AAO membrane sensors as a function of different
concentrations of the analyte oncomarker is investigated.
Additionally, a comparative analysis of the biocompatibility of
the sensor materials with and without a DLC coating is
performed.

Results and Discussion

Membrane sensor fabrication.

The AAO membranes used in this study have straight
circular pore channels with a pore diameter of 150 nm and a
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thickness of 100 pm. Different pore shapes and sizes (10-450
nm) of AAO membranes can be produced by changing the
parameters in the anodization process.®® The surface of the
AAO membranes was coated by ultrathin (2-5 nm) DLC films
using a plasma-enhanced chemical-vapor deposition (CVD)
method.® The details of the CVD fabrication method have been
reported elsewhere. 3! The SEM and TEM images of the cross-
section through the nanoporous DLC-AAO membranes are
shown in Fig. 1. DLC forms a conformal coating over the entire
internal and external surface of the nanoporous alumina
structure. The DLC layer consists of a mixture of sp® (65%) and
sp? (35%) bonded amorphous carbon, which provides an
impermeable protecting layer to the membrane substrate. As a
result, DLC coated membranes exhibit excellent resistance to
different chemicals and harsh environments (1 < pH < 14).

In the next fabrication step, the surface of the DLC-AAO
membranes was chemically functionalized to induce specific
moieties for selective capture and sensing of biomolecules. The
schematic of the fabrication process of the carbon-coated
membrane sensors is shown in Fig. 1. The surface of the DLC-
AAO membrane sensor has been decorated with a probe single-
strand DNA (21-mer) that is complementary to the target RAK
I oligonucleotide. The surface functionalization was possible
due to oxygen plasma treatment of membranes that introduced
carboxylic groups to the surface. Carbodiimide chemistry has
enabled to covalently attach single-strand DNA with amine
group to carboxylic groups on the surface of membrane (Fig.
2). As carbodiimide chemistry is well acknowledged technique
to attach various molecules, it can be robustly used to decorate
the membrane surface with many other biomarkers. After the
surface functionalization with probe DNAs, the membrane
sensor can be used not only for selective capture of target DNA,
but also for filtration and separation of larger biomolecules in
physiological liquids.

Working principle

Fig. 1 shows schematically, a concept of the working
principle of the surface-functionalized membrane sensor for the
detection and capture of circulating nucleic acids in blood. The
selectivity of the sensor is provided by selective hybridization
between the target DNA and the complementary DNA strands
immobilized on the DLC surface. Large species and cells in
blood are separated by the membrane and small molecules of
blood plasma enter the nanopores and pass through the
membrane. The captured target molecules in the membrane are
detected using optical microscopy. Finally, the membrane filter
is washed and cleaned for re-use.

Blood filtration and separation of blood plasma using
nanoporous AAO membranes has been demonstrated in
previous studies.?” 3 The narrow pore size distribution and
high uniformity of pores in the membranes have led to fast
permeability and effective plasma separation by the
membranes.®® Penetration of cells and other big blood
constituents into the membrane can be avoided by size-selective
filtration by the nanopores (< 200 nm), allowing passage of
only smaller particles (such as protein and nucleic acids).?

The pre-filtration and separation process is expected to
simplify the whole procedure of DNA detection from blood of
patients into a single procedure. In this paper, we concentrate
on proof-of-concept studies of the membrane sensor operation
and response to different concentration of pure synthetic DNA
solutions in water and blood. It is demonstrated that the
nanoporous membrane sensors can significantly improve the
sensitivity of DNA capture on the sensor surface compared to
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the currently used flat sensors (Figs. 3 and S2 and Table S1 in
Supplementary Informationt). A combination of filtration and
high sensitivity in a single membrane sensor also promises to
provide higher probability of DNA capture when passing the
DNA through the nanopores, which is ideal for the detection of
very small concentration of cancer and other bio-markers in
large volumes of blood or other physiological liquids.

The nanoporous membrane sensors have about three orders
of magnitude higher surface area than flat surfaces used in the
existing commercial DNA arrays.®® The calculated total surface
area of the membrane (with the top surface area of 1 cm?
thickness of 100 pm, pore diameter of 150 nm and porosity of
~10° pores cm™) is approximately 1000 cm?.

Such a high specific surface area of the membrane sensors
opens up an opportunity for the formation of high-density DNA
array with the density of ~ 10'® probes per cm? (for a 1 cm?
macroscopic sample with a ~ 1000 cm? of total surface area).

Hybridization

The target DNA (RAK 1) is captured on the membrane
sensor by a hybridization process based on hydrogen bonding
with the probe DNAs covalently attached to the surface of the
sensor. The hybridization experiment was performed using two
different oligonucleotides to test selectivity of the binding
mechanism. One was the target DNA, with exact
complementary matches with the immobilized probe DNA, and
the other one was a control DNA, which does not match with
the immobilized probe DNA. The control and target DNAs
were marked with a fluorescent dye (Alexa Fluor 647) to allow
optical detection.

The dynamics of the DNA hybridization in the nanoporous
membranes is shown in Fig. 3. The data correspond to the
process of adsorption of labelled DNAs on the nanoporous
membranes. Fig. 3 clearly shows that there is no detectable
adsorption between the probes on the surface and non-
complementary DNA. The adsorption profile of the target DNA
as a function of concentration follows approximately the
Langmuir adsorption model (Equation 1). In this simplified
model it is assumed that diffusive molecules are attached and
detached from the surface by constant rates using only a single
binding energy.*® ** The Langmuir model is given by Equation
1

_ KxC )
1+KxC’

where K is the equilibrium constant and C is the concentration
of the solution and A is the fractional coverage of the surface.
Hybridization is a complex phenomenon*® *! and an in-depth
analysis is needed to fully understand the binding rates of the
target to a probe DNA in a nanochannel. However, by
comparing the hybridization in nanoporous membranes with
normal flat DNA arrays of Glazer et al.,* one can clearly see a
difference in the adsorption profile and saturation as a function
of concentration (inset of Fig. 3). This result suggests that space
confinement modifies the hybridization kinetics and dynamics
in nanochannels compared to flat substrates.*?> The observed
hybridization saturates at approximately 1000 pmol cm? (~
10" molecules) of target DNA on the surface. This is
approximately 1000 times larger than the saturation
concentration on flat substrates (~ 10> molecules in a 1 cm?
sample).® Additionally, it is important to mention that the
hybridization in the nanoporous structures is a relatively fast
process. For example, equilibrium is achieved within 10 min in
a 1 uM solution (Fig. S17).

This journal is © The Royal Society of Chemistry 2012
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Optical detection

The target molecules attached to the membrane sensor can
be easily detected by fluorescence microscopy. Similar to any
other optical immunosensors, the intensity of the fluorescent
light is used as an indicator of the concentration of the captured
molecules. Fig. 4a shows a microscopic image of the sample
using a fluorescence illuminator. However, much higher
sensitivity is achieved by using a confocal scanning laser
microscope equipped with a 632.8 nm laser and a detector
capable of detecting single photons. Confocal microscopy
spectra of the samples with different concentrations of the
captured DNA on their surface are shown in Fig. 4b. The
intensity of the fluorescent emission exhibits a clear increase
with the concentration of the analyte in the 3D nanoporous
DNA arrays.

Figure 4c shows the response of the nanoporous sensor to
varying target DNA concentration. The total intensity of the
fluorescence has been estimated by integration of the surface
under the spectrum and compared to the background signal.
The background signal has been measured on a sample with
zero DNA concentration on the surface. The sensors show a
very low background signal, which is a crucial characteristic of
a sensor with high sensitivity that is needed for detection of
very low concentrations of target fluorescent DNA.

At high concentration of the target DNA (>1000 pmol cm”
2), a saturation of all probe DNA binding sites on the sensor
surface is achieved and the detected signal reaches a maximum.
The saturation signal intensity from the nanoporous DLC-AAO
array has been found dramatically higher than on flat diamond
arrays prepared in the same way (Fig. S2F). This is due to the
larger surface area of the nanoporous membrane compared to
the flat sensors, which allows accommodation of 1000 times
more DNA molecules on a 1 cm? sensor area.

The intensity at very low concentrations was measured at a
single wavelength and spatially averaged over 100x100 pm?
scan area to compensate for inhomogeneous distribution of the
molecules across the sample. This method allows detecting
hybridized fluorescent DNA in the sample down to individual
DNA molecules Thus, the detection sensitivity of the 3D
nanoporous arrays spans from single molecules up to 10'°
molecules, which is several orders of magnitude better than the
sensitivity of currently used flat DNA microarrays (~ 10 -
102 molecules cm™).*° Fig. 5a shows a 100x100 pm? scan of a
nanoporous sensor with a low concentration of captured DNAs.
At these very low concentrations the captured fluorescent DNA
molecules are detected under the confocal microscope as bright
spots, which can represent single and multiple DNA molecules.
By careful statistical analysis of the emission properties of the
bright spots we could determine that the majority of these spots
belong to the single molecules. Based on this assumption that
each bright spot represents a single molecule, the calculated
density of the molecules in Fig. 5a, b is estimated to be ~ 108
and ~ 10° molecules per cm? of the sensor respectively.

Fig. 5b shows an example of single fluorescent DNA
molecule detection by measuring the emission from a single
fluorescent dye attached to a target DNA. In these images, the
sizes of the bright spots are limited by the resolution of the
microscope (to about 300 nm). It is confirmed that the emission
of the spots match spectral properties of the fluorescent dyes
with the expected emission at 670 nm (Fig. 5b). The single-
molecule sensitivity was established by counting the emitted
photons over the time using an avalanche photodiode (Fig. 5c).
In agreement with previous single-molecule emission studies,**
it is found that a single molecule exhibits an abrupt bleaching
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characteristic unlike the ensemble of fluorescent molecules (for
details see Supplementary Information Fig. S3t). If more than
one emitter was present in the observed spot, either multiple
discrete bleaching steps (two and three molecules) or a slow
decay function (a larger number of molecules) have been
observed. The result of these observations is summarized in
Fig. 5c. Based on the statistical data, more than 50% of the
observed single-spots correspond to single-molecule events.

To demonstrate that the hybridization process can also
occur within the nanopores, depth profiling is performed using
scanning confocal microscopy to allow detection of the single
DNA molecules at different depths of the membrane. Fig. 5d
shows a series of confocal images taken at 1 um step from the
volume scans of the sample, where it can be seen the detection
of the single DNA molecules at different depths of the
membrane. The images confirm not only successful surface
functionalization within the nanopores of membrane, but also
the ability to filter complimentary DNA from solution.

Finally, it is worth of mentioning that the high detection
ability originates predominantly from a low background signal
(noise) of the DLC-AAO sensors. We were unable to observe
single-molecules on pristine AAO membranes due the auto-
fluorescence of AAO, which originates from the oxygen
vacancies (F* centers) in the material.*® *” The DLC plasma
modification of AAO effectively passivates the fluorescent
centers on the surface of AAO as shown in Fig. S47.

DNA in blood

To demonstrate the suitability of the DLC-AAO sensors for
DNA detection in real biological conditions, we have
performed DNA detection from the whole-blood (Fig. 4c). For
this purpose, the synthetic target DNA was mixed with the
whole-blood samples to obtain desired concentrations. The
sensor response to the captured DNA in blood is almost
identical to sensing in water (Fig. 4c and Fig. S5%). This is
because the blood components do not interfere with the optical
emission of the used molecular dye. The whole-blood has no
realizable optical emission at the emission of Alexa Fluor 647
(Fig. S57), when excited with Aeygitation= 630+5 nm.

Chemical Stability and Biocompatibility

Long-term stability of a biosensor is a crucial factor for its
in vitro and in vivo applications. In vivo applications especially,
require materials that exhibit excellent stability in the biological
environment. AAO exhibits a poor chemical stability in slightly
acidic or basic environments due to a gradual dissolution of
alumina.”® The sp® bonded carbon materials, on the other hand,
are well-known for their chemical resistivity. Table 1 presents
results of chemical resistance of AAO and DLC-AAO
membranes in  comparison to diamond. DLC-AAO
demonstrates excellent corrosion resistance against all tested
chemicals with no signs of degradation, similar to diamond,
whereas AAO has been completely etched in these acidic/basic
conditions. This result clearly shows that the conformal coating
of DLC layer is the key factor for the chemical stability of
DLC-AAO membranes.

The strong corrosion resistivity of the membranes is
advantageous for recovery/regeneration of the sensors.
Recovery of used DLC-AAOQO sensors was achieved by cleaning
the sensors with boiling NaOH. This treatment resulted in the
removal of all biomolecules and DNA from the surface without
affecting the surface chemistry of the membranes (Fig. S6+).
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The reusability of the sensors was confirmed by reaching
single-molecule detection on a recycled membrane (Fig. S77).

Non-toxicity is another crucial factor of a good biosensor.
The in vitro cytotoxicity test is a good measure of
biocompatibility as it indicates how a biological tissue and cells
will respond to the sensor material. To test the cytotoxicity, the
samples were immersed in DMEM (Dulbecco's Modified
Eagle's Medium), the extracts were collected and then exposed
to mouse fibroblast (3T3 fibroblast) cells for 24 hours. This is a
standard test, which mimics or even exaggerates the clinical
conditions where the test material is used. Accordingly, when
the AAO and DLC-AAO samples were immersed in the
fibroblast cell culture, AAO shows moderate toxicity when
compared to the control (tissue culture plastic). On the other
hand, DLC-AAOQ exhibited clearly non-toxic behaviour (Fig.
6). This suggests good biocompatibility of the DLC-AAO
membrane, and makes this membrane interesting for biological
applications.

Conclusions

We have demonstrated a successful implementation of
flow-through nanoporous DLC-coated alumina membranes as
stable, biocompatible and highly-sensitive sensors of
circulating nucleic acids. We have investigated the capture of
fluorescent cancer biomarkers (RAK I) in nanopores of the
membrane  sensors  through  hybridization  with the
complementary DNA using highly-sensitive optical detection
methods.

The findings show that the 3D structure of the nanoporous
sensors allows broad-range detection sensitivity with the
ultimate single-molecule resolution, breaking down the
detection limits of the current commercial flat DNA
microarrays by several orders of magnitude. The large surface
area of the membrane sensors allows accommodation of ~10*°
of molecular probes (21-mers) in 1 cm? of a macroscopic
sample, which dramatically enhances the detection capability of
large concentrations of DNA in comparison to the flat arrays.

Additionally, we have studied the cytotoxicity and
biostability of the used membrane sensors in various biological
environments. The DLC-AAO membranes have been found to
be biocompatible and exhibit excellent chemical and biological
stability.

These results suggest that DLC-coated membranes represent
a unique material platform for biosensing through DNA
hybridization or another type of a selective biosensing strategy,
which can be applied in different biological experiments, such
as detection of DNA, antibodies and other important
biomarkers. The possibility of a combination of size-selective
filtration and ultrasensitive detection in a single sensor opens
up a range of possibilities for detection of low quantity
biomarkers in large sample volumes, which is in particular
important for early diagnosis of cancer and other diseases.

Methods

Fabrication of DLC-AAO membrane sensors

Free-standing whole-through AAO membranes were
purchased from Synkera Technologies, Inc. The membranes
were 1x1 cm? squares with 150 nm pore size and 100 pum
thickness. The conformal coating of diamond-like carbon was

This journal is © The Royal Society of Chemistry 2012
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performed in a microwave plasma-enhanced chemical vapor
deposition (MW-PECVD) chamber (Cyrannus system from
Iplas GmbH) as described elsewhere.®® The thickness of the
coated carbon was 2-5 nm. Samples were oxidized and cleaned
by a 30 second exposure to oxygen plasma with 50 W power
followed by 10 min exposure to UV light. This short plasma
exposure modifies only the surface atomic termination of the
membranes by oxygen,® while the original structure of the
membrane is maintained (Fig. S8+).

Nucleic acids

All the PCR (polymerase chain reaction) synthesized
oligonucleotides with an amine modification on the 3’ end were
purchased from GeneWorks. Target RAK | has a sequence of
5'-CCA GAC TGT GAG TTG CAA CAG-3' (MW = 6606).*
Complementary DNA and non-complementary DNA (control)
have the sequences of 5'-CTG TTG CAA CTC ACA GTC
TGG-3' (MW = 6664) and 5'-TGT GAC ATC AGG AGG CTC
AAA TC-3' (MW = 6101), respectively.

Surface functionalization

The samples were immersed in 1 M 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) solution for 15 min
at room temperature to activate the carboxyl groups on the
surface to form a reactive intermediate. The active intermediate
then was reacted with amine group at the 3’ end of a
complementary oligonucleotide.

Specifically, 2 mL of probe DNA (complementary RAK 1)
(2 uM in phosphate buffer saline (PBS)) was added to the
membrane-EDC mixture at room temperature and kept mixing
overnight. The samples were washed couple of times with
Milli-Q water and gently dried with nitrogen flow for further
analysis.

To calculate the concentrations, optical density of the probe
DNA was measured before and after adsorption on the surface
of the sensor using an optical adsorption method. The optical
adsorption of the molecules (A,g) Was recorded at Apmz = 260
nm, using a Nanodrop (Thermo Scientific). The concentration
of the probe DNA was reduced to 1.2 pM after adsorption,
which corresponds to adsorption of 6.9x10* DNA molecules
on the sensor.

Fluorescent dye attachment

DNA labelling with fluorescent dye was carried out by
incubating 524.6 nmol of DNA in 2 mL of PBS with a 5-fold
molar excess of Alexa Fluor® 647 NHS Ester (Succinimidyl
Ester) (Life Technologies). The reaction between the primary
amine on the 3’ end of DNA and NHS on the fluorescent dye
was allowed to proceed for 2 h, after which the DNA was
purified using a NAP-5 column (GE Healthcare).

DNA detection and characterization

In the hybridization experiment, samples were immersed in
a solution of target-DNA or non-complementary DNA with
different concentrations (1 fM — 100 pM). The reaction was
performed at 45 °C and completed in 20 min. The
concentrations of the solutions (> 0.1 nM) were measured
before and after the hybridization using a Fluorometer
(HORIBA MicroMAXx 384) equipped with Xenon lamp. The
excitation wavelength was 630+5 nm and the emission
spectrum was measured from 645 to 745 nm from a 100 pL

This journal is © The Royal Society of Chemistry 2012
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quartz cuvette. The surface area of the spectrum was measured
to calculate the concentration of the solution.

DNA detection from blood

The fresh whole-blood samples were obtained from
deceased pigs. The blood was filtered using a syringe filter with
10 um pore size to remove clots and other large-size impurities.
Then the blood was diluted to ~ 10° red-cells mL™? using
distilled water. The target DNA was mixed with the blood to
obtain the desired DNA concentration. DNA detection in blood
was performed in the same way as in water.

Optical detection

Fluorescence images were taken wusing an upright
microscope (Olympus) equipped with a halogen lamp, a 60x
objective lens, a red filter and a CCD camera. Custom built
confocal scanning laser microscopy (CSLM) with a Helium—
Neon laser (632.8 nm) was used for spectral acquisition, photon
counting and single-molecule studies. Gas emission lines were
removed with a narrow band filter centred at 632 nm. The laser
light was coupled into a single mode fibre designed for 632 nm.
The laser light was reflected from a dichroic beam splitter and
was incident on the back of the infinity-corrected objective
(100x magnification and 0.95 numerical aperture). The
diffraction limited spot excited fluorescence in the sample
which was transmitted by the dichroic mirror. The laser light
was blocked using a 632.8 nm notch filter. The light was then
focused onto a multi-mode fibre (which acted as a pinhole)
using an achromatic lens. The signal was then split into two
channels using a multi-mode fibre splitter and detected using a
SPCM-AQR-14 avalanche photodiode (APD), an Acton 2300i
(30cm) spectrometer and a PicoHarp 300 correlator card. The
samples were scanned in two dimensions by a computer-
controlled piezoelectric device using LabVIEW. Optical
spectra, photon counts and images were obtained with a laser
power of 2 uW (measured before the objective). The optical
spectra were collected using an integration time of 1 sec.

Biocompatibility tests

Cell viability tests (ISO 10993-12) were done by immersing
clean membranes in DMEM (supplemented with 5% FBS) for
24 hours at 37°C, 5% CO2. Extracts were then collected and
stored in 4°C until used for cell culture. Mouse fibroblasts (3T3
fibroblasts) were seeded in 100 pL of fresh DMEM at 3200
cells per well of 96 wells and culture for 24 hours to obtain an
established cell layer. The DMEM was then removed and
replaced by 100 pL of the extracts. The cells were then
incubated for another 24 hours. At the end, 20 pL of Celltiter
Aqueous One solution (Promega) was added to each well of the
plate and incubated (37°C, 5% CO,) for 4 hours. After 4 hours,
optical densities (OD) of the wells were measured using a
spectrophotometer at 490 nm. Background ODs at 690 nm of
the wells were also measured. Cell numbers are proportional to
the values of ODs. All experiments have 3 repeats.
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Fig. 1. DNA sensing technology using a diamond-like carbon coated AAO membrane filter. The schematics on the right show the
sample fabrication and a concept of the working principle of the flow-through membrane sensor used for filtration and capture of

target biomolecules in complex biological fluids. SEM and TEM images of a cross section through a DLC-AAO membrane are
shown on the left.
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Fig. 3. Adsorbed density (N) of complementary and non-complementary DNAs on DLC-AAO membrane sensors as a function of
concentration. The line shows the Langmuir fit to the complementary adsorption. The inset shows comparison between DNA
hybridization on flat substrate (from Glazer et al.)*® and nanoporous DNA arrays. The nanoporous array has much higher surface
area, therefore, it can accommodate 1000 times more DNA on its surface. Higher concentration of the probes on the sensor means
higher chance for the target molecules to be captured.
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Fig. 4. a) A fluorescence microscopy image of DLC-AAO membrane saturated with captured fluorescent DNAs. b) Optical
spectra of the samples with different adsorbed DNA concentrations on the surface obtained with confocal microscopy. c)
Sensitivity analysis of the measured intensity as a function of the amount of captured molecules in 3D DNA nanoporous arrays in
water and blood. The low density (1022 - 0.1 pmol cm™2) data points were spatially averaged over a 100x100 pm? scan area.
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Fig. 5. a) A scanning confocal image of a 100x100 um? area of a DLC-AAO membrane with a low concentration of captured
target DNA. b) A single-molecule event observed under the confocal microscope and the related spectrum. c) The photon counts
from a single molecule before and after bleaching. d) Statistical analysis of photobleaching steps in single fluorophore spots. €)

Observation of the single-molecules at different depths of the nanoporous membrane, and demonstration of 3D imaging of the 3D
DNA array.
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Fig. 6. Cytotoxicity of different materials (Cytotoxicity test — ISO 1099312). DLC-AAO and the control (tissue culture plastic) are
non-toxic, while AAO exhibits moderate toxicity.
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Chemical/Duration pH T (K) AAO DLC-AAO Diamond
Saturated Potassium Hydroxide (KOH) / 24 14 208 ctched resistant resistant
hours

Saturated Potassium Hydroxide (KOH) / 2 14 353 ctched resistant resistant
hours

Phosphoric Acid (10% vol) /12 hours 4 333 etched resistant resistant
Hydrofluoric Acid (HF 40% vol) /72 hours 3.5 298 etched resistant resistant
Sulfuric Acid and Sodium Nitrate (1 mL 1 473 ctched resistant resistant

H,SO4+ 0.25 mg NaNO;) /1 hour boiling

Table 1. Comparison of chemical resistance of AAO, DLC-AAO and diamond.
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