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Label-Free Detection of Morpholino-DNA
Hybridization Using a Silicon Photonics Suspended

Slab Micro-Ring Resonator
Soha Yousuf, Jongmin Kim, Ajymurat Orozaliev, Marcus S. Dahlem, Yong-Ak Song , and Jaime Viegas

Abstract—In this study, deoxyribonucleic acid (DNA) hybridiza-
tion was demonstrated using a suspended silicon photonics micro-
ring resonator with a 90 nm-thick slab and morpholino as the
capture probe. Complementary DNA of various concentrations
were tested achieving a surface sensitivity of 2.12 nm/nM, a de-
tection limit of 250 pM, and an intrinsic detection limit of 36.9 pM.
A bulk sensitivity of 98 nm/RIU and an intrinsic detection limit
of 1.03 × 10−3 RIU was also measured upon exposure to iso-
propanol/deionized water solutions. With these characteristics, the
suspended 90 nm slab ring sensor proved as a promising candidate
for lab-on-a-chip bio-sensing applications.

Index Terms—Morpholino-DNA hybridization, label-free,
micro-ring resonator, bio-sensor.

I. INTRODUCTION

DNA-BASED diagnostics has been developing rapidly over
the years due to its extensive applications in disease diag-

nosis [1], detection of clinical illnesses such as cancer [2], [3],
environmental monitoring [4], and food science [5]. Particularly
in the healthcare industry, accurate detection of genetic and
viral diseases rely on the provision of precise and cost-effective
results. Therefore, the development of inexpensive and highly
sensitive devices that have a small footprint has been the subject
of intense research efforts. Now more than ever, such a need is
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urgently pressing with the imminent health threat that viruses
such as SARS-CoV-2 have challenged the medical field with.

The specificity and sensitivity of hybridization are mainly
influenced by the binding efficiency between target DNA and
the capture probe. Morpholino (MO) probes are synthetic nu-
cleic acid analogs that have the sugar phosphate backbone of
a natural nucleic acid replaced with alternating morpholine
rings connected by phosphorodiamidate groups, resulting in a
non-ionic backbone [6]. Compared to other uncharged DNA
analogs such as peptide nucleic acids (PNA), morpholinos have
exhibited greater flexibility to oligomer length to bind to longer
DNA targets. Their promise as enhanced capture probes comes
from their unique properties including - great water solubility,
stability, high hybridization efficiency, and specificity. In com-
parison to DNA probes that hybridize at high ionic strengths
(0.1 - 1 M), morpholinos allow for DNA detection at much lower
ionic strengths (down to 10 mM), due to the probe’s backbone
charge neutrality which exhibits low electrostatic hindrance [7].

By far, the largest impact of morpholinos in diagnostic re-
search has been achieved through the improvisation of transduc-
tional means, especially those based on electrostatic and conduc-
tivity principles. Label-free hybridization between immobilized
MO probes and DNA targets have been detected by monitoring
interfacial capacitance fluctuations on gold supports [8], where
signals using uncharged MO probes were of higher magnitudes,
compared to DNA probes. In [6], an electrochemical sensor
employed morpholino probes as a capture probe and a cationic
redox polymer as a signal generator in order to detect hybridized
DNA. In another approach, zirconium ions were used to fluo-
rescently label hybridized DNA to morpholino films employ-
ing the phosphate-zirconium-carboxylate coordination reaction.
The method exhibited a linear behavior of the fluorescent readout
for various DNA concentrations (1 pM to 1 nM) [9]. Other
nanostructures that have exploited the benefits of morpholino
probes include silicon nanowires, such as reported by Zhang
et al. [10]. The hybridization of DNA was detected from the
fluctuation in nanowire conductance at a sensitivity of 100 fM.

Despite the great promise that morpholino exhibits as a
capture probe, it faces some restrictions similar to those of
conventional methods. These include long hybridization time
and low hybridization sensitivity, especially for low target ana-
lyte concentrations. Both these challenges are normally tackled
using amplification techniques prior to hybridization, such as
the polymerase chain reaction (PCR) which is not feasible in
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Fig. 1. Design of a suspended 90 nm slab micro-ring resonator; (a) Schematic of the structure; (b) Illustration of the transverse cross-section of the structure; (c)
Simulated optical Ex field for the suspended portion of the ring with TE mode launched (h = 220 nm, w = 450 nm, and slab t = 90 nm).

clinical diagnostic applications [11]. Therefore, a direct, rapid,
and simple detection scheme that reliably detects the target
analyte at high sensitivity has yet to be explored.

In this regard, optical bio-sensing devices such as sili-
con photonic sensors have attracted interest due to their high
sensitivities and label-free detection approaches, becoming one
of the most commonly used for nucleic acid detection [12].
They yield great promise owing to their low fabrication cost
in high volumes with CMOS-compatible processes, sensitivity
to adsorbed biomolecular layers at their surface, and their highly
compact footprint.

In particular, resonant cavities such as micro-ring res-
onators [13], [14], whispering gallery mode resonators [15],
disks [16], droplet resonators [17], [18], grated rings [19], and
photonic crystals [20] are regarded as attractive devices for
bio-sensing applications, and have been explored experimentally
extensively, as well as theoretically, through simulations [21],
[22]. The surface binding causes a change in the effective index
of the propagating mode that is translated into a shift in the
resonant wavelength position [23]. Target analytes bound on the
surface of these waveguides are sampled hundreds times over
because of the re-circulation of light within the micro-cavity
when in resonance [24]. This feature offers a great advantage to
reduce the device size by orders of magnitude without sacrificing
the interaction length owing to high Q-factor resonances, which
is particularly crucial when detecting low analyte concentra-
tions [25]. However, despite the growing interest, deploying
morpholino as a capture probe on resonant optical structures
like micro-ring resonators has been limited.

In this work, morpholino-DNA hybridization has been
demonstrated on a suspended 90 nm-thick slab micro-ring res-
onator that uses covalent bonding as the surface functionaliza-
tion protocol to immobilize morpholino capture probes onto the
ring’s waveguide surface. The suspended structure improved
sensor sensitivity by enhancing light-matter interaction between
target biomolecules and the evanescent field of the resonant
cavity. To the best of our knowledge, this bio-sensing experiment
demonstrated the potential of utilizing morpholino as a DNA
capture probe on a suspended photonic micro-ring resonator for
the first time. A linear relationship was demonstrated between
the resonant wavelength shifts and the target DNA concentra-
tions. A bulk refractive index sensitivity was also reported for the
device using varying concentrations of deionized (DI) water and
isopropanol (IPA) solutions. On the whole, the suspended 90 nm

slab micro-ring resonator addressed many of the MO-based
shortcomings, and proved as a potential sensing platform for
lab-on-a-chip applications.

II. DEVICE SIMULATION AND ANALYSIS

The 90 nm-thick slab micro-ring resonator structure is illus-
trated in Fig. 1. The reason behind choosing a slab thickness of
90 nm was constrained to the thickness offered by the fabricating
foundry. The design was previously proposed in [26] using a
multimode core width to achieve a large Q factor. However, for
interferometric structures such as micro-ring resonators, single
mode waveguides are preferred for bio-sensors in order to curb
ambiguous results [27], [28].

Therefore, in this work, a similar design to [26] was proposed,
ensuring only the excitation of the fundamental mode at a
wavelength of 1550 nm, for a designed waveguide core width
of 450 nm. This feature would help cater towards increasing
the ring’s sensitivity to changes in the external medium due to
less confinement of the mode in the silicon core. In addition,
removing the top and bottom oxide layer yields a greater portion
of the optical mode to interact with the surrounding medium
which results in an increase in sensitivity. In this regard, by
removing the buried oxide completely from under the ring using
a timed isotropic etch, the micro-ring resonator is suspended,
while permitting a portion of this oxide to remain under the
central Si disk. This forms an oxide pedestal that mechanically
supports the entire structure.

The functionalization layers and binding of a target analyte to
an immobilized probe can increase the thickness of the resulting
surface layer from a few - to several hundreds of nanome-
ters [29]. Therefore, the surface sensitivity becomes an important
figure of merit. In a micro-ring resonator, the surface sensitivity
(Ss) assesses the resonant wavelength shift per change in re-
fractive index, within the first few hundreds of nanometers of
adlayer thickness above the waveguide surface [30], [31].

To quantify the thickness of the deposited layers on the surface
of the sensor ring in relation to experimental results, a simple
model can be used to simulate the behaviour. A uniform layer
is placed surrounding all four sides of the waveguide with a
constant refractive index, as illustrated in the schematic of Fig. 2.
Realistically, the resonant wavelength shift for each layer deposi-
tion would correspond to the respective refractive index changes
based on the molecular weight of the molecule. However, the
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Fig. 2. Resonant wavelength shift as a function of biomolecule layer thickness for an adsorbed layer with refractive index (n = 1.48) on a 90 nm-thick slab
waveguide cross-section of dimension (450× 220 nm). The graph inset shows the simulated surface sensitivity.

majority of previous studies have simplified the model and
conducted simulations by varying the surface layer thickness
with a constant refractive index, to provide an understanding
into the amount of adsorbed layers [30], [32], [33]. The resonant
wavelength shift due to simulated deposited layers is calculated
using (1) [32]:

Δλ =
Δneff × λ0

ng
, (1)

Where Δneff , λ0, and ng represent the change in the effective
refractive index of the propagating mode due to the presence
of a biomolecule layer, the initial resonant wavelength, and the
group index, respectively. The effective index change, Δneff

was simulated using Lumerical MODE solver where changes
were assumed to be linear, starting from a bulk solution (no
biomolecule layer) to an increased biomolecule layer thickness,
until a densely packed monolayer was achieved. The correspond-
ing resonant wavelength shift was then calculated using (1).

A mesh independency test was conducted to resolve the
nanometer-size adsorbed biomolecule layer. A finer mesh was
placed at the biomolecular region around the 90 nm slab micro-
ring resonator, as demonstrated in Fig. S1 (a) and (b) in the
supplementary material.

When the maximum mesh step was set at a value of 1 nm, the
resulting effective refractive index at a simulated wavelength of
1.55 μm, was 2.4389. When the mesh step was decreased to
0.5 nm, the effective index of the slab ring was 2.4390. There-
fore, a minimal difference of ∼ 0.004 % exists, which can be
considered as negligible. In addition, comparing Fig. S1 (a) and
(b) with mesh step settings (1 nm and 0.5 nm), a biomolecular
thickness of 1 nm is easily discernable with a maximum mesh
step of 1 nm, which is the minimum layer thickness simulated.
Therefore, a maximum mesh step of 1 nm was chosen for the
mesh overlay on the biomolecular layer in order to save the
computational time.

Adsorbed protein films are usually modeled with a refractive
index between that of dry molecules and of the surrounding
solution. The refractive index for adsorbed, hydrated proteins,
has been confirmed to be between 1.48 - 1.50 [30], [33] which

could be used to simulate for DNA molecules as well [32].
The surrounding aqueous solution for the hybridization of target
DNA is phosphate buffer saline (PBS) whose refractive index
was set to npbs = 1.33 at a wavelength of 1550 nm [33].

It was assumed that the refractive index of the layers that
would mimic the surface functionalization layers and the target
DNA would have a constant refractive index (n = 1.48), but
with a changing effective thickness, given that surface coverage
of adsorption is not 100%. As can be seen from the graph
inset in Fig. 2, for layer thicknesses up to 20 nm, the sensor
response was almost linear, and the thickness was far beyond
that of experimentally detectable adsorbed layers. Thus, using
this range of thickness, a fitted simulated surface sensitivity
(Ss = Δλ/Δt) of 215.6 pm/nm was estimated for an adsorbed
biomolecule layer with constant refractive index (n = 1.48).

III. EXPERIMENTAL METHODS

A. Fabrication Process

The fabrication of the 90 nm slab micro-ring resonator was
conducted by A*STAR Institute of Microelectronics-Singapore
using a 248 nm optical lithography process.

The suspended resonator was fabricated on an SOI wafer
which comprised of a 220 nm thick Si structure layer, 2 μm
buried oxide layer and 725 μm Si substrate. A hard mask was
used to etch the waveguide pattern on the structure layer to a
depth of 130 nm. This formed a slab layer with a thickness
of 90 nm. The Si layer was then patterned and etched using
photoresist to define the outer edge of the ring having a height
of 220 nm. The photoresist and hard mask were then stripped and
etched off, respectively. Then, 2 μm thick SiO2 was deposited
to form the upper cladding, patterned and etched for subsequent
deposition of 750 nm of aluminum as metal pads. A protective
layer was deposited all over the device and patterned to create
access to the metal pads and a window to the targeted micro-ring
resonator. This window was used to etch the deposited and
buried oxide layers using hydrofluoric acid, which resulted in
a suspended silicon micro-ring resonator, with a portion of
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TABLE I
MORPHOLINO PROBE AND SSDNA TARGET GENETIC SEQUENCES

Fig. 3. Schematic of functionalizing Si surface with MO probe for DNA sensing; (a) Hydroxylation of Si with 3:1 H 2 SO4:H 2 O2 solution; (b) Salinization
reaction between APTMS and the hydroxylated surface terminating it with NH2 amine groups; (c) Cross-linking with glutaraldehyde; (d) Covalently immobilizing
the 5’-NH2 modified morpholino ssDNA probe ready for DNA hybridization. Details of the surface functionalization protocol can be found in the Supplementary
Material.

the oxide remaining under the Si slab portion of the ring, to
mechanically support the entire structure.

B. Measurement Setup

To characterize the fabricated 90 nm slab micro-ring res-
onator, an optical setup was used with a C/L-band tunable
laser (Agilent 81600B Tunable Laser Source) as the input-light
source covering the wavelength range (1460 nm-1640 nm).
A MATLAB script was remotely accessed to sweep the laser
wavelength for data acquisition. Polarized light (TE/TM mode)
set through manual fiber polarization controllers was coupled
to, and retrieved from the silicon chip under test. This was
achieved using a pair of lens-tipped fibers with a focal spot size of
1.7 μm, with the return light detected by an optical power sensor
(InGaAs Agilent 81636B detector). The output was imaged
on a visible camera with a 20X microscope objective lens,
and an infrared camera for visual observation of propagating
light in the waveguides. The chip was stabilized on a custom
aluminum chuck using vacuum. Along with the lensed fibers, the
components were placed on a set of xyz translation stages using
Thorlabs piezo controllers to allow for optimum edge-coupling
to the silicon chip.

C. Surface Functionalization Protocol for MO-DNA
Hybridization

For the experimental demonstration of label-free single
stranded DNA (ssDNA) hybridization, the surface of the fabri-
cated 90 nm slab micro-ring resonator was functionalized based
on the covalent bonding method, to immobilize morpholino
probes. This method is commonly known to provide good

stability and high binding strength [34]. Details of the surface
functionalization protocol can be found in the Supplementary
Material.

For the MO-DNA hybridization experiments, we used a
25-mer length morpholino probe and a 25-mer length ssDNA
complementary target whose sequences are shown in Table I.
The entire process of the surface functionalization chemistry
of the 90 nm slab micro-ring resonator surface is illustrated in
Fig. 3.

IV. RESULTS AND DISCUSSION

The 90 nm-thick slab micro-ring resonator was fabricated
by A*STAR Institute of Microelectronics-Singapore using a
248 nm optical lithography process as elaborated in Section III-
A, with the targeted dimensions, as shown in Fig. 1 (b): outer Si
ring with a thickness of 220 nm and a width of 450 nm, inner
slab thickness of 90 nm, input and output waveguide widths of
450 nm, a coupling gap of 200 nm, and ring radii of 6 μm and
10 μm.

An SEM image of the fabricated 90 nm slab micro-ring
resonator is shown in Fig. 4 (a). The magnified SEM image
in Fig. 4 (b) illustrates the oxide cladding that has been etched
from underneath the outer ring, suspending the structure. An
oxide pedestal remains under the silicon disk portion of the ring
resonator (not shown).

A. Bulk Refractive Index Sensitivity

Testing bulk refractive index changes is crucial to investigate,
as solutions with different refractive indices contribute to the
overall measurement result. In addition, in some diagnostic
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Fig. 4. A fabricated suspended 90 nm slab micro-ring resonator; (a) Scanning electron microscope image of the micro-ring resonator fabricated using deep UV
lithography; (b) Zoom-in of the suspended ring with the oxide cladding etched from underneath the outer ring.

Fig. 5. Bulk sensitivity experiment using isopropanol/DI water concentrations; (a) Experimental setup showing a PDMS microfludic channel bonded onto the
silicon chip; (b) Side view of the microfluidic channel bonded onto the silicon chip; (c) Resonant wavelength shifts of a 90 nm slab micro-ring resonator for different
isopropanol/DI water concentrations; (d) Sensitivity plot for 9.1% - 59.71% IPA solutions with refractive indices (n = 1.3145 - 1.3574). A bulk refractive index
sensitivity, Sbulk of 97.48 nm/RIU and an iLOD of 1.03× 10−3 RIU was achieved.

applications, the concentration of the bulk solution is essential
(e.g. glucose monitoring).

Liquids with varying refractive indices (different concentra-
tions of isopropanol and deionized water) were flown across a
10 μm-radius 90 nm slab micro-ring resonator, with an FSR
of about ∼ 9 nm. This was conducted using a plasma-bonded
PDMS microfluidic channel on the surface of the silicon chip
(Fig. 5 (a)), the details of which can be found in the Supplemen-
tary Material. Using syringes and a microfluidic pump, different
liquids were flown at a constant flow rate of 5 μl/min. All
measurements were scanned at a total number of∼ 80 times, that
was sufficient enough to ensure stability of the shifted resonant

wavelength as a new solution was flown over the micro-ring
resonator.

Fig. 5 (c) shows the resonant wavelength shift with increasing
IPA concentration in the prepared solution. As a result, a linear
shift of Sbulk = 97.48 nm/RIU (bulk sensitivity) was obtained,
as can be seen from Fig. 5 (d). The linear fit is represented with
mean wavelength shift values and weighted standard deviation
error bars. The variations were minimal, proving very high
stability.

The temperature effect on the performance of the 90 nm
slab micro-ring resonator was not accounted for experimen-
tally. However, a MODE simulation was conducted to obtain
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Fig. 6. Resonant wavelength shifts of the 90 nm slab micro-ring resonator sensor with respect to each surface functionalization step. Each resonant wavelength
shift was with respect to the prior step.

an estimated temperature sensitivity, considering the thermo-
optic coefficient (TOC) of the silicon layer and the aqueous
cladding. Since water was the base of the DI water/IPA so-
lution, it was set as the cladding. The TOC (∂n/∂T ) for sil-
icon was approximated to be ∼ 1.8× 10−4 / ◦C [35], and
(∂n/∂T ) ∼ −9.9× 10−5 / ◦C [36] for water, at 25 ◦C. Ac-
cording to Hale and Querry [37], the refractive index of water
at T = 25 ◦C and 1550 nm wavelength is 1.318. Therefore,
the refractive index of the cladding was set to 1.318, and the
change in temperature was simulated by changing the refractive
index according to the water’s thermo-optic coefficient. In order
to simulate a temperature from 20 ◦C to 30 ◦C, the refractive
index was swept between 1.3185 and 1.3175, resulting in an
estimated sensitivity of - 63.49 pm/ ◦C, as shown in Fig. S2 in
the Supplementary material. The change in sign of sensitivity
is due to the thermo-optic coefficient of water. As expected, the
temperature’s sensitivity of this sensor is much lower than its
sensitivity to the refractive index, by about a 150-fold factor.

For a tracked resonant wavelength (λres = 1548.24 nm)
whose Q factor was fitted to a value of 15 490, the achieved
intrinsic limit of detection (iLOD) of the device was λres/(Q×
Sbulk) = 1.03× 10−3 RIU. The low detection limit was compa-
rable to values obtained in [19] and [38]. In addition, the detec-
tion limit and the bulk sensitivity showed a 2.5-fold enhancement
in performance as compared to values obtained in [39].

Although the detection limit of our suspended micro-ring
resonator is higher in comparison with reported ones, it has
the advantage of being fabricated with the industrial standard
microfabrication process using the 248 nm optical lithography
process. Therefore, it is definitely industrially scalable and of-
fers the opportunity for commercialization with standard mass
microfabrication techniques.

For instance, the sensitivity of the subwavelength multibox
waveguide reported in [19] was higher (579.5 nm/RIU) than
ours. However, the iLOD was on the order of (10−3 RIU), due
to the low Q factor (2600) measured in water. Furthermore, its
fabrication required a multi-etch process EBL process, or the
advanced 193 nm immersion lithography technology [19], which

significantly complicated the fabrication process. The 220 nm
thick TE mode ring resonator reported in [39] achieved an iLOD
of 2.72× 10−3 RIU, a sensitivity of 38 nm/RIU, and the dual
polarization micro-ring resonator in [40] achieved a sensitivity
of 104 nm/RIU for the TE mode, despite both resonators being
fabricated with ebeam lithography. In comparisoin, using the
standard 248 nm optical lithography microfabrication process,
we obtained a (higher,similar) sensitivity at a comparable detec-
tion limit.

B. Label-Free Detection of MO-DNA Hybridization

To establish the DNA detection sensitivity of the micro-ring
resonator with a radius of 6 μm (Q factor of 19 840, FSR of
∼16 nm) and inner slab thickness of 90 nm, resonant wavelength
shifts were first recorded for each step of the protocol highlighted
in Section III-C and described in the Supplementary Material.

Fig. 6 illustrates the resonant wavelength shifts with respect
to each surface functionalization step. After piranha cleaning,
the sample blue shifted the resonance (not shown), while the
resonant wavelength red shifted after each molecular attachment
step. The layering of biomolecules on the 90 nm slab ring
surface increased the effective refractive index of the micro-ring
resonator which influenced the resonant wavelength shift. A
total wavelength shift of Δλr˜∼ 1.643 nm occured between no
monolayer in air, and a morpholino-functionalized monolayer.
It should be noted that the surface functionalization and the
subsequent hybridization of the target ssDNA to the immobilized
MO probe was conducted in an open environment without a
PDMS chip.

A series of varying concentrations of complementary ssDNA
(0.25 nM, 0.5 nM, 0.75 nM, and 1 nM) in 0.1X PBS solution
were tested. Hybridization of the DNA to the morpholino ssDNA
probe showed linear wavelength shifts with the DNA concentra-
tions, as shown in Fig. 7 (a). In Fig. 7 (b), each bar corresponds to
the resonant wavelength shift after hybridization of morpholino
to the target ssDNA concentration. Based on the experimental
results, the sensitivity of the 90 nm slab micro-ring resonator
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Fig. 7. MO – DNA hybridization results; (a) Plot of several ssDNA concentrations bound to the morpholino probe, achieving a sensitivity of 2.12 nm/nM with
indicated standard deviation error bars obtained through repetitive scans of the same measurement; (b) Bar chart illustrating the wavelength shifts of four different
ssDNA concentrations hybridized to the morpholino monolayer. Each hybridization experiment was conducted for a duration of 30 minutes.

TABLE II
COMPARISON OF PERFORMANCE METRICS BASED ON DIFFERENT TYPES OF BIOSENSORS DETECTING DNA HYBRIDIZATION

(ALL DETECTION LIMITS ARE DEFINED AS THE LOWEST CONCENTRATION TESTED)

was approximately SDNA = 2.12 nm/nM for the hybridization
of ssDNA molecules.

In order to estimate the thickness of the surface layers, the
simulated surface sensitivity obtained in Section II was com-
bined with the experimental resonant wavelength shift of the
90 nm slab micro-ring resonator achieved in the bio-sensing
demonstration. The surface sensitivity of the simulated device
was 215.6 pm/nm for the first 20 nm-thick surface layer. There-
fore, the surface layer thickness can be estimated (Δt=Δλ/Ss).
For a total recorded resonant wavelength shift of: 1) 1.058 nm
for APTMS; 2) 490.6 pm for glutaraldehyde; and 3) 93.7 pm
for morpholino as shown in Fig. 6, the corresponding thick-
nesses of these deposited layers are: 1) 4.908 nm of deposited
APTMS; 2) 2.276 nm of deposited glutaraldehyde; and 3)
0.434 nm deposited film of morpholino probe. For the largest
DNA concentration tested (1 nM), the equivalent thickness of
a resonant wavelength shift of ∼2.35 nm is about ∼10.9 nm.
Therefore, the assumed total film thickness of the bound species

up till hybridized DNA of the highest concentration was about
∼18.5 nm, comparable to previously made assumptions [30].

To compare the limit of detection (LOD) of this work with
published data, papers that report their LOD as the lowest DNA
concentration tested were mentioned in this work. The LOD is
quantified to be at least 3 times higher than the standard deviation
of the noise floor level (3σ). In addition to the limit of detection,
the intrinsic limit of detection (iLOD = λres/(Q˜× ˜SDNA))
is also quantified for a photonic micro-ring resonator, to impar-
tially compare sensor performance away from the influence of
the readout equipment and the experimental setup. The low-
est ssDNA concentration tested using the suspended 90 nm
slab micro-ring resonator was 250 pM. The quantified iLOD
in detecting morpholino-ssDNA hybridization for a λres of
1553.34 nm, and a Q of 19 840 was 36.9 pM.

In comparison to the silicon nanowire (SiNW) sensor that
also used morpholino as a capture probe, as shown in Table II,
its reported detection limit is smaller by 3 orders of magnitude
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compared to the results of this work. Despite its high detection
sensitivity, SiNWs have issues such as low reproducibility and
low-throughput fabrication methods, in addition to the native
oxide surface that acts as a dielectric, screening the nanowire
from the analyte to be sensed [42]. On the other hand, photonic
ring resonators enjoy advantages such as their scalable pro-
duction and ease of integration with lab-on-a-chip techniques.
In terms of detection performance, the 90 nm slab micro-ring
resonator sensor demonstrated an LOD, that is 4 times and a
100 times smaller than the DNA concentration detected with
the fluorescence-based sensor [7], and the electrochemical sen-
sor [8], respectively. In comparison to the porous Si photonic ring
resonator reported in [41], the 90 nm slab micro-ring resonator
functionalized with the neutral morpholino probe exhibited a
hybridization sensitivity that is 500-folds greater, and a detection
limit smaller by 3 orders of magnitude.

It should be noted that the capture probe density and ionic
strength have not been considered in the above comparisons.
Contrasting different types of DNA detecting sensors and their
design configurations is challenging because of several influ-
encing variables (e.g. surface functionalization steps, testing
conditions, and ionic buffer strength) that have an impact on
the overall detection sensitivity. However, the comparison made
in this work gives an indication of how the 90 nm slab micro-ring
resonator performs against other sensors in its DNA detection.

As for the hybridization time, regardless of the DNA con-
centration tested, the 90 nm slab micro-ring resonator demon-
strated successful hybridization within the same time frame
(∼18 minutes) although measurements were conducted after
a 30-minute time lapse. In comparing the detection speed, a
one-to-one comparison can be made with the fluorescence-based
sensor [7] that shares similar experimental conditions (same
morpholino probe) in observing its 1 nM DNA detection limit.
This work demonstrated a detection speed increase by 32-folds
when compared to the 16-hour time frame observed by the
fluorescence-based sensor. This is partly due to the higher
sensitivity, as well as the higher surface area enabled by the
suspended structure. Therefore, the sensing scheme using the
suspended micro-ring resonator, facilitated label-free detection
and demonstrated an enhancement in the speed of detection with
increased sensitivity, based on shorter diffusion length and larger
surface area for molecular interaction.

V. CONCLUSION

In this study, the detection of morpholino-DNA hybridiza-
tion has been investigated for the first time using a photonic
suspended 90 nm slab micro-ring resonator. Several of the
shortcomings that morpholino shares with conventional probes
such as long hybridization time and poor sensitivity, especially
with detecting low analyte concentrations, have been addressed
in this work.

A sensitivity of 2.12 nm/nM and a LOD of 250 pM was
achieved in detecting MO-DNA hybridization within ∼18 min-
utes. Characterization of the 90 nm slab ring also demonstrated
a bulk refractive index sensitivity of ∼ 97.48 nm/RIU and an

iLOD of ∼ 1× 10−3 RIU upon testing varying concentrations
of isopropanol and deionized water.

Exploiting the benefits of a neutral-charged probe such as
morpholino and a suspended resonant structure, the 90 nm
slab ring sensor demonstrated an enhanced sensitivity, detec-
tion limit, and detection speed. Furthermore, the detection was
label-free with no prior amplification process required for hy-
bridization, all within a compact device footprint of 5.57 μm2

modal effective area. Hence, the 90 nm slab micro-ring resonator
proved as a promising candidate for future real bio-sensing
applications.

REFERENCES

[1] P.-E. Fournier, M. Drancourt, P. Colson, J.-M. Rolain, B. La Scola, and D.
Raoult, “Modern clinical microbiology: New challenges and solutions,”
Nature Rev. Microbiol., vol. 11, no. 8, pp. 574–585, 2013.

[2] T. R. Gingeras, R. Higuchi, L. J. Kricka, Y. D. Lo, and C. T. Wittwer,
“Fifty years of molecular (DNA/RNA) diagnostics,” Clin. Chem., vol. 51,
no. 3, pp. 661–671, 2005.

[3] C. Bedin, M. V. Enzo, P. Del Bianco, S. Pucciarelli, D. Nitti, and M.
Agostini, “Diagnostic and prognostic role of cell-free DNA testing for
colorectal cancer patients,” Int. J. Cancer, vol. 140, no. 8, pp. 1888–1898,
2017.

[4] J.-S. Lee, M. S. Han, and C. A. Mirkin, “Colorimetric detection of mercuric
ion (Hg2+) in aqueous media using DNA-functionalized gold nanoparti-
cles,” Angewandte Chemie Int. Ed., vol. 46, no. 22, pp. 4093–4096, 2007.

[5] Y.-T. Lo and P.-C. Shaw, “DNA-based techniques for authentication of pro-
cessed food and food supplements,” Food Chem., vol. 240, pp. 767–774,
2018.

[6] Z. Gao and B. P. Ting, “A DNA biosensor based on a morpholino oligomer
coated indium-tin oxide electrode and a cationic redox polymer,” Analyst,
vol. 134, no. 5, pp. 952–957, 2009.

[7] D. Martins, R. Levicky, and Y.-A. Song, “Enhancing the speed of
morpholino-DNA biosensor by electrokinetic concentration of DNA in
a microfluidic chip,” Biosensors Bioelectron., vol. 72, pp. 87–94, 2015.

[8] N. Tercero, K. Wang, P. Gong, and R. Levicky, “Morpholino monolayers:
Preparation and label-free DNA analysis by surface hybridization,” J.
Amer. Chem. Soc., vol. 131, no. 13, pp. 4953–4961, 2009.

[9] W. Hu, Q. Hu, L. Li, J. Kong, and X. Zhang, “Detection of sequence-
specific DNA with a morpholino-functionalized silicon chip,” Anal. Meth-
ods, vol. 7, no. 6, pp. 2406–2412, 2015.

[10] G.-J. Zhang, Z. H. H. Luo, M. J. Huang, G. K. I. Tay, and E.-J. A. Lim,
“Morpholino-functionalized silicon nanowire biosensor for sequence-
specific label-free detection of DNA,” Biosensors Bioelectron., vol. 25,
no. 11, pp. 2447–2453, 2010.

[11] J. E. Summerton, “Morpholinos and PNAs compared,” in Peptide Nu-
cleic Acids, Morpholinos and Related Antisense Biomolecules. Berlin,
Germany: Springer, 2006, pp. 89–113.

[12] C. S. Huertas, O. Calvo Lozano, A. Mitchell, and L. M. Lechuga, “Ad-
vanced evanescent-wave optical biosensors for the detection of nucleic
acids: An analytic perspective,” Front. Chem., vol. 7, 2019, Art. no. 724.

[13] X. Tu, S.-L. Chen, C. Song, T. Huang, and L. J. Guo, “Ultrahigh Q polymer
microring resonators for biosensing applications,” IEEE Photon. J., vol. 11,
no. 2, Apr. 2019, Art. no. 4200110.

[14] J. D. Orlet and R. C. Bailey, “Silicon photonic microring resonator arrays
as a universal detector for capillary electrophoresis,” Anal. Chem., vol. 92,
no. 2, pp. 2331–2338, 2019.

[15] F. Vollmer and S. Arnold, “Whispering-gallery-mode biosensing: Label-
free detection down to single molecules,” Nature Methods, vol. 5, no. 7,
pp. 591–596, 2008.

[16] F. Khozeymeh and M. Razaghi, “Characteristics optimization in single and
dual coupled silicon-on-insulator ring (disk) photonic biosensors,” Sensors
Actuators B: Chem., vol. 281, pp. 998–1008, 2019.

[17] H. Zhang, P. Palit, Y. Liu, S. Vaziri, and Y. Sun, “Reconfigurable integrated
optofluidic droplet laser arrays,” ACS Appl. Mater. Interfaces, vol. 12,
no. 24, pp. 26936–26942, 2020.

[18] Z. Wang et al., “Bio-electrostatic sensitive droplet lasers for molecular
detection,” Nanoscale Adv., vol. 2, no. 7, pp. 2713–2719, 2020.



YOUSUF et al.: LABEL-FREE DETECTION OF MORPHOLINO-DNA 6600809

[19] E. Luan et al., “Enhanced sensitivity of subwavelength multibox wave-
guide microring resonator label-free biosensors,” IEEE J. Sel. Topics
Quantum Electron., vol. 25, no. 3, pp. 1–11, May/Jun. 2019.

[20] S. M. Lo, S. Hu, G. Gaur, Y. Kostoulas, S. M. Weiss, and P. M. Fauchet,
“Photonic crystal microring resonator for label-free biosensing,” Opt. Exp.,
vol. 25, no. 6, pp. 7046–7054, 2017.

[21] V. Passaro, F. Dell’Olio, and F. De Leonardis, “Ammonia optical sens-
ing by microring resonators,” Sensors, vol. 7, no. 11, pp. 2741–2749,
2007.

[22] F. Dell’Olio, D. Conteduca, C. Ciminelli, and M. N. Armenise, “New
ultrasensitive resonant photonic platform for label-free biosensing,” Opt.
Exp., vol. 23, no. 22, pp. 28 593–28604, 2015.

[23] M. S. Murib, D. Martens, and P. Bienstman, “Label-free real-time
optical monitoring of DNA hybridization using SiN Mach-Zehnder
interferometer-based integrated biosensing platform,” J. Biomed. Opt.,
vol. 23, no. 12, 2018, Art. no. 127002.

[24] A. Liu, H. Huang, L. Chin, Y. Yu, and X. Li, “Label-free detection with
micro optical fluidic systems (MOFS): A review,” Anal. Bioanalytical
Chem., vol. 391, no. 7, pp. 2443–2452, 2008.

[25] C.-Y. Chao and L. J. Guo, “Design and optimization of microring res-
onators in biochemical sensing applications,” J. Lightw. Technol., vol. 24,
no. 3, pp. 1395–1402, 2006.

[26] W. C. Jiang, J. Zhang, and Q. Lin, “Compact suspended silicon microring
resonators with ultrahigh quality,” Opt. Exp., vol. 22, no. 1, pp. 1187–1192,
2014.

[27] M. F. O. Hameed and S. Obayya, Computational Photonic Sensors. Berlin,
Germany: Springer, 2019.

[28] Y. Xiao et al., “Towards integrated resonant and interferometric sensors in
polymer films,” Procedia Technol., vol. 15, pp. 691–701, 2014.

[29] H. Yan et al., “Unique surface sensing property and enhanced sen-
sitivity in microring resonator biosensors based on subwavelength
grating waveguides,” Opt. Exp, vol. 24, no. 26, pp. 29724–29733,
2016.

[30] J. Flueckiger, “Enhancing the performance of silicon photonics biosen-
sors,” Ph.D. dissertation, Fac. Appl. Sci., Univ. Brit. Columbia, Canada,
2017.

[31] E. Luan, H. Shoman, D. M. Ratner, K. C. Cheung, and L. Chrostowski,
“Silicon photonic biosensors using label-free detection,” Sensors, vol. 18,
no. 10, pp. 3519–3560, Oct. 2018.

[32] K. De Vos, “Label-free silicon photonics biosensor platform with mi-
croring resonators.” Ph.D. dissertation, Dept. Inf. Technol., Ghent Univ.,
Ghent, Belgium, 2010.

[33] S. Schmidt, “Enhancing the performance of silicon photonic biosensors
for clinical applications,” Ph.D. dissertation, Dept. Bioeng., Univ. Wash-
ington, Seattle/Washington, USA, 2016.

[34] S. B. Nimse, K. Song, M. D. Sonawane, D. R. Sayyed, and T. Kim,
“Immobilization techniques for microarray: Challenges and applications,”
Sensors, vol. 14, no. 12, pp. 22208–22229, 2014.

[35] S. T. Fard et al. “Performance of ultra-thin SOI-based resonators for
sensing applications,” Opt. Exp., vol. 22, no. 12, pp. 14166–14179, 2014.

[36] G. Abbate, U. Bernini, E. Ragozzino, and F. Somma, “The temperature
dependence of the refractive index of water,” J. Phys. D: Appl. Phys.,
vol. 11, no. 8, pp. 1798–1799, 1978.

[37] G. M. Hale and M. R. Querry, “Optical constants of water in the 200-nm
to 200-µm wavelength region,” Appl. Opt., vol. 12, no. 3, pp. 555–563,
1973.

[38] S. TalebiFard et al., “Optimized sensitivity of silicon-on-insulator (SOI)
strip waveguide resonator sensor,” Biomed. Opt. Exp., vol. 8, no. 2,
pp. 500–511, 2017.

[39] S. Schmidt et al. “Improving the performance of silicon photonic rings,
disks, and Bragg gratings for use in label-free biosensing,” in Proc. SPIE,
vol. 9166, 2014, Art. no. 91660M.

[40] P. Liu and Y. Shi, “Simultaneous measurement of refractive index and
temperature using a dual polarization ring,” Appl. Opt., vol. 55, no. 13,
pp. 3537–3541, 2016.

[41] G. A. Rodriguez, S. Hu, and S. M. Weiss, “Porous silicon ring resonator
for compact, high sensitivity biosensing applications,” Opt. Exp., vol. 23,
no. 6, pp. 7111–7119, 2015.

[42] Y. L. Bunimovich, Y. S. Shin, W.-S. Yeo, M. Amori, G. Kwong, and J. R.
Heath, “Quantitative real-time measurements of DNA hybridization with
alkylated nonoxidized silicon nanowires in electrolyte solution,” J. Amer.
Chem. Soc., vol. 128, no. 50, pp. 16323–16331, 2006.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


