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Spectroscopic Ellipsometry Investigation of a Sensing
Functional Interface: DNA SAMs Hybridization

Giulia Pinto, Silvia Dante, Silvia Maria Cristina Rotondi, Paolo Canepa,

Ornella Cavalleri,* and Maurizio Canepa

Here, a comprehensive study of a label-free detection platform for the
recognition of oligonucleotide sequences based on hybridization of thiol-
tethered DNA strands self-assembled on flat gold films is presented. The
study exploits in-buffer spectroscopic ellipsometry (SE) measurements, a
noninvasive method sensitive to monolayer films, supported by surface mass
density change measurements (Quartz Crystal Microbalance with Dissipa-
tion, QCM-D) obtained under comparable experimental conditions. SE and
QCM-D allow monitoring deposition of molecular precursors and DNA chain
hybridization. Combining SE measurements with QCM-D data paves the way
for quantification of the assay through the possible calibration of SE data.
Optical measurements also demonstrate the selectivity and recovery proper-
ties of the sensing platform. Broadband SE measurements are interpreted by
means of an effective optical model. The model, complemented by informa-
tion on film thickness (scanning probe nanolithography), and surface com-
position (monochromatic X-ray Photoemission Spectroscopy, XPS), enables a
clear spectral identification of UV DNA resonances and the formation of the
thiolate interface with gold. Spectroscopic validation of the hybridization is
complemented by employing labeled target strands. The influence of hybridi-
zation on UV resonances and optical thickness of the DNA film is discussed

monitoring of therapeutic treatments.
Many sensing concepts have been pro-
posed and tested in recent years to achieve
this challenging mix. For these purposes,
hybrid interfaces, where a self-assembled
monolayer (SAM) with the desired bio-
functionality is immobilized on an inor-
ganic substrate, represent a versatile,
popular platform for effective biosensors.

The impressive development regarding
the fabrication of functionalized DNA
strands have promoted these kinds of
molecules as building blocks for the
development of sensing platforms.l3!
Selective and reversible hybridization
between complementary strands can be
exploited to detect specific biomarkers,
from nucleic acid target sequences (such
as miRNA, ctDNAP! or viral sequences!®))
to proteins, by employing protein-DNA
conjugates.’1% Clearly, the outbreak of
the COVID-19 pandemic has boosted the
urgent need for highly sensitive, inex-

in the light of hypochromism, through comparison with QCM-D data.

1. Introduction

Selectivity, sensitivity, fast response, and reversibility are impor-
tant requisites of biosensors for early diagnosis of diseases or
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pensive and rapid selective recognition
of SARS-CoV-2 sequences and spurred
research on DNA-based detection of viral
sequences.[12

In this work, we analyze a DNA sensing concept that is
implemented through a 3-step process (Figure 1). The process
is initiated with the self-assembly of single-strand DNA (HS-
PDNA, 22 bases) that binds to gold through a linker (hexa-
nethiol, C6). According to well-defined protocols,!¥l this SAM is
exposed to mercaptohexanol (MCH), a thiol with the same alkyl
chain length of the hexanethiol linker. It has been reported that
MCH co-adsorption improves DNA film organization"] and
increases the efficiency of the final, hybridization step!®'] that
implements the recognition of the target sequence.

Literature presents varieties of methods for the recognition
of target sequences through the formation of double-strand
DNA (dsDNA). Some approaches involve mass sensitive
methods like Quartz Crystal Microbalance (QCM)2-24 or
electrochemical methods.>>-28 Optical methods have been pro-
posed that exploit, among others, colorimetric detection,?”! Sur-
face Plasmon Resonance phenomena (SPR)?2233% or combined
plasmonic photothermal effects and localized SPR.BU SPR, in
particular, has been valuably employed to study surface con-
fined DNA hybridization on a system closely related to the one
under investigation here.[3

Among optical methods, Spectroscopic Ellipsometry (SE)
can be advantageously employed to track changes in film

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 1. Schematics of the 3-step process: a) probe DNA self-assembly; b) spacer molecule deposition; c) hybridization with target DNA.

thickness.?*34 With specific regard to transparent ultrathin
organic layers, a decrease in the ellipsometric parameter A
during film formation corresponds to an increase in optical
thickness.[3>¥1 The optical thickness depends on both the film
thickness and the complex refractive index of the film. Moni-
toring A in the transparency region of the film therefore pro-
vides a viable option for real time monitoring of surface pro-
cesses and film assembly dynamics.

Indeed, SE can be exploited for a UV-vis—NIR broadband
spectroscopic analysis of the sensing system. Simple inspection
of the SE data, applying the well-established difference spectra
method, may provide some impressive snapshots of film-related
processes.?¥* Modeling of the optical system (substrate/film/
ambient) can be performed for a more in-depth interpretation of
the data.l3**] Much useful to feed optical modeling of ultrathin
organic films, ancillary analyses such as those based on imaging
methods can provide independent estimates of thickness.%l

Previous Polarization Modulation Infrared Reflection
Absorption Spectroscopy studies could identify spectral signa-
tures that allowed to discern between ssDNA and dsDNA.#! In
principle, access to the intense UV absorptions around 260 nm
can lead to the detection of other specific spectral fingerprints
of DNA adsorption/hybridization processes. In this respect, an
attractive aspect concerns the spectral characterization of the
hypochromic effect, which is expected upon hybridization.

Indeed, hypochromism, and the reverse hyperchromism in
response to dehybridization, are phenomena well known from
many studies of DNA in solution. A sharp increase in optical
absorption efficiency, up to 30% or even more, is commonly
observed after DNA denaturation.*®1 The origin of the phe-
nomenon is still debated and many models, featuring varying
degrees of sophistication, have been devised to explain it.!
Several state-of-the-art quantum chemistry calculations have
examined various factors related to base stacking,? intra- and
inter-strand delocalization of excitonic states,l** or long-range
interactions between nucleobases.l’!

To the best of our knowledge, this interesting topic has not
been ever addressed explicitly for DNA SAMs. We can mention
an SE study of DNA immobilized on a silicon surface.’ The
spectral limitation of the experiment on the UV side prevented
direct observation of DNA resonances. The authors interpreted
their data with basic models and found an increase (5%) of
refractive index after hybridization they judged too small,
invoking a decrease in polarizability per nucleotide after hybrid-
ization that we actually trace back to hypochromia.

Adv. Mater. Interfaces 2022, 2200364 2200364 (2 of 13)

For a comprehensive system analysis, optical methods can be
advantageously combined with in-situ QCM with Dissipation
(QCM-D) measurements. QCM-D measures the changes in the
resonance frequency of an oscillating crystal upon film deposi-
tion onto its surface. Frequency changes can be converted into
an extensive quantity such as deposited mass and provide addi-
tional and complementary information on the kinetics of mass
changes. For rigid films, the well-known Sauerbrey equation
can be applied to convert frequency into mass changes.l>>>%
Soft, highly hydrated films exhibiting a viscoelastic behavior are
better described by the Voigt modeling.”l The ratio of dissipa-
tion changes to frequency changes (AD/Af) can provide further
insight into the rigid versus viscoelastic behavior of the film,
high values of the ratio being indicative of soft viscoelastic
films.[23]

The synergy between SPR and QCM-D %23 and between
SE and QCM-D [43559-6 measurements has already been
demonstrated, and will display its broad potential also in our
experiments. Further, QCM-D measurements may represent a
valuable liaison to those research works which use mass change
detection as the primary method to detect recognition.!6%

We report here a useful concept for the design of label-free
DNA biosensors, which couples optical spectroscopy measure-
ments, aimed at probing the interaction between complemen-
tary strands, and the detection of film thickness (or density)
change. In our approach, in-situ SE measurements with single-
layer sensitivity are proposed as a viable tool for both purposes.

We accurately studied the recognition of the target strand
through the hybridization process. We have tested the selective
recognition of target sequences using complementary strands,
including labeled molecules, as well as not complementary
strands. Denaturation/renaturation cycling was carried out to
verify the recovery of the platforms. The effect of hybridization-
induced hypochromism on SE difference spectra is discussed.

While the paper focuses on the sensing step, the preparation
of the SAM precursor to hybridization is a somewhat delicate
point. Following previous works, 3% X.rays Photoelectron
Spectroscopy (XPS) was performed to add chemical specific
information regarding the molecule-substrate interface with
attention to the modifications induced by co-adsorption of
MCH.

The SE dataset, along with its analysis and interpretation,
complemented by QCM-D, AFM and XPS, provides a con-
sistent picture of the various processes involved and illustrates
the strengths and weaknesses of the concept.

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

2. Results and Discussion

2.1. Monitoring Hybridization: Real Time Measurements

Representative QCM-D measurements are shown in Figure 2a
(see SL.1 in the Supporting Information for the evaluation of
the molecular assembly time constants). Figure 2b shows
in-situ SE dynamic measurements, the time evolution of A
measured at 800 nm, obtained under comparable conditions.
The injection of each molecular solution produces a sudden
change in QCM-D and SE signals which keep stable after
rinsing with TE buffer, indicating that deposited molecules are
strongly bound to the surface as expected for thiolated mole-
cules (HS-pDNA, MCH) on gold or for target DNA (tDNA)
hybridized with its complementary DNA anchored on gold
(HS-pDNA).

Regarding QCM-D data, the low values of dissipation (see
inset of Figure 2a), as well as the close superposition of the dif-
ferent overtone signals (see Figure S2, Supporting Information)
and the rather low AD/Af ratio values, are indicative of rigid,
low hydrated films.l>’]

In particular, our system is characterized by AD/Af values of
=25 x 107 Hz! for both steps of HS-pDNA self-assembly and
hybridization with tDNA. Higher AD/Af values, of 60 10~ Hz
and 72 10 Hz, have been reported for single strand and
hybridized DNA films anchored to the QCM quartz crystal
through biotin/avidin coupling.?}! Even higher AD/Af values
can be derived from studies on DNA strands coupled to sup-
ported lipid bilayers.[?#38 Such high AD/Afvalues, are indicative
of a viscoelastic film behavior. Thus, the dissipative behavior
of the DNA films appears to be related to the film/substrate
coupling. The direct coupling of the DNA strands to the gold
surface via a short thiol linker used in the present study likely
results in the formation of dense, quite rigid films with a low
water content. This finding is in agreement with a previous
study on thiolated DNA films that were actually described as
rigid films.[3°)

Thus, we applied the Sauerbrey equation>*° to con-
vert changes in frequency to deposited mass (right axis in
Figure 2a), as detailed in the Experimental Section.
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From QCM-D data, we have been able to estimate the evolu-
tion of molecular density on the gold-coated quartz following
sequential deposition of HS-pDNA, MCH, and target tDNA.

Exposure to HS-pDNA leads to a mass increase of about
600 ng cm~2. As detailed in SI.1.2 (Supporting Information),
from the mass increase, one can obtain the molecular sur-
face density and the average nearest-neighbor distance. The
resulting surface molecular density, 5.3 x 10 molecule cm™2, is
in agreement with previous electrochemical,/®®®”] opticall'”l and
X-ray spectroscopy (XPS)I036+%8] studies. Modeling the SAM as
a closely packed hexagonal layer, the molecular density provides
an average nearest-neighbor distance of 15 A, in good agree-
ment with previous reports.[*’]

The increase in mass following exposure to MCH
(average value 80 ng cm™?) gives a molecular density of 4.1 x
10" molecule cm™ for the mixed HS-pDNA/MCH SAM, with
an average nearest-neighbor distance of 5.3 A, in very good
agreement with compact alkanethiol SAMs.[) This finding
indicates that MCH fills the empty binding sites in the low
density HS-pDNA SAM, leading to a molecular reorganiza-
tion within the film as confirmed by lateral force AFM imaging
(see SI.2, Supporting Information). Final exposure to the
target DNA solution produces an increase of mass (average
value 260 ng cm™2) corresponding to a tDNA molecular den-
sity of 2.3 x 10 molecule cm™2, in agreement with previous
reports.'”7% The molecular density of the target DNA is about
half the density of the probe DNA, indicative that one out
of two DNA probes are hybridized by the target DNA. The
nearest-neighbor distance between target DNA strands cal-
culated from the measured molecular density turns out to be
2.2 nm, a value that matches well the expected 2 nm diameter
of a DNA double helix.”! This finding suggests that hybridi-
zation leads to the formation of a quite dense layer of double
helix DNA, implying a steric limitation for the 2:1 pDNA:tDNA
hybridization ratio.

As reported in Figure 2b, also SE A data show a well-defined
sequence of three transitions, each step-down indicating an
increase in optical thickness. The absolute value of changes is
very small, that suggests a limited optical contrast between the
film and the ambient, throughout the whole experiment.

(b)
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Figure 2. Dynamics of dsDNA/MCH film self-assembly: HS-pDNA + MCH + tDNA. a) Frequency variation (7th overtone) (left axis) and mass/area
ratio variation (right axis) (QCM-D experiment). Inset: dissipation variation versus time. b) A variation at 800 nm (SE experiment).
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Quick examination of QCM-D and SE data shows that the
magnitude of the A jumps is not “proportional” to the mag-
nitude of the jumps observed in QCM. The increase of mass
(and molecular density) detected by QCM, for the hybridization
stage, seems not matched by a jump of the “equivalent” entity
of optical thickness. A difference between QCM mass uptake
and “optical mass” response is conceivable due to the different
sensitivity to water entrapped in the film.[?’]

The SE dynamics data can no longer be interpreted by
simple changes in film density or thickness and observed vari-
ations most likely reflect the morphologic and structural evolu-
tion of the overlayer. At the angle of incidence set by the cell
geometry, the way the light probes the film depends on the
interplay between the refractive index of ambient, molecular
layer and substrate; in particular the optical contrast of organic
film and ambient changes during successive depositions and
related reactions. Note that for highly hydrated brush layers in
an aqueous environment, under particularly unfavorable condi-
tions, it could be even hard to observe part of the film.[*!] More
insight into the evolution of SE data required analysis of broad-
band measurements.

2.2. Spectral Insight on Hybridization
2.2.1. Broadband Ellipsometry Analysis

“Static” SE measurements were performed when steady state
conditions were reached as evidenced by the dynamic meas-
urements. In this regard, it is worth mentioning that steady-
state A values remain substantially stable after rinsing with TE
buffer. To emphasize the SAM contribution to the SE static
measurements, difference spectra were analyzed, referenced to
the gold substrate spectra as detailed in section Spectroscopic
Ellipsometry. Figure 3 reports SE static difference spectra
for HS-pDNA, HS-pDNA/MCH, and dsDNA/MCH SAMs
(SE spectra used to calculate the difference spectra in Figure 3
are reported in Figure S5, Supporting Information). Each phase
of the experiment leads to quasi-rigid decrease of dA broadband

(@ 0.0
® HS-pDNA (5,
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spectral values (0As)q < Ay < 0Ayp). Decrease of 0A in the
NIR limit is consistent with a sequential increase of the optical
thickness.l’”l The values, comparable with those obtained for
other in-situ investigations on biomolecules,*®! are altogether
very small over the whole spectral range, confirming the
limited optical contrast between film and ambient.

Nevertheless, one can appreciate general trends typical of
difference spectra of SAMs on gold.””) In particular, SA spectra
present a relative maximum at the high reflectivity threshold
of gold, around 500 nm (Figure 3a) where 0¥ curves exhibit
a well-defined downward transition from positive to negative
values (Figure 3b).1*072

In contrast with the behavior of transparent films,?® narrow
spectral features with a deep minimum/maximum can be
observed in 0A and &Y curves, respectively, toward the UV end
of the spectra.

We have observed similar narrow features in many experi-
ments on organic and biological films endowed with optical
absorptions in the visible and near UV range.3942304572] Thege
features, which can be neatly observed in both in-situ and ex-situ
experiments, are representative of the variation of the complex
index of refraction across the frequency of molecular reso-
nances.B3%l Here, as detailed later on, we assign these features
to the UV absorptions of DNA, which are observed in trans-
mission measurements in solution peaked at 260 nm (inset
in Figure 3b).13073 At first glance, the UV “dips” exhibit poor
variations across the three steps of the experiment. In Figure S6
(Supporting Information), a close up of dA and é¥ in the UV
region and vertical shifts of the curves help the comparison. A
closer look to these spectra suggests a modest broadening and
perhaps a small redshift of the dip after hybridization. Similar
effects were reported in an earlier study on hypocromism./

The three 0¥ spectra (Figure 3b) differ substantially above
500 nm. Negative NIR ¥ values are related to the formation of
a nanoscale interface layer resulting from the chemical bond of
molecules with the substrate, as it is the case of thiolatel3® and
selenolate SAMs on gold.

0¥, (blue, mixed film) NIR data are more negative than
O0¥y)0 (red, HS-pDNA). Relying on previous research on related

(b)
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Figure 3. a) 0A and b) d¥ spectra of HS-pDNA (red curve), HS-pDNA/MCH (blue curve), and dsDNA/MCH (green curve) SAMs. Inset: absorbance

spectrum of HS-pDNA diluted in TE buffer.
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Figure 4. S2p XPS spectra acquired on samples a) incubated in HS-pDNA

systems,*¥l this behavior indicates a modification of the film/
Au interface. In this respect, note that the incubation in tDNA
does not affect the NIR behavior further. Conceivably, the inter-
action of tDNA with its complementary immobilized DNA
probe does not affect the molecule/substrate interface.

The interpretation of the trend of NIR &V data considering
the formation of the thiolate interface found further justifica-
tion after investigating the S-Au bond properties by XPS meas-
urements. The comparison between representative S2p core
level spectra of HS-pDNA, HS-pDNA/MCH, and dsDNA/MCH
films is reported in Figure 4.

Regarding HS-pDNA (panel a) the spectra present two dou-
blets (FWHM = 0.7 eV): S1, with the main 2p;;, component
(161.3 £ 0.2) eV Binding Energy (BE) and a lower intensity one,
S2, at (161.8 £ 0.2) eV BE.

In XPS experiments on well-organized alkanethiols
SAMs58% on Au (111) terraces, S2p doublets with the 2p;,
component around 162 eV BE are usually assigned to so-called
strongly bound species.[#-83

The origin of S2p signals in the range 161-161.5 eV BE, like
S1, is more debated.®¥ Some reports assigned states detected
in this energy range to thiol molecules binding to gold atoms
with coordination different from S2, possibly due to chemisorp-
tion on steps or kinks, %% while other authors suggested that
chemistry rather than surface sites determines the binding
energy of the S2p core level region.®”] S1 states have been also
tentatively assigned to the cleavage of C-S bond after irradiation
or annealing #3-%2 or to atomic sulfur.*"!

After incubation in MCH (Figure 4b), the S2p core level
region dramatically changes. The S2 component becomes
largely dominant and S1 substantially vanishes.

The chemisorption of the short-chain thiol competes suc-
cessfully with S1-like DNA species. MCH adsorption can affect
the mobility of gold atoms thereby promoting some local reor-
ganization of the interface with changes in molecule/gold coor-
dination and transition to the S2 state.

Note that a third, low intensity component, S3, is observed,
with the 2p;;, component at 163.5 eV, assigned to so-called
unbound thiol groups.B38491 States related to oxidized sulfur at
about 167-168 eV BE were not detected.

The large MCH-induced change in the S2p spectrum thus
parallels the evident increase in the negative 6¥ part in the
NIR. Relatively large, negative NIR 8¥ are most likely associ-
ated to the increase of the surface density of S2 bonds, con-
firming previous experiments on other, simpler thiols."?!

Adv. Mater. Interfaces 2022, 2200364 2200364 (5 of 13)
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solution, b) exposed to MCH, and c) hybridized with tDNA.

After hybridization, the S2p region does not present signif-
icant evolution, in consistence with the outcomes of NIR 6¥
ellipsometry measurements.

Other relevant molecular related core level regions (Cls, Ols,
Nis, and P2p signals) are reported in Figure S7 (Supporting
Information). The spectra do not present significant differences
regarding peak positions between HS-pDNA, HS-pDNA/MCH
and dsDNA/MCH films. The ratios between the intensities of
the C, O, N, P signals and the S signal decrease after incubation
in MCH, due to the increased number of sulfur atoms, while
increase after the hybridization step, due to the increment of C,
O, N and P atoms in the film composition (see Table S2, Sup-
porting Information).

2.2.2. Optical Model for DNA SAMs

We have built a reasonably simple optical model, based on
stacked layers coupled by Fresnel boundary conditions, to inter-
pret the main features of broadband difference spectra.

Let us premise that so-called three-layer (substrate/film/
ambient) or even four-layer (substrate/interface/film/ambient)
models, especially for transparent films, have proven ineffec-
tive to reproduce experimental data from UV to NIR. Four-layer
model simulations for transparent films (Figure S8, Supporting
Information) fail totally in the UV, while perform relatively well
above 400 nm, far from the DNA absorptions, thus giving indic-
ative estimates of the NIR refractive index and film thickness.’’!

A stack of five layers is necessary to account for the com-
plex vertical morphology of the film. The five layers comprise
(Figure 5):

e SUBSTRATE. The optical constants were obtained by inver-
sion of the spectra of bare Au thick film samples,?¥l as done
in several previous papers.”?!

INTERFACE. An effective transition layer.

e SPACER. This layer represents the effect of alkylic linker
and MCH molecules. It is transparent (real refractive index)
throughout the investigated frequency range.*’)

DNA FILM. This layer represents DNA strands with their
UV absorptions.

AMBIENT. An aqueous ambient, simulated by a Cauchy
laYef with Aambient = 1.33; Bambient = 0.0028 Hm2¥ Cambient =
0.00005 um* (values based on results of J. R. Krivacic®? and
taking into account a 1 m NaCl buffer concentration[%).

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 5. Scheme of the five-layer model.

For the SPACER, INTERFACE, and DNA FILM layers, we
have adopted simple models, limiting the number of adjustable
parameters as much as possible in order to reduce the chance
of overmodeling. Following this approach, and again consid-
ering the small thickness of the film, we have chosen to ignore
anisotropy effects ! which have been identified in relatively
thick DNA films deposited by evaporation.[%’]

We focused simulations on ssDNA/MCH and dsDNA/MCH
SAMs, for which it is conceivable to assume a dense SPACER
layer with “standing-up” molecules.[:6¢!

Regarding the SPACER we have opted for a very basic model,
assuming a constant refractive index (in practice, discarding

dispersion in the Cauchy equation, n(d)=A+—+—).

The dielectric function of the INTERFACE layer was then
modeled applying the well-known effective medium approxima-
tion Bruggeman formula (BEMA), which “mixes” the dielectric
functions of SUBSTRATE and SPACER according to the volume
fractions of the two components (i.e., fspacer + fsubstrate = 1)-°%

This approach proved effective to obtain the negative O¥
values in the NIR region for thiolated SAMs on gold.®!

The SPACER “decouples” the SUBSTRATE from the DNA
FILM, and eliminates the possibility that the INTERFACE
dielectric function retains trace of the DNA UV absorptions, a
problem that arises in four-layer models.[*

The DNA FILM dielectric function was taken as

e=P(w)+G(w)+&. (1)

P(w) is a so-called Pole, an oscillator without broadening

(P= %), which accounts for far UV absorptions of DNA,
Pole —

outside of the investigated spectral region (around 190 nm)

G(w) is a superposition of oscillators that shape the rela-
tively narrow spectral structures in the accessible UV region.
The imaginary part of G(w) is written by summing appropriate
Gaussians

[97.98]

&c =zi A; % 67[5:‘]1 —A; 67(5;5)2 with o, = 2\/31;1_2 2)

where A; (dimensionless), E; (eV) and B; (eV) denote the ampli-
tude, the energy position, and the broadening of the ith oscil-
lator, respectively.

Adv. Mater. Interfaces 2022, 2200364 2200364 (6 0f13)
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The .. offset essentially determines the (real) value of refrac-
tive index in the NIR limit, much less affected by Gaussian
resonances and the pole. Since we deal with ultrathin and rela-
tively low-index films, &, exhibits a marked degree of correla-
tion with film thickness.

To mitigate index-thickness correlation issues we have
chosen to set the sum of the SPACER thickness and the
SPACER-bound fraction of the INTERFACE layer to the esti-
mated length of a C6 alkyl chain, i.e., dspycer + @p.pMa™fspacer = dco
assuming dgg = 0.6 nm.3%

Finally, we resorted to AFM-nanolithography measurements
(Figure S3, Supporting Information) which provide inde-
pendent film thickness data, according to a method, so called
nanoshaving,®! applied in previous work on other organic
films.’#173] In short, using appropriate AFM tips and oper-
ating procedures, small pits of regular shape and contour are
dug into the film reaching down to the substrate. The AFM
itself is then exploited to measure accurately the depth of
the holes, which gives a good approximation of the overlayer
(SPACER+DNA FILM) thickness. Once set the thickness of the
SPACER, the thickness of the DNA FILM follows consequently.

The analysis of nanoshaving data provided the values of
(3.5 £ 0.6) nm and (5.0 £ 0.6) nm for HS-pDNA/MCH and
dsDNA/MCH SAMs thickness, respectively. The error bars
account for the uncertainty associated with the measurement
and the variability observed across different pits and samples.

Figure 6a—d shows a comparison between data and model
calculations that helps explain the influence of the para-
meters and put refractive index/thickness correlation in proper
perspective.

The dotted curves have been selected by fitting data above
500 nm while the Gaussian parameters were tuned to seek
the best reproduction of position, intensity, and width of UV
resonance-like features in both 6% and A data. Two relatively
broad Gaussian oscillators, at 261 and 277 nm, proved suffi-
cient to account for the narrow UV dips. The position of the
two oscillators is in general agreement with the literature; the
lowest energy state likely represents the 7—7* transition.[?]

Table 1 lists the parameter values associated with the simu-
lations for HS-pDNA/MCH (dotted curves in Figure 6a,b) and
dsDNA/MCH (dotted curves in Figure 6¢,d) SAMS. Corre-
sponding real and imaginary parts of the DNA FILM refractive
index derived from simulations are shown in Figure 6e,f.

In Figure 6a-d, two more simulations (continuous curves
dark gray), that differ from the dotted curve only in the value
of &, graphically identify an area (light gray shading) that
“bounds” the experimental data below 500 nm. The NIR refrac-
tive index corresponding to these simulations is indicated in
Figure 6a—d.

For both sets of data, the NIR refractive index, about
1.40-1.42 (Figure 6e,f), is somewhat below values reported in
the literature for thicker “dry” DNA films.’41%% This is not sur-
prising as the measurements have been performed in liquid.

The model overall loses accuracy toward the UV region. The
inaccuracy is likely connected to the level of approximation that
is inherent to the simple, isotropic stacking model, versus the
actual complexity of the system. For instance, Bruggeman’s
effective model for the INTERFACE works well to reproduce

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 6. Comparison between SE experimental data (points) and simulations (curves) for DNA films. The simulations have been obtained setting
the total film thickness (tror) value after analysis of nanoshaving AFM measurements. a,b) HS-pDNA/MCH: &,4(A) and &,o('¥) data (blue points),
simulations corresponding to tror = 3.5 nm and n(1300 nm) =1.42 (black dotted curves). c,d) dsDNA/MCH: &;0(A) and &3,0('¥) data (green points),
simulations corresponding to tror = 5.0 nm and n(1300 nm) = 1.40 (black dotted curves). In panels (a)—(d), dark gray curves differ from the dotted one
only in the value of .. (the corresponding NIR refractive index is indicated). e,f) Refractive index and extinction coefficient corresponding to dotted
curves of panels (a)—(d). Model parameters associated with simulations are listed in Table 1.

negative 0¥ data in the NIR. However, we cannot exclude that
the same model may introduce undesirable effects or even dis-
tortions for shorter and shorter wavelengths.[*]

Note that the effective model for the INTERFACE layer
affects also the JA in the NIR. If we come back to Figure 2(b)
and reconsider the data after exposure to MCH molecules
(blue data), part of the downward jump should be ascribed to
the effect of interface formation and not solely to a thickness/
density change.

Table 1. List of parameters employed in the five-layer model.

HS-pDNA/MCH dsDNA/MCH

INTERFACE (B-EMA) tema= 0.4 NM, feaucny = 80%

SPACER (Cauchy) tauchy = 0.3 nm
ACauchy =145, BCauchy =0 umzv CCauchy =0 llm4
DNA FILM (GenOsc) tGenosc = 2.9 NM, &, =175 tcenosc =44 nm, &g.=178

Egole = 6.29 eV (197 nm)

Apole =9.5
Eg1=4.80eV (258 nm) Eg1=4.75¢eV (261 nm)
Ac1=0.15,B;;=0.5eV

Ec,=4.51eV (275 nm)

Ac,=0.1

Ec=4.42 eV (281 nm)

Bg,=04eV
3.5 nm (from AFM data)

Bg,=0.5eV

tror = tema™fcauchy + 5.0 nm (from AFM data)

tcauchy t tGenosc
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Hypochromism in immobilized DNA. As mentioned in the
introduction, optical studies of DNA in solution character-
ized the hybridization-induced hypochromism, by examining
the UV spectral transmission. Even more studies reported on
hyperchromism in response to denaturation.®1 In these
experiments, when the double helices melt, the “total” number
of strands is conserved.

To our knowledge there are no studies addressing
hypochromism/hyperchromism in DNA molecules immobilized
at surfaces. Therefore, in principle, our experiments could add
information on this attracting phenomenon in a situation dif
ferent from usual experiments in solution. However, competing
issues made it challenging to interpret the observations. On the
one hand, the “total” number of strands (and mass as well) on
the surface is increased after hybridization events. Under the
assumption, discussed in Section 2.1, of moderate hydration
of the DNA film, a mass increase up to 40-50%, can be esti-
mated by QCM-D. The larger number of strands should induce
a sizable increase in UV absorptions and, consequently, also an
increase of the NIR refractive index. On the other hand, hybrid-
ization-induced hypochromism goes in the opposite direction,
acting to decrease the optical absorption efficiency. Some coun-
terbalance of the two factors can be therefore expected a priori.

In the raw SE data (see also Figure S6, Supporting Infor-
mation) the spectral features most directly related to the UV
absorptions of DNA show little change after the hybridization
process, aside from a small broadening, or even a small red-
shift. Modeling of SE data (see Figure 6e,f with insets) confirms
these qualitative observations and would suggest even a small
decrease of NIR refraction index after hybridization.

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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The number of assumptions made in the SE model, and the
overall experimental uncertainties, clearly dictate caution about
too tight quantitative determinations; nevertheless, it seems
safe to rule out both a neat increase of UV absorptions and an
increase in the NIR refractive index after hybridization.

The results thus lead us to assume that, for our films, the
loss of optical absorption efficiency (hypochromism) expected
from hybridization tends to compensate for the increase
in absorption intensity due to the increase in the number of
immobilized strands.

2.2.3. Selectivity

In order to provide further spectroscopic proof of the selectivity
of surface confined hybridization, we repeated SE experiments
using labeled not-complementary (n-tDNA*) and complemen-
tary strands (tDNA%).

Figure 7a shows SE dynamic scans (at 800 nm). No change is
detected after exposure of HS-pDNA/MCH SAMs to n-tDNA*
(orange curve). Static spectra (not shown) confirm the absence
of variations in the whole investigated spectral region.[1°!

A neat downward transition is instead observed after expo-
sure (of the same sample) to tDNA* (black curve). Figure 7b,c
compares the static difference spectra obtained after incubation
in tDNA* (050, black squares) and in tDNA (Jy,9, green cir-
cles), after thorough rinsing in TE buffer.

The tDNA* spectra exhibit spectroscopic signatures of the
Atto590 dye (comparison with transmission spectroscopy data
in the inset). These features, particularly evident in the ¥ data
between 500 and 700 nm, are graphically emphasized in the
figures. Lower values of the &3 o(A) curve in the NIR region
are a consequence of the dye absorptions in the visible and of
a small increase of thickness due to the hindrance of the dye.
The presence of the dye does not significantly affect the UV
region.

Therefore, hybridization experiments with tDNA* add
another clear spectroscopic evidence to the occurrence of
hybridization between complementary strands.

2.2.4. Reversibility

For the reusability of DNA-based biosensors, the revers-
ibility of the hybridization process is of key importance. After
hybridization, we tested the denaturation process exposing
the dsDNA/MCH film to 1 m NaOH solution"®?! to regenerate
the HS-pDNA/MCH surface. Results are shown in Figure 7d.
Exposure to the NaOH solution (violet curve) results in a fast
increase of A, indicating a decrease of the optical thickness; A
recovers to the prehybridization value once TE buffer is rein-
troduced into the cell. The hybridization/denaturation cycles
have been repeated up to five times showing an unchanged
efficiency.

An important issue in terms of biosensor development is
the preservation of the selective recognition properties of the
sensing platform upon storage in dry conditions. To this end,
we checked and successfully verified the occurrence of hybridi-
zation and denaturation cycles on HS-pDNA/MCH SAMs upon
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at least one week storage in dry conditions (see Figure S9, Sup-
porting Information).

3. Conclusions

We presented a comprehensive study of hybridization of mon-
olayers of thiol-tethered ss-DNA self-assembled on flat gold
thick films, with assistance of co-deposition of a short-chain
thiol spacer. This functional interface is representative of
sensing platforms based on DNA-DNA recognition. Surpris-
ingly enough, a comprehensive characterization with broad-
band optical spectroscopy tools of this sensing platform is still
lacking. The paper focuses on the systematic application of in
situ spectroscopic ellipsometry measurements. The measure-
ments covered a frequency region from the UV to the NIR
and included the region of the DNA absorption band, around
260 nm.

We have exploited the so-called difference spectra approach
to seek unlabeled optical validation of hybridization. The optical
study has been complemented by other methods that provide
important collateral information on key quantities, such as sur-
face mass density change (QCM-D), film thickness (AFM), and
surface chemical composition (monochromatic XPS).

A relatively simple optical model, backed by AFM measure-
ments of layer thickness after shaving nanolithography,
allowed a reliable interpretation of difference spectra to be
achieved. Analysis of the data led to an assessment of the
general spectral characteristics related to optical thickness
variation, providing a credible estimate of the refractive index
of the DNA film in the NIR. It also made possible a clear
assignment of narrow spectral features directly related to the
UV resonances of the DNA and the formation of the thiolate
interface with the substrate.

Analysis of UV absorptions and optical thickness, corrobo-
rated by comparison with QCM-D data, allowed discussing
the effect of hybridization-induced hypochromism of the DNA
absorbers. While hypochromism (or the reverse phenomenon
of hyperchromism) has been commonly observed in many
types of experiments dealing with molecular solutions, to
our knowledge our results represent the first attempt to char-
acterize this interesting phenomenon for DNA monolayers
immobilized on a surface.

A careful and critical inspection of the raw difference
spectra is sufficient to obtain a first, quick information about
hypochromism, even without resorting to time-consuming
simulations.

Spectroscopic validation of the hybridization has been com-
plemented by employing target strands labeled with a dye
molecule. Beyond the effects relating to hypochromism, the
difference spectra showed unequivocally the occurrence of the
absorption band of the dye in the visible range.

In addition to allowing real-time monitoring of molecular
precursor deposition and DNA chain hybridization, dynamic
SE experiments also demonstrated the selectivity and recovery
properties of the detection platform.

In conclusion, spectroscopic ellipsometry has proven to be a
suitable, nonperturbative method allowing effective monitoring
of the sequence recognition process, also in lack of labeling.

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 7. a—c) Selectivity and d) recovery tests. a) Monitoring A at 800 nm during incubation of HS-pDNA/MCH film in n-tDNA (data in orange) and
tDNA* (data in black). b) A and c) &% spectra of dsDNA/MCH respect to the gold substrate after exposure of HS-pDNA/MCH film to tDNA (Js0,
green circles) and tDNA* (8o, black squares). For tDNA®, dye absorptions in the visible range are emphasized by dashed loops. Inset: absorbance
spectrum of tDNA* in TE buffer. d) Monitoring A at 800 nm during cycles of incubation of HS-pDNA/MCH films in tDNA (measurements in TE buffer),
followed by denaturation in 1 M NaOH solution (measurements in NaOH solution, gray shading).
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The difference spectra method can be applied independently
of the substrate and is also practicable in microspectrometry
experiments applied to sensor arrays. Combining SE measure-
ments with QCM-D data obtained under comparable conditions
also allows calibration of dA data and paves the way for quanti-
fication of the assay.

The validation approach described here can be extended to
any other sensor platform based on molecular recognition. In
particular, applications where accuracy becomes even more
important than speed, such as in forensic biomedicine, can
benefit from this analysis. Last but not least, the method is
useful for providing a solid background of broadband spectros-
copy to more agile tools, such as the QCM-D itself, or to give
prior support to single-wavelength SPR experiments, which
interpretation is only seemingly simpler, yet certainly most pop-
ular among bioscientists and in day-by-day practice.

4. Experimental Section

Materials and Reagents: HPLC purified oligonucleotides were
purchased from biomers.net GmbH and used as received:

e Probe strand:
(HS-pDNA)

o Target strand: 3-CAGTCAGAGTATGAGCCGATTA-5" (tDNA)

o Labelled target strand: 3-CAGTCAGAGTATGAGCCGATTA-5"-Atto590
(tDNA*) [Atto590: absorption 594 nm, emission 624 nm]|

o Labelled no-target strand: 3'-AAAAAAAAAAAAAAAAAAAAAA-5'-
Atto590 (n-tDNA%)

HS-(CH,)¢-5-TAATCGGCTCATACTCTGACTG-3’

TrishydroxymethyllJamino-methane (Tris base), ethylenediamine-
tetraacetic acid (EDTA) and 6-Mercapto-1-hexanol (HS—(CH,)s—OH,
MCH) were purchased from Sigma Aldrich. Sodium chloride (NaCl)
was purchased from Merck. Sulfuric acid (H,SO,) and 30% hydrogen
peroxide (H,0,) were purchased from Carlo Erba. Aqueous Ammonia
30% (NH,OH) was purchased from Sigma-Aldrich. All solutions were
made with ultrapure deionized water (resistivity > 18 MQ c¢m) from a
Millipore MilliQ system.

Experiments were performed in TE buffer prepared with 10 X 1073 m
Tris, 1 X 10 m EDTA and 1 m NaCl, pH adjusted at 7.2 using HCl
(Fluka).

Flat gold substrates purchased from Arrandee were used for SE and
XPS measurements.

Gold-coated quartz sensors (Biolin Scientific; resonance frequency:
5 MHz) were used for QCM-D measurements.

Sample Preparation: Arrandee substrates were cleaned with piranha
solution (4:1 H,S04:30%H,0,) for 3 min, thoroughly rinsed with Milli-Q
water and dried under a nitrogen stream (CAUTION — Piranha should
be handled with extreme care: it is extremely oxidizing, reacts violently with
organics and should only be stored in loosely tightened containers to avoid
pressure buildup).

Gold-coated sensors for QCM-D measurements were cleaned
with basic piranha solution (1:1:5 30% ammonia solution, 30%H,0,,
ultrapure water) for 5 min at 75 °C, thoroughly rinsed with Milli-Q water,
and dried under a nitrogen stream. Sensors were subjected to 10 min
UV/Ozone treatment before usage.

XPS and AFM analysis showed that the two cleaning procedures lead
to substrates with similar surface properties with respect to cleanness
and roughness.

HS-pDNA oligonucleotide self-assembly was carried out by keeping
the clean gold substrates in 1x 10" m HS-pDNA solution in TE buffer for
3 h at room temperature (=22 °C). To improve film organization, samples
were then immersed in 5 x 10 m 6-Mercapto-1-hexanol solution in TE
buffer (ambient temperature, 1 h).'*"7] Hybridization was performed by
exposing the mixed SAMs to the target sequence (1 x 10°° m tDNA or
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tDNA* in TE buffer) for 2 h at ambient temperature. Rinsing in TE buffer
was performed after each molecular deposition step.

To check for sensor specificity, incubation experiments in no-target
DNA were carried out, exposing mixed HS-pDNA/MCH SAMs in a
1x107% M n-tDNA* solution for 1.5 h at room temperature.

In passing we note that sensitivity test experiments showed
appreciable SE signal variations upon exposure to tDNA solutions at
concentrations down to a few tens of nM.

Spectroscopic Ellipsometry: Spectroscopic Ellipsometry measurements
were performed using a rotating compensator instrument (M-2000, J.A.
Woollam Co., 245-1700 nm) equipped with a 75 W Xe lamp. Spectra
have been collected in situ using a commercial liquid cell (J.A. Woollam
Co., 0.5 mL).

Fused silica windows (Edmund Optics, York, UK (part number
45-308)) with a featureless, 90% transmittance over the probed spectral
range were mounted into the liquid cell.

Absorbance measurements of HS-pDNA and dsDNA solutions were
performed using a JASCO V-530 UV-VIS Spectrophotometer.

The measurement protocol for “static” and “dynamic” SE
experiments was the following:

1)  “static” reference: characterization of gold substrate in TE buffer;
(1) “dynamic” characterization of film formation in the molecular
solution; we monitored the effects of exposing the sample to the
appropriate reagent (HS-pDNA, MCH and tDNA solutions). During
these real-time measurements, the system has been sampled every
7 s for HS-pDNA and every 3.5 s for MCH and tDNA solution.
“static” characterization of the film: substitution of incubation
solution with TE buffer and characterization of SAM. In order
to emphasize the contribution of the ultrathin organic layer we
analyzed difference spectra, i.e., the difference between spectra
acquired after the film deposition (¥;A) and spectra measured
on the bare substrate (Wy,Ao) (standard spectra are reported in
Figure S5, Supporting Information).B5# Difference spectra related
to the different deposition steps are referred to as follows:
(i) after HS-pDNA deposition: & (¥, A) = (¥1,4) = (P, A0);
(i) after addition of MCH: &,0(¥, A) = (¥2,4;) — (Yo,A0);
(iii) after hybridization with target tDNA: 8y 0(¥, A) = (¥3,,A3)
- (\PorAO);
(iv) after incubation in ntDNA: &,0(‘¥, A) = (¥3,,43,) = (Fo,A0).

(i

Static SE spectra were analyzed with a five-layer model built with the
parameters reported in Table 1.

Broadband SE difference spectra are representative of an average
over 30 samples. For each sample an average over 10 static spectra was
calculated.

Quartz-Crystal Microbalance with dissipation (QMC-D): QCM-D
measurements were performed with a QCM-Z500 (KSV, Finland)
microbalance equipped with a thermostated flow chamber. TE
buffer (or molecular solutions) was injected into the thermostated
prechamber (2 mL) and let to equilibrate at 22 °C for at least 10 min.
When fundamental and overtone (3, 5, 7, 9, 11) signals were stable, the
solution (about 0.5 mL) was injected into the chamber carefully avoiding
microbubble formation (for this reason, buffer was degassed before use
and a 0.22 um filter was employed at the inlet tubing entrance). The
responses at fundamental and higher overtones were simultaneously
monitored during molecular self-assembly and recorded every 1s during
all experiments. Under the assumption of rigid film formation, the
Sauerbrey equationl®>3¢l was used for the quantification of the adsorbed
mass, which is calculated as a function of the sensor’s properties as
follows

am__-4f )

A n

where Am/A is the adsorbed mass per unit area on the sensor, C
is the coefficient that describes the sensitivity of the instrument to
changes in mass (for our system: C = 17.7 ng cm™2 Hz ™), Af=f - fo
is the shift in frequency and n is the overtone number. Mass/area and
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dissipation changes calculated from the seventh normalized frequency
are presented.

QCM-D results are representative of the analysis of 10 samples.

X-ray Photoelectron Spectroscopy (XPS): After the cycle of SE
measurements, samples were flushed with Milli-Q, dried under N, flow
and inserted in a PHI 5600 Multi-Technique apparatus, equipped with
an X-ray Al-monochromatized source (hv = 1486.6 eV) and analyzed. The
photoelectron take-off angle was set at 45 degrees. Survey spectra were
acquired using a pass-energy of 187.85 eV, while high resolution spectra
were acquired with a pass energy of 23.5 eV. For each sample, at least three
regions of the sample were considered to check for sample uniformity.

Casa-XPS software was employed for background subtraction from
raw data and peak fitting. For the Audf; ), signal, a Gaussian-Lorentzian
asymmetric line shape was used to model the Doniach-Sunjic profile
typical of metal surfaces. The binding energy scale was calibrated by
setting the Au4f; ;, peak at 84.0 eV.

For the other elements, Voigt functions were used for spectral
decomposition adopting recommended values for the spin-orbit
splitting.

XPS results are representative of the analysis of 30 samples. For each
sample an average over the spectra acquired in three different regions
was calculated.

Atomic Force Microscopy (AFM): AFM experiments were carried out
using a JPK NanoWizard IV microscope (Bruker) in TE buffer. Gold
coated Si cantilevers with an elastic constant of 26 N m~' (OTESPA-R3,
Bruker) and 0.24 N m™" (DNP-S10, Bruker) were used for shaving and
imaging, respectively. Typical forces of hundreds of nN were used for
shaving while forces lower than 1 nN were used for imaging.

Data were analyzed with Gwyddion and JPKSPM Data Processing
software.

AFM nanolithography results are representative of an average over
10 samples. For each sample at least six shaved regions were analyzed
for each deposition step. The semi difference between the highest and
lowest film thickness values is reported as the uncertainty of the average
film thickness.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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