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Optimizing the conditions for functionalizing glass with fluorescently
labeled oligonucleotides for the creation of reproducible DNA
nanosensor and photonic devices
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Optimization of glass surface functionalization is a critical step in developing highly sensitive DNA nanosensors
and photonic devices. In this study, a systematic comparative analysis was performed to evaluate the efficiency
of four glass surface activation protocols - two chemical and two physico-chemical - in combination with different
concentrations of (3-aminopropyl)triethoxysilane (APTES: 1%, 2%, and 4% v/v). For the first time, a universal
molecular beacon (UMB) labeled with fluorescein (FAM) was used as the immobilized oligonucleotide. The
efficiency of each method was assessed by contact angle measurements and fluorescence analysis, including the
signal-to-background (S/B) ratio calculation. It was shown that oxygen plasma-based protocols produced the most
hydrophilic surfaces (contact angle 4.9°—5.5°) but yielded lower S/B ratios compared to chemical activation. The
best results were obtained using Protocol 1 (chemical activation with sulfuric acid and hydrogen peroxide) combined
with 2% APTES, providing the highest S/B ratio (5.2 & 0.9). Thus, the optimal protocol for UMB immobilization
on glass was identified, providing a reliable foundation for the development of advanced DNA nanosensors and
photonic devices.
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1. Introduction

The development of nanotechnology provides the foun-
dation for the directed design of functional materials and
devices whose properties are controlled at the molecular
level. In this context, nucleic acid-based technologies
hold a special position due to their unique combination
of characteristics, enabling their wide application. The
key advantage lies in the ability to program self-assembly
of structures with nanometer precision through Watson-
Crick interactions [1], allowing the creation of objects with
precisely defined shapes [2,3]. This molecular assembly
capability underpins the development of highly specific
sensor and therapeutic systems [4-6], whose effectiveness is
enhanced by the high biocompatibility and biodegradability
of DNA nanostructures [7-9]. An important aspect is
also the ability to form heterostructures by immobilizing
oligonucleotides on the surface of various materials, such as
plasmonic [10] and magnetic nanoparticles [11], graphene
nanostructures [12], polymers [13], and silicon dioxide [14],
opening prospects for detecting single nucleotide polymor-
phisms, mutations, and gene expression levels.

DNA technologies also demonstrate significant potential
in other interdisciplinary research areas. A promising

direction is the integration of DNA technologies into
photonics, enabling the creation of fundamentally new
systems with unique properties. Thus, DNA can serve as a
highly efficient matrix for integrating organic dyes, quantum
dots, and chromophores, preventing their aggregation and
enabling the creation of nonlinear optical materials with
pronounced nonlinear refractive indices and two-photon
absorption [15-19]. It has also been shown that stabilizing
dye molecules in a DNA matrix on a glass substrate leads
to a significant increase in fluorescence quantum yield due
to suppression of non-radiative transitions, providing the
basis for developing biocompatible waveguide lasers and
highly efficient fluorescent sensors [20-22]. Incorporating
DNA structures into photonic systems allows nanometer-
precision spatial organization of plasmonic nanoparticles
and quantum dots, enabling the design of complex devices
such as plasmonic nanoantennas, waveguides, metasurfaces,
and photonic crystals [23,24]. Moreover, integrating DNA
sensors directly into optical waveguides forms the basis for
lab-on-a-chip systems, enabling highly sensitive detection of
biological analytes [25,20].

Despite the diversity of directions in DNA photonics,
systems based on oligonucleotides immobilized on glass
play a special role. Such systems possess a unique set of
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characteristics critical for optical applications: high trans-
parency from visible to IR radiation (400—1700nm) [27-
29], low optical losses in waveguides (on the order of
0.06 dB/cm) [30], chemical inertness and resistance to
most reagents, ensuring long-term stability of immobilized
structures, as well as simplicity of fabrication and low
cost. These advantages make such systems an extremely
promising platform for creating modern photonic and sensor
systems [31-33].

A key stage in creating highly sensitive biosensors is the
optimal functionalization of glass substrates with oligonu-
cleotides, requiring the selection of appropriate chemical and
physical surface properties for stable and specific binding
while preserving biological activity. Surface cleaning and
activation is one of the main stages ensuring uniform
coating, reproducibility, and durability of the functional-
ized surface. Moreover, such parameters as undesirable
molecular orientation and conformation, background signal,
and non-specific binding can reduce sensor sensitivity
and selectivity. Together, this underscores the need for
comprehensive analysis and optimization of glass substrate
functionalization with oligonucleotides [34].

Despite the broad applicability of methods based on
oligonucleotides immobilized on glass substrates, systematic
comparisons of surface modification protocols are currently
lacking.  This fact necessitates comprehensive experi-
ments to select optimal protocols before starting research.
In this work, multifactor optimization was conducted,
examining several glass silanization protocols using (3-
aminopropyl)triethoxysilane (APTES), which is one of the
key modification factors. To this end, two chemical and two
physical activation protocols were selected, followed by use
of various APTES concentrations (1%, 2%, and 4% v/v).
A universal molecular beacon (UMB) was used as the
immobilized oligonucleotide. To our knowledge, UMB was
immobilized on an APTES-silanized glass substrate for the
first time [35]. The surface modification optimization con-
ducted in this work lays the foundation for developing high-
quality, reproducible DNA sensors and photonic devices, as
it establishes a standardized and efficient surface preparation
protocol that is critically important for their sensitivity and
stability.

2. Materials and methods

2.1. Materials and equipment

(3-Aminopropyl)triethoxysilane/APTES ~ (ThermoFisher
Scientific, USA), microscope slides 26 x 76 mm (Minimede,
Russia), ethyl alcohol (Ekos, Russia), acetone (Ekos,
Russia), sodium hydroxide (Sigma-Aldrich, USA),
potassium hydroxide (Sigma-Aldrich, USA), isopropyl
alcohol (Ekos, Russia), chloroform (Ekos, Russia), methyl
alcohol (Chimmed, Russia), glutaraldehyde (ThermoFisher
Scientific, USA), phosphate-buffered saline (PBS) (Biolot,
Russia), acetic acid (Ekos, Russia), oligonucleotide
solution (DNA SYNTHESIS, Russia), sulfuric acid
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solution (Lenreaktiv, Russia), and 30% hydrogen peroxide
(Aldosa, Russia) (in a 3:1 ratio). Orbital shaker Vibramax
100 (Heidolph, Germany), ultrasonic bath ,Sapphire®
TTC (Sapphire, Russia), dry heat oven Binder ED 53
Avantgarde Line (Binder GmbH, Germany), low-pressure
plasma system (Diener ZEPTO 13.56 MHz, Ebhausen,
Germany).

2.2. Methods

2.2.1. Glass Cleaning and Activation For oligonu-
cleotide immobilization, the glass surface was pre-activated.
Four protocols were selected for the activation process,
differing in the type of treatment (chemical, physical) and
number of stages.

In Protocol 1, slides were placed in a 40ml Coplin
staining jar half-filled with a solution of ethanol and sodium
hydroxide (10M) in a 3:7 ratio and incubated for 30 min
on an orbital shaker. They were then rinsed with distilled
water and dried under nitrogen atmosphere. Afterward,
the slides were half-immersed in a solution of sulfuric
acid and hydrogen peroxide (3:1 ratio) and incubated for
30min on an orbital shaker. After activation, the glasses
were rinsed with distilled water and dried under nitrogen
atmosphere [36].

Using Protocol 2, slides half-immersed in acetone were
treated in an ultrasonic bath for 30 min at 30 °C. They were
then rinsed with distilled water and subjected to ultrasonic
treatment in 5M KOH solution for 45min at 30°C. The
glasses were then rinsed with distilled water and subjected
to ultrasonic treatment for 10 min at 30 °C. Afterward, the
glasses were rinsed again with distilled water and acetone
and dried under nitrogen atmosphere. hey were then placed
in a dry heat oven at 110°C for 30 min. After drying, the
slides were cleaned in oxygen plasma for 10min at 80%
power [37].

In Protocol 3, slides were sequentially activated for 30 s
with chloroform, isopropyl alcohol, methanol, and distilled
water, then dried under nitrogen atmosphere [28].

For activation according to Protocol 4, slides half-
immersed in acetone were incubated in an ultrasonic bath
for 10 min, then acetone was replaced with isopropyl alcohol
and incubated in the ultrasonic bath for another 10 min. The
same steps were repeated, and after cleaning with isopropyl
alcohol, the glasses were dried at room temperature. After
drying, the slides were treated in oxygen plasma for 5 min
at 80% power [38].

2.2.2. Contact Angle Measurement After perform-
ing the activation protocols on control slides, the water
contact angle was measured using an OCA 15EC instrument
(Filderstadt, Germany). Using the SD-DM direct dosing
system combined with an ES electronic dosing module,
drops of distilled water 10 ul were applied to the slides and
captured using a USB camera. Numerical contact angle
values were obtained by processing the data with SCA 20
software.
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2.2.3. Glass Modification Within 5 min after acti-
vation, the glasses were placed in trays half-filled with
various APTES concentrations (1%, 2%, and 4%v/v) in
ethyl alcohol for 2h at room temperature. After incubation,
the slides were rinsed with 96% ethanol, 6% acetic acid,
and ethanol again for Smin each on an orbital shaker. The
resulting glass samples were then placed in a dry heat oven
for 20 min at 150 °C [39].

The glasses were then immersed in a 2.5% glutaraldehyde
solution in 1X PBS for 1.5h at room temperature in the
dark. After incubation, the slides were rinsed with distilled
water, 1X PBS, and water again for 5 min each on an orbital
shaker. They were then dried at room temperature.

After drying, 10 uM oligonucleotide solution was applied
to the prepared glasses in a volume of 20 ul, as a control,
buffer without oligonucleotides was applied in the same vol-
ume. The glasses with oligonucleotides were incubated for
2.5h at room temperature in humidity-controlled containers
protected from light. The slides were then rinsed with
distilled water, 10X PBS, and water again for 5min each
on an orbital shaker. The glasses were then placed vertically
and dried at room temperature. After drying, buffer (Tris
7.4 and 50 mM MgCl,) was applied to the areas where the
oligonucleotide solution had previously been deposited and
incubated for 20 min at room temperature.

2.24. Fluorescence Signal Readout For fluores-
cence readout, a fluorimetric optical setup (Fig. S1, Supple-
mentary Information) was assembled based on the double
monochromator principle to ensure high spectral selectivity
and background suppression. A halogen lamp Avantes
served as the excitation light source. The lamp emission
passed through an entrance rectangular slit 50 um wide,
which formed a narrow, well-collimated light beam. The
light then reached an entrance reflective blazed diffraction
grating with a groove density of 1200 mm~! designed for
spectral dispersion of the input radiation and selection of
the required excitation wavelength (493 nm). The diffracted
light was directed via silver mirrors to the sample with
immobilized oligonucleotides. The emitted radiation was
directed to an exit diffraction grating similar in parameters
to the entrance grating. This grating separated scattered
light and background radiation while selecting emission in
a narrow spectral range around 517 nm, which was focused
on a photomultiplier tube.

3. Results

This work conducted a comparative study of two main
directions for glass surface activation: physico-chemical and
chemical methods. The physico-chemical approach was
represented by Protocols 2 and 4, based on oxygen plasma
treatment but differing in glass pre-treatment methodology
(see section 2.2.1). In Protocol 2, cleaning with organic
and alkaline solvents, combined with ultrasonication and
oven incubation, activated the glass surface and removed all

contaminants before oxygen plasma treatment. In contrast,
Protocol 4 used only organic solvents and shorter treatment
times before plasma cleaning compared to Protocol 2.
Chemical activation methods included Protocol 1 using
alkali and a sulfuric acid/hydrogen peroxide solution, and
the milder Protocol 3 based on organic solvents. The
protocol diagrams are shown in Fig. 1.

3.1. Contact Angle Measurement of Activated
Glass Surface

To initially validate the efficiency of the selected activation
protocols, contact angle measurements were performed to
quantitatively assess the hydrophilic-hydrophobic properties
of the glass surfaces. A schematic representation of the
measurement method is shown in Fig. 2, a. Analysis
of the obtained data demonstrated substantial differences
in surface wettability depending on the activation protocol
used. The lowest contact angle value, indicating maximum
surface hydrophilicity, was recorded for Protocol 2 at
4.9+ 0.8°. Similar hydrophilicity was shown by Protocol
4 (5.5+0.3°). Protocol 1 provided contact angle values
of 10.3 = 1.5°, while Protocol 3 resulted in the most hy-
drophobic surface with a contact angle of 22.7 4= 2.4°. Non-
activated glass surface was used as a control with a contact
angle of 29.0 £ 5.5°. This confirms the effectiveness of all
activation protocols in increasing surface hydrophilicity.

The studies showed that surfaces treated with oxygen
plasma exhibited the greatest hydrophilicity, consistent with
literature data [40]. This high hydrophilicity is explained
by the formation of hydroxyl groups (Si—OH) and silox-
ane bonds (Si—O—Si), on the glass surface, imparting
superhydrophilic properties and increased reactivity [41,42].
However, this method has a significant limitation: studies
show that the high reactivity of the plasma-treated surface
persists for only a few minutes after treatment, after which
polar groups undergo recombination or adsorb airborne
contaminants, substantially losing their reactivity [43]. Addi-
tionally, this method requires expensive equipment.

The chemical method based on immersion treatment of
glass is widely used in cleaning and subsequent silanization
protocols to obtain uniformly functionalized surfaces. It
ensures uniform reagent-surface contact, leading to homo-
geneous distribution of reactive groups. However, factors
such as fluid dynamics, temperature gradients, and surface
micro-roughness can cause local variations in reagent con-
centration and reaction kinetics [44]. To minimize these
effects, shakers or ultrasonication should be used, which
improve mass transfer and ensure cleaning uniformity across
the entire surface.

Most commonly, a sulfuric acid and hydrogen peroxide
solution (piranha solution) is used for chemical cleaning. Its
distinctive feature is the ability to hydrolyze siloxane bonds
(Si—O—Si) on the surface, regenerating silanol groups
(Si—OH), which significantly increases surface hydrophilic-

ity [45].
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Figure 3. Experimental scheme (a). Fluorescence intensity values for glasses treated by different activation protocols using 1%, 2%, and
4% APTES concentrations (b). Signals from target zones with immobilized FAM-labeled UMB (FAM NH,) were compared to control
zones without oligonucleotides (Mod. Glass). Calculated signal-to-background (S/B) ratios for all studied conditions (c).

Meanwhile, for glass with a high initial content of
silanol groups, cleaning with organic solvents may suffice
to effectively remove surface contaminants. Importantly,
unlike piranha solution treatment, immersion in organic
solvents does not increase the density of silanol (Si—OH)
or other polar groups on the glass surface but merely
exposes existing hydroxyl centers by removing organic
contaminants that block their reactivity. This is confirmed
by our results showing that glass hydrophilicity before
and after organic solvent cleaning differs insignificantly
(after Protocol 4 22.7 + 2.4°, pristine glass 28.95 + 5.5°),
indicating preservation of the initial silanol group density.

3.2. Fluorescence Analysis of Surfaces Using
Labeled Oligonucleotides

To confirm successful oligonucleotide immobilization and
assess non-specific adsorption levels after hydrophilicity
analysis, fluorescence measurements were performed using
the assembled optical setup (Fig. S1).  Fluorescence
signal intensity was compared between target zones (glass
modified with FAM-labeled UMB oligonucleotide with NH;
group) and control zones (glass after APTES+GA modifi-
cation without oligonucleotides). The overall experimental
diagram is shown in Fig. 3, a.

The results showed that for Protocol 1, fluorescence
levels at different APTES concentrations remained rela-
tively stable, varying in target zones from 260.5+49.9
at 2% APTES) to 285.7 + 24.7 arb. units (at 4% APTES).
Control zone signals were 53.0+1.1, 54.6+3.4,
57.0 £ 1.2 arb. units for 1%, 2%, and 4%, respectively. For
Protocol 2, a clear dependence of fluorescence intensity
on APTES concentration was observed: target zone values
increased from 155.8 +25.7 (1%) to 480.2 + 24.7 arb. units
(4%), while control zone growth was less pronounced,
from 98.2 £13.9 to 190.7 £ 61.8 arb.units. For Protocol

3, maximum target zone fluorescence was recorded at 1%
APTES 1% (256.4 + 53.7 arb. units), decreasing at 2% and
4% to 195.0 £ 10.1 and 217.7 £ 14.2 arb. units respectively.
Control zones showed a similar trend: 77.8 +12.8 (1%),
63.5+0.9 (2%) and 67.1 + 1.4 arb. units (4%). For Pro-
tocol 4, target zone fluorescence values were 161.9 +12.8
(1%), 135.9 £ 19.8 (2%) and 177.8 £ 14.0 arb. units (4%),
while control zones showed 115.6 +13.2, 80.8 + 1.6 and
121.0 = 6.8 arb. units for the respective APTES concentra-
tions (Fig. 3, b).

Subsequent signal-to-background (S/B) ratio calculations
revealed that the highest values were achieved using
Protocol 1. The maximum S/B ratio was demonstrated
by samples with 2% APTES (5.2+£0.9). For other
concentrations within this protocol, similar values were
obtained: 4.9 £0.9 for 1% and 5.0 0.3 for 4% APTES
(Fig. 3,¢). For Protocol 2, the highest S/B was 2.5+ 1.1 at
4% APTES; for Protocol 3 — 3.3 4+ 0.3at 1% APTES; for
Protocol 4 — 1.7 £0.2 at 2% APTES.

The key criterion for evaluating immobilization method
efficiency is the signal-to-background (S/B) ratio, which is
of primary importance for most practical applications. This
parameter is more informative than absolute fluorescence
values, as it reflects not only the specific signal level
from the target zone with fluorophore-labeled immobilized
oligonucleotides but also the background signal intensity
from the control zone. This aspect is particularly important
in the context of the surface modification chemistry used,
where sequential application of amine-containing APTES
and aldehyde-containing GA leads to Schiff base formation
with intrinsic fluorescence [46]. Thus, a high background
signal indicates intense uncontrolled Schiff base formation,
which may result from extended APTES-based polymeric
structures and suggests insufficient reproducibility of surface
modification results.
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It is also important to note in the context of this study
that UMB — a molecular beacon serving as a molecular
foundation for DNA construct assembly on the surface —
was used as the immobilized oligonucleotide. This sequence
forms a stable hairpin structure without sequences capable
of unfolding it into a linear configuration [47]. This
architecture provides a convenient tool for DNA construct
immobilization, as previously confirmed in creating ultraspe-
cific DNA sensors [31,35,48]. However, literature primarily
reports electrochemical detection with UMB immobilization
on gold substrates, while UMB immobilization on glass
surfaces remains a promising and underexplored scientific
challenge.

4. Conclusions

This study conducted a comprehensive comparative anal-
ysis of glass surface activation methods for subsequent
DNA structure immobilization. The research aimed at
systematically evaluating the efficiency of various activation
and surface modification protocols to identify the optimal
method for creating functional surfaces in DNA photonics.

A comparison was made between two main activation
approaches: physico-chemical methods (Protocols 2 and 3
based on oxygen plasma) and chemical methods (Protocol 1
with sulfuric acid/hydrogen peroxide solution and Protocol
4 with organic solvents). Surface hydrophilicity analysis
showed that oxygen plasma-treated surfaces exhibited the
greatest hydrophilicity (Protocol 2: 4.9 4 0.8°; Protocol
4: 5.540.3°), however, these methods have limitations
related to temporal instability of the activated surface and
the need for expensive equipment.

Fluorescence analysis using FAM-labeled UMB oligonu-
cleotides demonstrated that the best results were
achieved with Protocol 1 at 2% APTES concentration,
which showed the maximum signal-to-background ratio
(5.2+0.9). This protocol ensures stable target zone
fluorescence values (260.5 £+ 49.9 arb. units at 2% APTES
to 285.7 4+ 24.7 arb.units at 4% APTES) with minimal
background signal (53.0—57.0arb. units), indicating a
controlled immobilization process and absence of non-
specific adsorption.

Thus, Protocol 1 with 2% APTES concentration was
identified as the optimal method for preparing glass surfaces
for DNA structure immobilization, providing a high signal-
to-background ratio and reproducible results, making it
promising for applications in DNA photonics and sensor
systems.
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