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ABSTRACT

DNA capture probes attached to surfaces are necessary for many biosensing assays for the specific detection of nucleic acid target sequences.
In this work, we present a chemically mediated direct oligonucleotide–titanium dioxide bond for stable DNA surface immobilization on
photonic crystal (PC) biosensors. We validated the DNA–TiO2 functionalization using photonic resonator absorption microscopy (PRAM)
to digitally detect hybridization-bound nanoparticles, then compared the tosylate-mediated chemical binding method to commonly used
silanes (3-aminopropyl)triethoxysilane and (3-glycidyloxypropyl)trimethoxysilane. This surface functionalization process was then applied to
the digital detection of nanoparticles for the ultrasensitive detection of microRNA (miRNA) sequences on PRAM. By immobilizing a single-
stranded capture DNA sequence onto a titanium dioxide PC surface through a reaction with p-toluenesulfonic anhydride, we demonstrate
the target recycling amplification process for digital detection of miRNA using PRAM through toehold-mediated strand displacement reac-
tions with linear signal amplification. Using this method of DNA surface functionalization, we achieved attomolar levels of detection of target
miRNA-148a-3p, a potential biomarker for certain cancers, without requiring silanes or polyethylene glycol linkers, which can be unstable or
expensive. While demonstrated here using PCs for the detection of miRNA, this functionalization approach could be broadly applied to any
biosensor with a titanium dioxide surface.

VC 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0290900

INTRODUCTION

Surface functionalization and immobilization of nucleic acids is a
foundational process in biosensing, which typically involves a specific
biorecognition element on a transducer element to detect a target bio-
molecule.1,2 For the detection of nucleic acids through hybridization,
the sensitivity, selectivity, and robustness of biosensors depend on

consistent and stable high-density surface attachment of DNA capture
sequences without crowding.3–5 Silane agents such as (3-glycidyloxy-
propyl)trimethoxysilane (GPTMS) and (3-aminopropyl)triethoxysi-
lane (APTES) have been widely applied to covalently bind DNA
sequences or other biomolecules such as antibodies to titanium dioxide
surfaces through hydroxylation-activating processes, using vapor or
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liquid deposition.6–8 Silanization methods require precise optimization
to create thin, uniform, and stable organosilane layers, with careful
attention required for each condition through the steps of hydrolysis,
condensation, bond formation, and curing.9,10 It is challenging to cre-
ate stable monolayers that are consistent and reproducible, and silane
layers can be affected by hydrolytic instability or various conditions
such as humidity and temperature.11–15 Additional modifications have
been tested in numerous works to chemically modify these silane
groups to adjust the surface properties and attach different functionali-
ties, but they typically require exacting reaction conditions and careful
optimization.16,17 Modifications include the attachment of functional-
ized polyethylene glycol (PEG) linkers, glutaraldehyde, NHS/EDC cou-
pling, or other alternatives for biomolecule attachment.7,18–20

However, efficient and stable attachment of nucleic acids for biosens-
ing remains a challenge.

There are a variety of biosensors that use titanium dioxide for its
useful chemical and optical properties. Titanium dioxide has good bio-
compatibility and non-toxicity, is an excellent photocatalyst, and can
be synthesized onto surfaces through inexpensive sputtering or
through physical or chemical vapor deposition. Additionally, it is a
chemically robust material with a controllable bandgap dependent on
crystal phase. This has made it a popular material for photoelectro-
chemical or amperometric biosensors that use photocatalysis or
changes in current for biodetection. TiO2 also has a high refractive
index and low loss at different optical wavelengths that make it valu-
able for approaches such as photonic crystals (PCs), optical wave-
guides, and surface plasmon resonance.

In this work, we demonstrate a new method to attach a nucleic
acid capture sequence to a titanium dioxide surface using p-toluenesul-
fonic anhydride and amine-terminated DNA for a photonic crystal
(PC) biosensor and digital microRNA (miRNA) detection. This direct
attachment approach eliminates the need for PEG or silane linkers,
which are typically more costly, may have less accessible chemical
headgroups, and can be challenging to optimize for biosensing envi-
ronments.21,22 Tosylate groups, such as those introduced by p-toluene-
sulfonic anhydride on a hydroxylated surface, are a flexible option for
surface functionalization due to their potential to be excellent substitu-
tion groups for amines or thiols.23–25 This has been previously studied
for biomolecule conjugation as well as for attachment to other materi-
als such as magnetic beads or cellulose.26–28

Our laboratory has previously demonstrated optical biosensing
for digital detection using titanium dioxide one-dimensional PCs that
act as precise reflectors for specific wavelengths of light. The PCs have
been used as optical biosensors for a variety of assays to detect nucleic
acids, proteins, nanoparticles, and viruses through silanization with
GPTMS or APTES with various linkers for DNA functionalization,
antibody attachment, or photonic fluorescent enhancement.29–33 PCs
can be coupled with optically absorbing nanoparticles that can be digi-
tally counted in images when they are captured on the surface using a
red light-emitting diode in a process called photonic resonator absorp-
tion microscopy (PRAM) for point-of-care applications.34,35 These
PCs can also enhance scattering for interferometric scattering micros-
copy, which resulted in the development of photonic resonator inter-
ferometric microscopy (PRISM), a technique that can digitally image
individual smaller nanoparticles, viruses, and extracellular vesicles.36,37

In this report, we test this newmethod of DNA attachment using tosy-
late groups with both PRAM and PRISM for nanoparticle detection

and then compare it to previous vapor-deposited GPTMS and a
liquid-based APTES functionalization that requires linking chemistry.

Recently, a new assay called the target recycling amplification
process (TRAP) was developed by Wang et al. to amplify the detected
signal of microRNA on PRAM using toehold-mediated strand dis-
placement reactions to allow a single target molecule to generate multi-
ple PC-attached gold nanoparticles. This assay was applied with
PRAM to detect miR-375 and miR-21 from exosomal microRNA.38

However, the TRAP assay previously relied on GPTMS-silanized PCs
for DNA capture immobilization, with a protocol that requires a glove
bag, long silanization times in a vacuum oven, and is very sensitive to
humidity or temperature changes. In this work, our approach instead
leverages the p-toluenesulfonic anhydride-mediated method of chemi-
cal nucleic acid attachment, shown in Fig. 1, which provides a more
stable bond for DNA on the PC TiO2 surface while avoiding the limi-
tations of silanes. We then demonstrated this capture approach by
designing and applying TRAP probes for a new microRNA target,
miR-148a-3p, which is a biomarker of interest in angiogenesis, breast
cancer, and prostate cancer.39–41 Using a newly developed portable
version of the PRAM instrument,42,43 we demonstrated attomolar lev-
els of detection for miR-148a-3p using TRAP with the tosylate surface
chemistry, showing potential for faster nucleic acid detection and
broader point-of-care applications. Our findings demonstrate that this
direct DNA–TiO2 attachment strategy is well-suited for high-
sensitivity nucleic acid detection on other photonic biosensing plat-
forms that also utilize TiO2 surfaces, making it a valuable technique for
biosensing applications that require robust, low-cost DNA
immobilization.

RESULTS AND DISCUSSION
Surface characterization of p-toluenesulfonic
anhydride or alkoxysilanes on titanium dioxide
surfaces

To initially characterize the tosyl functionalization process, flat
planar mica was functionalized with either a vapor-deposited GPTMS
or solution-based APTES, shown in Supplementary Fig. S1, or with the
solution-based p-toluenesulfonic anhydride (Fig. 1). Vapor silanization
used a vacuum oven at 80 �C and �25Torr for 6 h, with 100ll of
GPTMS to deposit thin layers of silane, while solution-based methods
used either 2% APTES in 95% ethanol and 5% water or 5mg of p-tol-
uenesulfonic anhydride dissolved in 50ml of anhydrous toluene, which
were both reacted for 1 h at room temperature. All three methods are
described in detail in the section on Methods. The three surface func-
tionalization methods were compared with atomic force microscopy
(AFM) [Fig. 2(a)] on mica, where the tosyl liquid-functionalized
method showed similar roughness values to the GPTMS vapor-
functionalization, which was both near the planar roughness of mica.
The tosyl sample displayed a few small islands of�5 nm in height scat-
tered across the surface, while the GPTMS sample had some larger
aggregates. They both were smoother than the solution-based silaniza-
tion method using APTES, which created significant surface roughness
and some infrequent islands over 15 nm in height. Reduced surface
roughness is indicative that the chemical functionalization is forming
fewer multilayers, as opposed to aggregates that may induce unwanted
chemical moieties. Smoother surfaces and thin surface functionaliza-
tion layers also maintain the characteristic optical properties of the
surface. Finally, rough surfaces and islands of aggregates can create
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high-energy sites that are prone to nonspecific binding. The three sur-
face functionalization methods were also examined by AFM on the
titanium dioxide PC biosensor surfaces, according to methods used
previously in Bhaskar et al., along with an untreated control PC, which
is shown in Supplementary Fig. S2.44 Similarly, the tosyl-treated PC
displayed less surface roughness than the other functionalization
options. This demonstrates the potential of tosyl-functionalized surfa-
ces for reduced surface roughness, without requiring vacuum ovens or
complicated methods. Contact angle and wettability of functionalized
surfaces were also characterized by a tensiometer on glass [Fig. 2(b)].
GPTMS, APTES, and tosylated glass surfaces were tested, along with
bare glass cover slides and samples that were plasma treated. Each sur-
face was tested immediately after treatment and after storage in a vac-
uum desiccator for 24h. The functionalization methods all created a
surface that resulted in higher wettability than glass but less hydro-
philic behavior than plasma treatment. All methods demonstrated
increased contact angle after storage, likely due to the time since
oxygen-plasma treatment.

Optimization of DNA attachment to PCs using the
tosylate reaction

The tosyl-functionalized PCs were reacted with amine-
terminated DNA to immobilize capture sequences on the titanium
dioxide surface, as shown in Fig. 1. Gold 80 nm diameter nanoUrchins
(AuNPs), which are selected to highly absorb wavelengths near
620nm [Fig. S3(a)] due to localized surface plasmon resonance, are

then functionalized with a complementary probe DNA sequence that
can hybridize to the immobilized capture sequence. When these nano-
particles are bound to the red-tuned PCs, which resonantly reflect red
light with high efficiency [Figs. S3(b) and S3(c)], they can be imaged
by the photonic resonator absorption microscope (PRAM). The
PRAM system captures the reflected light of a red-emitting LED cen-
tered at 633 nm, which is strongly absorbed when a nanoparticle binds
to the PC [Fig. 3(a)], causing a localized decrease in reflected light
intensity observed by an image sensor. Each dark location represents
the presence of one surface-captured AuNP that can be digitally
counted [Fig. 3(b)] by image processing (Fig. S4). Using the PRAM,
the probe-AuNPs (pink sequences) were used to compare the three
different surface functionalization methods to examine the amine-
terminated capture DNA (blue sequences) density and stability across
the PC surface. The APTES method used an additional disuccinimidyl
carbonate (DSC) linker step to create an amine-active surface, while
the GPTMS and tosyl methods were directly reacted with the capture
DNA. Each surface functionalization method was effective at generat-
ing a high signal-to-noise ratio between a positive nanoparticle signal
of probe-AuNPs and a negative control with AuNPs bound to a non-
complementary probe, as shown in Fig. 3(c). This indicates that
GPTMS, APTES, and the tosyl method are all successful at attaching
an amine-terminated nucleic acid to titanium dioxide surfaces. When
the PCs were functionalized and then stored for 5 days at 4 �C with the
immobilized capture DNA in solution, as shown in Fig. 3(d), the tosyl-
immobilized DNA showed greater stability than the GPTMS and

FIG. 1. Schematic representation of surface functionalization method for attaching an amine-terminated capture DNA sequence to a titanium dioxide-coated photonic crystal
biosensor (SEM image shown) using a tosyl-mediated DNA attachment process.
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APTES methods, which displayed reduced signal response when tested
on PRAM. The tosyl PC still showed higher reactivity, indicating that
the DNA–titanium dioxide bond was stable and did not degrade in
water.

Additionally, the new method of surface functionalization was
examined using the photonic resonator interferometric scattering
microscope (PRISM) to compare the GPTMS functionalization and
tosyl. The PRISM system can digitally count smaller nanoparticles,
and PRISM has a much smaller field of view (FOV) (30lm by 30lm)
compared to the PRAM system (380� 240lm2). This allows closer
observation of the density of binding sites across the surface. To deter-
mine the uniformity of surface attachment at a smaller scale, the
PRISM instrument equipped with a 100� objective lens was used to
capture images with a 30lm� 30lm field of view.36 At this length
scale, variations in functionalization density for all methods became
significant, and FOVs demonstrated more variation in particle
counts than would be expected from Poisson statistics alone. The best

explanation for this behavior is the plasma treatment by the barrel asher
(PicoDiener) could introduce variations in surface activation that may
be ameliorated using a capacitively coupled oxygen activation system or
a reactive ion etch (RIE) system. The two methods were tested in differ-
ent conditions and buffers using 30nm diameter gold nanoparticles that
can be imaged through their localized scattering of laser illumination
(Figs. S6 and S7). The tosyl method demonstrated comparable levels of
nanoparticle binding for lower levels of DNA, suggesting good binding
of immobilized capture DNA, but saturated at lower total nanoparticle
levels per FOV (Fig. S7). This indicates that the liquid-based tosyl
method still has potentially fewer reaction sites than the vapor-based
method of GPTMS silane deposition but can still be effective at applica-
tions that do not require extremely high-density capture molecules.
The GPTMS method had an average of 117particles/FOV, while the
tosylate reaction had an average of 34.7 particles/FOV. For the 30lm
by lm PRISM FOV, this means that GPTMS and tosyl can capture
around 0.13 and 0.0385particles/lm2, respectively. The tosylate method

FIG. 2. Surface characterization of different functionalization methods. (a) Atomic force microscopy for mica functionalized by either vapor-deposited GPTMS, solution-based
APTES, or solution-based tosyl, with calculated surface roughness. (b) Comparison of contact angle on functionalized glass surfaces on glass, plasma-treated glass, or using either
vapor-deposited GPTMS, solution-based APTES, or solution-based tosyl. Contact angle was measured immediately after functionalization or after storage in a vacuum for 24 h.
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demonstrates a lower estimated surface density than the GPTMS
approach, but with a larger field-of-view in the PRAM system
(250� 350lm), each nanoparticle image takes an estimated 1� 1lm
of space. This means that for this large-FOV digital application with
PRAM, high-density capture is not necessary, as each 80nm diameter
nanoparticle counted will be highly separated from its digitally counted
neighbors. The GPTMS functionalization demonstrated a higher cap-
ture density overall, which is important for systems that image only a
small FOV. However, for applications where a larger area is scanned,
such as PRAM, both counting statistics and overall capture density are
less important.

Detection of miR-148a-3p using the target recycling
amplification process (TRAP) and tosylate-
immobilized capture DNA on PRAM

To demonstrate the tosyl-immobilized testing for biosensing, we
applied a toehold-mediated strand displacement reaction circuit called

the target recycling amplification process (TRAP) to amplify the
microRNA signal before digital detection with the PRAM instrument.
In the TRAP assay, shown in Fig. 4(a), the target microRNA (red) can
bind to an initial toehold on the linker substrate (green), displacing the
protector strand (blue). This exposes a second toehold on the linker
strand, which reacts with the probe sequence (purple), binding a nano-
particle. The reaction with the probe simultaneously displaces the tar-
get microRNA back into the solution, allowing a single microRNA to
bind multiple nanoparticles, thus linearly amplifying the generated
immobilized AuNP count for detection. Sequences for TRAP were
developed and optimized for a new microRNA target, miR-148-3p,
which was designed in NUPACK to limit cross-reactivity and second-
ary structures and to examine the thermodynamics of the toehold
sequences. The optimized sequences were then tested in a native poly-
acrylamide gel electrophoresis to examine amplification [Fig. 4(b)]. In
the negative control (lane 3), the probe is unable to displace the protec-
tor, as the toehold is sequestered. When the target miR-148-3p
sequence is added in the positive control (lane 4), it displaces the

FIG. 3. Application of different functionalization methods using PRAM. (a) PCs functionalized with single-stranded capture DNA allow AuNPs captured through hybridization to
probe DNA to be counted. (b) Portable PRAM layout and light path, using a 633 nm red LED, beam splitters, and lenses to direct light through an objective that reflects off the
PC back to a CMOS camera. (c) Direct AuNP probe hybridization to capture DNA on PC comparison assay to compare GPTMS, APTES, and tosyl approaches for surface
functionalization of capture sequence, with a non-complementary probe sequence used as a control. Standard deviation is shown (n¼ 3 trials). (d) Testing of PCs 5 days after
functionalization and DNA addition, stored at 4 �C. Standard deviation is shown (n¼ 3 trials).
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protector sequence, allowing the probe to react and form the final tri-
plex of capture, linker, and probe that can result in a PC-attached
AuNP that can be detected by PRAM.

The TRAP sequences were then tested using the tosyl-
immobilized capture DNA on PRAM with TRAP-functionalized
AuNPs to detect synthetic miR-148-3p. Three concentrations were
tested at 10 aM, 1 fM, and 100 fM, along with a blank negative control
that did not have added microRNA [Fig. 4(c)]. Each concentration
was repeated in triplicate experiments on different PCs. Higher con-
centrations were not shown as the surface of countable AuNPs satu-
rates. The tosyl-TRAP assay demonstrated attomolar-level detection of
miR-148-3p, with a calculated LOD of 2.4 aM in buffer (Fig. S8), which
was similar to previous results with other microRNAs previously tested
with TRAP. Representative images from the PRAM assay for each con-
centration after image processing and digital counting are shown in
Fig. 4(d). TRAP is not run to a complete end point, to minimize non-
specific binding and nanoparticle settling, and the assay will continue
to react until imaging. The assay acts as an entropy-driven toehold
exchange reaction, where each toehold has a reverse reaction as well as
a forward reaction, so increasingly high levels of target miRNA will

cause the target-to-probe displacement reaction to slow. The TRAP
assay was also tested using GPTMS, shown in Fig. S9, which had com-
parable results, demonstrating a limit of detection of 7.8 aM for miR-
148. The tosyl-TRAP approach was finally established in spiked
plasma samples (Fig. S10), which demonstrated comparable results to
the assay run in buffer. This establishes the potential for this method
for future testing of microRNA in clinical samples. This approach has
been compared to several other standard and novel methods of
microRNA detection in Table S3.

This demonstrates the ability to achieve rapid and sensitive detec-
tion using this method of surface functionalization for DNA-based
titanium dioxide sensors. This also represents a potential low-cost
method for DNA attachment to photonic crystal surfaces. When con-
sidered at per-PC functionalization, the GPTMS and APTES-DSC
approaches cost approximately $0.17 and $0.26, respectively, while the
tosyl approach costs only $0.06 per PC. However, the GPTMS method
also additionally requires an expensive vacuum oven, while the tosyl
and APTES methods can be performed at room temperature and in a
normal atmosphere. Reagent costs and calculations are shown in
Supplementary Table S2.

FIG. 4. Detection of microRNA using tosylate-immobilized capture DNA with the target recycling amplification process (TRAP). (a) Process of nucleic acid toehold-mediated
strand displacement for signal amplification of digitally detected nanoparticles. (b) Native PAGE testing of DNA probes for TRAP nucleic acid amplification of miR-148a. (c)
Standard curve for detection of miR-148a-3p using TRAP on PRAM with tosylate-immobilized capture DNA, with images taken at 30 min. Standard error shown (for n¼ 3 tri-
als). (d) PRAM images of nanoparticles for different concentrations of miR-148a-3p for a representative trial detected by TRAP, also at 30 min.
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CONCLUSION

In conclusion, in this work, we describe a new method to func-
tionalize photonic crystal biosensors with nucleic acid probes for digi-
tal biosensing, offering a stable alternative to conventional silane
chemistry. Three functionalization protocols were carried out using a
gas-phase GPTMS, liquid-based APTES, and a linker, or p-toluenesul-
fonic anhydride, to attach amine-terminated DNA capture sequences
to the titanium dioxide surfaces of PCs. These methods were examined
by atomic force microscopy for surface roughness, and we character-
ized the effect on wettability and contact angle. DNA immobilization
for capture sequences was also compared using both photonic resona-
tor absorption microscopy and photonic resonator interferometric
scattering microscopy to test hybridization of complementary and
non-complementary probe-functionalized nanoparticles, confirming
effective DNA attachment. Finally, the new tosyl method was applied
for the ultrasensitive detection of the new target miR-148-3p, a cancer-
associated biomarker, using the target recycling amplification process
to non-enzymatically generate higher signals before digital detection.
This demonstrates the use of tosyl for DNA attachment for ultrasensi-
tive optical biosensing, especially for point-of-care applications.

METHODS
Nucleic acids

DNA sequences were purchased from IDT (Coralville, IA), with
standard desalting. All sequences are listed in Table S1. Capture or
probe sequences for conjugation included a 15-nucleotide poly T
spacer. Capture sequences had amine terminal groups. Sequences for
nanoparticle functionalization were thiol-terminated. Nucleic acids
were stored at 4 �C for short-term use or �20 �C for long-term
storage.

Preparation of self-assembled thiol-gold AuNP–ssDNA
conjugates (Pr-AuNPs)

Conjugation of thiolated-DNA sequences using self-assembly to
bare 80 nm gold nanoUrchins (Cytodiagnostics SKU: GU-80-20).
Thiolated 100lM DNA probes were reduced using 100 equivalents of
TCEP or DTT, then purified using 0.5ml 3K Amicon centrifuge filters
by centrifugation at 14.0 rcf for 15min, three times. Reduced probe
sequences were immediately used or frozen at �20 �C until use. 20ll
of 5lM reduced and purified thiolated probe sequences were added to
1ml of 1 OD of nanoparticles, at a concentration of
7:82� 109 particles/ml. The probes were allowed to react for 15min at
room temperature, then 2ll of 4mg/ml of a 1K mPEG-SH (Creative
PEGWorks) was added to additionally block the gold surface from
nonspecific binding. Both the probe and PEG were allowed to assem-
ble on the gold surface for 48 h at room temperature on a shaker at
400 rpm to prevent settling, then excess unbound probe and PEG com-
plexes were removed by centrifuging three times at 600 rcf for 30min
and washing with a 1� TE, 0.025% tween20 buffer. AuNPs were
stored at 4 �C for up to 2 weeks until use.

Pre-functionalization photonic crystal surface
preparation

Photonic crystals were glued to cover slips using UV-curing
adhesives (Norland Optical Adhesive 63). PCs were then cleaned
through sonication in acetone, IPA, and MilliQVR water for 2min each.

PCs were dried by heating to 120 �C for 5min, then oxygen plasma
treated using a PicoDiener System at 100% power, 0.8mbar for
10min. PCs were then immediately used for either tosylate, GPTMS,
or APTES surface functionalization for DNA attachment.

p-toluenesulfonic anhydride surface functionalization
and capture DNA attachment

5mg of p-toluenesulfonic anhydride was dissolved in 50ml of
anhydrous toluene in a glass staining jar in a nitrogen-filled glove bag.
Up to four oxygen plasma-treated PCs were added for 1 h at room
temperature, then removed and washed with toluene, then water for
2min by sonication. 50lM of amine-terminated capture DNA in
water was incubated overnight at room temperature, then excess cap-
ture was removed by washing five times using 1� TE, 0.025% tween20.
PC surfaces were blocked for 30min at room temperature using PBS
Super-Block (Thermo Fisher Scientific, #37580) blocking buffer, then
PCs were washed once before use.

GPTMS vapor-based surface functionalization and cap-
ture DNA attachment

250ll of (3-glycidyloxypropyl)trimethoxysilane (GPTMS) was
added into the bottom of horizontal glass staining jars in a nitrogen-
filled glove bag. An oxygen plasma-treated PC was suspended face
down above the silane on glass slides. Jars were placed in an 80 �C vac-
uum oven at �25Torr for 6 h, then were removed and washed with
toluene, methanol, and water for 2min each by sonication. 50lM of
amine-terminated capture DNA in 1� PBS, 8.5 pH was incubated
overnight at room temperature, then excess capture was removed by
washing five times in 1� TE, 0.025% tween20. PC surfaces were
blocked for 30min at room temperature using PBS Super-Block, then
washed once before use.

APTES solution-based surface functionalization and
capture DNA attachment

2% (3-Aminopropyl)triethoxysilane (APTES, 99% purity, Sigma-
Aldrich, #440140) in 95% ethanol to 5% water was added to a 50ml
(49ml solvent and 1ml APTES) glass staining jar in a nitrogen-filled
glove bag. Up to four oxygen plasma-treated PCs were added to react
with APTES solution for 1 h at room temperature, then the PCs were
rinsed in acetone, ethanol, and water for 2min each by sonication.
Disuccinimidyl carbonate (DSC) was added at 10mM in 10% DMSO
solution and allowed to react for 20min at room temperature, then
was washed using 1% DMSO, then water. 50lM of amine-terminated
capture DNA solution was added for 3 h at room temperature, then
excess unbound capture was removed by washing with 1� TE, 0.025%
tween20 five times. PC surfaces were blocked for 30min at room tem-
perature using PBS Super-Block, then washed once before use.

Direct nanoparticle-PC hybridization on PRAM

To directly compare different surface functionalization methods,
single-stranded DNA probe-functionalized AuNPs were tested with a
complementary capture sequence attached using the three surface
functionalization methods. A background reference group was also
tested for each with AuNPs functionalized with a non-complementary
DNA sequence. Functionalized PCs with attached 20ll PDMS-
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formed wells then had thiol-conjugated probe-AuNPs added at a final
concentration of 3:4� 109 particles/ml. The AuNPs were allowed to
bind for 20min, then were imaged using the photonic resonator absorp-
tion microscope. The negative control for background AuNPs used a
non-complementary thiolated probe sequence (NC-Pr in Table S1) that
would not hybridize with the capture sequence. To test storage, the
same experiment was repeated, but functionalized PCs were stored at
4 �C with capture DNA solution, then washed with 1� TE and 0.025%
tween20 five times. PC surfaces were blocked for 30min at room
temperature using PBS Super-Block, then washed once before use.

Duplex annealing

Duplex linker-148 and protector-148 sequences for TRAP assays
were annealed in a buffer of 1� Tris-EDTA, 12.5mM MgCl2 at a pH
of 7.4 by mixing in a 1:2 stoichiometric ratio—with concentrations of
10lM linker and 20lM protector, with the protector strands in
excess. The solution of linker–protectors was annealed by then heating
to 90 �C and slowly cooling to room temperature. Annealed duplexes
were then stored at 4 �C for short-term use or �20 �C for long-term
storage.

NUPACK sequence design for TRAP detection
of miR-148

Custom-designed nucleic acid sequences used in the TRAP assay
were created according to previous work in Wang et al.,38 where the
first toehold region consists of five nucleotides, and the second toehold
region has seven nucleotides, with a two-nucleotide initial inactive
overhang. Sequences were examined in NUPACK55 for the presence
of competing secondary structures, cross-reactivity, or thermodynamic
changes. Sequences were then tested empirically using off-surface
TRAP assays, which were visualized by native polyacrylamide gel elec-
trophoresis to examine binding and recycling, or potential off-target
activity.

Polyacrylamide gel electrophoresis testing of miR-148-
3p amplification

Sequences were tested at a standard concentration of 100 nM, all
in stoichiometrically equal concentrations, except for the target miR-
148-3p sequence, which was prepared at a tenfold lower concentration
of 10 nM. After reacting for 2 h at room temperature in a 1� TE,
5mM MgCl2 buffer (pH of 7.4), sequences were separated by electro-
phoresis in a 12% polyacrylamide native gel run at 155V for 35min,
stained with GelRed (Gold Bio), and imaged using a GelDoc XR
(BioRad) with trans UV illumination. Lanes tested capture–linker–
probe hybridization with and without added miR-148 target for a posi-
tive and negative control of amplification design.

TRAP detection assay for microRNA-148a-3p

Pre-annealed linker–protector duplexes (20pM) at a ratio of 1:2
linker to protector, functionalized nanoparticles (final OD of 0.5), and
a spike-in microRNA-148a target at three concentrations (10 aM,
1 fM, and 100 fM), along with a negative control, were added to a p-
toluenesulfonic DNA-functionalized surface after Super-Block was
removed in PDMS wells in a 1� TE, 5mMMgCl buffer. Each concen-
tration was reacted for 30min on the PC surface, then imaged using

the portable PRAM system. Counts from each FOV were averaged.
Data were repeated in separate triplicate experiments to establish the
miR-148a standard curve. For the plasma tests, miR-148 was spiked
into human plasma (pooled human plasma, K2 ETDA, Innovative
Research, #50-203-6374), which was then tested at 0 aM, 10 aM, 1 fM,
and 100 fM, where human plasma was one-tenth of the final reaction
volume.

Scanning electron microscopy (SEM)

The photonic crystal was sputtered with a thin layer (2nm) of gold
palladium (Au/Pd). The SEM images were collected using a Field-
Emission Environmental Scanning ElectronMicroscope (FEI Company)
at 50 000�magnification at a 30kV beam intensity.

Atomic force microscopy (AFM)

Atomic force microscopy images and surface roughness measure-
ments were collected using an NX20 atomic force microscope (Park
Systems) on freshly cleaved planar muscovite mica surfaces (Sigma-
Aldrich, AFM-71855-15-10), which were oxygen plasma treated and
then functionalized with either p-toluensulfonic anhydride, APTES, or
GPTMS alkoxysilanes. All AFM data were collected in “tapping”
mode. Images were also taken for various surface chemistry functional-
izations on photonic crystals, shown in Fig. S6.

Contact angle measurements

Surface contact angle measurements were collected using a Theta
Lite optical tensiometer (BioLin Scientific). Glass slides were prepared
using the previously described functionalization methods in this paper;
untreated coverslips and those subjected to 10min of oxygen plasma
were also measured for comparison. All slides were stored in MilliQ
water for 30min before being rinsed in IPA and dried under a stream
of nitrogen. Then, the tensiometer was used to dispense 5ll of water
onto the surface in parallel with active video recording at an acquisi-
tion rate of 33 frames per second (fps). Image analysis was accom-
plished using the OneAttension software package provided with the
instrument (BioLin Scientific), and contact angle was approximated
using the Young–Laplace model of surface tension. The left and right
contact angles were averaged to determine the approximate contact
angle of each surface.

PRISM comparison of GPTMS and p-toluenesulfonic
anhydride DNA immobilization

30 nm AuNPs were prepared with a functionalization of a capture
strand complementary to the tether strand. PRISM-compatible pho-
tonic crystal substrates were functionalized using the gas-phase
GPTMS deposition (6 h in a vacuum oven at 80 �C) or the p-TSA
method described in the main text. Aqueous solutions of 10, 25, or
50lM amine-terminated capture strands suspended in 50mM borate
buffer (pH 8.5) were supplied to the surfaces in 3mm diameter PDMS
wells for a final volume of 20ll per well. After overnight incubation at
4 �C, excess capture strands were removed from the PC surface by
sequential buffer rinse cycles. After rinsing, 40ll of freshly prepared
suspension of 30 nm gold nanoparticles at 1010 nanoparticles/ml were
added to the surface. PRISM imaging was done on the device described
previously, collecting 10 fields of view (30� 30lm) for each experi-
mental condition.
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Nanoparticle digital counting

Starting with the raw image captured by PRAM, we first
applied a Tophat filter and Fourier DC component removal algo-
rithm to eliminate non-uniform background. The noise of the
image was suppressed through a simple Wiener filter. Next, we
applied the maximally stable extremal regions (MSER) extremum
searching algorithm to recognize individual surface-proximal
AuNPs, using features including the threshold of gray scale, size,
relative circularity, Euler number, and equivalent diameters as cri-
teria to seek the extreme regions generated from the AuNPs. To
clearly visualize the particle counting process, the detected AuNPs
were marked with identical circles on a blank background at their
corresponding centroid location, and the total number detected
was reported in the final count.

SUPPLEMENTARY MATERIAL

See the supplementary material for the materials, characteri-
zation experiments of AFM, PRISM experiments, nucleic acid
sequences (Table S1), microscope setup, and reagent costs (Table
S2). Structures of GPTMS and APTES on PC (Fig. S1), AFM for
PC data (Fig. S2), nanoparticle and PC spectra characteristics (Fig.
S3), raw and counted PRAM images (Fig. S4), PRISM layout (Fig.
S5), raw and processed PRISM images (Fig. S6), GPTMS and tosyl
surface density comparison (Fig. S7), miR-148-3p LOD tosyl stan-
dard curve (Fig. S8), miR-148-3p LOD GPTMS standard curve
(Fig. S9), comparison in buffer and plasma for miR-148 detection
using tosyl (Fig. S10), and a table comparing microRNA detection
methods (Table S3).

ACKNOWLEDGMENTS

This work was supported by the National Institute of Health
(R01EB029805), a seed grant from the Cancer Center at Illinois,
and a Personalized Nutrition Initiative seed grant from the
University of Illinois. Characterization was carried out in part in the
Materials Research Laboratory Central Research Facilities,
University of Illinois. We gratefully acknowledge Edmund Chow for
the mica AFM data collection. S.B. acknowledges support from the
Carl R. Woese Institute for Genomic Biology. L.A. acknowledges
support from a Cancer Center at Illinois (CCIL) philanthropic grant
from the Bahl family and from NIH R33 grant R33CA272271. J.T.
was supported by the National Science Foundation Graduate
Research Fellowship Program and the University of Illinois
Distinguished Fellowship.

AUTHOR DECLARATIONS
Conflict of Interest

B.T.C. is the founder of a company, Atzeyo Biosensors, that is
seeking to commercialize PRAM technology and has a license agree-
ment with the University of Illinois for patents and pending applica-
tions that utilize PRAM.

Ethics Approval

Ethics approval is not required.

Author Contributions

Skye Shepherd and Joseph Tibbs contributed equally to this
work.

Skye Shepherd: Conceptualization (lead); Data curation (equal);
Formal analysis (equal); Methodology (equal); Software (equal);
Validation (lead); Visualization (equal); Writing – original draft (lead);
Writing – review & editing (lead). Joseph Tibbs: Data curation
(equal); Methodology (equal); Validation (equal); Visualization
(equal); Writing – original draft (supporting); Writing – review & edit-
ing (supporting). Seemesh Bhaskar: Data curation (supporting);
Methodology (supporting); Visualization (supporting); Writing –
review & editing (supporting). Zayd Bala: Data curation (supporting);
Methodology (supporting). Takhmina Ayupova: Methodology (sup-
porting); Visualization (supporting). Lucas D. Akin:
Conceptualization (supporting); Writing – review & editing (support-
ing). Weinan Liu: Software (equal). Marcia H. Monaco: Funding
acquisition (equal); Supervision (supporting). Sharon M. Donovan:
Funding acquisition (equal); Supervision (supporting). Brian T.
Cunningham: Funding acquisition (equal); Project administration
(lead); Supervision (lead); Writing – review & editing (equal).

DATA AVAILABILITY

The data that support the findings of this study are available
within the article and its supplementary material.

REFERENCES
1M. Yu, T. He, Q. Wang, and C. Cui, “Unraveling the possibilities: Recent pro-
gress in DNA biosensing,” Biosensors 13, 889 (2023).
2S. B. Nimse, K. Song, M. D. Sonawane, D. R. Sayyed, and T. Kim,
“Immobilization techniques for microarray: Challenges and applications,”
Sensors 14, 22208–22229 (2014).

3P. Gong and R. Levicky, “DNA surface hybridization regimes,” Proc. Natl.
Acad. Sci. U. S. A. 105, 5301–5306 (2008).

4H. Ravan, S. Kashanian, N. Sanadgol, A. Badoei-Dalfard, and Z. Karami,
“Strategies for optimizing DNA hybridization on surfaces,” Anal. Biochem.
444, 41–46 (2014).

5L. Vanjur et al., “Non-Langmuir kinetics of DNA surface hybridization,”
Biophys. J. 119, 989–1001 (2020).

6B. Dorvel et al., “Vapor-phase deposition of monofunctional alkoxysilanes for
sub-nanometer-level biointerfacing on silicon oxide surfaces,” Adv. Funct.
Mater. 20, 87–95 (2010).

7N. S. K. Gunda, M. Singh, L. Norman, K. Kaur, and S. K. Mitra, “Optimization
and characterization of biomolecule immobilization on silicon substrates using
(3-aminopropyl)triethoxysilane (APTES) and glutaraldehyde linker,” Appl.
Surf. Sci. 305, 522–530 (2014).

8M. Sypabekova, A. Hagemann, D. Rho, and S. Kim, “Review: 3-
Aminopropyltriethoxysilane (APTES) deposition methods on oxide surfaces in
solution and vapor phases for biosensing applications,” Biosensors 13, 36 (2022).

9B. Arkles, Hydrophobicity, Hydrophilicity and Silane Surface Modification
(Gelest Inc., 2011).

10A. A. Issa, M. El-Azazy, and A. S. Luyt, “Kinetics of alkoxysilanes hydrolysis:
An empirical approach,” Sci. Rep. 9, 17624 (2019).

11A. R. Yadav, R. Sriram, J. A. Carter, and B. L. Miller, “Comparative study of
solution-phase and vapor-phase deposition of aminosilanes on silicon dioxide
surfaces,”Mater. Sci. Eng. C 35, 283–290 (2014).

12F. Zhang et al., “Chemical vapor deposition of three aminosilanes on silicon
dioxide: Surface characterization, stability, effects of silane concentration, and
cyanine dye adsorption,” Langmuir 26, 14648–14654 (2010).

13A. A. Issa and A. S. Luyt, “Kinetics of alkoxysilanes and organoalkoxysilanes
polymerization: A review,” Polymers 11, 537 (2019).

APL Bioengineering ARTICLE pubs.aip.org/aip/apb

APL Bioeng. 9, 046108 (2025); doi: 10.1063/5.0290900 9, 046108-9

VC Author(s) 2025

 12 February 2026 15:04:16

https://doi.org/10.60893/figshare.apb.c.8083360
https://doi.org/10.60893/figshare.apb.c.8083360
https://doi.org/10.3390/bios13090889
https://doi.org/10.3390/s141222208
https://doi.org/10.1073/pnas.0709416105
https://doi.org/10.1073/pnas.0709416105
https://doi.org/10.1016/j.ab.2013.09.032
https://doi.org/10.1016/j.bpj.2020.07.016
https://doi.org/10.1002/adfm.200901688
https://doi.org/10.1002/adfm.200901688
https://doi.org/10.1016/j.apsusc.2014.03.130
https://doi.org/10.1016/j.apsusc.2014.03.130
https://doi.org/10.3390/bios13010036
https://doi.org/10.1038/s41598-019-54095-0
https://doi.org/10.1016/j.msec.2013.11.017
https://doi.org/10.1021/la102447y
https://doi.org/10.3390/polym11030537
pubs.aip.org/aip/apb


14C.-P. Klages, V. Raev, D. Murugan, and V. V. R. Sai, “Argon–water DBD pre-
treatment and vapor-phase silanization of silica: Comparison with wet-chemical
processes,” Plasma Processes Polym. 17, 1900265 (2020).

15R. M. Pasternack, S. Rivillon Amy, and Y. J. Chabal, “Attachment of 3-(amino-
propyl)triethoxysilane on silicon oxide surfaces: Dependence on solution tem-
perature,” Langmuir 24, 12963–12971 (2008).

16C. Haensch, S. Hoeppener, and U. S. Schubert, “Chemical modification of self-
assembled silane based monolayers by surface reactions,” Chem. Soc. Rev. 39,
2323–2334 (2010).

17M.-J. Ba~nuls, R. Puchades, and �A. Maquieira, “Chemical surface modifications
for the development of silicon-based label-free integrated optical (IO) biosen-
sors: A review,” Anal. Chim. Acta 777, 1–16 (2013).

18M. Antoniou, D. Tsounidi, P. S. Petrou, K. G. Beltsios, and S. E. Kakabakos,
“Functionalization of silicon dioxide and silicon nitride surfaces with aminosi-
lanes for optical biosensing applications,” Med. Devices Sens. 3, e10072 (2020).

19D. J. Schlingman, A. H. Mack, S. G. J. Mochrie, and L. Regan, “A new method
for the covalent attachment of DNA to a surface for single-molecule studies,”
Colloids Surf., B 83, 91–95 (2011).

20S. Sakib, R. Pandey, L. Soleymani, and I. Zhitomirsky, “Surface modification of TiO2

for photoelectrochemical DNA biosensors,”Med. Devices Sens. 3, e10066 (2020).
21D. Meroni et al., “A close look at the structure of the TiO2-APTES interface in
hybrid nanomaterials and its degradation pathway: An experimental and theo-
retical study,” J. Phys. Chem. C 121, 430–440 (2017).

22C. von Baeckmann, H. K€ahlig, M. Lind�en, and F. Kleitz, “On the importance of
the linking chemistry for the PEGylation of mesoporous silica nanoparticles,”
J. Colloid Interface Sci. 589, 453–461 (2021).

23J-i Morita, H. Nakatsuji, T. Misaki, and Y. Tanabe, “Water-solvent method for
tosylation and mesylation of primary alcohols promoted by KOH and catalytic
amines,” Green Chem. 7, 711–715 (2005).

24C. Dhonthulachitty, S. R. Kothakapu, and C. K. Neella, “An efficient practical
tosylation of phenols, amines, and alcohols employing mild reagent
[DMAPTs]þCl�,” Tetrahedron Lett. 57, 4620–4623 (2016).

25K. Asano and S. Matsubara, “Amphiphilic organocatalyst for Schotten-
Baumann-type tosylation of alcohols under organic solvent free condition,”
Org. Lett. 11, 1757–1759 (2009).

26J. Yan, D. Hor�ak, J. Lenfeld, M. Hammond, and M. Kamali-Moghaddam, “A
tosyl-activated magnetic bead cellulose as solid support for sensitive protein
detection,” J. Biotechnol. 167, 235–240 (2013).

27D. Saikrishnan, M. Goyal, S. Rossiter, and A. Kukol, “A cellulose-based bioassay
for the colorimetric detection of pathogen DNA,” Anal. Bioanal. Chem. 406,
7887–7898 (2014).

28M. A. Torlopov, I. S. Martakov, V. I. Mikhaylov, K. A. Cherednichenko, and P.
A. Sitnikov, “Synthesis and properties of thiol-modified CNC via surface tosyla-
tion,” Carbohydr. Polym. 319, 121169 (2023).

29B. Zhao et al., “Digital-resolution and highly sensitive detection of multiple
exosomal small RNAs by DNA toehold probe-based photonic resonator
absorption microscopy,” Talanta 241, 123256 (2022).

30P. Barya et al., “Photonic-plasmonic coupling enhanced fluorescence
enabling digital-resolution ultrasensitive protein detection,” Small 19,
2207239 (2023).

31L. Zhou et al., “Bioinspired designer DNA NanoGripper for virus sensing and
potential inhibition,” Sci. Robot. 9, eadi2084 (2024).

32S. Bhaskar et al., in Nano-Engineering at Functional Interfaces for Multi-
Disciplinary Applications, edited by S. S. Ramamurthy, S. Bhaskar, and N.
Reddy (Elsevier, 2025), pp. 123–156.

33Y. Xiong et al., “Photonic crystal enhanced fluorescence: A review on design
strategies and applications,”Micromachines 14, 668 (2023).

34T. D. Canady et al., “Digital-resolution detection of microRNA with single-base
selectivity by photonic resonator absorption microscopy,” Proc. Natl. Acad. Sci.
U. S. A. 116, 19362–19367 (2019).

35K. Khemtonglang et al., “Portable, smartphone-linked, and miniaturized pho-
tonic resonator absorption microscope (PRAM Mini) for point-of-care diag-
nostics,” Biomed. Opt. Express 15, 5691–5705 (2024).

36N. Li et al., “Photonic resonator interferometric scattering microscopy,” Nat.
Commun. 12, 1744 (2021).

37L. Liu et al., “A photonic resonator interferometric scattering micro-
scope for label-free detection of nanometer-scale objects with digital pre-
cision in point-of-use environments,” Biosens. Bioelectron. 228, 115197
(2023).

38X. Wang et al., “A target recycling amplification process for the digital detec-
tion of exosomal microRNAs through photonic resonator absorption micros-
copy,” Angew. Chem., Int. Ed. 62, e202217932 (2023).

39H. Kim et al., “MicroRNA-148a/b-3p regulates angiogenesis by targeting
neuropilin-1 in endothelial cells,” Exp. Mol. Med. 51, 1–11 (2019).

40S. Okumura, Y. Hirano, and Y. Komatsu, “Stable duplex-linked antisense tar-
geting miR-148a inhibits breast cancer cell proliferation,” Sci. Rep. 11, 11467
(2021).

41K. Stuopelyte et al., “The utility of urine-circulating miRNAs for detection of
prostate cancer,” Br. J. Cancer 115, 707–715 (2016).

42S. Ghosh et al., “A compact photonic resonator absorption microscope for
point of care digital resolution nucleic acid molecular diagnostics,” Biomed.
Opt. Express 12, 4637–4650 (2021).

43W. Liu et al., “Dynamic and large field of view photonic resonator absorption
microscopy for ultrasensitive digital resolution detection of nucleic acid and
protein biomarkers,” Biosens. Bioelectron. 264, 116643 (2024).

44S. Bhaskar et al., “Metal-free, graphene oxide-based tunable soliton and plas-
mon engineering for biosensing applications,” ACS Appl. Mater. Interfaces 13,
17046–17061 (2021).

APL Bioengineering ARTICLE pubs.aip.org/aip/apb

APL Bioeng. 9, 046108 (2025); doi: 10.1063/5.0290900 9, 046108-10

VC Author(s) 2025

 12 February 2026 15:04:16

https://doi.org/10.1002/ppap.201900265
https://doi.org/10.1021/la8024827
https://doi.org/10.1039/B920491A
https://doi.org/10.1016/j.aca.2013.01.025
https://doi.org/10.1002/mds3.10072
https://doi.org/10.1016/j.colsurfb.2010.11.002
https://doi.org/10.1002/mds3.10066
https://doi.org/10.1021/acs.jpcc.6b10720
https://doi.org/10.1016/j.jcis.2020.12.004
https://doi.org/10.1039/B505345E
https://doi.org/10.1016/j.tetlet.2016.09.010
https://doi.org/10.1021/ol900125y
https://doi.org/10.1016/j.jbiotec.2013.06.010
https://doi.org/10.1007/s00216-014-8257-y
https://doi.org/10.1016/j.carbpol.2023.121169
https://doi.org/10.1016/j.talanta.2022.123256
https://doi.org/10.1002/smll.202207239
https://doi.org/10.1126/scirobotics.adi2084
https://doi.org/10.3390/mi14030668
https://doi.org/10.1073/pnas.1904770116
https://doi.org/10.1073/pnas.1904770116
https://doi.org/10.1364/BOE.531388
https://doi.org/10.1038/s41467-021-21999-3
https://doi.org/10.1038/s41467-021-21999-3
https://doi.org/10.1016/j.bios.2023.115197
https://doi.org/10.1002/anie.202217932
https://doi.org/10.1038/s12276-019-0344-x
https://doi.org/10.1038/s41598-021-90972-3
https://doi.org/10.1038/bjc.2016.233
https://doi.org/10.1364/BOE.427475
https://doi.org/10.1364/BOE.427475
https://doi.org/10.1016/j.bios.2024.116643
https://doi.org/10.1021/acsami.1c01024
pubs.aip.org/aip/apb

