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Enhancing Diamond Biosensors and Photonic Devices: The
Interplay of Surface Roughness, Functionalization, and

Fluorescence

Seyed Mohammad Mahdi Dadfar,* Sylwia Sekula-Neuner, and Michael Hirtz*

Diamond holds exceptional promise in biosensing and quantum applications
due to its unique physical, chemical, and electronic properties. This work
addresses two critical aspects of diamond material utilization: surface function-
alization for biosensors and surface roughness effects on fluorescence. First,
this study introduces a novel biosensor approach, preparing oxygen-terminated
diamond surfaces with controlled roughness (4 and 14 nm) and functionalizing
them via esterification and silanization to generate DBCO-, thiol-, and epoxy-
terminated surfaces. These are used to immobilize microarrays of fluorescent
and non-fluorescent inks through click chemistry. Optimal click reaction
strategies are identified for streptavidin detection, demonstrating a stable

and sensitive biointerface. Second, the influence of surface roughness are
investigated on fluorescence intensity, revealing that smoother surfaces (4 nm)
exhibit significantly enhanced fluorescence compared to rougher surfaces

(14 nm). This enhancement is attributed to reduced light scattering and defect
density. This integrated approach advances diamond-based technologies by
optimizing surface properties for both biosensing and photonic applications.

1. Introduction

Diamond’s superb mechanical, chemical, and electronic prop-

erties make it an exceptional material for diverse applications,
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including biosensing, quantum com-
puting, photonics, and bioimaging.
In particular, diamond biosensors are
uniquely important due to their out-
standing  biocompatibility, —chemical
stability, and wide electrochemical po-
tential window, which enable highly
sensitive and reliable detection in com-
plex biological environments, advantages
not offered by conventional materials
like silicon or gold. Key applications
include neurotransmitter monitoring,
DNA and protein detection, and neural
interfacing, where diamond’s stability
and low background current are essen-
tial. While prior work has demonstrated
diamond’s promise in biosensing,
challenges remain in achieving robust
surface functionalization and scalable
device fabrication, which this study aims
to address.[!! Its remarkable hardness,
wide electrochemical potential window,
high optical transparency (UV to IR), and highest known ther-
mal conductivity among semiconductors, coupled with its wide
bandgap (~5.5 eV), superior biocompatibility, and exceptional
chemical stability, make it an ideal candidate for robust and long-
lasting devices.['*? The key challenge in diamond-based biosen-
sor design is achieving stable and efficient surface functional-
ization to enable biomolecular interactions. For practical bio-
physical or diagnostic applications, it is crucial that the func-
tionalization layer exhibits strong chemical stability and remains
intact throughout the duration of a typical experiment.’] Dia-
mond is renowned for its ability to resist harsh chemical envi-
ronments. Therefore, modifying diamond surfaces is more chal-
lenging compared to other semiconductor surfaces due to their
chemical inertness to most agents, making the process signif-
icantly more difficult. Over the past several years, significant
progress has been made in developing simple and highly specific
surface modification methods for introducing various functional
groups onto diamond surfaces.[*] Various methods are employed
for surface functionalization, including silanization,””! plasma
treatment,'®) polymer grafting,”! layer-by-layer (LbL) assembly,/®]
sol-gel coating!®! and bioconjugation.['”) Among these, click
chemistry offers a highly efficient and selective method for
surface modification. This relatively recent advancement, intro-
duced by Barry Sharpless and his colleagues in 2001, provides an
efficient method for coupling organic and bioorganic molecules.
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Figure 1. Selected types of click chemistry reactions: strain-promoted azide-alkyne cycloaddition (SPAAC), thiol-yne coupling (TYC), thiol-ene Michael
addition (TEMA), and epoxy ring opening with thiols, amines, and azides, respectively.

In recognition of its significant impact, the Nobel Prize in chem-
istry was awarded in 2022 to Barry Sharpless and collaborators
for their contributions to the development of click chemistry and
bioorthogonal chemistry. Click chemistry involves the assembly
of small molecular units through robust heteroatom linkages to
create useful compounds. This reaction occurs rapidly, with high
selectivity and efficiency, under mild conditions. Itis typically car-
ried out at room temperature and produces either no byproducts
or only harmless ones. Furthermore, its compatibility with a wide
range of solvents, particularly water, enhances its versatility and
broad applicability.'!] Recent studies have demonstrated the util-
ity of click chemistry in biosensor applications. Siegel et al. (2024)
employed strain-promoted azide-alkyne cycloaddition (SPAAC)
to functionalize nanoparticles with DNA,['2] while Wang et al.
(2023) utilized thiol-ene click reactions to modify membranes
for antifouling applications."3] In 2022, Kumar et al. reported
the use of clickable antifouling polymer coatings on diamond
surfaces.l"*! Furthermore, Mouzhe Xie and colleagues (2021) de-
veloped a robust, biocompatible silanization and SPAAC click
chemistry strategy for biotin—streptavidin conjugation directly
on single-crystal diamond sensors.['>] In another study, Martin-
Goémez etal. (2021) leveraged copper(I)-catalyzed azide-alkyne cy-

cloaddition (CuAAC) to functionalize various surfaces, including
polylactic acid, gold, and titanium.'*! Additionally, Zhang et al.
(2020) demonstrated a spontaneous, catalyst-free amino-yne click
reaction for the efficient immobilization of proteins and cells on
functionalized surfaces.!'”] In our previous studies, we employed
various types of click chemistry reactions for protein immobiliza-
tion and the functionalization of glass surfaces. These click re-
actions, shown in Figure 1, include SPAAC, a reaction between
azides and alkynes; thiol-ene Michael addition (TEMA), involv-
ing thiols and maleimides; thiol-yne coupling (TYC), a reaction
between thiol and alkyne; and ring-opening reactions, which oc-
cur between azides, thiols, or amines with the epoxy group. For
each click reaction, we explored various parameters that could
influence its efficiency, such as temperature, reaction time, cata-
lyst type, and catalyst concentration. The optimal reaction con-
ditions for each click reaction were determined and are sum-
marized in Table 1.['® Building upon this foundation, the cur-
rent study addresses two critical aspects: 1) We explore the inte-
gration of click chemistry with diamond-based biosensors, em-
ploying lithography-assisted functionalization to determine the
most effective click reaction for protein binding. The step-by-
step process for conducting experiments on different diamond

Table 1. Optimal reaction conditions for the probed types of click reactions as reported in the literature.

Fluorescent Ink Glass Surface Optimal Reaction Condition Refs.
Cy5-thiol DBCO-terminated 40 Min, 37 °C [18a]
TAMRA-azide DBCO-terminated 20 Min, 37 °C [18a]
TAMRA-Mmaleimide Thiol-terminated 20 Min, 37 °C, 10 mol% TEA to dye [18¢]
FAM-DBCO Thiol-terminated 20 Min, 37 °C [18¢]
Cy5-thiol Epoxy-terminated 40 Min, 37 °C, 10 mol% TEA to dye [18b]
R6G Epoxy-terminated 40 Min, 37 °C, 3 mol% Bi(OTf); to dye [18b]
TAMRA-azide Epoxy-terminated 10 Min, 37 °C, 3 mol% Bi(OTf); and 3 mol% Ph;P to dye [18b]
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Figure 2. Schematic illustration of click reactions on DBCO-, epoxy-, and thiol-terminated diamond surfaces regarded in this work.
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Commercial name Short name Role Source
Dibenzocyclooctyne-acid DBCO-acid Coupling agent in esterification Jena Bioscience (Germany)
(3-Glycidyloxypropyl)trimethoxysilan GPTMS Coupling agent in silanization Sigma—-Aldrich (Germany)
(3-Mercaptopropyl)trimethoxysilan MPTMS Coupling agent in silanization Sigma-Aldrich (Germany)
5-Carboxytetramethylrhodamine-azide TAMRA-azide Fluorescent dye Jena Bioscience (Germany)
Dibenzylcyclooctyne-PEG,-5/6-FAM FAM-DBCO Fluorescent dye Jena Bioscience (Germany)
Cy5-labeled polyethylene glycol thiol Cy5-thiol Fluorescent dye Nanocs Company (USA)

Tetramethylrhodamine-5-maleimide TAMRA-maleimide
Rhodamine 6G R6G

Streptavidin-Cy3 Streptavidin

Azide-PEG;-biotin conjugate Biotin-azide
Dibenzylcyclooctyne-PEG ,-Biotin Biotin-DBCO
Biotin polyethylene thiol Biotin-thiol

Biotin-dPEG® 11-MAL Biotin maleimide

Biotin-dPEG®;-NH, Biotin-amine

4-dimethylaminopyridine DMAP
Triethylamine TEA
Bismuth(l11) trifluoromethanesulfonate Bi(OTf);
N,N’-dicyclohexylcarbodiimide DCC
Bovine serum albumin BSA
Phosphate buffer saline PBS
Dimethyl sulfoxide DMSO

Glycerol

Fluorescent dye Sigma—-Aldrich (Germany

)
Fluorescent dye Sigma-Aldrich (Germany)
Conjugation with biotinylated molecules Sigma-Aldrich (Germany)
Nonfluorescent dye (biotinylated molecule Jena Bioscience (Germany)
Nonfluorescent dye (biotinylated molecule Jena Bioscience (Germany)
Nanocs Company (USA)

Nonfluorescent dye (biotinylated molecule

)
)

Nonfluorescent dye (biotinylated molecule)
) Sigma-Aldrich (Germany
)

)

Nonfluorescent dye (biotinylated molecule Sigma-Aldrich (Germany)
Catalyst Sigma—Aldrich (Germany)

Catalyst Sigma-Aldrich (Germany)

Catalyst Sigma—-Aldrich (Germany)

Catalyst Sigma-Aldrich (Germany)

Blocker Sigma-Aldrich (Germany)

Buffer Sigma-Aldrich (Germany)

Solvent Sigma-Aldrich (Germany)

Sigma—-Aldrich (Germany)

surfaces is illustrated in Figure 2. 2) In parallel, we investigate
how nanoscale roughness variations influence fluorescence in-
tensity. The interplay between surface roughness and fluores-
cence efficiency is crucial for optimizing diamond’s performance
in photonic and quantum applications. By systematically explor-
ing surface modifications, immobilization strategies, and rough-
ness effects, we aim to offer vital information for future advance-
ments in diamond-based technologies.

2. Experimental Section

2.1. Materials

Table 2 lists the most important materials used in this study.
All materials were used as received without further purification
steps.

2.2. Preparation of Hydrogen- and Oxygen-Terminated Diamonds

Hydrogen- and oxygen-terminated diamonds were produced
through a combination of hydrogen and oxygen plasma treat-
ment and the chemical vapor deposition (CVD) method. Dia-
mond growth begins with the deposition of a nanoparticle seed
layer onto the substrate. This was achieved through ultrasonica-
tion for 30 min in a water-based suspension containing 0.1 wt.%
ultra-dispersed nanodiamond particles, typically ranging from
5 to 10 nm in size. In the following, the samples were rinsed
with deionized water and methanol. After being dried with a ni-
trogen stream, the wafer was transferred to an ellipsoidal mi-
crowave plasma reactor. The diamond films were grown using

Adv. Mater. Interfaces 2025, 00378 00378 (4 of 1 1)

a gas mixture of 1% CH, in 99% H,, at a pressure of 55 mbar,
a microwave power of 3.5 kW, and a temperature of 850 °C. The
growth rate was 1-2 um h!. Following growth, the samples were
cleaned in a concentrated HNO,:H, SO, solution to remove sur-
face contaminants.[!%]

2.3. Diamond Functionalization

Oxygen-terminated diamonds (1 cm X 1 cm) were rinsed with
chloroform, 2-propanol, and deionized water, and dried under a
nitrogen stream. Subsequently, to activate the diamond surfaces,
they were exposed to oxygen plasma (10 sccm O,, 0.2 mbar, and
100 W, ATTO system, Diener electronics, Germany) for 2 min.
To generate epoxy and thiol-terminated diamonds, the obtained
hydroxyl-terminated diamonds were immersed in a 2% (v/v) so-
lution of GPTMS in dry toluene and a 2% (v/v) solution of
MPTMS in dry toluene respectively for 5 h, at room temperature
and after this time, the functionalized diamonds were removed
from the solution, thoroughly rinsed with acetone, toluene, and
deionized water, and dried under a stream of nitrogen. To pro-
duce DBCO-terminated diamonds, the hydroxyl-terminated dia-
monds were immersed in a DMSO solution containing DBCO-
acid (0.02 mmol, 6.67 mg), DCC (0.022 mmol, 4.53 mg),
and DMAP (0.0035 mmol, 0.43 mg) at room temperature for
24 h under a nitrogen atmosphere. The DBCO-terminated sam-
ples underwent sonication with DMSO (5 min, two times),
ethanol (5 min, two times), and finally deionized water (5 min,
two times). Then the samples were dried under a nitrogen
stream.

© 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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2.4. Atomic Force Microscopy (AFM)

Mapping of roughness via AFM was performed on a Dimen-
sion Icon system (Bruker, Germany) in tapping mode with
HQ:NSC15/Al BS cantilevers (MikroMasch, USA). The surface
roughness values were determined using Atomic Force Mi-
croscopy (AFM) (NanoScope 8.10, Bruker, Germany) in air under
ambient conditions. As a measure of roughness, the root-mean-
square (RMS) average of height deviations from the mean image
data plane (denoted as Rq in the software) was extracted from 5 x
5 um? scan areas. For each data point, measurements were taken
from four different regions, and the average RMS roughness was
calculated. The reported roughness values of 4 and 14 nm were
achieved by applying two distinct mechanical polishing proto-
cols prior to surface cleaning and functionalization: the smoother
surface (4 nm) was obtained through fine mechanical polishing,
whereas the rougher surface (14 nm) resulted from a coarser pol-
ishing process.

2.5. Contact Angle Measurements

Static contact angles were measured at room temperature us-
ing an OCA-20 contact angle analyzer (Data Physics Instruments
GmbH, Germany). For each measurement, five water droplets
with the same volume and rate (2 uL and 2 pL s, respectively)
were dropped on the surface and the average value of the contact
angle was reported.

2.6. Ink Solution Preparation

The fluorescent and non-fluorescent dyes (Biotin compounds)
used for the uCS were TAMRA-azide (4,,, = 546 nm, A, =
579 nm) and biotin-azide for doing SPAAC click reaction, Cy5-
thiol (4,,, = 650 nm, 4., = 670 nm) and biotin-thiol for do-
ing TYC on DBCO-terminated diamond. FAM-DBCO (4,,, =
492 nm, A,, = 517 nm) and biotin-DBCO for doing TYC,
TAMRA-maleimide (4,,, = 543 nm, 4., = 575 nm) and biotin-
maleimide for doing TEMA on the thiol-terminated diamond.
Cy5-thiol, R6G (4, = 530 nm, 4., = 556 nm), TAMRA-azide,
biotin-thiol, biotin-amine, and biotin-azide for doing ring open-
ing on epoxy-terminated diamond. All dyes were dissolved in a
DMSO/glycerol mixture (7:3) at concentrations of 500 ug mL™?
for fluorescent dyes and 1000 pug mL~! for non-fluorescent dyes.

2.7. Pattern Writing via nCS

The spotting procedures were conducted using the NLP 2000
system (NanoInk, USA) equipped with SPT pens (SPT-S-C10S,
Bioforce Nanosciences). Before use, the pen was freshly plasma
cleaned by oxygen plasma (10 sccm O,, 0.2 mbar, 100 W, 2 min)
and used immediately. The pen reservoir was filled with 0.2 pL
of the ink solution. The spotting procedures were carried out at a
relative humidity of 20%. For all patterns, a dwell time of 2 s was
used.

Adv. Mater. Interfaces 2025, 00378 e00378 (5 0f11)
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2.8. Protein Binding on Microarrays

The binding of fluorescently-labeled streptavidin to arrays of
different types of biotin-conjugates immobilized on differently
functionalized diamonds via click reaction was examined. Before
adding the streptavidin solution, the samples were blocked with
10% bovine serum albumin (BSA) in PBS for 30 min to avoid un-
specific streptavidin binding around the microarrays. Following
that, the samples were washed three times by pipetting on and
off 30 pL of PBS and then incubated for 1 h with a solution of
10 pg mL~! of streptavidin in a dark environment. Afterward, the
samples were washed three times by pipetting on and off PBS,
rinsed with deionized water, and were then dried with nitrogen
blowing before examination using fluorescence microscopy.

2.9. Fluorescence Microscopy Technique

The fluorescence imaging was conducted using a Nikon Eclipse
80i upright fluorescence microscope (Nikon, Japan) equipped
with an Intensilight illumination (Nikon, Japan), a CoolSNAP
HQ2 camera (Photometrics, USA), and a set of filters named
FITC (4,3, = 475 nm, A,,, = 530 nm, color-coded green), Texas
Red (4, = 559 nm, A, = 630 nm, color-coded red), and Cy5
Ags = 604 nm, 4., =712 nm, color-coded purple). Subsequently,
using the onboard software (NIS-Elements, Nikon, Japan) the av-
erage fluorescence intensity per feature was measured, and the
obtained results were tabulated for the preparation of diagrams
and statistical analysis.

2.10. Statistical Analysis

All data were expressed as the means plus standard deviations.
The significant differences between treatments were analyzed us-
ing one-way ANOVA and Duncan tests (p < 0.05) with the statis-
tical package for the social sciences (SPSS, version 19.0.0 Abacus
Concepts, Berkeley, California, USA).

3. Result and Discussion

3.1. Surface Roughness and Morphology

Atomic force microscopy (AFM) was employed to measure the
surface roughness of a set of diamond samples prepared to ob-
tain a low (polished) and high (as synthesized) roughness surface
for comparison. The measured surface roughness values for the
two diamond samples were 4 and 14 nm, respectively (Figure 3),
indicating distinct surface topographies also on visual inspection
of the AFM topography images. Sample 1, with a significantly
lower roughness of 4 nm, exhibits a much smoother surface. In
contrast, Sample 2, with a higher roughness value of 14 nm, fea-
tures a relatively uneven surface characterized by pronounced
peaks and valleys. These differences in surface characteristics
show the effectiveness of the post-treatment processes, such as
polishing or etching, which can significantly influence surface
morphology.!?’]

© 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 3. AFM images of two diamond surfaces with an average roughness (RMS) of a) 4 nm and b) 14 nm.

3.2. Surface Wetting on Functionalized Diamond Surfaces

To achieve successful spotting and high-resolution arrays on
functionalized diamond surfaces, the contact angle of water
droplets on the surface should not be too low, as otherwise the
spotted inks will spread and no ordered arrays can form. The
contact angles for hydrogen-, oxygen-, DBCO-, thiol-, and epoxy-
terminated diamond surfaces are presented in Figure 4. The con-
tact angle of water on the surfaces remained stable over time
(measured after 24 days), showing no significant changes. In-
terestingly, a notable difference was observed between the two
roughness levels for both hydrogen- and oxygen-terminated sur-
faces. The increase in contact angle with increasing surface
roughness, from 4 to 14 nm, can be attributed to the ampli-
fication of intrinsic surface wettability due to nanoscale topog-
raphy, as explained by the Wenzel and Cassie-Baxter models.
Increased roughness enhances the intrinsic wetting character-

istics of the surface, and at the nanometer scale, it can also
lead to partial air entrapment beneath the droplet, especially
on hydrophilic (oxygen-terminated) surfaces, resulting in higher
apparent contact angles. This phenomenon has been reported
in studies on diamond surfaces, where both hydrophobic and
hydrophilic terminations exhibit increased contact angles with
higher roughness due to a combination of increased surface area,
possible air pocket formation, and surface heterogeneity.[!l Ad-
ditionally, the oxygen-terminated surface exhibited a lower con-
tact angle than the hydrogen-terminated one, suggesting that
oxygen plasma treatment introduces a layer of hydroxyl groups,
increasing hydrophilicity. However, after functionalization with
MPTMS, GPTMS, or DBCO, the contact angle increased. The
increase in angle after functionalization could be attributed
to several factors. The introduced chemicals modify the sur-
face chemistry of the diamond, replacing the original termina-
tion (e.g., hydrogen or oxygen) with new functional groups like

100 1 04 nm

Bb
70 1 A‘v

Contact angle ()

Bd

20

B 14 nm

Ab

Ac

Ac

Hydrogen-terminated Oxygen-terminated

DBCO-terminated

Thiol-terminated Epoxy-terminated

Figure 4. Contact angle measurement for the different types of functionalized diamond surfaces. For the same roughnesses, contact angle bars with
different lower case letters and for the same functional groups, values with different capital letters are significantly different (p <0.05), according to

Duncan'’s test.
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Figure 5. Fluorescence microscopy images of micropatterns of fluorescent inks obtained at optimum reaction conditions with a spotting humidity of
20%, dwell time (tip/surface contact time) of 2 s. Exposure time is 10 s in all images. a,b) Cy5-thiol on a DBCO-terminated surface, ¢,d) TAMRA-azide
on a DBCO-terminated surface, e,f) TAMRA-maleimide on a thiol-terminated surface, g,h) FAM-DBCO on a thiol-terminated surface, i,j) Cy5-thiol on a
epoxy-terminated surface, k,|) R6G on an epoxy-terminated surface, and m,n) TAMRA-azide on an epoxy-terminated surface. The scale bars equal 50 um.
Each image shows only a portion of a 15 X 15 spot array and is intended for qualitative visualization.

dibenzocyclooctyne, epoxy, and thiol. These functional groups
are often more hydrophobic than the initial surface, partic-
ularly in comparison to oxygen-terminated or hydrogenated
diamonds.??] Additionally, surface functionalization can intro-
duce nanoscale roughness, enhancing the hydrophobic effect
and increasing the contact angle.[” Furthermore, the new func-
tional groups may lower the surface energy of the diamond, re-
ducing wettability and leading to an increased contact angle.[*!]
However, no significant difference in contact angle was observed
between the two roughness levels after functionalization.

3.3. Array Immobilization on the Diamond Surfaces

To explore the potential of different click reactions to generate mi-
croarrays by uCS, micropatterns of 15 x 15 spots with a pitch of
50 pm were prepared from different fluorescent inks on the dif-
ferent functionalized surfaces. For this purpose, microchannel
cantilevers were loaded with a fluorescent ink solution dissolved
in dimethyl sulfoxide (DMSO) and supplemented with glycerol to
prevent premature drying.”’! Cy5-thiol and TAMRA-azide were
used on DBCO-terminated surfaces to perform TYC and SPAAC
click reactions, respectively. TAMRA-maleimide and FAM-DBCO
were applied to thiol-terminated surfaces for TEMA and TYC
click reactions, respectively. Additionally, Cy5-thiol, R6G, and
TAMRA-azide were utilized on epoxy-terminated diamonds to fa-
cilitate ring-opening click reactions. The reaction conditions were
identical to those optimized for glass surfaces, as reported in

Adv. Mater. Interfaces 2025, 00378 00378 (7 0f11)

Table 1. Figures 5 and 6 present fluorescence microscope images
along with the average fluorescence intensity of micropatterns of
fluorescent inks obtained under optimal reaction conditions.
The images in Figure 5 show only selected portions of the
15 x 15 spot arrays and are intended for qualitative visualization.
Quantitative fluorescence values in Figure 6 were obtained by
averaging measurements from 30 spots distributed across mul-
tiple regions of each array to account for potential local varia-
tions. Brightness differences observed in some image regions
arise from minor spotting or drying artifacts and are negligible
compared to the overall differences between samples. Similar
to glass surfaces, immobilization on diamond appears to have
been successful. A significant difference was observed between
the two roughness levels, with the fluorescence intensity consis-
tently higher for the 4 nm roughness compared to the 14 nm
roughness across all click reactions. This suggests that the click
reaction and molecular attachment were more effective on the di-
amond surface with a roughness of 4 nm. Additionally, surface
roughness plays a crucial role in influencing fluorescence inten-
sity. The 4 nm rough surface likely provides a more optimal area
for functionalization and subsequent click reactions, enabling a
higher density of fluorescent molecule attachment.!'*26] In con-
trast, the rougher 14 nm surface may contribute to increased
fluorescence quenching due to energy transfer between fluo-
rescent molecules and the diamond surface. Smoother surfaces
generally exhibit less quenching, leading to higher fluorescence
intensity.[?’l Moreover, the increased roughness of the 14 nm sur-
face may cause greater light scattering, potentially reducing the

© 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 6. Average fluorescence intensity (measured over 10 spots) of the click-chemistry immobilized microarrays on the differently functionalized
diamond surfaces. For the same roughnesses, fluorescence intensity bars with different lower case letters and for the same functional groups, values
with different capital letters are significantly different (p <0.05), according to Duncan’s test.

detected fluorescence intensity compared to the smoother 4 nm
surface.[2627]

It is important to note that the relative fluorescence intensity
varies depending on the type of surface functionalization, so a
direct comparison of fluorescence values can only be made be-
tween arrays that share the same functionalization but differ in
roughness. Variations between different click reactions are ex-
pected because each chemistry has a distinct coupling efficiency
and surface coverage capability, which can influence signal in-
dependently of roughness. For example, while most reactions
yielded higher fluorescence on the smoother surface, Cy5-thiol
on epoxy-terminated diamond showed no statistically significant
difference between 4 nm and 14 nm roughness, likely due to the
lower sensitivity of that particular reaction to nanoscale topogra-
phy. Therefore, Figure 6 is the most relevant dataset for assessing
the isolated effect of roughness, as it involves single-step labeling
with Cy5 dyes.

3.4. Protein Coupling on the Diamond Surfaces

In the previous section, the successful immobilization of ar-
rays of fluorescent inks on DBCO-, thiol-, and epoxy-terminated
diamonds through various click reactions was established. Al-
though the same molar concentration of fluorophores was used
for microarray fabrication, a direct comparison between different
routes to identify the optimal one is challenging due to the differ-
ent spectra of the fluorophores, resulting in different emission
intensities even at same dye concentration.

Regarding the possibility of separately quantifying the effects
of surface roughness versus fluorophore attachment efficiency, in
the case of Figures 7 and 8, such a separation is challenging. This
is because the two-step modification (biotin functionalization fol-
lowed by streptavidin binding) involves large biomolecules, and
the surface roughness difference (4 nm vs. 14 nm) becomes rel-
atively small compared to the size of the streptavidin molecule
(~5-6 nm). At this scale, the contribution of roughness is dimin-
ished, and differences in intensity are more likely attributed to
the performance of the click chemistry rather than the topogra-

Adv. Mater. Interfaces 2025, 00378 00378 (8 of 1 1)

phy alone. Therefore, an alternative strategy was implemented
to enable a direct comparison of the routes.'8¢] Biotin-bearing
compounds were spotted onto the functionalized diamonds us-
ing uCS, creating 15 x 15 spot arrays. Biotin is a commonly used
linker due to its strong affinity for streptavidin.[”®) By utilizing
fluorescently-labeled streptavidin as a fluorophore to visualize
the immobilized biotin patterns, the amount of immobilized bi-
otin can be compared across different routes.?]

To confirm that the observed fluorescence resulted from spe-
cific biotin—streptavidin binding rather than nonspecific adsorp-
tion, we conducted a control experiment in which biotin was
immobilized on one diamond surface, while a separate dia-
mond surface was prepared without biotin modification. Strepta-
vidin was then printed across both surfaces, followed by a wash-
ing step. After washing, fluorescence was observed only on the
biotin-functionalized diamond, while no fluorescence signal was
detected on the diamond without biotin. This confirms that strep-
tavidin binding was specific and not due to non-specific adsorp-
tion, as shown in Figure 9. The results obtained for arrays fab-
ricated under optimal conditions are summarized in Figures 7
and 8.

The images in Figure 7 show only selected portions of the
15 X 15 spot arrays and are intended for qualitative visualiza-
tion. Quantitative fluorescence values in Figure 8 were calculated
by averaging measurements from 30 spots distributed across
different regions of each array to account for potential local
variations. Minor differences in brightness between certain re-
gions of the same image arise from small experimental arti-
facts during spotting or drying, but these are negligible com-
pared to the overall fluorescence intensity differences between
samples. For all chemical routes, the immobilization of the bi-
otinylated compound was successful. After staining the patterns
with fluorescently-labeled streptavidin, they were visible in the
corresponding fluorescence channel. When comparing the dif-
ferent immobilization routes, it is evident that biotin-amine on
the epoxy-terminated diamond (via ring-opening of epoxy by the
amine route)®®! and biotin-maleimide on the thiol-terminated
diamond (via thiol-ene Michael addition (TEMA) route)!'!
yield higher fluorescence intensities. These notable findings on

© 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 7. Fluorescence microscopy images of micropatterns of non-fluorescent, biotinylated inks after incubation with fluorescently-labeled streptavidin.
The arrays were obtained at optimum reaction conditions with a spotting humidity of 20%, dwell time (tip/surface contact time) of 2 s. Exposure time
is 10 s in all images. a,b) biotin-thiol on a DBCO-terminated surface, c,d) biotin-azide on a DBCO-terminated surface, e,f) biotin-maleimide on a
thiol-terminated surface, g,h) biotin-DBCO on a thiol-terminated surface, i,j) biotin-thiol on an epoxy-terminated surface, k,1) biotin-amine on an epoxy-
terminated surface, and m,n) biotin-azide on an epoxy-terminated surface. The scale bars equal 50 pm. Each image shows only a portion of a 15 x 15
spot array and is intended for qualitative visualization.

[CVRERTHY

diamond surfaces are consistent with previous results obtained The successful binding of streptavidin on the microarrays im-
for the functionalization of glass surfaces. In earlier studies, we  mobilized on the diamond surfaces indicates that these func-
investigated and compared different immobilization approaches,  tionalizations can be used in diamond-based biosensors utiliz-
including ring opening, SPAAC, TYC, and TEMA, for the forma-  ing biotinylated recognition elements (e.g., antibodies) over a
tion of covalently bound microarrays on functionalized glass sur-  streptavidin-based sandwich approach.?% More generally, also ar-
faces. The relative efficiency of these reactions was determined  bitrary unlabeled proteins can be immobilized on the diamond

as follows: Ring opening > TEMA > TYC > SPAAC.[8-d] in this fashion. As proteins are composed of amino acids, which
12000
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Figure 8. Average fluorescence intensity (measured over 10 spots) of fluorescein-labeled streptavidin on the click-chemistry immobilized biotin-
microarrays on the differently functionalized diamond surfaces. For the same roughnesses, fluorescence intensity bars with different lower case letters
and for the same functional groups, values with different capital letters are significantly different (p < 0.05), according to Duncan’s test.
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Figure 9. Control experiment confirming specific biotinstreptavidin bind-
ing on diamond surfaces. (a) Biotin-functionalized surface retains fluores-
cence after rinsing. (b) Non-biotin surface shows no fluorescence post-
rinsing, indicating minimal nonspecific adsorption. Scale bars: 50 um.

contain amine groups, these amine groups can react with epoxy
through a ring-opening click reaction. Using this technique, ar-
bitrary unlabeled antigens or antibodies can be immobilized on
the surface for detection of complementary proteins.

4, Conclusion

We demonstrated novel functionalization routes for diamond-
based platforms, integrating optimized surface functionalization
via click chemistry for biosensing and controlled surface rough-
ness for enhanced fluorescence. By systematically evaluating
multiple click reactions on diamond surfaces, we identified the
most efficient immobilization route. Smoother diamond surfaces
exhibit significantly higher fluorescence intensity compared to
rougher surfaces, which can be attributed to reduced light scat-
tering and functionalization defect density. The optimized sur-
face functionalization and roughness control not only enhance
biointerface stability and protein amount of protein adhesion but
also improve fluorescence efficiency. These findings establish a
strong foundation for future advancements in diamond-based
biosensors and photonic devices, particularly in applications re-
quiring highly selective and stable protein detection and high-
performance optical properties.
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