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This study presents a systematic comparison of two prominent click chemistries, copper-catalyzed azide-alkyne
cycloaddition (CuAAC) and thiol-yne coupling (TYC), for the controlled immobilization of biological macro-
molecules on glass surfaces. Two distinct alkyne-terminated surfaces were fabricated: a short-chain 4-pentynoic
acid surface and a long-chain polyethylene glycol (PEG) surface prepared with Alkyne PEG Silane (ALK-PEG-Si,
MW 3400). The efficiency of biotin immobilization, followed by subsequent binding of the protein streptavidin,
was evaluated kinetically over 10, 20, and 40 min. The results indicate that the choice of surface chemistry
profoundly influences reaction kinetics. CuAAC proceeded most efficiently on the flexible, hydrophilic ALK-PEG-
Si surface, achieving high streptavidin binding density at 20 min. In contrast, TYC demonstrated a faster initial
reaction rate on the rigid, hydrophobic 4-pentynoic acid surface, reaching near-maximal intensity within 10 min.
At longer reaction times (40 min), both chemistries and both surfaces converged to similar maximum immo-
bilization levels. This work provides a fundamental understanding of how the interplay between linker design
and click reaction mechanism can be strategically exploited to optimize the kinetics and density of macromo-
lecular immobilization for applications such as biosensors and microarrays.

denaturation. To overcome these limitations, highly specific and effi-
cient bioconjugation strategies are needed. One powerful approach is

1. Introduction

The precise and stable immobilization of biological macromolecules
such as proteins, peptides, nucleic acids, and carbohydrates on solid
substrates is a fundamental requirement for the development of modern
biosensors, diagnostic platforms, and advanced biomaterials. Creating
well-defined biointerfaces is critical for achieving high performance, yet
anchoring these sensitive biomolecules while preserving their native
function, minimizing non-specific binding, and controlling surface
density and orientation remains a major challenge. Traditional methods,
including physical adsorption or random covalent coupling, often result
in low efficiency, poor specificity, and loss of biological activity due to

click chemistry, a concept introduced in 2001 by K. Barry Sharpless and
colleagues to describe a class of reactions that are modular, high-
yielding, selective, and compatible with mild, aqueous, and environ-
mentally benign conditions. These reactions avoid complex purification
steps, rely on readily available reagents, and generate minimal
byproducts. With their rapid reaction rates, high specificity, and low
toxicity, click chemistry reactions are particularly well suited for
chemical biology and biomedical applications, where controlled mo-
lecular conjugation is essential [1-13].

Over the past two decades, click chemistry has revolutionized
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multiple fields. In chemical biology, it has become indispensable for
bioconjugation of proteins, nucleic acids, and polymers. In medicinal
chemistry, it accelerates drug discovery, lead optimization, and imaging
probe development. In materials science, it enables the creation of
advanced biomaterials, nanotherapeutics, functional surfaces, and well-
defined polymers. Its bioorthogonality and robustness even allow in situ
and in vivo labelling, diagnostics, and therapeutic applications [5,
14-21].

Click chemistry reactions have revolutionized surface functionali-
zation of glass and other solid substrates by enabling efficient, selective,
and bioorthogonal covalent attachment of biomolecules, polymers, and
diverse functional groups under mild conditions. This methodology al-
lows for the creation of highly controlled and modular biointerfaces,
where the immobilization of antibodies, DNA, peptides, or cells can be
achieved with precise orientation and minimal non-specific binding,
crucial attributes for high-performance biosensing and diagnostic plat-
forms. The rapid and highly efficient nature of click chemistry enables
the dense and stable immobilization of recognition elements on glass
and related substrates. By promoting high surface coverage and robust
molecular attachment, this strategy enhances the sensitivity, specificity,
and reproducibility of biosensing platforms [17-19,22-28]. Recent
research has continued to expand the applications of click chemistry for
surface functionalization. For example, Dadfar et al. (2018) demon-
strated site-specific glass functionalization using azide-alkyne and thi-
ol-alkyne reactions to fabricate high-density molecular microarrays for
biomedical assays [29]. In 2019, the same group developed a fluorescent
immunosensor for detecting the cancer biomarker AFP by combining
multiple click reactions, including thiol-yne, thiol-ene Michael addition
(TEMA), strain-promoted azide-alkyne cycloaddition (SPAAC), and
ring-opening with a Dbiotin-streptavidin-biotin assembly and
antibody-antigen interactions on differently functionalized glass sur-
faces [30]. Moreover, Klein et al. (2021) reported efficient covalent
functionalization of ultrasmall gold nanoparticles via azidation and
CuAAG, offering a robust platform for nanoscale biosensors and targeted
therapy [31]. Additionally, McGuire et al. (2023) introduced supramo-
lecular click chemistry methods to modify nanoparticle surfaces,
enabling tailored bioactive coatings and enhanced biocompatibility
[32]. Furthermore, Bukharina et al. (2024) applied copper-free click
chemistry to functionalize cellulose nanocrystals with DNA strands,
enabling precise nanostructure assembly with tailored optical properties
[33]. More recently, Dadfar et al. (2025) extended their work to dia-
mond substrates, comparing different click reactions (TEMA, SPAAC,
thiol-yne, and ring-opening) to identify the most efficient strategy for
surface functionalization [34].

Among the various reactions that meet the criteria of efficiency and
selectivity, the CuAAC, independently reported in 2002 by Sharpless
and Meldal, has emerged as the “gold standard.” This reaction enables
the rapid and regioselective formation of 1,2,3-triazoles from azides and
terminal alkynes, offering exceptional efficiency, high functional group
tolerance, and excellent compatibility with biological systems [35,36].
Another powerful approach is the TYC, a fast and efficient process in
which thiols add to alkynes under radical initiation (e.g., UV light) to
form dithioether products. Unlike the thiol-ene reaction, each alkyne
can react with two thiols, enabling the generation of highly function-
alized, branched polymers and surfaces particularly suited for advanced
materials and biomedical applications [37-39]. This work presents a
comprehensive study comparing CtAAC and TYC (Fig. 1) for the surface
immobilization of biotin, which serves as a binding site for the biological
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macromolecule streptavidin. Glass substrates were functionalized with
either a small, rigid alkyne (4-pentynoic acid) or a large, flexible alkyne
(ALK-PEG-Si). The biotin was patterned onto these surfaces using
microchannel cantilever spotting (uCS), and the kinetic progress of the
immobilization was monitored at 10, 20, and 40 min. The overall
scheme of glass functionalization and subsequent click reactions is
illustrated in Fig. 2. The successful binding of biotin was quantified via
the subsequent binding of fluorescently labeled streptavidin, a protein
macromolecule known for its strong affinity to biotin. This approach
allows for a direct correlation between the surface chemistry, the reac-
tion kinetics, and the resulting immobilization of a key biological
macromolecule. The findings provide valuable mechanistic insights for
the rational design of functional biointerfaces for advanced biomedical
and biological applications.

2. Materials and methods
2.1. Materials

All chemicals were used as received without further purification. The
key materials are listed in Table 1, including their commercial and short
names, roles in the experiment, and sources.

2.2. Preparation of alkyne-terminated glasses via esterification and
silanization

2.2.1. Esterification method

Standard glass coverslips (1 x 1 cm, VWR, Germany) were sequen-
tially cleaned with chloroform, 2-propanol, and deionized water, then
dried under a nitrogen stream. To generate hydroxyl groups on the glass
surface, the coverslips were treated with oxygen plasma (10 sccm O3, 0.2
mbar, 100 W) for 2 min. A solution containing 4-pentynoic acid (0.02
mmol, 1.96 mg), N,N-dicyclohexylcarbodiimide (DCC, 0.022 mmol,
4.53 mg), and 4-dimethylaminopyridine (DMAP, 0.0035 mmol, 0.43
mg) was prepared in DMSO. The hydroxyl-functionalized glass sub-
strates were immersed in this solution and incubated at room temper-
ature for 24 h under a nitrogen atmosphere to allow esterification. After
the reaction, the samples were washed twice with DMSO (5 min each),
twice with ethanol (5 min each), rinsed with deionized water, and
finally dried under a nitrogen stream.

2.2.2. Silanization method

For the silanization approach, the cleaned and plasma-activated
glass coverslips were immersed in a 2% w/v solution of alkyne-PEG-
silane (MW ~3400 Da) prepared in a 95:5 ethanol:water mixture. The
reaction was carried out at room temperature for 5 h. Afterwards, the
samples were washed sequentially with ethanol, acetone, and deionized
water, then dried under a nitrogen stream.

2.3. Characterization of the surface by X-ray photoelectron spectroscopy
(XPS)

XPS measurements were performed on a K-Alpha+ spectrometer
(Thermo Fisher Scientific, East Grinstead, UK). The Thermo Avantage
software was used for data acquisition and processing. A mono-
chromated Al Ka X-ray source with a 400 um spot size was used for all
measurements. Photoelectrons were analyzed with a 180° hemispherical
analyzer operated in constant analyzer energy mode at a pass energy of
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Fig. 1. Schematic representation of the two click reactions used in this study: (a) (CuAAC) and (b) (TYC) reaction.
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Fig. 2. Schematic representation of glass surface functionalization and subsequent click reactions.

Table 1
List of chemicals used in this work.

Commercial name

Short name

Role

Source

4-Pentynoic acid

Alkyne PEG Silane
Streptavidin-Cy3
Azide-PEGs-biotin conjugate, MW=500
Biotin PEG Thiol, MW=2000
4-Dimethylaminopyridine
Sodium ascorbate
Copper(II)-Sulphate
N,N'-dicyclohexylcarbodiimide
Bovine serum albumin
Phosphate buffer saline
Dimethyl sulfoxide

Glycerol

Pentynoic acid
ALK-PEG-Si
Streptavidin
Biotin-azide
Biotin-thiol
DMAP
Na-ascorbate
CuSO4

DCC

BSA

PBS

DMSO

coupling agent in esterification

coupling agent in silanization

Conjugation with biotinylated molecules
Nonfluorescent dye (biotinylated molecule)
Nonfluorescent dye (biotinylated molecule)
Photoinitiator

Reduction reagent

Catalyst

Catalyst

Blocker

Buffer

Solvent

Sigma-Aldrich (Germany)
Nanocs Company (USA)
Sigma-Aldrich (Germany)
Jena Bioscience (Germany)
Nanocs Company (USA)
Sigma-Aldrich (Germany)
Jena Bioscience (Germany)
Jena Bioscience (Germany)
Sigma-Aldrich (Germany)
Sigma-Aldrich (Germany)
Sigma-Aldrich (Germany)
Sigma-Aldrich (Germany)
Sigma-Aldrich (Germany)
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50 eV for high-resolution elemental spectra. Charge compensation was
achieved using the K-Alpha+ system with 8 eV electrons and low-energy
argon ions to minimize local charging. Spectral fitting was performed
using Voigt line shapes (binding energy uncertainty + 0.2 eV), and
quantitative analysis employed Scofield sensitivity factors [40]. All
spectra were calibrated to the C 1 s hydrocarbon peak (C-C/C-H) at
285.0 eV, with accuracy further verified against reference metallic Cu,
Ag, and Au photoelectron peaks.

2.4. Surface roughness analysis via atomic force microscopy (AFM)

Surface roughness was characterized using Atomic Force Microscopy
(AFM) on a Dimension Icon system (Bruker, Germany) operating in
tapping mode with HQ:NSC15/Al BS cantilevers (MikroMasch, USA).
Measurements were conducted in air under ambient conditions using
the NanoScope 8.10 software. Roughness was quantified as the root-
mean-square (RMS) deviation of surface height (denoted as Rq),
extracted from 5 x 5 um? scan areas. For each sample, four different
surface regions were analyzed, and the average RMS roughness was
calculated to ensure representative values.

2.5. Water contact angle measurements

The static contact angles of water droplets on both bare and func-
tionalized glass surfaces were measured at room temperature using an
OCA-20 contact angle analyzer (DataPhysics Instruments GmbH, Ger-
many). For each sample, five water droplets (2 pL each) were dispensed
at a consistent rate of 2 uL s’ onto different regions of the surface. The
average contact angle from these measurements was calculated and
reported.

2.6. Ink solution preparation

The dyes used for the pCS were biotin-azide for the CUAAC reaction
and biotin thiol for the TYC click reaction, both performed on alkyne-
terminated glass. For the biotin-azide ink, the solutions consisted of 5
uL CuSO4 (10 mM in DI water), 5 pL sodium ascorbate (20 mM in DI
water), and 1 pL biotin-azide (500 ug mL™ in DMSO) was prepared. For
the biotin-thiol ink, a biotin-thiol solution (200 pg mL7! in DMSO) was
prepared, to which DMPA (2 mol% relative to biotin-thiol) was added as
a photoinitiator. Both inks were finally mixed with glycerol in a 7:3 (ink:
glycerol) ratio.

2.7. Pattern writing via uCS for click chemistry reactions

Patterning was carried out using the NLP 2000 system (Nanolnk,
USA) equipped with SPT pens (SPT-S-C10S, Bioforce Nanosciences).
Prior to use, the pen was cleaned with oxygen plasma (10 sccm Og, 0.2
mbar, 100 W, 2 min) and used immediately. The pen reservoir was
loaded with 0.2 pL of the ink solution. Spotting was performed at a
controlled relative humidity of 20%, with a dwell time of 2 s for all
patterns. After printing the biotin-azide ink, samples were left at room
temperature for 10, 20, or 40 min before washing. For the biotin-thiol
ink, printed samples were irradiated using a 365 nm UV LED source
positioned approximately 20 cm above the substrate, corresponding to
an irradiation intensity of approximately 10 mW cm2, for 10, 20, or 40
min, followed by washing.

2.8. Protein binding on microarrays

The binding of fluorescently labeled streptavidin to arrays of two
distinct biotin-conjugates immobilized on functionalized glass via click
reactions was investigated. Prior to streptavidin incubation, the samples
were blocked with 10% bovine serum albumin (BSA) in PBS for 30
minutes to minimize nonspecific binding around the microarrays. Sub-
sequently, the samples were washed three times by pipetting 30 pL of
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PBS on and off the surface. They were then incubated for 1 hour with a
10 pg-mL? streptavidin solution in the dark. After incubation, the
samples were washed three more times with PBS, rinsed with deionized
water, and dried using a gentle stream of nitrogen before fluorescence
microscopy analysis.

2.9. Fluorescence microscopy technique

Fluorescence imaging was performed using a Nikon Eclipse 80i up-
right fluorescence microscope (Nikon, Japan), equipped with Intensi-
light illumination (Nikon, Japan), a CoolSNAP HQ2 camera
(Photometrics, USA), and a Texas Red filter (Aabs = 559 nm, Aem = 630
nm, color-coded red). Image acquisition and analysis were carried out
using NIS-Elements software (Nikon, Japan). The average fluorescence
intensity per feature was quantified, and the resulting data were tabu-
lated for diagram preparation and statistical analysis.

2.10. Statistical analysis

All data were expressed as the means plus standard deviations. The
significant differences between treatments were analyzed using one-way
ANOVA and Duncan tests (P < 0.05) with the statistical package for the
social sciences (SPSS, version 19.0.0 Abacus Concepts, Berkeley, Cali-
fornia, USA).

3. Result and discussion
3.1. XPS measurement

XPS results confirmed the successful stepwise functionalization of
hydroxyl-terminated glass via both ALK-PEG-Si and pentynoic acid
routes followed by click conjugation with biotin derivatives (Fig. 3). For
the ALK-PEG-Si pathway (Fig. 3A and B), the C 1 s spectrum of bare glass
showed mainly adventitious C-C/C-H (~285.0 eV), while silanization
(b) introduced a pronounced C-O/C-N component (~286.4 eV),
consistent with PEG chains. Subsequent click reactions with biotin azide
(c) and biotin thiol (d) bring additional N-C=0 contribution at 288.3 eV
characteristic of biotin amide groups and increased overall carbon in-
tensity (from ~ 5 at% for the bare glass up to ~25 at% for the func-
tionalized glass surfaces), indicating successful conjugation. The N 1 s
spectra corroborated these findings, showing an increase in nitrogen
content (up to ~3 at%) and the appearance of peaks at 400.2 eV (amide
N-C=0) and 402.0 eV (protonated or triazole N*), confirming azide-
alkyne cycloaddition and biotin immobilization. Similar trends were
observed for the pentynoic acid route (Fig. 3C and D), even if the first
step of functionalization could not be clearly proven since the attached
molecule is very small. Nevertheless, the C 1 s spectrum shows the
appearance of the N-C=0 component at 288.3 eV after click reactions (c,
d) indicating the attachment of PEG-biotin conjugates. Progressive in-
creases in N 1 s intensity from ~0.3 (surface contamination) up to ~3.0
at% across the modification steps, along with the presence of amide and
triazole nitrogen species, confirm efficient surface coupling. It should be
noted that given the length of the PEG chain of the biotin thiol, a higher
contribution of the C-O component could be expected. This can be
explained by a very probable smaller density of attachment of this bigger
molecule on the small pentynoic molecule because of steric hindrance.
Overall, the combined C 1 s and N 1 s analyses verify the formation of
PEG-rich organic layers and successful click-mediated biotin function-
alization for both surface modification strategies.

3.2. AFM analysis

In this study, AFM was employed to evaluate the topographical and
roughness changes of glass surfaces after sequential functionalization
and biotin conjugation (Figs. 4 and 5). Bare glass exhibited the lowest
surface roughness (~0.25 nm), consistent with a clean, unmodified
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Fig. 3. XPS analysis of stepwise surface functionalization and click conjugation on glass substrates. High-resolution C 1 s (A, C) and N 1 s (B, D) spectra showing the
chemical evolution of hydroxyl-terminated glass after modification and biotin coupling. (A-B) Functionalization via ALK-PEG-Si: (a) OH-terminated glass, (b) PEG-
silane layer, (c) click reaction with biotin azide, and (d) click reaction with biotin thiol. (C-D) Functionalization via pentynoic acid: (a) OH-terminated glass, (b)
pentynoic acid layer, (c) click reaction with biotin azide, and (d) click reaction with biotin thiol.

substrate (Fig. 5a). Functionalization with pentynoic acid or ALK-PEG-Si
resulted in a modest increase in roughness, indicating successful
monolayer formation (Fig. 5b and e). The slightly higher roughness
observed for the PEG-silane surface compared to pentynoic acid reflects
the greater steric bulk and conformational flexibility of the PEG linker
[41,42].

Click conjugation with biotin azide induced the largest roughness
increases for both alkyne-modified surfaces, as visually demonstrated by
the dense nanostructured clusters appearing in the 3D surface profiles
(Fig. 5¢ and f). This pronounced effect is attributed to the CuAAC, which
incorporates bulky biotin moieties using a markedly short PEG3 spacer.
The short length and structural rigidity of this 3-unit PEG chain limit its
freedom of conformational rotation, forcing the bulky biotin molecules
into close lateral proximity. This restriction leads to heightened mo-
lecular crowding, steric hindrance, and subsequent localized surface
clustering or partial multi-layer aggregation. In contrast, biotin thiol
conjugation produced a moderate increase in surface roughness. This
smaller change suggests that thiol attachment, possibly via thiol-surface
interactions or disulfide formation, generates more ordered and less
clustered surface architectures compared to the azide-alkyne click

reaction [43], a behavior strongly governed by the structural charac-
teristics of its highly elongated PEGs9 spacer arm. The much longer
39-unit PEG chain possesses substantial conformational flexibility,
allowing the chains to bend or coil more horizontally along the func-
tionalized silane matrix. This flexibility effectively cushions and dissi-
pates the steric bulk of the biotin headgroups, distributing them across a
larger spatial regime to generate a more homogeneous, less clustered
surface architecture as structurally evident in the smoother topography
of the control surfaces (Fig. 5d and g).

Statistical analysis supports these trends: as shown in Fig. 4, there is a
significant difference in roughness for the biotin azide conjugation
samples, which are rougher than all other groups, while the biotin thiol
conjugation samples show a significant but smaller increase compared
to unmodified and single-functionalized surfaces.

These findings align with previous AFM studies, where PEG-silane or
carboxylic acid-functionalized glass surfaces show moderate roughness
increases upon monolayer formation, and CuAAC-based biotin attach-
ment leads to substantial roughness enhancements due to bulky group
incorporation [42,43]. In this work, the largest roughness changes were
observed for biotin azide click reactions, particularly with the
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Fig. 5. 3D AFM images (5.0 uM x 5.0 uM) for glass (a), glass + Pentynoic acid (b), glass + Pentynoic acid + Biotin azide (c), glass + Pentynoic acid + Biotin thiol (d),
glass + ALK-PEG-Si (e), glass + ALK-PEG-Si (f), and glass + ALK-PEG-Si (g).

ALK-PEG-Si linker, confirming efficient and dense surface modification. 3.3. Contact angle measurement
Biotin thiol conjugation yielded milder roughness changes, consistent
with a more ordered attachment mechanism. The success and stability of the surface functionalization were

quantitatively evaluated using water contact angle goniometry, with
measurements taken over a 21-day period to assess the dynamic changes
in wettability (Fig. 6). Following plasma treatment, glass surfaces
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Fig. 6. Contact angle of water droplets as a function of time on bare glass, pentynoic acid terminated glass, and ALK-PEG-Si terminated glass.

exhibited an initial contact angle near zero, consistent with a highly
hydrophilic, hydroxyl-rich surface. This extreme wettability aligns with
prior reports that plasma exposure dramatically increases OH group
density, rendering glass superhydrophilic, though such states are
inherently unstable and subject to hydrophobic recovery over time [24,
29,44].

Upon functionalization, distinct differences in long-term wettability
emerged when comparing pentynoic acid and ALK-PEG-Si modifications
against bare glass. Unmodified glass surfaces stabilized at a contact
angle of ~46°, corresponding to the moderate, stable hydrophilicity of
native silanol and siloxane groups. Glass modified with pentynoic acid
displayed a pronounced increase, reaching ~66° after 21 days. This
indicates successful esterification and formation of a hydrophobic alkyl
monolayer, with initial lower values likely attributable to residual
plasma-induced hydroxyls that diminish over time. As these unstable
groups recover or are replaced, the pentynoic acid coating imparts
robust hydrophobicity, consistent with prior studies of alkyl chain
functionalization [45,46].

In contrast, silanization with ALK-PEG-Si (77 PEG units) produced a
stable contact angle of ~57° throughout the measurement period. The
PEG linker conferred moderate hydrophilicity, lower than that of pen-
tynoic acid, due to its ethylene glycol repeat units. The initial low value,
followed by gradual stabilization, reflects the loss of unreacted plasma-
induced hydroxyl groups and maturation of the PEG-silane monolayer,
in line with previously reported aging profiles for PEG-modified glass
[42,47].

Overall, the time-dependent evolution of water contact angle dem-
onstrates the dynamic interplay of plasma treatment, chemical func-
tionalization, and monolayer stability. Pentynoic acid terminated glass
achieves higher hydrophobicity due to alkyl chain coverage, while PEG
modification yields a more hydrophilic yet stable wettability profile.
These findings confirm successful surface engineering and are consistent
with established literature on glass modification, wettability, and sur-
face aging effects [47,48]. The distinct wettability profiles of the two
surfaces thus create different microenvironments that directly influence
the kinetics and efficiency of macromolecular immobilization, as
detailed in the following sections.

3.4. Comparative analysis of streptavidin immobilization via CUAAC and
TYC

The efficiency of streptavidin immobilization on alkyne-
functionalized glass surfaces was evaluated using two click-chemistry
strategies: CuAAC with biotin azide and TYC with biotin thiol. Glass
substrates functionalized with either pentynoic acid or ALK-PEG-Si
(PEG77) were reacted with biotin azide or biotin thiol for 10, 20, or
40 min. Following the click reactions, the substrates were thoroughly
rinsed with deionized water to remove residual catalyst, unreacted
biotin molecules, and loosely adsorbed species. The modified surfaces
were then incubated with fluorescent streptavidin to allow binding to
the immobilized biotin groups. After incubation, the substrates were
washed to remove unbound streptavidin, and the fluorescence intensity
was subsequently measured to quantify protein immobilization. Kinetic
analysis revealed that streptavidin binding after CUAAC-mediated biotin
immobilization was strongly influenced by the underlying surface
chemistry (Fig. 7). Quantitative fluorescence analysis revealed that at 10
min, both pentynoic acid and ALK-PEG-Si surfaces displayed compa-
rably low intensities, consistent with limited biotin immobilization
during short incubation. At 20 min, however, ALK-PEG-Si exhibited
nearly twice the fluorescence intensity of pentynoic acid, indicating that
the flexible PEG linker facilitates more efficient conjugation at inter-
mediate times. By 40 min, fluorescence intensities increased further and
converged between the two surface chemistries, demonstrating that
prolonged CuAAC reactions reach similarly high coupling efficiencies
regardless of the linker. Statistical analysis confirmed these trends, with
ALK-PEG-Si showing significantly higher signals than pentynoic acid at
20 min, while no significant differences were detected at 10 or 40 min.
The images in Fig. 7 show only selected portions of the 15 x 15 spot
arrays and are intended for qualitative visualization. Quantitative
fluorescence values in Fig. 8 were calculated by averaging measure-
ments from 30 spots distributed across different regions of each array to
account for potential local variations.

The fluorescence signal was attributed to specific biotin-streptavidin
interactions. It should be noted that nonspecific adsorption of fluores-
cent streptavidin on alkyne-terminated surfaces was previously
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Fig. 7. Representative fluorescence microarray images of CUAAC bound biotin after streptavidin-Cy3 binding. Glass substrates were functionalized with either
pentynoic acid (a—c) or Alkyne PEG silane (d-f) and subsequently reacted with pCS spotted biotin azide for 10 min (a,d), 20 min (b,e), or 40 min (c,f). The patterned
biotin azide was visualized by subsequently incubating Cy3 labelled streptavidin. Scale bars equal 50 pym.
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Fig. 8. Fluorescence intensity analysis of microarray biotin azide immobilization via CuAAC on pentynoic acid vs. ALK-PEG-Si functionalized substrates. For the
same alkyne group, values with different lowercase letters indicate significant differences across different times; for the same time point, values with different
uppercase letters indicate significant differences between the two alkyne groups (p < 0.05, according to Duncan’s multiple range test).

investigated under identical experimental conditions. No residual fluo- fluorescence intensities reported here can be directly correlated with the
rescence was observed after the rinsing step, whereas biotin- efficiency of biotin immobilization achieved through the respective click
functionalized surfaces retained strong fluorescence, confirming that reactions. It should also be noted that the fluorescence measurements
the measured signal originates from specific biotin-streptavidin binding were used to quantify the amount of immobilized streptavidin and,
rather than nonspecific protein adsorption [34]. Therefore, the consequently, the efficiency of biotin immobilization. The present study
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did not directly evaluate the retention of the native biotin-binding ac-
tivity of the immobilized streptavidin, which would require a dedicated
functional binding assay.

These kinetic differences can be explained by the distinct chemical
environments created by the two linkers. PEG linkers generate a hy-
drated, flexible, and anti-fouling surface that enhances the accessibility
of terminal alkyne groups for CUAAC. The extended PEG chains reduce
non-specific adsorption and steric hindrance, thereby allowing biotin
azide to couple more efficiently [42,43]. As a result, PEGylated surfaces
achieve higher immobilization densities and yield stronger fluorescence
signals. The anti-fouling properties of PEG also support greater surface
coverage by biotin azide, further amplifying the observed differences in
fluorescence intensity [42,49].

In contrast, short-chain alkynes such as pentynoic acid present a
more rigid, hydrophobic, and crowded interface. The limited chain
mobility and closer molecular packing reduce the accessibility of surface
alkyne groups, restricting biotin azide coupling and leading to lower
fluorescence intensities [49]. The hydrophobic character of pentynoic
acid surfaces may further diminish protein-surface interactions,
reducing immobilization efficiency compared to PEGylated surfaces.
Taken together, these findings are consistent with well-documented
trends showing that PEGylation promotes more efficient and specific
biomolecule immobilization, while small-molecule linkers are more
prone to crowding effects and reduced reactivity [42,49,50]. Thus, the
superior performance of ALK-PEG-Si in CuAAC immobilization is rooted
in its ability to present accessible and reactive alkyne groups within a
hydrated, anti-fouling environment.

The kinetic profile of the TYC reaction presented a stark contrast to
that of CuAAC (Fig. 9). Quantitative fluorescence values shown in
Fig. 10 revealed that at 10 min, pentynoic acid surfaces displayed sub-
stantially higher fluorescence than ALK-PEG-Si surfaces, suggesting that
the shorter linear linker permits faster radical addition, while steric
shielding within the PEG brush delays efficient reaction. At 20 min,
fluorescence increased for both surfaces, with pentynoic acid still
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producing stronger signals, although the difference was reduced. By 40
min, fluorescence intensities on both surface types converged, indicating
that extended UV irradiation allows radicals to penetrate the PEG layer
and react with available alkyne groups. Statistical analysis confirmed
these trends, showing that pentynoic acid significantly outperformed
ALK-PEG-Si at 10 min, while no significant differences remained at 40
min [22]. The faster initial reactivity of pentynoic acid can be attributed
to its short, rigid structure, which leaves terminal alkyne groups fully
exposed at the glass interface. With minimal steric hindrance, biotin
thiol rapidly accesses and reacts with surface alkynes, producing strong
fluorescence intensities during early irradiation. This direct accessibility
gives pentynoic acid a distinct kinetic advantage in the short term. By
contrast, ALK-PEG-Si surfaces, while more hydrated and conforma-
tionally flexible, present a sterically bulkier environment that initially
limits thiol accessibility [42,49]. The dense PEG layer can act as a bar-
rier, slowing the diffusion of biotin thiol and reducing early radical
addition rates. However, as UV irradiation continues, PEG chains un-
dergo dynamic conformational rearrangements, gradually exposing
additional reactive alkyne groups. This process reduces the initial ki-
netic barrier and allows PEGylated surfaces to “catch up” over time [22,
42].

With prolonged irradiation, PEG linkers provide further advantages.
Their hydration shell and anti-fouling properties minimize non-specific
adsorption and progressively support higher biotin densities as more
thiol molecules diffuse to the surface. Ultimately, this enables ALK-PEG-
Si to achieve fluorescence intensities comparable to those of pentynoic
acid, despite its slower start. At equilibrium, PEGylated surfaces offer
not only efficient immobilization but also cleaner, more specific
coverage than shorter hydrophobic linkers [42,49].

Taken together, these observations align with published studies on
TYC click chemistry, which consistently report that short-chain alkynes
favor faster initial thiol addition due to direct accessibility, while
PEGylated surfaces reach similar or higher immobilization levels after
extended irradiation, owing to their dynamic flexibility and anti-fouling

Fig. 9. Representative fluorescence microarray images of TYC bound biotin after streptavidin-Cy3 binding. Glass substrates were functionalized with either pen-
tynoic acid (a—c) or ALK-PEG-Si (d-f) and subsequently reacted with uCS spotted biotin thiol for 10 min (a,d), 20 min (b,e), or 40 min (c,f) Patterned biotin thiol was

visualized by binding streptavidin labelled with Cy3 dye. Scale bars equal 50 um.
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Fig. 10. Fluorescence intensity analysis of microarray biotin thiol immobilization via TYC on pentynoic acid vs. ALK-PEG-Si functionalized substrates. For the same
alkyne group, values with different lowercase letters indicate significant differences across different times; for the same time point, values with different uppercase
letters indicate significant differences between the two alkyne groups (p < 0.05, according to Duncan’s multiple range test).

behavior. Thus, both surface chemistries are compatible with biotin
thiol immobilization: pentynoic acid excels in short-term Kkinetics,
whereas ALK-PEG-Si offers comparable long-term efficiency along with
superior control over non-specific binding.

To provide a clear overview of how surface chemistry and linker
choice influence wettability, roughness, and the kinetics of biotin
immobilization via CUAAC and TYC, the key parameters are summarized
in Table 2. This table highlights the differential performance of penty-
noic acid and ALK-PEG-Si surfaces, showing that PEGylated surfaces
favor high-density, anti-fouling immobilization via CuAAC, while pen-
tynoic acid promotes faster initial TYC kinetics. By consolidating contact
angle, surface roughness, and reaction intensity data, Table 2 offers a
concise comparison of overall performance for each functionalization
strategy and provides context for the kinetic trends discussed above.

A comparison of the two click strategies highlights clear differences
in kinetics and surface dependence. CuAAC enabled rapid and efficient
biotin immobilization, particularly on ALK-PEG-Si, where the hydrated
and flexible linker enhanced alkyne accessibility and minimized non-
specific adsorption. Pentynoic acid surfaces showed slower coupling,
but after 40 min both surfaces reached similarly high immobilization. In
contrast, TYC proceeded more slowly overall and was strongly influ-
enced by surface architecture. Pentynoic acid supported faster attach-
ment at short irradiation times due to readily accessible alkynes, while
ALK-PEG-Si initially lagged because of steric shielding. However, with
prolonged UV exposure, PEG chains rearranged to expose additional
reactive groups, allowing both surfaces to converge to comparable

Table 2
Summary of surface and kinetic properties for each functionalization strategy.

immobilization levels.

Taken together, the results demonstrate that the relative perfor-
mance of CUAAC and TYC depends strongly on the surface architecture
and reaction conditions. CuAAC generally provided higher immobili-
zation efficiencies on PEGylated surfaces, whereas TYC exhibited faster
initial kinetics on pentynoic acid-functionalized surfaces and offers the
additional advantage of being a metal-free click reaction. Both chemis-
tries ultimately achieved effective biotin immobilization and streptavi-
din attachment after prolonged reaction times.

3.5. Synthesis and broader implications for biological macromolecular
engineering

A comparative analysis of the two click chemistries highlights that
the choice of linker is not arbitrary; it is a critical design parameter that
dictates the optimal reaction strategy for a given application. The data
presented here demonstrate that PEG linkers favor the CuAAC reaction,
which provides a high-density, anti-fouling platform ideal for sensitive
applications like protein microarrays where a clean background is
crucial. The CuAAC reaction on the PEG surface offers a balance of
efficient binding kinetics and a protein-friendly environment.

Conversely, the short, rigid 4-pentynoic acid linker is particularly
suitable for TYC, a metal-free click reaction that enables exceptionally
fast initial kinetics. This strategy is advantageous for applications that
require rapid surface functionalization, such as point-of-care diagnostics
or rapid prototyping of biomaterial surfaces. At longer time points, both

Surface Wettability Surface Initial CuAAC Final CuAAC Initial TYC Final TYC Overall Performance Summary
Chemistry (Contact Angle) Roughness Kinetics (10 min)  Intensity (40 Kinetics (10 Intensity (40
(RMS) min) min) min)
4-pentynoic Moderately Low/Moderate Slow High Fast High Favors rapid kinetics via TYC; less
acid hydrophobic suitable for CUAAC
(~66°)
ALK-PEG-Si Moderately Moderate Slow/Moderate Very High Fast Very High Favors high-density, anti-fouling

hydrophilic (~57°)

surfaces for both chemistries;
superior for CuAAC
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CuAAC and TYC, regardless of the linker, achieve similarly high levels of
biotin and, by extension, streptavidin immobilization. This finding of-
fers a degree of flexibility in choosing the optimal strategy based on the
time constraints and specific requirements of the application.

The observed differences in surface roughness and wettability
directly correlate with the performance of the immobilized streptavidin
macromolecule. The smoother, more hydrophilic PEG surface facilitates
better protein binding and reduces non-specific background, which is a
critical metric for biosensor performance. This underscores the impor-
tance of a holistic approach to biomaterial design, where the initial
surface chemistry and the final macromolecular assembly are seen as a
single, integrated system.

Overall, the present results indicate that the choice between CuAAC
and TYC should be guided by the desired balance between immobili-
zation efficiency, reaction kinetics, surface architecture, and catalyst
requirements rather than by the assumption that one click chemistry is
universally superior.

4. Conclusion

This study provides a comprehensive comparative analysis of CUAAC
and TYC click chemistries for the immobilization of biological macro-
molecules on two distinct alkyne-functionalized glass surfaces. While
both chemistries and both surfaces ultimately resulted in similar high-
density streptavidin immobilization after 40 min, their kinetic profiles
and underlying mechanisms were fundamentally different. CUAAC was
more efficient on the flexible and hydrophilic PEG-based surface, which
provided a mobile, hydrated, and anti-fouling environment that pro-
moted rapid and specific coupling. In contrast, TYC was significantly
faster on the rigid, short-chain alkyne surface, where the direct acces-
sibility of the reactive groups enabled rapid radical-initiated coupling.
The findings underscore that the selection of both the linker chemistry
and the click reaction type is a crucial design decision for optimizing the
fabrication of microscale patterns for biological applications. For ap-
plications demanding rapid patterning and short reaction times, TYC
with a short-chain linker is the superior strategy. For applications
requiring high-density, low-background protein microarrays and long-
term stability, CUAAC with a flexible PEG linker is the optimal choice.
This work offers a practical guide and a deeper mechanistic under-
standing for researchers to tailor the properties of biomaterial interfaces
for specific biological and biomedical needs, ultimately advancing the
field of macromolecular engineering and functional biointerface design.
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