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ABSTRACT: Spiropyran is a dynamic organic compound that is
distinguished by its reversible conversion between two forms: the
colorless closed spiropyran (SP) form and the purple open
merocyanine (MC) form. Typically triggered by UV light and
reversed by visible light, spiropyran-functionalized surfaces offer
reversible conversion in properties including color, polarity,
reactivity, and fluorescence, making them applicable to diverse
applications in chemical sensors, biosensors, drug delivery, and
heavy metal extraction. While spiropyran has been successfully
incorporated into various material platforms with SiO2 surfaces, its
application on flat surfaces has been limited due to surface area
constraints and a lack of standardized evaluation methods, which largely depend on the integration approach and substrate type
used. In this study, we systematically review the existing literature and categorize integration methods and substrate types first and
then report on our experimental work, in which we developed a streamlined three-step immobilization protocol, which includes
surface activation, amination with (3-aminopropyl) triethoxysilane (APTES), and subsequent functionalization with carboxylic
spiropyran (SP-COOH). Using SiO2 surfaces as a demonstration, we have also established a robust characterization protocol,
consisting of contact angle measurements, X-ray photoelectron spectroscopy (XPS), ellipsometry, and fluorometric analysis. Our
results evaluate the newly developed immobilization protocol, demonstrating effective activation and optimal amination using a 2%
APTES solution, achieved in 5 min at room temperature. Fluorescence imaging provided clear contrast between the SP and the MC
forms. Furthermore, we discuss limitations in the surface density of functional groups and steric hindrance and propose future
improvements. Our work not only underscores the versatility of spiropyran in surface patterning but also provides optimized
protocols for its immobilization and characterization on SiO2 surfaces, which may be adapted for use on other substrates. These
advancements lay the groundwork for on-chip sensing technologies and other applications.

1. INTRODUCTION
Spiropyran and its derivatives, recognized as dynamic organic
molecules, exhibit reversible conversions in response to various
environmental stimuli, including light, temperature, pH, solvent
polarity, metal ions, and mechanical stress.1,2 Known for their
photochromism, these compounds undergo structural isomer-
ization from the ring-closed spiropyran (SP) to the ring-opened
merocyanine (MC) forms when exposed to UV light, which
could be reversed by visible light, as shown in Figure 1.
Structurally, spiropyran comprises a benzopyran moiety and an
indoline moiety, linked by a tetrahedral sp3 spiro carbon atom
(highlighted in blue). In its SP form, it adopts a compact, 3D
orthogonal configuration. However, upon UV irradiation, the
C−O bond breaks, leading to an expanded, 2D planar
configuration as the MC form. During such isomerization, the
dipole moment also changes due to the separation of charge
centers, resulting in a redshift in the absorption band. As a result,
the SP form is hydrophobic and colorless and the MC form is
hydrophilic and purple, exhibiting enhanced intermolecular
interactions and increased solubility in polar solvents. In
addition, only the MC form is reported to be fluorescent, and

Received: February 19, 2024
Revised: June 3, 2024
Accepted: June 7, 2024
Published: June 24, 2024

Figure 1. Photochromism occurs between the colorless closed
spiropyran (SP) form and the purple open merocyanine (MC) form.
Normal and reverse photochromism is triggered by UV light (365 nm)
and visible light (525 nm), respectively. The central spiro-carbon is
highlighted in blue.
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its intensity could be improved by solvent polarity, pH, or
incorporation into nanoporous frameworks.2−4 Leveraging
these versatile features, spiropyran and its derivative have been
employed as chemosensors for detecting pH,4,5 solvent
polarity,6 CO2 gas,

7 Cu2+ ions,8 and aniline pollutants.9 Their
unique capability to distinctly respond to single or multiple
stimuli positions them as ideal candidates for orthogonal sensing
systems, utilizing unified colorimetric or fluorometric detection
methods.9−11

To refine our investigation within the vast spectrum of
spiropyran applications, our research specifically focuses on its
integration with silicon dioxide (SiO2) surfaces, chosen for their
distinctive optical properties, biocompatibility, thermal stability,
and straightforward surface chemistry amenable to surface
functionalization.12,13 Table 1 summarizes various integration
methods and substrate types documented in the literature,
highlighting the applications of spiropyran on SiO2 surfaces.
Early work incorporates spiropyran within silica gel matrices via
sol−gel process, probing the effect of a polar environment,14
additives,15 and substituents16 on photochromic behavior. It has
been demonstrated that silica gel stabilizes the SP-MC
equilibrium, favoring the MC form due to hydrogen bonding
between the oxygen anion from the MC form and hydroxyl
groups on the SiO2 surface.

17 Subsequent research explored the
enhanced adsorption of the MC form over the SP form onto
mesoporous18 and dendritic fibrous silica,19 revealing how pore
sizes influences kinetics and sensing capability.20−23 Nonethe-
less, these applications involved only physical adsorption of
spiropyran, leading to challenges with reagent loss, reproduci-
bility, and long-term stability. For permanent integration of
spiropyran onto surfaces, chemical modification of both the
SiO2 surface and spiropyran is essential. A prevalent method is
the use of silane chemistry to attach amine groups to the surface,
which can react with spiropyran molecules that have been
functionalized with hydroxyl,24 carboxyl,20,25 or other reactive
groups.24,26−28 Moreover, advanced modification techniques
have improved the integration of spiropyran into silica-based

materials. Spiropyrans have been embedded as pendant groups
within monomers, such as methyl methacrylate29 or norbor-
nene,22 which are then polymerized onto modified SiO2
surfaces. Silylation of spiropyran23 is an alternative approach,
allowing for co-condensation with the silanol groups on the SiO2
surface.
The selection of the characterizationmethods largely depends

on the type of substrate being analyzed. As summarized in Table
1, UV−vis spectroscopy is widely applicable to a range of
substrates, including solutions, sol−gel matrices, and flat
surfaces. It effectively distinguishes between the SP and MC
forms of spiropyran and assesses their conversion kinetics.
Ellipsometry, ideal for thin film applications, assists in verifying
the presence of spiropyran by measuring changes in the
refractive index and thickness. Similarly, scanning electron
microscopy (SEM) provides qualitative images that showcase
morphological changes. Fourier transform infrared spectroscopy
(FTIR) is adept at detecting spiropyran by identifying shifts in
the intensities of peaks characteristic of spiropyran versus those
of the substrate. However, distinguishing between the SP and
MC forms remains challenging with FTIR due to the complexity
in the fingerprint region. Water contact angle (WCA)
measurement is effective with flat surfaces and can measure
the contrast between the SP and MC forms. However, it is
limited by the coverage of spiropyran and surface energy, which
can also be affected by the substrate. Fluorometric analysis is
useful with both solution and solid phases, exploiting the
nonfluorescent nature of the SP form and the weak fluorescence
of the MC form. One of the primary challenges in comparative
analysis across different materials platforms is the diversity of
integration methods, substrate types, and characterization
methods. Streamlined and optimized protocols of immobiliza-
tion and characterization are therefore of importance for easy
and universal assessment.
In this work, we developed a streamlined three-step

immobilization protocol tailored for SiO2 surfaces. This
protocol encompasses activation, amination, and functionaliza-

Table 1. Comparison of Integration Methods and Substrate Types for Addition of Spiropyrans with SiO2 Surfaces

Integration Methods Substrate Type
Characterization

Method Purpose/Application

General sol−gel method Silica gel UV−vis, SEM Effect of medium polarity,14 additive,15 or substituent16 on photochromism of
spiropyran-incorporated silica gel

Silica thin film UV−vis, SEM, FTIR,
Ellipsometry

Photochromism of spiropyran-incorporated silica films; Mechanism and
stability17,30

Physical Adsorption Silica,
mesoporous

UV−vis, SEM, FTIR Light controlled adsorption of merocyanine;31 Light controlled drug release18

Silica, dendritic
fibrous

UV−vis, SEM, FTIR Light controlled adsorption of merocyanine; Effect of pore size on kinetics of
photochromism19

Silica
nanoparticles

UV−vis, SEM, FTIR Effect of spiropyran and Si molar ratio on kinetics; Dynamic anticounterfeiting32

Surface Modification with silane
chemistry (APTES)

Glass slide; Silica
capillary

UV−vis, WCA,
Fluorescence

Light controlled change in contact angle and wetting properties; Light controlled
capillary rise25,33

Silica, colloidal
films

SEM, CV Light controlled ion transport through spiropyran-modified nanoporous films26

Silica microbeads UV−vis Light controlled metal ion extraction20

Silica, particles UV−vis, SEM Light controlled aggregation and dispersion of spiropyran-modified silica
particles27

Silica,
mesoporous

UV−vis, SEM, FTIR,
WCA

Light controlled drug delivery and release;28 Light controlled fluoride
adsorption;21 pH gated size control for drug release34

Advanced Modification Silicon wafer;
Glass slide

UV−vis, TEM Polymer brushes; Light controlled change in contact angle and wetting
properties29

Silica capillary UV−vis, FTIR Polymer brushes; Spiropyran-integrated capillary sensor22

Silica,
mesoporous

UV−vis, TGA Silylated spiropyran; Light controlled metal ion extraction23
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tion steps. Due to the well-defined surface and interface of SiO2,
we employed a suite of characterization techniques to evaluate
and optimize the immobilization protocol. These techniques
include contact angle measurement, X-ray photoelectron
spectroscopy (XPS), ellipsometry, and fluorometric analysis.
We determined that activation with a piranha solution is
effective. By optimizing the reaction time, temperature, and
concentration, we successfully achieved a thin and uniform layer
of APTES. Fluorometric analysis further confirmed the distinct
contrast between the SP and the MC forms. Our work
demonstrates the efficacy of streamlined and optimized
protocols for immobilization and characterization, which
could be adapted to other materials platforms, aiming for
broader applications. In the end, we discuss the limitations of
our current approach and propose future research directions to
build upon these findings.

2. MATERIALS AND METHODS
2.1. Activation with Oxygen Plasma, HCl, and Piranha

Solution. Silicon wafers with a 200 nm thermally grown SiO2
layer, diced into 1” × 1” coupons, were obtained from HP Inc.
(Corvallis, OR). They were used as flat, rigid substrates. The
initial SiO2 thickness was determined using ellipsometry (Film
Sense FS-1MultiwavelengthMapping Ellipsometer), employing
9-point mapping to ensure uniformity. The variation in
thickness was confirmed to be less than 0.3 nm. The coupons
were rinsed with deionized water (DIW), followed by nitrogen
blow-drying, and stored in a covered chip tray (Stat-Pro 150, 3×
3) to avoid contamination. For comparison, Whatman glass
microfiber discs (GE Healthcare Bio Sciences, Pittsburgh, PA)
were used as porous flexible substrates.
Three surface activation methods were employed: oxygen

plasma treatment, hydrochloric acid (HCl), and piranha
solution. Oxygen plasma treatments were conducted at an RF
power of 15W and a pressure of 0.6 Torr for 5 min using an
Evactron RF plasma cleaner (Redwood City, CA) in a custom
vacuum chamber. Acid treatment included immersing the
coupons in 0.1 M NaOH for 5 min, rinsing with DIW, and then
immersing in 1 M HCl for another 5 min. Piranha solution was
prepared by slowly adding 10 mL of 30% H2O2 into 30 mL of
concentrated H2SO4 (v:v = 1:3) and allowed to cool for 5 min.
The pretreated coupons were then immersed in this solution for
15 min, with occasional stirring. Following treatment, the
coupons were rinsed with DIW and dried using nitrogen blow-
drying.

2.2. Amination with APTES. (3-Aminopropyl) triethox-
ysilane (APTES, CAS No. 919−30−2) was purchased from
Sigma-Aldrich (St. Louis, MO). To prepare various concen-
trations of the APTES solution, for example, a 2% APTES
solution was made by adding 1 mL of APTES to 49 mL of
ethanol, keeping the total volume at 50 mL. The solution was
thoroughly mixed and then transferred to a covered Petri dish to
minimize evaporation during heating. The dish was sub-
sequently placed on a hot plate, with the temperature regularly
monitored until the desired level was reached.
Following the activation step, the coupons were immediately

immersed in the APTES solution for predetermined durations.
After immersion, the coupons were removed from the solution
and rinsed with ethanol to remove any unbound APTES. For
more thorough cleaning, sonication in ethanol was employed for
5 min to effectively remove loosely adhered APTES. Following
nitrogen blow-drying, the coupons were placed in an oven set at

115 °C for 5min to facilitate further condensation of the APTES
layer on the SiO2 surface.

2.3. Functionalization with SP-COOH. Carboxylic
spiropyran (SP-COOH), specifically 3-(3′,3′-dimethyl-6-
nitrospiro[chromene-2,2′-indole]-1′-yl) propanoic acid (CAS
No. 55779−26−5), was obtained from BioChemPartner
(Shanghai, China). The chemical structure of SP-COOH was
verified via 1H NMR, with data provided by the BioChemPart-
ner. The excitation and emission wavelengths characteristic of
carboxylic spiropyran were identified in the solution phase
(ethanol solution) as 585 and 630 nm, respectively. A spiropyran
solution was prepared by dissolving 40 mg of SP-COOH in
ethanol. Given the purity of our sample, it was then filtered
through a PTFE filter (0.1 μm) before being transferred to a
Petri dish.
Subsequently, 40 mg of N-(3-(dimethylamino)propyl)-N′-

ethyl carbodiimide hydrochloride (EDC, CAS No. 25952−53−
8) from Sigma-Aldrich was added to the filtered solution to
reach a total volume of 40 mL. The Petri dish with cover was
placed on a shaker and stirred for 30 min to ensure thorough
mixing. Aminated coupons were then immersed into the
solution and incubated for 18 h to allow for the functionalization
process, while kept in the dark.
Following incubation, samples were rinsed first with ethanol

and then with DIW. To ensure the complete removal of any
loosely bound residues, sonication could also be performed as an
additional cleaning step. The samples were then dried by using
nitrogen blow-drying.

2.4. Characterization Setup.Contact angle measurements
were performed using a home-built setup with a camera focused
on the cross-section of the substrate. A 5-μL droplet of DIWwas
dispensed vertically onto the sample surface using an automatic
pipet, and images were captured immediately thereafter.
Contact angles were analyzed using ImageJ software (National
Institutes of Health, USA), with data collected in triplicate and
averaged. Due to the accuracy of this setup, contact angles are
reported as a range.
Ellipsometry measurements employed an automated 9-point

mapping setting. The ellipsometry model used a standard SiO2/
Si model, comprising a silicon layer and a silicon dioxide layer,
assuming uniformity without any interfacial layer or surface
roughness. Averaged thickness along with relative variation, is
reported. Postamination, similar measurements on the same
samples indicated that the relatively thin APTES growth (less
than 10 nm) compared to the thicker SiO2 layer did not
significantly affect the overall refractive index. Thus, in our
model, the presence of APTES was assumed to predominantly
impact the layer thickness rather than the refractive index of the
SiO2 layer. Due to the accuracy of this setup, thickness variation
below 0.2 nm is close to the margin of error and is excluded from
discussion.
X-ray photoelectron spectroscopy (XPS) analysis was

conducted in collaboration with HP Inc., focused on elemental
composition and chemical states on the sample surface. Utilizing
a monochromatic Al Kα X-ray source, high-resolution scans
targeted key elements, such as silicon, oxygen, nitrogen, and
carbon. Analysis of surface atomic concentrations is conducted
for the modified surfaces.
Fluorescence microscopy was performed using a Zeiss Axio

Imager Microscope with an excitation filter centered at 568 nm
(Chroma, S568/24X) and an emission filter centered at 655 nm
(Chroma, D655/40M). Fluorescence illumination was provided
by an X-Cite Series 120 fluorescence lamp. Spiropyran-
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immobilized samples were treated with UV light at 365 nm
(VWR UV Hand Lamps 365 nm/254 nm UV, 6-W). Images
were analyzed using ImageJ to extract and evaluate RGB channel
signals, allowing for the observation of fluorescence changes
between the SP and MC forms and thus demonstrating the
efficacy of spiropyran functionalization on the surface.
Scheme 1 offers a visual summary of the spiropyran

immobilization process on SiO2 substrates. Part (a) depicts
the generalized sequence of steps: surface activation, amination,
and functionalization, leading to the reversible conversion
between the SP andMC forms upon UV/vis light exposure. Part
(b) details the specific surface chemistry changes involved in this
study, including the introduction of −OH groups during
activation, attachment of −NH2 terminated APTES during
amination, and SP-COOH functionalization. The final panel
underscores the fluorometric analysis, capturing the fluorescent
MC state upon excitation. In this paper, spiropyran and
merocyanine are terms used interchangeably to denote the
compound in general, whereas the SP form and MC form
specifically refer to the distinct structural states of the
compound.

3. RESULTS AND DISCUSSION
3.1. Effectiveness of the Activation Step. We compared

three surface activation methods for their effectiveness in
cleaning and activating the SiO2 surface. Oxygen plasma
treatment, a common method for substrate cleaning, is well-
known for its effective removal of organic impurities and
modification of surface chemistry by introducing hydroxyl or
carboxyl groups,35 increasing surface energy and hydrophilicity.
The use of NaOH andHCl for SiO2 surface treatment is inspired
by chromatography and capillary electrophoresis practices,
where they are routinely used to clean and maintain the surface
properties of silica capillaries, resulting in a clean surface with
controlled surface chemistry.36 Similarly, piranha solution
removes most organic impurities and hydroxylates most surfaces
due to its strong oxidizing properties.37

To evaluate the effectiveness of these methods, XPS and
contact angle measurements were utilized, with the results
detailed in Table 2. A pristine SiO2 surface, being slightly
hydrophilic, typically exhibits a contact angle of 60°−70°.
Postactivation, a decrease in the contact angle indicative of
increased surface energy was observed. XPS analysis revealed
only C, O and Si atoms are present on the surface and no
significant differences in surface composition among the
activation methods. However, surfaces treated with oxygen
plasma showed marginally higher carbon content, possibly due
to the instrument’s previous use on different surfaces, leading to
carbon contamination�a common issue with shared oxygen
plasma instruments. In contrast, wet treatments yielded more
consistent results. Based on these findings, piranha solution
treatment was selected for future experiments. Overall, the
surface was effectively cleaned and activated for subsequent
experimental steps.

3.2. Thin-Layer Growth of APTES in the Amination
Step. Post activation, APTES deposition onto SiO2 surfaces was
achieved by immersion in APTES/ethanol solutions. Previous
studies have indicated challenges with APTES growth, such as
self-cross-linking, physisorption and suboptimal orientation,38,39

Scheme 1. Schematic Representation of the Spiropyran Immobilization Protocol on SiO2 Substrates
a

a(a) The sequential steps of surface activation, amination, and functionalization are depicted, leading to the reversible conversion between the SP
and MC forms upon UV/VIS irradiation. (b) The surface chemistry evolution is illustrated at each stage, highlighting the introduction of −OH
groups during activation, attachment of −NH2 terminated APTES during amination, and SP-COOH functionalization. The final panel shows the
fluorescent MC form for characterization.

Table 2. Contact Angle and Surface Chemical Composition
for Pristine, Activated, and Aminated Surfaces

Sample Surfaces C 1s O 1s Si 2p N 1s
Contact
Angle

Pristine 2.8% 67.1% 30.1% - 60°−
70°

Activated with O2plasma 3.8% 67.5% 28.8% - 10°−
15°

Activated with NaOH
and HCl

2.8% 67.6% 29.6% - 10°−
15°

Activated with H2SO4 2.7% 67.6% 29.7% - 10°−
15°

Aminated with 2%
APTES 5 min @ 20 °C

22.4% 50.7% 24.1% 2.8% 30°−
40°

Aminated with 2%APTES
10 min @ 20 °C

40% 36.9% 18.0% 5.1% 30°−
40°
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which could lead to a reduction in available amine groups for
subsequent functionalization. To attain uniform and effective
APTES coverage, an ideal scenario would be a monolayer with
−NH2 groups oriented outward from the substrate.
We tuned the growth of the APTES layer by adjusting the

reaction conditions, including the APTES concentration,
reaction time, and temperature. Ellipsometry was employed to
estimate the APTES thickness; we determined the change in
SiO2 layer thickness pre- and postamination, attributing any
increase to APTES presence. Freshly prepared APTES solutions
were crucial, as aged solutions could lead to APTES aggregation,

inconsistent thickness growth from batch to batch, and poor
reproducibility.
As demonstrated in Figure 2, the APTES concentration plays

a pivotal factor. For the 2% APTES solution, reduction in the
reaction time and temperature resulted in thinner layer growth.
By comparison, 5% APTES solution resulted in less consistent
thickness changes, showing no discernible pattern relative to
reaction temperature and time. Although further reduction in
APTES concentration was possible, it led to less reproducible
results. Additionally, our ellipsometry setup could detect
changes with sensitivity around 0.2 nm. Based on Figure 2a,
we concluded that a 2% APTES solution at room temperature
for 5 min led to a thin-layer growth of 0.7 nm, indicative of good
uniformity. This thin-layer approach prevents the −NH2 groups
from being buried inside a bulk layer. It was further validated
using fluorescein isothiocyanate (FITC) as a fluorescent marker,
which labels −NH2 on the aminated SiO2 surface. Samples
treated to generate a thin-layer, a thick-layer or no-layer
(control) of APTES were incubated with FITC solution. The
green fluorescence intensity measured for each of these samples
showed stronger signals for samples with thin layers of APTES,
indicating that more −NH2 is available for labeling on the
surface (see Supporting Information).
XPS analysis was also conducted on the aminated surfaces, as

summarized in Table 2. Compared with pristine and activated
surfaces, the detection of nitrogen atoms confirmed the presence
of APTES on the aminated surface. By separating silicon signals
from organic and inorganic sources, we deduced the organo-
silicon content that came from the APTES layer. For a 2%
APTES solution incubated at room temperature, we observed
organosilicon percentages of 2.7% for a 5 min sample and 4.7%
for 10 min sample. This data indicates that a 5 min incubation
period is sufficient for forming an APTES layer (C9H23NO3Si,
N:Si = 1:1) without significant self-polymerization or structural
issues, as evidenced by the near-equal ratio of nitrogen to
organosilicon (2.8% vs 2.7%).

Figure 2. Effect of reaction conditions on the growth of APTES layers. (a) With a 2% APTES solution, a decrease in reaction time and temperature
correlates with a thinner APTES layer formation. (b)With a 5% APTES solution, the layer thickness growth is less sensitive to changes in reaction time
and temperature, exhibiting a less pronounced trend.

Figure 3. Comparative fluorescence imaging of MC-immobilized
surfaces. (a) Contrast on a flat, rigid SiO2 wafer substrate between areas
where spiropyran is predominantly in the MC form (left) and areas in
the SP form (right). (b) Contrast on a porous, flexible glass microfiber
substrate between areas where spiropyran is predominantly in the MC
form (left) and areas in the SP form (right). All images were captured at
20× magnification with adjusted exposure times to prevent over-
exposure. The illustrations below each image depict the corresponding
substrate type, highlighting the difference in the surface morphology.
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In summary, careful control of the amination parameters
enabled us to achieve an optimal APTES coating that was
conducive to further modification.

3.3. Reversible Fluorescence of Spiropyran-Immobi-
lized Surfaces in the Functionalization Step. In this step,
surfaces aminated with APTES were further modified through

immersion in an SP-COOH solution. Postincubation, the
samples underwent a thorough rinse and drying process prior
to fluorescence imaging. A 5 min UV irradiation for 5 min
converted the spiropyran into the MC form. To minimize the
influence of ambient light, imaging was conducted in a dark

Figure 4. (a) Fluorescence microscopy setup utilizing excitation and emission filters to measure the red fluorescence from the spiropyran-immobilized
samples. The inset displays the change in the observed area (circle) over time during fluorescence measurement, which is attributed to the MC-to-SP
conversion. (b) Fluorescence spectra of samples with spiropyran-immobilized surface, showing clear contrast of red fluorescence between SP andMC
forms, excited at 550 nm. (c) RGB analysis from fluorescence microscopy of spiropyran-immobilized glass microfiber surfaces over time. The RGB
values, extracted from a series of images taken at 20× magnification with 10 ms exposure. The red channel (R) shows a decreasing trend due to the
photochromic conversion of MC to SP, while the initial red fluorescence signals the presence of the fluorescent MC form. Periodic UV exposure
demonstrates the reversibility of the process, momentarily intensifying the red fluorescence signal as MC is regenerated.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c01607
ACS Omega 2024, 9, 29401−29409

29406

https://pubs.acs.org/doi/10.1021/acsomega.4c01607?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01607?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01607?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01607?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c01607?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


room. As a result, the fluorescence image in Figure 3a shows a
clear contrast between SP and MC regions.
During fluorescence microscopy, two competing mechanisms

were observed and are illustrated in Figure 4a. First, the MC
form exhibits red fluorescence (emission filter, 635 nm to 675
nm) upon fluorescence illumination through the excitation filter
(556 nm to 580 nm). Concurrently, illumination also led toMC-
to-SP conversion, diminishing the red fluorescence signal, as
shown in the inset of Figure 4a. Nevertheless, areas outside the
measurement field remained in the MC form. By selectively
focusing on a single area for an extended period and then quickly
shifting to an adjacent area, we captured the distinct contrast
between theMC and SP forms, as depicted in Figure 3a. Area on
the right turned into the SP form due to the extended period of
illumination. The boundary between the illuminated and
nonilluminated areas is marked by the dashed white line.
However, this contrast was less discernible to the naked eye

due to the relatively low fluorescence yield.1,2 To further
elucidate the fluorescence behavior of merocyanine on the SiO2
surface, parallel experiments on glass microfiber paper were
performed. Following activation with HCl acid, amination with
2%APTES at room temperature for 5min, and functionalization
with SP-COOH, an increase in fluorescence was noted, shown
in Figure 3b. The exposure times were adjusted to avoid
overexposure while ensuring discernible contrast between the
SP and MC forms.
Both substrates share identical SiO2 surface chemistry and

underwent the same immobilization protocols: silicon wafer
with a thermally grown SiO2 layer in Figure 3a and glass
microfiber filter paper in Figure 3b. Their main differences are
that silicon wafer serves as a flat and rigid example with a surface
area equivalent to its projected area, whereas glass microfiber
filter paper, characterized as porous and flexible, possessing a
significantly larger surface area due to its porosity. This
increased fluorescence is likely attributable to the larger surface
area of the glass microfiber substrate, which provides more
activation sites and, consequently, a greater amount of
merocyanine, leading to a stronger signal.
Further RGB analysis of a series of fluorescence images, taken

under continuous excitation illumination, demonstrated the
decrease in red fluorescence due to reverse photochromism,
shown in Figure 4c . Exposure to theUV light uniformly reverted
the surface to the MC form, allowing the process to be repeated
for observation.
Successful immobilization of spiropyran on flat or porous

SiO2 surfaces was validated by the observed red fluorescence
emission of the MC form, substantiating the utility of
spiropyran-functionalized surfaces in a variety of potential
application areas.

3.4. Limitations and Future Improvements. During this
study, we encountered several factors that place limits on the
functionality of the spiropyran-immobilized SiO2 surfaces. First,
it has been reported that the surface density of −OH groups on
silicate surface a physicochemical constant for a fully
hydroxylated surface.40,41 This density acts as an intrinsic
limiting factor in our material platform, determining the
maximum amount of merocyanine that can be accommodated
on the surface. Given the low quantum yield of merocyanine,
this constraint results in only modest levels of fluorescence.
Moreover, steric hindrance plays a significant role in the

conversion dynamics between SP andMC forms. TheMC form,
in its relaxed state, occupies more space, which may hinder
adjacent SP molecules from converting to MC. Furthermore,

static interactions promoting MC aggregation42,43 could inhibit
their transition back to SP. Consequently, light irradiation might
not efficiently convert all molecules from one form to another.
To circumvent these issues, employing porous substrates or

nanoparticles to increase surface area has proven to be effective,
as evidenced by our use of glass microfiber substrates. However,
the benefit of increased molecular loading must be balanced
against steric hindrance, which may set a limit on signal
enhancement. Identifying this balance to optimize fluorescence
is a promising direction for subsequent research.
Additionally, while the behavior of immobilized spiropyran is

primarily governed by the surface chemistry of its aminated
backbone,1 the investigation into solvatochromism during
specific applications emerges as a practical concern. Optimizing
this aspect is crucial to control or eliminate undesired responses
to stimuli, ensuring the system’s efficacy and applicability.
Furthermore, chemical modifications targeting the phenolic

−OH group of the MC form could stabilize it, prevent reverse
photochromism, and preserve fluorescence. Future work will
include both solution phase and surface studies aiming to refine
spiropyran-functionalized surfaces.

4. CONCLUSION
This study developed a streamlined three-step protocol for
immobilizing spiropyrans on SiO2 surfaces encompassing
activation, amination, and functionalization. Various character-
ization methods, such as contact angle measurements, XPS,
ellipsometry, and fluorometric analysis, were employed to
evaluate the effectiveness of the protocol. Comparisons of
different activation methods indicated equivalent effectiveness.
In the amination step, optimal conditions were established as 2%
APTES in ethanol at room temperature for 5 min, leading to a
uniform thin-layer ideal for subsequent modification. Carboxylic
spiropyran was successfully immobilized using EDC click
chemistry, and fluorometric analysis revealed a clear, reversible
contrast between the SP and MC forms. These streamlined and
optimized protocols of immobilization and characterization are
potentially adaptable to other material platforms, offering a
versatile foundation for future investigations. Furthermore, the
limitation of current setup could be overcome by using porous
substrates to increase the number of immobilized spiropyran
molecules and exploring further modifications with chemicals
reactive to the phenolic −OH group on the MC form. These
enhancements aim to increase MC presence on surfaces,
potentially extending this method for applications in on-chip
sensing and microfluidic applications.
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