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Boron-dipyrromethene (BODIPY) fluorophores are well-known for their high fluorescence quantum yields, chemical
stability, and tunable optical properties, which make them excellent candidates for sensing applications. This work
focuses on the transition from BODIPY-based fluorescent solutions to solid-state materials, specifically cellulose and
fabric matrices, designed for hydrogen sulfide (H,S) detection. The study demonstrates how immobilization of
BODIPY dyes into cellulose-derived or textile substrates preserves, or even enhances, their photophysical character-
istics while providing mechanical robustness and practical usability. Spectroscopic analysis revealed that the micro-
environment within the matrix affects fluorescence intensity and spectral shifis, influencing the dye’s sensitivity to
gaseous H>S. The prepared hybrid materials show rapid, visible, and reversible fluorescence responses under ambient
conditions, highlighting their potential for environmental and industrial gas sensing. These results establish a founda-
tion for developing cost-effective, flexible, and reusable optical sensors based on BODIPY-doped natural matrices.
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Dnyopoghopul na ocrnose bop-ounuppomemena (BODIPY) xopouio uzéecmmuvl c80UM BbICOKUM KEAHMOBLIM 8bIXO00OM
@yopecyenyuu, Xumuieckou cmaduIbHOCMbIO U HACMPAUBAEMBIMU ONMUYECKUMU CEOUCMEAMU, 4MO Oeldaem ux
OMIUYHBIMU KAHOUOAMAMU OJisi NPUMEHEHUsI 8 CEHCOPHbIX ycmpoticmeax. B 0annoil pabome ocnogHoe @HuManue
yoensiemest nepexody om gayopecyenmuuix pacmeopog ¢ BODIPY k meepoomenbHbiM MAmMepuaiam, 8 YacCmHoCmu K
YENLTIONOZHbIM U MKAHEGLIM MAMPUYam, npeoHasHavyeHuvim 0si oonapysicenus cepogodopooa (H,S). Hccredosanue
demoHcmpupyem, Kaxk ummoounusayus kpacumenett BODIPY ¢ mampuyax Ha 0CHO8e Yennon03bl Ul MeKCmuis co-
Xpansem, unu oazxce yayuuiaem ux pomogusuueckue Xapaxmepucmuku, obecneyugas npu 3mMoM MexaHUudecKyio
NPOYHOCHb U NPAKMUYECKYIO NPpUMeHUMOCmb. CnekmpocKOnu4ecKutl anaiu3 nokasai, 4mo MuKpocpeod GHYmpu
Mampuybsl 61Usiem Ha UHMEHCUBHOCIb yopecyenyuy U CReKmpatbHble CO8USU, GUsSL HA YYECMBUMENbHOCTNG KPA-
cumens k eazoobpasnomy H,S. Iloocomoenennvle cubpudHsie Mamepuaibl 0eMOHCIPUPYIOm ObICMPYIO, GUOUMYIO U
06pamumyIo QryopecyeHmuyIo peakyuro 8 YCio8uax okpyicaiowel cpedsl, Ymo noouepkusdaem ux nomeHyuan ois
IKONOSUYECKO20 U NPOMBLUIEHHO20 24308020 AHANU3A. DMu pe3yTbmamsl Co30aiom 0CHO8Y Olisl pa3pabomKu IKOHO-
MUYHBIX, 2UOKUX U MHO20PA306bIX ONMUYECKUX OAMYUKO8 HA OCHOBe NPUPOOHbIX Mampuy, recuposatntvix BODIPY.

Kuatouesbie ciaoBa: BODIPY, matepuansl, CEHCOPHI, (QIIyOPECIISHITHSI, CEPOBOIOPO/I.
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Introduction

Fluorescent boron—dipyrromethene (BODIPY) de-
rivatives have become a cornerstone of modern optical
sensing because of their exceptional photophysical proper-
ties such as high fluorescence quantum yields, sharp ab-
sorption/emission bands, and structural modularity that
enables targeted tuning of spectral position, sensitivity and
reaction mechanisms.!" ! These features have driven a rap-
id expansion of BODIPY-based probes and devices across
chemical, environmental and biological sensing over the
last decade.!* !

In the study,!” Paul et al. synthesized and character-
ized a new chemosensor based on the BODIPY dye with a
4-azidophenyl substituent for the detection of hydrogen
sulfide (H,S). The sensing mechanism is based on a specif-
ic reduction reaction of the azide group to the amino group
under the action of the hydrosulfide anion (HS"), which
leads to a change in the color of the solution from pale yel-
low to orange and a sharp quenching of fluorescence. The
probe demonstrated high selectivity for H,S over other
competing analytes (F, CI', Br, I, NO,, NOs, 82032’,
SO32’, SO42’, SCN") and achieved an exceptionally low
detection limit of 0.17 pM.

Although solution studies of BODIPY dyes provide
fundamental insights into photophysical mechanisms —
such as photoinduced electron transfer (PET), intra-
molecular charge transfer (ICT), and heavy-atom effects —
the practical implementation of these systems in sensing
requires the development of solid-state materials.™” Im-
mobilization of BODIPY fluorophores into polymeric or
natural supports converts soluble probes into robust and
reusable materials, offering advantages such as enhanced
mechanical stability, reusability, and compatibility with
optical readout devices.!'""'?

Among available matrices, cellulose derivatives and
woven or non-woven fabrics are especially promising due
to their abundance, porosity, biocompatibility, and ability
to provide uniform dye distribution.*'*! Embedding
BODIPY molecules into cellulose or textile materials
not only preserves fluorescence but also enhances
analyte accessibility and sensitivity through favorable
micro-environmental interactions.!'>!®

Hydrogen sulfide is a highly toxic yet biologically
relevant gas produced endogenously in mammals and en-
countered in many industrial processes. Its dual role as
both a hazardous pollutant and a physiological signaling
molecule has motivated the development of numerous op-
tical probes for its detection.'"” ' Fluorescent sensors, par-
ticularly those based on BODIPY derivatives, provide a
fast, selective, and visually distinguishable response under
ambient conditions.”” The tunable chemistry of BODIPY
allows introduction of H,S-reactive substituents such as
azides, nitro groups, or selenium derivatives that convert
chemical reactivity into fluorescence modulation.!"!

When transitioning from solution to materials, several
factors control sensor performance: dye aggregation, pore
accessibility, matrix polarity, and the balance between
photostability and reversibility.”?) Recent studies demon-
strate that cellulose- and fabric-based supports yield mate-
rials with stable luminescence, fast diffusion of gaseous
analytes, and the possibility of tailoring response kinetics
by matrix composition and dye concentration.'*!>!°!
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Figure 1. Structure of meso-pyridine substituted BODIPY.

BODIPY-based H,S probes represent a prominent
class of sensors due to their high quantum yield, photo-
stability, and tunable emission. Typical designs employ
dinitrobenzene sulfonyl (DNBS) or dinitrophenyl (DNP)
groups that are selectively cleaved by H,S,'*”! ratiometric
BODIPY scaffolds that undergo H,S-triggered structural
transformation,”* or BODIPY-metal complexes in which
HS™ restores fluorescence by ligand displacement.”” The
essential characteristics of such sensors are outlined below:
high selectivity over biothiols (glutathione, GSH; cysteine,
Cys), low detection limits (uM-nM), rapid response, aque-
ous stability, low toxicity, and — when used for imaging —
suitably red-shifted emission.

In this work, we explore the transition from BODIPY
solutions to solid-state sensory materials based on cellulose
and textile matrices. Using meso-substituted BODIPY
(Figure 1) as a model system, we investigate how matrix
composition and dye loading affect spectral properties and
fluorescence response to hydrogen sulfide vapours. The
obtained results contribute to understanding structure-
property relationships in hybrid fluorescent materials and
demonstrate the practical potential of BODIPY-modified
cellulose and fabric substrates for optical H,S detection.

Experimental

The BODIPY compound was obtained earlier.®

Ethyl cellulose of 33 cps viscosity (Acros Organics) was
used as a bearing matrix for solid-state sensory materials. All
organic solvents were of analytical grade and obtained from
ChemMed, Russia and utilized without further purification.

The fluorescent signal of samples was recorded in the air-
tight box filled with vapor of a pure solvent or cyclohexane-
solvent mixture of various composition. Spectra were recorded
using an optical fiber probe with excitation wavelength A, = 480 nm
(Figure 2) with Varian Cary Eclipse fluorometer (Agilent tech-
nologies, USA).

Optical fiber probe
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Figure 2. Schematic representation of the experimental installation.
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Transition from BODIPY Solutions to Solid-State Sensors

Cylindrical cellulose tablets (height 1.0 + 0.15 mm, diame-
ter 7 mm, mass = 30 mg) were formed with PGR-10 hydraulic
press under a 150 bar pressure. Ethyl cellulose cylinders were
soaked for 60 s in 1 mL of BODIPY solution in cyclohexane with
different dye concentrations (2.5-10° M, 10*M, 4-10*M, 2:10° M,
107 M). Afterwards, tablets were dried at 100°C to constant
weight (for about 30 min).

The materials were manufactured from woven fabrics, in-
cluding cotton-polyester (35:65%), pure linen and pure cotton, as
well as non-woven polypropylene (see Figure 3), by soaking them
in a 10 M BODIPY-acetonitrile solution for 5 min. The resulting
material was then dried to a constant weight.

The generation of H,S within the cell was achieved through
a chemical reaction involving the Na,S solution and HCI. The
reaction was initiated following the recording of the spectrum at 0
minutes by the addition of 1 mL of acid to the same volume of
Na,S solution at the bottom of a large glass. Thereafter, the sys-
tem was promptly closed and the kinetic experiment commenced.
This allowed us to create a hydrogen sulfide concentration in the
cell ~ 300 mg/m’. This concentration was used in all experiments.

Cotton-polyester
(35:65%)

Non-woven
polypropylene

Pure linen Pure cotton

Figure 3. Studied fabrics.

Results and Discussion

Cellulose-based materials

The effect of hydrogen sulphide vapours on the spec-
tral characteristics of a meso-pyridine-substituted BODIPY
fluorophore in an ethylcellulose-based matrix was evaluat-
ed. Measurements were taken over a period of 15 minutes.
The fluorophore's molar concentration in the matrix varied
from 2.5-10° M to 10”° M.

As shown in Figure 4, the graph indicates that the
sensory response intensifies as the concentration of
BODIPY increases. However, when the concentration
reaches 4-10* M, the changes plateau. This is most likely
because concentrations that are too low do not completely
fill the pores of the matrix. Once a concentration of 4-10™
M is reached, the pores are completely filled and increasing
the concentration of the impregnating solution does not
lead to an increase in the sensory response. Therefore, a
BODIPY concentration of 4-10* M is preferable for this
matrix.
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Figure 4. Dependence of the relative fluorescence intensity of
BODIPY @EtCel on the duration of treatment with hydrogen
sulphide vapour (1). Dependence of the sensor response on the
concentration of BODIPY (2).
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Figure 5. Relative fluorescence intensity of BODIPY @EtCel as a
function of hydrogen sulphide vapour treatment duration (1). (2)
Dependence of the sensor response on the concentration of
BODIPY.
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Similar experiments to detect hydrogen sulfide were
conducted using cellulose materials (filter paper), with the
molar concentration of the fluorophore varying from 10 to
2:10° M.

It should also be noted that the greatest fluorescence
quenching occurred in materials with a BODIPY concen-
tration of 10™* M (see Figure 5). In this case, using the low-
est of the selected concentrations is most appropriate.
Additionally, the sensor response in the cellulose (filter
paper) matrix is ~15% higher than in the ethylcellulose
matrix. This effect is most likely due to the dye being more
readily available for interaction with the analyte.

Fabrics based materials

For the study of fabric materials, an impregnation so-
lution with a concentration of 10* M was used. The fabric-
based materials were treated with H,S vapours for 15 min,
during which time their fluorescence spectra were recorded
(see Figures 6-9).

140

120

40 &

Figure 6. Change in BODIPY @Cotton fluorescence during H,S
treatment. The direction of the spectrum change is indicated by
the arrow.

Figure 7. Change in fluorescence of BODIPY @ Semi-synthetic
during H,S treatment. The direction of the spectrum change is
indicated by the arrow.
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Figure 8. Change in BODIPY @Linen fluorescence during H,S
treatment. The direction of the spectrum change is indicated by
the arrow.

800

Figure 9. Change in BODIPY @Polypropylene fluorescence dur-
ing H,S treatment. The direction of the spectrum change is indi-
cated by the arrow.

Studies have shown that the nature of the carrier ma-
terial significantly affects the sensory response. Cotton-
based and cotton-polyester blend materials (with an extin-
guishing rate of ~60%) are the most sensitive to relative
changes in response, while flax-based and polypropylene
materials (with an extinguishing rate of ~40%) are less
sensitive. The time taken to reach the final value varies
greatly (8 min for cotton-polyester blends versus 20 min
for linen). In one case, the nature of the changes differs:
quenching on a cotton-polyester blend is accompanied by a
bathochromic shift of the fluorescence maximum by 25 nm.

To better understand these effects, we examined the
morphology of woven materials (see Figure 11). Photo-
graphs were taken under a microscope at 10x magnifica-
tion. These photographs demonstrate that the sorption
surface of cotton and semi-synthetic materials is larger
than that of linen and polypropylene. This enables a greater
quantity of dye to be absorbed during impregnation, result-
ing in a stronger sensory response.

This and previously mentioned nature of fiber makes
materials on a woven base the undisputed leaders in terms
of practical application, as the changes are clearly visible to
the naked eye.

83



Transition from BODIPY Solutions to Solid-State Sensors

e, 19e,
0.9 09 *
0.8 . 08
0.7 ®e .o 0.7 ®
0.6 ey, 06 ®
- 0.5 o0, , — 0.5 Cee,
0.4 L 04 ®e0c0oce
03 03
0.2 02
0.1 01
0 0
0 5 10 15 20 0 5 10 15 20
T, min T, min
1 2
1e
0.9 ¢ 1®
0.8 ° 09 |
0.7 LY o ® . 08 F ® o
0.6 e%es o ° 07 r ® e _ o
— 0.5 o ¢ 06 e g%
— 0.5
0.4 o L
0.3 os |
0.2 o2 b
0.1 01 |
0 0 . . . . . . )
0 5 10 15 20 0 2 4 6 8 0 12 14
T, min T, min
3 4

Figure 10. Change in fluorescence maxima with H,S treatment time: 1 — BODIPY@Cotton; 2 — BODIPY @Semi-synthetic; 3 —
BODIPY @Linen; 4 — BODIPY @Polypropylene.

3 4

Figure 11. Photographs of woven materials taken under a microscope (10x magnification): 1 — BODIPY @Cotton; 2 — BODIPY @Semi-
synthetic; 3 —- BODIPY@Linen; 4 — BODIPY @Polypropylene.
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Conclusions

In this study, we successfully demonstrated the transi-
tion from liquid-phase BODIPY fluorophore systems to
solid-state sensory materials incorporated into cellulose
and textile matrices. The immobilization of BODIPY dyes
preserved their luminescent characteristics and enabled
stable, reproducible optical responses to hydrogen sulfide
vapors. The influence of the matrix composition, dye con-
centration, and morphology on the sensing performance
was analyzed, revealing that the porous structure and sur-
face chemistry of the support play crucial roles in analyte
accessibility and signal stability. The obtained materials
combine high fluorescence efficiency with environmental
resistance and ease of fabrication, making them promising
candidates for practical optical H,S sensors. Future studies
will focus on improving selectivity and exploring the use
of other natural polymer matrices for multifunctional sens-
ing applications.
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