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pH-Responsive carborhodol-coupled chitosan-
based hydrogels for the detection of wound
infection-relevant pH changes

Aswathi Syam, †a Nicola Cusick, †b Alexander Zilles a and
Holger Schönherr *b

Wound infections are typically accompanied by an elevated local pH, resulting from bacterial

metabolism. Smart wound dressings capable of sensing and reporting these pH changes could enable

clinicians to detect infections at an early stage and begin appropriate treatment. However, conventional

pH-responsive dyes often lack photostability and exhibit subtle or ambiguous color changes. In this

work, we report the synthesis of two novel carborhodol dyes, AS 14 and AS 15, which exhibit reversible

chromogenic and fluorogenic responses within the physiologically relevant pH range of 4–7. The NHS-

esters of these dyes were covalently coupled to chitosan (CS) films, yielding stable, biopolymer-based

sensors. Both AS 14-CS and AS 15-CS films demonstrated high photostability, reversible pH-dependent

responses, and distinct fluorescence lifetime changes. Notably, AS 14-CS exhibited dual chromogenic

and fluorogenic responses, achieving a fluorescence turn-on ratio of 30 in basic versus acidic form,

while AS 15-CS functioned primarily as a chromogenic sensor, exhibiting a color change from pink to

blue. By covalently coupling the novel carborhodols, the pH response is stable over time. The possibility

of relying on fluorescence lifetime measurements also enables measurement in autofluorescent wound

environments, which is not possible for dyes with shorter lifetimes. These pH-responsive films offer a

robust and sensitive platform for further development into infection-responsive wound dressings, with

AS 14-CS in particular providing dual-mode sensing in one film, enabling both naked-eye visualization

and higher-sensitivity fluorescent readouts without requiring any on-patch electronics.

Introduction

Around 20 million people worldwide are currently affected by a
chronic, or non-healing, wound.1 Colonization of wounds by
microorganisms is common, making wound infections the
most prevalent type of hospital-acquired infection across the
globe.2 Clinicians typically identify infection via visual observa-
tions.3,4 However, in patients with chronic wounds, infection
detection often relies on subtle signs of infection, such as odor
or delayed healing.3,5 Misdiagnosis can lead to prolonged
hospitalization and systemic infection.6 There is therefore a
need for new methods to alert clinicians to the presence of an
infection. While advanced imaging techniques such as com-
puted tomography and magnetic resonance imaging can be

utilized, their high cost and limited accessibility make them
impractical for routine use.6 In contrast, point-of-care, wearable
biosensors have emerged as a promising tool for real-time
monitoring of wound status, a trend further driven by the
rapidly expanding wound care market, projected to reach
US$31 billion by the end of 2030.7

The concept of detecting biomarkers present in infected
wound sites has been used to develop a variety of sensors.8

Enzymes or toxins secreted by bacteria can be used as stimuli in
smart materials, for example, hyaluronidase-sensitive polymer-
somes,9 toxin-sensitive liposomes,10 pyocyanin-sensitive carbon
ultramicroelectrode arrays,11 protease-sensitive nanoporous sili-
con rugate filters,12 and b-glucuronidase-sensitive chitosan
films.13 However, these markers are often disease- or stage-
specific, or the sensor requires external input.14 In contrast,
wound pH has been suggested as a more general diagnostic
marker of wound infection, providing good sensitivity to the
presence of infection while remaining simple to interpret.15

Healthy skin surfaces exhibit an acidic milieu with a pH of 4.1–
5.8, while the pH of infected wounds is elevated by the alkaline
byproducts of bacterial proliferation, including ammonia from
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amino acid metabolism, and can be characterized by a pH above
7.3.16,17 Moreover, the presence of necrotic tissue in the wound
bed increases the metabolic load, often leading to tissue hypoxia
and sustained inflammation.18 This environment is typically
characterized by elevated levels of inflammatory exudate and
proteolytic enzymes. Although precise prediction of wound pH
based on infection status is debated in the literature, detection
of elevated pH levels could provide an indication for the
requirement for intervention.19

Biosensors capable of detecting this pH elevation provide a
simple, non-invasive method for early detection of infection.
Optical biosensors, which detect an analyte and result in a shift
in light absorbance or emission, have been developed to monitor
temperature, pH, and oxygen.7 However, many rely on advanced
technologies and transducers, raising costs and limiting trans-
lation to the clinic.7,20 An alternative strategy for providing a
simple indication of pH without the need for complex electro-
chemical systems is the incorporation of pH-sensitive dyes into a
carrier material, which reports pH changes through visible
readouts.21,22 By combining a pH-sensitive dye with a hydrogel,
a simple, low-cost wound dressing sensitive to the presence of
infection is possible.

Hydrogels are widely used in wound care as a dressing
material due to their biocompatibility, biodegradability, and
ability to maintain a moist healing environment.23 Chitosan, a
cationic polysaccharide obtained via deacetylation of chitin, is a
particularly attractive wound dressing material.24 Composed of
glucosamine and N-acetyl glucosamine units, chitosan acts as a
natural template, emulating the extracellular matrix and promot-
ing tissue regeneration.7 Chitosan is also antifouling, minimizing
protein adsorption and cell adhesion, which is necessary to
maintain the performance of a wearable sensor.7,25 Its free hydro-
xyl and amino groups enable chemical modification, which has
been exploited for conjugation of dyes, polymers, and bioactive
molecules.13,26–28 Covalent attachment of pH-sensitive dye mole-
cules has emerged as a promising approach for modifying chit-
osan, as the dye cannot leach from the films.24 Previous studies
have reported chitosan chemically grafted with phenol red, rosolic
acid, methyl red and rose Bengal to yield colorimetric pH-
sensors.29,30 However, these dyes typically exhibit low photostabil-
ity, and detection of pH changes relies on shifts in the absorption,
rather than more sensitive fluorescence-based changes.31,32 In
addition, many azo dyes, including methyl red, are toxic, raising
concerns for clinical use.33

Alternative strategies, such as hybrid hydrogels containing
silver nanoparticles functionalized with red cabbage extract,
have been explored, but their color changes from red to green at
pH 7–8 can be confounded by the natural appearance of the
wound bed.34 Similarly, limited contrast has also been demon-
strated with phenol red-based sensors.35,36 For practical wound
diagnostics, an ideal system should exhibit a high-contrast
optical shift, preferably spanning distinct regions of the visible
spectrum. For example, a red-to-blue transition is readily
perceptible, minimally affected by color vision deficiencies,
and therefore less likely to be misinterpreted. In addition, since
dressings are often applied for several days, the sensing dye

must be highly photostable to ensure reliable long-term monitor-
ing. Fluorescein-based dyes, although widely used, are unsuitable
due to rapid photobleaching, leading to loss of fluorescence
intensity and, therefore, loss of sensitivity over time.37 The
development of more photostable pH-sensitive dyes is essential
for clinical translation of smart wound dressings.

This study therefore aims to combine the advantages of
covalent immobilization of a fluorophore to CS, providing a
stable readout, with a novel pH-sensitive dye capable of provid-
ing both a visible color change and a fluorescence enhance-
ment upon pH changes. This work is based on carborhodols, a
distinct subclass of rhodol derivatives first reported by Sednev
et al. in 2013, where they were employed for two-color fluores-
cence imaging.38 An alternative synthetic route to the carbor-
hodol scaffold was described by Jia et al. in 2018, extending its
utility by preparing copper-sensitive probes.39 Despite these
studies, carborhodols have received relatively limited attention,
and their potential as pH-responsive probes remains largely
unexplored. ATTO-TEC has reported that carborhodol dyes
display photostability along with pH-dependent chromogenic
and fluorogenic behavior (patent filed).40

In this work, two novel, photostable, pH-responsive carbor-
hodol derivatives, AS 14 and AS 15, are coupled to chitosan
hydrogels using DCC/NHS chemistry. These dye-coupled hydro-
gels are characterized by attenuated total internal reflection
Fourier transform infrared (ATR FTIR) spectroscopy and field-
emission scanning electron microscopy (FESEM). Their swel-
ling behavior, photostability, and pH-responsive behavior are
investigated. These films function as both chromogenic and
fluorogenic sensors with excellent color stability and no dye
leaching. In combination with a mechanically robust support-
ing substrate, these systems exhibit potential as promising
biosensors for the monitoring of wound pH.

Materials

Chitosan (medium molecular weight, 190–310 kDa, 75–85%
deacetylated), phosphoryl chloride, dichloromethane (DCM),
1,2-dichloroethane, sodium hydroxide, and triethylamine were
purchased from Sigma-Aldrich, Germany. pH 3 buffer (Carl
Roth, Germany) and pH 4 buffer (Carl Roth, Germany), both
composed of citric acid, NaOH, and NaCl, and pH 10 buffer
(Carl Roth, Germany), containing boric acid, NaOH, and KCl,
were used. PBS buffer (pH 7.4) was prepared from Milli-Q water
(resistivity 18.2 MO cm) and biochemistry-grade chemicals
(NaCl, KCl, KH2PO4, and Na2HPO4�2H2O, Sigma-Aldrich, Ger-
many). Britton Robinson (BR) buffer was prepared by dissolving
H3PO4, H3BO3, and NaOAc (0.04 M each) in Milli-Q water.
Acetic acid (glacial), acetonitrile (MeCN), and N-hydroxy-
succinimide (NHS) were purchased from Carl Roth, Germany;
DMSO and piperidine-4-carboxylic acid were purchased from
Fisher Scientific, Germany; and chloroform and ethanol were
purchased from VWR Chemicals, Germany. N,N0-Dicyclohexyl-
carbodiimide (DCC) was purchased from Fluorochem, UK.
Disposable polystyrene Petri dishes (55 � 14 mm) were
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purchased from VWR, Germany. Braun Inkjet-F Fine Dosage
1 mL syringes were purchased from Fisher Scientific, Germany.
Syringe filters (Chromafil Xtra H-PTFE, 0.45 mm) and filter
paper (MN 616, + 150 mm, no. 2) were purchased from
Macherey Nagel, Germany. Glass cover slips (22 � 22 mm, #1,
Epredia) were purchased from VWR, Germany. 24-well flat-
bottom PS plates were purchased from Sarstedt, Germany.

Experimental

The carborhodol dyes AS 14 and AS 15 were synthesized
following established procedures (patent EP24200857 filed on
17th September 2024, see the SI for details).40 The syntheses of
AS 14-NHS from AZ 43 and of AS 15-NHS from AZ 129 are shown
in Schemes S1 and S2, respectively. The carbopyronine precur-
sors AZ 43 and AZ 129 were synthesized at ATTO-TEC GmbH
and used directly for the conversion.41 The 1H-NMR and
13C-NMR spectra of all synthesized compounds are provided
in Fig. S1–S8.

Synthesis of AS 14-NHS

AS 14 was transformed into the NHS ester, AS 14 NHS, via
reaction with NHS and DCC (Scheme 1). To a stirred solution
of AS 14 (45.0 mg, 73.7 mmol) in MeCN (10 mL), at 0 1C, NHS
(17.0 mg, 147 mmol) and DCC (31.0 mg, 0.147 mmol) were
added one after the other. A precipitate (dicyclohexylurea)
formed immediately after the addition of DCC. The ice bath
was removed, and the red-colored reaction mixture was stirred
for 40 h (HPLC control). Small amounts of NHS and DCC were
successively added until complete conversion. The reaction
mixture was filtered using a 0.2 mm membrane filter to remove
the solids. The filtrate was concentrated under reduced pres-
sure, yielding a red-colored residue, which was redissolved in
MeCN (2 mL). AS 14-NHS was precipitated by the addition of
diethyl ether/n-hexane (1 : 1) and obtained as a red powder
(43.0 mg, 72.4 mmol, 98%).

AS 14-NHS HPLC: CH3CN/H2O + 0.1 v/v% TFA = 15/85 to 95/5
in 15 min, detection at 550 nm, tR = 6.5 min (89%).

AS 14-NHS LCMS (ESI+): m/z calculated for C35H35N3O6

[M + H]+: 594.3, found 594.4.

Synthesis of AS 15-NHS

AS 15 was transformed into the NHS ester, AS 15 NHS, via
reaction with NHS and DCC (Scheme 2). To a stirred solution of
AS 15 (35.0 mg, 54.8 mmol) in MeCN (10 mL), at 0 1C, NHS
(13 mg, 0.11 mmol) and DCC (23 mg, 0.11 mmol) were added
one after the other. A precipitate (dicyclohexylurea) formed

immediately after the addition of DCC. The red-colored reac-
tion mixture was stirred for 30 h at r.t. (HPLC control). Small
amounts of NHS and DCC were successively added until
complete conversion. The reaction mixture was filtered using
a 0.2 mm membrane filter to remove the solids. The filtrate was
concentrated under reduced pressure, yielding a magenta-colored
residue, which was redissolved in MeCN (2 mL). AS 15 NHS was
precipitated by the addition of diethyl ether/n-hexane (1 : 1) and
obtained as a magenta powder (32.0 mg, 51.5 mmol, 94%).

AS 15-NHS HPLC: CH3CN/H2O + 0.1 v/v% TFA = 15/85 to 95/5
in 15 min, detection at 550 nm, tR = 7.4 min (87%).

AS 15-NHS LCMS (ESI+): m/z calculated for C37H39N3O6 [M +
H]+: 622.3, found 622.4.

Chitosan film preparation

A chitosan (CS) solution was prepared by dissolving medium
molecular weight (MMW) CS (1.5 wt%) in 1% acetic acid and
stirring overnight at 40 1C. The resulting solution was filtered
(+ = 0.45 mm). To prepare chitosan films, both drop-casting
and spin-coating methods were used. For drop-cast films, CS
(4 mL) was poured into a PS Petri dish (+ = 55 mm) and dried
overnight in a laminar flow hood to obtain a thin hydrogel film.
For spin-coated films, a method adapted from Sadat Ebrahmi
et al. was used.42 Briefly, glass cover slips were cut (0.9 �
1.2 cm) and rinsed with chloroform, and then sequentially
cleaned three times with ethanol and Milli-Q water. The
cleaned cover slips were then dried under a stream of nitrogen
and treated with UV-ozone for 30 minutes. CS (300 mL) was
added onto pre-cleaned coverslips using a home-built spin
coater operated at 2000 rpm for 60 s. The resulting films were
annealed in a vacuum oven (40 1C; 5 mbar; 2 hours). Both drop-
cast and spin-coated films were neutralized by shaking in
NaOH (0.1 M, 5 minutes), rinsed with Milli-Q water (3�), and
dried (in a laminar flow hood or under a nitrogen stream).

CS film modification

Dried drop-cast CS films were treated after rehydration in PBS
(3.6 mL) either with AS 14-NHS (3 mM) or AS 15-NHS (4 mM)
dissolved in DMSO (0.4 mL). The films were incubated for
12 hours under moderate shaking at room temperature. The
modified films were then washed with excess PBS on the
shaker, replacing the PBS every 30 minutes until no dye was
detected in the PBS by UV-Vis spectroscopy. For the modifica-
tion of spin-coated films, each film was added to a well of a 24-
well plate, and the same procedure was followed, but with
higher dye concentrations to enable quantification via UV-Vis
spectroscopy (AS 14-NHS, 14 mM; AS 15-NHS, 20 mM, totalScheme 1 AS 14-NHS synthesis from AS 14.

Scheme 2 AS 15-NHS synthesis from AS 15.
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volume 300 mL). Modified spin-coated and drop-cast films were
dried under a nitrogen stream.

Estimation of the dye coupling efficiency

After the coupling reaction with drop-cast CS films, the films
were washed extensively in Milli-Q (B30 mL) and the washing
solution was collected and measured by UV-Vis spectroscopy.
Using the Beer–Lambert law, the amount of free dye in this
washing solution was calculated (e = 21 000 M�1 cm�1 and
52 000 M�1 cm�1 for AS 14 and AS 15, respectively) and
subtracted from the initial amount to calculate the amount of
coupled dye. The coupling efficiency was then calculated as the
moles coupled vs. the initial moles. The degree of functionali-
zation of the free amines of CS was calculated by assuming an
average molecular weight of chitosan of 250 kDa and a degree
of deacetylation of 75%, which corresponds to 260 mmol free
amines per sample. The degree of functionalization was calcu-
lated as the moles coupled vs. the moles of free amines.

Attenuated total internal reflection-Fourier transform infrared
spectroscopy (ATR-FTIR)

The ATR-FTIR spectra of the prepared CS films were recorded
using a Tensor 27 Fourier transform infrared spectrometer
equipped with a diamond crystal (Bruker Optik GmbH, Germany)
over a wavenumber range of 600–4000 cm�1 (non-polarized), with
a spectral resolution of 4 cm�1. An ambient atmosphere was used
to collect the background spectra.

Film thickness determination via field emission scanning
electron microscopy (FESEM)

The drop-cast films were dried overnight in vacuo, sliced with a
scalpel, and then attached vertically with carbon tape to a
6-sided metal nut. To create a conductive surface, the samples
were sputtered with gold for 30 s, resulting in a B5.0 � 0.5 nm
thin gold layer. FESEM measurements were obtained using an
Inlens secondary electron detector, with an operation voltage of
5 kV (Zeiss Ultra 55cv, Zeiss, Oberkochen, Germany). The
images were analyzed using ImageJ software (version 1.54p).
To determine the thickness, 3 images per sample were col-
lected, and a mean of diameters measured at 5 points on each
separate image was collected. A one-way analysis of variance
(ANOVA) test was performed to determine the statistical sig-
nificance of the thickness of the films vs. the non-modified CS
film using OriginPro 2018. p values o0.05 were considered
statistically significant.

Film thickness determination via atomic force microscopy
(AFM)

Spin-coated films (3�) were cut (3�) with a sharp metal scalpel,
and the step height of the scratch was measured with inter-
mittent contact (tapping) mode AFM (Asylum MFP-3D Bio micro-
scope equipped with a Tap 300 Al-G cantilever from Budget
Sensors). This scratch corresponds to the thickness of the film
on the Si surface. The measurement was performed under
ambient conditions with a resonance frequency of 295 kHz
and measured at 80% of the free amplitude. From the AFM

images, histograms were plotted showing the pixel height dis-
tribution to determine the film thickness.

Swelling ratio determination

The swelling of drop-cast CS films in PBS was investigated. AS
14-CS and AS 15-CS were cut into 2 � 2 cm squares, dried in a
vacuum oven (22 1C, 9 mbar) overnight, and weighed (Wi). The
films were then immersed in 20.0 mL PBS (pH 7.4, 25 1C) in
glass vials, sealed with lids to prevent evaporation, and placed
in an incubator at 25 1C. At 60 minute intervals, the samples
were carefully removed from the PBS solution, gently dabbed
with filter paper to remove excess surface water, and weighed
(Wt). This process was repeated for 3 hours, after which time
the samples were left in the solution for a total of 19 hours
before the final measurement was taken. The gravimetric
swelling ratio was calculated using eqn (1). A one-way ANOVA
test was performed to determine the statistical significance of
the swelling ratio of the modified films vs. the non-modified CS
film using OriginPro 2018. p values o0.05 were considered
statistically significant.

Swelling ratio ð%Þ ¼Wt �Wi

Wi
� 100 (1)

Determination of the pKa of free dye in solution

Measuring solutions of AS 14 and AS 15 (20 mM) in BR buffer
were prepared by diluting the stock solution (9 mM in DMSO).
pH titrations were carried out in BR buffer. The initial absor-
bance at pH 2.0 was recorded using a 1 cm quartz cuvette. After
the initial measurement, the cuvette contents were returned to
the bulk pH 2.0 solution, which was then titrated with small
aliquots of aq. NaOH (6.2 M) to increase the pH. At each
titration step, the cuvette was rinsed with the newly adjusted
solution before sample measurement. For each pH point, both
pH and UV-Vis absorbance spectra were recorded. The titration
was performed in fine increments between pH 2.0 and 7.0
(DpH E 0.2), followed by measurements at pH 8.0, 9.0, and
10.0. The pKa values were obtained from plots of absorbance at
a fixed wavelength (corresponding to the lmax of the deproto-
nated species) against the measured pH values. Numerical
fitting of the experimental data to the Henderson–Hasselbalch
equation was performed using Origin software.43

pKa determination of dye-modified films

Drop-cast films were immersed in PBS. The resulting hydrated
film was placed on a microscope slide (VWR, 76 � 26 mm,
thickness 1 mm) with one side of the film taped (Tesa SE) to the
slide. For titration, a BR buffer was initially adjusted to pH 9
using NaOH (6.2 M). The film attached to the microscope slide
was immersed in the pH 9 buffer for 5 minutes, dried using
nitrogen flow, and then placed in the sample holder of a UV-Vis
spectrophotometer (PerkinElmer Lambda 750) (Fig. S9). The
baseline was measured using a blank microscope slide. All
measurements were performed by repositioning the films pre-
cisely at a marked location after each treatment.
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The pH of the buffer was then gradually decreased in steps
of approximately 0.2 pH units by adding small aliquots of HCl
(2 M). The films were immersed in each pH sequentially,
measuring the absorbance spectra after each immersion.

Absorbance measurements of films

Drop-cast films were attached either to microscope slides
(Fig. S9) or in a 35 mm slide mount (Fig. S10), dried using air
flow, and the absorption spectra were measured (PerkinElmer
Lambda 750 spectrophotometer). Spin-coated films were
inserted into a quartz cell with 1 mm path length (SUPRASIL,
Hellma Analytics, Germany), and the absorption spectra were
measured (Varian Cary 50 Bio spectrophotometer).

Fluorescence turn-on ratio determination

Emission spectra were measured using a Fluorolog 3 spectro-
fluorometer (HORIBA Jobin Yvon) in a front-face arrangement
for the drop-cast films, and in a 901 arrangement with horizontal
polarization of emission for the free dye in solution. The films
were immersed in a pH 10 buffer, cut into rectangles of 3.0 � 0.9
cm (length � width), and then attached to a quartz cell with a
1 mm path length. After drying using air flow, the spectra were
measured (Fig. S11 and S12 for drop-cast and spin-coated films,
respectively). The same film was then immersed in a pH 3 buffer,
and the process was repeated. To determine the fluorescence
turn-on effect, the fluorescence quantum yield (Ffl) of the basic
form of each dye was arbitrarily set to 100, and the quantum
yield of the corresponding acidic form was determined relative
to this using eqn (2). In this equation, the subscripts ‘‘S’’ and ‘‘R’’
denote the substance under investigation (acidic form) and the
reference (basic form), respectively. Int is the integrated fluores-
cence intensity (area under the emission band), A is the absor-
bance at the excitation wavelength, and n is the refractive index
of the substance. The ratio between the quantum yield of the
basic form (100) and that of the acidic form (obtained from
eqn (2)) defines the fluorescence enhancement factor, referred to
as the fluorescence turn-on ratio.

FS ¼ FR �
IntS

IntR
� 1� 10�AR

1� 10�AS
� nS

2

nR2
(2)

Fluorescence lifetime determination of free dye via
fluorescence lifetime imaging microscopy (FLIM)

The fluorescence lifetimes of the free dyes in solution were
measured using a TemPro fluorescence lifetime system from
HORIBA Jobin Yvon, employing the time-correlated single
photon counting (TCSPC) method. A nano LED serves as the
light source, and the excitation was performed using a 562 nm
laser source. All measurements were carried out with concen-
trations leading to an absorbance o0.1 in a 1 cm Hellma
fluorescence quartz cuvette. The data were analyzed using bi-
exponential fitting, with w2 values between 0.900 and 1.200 and
evenly distributed residuals taken as criteria for optimal fits.
The lifetime of the dominant component was used to describe
the decay behavior of the system, while the minor component
(o5% contribution) was considered negligible.

Fluorescence lifetime determination of films via FLIM

FLIM was carried out using a Stellaris 8 confocal microscope
(Leica Microsystems). Drop-cast films were immersed in corres-
ponding buffer (pH 10 or pH 3 buffer) and cut into small
squares (B0.2 � 0.2 cm), attached to microscope slides (VWR,
76 � 26 mm, thickness 1 mm), then flattened using a 10 mm
glass coverslip. FLIM images were acquired with an 86�/1.20
water immersion objective at a resolution of 512 � 512 pixels,
with excitation wavelengths selected to match the absorption
maxima of the respective dye forms (basic form: 590 nm for AS
14-CS and 606 nm for AS 15-CS; acidic form: 520 nm for both
films). The relative intensity contributions ( f ) of each lifetime
component were calculated by dividing the photon count (in
kilocounts) of each exponential term by the total counts and
multiplying by 100.

Color and photostability determination

For the photostability experiments of free dyes, solutions of the
corresponding dye samples were prepared in pH 4 or pH 10
buffer such that the extinction at the long-wavelength absorp-
tion maximum was approximately 1 in a 1 cm quartz cell. All
cuvettes were placed together on an overhead projector (Liese-
gang Trainer Special HR Electronic Overhead Projector) fitted
with a 575 W mercury halide lamp, and the lamp was focused
on the cells (Fig. S13). The absorption spectra were recorded at
30-minute intervals for 4 hours and then again after 24 hours.
Cuvettes were tightly sealed throughout the experiment.

For photostability experiments of dye-modified films, the
drop-cast AS 14-CS and AS 15-CS films were washed with the
corresponding buffer (pH 4 or pH 10), attached to a 35 mm
slide mount, and placed horizontally on the same overhead
projector (Fig. S14). Excess film at the edges was trimmed before
positioning the samples. Absorbance measurements were taken
every 30 minutes by placing the films directly on the UV-Vis
spectrometer sample holder.

Results and discussion
Synthesis of pH-responsive dyes, AS 14 and AS 15

The pH-responsive carborhodol dyes were produced by the
alkaline hydrolysis of the corresponding carbopyronines. The
direct precursor carbopyronine compound is dissolved in an
aqueous hydroxide solution. Organic solvents, such as ethanol,
methanol, acetone, or acetonitrile, can be used as co-solvents to
enhance the solubility of the reactants. The reaction time
depends on the concentration of the reactants (precursor and
alkali) and the temperature. The best results were obtained
with temperatures between 50 and 90 1C. The only prerequisite
for this simple one-step reaction is the presence of a dimethy-
lamino group, at least at one terminal end of the chromophoric
system of the parent carbopyronine compound.

Using this synthetic approach, carbopyronines AZ 43 and AZ
129 (both synthesized at ATTO-TEC GmbH) were treated with a
1 : 1 mixture of 2.5 M aq. NaOH and ethanol at 85 1C and were
successfully converted into the corresponding carborhodol
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derivatives AS 11 in 68% yield (Scheme S1) and AS 12 in 54%
yield (Scheme S2), respectively. AS 11 corresponds to a pre-
viously reported compound described by Sednev et al.38,41

Compared to their approach, the alkaline hydrolysis approach
enabled the simultaneous production of two valuable dyes: the
precursor carbopyronine and the product carborhodol.

To prevent the formation of the colorless spirolactone form,
often undesirable for fluorescence applications, the ortho-
carboxylic acid groups of AS 11 and AS 12 were further functio-
nalized. Specifically, AS 11 was modified using piperidine-4-
carboxylic acid to yield AS 14 (Scheme S1), while AS 12 was
derivatized with methyl 4-(methylamino)butanoate to give AS
15 (Scheme S2) (patent filed).40 Multiple attempts to directly
generate active esters from AS 11 and AS 12 were unsuccessful.
Consequently, these elongations were carried out via the
corresponding acid chloride intermediates. The resulting elon-
gated compounds AS 14 and AS 15 were then converted into
their respective active esters via reaction with NHS and DCC
(Schemes 1 and 2).

Coupling of carborhodol dyes to chitosan films

The pH-responsive chitosan-based hydrogel films were pre-
pared by covalently attaching the NHS ester-activated carboxylic
groups of the carborhodol dyes, AS 14 and AS 15, to the primary
amine groups of the glucosamine units in chitosan via amide
bond formation (Scheme 3).

Colored and fluorescent films were successfully prepared
using both drop-casting and spin-coating techniques. Given the
greater potential of drop-cast films for practical applications in
wound dressings due to a lack of support material, their
characterization is presented here, while the photophysical
data for spin-coated films are provided in the SI (Fig. S15
and S16).

To determine the successful coupling of the NHS esters to
the chitosan backbone, the films formed were washed exces-
sively in Milli-Q water until no free dye was detected via
absorption spectroscopy in the surrounding media. To estimate
the maximum amount of dye within the CS matrix, the moles of
unbound free dye were calculated from the absorption spectra

Scheme 3 Covalent modification of chitosan films via coupling with NHS-esters of pH-sensitive carborhodol dyes, AS 14 and AS 15.
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and subtracted from the initial amount of dye added, equating
to 36.3% and 66.6% for AS 14-CS and AS 15-CS, respectively.
The maximum degree of functionalization was calculated to be
0.16% and 0.41% for AS 14-CS and AS 15-CS, respectively.

ATR-FTIR measurements were then recorded to confirm
amide bond formation (Fig. 1). The disappearance of the band
at 1588 cm�1, typically attributed to the primary amine group of
the glucosamine unit in chitosan, suggests its involvement
in a chemical reaction. The increased intensity of the band at
1650 cm�1, corresponding to amide I (CQO) vibrations,
indicates the formation of new amide bonds. Additionally, a
band at 1630 cm�1 observed in AS 14-CS, likely arising from
both the dye’s inherent tertiary amide and new amide linkages,
further supports the generation of amide I. Enhanced intensi-
ties near 1570 cm�1 for both AS 14-CS and AS 15-CS, and the
appearance of a new band at 1546 cm�1 in AS 15-CS, character-
istic of amide II (N–H), support the conclusion that amino
groups participated in covalent bonding through the formation
of secondary amide linkages. The assignment of the observed
bands is summarized in Table S1.

To further confirm the successful conjugation of the dyes to
the chitosan backbone, the films were immersed in different
media (water and EtOH/water 1 : 1) at room temperature. The
films were stable and able to maintain their color in each
medium even after seven months (Fig. S17). In addition, the
UV-Vis spectra of the solutions used for immersing films were
measured after 24 h, and the absorption bands corresponding
to the leaching dyes were not detected, confirming that
covalently attaching dyes onto CS avoids dye release or degra-
dation of the film color (Fig. S17). These data therefore provide
confirmation of a stable dye-coupled chitosan film.

Film thickness

The dry film thickness of spin-coated chitosan films was
measured by atomic force microscopy (AFM). Films were placed
in the AFM and analysed under ambient atmosphere, and a
scratch through the polymer layer to the silicon surface was
created with a scalpel. The step height across the scratch was
measured, corresponding to the CS film layer thickness. As
expected, the films were observed to increase in thickness upon

dye modification, with the blank film showing a thickness of
195 � 3 nm, while AS 14-CS and AS 15-CS films exhibited
significantly (p = 0.001) increased thicknesses of 239 � 4 nm
and 252 � 4 nm, respectively (Fig. S19).

In contrast, the dry film thickness of drop-cast chitosan films, as
analyzed by FESEM, showed the opposite behavior. The non-
modified chitosan film exhibited a thickness of 50.7 � 1.7 mm,
whereas covalent modification with NHS ester-functionalized dyes
resulted in a significant (p = 0.001) reduction to 15.5 � 0.3 mm and
13.8 � 0.4 mm for AS 14-CS and AS 15-CS films, respectively,
indicating a denser and more compact hydrogel structure (Fig. 2
and Fig. S18). While this difference in thickness could be in parts
due to the projection angle in the FESEM, the results were con-
sistent across samples. This is therefore likely to indicate a more
compact structure due to interactions between the dye and the CS.

Swelling behavior

The gravimetric swelling ratio of the chitosan films was eval-
uated to assess their water uptake capacity. As shown in the
swelling profile (Fig. 3), all films exhibited the ability to absorb
water up to approximately 200% of their dry weight. The maxi-
mum swelling was observed within the first hour, after which
no significant changes occurred, indicating equilibrium swel-
ling behavior. Notably, both the non-modified chitosan film
and the dye-modified films (AS 14-CS and AS 15-CS) demon-
strated similar gravimetric swelling ratios (p 4 0.05), suggest-
ing that the modification did not adversely affect the swelling
capacity of the polymer. This high gravimetric swelling ratio is
advantageous for wound dressing applications, as it would
enable the maintenance of a moist wound environment, facil-
itating the wound-healing process.

pH sensitivity

As shown in Fig. 4, the color difference between the acidic and
basic forms of chitosan-based films in response to changes in
the surrounding media is clearly visible to the naked eye. Upon

Fig. 1 ATR-FTIR spectra of non-modified CS, AS 14-CS, and AS 15-CS.

Fig. 2 Bar chart of the average film thickness for non-modified CS, AS 14-
CS and AS 15-CS films, determined by FESEM. Asterisks represent sig-
nificant difference from non-modified CS (***: p o 0.001).
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exposure to pH 4 buffer, both films immediately changed to pink.
When washed with pH 8 buffer, the films turned to the character-
istic color of the basic form of each dye; purple for AS 14-CS and
blue for AS 15-CS. This reversible color change confirms that both
films function as chromogenic (colorimetric) pH indicators, based
on their pH-dependent structural change. Under UV illumination
at 366 nm, the AS 14-CS film exhibited a pronounced fluorescence
turn-on response when transitioning from pH 4 to pH 8. This
fluorescence enhancement is readily observable by the unaided
eye, as the film appears significantly brighter at pH 8 compared to
pH 4. This behavior is consistent with the photophysical response
of the free AS 14 dye, which shows a fluorescence turn-on ratio of
29 between acidic and basic conditions. Therefore, AS 14 can be
employed as both a colorimetric and fluorogenic pH sensor. In
contrast, the AS 15-CS film showed only a minor increase in
fluorescence intensity, corresponding to the relatively low turn-on
ratio of the free AS 15 dye (1.7).

pKa determination

The pH-dependent absorption properties of the neat dye (free
dye) in solution and of the modified drop-cast chitosan films

were investigated by photometric acid–base titrations in Brit-
ton–Robinson buffer over the pH range 2.0–10.0 (Fig. 5).

For the free dyes in solution, at acidic pH (pH 2), both AS 14
and AS 15 exhibited a broad absorption band centered at
515 nm that can be attributed to the protonated species. The
full width at half maximum (FWHM) was 100 nm for AS 14 and
104 nm for AS 15. With increasing pH, this band gradually
decreased in intensity, while a new, sharper band of higher
molar absorptivity appeared at 586 nm (AS 14, FWHM: 41 nm)
and 599 nm (AS 15, FWHM: 35 nm), consistent with the forma-
tion of the deprotonated form. This spectral change was
accompanied by a distinct visible color shift from pink to violet
for AS 14 and from pink to blue for AS 15. In both cases, the
absorption spectra recorded at intermediate pH values dis-
played a well-defined isosbestic point (549 nm for AS 14 and
553 nm for AS 15), confirming a clean equilibrium between the
protonated (acidic) and deprotonated (basic) forms (Fig. 5). For
both dyes, the absorption at lmax of the deprotonated form was
plotted against the pH value of the solution, and the experi-
mental data were analyzed by fitting to the theoretical model
for weak acids (Henderson–Hasselbalch), yielding pKa values of
5.7 for AS 14 and 6.3 for AS 15.43

For the modified CS films, titrations were carried out over a
pH range of 4.0 to 10.0. When the pH reached 3, the films
tended to detach from the slide, making further measurements
difficult, likely due to partial solubilization of the chitosan
matrix under acidic conditions. In contrast, at pH values above
3, the films remained stable and adhered well to the glass
surface. However, a single brief washing in pH 3 buffer followed
by immediate measurements was still feasible. For the AS 14-CS
film, the absorption spectrum at acidic pH (pH 4) shows a
broad band (FWHM: 132 nm) centered at 520 nm (red trace),
corresponding to the protonated form of the dye. As the pH
increases, the intensity of this band gradually decreases, while
a narrower band (FWHM: 67 nm) at 590 nm (blue trace),
attributed to the deprotonated form of the dye, emerges with
higher molar absorptivity. A bathochromic shift of approxi-
mately 4 nm is observed for both the acidic and basic forms
compared to the free dye in solution. Similar bathochromic

Fig. 4 Photographs of (a) AS 14-CS and (b) AS 15-CS films at pH 4 and pH 8, under ambient and UV light (366 nm).

Fig. 3 Swelling ratios of non-modified CS, AS 14-CS, and AS 15-CS in PBS
(25 1C).
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shifts have been observed upon conjugation of other dyes such
as fluorescein and rhodamine isothiocyanate to chitosan, attri-
buted to the change from the solution to the solid state.44,45

This spectral shift with pH change is accompanied by a visible
color change from pink (acidic) to violet (basic). The spectra
exhibit an isosbestic point at approximately 540 nm, indicating
a clean two-state equilibrium between the protonated and
deprotonated species. The absorption at lmax = 590 nm was
plotted against the pH value of the solution, yielding a pKa

value of 4.9 (Fig. 5).43

In the case of AS 15-CS, the protonated form exhibits a broad
absorption band (FWHM: 113 nm) centered at 520 nm, while
the deprotonated form gives rise to a narrow band (FWHM:
51 nm) at 606 nm. Compared to the free dye, bathochromic
shifts of 5 nm (acidic form) and 7 nm (basic form) were
observed upon immobilization onto the chitosan hydrogel.
The spectra display an isosbestic point at around 550 nm. A
gradual change from pink to blue is visually observed as the pH
increases. The pKa value for AS 15-CS was determined to be 5.3,
based on a sigmoidal fit of the absorbance at 606 nm versus pH.
The chemical changes of the dyes from acidic to basic forms are
exhibited in Scheme 4.

In both cases, the pKa values of the CS-bound dyes were
approximately one pH unit lower than those of the corresponding

free dyes in solution. The observed decrease in the pKa of the dye
upon immobilization in the chitosan film is likely due to several
microenvironmental effects. These effects could include hydro-
gen bonding between the hydroxyl groups of CS and the depro-
tonated dye, which stabilizes the conjugate base. Thus, with
increased stability of D�, Ka increases and pKa decreases (eqn (3)).

Ka ¼
D�½ � H3O

þ½ �
½DH� (3)

Scheme 4 Protonation–deprotonation equilibria of (a) AS 14 and (b) AS
15. Structures shown in red correspond to the protonated forms, while
structures in blue represent the deprotonated forms.

Fig. 5 pH-Dependent absorption spectra of AS 14 and AS 15 in solution and coupled to CS films. Arrows indicate the development of bands with
increasing pH value of the solution. Insets show the absorbance at long wavelength absorption maxima as a function of pH. The red line denotes the best
fit of the experimental data to the theoretical isotherm of a weak acid; pKa is determined from this plot. Photographs show the visual appearance of
samples at the indicated pH values.
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Fluorescence turn-on ratio

As observed in Fig. 4, the fluorescence intensity of the chitosan
films is higher in a basic environment compared to acidic condi-
tions. To quantify this difference, fluorescence turn-on ratios were
calculated. For the CS-films, both the acidic and basic forms were
excited at their respective isosbestic points, which are the wave-
lengths at which both forms exhibit equal absorbance (i.e., 540 nm
for AS 14-CS and 550 nm for AS 15-CS). The free dye in solution
was excited at its respective absorption maximum corresponding
to either the acidic or the basic form. To ensure comparability, the
absorbance at the chosen excitation wavelength was adjusted to be
identical for both protonation states (for AS 14: 515 nm for the
acidic form and 586 nm for the basic form; for AS 15: 513 nm for
the acidic form and 599 nm for the basic form). The turn-on ratios
observed for the chitosan-bound dyes were comparable to those
of the free dyes in solution. Specifically, AS 14-CS exhibited a
fluorescence turn-on ratio of 30, closely matching that of the free
dye (29), while AS 15-CS showed a lower turn-on ratio of 1.2, also
comparable to its free dye counterpart (1.7) (Fig. 6). The modified
films exhibited emission wavelength variations of 2–4 nm, except
for the AS 14-CS acidic film, which showed a 12 nm bathochromic
shift compared to the free dye in solution.

Fluorescence lifetimes

The fluorescence lifetime of the dye-coupled films was mea-
sured using fluorescence-lifetime imaging microscopy (FLIM),

employing time-correlated single-photon counting (TCSPC).
The time-dependent fluorescence decay, A(t), can be described
as a sum of exponential functions (eqn (4)), where ti and ai are
the lifetime and amplitude of the ith component, respectively,
and t is the time variable.

AðtÞ ¼
X
i

ai � exp
�t
ti

� �
(4)

The resulting lifetime components (t), their relative inten-
sity contributions ( f ), average lifetime (hti), and free dye life-
times in buffer are given in Table 1.

The films were washed in pH 10 and pH 3 buffer to obtain
basic and acidic conditions, respectively. In their basic forms,

Fig. 6 Fluorescence emission spectra of AS 14 and AS 15 in solution and coupled to CS films recorded in aqueous buffer at pH 10 (blue trace) and pH 3
(red trace). The free dyes (AS 14 and AS 15) in solution were excited at their respective absorption maxima, while the chitosan-coupled dyes (AS 14-CS and
AS 15-CS) were excited at their isosbestic points. Insets show photographs of the corresponding dye solutions and films at pH 3 (left) and pH 10 (right).

Table 1 Fluorescence lifetime components (t), relative intensity contri-
butions (f ), average lifetime (hti), and reference lifetimes of the corres-
ponding free dyes in buffer

Sample t1 (ns) f1 (%) t2 (ns) f2 (%) hti
Free dye
t (ns)

AS 14-CS (b) 1.1 5.0 3.3 95 3.2 2.3
AS 14-CS (a) 0.1 46 0.9 54 0.5 0.2
AS 15-CS (b) 0.7 2.0 3.5 98 3.5 2.7
AS 15-CS (a) 1.1 23 2.7 77 2.3 1.6

(a) and (b) correspond to acidic and basic forms, respectively. The
quality of the bi-exponential fit was assessed using reduced w2 values
and the distribution of weighted residuals.
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the AS 14-CS and AS 15-CS films exhibit dominant lifetime
components of 3.29 ns (95%) and 3.54 ns (98%), respectively,
with the shorter-lived components contributing negligibly to the
overall decay. In their acidic forms, the shorter-lived component
contributes more significantly to the overall lifetime. In the
weakly emissive AS 14-CS acidic form, two distinct lifetime
components were evident, indicating the presence of multiple
emissive states, which is consistent with its lower pKa (4.9),
where small variations in pH can significantly affect protonation

equilibrium and thus modulate the dye’s excited-state behavior.
For the acidic form of AS 15-CS, although a second component
was present, the average lifetime remained close to the domi-
nant component, suggesting that the contribution of the sec-
ondary species is less pronounced.

Both AS 14 and AS 15 exhibited increased fluorescence
lifetimes upon incorporation into chitosan films, in both their
acidic and basic forms, compared to their free counterparts in
aqueous buffer. This enhancement in lifetime is consistent

Fig. 7 Photostability profiles of (a) the acidic form and (b) the basic form of the free dyes and chitosan-coupled dyes in pH 4 and pH 10 buffers,
respectively, over 3.5 hours of continuous irradiation using a 575 W mercury halide lamp.

Fig. 8 Change in absorption spectra over time for AS 14-CS and AS 15-CS in basic and acidic forms under continuous irradiation using a 575 W mercury
halide lamp.
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with previous observations in chitosan-based polyelectrolyte
complexes doped with xanthene dyes such as eosin Y and
erythrosin B, where changes in the local microenvironment,
particularly polarity, influenced the lifetime.46 Both AS 14 and
AS 15 are known to demonstrate solvent-dependent lifetime
behavior, with longer lifetimes observed in polar organic sol-
vents relative to aqueous buffer (Table S2). When covalently
bound to chitosan, the dye experiences changes in the polarity
of its surroundings, resulting in a longer lifetime. Nevertheless,
consistent with the behavior observed for the free dyes in
solution, the basic form continued to display a longer lifetime
than the acidic form in the chitosan films.

Importantly, these pH-responsive color and fluorescence
changes are studied here only in controlled buffered solutions
that mimic the pH changes observed in infected wounds. For
future application as an infection-sensing substrate, these
properties must be later investigated in relevant media.

Color and photostability

The color stability of pH-sensitive films relies on the choice of
dyes. Dyes like anthocyanin and alizarin tend to degrade
quickly when exposed to heat and light.47,48 To maintain their
color, these films should be stored at reduced temperatures
and protected from light. Moreover, dyes that are incorporated
into polymers without covalent bonds may leach out over

time.47,49 Therefore, it is necessary to assess the color and
photostability of the pH-sensitive films.

To evaluate the photostability of the dyes when immobi-
lized, the acidic and basic forms of the AS 14-CS and AS 15-CS
films, as well as the free dyes in solution, were irradiated under
identical conditions using a 575 W mercury halide lamp. The
photostability of the free dye and dye-coupled films was then
assessed by monitoring the decrease in absorbance at lmax over
time under continuous illumination (Fig. 7).

Compared to the standard indicator fluorescein and the
common biological label Cy5, carborhodols display superior
photostability, addressing a key limitation of existing probes
(Fig. S20). The free dyes AS 14 and AS 15 demonstrated excellent
photostability in their acidic forms, with only 7% and 2%
degradation, respectively, after 210 minutes of continuous
irradiation (Fig. 7a). When immobilized in chitosan films, AS
14-CS and AS 15-CS exhibited higher degradation rates under
the same conditions, at 32% and 23%, respectively (Fig. 8).

Under basic conditions, the free dyes showed greater photo-
degradation, with both AS 14 and AS 15 displaying approximately
26% loss in absorbance (Fig. 7b). In contrast, AS 14-CS was the
most photostable among all tested systems under basic condi-
tions, exhibiting only 15% degradation, while AS 15-CS showed a
higher degradation of 35%. All these values still indicate good
photostability of the film, considering the harsh experimental
conditions compared to the normal wound environment.

Fig. 9 Absorption spectra of AS 14-CS and AS 15-CS films irradiated in the basic or acidic form for 24 hours, then immersed in a buffer of pH 4 or pH 10,
respectively, and dried.
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To determine whether films are still sensitive to pH changes
after irradiation, films exposed to 24 hours of continuous irradia-
tion were immersed in buffers of different pH values, and the
absorption spectra measured. When irradiated basic films were
washed with pH 4 buffer, they exhibited a visible color change to
pink, consistent with the protonated (acidic) form of the dye.
Conversely, rinsing with pH 8 buffer restored the characteristic
color of the deprotonated (basic) form in the acidic films.
Subsequent spectral measurements confirmed that these washed
films displayed absorption profiles corresponding to their respec-
tive acidic and basic forms (Fig. 9). As a control, a blank chitosan
film without dye was measured under the same irradiation and
buffer conditions, and no spectral changes were observed
(Fig. S21), confirming the stability of the chitosan matrix.

Conclusions

pH-responsive wound dressing-type materials were developed
by covalently coupling NHS-esters of novel photostable carbor-
hodol dyes, AS 14 and AS 15 to CS films. The coupling was
successfully achieved for CS films prepared via drop-casting on
polystyrene and spin-coating on glass, as confirmed by ATR-FTIR
spectroscopy, UV-VIS absorption, and fluorescence measure-
ments. This amide bond formation affords non-leaching pH-
sensing biopolymer films. Both AS 14-CS and AS 15-CS exhibited
distinct and reversible color changes within the clinically rele-
vant pH range of 4–7, with pKa values of 4.9 and 5.3, respectively.
In the basic form, the fluorescence intensity was enhanced
compared to the acidic form, with turn-on ratios of 30 for AS
14-CS and 1.2 for AS 15-CS.

The reported AS 15-CS film functions primarily as a chromo-
genic sensor, with clear color changes from pink to blue to
indicate infection-associated pH elevation. The developed AS 14-
CS film exhibits both chromogenic and fluorogenic responses,
enabling pH monitoring by the naked eye, with a pink-to-purple
color change under ambient light or a significant increase in
fluorescence intensity under UV illumination. AS 14-CS could
therefore be used as an efficient monitor of wound infection
status.

Both films showed pH-dependent fluorescence lifetimes,
with longer lifetimes in basic and shorter in acidic states.
This is particularly advantageous to distinguish between any
potential autofluorescence of biological tissue and the dye
itself, while also introducing the possibility of FLIM monitoring
of wound status. The materials demonstrated high photostabil-
ity, color stability, resistance to dye leaching in aqueous and
mixed solvent systems, a gravimetric swelling ratio of approxi-
mately 200%, and maintained reversible optical responses after
prolonged irradiation. In addition, a shelf-life of Z7 months
and the stability of the films in ethanolic solutions for steriliza-
tion make these materials particularly attractive. Collectively,
these results highlight a novel, simple, and efficient strategy
for fabricating stable, pH-responsive wound dressings cap-
able of real-time visual and fluorescence-based monitoring of
wound status.

To further develop these systems towards clinical applicabil-
ity, additional characterization under wound-relevant conditions
is required. This includes in vitro evaluation in simulated wound
fluid in the presence of bacteria, followed by ex vivo studies
using porcine skin models and ultimately validation in in vivo
wound models.
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DCC N,N0-Dicyclohexylcarbodiimide
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DCM Dichloromethane
PBS Phosphate-buffered saline
NHS N-Hydroxysuccinimide
TFA Trifluoroacetic acid
DMSO Dimethylsulfoxide
NaOH Sodium hydroxide
FWHM Full width at half maximum
TCSPC Time-correlated single photon counting
FLIM Fluorescence lifetime imaging microscopy
AFM Atomic force microscopy
FESEM Field emission scanning electron microscopy
ANOVA Analysis of variance
ATR-FTIR Attenuated total internal reflection-Fourier

transform infrared
HPLC High-performance liquid chromatography
LCMS Liquid chromatography-mass spectrometry
NMR Nuclear magnetic resonance
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