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Carbon monoxide (CO) is a well-established gasotransmitter known for its diverse physiological benefits.
However, achieving controlled and targeted CO delivery remains challenging. To address this, light-acti-
vated carbon monoxide-releasing molecules (photoCORMs) offer a promising strategy. In this study, we
report a new terpyridine-based manganese carbonyl complex, Mn-1, along with a known photoCORM,
Mn-2, both capable of releasing CO upon light irradiation in various media. For the first time, these CO-
releasing compounds were incorporated into the Pluronic F-127 hydrogel matrix, yielding PG@Mn-1 and
PG@Mn-2, respectively. Pluronic F-127 was selected due to its known biocompatibility and suitability for
biomedical applications. The photo-triggered release of CO from the hydrogels was confirmed through
UV-vis absorption and emission-based photokinetic studies. Additionally, time-dependent FTIR spec-
troscopy corroborated light-induced CO release from the hydrogel matrices. Myoglobin assays revealed
that PG@Mn-1 and PG@Mn-2 released 3.5 x 1072 uM and 171 x 1072 uM of CO, respectively.
Furthermore, PG@Mn:1 and PG@Mn-2 demonstrated
Staphylococcus aureus and Escherichia coli. These findings suggest that the thermoresponsive, photoac-
tivatable CO-releasing hydrogels PG@Mn-1 and PG@Mn-2 hold significant potential for future biomedical
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Introduction

Carbon monoxide (CO) has been studied for its potential
therapeutic applications for decades. Although traditionally
known as a toxic gas, CO is an important endogenous gaseous
signalling molecule in the human body. It exhibits several ben-
eficial biological effects, including anti-inflammatory, antibac-
terial, and vasodilatory properties.'™ Also, CO treatment can
prevent diet-induced obesity and hyperglycemia.® Although
animal studies have demonstrated promising outcomes with
CO administration, its strong affinity for hemoglobin in
humans raises concerns about oxygen deprivation and related
injuries. Therefore, precise delivery of CO to specific targets is
essential to harness its therapeutic benefits while minimizing
toxicity.” To address this challenge, transition metal carbonyl
complexes have emerged as safe and effective carriers for CO
delivery. Recently, organometallic-based Carbon Monoxide
Releasing Molecules (CORMs) have gained significant atten-
tion due to their versatility and numerous advantages. These
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include variations in the metal center’s oxidation state, struc-
tural diversity, and stereochemistry, as well as the nature and
number of coordinated carbonyl ligands, all of which can be
tailored to control CO release properties.® Notably, metal car-
bonyl complexes are known to release CO primarily through
photodissociation upon exposure to light.>”® The chemistry of
manganese carbonyl complexes is highly recommended as
they are known to undergo surplus photochemical reactions.’
Manganese (Mn), being an essential trace element, is bio-
essential and plays key roles in the functioning of multiple
enzymes in the human body.'® Considering the above-dis-
cussed criteria, we have reported a new manganese carbonyl
complex-based CORM for the effective release of CO under
light. In recent advancements, a larger number of CORMs are
being reported.>'°"> However, water solubility is a crucial
requirement for therapeutic applications, yet most CORMs
lack this property. Their inherent hydrophobicity hinders
efficient in vivo delivery, posing a significant challenge for bio-
logical use. To address this limitation, various delivery
scaffolds such as polymeric micelles, lipid nanoparticles, den-
drimers, and polymeric nanoparticles are employed to improve
solubility and enhance bioavailability."*'* CO release using
vesicles, liposomes, micelles, and dendrimers has been
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reported.>®'>'® Hydrogels (HG) have received significant
attention due to their vast application in the fields of biomedi-
cine and pharmaceutics, including drug delivery, tissue engin-
eering, and wound dressing."” This 3D network of hydrophilic
polymer-based gels is considered a potential candidate for bio-
medical applications, as water is the greatest component of
the human body and gels."®'® While biocompatibility and
tunable biodegradability are advantages, their porous structure
enables them to serve as a framework for incorporating the
drug and protecting it from the harsh environment."® Stimuli-
responsive hydrogels respond to physical and chemical stimuli
like light, pressure, mechanical stress, pH, and various energy
sources.””*' Temperature-responsive hydrogels are vastly
favored as temperature alone serves as a trigger for gelation.>?
Thermo-reversible hydrogels undergo a sol-gel phase tran-
sition when subjected to external temperature. One of the
widely used thermosensitive polymers is Pluronic, which is a
Polyethylene Oxide-Polypropylene Oxide (PEO-PPO) triblock
copolymer.”® 1t is amphiphilic as it has hydrophobic (PPO)
and hydrophilic groups (PEO).>* Pluronic F-127 is preferred
because of its ability to form a gel at lower concentrations near
to room temperature (RT).>® Due to the differing solubilities of
its polyethylene oxide (PEO) and polypropylene oxide (PPO)
blocks, Pluronic F-127 can self-assemble in aqueous media,
and lead to the formation of micelles.>® The micellar subunits
of Pluronic act as building blocks for the gelation process. In a
thermoreversible process, the micellar mode of association
makes it a suitable candidate for drug delivery.>” Although the
range of application of Pluronic F-127 hydrogel is vast, its use
in CO release remains unexplored. In this study, the incorpor-
ation of carboxyl- and hydroxy-functionalized Mn(i) terpyridine
carbonyl complexes into a Pluronic F-127 hydrogel matrix was
achieved. To the best of our knowledge, this represents the
first example of such a system, providing a versatile platform
for tunable, light-controlled CO delivery with potential appli-
cations in antibacterial efficiency.

Experimental section
Materials and reagents

2-Acetyl pyridine, 4-carboxybenzaldehyde, 4-hydroxybenzalde-
hyde, KOH, NH,OH, diethyl ether, and Pluronic F-127 were
commercially available from Sigma Aldrich.
Bromopentacarbonylmanganese (Mn(CO)sBr) was purchased
from Alfa-Aesar. Other chemicals were purchased from Loba
Chemie Pvt. Ltd. The solvents used were analytically pure and
used without further purification unless otherwise specified.

Instruments and methods

Absorption and emission spectra were recorded using an
Agilent Cary 60 UV-vis spectrophotometer and an Agilent Cary
Eclipse fluorescence spectrometer, respectively, with a quartz
cell of 1.0 cm path length. FT-IR experiments were conducted
using a SHIMADZU infrared spectrophotometer. Rheological
measurements were performed on a rheometer (ARES-G2). The
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morphology of the sample and Energy Dispersive X-ray (EDX)
spectra were recorded using a JEOL JSM 6390LV SEM instru-
ment. 'H and *C NMR was measured on a Bruker Avance
500 MHz. The mass spectra were recorded on a Waters Q-Tof
mass spectrometer.

Synthesis of 4'-(4-carboxyphenyl)-2,2":6",2"-terpyridine (1)

Ligand 4'-(4-carboxyphenyl)-2,2":6’,2"-terpyridine (1) was syn-
thesized following a known procedure (Fig. $1).>® Accordingly,
2-acetyl pyridine (1.74 g, 14.38 mmol) and 4-carboxybenzalde-
hyde (1.08 g, 7.19 mmol) were dissolved in methanol. Later,
15% KOH and conc. NH,OH were added to this solution. The
mixture was stirred at RT for 3 days. The formed precipitate
was filtered and washed with a mixture of CHCIl; and cold
CH30H/H,0 (1:1). The retrieved crude product was dissolved
in a CH3OH/H,O (4:1) mixture. The clear solution was acidi-
fied to pH 2 using 1 M HCI, which resulted in the formation of
a white precipitate. It was collected and washed with cold
water to yield ligand 1. Yield 67% (1.72 g). FTIR wavenumber
(em™): 3055, 2382, 1689, 1595, 1471, 1415, 1392, 1261, 1184,
1087, 1006, 856, 773, 729, 692, 632, 524. ESI-MS: calculated m/
z: 353.11 and 354.11. Observed m/z: 354.12 and 355.12
(Fig. S2).

Synthesis of the manganese carbonyl complex (Mn-1)

[Mn(CO)sBr] (116.64 mg, 0.42 mmol) and 1 (100 mg,
0.28 mmol) were dissolved in a diethyl ether and DMF
mixture, which was then refluxed for 3 hours and cooled down
to RT. The resulting yellow precipitate was washed with diethyl
ether to remove the unreacted Mn(CO)sBr to yield Mn-1 as an
off-white solid. Yield 62% (100 mg). FT-IR wavenumber (cm™):
2359, 2036, 1949, 1918, 1704, 1608, 1537, 1479, 1432, 1393,
1270, 1189, 1110, 1053, 1006, 858, 767, 676, and 619, where
2036, 1949, and 1918 correspond to CO stretching. 'H NMR
(500 MHz, DMSO-d;) § 13.26 (s, 1H), 9.33-9.20 (m, 1H), 9.08 (s,
1H), 9.02 (d, J = 8.1 Hz, 1H), 8.88-8.77 (m, 1H), 8.34-8.29 (m,
2H), 8.21 (s, 1H), 8.11 (dd, J = 22.4, 7.8 Hz, 3H), 8.05-7.89 (m,
2H), 7.70 (dt, J = 53.2, 6.4 Hz, 2H). ">C NMR (126 MHz, DMSO)
5 223.85, 221.72, 217.74, 166.65, 162.96, 157.91, 157.31,
156.51, 152.97, 149.08, 148.62, 138.97, 138.83, 137.12, 132.23,
129.85, 127.86, 126.28, 124.89, 124.40, 124.26, 119.56, 35.63,
30.61. ESI-MS: calculated m/z: 572.95. Observed m/z: 569.94
and 571.94 (Fig. S3). A manganese carbonyl complex of 4’-(4-
hydroxyphenyl)-2,2":6’,2"-terpyridine (Mn-2) was prepared
according to the previous literature reported by our group.?’

Synthesis of Pluronic F-127 hydrogel (PG)

The Pluronic F-127 hydrogel (PG) was prepared by following a
published procedure.*® Out of the two techniques mentioned
in the previous literature, “hot and cold techniques”, we opted
for the cold technique. Accordingly, 25 wt% Pluronic F-127
was slowly added to cold distilled water, along with gentle stir-
ring. The temperature was maintained at 5 °C to dissolve the
Pluronic F-127 in water until it became a clear solution. Once
the Pluronic F-127 was completely dissolved, the solution was
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brought to RT. The formation of PG was confirmed using the
tube inversion method.

Incorporation of Mn-1 and Mn-2 into PG

Taking advantage of the thermoresponsive behavior, the physi-
cal state of the PG (solution to gel state) was tailored as needed
for further studies. To achieve the homogenous distribution of
Mn-1 and Mn-2 in the PG, the solution of Mn-1 and Mn-2
(DMSO) was added to the PG in its solution state (3-5 °C).
Once the incorporation of Mn-1 and Mn-2 into the PG was
completed, the PG was brought to RT. Thus, PG with incorpor-
ated Mn-1 (PG@Mn-1) and Mn-2 (PG@Mn-2) was achieved.

Photokinetic study

The CO-releasing behavior of complex Mn-1 and gels
(PG@Mn-1 and PG@Mn-2) was studied using UV-vis, emis-
sion, and FTIR studies. The photolysis experiment was per-
formed by placing the cuvette containing the CO-releasing
moieties at a distance of 26 cm from the light source (410 nm,
1 W) in a covered box. It was irradiated at regular intervals
until the absorption spectra showed saturation.

Myoglobin assay

A myoglobin assay was performed to quantify the CO release
from Mn-1, PG@Mn-1, and PG@Mn-2. In this method, the
conversion of deoxy-myoglobin to carbonmonoxy-myoglobin
was studied spectrometrically and quantified by measuring the
absorbance of the heme Q-bands at 540 nm.*"** Myoglobin
solution (132 uM) was prepared freshly in HEPES buffer (pH
7.2). It was added to sodium dithionite (1%) to convert myo-
globin into deoxymyoglobin. The CO-releasing moieties were
dissolved in the deoxymyoglobin. On irradiation with the light
source, the absorption band at 560 nm was converted into two
absorption maxima at 540 nm and 578 nm. Later, the amount
of CO released was quantified in accordance with the absor-
bance spectroscopy.

Time-dependent FTIR studies

Time-dependent FTIR was recorded to study the CO-releasing
properties of Mn-1, PG@Mn-1, and PG@Mn-2. The CO-releas-
ing moieties were irradiated systematically at regular intervals
using the light source. After irradiating for a specific period, a
standard amount of the sample was removed from the stock
and dried to make KBr pellets. Later, the spectra were recorded
for the KBr pellets.

Morphological characterization

The morphology of the hydrogels was examined using scan-
ning electron microscopy (SEM). Prior to the analysis, the
hydrogels were vacuum-dried until they became amorphous.
The dried materials were spread on a double-sided conduction
adhesive tape and were analyzed using SEM (JSM-6390LV,
JEOL). The analysis was done under a high vacuum and at 10
kV operating voltage.
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Rheological measurement

The rheological measurement of the hydrogels was performed
on a rheometer (ARES-G2) along with temperature control. The
parameters included a parallel plate geometry of 40 mm and a
0.2 mm gap between plates. The sol-gel transition of the
hydrogels was studied by varying the temperature (5 °C min™"
to 10 °C min™"). The viscoelastic property was studied by
varying the storage (G') and loss modulus (G").

Thermal analysis

Thermal analysis (TGA and DTA) of the hydrogels was carried
out in a HITACHI TG/DTA7200. Prior to analysis, the hydrogels
were vacuum-dried until they became amorphous. Later, it was
placed in an aluminum pan and was heated from 30 °C to
800 °C under a N, atmosphere, and the changes were recorded
at 10 °C min™.

Antibacterial studies

The antibacterial activities of PG@Mn-1 and PG@Mn-2 were
studied against Staphylococcus aureus (S. aureus - MTCC 96
strain) and Escherichia coli (E. coli - MTCC 452). 0.5 McFarland
standard dilution of microbes was used for the study.
Ciprofloxacin (10 pg) was used as a positive control (PC).
100 pl of the diluted log cultures of bacteria was added to the
microcentrifuge tube. It was added with 5 pl of the prepared
treatment dilutions of PG@Mn-1 and PG@Mn-2 of different
concentrations. After incubating for 24 hours, all the content
was transferred to a 96-well plate. Once transferred, the ali-
quots were exposed to light irradiation (410 nm) for 1 hour.
Later, the turbidity reading was recorded before and after
irradiation using an ELISA Plate Reader (iMark Biorad). The
minimum inhibitory concentration (MIC) value was estimated
using the software GraphPad Prism-6 and using the Gompertz
model.

Results and discussion

Manganese terpyridine complexes (Mn-1 and Mn-2) were syn-
thesized by refluxing their respective terpyridine ligands with
Mn(CO)sBr (Scheme 1). To evaluate how substituent elec-
tronics influences CO release rates, carboxyl and hydroxyl

Mn(CO)sBr

DMF/ether reflux for Mn.2

or
THF, reflux for Mn.1

X = COOH (1)
X = OH (2)

X = COOH (Mn.1)
X = OH (Mn.2)

Scheme 1 Schematic representation for the synthesis of Mn-1 and
Mn-2.
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group-substituted terpyridine complexes were selected as
representative examples. The carboxyl and hydroxyl functional
groups differ significantly in their electronic properties.
Specifically, the carboxyl group is electron-withdrawing, while
the hydroxyl group is electron-donating. All the compounds
were characterized by 'H NMR, ESI-MS, and FTIR analysis.
Terpyridine has a wide-range of coordination chemistry, exhi-
biting multiple bonding modes like monodentate, bidentate,
tetradentate, and bridging.>®> However, one of the familiar
lower denticity bonding modes of terpyridine is bidentate.**
Hence, we assume that Mn-1 and Mn-2 opt for a bidentate
coordination mode, where the Mn is coordinated to the
central pyridine and one terminal pyridine only, and the other
terminal pyridine remains unbound.>***

The FTIR spectrum of Mn-1 exhibited two strong bands.
One sharp CO stretch (vco) was observed at 2036 cm™' and
another broad vco was observed between 1949 cm™' and
1918 em ™, which is in agreement with the established manga-
nese carbonyl complexes.*>” A minor split was observed in
this broad vco band that distinguished the other two CO
ligands present in the equatorial plane.’

Photokinetic studies

The new CORM Mn-1 was subjected to a photokinetic experi-
ment to monitor its CO-releasing behavior on exposure to light
(410 nm). As shown in Fig. 1, the UV-vis spectra of Mn-1
showed a broad absorption band at 400 nm, along with a
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higher-energy band at 290 nm. Upon photolysis, absorption at
400 nm decreased, with concurrent increases at 488 nm and
286 nm. The change in absorbance appeared along with clear
isosbestic points at 358 nm, 313 nm, and 293 nm. This indi-
cated the neat conversion of Mn-1 into photolyzed products
and the release of CO from the solution. The dissolution rates
of acids have a broad range of solubility properties under
various pH values,*® which may affect the rate of CO release
from Mn-1. Hence, the CO-releasing behavior of Mn-1 was
explored under light in different media and with different pH
values. As presented in Table 1, the rate of CO release is faster
in CH3CN-DMSO (80-20, v/v) as compared to media with
other pH conditions. The UV-vis and emission spectra
obtained showed similar spectral changes in all media (Fig. 1
and 2), and CO release was slower in a neutral pH medium.

As presented in Table 1, the photochemical behaviour was
compared in different media. Mn-1 consistently has higher
rate constants and shorter half-lives than Mn-2, indicating
faster CO release kinetics. Quantum yield analysis shows a
trend based on the solvent; Mn-2 has better photochemical
efficiency in organic-aqueous solvent (CH3;CN-DMSO and
H,0-DMSO) mixtures (Fig. S4) while Mn-1 has higher
quantum yields in buffered aqueous environments, particu-
larly in borax buffer (pH 9.01). These findings reveal distinct
reactivity and stability profiles for Mn-1 and Mn-2, influenced
by the solvent and pH environment. The presence of an elec-
tron-withdrawing group (-COOH) at Mn-1 decreases the elec-
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Fig. 1 Time-dependent UV-vis absorption of Mn-1 in (A) CH;CN-DMSO (80-20, v/v) and (B) H,O-DMSO (80-20, v/v); emission spectra (lex
280 nm, sw 10/10) of Mn-1 in (C) CH;CN-DMSO (80-20, v/v) and (D) H,O-DMSO (80-20, v/v) upon irradiation with blue light (410 nm). Inset: the

plot of change in absorbance with time.
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Table 1 Comparison of the rates, t;,,, and quantum yields of Mn-1 and Mn-2 in different media
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k(s™) ti (8) Quantum yield
Solvent media Mn-1 Mn-2 Mn-1 Mn-2 Mn-1 Mn:-2
CH;CN-DMSO (80-20, v/v) 0.0062 0.00345 112 200 0.031931 0.067159
H,0-DMSO (80-20, v/v) 0.00383 0.00293 181 236 0.142834 0.076379
HEPES buffer, pH = 7.2 0.00308 0.00205 225 338 0.142762 0.028636
Acetate buffer, pH = 5.01 0.00405 0.00196 171 353 0.09374 0.054591
Borax buffer, pH = 9.01 0.00432 0.00149 160 465 0.125972 0.005371
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Fig. 2 Time-dependent UV-vis absorption of Mn-1 under different pH conditions (A) HEPES buffer, pH 7.2, (B) acetate buffer, pH 5.01, (C) borax
buffer, pH 9.01 and emission spectra (1ex 280 hm, sw 10/10) of Mn-1 in (D) HEPES buffer, (E) acetate buffer, and (F) borax buffer upon irradiation with

blue light (410 nm). Inset: the plot of change in absorbance with time.

tron density around the metal centre. This lowers the back
bonding and may increase the CO release rate. In contrast, an
electron-donating (-OH) group at Mn-2 increases the metal
density and boosts back bonding; this strengthens the metal-
carbon bond and may be responsible for slow CO release as
compared to Mn-1.>° The rate of CO release is faster in aceto-
nitrile for both complexes, as it quickly coordinates with Mn(i)
after CO loss, preventing unstable intermediates. Also, its
polar aprotic nature and fast exchange accelerate CO release,
resulting CO to aqueous
solutions.

in faster release

40,41

compared

Furthermore, the CO-releasing behavior of Mn-1 was also
investigated using the fluorescence emission spectrum. Time-
dependent emission spectra were recorded by irradiating Mn-1
for various time periods. Initially, Mn-1 was non-fluorescent,
as the metal center is attached to the electron-withdrawing
—-COOH group. Upon irradiation with light, the emission inten-
sity increased, and the complex showed strong emission at
380 nm (dex = 280 nm). This result indicates that CO release

14044 | Dalton Trans., 2025, 54, 14040-14051

can also be monitored by the emission OFF-ON method
(Fig. 1(C), (D), and 2(D)—(F)). The increase in emission was due
to the removal of CO and thereby the Mn metal from Mn-1,
which may have led to the recovery of the terpyridine ligand (1)
and respective emission.

Time-dependent FTIR analysis of Mn-1

Furthermore, systematic and time-dependent FTIR analysis
was conducted to confirm the photo-induced release of CO
from Mn-1. A solution of Mn-1 in a DMSO-CH;CN mixture was
irradiated with a 410 nm light source over varying time inter-
vals (0-1680 s). At each time point, an aliquot was withdrawn,
dried under vacuum, and subsequently mixed with KBr to
prepare pellets for FTIR analysis (Fig. S5(B)). As shown in
Fig. S5(A), the characteristic CO stretching bands at 2022,
1950, and 1918 cm™' gradually diminished with increasing
irradiation time, indicating progressive CO dissociation.
Notably, a visible colour change in the KBr pellets was also
observed following light exposure (Fig. S5(B)), further support-

This journal is © The Royal Society of Chemistry 2025
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ing the complete photo release of CO from Mn-1. A similar
change was also observed for Mn-2 in the time-dependent
FTIR studies.”

Myoglobin assay of Mn-1

Furthermore, the CO-releasing behavior was also confirmed
using a myoglobin assay. Myoglobin solution was added with
sodium dithionite (1%) to convert myoglobin into deoxymyo-
globin. To this, the Mn-1 solution (20 uM) was introduced. It
was irradiated with light at various intervals, and the change
in spectra was recorded. Releasing CO from Mn-1 resulted in
the conversion of deoxymyoglobin to carbonmonoxy-myoglo-
bin, which was evident from the bands at 540 nm and 578 nm,
and the isosbestic points at 552 nm and 565 nm (Fig. 3).
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Fig. 3 UV-vis absorption spectra for the conversion of reduced Mb to
Mb-CO in the solution of Mn-1 upon exposure to light from 0 s to 1140
s. Inset: UV-vis absorption spectra of deoxy-Mb and Mb-CO.
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From the myoglobin assay, it was calculated that 5.37 X
1072 pM CO was released from 20 uM Mn-1, which is around
0.8 equivalents (25.6%) of CO. Following the complete release
of CO from Mn-1, demetallation and the formation of a homo-
leptic Mn complex were confirmed by ESI-MS (Fig. S6). The
CO-releasing behavior of Mn-2 is already known and has been
reported by us earlier.*®

Hydrogels (HG) for CO release

Pluronic F-127 is composed of 70% poly(ethylene oxide) (PEO)
units and 30% poly(propylene oxide) (PPO).>” It has advan-
tageous properties such as low toxicity, good drug loading
capacity, and biodegradability.**** In addition, Pluronic F-127
is thermosensitive, which favors cell adhesion inside the
defect site.” Due to their enhanced site specificity, HG
scaffolds have gained attention.*” Pluronic F-127-based hydro-
gels (PGs) are known for the delivery of the gaseous signaling
molecule NO.>® But to the best of our knowledge, Pluronic
F-127-based CO-releasing hydrogels are not known yet.
Therefore, compounds Mn-1 and Mn-2 were incorporated into
the Pluronic gel (PG) by tailoring the temperature to yield CO-
releasing hydrogels PG@Mn-1 and PG@Mn-2, respectively
(Scheme 2). Pluronic F-127, a triblock amphiphilic copolymer,
can assemble in an aqueous solution to form micelles.
Pluronic F-127 solutions can undergo a sol-gel transition as
temperature changes. At lower temperatures, the micelles are
dispersed in the solution, resulting in a sol state. As the temp-
erature increases, the micelles can pack together, leading to a
gel-like state.*®*

Rheological measurement of PG@Mn-1 and PG@Mn-2

In order to obtain the desired therapeutic effect from the
hydrogel, it is important to know the characteristics of its flow
properties.*® Hence, the rheological properties of both the PGs
were studied at varying temperatures. The system composition
influences the sol-gel transition process (Table 2).2”
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Scheme 2 Schematic representation for the incorporation of CORMs into the thermoresponsive Pluronic F-127 hydrogel (PG).
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Table 2 Temperature range of the PGs depicting their physical state
measured from rheological measurements

Hydrogel Gel state Sol state

Blank PG 20-72 °C <20 °C and >72 °C
PG@Mn-1 ~15-79 °C <15 °C and >79 °C
PG@Mn-2 ~10-82 °C <10 °C and >82 °C

As illustrated in Fig. S7, PG@Mn-1 and PG@Mn-2 exhibit
temperature-dependent sol-gel phase transitions. At very low
and extremely high temperatures, the formulations exist in a
low-viscosity sol state. In contrast, within an intermediate
temperature range, they transition into a gel state. Notably,
gelation occurs upon increasing the temperature above 20 °C,
which can be attributed to enhanced physical entanglement
among the hydrophilic PEO chains. This temperature-induced
gelation behavior highlights the thermoresponsive nature of
the hydrogel systems.*® Beyond 80 °C, a gel-to-solution tran-
sition is observed, which can be attributed to dehydration of
the micellar PEO shells and disruption or deformation of the
gel lattice structure. This thermal behavior indicates a break-
down in the physical network stabilizing the gel, resulting in a
loss of gel integrity at elevated temperatures.”®" Thus, rheolo-
gical measurements confirm the temperature-dependent sol-
gel transition behavior of the hydrogels PG@Mn-1 and
PG@Mn-2, highlighting their thermoresponsive nature.

Thermal analysis of PG, PG@Mn-1, and PG@Mn-2

Thermogravimetric analysis (TGA) was performed on
PG@Mn-1 and PG@Mn-2 to evaluate their physicochemical
properties and compare their thermal behavior with that of
the blank PG (Fig. S8). The TGA curves of PG, PG@Mn-1, and
PG@Mn-2 demonstrated thermal stability up to approximately
300 °C. A rapid decomposition phase was observed between
325 °C and 420 °C, with a total weight loss of ~97%. Notably,
the hydrogel formulations (PG@Mn-1 and PG@Mn-2) exhibi-
ted improved thermal stability, remaining stable up to 310 °C.

2 4 6 8
ul Scale 1319 cts Cursor: 0.000
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This indicates an extended degradation half-life compared to
the individual components, suggesting that the formulation
enhances the thermal stability of the hydrogel relative to the
pure reactants. To investigate the heat flow characteristics,
DTA was recorded for PG, PG@Mn-1, and PG@Mn-2 (Fig. S8).
The blank PG showed endothermic dehydration at 58 °C and
exothermic decomposition at 328 °C, similar to the results in
the reported literature.”® On incorporating Mn-1 and Mn-2 into
the PG, the endothermic dehydration remained at 58 °C while
the exothermic dehydration slightly shifted to 291 °C for
PG@Mn-1 and 272 °C for PG@Mn-2, respectively. Thus, it can
be concluded that even after the incorporation of Mn-1 and
Mn-2 into the PG, the stability of the hydrogels is retained.

Morphological characterization of PG@Mn-1 and PG@Mn-2

Furthermore, the morphology and surface nature of PG@Mn-1
and PG@Mn-2 were examined by SEM and EDX analysis.

As shown in Fig. 4, PG@Mn-1 and PG@Mn-2 exhibited a
fibrous bundle-like morphology, distinctly different from the
typical structure of the blank PG gel. Upon incorporation of
Mn-1 and Mn-2, the original gel morphology was transformed
into a floral-like arrangement, indicating a structural reorgan-
ization induced by the metal complexes. Elemental mapping
(Fig. S9) and EDX analysis showed characteristic peaks at Ko
5.894 keV and Lo 0.637 keV, confirming the presence of
manganese. These signals were observed exclusively in
PG@Mn-1 and PG@Mn-2, providing clear evidence of the suc-
cessful incorporation of the metal complexes into the hydrogel
matrix.

Furthermore, the incorporation of Mn-1 and Mn-2 into the
PG was confirmed by FT-IR analysis. The spectra recorded for
PG@Mn-1 and PG@Mn-2 displayed CO peaks analogous to
those for Mn-1 and Mn-2, respectively (Fig. S10).

Photokinetic study of PG@Mn-1 and PG@Mn-2

The light-induced CO-releasing ability of PG@Mn-1 and
PG@Mn-2 was studied in both the solution and gel states by
tailoring the temperature (Table 3).

P
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Fig. 4 (i) SEM image of (A) PG, (B) PG@Mn:-1, and (C) PG@Mn:-2. (ii) EDX of (A) PG, (B) PG@Mn-1, and (C) PG@Mn-2.
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Table 3 Comparing the rates, t1/5, and quantum yield of PG@Mn-1 and PG@Mn-2 in different physical states
Physical state Complex Concentration (uM) k(s™ ti2 (s) Quantum yield
Gel PG@Mn-1 264.7 0.0009 796 0.050795
PG@Mn-2 278.36 0.0074 93.77 0.344578
Liquid PG@Mn-1 264.7 0.0019 359.06 0.189869
PG@Mn-2 278.36 0.0042 165 0.263821
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Fig. 5 Time-dependent UV-vis absorption of (A) PG@Mn:-1 and (B) PG@
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Mn-2; emission spectra (lex 280 nm, sw 10/10) of (C) PG@Mn-1 and (D)

PG@Mn:-2 in the gel state upon irradiation with blue light (410 nm). Inset: the plot of change in absorbance with time.

The UV-vis spectra of PG@Mn-1 in both the gel state
(Fig. 5A) and the liquid state (Fig. S11(A)) show the absorption
band at around 395 nm, but upon time-dependent light
irradiation, an increase of the band at 488 nm and 286 nm is
observed. The systematic change in the UV-vis spectrum, along
with isosbestic points at 439, 353, and 294 nm, is a clear indi-
cation of CO release from both the sol and gel states of
PG@Mn-1. The photo kinetics of CO release were also investi-
gated using the emission spectra. PG@Mn-1 was also non-fluo-
rescent, but upon irradiation with light, the fluorescence was
turned on at 365 nm (Fig. 5C and S11(C)). Similarly, a photoki-
netic study of PG@Mn-2 was conducted. The UV-vis spectra of
PG@Mn-2 in both gel (Fig. 5B) and liquid states (Fig. S11(B))
consisted of absorption bands at 323 nm and 400 nm corres-
ponding to intra-ligand = — =* transition in the ligand (2) and
MLCT, respectively.”® On irradiation with blue light, the absorp-
tion band at 402 nm decreased, while the bands at 286 nm and
492 nm increased with isosbestic points at 446 and 304 nm.
Thus, the systematic change in the absorption spectra along
with the isosbestic points observed revealed the release of CO

This journal is © The Royal Society of Chemistry 2025

and the formation of photolyzed products. PG@Mn-2 was also
non-fluorescent initially, but upon time-dependent light
irradiation, it showed that the fluorescence was turned ON at
386 nm (Fig. 5D and S11(D)). This may be due to the loss of all
three CO moieties and decomplexations, which leads to the
recovery of the original emission of Mn-1 and Mn-2.

Therefore, from the above-discussed photokinetic study, it
can be concluded that the PGs incorporating Mn-1 and Mn-2
release CO on irradiation with blue light in both gel and liquid
states. Even a lower loading concentration (28 uM) of com-
plexes is enough to release the CO from the hydrogels
(Fig. S12). In this case, PG@Mn-1 and PG@Mn-2 released CO
at rates of 0.00362 s~ and 0.00436 s~ ", respectively.

It is evident from Fig. 6 that both the gels PG@Mn-1 and
PG@Mn-2 remain in the same physical state before and after
irradiation. Also, the CO-release from the hydrogels can be
monitored through the colorimetric change. PG@Mn-1 and
PG@Mn-2 undergo a colour change from yellow to colorless
on irradiation with blue light. Thus, the gels can be used for a
wider range of biological applications.

Dalton Trans., 2025, 54,14040-14051 | 14047
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In the gel state, the polymer network is highly crosslinked,
which creates a physical barrier to the movement of CO inside,
while in the liquid state, the mobility of the CO is less hin-
dered. This causes a difference in the CO release rate in both
states. In the Pluronic F-127 hydrogel (gel state), CO release
from PG@Mn-1 is slower due to strong hydrogen bonding
between the -COOH groups and the hydrogel network, result-
ing in increased crosslinking and restricted CO mobility. In
contrast, PG@Mn-2 contains -OH groups that form weaker
hydrogen bonds, leading to less crosslinking and faster CO
release. Additionally, hydrogels protect CO-releasing molecules
from degradation as compared to other solvent systems or lipo-
somes, ensuring stability, prolonged lifetime, and bio-
availability. The stability of Mn-1 and Mn-2 was increased in
hydrogels compared with in solution, as confirmed by UV-vis
studies.

Myoglobin assay of PG@Mn-1 and PG@Mn-2

The concentration of CO released from PG@Mn-1 and
PG@Mn-2 was calculated using the myoglobin assay by
measuring the absorbance at 540 nm. On the addition of 1%
sodium dithionite, myoglobin was converted into deoxymyo-
globin. 20 uM PG@Mn-1 and PG@Mn-2 were introduced into
the solution of deoxy-myoglobin. The solution was then irra-
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diated systematically with the light source until the peak at
552 nm shifted to 542 nm and 576 nm. The isosbestic points
observed and the conversion of deoxy-myoglobin to carbonmo-
noxy-myoglobin proved the CO release from PG@Mn-1 and
PG@Mn-2 (Fig. S13). It was calculated that PG@Mn-1 released
3.5 x 107> uM CO from 20 pM, which is around 0.5 equivalents
(16.7%). Meanwhile PG@Mn-2 released 1.71 x 107> uM CO
from 20 pM, which is around 0.3 equivalents (8.15%). Thus,
we can conclude that the amounts of Mn-1 and Mn-2 to be
incorporated into the PGs can be tailored as per the require-
ment for CO, as PG@Mn-1 and PG@Mn-2 are capable of
releasing CO at any concentration.

FTIR analysis of PG@Mn-1 and PG@Mn-2

Time-dependent FTIR studies were performed for PG@Mn-1
and PG@Mn-2 to confirm the CO release from gels. The gels
irradiated with a 410 nm light source at different intervals
were dried under vacuum, and the FTIR spectrum was
recorded using the KBr method.

As shown in Fig. 7, the characteristic IR bands of CO at
2024, 1933, and 1912 cm™* for PG@Mn-1 and 2024, 1930, and
1908 cm™" for PG@Mn-2 disappeared on irradiation with light.
This confirms the light-induced CO release from hydrogels.

PG@Mn.2 PG@Mn.2 PG@Mn.2
PG@Mn.2 + +

+
1Min ® 15Min? 30 Min ¢

Fig. 6 Time-dependent irradiations of (A) PG@Mn-1 (485 pyM) and (B) PG@Mn-2 (459 pM) with blue light (left to right).
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Fig. 7 Time-dependent FTIR spectrum of (A) PG@Mn-1 and (B) PG@Mn-2.
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Characterization of PG@Mn-1 and PG@Mn-2 after irradiation

After the release of CO from PG@Mn-1 and PG@Mn-2, their
physical state, morphology, and elemental distribution were
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examined by rheological measurements (Fig. S14), SEM ana-

lysis (Fig. 8), and elemental mapping, respectively (Fig. S15).
The hydrogels exhibited similar sol-gel-sol phase tran-

sitions before and after irradiation with blue light. Also, the
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(i) SEM images of (A) PG@Mn-1 and (B) PG@Mn-2 after irradiation. (ii) EDX of (A) PG@Mn-1 and (B) PG@Mn-2 after irradiation.
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morphology of the hydrogels was similar before and after
irradiation. The floral pattern of the hydrogel was retained
after the irradiation, which was confirmed by SEM analysis

(Fig. 8(i)).

Antibacterial activity of PG@Mn-1 and PG@Mn-2

CO is known to inhibit the growth of both Gram-positive
(G+ve) and Gram-negative (G—ve) bacteria. CO-releasing mole-
cules such as ALF021, ALF062, ALF850, ALF186, ALF153,
CORM-2, CORM-3, and CORM-371 exhibited significant anti-
bacterial properties against positive and negative bacterial
strains.>*~® Thus, the antibacterial activity of the CO-releasing
hydrogel PG@Mn-1 was explored using both G+ve (S. aureus)
and G-ve (E. coli) strains. The MIC of PG@Mn-1 was recorded
before and after irradiation with blue light. As shown in Fig. 9C
and D, without light irradiation, no significant effect on bac-
terial growth was observed with PG@Mn-1. But under
irradiation with blue light, substantial inhibition of bacterial
growth was observed. This reflects the antibacterial properties of
CO released from PG@Mn-1 on exposure to light. On the other
hand, the blank gel at different concentrations exhibited no
antibacterial activity, either before or after light irradiation
(Fig. 9A and B). This could be because CO might potentially
enhance the phagocytosis of bacteria by disrupting the bacterial
cell membranes.”” Additionally, the MIC% calculated for G+ve
bacteria is 6.16% while for G—ve bacteria it is 1.32%, which sig-
nifies the potential antibacterial properties of PG@Mn-1 with
light. Similarly, PG@Mn-2 also shows antibacterial activity
against both G+ve (S. aureus) and G—ve (E. coli) strains, with the
MIC% calculated for G+ve bacteria being 17.71% while that for
G—ve bacteria is 12.81% (Fig. S16A and B).

Conclusion

In summary, a new CO-releasing molecule, the manganese car-
bonyl complex of 4'-(4-carboxyphenyl)-2,2":6',2"-terpyridine
(Mn-1), was synthesized. Through a photokinetic study, the
CO-releasing properties of Mn-1 were established. Mn-1
released 5.37 x 107> uM of CO on irradiation with light of
410 nm. For the first time, CO-releasing molecules Mn-1 and
Mn-2 incorporated into thermoresponsive soft Pluronic hydro-
gel were prepared. The morphology and rheology of the PGs
were studied. The morphology of the PG was significantly
changed from a fibrous to a floral pattern on incorporation of
the CORMs. The rheological experiments proved the sol-gel
transition and revealed that the PGs stay in a liquid state at
extremely low and high temperatures, while they stay in the gel
state at an in-between temperature. To prove the light-induced
emission of CO from PG@Mn-1 and PG@Mn-2, both were sub-
jected to a photokinetic study under light. The studies con-
firmed the CO-release from gels and the formation of the
photolyzed products on irradiation with light. It was also
observed that both PG@Mn-1 and PG@Mn-2 released CO in
both gel and liquid states. Through the myoglobin assay, it
was observed that PG@Mn-1 and PG@Mn-2 released 3.5 x

14050 | Dalton Trans., 2025, 54,14040-14051
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107 pM and 1.71 x 107> pM CO. The PGs remained stable
under dark conditions. It was shown that both PG@Mn-1 and
PG@Mn-2 have the ability to undergo sol-gel transition and
release CO on exposure to light. In addition, the antibacterial
activity of PG@Mn-1 and PG@Mn-2 was studied, which gave
promising results. Thus, we believe that the dual advantages of
PG@Mn-1 and PG@Mn-2 can be exploited for drug delivery
applications and to facilitate easy administration.
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