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ABSTRACT: Developing a robust, cost-effective, and user-friendly sensor for
monitoring molecular oxygen (O,) ranging from a minute to a medically relevant
level (85—100%) in a stream of flowing breathable gas is vital in various industrial
domains. Here, we report an innovative application of the cobalt(r-histidine),
complex, a bioinspired model of O,-carrying metalloproteins, for rapid and reliable
sensing of O, from 0 to 100% saturation levels under realistic conditions. We have
established two distinct colorimetric O, detection techniques, which can be
executed with the use of a common smartphone camera and readily available color-
detecting software. A series of spectroscopic experiments were performed to
demonstrate the molecular-level alteration in cobalt(r-histidine), following its
exposure to oxygen, leading to an exclusive pink-to-brown color change. Therefore, this study establishes a template for designing
bioinspired molecular complexes for O, sensing, leading to practical and straightforward solutions. This metal-amino acid complex’s
broad-spectrum sensing of O, has widened the scope of bioinspired model complexes for divergent applications in industrial sectors.

(L-His),C:

B INTRODUCTION

Oxygen (O,) gas is reckoned as one of the essential
components for the survival of life on earth. The influence of
molecular oxygen has stretched beyond biology and found
widespread applications in the medicinal, metallurgical, and
construction industries."” Hence, quantitative measurement of
oxygen at variable levels remains a prime analytical interest.
The detection of oxygen concentration in the lower range
(0.1-10%) is important for food packaging as it helps in
controlling the microbial and oxidative spoilage of the
product.’~° The detection of a higher concentration of O,
has emerged as a key factor for the medical life-support system
that has certainly been realized during the recent COVID-19
pandemic scenario. Here, the presence of 92—96% optimal
oxygen saturation (SpO,) in supplemental oxygen is found to
be critical for the recovery and well-being of COVID-19-
infected patients.” Hence, accurate and user-friendly oxygen
purity-detecting technologies have garnered more consider-
ation now than ever. To date, several methodologies have been
devised to sense O, via partial pressure, electrical, or
photochemical signals. Nanoparticle-based materials are the
popular choice for developing such technologies, owing to
their potential use in the form of practically viable polymer
matrices and films.®* ¢ However, these processes typically
require expensive and delicate instruments to elude their
potential mass consumption.” Recently, colorimetric sensing
techniques have emerged as a popular O, diagnostic method
that even includes commonly used smartphones and other
mobile computing devices.'” Evans and co-workers reported a
luminescence-based colorimetric oxygen sensor mimicking a
traffic light behavior. However, the rapid quenching of the
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deployed fluorophore restricted the specific differentiation of
varying O, concentrations.'" An assembly of cadmium telluride
(CdTe) quantum dots (QDs) and [meso-tetrakis-
(pentafluorophenyl)-porphyrinato] platinum (II) was also
utilized for generating an optical sensor strip for O,. This
reversibly active strip efficiently identified molecular oxygen at
diverse concentrations although its sensitivity failed beyond a
50% O, level.'”” All these oxygen sensors known so far are
active in a certain range of oxygen levels and unable to detect
oxygen in its all concentrations, thus limiting their use in
several aspects. Thus, the search for fabricating a colorimetric
oxygen sensor continues that can precisely quantify the
amount of oxygen present in the system in a broad spectrum
range from 0.1 to 100%. These types of sensors not only act as
a boon in severe COVID 19 situations but can also be used for
diversified purposes from health care to other industries.
Oxygen molecules are transported in biology via discrete O,-
carrier metalloproteins, such as hemoglobin, hemerythrin, and
hemocyanin.'*~"* All these proteins exist in two distinct forms:
O,-bound oxy and O,-less deoxy. Interestingly, these two
forms exhibit distinctively separate colors, which can be
reckoned as a template for colorimetric O, sensing. The direct
usage of the natural metalloproteins for O, detection is
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Scheme 1. Formation of Deoxy-M and its conversion to the Oxy-M following its interaction with the molecular oxygen
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Figure 1. (A) Relative changes in the color of a neutral aqueous solution containing a 20 mM 1:2 Co(II)/1-histidine mixture under N, (Deoxy-M)
and O, (Oxy-M) atmosphere. The corresponding RGB-corrected spots are also demonstrated in the bottom panel for the solutions. Here, the RGB
correction is performed by subtracting the RGB readings of the initial Deoxy-M sample. (B) Five consecutive cycles demonstrating the reversibility
of the reaction. (C) Relative alteration of Deoxy-M and Oxy-M absorbances recorded at 410 nm with different O,/N, cycling.

considered impractical due to their fragility in vitro and the cost
associated with purifying an appreciable amount of proteins.
Literature suggests a wide variety of naturally occurring and
artificial cobalt complexes that bind with dioxygen.'*™"’
Collman and group performed some early studies regarding
the oxygen-binding potential of the “picket fence” system
based on the substituted cobalt (II) phthalocyanine complex.'”
Here, the thermodynamic potential for oxygen bonding by a
series of complexes was probed in both solid and liquid states.
The same group also explored cobalt and iron-containing aza-
capped porphyrins that structurally mimicked the heme
protein active sites. This investigation provided fundamental
insight into the structure-induced stabilization of oxygen
adduct and destabilization of CO derivatives.'® Martell and
co-workers studied the oxygen affinity properties of various
substituted Co(II) salen-type scaffolds to notice the effect of
substituents on oxygen-binding ability as electron-withdrawing
properties lower the oxygen-binding affinity.'® There was an
attempt to imitate the unique color-specific reversible O,
binding of the natural metalloproteins with a cobalt—histidine

molecular complex [Co(His),]; however, its detailed structure-
function relationship has not been established yet.”"*'

Here, in this study, we have revived the importance of this
[Co(His),] complex and deployed it for rapid and
straightforward detection of O, in an aqueous solution in a
broad range (0.1—100%). The O,-sensing ability of the cobalt
complex was probed qualitatively and quantitatively via two
distinctive approaches. In the direct approach, the color
difference between the deoxy and oxy form was availed to
establish the extent of oxygenation. The detailed structural
analysis with the help of a set of complementary spectroscopic
experiments established the formation of a trans-y-1,2-Co(I1I)-
peroxo moiety in the oxy form. This peroxo motif was released
in the form of H,0, with acidification, which established the
foundation of the second indirect method of colorimetric O,
detection with the rational inclusion of a follow-up 1,/starch/
Na,S,0;-based titration step. Both the colorimetric O,
detection techniques provided improved resolution with the
appropriate RGB correction software following the capture of
the pictures with commonly available smartphones. These
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Figure 2. (A) Visible color pattern/colorimetric response (top) of the prepared oxygen sensor M under different concentrations of oxygen and
RGB-corrected colors in circle (bottom). (B) Absorption spectra of M, in equilibrium with different oxygen concentrations in the surrounding

atmosphere. (C) Real and RGB-corrected colors of (1) Deoxy-M, (2) Oxy-M (under 100%

0,), (3) Oxy-M (under 90% O,), and (4) Oxy-M

(under 85% O,) observed during O, detection via the direct colorimetric method experiment.

processes displayed excellent colorimetric O, sensing in a large
range from a very minute concentration of 0.1% to as high as
100% O, saturation level with excellent reproducibility. Hence,
this study sets up a unique template for designing molecular
complexes for oxygen-sensing applications, with rational
incorporation of earth-abundant transition metals into natural
amino acid-based ligand frameworks.

B EXPERIMENTAL SECTION

Materials and Methods. Methanol (AR grade) and
diethyl ether (AR grade) were purchased from Finar
Chemicals Ltd. India. CoCl,:2H,0 was purchased from
Sigma-Aldrich, and vr-Histidine was purchased from Loba
Chemie. The optical spectra were recorded using an Ocean
Insight USB2000+XR1-ES spectrophotometer, with the DT-
MINI-2-GS light source using 1 cm path length in a 1 mL
Kozima-made quartz cuvette. The ATR-FTIR spectra of pure
solid samples were recorded on a PerkinElmer spectrometer.
The atmosphere with different oxygen concentrations was
created by a calibrated Mettler Toledo M800 Transmitter with
an InPro 6000 Optical Sensor. The pH values of the aqueous
solution were measured in a benchtop ORION STAR Alll
pH Meter (Thermo Scientific).

Preparation of Deoxy-M and Oxy-M. The synthesis of
the Deoxy-M and Oxy-M forms of the modeled Co(His),
complex (M) was done as per the reported procedure (Scheme
1). Initially, two separate aqueous solutions of CoCl,-6H,0
(0.02M) and r-histidine (0.04M) were prepared at room
temperature and were completely deoxygenated/deaerated by
constant purging of argon for a few minutes. The solution of L-
histidine was then added dropwise into the CoCl,-6H,0
solution under inert conditions to obtain a pink color solution
of the Deoxy-M complex. Addition of dioxygen gas to this
aqueous solution of Deoxy-M results in a rapid color change to
reddish brown corresponding to the Oxy-M complex (Figure

1).

27736

B RESULTS AND DISCUSSION

A minimalistic synthetic model of O,-carrying metalloenzymes
was developed by coordinating two equivalents of L-histidine
to a Co(IL) center in a neutral aqueous solution. 1520226 The
initial metalation was performed under argon (Ar) atmosphere
to originate a pink-colored deoxygenated version of the
complex (Deoxy-M). This Deoxy-M complex spontaneously
turned brown following its exposure to O,, and it was assigned
as the oxygenated metal complex (Oxy-M) (Figure 1A). The
absolute shade of the solution was directly dependent on the
extent of stoichiometric oxygenation of Deoxy-M, i.e., the
concentration of oxygen present in the solution. Hence, the
Deoxy-M complex has the potential to act as a chemical sensor
for detecting molecular oxygen in the aqueous phase. The
color difference between Deoxy-M and Oxy-M was digitalized
with RGB values for its practical application (Figure 1A). The
distinct color change between Deoxy-M and Oxy-M is
reversible in nature, and their color reversal was further
corroborated with the change in optical spectra and was
repeated for five consecutive cycles with the sequential
exposure of the solution to O, and Ar (Figure 1B,C).

This O,-dependent color change of the Co(1-His), complex
was probed further as an analytical tool for detecting the
variations of O, concentration ranging from minute 1% to
complete saturation (100%), with a special emphasis on the
medically relevant 80—100% purity zone. We have investigated
the bioinspired Co(L-His), complex-driven colorimetric O,
assessment via two distinct pathways as described in the
following sections.

Colorimetric Differentiation of O,. 1A Direct Colori-
metric O, Detection Method. The presence of a minuscule
amount of O, triggered the stoichiometric transformation of
the Deoxy-M complex (pink) to Oxy-M (reddish-brown) in an
aqueous solution under ambient conditions, which is generated
through a stoichiometric reaction between molecular oxygen
and Deoxy-M (vide infra). Henry's law describes that at a
constant temperature, the dissolved O, in an aqueous solution
is directly proportional to the partial pressure of the same gas
present over the liquid—gas interface. Thus, the color change
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occurring in the solution can reflect the slightest variation of
different gas samples with contrasting O, concentrations.

A pure Deoxy-M sample in a neutral aqueous solution (pH
7.0) was prepared under strict anoxygenic conditions (100%
Ar atmosphere) and designated as the 0% O, sample. Then,
this sample was exposed to varying O, concentrations (0—
100%), and the resultant change in the coloration of the stock
solution was recorded (Figure 2A). A fluorescent oxygen gas
sensor probe was employed to quantitatively adjust the O,
concentration in these sample solutions. The inclusion of O,
readily changes the color of the Deoxy-M sample, which is also
apparent with the formation of signature bands around 350 nm
and 410 nm in its absorption spectra (Figure 2B). The
colorimetric change of the solution was observed even with the
inclusion of very low concentrations of oxygen (Figure 2A and
B). Hence, this process is potentially suitable for the detection
of oxygen in adverse and hostile environmental conditions
where absolute oxygen concentrations are critical. However,
the difference in coloration of the Oxy-M sample was not
evident to the naked eye between 80 and 100% O, saturation.
To overcome this issue, the respective RGB values for each
sample were fetched with a commonly available 64-megapixel
primary camera (Sony IMX682 sensor used in this work)
present in typical smartphones along with RGB-detecting
software (Color picker or RGB detector), and they were
subtracted from the RGB value recorded for the original
Deoxy-M sample. The difference in the RGB-corrected
features was distinctly observed for different O,-saturated
samples (Figure 2A). This colorimetric technique specifically
depends on the dissolved O, concentration in a sample, which
alters with varying temperatures. Next, we followed the
efficiency of Deoxy-M to Oxy-M species formation in the
25—55 °C range to probe the temperature dependence of this
O, detection methodology. The optical spectral data indicated
that reliable Oxy-M generation ceases beyond 40 °C, whereas
its maximum production was observed around room temper-
ature (Figure S1).

We specifically probed the efficiency of this colorimetric
method in the medically relevant zone (i.e., 85—100% O,). For
this purpose, we prepared a Deoxy-M solution under
anoxygenic conditions and exposed it to the 85—100% O,
concentration to record the corresponding colorimetric
responses (Figure 2C). Although this methodology provides
a rapid and reliable O, sensing handle over a broad range (0—
100%), it failed to produce a clearly distinguishable change.
These data display the potential of this bioinspired cobalt-
amino acid complex for visual detection of oxygen concen-
tration only in a broader range.

1B Indirect Colorimetric O, Detection Method. As
mentioned in the previous section, one of the drawbacks of
the direct colorimetric method was the minimal visual
distinction observed for Co(1-His), samples exposed to 85—
90% O,. Hence, we attempted to widen the scope of visible
changes in these samples by rational utilization of an auxiliary
chemical reaction. The spectroscopic experiments with Oxy-M
samples demonstrated the formation of a peroxo functionality
following the O, purging (vide infra). This peroxide
intermediate can be extracted as hydrogen peroxide (H,0,)
following the addition of an acid to the Oxy-M solution. The
formation of H,0, directly reflects the amount of O, present
in the solution as they are stoichiometrically linked.

317 (aq) + H,0,(aq) + 2H"(aq) - L7 (aq) + 2H,0(1)
(1)

2I,” + 1% starch (aq) — starch—I;~ complex (aq) + I"(aq)
)

13_(3‘1) + 282032_(3‘1) — 31 (aq) + 54062_(3‘(1) (3)

Now, the quantitative measurement of H,O, via the back
titration with I7/I,/Na,S,05 is a well-established analytical
technique that can be employed here strategically for an
indirect measurement of O, concentration in an aqueous
solution. Here, the Oxy-M solution released H,0, with the
addition of 1M HCI solution. The Oxy-M complex was
dismantled in this step, evident from a sharp change of solution
color: reddish-brown to pink (Figure 3). The liberated H,0,

., ) .
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Figure 3. Serial changes in the coloration observed during the indirect
O, measurement via the Co(His), complex, involving the generation
of stoichiometric amount of H,0, and subsequent iodometric
titration. The differentiation between samples exposed to 85—100%
O, is highlighted with an appropriate RGB correction.

was subsequently deployed to oxidize an equivalent amount of
iodide (added as excess KI) to I, which was illustrated by the
brownish appearance of the solution (Figure 3). Next, a starch
solution was added to this I,-containing solution, which rapidly
turned dark blue. The formation of starch—I;~ adduct
presumably originates from this solution that can be titrated
with the reducing agent Na,$,0;.°" Now, this reaction
between Na,S,0; and the starch-bound I~ sample is
stoichiometric in nature, and the extent of this reaction can
be fine-tuned with the addition of the specific amount of
reducing agent Na,$,0; (eq 3). Next, we calculated the
amount of Na,S,0; required to neutralize starch—I;~ adduct
generated from the exposure of 100% pure O, (via Oxy-M).
Then, only 0.85 equiv of Na,S,0; of that maximal amount was
added to the starch—I;~ solution produced at the final step.
Here, a pink solution was resulted for any sample exposed to
<85% of O,. On the other hand, a darker shade exists in the
solution due to the presence of un-neutralized starch—Is~
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Figure 4. Comparative (A) optical and (C) corresponding CD spectra of the Deoxy-M (red trace) and Oxy-M (blue trace) complexes recorded in
a neutral aqueous solution (pH 7.0), highlighting the respective LMCT and d-d transition bands and their changes following the oxygen exposure.
The overlayed FTIR spectra for the Deoxy-M (red trace) and Oxy-M (blue trace) complexes measured in the (B) 450—1000 cm™" and (D) 1000—
400 cm™" regions, highlighting the appearance of bridging peroxo stretching band and cobalt-bound i-histidine features, respectively. The FTIR

data were recorded following the preparation of KBr pellets at room temperature.

adduct if the solution is purged with more than 85% O,. This
step was repeated with samples containing 85—100% of
solvated O,, where visibly distinct colors were observed. The
resolution of the color difference for the samples exposed to
85—100% O, was intensified following the RGB correction
(Figure 3).

The results display that the deoxy-M complex can act as a
perfect chemical sensor for O, in an aqueous solution. Hence,
this complex can be deployed further to establish a user-
friendly and instrument-free analytical technique for O, purity
check for rapid and distinctive colorimetric detection, akin to a
pH indicator paper.

Deciphering the Mechanistic Details. The reaction
between L-histidine and Co(II) possibly produces a 1:2
complex [Co(L-His),] (Deoxy-M) in a neutral aqueous
solution under anaerobic conditions. The optical spectra of
Deoxy-M present in a neutral aqueous solution exhibited a
weak band around 510 nm (¢ = 21 M™' cm™) that was
assigned as a d-d transition typically observed for octahedral
Co(II) centers.'"® However, the spectral features altered
significantly following the inclusion of molecular oxygen in
the solution. Two new strong bands appeared at 350 nm (& =
340 M~ cm™) and 410 nm (e = 300 M™! cm™) in this Oxy-
M sample; those were attributed to ligand-to-metal charge
transfer (LMCT) transitions (Figure 4A). The appearance of
two distinct LMCT bands possibly indicates the formation of a
trans-u-1,2-Co(III)-peroxo motif in the Oxy-M complex. The
two LMCT bands are typically observed due to the high-
energy 0,” (7*) — Co(Ill)d; (o interaction) and relatively
low-energy O, (z*) — Co(lll) dz2_; (7 interaction)
transitions (Figure S2).”” The possible formation of trans-u-
1,2-Co(IIl)-peroxo species was further supported by the

complementary FTIR experiment performed with both the
Deoxy-M and Oxy-M samples. The comparative FTIR spectra
demonstrated the evolution of a sharp signal at 790 cm™
exclusively for the Oxy-sample that can be accredited to the
formation of metal-coordinated peroxo species analogous to a
biological oxygen activator and carrier metalloproteins and
their model complexes (Figure 4B).'072%

The strong electron delocalization between Co(III)-O,>"-
Co(IIl) was further exemplified with the blue-shifted Co—L-
His stretching signal ~530 cm™ (Figure 4B).””*" A change in
the primary coordination sphere is warranted during the
conversion of Deoxy-M to Oxy-M, which consists of a trans-u-
1,2-Co(I1I)-peroxo moiety. Here, one of the imidazole motifs
possibly detaches from the cobalt, providing the ligation site
for peroxo binding. The changes in the FTIR pattern ~1100—
1500 and 3000—3200 cm™" regions corroborate the possible
liberation of one of the imidazole groups, whereas the
unaltered band at 1600 cm™ signifies the intact Co-carboxylate
bonds (Figure 4D).>"** The rearrangement of the metal
coordination following the oxygen exposure was further
probed with circular dichroism (CD) spectroscopy. The direct
ligation of optically active L-His to cobalt induces chirality to
the metal-based d-d optical transitions for the Deoxy-M
sample. However, the spectral features altered considerably for
the Oxy-M sample, where chiral LMCT bands appeared for
this sample along with a stark change for d-d bands (Figure
4C). Such a gradual change in the CD spectral feature
unequivocally supported the change of the coordination
geometry around the cobalt center during the Deoxy-M-to-
Oxy-M conversion (Figure S3). We propose the following
molecular scheme that illustrates the possible sequential
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Table 1. Spectral Data Comparison between the Deoxy-M and Oxy-M Samples

complex  optical spectral features [A,,,,/nm (¢/M™" cm™)] (origin) FTIR spectral features [7/cm™'] (origin)
Deoxy-M 510 (30) (d-d) 3120 (iaNsH{: Z5™ Dimidazole); 1640 (Teoo7); 1510 (Fey); 1386 (Fo_n)
Oxy-M 350 (340), 410 (300) (LMCT); 550 (90), 700 (15) (d-d) 3250, 3180 (l_/?qu;', l_/?quz, Vimidazole); 1640 Fcoo); 1515 (Foy); 1405 (Fe_n);
790 (Yo-o)
1.6
[Intercept 0.0521£0.018 [ (A) 0.35 fercept 0.0334 % 00075 (B)
Slope 0.9654 = 0.017 Slope 0.2076 + 0.0071
1.44|R-Square 0.99931 R-Square 0.99763
Adj. R-Square 0.99897 0.304[Adj. R-Square  0.99645
1.2

0

4
04 06 08 1.0 1.2 14 16
Concentration (mM)

04 06 08 10 12 14 1.6
Concentration (mM)

Figure S. Rate of interconversion of the (A) Deoxy-M complex to the Oxy-M complex on addition of 100 uL of oxygen with varying metal
concentrations. The rate of interconversion of the (B) Oxy-M complex to the Deoxy-M complex (with nitrogen purging) with varying metal

concentrations with time.

changes in the Deoxy-M and Oxy-M samples after combining
the insights from the optical, CD, and FTIR data (Scheme 1).

The preliminary generated pink Deoxy-M is mononuclear in
nature, where the Co(Il) center is coordinated with two
molecules of tridentate L-histidine. This paramagnetic complex
readily reacts with molecular oxygen and generates the brown-
colored Oxy-M sample. Here, O, is reduced to peroxo (O,*~
species) along with the Co(II)/Co(IlI) oxidation on two
distinct Deoxy-M molecules. As a result, Oxy-M species is
generated featuring a binuclear trans-u-1,2-Co(III)-peroxo
core. Here, a swift change in the coordination mode (tridentate
to bidentate) of the L-histidine ligand plays a crucial role in
harboring the peroxo ligand (Table 1).

Deciphering the Kinetics of Oxygen Sensing. The
kinetics of interaction of the Co(II) complex with the
molecular dioxygen was studied using optical spectroscopy
where the change in absorbance at 410 nm was monitored with
time following the addition of 100 uL of oxygen. The
experiment was repeated for different complex concentrations
keeping the oxygen concentration constant to obtain the
oxygen-binding rate with varying metal concentrations. It was
observed that the rate of oxygen binding enhanced with an
increase in the metal concentration. A first-order rate constant
of 0.965 X 107> s™" was computed for the Deoxy-to-Oxy-M
formation (Figure SA). A continuous purging of nitrogen alters
the course of the reaction and regenerates Deoxy-M from Oxy-
M. This reaction was also examined via an analogous kinetic
study, where a relatively slower rate constant (0.207 X 10~
s™') was observed (Figure 5B).

B CONCLUSIONS

The Co(r-histidine), complex is reckoned as one of the
bioinspired models of O,-carrying metalloproteins that exhibit
a swift change in color following exposure to O,. We have
demonstrated that the change of pink-colored Deoxy-M to the
brown Oxy-M form can be employed for detecting the O, level
present in an aqueous solution. This alteration establishes the
platform for two distinct quantitative and qualitative
colorimetric O, detection techniques. The first one is a direct
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method, where the color change in the solution was observed
with a readily available smartphone camera and RGB detecting
software. This user-friendly method reliably sensed O, from
the minuscule level (0.1%) to the medically relevant (85—
100%) zone. We have also established an indirect O, detection
method as the Co(r-histidine), complex produces a peroxo-
bridged intermediate following its interaction with oxygen. We
unleashed this stoichiometrically generated H,O, with an acid
treatment and determined its concentration with conventional
I,/starch/Na,S,0; titration. Here, the use of a specific amount
of Na,S,0; allowed us to distinctly differentiate from 85 to
100% O, saturation. Next, we probed the molecular change in
the complex structure following the O, treatment in detail with
a battery of spectroscopic methods, including optical, FTIR,
and CD. These studies suggested that O, binding triggers a
significant change in the inner coordination sphere around
cobalt. One of the imidazole groups gets disconnected to
accommodate the peroxo bond formation, leading to a
binuclear trans-u-1,2-Co(IIl)-peroxo core. The present results
provide a new perspective on developing bioinspired catalysts
that can be utilized for colorimetric oxygen detection in a
broad spectrum range for its widespread use in various
industrial and medical fields.
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