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Inorganic—organic hybrid copper phosphate
nanoflower coated with an upper rim
tetra-imidazolyl-phenanthroline derivatized
calix[4]arene: synthesis, characterization and its
application as a peroxidase mimic catalystf

Subrata Kumar Dinda,? Sivaiah Areti ©2'° and Chebrolu Pulla Rao (2 #*¢

An upper rim tetra-imidazolyl-phenanthroline derivatized calix[4]larene conjugate (L) was synthesized and
characterized using different analytical, spectral, microscopic and diffraction techniques. The incubation of
L with CuSO4-5H,0 in PBS buffer (20 mM) for 1 h resulted in the formation of a nanoflower material. The
L-coated copper phosphate nanoflowers (L@CuPNFs) were characterized through Fourier-transform
infrared spectroscopy, X-ray photoelectron spectroscopy, powder X-ray diffraction, and microscopy
techniques. The peroxidase mimetic activity of L@QCuPNFs was assessed, and the results were compared
with those of unmodified CuPNFs as a control. The peroxidase activity was demonstrated using three
different substrates, viz., tetramethylbenzidine (TMB), ortho-phenylenediamine (OPD) and guaiacol. The
progress of the oxidation reaction of the model substrates in the presence of L@CuPNFs and H,O, was
demonstrated through absorption spectra measured as a function of time. The changes could be
qualitatively gauged from the observed visual colour variation. The oxidized species were identified by
measuring the ESI-MS spectrum of the reaction mixture. The rate of oxidation of these substrates in the
presence of H,O, was higher when LQCuPNFs were used as a catalyst, and this was much greater than
the reaction rate observed with the unmodified CuPNF, which was not coated with L. All these results
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Introduction

Inorganic-organic hybrid nanoflower-like materials have gained
significant attention owing to their unique structural properties
and are involved in mimicking enzyme activity, such as that of
peroxidases."™ Upon immobilization of organic ligands and
biomolecules on inorganic substrates, chemical and structural
changes are induced in the corresponding nanomaterials
to acquire newer properties. These functionalized nanoflower
materials have shown significant advantages, such as enhanced
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confirmed that the coating of L enhanced the peroxidase mimetic activity of the nanoflowers.

operational stability, a high surface-to-volume ratio and
improved biocatalytic performance.>” Thus, nanoflower materi-
als have been used for various applications, such as biosensing,
targeted drug delivery, antibacterial treatment and enzyme-
mimicking activity.*'*> Therefore, developing nano-enzymes
based on functionalized nanoflower materials has been a sig-
nificant area of research.”>™ Among nanoflower materials,
copper phosphate {Cuz(PO,),}-based materials showed better
enzyme mimicking activity in PBS buffer upon the incorporation
of macromolecules."®"®

Macromolecules, such as proteins and polymers, have been
used as stabilizing agents for the growth of nanomaterials, such
as ZnO, CuO and Cu,(PO,),."*** With careful optimization of
the concentration of metal ions and stabilizing agents, nanoma-
terials with a specific size and shape and enhanced activity can
be generated. When a similar strategy was adopted in the case of
Cuy(POy),, it resulted in the formation of nanoflowers with the
use of organic molecules. Calixarenes have been extensively used
as building blocks for the selective recognition of cations,*>>
anions**® and neutral molecules.? ' The upper rim and lower
rim of calix[4]arene can be modified to serve various applications
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in the area of host-guest interaction,>” drug delivery
catalysis.*>*®

In this study, the upper rim of calix[4]arene is modified with
four imidazolyl-phenanthroline moieties to decorate the macro-
cyclic platform and form multiple metal binding sites that would
effectively coordinate Cu®*. This work primarily focuses on the
synthesis and characterization of conjugate L and a nanoflower
material that is coated with the conjugate (L@CuPNF) and the
application of the resultant inorganic-organic nanohybrid mate-
rial as a peroxidase mimetic catalyst.

Experimental section
Materials and methods

All the reagents and chemicals were purchased from Sigma
Aldrich Chemical Co., USA, and SRL, India, and were used with-
out further purification. HPLC grade solvents were used for the
spectral studies. 'H and *C NMR spectra were recorded in CDCl;
and DMSO-dy using a Bruker (400 or 500 MHz) NMR spectro-
meter. A Bruker spectrometer was used for the ESI-MS and HRMS
spectra. Absorption spectra were measured using a Shimadzu
UV2101PC spectrophotometer with a quartz cuvette cell. Freshly
prepared stock solutions of L, L@CuPNF and CuNPF solution
(1 mg ml™" in all the cases) were prepared in PBS buffer (10 mM,
pH 5.0) to perform the UV-vis studies. SEM images were taken
using FE-SEM (Jeol Scanning Microscope JSM-6700F), and TEM
micrographs were taken with the JEOL 2100F FEG-TEM instru-
ment. The XPS spectra were measured using an AXIS Supra X-ray
photoelectron spectrometer, Kratos Analytical, UK (225 W, pass
energy 160 eV, and take off angle of 90°).

Synthesis and characterization of L

A mixture of P; (0.536 g, 1.0 mmol, Schemes 1), 1,10-
phenanthroline 5,6-dione (4.204 g, 20.0 mmol) and NH,OAc
(38.541 g, 500.0 mmol) was dissolved in glacial acetic acid
(40 mL). The solution was refluxed for 48 h. The progress of
the reaction was monitored by checking the TLC. The reaction
mixture was allowed to cool to room temperature and was then
poured into Milli-Q water (100 mL) to obtain the crude product
as a precipitate. The precipitate was filtered and washed with
Milli-Q water three times until the filtrate became neutral
(i.e., pH 7.0) and finally with CH3OH two times and dried
under vacuum to obtain a pure greenish-brown product of L.
Yield 58% (0.75 g). "H-NMR (400 MHz, DMSO-d¢) J (ppm):
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13.44 (s, 4H), 9.26-8.92 (s, 16H), 8.05 (s, 8H), 7.24 (s, 8H), 4.61
(s, 4H), 3.66 (s, 4H); >*C NMR (125 MHz, DMSO-d¢)  (ppm):
157.09, 151.86, 151.64, 147.25, 142.882, 130.73, 130.55, 129.65,
126.90, 123.02, 120.12, 32.99; ESI-MS: m/z calculated for
CgoH4sN16Og is 1297.37, corresponding to [M]', and the
observed m/z at 1297.34, corresponding to [M]". All the relevant
spectra are presented in the ESIt (Fig. S3a-c).

Synthesis of L@CuPNF

The stock solutions of the conjugate (L) (1 mM) and that of the
CuS0,-5H,0 (100 mM) were prepared in DMSO and Milli-Q
water, respectively. The Cu®" solution was mixed with PBS
buffer (20 mM) so that the concentration of Cu** was 5 mM,
and the same concentration of Cu®>* was maintained in each
sample. The solution of L was then added in different concen-
trations in the range of 0-100 uM to the Cu®" ions dissolved in
PBS solutions. The total volume of each sample was 1 mL. Upon
the addition of L, the samples were kept undisturbed for 1 h.
The precipitate was then washed twice with Milli-Q water and
then dried under a vacuum.

Characterization of L@CuNFs

The nanoflowers of copper phosphate were characterized using
microscopy techniques, such as transmission electron micro-
scopy (TEM), by drop casting the solution on a copper grid and
scanning electron microscopy (SEM) by drop-casting on an
aluminum foil. The Fourier transform infrared (FTIR) spectra
of the samples and the controls were measured as KBr pellets.
Powder X-ray diffraction (PXRD) and X-ray photoelectron spec-
tra (XPS) of samples drop-casted on the aluminum foil of the
L@CuPNF and CuPNF were carried out.

Peroxidase mimetic activity of L@ CuPNFs

The stock solutions of L@CuPNF (1 mg mL™") and CuPNF
(1 mg mL™") were prepared in PBS buffer (10 mM, pH 5.0). A
stock solution of H,0, (100 mM) was prepared in Milli-Q water.
The stock solutions of substrates, viz., TMB (10 mM), OPD
(10 mM) and guaiacol (1000 mM), were prepared in PBS buffer
(10 mM, pH 5.0). The cuvette concentrations of L@CuPNF
(0.1 mg mL ") and CuPNF (0.1 mg mL ") were fixed in each
experiment. The cuvette concentrations of TMB (0.2 mM), OPD
(0.2 mM) and guaiacol (40 mM) were used for their respective
oxidation reactions. The cuvette concentrations of H,O, were
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Scheme 1 Synthesis of L: (a) AlCls, phenol, toluene, RT, and 24 h; (b) hexamethylenetetramine (HMTA), trifluoroacetic acid (TFA), reflux, and 24 h; (c)

1,10-phenanthroline-5,6-dione, NH4OAc, glacial AcOH, reflux, and 48 h.
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2 mM for the oxidation of TMB and OPD and 20 mM for the
oxidation of guaiacol.

Results and discussions
Tetra-imidazolyl-phenanthroline derivatized calix[4]arene, L

The L is synthesized via three steps, starting from p-tert-butyl
calix[4]arene (P;), followed by dealkylation to yield P,, and P,
was converted to tetraformyl derivative, P;, which was finally
condensed with 1,10-phenanthroline-5,6-dione to result in
the desired compound (L), as shown in Scheme 1. The L and
its precursors P, and P; were characterized by applying various
spectroscopic techniques, including FT-IR, 'H and '*C-NMR,
and ESI-MS. The corresponding data for P,, P; and L are
presented in the ESI{ (Fig. S1-S3).

Synthesis and characterization of L@CuPNFs

The copper phosphate nanoflowers (CuPNFs) were synthesized at
varying concentrations of L (0-100 puM), maintaining a fixed
CuS0,-5H,0 concentration (5 mM), and the product (L@CuPNFs)
formed in each case was characterized by SEM, TEM, XPS, FTIR
and PXRD. The corresponding results are presented in this
section.

SEM characterization. The SEM micrographs of the product
nanoflowers, L@CuPNFs, are depicted in Fig. 1a-d. It is found
that the CuPNFs, without the presence of L, form flower-like
morphology with a petal density of 240-280 petals per flower
and that the size of the nanoflower is in the range of 16-19 um.
However, in the presence of 50 pM of L, the size of the nano-
flowers is reduced to 8-12 pm, and the petal density also
decreases to a large extent. When the ligand concentration
increases to 100 pM, the petal density and the size of the
nanoflowers are further reduced (Fig. 1e-h). All these data
show that the presence of conjugate L affects the growth of
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the nanoflowers, making them smaller in size with a lower
density of petals, which indicates a quick glueing action of L to
the copper phosphate scaffold owing to the presence of four
imidazolyl-phenanthroline moieties at the wider upper rim of
the calix[4]arene, thereby providing a greater accessible reactive
surface area for the reactants.

The growth of the nanoflowers with time evolution can be
clearly observed, as shown in Fig. 2. The nanoflower formation
was completed within 30 minutes of incubation, and all
these nanoflowers were formed with the proper shape and
size; no further change in the morphology of the nanoflowers
was observed even after the incubation duration increased
to 3 h.

TEM characterization. These L@CuPNFs were also charac-
terized by TEM, and the flower-like morphology was also
evident from TEM (Fig. 3a). The Cu®" ions were embedded in
the petals of these nanoflowers, as depicted in Fig. 3b. These
CuPNFs are crystalline, as observed from the diffraction data,
and the same can be observed in Fig. 3c. The coating of CuPNFs
by L is confirmed by the presence of the corresponding ele-
ments noticed from the image mapping, and the corresponding
images are illustrated in Fig. 3d-i.

XPS characterization. The hybrid supramolecular nano-
flowers, L@CuPNFs, were further characterized by XPS
(Fig. 4a—e). In L@CUuPNFs, the binding energies of 2p electrons
of Cu were altered significantly from those of uncoated nano-
flowers alone, viz., CuPNF. The peaks corresponding to Cu 2p;,,
Cu 2py,, and the Cu®" satellite peaks were shifted towards lower
energy by 0.99, 0.42 and 1.11 eV, respectively, ranging from
CuPNFs to L@CuPNFs. Similarly, the binding energies of P 2p
and O 1s of L@CuPNFs shift significantly when the molecules
participate in the formation of NFs compared to those of
unmodified CuPNF only. The peaks corresponding to P 2p;/
and P 2p,,, were shifted to the lower energy by 2.12 and 1.11 eV,
respectively, in the case of L@CuPNFs when compared to
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Fig. 1 SEM micrographs of (a) Cusz(PO4), and L@CuPNFs with L concentrations of (b) 50 uM, (c) 75 uM and (d) 100 uM. (e)—(h): Size distribution of
nanoflowers observed in (a), (b), (c) and (d). Scale bar (1 um) is the same for all the micrographs. In the preparation of the nanoflowers, the concentrations
of CuSQO,4 and 5H,0 (5 mM) as well as the incubation period (1 h) were kept constant, and PBS buffer (20 mM, pH 7.4) was used in all the samples with

different concentrations of L.
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Fig. 2 (a)-(f) SEM micrographs of LQCuPNFs, depicting the growth of the nanoflowers at different times (5-180 minutes). The concentrations of L
(75 uM) and CuSQO,4, 5H,0 (5 mM) in PBS (20 mM, pH 7.4) were constant in all the samples. Scale bar is the same (i.e., 1 um) for each image.

CuPNFs. Similarly, the peaks for O 1s shifted to a lower energy by  clearly support the binding of L to the copper phosphate in the
1.05 and 1.07 eV, respectively. These spectral changes (Fig. 4f) nanoflowers.

Toonm Mix

CKal 2 NKal 2

O Kat P Kat CukKal

Fig. 3 TEM micrographs of L@QCuPNFs at a scale bar of (a) 1 um and (b) 50 nm. (c) Diffraction patterns of L@CuPNFs. (d) Merged image of the mapping of
L@CuPNFs. Images of elements: (e) C; (f) N; (g) O; (h) P; (i) Cu.
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Fig. 4 XPS of L@QCuPNFs: (a) C 1s, (b) N 1s, (c) O 1s, (d) P 2p and (e) Cu 2p. (f) Table comprising XPS binding energies (B. E.) for different elements of

L@CuPNF and CuPNF samples.

FTIR characterization. L@CuPNFs were further characterized
by FTIR, and the spectra were compared with those of L and
CuPNF as controls (Fig. 5a). The FTIR spectrum of L shows
bands at 1608, 1440, 1067, 807 and 740 cm ™ * and that of CuPNFs
at 1628, 1140, 1047, 987, 626 and 560 cm ™. The FTIR spectrum
of L@CuPNFs shows the presence of both the characteristic IR
bands of CuPNF and L with considerable shifts, suggesting that
L is anchored onto the copper phosphate in the nanoflowers.

Powder X-ray diffraction. Powder X-ray diffraction was carried
out to confirm the crystalline nature of the CuPNFs. It is observed
that the diffraction pattern is almost unaltered in the hybrid
nanomaterial, L@CuPNFs, as shown in Fig. 5b. However, the lines
were broadened. The peak positions were further confirmed by
comparing them with the JCPDS data. Thus, the FT-IR and PXRD
data together provided evidence for the presence of both L and
hydrated copper phosphate, Cus(PO,),.3H,0, in the nanoflower
products.

Peroxidase mimetic activity of L@CuPNFs

To demonstrate peroxidase mimetic activity, the researchers
generally used the following three substrates: 3,3,5,5-tetra-
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Fig. 5 (a) FT-IR spectra of L (black line), CuPNFs (red line) and L@CuPNFs
(blue line). (b) PXRD of CuPNFs (black line) and L@CuPNFs (blue line).
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methylbenzidine (TMB), ortho-phenylenediamine (OPD) and
guaiacol. Therefore, in the present study, we take these three
as the substrate models to demonstrate the peroxidase mimetic
activity of our synthetic nano-hybrid catalyst, L@CuPNF, based
on absorption spectral studies, as reported in this section. To
compare the peroxidase mimetic activity of our synthetic nano-
hybrid catalyst, L@CuPNF, we performed similar absorption
spectral measurements with the control molecule, ie., just L
alone with all the three substrates, and the spectra are reported
in the ESIT (Fig. S4). In the presence of conjugate L, even for a
longer time of up to 120 min, the absorption spectra showed no
significant change, and no oxidation product was formed by
conjugate L in the presence of H,0,, suggesting that L alone
did not show any peroxidase activity. The results are the same
for all the three substrates. As demonstrated in this study, L-
coated nanoflower, ie., L@CuPNFs, exhibited enhanced
peroxidase-like activity with all these three substrates.

3,3,5,5-Tetramethylbenzidine (TMB) as a substrate

37-40

According to the reported literature, copper phosphate
nanoflowers exhibit peroxidase-like activity, where TMB is used
as a model substrate, and a similar methodology is applied in
the present case. When TMB is used as the substrate, it is
converted to blue coloured oxidized-TMB product upon reac-
tion with H,0, in the presence of L@CuPNFs as a catalyst, as
can be observed from the colour of the solutions of the vials
and the corresponding photograph of the vials illustrated in
Scheme 2(a). The ESI-MS showed a peak at m/z = 241.20
supporting the formation of the oxidized TMB product
(Fig. S5, ESIT). The product formation is monitored spectro-
photometrically by following the absorption peak of the pro-
duct at 650 nm. Only in the presence of 0.1 mg ml~" of catalyst,

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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Scheme 2 Oxidation reaction of (a) TMB, (b) OPD and (c) guaiacol in the presence of H,O, and the L@QCUPNF catalyst. In the photograph of the vials, (i)

and (ii) correspond to the reactant and products in PBS (10 mM, pH 5.0),

, L@CuPNFs, the oxidation reaction is completed within
10 min while giving a new band at 650 nm, which increases with
time and the absorbance remains the same thereafter, and this
can be observed from Fig. 6a. In a similar experiment carried out
with unmodified CuPNFs (without being coated with L), the
absorbance saturates only beyond 15 min at a slower rate.

The expedited rate of oxidation of TMB in the presence of

H,O0, catalysed by L@CuPNFs compared to unmodified CuPNF
(Fig. 6b) can be understood from the plots illustrated in Fig. 6c.
If the time taken to achieve half the absorbance value is used for
comparison, the rate of the reaction shows an increase of 200%
with L-coated CuNFs compared to the use of unmodified CuNFs.
The data confirm that the L@CuPNFs are more efficient catalysts
than unmodified CuPNFs owing to the anchoring of L.

Ortho-phenylenediamine (OPD) as substrate

Similar studies were carried out using OPD as the model
substrate. The oxidation reaction of OPD was carried out in
the presence of H,0, using L@CuPNF, and additional experi-
ments were carried out using appropriate controls for data
comparison. The formation of the oxidized product of OPD,
viz., 2,3-diaminophenazine, is shown in Scheme 2b. The pro-
duct formation is supported by the ESI-MS spectrum, which
exhibits a peak at m/z = 211.13 that corresponds to this product
(Fig. S6, ESIT). The progress of the reaction is monitored by
recording the absorption spectra, wherein the oxidized product
exhibits a band at 440 nm. The absorbance increases with
respect to time, and the absorbance value is unaltered beyond
25-30 min. This can be observed in Fig. 6d-f. The colour
change from light brown to orange-brown was observed during
the reaction, and the same can be noticed from the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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photographs of the vials shown in Scheme 2b. A comparison
of the absorbance plots reveals that the rate of conversion
of ortho-phenylenediamine to 2,3-diamino phenazine is expe-
dited by 150% in the case of L@CuPNF when compared to the
use of unmodified CuPNF without L coating as a catalyst.

Guaiacol as a substrate

Guaiacol is also used as another model substrate for studying
peroxidase-like activity, and a similar protocol is also adapted
in the present case. The oxidation reaction is shown in
Scheme 2¢, and product formation is observed through the
band at 475 nm in the absorption spectra. All these are further
accompanied by a visual colour change from light brown to
dark brown, as can be noticed from the photographs of the vials
given in Scheme 2c. The reaction mixture obtained upon
completion of the kinetics study was used for ESI-MS measure-
ment. The spectrum showed a peak corresponding to the
oxidized product of guaiacol at m/z = 269.10, and this was
assigned to [M + Na]". (Fig. S7, ESI}). The absorbance of the
product band at 475 nm increases with respect to time; further,
the absorbance is unaltered beyond 50-60 min. Comparison of
the absorption spectral data reveals that the L-coated CuPNF
(i.e., L@CUPNF) takes the reaction through an expedited rate
of oxidation by 130% higher when compared to the use of
unmodified CuPNF, and the corresponding spectra and the
absorption plots are depicted in Fig. 6g-i. Thus, with all the
three substrates studied, the oxidation reaction is expedited in
the presence of the CuPNFs coated with L compared to the
unmodified CuPNFs, thus strongly suggesting that L is involved
in enhancing the oxidation reaction.

New J. Chem., 2025, 49,10632-10640 | 10637
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Fig. 6 Peroxidase mimetic activity: UV-visible spectra of TMB in the presence of H,O, and (a) L@QCuPNFs or (b) unmodified CuPNFs at different times;
(c) plot of absorbance at 650 nm versus time, wherein black and red traces correspond to LQCUPNF- and CuPNF-catalyzed reactions, respectively.
UV-visible spectra of OPD in the presence of H,O, and (d) L@QCuPNFs or (e) unmodified CuPNFs at different times. (f) Plot of absorbance at 440 nm
versus time, wherein the black and red traces correspond to L@CuPNF- and CuPNF-catalyzed reactions, respectively. UV-visible spectra of guaiacol in
the presence of H,O, and (g) L@CuUPNFs or (h) CuPNFs at different times. (i) Plot of absorbance at 475 nm versus time, wherein the black and red traces

correspond to LQCuUPNF- and CuPNF-catalyzed reactions, respectively.

Conclusions and comparisons

The ligand, L, possessing four imidazolyl-phenanthroline
moieties on the upper rim of calix[4]arene, was synthesized
and characterized by 'H and >C NMR and ESI-MS. The ligand
is designed to possess nitrogen groups at the upper rim to
express its binding capacity to various transition metal ions,
including Cu®". The design of the molecular system helps in the
optimization of the growth of CuPNFs through their ‘N’ centers,
while the calix[4]arene moiety helps to stabilize the structure of
CuNFs, thereby increasing the rate of peroxidase activity. Nano-
flower formation and growth were monitored and characterized
using microscopy techniques. At a concentration of 50 pM of L,
the growth of the nanoflowers was regulated to shrink their size
to half (8-12 pm) with a concomitant decrease in the density of
petals. All these are attributable to a rapid glueing action of L to
the copper phosphate scaffold, which is in turn formed through
imidazole-fused phenonthroline moieties at the upper rim.
This results in a greater accessible reactive surface area, thereby

10638 | New J. Chem., 2025, 49,10632-10640

expediting the reaction in the case of L-coated CuPNFs com-
pared to unmodified CuPNFs. This is well demonstrated in the
present study through its peroxidase mimetic activity.

These L@CuPNFs were utilized for peroxidase mimetic activity,
as demonstrated using TMB, OPD and guaiacol as model sub-
strates. The peroxidase mimetic activity exhibited a 2-fold increase
in the rate of oxidation of TMB in the presence of H,O, catalyzed
by L@CuPNFs compared to unmodified CuPNF, as demonstrated
based on absorption spectral study. The oxidation reaction was
further demonstrated using other model substrates, such as OPD
and guaiacol, in the presence of L@CuPNF and H,O, through
similar absorption spectral measurements. The product for-
mation was further confirmed through ESI mass spectrometry.
All these findings suggest that the calix[4]arene conjugate, L,
possessing four imidazolyl-phenanthroline moieties used in the
present study, stabilizes the complex formed with copper centers
present in the nanoflowers. The L alone does not show any
peroxidase mimetic activity even for longer durations of the
reaction times with all the three substrates. To eliminate the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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influence of Cu®" precursors, similar studies carried out using
CuSO, and Cu(acac), showed no significant contribution to
peroxidase activity. The corresponding data are available in the
ESIt (Fig. S9). Therefore, the enhanced peroxidase mimetic
activity was attributed to the presence of the coated calixarene
conjugates, viz.,, L on CuPNFs (ie., L@CuPNFs). There are no
systems reported for the peroxidase mimetic activity of L@CuPNF,
where L = conjugate of calixarene. However, we found in the
literature a few systems of L@CuPNFs that show peroxidase
mimetic activity, and in those cases the L is not a calix-
derivative, and the corresponding data are presented in the ESIf
as Fig. S8 with Table S1. It is believed that the development of
inorganic-organic hybrid materials, such as L@CuPNFs, is impor-
tant to generate catalyst materials in peroxidase-mimicking appli-
cations, as demonstrated beyond doubt in this study.
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