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Abstract

L-arginine capped and transition metal-doped Ultra-Small Iron Oxide Nanoparticles (USIONs) were synthesized by a wet
chemical method. The nanoparticles (NPs) were encapsulated with Pluronic F127® and used as a vehicle (M**/Fe;0,@L-
Arg/P) to load anti-cancer drug. The interaction of ligand molecules with NPs surface was studied by FTIR spectroscopy,
while the Vibrating Sample Magnetometry and Mdossbauer spectroscopy were used for magnetic properties. In vitro, drug
release kinetics showed that Mn>*/Fe;0,@L-Arg/P/bg release 30% drug initially within 5 h and the next 20% in 72 h with
an overall 50% release in three days. Approximately, 70% drug was released from Ni**/Fe;0,@L-Arg/P/bg. The Mn**/
Fe,0,@L-Arg/P/bg took a long time to 70% release rate than Zn>* and Ni**-doped vehicles. M**/Fe;0,@L-Arg/P/bg with
10 pg/mL dosage can reduce the cell viability to 53, 31, and 94 for Zn**, Mn?*, and Ni’*, respectively. Contrasting ability
of the material was evaluated for Magnetic Resonance Imaging (MRI). The results indicate a shift from inherent 7, to T
contrasting with a lower concentration. The parameters (like 7); 7 g, etc.) used in Solomon-Bloembergen-Morgan (SBM)
theory for paramagnetic relaxation also be applicable to Fe;0,-based NPs system in terms of H-bonding to modulate the T
contrasting in MRI.
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Ultra-Small Iron Oxide Nanoparticles are designed for theranostic applications. Both the core and the shell environment
of the nanoparticle assembly can be modulated to achieve optimum performance in terms of drug delivery and contrasting
effect under magnetic field.
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Abbreviations

USIONSs Ultra-Small Iron Oxide
Nanoparticles

Fe;O,@L-arg NPs-L-arginine-capped Fe;0,
nanoparticles

Fe;0,@L-arg/P NPs-L-arginine-capped and
Pluronic F-127-enveloped Fe;O,
nanoparticles

NPs-transition metal-doped
L-arginine-capped and Plu-
ronic F-127-enveloped Fe;0,

M?**/Fe;0,@L-arg/P

nanoparticles

NPM Nuclear phosphoprotein B23,
numatrin

EML4 Echinoderm microtubule-associ-
ated protein-like 4

Introduction

Iron oxide-based materials find unique applications in mod-
ern science, particularly in the areas like drug delivery, cel-
lular imaging, development of MRI contrast agents (CAs),
hyperthermia induction, biosensing, and protein separation
[1-3]. The advantages of using magnetite for these applica-
tions are that it is non-toxic and decomposes into iron acting
as an iron pool required for the synthesis of hemoglobin dur-
ing erythropoiesis [4]. In bulk form, magnetite is paramag-
netic having a large number of magnetic domains oriented
randomly in absence of an applied magnetic field. On appli-
cation of a magnetic field, they orient themselves in a single
direction and revert to the random state on the removal of the
field. However, it leaves some residual magnetization (fer-
rimagnetic behavior) which is not desirable for applications
like MRI contrast agents (CAs) or drug delivery platforms
[5, 6]. It was observed that by decreasing the particle size
to about 20 nm, these domains merged into a single domain
having one collective magnetization direction on applying
the field and, further, immediately got demagnetized on the
removal of the field (superparamagnetic behavior) [7, 8].
Any material having this property is perfect to serve as a
drug delivery vehicle. However, by decreasing the particle
size, magnetic material has a natural tendency to agglomer-
ate [9, 10]. The ferro-fluid having a very less particle size in
a given solvent system is unstable. To make a stable suspen-
sion and prevent agglomeration, the surface of the particle is
coated with molecules of surface active agents like CTAB,
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SDS, etc. However, such suspension shows toxicity at physi-
ological pH. Hence, the surfactant-free synthesis of Fe;O,
nanoparticles (NPs) is desired [11, 12].

Very few iron oxide-based MRI CAs are available in the
market globally (e.g., Ferridex®, Endorem®, and Resovist®)
as compared to Gd-based CAs, even though there is an abun-
dance of research reported in this area [13, 14]. The main
reasons are (i) magnetite NPs commonly act as T, CAs
(darkening the lesions) by interrupting the signals coming
from the lesions, and this requires more processing time
compared to Gd-based 7, CAs (brightening the lesions), (ii)
the dark lesions very often confused with other pathogenic
situations like hemorrhages, fat deposits or calcification
which necessitate supplementary pathological data to con-
clude the disease [15—17], (iii) their prolonged half-life in
the body requires weeks to a month time to get cleared from
the blood utilizing phagocytosis through macrophages (e.g.,
Kupfter cells) followed by uptake by the liver, spleen, and
lymph nodes. In contrast, Gd complexes get cleared from
the body within minutes creating the contrast effect imme-
diately post the entry into the target [18—20], (iv) their physi-
cal properties vary with particle size, and (v) the uniform
particle size (monodispersity) of the suspension is crucial.
It is achieved by adopting the synthesis route involving non-
aqueous coordinating solvents (dodecane, oleylamine, etc.)
at high temperature compels stringent experiment control
[21], resulting in water-insoluble ferrofluid. A tedious pro-
cedure like ligand exchange through dialysis for more than
24 h is required to make the material hydrophilic and water
soluble [22]. However, incomplete ligand exchange ham-
pers the stability in aqueous media. Despite all these draw-
backs, the attraction for the development of iron oxide-based
theranostic agents remains intact. Affordable, non-toxic, and
water-soluble magnetic theranostic agents can be developed
by amending these process parameters [23].

The research in this area gets momentum when it was
observed that iron oxide NPs having less than 5 nm particle
size show T contrasting ability (ES-MIONs) [24, 25]. This
is due to suppressed magnetization along a longitudinal axis
which decreases r, relaxivity and enhances r; by diminishing
the spin canting effect at a very small particle size. It is clear
from this discussion that image contrasting ability can be
adjusted by tuning the particle size of the Fe;O, NPs. These
can be achieved, in the case of Fe;O,, by fine-tuning the
magnetic interactions among Fe?*/Fe*" ions at crystal lattice
sites. Bulk Fe;O, NPs (80—-100 nm) possess a high magnetic
moment (80-120 emu/g) which distorts the background



Journal of the Iranian Chemical Society

noise resulting in confused image contrasting [26]. Due to
this, a very small cancerous lesion cannot be detected (e.g.,
early stage of cancer) or over-sighted [27]. These difficulties
can be solved by modulating the magnetic moment of the
NPs by doping with suitable ions.

Brigatinib is a second-generation anaplastic lymphoma
kinase (ALK) inhibitor known to be an effective pharma-
cological agent against numerous types of cancer. It is
approved by the U.S. Food and Drug Administration for
the treatment of non-small cell lung cancer (NSCLC) since
April 2017 [28]. It acts to inhibit anaplastic lymphoma
kinase (ALK), epidermal growth factor receptor (EGFR),
and reactive oxygen species (ROS)—all of which are
known drivers of NSCLCs [29]. It has been documented
that ALK, ROS, and EGFR can induce a series of phospho-
rylation reactions responsible for the up-regulation of the
oncogenes like NPM and EML4 [30]. Brigatinib is reported
to block phosphorylation and prevents the progression of
the cell cycle in cancerous cells [31]. The side-effects like
diarrhea, nausea, abdominal pain, constipation, dizziness,
fever, headache, trouble sleeping, joint pain, lowering of
blood pressure, etc., due to high (or initial) dosage of brig-
atinib can be overcome when targeted delivery to the can-
cerous lesion carried out. In light of these, the anti-cancer
activity of brigatinib was evaluated in vitro on a representa-
tive model of NSCLC epidermoid carcinoma cell line A431
on loading with various as-synthesized magnetite-based
drug delivery vehicles.

In previous studies, we demonstrated that Fe,O, NPs
having the surface modified by suitable small amino acid
molecule (L-proline) and enveloped by amphiphilic block
copolymers such as Pluronic F-127 can be used as a vehicle
to conjugate drug/gene [32, 33]. It is well established that
such kind of platforms can effectively load and deliver the
cargo to the target and also function as MRI CAs. Moreo-
ver, most of the syntheses reported to date are carried out
in constrained conditions to stringently control the parti-
cle size and phase purity of the magnetite. However, dur-
ing large-scale production, such conditions may not be
strictly followed as some minute errors during unit opera-
tions could result in wastage of the total batch and make it
economically unviable. In this study, we have synthesized
Ultra-Small Iron Oxide NPs (Fe;O,-USIONS) and ferrites
(MFe,0,) by a simple co-precipitation method and these
L-arginine-modified and Pluronic F127®-coated Fe;0, NPs
(Fe;O0,@L-Arg/P) evaluated as drug delivery platform and
MRI CAs. We focused on tuning the intrinsic magnetic prop-
erty of USIONs by varying the transition metal dopant ions
under the same reaction conditions rather than adopting the
solvothermal or any other tedious synthesis methods. We
report, here, the tuning of magnetism and improvement as
well as the reversal of contrasting ability by doping Fe;O,
with suitable transition metal ions (Zn>*, Mn?*, and Ni**).

L-arginine/liq.NH;

FeCl,.6H,0 + FeSO,.4H,0 - Fe,0,@L-Arg
water, 70 °C; 3 h
Water S
RT Pluronic™ F-127
30 mins
Fe,O,@L-Arg/P/b Fe.O,@L-Arg/P
&,0,@L-Arg/P/bg Brigatinib s0,@L-Arg
DI water
RT
stirr for 24 h

Scheme 1 An overall synthesis scheme of developed drug delivery
vehicle and MRI contrast agents

We have demonstrated by in vitro studies that doped mag-
netite shows higher drug delivery efficiency with improved
performance as MRI CAs. It has been demonstrated that
the parameters (like 7); 7z ¢, etc.) proposed in Solomon-
Bloembergen-Morgan (SBM) theory for paramagnetic
relaxation can also be applicable in the case of Fe;0,-based
NPs system in terms of hydrogen bonding to modulate the
T, contrasting in MRI.

Experimental
Materials

Ferric chloride FeCl;.6H,0, ZnCl,, and MnSO, were
obtained from Loba Chemicals, India. Ferrous chloride
FeCl,.2H,0 and an aqueous solution of ammonia were
purchased from S.D Fine Chemicals, India. Pluronic®
F-127 and L-arginine were purchased from Sigma-Aldrich.
All chemicals were of AR grade and used without further
purification.

Synthesis of L-arginine coated magnetic
nanoparticles (Fe;0,@L-Arg NPs)

Ferric chloride hexahydrate (5.0 g, 18.5 mmol) and ferrous
sulfate tetrahydrate (2.4 g, 10.7 mmol), in a molar ratio of
1:0.58, were added to 250 mL deionized water under an
inert atmosphere. The mixture was heated to 70 °C to a clear
solution. The mixture was stirred vigorously with a mechani-
cal stirrer to avoid interparticle magnetic interaction. After
30 min, L-arginine (8.01 g, 46.0 mmol), dissolved in 50 mL
deionized water, was rapidly added. The reaction mixture
was further stirred for 30 min. Then 27 mL ammonia (25%)
was rapidly added which, in turn, changed the reaction color
to black. The stirring was continued for 1.5 h. Finally, the
black nanoparticles were separated magnetically, washed
with distilled water thrice, and dried at 100 °C overnight
(Scheme 1).
A dry weight of nanoparticles: 2.54 g.
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Similarly, Zn Fe;_,O, (x=0.2)@L-arginine, Mn,Fe; _ O,
(x=0.2)@L-arg, and Ni, Fe;_,0, (x=0.2)@L-arg were syn-
thesized by adding a solution of ZnCl, (0.001 mol, 0.2689 g),
MnSO, (0.001 mol, 0.151 g), and NiCl, (0.001 mol, 0.13 g)
prepared in 30 mL DI water. (Yields range from 90 to 95%.)

Synthesis of brigatinib-loaded Fe;0,@L-Arg/P
magnetic micelles (Fe;0,@L-Arg/P/bg)

In total, 300 mg of Fe;0, NPs was dispersed in 30 mL of
DI water and then 100 mg of Pluronic® F-127 was added.
The mixture was then stirred overnight on a magnetic stirrer
at RT and then centrifuged at 6000 rpm for 5 min to form
Fe;0,@L-Arg/P NPs. In total, 30 mg of these NPs was dis-
persed in 10 mL of DI water. To it, 2 mL of the drug solution
(4.5 mg mL™") was added and the mixture was stirred vigor-
ously at RT for 24 h. The drug-loaded Fe;0, NPs were allowed
to settle down by a magnet. The drug-loaded NPs were sus-
pended in DI water and washed twice (Scheme 1).

The same procedure was adopted for Zn2*, Mn%*, and
Ni**-doped Fe;O, NPs.

Characterization

X-ray powder diffraction (XRD) pattern of the Fe;O0,@L-Arg
NPs was obtained using an X-ray powder diffractometer
(BrukerD8 Advance) with Cu Ka radiation, 1=0.15418 nm.
The mode of interaction of L-arginine with the surface Fe ions
of Fe;O, NPs was studied by using Fourier Transform Infrared
Spectroscopy (RX-FTIR, Perkin-Elmer, USA). The morphol-
ogy of the samples was examined by Transmission Electron
Microscopy (TEM, Philips Tecnai 20) at 200 kV. All meas-
urements were taken at 25 °C in deionized water. Differential
Scanning Calorimetry (DSC) analysis and Thermogravimetric
Analysis (TGA) of Fe;0,@L-Arg and Fe;0,@L-Arg/P were
carried out using a Mettler-Toledo DSC822. For this purpose,
the material was heated inside a DSC setup at 10 °C min™"
from RT to 500 °C under an N, atmosphere. The Mossbauer
spectra were recorded in the transmission geometry with a
constant acceleration transducer and a 512-channel multichan-
nel analyzer. A >’Co (Rh) source of activity (10 mCi) was
used. The line width of the spectrometer was 0.27 mm/s. The
magnetic properties were studied by VSM (Lakeshore 7410)
at 298 K under an applied magnetic field of 15.000x 10** G.

The amount of drug-loaded nanoparticles was calculated
by using UV-visible spectroscopy. A drug solution in the
concentration range from 0.5 to 9.0 mg mL~! was prepared to
construct a calibration curve. It was found that for every 1 mg
of NPs, 0.096 mg of the drug was loaded out of 0.150 mg of
the bare drug.
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Loading efficiency (%)
= (Weight of drugloaded/weight of total drug added) x 100
ey

Drug loading % = the mass of loaded drug

/the mass of initial drug and carrier X 100
@

The drug loading efficiency and drug loading percent-
ages were 64.0 and 8.35%, respectively.

A phantom study was carried out to determine the rela-
tionship between T and T, relaxation times with various
concentrations of Fe;O0,@L-Arg/P NPs. For the phantom
preparation, aqueous solutions of NPs (0.5, 0.25, 0.1,
0.05, 0.01, and 0.001 mg mL~") were prepared and trans-
ferred into microcentrifuge tubes (2 mL). Pure water and
L-arginine solution (1 mg/mL) were taken as references.
An array of microcentrifuge tubes was placed in a plas-
tic container with water for magnetic field homogeneity.
The phantom was carefully placed in the center of the
head coil, and MR imaging was performed at RT using
a clinical 1.5 T GE Medical Systems scanner in combi-
nation with a 16-channel wrist joint coil. To determine
the T, relaxation time of each concentration, spin-echo
(SE) sequences with different repetition times (TR; 100,
200, 400, 600, 800, 1000, 2000, 3000 ms) and an echo
time (TE; 15 ms) were performed. The other imaging
parameters were as follows: slice thickness =7 mm, the
field of view (FOV) =5 X5 cm, matrix =320 X 192, flip
angle =90°, and imaging time = 1.0 min.

For T, relaxation time, an SE protocol with the follow-
ing parameters was used: TR =3000 ms with TE=9, 27,
36, 99 ms, and other parameters were the same as above.
The signal intensity in arbitrary units (a.u.) for each of
the imaging sequences was obtained using Dicom (digital
imaging and communication in medicine) Works software
v 1.3.5 (Dicom Works, Lyon, France) via locating a cir-
cular region of interest (ROI) in the center of each tube
(maximum region of interest was considered). Recorded
signal intensities were fitted in Excel (Windows 10) using
exponential Eq. (3), and (4) to evaluate R, (1/T}) and R,
(1/T,) relaxation rates, respectively.

Signalg; = Sy(1 — ¢ ™/"1) 3)

Signalg = Sy(e”™/"2) )

The slopes of R, and R, relaxations versus the concen-
tration of the samples were calculated as relaxivity values
ry and r, in Microsoft office 2007.
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In vitro study design

The cell lines used in the experiment (A431 human epi-
dermoid carcinoma cell line) were purchased from the
National Center for Cell Science (Pune, India). Dulbecco's
Modified Eagle's Medium (DMEM) with low glucose sup-
plemented with 10% fetal bovine serum (FBS) with 1%
antibiotic solution (penicillin and streptomycin) was used
for the maintenance and healthy growth of the cells. The
cells were cultured in a constant environment at 37 °C with
5% CO, in a humidified CO, incubator. A wide range of
concentrations starting from 1 ug mL™! to 1000 ug mL~!
was selected for the in vitro study as in the initial screen-
ing; the formulations were found to cause almost complete
mortality at higher doses. The range selected was 1, 2, 3,
4,5,6,7,8,9, 10, 100, 200, 500, 750, and 1000 ug mL~".
The details of the experiment are described as follows.

In vitro drug release kinetics

To study the drug release kinetics, three different experi-
ments were performed. This study was carried out at 37 °C
and pH 7.4. In each experiment, 3.0 mg of brigatinib-
loaded magnetic NPs was added to a flask having 30 mL of
Na,HPO,—NaH,PO, buffer solution. The flask was then kept
in a shaker at 37 °C. The release medium was withdrawn at
predetermined time intervals (1, 2, 3,4, 5, 6,7, 8,9, 12, 24,
36, 48, 60, 80, 100, 124, 148, 172, and 196 h). The collected
samples were analyzed using a UV—Vis spectrophotometer
(Perkin-Elmer Lambda 35) to determine the amount of bri-
gatinib released (4,,,, 284 nm).

max

In vitro cytotoxicity test

The cytotoxicity of all the samples was tested on an A431
epidermoid carcinoma cell line by a 3-(4, 5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Sigma-
Aldrich, USA). In complete full-growth media, A431 cells
were seeded in a 96-well plate (5x 10? cells per well). Then,
cells were treated with Fe;O,@L-arg NPs, brigatinib-loaded
NPs, and pristine brigatinib of the same amount as loaded
on NPs for 48 h at 37 °C. After 48 h, the MTT was added
to each well and the cells were incubated at 37 °C for 4 h.
The medium was removed and dimethyl sulfoxide (DMSO)
was added to dissolve the formazan crystals. The absorbance
was measured at 570 nm with a Microplate Reader (iMark,
BioRad, USA). The experiments were performed in tripli-
cate. The relative cell viability (RCV) w.r.t. the control wells
were calculated by the following equation: RCV =(OD,./
OD_ o) X 100%, where OD,. and OD .., Were obtained
in the presence and absence of the NPs, respectively.

Clonogenic assay

We used a clonogenic assay to determine the colony-form-
ing ability of cells under the effect of different treatments.
For this assay cells were seeded in 6-well plates at their log
phase. A thousand cells per well were plated and incubated
in the total media (DMEM low glucose, 10% FBS, 1% anti-
biotic solution). These were treated with the M**/Fe;0,@L-
Arg/P/bg and bared brigatinib drugs for 48 h. The medium
was then replaced with new media without any added drugs
or formulations. Colonies were stained with crystal violet
after 5 days of treatment. The number of colonies contain-
ing at least 50 cells was counted using the ImageJ software
(NIH, USA). The percentage of colonies formed was calcu-
lated by dividing the number of colonies by a product of the
number of cells plated and the plating efficiency. Data were
obtained in triplicates and graphs were prepared in Graph-
Pad PRISM software (San Diego, CA, USA).

Results and discussion
Structure and morphology elucidation

We have strategically selected L-arginine a small molecu-
lar capping ligand to arrest particle growth due to its zwit-
terionic property. Out of its different resonance structures,
the one having a positive charge distributed over the guani-
dinium nitrogen and a negative charge over the carboxylate
group predominated under synthesis conditions. The nega-
tively charged carboxylate ion can easily coordinate with the
surface Fe?*/Fe** ions of Fe;0, NPs rendering the overall
surface hydrophilic. Now, the positively charged guanidin-
ium group remains projected outside the surface which, in
turn, orients the drug molecules around it by H-bonding.
The hydrophobic part of the drug molecules forces the
next Pluronic® F127 layer to assemble in such a way that
its hydrophobic PPO blocks remain tucked inward, while
the hydrophilic PEO blocks on the outside form a normal
hydrophilic micellar surface (Fig. 1A) [34]. It is very well
recognized from previous studies that a Pluronic shell can
provide a stealth outer layer to the delivery vehicle, ena-
bling it to sustain itself while encountering all the physi-
ological barriers through its journey into the target cells
[35]. L-arginine is a non-toxic amino acid and immediate
precursor of NO, an important signaling molecule having a
crucial function during the immune response to the infec-
tion [36]. Once inside the cell, lysosomal degradation of the
assembly releases L-arginine with iron compounds. These
released residues aid the function of brigatinib by inducing
an immune response and thereby hastening cell apoptosis.
Since L-arginine binds with brigatinib through H-bonding
only during the drug loading stage, the release of the drug
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Fig.1 A Cartoon showing
Fe;0,@L-Arg/P/bg NPs mag-
netic micelle as a drug delivery
vehicle. The parameters to tune
the magnetic relaxation for
MRI, enhance the drug loading
and cell transfection. B XRD
pattern of the as-synthesized
M?**/Fe,0,@L-Arg nanopar-
ticles

(A) Shell

Core: Particle
ﬁlld amount

(B)

1.2+

Intensity (a.u.)

04

occurs smoothly at the target without any change in its
molecular structure.

It can be seen from Fig. 1A that the relaxation rate for T
imaging can be tuned in two ways: Firstly, the particle size
of the Fe;0, NPs can be adjusted up to 10 nm with the mag-
netism tuned by doping with the suitable dopant ions. This,
in turn, can influence the dipole—dipole interactions with the
inner sphere water protons relaxing faster in the presence
of an applied field. Secondly, the selection of ligands for
surface coordination of NPs is very important as it creates a
hydrophilic shell environment by forming an inner sphere of
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H-bonded water molecules. The strength of H-bonding with
water molecules depends on the hetero atoms present in the
molecular structure of the ligand (discussed further in the
Phantom study). Finally, this core @shell structure is encap-
sulated in a polymeric micelle formed by PEO-PPO block
copolymeric surfactant, Pluronic®F127 (during the synthe-
sis, the amount of pluronic adjusted was above CMC, i.e.,
20 mg/mL to ensure the formation of a polymeric micelle)
[37]. Now, when this nanoassembly comes across the hydro-
philic outer layer of the cell membrane, the Pluronic micelle
can be easily engulfed into the cellular environment. In turn,
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when the outer micelle layer gets ruptured, the positively
charged guanidinium group of L-arginine ligand acts as a
handle and electrostatically interacts with the cellular sur-
face at a proper angle to synergize the cellular transfection.

From the XRD pattern (Fig. 1B) it can be observed that
dopant ions do not affect the phase purity of the material
or induce any strain. The diffraction peaks at 20 values
30.1, 35.25, 43.15, 53.67, 57.32, and 63.16 correspond to
(200), (311), (400), (422), (511) and (440) planes (JCPDS
82-1533), respectively. This pattern is a signature of an
inverted spinel structure with the magnetite phase of iron
oxide NPs. The particle size of all the samples was calcu-
lated by using the Debye—Scherrer formula (L=0.9 A/fcos6)
[38], and the FWHM values of the major XRD planes are
in the range of 5-12 nm (Table S1). The presence of dopant
ions and their amount were studied by energy-dispersive
X-ray analysis (EDAX) (Fig. S1). The dopant does not form
a new phase, detectable by XRD, which can adversely affect
the magnetic property of the material. It is well known that
the location of dopant ions in ferrimagnetic inverted spinel
material is crucial as it influences the magnetic moment of
the material.

In an inverted spinel structure of magnetite, the Fe3* jons
present at A sites are anti-ferromagnetically coupled with
those present in equal numbers at B sites and cancel the
overall magnetism generated due to Fe** ions. Hence, only
Fe”* ions present at B sites are responsible for the observed
magnetic property [39]. Now, the dopant ions (in the M>*
state) have a preference for the particular interstitial sites
which depends on the reaction parameters adopted during
the synthesis of the material. Cu**, Ni**, and Co* prefer
Oh sites and replace Fe>* ions, resulting in net magnetic
moments 1, 2, and 3 pg, respectively [40]. This enhanced
magnetic moment increases r, relaxivity during the MR.
Surprisingly, Mn>* and Zn>" ions have a preference for Td
sites and the overall magnetic moment is affected by their
distribution as well as oxidation state (may be changed dur-
ing synthesis to Mn>* and Mn**) [41]. On the contrary, the
substitution of Fe?* at the Oh sites by Zn>* ions increases
the magnetic moment at lower doses, while the higher doses
(> 0.4) favor antiferromagnetic interactions and decrease the
magnetic moment [42]. Mdssbauer spectroscopy is one of

the best techniques to trace the location and to study the
local environment around the Fe ions and their interactions.
The perturbation in the local environment due to dopants
can be very well detected by this technique. The Mossbauer
spectroscopy of all the synthesized samples was carried out
at RT (300 K), and the results are shown in Table 1. It can
be observed that the Fe**/Fe** ions in the blank Fe;0, could
not couple with each other, confirming the paramagnetic
nature. This is due to the spin canting effect predominant at
very small particle sizes. On doping Mn*" ions, the hyper-
fine interaction comes into existence at the A sites, while the
Fe ions present at the B sites remain inactive. This is due to
Mn?*ions substituting Fe>* at Oh sites perturbing the local
environment to make Fe ions couple with each other through
oxygen atoms. This results in a hyperfine splitting of energy
levels at A sites, while no change in the local environment
at B sites. On the contrary, Zn>* ions doping substitutes
Fe?*/Fe®* at Oh sites, and in turn, hyperfine splitting can
be observed at B sites, while the Fe**ions at A sites remain
silent [43]. Interestingly, Ni** ions get engaged at both the
sites, which results in superexchange interaction among Fe**
ions at Td and Oh sites, while interaction among Fe ions at
Oh sites leads to double exchange interaction. These gener-
ate sextuplets in Mossbauer spectra [44, 45].

The effect of doping on the magnetic properties of the
material was studied by VSM analysis. From the M-H
curves (Fig. 2I and Table 1), it can be observed that blank
Fe;0, NPs exhibit paramagnetic behavior with less Ms
value (30.1 emu/g), while on Zn**doping, it increases to
72.5 emu/g. Generally, in the bulk form, blank Fe;O, has a
Ms value of 80-90 emu/g and it increases upon transform-
ing into a nanoregime [46, 47]. However, the less Ms value,
in the present case, indicates surface spin randomness at
very small particle size. The enhancement in Ms value on
Zn>*doping corroborates the Mossbauer results. On the
other hand, Mn?" and Ni**doping retains the paramagnetic
behavior of the material due to the very less particle size
[48].

The interaction of L-arginine with Fe;O, NPs surface
was studied by FTIR spectroscopy. Free carboxylate ions
in acetate form vibrate in two fundamental modes: asym-
MELric Vyycoo—) and symmetric vy oo stretching at 1583

Table 1 Room temperature Mossbauer spectral data of as-synthesized M**/Fe,0,@L-Arg/P NPs

NPs sample Magnetic field Q.S.inmm/s LS Area under curve  Saturation
(kOe) mm/sec (%) magnetization
MS
A B C A B C A B C (emu/g)
Fe;0,@L-Arg/P - - 0.64 (0.02) - - 0.36(0.02) - - 1.00 29.8
Ni**/Fe;0,@L-Arg/P 484 (3.2) 428(3.2) - 0.39 (0.02) 0.55(0.02) 0.38(0.02) 663 337 - 14.0
Mn**/Fe;0,@L-Arg/P 488 (3.2) - 0.64 (0.02) 0.17 (0.02) - 0.33(0.02) 58.8 - 412 8.0
Zn**/Fe;0,@L-Arg/P - 426.8 (3.2) 0.64 (0.02) - 0.40 (0.02) 0.32(0.02) - 684 31.6 725
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Fig.2 A-D HRTEM images (inset image shows SAED pattern) and E-H lattice fringes at higher magnification of as-synthesized blank, Zn",

Mn?*, and Ni**/Fe;0,@L-Arg/P NPs, respectively I M-H curves

and 1422 cm™!, respectively. In the case of Fe;O,@L-arg
NPs (Fig. SI 3), the v, oo of carboxylate ions appears at
1645 cm™" and Vgcoo™) at 1390 cm™'. Hence, in coordina-
tion with surface Fe ions, v, oo increases, while vy oo
decreases, indicating monodentate coordination of the car-
boxylate ion of amino acid. Also, A (V,ycoo—) = Vsccoo™))
< A’ (V' a5coo)— Vsccoo))s Where A is the difference in
the absorption bands for free carboxylate ions and A’ for
metal-bound carboxylate ions, suggesting monodentate
coordination [49-51]. The absorption at 646 cm~! cor-
responds to Fe—O stretching in the Fe;O, inverse spinel
system. Absorptions at 1111 and 1156 cm™! are due to the
presence of the block copolymer completely encapsulating
the NPs surface and —CH,-rocking vibration of Pluronic,
respectively [52]. Moreover, the successful encapsulation
of NPs surfaces by the Pluronic-F127 layer was also con-
firmed by the thermal analyses (discussed in detail later).
Further, the size and shape of M**/Fe;0,@L-Arg/P NPs
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were studied by High-Resolution Transmission Electron
Microscopy (HRTEM) analysis. The HRTEM images show
spherical particles, and the size histograms reveal 10-12 nm
particle size. The SAED patterns show the polycrystalline
nature of the material (Fig. 2).

Phantom study

The efficiency of the CAs depends upon their ability to
shorten the relaxation time of the protons in the vicinity.
Under the influence of an applied magnetic field, the excited
protons having spins parallel to the field resonantly absorb
the electromagnetic energy irradiated by radio waves. This
results in the spins being anti-parallel to the field. These
high-energy spins relax back to the original state on the
removal of the radio waves through two relaxation processes:
(i) longitudinal relaxation indicated by relaxation time T
required to recover 63% magnetization of the equilibrium
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value and (ii) transverse relaxation expressed by time 7,
required to drop the 37% magnetization of its initial mag-
nitude. These relaxation processes directly affect the MRI
signal intensity, and as per definition, 7 enhances the signal
intensity, while 7, diminishes the same, and CA present in
the vicinity of the protons perturbs these processes referred
to as positive or negative contrast agents, respectively.
Hence, positive CAs shorten the 7, which makes the signal
recovery fast which in turn enhances the signal intensity
producing a bright image. Negative CAs shorten the 7, of
the protons by dropping the transverse magnetization quickly
resulting in a loss of signal intensity and creating a dark
image [6, 53]. The efficiency with which the CA enhances
the proton relaxation rate of water is referred to as relaxiv-
ity (r). The ry/r, ratio is used as a marker to decide whether
the CAs work as a positive or a negative. Good T, CAs have
ry/ry less than 5, and T, CAs have a high r,/r| ratio (> 10)
[5]. The correlation between T, and T, relaxation rates (R,
or R,) and the concentration of CAs can be investigated
through the phantom study. The sequences of the radio
frequency signal repetition time (TR) and the detection or
echo time (TE) were designed such that the 7,-weighted
and T,-weighted images of the cross section of a capillary
containing the sample in a coronal mode can be captured in
an MRI machine [54]. It can be observed from Fig. 3 that the
relaxation rates vary linearly with the concentration of NPs.
The longitudinal relaxivity () or transverse relaxivity (r,)
was calculated from the slope of the lines and is reported in
Table 2. It can be observed that blank Fe;0,@L-Arg NPs
can generate bright contrast, contrary to their inherent nature
of producing a dark image. This is due to the very small
particle size as explained earlier. On Zn>*doping, there is a
small decrease in r| values compared to blank Fe;0,, while
that of r, increases drastically increasing the r,/r| ratio,
which qualifies the material to act as a T, CA. This result is
in correlation with Mossbauer and VSM studies. On doping
Zn>*ions, the Ms value drastically increased resulting in a
superparamagnetic material. This effect is due to replacing
Fe* ions present at the Td sites in an inverted spinel struc-
ture. As a consequence, there is a decrease in antiferromag-
netic communication among the Fe** ions at the Td and Oh
sites which cannot cancel out the spin completely, resulting
in the enhancement of Ms [55]. On doping with Mn>*, the
r, relaxivity increases from 21.5 to 32.4; however, that of 7,
also increases from 5.37 to 6.05 producing a low r,/r, ratio,
enabling the material to act as 7; CA. The M-H plot also
corroborates this result showing paramagnetic behavior with
very small particle size. It has been observed that Mn** has
a preference for both Td and Oh sites resulting in a mixed
spinel structure. In the present case, it is confirmed from the
Maossbauer spectroscopy that Mn** ions substitute Fe** from
Oh sites, feeding the unpaired electrons in the sites, which
results in enhanced communication among the electronic

A
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R? = 0.9229; 0.9853; 0.9781; 0.9892
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Fig.3 A 1/T, B and C 1/T, Vs concentration of M**/Fe,0,@L-Arg/P
NPs
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Table 2 Longitudinal and transverse relaxivities and their ratio of as-
synthesized M?*/Fe;0,@L-Arg/P NPs

Sample ry r rolry
(mM~!'s™h (mM~!'s7h
Fe;0,@L-Arg/P 21.49 5.27 4.079
Zn**/Fe;0,@L-Arg/P 86.57 452 19.17
Ni**/Fe;0,@L-Arg/P 24.36 7.70 3.16
Mn**/Fe;0,@L-Arg/P  32.40 6.05 5.35

spins resulting in a rise in r, relaxivity. This substitution of
ions also synergistically reduces the proton relaxation time
to recover the longitudinal magnetization, thereby increas-
ing the r, [56]. On doping with Ni** replaces Fe>* and Fe**/
Fe’* from Td and Oh sites facilitate the electronic spins
to couple ferromagnetically and enhance the Ms. However,
in the present case, both r; and r, relaxivities increase giv-
ing rise to low relaxivity ratio. Hence, doping with Ni** in
USION synergistically enhances the recovery of longitudinal
magnetization and enables the material to act as a T} CA
(Tables 3 and 4).

It can be observed from Tables 3 and 4 that blank
Fe;O,@L-Arg/P NPs produce bright images at very low
concentrations (0.001 mM) and doping Ni>* synergistically
brightens the image at this low concentration. This effect is
continued up to 0.1 mM. Then the image gets distorted at

higher concentrations (0.25 and 0.5 mM). In the case of Zn*t/
Fe;O,@L-Arg/P NPs, the T, contrasting effect is achieved
at 0.1 mM, while higher concentrations (0.25 and 0.5 mM)
are not effective in producing a dark image. No contrasting
effect was produced in the case of Mn?*/Fe;0,@L-Arg/P at a
low concentration range. This material produces a 7', contrast
effect at 0.5 mM.

Discussion

The commercially available Gd-DTPA and Gd-DOTA com-
plexes have their ninth valence satisfied by a water molecule
(g=1). There is a very small energy difference between their
eighth and ninth valence. Hence, the ninth coordinated water
ligand is labile and continuously gets exchanged with bulk
water molecules [57]. This process is dynamic. Due to this,
the molecular tumbling increases. These commercial CAs
have one coordinated water molecule (¢ =1); however, the
complexes with g=2, 3, and 4 have also been developed to
increase the r, relaxivity of bulk water protons in an applied
field which, in turn, enhances the 7', contrasting. The efficiency
of T; CAs depends on three parameters (Eq. 5)

1 1
—V=gpP |
(£)=on|5

Concentration (mM)

0.01

Table 3 T,-weighted Sr.  Sample
(TR=3000/TE=98.8 ms) No.
MR images for different 1 Fe;0s@L-arg/P

concentrations of M>*/
Fe;0,@L-Arg/P NPs systems
2 Zn*/Fe;04@L-arg/P

3 Ni**/Fe;04@L-arg/P

4 Mn?"/Fe;04@L-arg/P

}?Ieﬁ STI'W;iﬁ}Ee,d (TR ?800/ Sr.No Sample Concentration (mM)
= D ms 1mages 1or
different concentrations of M2t/ 0.5 0.25 0.1 0.05 0.01 0.001
Fe;0,@L-Arg/P NPs. 1 Fe;04@L-Arg/P
2 Zn?*/Fe;04@L-Arg/P
3 Ni?*/Fe;04@L-Arg/P
4 Mn?*/Fe;04@L-Arg/P
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where T, is the longitudinal relaxation time of the inner-
sphere bounded water protons, ¢ is the number of coordi-
nated water molecules in the first coordination sphere, P,
is the mole fraction of water coordinated to the metal center
(in the case of Gd complexes), and 7, is the mean water
residence time near the metal center. If the value of 7, is
very small, then it results in only (1/7,,), the relaxation rate
of inner-sphere water. Hence, a high relaxation rate depends
on a higher value of ¢g. The SBM theory for paramagnetic
relaxation suggests that optimization of correlation time (z,.)
is essential to obtain higher relaxivity (Eq. 6) [58]

(2@ @) e o

The Gd-DTPA chemistry for proton relaxivity to produce
bright MR images is well established and predicted by SBM
theory [59, 60]. However, to avoid the problems concerning
free Gd leaching and consequent complications due to tox-
icity, the development and application of iron oxide-based
MRI CAs having the capability to induce longitudinal relax-
ation of water protons (for brighter images) need focused
attention. The H-bonding can arrange the water molecules in
a definite order, and its strength can be modulated by vary-
ing the donor hetero atoms and acceptor H atoms present
in the ligand. These molecules can in turn be compacted
by an outer polymeric surfactant micelle. This strategy can
control the molecular tumbling (z;) of the water molecules.
From a three-dimensional perspective, there can also be a
faster water exchange between these surface-ligand-bound
H-bonded water molecules and those of the bulk water mole-
cules through diffusion. In this way, the 7,, parameter can be
controlled. The advantage of this strategy is that the number
of inner spheres water molecules (g) will be more than one
and this high number will collectively make the electronic
relaxation time (7},) longer. Overall, high proton relaxivity
can be achieved by tuning both the core and the shell envi-
ronment in the developed USIONSs (Scheme 2).

It can be observed from Table 2 that blank
Fe;0,@L-Arg/P NPs show 5.27 mM™! s7! r; relaxivity,
while the commercial Gd-DTPA complex has an r; value of
ca. 4 mM~! s7! and that of Ferridex® has ca. 10 mM~! s7!
(used as T, CAs due to its very high r, value). Hyeon group
studied T contrast enhancement in extremely small iron
oxide NPs (ESIONSs) having 2.2, 3, and 12 nm diameter
and the observed r; values 4.78, 4.77, and 2.37 mM~! g1
respectively [24]. In the present case, Zn2+/Fe3O4@L-Arg/P
NPs show almost a similar value (4.52 mM~' s7!), while
blank, Ni**, and Mn?*-doped Fe;0,@L-Arg/P show a
gradual increase in r| up to 7.70 mM~! s7!. These results
indicate that H-bonded inner sphere water molecules can
increase the r; relaxivity up to ca. 3—4 mM~!s7!. To evalu-
ate the presence of inner sphere H-bonded water in the shell

environment, a thermal analysis of all the samples was car-
ried out (Fig. 4). It can be observed from the thermograms
that all the samples except Zn?*/Fe;0,@L-Arg/P exhibit
two kinds of weight loss in the range of 50-85 and around
150 °C due to bulk and interior surface-bound water, respec-
tively. The weight loss above 100 °C is continued and per-
sisted till 150 °C, confirming the presence of inner sphere
H-bonded water. The weight losses at higher temperatures
are due to the carbonization of organic material, confirming
the presence of a pluronic layer at the outer shell. Hence,
it can be claimed that the | relaxivity of the bulk water
protons can be raised by H-bonded water molecules present
near the core of magnetic NPs.

In vitro drug release kinetics, cell viability,
and cytotoxicity studies

The M?*/Fe;0,@L-Arg/P NPs were tested as drug deliv-
ery vehicles for the epidermoid carcinoma cell line A431 to
evaluate the anti-cancer activity of the loaded drug (Brig-
atinib). The smooth release, cytotoxicity, and colony-form-
ing ability of these formulations were checked by the drug
release kinetics, MTT, and clonogenic assays, respectively.
A wide range of doses as described in the individual experi-
ments were used to make a comparison among the formula-
tions (M>*/Fe;0,@L-Arg/P/bg).

The kinetics of in vitro release of brigatinib from M>*/
Fe;0,@L-Arg/P (Fig. 5) was studied in PBS solution at
7.4 pH. It can be observed that Mn**/Fe,0,@L-Arg/P/bg
USIONSs showed fast initial release as compared to those of
Ni**-doped. Mn**/Fe;0, @L-Arg/P/bg USIONS release 30%
of the drug in a first burst in 5 h and the next 20% release
in 72 h with an overall 50% release in three days. Approxi-
mately 70% drug was released from Ni**/Fe;0,@L-Arg/P/
bg in three days. The Mn**/Fe;0,@L-Arg/P/bg USIONs
started to release the drug early and, however, took a long
time to reach the 70% release rate than Zn>** and Ni**-doped
vehicles. From this release kinetics study, it can be said that
the release efficiency of the delivery vehicle is modulated by
varying the dopant ions. This might be due to the restructur-
ing of the surface. The defect produced due to the mismatch
of the atomic radius of the dopant and host responsible for
the physical interaction of the surface with the ligand and
the drug molecules, in turn, affects the smooth release of
the drug.

The cytotoxic effect of the synthesized USIONs with or
without the drug was studied by MTT assay, on the A431
human epidermoid carcinoma cell line (Fig. S3). The bare
drug remains inactive toward cell viability at microgram-
level dosage. However, the drug-loaded USIONs (M>*/
Fe,0,@L-Arg/P) affect it at the same level of dosage. M**/
Fe;0,@L-Arg/P/bg USIONs with 10 pg/mL dose can
reduce the cell viability to 53, 31, and 94 for Zn>*, Mn?",
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and Ni%*, respectively. In the case of the blank carrier
(Fe;0,@L-Arg/P), the % cell viability remains basal even
at higher dosages emphasizing the safety of the developed
delivery platforms. Mn2+/Fe3O4@L-Arg/P/bg boosts the sig-
nificant cell death at very low dosage levels as compared to
Zn2+/Fe3O4@L—Arg/P/bg system (Fig. S3B and S3D), while
Ni**/Fe,0,@L-Arg/P/bg NPs induce the cell death at very
high concentration (1000 pg/mL) and does not reduce the
cell numbers even if it can release the drug easily (Fig. S3C).

The in vitro cell survival assay is based on the ability of
a single cell to grow into a colony. It is generally carried
out to determine the effect of a drug on the proliferation
of tumor cells. The MTT assay demonstrated the high effi-
ciency of the formulations as compared to the bare drug.
It sheds light on the ability of the formulations to prevent
colony formation often exhibited by cancer tumor cells.
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It can be observed from Fig. 6B and D that only 50% of
colonies survived in the case of Zn**/Fe;0,@L-Arg/P/bg
and Mn2+/Fe3O4@L—Arg/P/bg at about 50 ug/mL dosage,
while Ni**/Fe;0,@L-arg/P/bg did not cause any reduction
in colony number at that concentration (Fig. 6C). These
results indicate that Ni**/Fe;0,@L-Arg/P/bg can act as
good delivery vehicle as compared to the other developed
vehicles.

Hence, the present study emphasizes that the efficiency
of the vehicle to release the drug is its integral property
and is influenced by the factors like the surface-ligand
binding strength, the surrounding environment of the
entrapped drug molecules, and the perturbance of the
core’s magnetism by dopant ions, etc. It would be interest-
ing to carry out in vivo studies regarding drug delivery and
MR imaging, which will be the focus of our next study.
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Fig.4 Thermal analysis of A Fe;0,@L-Arg/P, B Ni**/Fe;0,@L-Arg/P, C Mn>/Fe;0,@L-Arg/P, and D Zn>*/Fe;0,@L-Arg/P NPs
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Conclusion

Small amino acid molecules like L-arginine can act as
capping and chelating ligands to bind Fe;O, nanopar-
ticles tightly, restrict their growth at the nanoregime,
and form USIONs. Pluronic F127 encapsulates L-Arg-
capped USIONS effectively and forms polymeric micelles
while retaining magnetic properties. The synthesized

75 100 125 150 175 200
Time (hours)

Pluronic-encapsulated and L-Arg-capped Fe;O, magnetic
micelles can act as drug delivery platforms to load the
hydrophobic anti-cancer drug brigatinib in their hydropho-
bic shells. Blank, Mn?*, and Ni**-doped Fe,0,@L-Arg
NPs reveal T, contrasting ability while those of
Zn?**-doped NPs show T, contrasting due to the modifica-
tion in relaxivity ratio. Out of these, Ni>*-doped USIONs
are the best T; CAs. The drug-loaded Ni**/Fe,0,@L-
Arg/P/bg exhibits good drug release kinetics. But the MTT
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Fig.6 Clonogenic assay: A No visible change in the plates was
observed in presence of the bared drug at any concentration (in
pg level). The number of colonies remained constant throughout
B colony formation was reduced early at 1 pug mL™!' of the Zn?*/
Fe;O0,@L-Arg/P/bg. Only a handful of colonies were observed at
500 to 1000 ug mL~! of formulation. C No change in the number of

assay suggests the need for a higher dosage to produce a
pronounced effect. In this context, Mn>*-doped vehicles
are more efficient. Only a very low dosage is required for
cell death, and it is also true for clonogenic assay. In vitro
cellular uptake of drug-loaded magnetic micelles by epi-
dermoid carcinoma cell line (A431) shows more internali-
zation than the bare drug. The overall size of the drug-
loaded magnetic micelles allowed prolonged circulation
and sustained drug delivery. Toxicity studies confirm the
safety of the developed iron oxide nanoparticle-based
magnetic micelles as drug delivery vehicles at a dosage
range of 0.125-0.25 mg/mL. Rationally, it can be claimed
that Mn?*-doped USIONS are very suitable for theranostic
applications. This study leaves some questions unanswered
like (1) how do dopant ions and consequent modification
in the magnetic property of the core (by maintaining the
shell environment constant) affect the drug release kinetics
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colonies on the addition of Ni**/Fe;0,@L-Arg/P/bg. The reduction
in the number of colonies observed above 500 ug mL~! dose. D The
colony formation drastically decreased at 1 ug mL™' dose of Mn?>*/
Fe;0,@L-Arg/P/bg formulation. The number of colonies continues
to decrease due to an increase in cell death

and proliferation of tumor cells? (2) Can the strength of
the H-bonds among surface-bound ligands and water mol-
ecules in the shell environment be evaluated to study the
proton relaxivity of bulk water? (3) Can the contrasting
ability of the MRI CAs be modulated by varying only the
shell environment and keeping the core/core size constant?
Further research is required to answer these questions.
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Abstract

Fe;O,@L-Arginine and Fe;O,@L-Histidine nanoparticles (NPs) are synthesized
and explored as catalysts for the sequential Knoevenagel condensation and Michael
addition reactions (KMS). The reaction parameters like the amount of catalyst, tem-
perature, and solvent systems are optimized for both of the catalysts for the Kno-
evenagel condensation reaction. It was observed that the developed catalyst sys-
tems work well under solvent-free conditions at 80 °C. Excellent to high yield was
achieved in the corresponding Knoevenagel adducts (up to 97%), in turn, delivered
good yield in Michael products (up to 70%). Surprisingly, Fe;O,@L-Hist NPs did
not show any catalytic activity for the sequential Michael addition. The probable
reasons for the high activities of Fe;O,@L-Arg NPs for KMS have been discussed.
The catalyst was also recovered and reused for 5 cycles with equal performance in
terms of activity and selectivity. The optimized protocol for sequential Knoevenagel
condensation and Michael addition reaction can result in high isolated yields with
saving in the cost of solvent and falls under the domain of green chemistry.

Keywords Fe;O, nanoparticles - Knoevenagel condensation - Michael addition
reaction - Solvent-free condition - E-factor - Sequential reactions

Introduction

It is difficult to design heterogeneous catalytic one-pot multicomponent reactions
(COP-MCRs). For these kinds of reactions to occur, the correct reactants and rea-
gents must first be present at a single catalytic site, and then the bond-making
and breaking processes must precisely take place in the available spatiotemporal
regime, leading to the target product via a stable transition state. Any disturbance
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during this phase has the potential to alter the outcome of the reaction. The pro-
cess can be sped up by using a solvent or additive that can stabilize the transition
state through H-bonding or electrostatic interactions. The enzyme can accom-
plish this task effectively in nature. The amino acid residues at the catalytic site in
the hydrophobic enzymatic grooves can effectively stabilize the transition state,
resulting in the formation of the desired product with no by-products or waste [1].
To synthesize a variety of commercially significant products using green meth-
ods, it is necessary to mimic these natural enzymatic processes in the laboratory.
To do this, protocols involving MCRs that take place in a single pot either sequen-
tially (known as tandem reactions) or in a cascade (known as dominos reactions)
fashion have been developed [2]. Compared to enzyme/homogeneous catalysis,
MCRs employing heterogeneous catalysis in organic synthesis have advantages
such as greater atom economy, atom usage, and selectivity can be obtained with
time, cost, and energy savings [3—6]. Here, we investigated the tandem Knoeve-
nagel-Michael addition events at a single catalytic site, which result in the prod-
ucts possessing a tri-substituted C—C bond in the molecular framework.

In a classic Knoevenagel reaction, the nucleophilic addition of a carbanion
of an active methylene compound with an electron-withdrawing group to a car-
bonyl compound is followed by dehydration. This generates trisubstituted alkenes
with an E-configuration. A basic mix of piperidine (pK,; 11) and pyridine (pK,y
5.5) is used as a catalyst [7-10]. Alternative catalytic systems were developed
to carry out the neat and clean reaction with a smaller value of the E-factor as
a consequence of the environmental concerns regarding the basic catalyst mix-
ture. A variety of amino acids, such as -alanine [11], L-proline [12], L-histidine
and L-arginine [13], guanidine [14], Lewis acids, such as ZnCl, [15], TiCl, [16],
MgF, [17], and CuCl, [18], as well as surfactants, such as benzyl triethylammo-
nium chloride [19], were investigated. Furthermore, heterogeneous catalysts such
as organic—inorganic hybrid silica tagged with imidazolium and dihydro imidazo-
lium salts [20], organic amines supported on inorganic solid-acid surfaces [21],
silica-L-proline in the liquid phase [22], P4VP/Al,0;-Si0, [23], HCIO,-SiO,
[24], Ni-SiO, [25], modified silica gel [26], magnetic hydroxyapatite-encap-
sulated y-Fe,O; nanoparticles [27], MCM-41 [28], MgO/ZrO, [29], zeolites
[30-34], clays [35] were also employed as catalytic systems. These catalysts have
good activity in terms of yield, but high temperature, prolonged reaction times,
and catalyst recycling are still problems.

Therefore, the literature review mentioned above stresses the need for the gen-
eration of heterogeneous catalysts with the reaction sites basic in nature as well
as additional environmental features like recovery and recycling. The best choice
in this direction should be iron oxide-based nanoparticles (NPs) capped by amino
acid functionalities. Studying the activity of the amino acid in constrained confor-
mations while adsorbed on the magnetic surface might be intriguing. During enzy-
matic activities, amino acid molecules, and specifically the histidine residue of the
enzymes, are known for their proton shuttling. The Knoevenagel reaction involves
a similar proton shuttle mechanism [36]. Therefore, it would be preferable to retain
the amino acid’s molecular conformation and mimic enzyme-like activity under
the reaction conditions. In light of this, we developed iron oxide nanoparticles with

@ Springer



Fe;0,@L-arginine and Fe;0,@L-histidine...

KMS Sequence 9
0 HiC—N, 0
(o] (0] NC O NC
+ N — OEt OEt
NC —_—
OEt R H NO,

R

Q (+)-Baclofen HOO -
< OEt
R NH,

Cl
)\/(t)- Pregabalin R NH,

Scheme 1. Synthesis scheme involving KMS sequence leading towards pharmaceutically important
drugs

L-histidine and L-arginine caps (Fe;O,@L-Hist and Fe;0,@L-Arg NPs, respec-
tively) for the Knoevenagel reaction.

Now, from the standpoint of the pot economy, it would be advantageous to com-
bine the sequential Michael addition of nitromethane, which is also catalyzed by the
same developed base catalytic systems. For the synthesis of several key pharmaceu-
tically important compounds, the Knoevenagel-Michael sequence (KMS) is neces-
sary. The synthesis of (+)-Baclofen (4-amino-3-(4-chlorophenyl)butyric acid) and
Pregabalin (Lyrica®) (3-isobutyl-y-amino butyric acid) are two examples involv-
ing KMS. The conventional method for making the basic building blocks of these
drugs involves Knoevenagel condensation, 1,4-addition of cyanide, hydrolysis of the
resulting pf-cyano diester, decarboxylation, reduction, and optical resolution of the
resulting racemates (if necessary) (see Scheme 1) [37].

In the current study, we performed one-pot KMS of several aromatic aldehydes
in the presence of as-synthesized catalysts under solvent-free conditions, producing
precursors of the aforementioned drug molecules. We achieved high conversion and
reaction yield in a short time. The catalysts were conveniently removed from the
reaction mixture and successfully recycled for up to five cycles.

Experimental

Ethyl cyanoacetate, 4-nitro benzaldehyde, FeCl;-6H,0, L-histidine, L-arginine,
ethyl acetate, and petroleum ether 60—80 were purchased from Loba Chemie Pvt.
Ltd. Benzaldehyde, 4-chloro benzaldehyde and acetaldehyde were purchased from
Spectrochem India. 4-Bromo benzaldehyde, 2- bromo benzaldehyde, 4-methyl
benzaldehyde, and 4-methoxy benzaldehyde were purchased from TCI Chemicals
(India) Pvt. Ltd. Propionaldehyde was purchased from S. D. Fine Chemical Ltd.,
India. FeCl,.4H,0 was purchased from Merck Life Science Private Limited. All the
chemicals were used without further purification.
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Synthesis of Fe;0 ,@AA NPs

For the preparation of L-arginine coated Fe;0, NPs, FeCl; anhydrous (0.08 mmol)
and FeCl, (0.04 mmol) were mixed in 50 mL deionized water in a round-bottom
flask and the mixture was stirred at 70 °C for 15 min. Then, 10 mL aqueous solu-
tion of L-arginine (0.04 mmol) was drop-wise added and the reaction mixture
was stirred for 20 min at the same temperature. Then, an aqueous solution of
NH,OH (10.0 mL) was instantly injected and the reaction mixture was stirred at
6000 rpm for 1 h. All the processes were carried out under a nitrogen atmosphere.
After that, the resulting material was centrifuged, washed with deionized water
and ethanol, and dried at 80 °C in an oven for 12 h. Fe;O,@L-histidine NPs were
synthesized using the same procedure with L-histidine (0.04 mmol) dissolved in
10.0 mL water.

General procedure for the Knoevenagel condensation reaction

Aldehyde (1.0 mmol), ethyl cyanoacetate (1.0 mmol), and catalyst (80.0 mg) were
mixed in the RBF and stirred vigorously at 80 °C in an oil bath. The progress of
the reaction was monitored on the TLC plate. After the completion of the reaction,
the catalyst was magnetically separated from the reaction mixture. The final isolated
product was obtained followed by column chromatography using EtOAc: petroleum
ether system.

General procedure for the Michael addition reaction

Nitromethane (2.0 mmol) and catalyst (80.0 mg) were added to the RBF and stirred
vigorously at 80 °C. The progress of the reaction was monitored on the TLC plate.
After completion of the reaction, the catalyst was magnetically separated from the
reaction mixture. The final isolated product was obtained followed by column chro-
matography using EtOAc:petroleum ether solvent system.

General procedure for sequential Knoevenagel and Michael addition reaction

In a two necked RBF attached with air condenser and silica-gel guard tube, benzal-
dehyde (1.0 mmol), ethyl cyanoacetate (1.0 mmol), and Fe;0,@L-Arg NPs as cata-
lyst (80.0 mg) were mixed, and stirred vigorously over the magnetic stirrer. The tem-
perature of the reaction was slowly raised to 80 °C, and the reaction was allowed to
continue for 2.5 h at this temperature. Then, nitromethane (2.0 mmol) was injected
instantly in the reaction mixture with vigorous stirring. The reaction was continued
for further 6 h by maintaining the temperature at 80 °C. Then, the catalyst was sepa-
rated on applying the magnet outside the RBF, the mixture was decanted followed
by column chromatography using EtOAc: petroleum ether solvent system.
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General procedure for the recovery of catalyst for sequential Knoevenagel-Michael
addition reaction

After completion of the reaction, the catalyst was separated with a magnet and the
solvent was evaporated. The recovered catalyst was washed with ethanol and dried
and reused under the same conditions as the first run at least 5 times and gave a cor-
responding product of KMS in high yield and selectivity.

(E)-Ethyl- 2-cyano-3-phenylacrylate (2a)

White solid crystals (m.p. 49-51 °C). FTIR (KBr, cm™'). 2981 (—C—H, stretching,
sp2), 2939(—C-H, stretching, sp3), 2222 (—CN), 1726 (—C=0 ester), 1606 (-C=C),
1444-15,720 (-C=C, Ar). 'HNMR (400 MHz, CDCl,) 6: 1.43 (CH;, t, J = 7.2 Hz,
3H), 4.42 (CH,, q, J = 7.2 Hz, 2H), 7.49-7.59 (ArH, m, J = 7.2 Hz, 3H), 7.99-8.01
(ArH, d, J = 8.4 Hz, 2H), 8.27 (-CH, s, 1H). "*CNMR (400 MHz, CDCl) o: 14.2
(-CH;), 62.8(-O-CH,), 102.9 (-C-CN), 115.5 (-CN), 129.3, 131.1, 131.5, 133 .4,
155.1, 162.5 (-C=0). ESI-MS (m/z) = 201.2 [M + H] + (Fig. S4—S7).

(E)-Ethyl-2-cyano-3-(4-nitrophenyl) acrylate (2b)

Yellow solid crystals (m.p. 157-159 °C). FTIR (KBr, cm™h). 3096 (~C—H, stretch-
ing, sp?), 2993 (-C-H, stretching, sp’), 2225 (—CN), 1720 (-C=O0, ester), 1594,
1268 (-NO,), 1415-1616 (-C=C, Ar), 1007 (-C=0, ester). 'HNMR (400 MHz,
CDCl,) 6: 1.4 (<CH,, t, J = 7.2 Hz, 3H), 4.4 (CH,, q, J = 7.2 Hz, 2H), 8.1 (ArH, d,
J = 8.8 Hz, 2H), 8.32-8.36 (Ar H, d, J = 8.8 Hz, 2H), 8.38 (-CH, s, 1H). *CNMR
(400 MHz, CDCl;) 6: 14.1 (-CH,), 63.4 (<O-CH,), 107.3 (<C—-CN), 114.6 (-CN),
124.4, 131.5, 136.9, 149.7 (-C-NO,), 151.8 (-C=C), 161.4 (-C=0). ESI-MS (m/z)
= 246.08 [M + H]* (Fig. S8 -S11).

(E)-Ethyl 2-cyano-3-(4-methoxyphenyl) acrylate (2c)

White solid crystals (m.p. 109-111 °C). FTIR (KBr, cm™'). 1435, 1513, 1561
(-C=C, Ar), 1717 (-C=0), 2215 (-CN), 2843, 2992 (-CH, str), 3025 (—CH, str).
'"HNMR (400 MHz, CDCl,) o: 1.42 (-CH;, t, J = 7.2 Hz, 3H), 3.90 (-O-CHj, s,
3H), 4.40 (-CH,, q, J = 7.0 Hz, 2H), 6.99-7.01 (Ar H, d, J = 8.8 Hz, 2H), 8.0 (ArH,
d, J = 8.8 Hz, 2H), 8.2 (=CH, s, 1H). *CNMR (400 MHz, CDCl) ¢: 14.2 (-CHy),
55.6(-OCH;), 62.5 (-OCH,), 99.3 (-C-CN), 116.3 (-CN), 114.8, 124.3, 133.7,
154.5, 163.2, 163.8 (-C=0). ESI-MS (m/z) = 231.28 [M + H]* (Fig. S12 -S15).

(E)-Ethyl-2-cyano-3-(p-tolyl) acrylate (2d)

White solid crystals (m.p. 110-113 °C). FTIR (KBr, cm™Y). 3029 (-C-H, stretching,
spz), 2993 (—C-H, stretching, sp3), 2216 (-CN), 1724 (-C=0, ester), 1420-1596
(-C=C-Ar), 1093 (-C-0, ester). 'HNMR (400 MHz, CDCly) 6: 1.42 (CH;, t, J =
7.2 Hz, 3H), 2.44 (CH,, s, 3H), 4.41 (CH,, q, J = 6.8 Hz, 2H), 7.6 (ArH, d, J =
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8.8 Hz, 2H), 7.8 (Ar H, d, J = 8.4 Hz, 2H), 8.2 (=CH, s, 1H). >*CNMR (400 MHz,
CDCl,) &: 14.2 (-CH3), 21.9 (Ar— CH;), 62.6 (O-CH,), 101.5 (-C-CN), 115.8
(-CN), 128.8, 130.0, 131.2, 144.7, 162.8 (-C=0), 155.0 (-C=C). ESI-MS (m/z) =
215.19 [M + H]* (Fig. S16 -S19).

(E)-Ethyl-2-cyano-3-(4-chlorophenyl) acrylate (2¢)

White solid crystals (m.p. 159-160 °C). FTIR (KBr, cm™). 3431 (-C-H, stretching,
sp?), 2954 (~C-H, stretching, sp*), 2223 (—CN), 1726 (-C=0, ester), 1411-1611
(-C=C, Ar), 1206 (-C-O, ester), 1081 (Ar-Cl). 'HNMR (400 MHz, CDCl,) 6: 1.43
(-CH,, t, J = 7.2 Hz, 3H), 4.43 (-CH,, q, J = 7.2 Hz, 2H), 7.48 (Ar H, d, J = 6.8 Hz,
2H) 7.93-7.96 (Ar H, d, J = 6.8 Hz, 2H), 8.22 (= CH, s, 1H). 3*CNMR (400 MHz,
CDCl,) 6: 14.2 (-CH;), 62.9 (<O-CH,), 103.4 (-C-CN), 115.3 (-CN), 129.7, 132.2,
139.6, 153.5, 162.3 (-C=0). ESI-MS (m/z) = 235.09 [M + H]*(Fig. S20 —-S23).

(E)-Ethyl-2-cyano-3-(4-bromophenyl) acrylate (2f)

White solid crystals (m.p. 80 —82 °C). FTIR (KBr, cm™') 3430 (—C—H, stretching,
sz) 2952 (—C-H, stretching, sp3), 2222 (-CN), 1725 (-C=0, ester), 1487-1611 (Ar,
C=C), 1205 (—C-O0, ester), 1094 (Ar—Br). '"HNMR (400 MHz, CDCl,) 6: 1.4 (CH;,
t,J = 7.2 Hz, 3H), 4.4 (CH,, q, J = 6.8 Hz, 2H), 7.6 (Ar H, d, J = 8.8 Hz, 2H), 7.8
(ArH, d, J = 8.4 Hz, 2H), 8.2 (=CH, s, 1H). >*CNMR (400 MHz, CDCl,) 6:14.2
(-CH,), 62.9 (-O-CH,), 103.6 (-C-CN), 115.3 (-CN), 128.3, 130.2, 132.2, 132.7,
153.6 (-C=C), 162.2 (-C=0). ESI-MS (m/z) = 280.06 [M + H]" (Fig. S24 —-S27).

(E)-Ethyl-2-cyano-3-(2-bromophenyl) acrylate (2 g)

White solid crystals (m.p. 81-83 °C). FTIR (KBr, cm™") 3430 (-C-H, stretching,
sz) 2952 (—C- H, stretching, sp3), 2222 (—CN), 1725 (-C=0, ester), 1487-1611
(Ar, C=C), 1205 (-C-0, ester), 1094 (Ar—Br). '"HNMR (400 MHz, CDCly) o: 1.4
(CH,, t, J = 7.2 Hz, 3H), 4.4 (CH,, q, / = 6.4 Hz, 2H), 7.2 (Ar H, t, J = 7.6 Hz,
1H), 7.3 (Ar H, t, J = 7.6 Hz, 1H), 7.5 (Ar H, d, J = 8.0 Hz, 1H), 8.0 (ArH, d, J =
7.6 Hz, 1H), 8.6 (=CH, s, 1H). >CNMR (400 MHz, CDCly) o: 14.2 (-CHj), 63.0
(O-CH,), 106.4 (C-CN), 114.7 (-CN), 126.6, 128.1, 130.1, 131.7, 133.6, 133.7,
153.9 (-C=C), 161.8 (-C=0). ESI-MS (m/z) = 280.06 [M + H]" (Fig. S28 -S31).

Ethyl-2-cyano-4-nitro-3-phenyl butanoate (3a)

Colorless oil. 'HNMR (400 MHz, CDCl,). 8: 7.41 (m, J = 7.6 Hz, 10 H), 5.05 (m,
J = 6.8 Hz, 4H), 4.27 (m, J = 7.6 Hz, 6H), 3.95 (m, J = 5.6 Hz, 2H), 1.17 (1, J
= 7.2 Hz, 6H). BCNMR (400 MHz, CDCL,) &: 13.8 (-CH,), 41.5 (-C-CH,), 43.1
(-C-CN), 63.7 (-OCH,-), 76.3 (-CH,-NO,), 114.4 (—CN), 127.5, 129.3, 129.5,
134.5 (-C=C), 163.9 (-C=0) (Fig. $32 -S33).
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Ethyl 2-cyano-4-nitro-3-(4-nitrophenyl) butanoate (3b)

Colorless oil.'HNMR (400 MHz, CDCl;) o: 8.27 (m, J = 6.8 Hz, 4H), 7.5 (m, J
= 8.0 Hz, 4H), 5.06 (m, J = 7.6 Hz, 4H), 4.43 (m, J = 5.6 Hz, 6H), 4.02 (m, J =
6.8 Hz, 2H), 1.28 (t, J = 7.2 Hz, 3H) (Fig. S34).

Ethyl 2-cyano-4-nitro-3-(4-methoxy phenyl) butanoate (3c)

Colorless oil. "HNMR (400 MHz, CDCly) 8: 7.26 (m, J = 7.0 Hz, 4H), 6.90 (m, J
= 8.8 Hz, 4H), 5.03 (m, J = 6.6 Hz, 4H), 4.26 (m, J = 6.8 Hz, 6H), 3.91 (m, J =
5.6 Hz, 2H), 3.81 (s, 6H), 1.27 (t, J = 4.8 Hz, 3H) (Fig. S35).

Ethyl 2-cyano-4-nitro-3(4-methylphenyl) butanoate (3d)

Colorless oil. "HNMR (400 MHz, CDCl,) 6: 7.18 (m, J = 6.8 Hz, 8H), 5.04 (m, J =
6.4 Hz, 4H), 4.7 (m, J = 7.2 Hz, 6H), 4.27 (m, J = 6.8 Hz, 2H), 2.35 (s, 3H), 1.16 (t,
J =7.2 Hz, 6H) (Fig. S36).

Characterization

X-ray powder diffraction (XRD) pattern was obtained using X-ray powder diffrac-

tometer (Philips X’pert MPD system) with Cu Ko radiation, 4 = 0.15418 nm. The
BET-specific surface area (SBET) was determined by nitrogen adsorption (Micro-
metrics ASAP 2020, USA) via a multipoint BET method using the adsorption data
in the relative pressure (P/P°) range of 0.0-1.0. The samples were degassed at 80
°C before Brunauer—-Emmett-Teller (BET) measurements. Desorption isotherm
was used to determine the pore-size distribution using the Barret— Joyner—Halendar
(BJH) method, assuming a cylindrical pore model. The nitrogen adsorption volume
at the relative pressure (P/P°) range of 0.997 was used to determine the pore volume
and average pore size. The morphology of the samples was examined by FESEM
(JEOL-JSM-7100F). Particle size with elemental mapping was carried out by TEM
(JEOL-JEM-2100) at 200 kV. FT-IR spectra of all compounds were recorded with
Bruker FTIR spectrometer using KBr pellets in the range of 400 to 4000 cm™.
UV- visible absorption spectra were recorded on a Perkin Elmer Lambda 35 and PL
spectra were recorded on a Jasco FP-6300 spectrophotometer using a Xenon lamp as
an excitation source at 280 nm. All measurements were made at 25 °C in methanol.
HRMS was recorded on Xevo G2-S Q Tof (Waters, USA), and TG analysis was
recorded on Exstar TG/DTA7000 from 30 to 550 °C with a heating rate of 10 °C.
The sample size was between 7-8 mg. The '"H NMR and >C NMR were recorded
on Bruker Avance 400 MHz spectrometers using TMS as an internal standard in
CDCl,.
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Results and discussion

Powder XRD was used to investigate the phase of as-synthesized Fe,O,@L-Arg
and Fe;O,@L-Hist nanoparticles. The magnetite phase is revealed by the diffrac-
tion pattern shown in Fig. 1. The magnetite phase of Fe;0, NPs with inverted spi-
nel structure is confirmed by the X-ray diffraction peaks at 20 values of 31.0, 36.4,
43.8, 53.5, 57.7, and 63.0°, which, for both systems, correspond to the (220), (311),
(400), (422), (511) and (440) planes, respectively (JCPDS No. 82-1533) (Fig. 1).
The particle size was determined by the Debye—Scherrer formula (L = 0.9M/f cos8)
and the FWHM (Full Width at Half Maximum) value [38] of the major peak for
(311) planes in the range of 20.45 and 16.76 nm, respectively. It can be observed
that adsorption of amino acids does not affect the XRD pattern.

Transmission Electron Microscopy (TEM) was used to directly observe the mor-
phology of the sample (Fig. 2). Figure 2 shows that both catalytic systems—Fe;0,@
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Fig. 1 Powder X-ray diffraction patterns of as-synthesized a Fe;O,@L-Hist and b Fe;0,@L-Arg NPs
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— 100nm CSMCRI
x100,000 15.0kV LED WD 10. lmm

Fig.2 HRSEM images of a Fe;0,@L-Arg b Fe;O,@L-Hist NPs. HRTEM images and lattice fringes at
higher magnification of as-synthesized ¢, d Fe;0,@L-Arg and e, f Fe;0,@L-Hist NPs

AA (Amino Acids) NPs—display spherical morphology in the size range of
2-10 nm. Spherical particles with a crystallite size of 5-10 nm are visible in the
HRTEM images. The lattice fringes of the (400) exposed planes are separated by
0.18 nm. The HRSEM images also support these observations.

FTIR spectroscopy is one of the best techniques for investigating the interac-
tions of ligand molecules with the host surface [39-43]. The FTIR spectra of pris-
tine Fe;O,, free L-arginine and L-histidine, Fe;O,@L-Hist, and Fe;0,@L-Arg
NPs are presented in Figure S2. For pristine Fe;O, NPs, the absorption between
600 and 650 cm™' is due to the Fe-O stretching of the inverse spinel system. The
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carboxylate ion of the amino acid ligand can coordinate with surface Fe ions in
either a monodentate or a bidentate (chelating) mode [44, 45]. These can be proven
by the COO™ stretching vibration frequencies. Two primary modes of vibration for
free carboxylate ions in acetate form are v, coo-y and symmetric vycoo-) stretch-
ing at 1583 and 1422 cm™, respectively. For Fe;0,@L-Arg NPs, the Vascoo™y Of
carboxylate ions is at 1562 cm™! and Vgcoor 18 at 1472 cm™!, In coordination with
surface Fe ions, v, ooy decreases while v oo~ increases, indicating that the car-
boxylate ion of amino acid is coordinated bidentately. Additionally, A (Vyycoo-y—
Vycoo™y 18 greater than A (V' i coo) — Vscoo))» Where A is the difference between
the absorption bands for free carboxylate ions and A’ for metal-bound carboxylate
ions, indicating bidentate coordination [43]. While the v, oo~ of carboxylate ions
shows at 1588 and v cop-) at 1413 cm™! in the case of Fe;0,@L-Hist NPs, sug-
gesting a similar type of bidentate coordination. From the UV-vis spectra, it can
be inferred that L-histidine absorbs at 290 nm due to n — #* transition and it fluo-
resces at 450 nm when excited at the same absorption wavelength which remains
unaltered after adsorption on the surface of Fe;O, NPs (Fig. S3). Based on these
investigations, we suggest the bidentate type of amino acid molecule orientations on
the surface of magnetic NPs (Fig. 3).

A thermogravimetry analysis of the freshly synthesized NPs was conducted in
order to further validate the presence of amino acid molecules adsorbed on the sur-
face. Figure 4 shows the thermograms of pristine iron oxide (Fe;0,), Fe;O,@L-Hist,
and Fe;O,@L-Arg NPs, which can be utilized for quantification of the material’s
degradation behaviour. In the TG analysis temperature range, iron oxide doesn’t lose
weight. On the other hand, both of the Fe;O,@AA samples exhibit two-stage degra-
dation. Due to the degradation of surface-adsorbed organic material, Fe;O0,@L-Arg
and Fe;O,@L-Hist NPs displayed severe weight loss above 150 °C and 150-200 °C,
respectively, and persisted up to 400 °C for both samples. The weight loss at around
100 °C is due to the surface-adsorbed water molecules. These studies demonstrate
that amino acid molecules are present on the surface of Fe;O, nanoparticles. On the

+
H2N§’N|.|2
HN

NH
HZN—QNH;

Fig.3 Proposed interaction of L-arginine and L-histidine molecules with the surface of Fe;O, NPs based
on FTIR spectroscopy
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Fig.4 Thermograms of pristineFe;0,4, Fe;0,@L-Arg, and Fe;0,@L-Hist NPs. The % weight of the resi-
dues is shown at the end of the curves

basis of water loss and the %weight of residues left after heat treatment, the loading
of L-arginine and L-histidine on the surface of NPs was calculated to be 23.3 and
16.3 per cent, respectively.

The nitrogen adsorption—desorption isotherms for the synthesized Fe;O,@L-Arg
and Fe;O0,@L-Hist NPs, as well as their computed BET surface area and pore
volume, are shown in Fig. 5 and Table S1. The isotherms of Fe;O,@L-Arg and
Fe;O0,@L-Hist NPs are of type IV (BDDT classification), as seen in Fig. 5, with
the H4 and H3 type of curves, respectively where the two branches are nearly hori-
zontal and parallel throughout a large range of relative pressures (P/Po), suggesting
the well-ordered mesoporous structure. In this situation, the amount of gas adsorbed
increases as P/Po rises. Narrow pores that resemble slits are frequently linked to
the type H4 curve [26, 46]. Fe;O,@L-Arg NPs have a much higher surface area
than Fe;O0,@L-Hist NPs, as can be seen in Table 1. The BET surface area and pore
size studies show that both kinds of synthesized NPs systems are good for catalytic
activities.

Fe;0,@L-Arg and Fe;O,@L-Hist NPs magnetization curves were plotted using
a magnetic field gradient from —15,000 to + 15,000 Oe (Fig. 6). As can beseen in
Fig. 6, Fe;0,@L-Arg NPs exhibit superparamagnetic behaviour with a Ms value of
61.5 emu/g while Fe;O,@L-Hist NPs exhibit paramagnetic behaviour with a very
low Ms value of 0.25 emu/g [47, 48]. This investigation reveals the material’s ability
to become magnetized under the influence of a magnetic field and being recovered
on removal of the field.

Optimization of reaction parameters for model Knoevenagel condensation
reaction

The model Knoevenagel reaction was carried out under various sets of conditions

involving different catalysts, Fe;O0,@L-Arg or Fe;0,@L-Hist, their amounts, sol-
vents, and temperature to optimize the reaction parameters.
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Fig.5 Nitrogen adsorption—desorption isotherms of as-synthesized Fe;O0,@L-Arg and Fe;O,@L-Hist
NPs

In a model reaction, the Knoevenagel condensation of benzaldehyde (1a) and
ethyl cyanoacetate was carried out by using the two as-synthesized catalytic sys-
tems. Table 1 shows that the reaction could not continued in the absence of the
catalyst. Additionally, we conducted controlled reactions using free L-arginine
and L-histidine as well as pristine Fe;0, NPs. Due to the Lewis acidicproperties
of Fe;O, NPs, the reaction continued in the forward direction with a less yield
of the product after 8 h at 80 °C. Due to the solvent-free condition, which is dis-
cussed later, the same result was observed when the reaction was conducted in
the presence of free amino acids.
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Table 1 Effect of different catalysts on Knoevenagel condensation reaction

KMS Sequence one-pot RS
4
H,.C—N
(o] 3 \
0 Fe () @AA NC
NC\/Ik * /u\ 0
OEt H “80°C Fe 0, @AA
hli b O
solvent-free
Sr. No. Catalyst* Yield™® (%)
1 No Catalyst -
2 Fe,0, 17
3 L-Arginine 32¢
4 L-Histidine 29°¢
5 Fe;0,@L-Arg 94
6 Fe;O0,@L-Hist 91

“Reaction conditions: Catalyst (80.0 mg), benzaldehyde (1.00 mmol), ethyl cyanoacetate (1.00 mmol),
reaction temperature (80 °C), reaction time, 180 min

PIsolated yield

“Solvent-less condition

— o] 90

g 0.30 {Fe,0,@L Histidine t\Ew 60| Fe204@L-Arginine

S 3

g 0.15 A E 30.

= c

S 0.00 { 2 0

® ©

N N .30+

§ -0.15 4 §

S 00 g

= T M———— S 90
-12000 6000 0 6000 12000 -12000 -6000 0 6000 12000

Magnetic Field(Oe) Magnetic Field(Oe)

Fig.6 M -H curves for as-synthesized a Fe;O,@L-Hist and b Fe;O,@L-Arg NPs

The amount of the catalyst had a significant impact on the reaction. The yield
increased dramatically as the catalyst loading was increased, reaching up to 94%
in the case of Fe;0,@L-Arg on 80 mg of loading (Table 2).

We tried out a range of temperatures for the model Knoevenagel condensa-
tion reaction carried out up to 180 min under the optimized conditions (Table 3).
From 10 to 60 °C, the reaction rate was found to be quite slow and then increased
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Table 2 Optimization of the amount of catalyst (Fe;O,@L-Arg and Fe;0,@L-Hist) for the model Kno-
evenagel condensation reaction™*

o Fe,0,@AA
o x mmol /\
NC\)J\ S
+ 0~ ScH, 80 “C

H
(1a) (2a)
Sr. No. Catalyst amount (mg) Yield® (%)
Fe;0,@L-Hist Fe;0,@L-Arg

1 5.0 43 46
2 10.0 57 59
3 20.0 61 66
4 30.0 74 80
5 50.0 85 89
6 80.0 85 94
7 100.0 85 94

*Reaction conditions: Benzaldehyde (1.00 mmol), ethyl cyanoacetate (1.00 mmol), reaction time: for
Fe;0,@L-Hist-180 min and Fe;0,@L-Arg — 150 min, reaction temperature, 80 °C

PTsolated yield

“Solvent-less condition

Table 3 Optimization of temperature for Fe;0,@L-Arg and Fe;O,@L-Hist NPs mediated model Knoev-
enagel condensation reaction™*

o)
o o
NC\/U\ moen A 0" eh,
H VS
+ (o) CH; 80 mg CN
(1a) (2a)
Sr. No. Temperature (°C) Yield™ (%)
Fe;0,@L-Hist Fe;0,@L-Arg

1 10 Trace Trace

2 RT 39 44

3 40 46 53

4 60 82 91

5 80 85 94

“Reaction conditions: Catalyst (80.0 mg), benzaldehyde (1.00 mmol), ethyl cyanoacetate (1.00 mmol),
reaction time: for Fe;0,@L-Hist-180 min and Fe;0,@L-Arg — 150 min

bIsolated yield

“Solvent-less condition
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Table 4 Optimization of reaction time for Fe;0,@L-Arg and Fe;0,@L-Hist NPs mediated Knoevenagel

condensation reaction™*

o)
o)
o) Fe,0,@AA
NG > X 0" cH,
H PN o
+ o CH, 80 °C CN
(1a) (2a)

Sr. No. Time (mins) Yield® (%)

Fe;0,@L-Hist Fe;0,@L- Arg
1 30 20 37
2 60 35 58
3 120 63 79
4 150 71 94
5 180 82 94

#Reaction conditions: Catalyst (80.0 mg), benzaldehyde (1.00 mmol), ethyl cyanoacetate (1.00 mmol),

reaction temperature, 80 °C
bsolated yield

“Solvent-less condition

Table 5 Optimization of a
solvent system for Fe;O,@L-
Arg and Fe;0,@L-Hist

NPs mediated Knoevenagel
condensation reaction®

Sr. No.  Solvent Tempera- Yield®(%)
ture (°C) -
Fe;0,@L-Hist Fe;O,@L-Arg

1 Solvent-free 80 91 94

2 Water 80 68 68

3 Ethanol 60 43 43

4 DCM 40 - _

5 CHCl4 50 10 10

*Reaction  conditions: ~ Catalyst (80.0 mg), benzaldehyde
(1.00 mmol), ethyl cyanoacetate (1.00 mmol), time, for
Fe;0,@L-Arg-150 min, and Fe;0,@L-Hist- 180 min, 80 °C

"Isolated yield

with an increase in temperature. At 80 °C, the reaction proceeded with the high-

est yield.

Time has a substantial impact on the reaction under evaluation. According to
Table 4, for the Fe;0,@L-Arg and Fe;O,@L-Hist NPs mediated catalysis, the
%yield increased and reached a maximum of 94 and 82% within 150 and 180 min,

respectively.

For the model Knoevenagel condensation, both of the synthesized catalysts
were utilized to evaluate different solvents and solvent-free conditions in order
to maximize yield. Table 5 provides an overview of the outcomes. These findings
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support the notion that for both catalytic systems, solvent-free conditions yield
the best outcomes.

To comprehend the electronic effects of substituent groups on the reaction, vari-
ous aromatic and aliphatic aldehydes substituted with electron-donating and with-
drawing groups were assessed (Table 6). It was observed that in the case of sub-
stituted aromatic aldehydes 1a—g those with electron-withdrawing groups undergo
a faster reaction than with electron-donating groups. In the case of aliphatic alde-
hydes 1 h-1i, Knoevenagel condensation did not happen with ethyl cyanoacetate
in the presence of catalysts Fe;O,@L-Hist and Fe;0,@L-Arg under the optimized
conditions.

Furthermore, at optimal reaction conditions, Michael addition of the Knoev-
enagel product 2a-d containing electron-donating and -withdrawing groups was
performed using nitromethane. In contrast to electron-donating groups in the pres-
ence of Fe;O,@L-Arg at 80 °C, the Knoevenagel condensation adduct with elec-
tron-withdrawing groups produced a good yield of the Michael product 3a-d. The
sequential Michael reaction could not be catalysed by Fe;0,@L-Hist under the opti-
mal reaction conditions (Table 7).

Recovery and recycling of Fe;0 ,@L-arginine and Fe;0 ,@L-histidine NPs

Additionally, the model sequential reaction’s catalyst recovery was examined under
optimal reaction conditions (Fig. S3). After the KMS reaction was finished, the reac-
tion mixture was filtered and the catalyst was completely washed with ethanol, dried
under vacuum at 70 °C, and reused for the succeeding reaction cycle. Under the pre-
sent conditions, Fe;O,@L-Hist (for the Knoevenagel reaction) or Fe;0,@L-Arg (for
the KMS reaction) can be recovered and reused at least five times. It is significant to
notice that after 5 cycles, the catalytic activity is reduced.

Scheme 2 shows the proposed reaction mechanism based on the review of the
literature and the results of the experiments. Consequently, the carboxylate group of
the amino acid molecule interacts with the Fe;0, surface Fe**/Fe** ions in a biden-
tate manner, leaving the amine group free (based on FTIR spectroscopy data). The
surface-retained amine group produces imine (I) by nucleophilic addition to benzal-
dehyde. Now, the imine nitrogen atom is sufficiently basic to remove the acidic pro-
ton from the ethyl cyanoacetate active methylene group, which in turn initiates the
nucleophilic attack of the resultant carbanion to produce the intermediate II. Lastly,
the base-catalyzed mechanism makes the Knoevenagel product, which is a trisub-
stituted alkene III. Product III participates in the sequential Michael reaction as a
Michael acceptor, followed by the addition of nitromethane, a Michael donor, which
is initiated on the same catalytic site on the magnetic surface (Fe;O,@L-Arg) to
give the final KMS product (Scheme 2).

Origin of reactivity

In the instance of the Knoevenagel reaction, it can be shown that the Fe;0,@L-Arg
NPs exhibit stronger catalytic activity than the Fe;O,@L-Hist NPs, while the
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Table 6 Knoevenagel condensation reaction between aromatic/aliphatic aldehydes and ethyl cyanoac-
etate catalyzed by Fe;0,@L-Arg and Fe;O,@L-Hist NPs".

[o]
o) Fe, (@AA /\
Nc\/u\
H
R + o/\CH3 80 °C
Solvent-less
R =3 (a-d)
R =2 (a-d)
Aldehyde Product Time (mins) Yield®®
(%)
Fe;0,@L-Hist Fe;0,@L-Arg Fe;0,@L-Hist Fe;0,@L-Arg
o
o 180 150 91 94
CN
(1) (2a)
o Q 75 50 94 97
O W
CN
O,N
O,N
2 (1b) (2b)
o Q 180 150 89 90
o W
\0 o CN
(1¢) (20)
o o 180 150 87 89
H X0
CN
(1d) (2d)
o o 90 75 92 95
/@)J\H B o
cl cl N
(le) (2e)
(Ze)
2 90 70 91 93
A o
/©)L Br CN
Br 2
(an (20
Br 0O Br o 90 73 90 91
H N0
CN
(1g) (2g)
o - 180 150 - -
)J\H
(1h)
o - 180 150 - -

g

H
(19)

“Reaction conditions: Catalyst (80.0 mg), aldehyde (1.00 mmol), ethyl cyanoacetate (1.00 mmol), reac-
tion temperature, 80 °C

bsolated yield

“Solvent-less condition
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Fe;O,@L-Hist NPs catalytic system is completely inactive for the sequential
Michael addition process. There could be two major reasons for this. (1) The effec-
tive delocalization of the positive charge on the side chain guanidine nitrogen makes
L-Arginine more basic than L-histidine. In contrast to the amine group found in
the imidazole ring of L-histidine, which has a pKaH of 6.5 (near neutrality), the
guanidine amino group of L-arginine has a pKaH of 12. So, during the synthesis
of NPs, both of the amino acid molecules get adsorbed and coordinated with sur-
face Fe>*/Fe’™ ions by the negatively charged carboxylate group. This happens
because the reaction medium is basic due to the ammonia. Now, when these NPs
systems are utilised as catalysts under solvent-free conditions, the 1° amino group of
L-arginine close to the surface carboxylate ion will be more basic due to the avail-
ability of a loan pair of electrons, as the side chain guanidine nitrogen atoms hold
the proton more tightly. So, the 1° amine group of L-arginine acts as a basic cata-
lytic site for the reaction under consideration. Instead, the side chain imidazole ring
of L-histidine can’t hold the basic proton more tightly than that of L-arginine, and
the 1° amine of the amino acid near the surface carboxylate ion becomes positively
charged at a pH close to neutral [49]. Due to this, L-histidine becomes less basic
and is less effective at base catalysis. Hence, it can catalyze the Knoevenagel reac-
tion through the side chain imidazole -NH group but is not basic enough to carry
out the sequential Michael addition reaction of nitromethane (Fig. 7) (2) the flex-
ibility of the adsorbate amino acid molecular framework on the Fe;O, nanoparticle
surface. Due to the central three-carbon long "spacer," L-arginine can adopt a better
molecular conformation and interact with the substrate aldehyde more easily to form
imines, whereas L-histidine could not show reactivity under the optimal conditions
because of the rigidity of the molecular framework on adsorption on the magnetic
surface (Fig. 7).

Rahmati et al. reported free L-arginine and L-histidine as a catalyst for the Kno-
evenagel reaction [13]. They condensed various aromatic substituted aldehydes with
malononitrile, ethyl cyanoacetate, or ethyl acetoacetate. When the reaction was run
in aqueous media for 5-12 h at room temperature, they got good yields. Hence,
the "free amino acid" can produce good results when the reaction is conducted "in
water," but solvent-free conditions are favored when they are adsorbed on a suitable
surface.

Table 8 lists the various catalytic systems designed for the Knoevenagel reaction
along with their optimized reaction parameters and compares them to the devel-
oped NPs systems described in this study. It can be shown that malononitrile is a
preferred substrate (because the methylene group may be easily activated by two
nearby cyano groups) and that a fair yield can be obtained when it is condensed
with aldehydes (Table 8). However, there are few reports of ethyl cyanoacetate con-
densing with aldehydes and the protocols that do achieve a moderate to low yield
(Table 8). According to Table 8, the as-synthesized NPs catalytic system is a pro-
ductive "green" catalyst for the Knoevenagel condensation reaction when no sol-
vent is present. We also used the conventional formula from the literature to com-
pute the E-factor, which we found to be 0.42 for the Fe;0,@L-Arg and 0.47 for
the Fe;O,@L-Hist NPs catalyst systems, respectively (SI computation S1) [50].
These outcomes render the developed protocol truly "green."
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Table 7 Fe;0,@L-Arg catalyzed sequential Michael addition reaction with Knoevenagel condensation
product.?

KMS Sequence one-pot ,+9
o H,C—N o
Fe O @AA NC oFt o NC OEt
\)J\ )J\ a0 o — >
H 80°C Fe O @AA NO,
R 80 °C R
solvent-free
Knoevenagel adduct Product Time (h) Yield® (%)
Fe;0,@L-  Fe;O,@L-Arg
Hist
o OaN ° 6 - 69
X 0
CN 0™
(Za) CN
(3a)
o 0N ° 5 - 72
X o o~
O,N CN oN CN
(2b) (3b)
o OaN o 5 - 70
X o o~
o CN - L
(20) (3C)
o OaN ° 6 - 67
X0 o
CN CN
(2d) (3d)

#Reaction conditions: Catalyst (80.0 mg), Knoevenagel products (0.5 mmol), nitro methane (2.0 mmol),
Reaction temperature, 80 °C

“Isolated yield

Conclusion

By introducing amino acid-like components as a base catalyst on a robust host like
Fe;O, NPs, we have shown that one-pot multi-step synthesis of pharmaceutically
significant intermediate can be carried out sequentially. The Knoevenagel reaction
can simply be carried out by base catalysis due to amino acid molecules that are
present on the surface of a single nanoparticle. The product of this reaction was then
condensed with nitromethane, a Michael donor, yielding a product useful in the pro-
duction of numerous pharmaceutically active compounds. It can be concluded that
by adopting all the optimal process parameters, (i) the developed process becomes
more cost-effective than those based on bare noble metal catalysts (ii) catalyst recov-
ery is made simple by using a magnetic field (iii) The catalyst Fe;O,@L-Arg is
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KMS Product

Scheme 2. Proposed mechanism for KMS in the presence of Fe;0,@L-Arg NPs

e’ pair available for base Protonoted amine can't
catalysis do base catalysis

No proton shuttling

>

Side chain imidazole ring
Less basic

= LY
Side chain guanidine @
Strongly basic

Conformational flexibility

Conformational rigidity

Fig.7 Origin of difference in reactivity of Fe;O,@L-Arg and Fe;0,@L-Hist NPs catalytic systems

more effective than Fe;O,@L-Hist for both sequential reactions (iv) the as-synthe-
sized catalyst Fe;O,@L-Arg NPs maintained its efficiency for five cycles (in this
study) for 2-way catalysis (v) the reaction is "green" because no hazardous solvents
are used, and the entire one-pot process can be carried out in solvent-free conditions
with short reaction times, high product yields, and high activity and stability of the
catalyst under the optimized reaction conditions. This work brings up new possibili-
ties for the development of multi-component catalysts that can produce materials on
a large scale while being environmentally friendly. The next investigation will focus
on developing a tandem process for the mass production of enantio-pure Baclofen
and Pregabalin.
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Table 8 Comparative study of the efficiency of the as-synthesized catalytic systems with those previ-
ously reported for the Knoevenagel condensation reaction

Catalyst Substrate Conditions Yield (%) Refs.
[HyEtPy]Cl- 4-ClI-CqH,-CHO  Ethyl cyanoacetate  H,0,50 °C, 98 [51]
H,0-DABCO 20 min
composite
SiO,-L-proline 4-NO,-C¢H,-CHO Malononitrile Acetonitrile, 90 [14]
80°C,7h
4-NO,-C¢H, CHO Ethyl cyanoacetate Acetonitrile,80 °C, —*
7h
FeNPs/PPD@1GO C¢Hs CHO Malononitrile Toluene,40 °C, 100 [52]
35h
C¢H;.CHO Ethyl cyanoacetate Toluene, 237
400C,35h
SMNPs-Amp C¢H5.CHO Malononitrile H,0,RT, 4h 99 [53]
composite
Chol-MNPs (com) C¢Hs CHO Ethyl cyanoacetate Ethanol, RT,24h 79 [54]
C¢H;.CHO Malononitrile Ethanol, RT,0.5h 98
Lys-Chol-MNPs C¢H5.CHO Ethyl cyanoacetate Ethanol, RT,24h 65 [54]
C¢H5.CHO Malononitrile Ethanol, RT,0.5h 96
Gly-Chol-MNPs C¢Hs.CHO Ethyl cyanoacetate Ethanol, RT,24h 67 [50]
C¢H5.CHO Malononitrile Ethanol, RT,0.5h 97
Fe;0,@L-Argi- C¢H5.CHO Ethyl cyanoacetate Solvent-free, 94 This work
nine 80 °C,150 min
Fe;0,@L-histi- C¢H;.CHO Ethyl cyanoacetate Solvent-free, 91 This work
dine 80 °C,180 min

[HyEtPy]Cl-H,0-DABCO composite—1,4-diazabicyclo [2.2.2] octane (DABCO) hydroxyl group in
the ionic liquid of N-(2-Hydroxy-ethyl)-pyridinium chloride ([HyEtPy]Cl); SiO,-L-proline- silica sup-
ported L-proline, FeNPs/PPD @rGO—p-phenylene diamine FeNPs (Iron nanoparticles) embedded onto
the surface of graphene nanosheet; SMNPs-Amp composite—(aminomethyl)phenols-modified nanocata-
lysts; Chol-MNPs (com) -silane ligand containing choline hydroxide; Lys-Chol-MNPs—choline hydrox-
ide function was neutralized with Lysine; Gly-Chol-MNPs—choline hydroxide function was neutralized
with Glycine

“No reaction
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