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One-step dry synthesis of an iron based nano-
biocomposite for controlled release of drugsT

Sophia Varghese, Jai Prakash Chaudhary and Chinmay Ghoroi & *

Bio-based drug carriers have gained significant importance in Control Drug Delivery Systems (CDDS). In the
present work, a new iron-based magnetic nano bio-composite (nano-Fe-CNB) is developed in a one-step
dry calcination process (solventless) using a seaweed-based biopolymer. The detailed analysis of the
developed nano Fe-CNB is carried out using FE-SEM, HR-TEM, P-XRD, XPS, Raman spectroscopy, FTIR
etc. and shows that nano-Fe-CNB consists of nanoparticles of 5-10 nm decorated on 7-8 nm thick 2-D
graphitic carbon material. The impregnation of nano-Fe-CNB into the calcium alginate (CA) hydrogel
beads is found to have good drug loading capacity as well as pH responsive control release behavior
which is demonstrated using doxorubicin (DOX) as a model cancer drug. The drug loading experiments
exhibit ~94% loading of DOX and release shows ~38% and ~8% release of DOX at pH 54 and 7.4
respectively. The developed nano Fe-CNB facilitates strong electrostatic interactions with cationic DOX
molecules at pH 7.4 and thereby restricts the release of the drug at physiological pH. However, at cancer
cell pH (5.4), the interaction between the drug and nano-Fe-CNB reduces which facilitates more drug
release at pH 5.4. Thus, the developed nano-biocomposite has the potential to reduce the undesired
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Introduction

Recent statistics by the World Health Organization demonstrate
that the majority of deaths are caused due to cancer and have
estimated approximately 9.6 million deaths in 2018.%* The
major route of administration for chemotherapy treatment is
through intravenous injections, which use anticancer agents
responsible for burst release effect and destroy normal cells
along with tumor cells.>* For example, doxorubicin (DOX),> an
anticancer drug, is a commonly used model drug (commercially
available as Adriamycin) with solubility 50 mg m1~" used to treat
various solid tumors of the breast, ovary, etc. However, DOX has
several side effects due to burst release such as nausea, diar-
rhea, anemia, and decreased appetite. Hence, studies are
carried out for the controlled release of DOX. Thus, the
controlled release (CR) of anticancer drugs is preferred for tar-
geting the drug to the local tumor site, which helps to attain the
therapeutic concentrations and reduces the damage to the
normal tissues and cells.*®*” In addition, it reduces the
frequency of drug intake and side effects. However, the release
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side effects associated with faster release of drugs.

profile of these drugs is strongly influenced by the choice of
carriers.>®

Bio-polymers are of great interest in the field of Control Drug
Delivery Systems (CDDS) because of its advantages such as bio-
compatibility, low toxicity, and ease of availability. Sodium
alginate, a bio-polymer derived from brown algae possesses the
unique feature of gel formation in the acidic and basic medium
and also has additional benefits such as bio-compatibility,
biodegradability and low toxicity.>*® Moreover, the incorpora-
tion of inorganic and organic nanoparticles in hydrogels
prepared from bio-polymer enhances the drug loading and
controlled release behavior. These nano-materials include
silica,’® gold,»"*** Fe;0,,*'**® carbon nanotubes (CNT),"”**
including 2-D material like graphene oxide (GO)** etc. There
are several controlled release studies reported for DOX in the
literature>*7'1%1” ysing GO,*** carbon dots, CNT and super-
magnetic nanoparticles such as Fe;0,."*">*' The release of
DOX from GO, CNT and carbon dots are preferred due to its
higher drug loading capacity (77-90%), and the larger surface
area available in the layered materials."”*® Xue et al. studied the
subcellular delivery of doxorubicin from pH-responsive alginate
nanogel.® The sustainable release of DOX at 5.0 pH is reported
to be >90%, and at 7.4 pH, the corresponding release is 38% in
40 h.®* However, the drug release at physiological pH (7.4) is
much higher. Suarasan et al. studied the controlled release of
DOX, which is incorporated in the nanotherapeutic delivery
system consisting of gelatin-coated gold nanoparticles.> The
amount of DOX released at 4.6 pH and 7.4 pH after 24 h are
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approximately 80% and 25%, respectively.” But, the release of
DOX in physiological pH is relatively high at 24 h. Deng et al.
designed a hybrid microcapsule (h-MC) using sodium alginate,
chitosan, hyaluronic acid along with iron oxide and graphene
oxide by a layer-by-layer technique to study the in vivo antitumor
therapy using DOX. The results exhibited that the DOX was
released more from h-MC at acidic pH 5.4 as compared to 7.4
pH indicating pH-responsive behavior of h-MC composite.*
Similarly, Cao et al. carried out the targeted delivery of DOX
from modified multi-walled carbon nanotubes using hyaluronic
acid.” The in vitro studies demonstrated that DOX release is
~54% at 5.4 pH and about 40% at physiological pH 7.4 in 48 h."”
However, the release of 40% at physiological pH is considerably
high. The literature shows that the most of the release studies
using different nano-carriers are conducted at tumor cells pH
(5.4) and physiological pH (7.4).>*" Though desired controlled
release is reported for several cases at 5.4 pH, the drug release at
physiological pH is quite high (in the range of ~25-54%) which
is highly undesirable.

The present study focuses on developing a new magnetic
nano-biocomposite (nano Fe-CNB) using the facile route of
synthesis, which is pH responsive and its application thereof in
the controlled release of the drug (DOX as a model drug) known
as a red devil. In the first part (material development), the
material is developed using a one-step dry calcination process
without the usage of any solvent. The nano Fe-CNB is explored
in detail using various characterization techniques to under-
stand the material property. The developed nano Fe-CNB
exhibits pH and magnetic responsive behavior. The nano Fe-
CNB consist of 2-D layered carbon material decorated with
magnetic Fe based core in a single step, without any solvent or
post-processing. In the second part (application), the nano Fe-
CNB is used to study the controlled release of the anticancer
drug DOX. The developed nano Fe-CNB is further embedded
into the bio-polymeric matrix to form the Smart Drug Delivery
System (SDDS) for the controlled release of DOX. The magnetic
nano bio-composite exhibits pH responsive behavior due to Fe-
based core coupled with layered carbon material. After DOX
loading on nano Fe-CNB CA beads, the release studies were
performed at 5.4 and 7.4 mimicking the pH of tumor cells and
physiological along with controlled experiments using DOX-
loaded CA beads (without the addition of nano Fe-CNB). The
DOX-loaded Fe-CNB CA shows high drug loading capacity and
can maintain a very low concentration of the drug in physio-
logical pH. The developed new SDDS is capable of very minimal
release in physiological pH (7.4) which is desirable and with
improved efficacy to release the drug at tumor cells pH (5.4).

Materials and methods
Materials

The alginic acid sodium salt from (Fluka Biochemika) was
purchased, iron ammonium sulphate (MERCK, Extra Pure),
calcium chloride-2H,0 (Extra Pure, MERCK), doxorubicin
hydrochloride (TCI, chemicals), were used as received. Acetic
buffer solutions (5.4 pH) and phosphate buffer solution (PBS)

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

(7.4 pH) for drug release studies were used. The dialysis tube
(Sigma Aldrich, 10 kDa) was used.

Preparation of nano biocomposite (nano Fe-CNB) and nano
Fe-CNB impregnated calcium alginate matrix (nano Fe-CNB
CA)

Nano Fe-CNB was prepared using sodium alginate and iron
ammonium sulphate salt. Initially, sodium alginate was mixed
with iron ammonium sulphate to prepare homogeneous slurry
and was oven-dried. The oven-dried sample was then subjected
to calcination under N, atmosphere for 3 h at 800 °C with
a ramp rate of 5 °C to obtain Fe-based nano-biocomposite (nano
Fe-CNB).

The nano Fe-CNB (0.048 wt%) was added into the sodium
alginate solution (1.5 wt%) under continuous stirring condi-
tions. The selection of nano Fe-CNB was based on the higher
drug loading at the particular weight percent of nano bio-
composite. Sodium alginate solution containing nano Fe-CNB
was added dropwise with pipette in calcium chloride solution
(0.5 wt% prepared) to obtain the nano-Fe-CNB impregnated
calcium alginate bead (nano Fe-CNB CA). The experimental
steps are represented in Fig. 1. The developed nano Fe-CNB-CA
were kept in CaCl, solution for 6 h to ensure complete gelation
and further rinsed with Milli Q water (resistivity ~ 18 MQ) for
removal of excess chloride present. Then the hydrogels were
subjected to lyophilization before used for drug loading.

Drug loading on calcium alginate (CA) and nano Fe-CNB
impregnated calcium alginate (nano Fe-CNB CA) and the
release study

The drug (DOX) loading and release studies from the CA and
nano Fe-CNB CA were determined by using the absorbance
value from Biotech Cytation 5 Imaging reader (USA) in 96 well
plates. The standard drug solution of DOX was prepared in Milli
Q water (0.2 mg ml ™). The lyophilized CA and nano Fe-CNB CA
beads were subjected to the standard DOX solution (0.2 mg
ml™") for 24 h to load the drug. The drug (DOX) solution was
decanted after 24 h to separate the CA and nano Fe-CNB CA. The
DOX loaded CA and nano Fe-CNB CA beads were further
lyophilized. The decanted solution was then subjected to UV-
analysis to determine the percentage of drug remaining in the
solution. The UV at (A = 480 nm) spectra for standard DOX
solution (C;) and that of remaining drug solution after loading
(Cg) was then used to calculate the drug uptake by the CA and Fe-
CNB CA matrix respectively. The amount of drug uptake by the
matrix was quantified using eqn (1). All the loading experiments
were performed in triplicates, and the mean value with standard
deviation (SD) for the same was reported. A similar method of
drug loading for hydrogels was reported elsewhere.>?

Drug loading efficiency (%) = (C; — C/Cy) x 100 (1)

The DOX release studies were carried out at 37 °C and
100 rpm rotation at different pH 5.4 (acetic buffer) and 7.4
(phosphate buffer) solution (25 ml). The DOX-loaded Fe-CNB
CA was taken in a dialysis tube (pre-activated) along with 3 ml
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Fig. 1 Schematic illustration of the preparation of nano Fe-CNB embedded calcium alginate (CA) hydrogel beads.

of the respective buffer solution. The dialysis tube was
immersed in the beakers containing buffers (25 ml) of pH 5.4
and pH 7.4 at 37 °C respectively. At different time intervals, 400
ul of the sample was withdrawn and replaced by fresh buffer
solutions every time. The percent release of DOX was measured
by UV-visible spectrophotometer at 480 nm. Similar studies were
performed for DOX-CA (control). The release was performed in
triplicates, and the mean value with SD of the same was reported.
The statistical analysis of the release profile was performed using
two way ANOVA test using Graph pad prism software version 5.0.
The drug release was quantified using eqn (2).
The following equation determined the drug release

Drug release (%) = @

1
— x 100
Iy
where I = emission intensity of released DOX, I, = initial
emission of total intensity DOX-loaded on to nano Fe-CNB CA.

Characterizations

The morphological changes were investigated by Field Emission
Scanning Electron Microscopy (FE-SEM) (JEOL, USA) operated
at 5.0 kv and a working distance of 8-10 mm. High-Resolution
Transmission Electron Microscopy (HR-TEM) was used to
depict the morphology and size, which was recorded using HR-
TEM (JEOL JEM 2100) operated at a voltage of 200 kV. Material
characterizations, as well as drug-carrier interactions, were
evidenced by the Fourier Transform Infrared Spectroscopy
(FTIR) (PerkinElmer, IR spectra) ATR method from wavenumber
(4000 cm™" to 400 cm™ ') and X-ray Photoelectron Spectra (XPS)

13396 | RSC Adv, 2020, 10, 13394-13404

of ULVA-PHI INC (Japan) with AES module with Ar ion (PHI
5000 Versa probe II) was used. The thermal stability of the
prepared nano Fe-CNB is determined using Thermal Gravi-
metric Analysis (TGA) at temperature 25-850 °C at the heating
rate 10 K min~' using (NETZSCH, STA 449 F3 Jupiter). The
changes in the crystalline nature and the crystal properties were
studied using Powder X-ray Diffraction (P-XRD) (Bruker, D8
Discover) at 40 kV, 30 mA from 26 values (5-90) at the step size
0.02 with scan speed 0.2. The porous nature and the surface
area measurements were performed to determine the surface
area and pore volume distribution using the BET surface area
analyzer (Micromeritics, U.S.A.). The degassing was performed
in a nitrogen environment at 120 °C for 10 h. The determination
of carbon material and the presence of Fe(O) was carried out
using Raman Spectroscopy (NXR FT-Raman, U.S.A.) from
wavenumber (200 cm ™" to 4000 cm ™). The magnetic property
of the nano Fe-CNB was determined using an external magnet
and Vibrating Sample Magnetometer (VSM) (PAR 155) by
varying the magnetic field (tesla) from —3.0 T to +3.0 T at room
temperature (297 K). The drug loading and release studies were
carried out in Biotech Cytation 5 Imaging reader (USA) plate
reader equipped with 96 well plates.

Results and discussion
Size and surface morphology

The HR-TEM experiments show the morphology and the size of
the developed nano Fe-CNB material. Fig. 2A depicts the high-
resolution TEM images showing clusters of carbon layer with

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Exhibits the HR-TEM of nano Fe-CNB, (A) depicts the high-resolution TEM images showing clusters of carbon layer with embedded
nanoparticles, (B) exhibits the thickness of the graphitic carbon sheet of 7-8 nm. (C) and (D) shows graphitic carbon having randomly scattered
Fe-CNB magnetic core (highlighted using yellow dashed lines) of size 5-10 nm at different magnifications. (E) Lattice fringes of magnetic core
(highlighted using yellow dotted line) with d spacing of 0.25 nm embedded in the layered graphitic carbon (highlighted using blue dotted line). (F)

depicts the SAED pattern of Fe-CNB.

embedded nanoparticles. Fig. 2B exhibits the thickness of the
graphitic carbon sheet of 7-8 nm. Fig. 2C and D shows the
graphitic carbon having randomly scattered Fe-based magnetic
core (highlighted using yellow dashed lines) of size 5-10 nm at
different magnifications. Also, there exists agglomeration at few
places of magnetic cores as exhibited in Fig. 2D. The lattice
fringes of the magnetic core with a d spacing of 0.25 nm are
embedded in the layered graphitic carbon which is shown in
Fig. 2E. The Fig. 2F depicts the SAED pattern of nano Fe-CNB
which helps to confirm the presence of Fe, Fe;04, and
graphitic carbon from the lattice planes (200), (311) and (002)
respectively. The diffused pattern of the ring observed indicates
the presence of carbon in the material. The HR-TEM results
confirm that nano bio-composite consists of carbon based
layered material with embedded Fe magnetic cores. The single-
step calcination process is capable of hosting the Fe-based
magnetic core on layered carbon material without the usage
of the solvent and post-processing step as in conventional
method. Thus, the developed nano Fe-CNB is further explored
with different techniques.

The morphological changes of a cross-section of calcium
alginate beads are demonstrated in Fig. 3A, which exhibits the
flake-like structure with a smooth surface. While Fig. 3B
demonstrates the FE-SEM for a cross-section of a cut piece of
calcium alginate bead, which resembles the blooming of the

This journal is © The Royal Society of Chemistry 2020

flower bud. Fig. 3C represents the nano Fe-CNB material
showing highly porous nature. Fig. 3D represents the cross-
sectional view of nano-Fe-CNB CA beads, which indicates the
presence of thin layered material on to the surface of the flakes.
Fig. 3E represents the cross-section for DOX-loaded Fe-CNB CA,
where the presence of the small particles on to the surface of Fe-
CNB CA is observed. At the higher magnification, it is identical
to the spherical shape of DOX and is found to be in good
agreement with the literature.>

Surface area and pore analysis

The porosity and pore volume distribution of the developed
nano Fe-CNB observed in FE-SEM (Fig. 3C) is further explored
by performing the BET surface area as shown in Fig. 4. The BET
surface area is found to be 184.16 m”> g~ ' with a pore diameter
around 3.19 nm indicating the mesoporous nature of the
material. The hysteresis loop of adsorption and desorption
curve signifies Type IV indicating mono and multilayer
adsorption on the surface exhibiting complete pore filling and
capillary condensation.®

Thermal and magnetic behavior

To understand the thermal stability of the newly developed
nano Fe-CNB TGA is performed for biopolymer sodium alginate
and the nano Fe-CNB as shown in (Fig. S1, ESIt). The TGA for

RSC Adv, 2020, 10, 13394-13404 | 13397
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Fig.3 FE-SEM for (A) cross-sectional view of CA beads indicate flake-like structure, (B) cross-sectional view after cutting the CA bead resembles
the blooming of the flower bud. (C) Surface morphology for nano Fe-CNB porous nature, (D) cross-sectional view of nano-Fe CNB embedded
CA beads exhibiting a layered material on its surface, (E) DOX-loaded on Fe-CNB CA beads cross-sectioned demonstrates the spherical particles

present on the flakes.

sodium alginate exhibited two weight loss, initially the mass
loss around 100 °C attributes to the removal of moisture
present. The second mass loss is due to the break-down of
polymeric chains around 250 °C. The TG for nano Fe-CNB
exhibited initial moisture loss at 110 °C and the weight loss
around 700 °C can be attributed due to the presence of
Fe;04,.>** The nano Fe-CNB is stable compared to the
biopolymer. The amount of final residue at 800 °C for sodium
alginate is 26.9% and 66.7% for nano Fe-CNB, which indicates
the stability of nano Fe-CNB. This observation is consistent with
literature for chitin based composite.>

The nano Fe-CNB used in this study exhibits magnetic
behaviour in nature which is confirmed by the simple

13398 | RSC Adv, 2020, 10, 13394-13404

experiment of bringing a big magnet near the nano Fe-CNB
powder. The experiment shows that under the influence of
the magnetic field, the nano Fe-CNB particles are attracted to
the big magnet. The image depicting the same is shown in
(Fig. S2B, ESIY). In addition, the more detailed study to under-
stand the magnetic property of nano Fe-CNB was performed
using Vibrating Sample Magnetometer (VSM) as shown in
(Fig. S2C, ESIt). The M-H curve exhibits negligible hysteresis
indicating the superparamagnetism.>**” The high saturation
magnetization (M) is observed at 11.2 emu g * (corresponding
to 0.217 emu for 20 mg mass of the sample) which indicates the
presence of magnetite (Fe30,).'*2*2*

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 BET analysis of nano-Fe-CNB: adsorption desorption hysteresis of nano-Fe-CNB indicating Type IV isotherm and pore volume distri-

bution of nano-Fe-CNB indicating mesoporous nature of the material.

Spectroscopic analysis of the materials

Further, the confirmation of the presence of carbon material,
Fe;0,4, and a-Fe,O; for nano Fe-CNB are obtained from Raman
spectroscopy, as shown in Fig. 5. The Raman spectrum of carbon
material generally consists of D, G, and 2D bands.?>* The D band
is located near 1350 cm ', which indicates the presence of
vacancies or dislocations in the graphene layer. The G band peak
is located near 1580 cm ™, which signifies the in-plane vibration
of sp” hybridized carbon atoms. The ratio of the intensity of D

140

nano Fe-CNB
120 <

100 -
80 -

60 -

Intensity

40 4

«Fe,O0, Fe O

20 4

0

250 500 750 1000 1250 1500 1750 2000 2250
Raman shift (cm'l)

Fig. 5 Raman spectrum of nano-Fe-CNB to confirm the presence of
carbon material, magnetite, and a-Fe,Oz corresponding to different
wavenumbers. The ratio of the intensities of D and G band depicts the
presence of defects in the carbon material.

This journal is © The Royal Society of Chemistry 2020

band to G band (Ip/I;) indicates the amount of defects present in
the material.®** The Raman spectrum for nano Fe-CNB is
exhibited in Fig. 5, where the D band is observed at 1348 cm™"
and the G band at 1590 ecm™ ", respectively which is in good
agreement with those reported in the literature. The intensity
ratio of D band to the G band (Ip/I) is observed to be 1.06, which
indicates more defects in the carbon material. Thus, the defects
in the material are attributed to the functionalization of graphitic
carbon.* The spectrum around wavenumber 299 and 412 cm ™'
correspond to a-Fe,0;,*** and that of 668 cm™ ' corresponds to
Fe;0,.*** However, the absence of a peak around wavenumber
721 cm™ ' indicates that there is no maghemite.?*

The interaction studies for different materials are depicted
with FTIR. While the chemical composition and the bond
formation explicitly for the developed nano Fe-CNB is studied
using XPS. Fig. 6A demonstrates the FTIR spectra of nano Fe-CNB
material, calcium alginate, nano Fe-CNB loaded CA beads and
DOX-loaded Fe-CNB CA beads. The nano-Fe-CNB (I) attributes
the main characteristic peak for Fe;0, around 630 cm ™" (ref. 13
and 21) (small hump exists but not quite visible due to the
presence of very less quantity and scale used). Thus, the presence
of Fe;0, is in good agreement with the HR-TEM results (Fig. 2).
Thus, Fe-CNB is a functionalized carbon-based layered material
that is further confirmed by various analytical techniques. The
characteristic peaks of alginate (II) were found at 3268, 1590,
1416, and 1029 cm ' that corresponds to stretching of -OH,
-COO™ (asymmetric), -COO~ (symmetric) and C-O-C respec-
tively.”** Also, nano Fe-CNB loaded CA beads (III) exhibits the
characteristic peaks of alginate at 1029 cm ™' and 1590 cm™ ..
When DOX is loaded on to nano Fe-CNB CA beads, the peak

RSC Adv, 2020, 10, 13394-13404 | 13399


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra01133a

Open Access Article. Published on 01 April 2020. Downloaded on 3/14/2026 6:19:06 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Paper

@ A aomicw Survey Spectra an : Cis m Ots
c1s =718 ots ] 1 53105 eV
~ o ots =253 -~ 284.09 eV ~
= S2p = 130 OKLL| 3 . 5 7
& A ms =00 & 8
2 Fe2p3 =080 ; E
81 E 286,81 €V g 33457V
,E, ] - . £
T T T T T h T T
= 0 200 400 600 800 1000 280 285 290 295 530 535 540 545
e :
S Binding Energy (eV) Binding Energy (¢V) Binding Energy (eV)
\) (VI)
W) S2p ( )_ 399.61‘2\’ Nis Fe2p
168.58 eV l\
~1 ~1 r” %:1199,95»\' ~ v
B 3 / L 710.85 eV 724.02 ¢
L & &1 40145 eV & | TMATV
$ 1 i g ‘
-é 163.76 eV £ &
WL T
& ] h ﬂ ﬂ iff 2
1 Y ". ' -
1 1 1 : | 1 1
4000 3500 3000 2500 2000 1500 1000 500 1

156 159 162 165 168

1
Wavenumber (cm )
Binding Energy (eV)

Fig. 6

71 174 398 40 402 44
Binding Energy (eV)

700 7(')5 7i0 7i5 72’0 755 730 735
Binding Energy (eV)

(A) represents the FTIR for (I) nano Fe-CNB, (II) CA bead, (lll) nano Fe-CNB embedded CA bead, (IV) DOX-loaded Fe-CNB CA bead to

understand the presence of different functional groups and the interactions present in nano Fe-CNB, CA and DOX. (B) depicts the bond
formation and chemical composition of nano Fe-CNB (I) survey spectra of nano Fe-CNB, (Il) spectrum for Cls peak, (lll) represents the Ols
spectrum, (IV), (V) and (VI) represents the spectrum for S2p, N1s, and Fe2p of nano Fe-CNB respectively.

around 3298 cm ™' is observed at (IV). It may be attributed due to
the presence of (-NH,) groups of DOX.*”

In addition, the XPS is performed for explaining the surface
chemical composition and the information about the bonding,
which is incorporated in Fig. 6B. The survey spectra confirm the
presence of C1s, O1s, S2p, N1s, and Fe2p® corresponding to the
peaks at binding energies 283 eV, 530 eV, 168 eV, 400 eV and
700 eV respectively®®* as shown in the Fig. 6B(I). The high-
resolution XPS spectrum of C1s peak, shown in Fig. 6B(Il), is
deconvoluted into two components with binding energies
284.09 eV, 286.81 eV corresponding to the C-C/C=C and C-S/
C-O/C-N respectively.*** The O1s peak is deconvoluted into
two components with binding energies 531.05 eV, and
534.57 €V, as shown in Fig. 6B(III) is attributed to the Fe-O and
C-O-C.**** Similarly, Fig. 6B(IV) represents the S2p, which is
deconvoluted into two peaks centered at 163.76 and 168.58 eV,
where the first peak is attributed to -C-S- covalent bond and
other peak corresponds to the -C-SO,~ (x = 2, 3, 4) species.*
The deconvoluted peak of N1s spectrum exhibited three peaks
at 399.61 eV, 399.95 €V, 401.45 eV binding energy, as observed
in Fig. 6B(V) corresponds to pyridinic, pyrrolic and graphitic
nitrogen respectively.*®** The presence of the Fe;O, in the nano
Fe-CNB is confirmed due to the coexistence of Fe** and Fe** of
Fe (2ps;) at binding energies 710.85 eV and 724.02 eV as
observed in Fig. 6B(VI), whereas the presence of Fe,O; is
attributed to peak at binding energies 714.47 eV for Fe*
oxidation state of Fe (2p;/,).* Thus, XPS confirms the existence
of C-C/C=C, C-S/C-O/C-N, Fe-0, C-O-C, -C-S—, -C-SO,— and
pyridinic, pyrrolic and graphitic nitrogen respectively in the
nano Fe-CNB. These results are in good agreement with HR-
TEM (Fig. 2) and Raman spectroscopy (Fig. 5).
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Crystal properties

The crystalline nature and presence of different components in
the nano bio-composite (nano Fe-CNB) are explored by P-XRD.
Fig. 7 demonstrates the P-XRD data of nano Fe-CNB, calcium
alginate, nano Fe-CNB embedded CA beads, and DOX-loaded
Fe-CNB CA. Fig. 7A exhibits the magnified version of nano Fe-
CNB with proper peak positions for different forms of iron.
The presence of Fe in nano-composite is confirmed by the peaks
at 26 values 44.66° (110), 65.0° (200) and 82.31 (211) by PDF (03-
065-4899). The 20 values at 30.09° (220) and 35.44° (311)
confirm the presence of Fe;O,, and the corresponding lattice
planes are in agreement with PDF (01-086-1344). The a-Fe,03
demonstrated 26 values at 24.13° (012) and 63.94° (300) a match
with PDF (00-033-0664). The graphitic carbon is evidenced by
the presence of a peak at 26 value 26.4°. The peaks at 26 value
31.03° (004), 33.83° (112), and 42.95° (105) confirmed the
presence of FeS, which is in good agreement with the PDF (01-
089-6926). The presence of cohenite (Fe;C) is confirmed by the
appearance of a peak at 26 value 52.0° (212) corresponding to
PDF (00-035-0772). Thus, nano-Fe-CNB exhibits partially crys-
talline nature with the presence of Fe, Fe;0,4, FeS, a-Fe,O3,
cohenite, and graphitic carbon peak. The confirmation of the
peak match is based on the ICDD database. The presence of Fe,
Fe;0,, a-Fe,0;, and graphitic carbon is in agreement with the
HR-TEM analysis (Fig. 2), Raman spectroscopy (Fig. 5), and XPS
(Fig. 6) respectively.

Fig. 7B represents the diffraction of nano-Fe-CNB, which is
elaborately explained in Fig. 7A. Calcium alginate is a naturally
occurring amorphous bio-polymer. P-XRD represents the Halo
peaks indicating the amorphous nature of calcium alginate.*

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 P-XRD for (A) a magnified version of nano Fe-CNB to identify the different forms of iron present and the existence of graphitic carbon in
the nano bio-composite, (B) P-XRD for nano Fe-CNB, calcium alginate bead, nano-Fe-CNB embedded CA beads and DOX-loaded nano-Fe-
CNB embedded CA beads to determine the different forms of iron present in the nano-Fe-CNB and the crystalline nature of the material.

The addition of nano Fe-CNB (0.048 wt%) in amorphous
calcium alginate also represents the halo peaks because of the
dominating nature of the amorphous calcium alginate. DOX is
a highly crystalline drug whereas, the diffraction of DOX-
loaded Fe-CNB CA exhibits amorphous nature, indicating
phase transformation of DOX from crystalline to amorphous
form.>®

This journal is © The Royal Society of Chemistry 2020

Drug loading and release study

The DOX loading on control (CA) and nano Fe-CNB embedded
CA is confirmed by the UV-vis spectrophotometer, as exhibited
in Fig. 8A. The standard DOX solution (0.2 mg ml™) is
prepared in Milli Q water at pH 7.4. The absorbance value of
standard DOX solution is 0.993, while after 24 h the absor-
bance value decreases to 0.058 for nano-Fe-CNB embedded CA
indicating 94.1 £ 0.1% drug loading by the nano Fe-CNB

RSC Adv, 2020, 10, 13394-13404 | 13401
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(A) depicts the drug loading by UV absorption peak at (1 = 480 nm), (l) standard DOX solution, (II) decanted solution of the drug after DOX

uptake by CA, (Ill) decanted solution of drug after DOX uptake by Fe-CNB CA. The reduced peak intensity demonstrates DOX loading in CA and
Fe-CNB CA matrix. (B) represents the release of DOX-CA, and DOX-Fe-CNB CA at 5.4 and 7.4 pH. DOX-CA does not exhibit pH responsive
behavior, while DOX-Fe-CNB CA depicts the pH responsive nature due to the addition of nano Fe-CNB and the controlled release of DOX is

achieved at the end of 2 days.

embedded CA beads. Thus, the prepared nano Fe-CNB
exhibited the improved loading efficiency of DOX. While the
drug loading for CA bead without the addition of nano Fe-CNB
is observed to be 78.3 & 2.8%. The maximum uptake of DOX
from standard solution is also evidenced visually by the
disappearance of the color (DOX solution), as shown in Fig. 8A.
Drug loading occurs mainly due to electrostatic interactions
between anionic chains of alginate and cationic DOX,
hydrogen bonds,>*" and m-m interactions.” On the other
hand, high drug loading can be attributed to the complete
pore filling of the nano Fe-CNB as evidenced by the BET
surface area (Fig. 4) the mesoporous nano Fe-CNB plays
a crucial role in loading along with the interaction sites of the
prepared nanocomposite (nano Fe-CNB) material.

Possible drug loading mechanism on Fe-CNB CA

The possible interactions inside a hydrogel bead of DOX-loaded
nano Fe-CNB CA are evidenced in the (Fig. S3, ESIt). Alginate is
an anionic polymer which undergoes electrostatic interactions
with cation Ca** ion of the CaCl, solution, and hydrogel bead is
formed due to the egg-box model. The drug (DOX) is loaded
onto nano-Fe-CNB embedded CA beads are due to following
interactions. DOX being cationic drug and alginate being
anionic, there exist strong electrostatic interactions between
them, which facilitates drug loading. The 77 interactions take
place between the DOX and the layered graphitic carbon
material. The hydrogen-bond formation takes place among
COO™ group of the polymeric alginate chain and OH™ a group
of DOX (Fig. S3, ESIf). A sheet-like material represents the
layered graphitic carbon sheet, which is embedded with the
magnetic core (as evidenced through P-XRD (Fig. 7A) and
HRTEM (Fig. 2F)). Thus, the MNP has good bio-compatible and

13402 | RSC Adv, 2020, 10, 13394-13404

magnetic responsive behavior and also enhance loading.*** The
MNP is hosted on the layered materials such as graphene,
graphite, and CNT for their enhanced drug loading and pH-
responsive behavior facilitating the controlled release.**
These prevailing interactions may be responsible for the higher
loading of DOX onto Fe-CNB CA beads.

Drug release behavior and statistical analysis

Fig. 8B represents the release of DOX from DOX-CA beads and
DOX loaded-Fe-CNB CA beads at 5.4 and 7.4 pH, respectively. The
rapid DOX release from DOX-loaded calcium alginate beads
(control) is observed approximately up to 40.71% and 32.85% at
5.4 and 7.4 pH respectively at the initial 2 h. The release amount is
further increased to 52.85% and 42.85% at 5.4 and 7.4 pH,
respectively at the end of the 12 h. In contrast, the release of DOX
from nano-Fe-CNB embedded CA beads at pH 5.4 and 7.4 pH is
observed to be 29.03% and 3.87% at 5.4 and 7.4 pH at the initial
2 h. The release profile indicates that there is a gradual and sus-
tained release of DOX at physiological pH is desirable. At the end
of 2 days (48 h), only 8.3% of DOX is released at 7.4 pH. However,
the DOX release at 5.4 pH is increased to 38.7%. This indicates the
controlled release and pH responsive behavior of the Fe-CNB
embedded CA beads. The DOX-loaded CA bead without the
addition of nano Fe-CNB does not exhibit the pH response
behavior, as observed by DOX-loaded Fe-CNB CA beads. These
results signify the importance of the developed Fe-CNB CA for the
controlled release of DOX. To compare the release of DOX from
DOX-CA, and DOX-Fe-CNB CA at different pH that is 5.4 and 7.4
the statistical analysis is carried out using two way ANOVA (Graph
Pad Prism version 5.0). The significance obtained is *** (p <0.001)
for n = 3 with SD.

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra01133a

Open Access Article. Published on 01 April 2020. Downloaded on 3/14/2026 6:19:06 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Drug release mechanism

The more amount of drug is released at lower pH (acidic) is due
to the protonation (H') of the amine group present in DOX.>?
The protonation loosens up the electrostatic interactions
between cationic DOX and anionic polymeric chains and easily
releases the DOX from the beads.> At alkaline pH, there is
unprotonation, and strong electrostatic interactions prevail due
to the presence of negative charges which arrest the DOX within
the polymeric beads and thereby prevent the faster release of
DOX.?

For further confirmation, the surface charge of the nano Fe-
CNB layered material is performed by zeta potential measure-
ments. The surface charge observed for nano Fe-CNB is —21.6 +
3.84 at 5.4 pH and —28.6 + 3.37 at 7.4 pH (physiological).
However, the charge of the nano Fe-CNB is observed to move
towards a positive charge from alkaline pH to acidic pH, indi-
cating pH responsive behavior. The higher value of zeta
potential measurements demonstrates the better stability irre-
spective of the surface charge (negative or positive). The higher
drug loading percent on to nano Fe-CNB embedded CA beads
(shown in Fig. 8) is due to not only its mesoporous nature but
also due to the negative charge of nano Fe-CNB at pH 7.4 at
which drug loading is carried out because DOX is a cationic
drug. Thus, at physiological pH (7.4), not much DOX release is
observed. However, release at tumor cells pH (5.4) is consider-
ably high. Thus, the DOX release from DOX-loaded Fe-CNB CA
exhibits pH responsive behavior and also ensures the thera-
peutic drug concentration at tumor cells. The studies are
further extended to HeLa cell lines to understand the uptake of
DOX from the DOX-loaded Fe-CNB CA and free DOX at different
time intervals as shown (Fig. S4, ESIT). The fluorescence signal
appears to be stronger for cells treated with free DOX as
compared to that of DOX-loaded Fe-CNB CA for 24 h. The
fluorescence signal of DOX-loaded Fe-CNB CA increases over
a period of time, indicating the gradual and controlled release
of DOX from DOX-loaded Fe-CNB CA. Thus, the developed iron
based nano-biocomposite has the potential to reduce the
undesirable side-effects associated with the burst release drugs.

Hence, the newly developed magnetic nano-biocomposite
(nano Fe-CNB) prepared using seaweed biopolymer by one-
step dry calcination is explored in detail using different char-
acterization techniques. The FE-SEM and BET surface area
depicts the morphology and pore nature of the newly developed
nano Fe-CNB. The nano Fe-CNB is found to be mesoporous in
nature having a surface area of 184.16 m”> g ' and a pore
diameter around 3.19 nm. The size and the morphology of the
nano-composite are explored in detail through the HR-TEM
which exhibits the presence of 2-D layered graphitic material
of thickness 7-8 nm decorated with Fe-based core (5-10 nm).
The presence of graphitic carbon and different forms of iron
(Fe304 and a-Fe,03) is confirmed through P-XRD. These results
are further examined by the Raman spectra which indicate the
defects on the carbon material. Thus, all the characterization
techniques revealed that the newly developed nano-
biocomposite consists of 2-D layered graphitic carbon with
different Fe-based core embedded on it.

This journal is © The Royal Society of Chemistry 2020
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The improved drug loading ~94% is attributed to the pres-
ence of 2-D layered graphitic carbon material in nano Fe-CNB
which facilitates higher drug loading. This is due to the
porous nature, high surface area, and hydrophobic interactions
observed from FE-SEM, BET, HR-TEM, and Raman. The spec-
troscopic analysis such as FTIR and XPS demonstrate the
presence of different hydroxyl and carboxyl groups which help
to bind the drugs. The DOX exhibits the controlled release
~38% and ~8% release at pH 5.4 and 7.4 respectively. This
implicates due to pH and magnetic responsive behavior of nano
Fe-CNB evidenced by zeta and VSM measurements. The
minimal release at physiological pH attributes to the strong
electrostatic interactions prevailing between cationic DOX and
the nano Fe-CNB which restricts the release of DOX at physio-
logical pH and thereby reduces the side effects associated with
it. However, at acidic pH the interactions reduce and the
protonation of DOX facilitates more drug release at 5.4 pH. In
addition, the magnetic studies of the nano Fe-CNB revealed that
the saturation magnetization (M;) exhibits negligible hysteresis
indicating the material has the potential to be used in magnetic-
based drug delivery systems.

Conclusions

In this study, we have developed a nano bio-composite (nano Fe-
CNB) using alginate in combination with iron precursor by the
dry process (calcination) without using any solvent, which is
further embedded into alginate matrix for pH responsive drug
carrier system. The developed nano Fe-CNB consist of graphitic
layered material of thickness 7-8 nm with magnetic cores (d
spacing 0.25 nm and size 5-10 nm). The developed nano Fe-
CNB exhibits porous nature with surface area 184.16 m”> g~
with pore diameter of 3.19 nm. Raman spectroscopy of nano Fe-
CNB further helped us to confirm the presence of Fe;0,, o-
Fe,03, and graphitic carbon. The XPS analysis of nano Fe-CNB
indicates the existence of Fe-O, C-S, C-O, C-N, C-C/C=C.
The developed nano Fe-CNB is thermally stable at high
temperature confirmed by TGA, and magnetic behavior is evi-
denced by M-H hysteresis indicating supermagnetism. The P-
XRD results of nano Fe-CNB further re-establishes the pres-
ence of graphitic carbon, Fe, Fe;0,4, a-Fe,03, FeS, Fe;C. The
magnetic nano Fe-CNB facilitates the higher doxorubicin
loading (~94.1%) due to increased interactions with drug
molecule. The release study shows that low release (8.3%) at
physiological pH (7.4) and comparatively higher release (38.7%)
at cancer cell pH (5.4) indicating the controlled release and the
therapeutic drug concentration at tumor cell. At pH 7.4, nano
Fe-CNB exhibits negative charge which facilitates the strong
electrostatic interactions with cationic DOX and hence minimal
release from the matrix. While at 5.4 pH the protonation of DOX
takes place which weakens the electrostatic interactions
between the matrix and easily releases DOX from the matrix.
The developed magnetic nano Fe-CNB shows pH responsive
behavior. Thus, newly developed magnetic nanoparticle
embedded biopolymeric matrix can be considered as a potential
smart drug delivery system for control release of anticancer
drugs.
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