
HAL Id: hal-02902885
https://hal.science/hal-02902885

Submitted on 6 Nov 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Taurine-Conjugated Mussel-Inspired Iron Oxide
Nanoparticles with an Elongated Shape for Effective

Delivery of Doxorubicin into the Tumor Cells
Nimisha Singh, Nadine Millot, Lionel Maurizi, Gérard Lizard, Rajender

Kumar

To cite this version:
Nimisha Singh, Nadine Millot, Lionel Maurizi, Gérard Lizard, Rajender Kumar. Taurine-Conjugated
Mussel-Inspired Iron Oxide Nanoparticles with an Elongated Shape for Effective Delivery of Doxoru-
bicin into the Tumor Cells. ACS Omega, 2020, 5 (26), pp.16165-16175. �10.1021/acsomega.0c01747�.
�hal-02902885�

https://hal.science/hal-02902885
https://hal.archives-ouvertes.fr


Taurine-Conjugated Mussel-Inspired Iron Oxide Nanoparticles with
an Elongated Shape for Effective Delivery of Doxorubicin into the
Tumor Cells
Nimisha Singh, Nadine Millot,* Lionel Maurizi, Geŕard Lizard, and Rajender Kumar*

Cite This: ACS Omega 2020, 5, 16165−16175 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Multifunctional iron oxide magnetic nanoparticles,
among them nanorods, were prepared with a mussel-inspired
polydopamine (pDA) surface coating agent for cancer therapeu-
tics. Taurine, a free sulfur-containing ß amino acid, was grafted on
the pDA at the iron oxide nanoparticle surface to enhance its
biocompatibility and targeted delivery action. Doxorubicin (DOX),
an anticancer drug, was loaded on the prepared nanovehicles with
an entrapment efficiency of 70.1%. Drug release kinetics were then
analyzed using UV−vis and fluorescence spectroscopies, suggesting
the pH-responsive behavior of the developed nanovehicle. The
developed system was then tested on PC-3 cell lines to check its
cellular response. Confocal microscopy observations and (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium) and Annexin V-FITC assays used to evaluate cell toxicity and apoptosis reveal a dose-dependent
nature of nanorods and can overcome the side effects of using free DOX with a targeted action.

1. INTRODUCTION

Cancer remains the leading cause of fatality in the developed
world because of several inducing factors such as environ-
mental pollution and unhealthy living habits.1,2 Current
therapies require intrusive processes such as surgery to remove
a tumor, followed by chemotherapy and/or radiation therapy.
These treatments often kill healthy cells and lead to acute
toxicity in the patients.3 Scientists have made several efforts to
improve chemotherapy over 25 years, but an effective regime
for cancer treatment is still a distant dream.4 One of the
essential requirements for the improvement in cancer treat-
ment is drug targeting either by molecular or by physical
targeting.5 Molecular drug targeting although promising suffers
from inherent high cost, immune system activation, and
reduced blood residence time. The high blood residence time
requires conjugating the drug carrier with polymers, chemical
agents, and so forth, which have strong antibiofouling
properties, thus preventing the protein carrier interactions
and autoimmune response.6,7 The physical targeting treatment
involves the use of magnetic nanocarriers which increase
permeability and provide magnetic targeting.8 Several magnetic
drug carriers based on iron oxide nanoparticles (IONPs) are in
use for the cancer drug carriers.9 These drug carriers are
biocompatible in nature, induce magnetic hyperthermia, and
thus reduce the drug resistance of tumor cells.10,11 The IONPs
thus provide several properties such as magnetic targeting, high
blood-residence time, and effective payload of the drug.12 The
ideal drug carrier which encompasses the above properties

besides providing strong anti-biofouling properties and delivers
the required payload of the drug at tumor tissue remains a
challenge.13

Along with surface chemistry, the shapes of these
nanostructures play a vital role in deciding the applicability
of the developed nanohybrids.14−16 A nanostructure dimension
within a decided geometrical frame carries a strong
determinant of the total cellular uptake. Among different
shapes, the rod-shaped nanostructure offers larger uptake than
spherical-shaped particles,16,17 as it offers two different
orientations (long and short axes) that result in providing a
different level of control in presenting the drug to targeted
sites.18 Even the blood half-life also depends on the shape and
size of the nanostructure, as shown by rod-shaped micelles
having 10 times longer circulation time than that of the
spherical micelles.19 Research efforts have always been made to
achieve small, uniform, and highly dispersed particles.
However, recent studies have realized the importance of
shape, and thus, one-dimensional structures such as nanorods
and nanotubes have come into the picture.20,21 Because of
their unique properties, we attempt to develop iron oxide

Received: April 16, 2020
Accepted: June 8, 2020
Published: June 23, 2020

Articlehttp://pubs.acs.org/journal/acsodf

© 2020 American Chemical Society
16165

https://dx.doi.org/10.1021/acsomega.0c01747
ACS Omega 2020, 5, 16165−16175

This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

D
ow

nl
oa

de
d 

vi
a 

10
9.

70
.1

17
.8

1 
on

 J
ul

y 
16

, 2
02

0 
at

 0
7:

03
:5

1 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nimisha+Singh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nadine+Millot"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lionel+Maurizi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ge%CC%81rard+Lizard"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rajender+Kumar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.0c01747&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01747?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01747?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01747?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01747?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01747?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/5/26?ref=pdf
https://pubs.acs.org/toc/acsodf/5/26?ref=pdf
https://pubs.acs.org/toc/acsodf/5/26?ref=pdf
https://pubs.acs.org/toc/acsodf/5/26?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c01747?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_termsofuse.html


nanorods to explore their diverse applications in the biological
field.
Looking over the organic coating, polydopamine (pDA) falls

among those anticancer drug delivery systems,22 which are
biocompatible in nature and possess strong anti-biofouling
abilities.23 The pDA forms stable coatings on the IONPs by
self-polymerization of dopamine (DA) under normal labo-
ratory conditions. pDA-coated IONPs serve as stable anchors
to target the anticancer drug24 and develop stable drug carriers
by providing reactive quinones on the surface for their further
modification.25,26 Integrating the magnetic property of IONPs
and biocompatibility of pDA27 generate excellent nanocarriers
for drug delivery in cancer treatment.28 Despite these
fascinating properties, pDA-based magnetic nanocarriers
show limitations in solubility and failed in crossing the
blood−brain barrier29,30 and thus require further modifica-
tions. Besides, surface modification with suitable groups can
reduce the protein nanocarrier interaction on the one hand and
enhance the blood residence time on the other hand.31

To mitigate the problem of the low solubility of pDA-Fe3O4-
based nanoparticles and to endow the developed nanocarriers,
we took the advantage of reactive quinone shells on the pDA-
Fe3O4 nanocarrier. The prepared pDA-Fe3O4 nanorods were
modified by conjugating with amino sulfonic acid taurine.
Taurine is a free sulfur-containing ß amino acid which is highly
soluble in water and can penetrate through the blood−brain
barrier.32 Taurine offers an advantage when binding with
reactive quinones in redox cycling and inhibits the free radical
formation.33 Thus, conjugating pDA-Fe3O4 with taurine serves
as a suitable nanocarrier to achieve an efficient drug delivery
system for DOX, as DOX alone has several side effects on the
cell that can be minimized using these nanocarriers.
Thus, in summary, we developed and studied new

multifunctional magnetic nanorods for anticancer drug
delivery. Taurine-conjugated nanorods (T-pDA-Fe3O4) were
characterized, and their physicochemical properties such as
drug loading and release of DOX were investigated. The in
vitro activity of the designed nanorods was primarily evaluated
for its uptake and anticancer activity on human prostate
adenocarcinoma PC-3 cells using 3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazo-
lium (MTS) and Annexin V-FITC assays.

2. RESULTS AND DISCUSSIONS

The taurine-functionalized nanorods (T-pDA-Fe3O4) were
prepared, as shown in Scheme 1. The product of

coprecipitation is a mixture of small nanoparticles, some larger
octahedrally shaped nanoparticles, and nanorods (Figure 1A).

The transmission electron microscopy (TEM) analysis thus
shows that the developed nanorods have an average diameter
of 10 ± 2 nm and a length of 63 ± 14 nm, as shown in Figure
1A. Under the conditions applied for the coprecipitation, the
goethite nanorods may be obtained as a secondary phase.34 To
determine the structure of the nanoparticles, selected area
electron diffraction (SAED) patterns were analyzed and
compared with ICDD collection (01-071-6336 for magnetite
and 01-081-0464 for goethite). On observing the lattice points
and the intensity of rings formed (Figure 1C), we can confirm
that the reported nanorods are of magnetite and not of
goethite. All rings can be indexed as those of magnetite, and no
goethite formation was observed. Indeed, the maximum
intensity observed for goethite was at 0.41 nm (110), and
this ring was not observed in the SAED image (Figure 1C).
After pDA grafting, in some parts of the TEM grids, common

Scheme 1. Schematic Representation Showing the Sequential Modification of Iron Oxide Nanorods: With pDA Leading to
pDA-Fe3O4, Followed by Immobilization of Taurine Leading to T-pDA-Fe3O4, Then Loading of Doxorubicin (DOX)
Generating DOX-T-pDA-Fe3O4 as Anticancer Nanocarriers

Figure 1. TEM images showing the size of (A) Fe3O4 nanoparticles
and (B) pDA-Fe3O4 nanorods with their respective SAED patterns
(C) Fe3O4 nanorods and (D) pDA-Fe3O4 nanorods, where G and M
notations are specified for goethite and magnetite structures,
respectively.
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lattice points of the goethite structure (110) were observed,
along with the magnetite structure (Figure 1D). Because alkali
pH favors the transformation of goethite from magnetite,35 it
might support the assumption of goethite traces in the
developed rod-like structure forming a mixture containing
magnetite and goethite. Additionally, the goethite surface has
high surface energy and coarsens more rapidly; thus, causing
such transformations is common in precipitation processes.34

SAED patterns after pDA grafting were less defined because of
the presence of the amorphous organic coating. It may
contribute to both hide the crystallographic contribution of
small nanoparticles with a magnetite structure and highlight
that of big tubes with a goethite structure. Even if the powder
is a mixture of magnetite along with few goethite rods, the
different nanohybrids obtained were called as pDA-Fe3O4
nanorods in the context of this paper. After pDA grafting, it
should be noted that small spherical-shaped particles of
diameter 10 ± 3 nm have also been observed overlapping
with the nanorods. Other particles maintain their nanorod-like
structure with a distinct layer of pDA having a thickness of
about 10 nm (Figure 1B). The small spherical nanoparticles
seem entrapped in the pDA layer around nanorods, leading to
elongated nanostructures constituted of both nanorods and
spherical nanoparticles joined together thanks to pDA. The
morphology remains the same after taurine conjugation (data
not shown). The energy-dispersive X-ray spectroscopy (EDX)
spectra and elemental mapping (Figure S1, Supporting
Information and Table 1) confirm the successful conjugation
of taurine in T-pDA-Fe3O4 nanorods, as revealed by the strong
sulfur signal whose only source is taurine.

Detailed elemental composition analysis (Table 1) confirms
the successful and stepwise functionalization of the prepared
elongated nanostructures.
Fourier transform infrared spectroscopy (FT-IR) spectra of

the nanostructures show a broadband at 3200 cm−1 because of
the vibration of the hydroxyl groups on the surface of the

nanorods (Figure 2A). The strong band observed at 1647 cm−1

is due to the OH deformation modes of the hydroxyl groups
and adsorbed water on the surface.36,37 pDA-Fe3O4 nanorods
show additional bands, such as C−H vibration of catechol at
2523 cm−1 and bands of a primary amine at 3181 cm−1.38 The
peak at 1461 cm−1 due to the overlapping of CH2 scissoring
band with the CC ring stretching band further confirms the
formation of pDA layers on Fe3O4 nanorods.

39 The additional
bands at 2108 cm−1and 1784 cm−1 (C−O ester) are the clear
evidence for the successful modification of the nanorods with
DA.40 T-pDA-Fe3O4 nanorods show peaks of sulfones of
taurine at 1035 cm−1 and 1178 cm−1 (Figure 2).41

The surface composition and nature of bonding in the
prepared nanorods were further studied using X-ray photo-
electron spectroscopy (XPS). The surface elemental compo-
sition from XPS was in conformity with the EDX data (Table
1) where the percentage of carbon and nitrogen increases with
each modification. The survey scan of Fe3O4 nanoparticles
shows two strong bands at 724 eV (Fe 2p1/2) and 710 eV (Fe
2p3/2). XPS of pDA-Fe3O4 nanorods show an additional peak
at 397 eV because of the nitrogen of the pDA layer on the
magnetic core. Nitrogen confirms the successful modification
of Fe3O4 nanorods with pDA molecules on the surface. After
the conjugation of taurine to the pDA-Fe3O4 nanorods, an
additional peak of sulfur at about 167 eV in XPS survey scan
(Figure 3) confirms the successful taurine conjugation to form
T-pDA-Fe3O4 nanorods.

Fe3O4 nanoparticles are a mix valence compounds having a
chemical notation of [Fe3+]A[Fe

2+Fe3+]BO4, where the Fe3+/
Fe2+ ratio is supposed to be 2:1 and A is the tetrahedral
sublattice and B is the octahedral one.42 The peak-fitted

Table 1. Elemental Distribution Showing the Composition
of Prepared Nanoparticles Using XPS

Elements (atomic concentration %)

Samples Fe O C N S

Fe3O4 12.6 42.8 44.5
pDA-Fe3O4 2.4 27.6 64.2 5.7
T-pDA-Fe3O4 0.6 26.5 64.3 6.4 2.2

Figure 2. FT-IR spectra of (A) Fe3O4 nanoparticles and pDA-Fe3O4 nanorods and (B) taurine-functionalized nanorods (T-pDA-Fe3O4) without
drug and DOX-loaded T-pDA-Fe3O4 nanorods.

Figure 3. XPS data showing the elemental analysis of synthesized
nanoparticles.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.0c01747
ACS Omega 2020, 5, 16165−16175

16167

http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01747/suppl_file/ao0c01747_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01747/suppl_file/ao0c01747_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01747?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01747?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01747?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01747?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01747?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01747?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01747?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01747?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c01747?ref=pdf


spectra of as-prepared Fe3O4 nanoparticles show that the Fe 2p
core level splits into two components, as shown in Figure S2A,
2p1/2, and 2p3/2 because of spin−orbit coupling and two
satellite peaks of Fe(II) 2p3/2 at 718.3 eV and Fe(III) 2p1/2 at
732.4 eV.43 The oxidation state of iron species present on the
surface of the sample may be evaluated using these XPS data
(the penetration depth of XPS analysis is about 3 nm). The
binding energy difference calculated between Fe 2p3/2 and its
satellite peaks corresponds to the oxidation state of the iron
cations; this difference is close to 6 eV for Fe2+ and 8 eV for
Fe3+. In our study, this difference is equal to 8.2 eV, suggesting
the oxidation state of Fe3+ on the surface of the sample.44,45

The peak-fitted spectra of oxygen in Fe3O4 nanoparticles
(Figure S2B) show peaks of Fe−O and Fe−OH at 529.3 eV
and 530.2 eV.46 The peak-fitted spectra of carbon in pDA-
Fe3O4 nanorods reveal two major components (Figure S2C) at
284.4 eV for C−C and 285.1 eV for C−N that suggests the
cyclized structure of pDA on the surface and a weak peak at
287.2 eV for CO, indicating the possible tautomers.47

Indeed, different mechanisms have been proposed for the
polymerization of DA on different surfaces.48−50 Thus,
subsequent cyclization and oxidation transform the DA into
the cyclic structure in pDA which, via covalent aryl linkages,
forms continuous pDA layers on the substrate.51,52 This can be
understood by looking at the atomic percentage of carbon and
nitrogen in Table 1, which shows a subsequent increase after
coating. Additionally, the nitrogen peak when split into two
components (Figure S2D) at 399.6 eV for R−NH2 and
400.7 eV for R−NH−R47 confirms the pDA on the Fe3O4
structure and agrees with the reported mechanism of the pDA
formation.29,53

The peak-fitted spectra of carbon in T-pDA-Fe3O4 (Figure
S2E) show a pattern similar to those in pDA-Fe3O4 unlike the
C 1s region which shows a slight shift in the C−N band.
Because C−N and C−S have the same region in the XPS, the
presence of sulfur might result in this shifting. The area
percentage of C−C groups decreases, whereas the C−N/C−S
area percentage increases upon taurine conjugation (Table S1).

Figure 4. (A) UV−vis spectra showing the absorbance of the prepared nanoparticles and (B) fluorescence emission spectra.

Figure 5. (A) UV−vis spectra showing the drug loading efficiency, (B) release kinetics at different pH, (C) drug release in different time intervals
showing the distinct color change, and (D−G) fluorescence spectra showing the drug release at pH 2.5, 3.5, 5.0, and 7.4, respectively. The images
shown in the figure are of free domain and are used in the experiments to show the color change during the drug release experiments and
suspension of the developed nanohybrid after functionalization steps, respectively.
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A similar pattern is observed in peak-fitted nitrogen spectra
(Figure S2F). Sulfur reveals two components at binding
energies of 167.2 eV and 168.0 eV because of SO3H and C−S
bonds whose only source is taurine. All these results suggest
the successful bonding of taurine on the surface.54

The hydrodynamic diameter and size distribution of the
nanorods were estimated from dynamic light scattering (DLS)
measurements, as shown in Figure S3. Because DLS measure-
ments are based on spherical models, the data calculated here
are not absolute data and allow just to compare samples after
each step of the synthesis. Besides this, the size distribution
from DLS is in correlation with TEM results because the size
of bare Fe3O4 nanoparticles is 24 ± 2 nm, which is a mean
value between sizes of spherical nanoparticles and sizes of
nanorods. The particle size increases with the increase in
surface functionalization. Indeed, the DLS size of pDA-Fe3O4
nanorods was measured to be 91 ± 2 nm and that of
T-pDA-Fe3O4 nanorods was measured to be 122 ± 1 nm.
The UV−vis spectra of as-prepared nanorods (Figure 4A)

show absorption at 264 nm, 271 nm, and 281 nm for Fe3O4,
pDA-Fe3O4, and T-pDA-Fe3O4 nanorods. The absorption of
Fe3O4 nanoparticles is due to the charge-transfer bands of
Fe3+/Fe2+ complexes.55,56 Also, peaks in this region might be
due to the d to d* transitions in DA.56 The polymerization
reaction of DA to pDA is a complicated process and shows
different absorbances for different intermediate structures in
between.57 The UV−visible spectra of pDA-Fe3O4 nanorods
show the leucodopaminochrome type of structure which is UV
transparent. If the polymerization reaction had proceeded
through the full oxidation process resulting in a dopamino-
chrome structure, there would have been a strong absorbance
band observed at around 400 nm, which is the characteristic
band of a quinone.58

T-pDA-Fe3O4 nanorods show a shift in absorbance from 271
nm to 281 nm, that is, blue to a red shift, which suggests the
presence of the taurine molecule in the pDA moiety. Besides
having excellent biocompatibility and physicochemical proper-
ties, pDA also shows fluorescence properties in actual analysis
and detection.59 The fluorescence spectra of the pDA-Fe3O4
and T-pDA-Fe3O4 nanorods (Figure 4B) show an increase in
the fluorescence intensity upon taurine conjugation to pDA-
Fe3O4 nanorods because of the presence of the sulfonic group
in taurine.60 The low fluorescence intensity of pDA is due to
fluorescent precipitates from the oxidation of DA.61 In pDA,

the extended π−π stacking interaction induces the fluorescence
quenching; a hydroxyl group can prevent that.62−64 Thus,
taurine on the surface enhances the fluorescence of the
nanohybrid by blocking the π−π stacking on account of the
presence of sulfonic groups.59

2.1. Drug Loading and Release Study. One of the most
important parameters in designing a nanocarrier is to
understand the entrapment/loading efficiency of the chosen
drug. Because higher drug loading has greater effects on drug
release rates,65 the entrapment efficiency of the developed
system has been calculated as 70.1% from UV−vis spectros-
copy, as shown in Figure 5, using a reported method.66 High
DOX loadings were observed in the developed system because
of the strong covalent bond between the sulfonic head group of
functionalized nanoparticles and the amine of the DOX
molecule (Scheme 2), thereby providing a better association of
drug with the surrounding taurine shell acting as a drug
reservoir and also making it as a pH-sensitive sulfonamide
linkage as explained by Kang et al., in which they showed that
the ionization of the sulfonamide bond as a function of pH
results in the aggregation of the polymers and hydrogel.67,68

Additionally, the aromatic ring on the drug molecule further
facilitates the drug loading capacity by using the delocalized π
electrons via hydrophobic interaction and π−π stacking.69 To
further ensure the bonding nature of DOX, FT-IR confirms the
successful loading into the nanorods with the presence of a
sulfonamide peak observed at 3200 cm−1 (Figure 2B),
suggesting the covalent bonding of the DOX molecule, as
can also be depicted in Scheme 2.70 Other strong peaks for the
DOX structure were observed at 1017 cm−1 for C−O vibration
and 1527 cm−1 for bending vibration of the C−H ring
structure, ensuring the loading of DOX into T-pDA-Fe3O4
nanorods.71

Drug release studies were then performed in both neutral
environment (pH 7.4) and acidic environment (pH 2.5, 3.5,
and 5.0) at 37 °C to establish the feasibility of the developed
drug delivery vehicle. Release study investigated using UV−vis
and fluorescence spectroscopy (Figure 5B,D−G) suggests the
pH-responsive behavior of drug release, where the amount of
drug release was more important in acidic pH compared to
that in neutral pH.
The concentration of the released drug (Figure 5B) at pH

2.5 was 24 μM, whereas at pH 7.4, it was 8 μM within first 6 h.
Conclusively, the maximum release was observed in acidic pH

Scheme 2. Conjugation of Doxorubicin Drug onto T-pDA-Fe3O4 Nanoparticles Showing a Sulfonamide Bond as pH-Sensitive
Facilitating the Release Behavior of Drug
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range (2.5 and 3.5) with 30 μM DOX released in 24 h. When
the medium shifts toward alkaline pH, the release rate
decreased because of an initial burst of the drug. We can
attribute this to the reduced binding capacity of the drug,
followed by slower release rates in the alkaline environment.72

The abrupt release of drug in the acidic environment can be
due to the disruption of the sulfonic linker in the acidic
condition where the sulfonamide linkage is known to be the
pH-sensitive68 that influences in the rapid release of DOX into
the medium.73 The literature suggests that there are various
modes of delivery which are responsible to trigger the release
of drug by altering the parameters (linkage, pH, temperature,
etc.); in our study, we observed that it is the sulfonamide
linkage playing its role in the drug release mechanism.74

Therefore, it suggests pH-dependent DOX release which offers
a great advantage in the applicability of developed nanohybrids
in treating cancer cells. Because the extracellular matrix of
tumors in vivo is acidic (pH < 7) when compared to the
microenvironment of normal cells which is neutral, the pH
difference thereby favors the dissolution of DOX, facilitating
the drug release in the tumor.75,76

2.2. Cytotoxicity Studies Were Performed To Study
the Suitability of Developed Nanorods. Cytotoxicity
studies were performed to study the suitability of developed
nanorods on PC-3 cells to explore the usage of DOX in
treating prostate cancer along with haematological or solid
tumors. Thus, MTS assay and Annexin V FITC apoptosis assay
were performed for the cytotoxic evaluation of the developed
nanohybrids. The results of the MTS assay performed on PC-3
cell lines as a percent of cell survived versus the concentration
of drug loaded are shown in Figure 6.

The cytotoxicity of DOX-loaded nanorods was compared
with that of the free drug and with that of T-pDA-Fe3O4
without DOX (same concentrations of nanohybrids, i.e., here
values of [T-pDA-Fe3O4] in the range 0.1 μg/mL−30 μg/mL).
DOX-loaded nanoparticles and free DOX share a similar trend
where the IC50 value for free DOX was observed at 1200 nM
and for DOX-loaded nanoparticles was observed at 1500 nM.
Compared to nanorods without DOX, the drug-loaded

nanorods show higher cytotoxicity as can also be seen in the
confocal images (Figure 7). On comparing DOX as control
with T-pDA-Fe3O4 loaded with DOX from the images, the

cells show abrupt changes in their morphology and the cell
peripheral looks distorted in the presence of nanoparticles.
Drug penetration can be easily observed, as shown in Figure
7C, in confocal images, with some accumulation of the particle.
The images suggested comparable cellular uptake with slight
aggregation because of the higher affinity of amine to the
sulfonic group of the nanorods,77 though the drug internal-
ization observed is less because of the lower concentration of
the nanocarrier.
However, this observation was in correlation with flow

cytometry results. Indeed, at higher concentration, the DOX-
loaded nanorods show 61.4 ± 9.5% cell death, while free DOX
shows 82.8 ± 4.3% at the highest studied concentration. This
suggests that DOX-loaded nanorods result in similar cytotoxic
results, which can help to overcome side effects on using free
DOX for the cancer treatment.
PC-3 cells were incubated for 24 h, stained by Annexin V-

FITC and propidium iodide (PI), and analyzed by flow
cytometry with the nanorod concentration of 0.5 μg/mL. Flow
cytometry (Figure 8) is divided into four regions, which
defines the cell death. The Q1 quadrant represents unviable
cells (PI positive and annexin negative). The Q2 quadrant
represents cells that are in late apoptosis or necrosis (both
annexin and PI positive). The Q3 quadrant represents viable
cells (both Annexin-FITC and PI negative). The Q4 quadrant
represents cells in early apoptosis (annexin positive and PI
negative),78 which suggests that nanorods induced cell
apoptosis.
The cell death in the early apoptotic region for the nanorods

was 15.6%, whereas for DOX-loaded nanorods, the cell death
was 25.6%. This increase in cell death in 24 h was significant to
treat prostate cancer. However, when free DOX was checked
for the cytotoxicity, the cell death was 26.8% which is similar to
the DOX-loaded nanorods. Thus, the developed nanocarrier
offers a similar trend, as was observed in the MTS assay for 48
h of study. However, on observing the Q2 phase, there is no
significant increase in the late apoptotic region; it suggests that
most of the target cells recognized by effector cells die via the
apoptosis pathway, and the cell death was observed in the very
first 4−6 h and so maximum cell population was observed in
the early apoptotic region. This was in very well agreement
with the drug release observed in UV−vis spectroscopic
calculation where the drug shows maximum release within 4−6
h, followed by 24 h. The biological study suggests that the
developed nanorods are nontoxic compared to free DOX to
the normal cells and can be effectively used to treat the cancer
cells. The results were similar to the MTS assay where the IC50
value was 0.75 μg/mL for 48 h of incubation. Thus, 5 μg/mL
concentration of nanorods in 24 h of exposure gives the
expected results, and at high concentration, greater percentage
of cell death can be observed. This shows a positive approach
in treating prostate cancer and other tumor treatment where
taurine-modified nanorods can increase the aptness of the
current cancer therapies with minimal side effects.

3. CONCLUSIONS
In the present work, we attempt to achieve the targeted action
of taurine-immobilized pDA-coated iron oxide nanorods.
Taurine is an important biomolecule that helps in improving
the efficacy of the nanodelivery vehicles as it has the potential
of crossing the BBB. The successful binding and functionaliza-
tion of taurine and pDA on the iron oxide surfaces were proved
using XPS data. A drug entrapment efficiency of 70.1% gave a

Figure 6. MTS assay showing the percent of cell survival against the
various concentrations of the drug when incubated for 48 h.
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positive approach toward designing the nanovehicle for the
cancer treatment. Additionally, on analyzing the drug release
kinetics, it showed the pH-dependent behavior of the
nanovehicle, making it an efficient tool for the effective
delivery in the tumor microenvironment.
In vitro studies based on the data obtained with the MTS

assay, confocal microscopy images, and flow cytometry
(Annexin V-FITC assay) on prostate carcinoma PC3 cells
helped in evaluating the cellular response of the developed
nanovehicle. It establishes that the developed nanovehicle has
no side effect on the developed cell line when using DOX
alone for the treatment. It also reveals the good cellular uptake
of the developed nanohybrid that induced the cell death as of
the free drug and can be successfully employed as a nanocarrier
for the treatment of cancer cells. Conclusively, it shows the
potential that overcomes the drawback of the conventional
mode of cancer treatment and can be employed as an
alternative tool for designing the nanovehicle.

4. MATERIALS AND METHODS

4.1. Chemicals and Reagents. Doxorubicin HCl, DA
HCl, and taurine (T) were obtained from Sigma-Aldrich (St.
Louis, MO, USA). NaOH, HCl (0.1 N), anhydrous FeCl3,
FeSO4·7H2O, sodium chloride (NaCl), potassium chloride
(KCl), sodium hydrogen phosphate (Na2HPO4), and
potassium dihydrogen phosphate (KH2PO4) for phosphate-
buffered saline (PBS) buffer were used from Finar (India).
Annexin V-FITC detection kit with PI staining for cell
apoptosis was obtained from BD biosciences (Franklin
Lakes, NJ, USA). All other chemicals were of analytical
grade and used without further purification.

4.2. Preparation of Iron Oxide Nanorods Coated with
DA. Fe3O4 nanoparticles were prepared as per our previous
report79 with slight modifications. FeCl3 (0.02 M) and FeSO4·
7H2O (0.01 M) were first dissolved in HCl (200 mL of
1.2 mM) solution by ultrasound treatment. Then, IONP
particles were precipitated from the solution by adding 1.25 M
aqueous NaOH solution (300 mL) dropwise under continuous
shaking for at least 30 min in a 500 mL beaker. The black
precipitate were washed with deionized (DI) water until the

Figure 7. Confocal microscopy images of PC3 cells on (A) control images, (B) with DOX as control, and (C) T-pDA-Fe3O4-functionalized
nanohybrid loaded with DOX.

Figure 8. Cells apoptosis determined by Annexin V and PI staining of (A) absolute control, (B) T-pDA-Fe3O4, (C) free drug, DOX, and (D) Dox-
loaded T-pDA-Fe3O4.
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solution reached the pH 7 and magnetically separated. The
black color powder was then dried at 40 °C overnight.
DA was then grafted by dispersing nanoparticles (500 mg)

in 25 mL of 10 mM DA solution (PBS, pH 8.5) for 24 h under
continuous shaking.80 DA undergoes a self-polymerization
reaction to form pDA, and the linkage developed on the
surface of Fe3O4 is due to the chelation of the hydroxyl groups
of DA on iron atoms, providing the stable nanoparticles.38

pDA-coated Fe3O4 nanorods (pDA-Fe3O4) were washed with
DI water to ensure the complete removal of unreacted DA
using magnetic decantation.
To conjugate taurine onto the surface of pDA-Fe3O4

nanorods, 50 mg of as-prepared pDA-Fe3O4 nanorods was
dispersed in 1 mg/mL taurine solution (PBS buffer, pH 7.4)
for 24 h under continuous stirring at 25 °C. The resulting
nanorods (T-pDA-Fe3O4) were washed with DI water under
magnetic stirring, vacuum-dried, and stored under refrigeration
for further analysis.
4.3. Drug Loading and Kinetics. DOX was loaded onto

the developed T-pDA-Fe3O4 nanorods by covalent bonding
where DOX (0.8 mg/mL) was added to the nanorods
(3.2 mg/mL) suspended in DI water under continuous stirring
for 24 h at 25 °C. During the loading procedure, UV−vis
spectra of the supernatant were recorded before and after the
reaction to analyze the entrapment efficiency. After loading,
the nanorods were separated from unreacted DOX using a
strong magnet, and UV−vis spectra were recorded to ensure
the complete removal of unreacted DOX. The developed drug-
loaded nanorods were then stored in PBS buffer (10 mM,
pH 7.4). Drug release kinetics were analyzed by using a
double-diffusion method. The system was distributed in two
regions: the donor which includes drug-loaded T-pDA-Fe3O4
nanorods and the receiver region with the PBS medium at the
required pH. The region was separated with a dialysis
membrane (12−14 kDa) holding the nanorods in it. DOX is
expected to pass through the membrane and thus, after each
interval, the PBS medium was withdrawn from the receiver
chamber and analyzed using UV−vis and fluorescence
spectroscopy by measuring the fluorescence intensity with an
excitation wavelength (λex) = 470 nm and an emission
wavelength (λem) = 590 nm with excitation slit (nm) = 5
and emission slit (nm) = 10. A standard calibration curve of
DOX was plotted to quantify the loading kinetics from our
previously reported method (data not shown).81 The release
studies were analyzed at different pH of the PBS medium to
check the efficiency of the drug release in the biological and
tumor conditions.
4.4. Characterization Techniques. The chemical com-

position and morphology of the developed nanorods were
analyzed using TEM with EDX and XPS analysis. TEM is a
Tecnai G 220 (FEI) S-Twin transmission electron microscope
operating at 200 kV. The equipment provides a line resolution
of 0.14 nm, and EDX gives the elemental composition of the
material. Samples for TEM were prepared using diluted
suspension of NPs in deionized water on a carbon-coated Cu
grid after air drying. The average size of nanoparticles was
calculated on each sample (100 nanoparticles) using ImageJ
software.
XPS was performed using Omicron ESCA (Electron

Spectroscope for Chemical Analysis) from Oxford Instrument
(Germany). An Al anode of energy 1486.7 eV was used for
analyzing samples, with an acquisition time of 0.1 s. CasaXPS
software was used to analyze the data. Carbon C 1s peak at

284.5 eV was used as the reference in the neutralization to
minimize the charge effects, and Gauss (70%)−Lorentz (30%)
profiles were used after subtracting a Shirley background. Full
width at half-maximum was fixed between 1.4 and 1.6 eV for
O 1s, 1.6 and 1.7 eV for C 1s, and 1.7 and 1.8 eV for N 1s.
To confirm the functionalization by DA and immobilization

of taurine over the nanorods, attenuated total reflectance FT-
IR spectroscopy measurements were performed using a
Schimadzu 8400s spectrophotometer with the range of
4000−400 cm−1 and a resolution of 4 cm−1 with the total of
45 scans per measurement.
UV−visible studies were done to study the absorbance of

the as-prepared nanorods and drug kinetics using a Cary 50
Varian UV−vis spectrophotometer. All of the spectra were
measured between 400 nm and 800 nm at 25 °C using a quartz
cuvette of 1 cm path length.
Drug release kinetics was analyzed by fluorescence spec-

troscopy using a Cary Eclipse fluorescent spectrophotometer in
the emission range of 380−700 nm. The selected excitation
and emission slits were 5 nm and 10 nm.
The hydrodynamic diameter was determined using Malvern

Zetasizer NanoZSP90 (Malvern, UK) supplied by a DTS
Nano V7.11 software. The suspensions of IONPs were
ultrasonicated (15 min) and prepared using 10−2 M NaCl
aqueous solutions. The pH of the suspension was adjusted
from 3 to 11 by the addition of HCl (0.1 M) or NaOH (0.1
and 0.01 M) solutions. Hydrodynamic diameters were
determined by DLS curves which were derived from the
number distribution calculation on the same instrument.

4.5. Biological Assays. In vitro assays on PC-3 cell line
(human caucasian prostate adenocarcinoma cells) were used to
measure the cytotoxicity. The cells were seeded in 96-well
plates having a concentration of 3000 cells/well, followed by
incubation at 37 °C in 190 μL of drug-free culture medium
(DMEM) with 10% foetal bovine serum for 24 h prior to the
treatment (until 20% confluence). Tumor cells were then
incubated (+10 μL of drug on 190 μL of culture medium) with
equivalent range of drug concentrations. Cell viability was
measured after 48 h incubation using MTS assay (Promega
Corporation, USA) according to Mirjolet et al.82 All of the
experiments were performed three times for the precise results,
and the data were calculated as the mean of the measurements.
Cell death characterization of DOX-loaded nanorods was

studied using the flow cytometry method where the proportion
of cell in apoptosis was measured. In six-well plates, PC-3 cells
were exposed to the tested samples (T-pDA-Fe3O4 and DOX-
T-pDA-Fe3O4) after 24 h of incubation plus a negative control
well for 24 h. A double staining with annexin V-FITC and PI
was performed after the treatment along with the FITC
Annexin V apoptosis detection kit. The cells were washed
twice in DPBS (PBS without Ca2+ and Mg2+) and then
trypsinized with trypsin solution (1 mL, 1×) after which it was
centrifuged for 5 min at 300g. It was then washed with cold
PBS and 1 mL of annexin V binding buffer (1×); 10 μL of
FITC and 10 μL of PI staining solutions were added to each
sample. Finally, cells were incubated for 15 min at 37 °C. Cell
suspensions were analyzed with a Galaxy flow cytometer
(Partec). The red fluorescence of PI was collected through a
590 nm long-pass filter, and the green fluorescence was
collected through a 520 nm band-pass filter. For each sample,
10,000 cells were analyzed, and the data were investigated with
Flow (Tree Star Inc.) software.
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Geŕard Lizard − Laboratory Bio-PeroxIL, EA7270, Universite ́
Bourgogne Franche-Comte/́Inserm, Dijon 21000, France

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.0c01747

Funding
This project was successfully completed with the financial
supported received by the grant of SVNIT, Surat (Fellowship
to N.S.), and SERB New Delhi (YSS/2015/001184). This
work is also part of the project “Pharmacoimagerie et agents
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