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pH-Responsive Peptide Mimic Shell Cross-Linked Magnetic 
Nanocarriers for Combination Therapy
 The design and development of water dispersible, pH responsive peptide 
mimic shell cross-linked magnetic nanocarriers (PMNCs) using a facile soft-
chemical approach is reported. These nanocarriers have an average size about 
10 nm, are resistant to protein adsorption in physiological medium, and 
transform from a negatively charged to a positively charged form in the acidic 
environment. The terminal amino acid on the shell of the magnetic nanocar-
riers allows us to create functionalized exteriors with high densities of organic 
moieties (both amine and carboxyl) for conjugation of drug molecules. The 
drug-loading effi ciency of the nanocarriers is investigated using doxorubicin 
hydrochloride (DOX) as a model drug to evaluate their potential as a carrier 
system. Results show high loading affi nity of nanocarriers for anticancer drug, 
their sustained release profi le, magnetic-fi eld-induced heating, and substan-
tial cellular internalization. Moreover, the enhanced toxicity to tumor cells by 
DOX-loaded PMNCs (DOX-PMNCs) under an AC magntic fi eld suggest their 
potential for combination therapy involving hyperthermia and chemotherapy. 
  1. Introduction 

 Magnetic nanoparticles (MNPs) have been a subject of great 
interest in recent years due to their potential biomedical applica-
tions such as carriers for drug delivery, magnetic thermotherapy 
of cancer cells (hyperthermia), as a contrast agent for magnetic 
resonance imaging (MRI), and separation of proteins and 
cells. [  1–6  ]  Among MNPs, superparamagnetic magnetite (Fe 3 O 4 ) 
has been particularly attractive due to its unique magnetic prop-
erties and biocompatibility. Iron and its oxides are metabolized 
and transported through human tissues by proteins such as fer-
ritin, transferritin etc. and thus naturally integrated into tissue 
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physiology. Moreover, these nanoparticles 
have the advantage of integrating several 
functionalities in a single structure so as 
to perform multiple therapeutic and diag-
nostic functions. For example, MNPs and 
drug molecules can be co-encapsulated in 
liposomes/polymeric micelles to perform 
imaging, magnetic targeting and hyper-
thermia. [  7–9  ]  Such combination therapies 
are particularly attempted in cancer treat-
ments. Hyperthermia not only increases 
the concentration of drug carrier at the 
tumor site by increasing fl ow and vessel 
permeability but also enhances the drug 
toxicity in certain cancer cells that are oth-
erwise drug resistant. [  10  ,  11  ]  Owing to these 
advantages, the combination of hyper-
thermia and chemotherapy is evolving as 
an attractive strategy to optimize cancer 
therapy, as it often results in synergistic 
effects. [  8  ,  12  ]  Surface functionalized super-
paramagnetic Fe 3 O 4  nanoparticles are ideal materials for such 
combination therapy. 

 The above applications require that the magnetic nanocar-
riers to be water-stable, biocompatible and of narrow size dis-
tribution. [  2  ,  13–16  ]  Also, there is an immediate concern to achieve 
selective targeting and release of the drug to the diseased 
site for the in vivo applications. A number of pH responsive 
delivery vehicles including micelles, nanogels, mesoporous 
materials, polymer-drug and MNPs-drug conjugates have 
been developed for pH triggered release of anticancer agents, 
by exploiting slightly acidic tumor extracellular environ-
ment. [  9  ,  17–20  ]  The tumor environment is more acidic than blood 
and other normal organ tisssue. Recently, Lim et al. demon-
strated the pH-triggered release of doxorubicin hydrochloride 
(DOX) from antibody coated magnetic nanocarriers by modu-
lating the  π  −  π  interaction between drug and pyrene moiety 
present at the nanoparticle surface. [  20  ]  This novel nanocarrier 
offered excellent tumor specifi c targetting, imaging and simu-
lataneous pH-triggered delivery of the drug at the tumor site. 
A critical step in developing such stimuli responsive carriers 
for combination therapy is to engineer the surface of MNPs 
with suitable surface functionality that have numerous free tar-
geting ligands and pH sensitive moieties. The common strat-
egies used for surface functionalization comprise grafting or 
coating with organic species, including surfactants, polymers 
or biomolecules, or coating with an inorganic layer, such as 
silica. [  21–24  ]  Peptides are highly responsive to external pH and 
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offer a wide range of side chain chemistry, thus providing pos-
sible applications in tissue engineering, delivery of drugs/bio-
molecules, MRI, and enrichment of proteins. [  25–27  ]  In addition, 
the cellular uptake of therapeutic agents having low membrane 
permeability can be enhanced by conjugating them with pep-
tides. Peptide-conjugated carriers can successfully transport 
drugs/proteins across the membranes of many different cell 
types, and can also traverse the more demanding blood-brain 
barrier. [  28  ,  29  ]  Attractively, peptide moieties can degrade under in 
vivo conditions to amino acids and hence, have relatively very 
low toxicity. Thus, peptide shell cross-linked nanocarriers can 
act as special kind of synthetic vectors because of their low tox-
icity, simplicity of use and ease of mass production. In addition, 
the surface charge, functionality and reactivity of peptide shell 
cross-linked Fe 3 O 4  nanocarrier can be easily altered based on 
targeting sites to enhance the stability and dispersibility of the 
nanocarriers. The surface charge of the nanocarriers plays an 
important role in their fate, both in vitro and in vivo. [  30  ,  31  ]  

 Here, we report the design and development of pH induced 
charge-conversional peptide mimic shell cross-linked magnetic 
nanocarriers (PMNCs) that are amenable for combination 
of hypethermia and chemotherapy. The PMNCs show good 
aqueous colloidal stability, high magnetization and good heating 
ability under external AC magnetic fi eld. The terminal amino 
acid on the shell of magnetic nanocarriers allows us to create 
functionalized exteriors with high densities of organic moieties 
(both amine and carboxyl) for conjugation of drug molecules 
and biolabelling. Specifi cally, our nanocarriers showed high 
drug (DOX) loading capacity, sustained drug release profi le and 
cellular internalization, which makes the fomulation suitable 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G

    Scheme  1 .     Schematic representation of the growth of PMNCs for combina
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for the targeted drug delivery as well as hyperthermia treatment 
of cancer.   

 2. Results and Discussion 

 PMNCs were grown on glycine functionalized Fe 3 O 4  magnetic 
nanoparticles (GMNPs) by Michael addition/amidation reac-
tion as described in the  Scheme    1  . First, the functionalization 
of Fe 3 O 4  nanoparticles with glycine was carried out in situ 
during co-precipitation of Fe 2 +   and Fe 3 +   ions in basic medium. 
FTIR spectroscopic studies of GMNPs indicate that glycine is 
chemisorbed onto the surface of Fe 3 O 4  nanoparticles through 
carboxylate ions (COO  −  ) thereby leaving free amine (NH 2 ) 
groups on the surface (Figure S1, Supporting Information). 
These GMNPs were chosen as the core material for further 
fabrication of peptide mimic shell cross-linked Fe 3 O 4  magnetic 
nanocarriers (PMNCs) due to their good aqueous stability and 
biocompatibility. PMNCs were prepared by reaction between 
the free amine group of GMNPs and double bond of methyl 
methacrylate in the ratio of 1:2. Subsequently, the ester moie-
ties were reacted with ethylenediamine and arginine molecules 
to achieve the peptide mimic shell cross-linked Fe 3 O 4  magnetic 
nanocarriers with multifunctionality. The organic shell grown 
on GMNPs by Michael addition/amidation reaction composed 
of many amide linkages involving two amino acids (glycine 
and arginine) similar to peptides. Thus, we call it as a peptide 
mimic system, as it is not same as oligopeptides.  

 The XRD patterns of GMNPs and PMNCs (Figure S2, Sup-
porting Information) reveal the formation of highly crystalline 
mbH & Co. KGaA, Weinheim
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    Figure  1 .     a) TEM image of PMNCs. The inset shows the electron diffraction pattern. b) HRTEM 
image of PMNCs. The inset shows the high magnifi cation image of the HRTEM.  
single phase cubic inverse spinel Fe 3 O 4  structure with an average 
crystallite size of about 10 nm ( σ   <  10%). The lattice constant 
was found to be  ≈ 8.378 Å, which is very close to the reported 
value of magnetite (JCPDS Card No. 88-0315, a  =  8.375 Å). 
From TEM micrographs ( Figure    1  ), it is evident that Fe 3 O 4  nan-
oparticles are almost spherical in shape with an average size 
of  ≈ 10 nm. The electron diffraction pattern (inset of Figure  1 a) 
and HRTEM image (Figure  1 b) of PMNCs also confi rmed the 
high crystallinity of their constituents. The electron diffraction 
pattern can be indexed to (220), (311), (400), (422), (511) and 
(440) refl ections of cubic inverse spinel Fe 3 O 4  structure, which 
is consistent with the XRD results. From HRTEM, the average 
interfringe distance of Fe 3 O 4  nanocarrier was measured to be 
 ≈ 0.30 nm which corresponds to (220) plane of inverse spinel 
structured Fe 3 O 4 .  

 In order to assess the potential of peptide mimic shell cross-
linked nanocarrier in targeted drug delivery and hyperthermia, 
we have investigated their magnetic properties. These nanocar-
riers exhibit superparamagnetic behavior without magnetic hys-
teresis and remanence at 300 K, whereas ferromagnetic behavior 
with a coercivity of about 235 Oe is observed at 5 K (Figure S3, 
Supporting Information). This transition from superparamag-
netic behavior at room temperature to ferro- or ferrimagnetic 
behavior below the so-called blocking temperature (T B   =   ≈ 130 K, 
Figure S4, Supporting Information) is typically observed in 
MNPs. The maximum magnetizations of PMNCs (at an applied 
fi eld of 20 kOe) were found to be 50 and 56 emu/g at 300 and 
5 K, respectively. The retention of superparamagnetic property 
at room temperature with biocompatible peptide mimic shell 
makes these nanocarriers a potential carrier for targeted drug 
delivery and effective heating source for hyperthermia treat-
ment of cancer cells. Further, the Curie temperature (T C ) of 
GMNPs and PMNCs were found to be 853 K (Figure S5, Sup-
porting Information) which is in agreement with the reported 
value for Fe 3 O 4  nanoparticles. [  15  ]  This suggests that the phase 
formed is Fe 3 O 4  rather than  γ -Fe 2 O 3 , for which the reported 
Curie temperature is 918 K. [  15  ]  The temperature dependant 
magnetization plot of GMNPs and PMNCs show broad hump 
in the temperature range of 423–600 K may be assigned to the 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Funct. Mater. 2012, 22, 4975–4984
atomic rearrangement inside the sample or 
increase in interparticles interaction near the 
surface because of removal of coated organic 
moieties at this temperature as indeed sug-
gested from thermogravimetric studies. [  2  ]  
Further, the broad hump in magnetiza-
tion versus temperature dependence plot of 
GMNPs is less prominent as compared to 
that of PMNCs and absent in case of bare 
Fe 3 O 4  nanoparticles. This further suggests 
that the broad hump is associated with the 
removal of organic coating materials. 

 Now, we look upon the effect of peptide 
mimic shell cross linking on the structural 
and interfacial properties of nanocarriers. It 
can be seen that although most of the FTIR 
bands from PMNCs correspond well to those 
of the GMNPs, the FTIR spectra of PMNCs 
have their own characteristics (Figure S6, 
Supporting Information). The vibrational 
modes appeared at 1570 and 1665 cm  − 1  in PMNCs (absent 
in GMNPs) correspond to the vibration of N-H (2 ° -amide) II 
band and C  =  O (amide I band). The appearance of these addi-
tional vibrations in PMNCs suggest the formation of amide 
linkages during synthesis of peptide mimic shell cross-linked 
Fe 3 O 4  nanocarriers. [  32  ]  Further, the presence of   ν  s   COO  −   and   ν   
NH 3 +   bands after coupling with arginine indicates the forma-
tion of shell having freely exposed carboxyl and amine groups. 
Furthermore, FTIR spectra, elemental (CHN) analysis, thermo-
gravimetric studies and magnetic measurements support the 
formation of organic modifi cation during successive growth of 
the peptide mimic shell on the surface of GMNPs (Table S1, 
Figure S6, and Figure S7, Supporting Information). The 
number of amine groups per particle has been estimated from 
the nitrogen (N) content in the sample and assuming spher-
ical particles of average diameter 10 nm; the surface density of 
functional groups were found to be  ≈ 0.95 NH 2 /COOH groups 
per nm 2  (see Supporting Information for details). An increase 
in the molecular weight of the organic chains attached to the 
MNPs, during successive growth of the peptide mimic shell, 
is also manifested from dynamic light scattering (DLS). DLS 
measurements (Figure S8, Supporting Information) indicate 
that both GMNPs and PMNCs show monomodal distribution 
with mean hydrodynamic diameter of 30 and 50 nm, respectvely 
(polydispersity index  ≈  0.2). The larger hydrodynamic diameter 
of PMNCs is primarily due to the presence of associated and 
hydrated long chain organic layers. [  2  ]  

 A key feature, expected from amino acid functionalities of 
the PMNCs is negative-to-positive charge conversion upon 
exposure to an acidic environment. This pH dependent charge-
conversional behavior was monitored using zeta-potential ( ζ ) 
measurements of the nanocarrier.  Figure    2   shows the variation 
in the zeta-potential of PMNCs suspension (0.02 mg/ml) at dif-
ferent pH values, as obtained from phase analysis light scat-
tering. From zeta-potential measurements, the pH of zero point 
charge (pH pzc ) of PMNCs was found to be around 5.4. Thus, 
the PMNCs have net positive surface charge at pH  <  pH pzc  and 
negative surface charge at pH  >  pH pzc . This is evident from 
the changes in the phase difference plots by the application of 
4977wileyonlinelibrary.comeim
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    Figure  2 .     Zeta-potential of 0.02 mg/ml suspension of PMNCs at different 
pH values. The inset shows the phase difference plot at pH 4 and 8 by the 
application of voltage pulse.  
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    Figure  3 .     a) Zeta-potential and b) fl uorescence spectra of aqueous 
suspension of PMNCs and DOX-PMNCs. Inset of Figure  3 b shows the 
loading effi ciency of DOX onto PMNCs as obtained from the fl uorescence 
measurements.  
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voltage pulse (fi eld strength  =  2.5  ×  10 3  V/m) at two different pH 
values, 4 and 8 (inset of Figure  2 ). [  33  ]  The reversal of the surface 
charge of the particles clearly indicates the presence of both 
NH 2  and COOH groups and it arises from the pH dependant 
ionization of respective functional groups. A nearly linear varia-
tion in the phase difference with time indicates narrow polydis-
persity of the PMNCs. The dispersibility and colloidal stability 
of the particles were assessed from the changes in light scat-
tering intensity as well as extinction changes with time. The 
dispersibility is evident from the increase in absorbance and 
scattering intensity of the sample when dispersed in aqueous 
and cell culture media (DMEM  +  10% FBS). The insignifi cant 
change in absorbance of PMNCs suspensions in aqueous and 
culture media indicates their good colloidal stability (Figure 
S9a, Supporting Information). The highly negative values of 
zeta-potential of these nanocarriers even at low concentration 
(0.1 mg/ml) in 1% NaCl ( ζ   =  −20 mV) and in 0.01 M PBS, pH 
7.3 ( ζ   =  −24 mV) indicate their good colloidal stability in physi-
ological environment. Furthermore, the light scattering inten-
sity and polydispersity index hardly varies with time. The func-
tionalized exteriors (high density of organic spacers, -NH 2  and 
-COOH) of PMNCs make these particles hydrophilic by forma-
tion of hydrogen bonds between surface functional groups and 
water. In addition, the electrostatic repulsive force originating 
from the ionization of the surface groups provide additional sta-
bility to the particles. The optical images showing PMNCs (0.1 
mg/ml) suspended in aqueous and culture media are shown 
in Figure S9b (Supporting Information). We also addressed the 
interaction of these nanocarriers with bovine serum albumin 
(BSA) protein at physiological medium (0.01 M PBS, pH 7.3). 
The PMNCs do not show any signifi cant change in zeta-poten-
tial (Table S2, Supporting Information) and absorbance even 
after incubation with BSA for 2h, revealing the protein resist-
ance characteristic of PMNCs at physiological medium.  

 The pH dependant surface charge of peptide functional-
ized MNPs makes it an attractive vehicle for the delivery of 
78 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
electrostatically bound drug molecules. DOX is chosen as a 
model cationic drug to estimate the drug loading and release 
behavior of the PMNCs. DOX is an anthracycline antibi-
otic which is considered as essential components of fi rst-line 
chemotherapy in the treatment of a variety of solid and hemat-
opoietic tumors. We employed zeta-potential and fl uorescence 
spectroscopic analysis to investigate the binding of DOX with 
PMNCs.  Figure    3  a shows the variation in the zeta-potential 
and Figure  3 b shows fl uorescence spectra of aqueous suspen-
sion of PMNCs and DOX-PMNCs. The zeta-potential of the 
PMNCs (100  μ g/ml suspension) increased from −22.0 mV to 
–5.0 mV upon incubating with an aqueous solution of 10  μ g/ml 
of DOX. This increase in surface charge arises from the 
binding of cationic DOX (protonated primary amine present 
on the drug induces a positive charge) with negatively charged 
nanocarrier predominately through electrostatic interactions. 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 4975–4984
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    Figure  4 .     pH dependent drug release profi le of pure DOX and DOX-
PMNCs in cell mimicking environment (reservoir (r): pH 5/pH 4 and 
sink (s): pH 7.3) at 37  ° C. The inset shows the Higuchi drug release 
model of DOX-PMNCs.  

0 5 10 15 20 25 30 35 40 45 50
0

20

40

60

80

100

120

0 1 2 3 4 5 6 7 8

0

20

40

60

80

100

120

 pH 4 (r) - pH 7.3 (s)
 pH 5 (r) - pH 7.3 (s)

r
2
= 0.993 

DOX-PMNCs

r
2
= 0.993 

 

 

Time
1/2

 (h
1/2

)

D
ru

g
 r

e
le

a
s
e
 (

%
)

 pH 4 (r) - pH 7.3 (s)
 pH 5 (r) - pH 7.3 (s)DOX 

 

D
ru

g
 r

e
le

a
s
e
 (

%
)

Time (h)

D
O

X
-P

M
N

C
s

    Figure  5 .     Viabilities of HeLa cells incubated with medium containing 
DOX and DOX-PMNCs at 37  ° C for 48 h.  
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The affi nity of DOX for negatively charged molecules such as 
citrate ions, oleate ions and phospholipids has been the sub-
ject of numerous earlier investigations. [  15  ,  34  ,  35  ]  The interaction 
of DOX molecules with PMNCs was also evident from the 
decrease in fl uorescence intensity of the supernatant liquid 
after removal of the drug bound PMNCs through magnetic sep-
aration. Furthermore, the fl uorescence intensity of supernatant 
liquid decreases with increase in the concentration of PMNCs, 
which is obvious due to the increase in loading effi ciency of 
DOX onto PMNCs. The effi ciency of drug loading onto PMNCs 
(binding isotherm) was calculated from the concentration of 
free and bound drug, as obtained from the fl uorescence meas-
urements (inset of Figure  3 b). It has been observed that loading 
effi ciency is strongly dependent on the ratio of nanocarrier to 
DOX and a maximum drug loading effi ciency (w/w) of about 
80% is achieved at PMNCs (in terms of Fe concentration) to 
DOX ratio of 10 (no signifi cant increase in loading effi ciency 
above this ratio). It is noteworthy to mention that PMNCs still 
reserve water solubility, good dispersibility, protein resistance 
characteristics and magnetic response to an external magnetic 
fi eld after being coupled with DOX molecules.  

 To mimic the pH dependent drug release profi le of pure 
DOX and DOX-PMNCs in tumor tissue environment, release 
profi les were investigated under different reservoir-sink condi-
tions (reservoir (r): pH 4/pH 5/pH 7.3 and sink (s): pH 7.3) at 
a temperature of 37  ° C. The physiological pH of blood stream 
is 7.4, while subcellular lysosomal compartments of tumor cells 
have pH  <  5.0. The drug release studies under reservoir-sink 
conditions ( Figure    4  ) show a strong dependence of the release 
profi le on the reservoir pH values. While pure DOX shows 
rapid release behavior with t 1/2  (time needed for the release of 
50% of the dose) about 30 min and 45 min at a pH of 4 and 5 
respectively, the DOX-PMNCs show sustained release profi le at 
the same pH. The t 1/2  values observed for DOX-PMNCs are 5 h 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 4975–4984
and 10 h at a pH of 4 and 5, respectively. Furthermore, the short 
time behavior shows a linear relationship between the drug 
release and square root of time (t 1/2 ) as expected from Higuchi 
drug release model confi rming that the DOX release process 
is diffusion-controlled (inset of Figure  4 ). [  36  ]  It is interesting to 
observe from the release profi les that the release rate of DOX is 
higher at lower pH. This is desirable for cancer therapy as the 
relatively low pH in tumors will specifi cally stimulate the DOX 
release in the target site. The pH triggered release of DOX 
could be attributed to the weakening of the electrostatic interac-
tions between the drug and the partially neutralized carboxyl 
groups on the nanoparticle surface, due to a decrease in pH 
from the zero point charge (PZC). However, the drug release 
observed in physiological pH (reservoir-sink pH of 7.3) is as 
little as 7% only, as compared to complete release at pH 4. Our 
release studies indicate good stability of electrostatically bound 
drug molecules (DOX-PMNCs system) in physiological pH and 
triggered release at acidic conditions. Moreover, the action of 
anticancer drugs like geldanamycin and their analogues based 
on pH triggered lysosomal targeting of cancer cells has been 
demonstrated and such approach would be helpful for selective 
targeting of tumor cells. [  37  ]   

 The results obtained from drug release studies prompted 
us to explore the cytotoxicity and cellular uptake of PMNCs on 
human cancer cell lines since these are critical factors in evalu-
ating the potential of new drug delivery system. The cytotox-
icity of PMNCs, pure DOX and DOX-PMNCs was investigated 
using sulforhodamine B (SRB) assay. Our SRB assay showed 
that about 90% of the HeLa cells were viable, even after 24 h 
incubation with 2 mg/ml of PMNCs (Figure S10, Supporting 
Information). This result suggests that pure nanocarriers do 
not have toxic effect on HeLa cells. However, DOX and DOX-
PMNCs show signifi cant toxicity to the proliferation of HeLa 
cells ( Figure    5  ). Optical microscopic observation suggests that 
the control cells grow exuberantly, with integrated nucleus 
4979wileyonlinelibrary.combH & Co. KGaA, Weinheim
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    Figure  6 .     CLSM images of HeLa cells after incubation with the DOX-
PMNCs and lysotracker green at culture conditions. The inset shows 
CLSM images of HeLa cells at higher magnifi cation.  
structure, and distinguishable karyothecas. On the other hand, 
the cells have undergone morphological changes to nearly spher-
ical shape in the presence of DOX-loaded PMNCs (Figure S11, 
Supporting Information). The 50% inhibitory concentration 
(IC 50 ) value for DOX in HeLa cells was found to be 1.08  μ M, 
which is very close to the reported value (1.12  μ M). [  38  ]  The IC 50  
value of DOX-loaded PMNCs in HeLa cells was estimated to be 
1.95  μ M (Figure S11, Supporting Information). The relatively 
higher IC 50  value (lower cytotoxicity) of DOX-loaded PMNCs, 
compared to DOX, can be attributed to the sustained release 
behavior of the nanocarriers (loaded drug is expected to release 
slowly over the experimental period of 48 h). [  18  ]   

 The cellular uptake of DOX-PMNCs were monitored by con-
focal laser scanning microscopy (CLSM).  Figure    6   shows the 
CLSM images of HeLa cells after incubation with the DOX-
PMNCs and lysotracker green at culture conditions. A signifi -
cant uptake/spatial distribution of DOX-PMNCs were clearly 
observed from the red fl uorescence image arising from DOX 
emission, suggesting that the drug loaded nanocarriers were 
internalized in the cells. The green fl uorescence image shows 
emission from lysosomes, stained with lysotracker green. The 
merged image of DOX and lysotracker fl uorescence (as seen by 
the orange to yellow color) clearly indicates that DOX-PMNCs 
are partially co-localized in lysosomes. In order to confi rm that 
there is no interference of individual signals from DOX and 
lysotracker, at the set parameters of CLSM, imaging was also 
performed for cells treated individulally with DOX-PMNCs and 
lysotracker green (Figure S12, Supporting Information). No fl u-
orescence emission was observed for DOX-PMNCs in the emis-
sion window where lysotracker fl uorescence is monitored and 
vice versa. Cellular uptake of DOX-PMNCs was further verifi ed 
by fl ow cytometry analysis ( Figure    7  ). Compared to control, a 
distinguishable increase in fl uorescence intensity was observed 
in cells treated with DOX-PMNCs, which was again found to be 
dependent on DOX-PMNCs concentrations. This indicates sig-
nifi cant cellular uptake of DOX-PMNCs. It may also be noted 
that fl uorescence intensity from cells treated with free DOX 
was found to be higher than that of cells treated with DOX-
PMNCs, which is expected as free DOX can readily diffuse in 
to the cells. The cellular uptake of DOX-PMNCs was also quan-
tifi ed by measuring the iron content per cell using ICP-AES. 
It has been observed that internalization is dependent on the 
concentration of carrier and their incubation time. The mean 
cellular iron content was 8.2 and 65 pg Fe/cell for 1 h for 2 and 
8  μ M DOX, which was 18.6 and 90 pg Fe/cell after 3 h at these 
concentrations of DOX, respectively (Figure S14, Supporting 
Information). This result is in a good agreement with the fi nd-
ings by CLSM and fl ow cytometry studies. The developed pep-
tide mimic shell cross-linked nanocarriers are seen to behave 
like amphiphilic cell-penetrating peptides (CCP) which facili-
tate the cellular transport across the plasma membrane. Our 
observations of confocal fl uorescence microscopy, fl ow cytom-
etry and SRB assay demonstrate that the use of peptide mimic 
shell cross-linked nanocarrier as molecular delivery vehicles 
could signifi cantly enhance the accumulation of drug (DOX) in 
target cancer cells leading to a high therapeutic effi cacy which 
effi ciently inhibit their proliferation.   

 The combination of hyperthermia and chemotherapy can 
be employed synergistically for the effective treatmnent of 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
cancer. Site specifi c heating of the tumor site would improve 
the effi cacy of magnetic thermotherapy.  Figure    8   shows the 
temperature  vs.  time plot for an aqueous suspension of PMNCs 
under AC magnetic fi eld (AMF). The results showed a time-
dependent gradual increase in temperature. The use of mag-
netic nanocarriers in thermal therapy depends on their heating 
effi ciency, which is expressed in terms of the specifi c absorp-
tion rate (SAR), as discussed in the experimental section. The 
SAR of PMNCs (1.2 mg/ml) were determined at different fi eld 
strengths and were found to be 83.8, 146.7 and 220.1 W/g of 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 4975–4984
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    Figure  7 .     Flow cytometry histograms of HeLa cells treated with DOX-PMNCs and free DOX at culture conditions and at different drug 
concentrations.  
Fe with an applied fi eld of 0.251, 0.335 and 0.419 kOe, respec-
tively (at a fi xed frequency of 265 kHz). The observed SAR is 
likely to be due to a combination of the narrow size distribution 
of particles and their strong magnetic responsivity (as heating 
of superparamagnetic nanocarriers in an external AMF is due 
to Néel and Brownian relaxation loss processes). It has been 
observed that the time required to reach 43  ° C (hyperthermia 
temperature) decreases with an increase in fi eld strength, which 
is obvious as the heat generation is proportional to the square 
of applied AMF (inset of Figure  8 ). Furthermore, the SAR value 
of PMNCs (1.2 mg/ml) in cell culture medium (DMEM  +  10% 
© 2012 WILEY-VCH Verlag G

    Figure  8 .     Temperature vs .  time plot for an aqueous suspension of PMNCs 
under AC magnetic fi eld (AMF). The inset shows the linear relationship 
between SAR and the square of the applied AMF.  
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FBS) was found to be 132.2 W/g of Fe with an applied fi eld of 
335 Oe, which is about 10% less than that observed in aqueous 
medium (146.7 W/g of Fe). This decrease in SAR value can 
arise from the blocking of Brownian relaxation contribution as 
a result of increase in viscosity of the surrounding environment 
i.e. cell culture medium. [  39  ]  In addition to the applied fi eld, 
SAR is also dependent on magnitude of frequency and physical 
properties of magnetic particles (magnetization, particles size 
and size distribution). [  21  ,  40  ]   

 We have also addressed the combined effects of magnetic 
hyperthermia and chemotherapy on HeLa cells ( Figure    9   ) . Note 
that the control cells with and without AMF and the PMNCs 
showed very little decrease ( <  3%) in cell viability. However, 
cells loaded with DOX or DOX-PMNCs showed about 10% 
decrease in cell viability. It is worth mentioning that PMNCs 
in the presence of AMF also showed 13% decrease in cell viab-
lity as compared to the marginal decrease in the presence of 
PMNCs alone. As expected, no further signifi cant decrease in 
cell viability is observed when DOX loaded cells were subjected 
to AMF. It is interesting to observe that DOX-PMNCs in combi-
nation with AMF (C) showed much higher cytotoxicity (i.e. 28% 
decrease in cell viability) than individual treatments of PMNCs 
with AMF (A) and DOX-PMNCs (B). An evaluation using Vale-
riote’s formula showed that the combined effects were syner-
gistic in nature (Table S3, Supporting Information). [  41  ]  This 
study exhibits the potential of peptide mimic shell cross-linked 
nanocarriers for combination of magnetic hyperthermia and 
chemotherapy.    

 3. Conclusions 

 In summary, we have developed water dispersible, peptide 
mimic shell cross-linked Fe 3 O 4  magnetic nanocarriers of 
average size about 10 nm with tumor-localized (pH-responsive) 
4981wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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    Figure  9 .     Effect of combination therapy (magnetic hyperthermia and 
chemotherapy) on HeLa cells using DOX-PMNCs with a DOX concentra-
tion of 8  μ M along with various control groups.  
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charge-conversional features for combination of chemotherapy 
and hyperthermia. These nanocarriers transformed from a neg-
atively charged to a positively charged form in the acidic envi-
ronment and promoted cargo release, which could remarkably 
cause cytotoxicity to cancer cells. Furthermore, these peptide 
mimic shell cross-linked nanocarriers are resistant to protein 
adsorption under physiological medium. These properties 
indicate that the creation of magnetic nanocarriers with pH 
responsive behavior can be applied to design of drug carriers 
for combining the chemotherapy and hyperthermia. In addi-
tion, the multiple functionalities, such as amine and carboxyl 
groups of the carriers, can be acessed for the conjugation of 
targeting ligands, such as the folate receptor, for higher intrac-
ellular uptake and radiolabeling for magnetically targeted com-
bination therapy involving chemotherapy, hyperthermia, and 
radiotherapy. Furthermore, the internal cavities of dendritic 
shell can be also used for entrapment and sustained release of 
drug molecules.   

 4. Experimental Section 
  Materials : Ferrus chloride tetrahydrate (FeCl 2 .4H 2 O,  ≥ 99%), ferric 

chloride hexahydrate (FeCl 3 .6H 2 O, ACS reagent, 97%), glycine ( ≥ 98.5%), 
bovine serum albumin (BSA,  ≥ 96%), doxorubicin hydrochloride (DOX, 
 > 98%), sulforhodamine B (SRB) were procured from Sigma-Aldrich, 
USA. Methyl methacrylate (99%) was purchased from Merck, Germany. 
Ethylenediamine (99%), L-arginine monohydrochloride ( > 99%) and 
trichloroacetic acid ( > 99%) were obtained from Spectrochem Pvt. Ltd., 
India. 25% ammonia solution, methanol and acetic acid (AR grades) 
were purchased from Thomas Baker Chemical Pvt. Ltd., India. All 
chemical were used as received. 
2 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
  Synthesis of Glycine Functionalized Magnetic Nanoparticles (GMNPs) : 
In a typical synthesis of glycine functionalized Fe 3 O 4  magnetic 
nanoparticles (GMNPs), FeCl 3 , 6H 2 O (5.406 g) and FeCl 2 , 4H 2 O 
(1.988 g) were dissolved in water (80 ml) in a round bottom fl ask and 
temperature was slowly increased to 70  ° C in refl uxing condition under 
nitrogen atmosphere with constant mechanical stirring at 1000 rpm. The 
temperature was maintained at 70  ° C for 30 min and then 25% ammonia 
solution (30 ml) was added instantaneously to the reaction mixture, 
and kept for another 30 min at 70  ° C. Then, aqueous solution (4 ml) of 
glycine (0.3 gm/ml) was added and temperature was slowly raised up to 
90  ° C under refl ux and reacted for 60 min with continuous stirring. The 
obtained black coloured precipitates were then thoroughly rinsed with 
water and separated from the supernatant using a permanent magnet. 

  Synthesis of Peptide Mimic Shell Cross-Linked Fe 3 O 4  Magnetic 
Nanocarriers (PMNCs) : Peptide mimic shell cross-linked Fe 3 O 4  magnetic 
nanocarriers (PMNCs) were grown on GMNPs by Michael addition/
amidation reaction. In brief, amine terminated GMNPs (1.0 g) were 
dispersed in methanol (100 ml) containing excess of methyl methacrylate 
(40 ml). The suspension was ultrasonicated for 10 min and stirred in 
a rotavapor for 7 h at room temperature. The above treated particles 
were washed with methanol for 5 times by magnetic separation, then 
ethylenediamine (12 ml) was added and the suspension was stirred 
in a rotavapor for another 5 h at 50  ° C. Particles were separated by 
magnetic separation and washed with methanol for 5 times to obtain 
fi rst generation intermediate (G 1 ). Above procedure was repeated 
by successive addition of methyl methacrylate and ethylenediamine 
to obtain second generation intermediate (G 2 ). These particles were 
redispersed in methanol (100 ml) containing methyl methacrylate 
(40 ml) and stirred in a rotavapor for 7 h at room temperature. Then, 
particles were thoroughly washed and treated with aqueous solution 
(40 ml) of L-arginine monohydrochloride (4 gm) at 50  ° C for 5 h in a 
rotavapor to obtain multifunctional (amine and carboxyl terminated) 
peptide mimic shell cross-linked magnetic nanocarriers. 

  Characterization : X-ray diffraction (XRD) pattern was recorded on a 
Philips powder diffractometer PW3040/60 with Cu K α  radiation. The 
crystallite sizes are estimated from the X-ray line broadening using 
Scherrer formula. The infrared spectra were recorded in the range 
4000–400 cm  − 1  on a Fourier transform infrared spectrometer (FTIR, 
Magna 550, Nicolet Instruments Corp., USA). The transmission electron 
micrographs were taken by FEG TEM (JEOL JEM-2100F) for particle 
size determination. The thermogravimetric analysis (TGA, Model Q50, 
V6.1 series, TA Instruments, USA) was performed under N 2  atmosphere 
from room temperature to 550  ° C with a heating rate of 10  ° C/min. 
The elemental analysis was carried out by FLASH EA 1112 series 
CHNS (O) analyzer (Thermo Fennigan, Italy). Dynamic light scattering 
(DLS) measurements were performed using a Malvern 4800 Autosizer 
employing a 7132 digital correlator for the determination of hydrodynamic 
diameter. The zeta-potential measurements were determined by 
Zetasizer nano series, Malvern Instruments. The stability assay was 
investigated by measuring the absorbance at wavelength of 350 nm 
for different time interval at room temperature using JASCO V-650, 
UV-visible spectrophotometer. The fi eld dependent magnetization and 
zero fi eld cooled-fi eld cooled (ZFC-FC) measurements at applied fi eld 
of 100 Oe were carried out by physical property measurement system 
(PPMS, Quantum Design). The Curie temperature was measured in an 
applied fi eld of 100 Oe using vibrating sample magnetometer (VSM-
7410, LakeShore) under N 2  atmosphere. In order to evaluate the specifi c 
absorption rate and cytocompatibility, amount of Fe in suspension of 
PMNCs was obtained by ICP-AES analysis (Spectro Arcos, German). 

  Drug Loading and Release : The anticancer agent, doxorubicin 
hydrochloride (DOX) was used as a model drug to estimate the drug 
loading and release behavior of the PMNCs. In order to investigate 
the interaction of drug molecules with PMNCs, we have studied the 
fl uorescence spectra of pure DOX and DOX-PMNCs in addition to zeta-
potential measurements. The aqueous dispersion of different amounts 
of PMNCs (0, 20, 40, 60, 80 and 100  μ g from a stock suspension of 
2 mg/ml of Fe) were added to a 1 ml of DOX solution (10  μ g/ml) 
and mixed thoroughly by shaking at room temperature for 15 min. 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 4975–4984
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The fl uorescence spectra of the supernatant (obtained after magnetic 
sedimentation of drug loaded PMNCs) were then recorded using 
Hitachi F 2500 fl uorescence spectrophotometer. The fl uorescence 
intensities of supernatants (washed drug molecules were also taken 
into consideration for calculations) against that of pure DOX solution 
were used to determine the loading effi ciency (binding isotherm of DOX 
with PMNCs). The loading effi ciency (w/w%) was calculated using the 
following relation:

 
DOX − II S − Iw

× 100
DOXI

% Loading efficienc y =   

where,  I  DOX  is the fl uorescence intensity of pure DOX solution,  I  S  the 
fl uorescence intensity of supernatant and  I  W  the fl uorescence intensity 
of washed DOX (physically adsorbed DOX molecules). 

 For release study, we have quantifi ed the amount of DOX-PMNCs 
according to the binding isotherm. The loading was carried out, at 
increased scale, by incubating 0.5 ml of aqueous solution of DOX 
(1 mg/ml) with 1 ml of the aqueous suspension (pH  ≈  7.5) of PMNCs 
(5 mg/ml) for 1 h in dark (however, no decrease in fl uorescence intensities 
was observed after 15 min of incubation). Drug loaded samples were 
separated from the free-standing drug molecules through magnetic 
separation and carefully washed by milli Q water. The pH-triggered drug 
release studies were carried out under reservoir (r) - sink (s) conditions. 
The drug-loaded PMNCs (5 mg) were immersed into 5 ml of respective 
release medium (acetate buffer-pH 4, acetate buffer-pH 5 or phosphate 
buffered saline-pH 7.3) and then put into a dialysis bag. The dialysis was 
performed against 200 ml of phosphate buffered saline (PBS-pH 7.3) 
under continuous stirring at 37  ° C to mimic the cellular environment. 1 
ml of the external medium was withdrawn and replaced with fresh PBS 
at fi xed interval of times to maintain the sink conditions. The amount 
of doxorubicin released was determined by measuring the fl uorescence 
intensity at   λ   excitation   =  490 nm and   λ   emission   =  535  ±  35 nm using Perkin 
Elmer 1420 multilabel counter against the standard plot prepared under 
similar condition. Each experiment was performed in triplicates and 
standard deviation was given in the plot. The release data were fi tted to 
the Higuchi model. Higuchi model describes drug release as a diffusion 
process based on Fick’s law according to the equation:

 Q = kHt
1/2  

where Q is the amount of drug released at time t, and k H  the Higuchi 
dissolution constant. 

  Cell Lines and Culture : Human cervical cancer cell line HeLa was 
obtained from National Centre for Cell Sciences, Pune, India. Cells 
were cultured in Dulbaco’s Minimal Essesntial Medium (DMEM) 
supplemented with 10% fetal bovine serum (FBS; Hi-Media, Mumbai, 
India) and antibiotics (penicillin: 100 Units/ml, streptomycin: 250  μ g/
ml) in humidifi ed incubator at 5% CO 2  and 37  ° C. Wherever required 
during culture experiemnts, PMNCs loaded with DOX were diluted with 
same culture medium followed by water bath sonication. 

  Time-Dependent Calorimetric Measurements (Hyperthermia Studies) : 
The heating ability of sample suspensions was obtained from the time-
dependent calorimetric measurements using an induction heating unit. 1 ml 
(1.2 mg/ml of Fe) of PMNCs suspension was taken in a polypropylene 
sample holder with suitable arrangements to minimize the heat loss. 
The AC magnetic fi eld (AMF) of 0.251, 0.335 and 0.419 kOe, and fi xed 
frequency of 265 kHz were used to evaluate the specifi c absorption rate 
(SAR). The SAR was calculated using the following equation:

 
�T 1

mFe
C

�T
SAR =

  
where,  C  is the specifi c heat of solvent ( C   =   C  water   =  4.18 J/g  ° C),  Δ  T / Δ  t  
is the initial slope of the time-dependent temperature curve and  m  Fe  is 
mass fraction of Fe in the sample. 

  Cytotoxicity Studies : Sulforhodamine B (SRB) assay was performed to 
evaluate cytotoxicity of the PMNCs to HeLa cell lines without induction 
heating. The cells were seeded into 96-well plates at densities of 1  ×  10 4  
cells per well for 24 h. Then different concentrations of PMNCs loaded 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 4975–4984
with DOX (0.03125-2.0  μ M DOX) were added to cells and incubated 
for 48 h at 37  ° C and 5% CO 2 . Thereafter, the cells were washed thrice 
with phosphate buffer saline (PBS) and processed for SRB assay to 
determine the cell viability. For this, cells were fi xed with a solution of 
50% trichloroacetic acid and stained with 0.4% SRB dissolved in 1% 
acetic acid. Cell-bound dye was extracted with 10 mM unbuffered Tris 
buffer solution (pH 10.5) and then absorbance was measured at 560 nm 
using a plate reader. The cell viability was calculated using the following 
formula: 

% V iability
= (Absorbance of treated sample/Absorbance of control) × 100  

In order to prove the potential of the carrier for therapeutic 
applications, we have evaluated the 50% inhibitory concentration (IC 50 ) 
values by SRB assay. IC 50  is defi ned as the concentration of material that 
results in a 50% inhibition of cellular processes. For this, HeLa cells 
were treated with DOX and DOX-PMNCs at different doses. Different 
dilutions were prepared in culture medium using stock solutions of 
4  μ M pure DOX and DOX-PMNCs having 4  μ M of DOX (to provide an 
equivalent amount of drug used) in milli Q water. Media from wells were 
replaced with the above solutions prepared in culture medium. Cells 
were incubated for another 48 h to determine the cell viability using the 
SRB assay. The IC 50  values were calculated using the sigmoidal dose-
response equation from Origin 8 software (Origin Lab Corporation, 
Northampton, MA). 

 Furthermore, the effect of PMNCs loaded without or with DOX 
(8  μ M) on HeLa cells, which were subjected to induction heating with 
respective controls, was investigated. Cells (0.5  ×  10 6 ) were seeded 
overnight in petridishes (P-60) containing culture medium (4 ml) 
followed by treatment with PMNCs loaded without or with DOX for 3 h 
at culture conditions. Subsequently, cells were washed three times with 
PBS to remove non-internalized particles. Cultures replaced with fresh 
culture media (4 ml) were subjected to AMF (335 Oe, 10 min.) under 
sterile conditions using induction heating system as reported earlier. [  40  ]  
After AMF exposure, cells were further cultured for 2 h and harvested 
by trypsinization. Cell viability was performed using trypan blue dye 
exclusion method. Cells treated with different conditions were named 
as follows: (i) untreated cells (Control), (ii) magnetic fi eld only (AMF), 
(iii) particles only (PMNCs), (iv) particles followed by AMF (PMNCs  +  
AMF), (v) DOX only (DOX), (vi) DOX followed by AMF (DOX  +  AMF), 
(vii) DOX loaded particles only (DOX-PMNCs), and (viii) DOX loaded 
particles followed by AMF (DOX-PMNCs  +  AMF). 

  Cellular Uptakes Studies : Cellular uptake of DOX loaded particles 
was quantifi ed by ICP-AES analyses, which was further confi rmed 
by fl ow cytometry and confocal microscopy. For ICP-AES, HeLa cells 
(0.5  ×  10 6 ) were seeded overnight followed by treatment with 2 and
 8  μ M DOX loaded particles for 1 and 3.5 h at culture conditions. Cells 
were washed with PBS followed by harvesting of cells by trypsinization. 
An aliquot (10 ml from 1 ml cell suspension) was used to count the 
cell number and rests of cells were centrifuged to obtain the pellet. 
The centrifuged cell pellets were disolved in 37% HCl at 70  ° C for 1 h. 
The ICP-AES samples were diluted to a volume of 10 ml for analysis. For 
fl ow cytometry analysis, cells (1  ×  10 6 ) were seeded for overnight in P-100 
dishes containing culture medium (10 ml). Cells were treated with 2 and 
8  μ M DOX loaded particles as well as free DOX (2 and 8  μ M) for 3 h in 
culture conditions followed by washing with PBS and harvesting the cells 
by trypsinization. The cells were resuspended in culture medium and 
fl ow cytometry analysis ( CyFlow Space,  Partec, Germany) was carried out 
at FL-2 channel (585 nm band-pass fi lter) for 20,000 cells. Results were 
analyzed using FloMax software (version 2.0). For confocal microscopy 
imaging, cells (0.5  ×  10 6 ) were seeded on glass coverslips and cultured 
overnight. The cells were then treated with DOX-PMNCs (8  μ M DOX) 
for 3hrs at culture conditions, followed by washing with PBS. The cells 
were fi xed with 2% paraformaldehyde at 4  ° C for 30 mins. For lysotracker 
labelling, fi xed cells were treated with 2  μ M lysotracker green (Molecular 
Probes, USA) for 10 min at culture conditions. Cells treated intividually 
with DOX-PMNCs and lysotracker as well as both were imaged using 
4983wileyonlinelibrary.combH & Co. KGaA, Weinheim
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confocal microscope (LS510 Meta, Carl Ziess, Germany). The excitation 
source used was an Ar ion laser (488 nm) and emission window was set 
at 505–525 nm and 575–615 nm for lysotracker and DOX, respectively.   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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