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a  b  s  t  r  a  c  t

Chemotherapy  side  effects  have  long  been  a matter  of  great  concern.  Here  we  describe  a  structurally  sta-
ble  self-assembled  nanostructured  lysozyme  (snLYZ)  synthesized  using  a  simple  desolvation  technique
that  exhibited  anticancer  activity,  as  well  as excellent  hemocompatibility.  Field  emission  scanning  elec-
tron  microscopy;  atomic  force  microscopy  and  dynamic  particle  size  analyzer  were  used  for  analyzing
the  synthesized  snLYZ.  The  analysis  revealed  spherical  shape  with  an  average  size of 300  nm.  Circular
dichroism  and  tryptophan  fluorescence  spectroscopic  analysis  revealed  its  gross  change  in  secondary  as
well as the  tertiary  level  of the structure.  snLYZ  also  demonstrated  excellent  structural  as  well as the
functional  stability  of  LYZ  in  a wide  range  of  pH and  temperature  with  a fair  level  of protection  against
proteinase  K  digestion.  When  applied  to MCF-7  breast  cancer  cells,  it exhibited  approximately  95%  cell
death  within  24  h,  involving  a  reactive  oxygen  species  (ROS)  based  mechanism,  and  showed  excellent
hemocompatibility.  Fluorescence  microscopy  imaging  revealed  distinct  cellular  internalization  of  snLYZ
ytoplasmic granules and  the formation  of cytoplasmic  granules,  which  initiated  a cell-killing  process  through  membrane
damage.  In  order  to mimic  targeted  therapy,  we  tagged  folic  acid  with  snLYZ,  which  further  enhanced
cytotoxicity  against  MCF-7  cells.  Therefore,  this  is the  first report  of its kind  where  we demonstrated  the
preparation  of  a highly  stable  self-assembled  nanostructured  lysozyme  with  a  strong  anti-proliferative
activity  against  breast  cancer  cells.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Proteins are highly sensitive to external stress because of their
ntimate link between 3-D structure and biological function [1–3].
roteins also possess unique properties to form self-assembled
anostructures. They form disordered as well as ordered aggre-
ates in cells. In many instances, such accumulation is the cause
f number of lethal diseases like Amyloidosis, Alzheimer’s, Parkin-
on’s and Prion disease [4–7]. However, protein structure and their
elf-assembly process are externally driven and has found many
pplications in biology and medicine [8–15]. Nanoparticles, devel-

ped from natural biopolymers are usually biodegradable, easy
o metabolize, and easily surface modifiable, which may  facilitate
fficient attachment of drugs [16]. Such nanoparticles have been

∗ Corresponding author. Tel.: +91 0661 2462284/2463284;
ax: +91 0661 2462022.

E-mail address: spaul@nitrkl.ac.in (S. Paul).

ttp://dx.doi.org/10.1016/j.colsurfb.2015.04.017
927-7765/© 2015 Elsevier B.V. All rights reserved.
reported to develop from various proteins including bovine and
human serum albumin, zein and gliadin [16].

Recent reports cite special preparation of small proteins such
as bovine and human �-lactalbumin, to be lethal against a number
of tumor cell types. Specific conformational state of proteins was
also reported to form conjugates with oleic acid known as BAM-
LET (Bovine �-lactalbumin made lethal to tumor cells) or HAMLET
(Human �-lactalbumin made lethal to tumor cells). These con-
jugates also induced tumor cell death [17,18]. Therefore, specific
structural state of such proteins may  have a therapeutic potential.

Here we report the use of hen egg white lysozyme (LYZ) for the
preparation of self-assembled nanostructured lysozyme (snLYZ).
Breast cancer cells were treated with snLYZ for the evaluation of
its anticancer activity. The molecular mass of LYZ is 14.4 kDa and
composed of 129 amino acids [19]. It is active site contains a deep

crevice, which divides the protein into two  separate domains linked
by � helix. The first domain (residues 40–85) consists mostly of �-
sheet structure, whereas the second domain (residues 89–99) is
more helical in nature [20].

dx.doi.org/10.1016/j.colsurfb.2015.04.017
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2015.04.017&domain=pdf
mailto:spaul@nitrkl.ac.in
dx.doi.org/10.1016/j.colsurfb.2015.04.017
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Recently, lysozyme extracted from a marine bacterium has
emonstrated to inhibit angiogenesis and tumor growth in mice
21]. Lysozyme has also shown tumorigenic activity in several other
tudies [22].

The idea behind using LYZ to prepare self-assembled nanostruc-
ure for exploring its potential in breast cancer therapy developed
rom its earlier reports of antitumorigenic and anticancer potential.
aselli and Schumacher first reported the antitumorigenic activity
f native lysozyme (nmLYZ) [20]. Two remarkable studies per-
ormed by Babudieri-Callerio and Callerio [23,24] demonstrated
he effect of LYZ on H.S1 (mesenchymal origin), Hep2 (epithe-
ial nature) strains and HeLa cells. The LYZ treatment produced
ranular irregular structures in the cytoplasm. Sava et al. in 1989
eviewed the anticancer potential of exogenous native LYZ exhaus-
ively, where he reviewed various models and mechanism of action
f LYZ-mediated cancer cell death [25]. Lysozyme was used ear-
ier for antitumor activity in many in vivo model systems of
nimal tumors [26–28]. However, after 1989, except for the anti-
roliferative effect of recombinant human lysozyme on gastric
ancer cells [29], no significant progress was made toward cancer
herapeutic approach using LYZ.

Using a simple desolvation technique we have prepared self-
ssembled nanostructured lysozyme (snLYZ) and evaluated its
ossible anticancer activity. We  thoroughly characterized snLYZ
oncerning its structure, function and stability under various stress.
fter a series of experimental studies, we established its strong
nti-proliferative activity against breast cancer cells.

. Materials and methods

.1. Materials

N-acetyl-cysteine (NAC), Glutaraldehyde (25%), Tamoxifen
itrate and Whatman filter paper were purchased from Sigma-
ldrich, India. Lysozyme, Bovine serum albumin, Folic acid (FA),
TT  assay kit, Ethanol, DMEM,  fetal bovine serum (FBS), antibiotics,
API, acridine orange, Fluorescein diacetate, phenylmethanesul-

onyl fluoride (PMSF), Proteinase K, sodium cacodylate, sodium
hosphate buffer, 1-anilinonapthalene-8-sulfonic acid and diso-
ium EDTA were purchased from HiMedia India Pvt. Ltd. Milli Q
ater was used in all the experiments. T-25 flasks, 96 well plates

nd all other plastic wares were purchased from Tarsons, India
vt. Ltd. 3T3 (murine fibroblast cell line), HaCaT (human kerati-
ocyte cell line), A549 (human lung adenocarcinoma epithelial cell

ine) and MCF-7 (breast cancer cell line) cells were procured from
CCS, Pune, India. Triton-X was purchased from Calbiochem, India.
uman blood (B +ve) was freshly obtained from the donor before

he experiments. All glassware used in the study purchased from
orosil, India. All other reagents were of analytical grade.

. Methods

.1. Preparation of self-assembled nanostructured lysozyme
snLYZ) and its conjugates

Lysozyme (10 mg)  was  dissolved in 2 ml  of Milli-Q water. The
ontents were stirred for 15 min  at 500 rpm. During stirring, 8 ml
f ethanol was added dropwise (1 ml/min) using an insulin syringe.
fter addition of ethanol, the color of the solution turns turbid
hite. Immediately glutaraldehyde (cross-linker) was  added to
chieve a final concentration of 0.1%. The contents were allowed
o stir for 8 h at 500 rpm followed by 5 cycles of centrifugation
25,000 × g, 30 min, 40 ◦C). After centrifugation, the pellet was  dis-
ersed in 3 ml  of Milli-Q water. The frequent washing and five
: Biointerfaces 130 (2015) 237–245

cycles of centrifugation were carried out, in order to remove the
residual glutaraldehyde from the formulation.

During the process of optimization, snLYZ was  prepared using
various concentrations of glutaraldehyde (GTD) such as 0.1%, 0.3%,
1% and 3%. The activity assay of LYZ (see Section 3.3.3), field emis-
sion scanning electron microscopy (FESEM) imaging (see Section
3.2.1), circular dichroism (CD) and tryptophan (trp) fluorescence
spectroscopy (see Section 3.2.4) were performed for the optimiza-
tion of GTD concentration. Although various concentration of GTD
were used in the preparation of snLYZ, the optimized GTD con-
centration, i.e., 0.1% was used in the preparation of snLYZ and
subsequent experiments.

We  prepared the snLYZ-folic acid (snLYZ-FA) conjugates with
the aim of increasing the specificity of snLYZ for cancer cells. For
the preparation of snLYZ-FA conjugate, the prepared snLYZ was
suspended in 5 ml  of Milli-Q water, followed by the addition of
25 �l of 2 mg/ml  stock solution of FA. The contents were stirred for
8 h at 500 rpm in the presence of 0.1% GTD. The rest of the procedure
remains same as mentioned above.

The schematic representation of the whole synthesis protocol
was shown in Fig. 1.

The same procedure was also followed for the preparation of
self-assembled nanostructured bovine serum albumin (snBSA), a
66 kDa monomeric protein, for use as a control of snLYZ.

3.2. Characterization of prepared snLYZ

3.2.1. Field emission scanning electron microscopy (FESEM)
For capturing high-resolution images of various samples, FESEM

study was performed. A volume of 10 �l of snLYZ (2 mg/ml) was
spread on a glass slide and allowed to dry in a desiccator. The glass
slides with the samples were fixed on a carbon tape attached to the
aluminum stub. The aluminum stub was placed in a gold sputtering
unit for 30 s. The samples were subsequently placed in the FESEM
(NOVA NANO SEM 450) sample chamber and images were captured
at a voltage of 5 kV.

3.2.2. Atomic force microscopy (AFM)
AFM imaging and measurements were performed using Bio-

scope Catalyst AFM (Bruker Corporation, Billerica, MA)  with silicon
probes. A volume of 10 �l of snLYZ (2 mg/ml) was placed on a
freshly peeled mica surface followed by drying under a continu-
ous flow of nitrogen gas. The mica discs were gently washed with
200 �l of Milli-Q water. The mica discs were allowed to dry in
a desiccator overnight. The standard tapping mode was  used for
capturing images of different samples at room temperature in the
presence of air. The nominal spring constant of the cantilever used
was 20–80 N/m. A standard scan rate of 0.5 Hz with 512 samples
per line was used for imaging the samples. AFM image of the snLYZ
sample was captured the next day.

3.2.3. Dynamic light scattering (DLS) particle size analysis and
zeta-potential analysis

The average particle size analysis and �-potential measurement
of the aqueous suspensions of snLYZ were performed on a Malvern
Zetasizer Nano-ZS DLS analyzer. A sample volume of 10 �l of snLYZ
(2 mg/ml) was taken and diluted with 1990 �l of deionized water
and applied to DLS for size analysis.

3.2.4. Circular dichroism (CD) and tryptophan fluorescence
measurement

CD spectra of nmLYZ and snLYZ (200 �g/ml) was  recorded using

a JASCO J-815 CD polarimeter. Sodium cacodylate (20 mM)  at pH
7.4 was  used as a buffer for measuring the CD spectra. All the mea-
surements were carried out at physiological temperature (37 ◦C)
and a constant flow of N2 gas. Each spectrum represented the
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Fig. 1. Schematic representation: preparation of self-a

verage of three accumulations recorded between wavelengths
f 200 and 250 nm,  with a 0.2 nm resolution, and a bandwidth
f 1.0 nm.  A scan speed of 100 nm/min and a standard sensitiv-
ty was set using a cuvette of path length of 0.1 cm.  Appropriate
uffer contribution was subtracted from every measurement. The
ercentage of the secondary structures (�-helix and �-sheet) was
alculated using the software provided along with the instrument.
he CD signal in mdeg was converted to molar residue ellipticity
�) [deg cm2 dmol−1] using Eq. (1) [30].

�] = 100 × signal
C × n × l

(1)

The signal is the CD output in mdeg; C represents the protein
oncentration in mM,  ‘n’ represents number of amino acid residues
n the protein, ‘l’ represents the path length in cm.

For fluorescence measurement, 20 mM sodium phosphate
uffer was used at pH 7.4. The trp fluorescence spectra were
easured with a Perkin-Elmer LS-55 Luminescence spectrome-

er. Protein samples (28 �g/ml) were incubated, and spectra were
easured at 37 ◦C. An excitation wavelength of 290 nm was  used,

nd trp fluorescence emission spectrum (represents the average of

hree accumulations recorded) of nmLYZ and snLYZ was  recorded
n the range of 300–400 nm.  The excitation and emission slit widths

ere set at 5 and 10 nm,  respectively. Background corrections were
ade with buffer without protein in all cases.
bled nanostructured Lysozyme (snLYZ) and snLYZ-FA.

3.3. Stability analysis

3.3.1. Stability of snLYZ across various temperature and pH
Both nmLYZ and snLYZ were exposed to a temperature range

of 25–80 ◦C using the peltier accessory and their CD spectra and
fluorescence emission spectra were generated. The concentration
of protein for generating CD spectra and fluorescence emission
spectra were 200 �g/ml and 28 �g/ml, respectively. The secondary
structural state of snLYZ was measured in a pH range of 3.0–7.4
(3, 4, 5, 6 and 7.4). The pH of the buffer was adjusted using 1.0 N
hydrochloric acid. All other settings for operating the CD spec-
trometer and the fluorescence spectrometer remained same as
mentioned in the above section.

3.3.2. Proteinase K (PK) assay
The stability of the native (nmLYZ) and self-assembled nano-

structured lysozyme (snLYZ) was  evaluated by analyzing the
proteolytic susceptibilities of both solutions. PK (3 �M)  was applied
to both the solution (200 �g/ml) and incubated for 10 min. The reac-
tion was quenched by the addition of 1 mM PMSF (PK inhibitor). The
absorbance of both the samples was  recorded in a wavelength range

of 250–305 nm and necessary baseline corrections were made. The
absorbance of the control sample, i.e., PK solution was also mea-
sured and deducted. The extent of degradation of the LYZ sample
was measured from the drop in absorbance.
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.3.3. Lyz activity of snLYZ
Cells of Micrococcus lysodekticus (9 mg)  were suspended in

0 ml  of 100 mM sodium phosphate buffer, pH 7.4, shortly before
he assay. Each of the microplate wells contained 50 �l samples
nd 200 �l of micrococcus cell suspension. The plate was gently
haken for 1.0 min  in a microplate reader (iMark, Bio-Rad) followed
y measurement of absorbance at 450 nm and continued for 10 min
t 1 min  interval.

To observe the effect of pH on the lytic activity of snLYZ, the pH
f the sodium phosphate buffer was varied from 3 to 7.4 with the
ddition of 1N HCl.

Lysozyme activity [31] was measured by measuring the change
n OD over a period of 10 min  and is represented by the following
ormula.

ys activity (change in O.D.) = O.D.initial − O.D.10 min (2)

.3.4. Surface hydrophobicity of snLYZ
An increase in the surface hydrophobic character of a protein

as been shown to provide stability to proteins from thermal stress
32,33]. Hence, estimation of surface hydrophobic character of
he protein surface will provide an indirect measurement of ther-

al  stability of the protein. 8-Anilinonaphthalene-1-sulfonic acid
ANS) is a common extrinsic fluorescence probe usually used to
etermine the hydrophobic character of the protein surface. Here,
nLYZ-bound ANS fluorescence was used to determine the surface
ydrophobic character of the protein. ANS concentration of 110 �M
as added to 6.0 �M nmLYZ and snLYZ solution prepared in 20 mM
hosphate buffer, pH 7.4. Solutions were incubated for 30 min  at
5 ◦C. Fluorescence spectra were measured with a PerkinElmer LS
5 spectrofluorimeter at 25 ◦C. The excitation wavelength was fixed
t 350 nm with slit width 5 nm,  10 nm for excitation and emission
andpass, respectively and at a scan rate of 240 nm/min.

.4. Cytotoxicity study of snLYZ by MTT  assay

The cytotoxicity of nmLYZ and snLYZ conjugate was  assessed
gainst MCF-7 breast cancer cell line. The normal cell lines such as
aCaT (Human keratinocyte cells) and 3T3 (murine fibroblast cells)
ere kept as control for MTT  assay. Folic acid conjugation is known

o improve the uptake of various drugs [34]. Hence, folic acid was
onjugated with snLYZ and the snLYZ-FA conjugate was applied to
CF-7 cells and A549 (folic acid receptor negative) lung carcinoma

ells. MCF-7, HaCaT, and 3T3 cells were cultured in DMEM (Dul-
ecco’s Minimum Essential Medium) and supplemented with 10%
oetal Bovine Serum, 2 mM glutamine and 0.1 mg/ml  penicillin and
treptomycin. The cells were seeded at a density of 1 × 104 cells/ml
n a 96 well plate with 100 �l of DMEM in each well. The 96 well
lates were maintained at 37 ◦C in a humidified, 5% CO2 atmo-
phere in the CO2 incubator. The cells were allowed to proliferate
or 24 h. Various test samples were administered to the MCF-7 cells
nd the end point was monitored by MTT  assay [35] at the end
f next 24 h and 48 h. MTT  (10 �l of 5 mg/ml  stock) was  added

 h before the end point. At the end point, media was  removed,
nd 100 �l of DMSO was added to dissolve the formazan formed
nd the absorbance was measured at 595 nm.  The absorbance val-
es were recorded, and percentage cell viability of MCF-7 cells
as calculated from the absorbance values and the result was
lotted.

It was necessary to find out, whether any other monomeric glob-
lar protein (other than lysozyme) has any cytotoxic effect in cancer
ells. Hence, we performed the cytotoxicity study of snBSA against

reast cancer cells MCF-7 as a control.

To examine the role of reactive oxygen species (ROS) on
ell death, we applied N-acetyl-cysteine (NAC) which is a well-
nown inhibitor of ROS generation [32]. NAC was added to a final
: Biointerfaces 130 (2015) 237–245

concentration of 2 mM in MCF-7 cell culture, and cells were allowed
to proliferate as described above. After the administration of snLYZ
and snLYZ-FA (conjugated with folic acid) conjugate in MCF-7 cells,
MTT  assay was performed at 24 and 48 h.

3.5. Cellular internalization of snLYZ observed by fluorescence
microscopy

Fluorescence imaging was performed to monitor the internal-
ization of snLYZ in MCF-7 cells using Olympus, CKX41 microscope
equipped with a fluorescence attachment. The cells were seeded at
a density of 1 × 104 cells/ml and allowed to grow for 24 h. At the
end of 24 h, media was  replaced, the fluorescence image of MCF-7
cells was  taken, and immediately snLYZ cross-linked with acridine
orange fluorescent probe, was added. At the end of 1 h, one batch
of cells were washed with 5 ml  of PBS pH 7.4 followed by the addi-
tion of Fluorescein diacetate and DAPI for staining the cells. The
above process was repeated for respective batch of cells at 3, 6 and
12 h post-administration. Imaging of cancer cells were carried out
at 400× magnification.

3.6. Hemocompatibility assay

Human blood (5 ml)  was  collected by an expert technician under
the supervision of an invited physician. Blood was  collected in a
centrifuge tube containing 2 mg  of disodium EDTA (anti-coagulant).
The contents were gently resuspended and centrifuged at 1000 × g
for 10 min. The supernatant was removed and the RBC collected at
the bottom of the centrifuge tube was washed three times by gen-
tle resuspension with 10 times the volume of pyrogen-free saline
(0.9% NaCl) and followed by centrifugation at 1000 × g for 10 min
at room temperature. The RBC pellet was  gently resuspended in
saline and was diluted to 0.8% (v/v). The suspended RBC solution
(3 ml)  was placed in sterile glass vials, and various test samples
were added to evaluate their hemolytic potential. Triton X (1%) was
used as a positive control for monitoring maximum hemolysis and
RBC suspension treated with normal saline was used as a negative
control. The absorbance at 405 nm was  measured as an indicator of
hemoglobin released into the supernatant. The percentage hemoly-
sis was  calculated at 1 h, and the graph was  plotted between percent
hemolysis and time (h).

3.7. Statistical analysis

Data were presented as mean ± S.E.M. The statistical analysis
were carried out by One-way ANOVA followed by Tukey’s test using
Graph Pad Prism 5.0 software.

4. Results and discussion

4.1. Preparation of self-assembled nanostructured lysozyme
(snLYZ) and its conjugates

We  used GTD as a cross linker for the preparation of self-
assembled nanostructured Lysozyme (snLYZ). Since the particle is
a protein, the addition of GTD could induce a change in its struc-
ture and function apart from allowing the partially folded protein
molecules to a self-assembled state in an ordered manner. By mea-
suring the LYZ activity, as well as the drop in trp fluorescence
intensity, we  optimized the GTD concentration for the preparation
of snLYZ.

During optimization of GTD concentration, we  used various con-

centrations of GTD (0.01%, 0.05%, 0.1%, 0.3%, 1.0% and 3.0%) for
estimation of LYZ biological activity of the prepared snLYZ (Fig.
S1, supplementary data). The enzyme activity of snLYZ prepared
using 0.1% GTD showed a substantial reduction of ∼28.5%. A similar
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evel of drop in LYZ activity in snLYZ samples prepared with 0.01%
nd 0.05% GTD (Fig. S1, supplementary data) was  also observed.
e also measured the trp fluorescence for the optimization of GTD

oncentration, toward the preparation of snLYZ. Varying concen-
rations of GTD were added to the solution of nmLYZ, followed by

 h incubation. After incubation, we measured the trp fluorescence
o monitor any conformational change that took place around trp
f nmLYZ. Fig. S2A (supplementary data) shows the drop in trp
uorescence intensity that indirectly indicates the change of envi-
onment around trp. We  observed that 0.1% GTD triggered a change
n the trp environment in nmLYZ to an extent higher than 0.01%
nd 0.05% GTD-treated nmLYZ samples. However, we  also observed
hat GTD concentration beyond 0.1% caused substantial trp fluores-
ence reduction, i.e., higher conformational perturbance around trp
esidues. CD spectra were also measured to investigate the trend
f secondary structural change concerning various GTD concentra-
ions (Fig. S2B, supplementary data). No significant change in CD
ignal (in molar ellipticity (�) (deg cm2 dmol−1) was observed up
o 0.3% GTD. However, a change was observed when GTD was used
n nmLYZ above 0.3% such as 0.5% and 1.0%. Hence, we  concluded
o use 0.1% GTD in the preparation of snLYZ and characterized
urther.

We  also used 0.01% and 0.05% GTD in the preparation of snLYZ.
owever, we found the crosslinking was insufficient to provide a

table structure as it resulted in the formation of disordered assem-
lies of LYZ (result not shown). Use of higher concentration of GTD

uch as 0.3%, 1% and 3% caused the production of large sized assem-
lies (Fig. S3A–C supplementary data) due to excessive number
f cross linkages. Moreover, it might result in the suppression of
nherent biological function and structural integrity of LYZ due to

ig. 2. FESEM image of snLYZ prepared using 0.1% GTD as a cross linker (B) AFM image 

mLYZ  and snLYZ. The inset data shows the percentage of secondary structural componen
pectra  of nmLYZ and snLYZ. All data were expressed as mean of three readouts generate
: Biointerfaces 130 (2015) 237–245 241

excessive accumulation of GTD throughout the protein backbone
and surface.

4.2. Characterization of prepared snLYZ

FESEM image of snLYZ prepared with 0.1% GTD shows high
homogeneity in size (300–400 nm)  and shape (Fig. 2A). Atomic
force microscopy (AFM) image also revealed the average size of
snLYZ close to 300 nm (Fig. 2B). From Fig. 2C, the average size of
snLYZ was found to be approximately 300 nm,  which is also in
agreement with the size obtained from the FESEM and AFM images.
The size of prepared snBSA was  800 nm and spherical in shape (see
Fig. S9, supplementary figure). Moreover, one of the most impor-
tant aspects of our result was the shape of snLYZ particles, which
was clearly observed to be spherical. Such spherical shape offers
least resistance against the flow and achieves maximum penetra-
tion potential across cell membranes.

The zeta potential of snLYZ was found to be −39.1 mV. Zeta
potential usually measures the electrostatic potential at the sur-
face of the particle. Normally ±30 mV  suggests that the particles in
suspension are highly stable and less susceptible to agglomeration.

Since the protein was self-assembled to form snLYZ, it was
necessary to know the change of its conformation specifically sec-
ondary structural components such as �-helix and �-sheet. Fig. 2D,
clearly showed a drastic reduction in CD signal of snLYZ, due to

the destruction of secondary structures of the protein resulting
in the significant percentage increase in �-sheet content. The trp
fluorescence spectra (Fig. 2E) also revealed a clear drop in trp flu-
orescence intensity for snLYZ. The result clearly indicates that trp

of snLYZ. (C) DLS particle size analysis of snLYZ. (D)  Circular dichroism spectra of
ts calculated using the software associated with the instrument. (E) trp fluorescence
d from the instrument for (D) and (E).
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esidues moved from their original location (in nmLYZ) to a more
olar environment and perhaps exposed to the surface.

.3. Stability analysis under various temperature conditions

We  also wanted to investigate the thermal stability of the sam-
les in a temperature range of 25– 80◦C. Since the physiological
emperature is considered to be 37 ◦C, we monitored the con-
ormational state of samples below and above the physiological
emperature (Fig. S4A, supplementary data) showed the plot of flu-
rescence intensity at 345 nm against temperature, which clearly
ndicates that snLYZ was more stable than nmLYZ since it has a rel-
tively lower drop in fluorescence intensity. We  also plotted the
D signal (molar ellipticity (�) deg cm2 dmol−1) at 222 nm vs. tem-
erature (Fig. S4B, supplementary data) which is associated with
he �-helical content. The plot indicated that there was almost
o change in � helical structure with temperature, but significant
hange observed in nmLYZ. CD results (Fig. S4C, supplementary
ata) revealed significant amount change in CD signal of nmLYZ but
ot in snLYZ. Such high stability was due to high �-sheet contents in
nLYZ. Therefore, both the CD and fluorescence results established
he conformational stability of snLYZ in a wide range of tempera-
ure for storage, handling and use of snLYZ.

.4. Stability of snLYZ under varying pH

It was essential to examine the stability of prepared snLYZ under
arious stresses like pH and Proteinase K (PK). Fig. S4D (supplemen-
ary data) presented the plot of the lytic activity of LYZ in snLYZ
s. pH, which revealed a very minimal change in the lytic activ-
ty of snLYZ in a range of pH 5.0–9.0. However, nmLYZ showed

 drastic drop in activity toward higher pH starting from pH 5.0,
ith a maximum drop at pH 9.0. CD signal measured at 222 nm
emonstrated an insignificant change in � helical component (Fig.
4E, supplementary data). The intrinsic fluorescence measurement
learly showed an insignificant change in trp fluorescence (Fig. S4F,
upplementary data) of snLYZ, compared to nmLYZ.

.5. Stability of snLYZ against Proteinase K

PK-mediated digestion study was also performed to understand
he resistance against protease digestion. PK normally digests non-
ative proteins very fast but not the native one. The high amount
f PK can also attack native structure as well. In this case, nmLYZ
as native but snLYZ was partially denatured as well as partly
nfolded but self-assembled by crosslinking with 0.1% GTD. After
K digestion, spectroscopic measurement of snLYZ showed almost
o change in the peak of spectra indicating increased stability
gainst PK digestion compared to nmLYZ (Fig. S4G and H supple-
entary data). Necessary baseline correction was done in order to

ompare the plots.
The above result also indicates a possibility that in snLYZ, the

igestion sites were perhaps not well accessible to PK due to the
elf-assembly process of nmLYZ. Moreover, such stability both
gainst pH and PK might be due to higher contents of �-sheet
37.7%) in snLYZ (Fig. 2D) than nmLYZ. All of the above collectively
ed to the conclusion that snLYZ might be considered to be struc-
urally, functionally and biologically stable which satisfies one of
he most essential requirements for a drug.

.6. Assessment of surface hydrophobic character of snLYZ using
NS fluorescence
The thermal stability of a protein is also positively correlated
ith its higher surface hydrophobic character. Hence, measuring

he surface hydrophobicity of snLYZ and nmLYZ can throw light
: Biointerfaces 130 (2015) 237–245

on the stabilizing effect. ANS is an anionic, aliphatic fluorescence
dye that spontaneously interacts with non-polar surface residues
of a protein and exhibit strong fluorescence. Hence, measuring the
ANS bound fluorescence will provide information about the surface
hydrophobicity of snLYZ. From our results (Fig. S4I, supplementary
data), it was clear that our prepared snLYZ demonstrated higher
hydrophobic surface (as reflected by a higher amount of snLYZ
bound ANS fluorescence) than nmLYZ-bound fluorescence. Hence,
we concluded that more non-polar residues were relocated on the
surface of snLYZ that also support our previous data obtained from
trp fluorescence spectroscopy (Fig. 2E).

4.7. Cytotoxicity study of snLYZ

The cytotoxicity assay of nmLYZ and snLYZ was  performed
against human breast cancer cells MCF-7. Results showed that the
administration of nmLYZ caused insignificant cancer cell killing
compared to control (administered with none) till a dose of
200 �g/ml. However, snLYZ demonstrated a dose-dependent cell
killing with more than 90% cell death at 200 �g/ml of snLYZ after
24 h administration (Fig. 3A). Surprisingly, when cell killing was
measured after 48 h of snLYZ administration, almost complete
(∼98% with ±1.8% error) cell killing was found at a snLYZ dose of
200 �g/ml. At a lower dose like 60 and 100 �g/ml, the death was
found to be ∼95% and 96%, respectively (Fig. 3B), proved its strong
anti-proliferative activity. Tamoxifen (TAM), a chemotherapeutic
agent used in breast cancer, was also used here as a positive con-
trol for comparison (Fig. S5B, supplementary data). The complete
dose-dependent anti-proliferative effect of nmLYZ and snLYZ was
shown in Fig. S5A, supplementary data. To test whether protein
nanoparticle is specific to cancer cells, we  performed cytotoxicity
study against human keratinocyte cells HaCaT and mouse fibro-
blast cells 3T3. The results clearly showed that snLYZ did not
show cytotoxicity against HaCaT as well as 3T3 cells (see supple-
mentary Fig. S8). The cytotoxicity study of snBSA in MCF-7 and
3T3 cells clearly revealed that snBSA, could not produce cyto-
toxicity in cancer cells as well as normal murine fibroblast cells
3T3 (see supplementary Fig. S10A and B). The snBSA was pre-
pared using the same experimental protocol as that of snLYZ. The
result also confirms the specific cytotoxicity of snLYZ for cancer
cells.

We also administrated 0.1% and 0.2% GTD in the cell culture
medium as a control to observe its cytotoxic effect in both MCF-7
and 3T3 cells. We did not find any toxic effect of GTD at such con-
centrations both in breast cancer cells MCF-7 and normal murine
fibroblast 3T3 cells (Fig. S10A and B).

In order to understand the cell death mechanism mediated by
snLYZ, we administered N-acetyl-l-cysteine (NAC) in cell culture
medium to examine the possibility of cell death caused by reactive
oxygen species (ROS). NAC is an antioxidant/free-radical scav-
enger or reducing agent that protects cells against ROS-mediated
death [32]. In our investigation, NAC (2 mM)  was used to inhibit
ROS-based effect. The idea was if NAC was  administered in the
cell medium, ROS generation would be inhibited and cell killing
induced by ROS would be prevented. From Fig. 3A, it was  found that
snLYZ at a concentration of 60, 100 and 200 �g/ml shows 34.09%,
22.27% and 8.27% cell viability respectively. However, administra-
tion of NAC (2 mM)  caused almost no cell death, clearly indicating
a complete ROS-mediated cancer cell death mechanism by
snLYZ.

In order to increase the specificity of snLYZ toward MCF-7 cells,
we also conjugated folic acid (FA) with snLYZ. We  observed higher

cell killing by snLYZ-FA than snLYZ (Fig. 3C and D). We  antici-
pated that the increase in cytotoxicity might be due the presence
of FA receptors present on the MCF-7 cell surface. The receptors
facilitated the internalization of snLYZ-FA by receptor-mediated
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Fig. 3. Cytotoxicity study by MTT  assay on MCF-7 cells. (A) Effect of NAC on snLYZ at 24 h post administration. (B) Effect of NAC on snLYZ at 48 h post administration. (C)
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nLYZ-FA at 24 h post administration. (D) snLYZ-FA at 48 h post administration. Stat
ukey  test. All data are expressed as mean ± S.E.M, n = 3.

ndocytosis. In order to observe the effect of snLYZ-FA on cells
hat do not express folic acid receptors, we performed cell viability
tudies in A549 cells. We  found reduced cytotoxicity of snLYZ-
A in A549 cells (see Fig. S11, supplementary figure) compared
o MCF-7 cells (see Fig. 3C). The result clearly indicates that folic
cid expressing cancer cells are more susceptible to the cytotoxic-
ty of snLYZ-FA, compared to cancer cells that do not express folate
eceptors.

We  also observed partial loss of biological activity of LYZ
n snLYZ compared to nmLYZ, however with a multi-fold gain
n cancer cell killing potential. This fact clearly proved that
he lytic activity of LYZ has no role in the cancer cell-killing

echanism.

.8. Cellular uptake of snLYZ

To ascertain the cellular uptake of snLYZ, we performed flu-
rescence imaging of cancer cells using fluorescent dyes such
s DAPI, Fluorescein diacetate, and acridine orange. Cells stained
ith DAPI clearly showed blue fluorescence for the nucleus in

ive cells and Fluorescein diacetate exhibited green fluorescence
or the cytoskeletal component of cells. Cancer cells at 0th h were
resented in Fig. 4(A–E), which showed the intact nucleus (blue
uorescence) with uniform cytoskeletal components and intact
oundary of cells. Fig. 4(A–Y) clearly showed that with an increase

n time (1–12 h), more amount of snLYZ was internalized in can-

er cells resulting in the formation of cytoplasmic granules causing
amage to the cell membrane.

Babudieri-Callerio reported that native LYZ (0.1–5 mg/ml) upon
dministration in human tumorigenic cell lines resulted in the
ly significant vs. control group, **p < 0.01, ***p < 0.001 by One way ANOVA and post

formation of many azurophilic granules in the cytoplasm (diameter
∼1 �m).  The result was anticipated as one of the reason behind LYZ-
based cell death [21]. Here, a similar kind of granular formation was
also observed (Fig. 4F, K, P, and U). Subsequently, the same group
reported that the generation of the granular structure within the
cytoplasm was due to the interaction of lysozyme with the endo-
plasmic reticulum membrane. The interaction occurred through
an enzymatic mechanism involving homogenization of its fibrillar
structure [22]. In this study, we  observed similar interaction, which
resulted in overwhelming ROS production and triggered profound
cell death.

Moreover, the appearance of the damaged cytoplasmic mem-
brane with intact and slightly swollen nucleus (Fig. 4T), is indicative
of cellular necrosis. Interestingly, the granular formation within the
cytosol seemed to initiate the cytosolic damage. Accordingly, after
entering into cells, snLYZ caused cytosolic damage and increased
permeability of the cellular membrane.

Rammer et al. recently demonstrated that BAMLET kills MCF-
7 cells by activating a lysosomal cell death mechanism involving
leakage of lysosomal cathepsin into the cytoplasm followed by
activation of the pro-apoptotic protein Bax [17]. Here, we  demon-
strate a similar mechanistic trend where initially cytosolic bodies
were damaged, whereas the nucleus remained intact, much like the
cathepsin-induced necrotic cell death. In other findings, Hoque and
his colleagues recently documented that oleic acid and bovine �-
lactalbumin complex (BAMLET) was hemolytic to human, goat and

buffalo erythrocytes. Here, oleic acid played the key role in killing
tumor cells, which had hemotoxicity [36]. Therefore, in our study
we wanted to evaluate the biocompatibility of snLYZ to human
erythrocytes.
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Fig. 4. Fluorescent images of MCF-7 cancer cells showing internalization of acridine orange tagged snLYZ. (A–E) control, administered with none; (F–J) cell images after
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dministration of acridine orange tagged snLYZ uptake for 1 h; (K–O) acridine oran
cridine orange tagged snLYZ uptake at 12 h. The black spot-like structures presen
olor  in this text, the reader is referred to the web version of the article.)

.9. Hemolysis assay

Although we have already established that snLYZ triggers
ell killing through cellular internalization, its hemocompatibility
ature has yet not been analyzed. Since snLYZ is a proteinaceous
aterial, it was  expected that it should not cause any toxicity

o healthy cells like erythrocytes. However, such effect must be
xamined. Hemolysis assay was performed as per the protocol
entioned in Section 3.6. Since our earlier experimental results

lready showed that TAM had higher cancer cell-inhibitory poten-
ial than snLYZ, we also simultaneously examined the hemotoxicity
f TAM. Our objective was to assess the possibility of using snLYZ
s a potential breast cancer therapeutic agent for human use and in
rder to examine that it was essential to study its hemocompatible
roperty.

Fig. S6 (see the supplementary figure) showed the hemolytic
ropensity of various formulations. It was clear from the results that
nLYZ showed negligible hemolytic potential compared to TAM.
he reason behind the hemocompatible nature of snLYZ was  due
o its proteinaceous composition and hence, it can only be admin-

stered intravenously so that it can reach the site of cancer in the
ody without being digested. In Fig. S7 (supplementary figure), we
roposed a model of how our developed snLYZ might have killed
ancer cells efficiently.
ged snLYZ uptake at 3 h; (P–T) acridine orange tagged snLYZ uptake at 6 h; (U–Y)
in the cytoplasm were marked as granules. (For interpretation of the references to

Although snLYZ caused insignificant level of hemolysis which
indicates that it is not harmful to normal cells like erythrocytes, it
caused a rapid ROS-dependent cancer cell death. The result sug-
gests that snLYZ prevents the cancer cell-specific mechanism of
counteracting additional ROS generation, perhaps through extra
antioxidant production. Liu et al. earlier demonstrated that LYZ
ameliorated oxidative stress in normal cells. LYZ by binding to
agents such as advanced glycation end products (AGE) generated
ROS using its unique 18 amino acid domain [37]. It is plausible
that in snLYZ, such domain function was  diminished due to con-
formational changes which further reverted to a partially unfolded
state that suppressed the extra antioxidant generation mechanism
in cancer cells.

5. Conclusion

The structure and the biological function of cellular proteins
are intimately linked. Proteins have been considered to be the
promising biomolecules in various areas of biology and medicine.
However, their use has been restricted due to their structural and

functional sensitivity toward various kinds of stresses, such as the
pH and, temperature, which limit their application as drugs or phar-
maceutical carriers. Therefore, in order to design them for the use
as biomaterials and biomedicines, the above limitations must be
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vercome. In the present communication, we have reported for the
rst time that lysozyme protein can be made lethal to breast cancer
ells by preparing its self-assembled nanostructure particles. Here,
e developed a stable self-assembled nanostructured lysozyme-

ased particle (snLYZ) that proved to be highly biocompatible and
uitable for a possible therapy of breast cancer. However, our nano-
tructured protein agents should also be explored in other types
f cancers. Moreover, our prepared snLYZ can further be explored
n areas like tissue engineering and regenerative medicines as a
uitable biomaterial.
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