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Targeted delivery of drugs to the brain is challenging due to the restricted permeability across the

. blood brain barrier (BBB). Gliomas are devastating cancers and their positive treatment outcome
using Temozolomide (TMZ) is limited due to its short plasma half-life, systemic toxicity and limited
access through the blood-brain barrier (BBB). Nanoparticles made of Lactoferrin (Lf) protein, have
been shown to enhance the pharmacological properties of drugs. Here, we report the specific ability
of Lf nanoparticles to cross BBB and target over-expressed Lf receptors on glioma for enhanced TMZ
delivery. TMZ-loaded Lf nanoparticles (TMZ-LfNPs) were prepared by our previously reported sol-oil
method. While the Lf protein in the NP matrix aids in transcytosis across the BBB and preferential tumor
cell uptake, the pH responsiveness leads to TMZ release exclusively in the tumor microenvironment.
Delivery through LfNPs results in an enhanced and sustained intracellular concentration of TMZ in
GL261 cells in vitro along with improving its in vivo pharmacokinetics and brain accumulation. TMZ-
LfNPs treatment results in a significant reduction of tumor volume, higher tumor cell apoptosis and
improved median survival in glioma bearing mice. These results demonstrate that LfNPs present an
efficient TMZ delivery platform for an effective treatment of gliomas.

Positive clinical outcome of glioma, the most common malignant brain tumor, is dismally poor'. This is mainly
due to poor prognosis and lack of effective therapeutic options after diagnosis. Originating from astrocytes, a type
of glial cells in brain, glioma infiltrates into other brain tissues as well>. The exact cause(s) of glioma are unknown
and several genes have been implicated in its origin®. The major reasons behind treatment failures are the prolif-
erative nature of the tumor, the inaccessibility of brain to a number of small and large molecular drugs and high
chances of recurrence after treatment®.
: Temozolomide, a DNA alkylating agent, is the preferred drug for glioma treatment and has been shown to
© provide clinically meaningful survival benefits in patients®. However, a prolonged therapy leads to TMZ resist-
ance and poor responsiveness to subsequent treatments. This is mainly due to an induction of enhanced levels
of DNA damage repair enzymes®, thus leading to tumor recurrence in 60-75% of patients™’. In addition, TMZ
requires continuous administration due to its low solubility in physiological media and shorter plasma half-life
© (1.8h)%. While higher doses of TMZ may result in positive outcomes by way of causing extensive tumor kill,
© the resulting toxic effects of TMZ does not permit dose escalation and results in haematological toxicity®, acute
. cardiomyopathy'®, oral ulceration, hepatotoxicity'! and pneumocystis pneumonia'? and ultimately resulting in
: discontinuation of therapy. The limitations associated with TMZ therapy highlights the need for a delivery vehicle
© to increase the therapeutic index of TMZ. Several carriers of TMZ, including liposomes, solid lipid nanoparticles,
. polymers etc. have been tested for their efficacy. The success of these formulations was however been limited due
: to lack of tumor specific delivery of TMZ'" '3, A drug delivery system for glioma therapy should be targetable to
. the tumor with an ability to cross the BBB.
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Figure 1. TEM analysis of particles incubated at (A) pH 7.4 and (B) pH 5.5 (scale bar 200 nm). (C) FT-IR
spectra of free Lf (black), LfNPs (green), TMZ (blue) and TMZ-L{NPs (red). (D) Release of TMZ from LfNPs
studied at different pH values. pH 5.5 and pH 7.4 are highlighted in grey and black respectively. (E) Cumulative
TMZ release from LfNPs at pH 5.5 (grey) and pH 7.4 (black). Each data points were repeated in triplicates
(n=3) and presented as Mean =+ Standard Deviation (S.D).

Lactoferrin (Lf) is an 80kDa cationic protein belonging to the transferrin family. It is an iron carrying protein
with multiple physiological roles including host-defence against infection and inflammation'* !>, Receptors of
Lf are known to be over-expressed in glioma cells and on brain endothelial cells'®~"°. Lf is known for its ability
to cross BBB and this property has been extensively used for targeted delivery of several drugs to the brain'*2.
Our group has previously reported the benefits of delivering several drugs using Lf nanoparticles?->*. These Lf
nanoparticles were prepared with Lf as a sole matrix, by sol-oil method, without the involvement of any chemical
modifications of Lf.

We hypothesize that nanoparticles prepared exclusively with Lf as sole matrix with entrapped TMZ would
retain its ligand properties, efficiently cross the BBB and deliver the drug in a targeted fashion to the glioma.
Further, due to the entrapment of TMZ in NPs, the toxic side effects of the drug may be reduced. The current
study aims to develop TMZ loaded lactoferrin nanoparticles (TMZ-L{fNPs) and their characterization. Using a
combination of in vitro and in vivo methods we have evaluated the BBB crossing, glioma targeting and enhanced
therapeutic efficacy of TMZ when delivered through L{NPs.

Results

Preparation and characterization of TMZ-LfNPs. TMZ-LfNPs were prepared by a previously estab-
lished sol-oil method?****. The TMZ-LfNPs, as characterized by TEM and DLS, showed a spherical morphology
and uniform size distribution in the range of 70 = 10 nm (TEM) (Fig. 1A). The hydrodynamic diameter, as studied
by DLS, was found to be 160 & 13.3 nm. The larger size obtained by DLS could be attributed to the contribution
of the associated hydration shell of the nanoparticles. The polydispersity index (PDI) and zeta-potential of the
particles were 0.24 + 0.1 and —2.5 £ 0.2 mV respectively, suggesting a narrow size distribution and slight negative
(near neutral) surface charge of the particles. Fluorescein loaded LfNPs (FL-LfNPs) were used for confocal exper-
iments and their physico-chemical properties (size and zeta-potential) (Supplementary Fig. 1A and B) were found
to be similar to the TMZ-L{NPs. The size of the nanoparticles prepared in several batches and also at different
starting protein concentrations (10-50 mg/ml) was found to be very reproducible (Size 170.3 +12.8nm, n=6).
The stability of the LfNPs was assessed by monitoring the hydrodynamic diameter using DLS. The nanoparticles,
were found to be stable when stored in PBS and in the presence of serum (10%) at 4 °C, for a period of 2 months
(Supplementary Fig. 2).

Assessment of encapsulation efficiency. The encapsulation efficiency (EE) of TMZ in LfNPs was found
to be 42 +4.9% (n=3) with a drug loading content (DLC) of 17.5£2.5% (n = 3). The high EE and DLC achieved
in the present study, as compared to the previous reports'* 2% 27 was probably due to the partitioning of TMZ in
the hydrophobic patches of Lf in the LfNPs.

FT-IR spectral analysis. The entrapment of TMZ in the L{NPs was confirmed by the FT-IR spectral analysis
(Fig. 1C). FT-IR spectrum of TMZ-LfNPs showed characteristic peaks of Lf and TMZ (Supplementary Table 1)
suggesting that the drug is entrapped in the particle without any interactions with Lf protein - a feature important
to preserve TMZ efficacy and the LfR targeting ability of Lf.
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Figure 2. (A) FL-L{NPs uptake in GL261 cells in the absence (top panel) and presence (lower panel) of anti-LfR
antibodies. (Scale bar =25pum). (B) Intracellular TMZ concentration, obtained by treating GL261 cells with
either free TMZ (white bars) or TMZ-L{NPs (gray bars) in the presence and absence of anti-L{R antibodies.

(C) Comparative TMZ uptake and clearance by GL261 cells treated with either free TMZ (black curve) or TMZ-
LfNPs (grey curve). Each data points were repeated in triplicates (n =3) and presented as Mean + Standard
Deviation (S.D).

pH dependent release of TMZ from LfNPs. The release of the encapsulated TMZ, speculated to be
through diffusion, was found to be enhanced under mildly acidic pH conditions. TMZ release (60-70%) from
LfNPs was found to be significant in buffers with a slightly acidic pH (maximum at pH 5.5) (Fig. 1D, grey bar).
However, the release of TMZ from LfNPs at physiological pH (7.4), was found to be less (10-20%) (Fig. 1D,
black bar). The release of TMZ at acidic pH could be attributed to the shrinkage of LfNPs under these condi-
tions. The hydrodynamic diameter of LINPs was found to be reduced to 80 & 10.6 nm at pH 5.5 as compared
t0160 £ 13.3 nm obtained at pH 7.4. TEM analysis also revealed a reduced size of 40 & 15nm (Fig. 1B) at pH 5.5
as compared to 70 = 10 nm observed at pH 7.4 (Fig. 1A). However, no significant changes were observed in the
zeta-potential of the LINPs at these two pH values.

The TMZ release kinetics from LfNPs was studied over a period of 72h. As shown in Fig. 1E (gray curve),
TMZ release from LfNPs at pH 5.5 exhibited a biphasic profile with an initial rapid release phase (about 60-70%)
in the first 10h, followed by a slow and sustained release till 72h (15 to 20%). However, the release of TMZ at pH
7.4 was found to be minimal and remained low over a period of 72 h (Fig. 1E, black curve).

Receptor-mediated endocytosis of LENPs. Lf{Rs are known to be over-expressed in the lumen of
endothelial cells and surface of glioma cells'®~'8. The expression of LfRs in GL261 cells was studied and compared
to liver hepatocellular carcinoma (HepG2) cells, which are reported to be positive for LfR expression?. The lung
carcinoma cell line (A549), was used as a negative control?’. As shown in Supplementary Fig. 3, the expression of
LfRs in GL261 cells was found to be comparable to that of HepG2 suggesting a significantly high expression of LR
in these cells. The specific role of LfRs in the uptake of LNPs was thereafter validated by a receptor blocking assay,
using anti-LfR antibody. In the presence of anti-LfR antibody, the uptake of LfNPs was found to be significantly
decreased (Fig. 2A), suggesting a possible role of L{Rs in the nanoparticle uptake. The receptor mediated uptake
of LINPs was further validated by estimating the intracellular TMZ levels in GL261cells after receptor blocking by
anti-LfR antibody. As shown in Fig. 2B (grey bars), LfR blocking led to a significant decrease in the intracellular
TMZ concentrations, when delivered through L{NPs. However, the uptake of free TMZ was found to be unaltered
in the presence of anti-L{R antibody (Fig. 2B, white bars).

The intracellular TMZ accumulation and clearance rate were studied after treating the GL261 cells with
TMZ-L{NPs and compared with free TMZ. Treatment with free TMZ resulted in a sudden increase in the intra-
cellular drug concentrations (up tol h), followed by a steady decrease up to 5h (Fig. 2C). In contrast, the intra-
cellular levels of TMZ, when delivered through LfNPs, were found to increase gradually up to 4h and thereafter
remained constant up to 24 h. The intracellular TMZ concentrations achieved in TMZ-LfNP treated cells were
found to be significantly higher (3-folds) compared to cells incubated with free TMZ. The high and sustained
TMZ intracellular concentrations achieved in case of TMZ-LfNPs could be due to the large carrying capacity of
LfNPs and a steady release of TMZ from the LfNPs.

In vitro cytotoxicity of TMZ-LfNPs. To compare the cytotoxic effect of free TMZ and TMZ-L{NPs, a
microscopic examination of GL261cells was carried out. Cells treated with TMZ-LfNPs displayed characteristic
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Figure 3. (A) Representative microscopic images of untreated cells (left), cells treated with 100 ugml™~!

of TMZ (middle) and TMZ-LfNPs-treated cells (equivalent dose) (right). (B) GL261 cells treated with
different concentrations of TMZ (white bars) and equivalent doses of the TMZ-L{NPs (grey). (C) Assessment
of biocompatibility of LENPs. Each data points were repeated in triplicates (n =3) and presented as

Mean = Standard Deviation (S.D).

morphological features of apoptosis and a significant detachment of cells from the surface (Fig. 3A, right panel).
As compared to free TMZ (Fig. 3A, middle panel), treatment with TMZ-LfNPs led to a significant reduction in
cell number. The enhanced cytotoxic effect of TMZ-LfNPs was further confirmed by MTT assay (Fig. 3B). The
ICy, values of TMZ (Fig. 3B, white bars) and TMZ-L{NPs (Fig. 3B, grey bars) in GL261 cells were found to be
94.3+2.3 and 9.3+ 1.3pgml ! respectively. A 10-fold lower ICs, value observed for TMZ-LfNPs, as compared
to free TMZ, could be attributed to the enhanced intracellular retention of TMZ when delivered through LfNPs.
Further, the vehicle-associated toxicity, i.e., LENPs, was found to be minimal (Fig. 3C) even at the highest tested
concentration (0.5 mgml~!). LINPs were also tested (0.01-0.5 mg/ml) on healthy cell line, HEK293 (Human
embryonic kidney cells) and were found to be very safe (data not reported).

Transcytosis of LENPs across BBB in healthy mice. To assess the transcytosis of LINPs through BBB,
healthy C57BL/6 mice were injected with equivalent amounts of free Lf and LfNPs via tail vein injection. Western
blot analysis of the brain tissue lysate, obtained at 24 h post-injection, showed significantly higher band intensity
in mice injected with LfNPs, as compared to mice injected with free Lf (Fig. 4A). The higher brain accumulation
of LfNPs could be attributed to the decreased plasma clearance of LINPs and its ability to cross the BBB. To obtain
a cytological evidence for the presence of LINPs in the brain, animals injected with LINPs and PBS (negative con-
trol) were processed for immunohistochemistry. Confocal images of brain sections showed fluorescence signals
(Alexa Fluor-488) corresponding to L{NPs in the brain cortex of mice injected with LENPs. However, PBS controls
did not show any signals (Fig. 4B). To further validate the ability of LENPs to cross BBB, a tile scan on these brain
sections was performed to substantiate the localization of FL-LfNPs along with CD31. As shown in Fig. 4C, dis-
tinctly visible FL-LfNPs in the cerebral cortex above the hippocampus region were observed (Fig. 4C, inset in the
merged image was zoomed for clarity), indicating transcytosis of LENPs across the BBB. A lack of fluorescence in
the lung, kidney and spleen (Fig. 4D) indicated negligible accumulation of L{NPs in these tissues. However, some
fluorescence signals were observed in the liver tissue sections suggesting an accumulation of some fraction of the
injected LfNPs in the liver. This could be due to an expression of Lf receptor in the liver tissue??. Moreover, liver
being a first-pass organ for foreign particles, it is expected to retain some amount of LENPs*.

Pharmacokinetic studies of TMZ-LfNPs. Pharmacokinetic studies of TMZ-LfNPs were carried out by
administering a single dose (equivalent TMZ dose of 10mgkg~"' body weight) and compared with free TMZ, into
healthy C57BL/6 mice intravenously (IV bolus). The plasma clearance of free TMZ and TMZ-LfNPs followed a
biexponential kinetics (Fig. 5A). Free TMZ was cleared rapidly from the circulation with a plasma concentration of
approximately 0.21% ID ml ™! at 15 min. On the contrary, the plasma TMZ concentration in TMZ-L{NP-administered
mice remained high for a longer period. Even 24 h post administration, the plasma concentration for TMZ-L{NPs
was found to be 0.02% ID ml~!. The pharmacokinetic parameters are listed in Table 1. The TMZ concentrations
achieved in the brain (after 24 h), as studied by HPLC (Fig. 5B), suggested that delivering TMZ through LfNPs
(Fig. 5B, grey bar) resulted in a significantly higher drug concentration compared to free TMZ (3-fold). Our data
suggests that delivery through LfNPs results in an improved pharmacokinetic (PK) profile of TMZ.
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Figure 4. (A) Western blot for determining the Lf levels in brain of healthy mice injected with 100 ul of
2mgml ! of free Lf and L{NPs (equivalent dose). (B) Immunohistochemistry images of brain tissues of control
and L{NP-treated animals probed with anti-Lf antibody followed by Alexa Fluor-488 (green) tagged secondary
antibody and counter-stained with PI (red). (C) Partial projection of a representative tile scan of the mouse
brain showing strong fluorescence corresponding to FL-LfNPs (green) in the brain cortex (inset) above the
hippocampus (white arrows). Area highlighted in white box is enlarged where fluorescence of FL-LfNPs (green)
and brain micro-vessels (stained with anti-CD31 followed by secondary antibody tagged with Cy3 (red)) was
visualized. (Scale bar =500 um and 50 um (inset)). (D) Organ bio-distribution of FL-L{NPs. Representative
confocal images depicts fluorescence signals present in the liver and absent in lung, kidney and spleen.

Control

LfNPs

TMZ-LfNPs brain distribution in glioma mice model.  The accumulation of TMZ in the brain tumors
was studied in glioma bearing mice. As shown in Fig. 5C, TMZ uptake was found to be highest in the glioma
region (right striatum) (Fig. 5C, black bar) as compared to other brain areas (left striatum and cortex) (Fig. 5C,
white and grey bar) in TMZ-L{NP-treated mice. The high TMZ tumor concentrations achieved through L{NPs
could be attributed to a combined effect of enhanced transcytosis of LINPs across the BBB, a passive accumula-
tion due to EPR effect and tumor tissue targeting due to the over-expressed LfRs on tumor cells. In contrast, the
brain distribution achieved in free TMZ administered mice was found to be significantly lower (p < 0.001) and
uniform across different brain regions.

Tumor regression studies in glioma mice. To compare the anti-tumor effect of TMZ-LfNPs with free
TMZ, glioma bearing mice were randomly divided into three treatment groups (n= 3 mice) as described in the
method section and in the treatment schedule (Fig. 6A). On the 14" day when all the PBS treated mice suc-
cumbed to death, mice in other groups were also sacrificed and the brain tissues were removed and processed for
histology and molecular analysis.
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Figure 5. (A) Pharmacokinetic studies. % ID/mL of plasma TMZ is plotted versus time after i.v. injection of
free TMZ (black) and TMZ-LfNPs (grey) with an equivalent dose of 10mgkg ' of TMZ in C57BL/6 mice.

(B) Brain uptake of TMZ in healthy mice 24 h post i.v. injection of TMZ and TMZ-L{NPs with an equivalent
dose of 10mgkg~'. Sample data were recorded as Mean & SD, n = 3. ***P < 0.001. (C) Brain uptake of TMZ

in glioma bearing mice after i.v. injection of TMZ and TMZ-L{NPs (equivalent dose of 5mgkg™"). ***P < 0.001.

Parameters TMZ TMZ-LfNPs
T/, (min) 68+2.13 360 +70.86
MRT (min) 88+7.4 367+18.33
AUC (min)*(ugml~)) | 4639.66+ 109.24 10998 + 754

Table 1. Comparative plasma pharmacokinetic parameters after i.v. injection of free TMZ and TMZ-L{NPs
with an equivalent TMZ dose of 10 mgkg ™! in mice (n=3). T}, - elimination half-life of drug, MRT- mean
residence time of drug in the plasma, AUC-The area under curve,

As evident from Fig. 6B, (i-iv), PBS treated mice showed a huge tumor burden, infiltrating tumor cells sur-
rounded by large necrotic areas and numerous atypical cells. Glioma bearing mice treated with free TMZ showed
reduced infiltration of tumor and caused moderate shrinkage of the tumor relative to PBS treated mice (Fig. 6C,
(i-iv). However, the tumor burden was found to be negligible and glioma cells were replaced by normal brain
parenchyma cells in mice treated with TMZ-L{NPs (Fig. 6D, (i-iv)).

The tumor volume and tumor area also showed a significant decrease in TMZ-LfNP-treated mice (Fig. 7A
and B, grey bar) as compared to mice treated with free TMZ (Fig. 7A and B, white bar). A PI/annexin V-FITC
staining of brain tumor (Fig. 7C) suggested an increased apoptotic cell percentage in TMZ-LfNP treated mice
(Fig. 7C, gray bar), as compared to mice treated with TMZ (Fig. 7C, white bar). The enhanced apoptotic activity
was further confirmed by studying caspase-3 activation through western blotting. A higher intensity band of
cleaved caspase-3 was observed in mice treated with TMZ-L{NPs, as compared to free TMZ (Fig. 7D), suggesting
increased apoptotic activity.

In a separate survival curve studies, the glioma bearing mice were randomly divided in separate groups (n =6)
and treated as given in method sections. Their life-spans were recorded and plotted using Kaplan-Meier survival
estimates (Fig. 7E). The median survival time of PBS treated mice was 10 days (Fig. 7E, black curve) as compared
to 18 days when treated with TMZ (Fig. 7E, blue curve). However, the increase in median survival was found
to be highest (25 days) in the mice treated with TMZ-L{NPs (Fig. 7E, red curve). The increase in survival time
(IST) of the group treated with TMZ-L{NPs was found to be 2.5 times more as compared to PBS treated group
and 1.4 times more than free TMZ treated group. Our results indicate that the improved anti-tumor activity of
TMZ-L{NPs leads to a significant enhancement in median survival time of glioma bearing mice.

Toxicity studies. For toxicity studies the blood samples were collected at the end of treatment from the
glioma mice and various blood parameters were estimated. In free TMZ treated animals a significant reduction
in the number of immune cells viz. leukocytes, lymphocytes and platelets was observed. Also, an increase in the
levels of enzyme markers for cardiotoxicity, hepatotoxicity, nephrotoxicity viz. lactate dehydrogenase (LDH),
serum glutamic oxaloacetic transaminase (SGOT), serum glutamic pyruvic transaminase (SGPT), creatinine and
blood urea nitrogen (BUN) in the TMZ-treated group was observed, revealing the toxic side-effects of the drug.
The levels of these blood parameters and serum enzymes in the TMZ-LfNP-treated mice were however found to
be similar to the untreated or normal mice. Our results, as summarized in Supplementary Table 2, suggest that
TMZ delivery through LfNPs substantially reduces its side effects. Similar studies were reported by our group
where drug related toxicity was minimized upon encapsulation in Lf nanoparticles?.
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Figure 6. (A) Treatment schedule. Photomicrographs of brain (i) and histological brain sections at 5X (ii), 10X
(iil) and 20X (iv) magnification obtained from brain dissected from glioma bearing mice treated with PBS (B),
TMZ (C), and TMZ-LfNPs (D). (Necr. represents necrotic area with numerous penetrating tumor cells and
blood vessels in the periphery of the tumor cell islets (arrows) as well as areas of haemorrhage (asterisks).

Discussion

The efficient encapsulation of TMZ in nanoparticles and its delivery across the BBB has been a challenge. The
ability of Lf to cross BBB and its applications in drug/gene delivery has been previously exploited through func-
tionalization of nanoparticles with Lf!-3%. However, for the first time, utilization of Lf as a sole matrix for devel-
oping nano-formulations was reported by our group?">2* 2. In the present study, TMZ loaded Lf nanoparticles
were developed and their brain targeting abilities were evaluated which till now has remained unexplored. NPs,
reported in the present study, demonstrate efficient drug loading and brain targeting capabilities. The advantage
of using Lf-based nanoformulations is the utilization of minimal number of components and absence of any deri-
vatization steps®. Such “as is” formulations are more acceptable in federal regulatory demands. The classic exam-
ple is nab-paclitaxel (Abraxane®)*, a FDA approved nanoformulations of human serum albumin (HSA), wherein
paclitaxel bound with protein through hydrophobic interaction without involving any chemical conjugation’®> .
It is a formulation of choice for most cancers due to its simple preparation and excellent efficiency.

The LfNPs used in this study have several advantages. Firstly, the preparation of TMZ-LfNPs does not involve
any heating® or cross-linking, unlike the other reported methods of stabilization of protein nanoparticles used
in drug delivery**°. Furthermore glutraldehyde, a cross linker used in stabilizing protein nanoparticles, requires
additional toxicity evaluation as it is toxic*!. Compared to other methods of protein nanoparticle preparation,
viz. coacervation*?, salt-precipitation, heat denaturation® etc, our method is non-disruptive and maintains the
physiological conformation of the Lf protein thereby preserving its receptor binding properties?. Also, developed
from a natural protein (Lf), LENPs were found to be completely safe even at high doses. Secondly, a high TMZ
entrapment efficiency of ~45%, which is significantly higher from that reported earlier (~5%)'*2%2’, could be
achieved probably due to strong hydrophobic interactions between Lf protein and TMZ. Thirdly, the protocol
optimised for the preparation of LNPs is highly reproducible in terms of nanoparticle properties and entrapment
efficiencies as reported earlier?"». Though LfNPs show near neutral surface charge, their stability is probably due
to strong hydrophilic nature of the particle surface contributed mainly by both positive and negative fixed charges
from side groups of amino acids. Unlike charged nanoformulations, low zeta potential of these nanoparticles
may contribute to the enhanced circulation life of the particles by reducing opsonisation through mononuclear
phagocytic system (MPS)**%. Also, the size of LINPs obtained in the present study (160 nm), is considered to be
particularly advantageous for passive accumulation in tumor tissue due to the EPR effect. The observed stability
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Figure 7. Tumor volume (A) and tumor area (B) in untreated mice (black bar) and mice treated with TMZ
(white bar) and TMZ-L{NPs (grey bar). (C) Quantification of apoptosis in untreated mice (black bar) and mice
treated with TMZ (white bar) and TMZ-LfNPs (gray bar). (n =3, **p < 0.01, **%p <0.001, ****p < 0.0001.

(D) Western blot of cleaved Caspase-3 in representative tumor lysates. GAPDH is used as a loading control.

Full length blot has been given in Supplementary Information (E) Kaplan-Meier survival curve; comparison of
survival in glioma bearing mice treated with: PBS (black curve), TMZ (blue curve) and TMZ-LfNPs (red curve).
No of animals per treatment group = 6.

of LfNPs, as assessed by DLS, may also contribute to the longer in vivo half-life. Further, the FT-IR spectra suggest
the stability of TMZ and Lf protein in the nanoformulations, as the characteristic peaks corresponding to TMZ
and Lf are observed in the nanoformulation as well. Fourthly, LENPs show a surprising ability to release TMZ
(4-fold excess) at acidic pH, a phenomenon observed for several other drugs by our group?" 2. This property
may facilitate a triggered TMZ release within the acidic tumor interstitium and in the endosomal compartments,
following LfR-mediated endocytosis of LENPs. The prolonged retention of intracellular drug when delivered as
nanoformulation reported in many studies?*”>*® is probably due to the reduced efflux kinetics of nanoform
of drug as compare to free drug. The Lf receptor blocking studies suggest that the particle uptake process is
largely determined by the receptor endocytotic process. The preferential release of TMZ from TMZ-LfNPs at
lower pH could be attributed to the pH dependent changes in the secondary structure of lactoferrin®. These
structural changes may lead to a reduction in nanoparticle size thereby releasing the encapsulated drug. The
receptor-mediated uptake of LENPs contributed to an enhanced intracellular TMZ concentration and prolonged
intracellular retention of TMZ, leading to a significant reduction (10-fold) in ICs, values of TMZ on GL261cells.
This gives the advantage of using reduced dosage of TMZ in the nanoformulations thereby minimising unwanted
side effects and resistance due to prolonged dosing®.

The brain distribution studies of healthy mice showed an enhanced accumulation of the drug. The concentra-
tion of TMZ in brain was found to increase by 3-fold when delivered via nanoparticles. Similarly, the plasma bio-
availability studies exhibited an improved PK profile - AUC (area under the curve) and T, showed an increase by
5-fold and 2-fold respectively, when compared to free TMZ. The significantly higher brain accumulation of TMZ
may be attributed to the plasma stability of TMZ-LfNPs and the over-expression of L{R in brain and endothelial
tissue which facilitates efficient crossing of BBB by TMZ-L{NPs and accumulation in the brain.

Tumor regression abilities of NPs were studied in intracranial orthotopic glioma mice model. As compared
to subcutaneous xenograft, intracranial orthotopic tumor models are considered to be more relevant in order to
obtain accurate response to therapies®”*!. Moreover, GL261based glioma model is considered more appropriate
for studying human gliomas due to its infiltrative nature and also for carrying key mutations in p53 and K-ras
genes that are similar to human gliomas®2. Brain distribution studies in glioma mice model showed a preferential
and more than 3-fold accumulation of TMZ at the tumor site when delivered through LfNPs; as compared to free
TMZ. This could be attributed to the combined effects of passive accumulation, due to enhanced permeability
and retention effect (EPR effect), and active targeting due to preferential binding with over-expressed L{fRs on the
glioma tissue. The higher drug concentration at the tumor site ultimately led to significantly higher anti-tumor
activity in TMZ-L{NPs treated group as assessed by reduced tumor volume and significantly higher tumor cell
apoptosis. The overall pharmacological benefit of TMZ in TMZ-LfNPs showed a significant improvement in
survival index of glioma bearing mice as compared to treatment with free TMZ. The improved survival of glioma
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mice either by encapsulating TMZ in tumor targeting nanocomplex!! or by sensitizing TMZ chemotherapy has
been reported earlier®>*. Additionally in this study, along with previous studies from our group?!, it has been
shown that LfNPs have excellent biocompatible properties and the off-target effects of TMZ are significantly
reduced when delivered via LINPs.

Therapeutic dosage of TMZ is currently limited by the risk of developing myelosuppressive disorders™.
When delivered via LEINPs, TMZ did not result in any alteration in haematological parameters that are otherwise
observed with free TMZ. Thus, a clear advantage of LINP is its potential to deliver effective dosage of TMZ at the
glioma site with minimal toxicity.

Conclusion

The results presented here suggest that exploiting lactoferrin nanoparticles (LfNPs) for their ability to cross BBB,
tumor-targeting and pH dependent drug release, provides a means to enhance the therapeutic efficacy of TMZ
with reduced side-effects. LfR specific uptake and subsequent toxicity on GL261cells leading to a significant
reduction in tumor burden in orthotopic glioma model, substantiating the utility of this formulation in glioma
treatment. Prepared from a natural and abundant protein with no modifications, LENPs were shown to be safe
carrier for TMZ. We strongly believe that the ability of the nanoformulation reported here to target tumors with a
high degree of specificity may allow dose escalation and result in an improved response in glioma patients along
with increasing the median life survival. Moreover, the proof-of-concept study provided here may be applied for
other drugs.

Methods

Preparation of TMZ-loaded Lf-nanoparticles. Temozolomide-loaded Lf-nanoparticles (TMZ-LfNPs)
were prepared by a previously described sol-oil method with minor modifications®> *. Briefly, TMZ dissolved
in DMSO (~25 mg/ml) was mixed with Lf prepared in phosphate-buffered saline (PBS) at 1:2 (w/w) ratio and
incubated for 30 min on ice, followed by addition of 20 ml olive oil. The mixture was sonicated with a 30s pulse
followed by cooling for 1 min (Power range 50-80%). The cycle was repeated 15 times with temperature main-
tained at 4 °C. The sonicated mixture was snap frozen in liquid nitrogen and then thawed on ice. The suspension
was centrifuged at 30,000 x g for 15min and the pellet, containing the particles, was washed thrice with diethyl
ether followed by three washes with phosphate-buffered saline (PBS) to remove excess oil and free TMZ. Finally,
the particles were dispersed in PBS and stored at 4°C till further use. Alternately, the particles were dispersed in
double distilled water, snap frozen and lyophilized. Fluorescein (FL)-loaded Lf-nanoparticles (FL-LfNPs) were
prepared using the above mentioned method except that FL was used in place of TMZ.

Characterization of Nanoparticles. For TEM analysis, LENPs were resuspended in 0.01 M PBS (pH 5.5 or
7.4). The particles were then placed on carbon coated copper 300 mesh grids, air dried and stained using 1% aque-
ous solution of uranyl acetate for 1 min. The samples were examined using Transmission Electron Microscope
(JEM-2100, M/S Jeol Limited, Tachikawa, Tokyo, Japan).

The hydrodynamic diameter, polydispersity index (PDI) and zeta potential were analysed by SZ-100
Nanopartica analyzer system (Horiba Scientific, USA) equipped with a Diode-pumped solid-state (DPSS) laser
of wavelength 532 nm. Measurements were made by suspending the particles in 0.01 M PBS (pH 5.5 or 7.4).

For, in vitro stability studies, TMZ-L{fNPs were prepared as described earlier, and stored in PBS at 4°C. At
regular time intervals, aliquots were withdrawn, mildly sonicated and analyzed for their hydrodynamic diameter
using DLS as described above.

Determination of drug encapsulation efficiency and drug loading content. TMZ entrapment
efficiency in nanoparticles was determined by resuspending 0.5 mg TMZ-LfNPs in 1 ml of PBS (pH 5.0) and
incubated for 4h at 37 °C on a rocker. 100 pl of 20% AgNO3 was then added to precipitate the lactoferrin protein,
followed by addition of 900 ul of mobile phase (a mixture of water: methanol: acetonitrile (45:45:10v/v), pH
adjusted to 3.0 with o-phophosphoric acid). The mixture was centrifuged at 30,000 x g for 15 min, supernatant
was collected and filtered through a 0.2 um syringe filter. The amount of TMZ released was quantified using an
Agilent 1200 series reversed-phase high performance liquid chromatography (RP-HPLC) system. Separation was
carried out by using a Zorbax 300 SB-C18 column (250 mm x 4.6 mm, 5um particle size, Flow rate - 0.5mlmin~1,
Injection volume - 200 ul and run time - 10 min). TMZ was estimated by its absorption at 340 nm. The limit of
detection of TMZ by this method was found to be 10 ng ml~!. All experiments were performed in triplicates.
TMZ entrapment efficiency and drug loading content was calculated by the following formulae.

Encapsulation efficiency (%) = (Mass of the drug in NP) x 100
(Initial mass of drug used) (1)
Drug loading capacity = (Mass of the drug in NP) x 100
(Total mass of the NP) (2)

In vitroTMZ release studies. NPs (0.5 mg) were resuspended in different pH values (1-8) of 1 ml of 0.01 M
PBS and incubated for 4h at 37°C on a rocker. 100 ul of 20% AgNO3 was then added and followed by addition of
900 pul of mobile phase. Samples were collected by centrifugation at 30,000 x g for 15 min. TMZ released from the
nanoparticles was quantified using HPLC as described in supplementary information.

To study the release kinetics of TMZ from TMZ-L{NPs, the nanoparticles (10 mgml~!) were resuspended
in PBS (pH 5.5 or 7.4) and placed in dialysis tubings (MWCO 8kDa to 12kDa) and incubated in an incubator
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shaker at 37 °C. Samples were collected at various time intervals (0 to 72h) and analyzed for TMZ using HPLC as
described in supplementary information.

Cell culture. All the cells (GL261, HepG2 and A549) were maintained in a growth medium composed
of Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen) supplemented with 10% fetal bovine serum
(Invitrogen), 5pgml~! penicillin, 6 pg ml ™" streptomycin and 10 pg ml~! kanamycin. Cells were grown and main-
tained in 5% CO,, 95% relative humidity at 37°C.

Receptor-mediated endocytosis of TMZ-LfNPs. Lfreceptor (LfR) expression in GL261 cells was deter-
mined by western blot. Briefly, GL261 cells along with positive (HepG2) and negative control (A549) cells were
homogenised in radio-immuno-precipitation assay buffer (RIPA: 50 mM Tris-Cl pH 8.0, 150 mM NaCl, 2mM
EDTA, 1% (w/v) NP-40, 0.5% (w/v) sodium deoxycholate, 0.1% (w/v) SDS containing protease inhibitor cock-
tail (G-Biosciences, India). The homogenate was subsequently centrifuged to remove insoluble debris and pro-
tein content of the lysate was estimated using Bradford’s method. 20 pg of protein was then resolved using 12%
SDS-PAGE and transferred to a nitrocellulose membrane. The membrane was subsequently blocked with 5% BSA
and probed with primary anti-L{R antibody followed by secondary antibody conjugated with horseradish perox-
idase. The blot was developed by a Vilber-Lourmat Chemiluminescence Imaging System using the Chemi-Capt
software, after adding the Pierce® ECL Western Blotting HRP substrate (Thermo Scientific). To investigate the
role of LfR in the cellular internalization of LfNPs, a receptor blocking experiment was performed. The uptake
of LfNPs was assessed by pre-incubating cells with anti-LfR antibodies (1:300) in serum-free medium for 1 h.
Subsequently FL-LfNPs (100 ug ml~!) were added to the cells and further incubated for 2 h. After incubation,
the cells were processed for confocal microscopy as mentioned previously. The effect of receptor blocking on
TMZ delivery through LfNPs was investigated using HPLC. Briefly, GL261 cells (1 x 10°) were incubated with
anti-LfR antibody in serum-free media for 1 h followed by 2h incubation with TMZ-L{NPs (100 ugml~!). After
incubation, cells were washed thrice with PBS and sonicated in PBST for 30s. Protein in the cell lysate was precip-
itated by adding equal volumes of 20% silver nitrate (AgNO;) and incubated overnight at 4°C. The precipitated
protein was separated by centrifugation at 11000 x g for 15min at 4°C and TMZ was quantified using HPLC as
mentioned previously.

Animal experiments. All animal experiments were conducted in accordance with protocols approved by
the Institute’s Animal Ethics Committee of Centre for Cellular and Molecular Biology, which was constituted by
the national body, Committee for the Purpose of Control and Supervision of experiments on Animals, (Project
numbers 41/2016). Adult C57BL/6 mice (22-24 g) were maintained at 22°C on a 12h light and dark cycle in
polyethylene cages with stainless steel lids with ad libitum access to food and water. Glioma generation was per-
formed under anaesthesia using intraperitonial (i.p) injection of a mixture of Ketamine (120 mgkg ') and xyla-
zine (6 mgkg™") in saline. For survival studies, 6 animals in each group and for all other in vivo experiment, 3
animals each group were utilized.

BBB crossing capability and brain localization studies of LfNPs in healthy mice. 9 animals were
randomly divided in three groups (n = 3) and intravenously injected with (i) PBS, (ii)100 ul of free Lf (2 mgml™?)
and (iii) LfNPs (equivalent dose of free Lf). After 24 h, hearts of the treated mice were perfused with 4% para-
formaldehyde. Subsequently, brain tissues were removed, snap frozen in liquid nitrogen and stored at —80°C till
further use.

For immunohistochemistry, frozen brain tissues were embedded in OCT tissue freezing medium (Leica
Biosystems) and cryosectioned to obtain 5 um thick sections on positively charged slides. The tissue sections were
fixed in isopropanol for 5min and incubated with anti-Lf antibody at room temperature (RT) for 1h, followed
by staining with Alexa Fluor-488 labelled secondary antibody. The sections were counterstained with propidium
iodide (PI) and visualized under a confocal fluorescence microscope.

For transcytosis studies, mice were intravenously injected with 100 ul of FL-LfNPs (2 mgml™!). Brain sec-
tions, obtained by the procedure described earlier, were blocked in 5% BSA for 1 h followed by incubation with
CD31 antibody diluted in PBS containing 0.05% Tween 20 (1:300) for 12 h at 4 °C. The sections were washed and
incubated with a Cy3-conjugated secondary antibody and processed as described above. Autofluorescence was
removed by treating brain sections with freshly prepared 1% (w/v) NaBH, in PBS for 20 min before immunostain-
ing. Subsequently, the sections were incubated in 1 mM cupric sulphate and 50 mM ammonium acetate solution
(pH 5.0) for 1 h.

Pharmacokinetic studies. C57BL/6 mice were intravenously administered with free TMZ and TMZ-L{NPs
(with an equivalent TMZ dose of 10 mgkg™" body weight), via tail vein injection. 200 ul of blood was collected
by retro-orbital plexus at indicated time points, 0.083, 0.25, 0.5,1, 2, 4, 8 and 24 h following injection. Plasma was
separated from the blood samples, followed by 30 min incubation with equal volume of 20% AgNOj; at room
temperature (RT). Subsequently, the homogenates were centrifuged at 11000 x g for 15min at 4°C and the super-
natant was collected and filtered using a 0.2 um syringe filter and assayed for TMZ concentration using HPLC
as mentioned earlier. At 24h mice were euthanized and brain was collected and assessed for TMZ uptake using
HPLC. Pharmacokinetic parameters from quantified TMZ were calculated using Kinetica V.5.0 software with
non-compartmental model of estimation.

Orthotopic gliomamodel generation.  Tumor was developed by intracranial implantation of GL261 cells -,
Briefly, C57BL/6 mice (21-22 gm) were anesthetised by i.p. injection of Xylene/Ketamine and cells (1 x 10* cells
in 3l PBS) were injected stereo-tactically into the right striatum (1.8 mm lateral to the bregma at 3 mm depth)
using a Hamilton syringe (Harvard Apparatus, UK) along with a 26-gauge needle at 0.2 ul min™! attached to a
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stereotaxic frame (Stoelting, USA). Wounds were closed with sutures and mice were carefully monitored until
recovery from anaesthesia.

In vivo tumor targeting studies. The ability of systemically administered L{NPs to deliver TMZ at
the tumor site was evaluated using HPLC. Six Glioma bearing C57BL/6 mice were randomly divided in two
groups (n=3) and treated with free TMZ (5 mgkg ' body weight) and equivalent doses of TMZ in TMZ-LfNPs.
Different parts of the brain tissue were isolated and TMZ was quantified using HPLC as described above.

In vivo tumor regression and survival studies of TMZ-LfNPs in glioma bearing mice. Nine intrac-
ranial glioma bearing mice, were randomly divided into three groups (n=3) and injected with: (i) PBS (ii) TMZ
(5mgkg~" body weight) and (iii) TMZ-LfNPs (equivalent dosage of TMZ) on 3, 5, 7" and 9 day as described
in the schedule given (Fig. 6A). When all the PBS treated mice succumbed to death (14" day after the GL261
cells implantation), brain tissues from all the experimental groups were collected and fixed with 10% formalin
(48h). The tissues were then embedded in paraffin wax followed by sectioning (5 um sections) and staining with
Haematoxylin & Eosin (H & E) using standard protocols. The tumor area in the histology sections was measured
using Image J software. To calculate the tumor volume (V), the maximum diameter (a) and minimum diameter
(b) of tumor mass in the whole brain tissue was measured using vernier caliper and the tumor volume was calcu-
lated using the below formula.

Tumor volume (V) = 0.5 ab?

For survival curve analysis, another set of 18 intracranial glioma bearing mice were randomly divided into
three groups (n=6) and treated as above in accordance with the treatment schedule (Fig. 6A) and monitored
for their survival till they became moribund. Survival data was analyzed with log-rank test in Kaplan Meier
non-parametric analysis mode.

The in vivo response to TMZ-LfNPs was assessed by quantifying the level of apoptosis in tumor tissue using
FITC Annexin V/dead cell apoptosis kit (Molecular probes). Briefly, the glioma bearing mice, after treatment with
either PBS, TMZ or TMZ-L{NPs as described earlier were euthanized and the tumor bearing brain was dissected.
Single-cell suspensions were obtained by collagenase digestion®. Subsequently cells were passed through a 70 pm
cell strainer (BD Falcon), stained according to the supplier’s protocol and analyzed using flow cytometry (Gallios,
BecKman Coulter). Gating on forward and side scatter was done to exclude cell debris and 10,000 gated events
were recorded. Data was analysed using Kaluza flow cytometry analysing software provided by the supplier.

Apoptosis was further analyzed by determining the levels of cleaved Caspase-3 using western blot. Briefly brain
tumor lysate was processed as mentioned earlier and 20 g of protein was resolved on a 12% SDS-polyacrylamide
gel, transferred to nylon membrane and probed with antibody against Caspase-3 followed by secondary antibody
conjugated with horseradish peroxidase and the blot was developed as described above.

Toxicity studies in glioma bearing mice.  Toxicity related parameters were tested at the end of the treat-
ment in glioma bearing mice (schedule and dosages are as described above) by collecting blood samples for
haematological and serum chemistry analysis. The complete blood picture from untreated control and treated
mice was obtained using haematology analyzer Elite 5, as per manufacturer’s protocol. The following enzymes
were tested for hepatotoxicity; alanine aminotransferase (ALT), aspartate aminotransferase (AST) and alkaline
phosphatase (ALP). For nephrotoxicity creatinine (CRE) and blood urea nitrogen (BUN) were studied. Lactose
dehydrogenase (LDH) was monitored for cardiotoxicity. Activity of all above mentioned enzymes were measured
by using biochemical kits as per the manufacturer’s protocol (Tulip Pvt. Ltd.).

Statistics. The statistical significance was determined by using two-tailed unpaired student’s t test. P-values
of <0.05 were considered significant. Statistical significance for Kaplan Meier curves was determined by log rank
analysis. All values were expressed as the Mean + Standard Deviation (S.D) of triplicate experiments. Data anal-
ysis was performed in Microsoft Excel and Origin Pro 8 software from Origin Lab.

References
1. Taal, W,, Bromberg, J. E. & van den Bent, M. J. Chemotherapy in glioma. CNS oncology 4, 179-192 (2015).
2. Riemenschneider, M. J., Jeuken, J. W., Wesseling, P. & Reifenberger, G. Molecular diagnostics of gliomas: state of the art. Acta
neuropathologica 120, 567-584 (2010).
3. Khasraw, M. & Lassman, A. B. Advances in the treatment of malignant gliomas. Current oncology reports 12, 26-33 (2010).
4. Oberoi, R. K. et al. Strategies to improve delivery of anticancer drugs across the blood-brain barrier to treat glioblastoma. Neuro-
oncology 18, 27-36 (2016).
5. Chamberlain, M. C. Temozolomide: therapeutic limitations in the treatment of adult high-grade gliomas. Expert review of
neurotherapeutics 10, 1537-1544 (2010).
6. Zhang, J., FG Stevens, M. & D Bradshaw, T. Temozolomide: mechanisms of action, repair and resistance. Current molecular
pharmacology 5,102-114 (2012).
7. Beier, D., Schulz, J. B. & Beier, C. P. Chemoresistance of glioblastoma cancer stem cells-much more complex than expected.
Molecular cancer 10, 128 (2011).
8. Newlands, E. S. et al. Phase I trial of temozolomide (CCRG 81045: M&B 39831: NSC 362856). British journal of cancer 65, 287-291
(1992).
9. Berrocal, A. et al. Extended-schedule dose-dense temozolomide in refractory gliomas. ] Neurooncol 96, 417-422 (2010).
10. Huang, G., Zhang, N., Bi, X. & Dou, M. Solid lipid nanoparticles of temozolomide: potential reduction of cardial and nephric
toxicity. International journal of pharmaceutics 355, 314-320 (2008).
11. Kim, S. S. et al. Encapsulation of temozolomide in a tumor-targeting nanocomplex enhances anti-cancer efficacy and reduces
toxicity in a mouse model of glioblastoma. Cancer letters 369, 250-258 (2015).
12. Tentori, L. & Graziani, G. Recent approaches to improve the antitumor efficacy of temozolomide. Current medicinal chemistry 16,
245-257 (2009).

SCIENTIFICREPORTS|7:6602| DOI:10.1038/s41598-017-06888-4 11



www.nature.com/scientificreports/

13.

14.
. Arcella, A. et al. In vitro and in vivo effect of human lactoferrin on glioblastoma growth. Journal of neurosurgery 123, 1026-1035

16.
17.

18.
19.
20.

21.

—

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

—_

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

5

—

52.

53.

Fang, C. et al. Temozolomide nanoparticles for targeted glioblastoma therapy. ACS applied materials & interfaces 7, 6674-6682
(2015).
Lonnerdal, B. & Iyer, S. Lactoferrin: molecular structure and biological function. Annual review of nutrition 15, 93-110 (1995).

(2015).

Mehra, N. K., Mishra, V. & Jain, N. K. Receptor-based targeting of therapeutics. Therapeutic delivery 4, 369-394 (2013).

Huang, R.-q et al. Characterization of lactoferrin receptor in brain endothelial capillary cells and mouse brain. Journal of biomedical
science 14, 121-128 (2007).

Fang, J. H. et al. Magnetic Core-Shell Nanocapsules with Dual-Targeting Capabilities and Co-Delivery of Multiple Drugs to Treat
Brain Gliomas. Advanced healthcare materials 3, 1250-1260 (2014).

Su, Z. et al. Lactoferrin-modified poly (ethylene glycol)-grafted BSA nanoparticles as a dual-targeting carrier for treating brain
gliomas. Molecular pharmaceutics 11, 1823-1834 (2014).

Kang, T. et al. Enhancing glioblastoma-specific penetration by functionalization of nanoparticles with an iron-mimic peptide
targeting transferrin/transferrin receptor complex. Molecular pharmaceutics 12, 2947-2961 (2015).

Kumar, P, Lakshmi, Y. S., Bhaskar, C., Golla, K. & Kondapi, A. K. Improved safety, bioavailability and pharmacokinetics of
zidovudine through lactoferrin nanoparticles during oral administration in rats. PloS one 10, €0140399 (2015).

Golla, K., Cherukuvada, B., Ahmed, F. & Kondapi, A. K. Efficacy, safety and anticancer activity of protein nanoparticle-based
delivery of doxorubicin through intravenous administration in rats. PLoS One 7, 51960 (2012).

Ahmed, E, Ali, M. J. & Kondapi, A. K. Carboplatin loaded protein nanoparticles exhibit improve anti-proliferative activity in
retinoblastoma cells. International journal of biological macromolecules 70, 572-582 (2014).

Kumari, S. & Kondapi, A. K. Lactoferrin nanoparticle mediated targeted delivery of 5-fluorouracil for enhanced therapeutic efficacy.
International Journal of Biological Macromolecules 95, 232-237 (2017).

Lakshmi, Y. S., Kumar, P, Golla Kishore, C. B. & Kondapi, A. K. Triple combination MPT vaginal microbicide using curcumin and
efavirenz loaded lactoferrin nanoparticles. Scientific reports 6 (2016).

Bertucci, A. et al. Combined Delivery of Temozolomide and Anti-miR221 PNA Using Mesoporous Silica Nanoparticles Induces
Apoptosis in Resistant Glioma Cells. Small 11, 5687-5695 (2015).

Ananta, J. S., Paulmurugan, R. & Massoud, T. E. Temozolomide-loaded PLGA nanoparticles to treat glioblastoma cells: a biophysical
and cell culture evaluation. Neurological research 38, 51-59 (2016).

Lopez, S. A., Nonnecke, E. B. & Lonnerdal, B. L. The lactoferrin receptor is differentially expressed across several human epithelial
cell types. The FASEB Journal 26, 644.645-644.645 (2012).

Elfinger, M., Maucksch, C. & Rudolph, C. Characterization of lactoferrin as a targeting ligand for nonviral gene delivery to airway
epithelial cells. Biomaterials 28, 3448-3455 (2007).

Garnett, M. C. & Kallinteri, P. Nanomedicines and nanotoxicology: some physiological principles. Occupational Medicine 56,
307-311 (2006).

Fang, J. H. et al. Dual-Targeting Lactoferrin-Conjugated Polymerized Magnetic Polydiacetylene- Assembled Nanocarriers with Self-
Responsive Fluorescence/Magnetic Resonance Imaging for In Vivo Brain Tumor Therapy. Advanced healthcare materials (2016).
Huang, R., Ke, W, Liu, Y,, Jiang, C. & Pei, Y. The use of lactoferrin as a ligand for targeting the polyamidoamine-based gene delivery
system to the brain. Biomaterials 29, 238-246 (2008).

Xu, Y. et al. Lactoferrin-coated polysaccharide nanoparticles based on chitosan hydrochloride/hyaluronic acid/PEG for treating
brain glioma. Carbohydrate Polymers 157, 419-428 (2017).

Bi, C. et al. Intranasal delivery of rotigotine to the brain with lactoferrin-modified PEG-PLGA nanoparticles for Parkinson’s disease
treatment. International journal of nanomedicine 11, 6547 (2016).

Lohcharoenkal, W., Wang, L., Chen, Y. C. & Rojanasakul, Y. Protein nanoparticles as drug delivery carriers for cancer therapy.
BioMed research international 2014 (2014).

Chen, Q. et al. Drug-induced self-assembly of modified albumins as nano-theranostics for tumor-targeted combination therapy.
ACS nano 9, 5223-5233 (2015).

Lin, W, Garnett, M. C,, Schacht, E., Davis, S. S. & Illum, L. Preparation and in vitro characterization of HSA-mPEG nanoparticles.
International journal of pharmaceutics 189, 161-170 (1999).

Chen, G., Lin, W., Coombes, A., Davis, S. & Illum, L. Preparation of human serum albumin microspheres by a novel acetone-heat
denaturation method. Journal of microencapsulation 11, 395-407 (1994).

Duclairoir, C., Orecchioni, A., Depraetere, P. & Nakache, E. a-Tocopherol encapsulation and in vitro release from wheat gliadin
nanoparticles. Journal of microencapsulation 19, 53-60 (2002).

Langer, K. et al. Optimization of the preparation process for human serum albumin (HSA) nanoparticles. International journal of
pharmaceutics 257, 169-180 (2003).

Steinhauser, I. M., Langer, K., Strebhardt, K. M. & Spankuch, B. Effect of trastuzumab-modified antisense oligonucleotide-loaded
human serum albumin nanoparticles prepared by heat denaturation. Biomaterials 29, 4022-4028 (2008).

Truong-Le, V. L., August, J. T. & Leong, K. W. Controlled gene delivery by DNA-gelatin nanospheres. Human gene therapy 9,
1709-1717 (1998).

Weber, C., Coester, C., Kreuter, J. & Langer, K. Desolvation process and surface characterisation of protein nanoparticles.
International journal of pharmaceutics 194, 91-102 (2000).

Alexis, F., Pridgen, E., Molnar, L. K. & Farokhzad, O. C. Factors affecting the clearance and biodistribution of polymeric
nanoparticles. Molecular pharmaceutics 5, 505-515 (2008).

Yamamoto, Y., Nagasaki, Y., Kato, Y., Sugiyama, Y. & Kataoka, K. Long-circulating poly (ethylene glycol)-poly (d, l-lactide) block
copolymer micelles with modulated surface charge. Journal of Controlled Release 77, 27-38 (2001).

Hobbs, S. K. et al. Regulation of transport pathways in tumor vessels: role of tumor type and microenvironment. Proceedings of the
National Academy of Sciences 95, 4607-4612 (1998).

Pang, Z. et al. Enhanced intracellular delivery and chemotherapy for glioma rats by transferrin-conjugated biodegradable
polymersomes loaded with doxorubicin. Bioconjugate chemistry 22,1171-1180 (2011).

Wong, H. L. et al. A mechanistic study of enhanced doxorubicin uptake and retention in multidrug resistant breast cancer cells using
a polymer-lipid hybrid nanoparticle system. Journal of Pharmacology and Experimental Therapeutics 317, 1372-1381 (2006).
Sreedhara, A. et al. Structural characteristic, pH and thermal stabilities of apo and holo forms of caprine and bovine lactoferrins.
Biometals 23, 1159-1170 (2010).

Jacobs, V. L., Valdes, P. A., Hickey, W. E. & De Leo, J. A. Current review of in vivo GBM rodent models: emphasis on the CNS-1
tumour model. ASN neuro 3, AN20110014 (2011).

. Maes, W. & Van Gool, S. W. Experimental immunotherapy for malignant glioma: lessons from two decades of research in the GL261

model. Cancer immunology, immunotherapy 60, 153-160 (2011).

Szatmari, T. et al. Detailed characterization of the mouse glioma 261 tumor model for experimental glioblastoma therapy. Cancer
science 97, 546-553 (2006).

Raub, T. J. et al. Brain exposure of two selective dual CDK4 and CDK6 inhibitors and the antitumor activity of CDK4 and CDK6
inhibition in combination with temozolomide in an intracranial glioblastoma xenograft. Drug Metabolism and Disposition 43,
1360-1371 (2015).

SCIENTIFICREPORTS|7:6602| DOI:10.1038/s41598-017-06888-4 12



www.nature.com/scientificreports/

54. Kim, S.-S. et al. A nanoparticle carrying the p53 gene targets tumors including cancer stem cells, sensitizes glioblastoma to
chemotherapy and improves survival. ACS nano 8, 5494-5514 (2014).

55. Sengupta, S., Marrinan, J., Frishman, C. & Sampath, P. Impact of temozolomide on immune response during malignant glioma
chemotherapy. Clinical & developmental immunology 2012, 831090, doi:10.1155/2012/831090 (2012).

56. Spitzer, N., Sammons, G. S. & Price, E. M. Autofluorescent cells in rat brain can be convincing impostors in green fluorescent
reporter studies. Journal of neuroscience methods 197, 48-55 (2011).

57. Zhu, X., Fujita, M., Snyder, L. A. & Okada, H. Systemic delivery of neutralizing antibody targeting CCL2 for glioma therapy. Journal
of neuro-oncology 104, 83-92 (2011).

58. Lumniczky, K. et al. Local tumor irradiation augments the antitumor effect of cytokine-producing autologous cancer cell vaccines
in a murine glioma model. Cancer gene therapy 9, 44-52 (2002).

59. Kim, S. S. et al. The clinical potential of targeted nanomedicine: delivering to cancer stem-like cells. Molecular therapy: the journal of
the American Society of Gene Therapy 22, 278-291, doi:10.1038/mt.2013.231 (2014).

Acknowledgements

The work presented here was supported by grants from Council of Scientific & Industrial Research (BSC0112)
and Department of Science and Technology, Government of India. SK is supported by a fellowship from Council
of Scientific & Industrial Research, India. Authors thank the help received from Dr. Sumana and Mr. Dwaipayan
during glioma model generation. Authors thank the help of Mr. Harikrishna in obtaining TEM images, Ms.
Nandini Rangarajan for confocal images, Mr. Avinash for histology and Mr. Haroon Mohammad for technical
help.

Author Contributions

S.K., A.K.K. and N.M.R. conceptualized the project. S.K. performed all the experiments. S.M.A. helped in
nanoparticle characterization and some in vitro experiments. .M.K. helped in some animal experiments. S.K.,
S.M.A., A KK, and N.M.R. wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-06888-4

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
G ] jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7:6602| DOI:10.1038/s41598-017-06888-4 13


http://dx.doi.org/10.1155/2012/831090
http://dx.doi.org/10.1038/mt.2013.231
http://dx.doi.org/10.1038/s41598-017-06888-4
http://creativecommons.org/licenses/by/4.0/

	Overcoming blood brain barrier with a dual purpose Temozolomide loaded Lactoferrin nanoparticles for combating glioma (SERP ...
	Results

	Preparation and characterization of TMZ-LfNPs. 
	Assessment of encapsulation efficiency. 
	FT-IR spectral analysis. 
	pH dependent release of TMZ from LfNPs. 
	Receptor-mediated endocytosis of LfNPs. 
	In vitro cytotoxicity of TMZ-LfNPs. 
	Transcytosis of LfNPs across BBB in healthy mice. 
	Pharmacokinetic studies of TMZ-LfNPs. 
	TMZ-LfNPs brain distribution in glioma mice model. 
	Tumor regression studies in glioma mice. 
	Toxicity studies. 

	Discussion

	Conclusion

	Methods

	Preparation of TMZ-loaded Lf-nanoparticles. 
	Characterization of Nanoparticles. 
	Determination of drug encapsulation efficiency and drug loading content. 
	In vitro TMZ release studies. 
	Cell culture. 
	Receptor-mediated endocytosis of TMZ-LfNPs. 
	Animal experiments. 
	BBB crossing capability and brain localization studies of LfNPs in healthy mice. 
	Pharmacokinetic studies. 
	Orthotopic glioma model generation. 
	In vivo tumor targeting studies. 
	In vivo tumor regression and survival studies of TMZ-LfNPs in glioma bearing mice. 
	Toxicity studies in glioma bearing mice. 
	Statistics. 

	Acknowledgements

	Figure 1 TEM analysis of particles incubated at (A) pH 7.
	Figure 2 (A) FL-LfNPs uptake in GL261 cells in the absence (top panel) and presence (lower panel) of anti-LfR antibodies.
	Figure 3 (A) Representative microscopic images of untreated cells (left), cells treated with 100 µg ml−1 of TMZ (middle) and TMZ-LfNPs-treated cells (equivalent dose) (right).
	Figure 4 (A) Western blot for determining the Lf levels in brain of healthy mice injected with 100 µl of 2 mg ml−1 of free Lf and LfNPs (equivalent dose).
	Figure 5 (A) Pharmacokinetic studies.
	Figure 6 (A) Treatment schedule.
	Figure 7 Tumor volume (A) and tumor area (B) in untreated mice (black bar) and mice treated with TMZ (white bar) and TMZ-LfNPs (grey bar).
	Table 1 Comparative plasma pharmacokinetic parameters after i.


