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Abstract: To date, knowing how to identify the location of chemotherapeutic agents in the
human body after injection is still a challenge. Therefore, it is urgent to develop a drug delivery
system with molecular imaging tracking ability to accurately understand the distribution, loca-
tion, and concentration of a drug in living organisms. In this study, we developed bovine serum
albumin (BSA)-based nanoparticles (NPs) with dual magnetic resonance (MR) and fluorescence
imaging modalities (fluorescein isothiocyanate [FITC]-BSA-Gd/1,3-bis(2-chloroethyl)-1-
nitrosourea [BCNU] NPs) to deliver BCNU for inhibition of brain tumor cells (MBR 261-2).
These BSA-based NPs are water dispersible, stable, and biocompatible as confirmed by XTT
cell viability assay. In vitro phantoms and in vivo MR and fluorescence imaging experi-
ments show that the developed FITC-BSA-Gd/BCNU NPs enable dual MR and fluorescence
imaging for monitoring cellular uptake and distribution in tumors. The T1 relaxivity (R1) of
FITC-BSA-Gd/BCNU NPs was 3.25 mM™' s7!, which was similar to that of the commercial T1
contrast agent (R1 =3.36 mM! s7!). The results indicate that this multifunctional drug delivery
system has potential bioimaging tracking of chemotherapeutic agents ability in vitro and in
vivo for cancer therapy.

Keywords: drug tracking, fluorescence imaging, MR imaging, BSA nanoparticles, cancer
therapy

Introduction
The most common type of malignant brain tumor is malignant glioma, which
comprises >50% of patients with glioblastoma multiforme.! The current standard
treatments of glioblastoma multiforme patients are surgery, radiotherapy, and
chemotherapy, with an average patient survival of 624 months posttreatment.?> The
chemotherapeutic agents carmustine (1,3-bis(2-chloroethyl)-1-nitrosourea [BCNU])
and temozolomide have been used for the clinical treatment of malignant brain tumors.
However, their efficiency is severely limited by systemic cytotoxic effects® and lack
of sufficient penetration through the blood-brain barrier and/or blood—brain tumor
barrier,** which in turn blocks delivery of >98% of central nervous system drugs
to the brain.® Recently, a new technique using focused ultrasound in the presence of
microbubbles was used to locally, noninvasively, and temporarily open the blood—brain
barrier for enhancing the local concentration of therapeutic agents in the brain.””?
Other limitations of BCNU and temozolomide include their poor solubility,
systemic toxicity, and short half-life in the human body. To date, many approaches
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have been proposed to improve the therapeutic effects of
BCNU and enhance its stability, including polymeric nano-
particles (NPs), polymer biochips, magnetic NPs, graphene
oxide, and liposomes,'*'* but their safety and biocompatible
issues still remain unclear. Albumin is the most abundant
protein with a molecular weight of 66.5 kDa in plasma
(35-50 g/L human serum), which is stable in a wide pH
range (pH 4-9), biocompatible, biodegradable, nontoxic, and
nonimmunogenic. In addition, it can be heated at 60°C for
up to 10 hours without any deleterious effects; these above-
mentioned advantages make albumin an ideal candidate for
drug delivery (ie, human serum albumin or bovine serum
albumin [BSA])." In tumor-bearing subjects, NPs can accu-
mulate passively through the enhanced permeability and
retention effect into tumors due to the abnormal physiology
and anatomy of tumors.'® In addition, tumors tend to trap
plasma proteins and utilize their degradation products for
proliferation, which means that the albumin-based NPs are
easily trapped by cancer cells by the 60 kDa glycoprotein
receptor binding.!”13

Recently, NP-based contrast agents have attracted
extraordinary attention for functional and molecular
imaging investigations.'®* It has been reported that mul-
timolecular imaging modalities provide complementary
information for concurrent imaging applications and
hence have become an attractive area of investigation
(ie, magnetic resonance [MR]/fluorescence imaging, pho-
toinduced electron transfer/fluorescence, MR/ultrasound
imaging, and photoinduced electron transfer/CT).?!"%
Among the many imaging techniques, MR imaging has
been accredited to be one of the most powerful and nonin-
vasive diagnostic devices for humans. However, obtaining
detailed biological information on a subcellular level is
difficult owing to limited resolution and low sensitivity of
MR imaging. Therefore, MR imaging should be combined
with other imaging probes for synergistic enhancement of
its respective components.

In this study, the BCNU-encapsulated fluorescein
isothiocyanate-BSA (FITC-BSA) NPs were prepared by
desolvation—denaturation method and conjugated with
diethylenetriaminepentaacetic acid gadolinium(IIT) dihydro-
gen salt hydrate (DTPA-Gd) to form dual-modality nano-
medicine (FITC-BSA-Gd/BCNU NPs). The cellular uptake
of FITC-BSA-Gd/BCNU NPs was determined by fluores-
cence microscopy in MBR 261-2 brain tumor cells, and their
in vivo distribution was also monitored by MR imaging in
the brain tumor tissue. Finally, antitumor efficacy studies of
FITC-BSA-Gd/BCNU NPs were conducted in vitro.

Materials and methods

Chemicals

BSA, FITC-BSA, ethanol, ethylenediamine, 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC),
N-hydroxysulfosuccinimide sodium salt (sulfo-NHS),
DTPA-Gd, 2-(N-morpholino)ethanesulfonic acid hydrate
(MES), carmustine (BCNU), and XTT sodium salt were
purchased from Sigma-Aldrich Co. (St Louis, MO, USA).
MBR 261-2 human brain tumor cells were obtained from
the laboratory of Dr Kuo-Chen Wei, Chang Gung Memo-
rial Hospital (Taiwan) and were maintained in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 10%
fetal bovine serum, which was purchased from Biological
Industries (Cromwell, CT, USA). DMEM, gentamicin, peni-
cillin, streptomycin, and Hank’s balanced salt solution were
purchased from Thermo Fisher Scientific (Waltham, MA,
USA). Deionized (DI) water was used in all experiments.

Synthesis of BCNU-encapsulated BSA

NPs labeled with dual contrast agents

The synthesis of protein NPs by desolvation method was
done based on a previous report with minor modifications.?
Briefly, 20 mg of BSA and 1 mg of FITC-BSA were dissolved
in 2 mL of sodium chloride solution (10 mM) and stirred for
1 hour. Different concentrations of BCNU were added to the
above solution and incubated for another 2 hours before the
synthesis of the NPs. Then, ethanol was added dropwise into
the BSA solution under magnetic stirring (500 rpm) at room
temperature till the solution became turbid (the particle size
depends on the turbidity). To stabilize BSA NPs, the turbid
solution was stirred continuously for 30 minutes without
further addition of ethanol. After that, the as-prepared BSA
NPs were denatured at 70°C for 30 minutes to form FITC-
BSA/BCNU NPs. The particles were then centrifuged and
washed with distilled water and then suspended in phosphate-
buffered saline (PBS) at pH 7.4, which resembles the physio-
logical conditions in the body.

To calculate the concentrations of BCNU loaded in
the FITC-BSA NPs, supernatant samples were analyzed
by high-performance liquid chromatography (HPLC) on a
SUPELCOSIL™ LC-18 column (4.6x250 mm) using an
L-2130 pump and an L-2400 UV-detector (Hitachi L-2000;
Hitachi Ltd., Tokyo, Japan). The mobile phase was a 40:60
(v/v) mixture of DI water and methanol with a flow rate of
2 mL/min; data were measured at 270 nm. We also used
Fourier transform infrared spectroscopy (FTIR; BRUKER
T-27, Bruker Optik GmbH, Ettlingen, Germany) to identify
whether BCNU was indeed encapsulated in BSA NPs.
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In order to conjugate the MR imaging contrast agent on
the surface of FITC-BSA/BCNU NPs, the DTPA-Gd has
to be modified with ethylenediamine first to form amine-
terminated DTPA-Gd. Briefly, 0.2 mL activation solution
(24 mg of EDC and 27 mg of sulfo-NHS in 2 mL of 0.5 M
MES buffer [pH 6.3]) was mixed with 0.2 mL of DTPA-Gd
(5 mg/mL) at 25°C and reacted for 60 minutes in the dark
to allow the formation of amide bonds between activated
carboxyl groups. The activated DTPA-Gd was reacted with
ethylenediamine at 25°C for 3 hours in the dark to form
amine-terminated DTPA-Gd.

A 0.2 mL of activation solution (EDC/sulfo-NHS) was
mixed with 0.2 mL of FITC-BSA/BCNU NPs (3 mg/mL) at
25°C and reacted for 30 minutes in the dark to activate the
carboxylic groups of FITC-BSA/BCNU. Activated FITC-
BSA/BCNU was washed three times with 0.1 M of MES
buffer, resuspended in 0.2 mL of 0.1 M of MES buffer, and
then mixed with 0.05 mL of amine-functionalized DTPA-Gd
(2 mg/mL) at 4°C by vortexing for 12 hours. The product was
then separated from the solution, washed with DI water, and
centrifuged at 8,217x g for 20 minutes to remove both MES
buffer and unbound amine-terminated DTPA-Gd and finally
dispersed in DI water to obtain FITC-BSA-Gd/BCNU. The
concentration of unbound DTPA-Gd was quantified using
MR phantoms compared with the DTPA-Gd standard curve.
The product was then lyophilized and stored at —20°C for
further use.

In vitro drug release

Five milliliters of FITC-BSA/BCNU or FTIC-BSA-Gd/
BCNU samples were placed in dialysis bags and then put
in a beaker containing 5 mL of PBS (pH 7.4) at 37°C. Drug
release was assumed to start as soon as the dialysis bags were
placed into the beaker. The release beaker was constantly
stirred, and the dialysis bags were taken out at various time
points and the supernatant was drawn out for characteriza-
tion. The concentrations of BCNU released from FITC-BSA/
BCNU or FTIC-BSA-Gd/BCNU into PBS in the beaker were
quantified using HPLC.

Fluorescence phantoms of FITC-BSA-Gd/
BCNU NPs

Fluorescence images were taken by dropping different
concentrations of FITC-BSA-Gd/BCNU NP solution on
the plastic plate. Scanning was performed using fluores-
cent microscopy (SZX7; Olympus Corporation, Tokyo,
Japan), and the fluorescence intensity was analyzed using
Image]J software.

MR phantoms of FITC-BSA-Gd/

BCNU NPs

For in vitro measurements, pure DTPA-Gd and FITC-BSA-Gd/
BCNU were diluted to different concentrations of DTPA-Gd
containing physiological saline. Circular wells (inner
diameter =5 mm) were filled with 200 puL of contrast agent
sample or physiological saline as control and were placed in the
MR scanner (Clinscan, 7T; Bruker Optik GmbH). Spin—lattice
relaxivity maps were calculated from two T1-weighted images
with different flip angles (gradient recalled echo sequence,
repetition time (TR)/echo time (TE) =2.3 ms/0.76 ms, slide
thickness =0.8 mm, matrix =132x192, and flip angle =5°/20°).
The correlation between R1 (=1/T1) mapping and DTPA-Gd
concentration was determined.

Cellular uptake

The cellular internalization of FITC-BSA-Gd NPs by cancer
cells was evaluated by fluorescent microscopy. For the
cellular uptake studies, MBR 261-2 cells were seeded at a
density of 10,000 cells per well (ie, 150 uL of a suspension
of 6.67x10* cells/mL) in a 96-well plate. After 24 hours of
cell attachment, the wells were carefully washed with PBS
followed by the addition of 100 pg/mL of FITC-BSA-Gd
NPs for 8 hours. Next, the cells were washed twice with
PBS (pH=7.4) to remove the residual FITC-BSA-Gd NPs
and fixed with fresh ice ethanol for 5 minutes at room tem-
perature. Cells were washed three times with Hank’s bal-
anced salt solution and then their nuclei were stained using
Hoechst. The distribution of FITC-BSA-Gd on cells was
analyzed by inverted fluorescent microscopy (Eclipse Ti-S;
Nikon Instruments, Melville, NY, USA).

DNA interstrand crosslinking

To confirm the cytotoxic effects of BSA-Gd/BCNU, an
ethidium bromide fluorescence assay was used to measure
the level of DNA interstrand crosslinking in MBR 261-2 cells
according to our previous report.” The cells were exposed
to different concentrations (5-80 pg/mL) of BSA-Gd/
BCNU and incubated for 12 hours or 36 hours. After incu-
bation, ~1x10° cells were collected by centrifugation at
1,509x g for 8 minutes at 8°C and resuspended in PBS.
A total of 40 mL of the cell suspension was incubated for
15 minutes at 4°C with 200 uL of lysis buffer. After lysis,
the cell pellets were separated by centrifugation at 4,193x g
for 6 minutes, and the suspension was incubated with 25 uL
of heparin (500 IU/mL) for another 20 minutes at 37°C, fol-
lowed by the addition of 1 mL of ethidium bromide solution.
The mixture was heated for 5 minutes at 100°C to denature
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the DNA and then cooled in an ice bath for 6 minutes for
renaturation. Fluorescence was measured with excitation and
emission wavelengths of 525 nm and 580 nm, respectively.
The percentage of DNA interstrand crosslinking (C) was
calculated using the following equation:

e={[(n),~(n), )= (i), Jproms 1)

where f, and f, are the fluorescence before and after heat dena-
turation for treated (t) and untreated (u) cells, respectively.

In vivo MR-fluorescence imaging

For MR imaging, a 7 T MR scanner and a four-channel surface
coil were used. The mouse was placed in an acrylic holder,
positioned in the center of the magnet, and anesthetized with
isoflurane gas (1%—-2%) at 50-70 breaths per minute dur-
ing the entire MR imaging procedure. The distribution of
FITC-BSA-Gd/BCNU was investigated after injection; the
animals were relocated into the MR imaging scanning room
for imaging after 10 minutes of injection. Contrast-enhanced
T1-weighted images with different flip angles were acquired
to calculate spin—lattice relaxivity maps by transferring two
images with different flip angles (gradient recalled echo
sequence, TR/TE =2.3 ms/0.76 ms, slice thickness =0.8 mm,
slice number =14, matrix =132x192, and flip angle =5°/20°).

In vitro cytotoxicity assay

MBR 261-2 cells were cultured in DMEM supplemented
with 2.2 mg/mL sodium carbonate, 10% fetal bovine serum,
50 pug/mL gentamicin, 50 pug/mL penicillin, and 50 pg/mL
streptomycin at 37°C and 5% CO,. Approximately 10,000 cells
(ie, 150 UL of a suspension of 6.67x10* cells/mL) were placed
in each well of a 96-well culture plate and incubated in a
humidified chamber at 37°C and 5% CO, for 24 hours. Dif-
ferent concentrations of BSA-Gd/BCNU (50 pL each) were
added to the medium, and incubation was continued for
12 hours or 36 hours. Before counting, the culture medium was
removed, and the cells were incubated in 120 pL of XTT solu-
tion for 2 hours. Subsequently, 100 uL of XTT solution was
removed from each well and transferred to a 96-well counting
dish. The cytotoxicity toward MBR 261-2 cells in vitro was
evaluated by measuring the optical density at 490 nm using
an enzyme-linked immunosorbent assay reader.

Animal study
All animal experiments were approved by the Institutional
Animal Care and Use Committee of Chang Gung University

and performed in accordance with their guidelines. Mice were
raised in a room with a thermostat at 26°C. C57BL/6 mice
weighing ~25-30 g (5-6 weeks old) were tested to confirm
the efficacy of the proposed approach. Hypodermic brain
tumors were induced in another 24 mice. Briefly, cultured
MBR 261-2 tumor cells (2x10° cells per mouse) were injected
over a 2-minute period into the hypoderm using a syringe,
and needle withdrawal was carried out over another period
of 0.5 minute.

Experiments were performed with three groups of mice
(n=5). Control mice received no further treatment after tumor
cell injection and growth. The second group received a single
dose of FITC-BSA-Gd NPs (20 mg/kg) via local tumor injec-
tion while the tumor volume grew to ~200 mm?. The third
group received a single dose of FITC-BSA-Gd/BCNU NPs
(20 mg/kg containing ~5.5 mg of BCNU) via local tumor
injection while the tumor volume grew to ~200 mm?. For
ethical reasons, animals were euthanized when the volume
of the tumor reached 3 cm?, which was defined as survival
time. The tumor volume was calculated as: tumor volume
(V) =length x width x width/2.

Results and discussion

Preparation and characterization of
BCNU-encapsulated BSA NPs

In this study, we used the dissolvent method to prepare the
self-assembling fluorescent BSA NPs (FITC-BSA NPs) by
mixing BSA and FITC-BSA with smooth surfaces, good dis-
persion, and uniform size distribution (Figure 1A). The mean
diameter measured using Zetasizer (NanoParticle SZ-100Z,
Horiba Instruments, Kyoto, Japan) was 211.7£3.8 nm,
which was slightly greater than that measured using a scan-
ning electron microscope (194.8+5.3 nm), indicating that
FITC-BSA NPs were highly stable with no aggregation in
aqueous media (Figure 1B). This is because the diameters
of NPs obtained using Zetasizer reflected the hydrodynamic
diameters of NPs swollen in aqueous solution, whereas those
observed using scanning electron microscope were the dia-
meters of dried NPs. After encapsulation of BCNU, the mean
diameter increased to 246.144.5 nm but the zeta potential did
not significantly change (—63.5+£1.2 mV to —66.5£2.5 mV),
indicating that most of the BCNU was entrapped in FITC-
BSA NPs not adsorbed on the surface, because the negatively
charged BCNU adsorbed on the surface would signifi-
cantly increase the potential. Next, the amine-terminated
DTPA-Gd was then conjugated on the surface of FITC-BSA/
BCNU by carbodiimide-catalyzed amide formation to form
FITC-BSA-Gd/BCNU (287.1£5.1 nm) with the function
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Notes: (A) The procedure for preparation of BCNU-loaded BSA NPs with dual MR-fluorescence imaging. (B) SEM images of FITC-BSA NPs (top) and FITC-BSA-Gd/BCNU

NPs (bottom).

Abbreviations: BCNU, 1,3-bis(2-chloroethyl)- | -nitrosourea; BSA, bovine serum albumin; SEM, scanning electron microscope; FITC, fluorescein isothiocyanate;
NPs, nanoparticles; DTPA-Gd, diethylenetriaminepentaacetic acid gadolinium(lll) dihydrogen salt hydrate.

of dual MR-fluorescence imaging tracking; the maximum
conjugation of DTPA-Gd on the NPs was calculated to be
0.47£0.6 pug of DTPA-Gd/ug NPs.

FTIR was used to confirm whether BCNU was indeed
entrapped in BSA NPs (Figure 2A). The characteristic bands
present in BSA NPs are amide I at 1,655 cm™', amide II band
at 1,539 em™!, and amide I1I region at 1,240 cm~'.2® The spec-
trum for BSA/BCNU NPs displayed additional peaks corre-
sponding to the vof C=0 (1,726 cm™), vof C-N from C—-C-N
(1,168 cm™), vof N-N (1,089 cm™), vof N=0 (1,494 cm™)
from N-NO, and v of C-Cl (662 cm™) from C—C—CL.* The
X-ray photoelectron spectroscopy also confirmed the results
of FTIR analysis. The BSA NP sample showed Cls, Nls,
and Ols peaks at 284 ¢V, 400 eV, and 532 eV, respectively.
After encapsulation of BCNU, a peak at 198 eV (Cl2p) for
BSA/BCNU NPs appeared and the signal of N1s was also
stronger than that of BSA NPs. Overall, these data indicated
that BCNU was indeed entrapped in BSA NPs (Figure 2B).

Drug encapsulation studies
BCNU must be encapsulated in FITC-BSA-Gd NPs
as much as possible in order to prevent waste and to

reduce the cost of manufacturing, and also provide an
effective therapeutic dose. Various concentrations of
BCNU entrapped in BSA NPs were taken and synthesis
was done using the desolvation—denaturation method.
The supernatant after centrifugation was analyzed using
HPLC to determine the amount of free BCNU and then
to calculate the encapsulated amount, encapsulating
efficiency (EE), and loading efficiency (LE; Figure 3A).
The amount of BCNU entrapped in FITC-BSA NPs
increased as the weight ratio of BCNU to BSA (BSA/
FITC-BSA) increased, reaching a maximum concentra-
tion of 2.67+0.07 mg when the ratio was 0.4, but the
EE decreased to 0.67£0.02 (67%%2%) from 0.95+0.01
(95%=1%). However, the LE reached the highest value
(0.27£0.01; 27%=%1%) at this ratio, which was a little
higher than the value previously reported by Sadeghi
et al® (~20%). But the LE in our system could not be
further enhanced as a part of BCNU attached to BSA
molecules was separated because BCNU is soluble in
ethanol, resulting in a relatively low LE. Nevertheless, the
concentration of entrapped BCNU has been sufficient for
the growth inhibition of cancer cells. In addition, BCNU
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the tumor tissues.*’ We found that ~53.6%12.6% of BCNU
was rapidly released from FITC-BSA/BCNU during the first
24 hours of incubation at pH 7.4. In the following 24 hours,
cumulative release reached 70.2%12.9%, which could fight
continually against cancer cells. Only ~16.03% of BCNU
was further released after another 72 hours of incubation.
However, BCNU released from FITC-BSA-Gd/BCNU NPs
was only 20.1%=%1.6%, which was significantly lower than
that released from FITC-BSA/BCNU NPs (53.6%%2.6%) at
first 24 hours of incubation. This decrease in BCNU release
may be due to the fact that conjugation of DTPA-Gd on
the NP surface may cause a crosslinking effect between the
BSA molecules, resulting in the reduction of erosion and
biodegradation of FITC-BSA-Gd/BCNU NPs. The release
rate of 50% of BCNU from FITC-BSA-Gd/BCNU NPs was
~41.2 hours, which was much slower than that from FITC-
BSA/BCNU NPs (21.8 hours). An accelerated release was
observed in the following 24 hours, increasing to 59.8%15.4%
from 20.1%=1.6%, and there was a slow increase in release of
BCNU after 72 hours to 74.5%14.9%. These results indicated
that this system could be potentially used for the controlled
release chemotherapy by appropriate surface modification.

Properties of dual MR-fluorescence
imaging

Each bioimaging technology has its own unique strengths
and limitations; thus, the use of a combination of different

A

imaging technologies is emerging and expected to offer
more comprehensive diagnostic information on disease
progression. Therefore, we developed dual MR-fluorescence
imaging drug delivery system for real-time tracking of che-
motherapeutic agents. The in vitro phantoms showed that the
FITC-BSA-Gd/BCNU exhibited homogenate fluorescence
patterns and high correlation ratio (+?=0.988), with the
fluorescence intensity being dependent on its concentration
(Figure 4A and B). We also validated the T1-weighted con-
trast ability; the relaxivity of FITC-BSA-Gd/BCNU NPs in
aqueous media scanner was examined using 7 T MR. Both
the commercial T1 MR contrast agent (DTPA-Gd) and
FITC-BSA-Gd/BCNU NPs displayed signal enhancement on
the T1-weighted images in a concentration-dependent man-
ner (Figure 4C and D). The R1 of FITC-BSA-Gd/BCNU was
determined to be 3.25 mM™' s™' using a 7 T MR scanner and
exhibited an obvious trend of T1-positive contrast with the
increase in DTPA-Gd (Figure 4E), while there was a similar
T1-positive contrast compared with commercial DTPA-Gd
(3.36 mM™' s7!; Figure 4F); both have a high correlation ratio
(°=0.984 for DTPA-Gd; r*=0.979 for FITC-BSA-Gd/BCNU
NPs). Next, we also investigated the MR T1 contrast ability of
FITC-BSA-Gd/BCNU in animal brain. For in vivo MR imag-
ing, FITC-BSA-Gd/BCNU was dispersed in PBS and then
locally injected into the brain. The T1-weighted MR images
were acquired before and after injection. At 10-minute
posttreatment with FITC-BSA-Gd/BCNU (Figure 5A),
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Figure 4 The characterizations of contrast ability for FITC-BSA-Gd/BCNU NPs.
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Notes: (A) Fluorescence phantom imaging of FITC-BSA-Gd/BCNU (a: 400 pg/mL; b: 200 pg/mL; c: 100 pg/mL; and d: 50 pg/mL). (B) Concentration dependence of FITC-
BSA-Gd/BCNU fluorescence intensity. (C) MR T phantom imaging of commercial DTPA-Gd (a: 3.13 mM; b: 1.56 mM; c: 0.78 mM; d: 0.39 mM; e: 0.2 mM; and f: 0.1 mM
DTPA-Gd). (D) MR T phantom imaging of FITC-BSA-Gd/BCNU (a: 3.13 mM; b: 1.56 mM; c: 0.78 mM; d: 0.39 mM; e: 0.2 mM; and f: 0. mM DTPA-Gd). (E) MR T1 relaxivity
of DTPA-Gd (mM~' s7') is indicated by the slope. (F) MR T1 relaxivity of FITC-BSA-Gd/BCNU (mM~' s') is indicated by the slope.

Abbreviations: FITC, fluorescein isothiocyanate; BSA, bovine serum albumin; BCNU, I,3-bis(2-chloroethyl)- I-nitrosourea; NPs, nanoparticles; MR, magnetic resonance;

DTPA-Gd, diethylenetriaminepentaacetic acid gadolinium(lll) dihydrogen salt hydrate.

International Journal of Nanomedicine 2016:1 |

submit your manuscript

4071

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Wei et al

Dove

OB B ROV e

Figure 5 Typical MR contrast-enhanced T| images of (B) before and (A) after FITC-BSA-Gd/BCNU NPs injection in normal animals.
Abbreviations: MR, magnetic resonance; FITC, fluorescein isothiocyanate; BSA, bovine serum albumin; BCNU, |,3-bis(2-chloroethyl)- |-nitrosourea; NPs, nanoparticles.

a significant contrast enhancement at the injection area was
observed, indicating that FITC-BSA-Gd/BCNU can enhance
T1 relaxation in deep tissues to exhibit a brightened imaging
compared with pretreatment (Figure 5B). These results indi-
cated that FITC-BSA-Gd/BCNU could generate sufficiently
strong T1-weighted MR imaging contrast enhancement for
tracking of chemotherapeutic agents in vivo.

Cellular uptake and in vitro cytotoxicity

studies

To confirm whether FITC-BSA-Gd NPs could efficiently
enter MBR 261-2 cells for enhancing the accumulated concen-
tration inside cells, fluorescent microscopy was used to track
the location and distribution of FITC-BSA-Gd NPs. The loca-
tion of FITC-BSA-Gd NPs in MBR 261-2 cells was shown by
green fluorescence, and the nuclei were stained in blue using
Hoechst (Figure 6A). The green fluorescence was observed in

close proximity to the nuclei and filled the cytoplasm, which
confirmed that FITC-BSA-Gd NPs were indeed inside the
cells and not simply adsorbed to the outer surface.

MBR 261-2 cells were exposed to BSA NPs or BSA-Gd
NPs at 12.5 pg/mL, 25 pg/mL, 50 pug/mL, 75 ug/mL,
150 pg/mL, and 300 pg/mL for 36 hours. Cell viability
was not significantly affected, whereas the concentration
increased to 300 pug/mL (Figure 6B). No significant differ-
ence was found between BSA NPs and BSA-Gd NPs, indi-
cating that the surface of BSA NPs modified with DTPA-Gd
would not induce toxicity toward cells and that BSA-Gd NPs
were biocompatible and nontoxic.

Cytotoxicity is related to the level of DNA interstrand
crosslinking, and DNA interstrand crosslinking is related to
the activity of BCNU. Briefly, the 2-chloroethanediazonium
ion binds to guanine residues of one DNA strand at the
06-position, producing a monoadduct.*? The occurrence
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Notes: (A) Fluorescence image of MBR 26 -2 cells after treatment with FITC-BSA-Gd NPs for 8 hours (green: FITC and blue: nuclei stained using Hoechst). (B) Cytotoxicity
of MBR 261-2 cells after incubation with BSA NPs or BSA-Gd NPs for 36 hours. (C) DNA interstrand crosslinking in MBR 261-2 cells after treatment with different
concentrations of BSA-Gd/BCNU NPs for 12 hours or 36 hours. (D) Viability of MBR 261-2 cells after treatment with different concentrations of BSA-Gd/BCNU NPs for

12 hours or 36 hours. Values are the mean £ SD (n=6).

Abbreviations: FITC, fluorescein isothiocyanate; BSA, bovine serum albumin; NPs, nanoparticles; BCNU, |,3-bis(2-chloroethyl)-|-nitrosourea; h, hours.

of interstrand crosslinking was only 9.8%%0.8% after
treatment with 80 pg/mL of BSA-Gd/BCNU NPs for
12 hours but increased to approximately three-fold to
29.9%%1.9% after 36 hours of incubation with only
60 pg/mL of BSA-Gd/BCNU NPs (Figure 6C), indicating
that the degradation or swelling level was not enough to
release sufficient BCNU for the induction of high level
of DNA interstrand crosslinking in short incubation time.
BCNU release was further increased with incubation time,
which confirmed the results of in vitro drug release.

We then investigated the in vitro anticancer ability of
BSA-Gd/BCNU NPs. The cytotoxicities of BSA-Gd/BCNU
NPs to MBR 261-2 cells were derived by the XTT assay
method compared with control (without treatment). BSA-Gd
NPs were proved to be nontoxic as mentioned earlier; how-
ever, BSA-Gd/BCNU NPs were toxic to MBR 261-2 cells
in a dose- and time-dependent manner. After 12 hours of
incubation with 80 pg/mL of BSA-Gd/BCNU, the inhibition
was only 37.1%%3.9%; perhaps only 9.5%+1.2% of BCNU
was released from BSA-Gd/BCNU NPs and induced only
9.8%10.8% of DNA interstrand crosslinking at this time.

The IC, (ie, the concentration required for 50% inhibition of
cellular growth) value of BSA-Gd/BCNU NPs significantly
decreased to 20.9 pug/mL upon treatment with BSA-Gd/
BCNU NPs for 36 hours, because more BCNU was released
(39.3%) and the level of DNA interstrand crosslinking
also increased to 27.7%10.9% (treatment with 80 pg/mL
of BSA-Gd/BCNU; Figure 6D), which also confirmed the
results of in vitro drug release and DNA interstrand cross-
linking studies.

In vivo antiproliferation efficiency

Treatment efficacy using FITC-BSA-Gd/BCNU NPs was
evaluated compared with control (without any treatment) and
FITC-BSA-Gd NP groups in mice with hypodermic tumors
induced by the injection of MBR 261-2 tumor cells. Over a
40-day period, the tumor growth was inhibited exhibiting a
slow increase in tumor volume till day 36 and then rapidly
grew to ~3,150.5£496.3 mm? from the initial tumor volume
(219.7£20.8 mm?®) when the mice received just one single
dose of FITC-BSA-Gd/BCNU NPs (effective BCNU dose of
5.5 mg/kg). Most likely, the mice received only one single
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Notes: (A) Quantitative analysis of the effects of various treatments on tumor size. Values are mean + SD (n=5). (B) Survival plots of animal experiments. FITC-BSA-Gd/
BCNU NPs provided significant tumor inhibition and increase in animal survival relative to the other groups. Values are represented as mean + SD (n=5). Animals were

euthanized when the implanted tumor volume reached 3 cm’.

Abbreviations: FITC, fluorescein isothiocyanate; BSA, bovine serum albumin; NPs, nanoparticles; BCNU, [,3-bis(2-chloroethyl)- I -nitrosourea.

dose of FITC-BSA-Gd/BCNU NPs that did not have suf-
ficient BCNU to maintain the inhibition of tumor growth.
We believe that the efficiency of tumor inhibition would be
better if the mice received two injections of FITC-BSA-Gd/
BCNU NPs. Conversely, the tumor volumes increased to
4,697.4£307.8 mm® and 4,859.6+437.8 mm’® in the mice
that received FITC-BSA-Gd NPs and in the control groups,
respectively, within 21 days (Figure 7A). The median ani-
mal survival time for the mice that received FITC-BSA-Gd/
BCNU NP treatment increased to 38 days from 21 days
(control group) and 22 days (FITC-BSA-Gd NPs; Figure 7B).
Our results revealed that FITC-BSA-Gd/BCNU NPs could be
a powerful agent for real-time tracking of chemotherapeutic
agents in vitro and in vivo that also exhibited effective tumor
inhibition.

Conclusion

We have demonstrated BCNU-encapsulated BSA NPs with
dual MR-fluorescence imaging (FITC-BSA-Gd/BCNU)
for real-time tracking of chemotherapeutic agents in the
body or tumor. The BSA-based NPs prepared using the
desolvation—denaturation method were water dispersible,
stable, and nontoxic. The LE could be increased to 27%,
and the release rate also could be controlled with appropriate
surface modification. Our imaging data clearly indicate that
FITC-BSA-Gd/BCNU NPs have good fluorescence proper-
ties and a high T1 relaxivity (R1) value of 3.25 mM™ s/,
which is similar to that of the commercial T1 contrast agent
(R1=3.36 mM™" s7), and the high-contrast ability was also
confirmed with in vivo brain imaging. The in vitro studies

revealed that FITC-BSA-Gd/BCNU NPs were biocompatible
and showed noticeable cytotoxicity to MBR 261-2 cells with
low IC,, value, providing a versatile platform for efficient
chemotherapy with dual mode self-confirmed bioimaging.
Furthermore, the in vivo antitumor efficiency and the con-
cerning possible protein immunogenicity of this drug delivery
platform would be investigated to ensure its potential in
clinical application.
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