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ORIGINAL ARTICLE

Cytotoxicity and apoptotic gene expression in an in vitro model of the blood–brain
barrier following exposure to poly(butylcyanoacrylate) nanoparticles

Andrew M. Halla,b, Ruth Hemmera, Robert Spauldinga, Hanna N. Wetzela, Joseph Curcioa, Bernhard A. Sabelc,
Petra Henrich-Noackc, Sarah Pixleyd, Tracy Hopkinsd, Richard L. Boycea, Patrick J. Schultheisa and Kristi L. Haika

aDepartment of Biological Sciences, Northern Kentucky University, Highland Heights, KY, USA; bDepartment of Chemistry, Northern Kentucky
University, Highland Heights, KY, USA; cInstitute of Medical Psychology, Otto-von-Guericke University, Magdeburg, Germany; dMolecular and
Cellular Physiology Department, University of Cincinnati Medical Center, Cincinnati, OH, USA

ABSTRACT
Background Poly(butylcyanoacrylate) (PBCA) nanoparticles (NPs) loaded with doxorubicin (DOX) and coated
with polysorbate 80 (PS80) have shown efficacy in the treatment of rat glioblastoma. However, cytotoxicity
of this treatment remains unclear.
Purpose The purpose of this study was to investigate cytotoxicity and apoptotic gene expression using a
proven in vitro co-culture model of the blood–brain barrier.
Methods The co-cultures were exposed to uncoated PBCA NPs, PBCA-PS80 NPs or PBCA-PS80-DOX NPs at
varying concentrations and evaluated using a resazurin-based cytotoxicity assay and an 84-gene apoptosis
RT-PCR array.
Results The cytotoxicity assays showed PBCA-PS80-DOX NPs exhibited a decrease in metabolic function at
lower concentrations than uncoated PBCA NPs and PBCA-PS80 NPs. The apoptosis arrays showed differen-
tial expression of 18 genes in PBCA-PS80-DOX treated cells compared to the untreated control.
Discussion As expected, the cytotoxicity assays demonstrated enhanced dose-dependent toxicity in the
DOX loaded NPs. The differentially expressed apoptotic genes participate in both the tumor necrosis factor
receptor-1 and mitochondria-associated apoptotic pathways implicated in current DOX chemotherapeutic
toxicity.
Conclusion The following data suggest that the cytotoxic effect may be attributed to DOX and not the
NPs themselves, further supporting the use of PBCA-PS80 NPs as an effective drug delivery vehicle for treat-
ing central nervous system conditions.
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Background

Over 1.5 billion people worldwide suffer from central nervous sys-
tem (CNS) diseases, disorders and injuries.[1] Many of these neuro-
logical conditions lack satisfactory treatments, creating a need for
improved drug therapies. Drug delivery to the brain presents a
considerable challenge due to the highly selective permeability of
the blood–brain barrier (BBB). This selectivity is necessary for the
BBB to maintain cerebral homeostasis and prevent foreign mole-
cules from gaining access to the brain. The BBB is primarily com-
posed of brain capillary endothelial cells (BCECs) and is
anatomically and physiologically supported by multiple structures,
including: pericytes, astrocytes, microglial cells and neurons.[2,3]
Integral membrane proteins between BCECs form tight junctions
which, along with multidrug resistance proteins (like P-glycopro-
tein), are largely responsible for the high selectivity currently
reported to block more than 98% of CNS drugs.[4,5] Consequently,
it is essential to develop new methods for safe and effective drug
delivery to the CNS.

Nanotechnology provides an approach to deliver drugs to tar-
gets within the CNS while also enhancing the drugs’ efficacy.
Nanoparticle (NP)-drug complexes have the potential to transport
drugs across the BBB to a target using a non-invasive, systemic
delivery method.[6] A wide range of CNS drugs can be delivered

to the brain via NPs without modifying the drug molecule itself.
These include small drugs, peptides and proteins and may cross
the BBB using a variety of mechanisms that are not fully eluci-
dated.[3,7–10] Despite a lack of concrete mechanistic understand-
ing, a number of promising brain-specific NP delivery systems have
been developed and evaluated.[2,11–17] Many studies showing ef-
fective drug transport across the BBB use low molecular weight
poly(butylcyanoacrylate) (PBCA) NPs.[18] The addition of a polysor-
bate 80 (TweenVR 80, PS80) coating facilitated delivery and
increased the efficacy of otherwise non-diffusible drugs, including
the chemotherapeutic agent doxorubicin (DOX).[19–22] When DOX
was bound to PBCA NPs, coated with PS80 and administered to
rats intravenously, the drug was detected in the brain at therapeut-
ic concentrations. Increased efficacy of the DOX-loaded, PS80-
coated PBCA NPs drug delivery system was validated in a rat
model of intracranial glioblastoma when a significant anti-tumor ef-
fect was observed following intravenous tail vein injection.[23]

The proposed mechanisms of action for DOX suggest it binds
to multiple molecular targets, including DNA-associated enzymes
that intercalate DNA base pairs, topoisomerases I and II and pro-
teins responsible for activation of the tumor suppressor p53.
This broad range of targets allows the drug to play a role in both
tumor anti-proliferation and cytotoxicity, often through apoptotic
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mechanisms.[24–28] This same diversity in molecular targets can
often lead to unintended toxicity to non-tumorous tissues through-
out the body. DOX is capable of inducing apoptosis, necrosis
(especially at high doses), and possibly autophagy in healthy tissue
in the brain, liver, kidney and heart.[24,29,30] Systemic administra-
tion of DOX causes an increase in reactive oxygen species (ROS)
that is recognized by toll-like receptor 4, which subsequently
increases the level of the inflammatory cytokine tumor necrosis fac-
tor-alpha (Tnf), the ligand for the tumor necrosis factor receptor-1
(Tnfr1). Both ROS-mediated mitochondrial permeability and Tnfr1
activation are known to induce apoptosis in many cells.[31,32] The
ability of DOX to impede neoplastic cells and slow disease progres-
sion is limited by its unintended toxicity on noncancerous cells in
the human body. It is therefore essential to devise a drug delivery
system that would reduce or eliminate the adverse effects of DOX.
This may be accomplished by reducing the total dose and selective-
ly targeting greater concentrations of the drug to the tumor.

Although a great deal of evidence supports the therapeutic
potential of PBCA NPs, there are concerns that NPs themselves
might be toxic.[33] The same properties that influence NP uptake
by cells, such as surface charge and hydrophobicity, may also con-
tribute to unintended toxicity.[23,34–36] Specifically, Gelperina and
colleagues showed that properties of the coating surfactant and
other formulation parameters, such as core polymer, drug attach-
ment and surface functional groups may be responsible for brain
delivery of nanoparticles.[37] These same characteristics have also
been shown to affect NP toxicity.[38,39] It is imperative to under-
stand the toxicity of NPs used in the CNS, as they may comprom-
ise the integrity of the BBB and cause acute or long-term
consequences.

The objective of this study was evaluate cytotoxicity and differ-
ential gene expression of PBCA NPs with and without the addition
of DOX in model of the BBB using a co-culture of primary rat brain
astrocytes and BCECs. Hyperspectral imaging techniques were also
used to identify the presence of PBCA-PS80-Rhodamine within
astrocytes, indicating the ability of this NP complex to cross the
astrocyte cell membrane. In vitro resazurin-based toxicology assays
were used to analyze cytotoxicity due to mitochondrial events and
an 84-gene PCR array was used to monitor differential apoptotic
gene expression.

Methods

Ethics statement

All animals were treated in accordance with the National Institutes
of Health PHS Policy on Humane Care and Use of Laboratory
Animals (2002), and all animal protocols were reviewed and
approved by the Northern Kentucky University Institutional Animal
Care and Use Committee.

Nanoparticle preparation

Uncoated PBCA NPs (102 nm) and PBCA-PS80 NPs (130 nm) were
obtained from The Institute of Medical Psychology (Otto-von-
Guericke University, Magdeburg, Germany). For the uncoated PBCA
NPs, two separate solutions were prepared: Solution A (0.024 g
sodium dodecyl sulfate [SDS] and 4.8 ml 0.1 M phosphoric acid)
and Solution B (0.077 g soy bean oil and 1.2 g butylcyanoacrylate
[at 4 �C]). Solution B was then mixed with Solution A, and a mini-
emulsion was produced with an ultrasonic homogenizer (71% of
maximum output; 4 min). In parallel, a beaker with 4.8 ml of 0.1 M
ammonia solution was put on a magnetic stirrer. The milky

mini-emulsion was slowly poured into the ammonia solution and
the pH was adjusted to 7 within the next 5 min by adding ammo-
nia solution. The resulting suspension was stored in the dark
at 6 �C.

For the PBCA-PS80 NPs, two separate solutions were prepared:
Solution A (0.513 g Polysorbate 80 and 9 ml 0.8 M phosphoric
acid) and Solution B (0.09 g soy bean oil and 2.3 g butylcyanoa-
crylate [at 4 �C]). Solution B was then mixed with Solution A. The
mixture was placed in an ice bath, and a mini-emulsion was pro-
duced with an ultrasonic homogenizer (70% of maximum output;
2 min). In parallel, a beaker with 9 ml of 0.8 M ammonia solution
was put on a magnetic stirrer. The milky mini-emulsion was slow-
ly poured into the ammonia solution and the pH was adjusted to
7 within the next few minutes by adding ammonia solution. The
resulting suspension was stored in the dark at 6 �C. The NPs con-
taining DOX (160 nm) and the rhodamine-123 labeled NPs
(160 nm) were purchased from Capsulution Nanoscience AG
(Berlin, Germany).

Cell isolation and co-culture

Astrocytes and BCECs were isolated from rat brain cortex and co-
cultured utilizing procedures adapted from Garcia-Garcia et al. and
Szabo et al. [40,41]. For BCEC isolation, brain cortex from two-week
old Sprague-Dawley rats (Harlan Laboratories, Indianapolis, IN) was
isolated, mechanically disrupted, and incubated at 37 �C in DMEM/
F12 (Invitrogen, Pittsburgh, PA) containing 0.1 mg/ml collagenase-
dispase (Sigma-Aldrich, St. Louis, MO), 30 lg/ml gentamycin
(Sigma-Aldrich) and 0.25 lg/ml amphotericin B (Sigma-Aldrich) for
1.5 h. Cold DMEM/F12 was added and the homogenate was centri-
fuged and the pellet was re-suspended in 25% bovine serum albu-
min (Sigma-Aldrich) and centrifuged again. This pellet was then
digested for 1 h at 37 �C in DMEM/F12/collagenase-dispase/genta-
mycin/amphotericin B solution as above. This digest was then fil-
tered through nylon mesh with a 10 lm filter (Millipore, Darmstadt,
Germany) and washed three times with DMEM/F12. Capillary frag-
ments were recovered and seeded onto a 75 cm2 tissue culture
flask coated with collagen type IV (Sigma-Aldrich) in EBMTM-2 cul-
ture medium (Lonza, Basel, Switzerland) with 10% FBS (Atlanta
Biologicals, Flowery Branch, GA), 3 lg/ml puromycin (Sigma-
Aldrich), 30 lg/ml gentamycin, and 0.25 lg/ml amphotericin B and
then incubated at 5% CO2 and 37 �C. After 3 days, the media was
changed to EBMTM-2 culture medium supplemented with EGMTM-2
MV SinglequotsVR (Lonza). Initial treatment of the capillaries with
puromycin eliminates contaminating cells, because puromycin is
toxic to cells lacking P-gp, which is expressed at a high level in rat
BCECs. This treatment allows rat BCECs to proliferate with the ap-
propriate shape and transendothelial electrical resistance.[40,41]

For astrocyte isolation, 1–3 days old Sprague–Dawley rat brains
were extracted, the meninges were removed, and the cortex was
isolated. The cortex was then disaggregated with 10 ml of 7.5 mM
EDTA (Sigma-Aldrich) in Ca2þ/Mg2þ-free PBS using a 10 ml pipette
for 10 min at room temperature. The homogenized tissue was
passed through an 80 lm filter (Millipore), and the cells were
washed off the filter into a 75 cm2 tissue culture flask with 15 ml
of DMEM/F12 containing 20% FBS and an antibiotic solution of
10 000 units/ml of penicillin, 10 000 lg/ml of streptomycin, and
25 lg/ml of FungizoneVR (Invitrogen). Cells were incubated at 5%
CO2 and 37 �C, and the medium was changed every 3 days. After
7 days, the flasks were shaken for 24 h at 37 �C to eliminate the
contaminating microglia. Immunocytochemistry was performed
to verify cellular morphology of both astrocytes and BCECs
(Supplemental Figure S1).
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Co-culture was accomplished as follows: after the first or second
passage, astrocytes were grown to approximately 90% confluency
and plated on FalconVR 24-well (cytotoxicity assays) or 96-well
plates (RT-PCR) (Thermo Fisher Scientific) at 150 000 cells/well and
30 000 cells/well respectively. The following day, BCECs (first or
second passage; at approximately 90% confluency) were plated at
the same concentrations on top of the astrocytes. The cells were
incubated at 5% CO2 and 37 �C for 6–7 days with regular media
changes using 50% astrocyte culture media and 50% BCEC culture
media (outlined above).[40,41]

Hyperspectral imaging of PBCA-PS80-rhodamine NPs in
astrocytes

Primary rat brain astrocytes were plated at a density of 50 000
cells/coverslip, incubated at 37 �C and 5% CO2 for 48 h, and treated
with 125 lg/ml PBCA-Rhodamine-PS80 NPs for 24 h. Cells were
fixed in ice cold methanol for 10 min, and the coverslips were
mounted on slides for hyperspectral analysis. The CytoViva Optical
and Hyperspectral Imaging System (CytoViva, Auburn, AL) were
used to capture and analyze the images. The scanned astrocytes
were imaged at 100�with an Olympus BX-43 Microscope
equipped with the patented CytoViva illumination system and a
100W quartz-halogen light source. Spectral data were captured
with the CytoViva spectrophotometer and integrated CCD camera.
Spectral analysis was performed with the CytoViva hyperspectral
analysis software program.

Cytotoxicity bioassay

The metabolic activity of living cells was evaluated using the
TOX-8 Resazurin-Based In Vitro Toxicology Assay Kit (Sigma-
Aldrich) on media collected 24 h and 48 h after exposure to NPs,
according to the manufacturer’s instructions. Samples were then
measured using a SpectraMaxVR 190 spectrophotometer
(Molecular Devices, Sunnyvale, CA). Absorbance measurements
were made at 600 nm with a reference wavelength of 690 nm
that was subtracted from the primary wavelength measurement.
The assays were performed three times, in quadruplicate, using
primary cell lines obtained from different animals (three biologic-
al replicates). The means of the absorbance values for each sam-
ple were calculated, and comparisons between controls and
PBCA NP treatment groups were analyzed using SPSS (IBM
Corp., Chicago, IL).

Real time (RT)-PCR gene analysis

RNA was isolated from cellular co-cultures using the RNeasy Mini
Kit according to the manufacturer’s instructions and included
DNase treatment (SABiosciences, Valencia, CA). For each sample,
RNA was quantified using a ND-1000 Spectrophotometer (Thermo
Fisher Scientific) and converted into cDNA (SABiosciences) on a
PTC-100 thermocycler (MJ Research, Hercules, CA). Apoptosis-
related gene expression was evaluated using a Rat Apoptosis RT2

Profiler PCR Array (PARN-012A) (SABiosciences) in a 7300 Real Time
PCR System (Applied Biosystems, Foster City, CA). The assays were
performed three times per time point, using primary cell lines
obtained from different animals (three biological replicates).
Statistical analysis was conducted using RT2 ProfilerTM PCR Array
Data Analysis (SABiosciences) and SPSS (IBM Corp., Chicago, IL).
Significance is reported from a one-way ANOVA with Dunnett post-
hoc analysis.

Results

Hyperspectral imaging of PBCA-PS80-rhodamine NPs in
astrocytes

Uptake and intracellular availability of the PBCA-PS80-Rhodamine
NPs in astrocytes were determined by analyzing images using the
CytoViva Optical and Hyperspectral Imaging System. First, a high
signal-to-noise spectral image was obtained of PBCA-PS80-
Rhodamine NPs in solution on a glass slide. The image exhibited a
spectral signature that showed a prominent peak near 570 nm and
an abrupt drop at shorter wavelengths (Figure 1A), thus providing
a unique signal for spectral mapping of PBCA-PS80-Rhodamine
NPs in astrocytes. Figure 1(B) is a hyperspectral image of an astro-
cyte following incubation with PBCA-PS80-Rhodamine NPs at a
concentration of 125 lg/ml. The presence of PBCA-PS80-
Rhodamine NPs in the astrocyte was confirmed by comparing the
spectral signatures in Figure 1(A) to those shown in Figure 1 (B
and C) shows, in red, the pixels that spectrally confirm the pres-
ence of PBCA-PS80-Rhodamine NPs in the astrocyte.PBCA-PS80-
Rhodamine NPs were not mapped in the control cell, as indicated
by the absence of red pixels in the image (Figure 1D).

Cytotoxicity bioassay

Cytotoxicity of uncoated PBCA, PBCA-PS80 and PBCA-PS80-DOX
NPs was evaluated in the co-culture system using a resazurin-
based toxicology assay. Cytotoxicity of the NPs was indicated as a
function of reduced cellular metabolic activity exhibited by a de-
crease in the bio-reduction of the resazurin dye in the
mitochondria.

Figure 2 shows the combined results from three resazurin
assays, derived from three independent experiments and per-
formed as three biological replicates. Twenty-four hours after
NP exposure, significant toxicity compared to the negative control
(untreated cells) was shown only in co-cultures treated with
the highest concentration (500 lg/ml) of uncoated PBCA NPs
and PBCA-PS80 NPs (Figure 2A), while cells exposed to the PBCA-
PS80-DOX NPs showed significant toxicity at concentrations of
125 lg/ml and higher (Figure 2A; F19,220¼39.65, p< 0.001).
Following 48 h of exposure, the co-cultures demonstrated
variable toxicity to the uncoated PBCA, showing a significant
difference compared to the negative control at concentrations of
7.81,125 and 500 lg/ml. However, at both the 7.81 and 125 lg/ml
concentrations, these co-cultures were also significantly different
compared to the positive control. In contrast, cells treated
with PBCA-PS80 NPs only showed toxicity at the highest
concentration (500 lg/ml; Figure 2B). Cells exposed to PBCA-PS80-
DOX NPs showed significant toxicity compared to the negative
control at concentrations of 125 lg/ml and higher (Figure 2B;
F19,220¼34.76, p< 0.001), similar to the results at the 24 h time
point.

Real time (RT)-PCR gene analysis

Following treatment of co-cultures with NPs, the mRNA expression
levels of 84 apoptosis-related genes were analyzed by quantitative
RT-PCR. For this purpose, the three treatment groups (uncoated
PBCA, PBCA-PS80 and PBCA-PS80-DOX NPs) were compared to un-
treated cells at both 8 h and 24 h following NP exposure and eval-
uated for DCt, 2�DCt, expression relative to control and fold
regulation. Fold regulation is equal to the expression relative to
control for values�1 and to the negative reciprocal of expression
relative to control for values<1. Tables 1–4 show DCt values and

JOURNAL OF DRUG TARGETING 637



expressions relative to control for the 18 genes that showed signifi-
cant changes in expression (p< 0.05), using a one-way ANOVA of
2�DCt values. A complete list showing the alterations in these 18
genes for all experimental conditions is provided in Supplementary
material (Supplemental Tables S1–S6). Co-cultures treated with
PBCA-PS80-DOX NPs for 8 h showed significant mRNA downregula-
tion of Aven, Bcl10, Bnip1, Casp8, Casp9, Cflar, Cradd, Faim, Ripk2,
Sphk2 and Tradd (at both 7.8 lg/ml and 31.25 lg/ml), Apaf and Bcl2
(at 7.8 lg/ml) and Bak1, Bcl2l1, Fadd and Traf2 (at 31.25 lg/ml)
compared to untreated cells as determined by fold regulation
analysis (Figures 3 and 4). Cideb was the only gene that exhibited
significant upregulation at a concentration of 7.8 lg/ml (Figure 4A).
Tradd is the only gene that showed altered expression when
exposed to PBCA-PS80 and PBCA-PS80-DOX NPs for 24 h
(Figure 3B).

These results indicate that co-cultures exposed to PBCA-PS80-
DOX NPs exhibit alterations in apoptosis-related genes compared
to untreated cells. The identified genes play roles in both the in-
trinsic, mitochondria-associated and extrinsic, receptor-associated,
apoptotic pathways (Figure 5). No significant differences in the ex-
pression of apoptosis-related genes were detected in co-cultures
exposed to uncoated PBCA NPs or PBCA-PS80 NPs at either time
point (Figures 3 and 4).

Discussion

Poly(butylcyanoacrylate) (PBCA) NPs have great potential to serve
as a vehicle for drug transport across the BBB, resulting in
enhanced drug delivery to the brain,[21] but unintended cellular
toxicity must be assessed. To accomplish this, an in vitro model of
the BBB was used to evaluate cytotoxicity and apoptosis-related
gene expression of co-cultured astrocytes and BCECs exposed to
uncoated PBCA, PBCA-PS80 and PBCA-PS80-DOX NPs. This model
of the BBB has been described previously and is shown to be con-
sistent with in vivo BBB integrity. This was demonstrated by expres-
sion of P-glycoprotein in ECs, and the presence of efficient tight
junctions, as demonstrated by positive staining for ZO-1 and occlu-
din. In addition, functionality of the BBB model was confirmed by
measuring the permeability coefficients of sucrose and
insulin.[40,42–44]

Previous studies indicated no significant difference in toxicity
between PS80-coated and uncoated PBCA NPs at concentrations
up to 20 lg/ml.[18,22] Our results further support this idea in two
ways: (i) co-cultures exposed to PBCA-PS80 NPs demonstrated low
to no cytotoxicity, as determined by resazurin assays; (ii) PBCA-
PS80 NP treated co-cultures did not show significant changes in
apoptosis-related gene expression. Given the potential of PS80 to

Figure 1. Hyperspectral imaging. (A) Spectral signature of PBCA-PS80-Rhodamine NPs in solution on a glass slide. (B) Hyperspectral image of an astrocyte following incu-
bation with 125 lg/ml PBCA-PS80-Rhodamine NPs. (C) Same image as (B) showing in red the pixels that spectrally confirm the presence of PBCA-PS80-Rhodamine NPs in
the astrocyte. (D) Hyperspectral image of an astrocyte not exposed to NP.
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facilitate delivery of drug-loaded PBCA NPs through the BBB, fur-
ther study of this and other NP-surfactant combinations with anti-
cancer drugs is warranted.

The resazurin cytotoxicity assays did not show significant tox-
icity in co-cultures treated with PBCA-PS80 NPs (except at the high-
est, non-therapeutic dose) at either time point (Figure 2),
indicating that the PS80 surfactant is not toxic in levels likely to be
used in vivo. As previously stated, both the 7.81 and 125 lg/ml
concentrations of uncoated PBCA NPs on the co-culture were toxic

compared to both positive and negative controls after 48 h expos-
ure (Figure 2B). This indicates that these cells are near the mid-
point of the viable/non-viable continuum, making it difficult to
accurately interpret these results. The assays did demonstrate that
PBCA-PS80-DOX NPs were significantly more toxic compared to

Table 1. Significant Tnfr1-related genes from co-cultures exposed to PBCA-PS80-
DOX NPs at 8 h.

Gene
DCt (n¼ 3)

Expression relative to
control

Control 7.8 lg/ml 31.25 lg/ml 7.8 lg/ml 31.25 lg/ml

Casp8 7.013 6 0.633 8.680 6 0.165 8.690 6 0.387 0.315* 0.312*
Cflar 4.300 6 0.093 5.830 6 0.084 5.687 6 0.269 0.346* 0.382*
Cradd 8.920 6 0.047 14.230 6 0.129 11.230 6 0.471 0.025* 0.201*
Fadd 6.910 6 0.220 7.590 6 0.348 9.530 6 0.006 0.624 0.162*
Ripk2 5.320 6 0.137 6.680 6 0.179 6.880 6 0.222 0.390* 0.339*
Tradd 6.077 6 0.124 7.233 6 0.407 7.597 6 0.374 0.448* 0.348*
Traf2 6.777 6 0.078 7.543 6 0.421 8.570 6 0.584 0.588 0.288*

DCt values are displayed as mean 6 SE of three replicates. Gene expression rela-
tive to control (untreated) cells is the mean normalized gene expression (2�DCT)
of the control group divided by the mean normalized gene expression of the
treatment group (*p< 0.05).

Table 2. Tradd: a Tnfr1-related gene from co-cultures exposed to PBCA-PS80 NPs
at 24 h.

Gene
DCt (n¼ 3)

Expression relative to
control

Control 7.8 lg/ml 31.25 lg/ml 7.8 lg/ml 31.25 lg/ml

Tradd 4.467 6 0.235 5.767 6 0.231 5.757 6 0.498 0.408* 0.409*

DCt values are displayed as mean 6 SE of three replicates. Gene expression rela-
tive to control (untreated) cells is the mean normalized gene expression (2�DCT)
of the control group divided by the mean normalized gene expression of the
treatment group (*p< 0.05).

Table 3. Tradd: a Tnfr1-related genes from co-cultures exposed to PBCA-PS80-
DOX NPs at 24 h.

Gene
DCt (n¼ 3)

Expression relative to
control

Control 7.8 lg/ml 31.25 lg/ml 7.8 lg/ml 31.25 lg/ml

Tradd 4.467 6 0.235 5.917 6 0.301 8.237 6 0.392 0.367* 0.049*

DCt values are displayed as mean 6 SE of three replicates. Gene expression rela-
tive to control (untreated) cells is the mean normalized gene expression (2-DCT) of
the control group divided by the mean normalized gene expression of the treat-
ment group (*p< 0.05).

Table 4. Significant genes related to intrinsic apoptotic pathways from co-cultures
exposed to PBCA-PS80-DOX NPs at 8 h.

Gene
DCt (n¼ 3)

Expression relative to
control

Control 7.8 lg/ml 31.25 lg/ml 7.8 lg/ml 31.25 lg/ml

Apaf1 7.183 6 0.320 9.187 6 0.384 9.270 6 0.828 0.249* 0.235
Aven 6.387 6 0.196 9.270 6 0.089 8.737 6 0.629 0.136* 0.196*
Bak1 5.477 6 0.189 6.123 6 0.336 6.850 6 0.269 0.639 0.386*
Bcl10 4.607 6 0.160 6.45 6 1.025 6.230 6 0.430 0.279* 0.324*
Bcl2 8.073 6 0.264 11.380 6 0.759 8.623 6 0.110 0.101* 0.682
Bcl2l1 3.749 6 0.588 5.112 6 0.589 6.701 6 0.844 0.389 0.129*
Bnip1 6.293 6 0.075 7.803 6 0.121 7.440 6 0.315 0.351* 0.451*
Casp9 7.860 6 0.200 8.973 6 0.367 9.573 6 0.298 0.462* 0.305*
Cideb 11.610 6 0.159 9.967 6 0.147 11.487 6 0.115 3.125* 1.088
Faim 6.657 6 0.260 8.427 6 0.524 9.720 6 1.379 0.293* 0.119*
Sphk2 5.297 6 0.078 6.150 6 0.351 6.657 6 0.310 0.553* 0.389*

DCt values are displayed as mean 6 SE of three replicates. Gene expression rela-
tive to control (untreated) cells is the mean normalized gene expression (2�DCT)
of the control group divided by the mean normalized gene expression of the
treatment group (*p< 0.05).

Figure 2. Resazurin Bioassays. Cytotoxicity was measured in vitro using resazurin bioassays at (A) 24 h and (B) 48 h. Samples were compared to both positive controls
(azide-treated co-cultures) and negative controls (untreated co-cultures). Values shown represent means 6 SE. Tukey post-hoc analysis was performed to determine signifi-
cance to controls (*p< 0.05 compared to negative control; †p< 0.05 compared to positive control).
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uncoated PBCA or PBCA-PS80 NPs following both 24 h and 48 h
exposure to the co-cultures (Figure 2).

Results from the cytotoxicity assays were further complemented
by those obtained from RT-PCR. Co-cultures exposed to PBCA-
PS80-DOX exhibited differential expression (particularly after 8 h of
exposure) in genes related to both the intrinsic, mitochondria-asso-
ciated and extrinsic, Tnfr1-associated apoptotic pathways currently
known to play a role in DOX toxicity (Figures 3 and 4). DOX is
known to induce pro-apoptotic activity of a key apoptotic tran-
scription factor, Nf-jb, in a non-canonical mechanism by provoking
degradation of its inhibitory subunits (Ikk).[45]

Canonical Nf-jb regulation is the extrinsic pathway and involves
the binding of Tnf-alpha to Tnfr1 and subsequent recruitment of
the signaling proteins Tradd, Traf2 and Rip. Traf2, Rip and Ikk then
go on to activate Nf-jb (Figure 5). This receptor-mediated activation
is thought to lead to anti-apoptotic activity of Nf-jb. Our data show
downregulation of the genes encoding the Tradd, Traf2 and Rip
proteins, which would prevent Nf-jb from using this pathway for
survival signaling (Figure 3A). However, it is important to note that
this same signaling complex is able to recruit caspase 1 (Casp1) and
continue the apoptotic caspase cascade.[46] In addition, the Tradd/

Traf2/Rip complex may signal apoptosis after internalization into
the cytosol and dissociation from Tnfr1. Rip and Tradd then bind
the Fas-inducing death domain (Fadd) adaptor molecule and ultim-
ately recruit caspase 8 (Casp8).[47,48] Casp8 may then be inhibited
by Cflar (Flip/Casper), directly continuing the intrinsic, receptor-
associated apoptotic caspase cascade, or begin cross-talk with the
intrinsic mitochondria-associated apoptotic mechanism (Figure 5).
To facilitate this cross-talk, Casp8 would have to cleave Bid.
Truncated Bid (tBid) can then translocate to the mitochondrion,
leading to the oligomerization of Bak, ultimately resulting in the re-
lease of cytochrome C (CytoC). [47,49] For this reason, it was some-
what surprising that downregulation of the genes encoding Tradd,
Traf2, Ripk2, Fadd and Cflar was observed when the co-culture was
exposed to PBCA-PS80-DOX NPs for 8 h (Figure 3A).

Another Tnfr1-related, extrinsic signaling complex that can be
recruited upon Tnf-alpha binding consists of Cradd (Raidd) and
Rip. These proteins recruit caspase 2 (Casp2), which leads to the
continuation of the receptor-associated apoptotic caspase cas-
cade.[46] Interestingly, Cradd showed a large, significant downre-
gulation when the co-culture was exposed to 7.81 lg/ml PBCA-
PS80-DOX NPs for 8 h (Figure 3A).

Figure 3. Changes in fold regulation of significant genes related to the Tnfr1 pathway. (A) Co-cultures exposed to varying NPs for 8 h; and (B) Co-cultures exposed to
varying NPs for 24 h. Differences in expression that were found to be significant (p< 0.05) are marked with an asterisk.
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As previously mentioned, the unintended toxicity of DOX
often involves activation of the intrinsic, mitochondria-associated
apoptotic pathway in response to ROS. This study showed signifi-
cant downregulation of a few of the genes implicated in this path-
way after 8 h of exposure to PBCA-PS80-DOX NPs: Apaf1, Aven,
Bak1, Bcl10, Bcl2, Bcl2l1, Bnip1, Casp8 and Faim (Figure 4A). The Bcl
family of proteins is key to regulation of this pathway. Bcl2 is an
anti-apoptotic protein found in the membrane of the mitochon-
drion and is opposed by the pro-apoptotic proteins Bax and Bak.
Normal cells work to maintain a homeostatic ratio of Bcl2 to Bak
to contain CytoC inside the mitochondrion. Should Bax or Bak be
present in levels to overpower Bcl2, CytoC would be released from
the mitochondrion and into the cytosol.[24,49] Cytosolic CytoC is
capable of joining with Apaf1 to activate caspase 9 (Casp9)
through the formation of an apoptosome. Activation of the apop-
tosome causes subsequent caspase cleavage, ultimately resulting
in apoptosis. The anti-apoptotic protein, Aven, works to prevent
this pathway upstream by activating Bcl2l1 (Bclxl) (an inhibitor of
the Bax/Bak proteins) and downstream by inhibiting Apaf1.[50,51]
Faim, another anti-apoptotic protein, was recently indicated to

function downstream of Bax and Casp9 to inhibit subsequent
caspase activity. It is also interesting to note that Sole and
colleagues demonstrated that overexpression of Faim promoted
the nuclear localization of Nf-jb.[52] The pro-apoptotic protein
Bnip1 has recently been found to regulate mitochondrial fission
depending on levels of dynamin-related protein I (Drp1) and
Bcl2.[53] Another intrinsic, mitochondria-associated, pro-apoptotic
protein, Cideb,[54] was observed to be significantly upregulated
when the co-culture was exposed to 7.81 lg/ml PBCA-PS80-DOX
NPs for 8 h.

Modulations in the expression of many of these genes were
expected to be observed due to the ability of DOX to increase en-
dogenous levels ROS and Tnf-alpha. However, it was surprising
that an overwhelming majority of the genes, both pro- and anti-
apoptotic, were downregulated. Regarding this downregulation, it
is important to note that the timing of biochemical events in apop-
tosis depends on several factors, including time, cell type, inducing
agent, drug concentration and/or stimulus intensity. It is likely that
activation of these genes is an early event following exposure of
the co-cultures to PBCA-PS80-DOX NPs, so that by the 8 h time

Figure 4. Changes in fold regulation of significant genes related to intrinsic apoptotic pathways. (A) Co-cultures exposed to varying NPs for 8 h; and (B) Co-cultures
exposed to varying NPs for 24 h. Apaf1 exhibited an undetectable Ct response in one of the control replicates, so it is not represented here. Differences in expression that
were found to be significant (p< 0.05) are marked with an asterisk.
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point, these genes are being down-regulated. This may be further
supported by the lack of significance in all gene expression (except
the downregulation of Tradd) after 24 h of treatment. It is also like-
ly that the astrocytes and endothelial cells are undergoing different
apoptotic mechanisms, as was described by Punsawad et al. in
their study of cerebral malaria.[55] Specifically, Nf-jb was greatly
responsible for modulating apoptosis in brain endothelial cells, but
was not largely implicated in glial apoptosis.[55] A variety of
different factors are known to be responsible for controlling astro-
cyte apoptosis, and the pathway is often dependent on the cause
of cellular stress.[56]

Conclusion

In conclusion, significant cytotoxicity was not observed when the
co-culture model was exposed to PBCA NPs and PBCA-PS80 NPs
except for the highest, most unlikely, therapeutic concentrations.
Modulations in receptor-associated and mitochondria-associated
pathways have been well characterized in unintended DOX tox-
icity.[24,25,28,57,58] Many of the same apoptotic proteins showed
altered gene expression in our analysis. This suggests that the cel-
lular response to DOX may be the same for both delivery methods
(free DOX or DOX loaded PBCA-PS80 NPs) and indicates that
PBCA-PS80 NPs are an effective vehicle for delivery of DOX and
other potential treatments for CNS conditions.
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