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CTAB-coated gold nanorods elicit allergic response through degranulation

and cell death in human basophilsT
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The effect of CTAB (cetyltrimethylammonium bromide)- or PEG
(polyethylene glycol)-coated gold-nanorods (Au-NRs) on the non-
IgE mediated allergic response was studied. We found that the
CTAB-Au-NRs released more allergic mediators such as histamine
and B-hexosaminidase from human basophil KU812, a common
model for studying allergy, after 20 min incubation. Also, the
CTAB-Au-NRs induced more apoptosis than the PEG-Au-NRs in
KUS812 24 h after treatment. These short- and long-term effects
were not solely due to the CTAB residues in the supernatant des-
orbed from the Au-NRs.

Gold nanoparticles (Au-NPs) have been receiving a lot of attention
recently because of their size and unique optical properties. Their
unique and adjustable physical and chemical properties, including
surface/volume ratio, surface charges, magnetic and optical charac-
teristics,' allow them to be used for many new therapeutic applica-
tions>* such as microbial killing,* drug>® and nucleic acid delivery.”

Despite the wide interests in the biomedical field in using Au-NPs,
there are increasing concerns regarding the health and safety issues of
using Au-NPs in humans and animals. Noticeably, the fabrication
procedures of Au-NPs involve CTAB (cetyltrimethylammonium
bromide), which disrupts the cell membranes' and therefore is highly
cytotoxic.' To reduce the toxicity, CTAB coating can be replaced by
PEG (polyethylene glycol) through an ion exchange process. PEG is
much more biocompatible as a result of its non-immunogenicity,
non-antigenicity,”>™ and chemical inertness.”> Also, PEG provides
a stable anchor for biomolecule conjugation.”® For example, PEG
was used to cross-link DNA on Au-NPs for tumour-targeted gene
therapy, or recombinant enzyme methioninase for cancer therapy.'®
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Among various Au-NPs, gold nanorods (Au-NRs) have attracted
much attention owing to their unique structure. A recent study
reported that Au-NRs had lower toxicity than the spherical ones."”
Hence, we asked whether the CTAB- and PEG-coated Au-NRs
would cause any adverse effects in the human immune system, in
particular the induction of allergies.

In our previous study,'® we characterized our CTAB- and PEG-
coated Au-NRs. Briefly, the Au-NRs show excellent shape and size
uniformity (diameter: length = 15 &+ 1 nm: 64 £ 5 nm). The
extinction peaks of the CTAB- and PEG-coated Au-NRs are 790 and
800 nm, respectively (Fig. S1}). No fluorescence is emitted from the
Au-NRs under excitation.

We were curious to know whether the Au-NRs had any effects to
allergic reactions in human basophils. Two recent studies investigated
the effect of NPs in human dendritic cells’ and mice.?® Yet, the effect
of Au-NRs on the degranulation of allergic mediators in basophils
has not been clearly elucidated. Therefore, we performed the hista-
mine- and B-hexosaminidase-release assay to study allergic degran-
ulation in KUB812 cells after treatment with Au-NRs (Fig. 1).

Histamine and B-hexosaminidase are the two best-known media-
tors of allergic reactions, and are stored in the acidic granules in
basophils. Upon specific binding of allergens to the corresponding
IgE molecules on the Fc receptors of basophils, the allergic mediators
will be released for IgE-mediated allergic reactions.*** Also, recent
findings indicate that many environmental pollutants, such as
bisphenol A, are able to trigger allergic reactions in the absence of IgE
production. In the light of these findings, we hypothesized that the
CTAB-coated Au-NRs would be a potent secretagogue to release
allergic mediators in the absence of IgE, while the PEG-coated Au-
NRs show minimal effect. In this connection, we used ELISA to
measure the histamine released from KUS812, a common human
basophil model,®® and enzymatic assay to quantify the amount of -
hexosaminidase in the buffer after degranulation.

As shown in Fig. 1, the CTAB-coated Au-NRs induced the release
of histamine and PB-hexosaminidase readily in a dose-dependent
manner (20-100% of total release). Notably, fMLP (1 uM), a strong
chemoattractant that elicits degranulation,® only released ~50 and
40% of the total histamine and B-hexosaminidase respectively from
the cell lysate. Apart from the Au-NRs, we also tested the toxicity of
the supernatant of the Au-NRs, which contains free CTAB or PEG
molecules as a result of desorption.’® The supernatant also showed
a positive effect, but the degree of release was much less than that of
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Fig. 1 Effects of the CTAB-, PEG-coated Au-NRs and their superna-
tants on the release of histamine and B-hexosaminidase in KU812 cells.
Basophils (1 x 10° ml~") were treated with medium alone, fMLP (1 uM),
the CTAB- or PEG-coated Au-NRs at the concentration as indicated or
the supernatant from the 1.00 nM CTAB- or PEG-coated Au-NRs at
37 °C and 5% CO, for 20 min. After treatment, cell supernatants were
submitted to the histamine release or B-hexosaminidase release assay.
One hundred% total release was obtained from the cell lysate with 0.1%
(v/v) Triton X-100. Results are mean + SD (n = 3), * p < 0.05; # p < 0.01
compared to control.

the corresponding CTAB Au-NR preparation (1.00 nM) (35% vs.
100% of the total histamine). This result indicates that CTAB in the
supernatant is not the primary source for histamine and B-hexosa-
minidase release. The PEG-coated Au-NRs also gave a similar trend
of release but to a lesser extent (10-35% of total release) (Fig. 1).
Consistent with this observation, the supernatant from the PEG Au-
NRs also showed a minimal effect (~10%). Of particular note here is
that incubation of KU812 cells with the Au-NRs for 20 min was
sufficient to trigger allergic degranulation.

Next, we examined the cytotoxicity in KUS812 cells by the alamar
blue assay, an assay monitoring the metabolic activity through redox
reactions.” As shown in Fig. 2a, the PEG-coated Au-NRs did not
show any immediate or long-term toxic effects. More than 70% of the
cells remained viable after challenge (Fig. 2a). Under the same

(a) (b)

120
120

z -

i # -O-CTAB-NR (4 hrs) * E

S ~O-PEG-NR (4 hrs) S 6

S % <

S : “#-CTAB-NR (24 hrs) S

3 °
~@-PEG-NR (24 hrs) B

CTAB-NR

. L
Control

1M STS

PEG-NR
supernatant  supernatant

0 02 04 0.6 08 1 12
Nanorods concentration (aM)

Fig. 2 Effects of the CTAB, PEG-coated Au-NRs, and their superna-
tants on the cytotoxicity in KU812 cells. Basophils (1 x 10° ml~") were
treated with the CTAB- and PEG-coated Au-NRs at the concentrations
as indicated at 37 °C and 5% CO, for 4 or 24 h. The cell viability was then
determined by alamar blue assay as described (opened square: CTAB Au-
NR, 4 h; closed square: CTAB Au-NR, 24 h; opened circle: PEG Au-NR,
4 h; closed circle: PEG Au-NR, 24 h) (a). The toxicity of the supernatants
from the CTAB- and PEG-Au-NR supernatants (1.00 nM) was
compared to the control and positive control (1 pM STS) (b). Results are
mean + SD (n = 3). * p <0.05; # p < 0.01 compared to control.

conditions, the CTAB-coated Au-NRs exhibited a strong cytotox-
icity with an ICsq around 0.15 nM in both the 4 and 24 h treatment.
Also, a strong toxicity was observed in KUS812 cells when they were
incubated with the supernatant of the CTAB-coated Au-NRs
(1.00 nM) while the supernatant from the PEG Au-NRs (1.00 nM)
had no toxicity when both were compared to the apoptogenic posi-
tive control staurosporine (STS) (1 uM) (Fig. 2b). These observations
agreed well with our previous findings in human erythrocytes™ that
the free CTAB is one of the sources of toxicity. The presence (0, 5, 10,
20% (v/v)) of fetal bovine serum (FBS) in the culture medium had no
effect on the cytotoxicity of both Au-NRs (Fig. S21). Furthermore,
incubation of cells with CTAB- or PEG-coated Au-NRs up to
1.00 nM for 20 min did not elicit any cell death (viability >85%, data
not shown) indicating that the release of allergic mediators by the Au-
NRs is not a result of cell lysis.

In searching for the mechanism, we examined the toxic effect of the
Au-NRs in KUS12 cells using two assays to determine the membrane
integrity and asymmetry. In the calcein leakage assay, cells were
loaded with calcein-AM (2 pM) for 10 min in the dark, which allowed
non-polar calcein-AM to be converted into polar calcein inside the
cells. After washing, the cells were treated with different concentra-
tions of the Au-NRs. The cells were expected to show some degree of
calcein leakage as a result of the loss of plasma membrane integrity in
the late phase of apoptosis.® Fig. S3at shows the flow cytometric
histogram of the calcein fluorescence from KUS812. In the control,
only 16.7% of the cell population fell in the selected M1 region,
indicating that most of the cells retained calcein. On the contrary,
58.5% of the cells were found in M1 after the 24 h treatment with STS
(1 uM) and 27.2% in the 4 h treated group (Fig. S3at). For the
CTAB-coated NRs, a dose-dependent leakage of calcein was
observed in the 4 and 24 h groups (Fig. 3a), whereas the leakage was
not significant, comparable to the control, in the group with an
incubation time of 20 min (data not shown). Obviously, the longer
the incubation time, the higher the toxicity. On the other hand, the
PEG-coated NRs did not show any significant effect in the short- or
long-term treatment (Fig. 3a). The supernatants of both types of NRs
did not cause any leakage of calcein too (Fig. S3at).

The second assay to study the membrane integrity is the propidium
iodide (PI) staining assay. PI passes only through the leaky
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Fig. 3 Membrane permeabilization induced by the CTAB-, but not
PEG-coated Au-NRs in KU812 cells. Basophils (1 x 10° ml™') were
loaded with calcein-AM (2 uM) and treated with the CTAB- and PEG-
coated Au-NRs in the calcein leakage assay (a), or stained with PI
(2 pg ml™') after treatments in the PI staining assay (b) at 37 °C, 5% CO,
for either 4 or 24 h as indicated. Data represent % of the total cell pop-
ulation in the selective region M1 (a) or M2 (b) in Fig. S3a and S3bf.
Results are mean + SD (n = 3) (Error bars are too small to be seen).
# p < 0.01 compared to control.
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membrane of dying cells, stains their nuclear DNA and emits fluo-
rescence.”’” Any red fluorescence from PI is an indicator of the late
apoptosis phase where cells lose membrane integrity.?” As can be seen
in the flow cytometric histogram in Fig. S3b¥, incubation of cells with
STS (1 uM) for 24 h generated a second peak with strong PI fluo-
rescence when compared to that of the control. Similar to the results
in the calcein leakage assay, the CTAB-coated Au-NRs showed
a dose-dependent increase in the PI fluorescence after 24 h treatment
(Fig. 3b). Almost all the cells were PI positive after the incubation
with 1 nM of the CTAB Au-NRs (Fig. 3b and S3bt). On the
contrary, all concentrations of PEG-coated NRs and supernatants of
both types of NRs did not show any significant effect on membrane
permeabilization (Fig. 3b and S3bt). Furthermore, externalization of
phosphatidylserine (PS) from the plasma membrane was observed in
the cells treated with the CTAB-, but not PEG-coated Au-NRs
(Fig. S41). Increase in the cytosolic free Ca?* ion level in basophils
was induced by the CTAB-, but not PEG-coated Au-NRs after 24 h
incubation (Fig. S5T). No significant increase in the Ca*" level was
observed in the 4 h incubation groups (Fig. S5t). Taken together,
these results show that the CTAB Au-NRs are likely the primary
source that causes the membrane damage in basophils and the free
CTAB in the supernatant desorbed from the Au-NRs only contrib-
utes a small part. These observations regarding cytotoxicity of the
NPs using CTAB and PEG coating agreed with the studies per-
formed by other groups.?*3! Also, increase in the cytosolic Ca** level
seems to be an important regulator for the degranulation and
induction of apoptosis in the basophils.

Conclusion

In conclusion, our data indicate that the CTAB-coated Au-NRs
exhibited a stronger cytotoxicity in terms of the metabolic activity
(alamar blue assay) and apoptosis induction (calcein, PI and annexin-
V binding assays) than the PEG-coated Au-NRs. Similar observa-
tions were obtained in the release of allergic mediators. Remarkably,
the toxicity of the CTAB Au-NRs in basophils was not solely due to
the CTAB residues desorbed from the NRs or incomplete purifica-
tion, which is different from our previous observation in human
erythrocytes.’ The materials on the surface coating seem to be more
important for the allergic reactions. Taken together, our study reveals
a safety concern of these useful Au-NPs in allergy. As more and more
knowledge is accumulated, we have confidence that proper attention
will be given to the surface modification and dosage of Au-NRs so
that their full potential can be developed.
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