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1. Introduction

Although astrocytes occupy a significant proportion
in the central nervous system in terms of volume
and population, their functions have been restricted
as passive roles of supporting the network of neu-
rons physically, creating the brain environment,
building up the micro-architecture of the brain par-
enchyma, maintaining brain homeostasis, and con-

trolling the development of neural cells. On the
other hand, recent literatures have been suggesting
that astrocyte is an active participant in brain signal-
ing and neurovascular coupling, which challenges its
traditional role [1–3]. When astrocytes are activated
by external stimuli, intracellular Ca2+ transients or
waves induce a release of neurotransmitters from a
presynaptic terminal and evoke an intracellular Ca2+

transients of neighboring astrocytes [4], finally lead-
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Although it has been revealed that astrocytes, generally
known as star-shaped glial cells, play critical roles in the
functions of central nervous system, there have been few
efforts to directly modulate their activities and responses.
In this study, an optical stimulation strategy for producing
intracellular Ca2+ transients of astrocytes is demonstrated
using near-infrared (NIR) light and localized surface plas-
mon resonance. It is presented that NIR stimulation of
micro-second duration combined with gold nanorods
(GNRs) efficiently produces stronger Ca2+ transients of
astrocytes, which seems to be associated with a local heat
generation by photothermal effects of GNRs. Since the
proposed scheme can directly activate astrocytes with a
high reliability, it is expected that GNR-mediated NIR sti-
mulation could be utilized to facilitate minimally invasive
physiological studies on the astrocyte functions.

Photos of intracellular Ca2+ transient of astrocytes with
membrane-bound GNRs after optical stimulation at 30 s.
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ing to a release of gliotransmitters [1, 2, 5, 6]. It is
interesting that those gliotransmitters are responsible
for regulating the postsynaptic terminal and modu-
lating other glial cells as well as blood vessels [1, 7].

In order to explore the physiological functions of
astrocytes, dynamic modulation techniques for cyto-
solic calcium have been developed. While mechani-
cal or electrical stimulation combined with a glass
micropipette has been attempted [4, 8], tissue da-
mage due to invasive insertion of glass micropipette
into the brain tissue is unavoidable. Instead, optical
methods have been introduced to stimulate an astro-
cyte as a minimally invasive approach. For example,
optical uncaging technique was found to trigger in-
tracellular Ca2+ responses by shining UV-light and
unlocking the caged-Ca2+ or IP3 [9]. However, this
method suffers from a tissue damage due to UV-
light exposure for uncaging the molecules and peri-
odic injection of caged compounds to the target re-
gion.

Optogenetics techniques have been frequently
used to modulate an astrocyte by expressing light-
sensitive cation channels on the membrane of astro-
cytes [10, 11]. Although optogenetics can provide a
spatiotemporally precise and controllable stimula-
tion, it is currently unavailable for clinical use owing
to safety issues (e.g. long term stable expression of
protein and viral toxicity) imposed by the imperative
genetic modification [12]. Femto-second pulsed laser
is an alternative tool for stimulating astrocytes re-
quiring neither genetic modification nor exogenous
chemical compound with high spatiotemporal preci-
sion [13, 14], but it can generate reactive oxygen spe-
cies that might be harmful for neural tissues [15]. In-
troduction of a pulsed infrared light to the brain cor-
tex intrinsically evokes calcium activities consisting
of fast and slow responses that originate from the
neuron and astrocyte, respectively [16]. However, it
is still unclear whether the pulsed infrared light di-
rectly stimulates astrocytes when neurons and astro-
cytes are intermingled, questioning that direct laser
exposure of astrocytes could induce an activation of
astrocytes.

Recently, it was reported that a localized heating
of neural cells by plasmonic nanoparticles could trig-
ger a neural depolarization [17–19]. When gold na-
norods (GNRs) are illuminated by a pulsed near-in-
frared (NIR) light, resonant coupling between inci-
dent light and localized surface plasmons leads to an
efficient local heat generation near the plasma mem-
brane [20]. Thermal gradient in the vicinity of the
cell membrane is created by the local heat from
GNRs, which is responsible for membrane depolari-
zation [21–23]. Moreover, surface-modified GNRs
enabled a strong conjugation with neuronal mem-
brane ensuring effective binding to plasma mem-
brane [19, 20]. The use of membrane-bound GNRs
combined with pulsed NIR neural stimulation is ad-

vantageous over conventional infrared neural stimu-
lation in terms of low stimulation threshold and
washout resistance from extracellular fluid flow.

Inspired by the plasmonic activation of neuron
cells and the lack of studies associated with photo-
thermal activation of astrocytes using pulsed infrared
light, for the first time to our knowledge, we demon-
strate a novel optical method of direct astrocytes sti-
mulation by using surface-modified plasmonic
GNRs. To verify a feasibility of the suggested meth-
od, GNRs are bound to the plasma membrane of
cultured astrocytes through a strong biotin-streptavi-
din interaction and the dynamic responses are meas-
ured by monitoring intracellular Ca2+ transients
upon optical stimulation via fluorescence calcium
imaging. Also, the enhanced performance of NIR
stimulation combined with membrane-bound GNRs
is compared experimentally with that of traditional
approach without membrane-bound GNRs.

2. Materials and methods

2.1 Cell culture

Astrocyte cultures are prepared from cerebral cor-
tices of Spraque-Dawley rat through a protocol mod-
ified from a previous report [5]. Briefly, cerebral cor-
tices are isolated from postnatal (P2) rat brains un-
der sterile conditions in accordance with the animal
research guidelines of Use Committee of the Insti-
tute of Laboratory Animal Resources at Ewha Wo-
mans University (IACUC No. 15-045). Tissues are
minced and dissociated using 5% trypsin-EDTA
(15400, Life technologies, Carlsbad, CA, USA) after
removing meninges and hippocampi. Cells are plated
into a culture flask and grown in Dulbecco’s modi-
fied Eagle medium (DMEM, 11995, Life technolo-
gies, Carlsbad, CA, USA) containing 10% fetal bo-
vine serum (FBS, 16000, Life technologies, Carlsbad,
CA, USA), and 1% Mycozap antibiotics (Lonza,
Basel, Switzerland). After five times subcultures, cul-
tured cells are shaken for 1 hours at 180 rpm fol-
lowed by 240 rpm for 6 hours on an orbital shaker
and replated in the culture flask [24].

2.2 Preparation of astrocyte-bound GNRs

GNRs are chosen as a plasmonic photothermal
transducer. The size and shape of streptavidin-
coated GNRs (C12-10-980-TS, Nanopartz Inc.,
Loveland, CO, USA) with a concentration of 3.4 ×
1013 mL−1 are analyzed using transmission electron
microscopy (TEM, Libra 120, Carl Zeiss, Germany)
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and extinction spectrum is measured using a spectro-
photometer (UV-1800, Shimadzu, Japan) to find a
resonance peak. Streptavidin-coated GNRs are de-
livered to the plasma membrane of the astrocytes
with an aid of biotinylated antibodies. It was re-
ported that thymocyte antigen 1 (Thy-1) exists on
the surface of astrocytes in long-term cultures of rat
central nervous system [25–27] as well as in astro-
cytes in vivo [27]. Biotinylated anti-Thy-1 antibody
is employed to tag the surface of astrocyte and make
a conjugation between antibody and GNRs through
a strong biotin-streptavidin interaction.

Localization of GNRs is visualized by immuno-
fluorescence according to the following process; Cul-
tures are fixed in warm 4% paraformaldehyde for
15 mins and washed with PBS solution. Without in-
cubating with Triton X-100, BSA is applied to pre-
vent a non-reactive binding and washed with PBS
solution three times. Cells are incubated in a mixture
of biotinylated anti-Thy-1 antibody (554896, BD
Biosciences, San Jose, CA, USA) and streptavidin-
coated GNRs (5.1 × 1011 mL–1). Cells are then
washed three times thoroughly and incubated with
biotinylated FITC (B-1370, Life Technologies, Carls-
bad, CA, USA). Distribution of GNRs after conju-
gating with anti-Thy-1 antibody is visualized using
an inverted fluorescence microscope (IX71, Olym-
pus, Tokyo, Japan).

2.3 Instrumentation of NIR stimulation
and calcium imaging

Experiments are carried out using a home-built laser
system consisting of fiber-coupled laser diode, laser
controller, and stimulation probe (Figure 1). The wa-
velength of fiber-coupled laser diode (Pearl P14 Ser-
ies, Eurovision Laser, Gunpo, Korea) is chosen as
980 nm to generate localized surface plasmons at the
surface of GNRs with an extinction peak at 982 nm.
Optical fiber with a diameter of 600 μm and a nu-
merical aperture of 0.14 is directly coupled to the la-
ser diode. Fiber-coupled laser diode is modulated
using laser driver (PLD 10K-CH, Wavelength Elec-
tronics Inc., MT, USA) to generate a laser pulse. A
single NIR pulse with a pulse duration of 950 μs is
used to induce intracellular Ca2+ waves in astrocytes.
At the end of the optical fiber, a collimator and a
focusing lens are mounted to focus the beam having
a diameter of �600 μm. The position of incident la-
ser beam is identified using a red guiding beam
through optical microscope.

Optically evoked intracellular Ca2+ transients are
monitored by fluorescence microscopy using the Ca2+

indicator Rhod-2 (R1245MP, Life Technologies,
Carlsbad, CA, USA). Cells are pre-incubated in arti-
ficial cerebrospinal fluid (aCSF, composition (in

mM): 124 NaCl, 4.5 KCl, 1.2 NaH2PO4, 26 NaHCO3,
1 MgCl2, 2 CaCl2, 10 Glucose with 5% CO2 bub-
bling) containing 0.01 mg mL−1 of Rhod-2 for
15 mins. Cultures are then washed three times with
aCSF prior to fluorescence imaging. The fluores-
cence images are collected using a CMOS camera
(Zyla 5.5 sCMOS, ANDOR, UK). Intracellular Ca2+

transients are monitored for 30 s and 90 s before and
after onset of optical stimulus, respectively, while ac-
quiring each image of 2560 × 2160 pixels with a rate
of 10 frames per second.

3. Results and discussion

Astrocyte cells from cerebral cortices of a rat are
cultured and their microscopic images are shown in
Figure 2. Immunofluorescence staining for glial fi-
brillary acidic protein (GFAP) is performed to con-
firm the cultures of astrocyte confluent cell. To dis-
tinguish the morphology of individual cells, they are
cultured with a low density (�150 cells mm−2). Cells
attached to the culture plate have a flat, oval or irre-

Figure 1 Experimental setup of GNRs-mediated NIR sti-
mulation and calcium imaging system. NIR pulses gener-
ated by fiber-coupled laser diode are delivered to the
GNRs bound to astrocytes. Intracellular Ca2+ transients are
monitored using an inverted fluorescence microscope.

Figure 2 Microscope image of cultured astrocytes. (A)
Phase contrast micrographs of cultured astrocytes. (B) Glial
fibrillary acidic proteins (GFAPs) are immunocytochemi-
cally labeled. Cells are treated with mouse anti-GFAP pri-
mary antibodies, followed by anti-mouse Alexa 488 second-
ary antibodies. Scale bar = 100 μm in all cases.
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gular shape with radially extended processes and
those results are morphologically consistent with the
previous works [28]. The immuno-fluorescence im-
age in Figure 2(B) reveals that the cultured cells are
GFAP-positive astrocytes, indicating that they con-
sist of astrocyte confluent cells while it is difficult for
neurons to survive under the culture condition men-
tioned in the Section 2.1 [24].

We measure the geometrical and optical charac-
teristics of GNRs as shown in Figure 3. Individual
GNRs have an average value of length and width of
82.9 nm and 13.4 nm, respectively, and its aspect ra-
tio is thus 6.2. In Figure 3(B), the extinction spec-
trum of GNRs reveals that localized surface plasmon
resonances occur at λ = 982 nm as a longitudinal
mode which is more prominent for photothermal ef-
fect than the transverse mode at λ = 511 nm. Once
GNRs are attached to the surface of astrocyte cells,
they will efficiently absorb electromagnetic (EM)
waves in NIR band and generate localized and tran-
sient heat for exciting the cells [29].

Prior to photothermal stimulation of astrocytes,
the distribution of GNRs is visualized to verify that
surface-modified GNRs are bound to the astrocyte.
In Figure 4, fluorescence signals are detected on the
cell surface and bright spots associated with aggrega-
tion of GNRs are found. This result indicates that
GNRs are successfully delivered and attached to the
target astrocytes through biotin-streptavidin interac-
tion with a strong affinity.

To characterize an optically-induced Ca2+ transi-
ent in densely cultured astrocytes, focused NIR
pulse is delivered to the astrocyte while monitoring
fluorescence of Rhod-2 simultaneously before and
after laser irradiation. At first, NIR stimulation with-
out GNRs is performed using unmodified astrocytes.
Note that, the case without GNRs and the case with
unmodified GNRs that are not coated with streptavi-
din are considered identical. Previous results from
Carvalho-de-Souza et al. demonstrated that photo-
sensitivity effect of unmodified gold nanoparticles
abolished after active washout of fresh buffer [19].
This implies that, as a control, the case without

GNRs includes the one with unmodified GNRs. After
pinpoint irradiating NIR pulse of 13.12 mJ mm−2 to
astrocyte, no significant Ca2+ wave is monitored as
shown in Figure 5. Fluorescence change (ΔF/F0), the
difference in fluorescence intensity at the onset of
the stimulus and maximum fluorescence intensity
after stimulation, is obtained as small as 1.1%, im-
plying that astrocyte is not affected by the pulsed
NIR stimulation when it is stimulated without mem-
brane-bound GNRs.

Subsequently, optical stimulation with mem-
brane-bound GNRs is examined. GNRs are bound
to cell membrane to generate highly localized ther-
mal transient and to resist extracellular fluid flows.
Astrocytes are tagged with surface-modified GNRs
by incubating with a mixture of biotinylated anti-
Thy-1 antibody (5 μg mL−1) and streptavidin-coated
GNRs (3.4 × 1011 mL−1). Cells are then washed three
times thoroughly with aCSF and loaded with Ca2+

indicator Rhod-2. In Figure 6, at the onset of NIR
irradiation of 13.12 mJ mm−2, fluorescence intensity
reaches a maximum of 85.1% within 11 s, which is
obviously different from spontaneous Ca2+ oscilla-
tion. Strong intracellular Ca2+ transient with an aver-
age fluorescence change (ΔF/F0) of 79.7% is ob-
served. Fast propagation of Ca2+ waves both within
and between astrocytes is measured with an average
propagation velocity of 20.1 μm s−1, which is consis-
tent to the physiological Ca2+ activity in the previous
literatures [8, 30]. Accordingly, NIR stimulation with
membrane-bound GNRs could trigger intracellular
Ca2+ elevation while the stimulation without GNRs
does not induce any noticeable Ca2+ change. This
implies that a combination of GNRs with NIR pulse
is effective in generating intracellular Ca2+ transient.

In order to causally understand whether Ca2+

transient is originated from intra- and/or extracellu-
lar region, optical stimulation is performed under
Ca2+-free aCSF medium (composition (in mM):

Figure 3 Characterization of GNRs. (A) From TEM image
of GNRs, average geometric dimensions are 82.9 nm in
height and 13.4 nm in width. Scale bar = 100 nm. (B) Ex-
tinction spectrum shows that GNRs have a localized plas-
mon resonance at λ = 982 nm.

Figure 4 Microscope images of immunocytochemically
stained GNRs. (A) Phase contrast microscope image of
GNR-tagged astrocyte is displayed. (B) Distribution of
GNRs is visualized after targeting to the cells. Streptavidin-
coated GNRs are conjugated with biotinylated anti-Thy-1
antibody to deliver GNRs to the surface of astrocyte. Bioti-
nylated FITC is used to detect the distribution of streptavi-
din-coated GNRs. Scale bar = 50 μm in all cases.
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124 NaCl, 4.5 KCl, 1.2 NaH2PO4, 26 NaHCO3,
3 MgCl2, 10 Glucose with 5% CO2 bubbling). The
experiments are performed after targeting GNRs to
the cell surface. As shown in Figure 7, NIR stimula-
tion of 13.12 mJ mm−2 combined with GNRs still in-

duces an abrupt and stimulus-triggered Ca2+ eleva-
tion and subsequent Ca2+ propagation to neighbor-
ing cells with an average fluorescence change (ΔF/
F0) of 56.5%. Since the Ca2+ transient in the absence
of extracellular Ca2+ is generated but with smaller

Figure 5 Characterization of NIR
stimulation without membrane-
bound GNRs. (A) Phase contrast
microscope image of cultured as-
trocytes. (B) Profile of intracellular
Ca2+ waves before and after optical
pulse (yellow line). Ca2+ indicator
Rhod-2 is used to monitor Ca2+

waves. No significant Ca2+ transient
is monitored after optical stimulus.
(C) Ca2+ images at 15 s, 30.5 s, 35 s,
40 s, 45 s, 50 s, 55 s, and 90 s are
shown when optical stimulation is
given at 30 s. Ca2+ wave is not ob-
served after optical stimulation
from the series of Ca2+ images.
Scale bar = 100 μm in all cases.

Figure 6 Characterization of NIR
stimulation with membrane-bound
GNRs. (A) Phase contrast micro-
scope image of cultured astrocytes.
(B) Profile of intracellular Ca2+

wave before and after optical
pulse (yellow line). When GNRs
are attached to the surface of neu-
ron, abrupt Ca2+ elevation is mon-
itored after optical pulse. (C) Ca2+

images at 15 s, 30.5 s, 35 s, 40 s,
45 s, 50 s, 55 s, and 90 s are shown
when optical stimulation is given
at 30 s. Series of Ca2+ images re-
veal that strong Ca2+ waves are
monitored after stimulation. Scale
bar = 100 μm in all cases.
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value than that of Ca2+ contained medium, we could
speculate that both intra- and extracellular Ca2+

affects the generation of intracellular Ca2+ transi-
ents.

The biophysical mechanism underlying infrared
neural stimulation (INS) could help us to understand
how the pulsed NIR stimulus activates intracellular
Ca2+ increase in astrocyte. Even though the exact
mechanism associated with INS is still unclear, INS
is believed to be thermally driven by absorption of
light energy and generation of local heat near the
plasma membrane [23]. Thermosensitive ion-chan-
nels (e.g. TRPV channel) expressed in the plasma
membrane are activated upon temperature incre-
ment, which can induce membrane depolarization
[21]. Moreover, transient thermal heat at the plasma
membrane increases the double-layer capacitance
across the membrane with a change in the surface
potential of each side of the membrane. Transient
capacitance increase induces a displacement current
flow and leads to a membrane depolarization even
though there is no specific ion channel [22]. In gen-
eral, these two assertions are considered as possible
mechanisms associated with INS.

Local heat shock induces asymmetrical displace-
ment of ions within the double layer on both sides
of the membrane and finally leads to net charge dis-
placement across the membrane [22, 31]. Therefore,
it is possible that a membrane potential change due
to displacement current might lead to an activation
of voltage-gated Ca2+ channels (VGCC) and induce
an influx of calcium ions [32]. Initiation of intracellu-

lar Ca2+ increase from VGCC leads to an additional
Ca2+ amplification by Ca2+-induced Ca2+ release me-
chanism from internal Ca2+ stores such as endoplas-
mic reticulum [33]. Regarding the possible mechan-
isms of INS, it is presumable that thermal heat is re-
sponsible for the intracellular Ca2+ transient upon
GNR-mediated NIR stimulation of astrocyte.

Since GNR-mediated NIR stimulation can induce
an intense heat shock near astrocytes, cell viability is
tested for two cases of GNRs-tagged astrocytes with
and without optical stimulation. For experiment, a
live/dead cell viability kit (A LIVE/DEAD® Viability/
Cytotoxicity Kit, Thermo Fisher Scientific Inc., USA)
is used to distinguish live and dead cells by monitoring
green and red fluorescence signals, respectively. In
Figure 8, as the percentages of live cell in culture for
the cases with and without laser irradiation are deter-

Figure 7 Characterization of opti-
cal stimulation with membrane-
bound GNRs when astrocyte cells
are incubated in Ca2+-free aCSF
medium. (A) Phase contrast micro-
scope image of cultured astrocytes.
Optical pulse is given at the center
of the culture. (B) Profile of intra-
cellular Ca2+ wave before and after
optical pulse (yellow line). Abrupt
Ca2+ elevation is monitored after
optical pulse. (C) Ca2+ images at
15 s, 30.5 s, 35 s, 40 s, 45 s, 50 s,
55 s, and 90 s are shown when opti-
cal stimulation is given at 30 s. Ser-
ies of Ca2+ images reveal that
strong Ca2+ waves are monitored
after optical stimulation. Scale bar
= 100 μm in all cases.

Figure 8 Fluorescent microscopy images for cell viability
test. Live and dead cells are distinguished by green and red
fluorescence signals, respectively. Cell viability results are
obtained from the cultured astrocytes conjugated with
GNRs (A) without optical stimulation and (B) with optical
stimulation. Scale bar = 100 μm in both cases.
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mined to be 92% and 90%, we confirmed that optical
stimulation does not significantly affect the cell viabili-
ty. However, to remove the possibility of increasing
dead cell population, concerns of safety issue should
be addressed. More specifically, wavelength of light
should be chosen to avoid the bulk water absorption
while maintaining the local heating via gold nanoparti-
cles. Duration and intensity also need to be set to guar-
antee a safe photothermal interaction between light
and tissues. Moreover, GNR concentration, distribu-
tion, and localization should be optimized because
previous reports demonstrated that membrane-bound
GNRs [34], aggregated GNRs [35], and high GNRs
concentration [36] are more effective in inflicting
photo-damage compared to internalized GNRs, dis-
persed GNRs, and low GNRs concentration, respec-
tively.

While our experiments for activating astrocytes
are successful, selective stimulation of astrocytes is
essential by modifying the surface of GNRs. As it
was reported that Thy-1 marker used in this study
binds not only to the astrocytes but to the neuron
cells [37], astrocyte-specific NIR stimulation is not
currently available when neurons are present to-
gether with astrocytes. To demonstrate the sug-
gested GNR-mediated NIR stimulation can be used
as a tool for specific modulation of astrocytes, astro-
cyte-specific antibody is required. Interestingly, it
was reported that glutamate aspartate transporter
(GLAST) is highly expressed in astrocytes [38–40]
and an anti-GLAST antibody is employed to target
a specific extracellular epitope of the GLAST in as-
trocytes [41]. Hence, anti-GLAST antibody can be
the mediator for delivering GNRs specifically to the
astrocytes, opening the potential for selective modu-
lation of astrocytes.

4. Conclusion

In this study, we demonstrated the feasibility of
minimally-invasive NIR stimulation on astrocytes
using membrane-bound GNRs. GNRs-mediated
pulsed NIR stimulation directly and robustly gener-
ated intracellular Ca2+ transient in astrocyte culture.
Antibodies conjugated with GNRs were bound to
the surface of astrocyte enhancing pulsed infrared
astrocyte stimulation compared to the astrocyte sti-
mulation without GNRs. We also found that intra-
cellular Ca2+ transients upon laser stimulation were
not mainly from the extracellular medium. In the ab-
sence of extracellular Ca2+ ions, the Ca2+ transient
was still observed responding to the NIR stimula-
tion.
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