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Abstract: Cell signaling consists of diverse events that occur at
various temporal and spatial scales, ranging from milliseconds
to hours and from single biomolecules to cell populations. The
pathway complexities require the development of new tech-
niques that detect the overall signaling activities and are not
limited to quantifying a single event. A plasmonic-based
electrochemical impedance microscope (P-EIM) that can
provide such data with excellent temporal and spatial reso-
lution and does not require the addition of any labels for
detection has now been developed. The highly dynamic and
transient calcium signaling activities at the early stage of
G-protein-coupled receptor (GPCR) stimulation were thus
studied. It could be shown that a subpopulation of cells is more
responsive towards agonist stimulation, and the heterogeneity
of the local distributions and the transient activities of the ion
channels during agonist-activated calcium flux in single HeLa
cells were investigated.

Calcium (Ca2+) is an important intracellular signaling agent
that can impact numerous cell functions, including cell
metabolism, gene expression, protein synthesis and modifi-
cation, secretion, and apoptosis.[1] All of these functions
simply originate from the existence of a steep gradient of the
Ca2+ concentration across the cell membrane and the
modulation of the intracellular Ca2+ concentration.[2] Ca2+

signaling displays varying temporal and spatial patterns, such
as the amplitude of the Ca2+ spikes, the frequency of the Ca2+

waves, and the microdomains of the Ca2+ flickers.[3] Over the
past decades, various synthetic or genetically encoded fluo-
rescent calcium indicators have been developed to measure
changes in the Ca2+ concentration in the cytosol, endoplasmic
reticulum, and other organelles.[4] Fluorescence labeling
enables one to focus on one specific signaling molecule and
analyze Ca2+-sensitive processes and Ca2+ signaling networks
in detail. However, most cell signal transductions have
complex pathway networks. Various proteins, receptors, and
small molecules in different parts of the cell communicate
with each other to regulate certain cellular functions. There-
fore, multiple targets need to be manipulated by the label or
over-expression, and large amounts of data need to be
collected to study cell-signaling processes.

Alternatively, cell-signaling activities can be quantita-
tively evaluated by detecting the integrated cell response,
which is often achieved with label-free spectroscopic or
impedance techniques.[5] This pathway-unbiased signal sim-
plifies the measurement of the complex signaling activities.
Furthermore, this label-free strategy is sensitive enough to
detect the cellular response of endogenous receptors. The
intact cells can be assessed in a physiologically relevant
environment, while avoiding any possible structure altera-
tions or functional changes of the target molecule that could
be induced during in situ labeling or over-expression in live
cells.[6]

By combining a high-resolution, objective-based surface
plasmon resonance microscope with AC potential modulation
(AC = alternating current),[7] we developed a plasmonic-
based electrochemical impedance microscope (P-EIM) that
can provide valuable information without a requiring a label
(Figure 1a). The P-EIM can simultaneously record SPR

(surface plasmon resonance) and EIM (electrochemical
impedance microscopy) images of cells, aside from conven-
tional transmission microscopy images (Figure 1b). Herein,
we used the P-EIM to study intracellular calcium signaling
during the early stage of the histamine-triggered activation of
G-protein-coupled receptors (GPCRs) in HeLa cells. GPCRs
play a central role in regulating the intracellular Ca2+

concentration. For instance, extracellular hormones, neuro-
transmitters, or other stimuli can bind to cell-surface GPCRs
(primarily of the Gq subtype), trigger an increase in the

Figure 1. a) Setup of the plasmonic-based electrochemical impedance
microscope (P-EIM). CE = counter electrode, NA =numeric aperture,
RE = reference electrode, WE = working electrode. b) Bright-field, SPR,
and EIM images of HeLa cells. Scale bar: 10 mm.
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intracellular Ca2+ concentration, and activate various Ca2+-
sensitive processes to control a wide variety of metabolic and
differentiated functions.[8]

Benefiting from the high tempo-spatial resolution of P-
EIM imaging, we were able to record raw P-EIM images
every 7 ms (137 fps) and obtained both SPR and EIM images
with the individual cells clearly resolved. In the first few
seconds after histamine stimulation, an obvious increase of
the SPR signals from the HeLa cells was observed (Fig-
ure 2a). During this short period, several cellular events were
activated, including histamine binding to the H1 receptor,
elevation of the cytosolic inositol trisphosphate (IP3) concen-
tration, and Ca2+ release from the endoplasmic reticulum
(ER).[1b,9] Although these events cannot be directly detected
by SPR (see the Supporting Information, Section S2), we
believe that the increase in the SPR signal is related to the
calcium flux activity. First, fluorescence images of intra-
cellular calcium show that the intracellular Ca2+ concentra-
tion undergoes a rapid increase within seconds after hista-
mine treatment, and the time scale is in good agreement with
the SPR observation (Section S3).[9c] Next, we pretreated the
HeLa cells with BAPTA-AM [1,2-bis(2-aminophenoxy)-
ethane-N,N,N’,N’-tetraacetic acid tetrakis(acetoxymethyl
ester)], which can penetrate the cell membrane and chelate
intracellular calcium. In this case, no SPR response was
observed after histamine activation (gray circles in Figure 2c
and SPR images in Figure 5b). During IP3 mediated Ca2+

release, the ER plays an important role as a prime intra-
cellular Ca2+ store. The depletion of Ca2+ in the ER affects its
morphology, function, and communication with other organ-
elles.[10] In particular, micromotions of the ER lead to changes
in the local refractive index or the cellular mass redistribution,
which can be detected by SPR. The ER is known as a highly
dynamic, interconnected reticular network of tubules around
the nuclear region, which is in good agreement with the

observation that the SPR response mainly came from the
center of the cell (Figure 2a and Movie S1).

In-depth kinetic analyses of the single-cell SPR response
further describe how the calcium flux activities vary in
individual cells. The time-sequence SPR images and response
curves (Figure 2) show that each cell profile had its own
characteristic onset time (t0), which was followed by an initial
exponential increase (with rate constant k) of the SPR signal,
and then reached a plateau (SPRmax). The SPR responses of
59 cells are summarized in the scatter diagram in Figure 3. It
clearly shows that cells with shorter latency always display
a stronger and faster SPR response (red/orange dots in the
upper right corner of Figure 3), indicating that a subpopula-

Figure 2. a) Differential SPR images recorded at 0.4 s intervals during the first 3.8 s after treatment with 18 mm histamine. The cyan and red
dotted lines represent the boundaries of individual cells and the nuclei, respectively, and were obtained from the transmission images in (b).
Scale bar: 20 mm. c) SPR response curves (black lines) of individual cells stimulated by histamine, and average SPR response of multiple cells to
histamine stimulation after pretreatment with 10 mm BAPTA-AM for 20 min (gray circles).

Figure 3. Scatter diagram of the rate constant (k) and the normalized
SPRmax response of 59 cells. The color of the dots represents the onset
time (latency, t0). Inset: diagram to illustrate the definitions of t0, k,
and SPRmax for a single-cell SPR response curve. k is the rate constant
obtained by fitting of the initial ramp of the SPR curve to SPR(t) =
a(1¢e¢k t) + c (Section S4).
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tion of the cells is more active towards agonist stimulation.
These variations could be attributed to differences in the
expression levels of the Ca2+ signaling receptors, the proba-
bilities of the IP3 channels being open, the capacities of the
ER for internal Ca2+ storage, and the cell cycle status,[11] which
result in strikingly different response kinetics.

Simultaneously, single-cell EIM information can also be
extracted from the raw P-EIM images (Figure 4a). Unlike
SPR, EIM detects changes in the local dielectric and
conductive properties.[7c,d] During agonist-induced calcium
flux, the micromotions of the ER increase the local refractive
index as the cellular structure changes, which in turn gives
rises to stronger SPR signals and weaker EIM signals
(Figure 4b).

To further study the single-cell EIM response, cells were
selected and classified into four groups based on their SPR
latency (Figure 4c,d, see also Section S5). A transient (1–2 s)
positive EIM response was observed for cells in groups 2 and
3 (Figure 4d), before the EIM signals became negative. This
finding implies that there should be another transient cellular
event that can only be detected by EIM and occurs before
calcium-flux-induced dynamic mass redistribution (i.e., ER
micromotions) dominates the SPR and EIM signals.

A detailed subcellular analysis of one of the cells in
group 2 (marked with an asterisk in Figure 4c) that displayed
a remarkable transient positive EIM response is shown in
Figure 5a. Transient positive EIM responses originated from
EIM hot spots (R1 and R2 in Figure 5a, EIM image at
+ 0.6 s), which then decayed to cold spots (R1 and R2 in
Figure 5a, EIM image at + 2.2 s) when the SPR signal began

to rise (Figure 5e). The processes of Ca2+ release and refilling
are enabled by various Ca2+ related ion channels, including
IP3 receptors, store-operated Ca2+ channels, and Ca2+

ATPase.[10a, 12] The opening of these ion channels and the
ionic transport through them increase the local conductivity
of the ER/cell membrane, resulting in local transient EIM hot
spots. For comparison, the cells were first treated with
BAPTA-AM before histamine stimulation. BAPTA-AM
can chelate intracellular calcium and inhibit further SPR/
EIM responses (Figures 2c and 4b, gray circles), but it does
not affect Ca2+ release from the ER induced by IP3 elevation.
In this case, the transient EIM hot spots should still be
observable and even have a longer life time (Figure 5b, EIM
images). As the consequent cellular events were inhibited by
BAPTA-AM, the EIM signal did not decrease any more
(Figure 5e, black dotted line). These results indicate that the
EIM images can not only be used to temporally resolve the
Ca2+ release events, but also provide information on the
subcellular distribution of calcium-related ion channels and
their activities during agonist-activated calcium flux (more
examples are shown in Sections S6 and S7).

In summary, the calcium signaling at the early stage of
GPCR stimulation was studied by a P-EIM technique that
does not require any labels. Highly dynamic and transient
responses were detected with single-cell and subcellular
resolution. In-depth kinetic analyses of the single-cell SPR
response quantitatively described the variations of the
calcium flux activities in individual cells and revealed that
a subpopulation of cells is more active towards agonist
stimulation. The transient hot spots in the EIM images

Figure 4. a) Differential EIM images recorded at 0.4 s intervals during the first 3.8 s after treatment with 18 mm histamine. The black dotted lines
represent the boundaries of individual cells and were obtained from the transmission images. b) EIM response curves (black lines) of individual
cells stimulated by histamine, and average EIM response of multiple cells to histamine stimulation after pretreatment with 10 mm BAPTA-AM for
20 min (gray circles). c) The cells were classified into four groups according to their average SPR latencies: 0 s (gray, group 1), 0.8 s (red,
group 2), 1.2 s (blue, group 3), and 1.6 s (green, group 4) . d) Average SPR (solid) and EIM (dashed) response curves of cells of a particular
group. The shaded regions represent the standard deviation of the single-cell response for each group.
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revealed the local distribution and activities of ion channels
during agonist-activated calcium flux. Together, the SPR and
EIM images characterized the heterogeneity of the behavior
of single HeLa cells during a short period of GPCR
activation. We believe that the P-EIM can be used to study
other calcium-related cellular events in diverse time domains.
We also expect that more second messenger molecules and
cellular events will be studied by P-EIM, which should offer
abundant information with high temporal and spatial reso-
lution to better understand the complexity of the intrinsically
stochastic behavior of single cells.
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