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TTHE STUDY OF IMMUNE FUNC-
tional responses is essential to under-
standing the central role of the immune 
system in providing immunological host 
defense and its intercommunication with 
other systems. The recent development of 
integrated microfluidic cytokine biosen-
sors has established a new paradigm to 
identify, isolate, and study immune cell 
subtypes, cell functions, and intercellular 
communications that constitute those 
responses. 

In this minireview, we highlight the 
most recent progress in label-free cyto-
kine detection based on localized surface 
plasmon resonance optical sensing. We 
present the applications of newly identi-
fied plasmonic nanostructures and the 
integration with advanced microfluidic 
devices for novel lab-on-a-chip biosens-
ing systems and discuss the associated 
challenges and future perspective of such 
integrative sensing technologies for next-
generation immune functional analysis.

IMMUNE BIOSENSORS OVERVIEW
The immune system protects the body 
against the invasion of external patho-
gens via a complex defense mechanism 
involving dynamic functional interac-
tions between biomolecules, cells, and 
organs. Cytokines are one of the key 
biomolecules acting as intercellular 
mediators and modulators to regulate 
the diverse functions in the immune 
response [1]–[3]. Rapid and accurate 
quantification of cytokine-based immune 
f ingerprints provides critical informa-
tion for fundamental and clinical-path-
ological studies in infectious diseases, 
cancer, autoimmune diseases, and allergy 
transplantation [4], [5]. Enzyme-linked 
immunosorbent assay (ELISA), the cur-
rent gold standard for clinical practice, 
has been widely used as a whole blood 
stimulation assay for immune functional 
analysis [6], [7]. However, this method 
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requires time-consuming sample label-
ing and washing processes, resulting in 
long assay time, and can only provide 
snapshot signal readouts at the end of the 
measurement [8]. Furthermore, such a 
bulk assay approach measures the overall 
response from the whole blood, making 
it difficult to pinpoint the contribution 
of functional responses from immune 
cell subpopulations.

Recent advances in nanoplasmonic-
material-based biosensors have drawn 
great attention in the field of biologi-
cal and biomedical sciences [9], [10]. 
By exploiting the unique local environ-
ment-dependent optical response of the 
nanomaterials, that is, localized surface 
plasmon resonance (LSPR), these bio-
sensors allow highly sensitive, label-free, 
real-time detection of target biomolecules 
for accurate and timely clinical diagnosis 
[8], [9], [11]–[16]. LSPR-based detec-
tion measures the scattering/absorbance 
spectrum shift of a nanostructured metal 
surface upon analyte binding. The sens-
ing characteristics are highly dependent 
on the size, structure, composition, and 
morphology of the plasmonic nanopar-
ticles (NPs). 

Tremendous efforts have been spent 
on novel nanoplasmonic structures, 
inclusive of nanostars (NSRs) [17]– [19], 
nanorods (NRs) [8], [13], [14], [20], [21], 
nanobipyramids (NBPs) [12], [22], nano-
triangles (NTs) [23], [24], nanohelices 
[25], nanoshuttles [26], core-shell struc-
tures, and bimetallic NPs, showing sig-
nificantly improved refractive index (RI) 
sensitivities and sensing figures of merit 
(FOMs). Owing to the simple optical 
configuration and extraordinary sens-
ing tunability, these nanostructure-based 
LSPR biosensors can be readily integrat-
ed with microfluidics in a lab-on-a-chip 
setting (Figure 1). 

The incorporat ion of specia l ly 
designed microf luidic structures (e.g., 
micropillars, microwells, grooves, etc.) 
allows immobilization of target immune 
cells at designated locations with high 
stability, purity, and capture efficiency. By 
coupling the antibody-labeled plasmonic 
nanostructures in close proximity to the 
isolated cells of interest, the integrated 
devices can achieve on-chip isolation of 
immune cell subsets and simultaneously 

in situ, label-free, high-throughput detec-
tion of cell-secreted cytokines, unlocking 
the potential in comprehensive immune 
function analysis.

In this article, we review the state-of-
the-art plasmonic NP-based sensing plat-
forms and evaluate the governing factors 
for plasmonic nanostructures that could 
potentially improve the sensing perfor-
mance for cytokine detection. We further 
discuss the integration of LSPR biosensors 
with microfluidic systems that can signifi-
cantly facilitate label-free, high-throughput 
on-chip cellular functional analysis and 
project the challenges and future direc-
tions in this field toward a new era of 
immune monitoring and diagnosis.

NOVEL PLASMONIC 
NANOMATERIALS FOR LSPR 
BIOSENSORS
Among all of the noble metal nanomateri-
als, gold (Au) NPs are the most chemically 
stable [27] and biocompatible materials 
[28], with high susceptibilities to RI 
changes [29], rendering them the most 
commonly used NPs for plasmonic biosen-
sors. Silver (Ag) NPs exhibit higher suscep-
tibilities in RI changes and thus larger 
resonance wavelength shifts than AuNPs 
due to low electromagnetic damping losses. 
AgNPs are vulnerable in a biological medi-
um and can elicit noticeable cytotoxicity. As 
a result, surface coating or modification is 
often required, which limits their direct 
usage in biomedical applications [30]. 

Palladium (Pd) as an alternative plas-
monic material possesses even higher 
RI sensitivity than both AuNPs and 
AgNPs [31]. However, the broad extinc-
tion spectra and low scattering efficien-
cy of PdNPs are not ideal in plasmonic 
sensing. Thus, they have been mostly 
investigated in combination with other 
noble metals to optimize the sensing 
performance [21], [31]. Copper (Cu) 
is an inexpensive and earth-abundant 
plasmonic material that has been used 
in widespread applications. But its plas-
monic sensing capability is mainly hin-
dered by the weak and broad LSPR 
peak and surface chemical instability 
[32], [33]. 

Despite the fact that these noble 
metal nanomaterials exhibit attractive 
plasmonic properties, their prist ine 
forms (both structure and composition) 
display relatively low FOMs that still fall 
short in meeting the surging require-
ments for rapid, sensitive, label-free 
biomolecule detection. Because of the 
aforementioned unique characteris-
tics of Au nanomaterials in biomedi-
cal applications, we mostly focused on 
novel AuNPs and their derivatives in the 
LSPR sensing scheme.

MORPHOLOGICAL MODIFICATION 
FOR ENHANCED NANOPLASMONIC 
BIOSENSING
Au nanospheres (NSs) are the most com-
monly available Au nanostructures. They 
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FIGURE 1 A conceptual illustration of a microfluidic biosensor in a lab-on-a-chip device with dif-
ferent plasmonic nanostructures (AuNSRs, AuNRs, AuNBPs, Ag-Au/Au-Ag core-shell NRs, and 
NBPs) for in situ detection of cytokines secreted by isolated immune cells. 
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can be easily synthesized at a low cost 
but normally show a low RI sensitiv-
ity [44 nm/ RI unit (RIU)] and FOM 
(0.6) [29]. Morphological modifications 
have been extensively explored during 
the past decade to enhance plasmonic 
characteristics of Au nanostructures for 
better sensing performance. The modi-
fication methods primarily focused on 
elongation of shapes (i.e., NRs [8], [13], 
[14] and nanoshuttles [26]) and form-
ing sharp apexes [29] (i.e., NSRs [17]–
[19], and NBPs [12], [22]). It has been 
reported that the modif ied Au nano-
structures possess significantly improved 
plasmonic RI sensitivities and higher 
FOMs of 195–288 nm/RIU and 1.7–
2.6 (AuNRs), 150–540 nm/RIU and 
1.7–4.5 (AuNBPs), and 703 nm/RIU 
and 0.8 (AuNSRs), respectively [29].

Leveraging on these novel plasmon-
ic nanostructures, a high-throughput, 
multiplex, label-free cytokine biosen-
sor using AuNRs was demonstrated by 
Chen et al. [8]. An LSPR microarray 
device was fabricated by forming self-
assembled AuNR stripes on a glass sub-
strate assisted by microfluidic patterning 
[Figure 2(a)]. The detection of multiple 

cytokines in a mixed-cytokine solution 
was performed using dark-field micros-
copy, and the scattering intensity changes 
of the corresponding AuNR barcodes 
were observed upon target cytokine 
binding [Figure 2(b) and (c)]. As a result, 
a massive parallel, label-free detection 
of six different cytokines was achieved 
with a limit of detection (LOD) down 
to 5–20 pg/ml. Here, the elongated Au 
nanostructures generate the longitudinal 
plasmonic mode on AuNRs, which are 
highly sensitive to the local RI change. 
The sharp areas at apexes of AuNRs fur-
ther enhance the near-field intensity of 
the electromagnetic field, which collec-
tively contributes to the prominent plas-
monic properties of AuNRs for highly 
sensitive cytokine detection. 

Based on this AuNR barcode biosen-
sor, Oh et al. quantitatively determined 
the dynamic functional response of a 
human leukemic T-cell line upon exposure 
to an immunosuppressive agent tacroli-
mus [13]. More recently, Javed et al. used 
the same barcode sensing scheme with 
AuNBPs to simultaneously detect multiple 
secreted cytokines from T cells in response 
to pure human islet amyloid polypeptides 

or human islet amyloid polypeptides with 
ligand-stabilized AuNP coronas, showing 
LODs of 34.1 pg/ml for interleukin‐6 
(IL‐6) and 45.6 pg/ml for tumor necrosis 
factor-alpha (TNF )-a  [22].

AuNSRs are composed of a num-
ber of branches surrounding the core 
with many plasmonic hot spots at the 
tip regions, displaying an ultrahigh RI 
sensitivity [17]–[19]. Park et al. reported 
an NSR clustering showing an RI of 500 
nm/RIU and an FOM of 1.8 for probing 
streptavidin-avidin binding. Evident plas-
monic shifts and strong signal amplifica-
tion were detected owing to the plasmon 
coupling of the clustering, indicating 
potential applications of this material for 
low-abundance cytokine detection [17]. 

Moreover, a study on the control of 
anisotropic structures and optical prop-
erties of spiky AuNPs (AuNSRs) was 
reported by Pallares et al. The spiky 
AuNPs were formed by core NSs with 
shell spikes. The dimensions of the shell 
spikes can be tailored using biocompat-
ible Good’s buffer, yielding an optimal 
RI sensitivity of 533 nm/RIU [18]. 
The exceptional plasmonic properties of 
AuNSRs have rendered them a promising 
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FIGURE 2 (a) A schematic of an LSPR barcode microfluidic chip with patterned antibody-linked AuNR barcodes on a glass substrate. (b) Scattering 
spectrum red shifts and intensity increases after AuNRs binding to cytokines. (c) The dark-filed images of an LSPR barcode chip after measuring dif-
ferent cytokine mixture solutions. IFN-c: interferon-gamma. (Source: © 2015 American Chemical Society [8]; used with permission.)
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candidate for next-generation LSPR bio-
sensors. However, difficulties in produc-
ing uniform spiky shapes, relatively small 
function/binding sites, and low sensing 
volume (FOM) remain the major chal-
lenges before they can be widely used in 
practical biosensing applications.

In addition to morphological modi-
f ications, the assembly of AuNSs into 
core-satellite structure is an alternative 
strategy to improve plasmonic sensitivity. 
Ode et al. studied core-satellite AuNPs 
immobilized on a glass substrate with 
an RI of 350 nm/RIU [34]. This nano-
structure consisted of a 50-nm-diameter 
AuNP core and several 15-nm-diameter 
smaller AuNPs in the satellite-shell layer. 
The smaller the diameter of the satellite 
AuNPs, the higher RI sensitivity was 
achieved for the core-satellite AuNPs. 

Nanoplasmon ruler is another unique 
structure design by tethering two NPs 
together with a biomolecule (normally 
DNA). The dipole–dipole interactions 
between the NPs elicit exponentially larg-
er scattering intensity as compared to 
that of single NPs [35]. It was reported 
by Xie et al. that by using a nanoplasmon 
ruler with aptamer-linked AuNSs (39 
and 13 nm), they obtained a five-order-of 
magnitude signal enhancement and could 
detect adenosine triphosphate biomarker 
with an LOD down to 0.01 µM [36]. 

Lee et al. demonstrated the detec-
tion of matrix metalloproteinase by 
aptameric Au plasmon rulers. When 
binding to cytokines, the two AuNSs 
were brought to close proximity via the 
aptamer conformation change, resulting 
in pronounced enhancement of scatter-
ing intensity [37]. The remarkable spa-
tiotemporal resolution of this sensing 
scheme could potentially be used to mea-
sure cytokine secretion profiles at single-
cell-length scale.

BIMETALLIC CORE-SHELL 
NANOPLASMONIC COMPOSITES
Composite metal nanomaterials, such 
as bimetallic core-shell NPs, present 
unique advantages over monometallic 
NPs for plasmonic biosensing by using 
the collectively optical response from 
both noble metal elements [38]. The 
nanocore materials can serve as host 
substrates that facilitate the growth and 

formation of unconventional shell com-
positions (i.e., Ag-magnesium f luoride 
composited NTs [23] and Ag-Cu mul-
tilayering NT arrays [24]). The addition 
of shell materials affords the f lexibil-
ity to modify the morphology, surface 
chemistry, and plasmonic properties of 
the core-shell nanocomplexes [20], [21], 
[24], [26], [31], [39], [40]. 

For instance, Dong et al. devel-
oped an innovative LSPR biosensor by 
sequential electrodeposition of Ag and 
Au onto a transparent indium-tin-oxide-
coated glass substrate to form a bime-
tallic Ag-core and Au-shell NP sensing 
surface [39]. They reported Ag-core 
NPs (~67 nm) with an ultrathin (~1.3 
nm) Au shell that possess an RI sensi-
tivity of 220 nm/RIU. The high RI 
change can mainly be attributed to the 
higher extinction coeff icient of LSPR 
on AgNPs than that for AuNPs of the 
same size. The coating of AgNPs with 
Au nanoshells can minimize the cyto-
toxicity of the AgNPs and allow func-
tion of biorecognition molecules on Au 
nanoshell by simple surface chemistry. 

Ba i et a l. synthesized bimeta l-
lic Au–Ag core-shell nanoshuttles and 
demonstrated excellent RI sensitivity 
up to 484 nm/RIU and FOM of 3.4 
[26]. The sharp tips of the Ag-coat-
ed AuNRs provided larger extinction 
cross-section areas and resulted in an 
enhanced local electromagnetic f ield 
over that on the AuNRs. Further sur-
face modif ications would be essential 
to protect the vulnerable exposed Ag 
surface to be applicable for biological 
sample measurements [24]. As an alter-
native, Pd can be a well-suited shell 
material because of its tunable extinc-
tion resonance wavelengths from ultra-
violet to infrared [21] and the readily 
available surface chemistry [31]. Au–Pd 
core-shell nanocrystals and NRs were 
reported to be highly sensitive biosens-
ing materials, where the RI sensitivity 
of Au–Pd core-shell NRs was measured 
to be 1,067 nm/RIU, approaching the 
theoretical limit [21], [40].

MULTIFUNCTIONAL MAGNETIC-
PLASMONIC CORE-SHELL NPs

Magnetic NPs have attracted increasing 
attention in the past few decades because 

of their distinct magnetic properties, 
such as superparamagnetism at sub-100-
nm scale, showing great potential in 
bioanalytical applications. With recent 
developments in the synthesis of noble-
metal-decorated/-coated magnetic NPs, 
multifunctional magnetic-plasmonic 
core-shell NPs have become a new poten-
tial sensing element for LSPR biosensors. 
The magnetic NP core can allow con-
trollable manipulation of the core-shell 
NPs with external magnetic fields, which 
is essential in many bioanalytical process-
es, such as NP purification, immobiliza-
tion, and local analyte detection. Because 
the magnetic NPs do not usually exhibit 
plasmonic characteristics, the plasmonic 
NP shells function as optical antennas in 
response to light illumination [41].

Based on this concept, Cai et al. 
developed a high-throughput, label-free, 
multiplex LSPR immunoassay using iron 
oxide (Fe O )/Au3 4  core-shell NPs [Fig-
ure 3(a)–(f)]. Assisted by an external 
magnetic field, the core-shell NPs can 
be easily assembled onto a glass substrate 
to form regular and uniform sensing 
spots over a large area [15]. By exploit-
ing the superparamagnetic property of 
the Fe O NPs,3 4  the patterned NPs by 
the external magnetic f ield remained 
well dispersed to avoid the unintended 
plasmonic coupling for optimal sens-
ing performance. The shape, size, and 
distance between the sensing spots can 
be controlled by tailoring the design 
of the polydimethylsiloxane (PDMS) 
microwell mask. This facile patterning 
method overcomes the major obstacles 
of conventional nanofabrication technol-
ogies [42]–[45], which do not require 
dedicated instrumentation and compli-
cated procedures, and thus holds great 
promise for scalable manufacturing [46]. 
Combining the LSPR dark-field imaging 
technique [8], this microarray biosen-
sor can perform 384 tests in parallel to 
measure four different cytokines in 16 
replicates.

INTEGRATED MICROFLUIDIC LSPR 
BIOSENSORS FOR ADVANCED 
IMMUNE ANALYSIS
Microfluidic devices present great advan-
tages in fluid handling, upstream sample 
preparation, on-chip cell manipulation, 
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and sample sparing [47]. Microfluidics 
overcome the drawbacks of time-con-
suming and high-requirement fabrication 
of conventional biosensing platforms in 
microsystems, mostly involving com-
plex mechanical structures. The flexible 
design, ease of fabrication, and miniatur-
ization allow the integration of microflu-
idics with various downstream label-free 
biosensors for in situ, quantitative, on-
chip measurements, which speeds up the 
transfer process of biosensing platforms 
from experimental devices to real-life 
applications [48]. Such integrated sens-
ing platforms offer unique opportunities 
in 1) sample-sparing, high-throughput, 

multiplex immunoassay and 2) on-chip 
cellular functional analysis for rapid, in 
situ immune monitoring.

MICROFLUIDIC IMMUNOASSAYS 
FOR HIGH-THROUGHPUT MULTIPLEX 
DETECTION
The integrat ion of LSPR biosen-
sors with a sample-sparing microf lu-
idic device can provide rapid, massive 
parallel analysis of multiple cytokines 
with high sensitivity and rich statis-
tic information, using only minimal 
sample volume [4], [49]. The afore-
mentioned AuNR LSPR barcode bio-
sensor reported by Chen et al. [8] and 

the Fe O /Au3 4  core-shell microarray 
by Cai et al. can perform multiplex 
cytokine measurements on hundreds 
of sensing spots simultaneously in 
real time [15]. The whole assay pro-
cess, including the loading, incubation, 
washing of samples and reagents, and 
multianalyte detection, can be complet-
ed within 40 min, using a sample vol-
ume down to .1 Ln  Given the shortened 
assay time, enhanced sample efficiency, 
and low sample volume requirement as 
compared to conventional immunoassay 
(such as ELISA, which would require up 
to 8 h and a sample volume of 0.5–2 mL 
per test), these label-free, high-through-
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put microfluidic immunoassays can pro-
vide an unprecedented discriminating 
power in immune diagnostic and clini-
cal monitoring.

INTEGRATED LSPR MICROFLUIDIC 
DEVICE FOR CELLULAR FUNCTIONAL 
ANALYSIS
A synergistic combination of a cell 
manipulation microf luidic system with 
adequate LSPR biosensors into an inte-
grated lab-on-chip device provides a new 
dimension in immune monitoring by 
measuring the in situ functional response 
of immune cells. This is first demonstrat-
ed by Oh et al. using a label-free LSPR 
cytokine secretion assay to detect TNF-a  
secreted by on-chip isolated immune 
cells from clinical blood samples [50]. 
The integrated microfluidic device was 
composed of a supporting layer, a cell 
manipulation layer, and a sensing layer. A 
circular detection pattern of AuNPs was 
deposited at the center of the LSPR sens-
ing layer, shown as the yellow spot on the 
black bottom layer in Figure 4(a). 

A unique circular structure com-
posed of three arrays of micropillars in 
the cell manipulation layer was designed 
to isolate and enrich the target immune 
cells before the cells were stimulated 
and incubated for cytokine secretion 
and detection [Figure 4(a)]. As a result, 
the microf luidic LSPR immunoassay 
platform can achieve in situ, quanti-
tative detection of cytokine secretion 
from a desired subset of immune cells 
down to a cell population of as few as 
1,000 cells.

More recently, a lab-on-chip platform 
was designed by Zhu et al. that permits a 
time-course immune cellular functional 
analysis in a biomimetic microenviron-
ment under inf lammatory stimulation 
[51]. The device was fabricated by inte-
grating LSPR barcode sensor arrays with 
a microchamber in the center for on-chip 
culturing of adipocytes and macrophages 
and subsequent detection [Figure 4(b)]. 
Such a novel biomimetic microf luidic 
tissue-on-chip platform could ultimate-
ly gear clinicians with the capability to 
identify stage-specif ic cytokine secre-
tion profiles for immune diagnostics and 
prognostics and personalized immuno-
therapy.

CONCLUSION
We briefly summarized the latest advances 
in plasmonic sensor platforms for label-
free biomolecule detection and highlight-
ed some of the most relevant diagnostic 
applications targeting immune cytokine 
biomarkers. We focused on novel plas-
monic nanostructures created by morpho-
logical and compositional modifications 
and their applications in LSPR biosensors 
for real-time, highly sensitive, label-free 
cytokine detection. Despite the attrac-
tive features of nanoplasmonic cytokine 
biosensors, the route toward effective 
immune functional analysis involves the 

development of high-throughput, multi-
plexed immunoassay and the integration 
of an advanced microfluidic system for 
on-chip cell isolation and in situ analysis. 

Significant challenges still lie ahead 
for such LSPR biosensing microfluidic 
chips, mainly in simultaneously achieving 
high sensitivity, selectivity, multiplexity, 
and spatial-temporal resolution. These 
features are consequential to the accu-
racy, rapidness, and reproducibility of on-
chip cellular secretory analysis, especially 
at the single-cell level. 

In addition, the design, selection, and 
optimization of cell isolation mechanisms 
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in microf luidic systems that are opti-
cal compatible with label-free nanoplas-
monic sensing remain critical issues. We 
believe, once achieved, these integrated 
nanoplasmonic microf luidic biosensors 
could overcome some of the major chal-
lenges faced in conventional diagnosis 
techniques and have immense potential 
as transformative analytical platforms for 
accurate and comprehensive analysis of 
the immune system.
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