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harvesting and destruction of cells, all of 
which prevent quantitative real-time moni
toring of apoptotic cells responses within 
live cell cultures. The specific detection 
of markers (e.g., cytochrome c and active 
caspase-3) indicative of apoptosis further 
requires labeling,[2] protein purification 
procedures, or cell staining.[3] In whis-
pering-gallery mode (WGM) sensing on 
the other hand, no labeling of the protein 
with a reporter enzyme or fluorophore is 
required. Instead, the WGM sensor sur-
face is modified with a detection antibody 
to achieve label-free and specific protein 
sensing.[3]

The noninvasive and real-time investiga-
tion of intact and nonlabeled cell cultures 
is of great importance for determining 
the onset of cell death and understanding 
mechanisms that trigger apoptosis.[4] 
Tracking the complex response kinetics 

of cells thereby requires the noninvasive and real-time moni-
toring of extracellular markers; however, due to the insufficient 
sensitivity of common methods, it is quite challenging to track 
low concentration of protein release to the cell culture medium 
without fluorescence labeling. Optical-based biosensors are par-
ticularly adept at this task as they specifically detect biomolecules 
by modifying the sensor without the need for analyte labe-
ling.[3,5,6] Optical microdevices such as those based on highly sen-
sitive whispering-gallery mode biosensors (WGMBs) have been 
developed to address the need for a sensitive and real-time tool in 
biodetection.[7–11] These microbead sensors have been applied to 
the detection of various biomarkers. For example, WGMBs have 
been employed for the detection of proteins,[3,12–18] DNA,[6,19,20] 
RNA[21] and virus particles.[7,10,22–24] The whispering-gallery mode 
biosensor (WGMB) is capable of ultrahigh sensitivity even down 
to single DNA molecules[5] or to observe the ions interactions.[25] 
Furthermore, label-free and real-time monitoring of cell 
apoptosis in cell cultures can be useful for developing organ-on-
chip assays and to monitor and quantify the response of com-
plex cell cultures exposed to various drugs and toxins.[3,26–28] To 
address the need for noninvasive and real-time tools capable of 
monitoring cell death, we developed a microfluidics integrated 
micrometer-scale optical biosensor that is capable of monitoring 
both cell morphology and specific biomarker.

Biomarkers are launched into the medium upon cell 
death due to exposure to staurosporine toxins, which are 
known to trigger apoptosis.[29] The shifts in the optical 

The noninvasive monitoring of protein secretion of cells responding to drug 
treatment is an effective and essential tool in latest drug development and 
for cytotoxicity assays. In this work, a surface functionalization method is 
demonstrated for specific detection of protein released from cells and a plat-
form that integrates highly sensitive optical devices, called whispering-gallery 
mode biosensors, with precise microfluidics control to achieve label-free 
and real-time detection. Cell biomarker release is measured in real time and 
with nanomolar sensitivity. The surface functionalization method allows for 
antibodies to be immobilized on the surface for specific detection, while the 
microfluidics system enables detection in a continuous flow with a negli-
gible compromise between sensitivity and flow control over stabilization and 
mixing. Cytochrome c detection is used to illustrate the merits of the system. 
Jurkat cells are treated with the toxin staurosporine to trigger cell apoptosis 
and cytochrome c released into the cell culture medium is monitored via the 
newly invented optical microfluidic platform.
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1. Introduction

The study of cell behavior in response to various stimuli has 
applications in a wide variety of fields ranging from basic bio-
logical studies to drug discovery. Quantitative analysis of intra-
cellular components is commonly investigated using invasive 
methods that lyse or permeabilize cells.[1] Consequently, these 
assays require the perturbation of cell cultures or even the 
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resonance wavelength of a glass microsphere supporting 
WGMs[8,11,12,14,16,17,30] are used for tracking cytochrome c con-
centration for cell apoptosis assessment.[31] Note that the mech-
anism of extracellular cytochrome c is not well understood. The 
release of cytochrome c into extracellular space may indicate not 
only cell apoptosis, but also other unclear mechanisms such as 
cell signaling.[32] Extracellular cytochrome c has recently been 
used as biomarker for many apoptosis related diseases, such as 
arthritis.[33] or cancers.[34]

Cytochrome c is translocated from mitochondria to the cyto-
plasm and then into the cell culture medium during cell apop-
tosis.[35,36] Moreover, cytochrome c is also considered a useful 
biomarker for mitochondrial and general cellular damage.[37] 
There is also a relative abundance of cytochrome c within 
cells (i.e., estimated concentrations in intermembrane space 
between 0.5 × 10−3 and 5 × 10−3 m.[4]

Using WGMBs functionalized with cytochrome c-specific 
antibodies, we monitor the secretion of cytochrome c in real 
time after staurosporine treatment. Combining this with an 
imaging system, we are able to simultaneously monitor not 
only the release of biomarkers but also observe the morphology 
of the cells during the drug treatment. To functionalize the sur-
face of the microbead, we applied a sandwich assay with the 
linking of biotin–streptavidin.[6] Antibodies are immobilized 
on the microbead sensor by conjugating the biotinylated anti-
body via streptavidin to a biotinylated dextran layer that was  
previously physisorbed to the glass microsphere. The bioti-
nylated dextran layer efficiently prevents the nonspecific 
binding of substances contained in the complex medium to the 
WGMB.

Microfluidic devices provide control over a stable flow of 
analyte by increasing the mixing rate of different reagents and 

decreasing the volume of the sample,[38,39] gently and stably 
guiding it into the system. The microfluidic device is patterned 
with various sizes of blocks that act as filters or trappers. The 
blocker sizes are in the range of 5–50 µm. While the sample 
is flowing from larger to smaller filters, cells are being filtered 
according to their size thus allowing for size-dependent trap-
ping. Here we use Jurkat cells that are sized within the range of 
7–15 µm. The outlet of the device then introduces the medium 
into the optical sensing area. While the cells are being loaded 
onto the microfluidics device, the staurosporine is then pumped 
into the device and continuously flushes the cells trapped in the 
filters (≈2 × 104 cells). In Jurkat cells, the mitochondria start to 
swell and release of cytochrome c has been observed within 1 h 
of staurosporine treatment.[40] The released cytochrome c pro-
teins in the cell culture medium will bind to the antibody-func-
tionalized WGMBs and lead to optical frequency shifts. The 
quantitative response of the WGMB to cell death is consistent 
with established cell viability MTT 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide tests, i.e., the invasive colori-
metric assay to monitor mitochondrial enzyme activities tied to 
relative cell viability.[33,41]

2. Results

2.1. Surface Functionalization

We applied the sandwich assay of biotin–streptavidin linking 
to immobilize the antibodies on the surface of the microbeads. 
The microbead is first modified by biotin–dextran, wherein 
dextran prevents nonspecific binding and the biotin links to 
the biotinylated antibody–streptavidin compound. Figure 1A  
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Figure 1.  Surface modification with/without premixing of biotinylated antibody and streptavidin. A) Surface modification with biotinylated antibody and 
streptavidin premixing. The antibody is successfully immobilized on the microbead surface (red frame). B) Surface modification without biotinylated 
antibody and streptavidin premixing. The streptavidin is fully occupied by the biotins, which conjugated on the dextran chain. No free streptavidin 
binding sites are available for biotinylated antibody (blue frame). C) WGMB sensorgram of with and without premixing. 10 × 10−9 m human recombi-
nant cytochrome c is used for testing. System threshold is determined by BSA nonspecific binding. Red curve indicates that cytochrome c binds to the 
microbead with premixing. Significant cytochrome c binding signal is observed. Blue curve indicates the microbead without premixing of biotinylated 
antibody and streptavidin. Streptavidin is first coated to the microbead. The streptavidin modified microbead is then exposed under biotinylated anti-
body solution. No significant cytochrome c binding is observed.
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displays the schematic for antibody immobilization. The 
surface of the microbead is modified with biotin–dextran, 
which provides two functions: first, it supplies the biotin linker 
necessary for linking to the biotinylated antibody–streptavidin 
compound and second, it minimizes the nonspecific adsorp-
tion of proteins to the glass microsphere surface. Mixing bioti-
nylated antibody with streptavidin in advance is critical because 
it prevents the binding sites of streptavidin from being fully 
occupied by biotin–dextran on the surface of the microbeads. 
Figure 1B shows the schematic for unsuccessful surface modi-
fication if biotinylated antibody and streptavidin are not mixed 
in advance. After exposing the microspheres to biotinylated dex-
tran they are first exposed to the streptavidin solution, and then 
exposed to the biotinylated antibody solution. The streptavidin 
is fully occupied by the biotin on the microbeads and hence 
there are no binding sites for linking to biotinylated antibody 
(Figure 1B). Figure 1C shows the cytochrome c binding with 
(red curve) and without premixing (blue curve) of biotinylated 
antibody and streptavidin. When the premixed compound was 
used (red curve), a significant amount of cytochrome c binds to 
the microbead, indicating that the antibodies are successfully 
immobilized on the microsphere surface. When separating the 
streptavidin and antibody coating step to two steps the WGMB 
data shows no significant cytochrome c binding (blue curve).

It is important to optimize the compound ratio between bioti-
nylated antibody and streptavidin. It is desirable to immobilize 
as many antibodies as possible as to increase the WGMB signal; 
however, too many biotinylated antibodies may fully occupy the 

binding sites of streptavidin and prevent the compound from 
binding to the microbead. Figure 2 displays the antibody immo-
bilizing mechanisms with different conditions. Figure 2A dis-
plays the WGMB signal of recombinant human cytochrome c 
protein binds to the microbeads, which are functionalized by 
three different biotinylated antibody–streptavidin compounds 
respectively. Three different mixing ratios are tested with 
10 × 10−9 m of cytochrome c. Figure 2D depicts the cytochrome c 
signal with three different ratios of compounds. The blue curve 
is for 1:100, black curve for 1:1, and red curve for 1:10 bioti-
nylated antibody–streptavidin mixing ratios. Figure 2B (blue 
frame) displays the binding sketch for a compound ratio of 
1:100. The WGMB signal (Figure 2D, blue curve) is low in this 
case. The low ratio between antibody and streptavidin ensures 
that there are free streptavidin binding sites for linking to the 
biotin on the microbead; however, the amount of antibodies 
that are immobilized on the microbead surface is insufficient.  
Figure 2C (black frame) displays the binding sketch for a com-
pound ratio of 1:1. The WGMB signal (Figure 2D, black curve) 
shows weak cytochrome c binding. When the biotinylated anti-
body proportion is too high (i.e., a biotinylated antibody–strepta-
vidin ratio 1:1), all the streptavidin binding sites are occupied by 
the biotinylated antibody, leaving no free binding site for the 
biotin on the surface of the microbead. Figure 2A (red frame) is 
for a compound ratio of 1:10. This shows a significant WGMB 
signal (Figure 2D, red curve) as compared to the other two com-
pounds. Mixing biotinylated antibodies and streptavidin with 
a molecular ratio of 1:10 thus provides us with an optimized 
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Figure 2.  Surface functionalization with different compound ratio of biotinylated antibody and streptavidin. A) Compound of biotinylated antibody–
streptavidin with mixing ratio 1:10 (red frame). Each streptavidin carries up to three biotinylated antibodies and link to the biotin on the microbead. 
Many cytochrome c proteins are bound to the functionalized microbead. B) Compound of biotinylated antibody–streptavidin with mixing ratio 1:100 
(blue frame). Many free streptavidin bind to the microbead surface. Only few antibodies are immobilized on the microbead surface. C) Compound 
of biotinylated antibody–streptavidin with mixing ratio 1:1 (black frame). The streptavidin are fully occupied by the biotinylated antibodies and leave 
no free binding site to link to the biotins on the microbead surface. D) WGMB sensorgram of microbeads modified by three different mixing ratio 
compounds, respectively. 10 × 10−9 m human recombinant cytochrome c is used for testing. Threshold is determined by BSA nonspecific binding. 
Red curve indicates the cytochrome c binding of microbead functionalized by biotinylated antibody–streptavidin compound mixing with 1:10 ratio. 
Significant cytochrome c mass loading is observed. Blue curve indicates the cytochrome c binding of microbead functionalized by 1:100 compound 
ratio. Black curve indicates the cytochrome c binding of microbead functionalized by 1:1 compound ratio. No significant cytochrome c bindings are 
observed in both 1:100 and 1:1 compound.
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sensing signal (Figure 2D, red curve). Approxmately 6 biotins 
are attached on each antibody to link with streptavidin.

2.2. Human Recombinant Cytochrome c WGMB Binding Signal

Figure 3 outlines the WGMB signal for recombinant 
cytochrome c in different concentrations. To understand the 
relationship between the signal generated by WGMBs and 
the concentration of cytochrome c, we use human recom-
binant cytochrome c protein (Novoprotein, CF80, USA) to 
calibrate the system. Figure 3 displays the sensor signals 
for four different concentrations of cytochrome c solution 
(30 × 10−9, 20 × 10−9, 10 × 10−9, 0 × 10−9 m) in Tris buffer. All the 
measurements are repeated three times. Prior to cytochrome c 
injection, the sensor reaches thermal equilibrium at room tem-
perature for 30 min and a baseline is recorded for more than 5 
min. There is no significant baseline drift and the WGM wave-
length shift noise levels are at ±0.04 pm, corresponding to an 
uncertainty of ±4 pg mm−2 when determining mass loading. 
Recombinant cytochrome c protein binds to the antibody on 
the microbead and causes the wavelength shift. The wavelength 
shift is translated into cytochrome c mass loading (see the 
Experimental Section). Figure 3 inset shows the WGM sensor-
gram and the binding slope of these four concentrations. The 
binding slope (Figure 3 inset) is determined by first 30 min of 
the measurement (see the Supporting Information). The speci-
ficity of the microbead is tested by high concentration of bovine 
serum albumin (BSA), which is commonly used in biological 
experiments to block the nonspecific binding. The WGM signal 
generates from BSA (Figure 3, orange curve) is considered as 
the background of nonspecific binding and set as the threshold 

of sensor (see the Experimental Section for details). The 
threshold is determined by the first 30 min of the BSA binding, 
which is 2.04 pg mm−2 min−1.

2.3. Real-Time Cytochrome c Detection from Jurkat Cells

Figure 4 contains the real-time measurement of cytochrome 
c released from the Jurkat cells after staurosporine treatment. 
All experiments are repeated three times and the index change 
caused by staurosporine injection is compensated (see the Sup-
porting Information). The experiment is operated in room tem-
perature. The red curve represents the Jurkat cells treated by 
1 × 10−6 m staurosporine while the dark blue curve represents 
the cells that have not been treated. The brown curve encom-
passes the control measurement without Jurkat cells. The 
microbead is immersed in the cell culture medium to block the 
nonspecific binding sites for ≈1 h and the baseline is recorded 
for more than 5 min. A significant amount of cytochrome c is 
detected after 2 h of staurosporine treatment. Approxmately 
5.4 pmol of cytochrome c is released within first 2 h after stau-
rosporine treatment. Each cell releases sub-fmol (≈0.27 fmol) 
of cytochrome c to the surrounding medium. The amount of 
cytochrome c release is estimated by the interpolation of cali-
bration curve as given in Figure 3. Figure 4 inset depicts the 
cell viability determined by MTT assay that is a commonly used 
for quantitative monitoring of mitochondrial enzyme activity. 
The MTT assay is a high throughput homogeneous cell via-
bility assay.[42] and the MTT reagent is positively charged and 
able to penetrate the cells. Viable cells will convert MTT into 
purple colored formazan. By contrast, dead cells will have lost 
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Figure 3.  System calibration by human recombinant cytochrome c protein. 
The sensorgram of 1 × 10−6 m BSA control and four different cytochrome c 
dilution. Four different concentrations are measured to abstract calibra-
tion curve. 30 × 10−9 m (green curve), 20 × 10−9 m (red curve), 10 × 10−9 m 
(blue curve), and 0 × 10−9 m (black curve) of cytochrome c solution are 
measured. Orange curve is the system response to 1 × 10−6 m of BSA 
solution. The average of nonspecific mass loading plus standard devia-
tion is used to determine the system threshold. Signal under threshold is 
considered as a background signal. Inset figure shows the initial binding 
slope of these concentrations. Initial binding slope is proportional to the 
cytochrome c concentration. Threshold is determined by the first 30 min 
of 1 × 10−6 m BSA binding.

Figure 4.  Real-time sensing of cytochrome c released from Jurkat cells. 
Brown curve indicates the control measurement of only serum free 
medium without cells. The result validates the system stability for long-
term measurement. Dark blue curve indicates the Jurkat cells without 
staurosporine treatment. Small amount of cytochrome c is observed 
within 5 h of measurement. Red curve indicates Jukat cells treated by 
1 × 10−6 m staurosporine. Significant WGM signal is observed. Inset 
figure indicates cell viability determined by MTT assay with/without stau-
rosporine treatment. Blue bars (1N, 3N, 5N) indicate the cell viability of 
Jurkat cells in room temperature without staurosporine treatment. Result 
shows no significant decrease of cell viability after 5 h located in room 
temperature. Red bars (1S, 3S, 5S) indicate the Jurkat cells viability after 
1 × 10−6 m staurosporine treatment. The cell viability is decreasing with 
longer treating time.
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the ability to convert MTT into purple color. The amount of the 
formazan is generally proportional to the number of metaboli-
cally active viable cells.[43]

Different time points (0 h, 1 h, 3 h, 5 h) are measured to 
determine the cell viability. All the experiments are repeated 
for three times, and the shown graph is the mean value of the 
experiments with standard deviation as error bar. The sample 
well without cells 0B (see Table 1) is set as the baseline that 
the absorption is only from MTT and serum free medium. The 
cells without treatment in 0 h (0C) is used for normalization. 
The MTT results show that the cell viability of the cells without 
treatment (Figure 4 inset blue bars, sample 1N, 3N, 5N) are 
quite stable in room temperature. The cell viability of the stau-
rosporine treated samples (Figure 4 inset red bars, sample 1S, 
3S, 5S) are gradually decreasing, which are inversely propor-
tional to the staurosporine incubation time.

3. Discussions and Conclusions

In this paper, we developed a highly sensitivity, label-free, non-
invasive, microfluidics integrated WGMB platform for the real-
time detection of a biomarker released from cells. The amount 
of cytochrome c released by Jurkat cells into the medium 
was quantified to draw conclusions regarding cell viability in 
response to staurosporine treatments.

Compared to current protein analytical tools such as ELISA 
assay, which requires protein labeling,[44,45] the WGM-based 
optical platform demonstrated in this research provides a label-
free, highly sensitive and real-time approach to detect specific 
biomarkers in the medium. The capability of real-time, extra-
cellular detection provides a novel tool to monitor the specific 
secretion of biomarkers by live cells after drug treatment. By 
contrast, other existing methods used to analyze specific bio-
markers of cells such as ELISA or Western Blot require lysing 
of the cells or labeling of the protein. Such approaches either 
prevent real-time observation of cell response or result in a non-
physiological condition of cells due to the labeling procedure.

We also presented a surface functionalization method to 
detect a specific protein in a complex media. This WGMB plat-
form is adaptable for detection of virtually any biomarker via 
antibody-based recognition schemes.

In this study, we applied monoclonal cytochrome c anti-
bodies for specific detection. In order to reduce nonspecific 
binding in a complex medium we modified the sensor surface 

with a biotin-dextran layer.[3,6,46] The functionalized microbead 
is tested with a high concentration of BSA to determine a con-
centration threshold above which the sensor response can be 
mainly attributed to specific binding. The detection limit of 
cytochrome c in complex media is 6.82 × 10−9 m, which is deter-
mined by 1 µm of BSA solution.

We monitored a significant amount of cytochrome c that was 
released into cell culture medium after staurosporine treatment 
as shown in Figure 4, red curve. Meanwhile, the MTT assay 
also shows the decrement of cell viability. Note that the results 
from MTT assay and WGMB are not directly comparable. 
Staurosporine could induce cell apoptosis[29] and cell cycle 
arrest,[47] both aspects of which may influence the MTT result. 
A release of cytochrome c into extracellular space after trig-
gering cell apoptosis was reported.[35] However, recent research 
has found that the releasing of cytochrome c into extracellular 
space may have different functions such as intracellular sign-
aling molecule of the brain.[32] The mechanism for extracellular 
cytochrome c release is not well understood, and so to draw 
any concrete conclusion further studies are required. The plat-
form demonstrated in this work provides a novel approach for 
scientists to monitor the real-time response of a cell to drug 
treatment.

The integration of WGMBs with a microfluidics system that 
continuously delivered fresh cell culture media furthermore 
allowed for the precise control over the dose of a drug adminis-
tered during biosensor measurements. This microfluidic WGMB 
platform represents a potentially powerful tool for analyzing the 
response of cells in various microenvironments, in real time 
and without the need for cell lysis. The biochip detection system 
could be easily integrated with other bioanalytical platforms such 
as confocal microscopy in order to simultaneously monitor mor-
phological changes of cells or the re-distribution of fluorescently 
labeled proteins expressed inside of the cells. Various microflu-
idics integrated WGMB devices could provide a multiplexed plat-
form for researchers to quantitate proteins released by cells for 
example in applications that seek to optimize protein or antibody 
production or that seek to understand the complex response 
kinetics of cells or that study the secretome.

Meanwhile, by modifying the microfluidic device further, 
small amounts of protein secreted from tissue samples after drug 
treatment could be collected and analyzed without inflicting any 
damage to the tissue; and ultrasensitive WGMBs are potentially 
capable of monitoring the single cell response possibly down to 
the single molecule level. With the further improvement of the 
microfluidic WGMB technology, one could culture cells[48,49] and 
tissues on 3D[50,51] scaffolds that integrate WGMBs to monitor 
the specific release of biomarkers within a complex organ-
on-a-chip and at different sensing locations within the scaffold.

4. Experimental Section
System Schematic, Microbead Fabrication, and Functionalization: 

Figure 5A displays the system schematic. The evanescent field is coupled 
into the microbead via a prism coupling setup. The laser wavelength is 
1310 nm, the refractive index of the prism (Edmund, N-SF11) is 1.748, 
and the incident beam angle is ≈55°. The solution is continuously 
pumped through the cell trapper and flows into the sensing area via 
syringe pump driven pressure (Harvard Apparatus 11 Plus, USA) for 
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Table 1.  Jurkat cells treating condition for MTT assay.

Sample Time point [h] Treatment condition

0B 0 No cells, no treatment

0C 0 With cells, no treatment

1N 1 With cells, no treatment

1S 1 With cells, staurosporine treated

3N 3 With cells, no treatment

3S 3 With cells, staurosporine treated

5N 5 With cells, no treatment

5S 5 With cells, staurosporine treated
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uninterrupted measurement. The drug keeps flushing the cells, and the 
antigen is captured by the surface functionalized microbead. Figure 5B 
left shows the design of the microfluidic chip. The solution is injected 
from the inlet, passing through the curving channel, which is designed 
to stabilize flowing media cause by syringe pump regular pulses and 
delivered to the area where the cells are trapped. The cell trapping region 
contains filter patterns sizing from 5 to 50 µm and it was designed to 
capture cells sizing from 7 to 15 µm. Figure 5B right shows the image 
of cell trapping via bright-field microscopy. In the end, the solution that 
contains protein that releases from captured cells flow out of the device 
and reach to the sensing area. The microfluidics chip is connected to the 
sensing chamber by a 0.381 mm ID and 1.09 mm OD polyethylene tube. 
Figure 5C shows the illustration of surface modification. Streptavidin 
plays the role as bridge to link the biotin on the microbead surface and 
the biotinylated antibody.

Microbead Fabrication: The microbead is fabricated using a single 
mode fiber with a 250 µm acrylate polymer coating and 125 µm of 
cladding. After the jacket is removed, the exposed fiber is cleaned with 
acetone and isopropanol to remove the acrylate residue. The fiber is 
then melted by oxygen–butane flame with ≈3000 °C (estimated by the 
color) under a microtorch. The microbead is observed by a microscope 
to ensure the spherical of the shape.

Surface Modification: The antibodies are immobilized on the surface 
of the microbead by a sandwich assay of biotin–streptavidin. The 
microbeads were first placed in a plasma cleaner (Harrick Plasma, 
Basic Plasma Cleaner PDC-32G, USA) for 5 min to undergo surface 
hydroxylation. After plasma treatment, the microbead was exposed to 
biotin–dextran solution (Sigma-Aldrich, 14402, Germany) for 30 min. 
After the biotin–dextran treatment, the microbeads were washed three 
times with Tris buffer, each washing duration being 5 min as to remove 
the free biotin–dextran solution. Next, the microbeads were exposed to 
a premixed solution of biotinylated antibodies and streptavidin for 1 h. 
The biotinylated antibody–streptavidin compound was prepared 24 h 
before the experiments with an optimized molecular stoichiometric 

concentration ratio of 10:1 (see Section 2). The anticytochrome c 
antibodies (Biolegend, 612303) were premodified with ≈3–6 molecules 
of biotin per antibody. Efficient linkage of the biotinylated antibody to 
streptavidin (New England Biolabs, N7021S, England) ideally requires 
2–3 binding sites of streptavidin occupied by the antibody, leaving 1–2 
binding sites for linkage to the biotinylated dextran layer.

WGMB Data Analysis: The microoptical resonance wavelength shift 
of the WGMB upon cytochrome c protein binding is measured in units 
of loaded protein mass per millimeter squared sensor area (pg mm−2)[6]

λ
λ

( )
( )= ∆ −

Mass loading
2 d /d

s
2

m
2

m

n n R

n n c �
(1)

where Δλ is the shift in the resonance wavelength, λ is the nominal 
wavelength of the distributed feedback laser (DFB) laser (≈1310 nm), 
ns = 1.46, and nm  = 1.33 are the respective refractive indices of the 
microsphere and aqueous medium, R is the approximate radius of the 
microsphere as determined by microscopic imaging (≈200 µm), and dn/
dc  ≈ 0.183 × 10−9 (mm3 pg−1) is the approximate incremental refractive 
index change of a cytochrome c protein solution.[30]

Microfluidic Device: The microfluidic device used to trap the cells is 
a device with a glass slide and patterned polydimethylsiloxane (PDMS) 
leaf bonded chip. The devices are roughly 3 mm thick, 76.2 mm long, 
and 50.8 mm wide as shown in Figure 5B. The height of the channel 
is 50 µm and the width of the curving channel is 30 µm (Figure 5B). 
The channel was molded by a microfabricated SU-8 3025 master on a 
silicon wafer followed by PDMS soft lithography. The PDMS leaf was 
released after 3 h of 85 °C curing in the oven. After hole punching the 
inlet and outlet, the PDMS leaf was rinsed with isopropyl alcohol and 
dried out with compressed N2 gas. To fully dehydrate the PDMS leaf, the 
leaf was baked in the oven at 85 °C for 10 min. PDMS leaves were then 
O2 plasma-treated with acetone-cleaned glass slides. The device was 
then finalized via PDMS and glass slide bonding. An optional 10 min 
postbinding bake at 85 °C in the oven helped minimize vapor or any 

Small 2018, 1703705

Figure 5.  Microfluidic integrated WGMB. A) WGMB system schematic. The solution continuously pumped into the microfluidic chip where the cells 
are located, with a consistent flowrate in which the solution contains analytes is launched in the sensing chamber. The analyte is specifically captured 
by antibody functionalized microbeads. The WGMB signal is acquired by a DAQ card and analyze by a PC. B) Left: Microfluidic chip. The cells are 
launched from the inlet and been trapped in the filter. The filter contains variety sizes of blockers to trap the cells. The curving channel design effi-
ciently reduces the noise generates by syringe pump, which may cause inconsistency of the flowrate. Right: The Jurkat cells trapped in the microfluidic 
device. C) Illustration of surface functionalization. The microbead is modified by anticytochrome c antibodies via sandwich assay of streptavidin–biotin 
binding. The microbead is first modified a biotin–dextran layer (yellow chains). The compound of biotin–antibody and streptavidin is then modified. 
The streptavidin binds biotin on surface of the microbead and the biotinylated antibody.



1703705  (7 of 8)

www.advancedsciencenews.com

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.small-journal.com

liquid leftover at the binding interface, thus strengthening the binding. 
The devices were tape-sealed until usage as to avoid introducing 
unwanted particles or dirt contamination. Note that 0.381 mm ID and 
1.09 mm OD polyethylene tubing was used to connect the flow-through 
device and optical system.

Cell Preparation: The cells were maintained in RPMI-1640 medium 
(Gibco, Life Technologies) supplemented with 10% heat-inactivated fetal 
calf serum (FCS HI, Sigma) and 1% penicillin–streptomycin–glutamine 
(PSG, Invitrogen) at 37 °C in 5% CO2. Before the experiments the 
cells were first washed and then transferred to serum-free RPMI-1640 
medium supplemented with 1% PSG. For this cleaning procedure, 10 mL 
of cell suspension was transferred to a 15 mL tube and centrifuged for 
5 min at 1200 rpm. The supernatant was discarded, and the cells were 
resuspended in 14 mL of Dulbecco’s phosphate buffered saline (DPBS, 
Gibco), and, again, centrifuged for 5 min at 1200 rpm. The washing 
step was repeated and after that, the DPBS supernatant was discarded 
and the cells were resuspended in 10 mL of serum-free medium 
supplemented with 1% PSG. The cell numbers were determined by a 
counting chamber. For the WGMB experiments the cell solution was 
further diluted to a cell density of 4 × 104 cells mL−1. 500 µL of this 
dilution (i.e., 2 × 104 cells) were flowed through the microfluidic system.

MTT Assays: MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
assays are applied to validate the cell viability with and without 
staurosporine treatment (Sigma-Aldrich, S6942-200UL) at room 
temperature. The Jurkat cells were cultured for 2 d and replaced to 
serum free medium before the experiment (see Cell Preparation). To 
mimic the sealed environment for microfluidic system, 105 of Jurkat cells 
were loaded into polymerase chain reaction (PCR) tubes, each contained 
100 µL of serum-free medium. The tube was sealed after the treatment 
to remain CO2 level and kept pH of the cell culture medium stable. 
The cell viability was monitored in various time points as Table 1. 5N 
(staurosporine free) and 5S were treated first and sealed the PCR tubes. 
After 2 h, the experiments of 3N and 3S were started. The samples were 
prepared in order, and in the end, all tubes were opened at the same 
time and the cells were moved to the 96-well plate. In the meantime, 
10 µL of MTT solution was added to each well. The 96-well plates were 
incubated under 37 °C overnight. After incubation, 10 µL of SDS/HCl 
was added into each well to dissolve the formazan crystals.[43,52] The 
formazan was observed with 550 nm to get the optical density.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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