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Introduction 
Capacitive Micromachined Ultrasonic Transducer (CMUT) is 

a technology that was introduced as an alternative to piezoelectric 
resonators in the last decade. Currently the most recent designs were 
developed to have a high resonant frequency i.e. 40-52 MHz. The 
detection surface area of an individual CMUT is approximately 20 
µm in diameter [1-3]. Initially, CMUTs were developed for medical 
imaging and therapeutic purposes [4-6]. CMUTs gained attention for 
medical ultrasonic imaging application and significant improvements 
in CMUTs performance have been demonstrated during the past 
decade. Less attention has focused on another aspect of this technology, 
which is its use as a mass-sensitive sensor. Since the CMUT is a high 
frequency resonator, its oscillation and motion will be affected by mass 
change due to adsorption and desorption on its surface. For a cantilever 
resonator, its frequency is given by:

f 1 m=-
f 2 m
∆ ∆   (1)

Where Δf is the change in resonant frequency f and Δm is the change 
in mass of the resonator with mass m. For CMUTs with surface area A, 
the relationship between frequency and mass is,

f 1 m=-
f 2 m
∆ ∆                                                                                   (2)

The decrease in resonant frequency from its original value provides a 
measurement of the mass change in real time. This concept has been 
widely used in chemical sensing on many different types of resonators 
such as SAW [7], QCM [8] and micro-fabricated cantilever devices 
[9,10]. CMUTs with high resonant frequency can theoretically detect 
the mass of analytes in femtogram range or lower and with appropriate 
functionalization they can target specific analytes [1]. In the past, 
CMUTs were applied to detect low concentration chemical vapor 
such as dimethyl methylphosphonate (DMMP), decane, alcohol and 
acetone etc. [1,3,11], however their capabilities as biosensors have not 
been widely explored. 

Coating CMUTs with biocompatible materials such as parylene-c 
and polydimethylsiloxane (PDMS) [12] is achievable and useful in 
biological detection applications. However, it is only until recently 
that CMUTs were reported as a biosensor using a label-free detection 
scheme to observe the binding of antibodies to bovine leukemia virus 
protein gp51 (anti-gp51) [13] on previously gp51-coated CMUTs. In 
this communication, whole blood samples from cattle were used as a 
source of anti-gp51 and the measurements were done on CMUTs with 
a resonant frequency of 12MHz. Current demands for cost savings in 
diagnostics and biomedical detection call for the quantitative detection 
of human disease markers at low concentrations (pg/ml or ng/ml). 
These demands can at least partially be fulfilled by label-free detection 
technology [14]. Conventional label-dependent detection systems (e.g. 
Enzyme-Linked Immunosorbent Assay (ELISA)) are often expensive 
and time-consuming to perform and offer other challenges such as 
multiple label issues [15]. Therefore, development of sensitive, reliable, 
high-throughput-capable, label-free detection techniques is now 
attracting significant attention. These label-free detection techniques 
can be used for monitoring biomolecular interactions and simplify 
bioassays by eliminating the need for secondary reactants such as 
fluorescent, chemiluminescent or radioactive tags. 

In this study, we used a CMUT-based detection system using 
CMUT mass-sensitive sensors with a silicon membrane surface that 
have a resonant frequency of 50-52 MHz, to achieve high sensitivity 
in protein detection. To demonstrate the potential of CMUTs for 
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Abstract
In this study, Capacitive Micromachined Ultrasonic Transducers (CMUTs) were used to detect protein using two 

different schemes involving antibody detection and biomarker or antigen detection. For antibody detection, anti-human 
IgG Fab-specific was used as an antibody that specifically adsorbs on human IgG functionalized CMUT devices and 
anti-goat IgG was chosen as a non-specific negative control. We achieved a significant higher signal for the specific 
antibodies (~10-500 ng/ml) on CMUT devices in comparison to the non-specific negative control at low concentration. 
For antigen detection, we were interested in a cardiovascular disease biomarker and chose the tumor necrosis factor 
alpha (TNF-α) as the analyte. We found a linear calibration curve for TNF-α at very low concentrations and demonstrated 
that this label-free biodetection has a general applicability for assays including diagnostics of cardiovascular disease.
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biosensing, we employed this technology in detecting biomolecules by 
testing two different schemes. The first scheme was designed to detect 
antibodies with the CMUT sensor. This is because when antigens infect 
the human body, several types of cells work together to recognize them 
and respond in producing excess amounts of antibodies to maintain 
normal regulation. Detection of antibody in plasma will imply that our 
body may be infected by the specific antigen to that antibody even if the 
antigen itself is not detectable. 

Detecting antigens remains important to confirm precision and 
accuracy in diagnostics, i.e. disease state and progress. Consequently, we 
also performed an antigen detection assay as a part of the experiments. 
For antigen detection, we were interested in Cardiovascular Diseases 
(CVD) because they are the leading cause of mortality in the United 
States [16]. A rapid and accurate diagnosis of CVD is therefore critically 
important [17]. One common method to diagnose CVD is by detecting 
biomarkers known to have association with CVD such as C-reactive 
protein (CRP), Tumor Necrosis Factor (TNF-α) and Interleukin 6 (IL-
6) [17-21] by performing an immunological assay. A similar type of 
test can be performed on a single CMUT chip in a short period of time 
without requiring multistep protocols such as fluorescently labeled 
secondary antibodies required for microarray or ELISA. Since much 
research has suggested a stronger association between TNF-α and CVD 
than most other biomarkers [19,21], we decided to focus on detection 
of TNF-α.

To perform an immunological assay, antibodies to capture 
antigens of interest have to be immobilized on the CMUTs surface so 
that the Fab domains are exposed [14]. We compared two methods 
for immobilization of antibodies. Both strategies aimed at binding 
the Fc domain of the antibody such that it is oriented towards the 
surface causing the Fab domains to be exposed to the specific antigen. 
For the first detection scheme, we used protein A that readily adsorbs 
onto silicon surfaces to immobilize human IgG onto the sensor in the 
desired orientation [22-24]. The second detection scheme utilized the 
non-specific affinity of bovine serum albumin (BSA) on silicon surface 
[25-27]. Biotinylated BSA functionalized sensors were therefore 
fabricated. This was followed by attachment of streptavidin, which 
provided additional biotin binding sites for subsequent capture of 
biotinylated antibodies. 

We performed a calibration test using biotinylated Quantum Dots 
(Q-dots) that were captured using the same immobilization scheme 
as described above. After Q-dots were applied, the surface roughness 
parameter Ra was measured from an interferometer to provide a 
subsequent independent measurement confirming correlation between 
layer thickness and the mass of the protein layers on the CMUTs 
(Figure 1 and Figure 2). 

Material and Methods
CMUT sensor, data acquisition and frequency measurements

The CMUT data acquisition platform with built-in temperature 
control (developed by Matrix Sensors Inc.), operates at a high frequency 
of ~ 20-60 MHz which is in the range of the resonant frequency of 
current devices (50-52 MHz). This platform can measure the resonant 
frequency and performs a frequency sweep in less than 1s. In this 
setup, a single 16 channel-CMUT chip was wire-bonded onto a PCB 
connector, which allows plug-and-play read-out with the acquisition 
unit. This allows for multiple assays or chemistries to be performed 
simultaneously on different sensors of the same chip or multiple 
chips by easily swapping out CMUT chips on the reader platform. 
Furthermore, the compact size of the chip, only ~10 µl of liquid sample 

(a)

required for functionalization of the entire chip surface, or less than 1 
µl to functionalize individual sensors on a chip.  

The electronics measure the resonant frequency of the CMUT 
device which decreases in response to the mass adsorbed onto the top 
of CMUT surface. This drop is converted to the mass adsorbed on the 
surface as illustrated in Figure 3.

Before frequency measurement can be performed, CMUT surface 
has to be dried after application of protein solution to avoid damping 
and reduce error in frequency reading. After the surface is dried, 
frequency sweep was repeated until the frequency reading stops to 
fluctuate (usually around 15 min) and the average of the last 100 cycles 
was used as the resonant frequency. The surface temperature of CMUT 
chip was set to be a constant 35°C.

(a)

(b) (c)                                                                             (d)

Figure 1: (a) wafer-fabricated CMUT chip (approx. 2x5 mm) before mounting 
and wire-bonding; (b) wire-bonded CMUTs chip mounted to an electronic 
carrier board; (c) array of 16 sensors on a CMUT chip; (d) surface optical-
profiler view of a single sensor.

 
(a)                                                                             (b)

Figure 2: Data acquisition unit (a) data acquisition circuit board (b) Matrix 
Sensor reader that include a climate control unit (bottom part) for precise 
control of temperature and relative humidity inside the measurement chamber 
(top part).

Figure 3: Frequency sweeps of an antibody-functionalized CMUT sensor- 
before capture of antigen (black curve) and after binding of antigen (red curve). 
The resonant frequency decreased by 80 kHz upon capture of antigen onto 
the antibody-functionalized sensor surface corresponding to a mass 300 pg 
of antigen/sensor.
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I4506) was applied and incubated for 2 hours. Washing and drying were 
repeated and, as before, 0.1% Bovine Serum Albumin (BSA) was added 
and incubated for 30 minutes (blocking step). After washing and drying, 
some of the chips were tested for frequency. The others were separated 
into two sets for positive and negative controls. For positive control 
or specific binding, anti-human IgG Fab-specific, at concentrations of 
10 ng/ml – 500 ng/ml in 0.02% BSA in PBS, was added and incubated 
for 3 hours. Washing and drying was again repeated before frequency 
measurements. Similarly for negative control or non-specific binding, 
anti-human IgG Fab-specific at concentrations of 10 ng/ml – 500 ng/
ml in 0.02% BSA in PBS was added and incubated for 3 hours. Washing 
and drying was repeated before the frequency measurements. 

Quantitative TNF-α detection on a single CMUTs chip

We performed the assay to detect TNF-α on CMUTs system by 
immobilization of anti- TNF-α on the surface using biotin/streptavidin 
binding. The assay started by applying BSA-LC-biotin conjugate 
(ImmunoPure biotinylated BSA, Thermo Scientific) in PBS pH 7.4, 
which was incubated over the chip surface at 200 µg/ml for 30 minutes 
at room temperature. The surface was then gently rinsed with Phosphate 
Buffer Saline with 0.05% Tween-20 (PBS-T) followed by a rinse with 
DI water and air drying before measurement. Streptavidin (Thermo 
Scientific) in PBS pH 7.4 was then incubated over the BSA-LC-biotin 
coated chip surface for 30 min at room temperature. Rinsing, drying 
and measurement were repeated as described previously. After that 
0.5 µg/ml of anti-TNF-α-biotin conjugate (anti-human TNF-alpha, 
biotinylated, affinity-purified PAB from R&D systems) were incubated 
on the chip. After the washing and drying steps were completed, TNF-α 
antigens at different concentrations, over the range from 0 – 400 ng/ml 
were applied onto the previously coated chips. The adsorbed mass of 
TNF-α from each concentration was determined from the frequency 
difference between this and the previous step. A calibration curve of 
TNF-α detection over the concentration was then created.

Results and Discussions
Sensitivity and reliability of CMUT sensor for detection of 
biomolecular interaction

A mass-sensing calibration of the CMUTs for the detection of 
biomolecular interaction was conducted by applying a layer of Q-dots 
(Invitrogen) onto the device utilizing the surface chemistry described in 
the manufacturer’s kit. Over a concentration range of 0.01 - 1,000 nM, 
a calibration curve of the frequency drop (frequency decrease) from an 
average of 8 sensors per CMUT chip over this range of concentration 
was obtained (Figure 4). 

In order to verify the reliability of the frequency drop as a good 
representation of the protein mass adsorbed on top of the device, the 
coated devices were measured by optical surface interferometry (Bruker 
NT9300) to determine the vertical surface roughness parameter (Ra). 
This value represents the thickness of the deposited layer on a surface 
from the average surface value and is a good indicator for the amount 
of material deposited on the surface. The Ra values of the coated devices 
were plotted against the Q-dot concentration and the calibration curve 
shows a reasonable linear relationship similarly to the graph obtained 
from the measurements of frequency change (frequency drop). The 
frequency drop is correlated with Ra thickness with a correlation efficient 
of 0.90. This means that the mass calculated from frequency drop can 
be used in biological mass sensing to detect the presence of a particular 
protein using appropriate coating techniques on CMUTs. Within the 
standard deviations, the plots in Figure 4 exhibit a reasonable linearity. 

Calibration of mass-detection using Quantum Dots

Before analytical detection at low concentration, CMUTs were 
calibrated for precision in mass detection using biotinylated Quantum 
Dots (655 nm) (Invitrogen). For the assay, BSA-LC-biotin conjugate 
(ImmunoPure Biotinylated BSA, Thermo Scientific) in Phosphate 
Buffer Saline (PBS) pH 7.4 was incubated over the chip surface at 200 
µg/ml for 30 minutes at room temperature. The surface was then gently 
rinsed with PBS containing 0.05% Tween-20 (PBS-T) followed by a 
rinse with DI water and air drying prior to measurement. Streptavidin 
(Thermo Scientific) in PBS pH 7.4 was then incubated over the BSA-
LC-biotin coated chip surface for 30 min at room temperature. Rinsing, 
drying and measurement were repeated as described above. After 
that Q-Dots-biotin were incubated over the chip in concentrations 
ranging from 0.1 – 1000 nM. After the washing and drying steps were 
completed, the frequency difference between this step and the previous 
one provided the mass of Q-Dots attached onto CMUTs surface. To 
have a better understanding of the correlation of mass to frequency 
shift, the surface amplitude parameter (Ra) of the CMUTs surface were 
also recorded.

Antibody detection: human IgG and anti-human IgG

Overview of detection scheme: In this experiment, we showed 
that immunological assays could be performed on the CMUTs without 
fluorescent tags. We chose a robust model of human IgG (Sigma 
Aldrich I4506) and anti-human IgG Fab-specific (Sigma Aldrich I9010) 
as the specific pair for immunological recognition while the anti-goat 
IgG (Sigma Aldrich A4187) served as the non-specific antigen. 

To avoid denaturation of the proteins from drying out for 
intermittent frequency measurements, measurements were 
obtained only for the endpoint of the assays instead of after every 
functionalization step. We divided CMUTs chip into 3 sets providing 3 
different measurements. The first set recorded the change in frequency 
of the device after being coated with protein A (Sigma Aldrich 
82493), human IgG and bovine serum albumin (Δf0). This was used 
as an arbitrary zero baseline before addition of the two antibodies. The 
second set measured the change in frequency of the device after being 
coated with protein A, human IgG, bovine serum albumin and anti-
human IgG (Δfspecific), which served as a positive control. The final value 
recorded was the change in frequency of a device after being coated 
with protein A, human IgG, bovine serum albumin and anti-goat IgG 
(Δfnon-specific), which served as a negative control.

After all three frequency changes were obtained, the difference 
between Δfspecific and Δf0 gave the frequency change corresponding to 
the mass of anti-human IgG Fab-specific of the specific antibodies 
bound. Similarly the difference between Δfspecific and Δf0 gave the 
frequency change corresponding to the mass of anti-goat IgG or the 
non-specific antibodies bound.

The assays were performed with antibody concentration ranging 
from 10 ng/ml – 500 ng/ml under the same condition to minimize 
variation in protein performance. 

Functionalization: Before protein functionalization, the surface of 
a CMUT device was cleaned using oxygen plasma for 2 minutes and 
then rinsed with ethanol. The chip surface was incubated in ethanol for 
10 minutes to further increase surface hydrophilicity before its baseline 
frequency was recorded. The functionalization began with the addition 
of protein A (Sigma Aldrich 82493) at 500 µg/ml in PBS (pH=7.4) 
and incubation for 2 hours. The surface was then washed and dried as 
previously described before 500 µg/ml of human IgG (Sigma Aldrich 
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A slight drop at 1 nM over 0.01 nM could be due to lack of precision in 
sample preparation and some variation in the volume-to-surface ratio. 
Alternatively this may also indicate that the lower limits of detection 
for the particular surface functionalization protocol chosen had been 
reached – and in fact the presented curve would hence represent the 
lower concentration range of a sigmoidal dose-dependency curve. It 
should be noted that further experimental investigations are underway 
promulgated by these initial findings to fully elucidate the label-free 
antibody binding studies of this novel methodology in relation to 
currently used technologies.

Antibody detection on CMUT sensor

As mentioned earlier, detection of antibodies are important and is 
an indirect detection method for disease-causing agents in our body. 
We chose to immobilize human IgG at its Fc position using protein A 
and hence the Fab domains of this antibody are exposed and available 
for antigen binding. When the anti-human IgG Fab specific was added, 
the Fab units of anti-human IgG should readily bind to the Fab units 
of previously coated human IgG. This interaction is strong enough 
in order for the specific antibody to remains on the device even after 
many washes. Unlike ELISA, our technique does not rely on secondary 
fluorescently labeled antibodies, where the signal from the fluorescent 
tags can be overestimated resulting in higher than present analyte 
concentrations [15]. The signal obtained from CMUT mass-sensitive 
devices is the direct representation of mass of the bound antibody 
bound and does not suffer from amplification effects by secondary 
antibody tags. 

To assure that the mass derived from frequency difference in 
the specific antibody assay is primarily from the binding event of a 
specific antibody i.e. to ensure the observed signal is from the protein 
of interest, it is crucial to be able to clearly resolve between the mass 
of specific and non-specific antibody at the same concentrations. 
Both masses were compared in Figure 5 after both specific and non-
specific antibody assays were performed. For accuracy and reliability 
of the data, all assays were performed at the same time and under the 
same conditions in moist chambers to avoid variation in the protein 
performance and dehydration of the protein during surface incubation. 
The results below clearly show significant difference in mass between 
specific and non-specific antibodies bound to the surface for 4 antibody 
concentrations. Ideally, we expect the mass contributed by non-specific 
binding events to be negligible; however, it is typical that some cross-
binding of non-specific proteins or antibodies to the human IgG occurs 
(Figure 5). 

In this method, CMUTs are able to resolve the mass between 
specific and non-specific down to 10 ng/ml. To a certain extent, bio-
detection using CMUTs technology can still be optimized to work at 
much lower protein concentrations which we expect to be in the pg/ml 
range. The main limitation of CMUTs technology for protein detection 
is the level of electrical noise that affects the detection at very low 
amounts of protein concentration. 

Quantitative TNF-α detection and CMUTs potential for 
disease diagnostics

In cardiovascular diseases, acute symptoms such as stroke or heart 
attack can arise in patients shown to have high levels of TNF-α in their 
blood. Hence, sensitive, rapid, and inexpensive detection methods 
using CMUT mass-sensitive sensors could benefit patients with 
cardiovascular disease risk to monitor their condition more efficiently.

In medical diagnostics, a TNF-α level of greater than 10 pg/ml in 

the blood indicates an increased risk of cardiovascular diseases [21]. In 
this study, we therefore focused on observing the sensitivity of TNF-α 
detection in comparison to this critical value to evaluate the potential 
of our technology for cardiovascular diseases diagnostics.

A slightly different immobilization technique was employed by 
applying BSA to initiate protein functionalization on the CMUTs. The 
BSA-biotin conjugate was used as the first layer to allow streptavidin to 
bind onto the surface. After that biotinylated anti-TNF-α (binding at Fc 
domain) was added respectively and the streptavidin/biotin interaction 
assists immobilization of the antibodies so that the Fab regions of anti- 
TNF-α are exposed at the interface. It is noted that a small fraction of 
biotinylated anti-TNF-α can immobilize Fab domains of TNF-α on the 
surface instead of Fc domains.

TNF-α at clinically relevant concentrations over the range of 0 - 
400 ng/ml was then applied on anti-TNF-α-coated devices and the 
calibration curve shows an excellent linear dependency of frequency 
shift as a function of concentration of TNF-α. This quantitative analysis 
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can be used to determine the concentration of TNF-α and is a viable 
method for this protein over the critical range (Figure 6).

Although this calibration shows an excellent linearity (R2 = 0.99) 
that suggests reliability of detection of TNF-α on CMUT devices, it 
would be interesting to extend the range of concentrations to include 
concentrations between 1-10 ng/ml which is the clinically interesting 
concentration range that would allow making the decision regarding 
cardiovascular risk (i.e. the 10 ng/ml cut-off point). The inclusion of 
additional cardiovascular disease markers alongside with TNF-α i.e. 
CRP and IL-6 to create a cardiovascular panel on a single CMUT 
chip should provide a promising approach to a more comprehensive 
cardiovascular disease diagnostic tool in the future.

Conclusions
In this study, we performed different functionalization schemes 

on µm-sized biocompatible CMUTs demonstrating its potential to 
perform biodetection of specific proteins with accuracy and high 
sensitivity. In contrast to ELISA, for antigen detection assays, antigen 
capture alone is sufficient for detection, i.e. no labeling and secondary 
antibodies (for signal and amplification) are required. The antigen is 
introduced and applied as the final step of the assay onto the sensor 
chip. This means that the sensor chips can be pre-fabricated as single-
step kits, which is very cost-effective and time saving for research and 
diagnostic applications. 

Furthermore, the size of the substrate is very small and the 
presented method only requires a minimal volume of 10 ul to cover the 
entire 16-sensor chip without. This contributes to an additional cost 
reduction by requiring fewer quantities of reagent materials.  

In our laboratory, CMUTs are being developed to be fully handheld 
units relying only on battery power or power via a USB connection 
from a laptop computer and being operated either as a stand-alone unit 
or via a computer interface. This will facilitate the use for diagnostic 
applications in medically underserved and hard-to-reach regions or 
for soldiers in the battle fields avoiding the need to ship samples to a 
central facility of laboratory for analysis. 

With current progress underway, this technology may eventually 
be capable of exceeding the detection limits of ELISA even though 
as of today this novel detection method still has a lower sensitivity 
compared to ELISA. Despite this fact, it is already interesting for certain 
diagnostics applications, an analyte concentration in the range of 10 - 
1,000 ng/ml in the blood of the patient is clinically relevant for a variety 
of disease markers (including TNF-α) and can be easily performed with 
this new technology. Additionally, some of the advantages mentioned 
above such as faster detection time, lower cost and the small amounts 
of materials required as well as its portability and ability for further 
miniaturization of this technology make CMUTs an interesting 
alternative for protein detection in a laboratory or medical setting.
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