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Integration of promising technologies that can enhance sensitivity, selectivity, and throughput into micro 

total analysis systems (µTAS) are important in making it useful in precise screening of reaction 

byproducts in analytical chemistry, cellular biology and pharmaceutical industry. But unfortunately so far 

a method to precisely determine molecular signatures of reagent is missing in µTAS. We have developed 10 

a technique whereby molecular signatures of 50 pL of liquid reagents confined within a bimetallic 

microchannel cantilever can be obtained. This is achieved using wavelength dependent mechanical 

bending of the cantilever under infrared (IR) radiation. This technique also allows simultaneous physical 

characterization of the liquid reagent using variations in resonance frequency. It is useful in 

Lab-on-a-Chip devices and has a myriad of applications in drug screening, bioreactor monitoring, and 15 

petrochemical analysis.

Introduction 

Intense efforts are underway to develop methods which make 

micro total analysis systems (µTAS) as established analytical 

tools for biotechnology, drug discovery, genomics, proteomics 20 

and clinical diagnostics1. Some of the foremost developments in 

the field are cell sorting2, blood analysis3 and drug testing4. In 

spite of several advances in these methods such as the separation 

of complex analytes and mixing of analytes using µTAS, the 

detection of molecular signatures of the analytes in liquid phase 25 

remains a challenge. At present, the molecular recognition of 

analytes is accomplished either by tagging the analytes with 

extrinsic labels or by the use of selective receptors. The 

development of a technique capable of providing a real-time 

molecular signature, without relying on receptors or extrinsic 30 

labels, and which can be incorporated into µTAS will 

immediately have relevance in many applications.  

 

We have developed such a method by combining two recent 

advances in microfabricated sensors and devices. First, the 35 

development of resonating suspended microchannel structures by 

the groups of Stemme5 and Manalis6, allows ultrasensitive mass 

measurements for biomolecules, nanoparticles, microbes, cells in 

liquid as well as liquid reagents using mechanical resonance6-10. 

This breakthrough, which places the liquid inside a resonator 40 

instead of using the conventional method of placing the resonator 

in a liquid, overcomes the limitation of damping-induced low 

sensitivity in the mass-based detection. Although it adds 

extremely high sensitivity to mass density11-13 and viscosity 

detection14,15, it does not provide chemical selectivity. Second, 45 

recent advances in nanomechanical calorimetric infrared (IR) 

spectroscopy of adsorbed materials using bi-material cantilever 

offer high selectivity detection without relying on extrinsic labels 

or specific receptors16. However, this technique has been limited 

to solid samples placed on the cantilever and could not be used 50 

for liquid analytes. 

 

We combined the two processes described above to develop a 

spectroscopic technique which is capable of real-time molecular 

recognition of picoliter volumes of reagents confined within the 55 

suspended resonating cantilever. In a µTAS, this technique 

presents an additional module for a real-time, highly selective 

molecular level analysis. 

 

A precise identification of molecular signature of small amounts 60 

of liquids is challenging because of sensors generally with low 

sensitivity, low selectivity or long analysis time. Current state of 

the art techniques for detection of molecules dissolved in liquid 

are; surface plasmon resonance17 (SPR), silicon nanowires18 

(SNW), suspended microchannel resonator19 (SMR), quartz 65 

crystal monitor20 (QCM) and liquid chromatography21 (LC). 

Except SMR, all of the above stated techniques need liquids in 

microliters to perform an analysis. Additionally the analysis time 

is also in several minutes. SMR is considered quite quick with an 

analysis time of one minute while consuming liquids in picoliters. 70 

But unfortunately it can only measure physical properties of the 

reagents. Moreover, to measure molecular signatures of liquids, 

conventional Fourier transform (FT) spectroscopic techniques 

such as FTIR and FT-Raman are also in practice. Their sensitivity 

is too low for small volumes of reagents and it is challenging to 75 

develop a low cost, high throughput analysis system by 

employing such methods.  
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We have developed a bi-material microchannel cantilever (BMC) 

which needs 50 pL volume of a liquid reagent to perform its 

physical as well as chemical analysis. As compared to the 

previously mentioned techniques, the BMC has a potential to 

characterize low volumes of liquid reagents with comparable 5 

sensitivity. At a specific wavelength it has an analysis time of less 

than a minute. Moreover, BMC chips can be used in an array 

configuration to speed up analysis of multiple reagents. 

 

The BMC can be potentially used in micro-bioreactors where 10 

researchers need to have high throughput analysis device to find a 

right combination of bacteria and biomass which produces the 

most glucose and eventually ferment glucose to ethanol22. 

Moreover, the BMC can be a potential candidate in analyzing 

cellular contents of microalgae where real-time monitoring of 15 

production of different chemicals from microalgae is required23. 

Another strongly anticipated use of the BMC is the detection of 

circulating microvesicles (100nm structures shed from tumor 

cells) which exist in low concentration in blood but have very 

distinct molecular signatures24. The BMC can also be used in 20 

pharmaceuticals where characterization of preformulations can be 

made cheaper by consuming smaller volumes of drugs25. 

Experimental 

In the presented method, a picoliter volume of fluid sample, 

contained in the microfluidic channel on top of a bi-material 25 

microcantilever, absorbs IR photons at a certain wavelength. 

Then it releases the energy to the phonon background of the bi-

material cantilever through multiple steps of vibrational energy 

relaxation. These nonradiative decay processes result in a minute 

temperature change in the bi-material cantilever causing a 30 

measurable deflection (Fig. 1a). The nanomechanical IR 

spectrum represents the molecular vibration signature (Fig. 1b) 

while the resonance frequency change provides real time 

information regarding the mass density of the fluid sample 

(Fig. 1c). Since the volume of the microfluidic channel on top of 35 

the cantilever is fixed, the mass of the fluid sample can be 

directly determined with density-frequency calibration 

measurements13. 

 

A U-shaped microfluidic channel (16 µm wide, 1050 µm long 40 

and 3 µm high) is fabricated on top of a plain cantilever (44 µm 

wide, 500 µm long and 500 nm thick)26. This cantilever structure 

is turned into a bi-material beam by depositing a 500 nm thick 

layer of aluminum on its bottom side using e-beam evaporation. 

This bi-material microchannel cantilever is supported on a 45 

350 µm thick silicon chip, which provides fluidic inlets and 

outlets for delivering sample fluids to the microchannel on the 

cantilever (Fig. 2a). Two openings at the bottom of the chip 

provide fluidic interface between the chip and connecting Teflon 

tubes (Fig. 2b).  50 

 

 
Fig. 1 (a) Using a tunable source, a 500 µm long and 44 µm wide BMC is irradiated with IR light (spot diameter: 4mm). The longitudinal cross section 
shows the microchannel of the BMC when filled with a sample. As the molecules of the sample absorb IR radiation at their characteristic resonance 
frequency, localized heat is generated as a result of nonradiative decay process. As a result of different rates of thermal expansion of aluminum (in blue) 55 

and silicon nitride (in golden), the BMC deflects upwards. (b) A precise nanomechanical IR spectrum of a sample can be generated by plotting the 
amplitude of nanomechanical deflection of the BMC as a function of IR wavenumber. (c) Orthogonal measurement of mass density of a reagent is 
possible by monitoring resonance frequency of the BMC. 

 

A successful characterization of a reagent also depends upon its 60 

evaporation rate. For liquids with high vapour pressure, it is 

important to properly seal the BMC before taking a measurement. 

This is achieved by packaging the BMC chip in a holder made of 

polyether ether ketone (PEEK). The holder provides connections 

to larger tubes for the delivery of fluid samples to the BMC. A 65 

sealed contact between the PEEK holder and the chip is achieved 

with a polydimethylsiloxane (PDMS) gasket. To load a fluid 

sample inside the BMC, a syringe pump is connected at the outlet 

tube in order to create negative pressure which causes a fluid 

sample to be pulled from inlet to outlet, passing through the 70 

BMC. Since the microfluidic channels are optically transparent, 

the fluid sample entering the BMC can be visually observed using 

an optical microscope. 
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IR radiation.  External-cavity Quantum Cascade Lasers (QCLs) 

(Daylight Solutions Inc.) are used as the sources of IR light. The 

advantages of using QCLs over thermal IR sources are: pulsed 5 

operation (up to 200 kHz), high optical power (up to 500 mW 

peak power), room temperature operation, broad tunability, high 

spectral resolution (down to 0.1 nm), and compact assembly. For 

our experiments, three QCLs are used; MIRCatTM (bandwidth: 

6.3 µm to 12.5 µm, i.e. 1587 cm-1 to 800 cm-1); ÜT-7 (bandwidth: 10 

6.4 µm to 7.4 µm, i.e. 1540 cm-1 to 1345 cm-1); and ÜT-8 

(bandwidth: 7.1 µm to 8.7 µm, i.e. 1408 cm-1 to 1145 cm-1). 

During IR scanning, the resonance frequency and deflection of 

the BMC are measured using an optical lever technique whereby 

a probing red laser (with a spot size of approximately 50 µm) is 15 

reflected onto a position sensitive detector (PSD) as shown in 

Fig. 2c. The four quadrant PSD converts the optomechanical 

signal to a recordable electronic signal. The ÜT-8 QCL is pulsed 

at 200 kHz while the ÜT-7 and MIRCatTM are pulsed at 100 kHz. 

The pulse frequency is further modulated using an optimized 20 

burst frequency of 80 Hz which is generated by a lock-in-

amplifier. The cantilever is therefore exposed to an IR pulse of 

every 6.25 milliseconds. This time period is enough to provide 

thermal relaxation to the BMC. To find the amplitude of a signal 

at 80 Hz, the y-axis signal of the PSD is fed into a lock-in-25 

amplifier (SR850) (Stanford Research Systems). In order to 

continuously measure the resonance frequency of the cantilever, a 

spectrum analyzer (SR760) (Stanford Research Systems) is used 

to measure the fast Fourier transform (FFT) of the y-axis signal 

of the PSD. An oscilloscope is used to monitor and keep the laser 30 

spot in the centre of the PSD’s sensitive area. The data from the 

lock-in-amplifier and the spectrum analyzer are stored in a 

computer using a data acquisition card and Labview. The signal 

is then plotted with respect to the wavenumber of IR light, which 

generates a nanomechanical IR spectrum of the analyte inside the 35 

BMC. 
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Fig. 2 (a) Top view of chip containing the BMC, sample delivery channels and inlet/outlet. The inset provides a side view showing the microchannel (in 
gold), metal layer (in blue) and substrate (in grey). (b) The chip is packaged in a PEEK fixture through which the inlet of the chip is connected with a 
sample reservoir and the outlet is connected with a syringe pump. (c). Using a tunable quantum cascade laser, the BMC is irradiated with a series of 
different wavelengths of IR light. The deflection of the BMC is measured by reflecting a visible laser (635 nm) to a position sensitive detector (PSD). For 5 

simplicity, a microchannel is not shown on top of the cantilever. (d) The nanomechanical IR spectrum of 10 wt% ampicillin sodium salt, an antibacterial 
drug, is obtained using the BMC. The inset on the right shows a linear relationship in nanomechanical deflection (at 1400 cm-1) as a function of the 
ampicillin sodium salt concentrations (1, 2.5, 5 and 10 wt%).  More data is presented in Supplementary Information. 
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Results and discussion 

To demonstrate the capability of the BMC-based calorimetric IR 

microspectroscopy, we obtained the nanomechanical IR spectra 

of aqueous solutions of ampicillin sodium salt (C16H18N3NaO4S), 

an antimicrobial drug agent. The spectra corresponding to the 5 

four concentrations of the drug (1, 2.5, 5, and 10 wt%) in de-

ionized water are collected. In order to acquire the 

nanomechanical IR spectra, each sample is loaded separately into 

the BMC by applying a negative pressure at the inlet of the chip. 

As the drug exists as a solid phase, it is initially dissolved in de-10 

ionized water. This makes the sample loading quite convenient. 

Using the QCL, MIRCatTM, the BMC is then irradiated with IR 

light from 1518 cm-1 to 1325 cm-1. Initially as a background, IR 

spectrum of the BMC (filled with de-ionized water) is measured 

which is followed by the measurement on the BMC filled with a 15 

mixture of de-ionized water and ampicillin powder. Later 

differential nanomechanical IR spectra are achieved by 

subtracting the background spectra from the ones with an analyte. 

All of the measurements are performed at atmospheric pressure 

and room temperature. 20 

 

Several distinct peaks and shoulders appear in the IR spectra. 

Two strong absorption peaks at 1456 cm-1 and at 1400 cm-1 

(Fig. 2d) are attributed to aromatic C-C stretching and C-H 

deformation, respectively. The inset on the right in Fig. 2d shows 25 

the amplitudes of the nanomechanical IR absorption peaks at 

1400 cm-1 as a function of the ampicillin sodium salt 

concentration. The straight line indicates a linear fit of peak 

amplitudes. Such a fitting can be used as a calibration to measure 

concentration of molecules dissolved in liquids. The spectra of 30 

ampicillin solutions with concentrations of 1, 2.5 and 5 wt% are 

presented in Supplementary Information. The limit of detection 

for ampicillin sodium salt at 1400 cm-1 is estimated to be 0.6% 

with a signal-to-noise ratio of 3. However, to acquire 

nanomechanical calorimetric peaks at 1456 cm-1 below 10 wt% 35 

will require an improved design of the BMC. For comparison, the 

FTIR spectra in attenuated total reflection (ATR) mode is 

obtained with a 2 mL of the sample solution using a ZnSe ATR 

cell in an FTIR instrument, meanwhile the nanomechanical IR 

spectra is obtained with 50 pL of the sample solutions (results are 40 

available in the Supplementary Information). Additionally, the 

nanomechanical IR spectra of four other liquid and solid phase 

samples (isopropanol, n-hexadecane, naphtha, and paraffin wax), 

are provided in the Supplementary Information in order to further 

demonstrate the capability of the technique. 45 

 

To illustrate the capability of the technique for use in combined 

chemical and physical analysis, we measured the nanomechanical 

IR spectra of ethanol-water binary mixture solutions using 

different concentrations of ethanol. Starting with a 5 wt% ethanol 50 

solution, the BMC is irradiated with IR light from 1180 cm-1 to 

1000 cm-1 using MIRCatTM. All ethanol-water binary solutions 

exhibit strong peaks at 1083 cm-1 and 1045 cm-1 revealing C-O-H 

bending and C-O stretching, respectively (Fig. 3a). By keeping all 

experimental conditions identical, our results show the amplitude 55 

of the BMC deflection is directly proportional to the sample 

concentration. As in the ampicillin measurements, there is a 

linear relationship between the peak amplitude and the 

concentration of ethanol (inset Fig. 3a). This trend can be 

extrapolated in order to determine the concentration of ethanol in 60 

an ethanol-water mixture solution. Fig. 3b shows a relationship 

between the density of the binary mixture solutions and the 

resonance frequency of the BMC. More details on density 

measurements are explained in the Supplementary Information. 

 65 

Previously, a microchannel cantilever was used to measure 

density and viscosity of some specific oil samples13. In petroleum 

exploration industry, the orthogonality of the BMC (proven by 

ethanol-water experiments) can be exploited to precisely monitor 

the quality of oil by simultaneously measuring its density, 70 

viscosity and chemical composition (proportion of 

hydrocarbons). 
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Fig. 3 (a) The sensitivity of the BMC is quantitatively tested by measuring the nanomechanical IR spectra of 50 picoliters of different concentrations 
(wt%) of ethanol in an ethanol-water binary mixture solutions. By keeping the experimental conditions constant, a strong dependence of IR absorption 
(BMC deflection amplitude) and concentration of the analyte is observed. The inset shows a linear relationship between the concentration of ethanol 
and the deflection amplitude of the BMC. (b) Changes in the resonance frequency are measured with respect to the density of the binary mixture 5 

solutions. The solid line shows a fit of Eq. S2 in the Supplementary Information to the data. The inset shows a Fourier spectrum of the fundamental 
flexural vibration mode of the BMC with 100 % ethanol at 23.1 kHz. 

Conclusion 

Our technique of determining molecular signature of a reagent 

employed standard technologies. Following a modular approach, 10 

the BMC can become a part of a microfluidic motherboard27,28. 

The nanomechanical detection of molecular signatures of small 

volumes of confined liquid samples offers interesting possibilities 

in adding selectivity in µ-TAS and microfluidic devices. 

Regardless of the light source (ultraviolet, visible or IR), the 15 

BMC can be effectively used as a miniature spectrometer to 

obtain optical absorption spectra of picoliter volumes from liquid 

samples or mixtures. From the resonance frequency and the 

quality factor of the BMC, the mass density and viscosity of the 

liquid can also be obtained simultaneously, making the device a 20 

multi-modal system capable of providing orthogonal physical as 

well as chemical spectroscopic information. As a result of their 

ability to be mass produced and their miniature size, BMC chips 

can be used in an array configuration to assess multiple 

orthogonal measures (nanomechanical IR spectrum, mass density, 25 

viscosity) of numerous analytes at one time. 

 

Significant and intriguing applications, such as drug discovery29, 

direct monitoring of products from micro-bioreactors22 and the 
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study of chemical composition of microbes/cells30 are anticipated 

by the future integration of more sophisticated microfluidics with 

our system. 
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