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Supplementary Text 

Prior approaches to infrared spectroscopy of live cells 

Several approaches to acquiring the IR spectra of live cells have been developed, as illustrated in 

Fig. S1. Most rely on collecting the spectra by transmitting IR light through a confluent 

monolayer of adherent cells. This can be done directly in transmission1 (Fig. S1a) or using the 

transflection approach2,3 (Fig. S1b), which effectively doubles the path length through the layer 

of cells. Such IR measurements of live cells in water solutions have been realized by injecting 

the cells through a shallow (~10 µm) channel between two IR transparent windows, either in 

transmission4-6 (Fig. S1a) or transflection7 (Fig. S1b) modes. Because strong water absorption in 

the mid-IR spectral region prevents using deeper fluidic channels for transmission-type 

measurements, such devices inherently suffer from low throughput. An additional limitation of 

transmission and transflection measurements comes from the fact that molecular information is 

derived from the entire cell, thus ruling out the possibility of selective interrogation of certain 

regions of the cell (e.g. cellular membrane), as may be desirable for specific applications.8 

A method that alleviates some problems related to transmission spectroscopy is the attenuated 

total reflection (ATR) IR spectroscopy8-10 (Fig. S1c). ATR IR spectroscopy utilizes internal 

reflection elements (IREs) such as prisms or hemispheres made of high refractive index materials 

such as silicon (Si) or germanium (Ge). Total internal reflection of the IR beam from the inner 

surface of such a crystal generates evanescent fields on the crystal surface that can be used to 

probe vibrational modes of molecules deposited on the surface. The penetration depth of the 

evanescent field is wavelength dependent and ranges between 0.4-1.5 µm for main biomolecule 

vibrational bands,11 which is still considerably thicker than the cell membrane. Another 
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drawback of ATR IR spectroscopy is the relatively high cost of the IREs based on high-index 

crystals, thus impeding the development of single-use measurement accessories.12 

In order to improve the sensitivity of spectroscopic measurements, various surface-enhanced 

techniques have been employed. Surface enhanced Raman spectroscopy (SERS) has been used 

for probing mid-IR vibrational modes of cells.13,14 SERS has a number of limitations, such as 

long measurement times and need for sensitive detectors.15-17 In addition, high intensity laser 

sources can cause photo-damage to cells.18 Surface-enhanced IR absorption spectroscopy 

(SEIRAS) is another method used to measure vibrational spectra of biomolecules.19-22 

A variant of SEIRAS is the metasurface-enhanced IR reflection spectroscopy (MEIRS, see 

Fig. 1a) utilized in this work. Note that the MEIRS sensor shares some similarities with surface 

plasmon resonance (SPR) and resonant waveguide (RWG) sensors in that it detects changes of 

the cellular cytoskeleton and morphology in close proximity to the sensor.23-27 The key 

advantage of the MEIRS platform over the SPR/RWG platforms is that the former also contains 

vibrational fingerprints which can be used to ensure that the signal originates from biochemical 

characteristics of the cells and not from other factors (spreading, attachment, or detachment). 

Therefore, the MEIRS platform is potentially more “information-rich” than the more standard 

cell adhesion assays (either SPR or RWG) because of the specific biochemical data obtained by 

MEIRS-based measurements. 
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Supplementary Methods 

Characterization of the frequency dependence of DEP force for cells 

The magnitude and sign of the DEP force acting on cells is dependent on the electric field 

frequency and suspending medium conductivity. Before running DEP experiments with cells, it 

is important to know this frequency dependence for a specific cell line, in order to be able to 

choose the correct working frequency to attract cells onto the sensing surface. The time averaged 

DEP force acting on a spherical particle is given by Eq. 2 in the main text. In the 10-1000 kHz 

range Kre can be approximated to be: 28 

𝐾𝑟𝑒 =
𝑓2 − 𝑓0

2

𝑓2 + 2𝑓0
2 ,          (𝑆1) 

where f is the frequency of applied electric field and f0 is cross-over frequency at which DEP 

force is zero. It is important to note that cells are complex objects and often show considerable 

heterogeneity in the dielectric properties even within the same population, most notably arising 

from significant variety in cell radii and membrane areas which in turn affect their DEP 

behavior. 28-30 This results in slight variations in the cross-over frequency for individual cells. 

A previously described method31,32 employing symmetric polynomial electrode structure 

(Fig. S2) was chosen to characterize the frequency dependent behavior of DEP force for cells: 

the frequency dependent Clausius-Mossotti factor Kre. This method is advantageous since the 

electric field and its gradient (Fig. S2a) generated by such an electrode structure are relatively 

simple and can be described using an analytic equation: 31 

|∇⃗⃗ |�⃗� |
2
| = 8 (

𝑉2 − 𝑉1

2𝑘
)
2

√𝑥2 + 𝑦2 = 8(
𝑉2 − 𝑉1

2𝑘
)
2

𝑟,          (𝑆2) 
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where V1 and V2 are the potentials at the two electrode pairs, k is a geometric parameter (half 

distance between tips of hyperbola), x and y are the coordinates and r is the distance from the 

center of the structure. It has been shown32 that for this configuration DEP force acting on cells is 

linearly dependent on the distance from the center of the structure: 

|𝐹 𝐷𝐸𝑃| = 16𝜋𝑅𝑐𝑒𝑙𝑙
3𝜀𝑠𝐾𝑟𝑒 (

𝑉2 − 𝑉1

2𝑘
)
2

𝑟,          (𝑆3) 

where Rcell is the radius of cell, εs is the permittivity of solution and Kre is real part of Clausius-

Mossotti factor. This greatly simplifies data analysis. 

The electrode design consists of 4 hyperbolic electrodes with the tips of the hyperbola separated 

by d = 260 µm (Fig. S2), corresponding to k = 130 µm. The electrode structures were fabricated 

from commercially available ITO on glass substrates. Details about electrode fabrication are 

given in Supplementary Methods section “Device fabrication for measuring cells frequency 

dependent DEP force”. 

Frequency dependence of DEP force for A431 and HCT 116 cells was determined through the 

measurement of Kre. Cells were suspended in DEP solution as described in Experimental section 

in the main text. Microfluidic channels made of PDMS were used to deliver cells to the 

electrodes. Cell movement data was recorded with Olympus IX73 inverted microscope and 

Panasonic DMC-GH4 video camera at 90 frames per second. Two opposing ITO electrodes were 

connected to one signal output of a function generator (33522B, Keysight Technologies) and the 

other two electrodes were connected to a second output that had π out of phase voltage signal (V1 

and V2 on Fig. S2a). Sinusoidal voltage signal was used. Cell movement was captured at 21 

different frequencies in the range 10-2000 kHz at 10 Vpp and 14 Vpp. 
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Quantity proportional to Clausius-Mossotti factor Kre was extracted by analyzing the movement 

of cells between the hyperbolic electrodes. Due to the symmetry of the electrodes, the cells move 

radially inward or outward with respect to the center point of the structure. Cell coordinates at 

each time instance were extracted from the videos using tracking algorithms in Adobe After 

Effects CC 2015. From these, cell distance from the center point of the structure r and speed u 

were calculated. Cell radii were calculated from visual images using a custom made MATLAB 

script. 

It can be shown32 that for the conditions present in this experiment, after integration of equation 

of motion for the cell, its velocity will be proportional to DEP force: 

𝑢 =
|𝐹 𝐷𝐸𝑃|

6𝜋𝑅𝑐𝑒𝑙𝑙𝜂
,           (𝑆4) 

where η is the viscosity of the solution (water in this case). Combining Eq. S3 and S4 yields that 

velocity of a cell at any point is proportional to its distance from the electrode structure center r: 

𝑢 = 𝐶 ∙ 𝑟,           (𝑆5) 

where C is a constant for a particular cell: 

𝐶 =
8𝜀𝑠

3𝜂
(
𝑉2 − 𝑉1

2𝑘
)
2

𝑅𝑐𝑒𝑙𝑙
2 𝐾𝑟𝑒,           (𝑆6) 

Constant C can be normalized to eliminate explicit dependence on electrode geometry, applied 

potential (V1,2 = ±V/2) and cell radius: 

𝐶𝑛𝑜𝑟𝑚 = (
𝑘

𝑉𝑅𝑐𝑒𝑙𝑙
)
2

𝐶 =
8𝜀𝑠

3𝜂
𝐾𝑟𝑒 .           (𝑆7) 
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Quantity Cnorm now depends on suspending medium properties and Kre. C is obtained from 

experimental data (C = u/r), as well as Rcell, V and k. One value of C was calculated for each 

measured cell trajectory by averaging instantaneous C values over the whole trajectory. Multiple 

cell trajectories were found for each frequency. Kre can be further approximated by Eq. S1. 

Cross-over frequency for a particular cell line was found by fitting the frequency dependent 

experimentally found Cnorm values with a curve: 

𝐶𝑛𝑜𝑟𝑚 = 𝑎 ∙
𝑓2 − 𝑓0

2

𝑓2 + 2𝑓0
2 ,           (𝑆8) 

where a is a free parameter and f0 is the sought after cross-over frequency. 

Frequency dependent Kre curves calculated using experimentally determined f0 values for 

HCT 116 and A431 cell lines are shown on Fig. S3. The cross-over frequency was found to be 

111±24 kHz for HCT 116 and 86±20 kHz for A431. It is important to emphasize that the 

conductivity of the solution in these experiments was kept constant (σs = 781.3±1.1 µS/cm), 

because the curves on Fig. S3 and hence the cross-over frequency and DEP force at specific 

frequency are dependent on the solution conductivity. 

Device fabrication for measuring frequency dependence of DEP force acting on cells 

Commercial ITO on glass substrates (25×25 mm, cat. no. 703192, Sigma-Aldrich) were used to 

fabricate polynomial electrodes for cell frequency dependent DEP force measurements. 

Electrodes were created by wet etching ITO using photoresist as etch mask. Microposit S1818 

photoresist (Shipley) was spin coated onto ITO at 3000 rpm for 60 s. A chrome mask carrying 

the electrode structure and standard photolithography methods were used to create a wet etch 

mask from photoresist. ITO/glass pieces were submerged in 1:1 HCl:H2O solution for 
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10 minutes at room temperature to etch through the whole layer of ITO on parts of the sample 

not covered by photoresist. This solution was specifically chosen because of the relatively slow 

etch rate of ITO to minimize the etching of ITO under the photoresist near the edges of features. 

Samples were thoroughly washed with DI water after etching, and cleaned with acetone, IPA and 

DI water prior to use in experiments. The fabricated electrode structure is shown on Fig. S2b. 

In order to deliver cells onto the gap between hyperbolic electrodes, PDMS microchannels were 

fabricated using standard soft lithography methods, as described in Experimental section 

(“Device fabrication”) in the main text. The length of the microchannel was 16 mm, width 

500 µm and height 64 µm. Polyethylene tubing (PE-20, Instech) connected the microchannel and 

a glass syringe holding cells in DEP solution, and the mixture was injected into the microchannel 

with the aid of a syringe pump. PDMS block and ITO glass with electrodes were held together 

using custom made acrylic clamps (Fig. S4). 
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Supplementary Figures 

 

Figure S1: Methods for acquiring IR spectra of live cells in aqueous environment. 

a Transmission method: the IR light is passed through cells, absorption spectra are obtained. 

b Transflectance method: the light passes through the cells twice due to a reflective surface. 

c ATR method: a high refractive index crystal reflects the light off the measurement surface. Due 

to total internal reflection, spatially localized evanescent field is generated on the measurement 

surface, interacting with the cells on the crystal.  
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Figure S2: Hyperbolic electrodes for measuring frequency dependence of DEP force acting on 

cells (Kre). a Adjacent electrodes carry opposing AC voltages (V1 and V2 have equal amplitude, 

but are π out of phase). Color plot shows magnitude of electric field, and arrows show the 

direction and magnitude of DEP force. Tip-to-tip distance between the hyperbolic electrodes is 

d = 260 µm. b Experimentally fabricated hyperbolic ITO electrodes on glass substrate. Scale bar 

is 100 µm. 
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Figure S3: Kre curves based on experimentally determined cross-over frequency f0 for HCT 116 

and A431 cells at σs = 781.3±1.1 µS/cm solution conductivity. The boundaries of Kre curve for 

each cell line were obtained by using 95% confidence bounds of the fit of experimental data. 
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Figure S4: Device assembly for measuring frequency dependence of DEP force acting on cells. 

Hyperbolic ITO electrodes on glass are covered by a PDMS microfluidic channel, held together 

with acrylic clamps. Conductive copper tape is used to make electrical connection between the 

ITO electrodes and wires leading to function generator. Cells are pumped in through the tubing 

connected to the PDMS piece. The entire assembly is mounted on an inverted microscope. 
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Figure S5: Dimensions of the sensing pixels. Width of each pixel is 𝑤pix = 500 μm and length 

𝑙pix = 120 μm. The pixels are separated by 𝑙sep = 40 μm from each other, meaning pixel array 

periodicity 𝑃x = 160 µm. Two interdigitated wires separated by ∆𝑥= 40 μm are embedded into 

each pixel and connected to AC voltage source. Total length of the sensing area is 𝑙el ≈  2 mm. 
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Figure S6: Magnitude of DEP force y-component over a single metasurface pixel at different 

distances from the metasurface (5-45 µm). Wire electrodes are located at 60 and 100 µm 

distance. DEP force is calculated using Eq. 2 from the main text for 14 V peak-to-peak voltage, 

Kre = 0.8 and Rcell = 5 µm. Sedimentation force33 is approximately 3×10-13 N. Flow induced drag 

force on a stationary particle at 5 µm from the metasurface is 1.2×10-11 N, at 10 µm from the 

metasurface 2.3×10-11 N and at 15 µm from the metasurface 3.3×10-11 N (calculated using Eq. 5 

from the main text). 

 

 

 



 15 

 

 

Figure S7: Numerically calculated particle density distribution on metasurface pixels. Increasing 

voltage yields higher number of captured particles and significantly higher density on the first 

few pixels closer to the microchannel inlet. Simulation parameters are as described in 

Experimental section in the main text, except voltages were varied (Vpp = 5, 15, 25 V). Flow 

direction is from left to right (towards increasing pixel numbers). 
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Figure S8: Example reflection and absorbance spectra of the metasurface pixel with A431 cells 

on it. a Normalized reflection spectra of the metasurface in DEP solution (blue) and after A431 

cells have attached (red). Spectra are vertically shifted for clarity. b Absorbance spectrum 

calculated from spectra in a using Eq. 1 in the main text. The spectral features marked with 

numbers are listed in Table 1 in the main text. 
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Figure S9: Control measurements to determine amide I, II and Fano feature absorbance increase 

associated with residual small molecules in the solution. a Amide I, II feature increase. b Fano 

feature increase. Red line in a and b shows a linear fit that was subtracted from time-varying 

absorbance feature area data collected in cell capturing and spectroscopy experiments to obtain 

Fig. 5b,f and 6b,c in the main text. 
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Figure S10: Examples of baseline correction of HCT 116 absorbance spectra at 𝑡 = 127 s. a An 

example of calculated HCT 116 absorbance spectrum (blue line) in amide I and II spectral 

region. Linear baseline was found (black line). b Absorbance spectrum after subtracting the 

baseline shown on a (black line) from the calculated absorbance spectrum (blue line; also shown 

in Fig. 5a of the main manuscript). c Calculated HCT 116 absorbance spectrum (blue line) in 

Fano resonance feature spectral region. Linear baseline was again found (black line). 

d Absorbance spectrum after subtracting the baseline shown on c (black line) from the calculated 

absorbance spectrum (blue line; also shown in Fig. 6a of the main manuscript). 
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