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Metasurfaces for Cell Capturing and Infrared Spectroscopy 
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Metasurfaces, a 2-dimensional subclass of metamaterials, have attracted attention 

due to the ability to fabricate thin devices with extraordinary properties. High localized 

field enhancement of mid-infrared (IR) Fano resonant metasurfaces makes them an 

appealing platform for sensing of biological materials. Metasurface-enhanced infrared 

spectroscopy (MEIRS) has been used in this work to study mid-IR spectra of human 

cells, a methodology known as spectral cytopathology. Various characteristic vibrational 

modes of cells are recognized using MEIRS of fixed and live cells. Fixed normal and 

cancerous colon cells are distinguished by their mid-IR spectra using principal 

component analysis (PCA). A microfluidic device is proposed and constructed for 

capturing and spectral analysis of live cells. Dielectrophoresis (DEP) is used to capture 

cells in aqueous solution directly onto metasurfaces for their interrogation with MEIRS. 

It is shown that live cell spectra can be collected within a few minutes. DEP captured 

epithelial cancer cells and lymphocytes are distinguished by their spectra using PCA. 

Furthermore, it is demonstrated that only epithelial cells can be captured on the 

metasurfaces using DEP, while preventing blood cells from being collected. This opens 

the possibility to use such a device for selective capturing of circulating tumor cells from 

blood samples for immediate spectral characterization. 
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CHAPTER 1: INTRODUCTION 

Metamaterials and its subclass 2-dimensional metasurfaces have attracted 

considerable attention for variety of applications: beam shaping1, polarization control2,3, 

light emission4 and absorption5,6, and sensing7-10. High local field enhancement and sharp 

resonances11,12 have prompted the use of metasurfaces as sensitive platforms for 

biosensing. Metasurface-enhanced infrared spectroscopy (MEIRS) techniques have been 

used to probe mid-infrared (IR) molecular vibrations9,13 and even surface orientation of 

proteins7. 

Spectroscopic methods in biosensing are advantageous, since they rely on the 

intrinsic properties of biosamples: vibrational modes of the constituent molecules. Label-

free spectroscopic analysis methods are also suitable platform for investigating cells. 

Advances in the field of IR spectroscopy and availability of computational power14 have 

opened the possibility for the development of spectral cytopathology (SCP) in research 

and clinical use, including cancer diagnosis15. Unlike traditional cytopathology, that 

relies on the identification of morphological changes of cells16, SCP provides information 

of the molecular composition of cells. 

In case of MEIRS, the cells need to be deposited directly on the sensing surface 

for their spectral interrogation. This can be a problem, for example when the 

concentration of cells is low. One method to capture and control the movement of cells in 

(micro)fluidic systems is through the use of dielectrophoresis (DEP). DEP has been used 

to capture and concentrate cells17,18, and even separate different types of cells from a 

solution containing multiple cell types19-22. As such, DEP can be used to actively direct 

cells onto the sensing surface for subsequent spectral characterization. 
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In this work the concept of MEIRS for spectral cytopathology is experimentally 

investigated. In Chapter 2 the properties of plasmonic IR resonant metasurfaces are 

reviewed. High field enhancement and strong field localization of metasurfaces is 

demonstrated by numerical simulations and experimental measurements. A sensing 

platform based on these metasurfaces is proposed to measure the mid-IR vibrational 

spectra of dry fixed cells. Significant enhancement of observable molecular vibrations 

from the cell membrane area using this method is shown, and major vibrational modes 

are identified. Normal (CCD 841) and cancerous (RKO, HCT 116) colon cell lines are 

used as a model to demonstrate the power of this method. Through the use of principal 

component analysis (PCA) of second derivatives of reflection spectra collected from cell 

covered metasurfaces, normal and cancerous colon cells are distinguished. 

In Chapter 3 dielectrophoresis is integrated with metasurfaces in a microfluidic 

platform to capture live cells from solution for immediate MEIRS measurements. Basics 

of DEP on cells is explained and an experimental device that integrates DEP capturing 

and MEIRS is proposed. The fabrication, working principles and properties of this 

DEP/MEIRS device are explained in detail. Experiments on DEP capturing and spectral 

characterization of three cell lines (HCT 116, Jurkat and A431) are shown. Results are 

presented, showing the emergence of spectral features corresponding to cells’ vibrational 

modes with increasing coverage of cells on the metasurface. Spectra collected from the 

three different cell lines are analyzed with PCA to show quantitative differences in the 

spectra, and demonstrate distinguishing of the cell lines. Experiments with a mixture of 

two cell lines with different dielectric properties (HCT 116 and Jurkat) show the selective 

capturing and spectroscopy of just one cell line, demonstrating the possibility to use this 

method for circulating tumor cell (CTC) spectral cytopathology. 
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CHAPTER 2: METASURFACE ENHANCED IR SPECTROSCOPY 

OF CELLS 

 

2.1 Introduction 

Cells are commonly studied in clinical setting to diagnose various diseases. The 

study and diagnosis of diseases on a cellular level is called cytopathology. Cancer23,24, as 

well as infectious diseases25 and inflammatory conditions26 can be diagnosed by 

cytopathology. Compared to another commonly used method – histopathology27, the 

study of tissues, cytopathology is less invasive, since only small samples are collected by 

fine needle aspiration28. Cytopathology relies on the visual inspection of morphology of 

cells29 and the sensitivity of this method is often low30-32. 

Immunological methods for cell study rely on attaching tagged antibodies to 

specific over expressed antigens on the cell surface. Fluorescent molecules33,34, quantum 

dots35 and magnetic nanoparticles36,37 have been used as tagging agents. Unfortunately 

the over-expression of the target antigen (e.g. EpCAM) is not always a good indicator for 

distinguishing cells38. Nevertheless, immunological methods have found clinical use, for 

example, for counting of circulating tumor cells (CTCs) in blood samples39,40. 

Infrared (IR) spectroscopy, on the other hand, is a label-free technique, since it 

probes the intrinsic properties of cells: molecular vibrations of cells constituent 

molecules. The use of spectroscopic methods for cell based diagnosis is called spectral 

cytopathology15. It is common to collect spectra by transmission of IR light through the 

sample, either in standard transmission mode41 or using transflection14,42. To improve the 

sensitivity of spectroscopic measurements, several surface enhanced techniques have 

been proposed. Surface enhanced Raman spectroscopy (SERS) has been used for probing 
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mid-IR vibrational modes of cells43,44 that are not dipole active. SERS falls short in many 

respect, since long measurement times and sensitive detectors are needed45-47. In addition, 

due to the requirement to use high intensity laser sources, photodamage to cells can 

occur48. 

Surface-enhanced IR absorption spectroscopy (SEIRAS) is another method used 

to measure vibrational spectra of biomolecules49-52. An advancement of SEIRAS is 

metasurface-enhanced IR spectroscopy (MEIRS). Metasurfaces provide the tailoring of 

spectral resonances, enabling high field enhancement at desired spectral regions11,12. Mid-

IR spectra of monolayers of proteins7,9,53 have been investigated, including detection of 

protein secondary structure changes8,54. An advantage of surface enhanced methods over 

transmission method is the probing of a smaller portion of cellular material, mostly in the 

vicinity of cell membrane, due to the small spatial penetration of enhanced fields7,11,12. 

For example, in case of cancer cells, there are notable changes in the molecular 

composition of cell membrane55-57. An added benefit is the possibility to carry out 

measurements with live cells in their natural aqueous environment, since signal is 

collected in reflection mode, without the need to pass IR light through the covering water 

layer. 

In this chapter the basic properties of plasmonic metasurfaces for mid-IR 

spectroscopy are investigated. These metasurfaces are then used to measure mid-IR 

spectra of dry fixed colon cells. Two types of cells are used: cancerous (RKO and 

HCT 116) and normal (CCD 841) colon cells. Most prominent vibrational lines in the 

spectra of these cell lines are identified. Normal and cancerous cells are distinguished by 

using principal component analysis (PCA) of second derivatives of reflection spectra of 

cell covered metasurfaces. Only fixed and dried cells are investigated in this chapter, 

whereas live cells will be characterized in Chapter 3. 
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2.2 Plasmonic Fano Resonant Metasurfaces 

Plasmonic Fano resonant asymmetric metasurfaces7,11 were used to measure mid-

IR spectra of cells throughout this work. Metasurface is a planar structure made of unit 

cells repeated in two dimensions. An array of unit cells forms one individual metasurface 

pixel (Figures 2.1 and 2.2a), each pixel measuring 120 µm × 120 µm. An SEM image of 

2×2 array of unit cells is shown on Figure 2.2b. The two antennas within each unit cell 

are made of gold and lie on an IR transparent CaF2 substrate, as these metasurfaces are 

designed to work in the mid-IR spectral region. 

Figure 2.1: Layout of the sample. A 2-dimensional array of metallic structures (unit cells) 

forms a pixel. 2 different pixel designs are present on the sample, 5 copies 

of each type. Substrate is an IR transparent CaF2 piece. 

Two pixel types with different resonance frequencies were used in this chapter. 

The unit cell shape was the same for both designs (see Figures 2.1 and 2.2b), but the two 

designs differ in the scaling of in-plane dimensions (see Table 2.1). Dimensions defined 

on Figure 2.2b for unit cell with scaling 1 are given in Table 2.2. Fabricated sensor 
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sample on CaF2 substrate had 5 separate copies of each pixel type (pixel 1 and pixel 2 on 

Figure 2.1). Fabrication of these metasurfaces is described in Chapter 5.2.1. 

Figure 2.2: Plasmonic metasurfaces. a A 2-dimensional array of metallic antennas (unit 

cells) makes up a metasurface pixel. b SEM image of 2×2 array of unit cells 

used in this work. The dimensions for unit cell designs used in this chapter 

are given in Tables 2.1 and 2.2. c A 2×2 array of single antenna unit cells. 

d The short x-directional antenna enables coupling of the dipole (left) and 

quadrupole (right) modes with a coupling coefficient K, creating a Fano 

feature in the reflection spectrum7. 
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Pixel Scaling factor ν͂𝐷 (cm-1) ν͂𝐹 (cm-1) 

1 0.86 2240 1670 

2 1 1935 1450 

Table 2.1: Pixel types used in this chapter. Scaling factor is to be multiplied with the 

dimensions given in Table 2.2. ν͂𝐷 and ν͂𝐹 are dipole and Fano resonance 

positions, respectively. 

Dimension Value (µm) 

Px 3.15 

Py 2.7 

Lx 0.72 

Ly 1.8 

w 0.99 

g 0.36 

Table 2.2: Dimensions of the metasurface unit cell as defined on Figure 2.2b. 

The plasmonic asymmetric metasurface design exhibits two distinct features in 

the y-polarized reflection spectrum: a dipole resonance (ν͂𝐷) and quadrupole resonance 

(Fano resonance, ν͂𝐹). The dipole resonance can be readily observed in a simpler 

structure – single antenna array (Figure 2.2c). This resonance arises due to the dipole 

mode in the antennas and can be excited by far field radiation. Dipole resonance 

manifests itself as a peak in reflection spectrum (red curve on Figure 2.3a) when the 

structure is illuminated with y-polarized light. In the metasurface unit cell design used in 

this work, a second antenna is added with a short x-directional antenna attached to it. 

This extra stub breaks symmetry in the unit cell and makes it possible to excite 

quadrupole mode of the antennas through mode coupling (Figure 2.2d). 
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Figure 2.3: Reflection spectra and field enhancements of plasmonic metasurfaces. 

a Reflectance spectra of asymmetric metasurface (blue) and single antenna 

array (red). b Field enhancement 10 nm from the metal surface for the 

structures in a. c Field enhancement decays when moving away from the 

metal surface in the vertical direction. Field enhancement is averaged over 

the whole unit cell area. d-f Field profiles for asymmetric metasurface at 

dipole resonance (d) and Fano resonance (e), and for single antenna array at 

dipole resonance (f). 

For the single antenna design, the quadrupole mode is inaccessible through far 

field radiation. Interaction of dipole and quadrupole modes in the asymmetric 

metasurface creates Fano resonant line shape in the reflection spectrum (blue curve on 

Figure 2.3a). An extra dip and peak appear to the red side of the original dipole 

resonance, as compared to an antenna array. The size of the antennas and periodicity of 

the unit cell defines the spectral positions of the metasurface resonances. Smaller sizes 
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yield a reflection spectrum with resonant features on the blue side of the spectral range 

(for example blue curve in Figure 2.4a), whereas uniform increase of all in-plane 

dimensions of the unit cell shifts the resonances towards longer wavelengths (smaller 

wavenumbers) on the reflection spectrum (for example red curve on Figure 2.4a). 

Figure 2.4: Reflection spectra and corresponding second derivative spectra for pixel types 

used in this chapter. a Experimentally measured normalized reflection 

spectra of both pixel types used in this work. Broad dipole resonance peak 

can be observed (ν͂𝐷 in Table 2.1) along with a higher quality factor Fano 

resonant feature at lower wavenumbers (ν͂𝐹 in Table 2.1). b Second 

derivative spectra of the reflectances in a. The Fano resonance creates a 

significant feature in the second derivative spectra. 

A metasurface resonance is a collective effect58-60. The number of unit cells 

required for a collective resonance to emerge, depends on the unit cell structure. For 

single antenna arrays, there is more in-plane interaction in the direction perpendicular to 

the antennas long axis. For a dielectric metasurface with design similar to the one used in 

this chapter59 a 5×5 array of unit cells gives rise to collective effects (see Chapter 5.1). 

For the plasmonic metasurface used in this study, an array of 3×3 unit cells is thought to 

give rise to a collective Fano feature. 

Reflection spectra and second derivative spectra for the two pixel types used in 

this chapter are plotted on Figure 2.4. 
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Plasmonic metasurfaces have a significantly increased local field enhancement 

near their surface. In case of the single antenna array, field enhancement is around 150 on 

the surface of the metal and peaked at the dipole resonance position (red curve on 

Figure 2.3b). Fano resonant metasurface on the other hand has higher field enhancement 

peak (almost 250), located at the quadrupole resonance position, accompanied by a long 

tail of lower, but still significant (> 25) field enhancement on the higher wavenumber 

side, between dipole and Fano resonances (blue curve on Figure 2.3b). The broad region 

of high field enhancement is used throughout this work to realize broadband sensing of 

cell spectra. Field profiles at dipole and Fano resonances for asymmetric metasurface, 

and at dipole resonance for single antenna array are shown on Figures 2.3d-f. A 

characteristic of plasmonic metasurfaces is the tight localization of enhanced fields close 

to their surface. The enhanced fields decay within ~100 nm from the surface. This opens 

possibility for highly sensitive molecular sensing and spectroscopy due to significantly 

increased intensity of incident radiation at the metasurface. 

The field penetration depth of the plasmonic Fano resonant metasurface was 

experimentally verified by using different thicknesses of PMMA resist spin coated onto 

the metasurface. The addition of PMMA changes the refractive index surrounding the 

metasurface, as compared to air, and causes the spectral shift of resonances. The 

magnitude of the shift of resonant features in the reflection spectrum is dependent on the 

PMMA layer thickness. Shift of dipole feature for both of the pixel types was 

investigated (Figure 2.5). As the thickness of PMMA increases, so does the shift of the 

dipole peak. This peak shift approaches an asymptotic value with increasing PMMA 

thickness due to the limited reach of enhanced fields, as pointed out earlier. At saturation 

thickness (tsat) of PMMA, peak shift reaches 1–1/e (63%) of its asymptotic value. For 

both pixel types the saturation thickness is ~45 nm. When thickness of PMMA reaches 
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100 nm, peak shift reaches almost 90% of its asymptotic value. These observations are in 

good agreement with the results obtained from numerical simulations (Figure 2.3c). 

Figure 2.5: Shift of the metasurface dipole resonance peak (Δλ) with different thicknesses 

of PMMA. a Pixel 1, and b Pixel 2. Presence of PMMA on the sensor shifts 

the metasurface resonance peak, as compared to a bare sensor in air. From 

this the field penetration depth for the metasurfaces can be estimated. At tsat 

peak shift reaches 63% of its asymptotic value. At 100 nm PMMA 

thickness, Δλ reaches 90% of its asymptotic value. 

 

2.3 Identification of Normal and Cancerous Colon Cells 

2.3.1 DEPOSITING CELLS ONTO THE METASURFACE 

High field enhancement in the mid-IR spectral region enables the use of 

metasurfaces as sensing devices. In this work metasurfaces have been utilized to measure 

mid-IR spectra of cells. Deposition of cells onto the metasurfaces and measurement of 

their IR spectra is described in detail in Chapter 5.2. A schematic illustrating the 

deposition process is drawn on Figure 2.6. 
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Figure 2.6: Process flow chart for depositing cells onto the metasurface pixels. Plasmonic 

metasurface pixel array is fabricated on top of a CaF2 substrate and covered 

with antibodies. Cells are deposited onto the metasurface in liquid 

environment and incubated for 4 hours at 37 °C and 5% CO2, after which 

the cells are fixed with 4% paraformaldehyde solution. 

Briefly, metasurface samples were fabricated with two pixel designs (see 

Table 2.1), with five copies of each pixel on the same sample (Figure 2.1). The 

metasurfaces were covered with anti-EGFR antibodies for better capturing of cells. After 

that a PDMS fluidic flow chamber was placed over the CaF2 substrate to enclose the 

metasurface, and the assembly was clamped together with two acrylic slides 

(Figure 2.7a). Cell solution was flown into the fluidic chamber and cells started 

depositing onto the metasurface by gravity. The assembly was placed in an incubator for 

4 hours to improve cell adhesion and spreading. It was found that incubation enhances 
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the molecular vibrational lines in measured spectra. The incubation time can be shortened 

to two hours and still observe significant increase of spectral lines compared to samples 

that were not incubated after cell deposition. After incubation the cells were fixed and 

dried. The fluidic chamber was removed. 

Figure 2.7: Measuring cell spectra with plasmonic metasurfaces. a Cells are deposited 

onto the metasurface sensor with the aid of a PDMS chamber. PDMS and 

CaF2 are held together with acrylic clamps while cell solution is injected 

into the chamber. b Cells on a metasurface pixel. c Metasurface is 

illuminated with IR light through the substrate and reflected signal is 

measured. Optical illumination is in transmission mode for better imaging of 

cells. 

Dry samples were placed under an IR microscope and reflection spectra from the 

cell covered metasurfaces were measured. An example of a metasurface pixel covered 

with cells is shown on Figure 2.7b. Cells were illuminated with visible light in 

transmission mode for better clarity, while the IR radiation was collected in reflection 

mode. The size of each metasurface pixel was 120×120 µm2 and spectra were collected 

from the central area of the pixel measuring 100×100 µm2. 
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2.3.2 PRINCIPLES OF CELL SPECTROSCOPY WITH METASURFACES 

The field enhancement calculated 10 nm away from the metasurface (blue curve 

on Figure 2.3b) has three distinct characteristics: a) field enhancement at Fano resonance 

peak position is sharp with a quality factor of ~10, b) the field enhancement of the 

plasmonic metasurface is almost a factor two higher at resonance when compared to an 

antenna array (see Figure 2.3b and references9,53), and c) there is a broad shoulder in the 

field enhancement curve that allows for broadband sensing using a single pixel. 

When a cell is near such a metasurface, the field penetrates a small distance 

(~100 nm) into the cell, probing only peripheral region of the cell, including the cell 

membrane. Typical IR absorption measurements involve complicated sample preparation 

steps27 to measure transmission of samples. Tissue samples need to be fixed and 

sectioned. In contrast, measuring cell spectra using reflection from the metasurface 

makes it greatly insensitive to the thickness of the cell layer, and accurate measurements 

can be made even in the case of cell pile up. The metasurface allows probing of a small 

cross-section of the sample from the substrate side, which is IR transparent. 

The penetration depth of IR field for metasurfaces is comparable to the excitation 

depth in total internal reflection fluorescence (TIRF) microscopy (60-100 nm), which is a 

widely used method to investigate processes in living cell membrane areas61. While TIRF 

imaging provides excellent spatial and temporal resolution, it relies on the use of 

fluorescent molecules. In contrast, the usage of metasurfaces requires no labelling of cells 

or molecules in them, as IR spectra can be collected straight from as-deposited cells. 
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Figure 2.8: Second derivative spectra from bare CaF2 and metasurface pixel covered with 

cells. a Second derivatives of CCD 841 cell reflection spectra on bare CaF2 

(black line) and on the metasurface pixel (red line). Considerable signal 

enhancement can be seen for the spectrum collected on the metasurface, 

while the features in the spectrum from bare CaF2 barely cross noise level 

(gray area). b CCD 841 cells on bare CaF2. c CCD 841 cells on metasurface 

pixel. Scale bar on b and c is 50 µm. 

To demonstrate how effective metasurfaces are, measurements were made on 

cells deposited on bare CaF2 substrate, and on the metasurface covered with cells. 

Reflection from the cells on bare substrate was very small (R ~ 1-2%) across the whole 

spectrum (650 cm-1 < ν͂ < 4000 cm-1, where ν͂ is the spectroscopic wavenumber). Signal 
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from the metasurface pixels was significantly higher. The metasurface enhances the 

reflected signal by an order of magnitude, providing much more prominent features in the 

second derivative spectrum (Figure 2.8a). 

 

2.3.3 ANALYSIS OF CELL SPECTRA 

2.3.3.1 Second Derivative Spectra 

Several different cell lines from humans (Table 2.3) were used in this chapter to 

investigate spectroscopic differences between different cell types. All of these cell lines 

are from the same organ – colon. The CCD 841 cells are normal, while RKO and 

HCT 116 cells are cancerous. This allows to look at the differences between normal and 

cancerous cells originating from the same organ. 

 

Cell line Origin 

CCD 841 Human colon normal (ATCC CRL-1790) 

RKO Human colon carcinoma (ATCC CRL-2577) 

HCT 116 Human colon carcinoma (ATCC CCL-247) 

Table 2.3: Cell lines used in this chapter. 

A monolayer of anti-EGFR antibodies was used to immobilize these cells on the 

metasurface pixels (Figure 2.6). All cell types used in this study bind to the anti-EGFR 

antibody. Note that this antibody is not very specific because all cell types analyzed here 

express at least some EGFR on their surface. Therefore, the antibodies used here are 

employed for better attachment, not for better specificity. The specificity comes from the 

measured IR spectra. 
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All the cells were fixed prior to the collection of IR spectra. Fixing a cell causes 

the cell components to be immobilized in their last state. This allows for a more 

controlled experiment as opposed to live cells where the cell condition changes with time. 

In this case fixation had another benefit – it enhanced signal from vibrational lines. Also, 

presence of water dampens the signal from the vibrational lines of interest, whereas 

fixing the cells allowed to dry the cells so that these spectral fingerprints become more 

prominent. There were nevertheless some water molecules left even in dry fixed cells, 

however, as evidenced by their (albeit diminished) spectral signature at 1650 cm-1. These 

are presumably water molecules that are hydrogen bonded to other molecules in the cell. 

Example IR reflection spectra and their second derivatives (𝜕ν͂
2𝑅) for RKO cell 

line are shown on Figure 2.9. In the as-measured IR reflection spectra, the vibrational 

lines, except for amide I and amide II, are difficult to see with bare eye (Figure 2.9a). In 

the second derivative spectra (𝜕ν͂
2𝑅), approximately 10 vibrational lines are discernible 

(Figure 2.9d).  Plot of second derivative of the reflection spectra (𝜕ν͂
2𝑅) collected from the 

samples reveals several prominent features in the spectral range 

900 cm-1 < ν͂ < 1800 cm-1.  The most notable are approximately at the wavenumbers of 

ν͂𝐶𝑂𝑃 ≈ 970 cm-1, ν͂𝑃𝑂2
𝑠𝑦𝑚

 ≈ 1080 cm-1, ν͂𝐶𝑂 ≈ 1150 cm-1, ν͂𝑃𝑂2
𝑎𝑠𝑦𝑚

 ≈ 1230 cm-1, 

ν͂𝐴𝐼𝐼𝐼 ≈ 1300 cm-1, ν͂𝐶𝐻3 ≈ 1380 cm-1, ν͂𝐶−𝐻 ≈ 1450 cm-1, ν͂𝐴𝐼𝐼 ≈ 1550 cm-1, ν͂𝐴𝐼 ≈ 1660 cm-1 

and ν͂𝐶=𝑂 ≈ 1740 cm-1. These modes, listed in Table 2.4, were identified as vibrational 

fingerprints41,62-67. There can be slight shifts between table values of molecular resonance 

positions and reflection dips derived from metasurface spectra, since in the latter case the 

exact dip position is dictated by the interaction between IR resonances of the molecular 

vibrations and broader resonances of the metasurface itself. 
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Figure 2.9: Example spectra for RKO cells. a Normalized reflectivity as a function of 

wavenumber for two metasurface pixels with different dimensions covered 

with fixed RKO cells. Only a few molecular vibrational lines are clearly 

discernible from the overall shape of the metasurface reflection spectrum. 

b-c Images of pixels 1 and 2 with fixed RKO cells. The cells cover several 

unit cells. Scale bars are 100 µm. d Second derivatives (𝜕ν͂
2𝑅) of spectra 

shown in a. The molecular vibrational lines from deposited cells become 

much clearer in the second derivative spectra. 
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ν͂ (cm-1) Vibrational mode Notes 

970 C-O-P stretch, phosphodiester Phospholipids; generally weak 

1080 Symmetric stretch of phosphate 

group 𝜈𝑠(𝑃𝑂2
−) 

Phospholipids; carbohydrate 

vibrations nearby: ν(C-C), ν(C-O), 

ν(C-O-H), ν(-CO-O-C) 

1150-1170 C–O stretching Carbohydrates,  proteins 

1230-1245 Asymmetric stretch of phosphate 

group 𝜈(𝑃𝑂2
−) 

DNA, RNA, phospholipids, 

phosphorylated proteins 

1300 Amide III, C-H stretch, N-H bend Proteins 

1380 CH3 symmetric bending mode Glycolipids, proteins 

1450 C–H vibration: 𝛿𝑎𝑠(𝐶𝐻3), 

𝛿𝑠(𝐶𝐻3) 

Lipids, proteins 

1550 Amide II: δ(NH) + ν(CN) Proteins 

1660 Amide I: ν(C=O) + δ(NH) Proteins. Somewhat convoluted with 

water absorption line 

1740 𝜈(𝐶 = 𝑂) vibration Lipids 

Table 2.4: Vibrational modes recognized in the cell spectra41,62-67. 

The amide I line at ν͂𝐴𝐼 ≈ 1660 cm-1 overlaps with water vibration line at 

1650 cm-1 and as a result is overshadowed by the water line. Deconvolution of these two 

lines requires precise control over water content. To achieve this the cells were fixed and 

allowed to dry for a day. The amide II line at ν͂𝐴𝐼𝐼 ≈ 1550 cm-1, however, is clear and 

undistorted by the water vibrational line. 

There is a dependence on the prominence of the Fano feature on cell coverage 

(Figure 2.10). As the cell coverage increases, the prominence of the Fano feature, as seen 
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in reflectivity, diminishes. The Fano feature, in general, became weaker as cell coverage 

went from 1-2 cells to 20-30 cells in the analyzed region (100 µm × 100 µm area from 

which spectra were collected). This shows in both reflectivity spectra and the derivative 

spectra. For low coverage the peak corresponding to the Fano resonance is redshifted. For 

moderate coverage, the prominence of Fano feature is not predictable solely from 

coverage. For large coverages the Fano feature is difficult to discern. 

This is due to the loss of homogeneity because of the addition of cells. 

Metasurface unit cells under the cells experience a significantly higher refractive index 

and as a result experience a redshift, as opposed to those not covered by cells. More 

specifically, for the metasurface unit cells covered with cells the dipole and Fano 

resonance frequencies (ν͂𝐷 and ν͂𝐹) are redshifted (by δν͂𝑖, where i = D,F). The dipole 

resonance is broad (δν͂𝐷 ≪ ν͂𝐷/QD, where QD ~ 3 is the quality factor of the dipole 

resonance) and as a result the spectra remain similar with an overall redshift. For the 

Fano resonance, however, the shift is comparable to the width of the Fano resonance 

(δν͂𝐹  ~ ν͂𝐹/QF, where QF ~ 10 is the quality factor of the quadrupole resonance). Since the 

metasurface is only partially covered with cells, the Fano resonance feature is washed out 

starting from moderate cell coverage. This disparate behavior results in the disappearance 

of the sharper Fano feature, while preserving the broader dipole feature, at sufficiently 

high cell coverage. 
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Figure 2.10: Decrease of Fano feature with increasing cell coverage of pixels for three 

experimental runs with fixed CCD 841 cells. a The Fano feature in 

reflection spectra weakens as the cell coverage increases, apart from an 

expected redshift. The dashed curve shows bare spectrum with no cells. All 

spectra are normalized so the dipole peak is 100%. The spectra are vertically 

shifted for clarity. b In derivative spectra, the Fano feature is seen to be 

redshifted by about 100 cm-1 for low coverage (blue line) compared to bare 

metasurface (dashed line). For higher cell coverages the Fano feature 

disappears completely. The spectra are vertically shifted for clarity. The 

metasurface pixels used to collect these illustrative spectra had in-plane 

dimension scaling of 0.92 (compared to 0.86 and 1.00 used in the rest of this 

chapter). 
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2.3.3.2 Principal Component Analysis of Cell Spectra 

Principal component analysis (PCA) was utilized to analyze how the measured 

spectral signatures of different cell types vary quantitatively. Second derivatives of cell 

reflection spectra on metasurfaces were used as input data for PCA. The resulting 1st and 

2nd principal component scores for both pixel types used in this chapter are plotted on 

Figures 2.11a and 2.12a, with the corresponding 1st principal component spectra shown 

on Figures 2.11b and 2.12b. For both pixel types the first two principal components 

capture around 90% of the variation in data. The two different types of metasurface 

pixels are tuned to different resonant frequencies and hence provide the possibility of 

probing wider spectral regions. 

Contrasting CCD 841 with RKO and HCT 116 is especially interesting because 

they are all human epithelial cells from colon, with one (CCD 841) being normal 

(i.e. non-cancerous), and the others (RKO, HCT 116) being cancerous. 

In case of both pixel types it is clearly seen that cancerous and normal cells 

occupy distinctively separate regions on the 2-dimensional principal component scatter 

plots (Figures 2.11a and 2.12a). The 1st principal component spectra (Figures 2.11b and 

2.12b) reveal that most of the spectral features correspond to the same ones identified 

earlier and listed in Table 2.4. It is notable that only first two principal components are 

needed to distinguish if a cell is normal or cancerous. For pixel 1 the averaged cell 

second derivative spectra (Figure 2.11c) reveal some clear differences between cancerous 

and non-cancerous cells in the spectral features around 1250 cm-1 and 1350 cm-1. 
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Figure 2.11: Principal component analysis of pixel 1 data. a Scatter plot of the 1st and 2nd 

principal component scores for pixel 1 dataset. Normal and cancerous cell 

types occupy different parts of the plot, even though there is a large 

variation within a cell type. Points corresponding to the CCD 841 cells 

(normal cells) clearly reside within an area on the left side of the plot, 

whereas the RKO and HCT 116 cells (cancerous cells) occupy right side of 

the plot. Solid lines in a represent 80% confidence ellipses. Percentages in 

parentheses show the variance explained by the respective principal 

component. First two principal components explain over 85% of variance. 

b 1st principal component spectrum for pixel 1 dataset. Multiple molecular 

vibrational lines characteristic to cells can be recognized. c Average second 

derivative spectra for each cell type across all experimental measurements 

on pixel 1. 

Due to the exclusion of Fano resonance region from the analyzed data, the dataset 

for pixel 1 does not include features with wavenumbers higher than that of amide II, but 

does include most of the major mid-IR molecular vibrational lines identified in Table 2.4 
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(Figures 2.11b,c). On the contrary, the dataset for pixel 2 has a large portion of the 

spectrum cut out from analysis, approximately 1300-1640 cm-1 (gray shaded area on 

Figures 2.12b,c). Remarkably, even in case of pixel 2 cancerous and normal cells are 

clearly separated on the principal component score scatter plot. 

Compared to other spectral regions, the close presence of Fano feature in the 

second derivative spectra distorts accurate identification of molecular vibrational lines 

due to the strong convolution of the features. Most notably, differences in cell coverage 

on each individual sensor pixel can significantly change the magnitude of Fano feature 

(as seen on Figure 2.10), further complicating interpretation of PCA results, due to the 

inclusion of purely coverage related feature (with no specific molecular vibrational 

information). The Fano exclusion ranges in spectra were dictated by the steepest slope 

regions as seen in the bare (Figure 2.4) and low cell coverage reflection spectra. These 

spectral regions coincide with the highest field enhancement of the metasurface (peak in 

blue curve on Figure 2.3b for pixel 2). The negative effects of the Fano feature in second 

derivative spectra can be alleviated by submerging the metasurface and cells in water 

solution, since the higher refractive index of water compared to air will compensate for 

the loss of homogeneity at the metasurface, as discussed earlier. The drawback of having 

the samples in water on the other hand is the presence of strong water absorption line at 

1650 cm-1, complicating the identification of amide I and possibly amide II spectral lines. 

Nevertheless, other mid-IR vibrational lines of cell constituent molecules can still be 

analyzed. 
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Figure 2.12: Principal component analysis of pixel 2 data. a Scatter plot of the 1st and 2nd 

principal component scores for pixel 2 dataset. There is more variation in 

the data than for pixel 1, but CCD 841 cells are still separated from RKO 

and HCT 116 on the plot. Solid lines in a represent 80% confidence ellipses. 

Percentages in parentheses show the variance explained by the respective 

principal component. First two principal components explain over 90 % of 

variance. b 1st principal component spectrum for pixel 2 dataset. Only low 

and high wavenumber features are represented due to discarding of Fano 

resonance region in data (grey shaded areas in b and c mark data regions 

excluded from PCA). c Average second derivative spectra for each cell type 

across all experimental measurements on pixel 2. 

 

  

 



 26 

CHAPTER 3: DIELECTROPHORETIC CAPTURING AND IR 

SPECTROSCOPY OF CELLS 

 

3.1 Introduction 

In Chapter 2 spectroscopic measurements of fixed cells were carried out. Even 

more relevant from scientific and diagnostic point of view in spectral cytopathology is 

the examination of live cells in their natural aqueous environment. For example, live cell 

spectroscopy enables the investigation of drug effects on cells68. In addition, fixation can 

have deteriorative effects on the molecular composition of cells69,70. 

IR transmission measurements of live cells in water solution have been realized, 

either by injecting cells in a shallow gap (~10 µm) between two IR transparent 

windows71-73 (Figure 3.1a) or through the use of transflection74 (Figure 3.1b). Due to 

strong water absorption in the mid-IR spectral region, thicker layers of water cannot be 

used for transmission measurements. This kind of geometry sets limitations on the 

throughput of the devices. Moreover, molecular information is deduced from the cell as a 

whole, without the possibility to concentrate on certain areas on the cell (e.g. cell 

membrane). 

A method that alleviates some of the problems related to transmission 

spectroscopy is attenuated total reflection (ATR) IR spectroscopy75,76 (Figure 3.1c). In 

this case a high refractive index crystal is utilized. 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 dependent on the wavelength and ranges 

between 0.4-1.5 µm for main biomolecule vibrational bands77. A major drawback for 



 27 

ATR IR spectroscopy is the relatively high cost of used crystals, making it difficult to 

develop single use measurement accessories. MEIRS devices provide additional 

improvement over ATR methods in live cell spectral cytopathology due to their high field 

enhancement and localization7,11,12. 

Figure 3.1: Methods to acquire IR spectra of cells. a Transmission method. IR light is 

passed through cells (or sections cut from tissues) and absorption spectra are 

obtained. b Transflectance method. Similar to transmission method, but 

interaction distance of sample and incident IR beam is essentially doubled 

due to a reflective surface. c ATR method. A high refractive index crystal is 

used to reflect IR light off the measurement surface. Due to total internal 

reflection, spatially localized evanescent field is generated on the 

measurement surface that interacts with the cells on the crystal. 

d Metasurface based IR sensor with DEP capability. Cells are actively 

pulled to the metasurface by DEP force generated using wire electrodes and 

AC voltage. Cell spectra are collected using MEIRS. The method can be 

integrated with microfluidic delivery of cell solution. 
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Even though ATR and MEIRS methods enable effective measurement of live cell 

spectra, the deposition of cells on the sensing surface can pose a difficulty, especially for 

high throughput measurements. Drop-casting62,78-80 and microfluidic channels62,81,82 have 

been used to transfer cells on sensors. Additionally, antibodies could be used to 

immobilize cells on the surface83. Gravity assisted deposition can pose a throughput 

problem if the sample solution has low concentration of cells. Additionally, cells will 

drop over the whole surface and not necessarily at the desired position on the sensor. 

Traditionally IR microscopes are upright, rendering it difficult to integrate cell deposition 

methods relying on gravity with existing commercial equipment in research settings for 

facile spectral collection while depositing cells onto the sensing surface. 

An example of a low cell concentration sample is circulating tumor cells (CTCs) 

in bloodstream. During metastasis a primary tumor can shed cells that enter the 

bloodstream84,85. The concentration of such cells in the early stages of metastasis can be 

as low as 1 CTC per 1 mL of blood20,85. CTCs can be extracted and analyzed for 

diagnostic and prognostic purposes, a methodology called liquid biopsy40,84,86. In this 

case blood cells also need to be effectively separated from CTCs for accurate spectral 

measurements. 

A way to direct and capture cells onto sensing surfaces is through the use of 

dielectrophoresis (DEP). Live cells are essentially dielectric particles with conductive 

interior (cytoplasm) and insulating shell (membrane), and they take near-spherical shape 

in solution. With the use of non-uniform AC electric fields, cells can be spatially 

positioned in microfluidic channels. DEP has been used to separate and concentrate cells 

in solutions using various electrode configurations and microfluidic systems19-22. 

Concentration of bacteria using DEP force on a SERS sensor has been reported87,88. In 

case of CTCs in blood samples, there are disparate dielectric properties between solid 
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tumor and blood cells89, making it possible to simultaneously capture CTCs while 

preventing the blood cells from reaching the sensing surface.  

In this chapter the ideas of DEP capturing and MEIRS of cells are combined. An 

experimental device is proposed that utilizes plasmonic metasurface to enhanced IR 

spectra of cells, and wire electrodes embedded in the metasurface to create non-uniform 

electric fields responsible for DEP force. Combined with microfluidics based sample 

delivery system, it is shown that such a device can capture cells from water solution and 

their IR spectra can be simultaneously measured (Figure 3.1d). Three different kinds of 

malignant cells (HCT 116, Jurkat and A431) are used in this chapter to demonstrate the 

capabilities and universality of the device. In addition, it is shown that other types of 

particles that experience DEP force (e.g. polystyrene microspheres) can be captured. 

Principal component analysis (PCA) is used to distinguish cell types based on their mid-

IR spectral signatures. Capturing and spectral measurement of only one cell type 

(HCT 116) from suspension containing two cell types, while blocking the other cell type 

(Jurkat) by choosing appropriate frequency of electric field used to generate DEP force, is 

also demonstrated. Even though Jurkat is a leukemia cell, it is still a lymphocyte (white 

blood cell) and has similar DEP response as a normal blood cell would have, distinct 

from solid tumor behavior. The mixture of HCT 116 and Jurkat hence mimics well a 

suspension like CTCs in blood. 
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3.2 Principles of DEP for Cell Capturing 

The dielectrophoretic force acting on a cell can be simplified by modeling it as a 

spherical dielectric (non-conducting) shell of thickness dmem, radius rcell, and dielectric 

permittivity εmem representing a cellular membrane suspended in a low-conductivity fluid 

medium with a finite conductivity σs. The cytoplasm of the cell can be modeled as a 

highly-conductive (σcyt ≫ σs) medium with the radius rcyt = rcell – dmem ≈ rcell. Under this 

simplified model, the cell’s electric dipole moment �⃗� induced under the influence of a 

non-uniform quasi-static electric field �⃗⃗� = 𝑅𝑒(�⃗⃗�0(�⃗�)𝑒−𝑖𝜔𝑡) with angular frequency 

ω = 2πf is given by �⃗� = 𝛼𝑐𝑒𝑙𝑙�⃗⃗�. Note that the complex-valued frequency-dependent 

polarizability αcell(f) contains both the amplitude and phase relations between the induced 

electric dipole moment and the electric field. Under the above simplified assumptions 

(σcyt ≫ σs, σs ≫ ωεmem, and dmem ≪ rcell), αcell can be expressed as αcell = 4πrcell
3 εsKcell(f), 

where Kcell = Kre + iKim is the Clausius-Mossotti factor given by: 

𝐾𝑐𝑒𝑙𝑙 =
1 − 2𝜒2

1 + 4𝜒2 
− 𝑖

3𝜒

1 + 4𝜒2
,          (3.1) 

where χ = (σs/ωεmem)(dmem/rcell) is a dimensionless coefficient determined by the 

parameters of the cellular membrane (dmem, εmem), the overall size of the cell (rcell), and the 

conductivity σs of the surrounding fluid. The crossover frequency 

f0 = (σs/√2πεmem)(dmem/rcell) corresponding to Kre(f0) = 0 (or χ = 1/√2) is determined by the 

geometry of the cell through the effective thickness dmem of the membrane which also 

depends on the membrane folding89.  These equations are only valid within the highly 

simplified model. Since every cell line, and each individual cell within that cell line, are 

slightly different, Kre(f) must be experimentally measured for every cell line (see 

Chapter 3.4.1). 
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The significance of the crossover frequency becomes clear when the well-known 

force acting on a dipole in inhomogeneous electric field, �⃗�𝐷𝐸𝑃 = (�⃗� ⋅ ∇⃗⃗⃗)�⃗⃗� is time-

averaged to obtain the DEP force: 

�⃗�𝐷𝐸𝑃 = 2𝜋𝑟𝑐𝑒𝑙𝑙
3 휀𝑠𝐾𝑟𝑒(𝑓)∇⃗⃗⃗|�⃗⃗�0|

2
,          (3.2) 

where a non-rotating electric field is assumed (�⃗⃗�0 × �⃗⃗�0
∗ = 0)90. Therefore, the DEP force 

changes its sign at f = f0. 

For mammalian cells in the frequency range 10-1000 kHz, the Clausius-Mossotti 

factor can be approximated as89: 

𝐾𝑟𝑒 =
𝑓2 − 𝑓0

2

𝑓2 + 2𝑓0
2 .          (3.3) 

In this approximation, Clausius-Mossotti factor values range from -0.5 to 1. 

Earlier it was shown that for cells the cross-over frequency f0 mainly depends on a few 

parameters of the cell and suspending medium. It can be recast in the form: 

𝑓0 =
𝜎𝑠 ∙ 𝑑𝑚𝑒𝑚

′

√2𝜋휀𝑚𝑒𝑚𝑟𝑐𝑒𝑙𝑙𝜑
,          (3.4) 

where 𝑑𝑚𝑒𝑚
′  is the real thickness of the membrane and φ is cell membrane folding factor. 

Folding factor φ is the ratio of the actual cell membrane area to the surface area of a 

sphere with radius rcell. Folding factor takes into account that a cell in suspension has 

larger surface area compared to a perfect sphere, resulting in smaller effective membrane 

thickness (larger total membrane capacitance). While adherent cells are growing in their 

natural environment surrounded by other cells, their total surface area is significantly 

larger than a sphere with the same volume would have. When cells get detached from 

growing surface and suspended in liquid environment, their surface area and volume are 

still conserved, despite taking an overall near-spherical shape. Even though it is common 

that in this case cells shed off excess membrane as vesicles91, their surface area still 

remains relatively high compared to an ideal sphere, resulting in high folding factors 
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(φ = 2.20±0.44)89,92. Leukemia cells on the other hand are not adherent cells and their 

folding factors are accordingly smaller (φ = 1.43±0.30)89,92. The same is true for normal 

blood cells (φ = 1.36±0.25)89,92. 

Previously it has been shown that quantity rcell·φ (dielectric phenotype) is 

distinctively different for solid tumors, leukemias and normal blood cells92,93. 

Consequently, the corresponding cross-over frequencies of these different cell types are 

also distinctively different, opening up possibilities for cell separation based on their 

dielectric phenotype, by correctly choosing the working frequency of the electric field 

responsible for DEP force generation. In this case some cells can be attracted to high field 

region (pDEP), while other are repelled from it (nDEP). This property of the DEP force 

has been utilized for separating circulating tumor cells (CTCs) from the blood cells20,94. 

Figure 3.2: Electric field line profiles (real part of �⃗⃗�) in and around cells at different field 

frequencies. a At low frequencies the field lines are repelled from the cell. 

The cell moves towards low field region due to negative DEP force (nDEP). 

b At the cross-over frequency the field lines pass through the cell 

unobstructed and there is no net DEP force acting on the cell. c At high 

frequencies the field lines get concentrated inside the cell. The cell moves 

towards high field region due to positive DEP force (pDEP). 

Electric field line distributions obtained by numerical simulations at negative 

(nDEP), zero (no DEP) and positive (pDEP) Clausius-Mossotti factor values are shown 
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on Figures 3.2a,b,c respectively. This illustrates visually how the electric field line profile 

is disturbed due to interfacial (Maxwell-Wagner) polarization of cells. 

 

3.3 Integrated DEP Capturing and MEIRS Device 

3.3.1 DEVICE DESIGN PRINCIPLES 

The device devised to carry out experiments in the current chapter incorporates 

two major capabilities: a) controlled capturing of cells from an aqueous solution, and 

b) IR spectroscopy of the captured cells. The main purpose of the device is to carry out 

IR spectroscopic studies, while the capturing of cells assists in getting the cells to the 

desired sensor surface. Both of these tasks present their own requirements and limitations 

to the design of an actual device. 

The analyte in these experiments is an aqueous solution of cells. Instead of relying 

on gravitational forces for depositing cells on the sensing surface, a fluidic approach was 

used in this chapter. Considering practical dimensions of the sensor surfaces, a 

microfluidic flow system is necessary to deliver and handle cell solutions. A microfluidic 

platform coupled with DEP capabilities on the sensor make it possible to deliver cells 

directly onto the desired positions on the sensing surface, while providing convenient 

solution handling. This method opens the possibility to also analyze cells that are the 

same density as the solution and even selectively capture only one cell type from a multi 

cell line solution. 

Coupling the device to existing measurement and fluid delivery systems presents 

another set of constraints to the design. The device has to be compatible with upright (IR) 

microscope and provide connections to macroscopic fluid pumping and electrical signal 

generation devices. 
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Designs and fabrication methods of all the subsystems of the device and the 

evaluation of their performance is considered in the following subchapters. 

 

3.3.2 DEP CAPABLE METASURFACE SENSOR 

The metasurface in this study has to serve two purposes: capture cells and 

measure their IR spectra. Cell capturing is realized through the use of electrically biased 

wire electrodes, and sensitive spectroscopy is achieved through the use of metasurfaces. 

Both of these are embedded into the same dual purpose metasurface electrode pixels, 

fabricated on top of an IR transparent CaF2 substrate. Details about fabrication of the 

samples are given in Chapter 5.3.2. 

A metasurface electrode pixel consists of a metasurface with unit cell design 

shown on Figure 3.3c, and two wire electrodes running through it along the longer 

direction of the pixel (Figures 3.3b,d). Each individual pixel measures 500 µm x 120 µm. 

The separation between wire electrodes within each pixel is ~40 µm (approximately 15 

periods of the metasurface unit cell). The two long wire electrodes running through each 

metasurface pixel are connected to two buses, each adjacent wire connected to a different 

bus. The bus wires run to contact pads at the corners of CaF2 substrate. Cables from 

function generator are connected to wires attached to the contact pads, transmitting 

sinusoidal AC signal to the electrodes within the metasurface, creating non-uniform 

electric fields around the metasurface in the microchannel for cell capturing. 
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Figure 3.3: Design of the metasurface pixels and electrical connections on CaF2 substrate. 

a Layout of the sample. Metasurface pixel array in the middle of the sample 

holds 4 different metasurface designs (marked with different colors), 3 

copies of each design. Bus wires running to large contact pads in the 

substrate corners provide electrical connection between wire electrodes 

within the pixels and external function generator. b Each pixel consists of 

metasurface and two embedded wire electrodes connected to bus wires. 

c SEM image of 4 unit cells and a wire electrode. Unit cell dimensions are 

given in Table 3.1. d SEM image of the metasurface pixel showing the 

metasurface and wire electrodes. Scale bar is 20 µm. 

Wire electrodes create non-uniform electric fields around them. As discussed in 

the Chapter 3.2, these non-uniform fields are responsible for DEP force acting on cells. 
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At frequencies above cross-over frequency for specific cell line (f > f0), the cells will be 

pulled towards the wires. Each pixel has two wires running through it, with adjacent 

wires connected to two different buses, leading to separate contact pads at the corners of 

the substrate (Figure 3.3). AC voltage is applied between adjacent wires within each 

pixel. 

 

Pixel Px (µm) Py (µm) Lx (µm) Ly (µm) g (µm) w (µm) ν͂𝐷 (cm-1) ν͂𝐹 (cm-1) 

1 1.965 2.293 0.524 1.310 0.721 0.262 2430 1780 

2 2.070 2.415 0.552 1.380 0.759 0.276 2320 1670 

3 2.310 2.695 0.616 1.540 0.847 0.308 2100 1510 

4 2.700 3.150 0.720 1.800 0.990 0.360 1840 1330 

Table 3.1: Dimensions and resonance frequencies of all pixel types used in this chapter as 

defined on Figure 3.3c. The resonance frequencies are given for 

metasurfaces submerged in water. 

The wires are surrounded by plasmonic metasurface (Figure 3.3d) with a unit cell 

design similar to the one used in Chapter 2 (Figure 3.3c). The sample holds 4 different 

pixel designs, 3 repetitions of each design, with a total of 12 pixels. Each of the 4 pixel 

designs differ in the unit cell dimensions: all in-plane dimensions of the unit cell are 

scaled for different designs. Unit cell scaling shifts the spectral position of metasurface 

resonances: increasing dimensions redshift the resonances. Each design is repeated for 

redundancy, to protect against sporadic fabrication errors and increase the area where 

cells can be captured. Dimensions for all pixel types are given in Table 3.1. 
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Figure 3.4: Normalized reflection spectra of the metasurface (pixel 4). The dipole 

(1920 cm-1) and Fano (1480 cm-1) features are observed on spectra measured 

in air (blue curve). Submerging the metasurface in water causes the resonant 

features to redshift (red curve). An additional dip due to water emerges at 

1650 cm-1. 

Two representative spectra (with air and water surrounding the metasurface) are 

shown in Figure 3.4 for the metasurface pixel design used in this study. Two reflection 

peaks can be seen in the spectrum measured in air, with the higher peak on the higher 

wavenumber side corresponding to dipole resonance of the metasurface, and the peak at 

lower wavenumbers arising due to Fano resonance between dipole and quadrupole 

resonances of the metasurface (see Chapter 2.2). In water, the metasurface resonances are 

redshifted due to higher refractive index of the medium surrounding the plasmonic 

structures. A dip at 1650 cm-1 is caused by strong water absorption feature at that 

wavenumber. Normalized reflection spectra with metasurface resonance positions 

marked for all 4 pixel types are presented on Figure 3.5. 
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Figure 3.5: Normalized reflection spectra of all pixel types used in this chapter. 

a-d Normalized reflection spectra in water for pixels 1-4 respectively. 

Spectral positions for dipole and Fano resonances are marked for each pixel. 

A dip at 1650 cm-1 is caused by water absorption. 

 

3.3.3 MICROFLUIDIC CHANNEL 

In order to deliver cell solutions to the metasurface pixels, a microfluidic system 

is needed, since the reach of considerable DEP force created by the wire electrodes with 

realistic voltage values is in the order of tens of microns. A single channel design was 
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used throughout this work. The microchannel had a rectangular base shape with the ends 

of the channel having a circular area for input and output ports (Figure 3.6a). 

Figure 3.6: Microfluidic channel design. a Outline of the microchannel. Length of the 

channel is Lch = 7 mm and width wch = 500 µm. Diameter of the input-output 

holes is din = 1 mm. b PDMS block (thickness hPDMS = 3 mm, length 

lPDMS = 12 mm, width wPDMS = 8 mm) with the microchannel and through 

holes for tubing. Depth of the channel is h = 64 µm. 

A commonly used material for rapid fabrication of microfluidic channels for 

prototyping is polydimethyl siloxane (PDMS). It has found a lot of use due to simple 

fabrication, relatively low cost and elastomeric nature of the material. Blocks of PDMS 

were fabricated with 64 µm deep microchannel embossed into one surface and holes 

punched through at each end of the channel for inserting tubing and delivering solution to 

the microchannel (Figure 3.6b). Details of the fabrication of PDMS microchannels by 

soft lithography methods are given in Chapter 5.3.2. 

Even though PDMS has found a lot of use in microfluidic applications and is 

utilized also in this work, some properties of the material need to be kept in mind, 

especially for bio-microfluidic applications. Most importantly, PDMS is gas permeable95 

and absorbs small molecules96. Gas permeability can be a useful property in case of cell 
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culture in microchannels95, since essential gas exchange is facilitated by the material 

itself. On the other hand, it can also be a drawback, since water in a microchannel can 

evaporate away through PDMS. Absorption of small molecules can be a significant 

problem in drug related research, as the molecules can be released from PDMS matrix in 

a later stage of an experiment96. In addition, partially cured PDMS can release polymer 

chains into the channel95. Despite these drawbacks, PDMS still remains a viable material 

for many bio-related microfluidic works in the research setting. 

 

3.3.4 PACKAGING OF THE DEVICE 

Well-known methods exist for permanently bonding glass (SiO2) and PDMS for 

microfluidic use, but in this case the sample substrate is CaF2 and the most reliable way 

to keep substrate and PDMS in tight contact is by mechanical clamping. Custom made 

acrylic slides and bolted joints were used for holding CaF2 and PDMS together. The two 

acrylic clamps are shown on Figure 3.7. The clamps provided a convenient way to mount 

the sample into standard microscope slide holders, since the slides were cut into 

microscope slide size (25 mm × 75 mm). 

Both acrylic slides hold 2 large holes on the sides for assisting in layered 

assembly of the device, and routing tubes under the microscope. There are additional 4 

smaller holes in a square pattern for inserting bolts through the slides. On top clamp there 

is a measurement window that enables the IR light to go through to the metasurface on 

CaF2 substrate. The sides of the window are chamfered for extra clearance. The bottom 

clamp has two small holes in the middle for passing through the tubes going into PDMS 

block. Additional details about the fabrication of these acrylic slides is given in 

Chapter 5.3.2. 
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Figure 3.7: Microscope slide size acrylic clamps for holding together the CaF2 substrate 

and PDMS block carrying microfluidic channel. 

 

3.3.5 ASSEMBLY OF THE DEVICE AND BASIC WORKING PRINCIPLES 

All the parts discussed above make up the integrated DEP/MEIRS device. The 

assembly order is shown on Figure 3.8a and a fully assembled device is depicted on 

Figure 3.8b. The PDMS block is placed such that the microchannel is facing up and the 

CaF2 substrate has the metasurface side facing down. The pixel array is aligned with the 

microchannel on PDMS, so the array will be inside the channel (Figure 3.8c). There is a 

thin PDMS gasket in between the top acrylic clamp and CaF2 substrate (not shown on 

Figure 3.8) to avoid contact between two hard surfaces, as CaF2 is known to be fragile. 

Additional details about device assembly are given in Chapter 5.3.2. 
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The assembled DEP/MEIRS device consists of two major components integrated 

into a single unit: the fluidic (delivery) part and metasurface (sensing) part. The fluidic 

part is responsible for delivering cells in water solution to the metasurface, while 

metasurface part performs two tasks: attracts cells on its surface with DEP force and 

enables measurement of cell’s mid-IR vibrational spectra. 

Figure 3.8: DEP/MEIRS device assembly. a Stack of device components. b Fully 

assembled device. c Cross-section of the device. d Principle of operation of 

the device. Cells flowing through the microchannel that are close enough to 

the pixel get captured by DEP force. IR reflection spectra are 

simultaneously measured. 

As was discussed above, the IR transparent CaF2 substrate holds an array of 

metasurface pixels (total of 12 pixels), each containing two electrically-biased metallic 

wires. Two sinusoidal AC voltage signals π out of phase are fed to each adjacent wire. 

The wires within the pixels create non-uniform electric fields around each pixel, 

generating DEP force acting on cells flowing through the microchannel. The magnitude 
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and direction of DEP force depend on frequency and voltage of the signal supplied to the 

electrodes, as well as specific cell type. In general, lower frequencies result in nDEP 

force and cells move away from the wires, while higher frequencies generate pDEP force 

pulling the cells towards the wires and hence the metasurface. 

In experiments the cells are attracted to the wire electrodes due to the above 

mentioned electric field non-uniformity and sufficiently high frequency of the AC signal 

(Figure 3.8d). Because the wires are embedded inside the metasurface pixels, the cells are 

naturally attracted to the metasurface when AC voltage is applied to the wires. Once on 

the metasurface, the cells can be interrogated by MEIRS. The metasurface pixels and 

cells on them are illuminated by an IR beam that propagates through a window in the 

upper acrylic holder, and the IR transparent CaF2 substrate (Figures 3.8c,d). 

Other ways to create microchannels on CaF2 windows for IR transmission 

measurements have been proposed, using a thin layer (~20 µm) of either photoresist71-73, 

plastic97 or paraffin98 as the channel layer, or etching microchannel straight into 

CaF2
99,100. In case of photoresist and plastic, two CaF2 windows can be sealed together by 

pressure and heating. By using MEIRS technique in this work, there is no need for the 

whole stack of materials to be IR transparent, since signal is collected in reflection mode 

through the CaF2 substrate holding the metasurface pixels. This enables thicker 

microchannels to be produced, since water absorption can be effectively eliminated by 

using blank metasurface reflectance spectrum in water as a reference. Consequently, 

compared to transmission measurements, a thicker water layer does not affect the spectral 

results obtained using MEIRS. 
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3.3.6 DEVICE CAPTURING PERFORMANCE EVALUATION 

3.3.6.1 Particle Capturing Performance 

The particle (cell) capturing capabilities of the DEP/MEIRS device were assessed 

using numerical simulations. A schematic of the microchannel geometry used in the 

simulations is shown on Figure 3.9a, with wires running along the top surface of the 

channel, perpendicular to the flow direction. There were total of 12 electrode pairs, just 

as on the samples used for experiments. No metasurface areas were added to the 

simulation domain as only the wires play a role in setting up the electric fields necessary 

for DEP force generation. 2D simulation domain was chosen to be a x-y-plane at half 

channel width. Since the channel width in experiments (wch = 500 µm) is much larger 

than its height (h = 64 µm), the flow profile (color plot on the front side of the channel on 

Figure 3.9a) is very little altered for most part of the channel in the z-direction compared 

to the chosen central plane. Due to the small height of the channel, the flow velocity 

profile in the y-direction in the chosen plane is close to parabolic. Maximum velocity at 

y = 32 µm height differs by more than 10% compared to the chosen central plane in a 

region less than 50 µm from the channel wall in z-direction. 2D configuration is also 

reasonable because the electrodes creating electric fields inside the channel are extended 

over the whole channel in z-direction, hence the electric fields in this direction are 

symmetric throughout the whole channel width. 
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Figure 3.9: Numerical simulation results demonstrating capturing of particles with the 

device. a Schematic of the microchannel. Wire electrodes run on top of the 

channel. Flow velocity profile inside the channel is shown on the front face 

of the channel by a color plot. Simulation domain is a 2D cut at the center of 

the channel. b Cut-out of the simulation domain showing single metasurface 

pixel (2 wires). DEP force vectors inside the microchannel (white arrows) 

point towards the wires. Magnitude of |�⃗⃗�| is shown on the color plot. Scale 

bar is 20 µm. c Illustration of particle trajectories (dark blue lines) over the 

first two pixels (2 pairs of electrodes) in the 2D simulation domain defined 

in a. 40 total trajectories are shown. Color plot shows magnitude of DEP 

force. Scale bar is 20 µm. 

Electric field generated in the flow channel over one electrode pair and 

corresponding DEP force vector field are shown on Figure 3.9b. Static (root mean 

square) electric fields were calculated in the simulations. Even though DEP force is 
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dependent on the frequency of the applied electric field, this dependency can be fully 

incorporated into the real part of Clausius-Mossotti factor Kre for time-averaged value of 

the force101. Therefore, only root mean square value of electric field has to be considered 

and Kre can be expressed as a single number in the range -0.5 to 1.0 20. 

All the DEP force vectors across the channel are seen to point towards the wires 

on Figure 3.9b. It should be noted that the force vector lengths showing their magnitude 

are presented on a logarithmic scale, since there is orders of magnitude difference 

between the strength of the DEP force near the wires within the metasurface pixels and at 

the bottom of the channel (Figure 3.10). This is also evident from the color plot of |�⃗⃗�| on 

Figure 3.9b, as the changes in the electric field get smaller as the distance from the 

electrode wires increases. As was shown earlier in Chapter 3.2 (Equation 3.2), DEP force 

is proportional to the gradient of |�⃗⃗�|
2
. 

Examples of particle trajectories in the simulated fluid flow and DEP force fields 

are shown on Figure 3.9c. 40 particles with even distribution in the y-direction at the inlet 

were chosen for visualization. Particle trajectories have been terminated at 5 µm from the 

top and bottom surfaces, as this is approximately the lower limit of the radius for cells 

used in this study. From the particle trajectories the effect of attractive DEP force can be 

clearly seen. Particles are pulled towards the electrodes, and as they get closer, the 

magnitude of the force increases while the fluid velocity decreases. If the particles are 

injected at a height close enough to the top surface, they get progressively closer to the 

top surface as they move downstream, and eventually migrate to that surface and hence 

get captured. Other particles that initially were too far from the capturing electrodes flow 

through the whole length of the channel without reaching the top surface or even drop to 

the bottom of the channel due to gravity and low fluid velocity. 
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Figure 3.10: Magnitude of DEP force y-component over a single metasurface pixel at 

different distances from the metasurface. Wire electrodes are located at 60 

and 100 µm. Force is calculated for 14 Vpp voltage and Kre = 0.8, using 

rcell = 8 µm as particle radius. Sedimentation force102 is approximately 

10-12 N (for cell density ρcell = 1070 kg/m3 93 and solution density 

ρs = 1036 kg/m3 91). 

It is also obvious that the first electrodes have the highest number of particles 

attracted on them. Lesser proportion of cells from fluid layers further away from the 

electrode surface get captured, partly due to the rapidly decreasing magnitude of DEP 

force and finite length of the electrode array, partly due to the fluid velocity, and hence 

particle velocity, which increase towards the center of the channel, decreasing the time 

over which DEP force is acting on the particles. 

An example of final particle distribution from simulation is plotted on 

Figure 3.11a. Highest number of particles land on the positions of wires, which is in 
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agreement with the observations from Figures 3.9b,c. Also, as seen from the particle 

trajectories on Figure 3.9c, first pixels (electrode pairs) capture more particles and each 

adjacent pixel downstream has lower captured particle density than the one before it. In 

contrast with Figure 3.9c, the simulation used to generate data on Figure 3.11a had 1000 

particles and particle density at the inlet was proportional to the flow velocity, mimicking 

more closely a real device with continuous stream of particles. Examples of particle 

distributions with varying voltage are shown on Figure 3.12. It can be seen that the 

density of captured particles (especially on first few pixels) increases significantly for 

increased signal voltage. This is due to the fact that particles are pulled in from further 

distances from the electrode surface. Overall there are more particles passing by in each 

time interval at these more distant layers due to the increased fluid velocity (represented 

as higher particle density in the simulation). 

Figure 3.11: Particle distribution on metasurfaces. a Particle density distribution on the 

electrodes obtained from simulation. b Particle density distribution on the 

electrodes obtained from experiment with polystyrene microspheres. Dashed 

lines on a and b mark the locations of wire electrodes. 
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As a comparison to the simulation results, particle distribution obtained from 

experiment with 10 µm diameter fluorescent polystyrene microspheres is shown on 

Figure 3.11b. Similar conditions were used in experiment and simulation for direct 

comparison of the results. Fluorescent particles were chosen due to the ability to fully 

suppress background for faster and more reliable data analysis. Samples with only wire 

electrodes and no surrounding metasurface were used in these experiments as the 

metasurface itself plays no role in creating electric fields responsible for DEP capturing 

of particles. 

Clear similarity between simulation and experimental results can be observed 

while comparing Figures 3.11a and 3.11b. As predicted from the simulations, majority of 

the particles are captured on the locations of the wires, and an overall trend of captured 

particle density lowering on downstream pixels is seen. Though, the density lowering is 

not as quick in the experiments. There are several reasons for this discrepancy. Firstly, 

simulations do not take into account the possibility of particle release due to fluid flow 

after capturing. Even though it was observed that particles in the experiment behave 

similarly to simulation conditions, i.e. particles stay at the place where they first land on 

the surface, there is a finite chance that even after landing on the wire or on the substrate 

surface close to the wire, the particles get carried away due to constant fluid flow. 

Secondly, particles that have already landed on the wires alter the electric fields 

generated around that wire, which the simulation does not account for, causing less 

particles to be captured in the experiment. Thirdly, already attached particles can prevent 

others from being captured at the same point, or act as “roadblocks” for new incoming 

particles. As first wires fill up with particles, more of them get attracted to wires 

downstream, evening out the distribution in experiments. 
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Figure 3.12: 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. Flow is from left to right. 

Maximum theoretical capturing efficiency in the context of these simulations can 

be characterized by a single parameter: cut-off height (yco). Cut-off height shows the 

maximum distance from top surface that a particle can have at the inlet to be captured by 

any of the wire electrodes along the whole length of the device (Figure 3.13a). In other 

words, if particle distance from the top surface at the entrance is y0 > yco, the particle will 

not be captured. Variations of cut-off height with changing voltage are shown on 

Figure 3.13b. As expected, yco increases with increasing voltage, meaning more particles 

are captured on the device surface. 
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Figure 3.13: Particle capturing cut-off height (yco). a yco is defined as the largest distance 

from the top surface that yields particles captured on any pixel. b yco 

increases with increasing voltage, meaning more particles get captured. 

 

3.3.6.2 Sample Solution Throughput Evaluation 

The microfluidic design used in this study has just a single channel running over 

the metasurface pixels. The cross-section of microchannels used in all experiments in this 

chapter was a rectangle with 500 µm width and 64 µm height. As expected, the numerical 

simulations show that the particle capturing efficiency of the device decreases with 

increasing flow speed (Figure 3.14a), as particles are subject to the DEP force field for a 

shorter time and they are more likely to be carried away by the flow before reaching the 

metasurface. For example, the flow rate of 0.1 µL/s corresponds to the flow speed of 5.3 

mm/s at the center of the channel. 

An important figure of merit in clinical use of blood samples is 1 mL. 

Figure 3.14b shows the time it takes to pump this amount of fluid through the 

microchannel. It has been reported89 that after 30 minutes of submersion in DEP solution, 

cell capturing with DEP force will be significantly reduced due to the loss of ion 

concentration contrast between suspending solution and cell cytoplasm. It can be seen 
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that pump times for 1 mL under 30 minutes (red dashed line on Figure 3.14b) are 

achievable if the flow rate is at least 0.5 µL/s. Unfortunately, as seen from Figure 3.14a, 

the capturing efficiency of the device also decreases significantly at these flow rates. 

Figure 3.14: Device particle capturing performance at different flow rates. a The fraction 

of particles that can be captured by the device goes down as the flow rate 

increases. Data obtained from numerical simulations (V = 14 Vpp, Kre = 0.8). 

b As the flow rate increases, the time to pump 1 mL of solution through the 

microchannel decreases. Red line indicates 30 minute mark, which is the 

maximum time cells should be in DEP solution before significant reduction 

in cytoplasm ion concentration happens. 

There are three possible solutions to increase the throughput of the device. First, a 

preconditioning step can be added to the device substrate, where an extended 

microfluidic channel and additional electrode structure upstream from the metasurface 

pixels pushes cells closer to the top surface of the channel using DEP force, without 

capturing any cells itself. Another solution to improve throughput would be the use of 

multiple channels and multiple metasurface pixel arrays to increase the amount of time 

the cells (or particles) spend within the attractive DEP force field of the wire electrodes. 

Lastly, in cases where the solution volume is very low, recirculation of solution can be 

realized so the same cells flow through the channel multiple times to increase the 
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probability of capturing. All these techniques could be used in conjunction to yield 

throughput and capturing efficiency values required by a specific application. 

 

3.3.6.3 Electrode Configuration within Metasurface 

All the DEP integrated metasurfaces used in this work have two electrode wires 

per pixel, with each adjacent wire connected to π out of phase AC voltage source. The 

wires within the metasurface are oriented in the direction perpendicular to the 

illumination light polarization state and therefore do not noticeably affect the spectral 

response of the metasurface itself. It will be clear from the cell capturing experiments in 

Chapter 3.4.2 that for a 120 µm wide metasurface pixel, two wires spaced 40 µm from 

each other and from the edges of the pixel are sufficient to get high coverage of cells on 

the metasurface. 

Figure 3.15: Electrically connected metasurface. a Unit cell design. A wire runs through 

every unit cell. All unit cell columns within one pixel are connected to a 

common bus. b-d A431 cells captured with the electrically connected 

metasurface pixels. Only middle columns have voltage applied to them, the 

red lines show the edge of electrical connection. A large ITO on glass 

counter electrode was used in these experiments. Sinusoidal AC signal was 

applied between pixels and the counter electrode (20 Vpp voltage and 

300 kHz frequency). Scale bar on b-d is 30 µm. 
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Despite the favorable experimental results, it can be imagined to have more wire 

electrodes within each pixel. The limit on the number of wires is set by the periodicity of 

the unit cells within the metasurface, as a wire could be placed within each unit cell. Such 

a metasurface, where wire runs through every unit cell was tested. The design of the 

metasurface and preliminary DEP attraction results with A431 cells are shown on 

Figure 3.15. It was evident from these experiments that the cells get attracted to the edges 

of the pixel and therefore the electrical connection to the wires was made in the middle of 

the pixel, hence trapping the cells on top of the metasurface (shown by red lines on 

Figures 3.15b-d). 

The transition between these two limiting cases – two wires versus wire in every 

unit cell – was investigated using numerical simulations (details given in 

Chapter 5.3.1.3). Four different cases were looked at: 2 wires per pixel, 4 wires per pixel, 

8 wires per pixel and 40 wires per pixel. The wires were evenly distributed assuming 

120 µm wide pixel and 160 µm periodicity of the pixel array. For the largest number of 

wires the separation between adjacent wire electrodes was merely 3 µm (typical 

periodicity for the metasurface unit cells used in this study). Voltage was applied to the 

electrodes in an interdigitated fashion: opposite polarity voltage was applied to each 

adjacent electrode. 
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Figure 3.16: DEP force field dependence on the number of wire electrodes. a 2 wires per 

pixel. b 4 wires per pixel. c 8 wires per pixel. d 40 wires per pixel (one wire 

after every 3 µm). Color plot on all figures shows magnitude of electric field 

(same scale on all figures), black lines show uniformly distributed electric 

field lines and white arrows are DEP force vectors (same scale on a-c, 5× 

increased for d). Scale bar on a-d is 20 µm. 
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The resulting electric fields and corresponding DEP force vector fields are shown 

on Figure 3.16. As the number of wire electrodes within each pixel increases, the long 

range electric field non-uniformity decreases, resulting in smaller DEP force at larger 

distances from the pixel surface. Accompanying that is the increase of DEP force near the 

surface. The relative importance of edge electrodes for increasing number of wires is also 

readily observed from the simulation results. The electric field line profile at center part 

of the pixel becomes more homogeneous when looked from a distance larger than the 

electrode spacing within the pixel, while all the inhomogeneity is concentrated to the 

edge parts of the pixel. As a consequence, DEP force vectors point mainly towards the 

edges of the pixel, explaining the experimental observations on Figures 3.15b-d. 

It should be noted that the DEP force vector lengths on Figure 3.16d are increased 

5× for clarity, compared to Figures 3.16a-c. Therefore, a metasurface design that has 

electrodes in each unit cell is not a very efficient one in terms of DEP capturing ability. 

 

3.3.6.4 Multi Plane Electrode Design 

In this work a DEP/MEIRS device is used with electrodes embedded in the 

metasurface and AC voltages are applied between electrodes on the same sample plane. 

An alternative way for electrical connection would be to use a large counter electrode at 

the bottom of the microchannel (Figure 3.17b). In this case the voltage applied on the 

wire electrodes within the metasurface pixels would be the same for all wires, while the 

counter electrode is fed a π out of phase AC signal. 

There is a fundamental difference in the electric field line profile for the two cases 

(black lines on Figure 3.17) due to the electrode configuration. The resulting DEP force 

vector fields (white arrows on Figure 3.17) reveal that the long range effects of the 
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configuration with a large counter electrode are stronger, while the DEP force close to the 

surface is stronger for the in-plane electrode configuration. A major difference is that the 

DEP force vectors for the in-plane configuration are all pointing towards the electrodes, 

while for the counter electrode configuration the vectors in some parts of the 

microchannel point towards the bottom surface. 

A test simulation (V = 14 Vpp, Kre = 0.8) with particles for both of these 

configurations with an array of pixels shows a higher relative capturing efficiency for the 

design with a large counter electrode. Though, the stronger DEP force close to the wires 

for the in-plane design is favorable in experiments where the particles do not easily attach 

to the surface, especially if flow rates are high. This is the case with cells in experiments 

in this chapter. Therefore, a mere theoretical maximum capturing efficiency has little use, 

if the DEP forces on the surface are not strong enough to keep the particles from being 

washed away by continuous fluid flow in the microchannel. 

A major experimental disadvantage of the counter electrode design is the added 

complexity in device design, fabrication and assembly. While PDMS microchannels are 

simple to fabricate on a large block, a layered structure would have to be realized to have 

a counter electrode. ITO coated PET sheet and microchannels cut from spin coated 

PDMS (100 µm thickness) were used to fabricate such a test device, but was abandoned 

for this study due to complex assembly of the device. This kind of electrode 

configuration can be used though if suitable materials are found and assembly procedures 

are refined to give satisfactory quality with reasonable effort. 
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Figure 3.17: DEP force vector field for two different electrode configurations. a Two 

electrodes at the top are connected to opposite polarity voltages. b Two 

electrodes at the top are connected to same voltage, while the bottom edge 

has an opposite polarity voltage. Color plot shows electric field magnitude, 

black lines are electric field lines and white arrows are DEP force vectors 

(same scale on a and b). Numbers at the corner of a and b show the relative 

capturing efficiency for each configuration for one specific set of parameters 

(V = 14 Vpp, Kre = 0.8). Scale bar on a and b is 20 µm. 
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3.4 Capturing Cells and Particles with Wire Electrode Array 

3.4.1 MEASUREMENT OF DEP FORCE FREQUENCY DEPENDENCE OF CELLS 

A method utilizing hyperbolic electrodes was used to determine the frequency 

dependence of DEP force of cells (Clausius-Mossotti factor Kre), described in more detail 

in Chapter 5.3.9. In summary, the electric field and therefore the DEP force field of a 4 

hyperbolic electrode structure are highly symmetric (Figure 3.18a), greatly simplifying 

the analysis of cell movement in such a system to deduce Kre. The electrode structure was 

fabricated on top of a commercial ITO covered glass substrate by wet etching 

(Figure 3.18b). Hyperbola tip to tip distance was d = 260 µm. By recording and analyzing 

cell movement trajectories between such electrodes when π out of phase AC voltages 

were applied to adjacent electrodes (V1 and V2 on Figure 3.18a), Kre was obtained for 

each cell line used in this chapter. 

Figure 3.18: Hyperbolic electrodes for measuring frequency dependent DEP force of 

cells. a Opposite pairs of electrodes carry opposing AC voltages (V1 and V2 

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

show the direction and magnitude of pDEP force. Tip-to-tip distance of the 

hyperbolic electrodes is d = 260 µm. b Experimentally fabricated hyperbolic 

ITO electrodes on glass substrate. Scale bar is 100 µm. c HCT 116 cells on 

substrate surface. Cells in the gap between electrodes move radially in or out 

with respect to the center of the image. Scale bar is 100 µm. 
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Three different cell lines were used for experiments in this chapter: two epithelial 

cell lines (HCT 116 and A431) and one T cell leukemia cell line (Jurkat, used as a model 

cell line for white blood cells). These cell lines are listed in Table 3.2. 

Experimentally measured frequency dependence of Kre for all the cell lines used 

in this work (HCT 116, Jurkat, A431) are plotted on Figure 3.19. Cross-over frequencies 

were found to be 111±24 kHz for HCT 116, 245±34 kHz for Jurkat and 86±20 kHz for 

A431 cells. In the frequency region 110-240 kHz both HCT 116 and A431 experience 

positive DEP force (attracted to higher field region) while Jurkat cells experience 

negative DEP force (repelled from higher field region). This frequency window can be 

exploited to selectively capture only epithelial cells while keeping the blood cells away 

from the sensing surface. The major difference making this phenomenon possible, is the 

fact that the two epithelial cell lines are adherent cells and grow on a surface, while 

Jurkat grows in solution. Consequently, the average radii and membrane areas are larger 

for HCT 116 and A431 than for Jurkat, hence the difference in f0 (as shown in 

Chapter 3.2). 

 

Cell line Origin 

HCT 116 Human colorectal carcinoma (ATCC CCL-247) 

A431 Human epidermoid carcinoma (ATCC CRL-1555) 

Jurkat Human acute T cell leukemia (ATCC TIB-152) 

Table 3.2: Cell lines used for experiments in this chapter. 

There is also heterogeneity of dielectric properties within a population of cells 

from the same cell line due to the differences in sizes and membrane areas of individual 

cells92,93. This manifests itself as a spread of Kre (and consequently f0) values for 
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individual cells. On Figure 3.19 the boundaries of Kre curve for each cell line were 

obtained by using 95% confidence bounds of the fit of experimental data. Nevertheless, it 

can be seen that the differences within a single cell line are smaller than the difference 

between epithelial and Jurkat cell lines. Example experimental data points extracted from 

trajectory analysis of HCT 116 cells are plotted together with the fitted curves for Kre in 

Chapter 5.3.9 (Figure 5.9). It is important to note that the cross-over frequencies and Kre 

curves change is the solution conductivity is changed. Therefore it is important to make 

sure the DEP solution conductivity is kept constant throughout all experiments. 

Figure 3.19: Experimentally measured Clausius-Mossotti factors (Kre) for HCT 116, 

A431 and Jurkat cells at 780 µS/cm solution conductivity. The cross over 

frequencies are 111±24 kHz for HCT 116, 86±20 kHz for A431 and 

245±34 kHz for Jurkat cells. At low frequencies the cells are pushed away 

from the metasurface pixels in the DEP/MEIRS device, while at high 

frequencies they are pulled towards the pixels. 
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3.4.2 CAPTURING CELLS AND MICROSPHERES 

In order to verify capturing capabilities of cells with DEP force using the 

DEP/MEIRS microfluidic device, a set of experiments were conducted with HCT 116 

and A431 cells, and 10 µm diameter polystyrene microspheres. Samples that had only 

wire electrodes and no metasurface were used for better imaging quality. As mentioned 

before, the metasurface itself plays no role in generating DEP force and only acts as 

mid-IR sensing surface. HCT 116 and A431 cells, and microspheres collected onto the 

wire electrodes are shown on Figure 3.20. 

It was shown earlier that the magnitude and direction of DEP force acting on cells 

is dependent on the frequency of voltage signal applied to the wire electrodes. The same 

is true for solid polystyrene microspheres103. Since different cell lines and particles can 

have varying frequency response, the real part of frequency dependent Clausius-Mossotti 

factor (Kre) was experimentally determined for both cell lines (see Chapter 3.4.1). 

Experimentally obtained cross-over frequencies were 111±24 kHz for HCT 116 and 

86±20 kHz for A431. Based on these findings, the AC signal frequencies used in all 

following experiments in this chapter and Chapter 3.5.1 for capturing cells were 400 kHz 

for HCT 116 and A431, corresponding to approximately Kre ≈ 0.7-0.9. 200 Hz signal 

frequency was used to capture microspheres, corresponding to strongest DEP attractive 

force. 
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Figure 3.20: Capturing of cells and polystyrene particles on the wire electrodes using 

DEP force. a HCT 116 cells, b A431 cells, and c 10 µm diameter 

fluorescent polystyrene microspheres collected on wire electrodes by DEP 

force. Three different time instances are shown: 1 s, 5 s and 10 s after the 

start of the experiment. Fluid flow is from left to right (flow rate 0.01 µL/s). 

Positions of the wires are marked with light colored lines. Scale bar is 

100 µm (same on all images). 

Multiple forces are acting on cells while flowing through the microchannel. In the 

vertical direction the most significant is DEP force that pulls cells up, closer to the 
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metasurface pixels. The magnitude of DEP force increases exponentially when cells get 

closer to the electrodes. Less significant are gravitational and hydrodynamic lift forces93 

that also act in the vertical direction. In the horizontal direction the cells are carried by 

fluid flow and the DEP force also has some horizontal component in most part of the 

microchannel. The closer the cells are to the center of the channel in the vertical 

direction, the faster they move due to parabolic flow velocity profile in the channel. Since 

the magnitude of the DEP force in the lower half of the channel is relatively low, cells in 

this region are not captured by any of the pixels. Cells that are not immediately captured 

by the first pixel get progressively closer to the metasurface pixel array as they travel 

over the wire electrodes of the pixels. If a cell is sufficiently close to the top surface of 

the channel at the injection point, they eventually get captured on one of the metasurface 

pixels (see Chapter 3.3.6.1). 

As is predicted from numerical simulation results presented in Chapter 3.3.6, cells 

are attracted onto the electrodes, forming lines at wire locations (Figures 3.20a,b). Even 

though most cells initially land directly on top of the wires, they tend to be carried by the 

fluid further down the surface in the flow direction to an equilibrium position about one 

cell radius away from the wire. Most cells also appear to be grabbing on to the surface 

after the initial landing. Within tens of seconds the cells drift to the equilibrium position, 

but stay there afterwards. Majority of the attached cells can be still removed from the 

surface when low frequency electric field is applied on the wires, resulting in repelling 

negative DEP force, or when fluid flow rate is significantly increased. 

More cells get trapped by the electrodes closer to the inlet port, also observed in 

the simulations. As cells are continuously flown through the microchannel, it can be seen 

that the first electrodes get saturated with cells and no more of them can fit on the surface 

in these areas. This causes some of the cells to be captured by the next pixel electrodes, 
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because the DEP force is not strong enough to hold multiple cells piled up on top of each 

other and the fluid flow carries them to the adjacent pixels. 

Constant fluid flow itself can also exert enough force to detach some of the cells 

from their original landing spots, carrying them to next pixels down the channel or even 

all the way to the exit port. Unlike commercially available microspheres, there is some 

heterogeneity in the sizes and membrane areas within a cell population. Individual cells 

with smaller membrane areas would be easier to detach, since the DEP force acting on 

them at a given frequency is smaller than the force acting on cells with larger membrane 

areas. Each additional cell attached to the wires disturbs the local electric fields and 

weakens DEP force, stopping new incoming cells from attaching on a particular pixel. 

Consequently, the DEP force is not strong enough to hold multiple cells on top of each 

other, causing the additional cells to be carried away by the flow to the adjacent pixel. On 

the other hand, already attached cells can also act as barriers for incoming cells already 

pulled close enough to the surface, blocking them from being carried away by the flow. 

Just as cells, polystyrene microspheres can be attracted to the wires, albeit using a 

much different signal frequency due to differences in particle dielectric properties. While 

cells experience positive DEP force, and hence get pulled to the wires, at higher signal 

frequencies, the opposite is true for polystyrene particles: positive DEP force is exerted at 

lower frequencies. Nevertheless, microsphere attachment works similarly using the 

microfluidic device and DEP capturing (Figure 3.20c). The only major difference 

compared to cells attachment is the fact that polystyrene particles seem to stay at their 

landing spot and do not shift downstream by a couple of microns, as cells do. It can be 

seen from Figure 3.20c that some of the microspheres are located at the region between 

the wires. This is because these particles initially made contact with the CaF2 substrate 

surface at these points and stayed there for the reminder of the experiment, not because of 
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drifting, as was the case with cells. The use of microspheres demonstrates the universality 

of this approach, as other kinds of particles could be captured using the same device for 

their mid-IR spectral characterization. 

 

3.5 Capturing and Real Time Spectroscopy of Cells 

3.5.1 ANALYSIS OF DEP CAPTURED CELL SPECTRA 

The full capabilities of the integrated DEP/MEIRS device were used in 

experiments where IR spectra of one metasurface pixel (pixel 4, see Table 3.1) were 

collected over several minutes while cells were pumped through the microchannel and 

captured on the sensor surface with the aid of DEP force. Based on preliminary 

experiments it was not obvious that the signal obtainable by capturing cells in such a way 

to the metasurface would yield observable spectral features. As was seen in Chapter 2, 

long incubation times (~4 hours), fixation and drying of cells were used to significantly 

improve the vibrational features from cell constituent molecules observed in IR spectra. 

Since the metasurface only provides enhanced fields within ~100 nm from its surface, it 

is necessary that the cells make good contact with the metasurface within just a few 

minutes. During such a short time interval, possible contamination from culture medium 

or cell debris left in the solution while transferring the cells from culture medium to the 

DEP solution can potentially distort the spectral features expected from live cells 

captured on the metasurface. 

Schematics and images of the experimental set-up are shown on Figure 3.21. The 

DEP/MEIRS device is placed on the IR microscope stage for continuous measurement of 

spectra (one spectrum after every 3 seconds). The cells are injected into the microfluidic 

channel at constant flow rate (0.01 µL/s) through polyethylene tubing using a syringe 



 67 

pump. A function generator is connected to the wires on the sample, providing AC 

voltage to the wire electrodes within the metasurface pixels. HCT 116 and A431 cells 

were used in separate experiments. Cells grown in culture medium were transferred to 

special DEP solution for the experiments as described in Chapter 5.3.3. 

Figure 3.21: Experimental set-up to capture cells with DEP/MEIRS device and measure 

their mid-IR spectra. a The device is placed on a microscope stage under an 

IR objective. Cells are pumped through the microchannel using a syringe 

pump, while AC voltage is applied to the wire electrodes within metasurface 

pixels, and their IR spectra are measured. b Cells flow through the 

microchannel and get captured by DEP force onto the pixels for IR spectral 

measurement. c Picture of the experimental set-up. d Close-up picture of the 

device on the microscope stage. 

Even though there are 4 different metasurface designs on the sample, only the one 

with largest unit cell dimensions was used (pixel 4, fourth position downstream in the 
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array). The most prominent spectral features of cells are amide I (ν͂𝐴𝑚𝐼 ≈ 1660 cm-1) and 

amide II (ν͂𝐴𝑚𝐼𝐼 ≈ 1560 cm-1). Since this is the spectral region between dipole 

(ν͂𝐷 ≈ 1830 cm-1) and Fano (ν͂𝐹 ≈ 1330 cm-1) resonances of the metasurface (Figure 3.5d), 

it also exhibits high field enhancement (as seen in Chapter 2.2) and hence gives high 

sensitivity in detecting cell attachment to the metasurface. 

The addition of the cells greatly increases the complexity of the spectra because 

of the numerous identifiable vibrational resonances corresponding to well-known 

vibrational modes of proteins, lipids, glycoproteins, and carbohydrates contained in the 

cell41. These features are not readily observable from the raw reflectance spectra of 

metasurfaces (Figure 3.22a), but become visible after absorbance spectra are calculated 

(Figure 3.22b). Metasurface reflection spectrum in DEP solution, measured right before 

the cells entered the microchannel was used as the reference (R0) and absorbance was 

calculated for each subsequently collected reflection spectrum (Ri) using the following 

formula: 

𝐴𝑖 = −log (𝑅𝑖/𝑅0),           (3.5) 

where Ai is absorbance at i-th time instance. 

An example absorbance spectrum for A431 cells is shown on Figure 3.22b. First, 

it should be emphasized that since the addition of cells causes local refractive index 

change around the metasurface, the whole reflectance spectrum gets shifted, as was seen 

with the addition of water on Figure 3.4. This puts the absorbance spectra on a non-flat 

baseline and creates a notable peak at the Fano resonance position (ν͂𝐹 ≈ 1330 cm-1 on 

Figure 3.22). Nevertheless, the absorbance peaks of molecular vibrations due to cells can 

be clearly seen. The most significant peaks on Figure 3.22b are C=O stretching 

(ν͂𝐶=𝑂 ≈ 1740 cm-1), amide I (ν͂𝐴𝑚𝐼 ≈ 1660 cm-1), amide II (ν͂𝐴𝑚𝐼𝐼 ≈ 1560 cm-1), CH3/CH2 

bending (ν͂𝐶𝐻 ≈ 1460 cm-1), -COO- symmetric stretching (ν͂𝐶𝑂𝑂 ≈ 1420 cm-1), and 
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asymmetric PO2 stretching and amide III (ν͂𝑃𝑂2,𝐴𝑚𝐼𝐼𝐼 ≈ 1250 cm-1)41,104-106. These 

vibrational modes and Fano peak are numbered on Figure 3.22b from 1 to 7 and listed in 

Table 3.3. Although a specific spectral region is considered here, by rescaling the unit 

cell dimensions, other molecular vibrations can be targeted, such as C-O and PO2 

stretching modes around 1000-1100 cm-1 or CH3/CH2 stretching modes close to 

2900 cm-1 41. Measurements of cell spectra with other pixel types present on the 

metasurface sample are presented in Chapter 3.5.2. 

Figure 3.22: Example reflection and absorbance spectra of the metasurface pixel 4 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 Equation 3.5. The spectral features marked with numbers are 

listed in Table 3.3. 

An example of emerging amide I and II features in baseline corrected absorbance 

spectra with the addition of HCT 116 cells is shown on Figure 3.23a. The total area under 

amide I and II features in the absorbance spectra for HCT 116 and A431 cell lines 

correlates well with the total area of the metasurface covered with cells (Figures 3.23b,f), 

as seen from the images simultaneously collected with the spectra (Figures 3.23c-e). This 

implies that the observed spectral features indeed arise due to the cells being captured on 
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the metasurface pixel by DEP force, and the prominence of the features is linearly 

dependent on the sensor area covered with cells. 

 

Peak Wavenumber (cm-1) Assignment 

1 1740 C=O stretching 

2 1660 Amide I 

3 1560 Amide II 

4 1460 CH3/CH2 bending 

5 1420 -COO- symmetric stretching 

6 1330 Fano resonance of metasurface 

7 1250 Asymmetric PO2 stretching, amide III 

Table 3.3: Vibrational modes identified on Figure 3.22b41,104-106. 

As the cells are collected on the sensor surface, Fano resonance feature (ν͂𝐹) in the 

underlying metasurface reflection spectrum undergoes a redshift. In the absorbance 

spectrum this shift is translated into a peak. Due to high quality factor (~10) of this 

resonant feature and accompanying high local field enhancement, it is very sensitive to 

local refractive index changes in the vicinity of the metasurface. The characteristic 

enhanced field penetration depth for this metasurface design is ~100 nm (see 

Chapter 2.2). The peak in absorbance spectrum emerging from the shift of Fano feature 

can therefore be used as a proxy to assess the cell coverage on the sensor surface. 

Correlation between area under the baseline corrected Fano feature in absorbance spectra 

and cell coverage on the metasurface pixel is shown on Figure 3.24. A linear dependence 

between Fano feature size and cell coverage is again observed. 
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Figure 3.23: HCT 116 and A431 cells spectroscopy using MEIRS and DEP capturing. 

a Baseline corrected absorbance spectra of HCT 116 cells in the amide I and 

amide II region collected at different times. Emergence of the two peaks 

characteristic to amide I and II modes is observed as more cells attach on the 

metasurface. b Area calculated under the amide I and II peaks (as seen on a) 

compared to the total cell coverage of the pixel for HCT 116 cells. 

c-e HCT 116 cells on the metasurface pixel at three different time points 

(7 s, 22 s and 47 s marks on b). Area covered by cells has been digitally 

enhanced for better visibility. Scale bars in c-e are 40 µm. f Area calculated 

under the amide I and II peaks compared to the total cell coverage of the 

pixel for A431 cells. 

It should be noted that in this case the Fano feature is only sensitive to local 

refractive index change at the resonant wavelength and not necessarily to specific 

molecular fingerprints. Hence, different cells cause similar shifts of the Fano feature. The 
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advantage of the metasurface sensor is the ability to use high quality factor Fano 

resonance feature to estimate the number of cells on the sensor and the rest of the high 

reflection and high field enhancement spectral range of the metasurface to measure cell 

specific molecular vibrations. 

Figure 3.24: Metasurface pixel cell coverage assessment using Fano feature. 

a Emergence of the metasurface Fano resonance feature in the absorbance 

spectrum (baseline corrected). As the cell coverage increases, so does the 

height of the peak associated with Fano feature. b Area calculated under the 

Fano peak (as seen on a) compared to the total cell coverage of the pixel for 

HCT 116 cells. c Area calculated under the Fano peak compared to the total 

cell coverage of the pixel for A431 cells. 
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The data on Figures 3.23b,f and 3.24b,c is corrected with a linear baseline 

obtained from control measurements (see Chapter 5.3.5), since there is a rising slope for 

amide I, II and Fano feature areas in time (Figure 3.25) due to residual cell debris and 

culture medium left in the solution during replacement of culture medium with DEP 

solution (see Chapter 5.3.3 for details of solution replacement). 1 µL of cell culture 

medium was added to 1 mL of DEP solution and control spectra were measured the same 

way as cell spectra before, including voltage applied to the wire electrodes. It has been 

shown previously that proteins for example can be trapped with DEP in similar 

conditions107-109. Residual protein molecules in the solution can get trapped on the 

metasurface causing slight amide signal increase even when cells are not being attached. 

The background signal increase as determined from control experiments (Figure 3.25) is 

much smaller than that caused by deposition of cells and a linear fit can be subtracted 

from the cell capturing data, since the rate of accumulation is constant throughout the 

experiment. The vertical axis scales on Figures 3.23b,f, 3.24b,c and 3.25 are equivalent. 

An important aspect of using DEP for cell capturing is the limited time during 

which it works efficiently. Since cells need to be suspended in a medium with much 

lower conductivity than their cytoplasm, the ion concentration and hence conductivity 

inside the cell drops in time20, causing weakening of the DEP force due to the loss of 

conductivity contrast between the inside and outside of the cell. The timeframe during 

which significant changes happen is around 30 minutes89. Therefore, the time between 

suspending the cells in DEP solution and conclusion of the experiments was kept to a 

minimum, not exceeding 20 minutes. 
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Figure 3.25: Control measurements to determine amide I, II and Fano feature region area 

increase not associated with cell capturing. a Amide I, II feature increase. 

b Fano feature increase. Red line in a and b shows a linear fit that was 

subtracted from cell data to obtain Figures 3.23b,f and 3.24b,c. The y-axis 

scales are the same as on Figures 3.23b,f and 3.24b,c. 

 

3.5.2 PRINCIPAL COMPONENT ANALYSIS OF CAPTURED CELL SPECTRA 

In this chapter, a more thorough spectroscopic investigation of three cell lines 

(HCT 116, Jurkat, A431) using all 4 pixel types was conducted. The DEP/MEIRS device 

was mounted under an IR microscope with programmable stage (Figure 3.26a). Cell 

solution was flown through the microchannel at 0.01 µL/s flow rate using a syringe 

pump, and 14 Vpp AC voltage was applied to the wire electrodes by a function generator, 

as in Chapter 3.5.1. The microscope stage in these experiments was programmed to 

continuously cycle through all the pixels and collect spectra with 64 averages at each 

pixel location (at 16 cm-1 spectral resolution). It took 1 minute to collect spectra from all 

12 pixel locations, with total of 10 minutes spent on 10 such measurement cycles. 

Absorbance spectra were calculated from each measured reflection spectrum using 

metasurface spectra in DEP solution before the addition of cells as reference, as in 

Chapter 3.5.1. No background subtraction was applied, but the absorbance spectra were 
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baseline corrected. Principal component analysis (PCA) was conducted using the 

calculated absorbance spectra. Additional experimental and data analysis details are 

given in Chapter 5.3.7. 

Figure 3.26: Capturing and spectral measurement of HCT 116, Jurkat and A431 cells. 

a Experimental set-up to measure all 12 pixels on the sample over several 

minutes. The sample stage moves between the pixels while cells are 

captured and spectra measured. b-d Example images of HCT 116 (b), 

Jurkat (c) and A431 (d) cells captured on one metasurface pixel. Scale bar 

on b-d is 20 µm. 
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Sufficiently high frequencies of DEP force generating AC voltage were chosen to 

capture cells in the DEP/MEIRS device from a solution containing a single cell line. 

600 kHz was used for HCT 116 and A431, and 1 MHz for Jurkat cell lines, 

corresponding approximately to Kre ≈ 0.85-0.95, providing efficient capturing force. On 

average, the coverages of cells across all experiments were higher for HCT 116 and 

A431, and lower for Jurkat (Figures 3.26b-d). There were also pixels that had no cells on 

them due to fabrication errors in the wire electrodes (no electrical connection), or very 

few cells mainly due to the downstream position of the pixel. Spectra from those pixels 

were discarded from further analysis to minimize coverage related effects. 

Though the capturing forces were similar for all cell types, it proved to be more 

difficult to capture and hold comparably high number of Jurkat cells on the metasurfaces, 

as opposed to HCT 116 and A431. With HCT 116 and A431 it was observed that the 

majority of the cells start anchoring themselves on the surface immediately after landing, 

providing extra grip against fluid flow. Consequently, large proportion of the cells that 

landed on a pixel stayed there for the duration of the experiment. This can be explained 

by the adherent nature of these cell types110. On the contrary, Jurkat cells natively grow in 

suspension and hence had to be kept on the metasurface purely by DEP force. Many of 

the Jurkat cells only stayed on a particular pixel for a short time and very high coverages 

were harder to achieve than with the other cell types. Anchoring of non-adherent cells on 

the pixels could be improved by covering the gold metasurface with corresponding 

antibodies. 

Even though the spectra were collected over a wide spectral region, as provided 

by the spectrometer and IR microscope, only part of the spectra were used in the final 

analysis (see Chapter 5.3.7). Lower wavenumber regions were excluded due to higher 

noise levels, while higher wavenumber regions were excluded since the field 
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enhancement of the metasurface designs used in this work at those frequencies is low, 

hence providing weak signal from the cells. In addition, regions close to Fano resonance 

feature of the metasurfaces were also excluded from PCA analysis. Due to the higher 

sensitivity of Fano resonance features to the local refractive index changes, a relatively 

sharp peak emerges in the absorbance spectra in that spectral region after cell attachment 

(see Figure 3.22b). Complex line shape and spectrally non-specific nature of this feature 

in the absorbance spectra warranted the exclusion of the Fano resonance region from the 

PCA analysis. The specific spectral regions excluded for each pixel type are given in 

Chapter 5.3.7. It can be useful though to look at the height of the peak emerging due to 

Fano resonance shift, to assess the cell coverage on a particular pixel, as seen in 

Chapter 3.5.1. 

Figure 3.27: Baseline correction of absorbance spectrum for pixel 1. a An example of 

calculated HCT 116 absorbance spectrum for pixel 1 (blue line). Linear 

(under amide I and II features) and 3rd order polynomial (at lower 

wavenumbers) baselines were found (black lines). b Absorbance spectrum 

after subtracting the baseline shown on a (black line) from the calculated 

absorbance spectrum (blue line). 

The addition of cells, and hence the change in local refractive index around the 

metasurfaces, causes the underlying metasurface resonances to shift spectrally. This 

 



 78 

places the observed molecular vibrations from cells on a non-flat baseline in the 

calculated absorbance spectra (as seen on Figures 3.22b and 3.27a). In order to reduce the 

effects of baseline in raw absorbance spectra on PCA results, baseline correction was 

undertaken (see Figure 3.27 and Chapter 5.3.7). The most prominent features (in height 

and width) in the cell spectra are amide I and amide II modes. Because of the relatively 

broad width of these features, a linear baseline correction was chosen for this spectral 

region for all pixel types. Other vibrational modes of the cells molecules in the lower 

wavenumber region have weaker signatures and the overall shape of the baseline was 

seen to be captured well by a 3rd order polynomial fit (see Figure 3.27a). It should be 

noted though that since the polynomial fit runs through the centers of the spectral features 

and not necessarily the troughs, negative absorbance values are possible after the 

subtraction of this fit. Nevertheless, peaks of molecular vibrations can be easily observed 

on the absorbance spectra regardless of this numerical artefact, as seen on Figure 3.27b. 
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Figure 3.28: Principal component analysis of HCT 116 and Jurkat absorbance spectra. 

a-d Average baseline corrected absorbance spectra of HCT 116 and Jurkat 

cells for all pixel types. e-h 2-dimensional principal component score scatter 

plots for all pixel types. Separation of different cell lines is seen on most 

pixels. Ellipses mark 80% confidence bounds. i-l 1st and 2nd principal 

components for all pixel types. 
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Baseline corrected averaged absorbance spectra for HCT 116 and Jurkat can be 

seen on Figures 3.28a-d for pixels 1-4 respectively. Similar averaged spectra are plotted 

for A431 on Figures 3.31a-d. These absorbance spectra reveal several spectral features 

that are consistent with observations from previous works on cell spectroscopy41,104-106, 

and results presented in Chapter 2 and Chapter 3.5.1. As expected, amide I (1660 cm-1) 

and amide II (1550 cm-1) are the most prominent lines in absorbance spectra for all cell 

lines. Other notable absorbance peaks are located at approximately 1720-1760 cm-1 (C=O 

stretching41,104-106), 1440-1480 cm-1 (CH3/CH2 antisymmetric bending41,104-106), 1400-

1420 cm-1 (-COO- symmetric stretching41,104), 1370 cm-1 (CH3 symmetric bending104,106), 

1310-1330 cm-1 (amide III41,104-106), 1240-1250 cm-1 (amide III or PO2 antisymmetric 

stretching41,104-106) and 1190-1210 cm-1 (C-O stretching41,104-106). All these spectral lines 

are present for every cell line used in this study, though some differences in spectral 

positions and magnitudes of absorbance values can be observed between different cell 

lines. There are also minor differences in peak positions of the same spectral lines for the 

same cell line between different pixel types. These discrepancies are caused by the 

complex nature of coupling of sharp molecular vibrations with the relatively broader 

metasurface resonances9, and possible inaccuracies in baseline correction. 

Most obvious differences between HCT 116 and Jurkat cell spectra 

(Figures 3.28a-d) are around amide II (1550 cm-1), between 1400-1500 cm-1 and at 

1250 cm-1. Amide II peak position appears to be consistently shifted towards higher 

wavenumbers for HCT 116, whereas amide I peak position overlaps for these two cell 

lines. In the region between 1400-1500 cm-1 HCT 116 has 3 clearly distinguishable peaks 

located at around 1480 cm-1, 1440 cm-1 and 1410 cm-1, while there are only 2 clear peaks 

for Jurkat in the same region, located at approximately 1460 cm-1 and 1400-1420 cm-1. 

Jurkat spectra also show higher absorbance at 1250 cm-1 and a clear peak around 
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1200 cm-1, whereas HCT 116 has a weaker 1250 cm-1 line and no distinguishable peak at 

1200 cm-1. On pixel 3 and 4 spectra (Figures 3.28c,d), difference in the position of the 

shoulder caused by C=O mode (1720-1750 cm-1) can also be noticed. 

Subjecting all the individual spectra to principal component analysis reveals the 

quantitative differences between HCT 116 and Jurkat absorbance spectra. Principal 

component score plots are shown on Figures 3.28e-h, and loadings of first two principal 

components are plotted on Figures 3.28i-l for pixels 1-4. 

There is a clear separation of HCT 116 and Jurkat points on the 2-dimensional 

principal component score scatter plot for pixels 1, 2 and 4. Principal component spectra 

indicate that the spectral differences between these two cell types identified earlier also 

constitute most of the variance in data, since over 90% of the variance is explained by 

just first two principal components. Amide II, absorbance lines between 1400-1500 cm-1, 

C=O vibration around 1740 cm-1, and two features close to 1200 cm-1 and 1250 cm-1 are 

present in all first principal component spectra. 

Some overlap on the score plot is seen for pixel 3 (Figure 3.28g), as an important 

distinguishing region (1430-1560 cm-1) has been intercepted by the Fano feature of the 

metasurface and the data has been excluded from analysis. 

Comparison of HCT 116 and Jurkat is especially interesting since they represent 

two inherently different types of cells: adherent epithelial carcinoma and T lymphocyte 

growing in suspension, respectively. Due to the different native growth environments, 

these two cell lines also express drastically different dielectric properties, as seen in 

Chapter 3.4.1, which will be utilized in Chapter 3.5.3 to process and analyze a mixture of 

these two cell lines. 

Control measurement was also carried out and analyzed together with HCT 116 

and Jurkat absorbance spectra using PCA. All the conditions in the control experiment 
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were same as in experiments with cells, but only DEP solution was flown through the 

microchannel during the measurements. Principal component score plots for all pixel 

types containing data from HCT 116, Jurkat and control measurements are shown on 

Figure 3.29. Control spectra clearly separate from those measured on HCT 116 and 

Jurkat for every pixel type (see also Figure 3.30). 

Figure 3.29: Principal component analysis of HCT 116 and Jurkat cell lines, and control 

measurements with DEP solution. a-d Principal component score scatter 

plots for pixels 1-4 respectively. Good separation of control measurements 

is observed for all pixel types. 
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Figure 3.30: Average absorbance spectra of HCT 116, Jurkat and control measurements. 

a Average absorbance spectra for pixel 1. b Average absorbance spectra for 

pixel 4. 

In order to demonstrate the broad applicability of this method, a second adherent 

carcinoma cell line (A431) was also spectrally characterized using the DEP/MEIRS 

device and compared against HCT 116. Averaged absorbance spectra for these cell lines 

are shown on Figures 3.31a-d. A431 shows difference from HCT 116 in the amide II 

peak position (1550 cm-1) and in the number of peaks between 1400-1500 cm-1. A431 

expresses two consistent peaks across all used pixel types at around 1460 cm-1 and 

1400-1410 cm-1. Position of the C=O shoulder is also different for A431 and HCT 116. 

Spectral features at wavenumbers lower than 1400 cm-1 on the other hand appear to be 

relatively consistent between these cell lines, albeit minor variances across spectra from 

different pixel types. 
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Figure 3.31: Principal component analysis of HCT 116 and A431 absorbance spectra. 

a-d Average baseline corrected absorbance spectra of HCT 116 and A431 

cells for all pixel types. e-h 2-dimensional principal component score scatter 

plots for all pixel types. Separation of different cell lines is seen on most 

pixels. Ellipses mark 80% confidence bounds. i-l 1st and 2nd principal 

components for all pixel types. 
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PCA of HCT 116 and A431 spectra reveals a relatively good separation on the 

principal component score plots for first two principal components, especially for pixels 

1 and 4 (Figures 3.31e,h). Pixel 2 has some overlap between the two cell lines on the 

score plot, while pixel 3 has the broadest overlap due to the exclusion of crucial spectral 

data around Fano feature of the metasurface (Figures 3.31f,g). First two principal 

components explain around 90% of the variance in data for all pixel types. Amide II, 

features in the vicinity of 1450 cm-1 and C=O line close to 1740 cm-1 are the primary 

features in the first principal component spectra (Figures 3.31i-l). 

Repeatability of the spectral measurements in this chapter is proven with the 

inclusion of three different kinds of data in the same PCA analysis. First, two separate 

experiments were carried out with each of the three cell lines. Second, within each 

experiment, multiple copies of the same pixel design were measured. There were 3 copies 

of each pixel type on every sample, though in some experiments data from only one or 

two of them was analyzed, since the cell coverage of some pixels was not sufficient due 

to fabrication errors in wire electrodes or lesser accumulation of cells on downstream 

pixels. Third, measurements at different times were collected from the same pixels in the 

same experiments. There are slight variations in cell coverage between measurements 

taken at different times on the same pixel, as cells are continuously flown through the 

chamber and pulled onto the metasurface by DEP force. Also, the positions of cells 

change slightly due to fluid flow and some cells even get detached. There is some 

correlation between data measured on the exact same pixel at different times, since some 

of the attached cells are the same throughout each such measurement. Overall, spectra 

collected across all these three variables (different experiments, multiple pixels and 

multiple time points) show remarkably similar features and group into consistent clusters 

based on cell lines on the 2-dimensional principal component score plots. 
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Moreover, it is remarkable that all these spectra have been collected within less 

than 10 minutes in each experiment. Such short deposition times can be hard to achieve 

while using gravity assisted deposition, as DEP force is up to 4 orders of magnitude 

stronger (see Figure 3.10). Since the cells are captured onto the metasurface pixels with 

the aid of DEP force, there is no need to use antibodies to hold the cells in place or 

incubate the sample for hours in order to promote cell adhesion to the sensor surface. 

While previous works on spectral cytopathology have been carried out with adhered 

confluent cell monolayers15, only partial coverages were sufficient for spectral 

measurements in this work. This opens possibilities for fast measurements of live cell 

mid-IR spectra in research or clinical applications. In addition, the metasurface could be 

coated with antibodies or other adhesion promoting ligands to further improve cell 

immobilization, especially in the case of non-adherent cells. 

Metasurfaces with the unit cell design used in this work are known to have a 

broad field enhancement region (see Chapter 2.2). Here we have made good use of it by 

analyzing the broad spectral fingerprint region of cells (about 1170-1800 cm-1)41. Four 

different metasurface designs were used in this chapter, though there is no limit to the 

number of designs that could be used or the spectral ranges that they could be tuned to. 

The unit cell can be easily made larger, and coupled with a microspectrometer that has 

good sensitivity at lower wavenumbers, to have better detection of spectral features at 

1000 cm-1 or lower. On the other hand, fabrication of smaller unit cells is also easily 

achievable with standard electron beam or imprint lithography methods111, providing the 

capability of enhanced detection of molecular vibrations at higher wavenumbers, such as 

lipid lines close to 2850-2950 cm-1 or amide A (3300 cm-1) and amide B (3100 cm-1)41. 

In this chapter just a single microfluidic channel was used to deliver cells to the 

metasurface, but it is straightforward to increase the throughput of the system by 
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parallelization. Multiple channels and metasurface pixel arrays can be incorporated onto 

the same substrate for increased capturing and sensing area. Microfluidic techniques 

could be employed to improve handling of small analyte volumes. Additional DEP 

electrodes could be added upstream in the microchannels for pushing cells closer to the 

top surface of the channel before entering the pixel array region for improved capturing 

performance. 

 

3.5.3 SELECTIVE CAPTURING OF SINGLE CELL TYPE FROM A MULTI CELL LINE 

SOLUTION AND SPECTROSCOPY 

It was shown in Chapter 3.2 that the magnitude and sign of DEP force depend on 

the frequency of electric field. In addition, the cross-over over frequency f0 is dependent 

on the properties of a specific cell, such as membrane area and cell radius. It has been 

shown that different types of cells (solid tumor, leukemia and normal blood cells) have 

very distinct cross-over frequencies92,93. In Chapter 3.4.1 the frequency dependence of 

DEP force was experimentally measured for the cell lines used throughout this chapter. 

An obvious observation is the disparate behavior of solid tumor cells (HCT 116 and 

A431) and lymphocytes (Jurkat) at certain frequencies. The difference in cross-over 

frequencies of these two cell types is much greater than the spread within a single cell 

line population, opening a frequency window where DEP force can have opposite sign at 

a given frequency for different cell lines. 

This behavior was exploited in experiments with a mixture of two different cell 

lines: HCT 116 and Jurkat. The cells were mixed in a 1:4 ratio (HCT 116 to Jurkat) and 

processed with the DEP/MEIRS device just as in Chapter 3.5.2. The frequency of the 

voltage signal was chosen to be 200 kHz. It can be seen from Figure 3.19 that at 200 kHz 

field frequency DEP force for HCT 116 is positive and relatively strong 
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(Kre ≈ 0.28…0.58), while DEP force for Jurkat cells is negative, albeit relatively weak 

(Kre ≈ –0.03…–0.19). Consequently, only HCT 116 cells will feel an attractive force 

towards the metasurface pixels and get captured. Jurkat cells on the other hand will be 

pushed away from the metasurface if they get close to it. 

Reflection spectra of the metasurface pixels with cells attached on them were 

measured the same way as in Chapter 3.5.2. The calculated baseline corrected absorbance 

spectra are shown on Figures 3.32a-d (blue lines) for all 4 pixel types. The main spectral 

features seen for the experiment with 200 kHz signal frequency clearly follow those 

observed earlier for HCT 116 spectra, most notably in the amide I and II region, between 

1400-1500 cm-1 and around 1250 cm-1. 
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Figure 3.32: Principal component analysis of spectra of cell captured from a 1:4 mixture 

of HCT 116 and Jurkat cells. a-d Average baseline corrected absorbance 

spectra of cells collected at 200 kHz and 1 MHz for all pixel types. e-h First 

two principal component score scatter plots for pixels 1-4, respectively. 

Circles are results obtained in Chapter 3.5.2 and crosses are results obtained 

from capturing cells from mixture. Solid lines represent 80% confidence 

ellipses. 
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The absorbance spectra were also analyzed together with the spectra measured 

earlier for HCT 116 and Jurkat in Chapter 3.5.2. 2-dimensional principal component 

score plots are shown on Figures 3.32e-h for pixels 1-4. For all pixel types, it is apparent 

from Figures 3.32e-h that the points corresponding to spectra collected in mixed cell 

solution experiment with 200 kHz signal frequency (blue crosses), lie right next to or 

within the group of points obtained from HCT 116 measurements. A clear separation 

from Jurkat can be seen in every case, except for pixel 3 due to exclusion of a critical 

spectral region from data analysis, as discussed in Chapter 3.5.2. Due to weaker DEP 

force and significantly lower concentration of HCT 116, fewer cells were attracted onto 

the metasurface pixels in the cell mixture experiment with 200 kHz signal frequency. 

Nevertheless, the spectral signatures indicate that a single cell type can be selectively 

captured, since the PCA results suggest that the captured cells indeed are HCT 116. 

It is expected that at higher frequencies both HCT 116 and Jurkat cells will be 

collected on the metasurface pixels, and majority of them will be Jurkat cells. A control 

experiment with the same 1:4 mixture of HCT 116 and Jurkat was carried out at 1 MHz 

to verify this hypothesis. In this experiment considerable amount of cells were captured 

on the metasurface pixels due to strong DEP force (see Figure 3.19). The baseline 

corrected absorbance spectra in case of 1 MHz signal frequency (black lines on 

Figures 3.32a-d) are seen to resemble those collected for Jurkat earlier (see 

Figures 3.28a-d). PCA analysis supports this claim, revealing that the spectra are more 

Jurkat like (Figures 3.32e-h, black crosses), as the points corresponding to this 

experiment group on top or very close to those obtained from Jurkat measurements. Even 

though there is 20% of HCT 116 cells in the mixture and a similar number of them is 

expected to be collected on the metasurface pixels, the spectral signatures from large 

number of Jurkat cells seem to significantly overshadow contributions from HCT 116. 
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This result emphasizes the significance of choosing the correct frequency when only solid 

tumor cells are to be collected from a mixture with white blood cells. 

Although T cell leukemia cells were used here, the mixed cell solution still serves 

as a good model system for CTCs in blood, as leukemia cells have distinct dielectric 

properties and hence frequency dependent DEP behavior, compared to solid tumor cells. 

In fact, since normal blood cells have even higher cross-over frequencies than leukemia, 

they would be even easier to separate from solid tumor cells, since higher signal 

frequencies could be used, resulting in stronger attractive DEP force for solid tumor cells. 

The ratio of cells in this experiment was not as drastic as the ratio between CTCs and 

blood cells in real blood samples20. Nevertheless, a less concentrated sample could be 

preconditioned, for example through the use of a separate microfluidic processing module 

to divert most of the unwanted (blood) cells away from the measurement channel112. 
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CHAPTER 4: CONCLUSIONS 

Plasmonic Fano resonant metasurfaces have been used in this work to carry out 

spectral cytopathology in the mid-IR spectral region for multiple cell lines. The power of 

metasurface-enhanced IR spectroscopy was demonstrated, where highly localized 

enhanced fields provide insights into the molecular vibrational lines of cell membrane are 

molecules. 

In Chapter 2 the IR spectra of three different colon cell lines (CCD 841, RKO, 

HCT 116) were measured using plasmonic metasurfaces. The used metasurface structures 

have spatially localized (~100 nm) high field enhancement (>20) over broad spectral 

range. These properties make metasurfaces ideal for probing membrane regions of cells, 

where there are significant differences between the molecular composition of normal and 

cancerous cells. Spectral measurements of fixed and dried colon cells were carried out in 

air on an area of 100 µm x 100 µm, requiring only a few tens of cells. Several 

characteristic molecular vibrations from the measured IR spectra were identified, 

corresponding to the bonds present in cells constituent molecules. Principal component 

analysis of second derivatives of cell reflection spectra revealed quantitative differences 

in the spectra of the used cell lines. It was possible to distinguish between normal 

(CCD 841) and cancerous (RKO, HCT 116) colon cells, demonstrating the power of this 

method. 

In Chapter 3 the metasurface platform was extended by including the capability of 

capturing cells directly onto the metasurface with the aid of DEP force and microfluidic 

sample solution delivery system. In order to generate non-uniform electric fields around 

the metasurface pixels, required for DEP, wire electrodes were embedded into the 

metasurface design and electrically biased. The working principles of the integrated 
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DEP/MEIRS device were discussed and implications of different electrode configurations 

were investigated, showing the opportunities and limitations of the constructed device. 

Frequency dependence of DEP force was measured for three different cell lines: 

two adherent epithelial cells (HCT 116 and A431) and one T lymphocyte (Jurkat). It was 

shown that due to the differences in the cell size and membrane area, epithelial and white 

blood cells have noticeably distinct DEP cross-over frequencies. 

The mid-IR spectra of HCT 116, Jurkat and A431 cells lines were all measured 

using MEIRS, while the cells were captured on the metasurfaces by DEP force. Spectral 

features characteristic to cells were identified and it was shown that the prominence of 

such features is linearly dependent on the cell coverage on the metasurface. Clear spectral 

differences between HCT 116 and Jurkat, and HCT 116 and A431 cell lines were 

identified and quantified using principal component analysis. Furthermore, using a 

correctly chosen signal frequency, at which HCT 116 cells are attracted to the 

metasurface and Jurkat cells are repelled from it, it was possible to only capture HCT 116 

cells, as revealed from the spectral measurements. 

The methods of MEIRS and DEP were used on multiple different cell lines, 

showing the universality of this approach for capturing and mid-IR spectral 

characterization of cells. Furthermore, this method can also be used to investigate other 

particles that can be attracted with DEP force, demonstrated by capturing polystyrene 

microspheres. Compared to gravity assisted deposition methods, DEP provides active 

control over the positioning of particles (cells) on the sensing surface, making it possible 

to use microfluidic delivery systems with high throughput. It was shown that meaningful 

cell spectra can be collected in under 10 minutes. Disparate DEP behavior of solid tumor 

and blood cells at correctly chosen AC signal frequency can be utilized in processing 

blood samples containing circulating tumor cells. This is an important step towards 
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spectral cytopathology of CTCs that could open up new possibilities for clinical 

applications, improving cancer diagnosis, prognosis and assessment of treatment. 

The spectral positions of the metasurface resonances, and hence the enhanced 

sensing spectral region, can be tuned to match the vibrational modes under investigation. 

The use of multiple designs on a single device enables the measurement of wide spectral 

range to probe all characteristic modes of cells constituent molecules from phosphates 

(~1000 cm-1) to lipids (~3000 cm-1). 
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CHAPTER 5: APPENDICES 

 

5.1 Silicon Metasurfaces1 

Metasurfaces have found practical applications at optical frequencies ranging 

from light manipulation113-118 and sensing of minute analyte quantities7,118,119 to nonlinear 

optics120,121, spectrally selective thermal emission122 and even low-threshold lasing123. 

Many of these applications require photonic structures characterized by their highly 

spectrally selective response (corresponding to high quality factor Q), miniaturized 

format (preferably on the scale of no more than several wavelengths) and the 

convenience and high efficiency of far-field light coupling. Simultaneously satisfying 

these requirements presents considerable challenge for most photonic structures. 

Metasurfaces avoid these limitations by employing a conceptually different design 

approach: its unit cell and its neighboring interactions are engineered to reduce the 

combined radiative and non-radiative (that is, Ohmic) losses of the sharp resonances. 

Here the radiative losses are reduced by engineering the detailed geometry of the 

metasurface unit cells, while the non-radiative losses are reduced by judiciously selecting 

the unit cell material. In this work Fano resonant metasurfaces made of silicon provide 

high quality factors Q > 100. In addition, we experimentally demonstrate high (> 50%) 

linear-to-circular polarization conversion efficiency. Si-based metasurfaces are fabricated 

from standard commercially available silicon-on-insulator (SOI) wafers using standard 

                                                 
1 C. Wu, N. Arju, G. Kelp, J. A. Fan, J. Dominguez, E. Gonzales, E. Tutuc, I. Brener and G. Shvets, 

"Spectrally selective chiral silicon metasurfaces based on infrared Fano resonances," Nat. Commun., vol. 5, 

p. 3892, 2014. C. Wu designed the structures. N. Arju, J. A. Fan, J. Dominguez, E. Gonzales, E. Tutuc and 

I. Brener fabricated the structures. N. Arju and G. Kelp conducted the optical experiments. The author 

(G. Kelp) measured all mid-IR spectra of the fabricated structures. G. Shvets supervised the project. 
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CMOS-compatible semiconductor fabrication techniques, making them even more 

appealing for practical applications. 

Figure 5.1: Fano-resonant silicon metasurfaces. a A schematic of the silicon-based chiral 

metasurface supporting high-Q Fano resonances. b The SEM image of the 

fabricated sample and geometry definitions. Physical dimensions: 

P = 2.4 µm, w = 500 nm, d = 700 nm, g = 200 nm, R = 2 µm and 

1.6 µm < L < 2 µm for the three samples that differ in L. c A schematic 

illustrating the Fano interference between electric dipolar (top left) and 

quadrupolar (bottom left) modes because of the symmetry-breaking small 

horizontal stub. Color plot shows surface charge distributions at the Si/air 

interfaces. The modes approximately retain their spatial symmetry after 

hybridization. 

The conceptual schematic of the metasurface used here and an SEM image of a 

typical sample are shown in Figure 5.1. The unit cell’s geometry is based on the design 

also utilized in Chapters 2 and 3. Each unit cell comprises of one straight and one bent Si 
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nanorod, where the bend is responsible for breaking the two mirror inversion symmetries 

of the unit cell and coupling the bright (electric dipole) and dark (electric 

quadrupole/magnetic dipole) resonances as schematically shown in Figure 5.1c, where 

the surface charge density at the air/Si interface is plotted for the eigenmodes of the 

metasurfaces with and without a symmetry-breaking bend. Hybridization of the two 

resonances is responsible for the very sharp Fano features in transmission and reflection 

spectra as the dark resonance acquires a small electric dipole moment and strongly 

couples to the incident electromagnetic wave. The dark quadrupole resonance is not the 

only high-Q eigenmode supported by the metasurface. In fact, several strongly localized 

dark multipole resonances are supported (labeled TM100, TM011, TM101 and TM111 on 

Figures 5.2c,f). These modes are designated as dark because of their near-vanishing 

electric and magnetic dipole moments in the x-y plane and, consequently, weak coupling 

to the normally incident light. 

The experimental and numerical results presented in Figure 5.2, where the 

transmission spectra Tij (i,j = x or y) were acquired using polarized infrared spectroscopy, 

are plotted as a function of the wavelength λ. The polarizations of the incident/transmitted 

light are set by the polarizer/analyzer, respectively, as shown in Figure 5.3a. Spectral 

tunability of three representative metasurfaces was accomplished by varying the length 

1.6 µm < L < 2 µm of the left (straight) nanorod. The Tyy spectra provide clear evidence 

of the Fano interference consistent with Figure 5.1c: a broad dip at the frequency of the 

bright dipole mode at λ = 4.35 µm is superimposed on a set of narrow features 

corresponding to the dark modes. Similar Fano features are observed in the x-polarized 

transmission Txx, where the broadband background reflectivity originates from the Fabry–

Perot substrate resonances. 
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Figure 5.2: Polarization-resolved transmission spectra of the silicon metasurfaces. 

Measured a–c and calculated d–f transmission spectra of the silicon 

metamaterials with L = 1.6 µm (blue), 1.8 µm (green) and 2.0 µm (red). The 

spectra of Txx are shown in a,d, Tyy are in b,e and Txy are in c,f. Four dark 

resonances are labelled in c,d for the L = 2 µm sample. 

The most remarkable spectral features are observed in the cross-polarized 

transmission Txy. The baseline Txy, small for all non-resonant wavelengths (λ > 5 µm), is 

dramatically peaked at Fano resonances, as shown in Figures 5.2c,f, because of the 

coupling of the dark modes to both x and y polarizations of the incident light. The 

estimated quality factors Q = λ/Δλ (where Δλ is full-width at half-maximum (FWHM) of 

each peak) of the Fano resonances, calculated by fitting the experimental cross-polarized 

spectra with Lorentzian curves, are listed in Table 5.1 for the three metasurfaces. Fano-

resonant metasurfaces are ideally matched to far-field radiation with moderate angular 

divergence Δθ focused by low numerical aperture (NA) optics (Δθ ≈ 7° and NA ≈ 0.13 

here). 
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Dark mode Nanorod length 

L = 2 µm L = 1.8 µm L = 1.6 µm 

TM100 Q = 75.7 Q = 94.3 Q = 73.9 

λ = 4.71 µm λ = 4.57 µm λ = 4.43 µm 

TM011 Q = 113.3 Q = 100 Q = 52.9 

λ = 4.21 µm λ = 4.2 µm λ = 4.21 µm 

TM101 Q = 113.7 Q = 111.7 Q = 76.1 

λ = 4.12 µm λ = 4.09 µm λ = 4.05 µm 

TM111 Q = 116.9 Q = 127.5 Q = 98.4 

λ = 4.07 µm λ = 4.03 µm λ = 3.97 µm 

Table 5.1: Experimentally estimated quality factors Q = λ/Δλ and spectral positions of the 

Fano resonances for the three fabricated silicon-based metasurfaces 

calculated from fitting the polarization conversion spectrum Txy to a 

Lorentzian shape. 

Although achieving high-Q resonances depends on collective interactions124 

between neighboring cells of the large area (500 µm × 500 µm) metasurfaces used in 

these experiments, it has been shown59 that samples as small as 25 µm × 12.5 µm can be 

utilized without any noticeable deterioration of the spectral sharpness. That is because 

only several neighboring unit cells (two to three on each side horizontally, one on each 

side vertically) effectively interact with each given unit cell. This short-range collective 

interaction contrasts with long-range coherence required for achieving narrow spectral 

width in photonic structures that rely on diffractive effects58,125. The unique capability to 

combine these small area high-Q metasurfaces with thermal infrared radiation sources is 

crucial for future sensing applications. 
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An application of the planar (2D) chiral metasurfaces126, suggested by the high 

cross-polarized transmission Txy, is efficient linear-to-circular polarization (LP-to-CP) 

conversion. The conversion efficiency and the degree of circular polarization (DCP) was 

experimentally investigated using the standard rotating analyzer Stokes polarimetry 

setup127 illustrated in Figure 5.3a to characterize the transmitted polarization state of the 

y-polarized incident light, and to extract its Stokes parameters S0 = |Ex|
2 + |Ey|

2, 

S1 = |Ex|
2 – |Ey|

2, S2 = 2Re[ExEy
*], and |S3| = –2Im[ExEy

*]. A nonzero S3 corresponds to 

elliptically polarized light, and S3 = ±S0 corresponds to right/left CP light. Alternatively, 

the principal dimensions of the transmitted light’s polarization ellipse, its tilt angle β and 

the ratio a/b between its long and short axes defined in Figure 5.3b, can be expressed in 

terms of the Stokes parameters. 

The measured Stokes parameters and polarization ellipse dimensions for the 

metasurface with L = 1.8 µm are plotted in Figures 5.3c,d and are in good agreement with 

numerical simulations. Note that, away from the Fano resonances, the polarization of the 

transmitted light is essentially unchanged from its original linear y-polarization, as 

expressed by S1/S0 ≈ –1 in Figure 5.3d, and β ≈ 90°, b/a ≈ 0.1 in Figure 5.3c for 

λ > 4.7 µm. However, at the Fano resonances the polarization becomes essentially 

circular, as evidenced by |S3|/S0 ≈ 1 and b/a ≈ 0.8 at λ ≈ 4.55 µm, with conversion 

efficiency S0 ≈ 50%. Even a higher DCP (b/a > 0.9) is observed for the TM101 mode at 

λ ≈ 4.1 µm, thus demonstrating that these metasurfaces can be used for efficient narrow-

band LP-to-CP conversion. 
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Figure 5.3: Polarization state manipulation using Fano-resonant 2D chiral metasurfaces. 

a A schematic for the rotating analyzer Stokes polarimetry. The incident 

beam is polarized in the y-direction. b Definition of the polarization ellipse 

parameters. c The measured tilt angle β and the inverse of the ellipticity b/a 

of the polarization ellipse. d The measured Stokes parameters for the 

L = 1.8 µm sample. S1, S2 and |S3| are normalized with respect to S0. Unit 

cell dimensions: as in Figure 5.1 and L = 1.8 µm. 

The 2D chiral high-Q silicon metasurfaces described in this chapter make them an 

attractive platform for a variety of applications that require spectral selectivity, small 

pixel size, relatively weak angular sensitivity and strong field enhancement. The 

simplicity and wide-spread availability of silicon fabrication techniques used in the 

semiconductor industry only add to the attractiveness of Si-based metasurfaces for 

practical applications. Recent advances128 in transferring the otherwise stiff and brittle 

silicon structures on flexible substrates is another potentially important contributing 
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factor to future adoption of Si-based metasurfaces by applications that require 

conformable or stretchable platforms. There are two potential applications that are 

enabled by the metasurfaces described in this chapter: one is the thermal emission of 

circularly polarized infrared radiation enabled by the extreme chirality of Si-based 

metasurfaces, and the other is sensing and bio-sensing enabled by the strong optical field 

concentration and spectral selectivity of these Fano-resonant metasurfaces. 

The high-Q Fano-resonant dielectric metasurfaces described here represent a 

novel and promising platform for a variety of applications that depend on high optical 

energy enhancement and precise spectral matching between molecular/atomic and 

electro-magnetic resonances. Those include infrared spectroscopy of biological and 

chemical substances and nonlinear infrared optics. Chiral properties of such metasurfaces 

might be exploited for developing novel ultrathin infrared detectors sensitive to light's 

chirality, as well as spectrally selective CP thermal emitters129. Even higher quality factor 

(Q > 1000) Fano-resonant metasurfaces can be developed by judicious engineering of 

near-field coupling between resonant modes if inhomogeneous broadening because of 

fabrication imperfections can be overcome. Combining the large field enhancements 

achieved in such high-Q silicon metasurfaces with coherent radiation sources such as 

quantum cascade lasers capable of delivering high-power low-divergence beams130 would 

open new exciting opportunities in nonlinear infrared optics such as harmonics 

generation and four-wave mixing120,121 using free-space excitation. 
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5.2 Notes to Chapter 2 

5.2.1 METASURFACE SENSOR FABRICATION 

The plasmonic metasurface sensors were fabricated using standard electron beam 

lithography followed by metal deposition (Au with thin Cr adhesion layer) and lift-off 

process. CaF2 windows (12.5 mm × 12.5 mm) were used as substrates for the sensors. 

The fabrication procedure is described in more detail in Chapter 5.4. 

 

5.2.2 METASURFACE ENHANCED ELECTRIC FIELD PENETRATION DEPTH EVALUATION 

Enhanced electric field penetration depth of plasmonic metasurface sensors was 

experimentally verified for the two pixel types used in Chapter 2. Polymethyl 

methacrylate (PMMA) was spin coated onto the metasurfaces at four different 

thicknesses: 44, 57, 67 and 136 nm. Reflection spectra of the metasurfaces were 

measured using the same equipment and parameters as described in Chapter 5.2.5. 

Spectral shift of the broad dipole peak in the reflection spectra was used to quantify field 

penetration depth. Experimental data of dipole peak shift (Δλ) versus PMMA thickness (t) 

was fitted with a function in the form ∆𝜆 = 𝑎(1 − 𝑒−𝑏∙𝑡) , where a and b are free 

parameters. 

 

5.2.3 CELL PREPARATION 

The cell lines used in the experiments in Chapter 2 are specified in Table 2.3. All 

the cells were cultured in cell culture medium (MEM solution, Thermo Fisher Scientific) 

supplemented with 10% fetal bovine serum (FBS, Corning) at 37 °C and 5% CO2. Prior 

to the experiments, the adherent cells were detached from the surface using TrypLE 

Express (Gibco). The cell suspension was then centrifuged at 1200 rpm for 2 min to 
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pellet the cells. The supernatant was discarded and the cell pellet was re-suspended in 

fresh cell culture medium (without FBS). Number of cells in a pellet ranges from 

1-5 million, which corresponds to roughly ¼ to ½ of cells in a culture flask at moderate to 

high coverage (on the culture surface of the flask). This procedure removes cellular 

debris as well as dead cells prior to incubation with the metasurface samples. 

 

5.2.4 CELL DEPOSITION ONTO THE SENSOR 

Thiol linker (dithiolalkanearomatic PEG6-NHNH2, SPT-0014B, SensoPath 

Technologies) was attached to anti-EGFR antibodies (E2760, Sigma) using a method 

described elsewhere131. The sensor surface was submerged in antibody solution and 

placed on a rocking shaker (Fisher Scientific Open Air Rocker) for 4 hours. Afterwards, 

it was gently washed three times with milli-Q water to remove excess unbound 

antibodies. This way the sensor surface was covered with antibodies required to capture 

cells. A PDMS fluidic chamber was attached to the metasurface sample with acrylic 

clamps and concentrated cell solution (~ 106 cells/mL, 90 µL total volume) was injected 

into the chamber with the aid of a syringe and tubing (Figure 2.7a). The cells were 

allowed to drop and settle onto the metasurface for about 10 minutes (Figures 2.6 and 

2.7). The sample was then incubated at 37 °C and 5% CO2 for four hours. Cell coverage 

was roughly 20-30 cells per pixel. After allowing the cells to spread on the metasurface in 

an incubator, the cells were fixed by incubating them in 4% paraformaldehyde solution 

for 15 minutes. Subsequently the PDMS chamber was removed and the sample with cells 

was washed with milli-Q water three times to remove any residual paraformaldehyde. 

After the fixation, the samples were allowed to dry for a day at ambient conditions, 

followed by collection of IR spectra. 
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5.2.5 DATA COLLECTION 

Reflection spectra from the metasurface pixels covered with dry fixed cells were 

measured through the substrate as illustrated in Figure 2.7c. The spectra were collected 

with a Thermo Scientific Continuum microscope coupled to a Nicolet 6700 FTIR 

spectrometer equipped with XT-KBr beamsplitter and liquid nitrogen cooled MCT 

detector. Data was recorded at 4 cm-1 spectral resolution in 650-4000 cm-1 range. The 

measurement area under the microscope was limited to a 100 µm × 100 µm square. 

Incident light was y-polarized (see Figure 2.2) using a wire grid polarizer. The collected 

spectra were then analyzed using MATLAB software. Two independent experiments 

were run with each cell line used in Chapter 2. 

 

5.2.6 DATA ANALYSIS 

Principal component analysis (PCA) was employed to analyze the collected 

reflection spectra. MATLAB software was used for all data analysis. Measured spectra 

were smoothed using moving average filter to lower noise. Due to slight variations in 

experimental conditions, the absolute values of reflectance can fluctuate from 

measurement to measurement. Therefore, all reflectance spectra were normalized to have 

100% reflectance at the dipole peak position. 

Second derivatives of the normalized reflection spectra (𝜕ν͂
2𝑅) were calculated and 

used as input data for PCA. In order to improve specificity of PCA to features arising 

from molecular vibrations in cell constituent molecules, and minimize coverage related 

effects, regions in the second derivative spectra close to the Fano feature were discarded. 

Full spectra were truncated to include data only in the range of 1100-1580 cm-1 for 

pixel 1 and 1100-1770 cm-1 for pixel 2. Additionally, for pixel 2 all data in the region 

1300-1640 cm-1 was discarded. 
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PCA of all second derivative spectra was conducted using functions built into 

MATLAB software with default parameters (singular value decomposition (SVD) 

algorithm and data centering before computing SVD). The two pixel types used in 

Chapter 2 were analyzed separately. 

 

5.3 Notes to Chapter 3 

5.3.1 NUMERICAL SIMULATIONS WITH COMSOL MULTIPHYSICS 

Commercial software COMSOL Multiphysics 5.3 was used to numerically 

simulate the electric fields, fluid flow patterns and particle trajectories inside the 

microchannel. All quantities used in simulations were chosen to represent real values 

achievable in actual experiments. Electric fields inside the channel were calculated 

considering a static situation, since frequency dependence of time-averaged DEP force 

can be fully incorporated into Clausius-Mossotti factor (Kre) as a single number, and rms 

values of fields can be assumed. 

 

5.3.1.1 Visualizing Electric Fields Around Cell with Numerical Simulations 

Electric field line profiles in and around cells for different frequencies of the AC 

voltage generated fields were visualized using numerical simulations in COMSOL 

Multiphysics 5.3. A sphere representing cell was placed in a cubic domain. Non-uniform 

electric field distribution was set up by a narrow wire electrode (width 3 µm, height 

1 µm) on one side of the cube and a plate electrode on the opposing side. Potentials on 

the two electrodes were π out of phase. Parameters for the simulations were obtained 

from experimental results and literature. Cell (sphere) effective radius (rcell = 8 µm) and 

domain (DEP solution) conductivity (σs = 780 µS/cm) were chosen according to the 
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experimental results in Chapter 3. Water and cell cytoplasm relative permittivity 

(εs = εcell = 80)132,133, cell membrane relative permittivity (εmem = 9)134, cytoplasm 

conductivity (σcell = 1 S/m)20 and cell membrane thickness (dmem = 4 nm)135 were taken 

from literature. Cell membrane was defined as non-conductive (insulating) and 

simulation domain cube edge length was chosen to be 64 µm. Three different frequencies 

of the electric field (30 kHz, 60 kHz and 120 kHz) were considered, corresponding to 

negative DEP (nDEP), no DEP and positive DEP (pDEP) forces. Voltage on the 

electrodes was sinusoidal 14 Vpp in the simulations. 

 

5.3.1.2 Numerical Simulations of Particle Trajectories 

Particle trajectory simulations were run in 2D configuration, representing the 

center region of the microfluidic channel (see Figure 3.9a). In the simulations, channel 

height was chosen to be h = 64 µm and length l = 3 mm. Electrode width was 

wel = 500 nm and height hel = 100 nm. 12 pairs of electrodes were spaced out throughout 

the channel just as on the actual fabricated sample. Distance between two electrodes in a 

single pixel was del = 40 µm and x-directional period of the pixel array was 160 µm. 

Voltages corresponding to sinusoidal signal with amplitude Vsig = 14 Vpp were 

used in the simulations. Adjacent electrodes in each of the 12 wire pairs had opposite 

polarity voltages applied to them, corresponding to half of the maximum value (+Vsig/2 

and –Vsig/2). Kre was chosen to have value 0.8. 

Fluid flow field profile was also numerically simulated to provide accurate fluid 

velocity values for particle trajectory calculations. Parabolic velocity profile was used at 

the inlet boundary as an initial condition. Volume flow rate of 0.01 µL/s was used. 
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Corresponding maximum velocity in the parabolic flow approximation was used as initial 

condition for the simulations (vmax = 526 µm/s). 

Idealized center-of-mass particles with 10 µm diameter were used for particle 

trajectory simulations. Drag force, DEP force and gravitational force were acting on the 

particles, with the forces being calculated from fluid velocity field and electric field 

found earlier. 1000 particles were injected with the density of particles in the direction 

perpendicular to flow (y-direction) being proportional to the fluid velocity at the inlet 

(i.e. more particles at the center of the channel where fluid velocity is higher). Particle 

trajectory calculations were terminated at 5 µm from the channel top and bottom 

surfaces, corresponding to the radius of the particles in the simulation. Freeze condition 

was applied at the domain walls, i.e. particles stopped at the point where they touch the 

bounding surfaces. 

 

5.3.1.3 Numerical Simulations to Study Different Electrode Configurations 

Electric field and DEP force vector field profiles were calculated for varying 

number of electrode wires within a pixel using numerical simulations (Chapter 3.3.6.3). 

2, 4, 8 and 40 wires per pixel were studied. The wires were evenly distributed, 

considering a 120 µm wide pixel and 160 µm wide simulation domain, periodic in the x-

direction. Fields inside a 64 µm high channel were plotted. 

A different electrode biasing configuration was also simulated, where 2 wires at 

the top of the channel in the simulation domain were defined to have potential +Vsig/2 and 

the whole bottom edge of the channel was defined to have potential –Vsig/2 

(Chapter 3.3.6.4). Otherwise the configuration was the same as described in the previous 

paragraph. Additionally, particle tracing simulations were carried out with this electrode 
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configuration as described in Chapter 5.3.1.2. The fraction of particles captured by the 

configuration with plate electrode at the bottom was compared to the configuration with 2 

electrodes on the top surface as described in Chapter 5.3.1.2. 

 

5.3.2 DEVICE FABRICATION 

Plasmonic metasurfaces with wires for external electrical connection were 

fabricated using electron beam (e-beam) lithography methods (see Chapter 5.4). Layout 

of the sample is shown on Figure 3.3. Each sample has 4 different metasurface pixel 

types on it, 3 copies of each type (12 pixels total). Wire electrodes within each pixel are 

connected to two different buses leading to two separate large contact pads at the corners 

of the CaF2 piece. The contact pads were created by evaporating gold onto the edges of 

the samples through a shadow mask (see Chapter 5.4). 30 AWG wires were attached to 

the contact pads with electrically conductive adhesive (ETC Bond 556, Electron 

Microscopy Sciences). 

Microfluidic channels (see Figure 3.6) were fabricated using standard 

polydimethyl siloxane (PDMS) soft lithography process. Laser cut polyimide film on flat 

polystyrene petri dish surface was used as master mold. PDMS (Sylgard 184, Dow) was 

mixed in 5:1 base to cross-linker ratio, poured onto the mold as a 3 mm thick layer, 

degassed in vacuum to remove bubbles, and heat treated in 65 °C oven for 16 hours. 

PDMS was cut into shape to fit onto the CaF2 piece holding the metasurfaces. Inlet and 

outlet ports were created in the PDMS block with a 0.75 mm diameter hole puncher 

(cat. no. 69039-07, Electron Microscopy Sciences). 

Polyethylene tubing (PE-20, Instech) was inserted into the inlet and outlet ports in 

PDMS. Length of the tubes was 75 mm for inlet and 50 mm for outlet. Metasurface 
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pixels on CaF2 substrate were aligned with the microchannel under a microscope using a 

custom made holder (Figure 5.4), and the two pieces were clamped together with two 

acrylic slides using bolts and nuts. The two slides (measuring 25 mm × 75 mm) were cut 

from 3 mm thick acrylic using laser cutter (VLS3.50, Universal Laser Systems). A 

100 µm thick PDMS gasket was inserted between CaF2 substrate and top slide. 

Figure 5.4: DEP/MEIRS device assembly under a microscope using custom holder. 

The top slide touching CaF2 has a window to allow IR light to be transmitted to 

the sample unobstructed, while the bottom slide touching PDMS block has through holes 

for the tubing. Care was taken to apply minimal amount of pressure while tightening the 

clamp. It is necessary that the PDMS and CaF2 pieces would not separate while fluid is 
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pumped into the microchannel, but excessive pressure could damage CaF2 substrate or 

deform the microchannel. 

 

5.3.3 CELL CULTURE AND PREPARATION FOR DEP CAPTURING EXPERIMENTS 

HCT 116 cells were cultured in McCoy’s 5A (Modified) Medium (Life 

Technologies, cat. no. 16600082), A431 cells in Dulbecco’s Modified Eagle Medium 

(DMEM, Life Technologies, cat. no. 10566016) and Jurkat cells in RPMI 1640 Medium 

(Life Technologies, cat. no. A1049101). All used cell culture media were supplemented 

with 10% fetal bovine serum (FBS, Corning, cat. no. 35-010-CV) and 1% penicillin-

streptomycin (PS, Life Technologies, cat. no. 15140122). All cells were cultured in 

12.5 cm2 surface area culture flasks (VWR, cat. no. 10062-868) using their respective cell 

culture medium in an incubator at 37 °C and 5% CO2.  

HCT 116 and A431 cells were harvested for experiments at ~80% confluence. 

Trypsin-EDTA (0.25%, Life Technologies, cat. no. 25200056) was used to detach the 

cells from culture flask. After that the cells were transferred to a conical tube and 

centrifuged at 1200 rpm for 2 minutes to pellet the cells. After centrifugation supernatant 

was discarded and cells were suspended in 2 mL of fresh culture medium. 

Jurkat cells grow in suspension and did not need to be detached from flask 

surface. Instead, Jurkat cells were directly transferred to a conical tube for centrifugation 

and subsequently suspended in fresh culture medium, as described above. 

In order to carry out DEP capturing and simultaneous spectroscopy experiments, 

cells need to be suspended in a special solution (DEP solution) prior to all experiments. 

The DEP solution consists of 280 mM sucrose (Fisher Chemical) in ultrapure water 

(resistivity > 18 MΩ/cm), mixed with phosphate-buffered saline (PBS pH 7.2, Life 
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Technologies) in 20:1 ratio. The conductivity of DEP solution was adjusted to 

779.5±2.4 µS/cm in all experiments (measured with Oakton CON 2700 conductivity 

meter). 

Immediately before experiments, cells in culture medium were pelleted in 

centrifuge (2000 rpm for 2 minutes). Supernatant was discarded and 2 mL of DEP 

solution was added, and the solution was centrifuged again. Finally, the supernatant was 

discarded and 1 mL of DEP solution was added. The final cell solution was transferred 

into a 500 µL glass syringe (Model 1750 TLLX, Hamilton) and experiments were carried 

out immediately. Cell concentration in the experiments was approximately 106 cells/mL. 

Total time that the cells spent in the DEP solution, from the initial suspension of cells in 

DEP solution to end of experiment, was kept under 20 minutes in each experiment. 

 

5.3.4 CELL CAPTURING AND SPECTROSCOPY (CHAPTERS 3.4.2 AND 3.5.1) 

The fully assembled DEP/MEIRS microfluidic device was used in the 

experiments to capture cells and measure their spectra. The metasurface on CaF2 was 

facing microchannel side and was exposed to the cell solution pumped through the 

PDMS channel (see Figure 3.21), while IR spectra of a single metasurface pixel were 

collected in reflection mode through the substrate. Cables from function generator were 

connected to wires attached to the contact pads at the corners of the CaF2 sample, 

transmitting sinusoidal AC signal to the electrodes within the metasurface, creating non-

uniform electric fields in the microchannel for cell capturing. 

Syringe pump (neMESYS 290N, Cetoni) and glass syringe (500 µL, Model 1750 

TLLX, Hamilton) were used to inject cell solution into the microchannel at constant flow 

rate (0.01 µL/s). The channel was primed with DEP solution prior to cell injection. 
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Sinusoidal AC voltage signal was applied on the electrodes within metasurface using a 

function generator (33522B, Keysight Technologies). The two contact pads were each 

connected to its own signal channel and the voltages on each channel were π out of 

phase. The voltage of the AC signal in cell experiments was Vsig = 14 Vpp. and frequency 

fsig = 400 kHz. 

For the capturing and spectral measurement experiments the device assembly was 

fitted under Bruker Hyperion 3000 IR microscope. The microscope was equipped with 

15× cassegrain objective (NA = 0.4) and mid-IR reflection spectra were collected with 

liquid nitrogen cooled MCT detector. The IR microscope was coupled to Bruker 

Vertex 70 spectrometer fitted with KBr beamsplitter. Illumination light was polarized in 

y-direction (see Figure 3.3d). The spectrometer, microscope and sample stage enclosure 

were constantly purged with dry air. Data was collected in the range of 600-7000 cm-1 at 

16 cm-1 spectral resolution. 128 averages were taken for background measurements on 

gold mirror and 32 averages for collecting cell spectra. Reflection spectra were obtained 

by dividing the raw cell spectra with reflection spectra measured on a gold mirror. The 

cell spectra were continuously measured and averaged after every 3 s (32 averages). 

Video of the sample area was recorded for collecting visual images and correlating that 

information with spectral data. Individual keyframes were extracted from the video and 

areas with cells were masked out to calculate the metasurface area covered with cells. 

In the cell and polystyrene microparticle capturing demonstration experiments in 

Chapter 3.4.2, the microfluidic assembly was mounted onto an Olympus IX73 inverted 

microscope with 10× objective. Panasonic DMC-GH4 video camera captured the image 

data. Cells were imaged in phase contrast mode and fluorescent microspheres were 

illuminated with 395 nm excitation light. In these experiments only wire electrodes were 

present on the CaF2 sample, as the plasmonic metasurface plays no role in facilitating 
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electric field generation and hence in no way affects the DEP force. It was advantageous 

to have only wire electrodes for clarity in imaging. All other experimental conditions 

were the same as described above. 

 

5.3.5 ANALYSIS OF CELL SPECTRA (CHAPTER 3.5.1) 

Temporally separated absorbance spectra were calculated from the measured cell 

covered metasurface reflection spectra. Reflection spectrum of DEP solution measured 

right before the cells entered the microchannel was used as the reference (R0) and 

absorbance was calculated for each following reflection spectrum (Ri) using Equation 3.5. 

The regions of absorbance spectra containing amide I and amide II vibrational 

lines (1500-1720 cm-1) and Fano resonance peak (1250-1400 cm-1) were used to evaluate 

the accumulation of cells on the sensing surface. These spectral regions were separated 

from the rest of the data, baseline corrected by subtracting a linear baseline, and the total 

integrated area under the emerging spectral features was calculated for each time point. 

Control measurements were carried out using 1 mL of DEP solution mixed with 

1 µL of McCoy’s 5A culture medium (Life Technologies, cat. no. 16600082). All other 

conditions (including flow rate and Vsig) were identical to the experiments described in 

Chapter 5.3.4. Baseline corrected absorbance spectra for control measurements 

(Figure 5.5) and resulting areas under amide I, II and Fano features for each time point 

were calculated as above (see Figure 3.25). The increase in spectral feature area over time 

was fitted with a linear equation. The obtained slope was subtracted from the time-

varying spectral feature areas to obtain Figures 3.23b,f and 3.24b,c. 
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Figure 5.5: Examples of baseline corrected absorbance spectra for control measurements 

with DEP solution and trace amount of culture medium. a Amide I and II 

spectral region. b Spectral region of the Fano feature of the metasurface. 

 

5.3.6 CELL CAPTURING AND SPECTROSCOPY (CHAPTER 3.5.2) 

Fully assembled DEP/MEIRS device was fitted on a standard microscope slide 

holder under a Bruker Hyperion 3000 IR microscope equipped with liquid nitrogen 

cooled MCT detector. The microscope was coupled to a Bruker Vertex 70 spectrometer 

fitted with KBr beamsplitter. 

Cell suspension was injected into the microchannel through tubing connected to a 

500 µL glass syringe (Model 1750 TLLX, Hamilton). The syringe was mounted on a 

syringe pump (neMESYS 290N, Cetoni) running at a constant flow rate 0.01 µL/s in all 

experiments in Chapter 3.5.2. Sinusoidal AC voltage was applied to the wire electrodes 

within the metasurface pixels using a function generator (33522B, Keysight 

Technologies). For capturing cells in experiments with solutions containing single cell 

line, signal frequencies were 600 kHz for HCT 116 and A431, and 1 MHz for Jurkat 

cells. Voltage of the signal was 14 Vpp in all experiments. 
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IR reflection spectra of metasurface pixels were measured in the spectral range 

650-7000 cm-1 at 16 cm-1 spectral resolution. Background spectra collected from a gold 

mirror were averaged over 128 measurements, while sample spectra were averaged over 

64 measurements. Raw sample spectra were divided by the background spectra to obtain 

reflectance spectra. Incident IR illumination was y-polarized (see Figure 3.3d). 

The microchannel was primed with DEP solution prior to cells injection. 

Reference spectra in DEP solution were measured at each pixel location before 

introducing cells. During cells injection, the microscope was programmed to 

automatically measure consecutively at the locations of all 12 pixels on the sample (4 

different pixel types, 3 repetitions of each) with 1 second delay between each 

measurement. 10 such cycles were ran (approximately 1 minute per cycle), with total of 

10 spectra measured at each pixel location. Total measurement time was approximately 

10 minutes. Each set of experiments with different cell lines (HCT 116, Jurkat and A431) 

was repeated twice. 

Measured reflectance spectra were normalized to the highest peak of reflectivity 

(dipole resonance peak). Absorbance spectra for each pixel were calculated from the 

normalized reflection spectra using Equation 3.5 (where imax = 10). References (R0) were 

the reflectance spectra of DEP solution at the beginning of the experiment. 

Control spectra were collected using exactly the same procedure as described 

above, but the solution injected into the microchannel consisted only of the DEP solution, 

without any cells added. 
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5.3.7 PRINCIPAL COMPONENT ANALYSIS OF CELL ABSORBANCE SPECTRA 

Principal component analysis (PCA) was employed to characterize quantitative 

differences between spectra collected from different cell lines. All 4 different pixel types 

present on the metasurface sensor were analyzed individually. Spectra measured from the 

same pixel type (3 copies of each type per sample) at different times and from two 

separate experiments were grouped together for analysis of PCA results. Spectra from 

pixels with low cell coverage were excluded from PCA. 

Absorbance spectra were truncated to include spectral ranges with the most 

relevance. The final spectral regions of absorbance spectra included in the PCA were as 

follows: 1172-1712 cm-1 for pixel 1; 1172-1600 cm-1 for pixel 2; 1172-1427 cm-1 and 

1558-1797 cm-1 for pixel 3; 1172-1242 cm-1 and 1396-1759 cm-1 for pixel 4. 

Absorbance spectra were baseline corrected prior to PCA analysis. Linear 

baseline correction was used in the amide I and amide II regions of the spectra 

(wavenumbers higher than approximately 1500 cm-1), while third order polynomial fit 

was used to subtract the baseline at lower wavenumbers (see example on Figure 3.27). 

Baseline corrected and truncated absorbance spectra for each cell line and pixel 

type were used as input data for PCA. PCA was performed using standard methods in 

MATLAB software. Singular value decomposition (SVD) was used as principal 

component algorithm and data was centered before computing SVD. Each of the 4 pixel 

types present on the metasurface were analyzed separately. Differences between 

HCT 116 and Jurkat, HCT 116 and A431, and HCT 116, Jurkat and control 

measurements were quantified using PCA. 
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5.3.8 CELL CAPTURING FROM MIXTURE AND SPECTROSCOPY 

Cell capturing and spectroscopy experiments with HCT 116 and Jurkat cell 

mixture were carried out to demonstrate the capturing of only one cell type (HCT 116) 

from a solution of cells with different dielectric phenotypes. HCT 116 and Jurkat cells 

were cultured and harvested as described in Chapter 5.3.3. After harvesting, the two 

different cell suspensions were diluted to the same cell concentration and mixed together 

in 1:4 ratio (HCT 116 to Jurkat). Cell concentration was measured with disposable 

hemocytometer (INCYTO C-Chip, DHC-N01-5, SKC). The resulting mixture was 

suspended in DEP solution as described in Chapter 5.3.3 and IR spectral measurements 

were carried out using Bruker Hyperion 3000 microscope as described in Chapter 5.3.6. 

Sinusoidal signal with 200 kHz frequency and 14 Vpp voltage was used to generate DEP 

force. A control experiment with 1 MHz signal frequency was also carried out. 

Absorbance spectra were calculated and PCA of these spectra together with 

previously obtained spectra for HCT 116 and Jurkat was conducted using the same 

procedures as in Chapter 5.3.7. Each of the 4 pixel types were analyzed separately. 

 

5.3.9 DEP FORCE FREQUENCY DEPENDENCE MEASUREMENT 

A previously described method136,137 employing polynomial electrode structure 

(Figure 3.18) was chosen to characterize the frequency dependent behavior of DEP force 

for cells. This method is advantageous since the electric field and its gradient generated 

by such a structure are well behaved and can be described using an analytic equation: 

|∇⃗⃗⃗|�⃗⃗�|
2

| = 8 (
𝑉2 − 𝑉1

2𝑘
)

2

√𝑥2 + 𝑦2 = 8 (
𝑉2 − 𝑉1

2𝑘
)

2

𝑟,          (5.1) 

where V1 and V2 are the potentials at the two electrode pairs, k is a geometric parameter 

(half distance d/2 between tips of hyperbola), x and y are the coordinates and r is the 
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distance from the center of the structure (see Figure 3.18a). It can be seen that for this 

configuration, DEP force acting on cells is linearly dependent on the distance from the 

center of the structure: 

|�⃗�𝐷𝐸𝑃| = 16𝜋𝑟𝑐𝑒𝑙𝑙
3휀𝑠𝐾𝑟𝑒 (

𝑉2 − 𝑉1

2𝑘
)

2

𝑟,          (5.2) 

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. 

Figure 5.6: Process flow chart for fabricating ITO electrodes. Photoresist and standard 

photolithography methods are used to create an etch mask. Wet etching is 

used to etch the electrode structure into ITO. 

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

hyperbola separated by d = 260 µm (Figure 3.18a), corresponding to k = 130 µm. The 

electrode structures were fabricated from commercially available ITO on glass substrates 

(25×25 mm, cat. no. 703192, Sigma-Aldrich). Electrodes were created by wet etching 

ITO using photoresist as etch mask. The fabrication process flow is schematically shown 

on Figure 5.6. 
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Microposit S1818 photoresist (Shipley) was spin coated onto ITO at 3000 rpm for 

60 s. A chrome mask with the electrode structure and standard photolithography methods 

were used to create a wet etch mask from photoresist. ITO/glass substrates were 

submerged in 1:1 HCl:H2O solution for 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 in case of too long etching 

time. Samples were thoroughly washed with DI water after etching, and thoroughly 

cleaned with acetone, IPA and DI water prior to use in experiments. The fabricated 

electrode structure is shown on Figure 3.18b. 

PDMS microchannels were fabricated using standard soft lithography methods, as 

described in Chapter 5.3.2. The length of the microchannel was 16 mm, width 500 µm 

and height 64 µm. Polyethylene tubing (PE-20, Instech) and syringe were used to inject 

cell solution into the microchannel. PDMS block and ITO glass with electrodes were held 

together using custom made acrylic clamps. The bottom plate of the clamp also fits onto 

the microscope stage (Figure 5.7). 



 121 

Figure 5.7: Device assembly for measuring cell DEP force frequency dependence. 

Hyperbolic ITO electrodes on glass are covered with a PDMS microfluidic 

channel, held together with acrylic clamps. Electrodes are connected to 

function generator and cells are pumped in through tubing. The whole 

assembly is mounted on an inverted microscope. 

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 and the other two 

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

and V2 on Figure 3.18a). Sinusoidal voltage signal was applied to the electrodes using a 

function generator (33522B, Keysight Technologies). Cell movement was observed at 23 

different frequencies in the range 10-5000 kHz at 10 Vpp and 14 Vpp. 
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Figure 5.8: Tracking cell movement with Adobe After Effects CC 2015. a A moving cell 

in between the ITO electrodes at position 𝑟 from the center of the structure, 

moving with velocity �⃗⃗�. b Cell center coordinates are found for each time 

point (light blue dots), forming the trajectory of the cell. 

Quantity proportional to Clausius-Mossotti factor 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 (Figure 5.8b). From these, cell 

distance from the center point of the structure r and speed u were calculated 

(Figure 5.8a). Cell radii were found using a custom made MATLAB script. 

It can be shown137 that in these conditions the speed of a cell at any time is 

proportional to the DEP force: 

𝑢 =
|�⃗�𝐷𝐸𝑃|

6𝜋𝑟𝑐𝑒𝑙𝑙𝜂
,          (5.3) 

where η is the viscosity of the solution (water in this case). 

 

 



 123 

As was shown earlier, |�⃗�𝐷𝐸𝑃| ∝ 𝑟, hence: 

𝑢 = 𝐶𝑟,          (5.4) 

where C is a constant for a particular cell: 

𝐶 =
8휀𝑠

3𝜂
(

𝑉2 − 𝑉1

2𝑘
)

2

𝑟𝑐𝑒𝑙𝑙
2 𝐾𝑟𝑒.          (5.5) 

C can be normalized and simplified, since V1,2 = ±V/2: 

𝐶𝑛𝑜𝑟𝑚 = (
𝑘

𝑉𝑟𝑐𝑒𝑙𝑙
)

2

𝐶 =
8휀𝑠

3𝜂
𝐾𝑟𝑒 .          (5.6) 

It is known that in this frequency range Kre has the form: 

𝐾𝑟𝑒 =
𝑓2 − 𝑓0

2

𝑓2 + 2𝑓0
2 ,          (5.7) 

where f is the frequency of the electric field and f0 is the cross-over frequency (FDEP = 0 

at f0). 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 

and cell line. 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 ,          (5.8) 

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

fit Kre values with corresponding experimental data points for HCT 116 cell line are 

shown on Figure 5.9. Extracted Kre curves for HCT 116, A431 and Jurkat cell lines are 

shown on Figure 3.19. 
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Figure 5.9. Clausius-Mossotti factor for HCT 116 cell line. Experimental data points 

obtained by analyzing cell trajectories are shown (red), as well as fit to the 

experimental data following Equation 5.7 (blue). Light blue lines show 95% 

confidence bounds for the fit. 

 

5.3.10 MICROSPHERE CAPTURING (CHAPTERS 3.3.6.1 AND 3.4.2) 

Fluorescent polystyrene microspheres with 10 µm diameter (FluoSpheres F8836, 

ThermoFisher, d = 9.9±0.1 µm) were used to experimentally observe the particle 

capturing performance of the DEP/MEIRS device. 0.5 mL of sphere solution was 

transferred to a 15 mL conical tube and diluted with 1.5 mL of ultrapure water 

(resistivity > 18 MΩ·cm). The solution was centrifuged at 2000 rpm for 3 minutes. After 

centrifugation the supernatant was discarded and the sphere pellet was resuspended in 

2 mL of water and centrifuged again. This process was repeated once more. After the 
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final centrifugation and removal of supernatant, 1 mL of water was added. The final 

sphere solution was transferred into a 500 µL glass syringe (Model 1750 TLLX, 

Hamilton). 

Fully assembled DEP/MEIRS microfluidic device with CaF2 sample containing 

only wire electrodes was placed on Olympus IX73 inverted microscope with 10× 

objective and videos were recorded with Panasonic DMC-GH4 camera. Syringe pump 

(neMESYS 290N, Cetoni) and flow rate of 0.01 µL/s was used. The sinusoidal AC signal 

used in these experiments had Vsig = 14 Vpp voltage and fsig = 200 Hz frequency. 

 

5.4 Plasmonic Metasurface Fabrication 

The fabrication procedure for all metasurface samples used throughout this study 

was the same. Standard electron beam lithography, metal deposition and lift-off processes 

were employed to fabricate plasmonic (metal) structures on IR transparent CaF2 

substrates. All fabrication was done at the Cornell NanoScale Science & Technology 

Facility (CNF). Following chapters describe each fabrication step in more detail. 

 

5.4.1 ELECTRON BEAM LITHOGRAPHY 

Commercial CaF2 substrates were used (12.5 mm × 12.5 mm, 0.5 mm thickness, 

Laser Optex Inc.) to fabricate plasmonic metasurface samples. Substrates were first 

cleaned by rinsing with acetone, IPA and DI water, followed by drying with N2 gas and 

oxygen plasma treatment (90 s, 300 W, 220 ccm O2, SCE-110-RF, Anatech). After 

plasma cleaning the substrates were heat treated on a hot plate at 90 °C for 60 s and 

allowed to cool for 5 minutes. 
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After the substrates reached room temperature, they were coated with electron 

beam resist. A single layer of PMMA 495k A4 (MicroChem) was spin coated onto the 

substrates at 1600 rpm for 60 s, giving an approximate film thickness of 230 nm. Resist 

coated substrates were heat treated on hot plates in two steps: 1) at 90 °C for 60 s, and 

2) at 170 °C for 90 s. CaF2 is a brittle material with a relatively high thermal expansion 

coefficient138, therefore preheating the CaF2 substrates first to 90 °C is crucial to avoid 

cracking of the material due to excessive stress build up in the material during rapid 

heating. After heat treatment the substrates were allowed to cool for 5 minutes at ambient 

conditions. Finally, a layer of E-spacer (300Z, Showa Denko) was spin coated on top of 

the e-beam resist at 5000 rpm for 60 s (approximate thickness 15 nm). Since all the 

materials used are otherwise non-conductive, a conductive layer is required on top of the 

resist to avoid charging of the sample during e-beam write. E-spacer is an easy to use 

alternative to gold that is commonly sputter coated as a few nanometer thick layer onto 

the resist to provide a thin conductive layer. 
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Figure 5.10: JEOL JBX-9500FSZ direct write e-beam lithography system at CNF. 

a JEOL JBX-9500FSZ e-beam machine. b Cassette used for mounting the 

samples. Highlighted area shows the slot that was used. c Close-up of the 

used slot on the cassette from the back side (with rear cover removed). 

Three 12.5 mm × 12.5 mm CaF2 pieces can be fitted on top of the slit for 

fabrication in one run. 

Patterns were written on the resist using JEOL JBX-9500FSZ direct write e-beam 

lithography system (Figure 5.10a). A cassette appropriate for the substrate size and 

writing area was used (Figure 5.10b). Three samples could be placed in a single slot on 

the cassette to allow writing of multiple samples in one loading (Figure 5.10c). The 

cassette with samples was loaded into the e-beam system, followed by standard 

calibration procedures prescribed by the facility. JEOL JBX-9500FSZ is a highly 

automated system and most calibration macros run without any user input or intervention. 
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Patterns were written at 5 nA current and 1000 µC/cm2 dose. Writing time for a single 

sample using the designs described in Chapters 2 and 3 was approximately 10 minutes. 

After e-beam exposure the samples were developed. First, the conductive 

E-spacer layer was washed off with DI water and the samples were dried with N2 gas. 

The samples were then dipped into MIBK:IPA (1:3) solution for 90 s. The samples were 

gently agitated after every 15 s. Thereafter the samples were immediately dipped into 

IPA for 30 s, applying constant gentle agitation. Finally, the samples were rinsed with 

IPA and DI water and dried with N2 gas. Care was taken not to let liquid fully evaporate 

from the sample surface between different steps of development. Oxygen plasma descum 

step (5 s, 150 W, 220 ccm O2) after development was used to etch away any PMMA 

residue in the trenches of the pattern. 

 

5.4.2 METAL DEPOSITION AND LIFT-OFF 

Metal was evaporated onto the samples with e-beam written patterns. An electron 

beam evaporator (SC4500, CVC Products Inc.) was used to deposit 10 nm Cr and 70 nm 

Au layers at vacuum 2-5x10-5 torr. A layer of Cr was used to promote adhesion of Au to 

the substrate. For easier handling, a custom aluminum holder was fabricated to load the 

samples into the metal evaporator. 

The samples with metal layer deposited on them were submerged in room 

temperature acetone for > 16 h for lift-off of resist. Subsequently the samples were 

washed rapidly with acetone, followed by rinsing with IPA and DI water, and finished by 

drying with N2 gas. The samples were not let to fully dry between adjacent steps of 

washing. A final descum/cleaning with oxygen plasma (90 s, 300W, 220 ccm O2) 

finished off the sample fabrication. 
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For metasurface samples that needed external electrical connection (as described 

in Chapter 3.3.2), contact pads were made using electron beam evaporator, as described 

above. 10 nm Cr and 70 nm Au were deposited on the sample using a shadow mask to 

create the contact pads at the corners of the sample. 
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