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Abstract 

Adhesion is a critical cellular process that contributes to migration, apoptosis, differentiation, and 

division. It is followed by the redistribution of cellular materials at the cell membrane or at the cell-

surface interface for cells interacting with surfaces, such as basement membranes. Dynamic and 

quantitative tracking of changes in cell adhesion mass redistribution is challenging because cells are 

rapidly moving, inhomogeneous, and nonequilibrium objects, whose physical and mechanical properties 

are difficult to measure or predict. Here, we report a novel biosensor based microscopy approach termed 

Photonic Crystal Enhanced Microscopy (PCEM) that enables the movement of cellular materials at the 

plasma membrane of individual live cells to be dynamically monitored and quantitatively imaged. PCEM 

utilizes a photonic crystal biosensor surface, which can be coated with arbitrary extracellular matrix 

materials to facilitate cellular interactions, within a modified brightfield microscope with a low intensity 

non-coherent light source. Benefiting from the high sensitivity, narrow resonance peak, and tight spatial 

confinement of the evanescent field atop the photonic crystal biosensor, PCEM enables label-free live cell 

imaging with high sensitivity and high lateral and axial spatial-resolution, thereby allowing dynamic 

adhesion phenotyping of single cells without the use of fluorescent tags or stains. We apply PCEM to 

investigate adhesion and the early stage migration of different types of stem cells and cancer cells. By 

applying image processing algorithms to analyze the complex spatiotemporal information generated by 

PCEM, we offer insight into how the plasma membrane of anchorage dependent cells is dynamically 

organized during cell adhesion. The imaging and analysis results presented here provide a new tool for 

biologists to gain a deeper understanding of the fundamental mechanisms involved with cell adhesion and 

concurrent or subsequent migration events.  

Keywords: Photonic Crystal Enhanced Microscopy (PCEM), Photonic Crystal (PC), Photonic Crystal 

Slab, Photonic Crystal Biosensor, Live Cell Imaging, Label-free Imaging, Stem Cell, Cancer Cell, 

Refractive Index (RI), Peak Wavelength Value (PWV), Peak Wavelength Shift (PWS), Mass Density 

(MD), Cell Membrane-associated Effective Mass Density 

1. Introduction 

Cell adhesion, the means by which cells communicate with neighboring cells and the surrounding 

matrix in vivo, is critical for maintaining normal cell functions during homeostasis
1,2

. Cell adhesion not 
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only provides structural support, but also contributes to functional processes crucial for proliferation and 

survival
3,4

. Recently, the importance of adhesion phenotyping of single cells has been highlighted as 

growing evidence suggests that changes in cell adhesion profiles may be correlated with changes in 

cellular states
5
, fate decisions

6
, and disease progression/prognosis

3,7
. For these purposes, it is highly 

desirable to collect cell adhesion-related information of single cells to delineate the role of adhesion and 

to elucidate the associated biological mechanisms. However, technical limitations of existing cell 

microscopy approaches and the complexity of cell adhesion processes have been a major hurdle for 

decades. During cell adhesion and subsequent motile events, dynamic redistribution of cellular materials 

occurs particularly along the cell membrane, which corresponds to the cell-surface interface in the case of 

an in vitro setting where cell adhesion is typically studied on top of a biofunctionalized two dimensional 

(2D) surface. Cell plasma membranes, including the associated active soft matter within the membranes, 

exist within non-equilibrium states with unusual physical and mechanical properties that are difficult to 

measure or predict with traditional imaging methods. For instance, high axial resolution is required when 

studying cell-surface interaction because it is essential to eliminate the background scatter disturbance 

from above and beneath the imaging plane. Nevertheless, several technologies based on a diverse set of 

imaging principles, including far-field and near-field imaging modalities, have emerged to address these 

difficulties
8-17

. For example, in far-field imaging, confocal fluorescence microscopy is used to probe 

changes in the cell membrane by using a diffraction limited focal volume of laser excitation, providing an 

axial resolution of 800~900 nm. However, confocal fluorescence microscopy suffers from background 

excitation below or above the focal plane, in addition to the challenges presented by slow scanning speeds 

and fluorophore photobleaching
12

. White-light diffraction tomography (WDT)
17

 has emerged recently as a 

promising label-free method based on the principle of phase imaging that is capable of measuring three 

dimensional (3D) structures of the cell body, which has demonstrated ~900 nm axial resolution.  

Another approach that offers high axial resolution is near-field microscopy (axial resolution is typically 

smaller than 200 nm, which is beyond the diffraction limit in spectra range of visible light (400~700 nm) 

in the axial direction), including Total Internal Reflection Fluorescence (TIRF) microscopy, and Surface 

Plasmon Resonance Microscopy (SPRM). TIRF microscopy has been widely applied to the study of cell 

substrate interactions with fluorescent tags using a specialized objective lens that creates a spatially 

restricted resonant electromagnetic field (called evanescent field) on top of a substrate surface when total 

internal reflection occurs
8,10,13

. The axial resolution of TIRF microscopy is typically 100~200 nm, 

resulting from high intensity illumination from the evanescent field. Like all fluorescence-based cell 

imaging approaches, photobleaching precludes long term study of cell behavior by TIRF microscopy. 

SPRM is a label-free imaging modality which utilizes the surface plasmon resonance of metallic surfaces 

(e.g. typically a thin gold layer) to measure the refractive index (RI) change on the metal surface
9,14

. In 

surface sensing, SPRM can achieve several tenths of nanometer in axial spatial resolution with surface 

electromagnetic waves coupled to oscillating free electrons of a metallic surface that propagate along the 

surface. However, the lateral propagation in SPRM is not restricted on the flat metal surface which leads 

to limited lateral spatial resolution (e.g. typically micrometer scale). To address the above challenges, we 

employ Photonic Crystal Enhanced Microscopy (PCEM), a novel label-free microscopy approach with 

near field imaging on nano structured dielectric surfaces and associated advanced data analysis, to study 

cell-surface interactions. PCEM offers a platform for quantitative and dynamic imaging of cell adhesion 

by measuring changes occurring only at the cell-surface interface (<200 nm) arising from cellular 

effective mass density redistribution associated changes with adhesion events.  



3 
 

PCEM utilizes the cell membrane and its associated protein components as an integral part of the 

photonic crystal (PC) structure. The PC surface is a subwavelength nano structured material with a 

periodic modulation of refractive index that acts as a narrow bandwidth resonant optical reflector at one 

specific wavelength and incident angle
18-42

. The high reflection efficiency of the PC at the resonant 

wavelength/angle combination is the result of the formation of electromagnetic standing waves on its 

surface that extend into the surrounding medium in the form of an evanescent electromagnetic field. In a 

traditional one dimensional (1D) PC stack (e.g. a multilayer stack of materials with alternating dielectric 

constants, often referred to as Bragg mirrors)
23,29,43

, the periodicity is normal to the substrate plane and a 

photonic band gap is formed for light with the evanescent part of the wave vector normal to the surface. 

When used in biosensing or bioimaging, this PC structure utilizes the surface electromagnetic waves 

bound to the multilayer (named Bloch surface waves) to measure the dielectric changes at the substrate 

surface. However, this type of PC structure has not been used for realizing high spatial resolution 

biosensor imaging since its Bloch surface modes are not confined laterally (rather they propagate along 

the plane of the substrate surface). Another type of important PC structure is the PC slab, which consists 

of a periodicity of RI contrast (e.g., 1D or 2D) in the plane of the substrate surface introduced by 

alternating a high-RI guiding layer with low-RI materials. A PC slab not only supports in-plane guided 

modes that are confined by the slab completely (which cannot couple to external radiation), but also 

supports guided-mode resonances (referred to as quasi guided modes or leaky modes) which can couple 

to the external environment. Therefore, the maximum intensity of the electromagnetic field can be 

observed both in the high-RI layer and in the evanescent part outside of the PC slab.  

As shown in Figure 1a, the PC biosensor used in this work can be viewed as a quasi-3D nanostructure 

(see Methods Section 4.1.2 for details), which can be decomposed into two 1D PC slabs (Nanoslits with 

high-RI materials only on the top of the grating, and Nanorods with high-RI materials only on the bottom 

of the grating) interfering with each other in a complex manner. Each 1D PC slab is composed of a low 

refractive index (RI) grating structure (e.g., UV curable polymer, nUVCP=~1.5), a high RI coating (e.g., 

TiO2, nTiO2=~2.4), and a thin layer of cellular material (including the cell plasma membrane and a thin 

layer of intracellular material near the membrane, ncell≈1.35~1.38) on a glass (nglass=~1.5) substrate. 

When broadband collimated light illuminates this quasi-3D PC slab from below, there are three types of 

coupling taking place simultaneously between the incident light and the PC structure (Figure 1b). First, 

the incident light couples to the discrete in-plane guided mode supported by the PC slab via first-order 

forward and backward Bragg scattering when satisfying the momentum-matching condition (as described 

in Equation (3)), and creates a narrow resonance peak in the spectra with Lorentzian lineshape (referred to 

as resonant Wood’s anomalies). Second, the incident light couples to the continuum broadband vertical 

Fabry−Pérot (F−P) nanocavity and the resonance peak shifts with a broadband peak in spectra. The above 

two processes interfere with each other and lead to an interfered reflectivity spectrum for each layer of PC 

slab, which can be described as a phenomenological Fano interference model. Third, the two reflectivities 

from nanoslits (Top slab only, as in Figure 1c,f) and nanorods (Bottom slab only, as in Figure 1d,g) 

interfere with each other and yield the total reflectivity as a Fano interference resonance (Top and Bottom 

slab, as in Figure 1e,h). Although the resonance mode is complex compared with the traditional 1D or 2D 

PC slabs, one of the obvious advantages of this quasi-3D PC nano slab structure is easy fabrication (e.g. 

nanoreplica molding for the nano grating structure, and a single thin-layer coating for the high-RI 

material), thus preserving highly stable and predictable optical properties
37-39

. Simple fabrication offers 
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benefits for single-use disposable detection in high-throughput screening medical diagnostic and label-

free biosensor/microscopy applications. 

Simulations performed using the Finite Difference Time Domain (FDTD) method  show the spatial 

distribution of the evanescent field (Figure 1f-h Insets), which extends, on average, ~62 nm into the 

aqueous medium on top of the PC slab (maximum thickness ~200 nm, as shown in S-Figure 1). By 

extracting the peak wavelength value (PWV) which is determined by the local dielectric permittivity of 

the cellular material (with a fixed dimension of PC), a PWV image can be used to effectively detect and 

quantify cell attachment to the PC surface. Changes in the optical density of a cell during adhesion will 

lead to a modified resonance condition and cause a peak wavelength shift (PWS) in the measured local 

reflection spectrum. As mentioned earlier, the photonic band gap (simulated as in Figure 2b and measured 

as in Figure 2e) strictly limits lateral propagation of light on the PC surface. Therefore, the PC exhibits 

strong optical confinement of incident light into an infinitesimal volume that interacts selectively with 

surface adsorbed cell components, while being completely insensitive to the components of the cell body 

that are not engaged with the surface. The PC surface can thus act as a proxy for a biological surface with 

the capacity to detect changes in the amount of cellular materials accumulating on top (within the 

evanescent field), which presents a platform ideal for adhesion phenotyping of live cells.  

2. Results and Discussion 

2.1 Verifying Measurement in PCEM Imaging 

While PCEM directly measures localized shifts in the resonant wavelength on the PC surface, it is 

helpful to consider what the PWS information physically represents in the context of cell attachment. 

When a cell comes into contact with the PC evanescent field, its lipid bilayer and cell-associated protein 

structures displace the aqueous cell growth media (Figure 3a-d), effectively replacing a lower-RI material 

(nwater=~1.333) with a higher-RI material (ncell≈1.35~1.38). In such a small dynamic range, PWS is 

approximately linearly proportional to the change of the effective RI of the resonant mode, which resides 

in the cell, the TiO2 thin film, and the polymer grating material underneath the TiO2. Figure 2c,d,f,g 

demonstrate the linear relationship between the PWS and change of effective RI estimated via simulation 

(Figure 2c,d) and verified experimentally (Figure 2f,g) as modulating the RI by covering the PC surface 

with solutions of different concentrations of dimethylsulfoxide (DMSO) in water (PWV images are 

shown in Figure 2h). Therefore, PWS can be converted to an effective RI shift for a PC biosensor with a 

known refractive index sensitivity (measured as ~160 nm/RIU (Refractive Index Unit) in this work). In 

the context of cell attachment label-free imaging, changes in effective RI represent the dielectric 

permittivity of the attached cellular material, which is distinct from the physical mass density of the 

material. Although some cell membrane components (such as the lipid bilayer or actin filaments) have 

specific physical orientations with respect to the resonant electromagnetic field vector (which is in the z-

axis perpendicular to the PC surface), for simplicity, here we will make the approximation that the 

dielectric permittivity of the lipid and protein components of attached cells are lossless and homogeneous 

in all directions within each molecule. Characterization of the dielectric properties of live cell materials 

has shown that a change in the local membrane-associated effective mass density (MD) can be viewed 

approximately linearly proportional to a change of RI (see Methods Section 4.3.2 for details)
44-46

. 

Measurements indicate that there are only ~5% variations across a wide range of typical biological 

molecules for this linear relationship
44,45

. Based on this relationship, the PWS images obtained by PCEM 
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can be used to represent the effective mass (referred to as dry mass) density of the cell membrane and its 

associated proteins within the evanescent field region (Figure 2k). 

With this approach of directly relating PC biosensor resonant wavelength shifts to cell membrane-

associated effective mass density shifts, we may consider the total effective mass change that occurs 

within any individual voxel or within a region of interest (ROI).  For example, a series of background 

images with water only (without cells) on the PC surface were acquired with a ROI of ~85×45 µm
2
 for ~7 

hours. The resulting spatial and temporal histograms (with Gaussian fitting curves) can be used to 

quantify the imaging resolution for observing resonant wavelength shifts for PCEM (Figure 2j). More 

specifically, the full width half maximum (FWHM) of the temporal histogram is ~0.064 nm, which is 

calculated based on the measured PWV value in the ROI for a user-selected period of time (i.e. 7 hours). 

The FWHM of the spatial histogram is ~0.059 nm, which is calculated based on the measured PWV value 

in the ROI within a user-selected area of the PC surface (i.e. ~85×45 µm
2
). Using PCEM, we are thus able 

to observe PWS above the background noise as small as ~0.06 nm (spatiotemporal), correlating with the 

ability to observe changes in cell membrane-associated effective mass density as small as 1.9 fg/µm
3
 

(equivalent to a effective mass of ~0.04 fg within an individual voxel with a volume of δV=~0.6
2
×0.06 

µm
3
). When a single cell is attaching to the PC surface, the measured PWS within a voxel can be as high 

as ~2 nm, which corresponds to a effective mass density change of ~63.2 fg/µm
3
 (effective mass change 

of ~1.4 fg in a voxel). Importantly, cell membrane-associated effective mass density images may be 

obtained over time scales of interest for understanding many aspects of cell behavior. The shortest time 

interval demonstrated thus far between subsequent PCEM images is 10 seconds (Figure 4a-b, S-Figure 2), 

enabling the potential for observation of dynamic membrane protein transportation or focal adhesion (FA) 

assembly/disassembly. As the PCEM is integrated with a cell incubator environment, processes may also 

be observed over time periods that extend for several hours (Figure 3h). Furthermore, because the 

imaging approach is label-free, the same cells may be revisited on subsequent days (Figure 4c-f, S-Figure 

3) to observe very long-term behavior such as stem cell differentiation. 

2.2 Quantitatively Measuring Live-cell Membrane-associated Effective Mass Density (MD) 

Valuable surface attached cellular information can be extracted directly from the PCEM images 

through observation of local variations in PWS (Figure 3g-h and S-Figure 2-3). As shown in Figure 3g-h, 

the sequence of reflectivity spectra and corresponding PWS maps (at different time) indicates the 

movement of an ultra-thin layer of cellular material that gradually contacts the PC surface. Compared 

with ordinary brightfield images in which cell attachment cannot be easily observed, there are several 

unique properties within PCEM images that we illustrate in Figure 3h using dental epithelial stem cells 

(mHAT9a) attached to a fibronectin coated PC surface (at 37ºC and humidified 5% CO2 chamber 

environment). First, at the initial stage of cell introduction (Figure 3h, within ~5 min), even if a cell is 

physically present within the field of view, it may be present on the surface but not engaged with the 

substrate underneath. This pre-attachment phase precedes subsequent attachment that involves 

transmembrane mechanosensitive receptors (e.g. integrins) that actively bind the extracellular matrix 

(ECM) protein coating (e.g. fibronectin) immobilized on the PC surface, which appear as a PWS. This 

phenomenon can also be observed from the difference between the PWS images and the brightfield 

images in a late-attached cell (top cell) in Figure 3h (at ~16 min). Brightfield images indicate that all 

nearby cells physically present on the PC biosensor surface, but it can be clearly observed from the PWS 

images that the middle and bottom cells are truly attached while the top cell is not. Second, compared to 

the initial cell area presented by the cell body shown in the brightfield image, the PWS image indicates 
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that the actual contact area between the cell and the surface underneath is much smaller than the cell 

diameter (Figure 3h, at ~6 min). Thus, PWS images may influence the current understanding of how cells 

land upon and subsequently interact with the substrate surface, and correspondingly how the cellular force 

is initially distributed and redistributed. Third, in contrast to the static cell area depicted in the early 

attachment period (during 4~8 mins) as shown in the brightfield images in Figure 3h, PWS images 

indicate that the attached cell area dynamically extends from the center to a larger area with an estimated 

average boundary velocity of ~0.1 µm/min. This initial velocity corresponds with the reported 

polymerization speed of cytoskeleton molecules (e.g., microtubule is 0.8~1 µm/min) in vitro
47

. Finally, 

the PWS images demonstrate a highly non-uniform and dynamic cellular material distribution during 

adhesion processes (Figure 3h, 16~26 minutes), with features that may correspond to different cell motion 

modalities, cellular force redistribution, and cell-substrate interactions. Such rich information of cellular 

surface attachment profiling can be easily extracted from PWS images, and cannot be obtained from 

conventional brightfield images.  

Using the conversion method from PWS to effective mass density, we obtain the images of cell 

membrane-associated effective mass density (MD) shown in Figure 4 and S-Figure 2-3. Figure 4a and S-

Figure 2 demonstrate the initial adhesion process for three different mHAT cells (imaged at a time 

interval of 10 seconds/frame for short term imaging of 0~30 min) and Figure 4b plots the mean and 

standard deviation (std) values (N=6 cells) of the membrane-associated effective mass density, which is 

increasing at a rate of ~6.03 fg/(µm
3
∙min) during adhesion. Figure 4c-f and S-Figure 3 demonstrate the 

repeated drug responses of mHAT cells (N=9 cells) treated with Trypsin (Sigma-Aldrich, Co. LLC.) for 

different concentrations and incubation times (imaged at interval of 2 minutes/frame for long term 

imaging of 0~25 hours). As shown in Figure 4d,f (kinetics curve-fitting of drug responses see Methods 

Section 4.3.3 for details), the average membrane-associated effective mass density decreases at a rate of 

~8.73 fg/(µm
3
∙min) for high concentration (0.025%), and ~2.04 fg/(µm

3
∙min) for low concentration 

(0.0025%), respectively. After washing out the Trypsin, the membrane-associated effective mass density 

increases at a rate of ~0.65 fg/(µm
3
∙min) for short term incubation (~10 minutes) with high Trypsin 

concentration, and ~5.43 fg/(µm
3
∙min) for long term incubation (~20 minutes) with low Trypsin 

concentration. These quantitative measurements of dynamic local membrane-associated effective mass 

density change of live cells in response to drug exposure can be broadly applied to numerous 

pharmaceutical and biological research areas. 

2.3 Dynamic Tracking of Local Membrane-associated Effective Mass Density During Cell 

Adhesion 

Image analysis software has been developed in Matlab (Matlab, Mathworks, Inc.) to dynamically track 

cell boundary evolution and to quantify local membrane-associated effective mass density changes 

(Figure 5-6, movie 1). For example (Figure 5a), the centroid (geometric center) of a mHAT cell (O) can 

be tracked (black cross marked on the right column) in the sequence of PCEM images and the movement 

of the cell center (O=>O’) demonstrates that the attached cell center migrates towards a specific direction. 

The estimated average velocities at attached cell center (from 90~110 min) are ~0.190 µm/min along the 

horizontal direction (towards the right) and ~0.193 µm/min along the vertical direction (towards the top). 

Another analysis tool provided by the imaging software is shown in Figure 5b. The 3D spatiotemporal 

map is obtained by resampling the membrane-associated effective mass density image sequences of the 

same mHAT cell along the radial direction (diameter ρ and angle α, cross the dynamical cell center O) 

and time dimension (T). The resulting map can be utilized to analyze the center-edge relationship for 
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distribution and redistribution of attached cellular materials. The corresponding 2D slices extracted from 

the 3D map can be employed to examine the local change along multiple combinations of axes, including 

ρ-α (Figure 5c), T-ρ (Figure 5e), T-α (Figure 5g). For instance, the 2D ρ-α map at T=70 min (Figure 5c) 

depicts a membrane-associated effective mass density sinogram sampled along the radial direction. The 

vertical band near center (around ρ=0 µm) shows high effective mass density along all angles, which 

indicates that cell center may show stronger interactions with the substrate along all radial directions. On 

the other side, the vertical bands near the cell edge (around ρ=-20 µm and ρ=20 µm) demonstrate high 

amplitudes only at two areas (from α=~70º to α=~110º), which is at the top (around point A) and bottom 

(around point C) of the cell, and this pattern of effective mass density distribution (high center and high 

partial edge) is especially obvious around T=50~60 min. This trend is further confirmed by plotting the 

1D ρ curves (Figure 5d, red curve) extracted from the 2D ρ-α map, which represent the membrane-

associated effective mass density sampled along the radial direction with constant angle at a specific time 

point. The red curve in Figure 5d represents the membrane-associated mass density sampled at α=90º and 

the three peaks (marked with A, O, C) on the curve indicates high local membrane-associated mass 

density at cell center (O) and edges (A, C) at T=70 min. The quantitative images provide insights into cell 

behavior: at the earlier stage of cell-surface interactions, the cell may use some specific areas (such as the 

center or two sides of the cell body) as pre-anchoring/anchoring points to support the whole body 

adhesion or migration. Combined with the prior knowledge of the cell center migration direction (towards 

the right) obtained from Figure 5a, another insight is that the cell pre-anchoring points may not localize at 

the leading edge of the cell (as commonly assumed) at the earlier adhesion stage. Distinguished from the 

focal adhesion sites typically observed in the frontier of the cell body during mature adhesion and 

migration, these pre-anchoring/anchoring points seem to form quickly and last only briefly, and may not 

always be located in the leading edge of the cell. Similar cellular behaviors have been seen during 

neutrophil rolling on substrate surfaces
13

.  

More complex information can be extracted from local membrane-associated effective mass density 

images in both temporal and spatial dimensions (Figure 6).  As shown in Figure 6a-b, the mHAT cell 

boundary can be tracked (along local normal direction to the cell boundary at each pixel) and membrane-

associated effective mass density images can be sampled along the cell boundary spatially and temporally 

(see Methods Section 4.3.4 for details)
48

. The resulting 2D spatiotemporal maps (Figure 6c) represent the 

attached cellular membrane-associated effective mass density (Left), cell boundary velocity (Middle), and 

total displacement (Right) at each sampling window along the cell plasma membrane and time frames, 

respectively. From these spatiotemporal maps, many interesting phenomena can be observed and more 

obviously highlight specific aspects of cell adhesion behavior with quantitative measurements. One 

representative case is presented here as an example of cell attachment and simultaneous anchoring, as a 

mHAT cell prepares for future migration on a fibronectin coated PC biosensor surface. The mean and 

standard deviation of the cross section curves, selected from three different boundary locations (A,B,C in 

Figure 6a) in three maps, are plotted in Figure 6d along the temporal dimension. They indicate that the 

attached cellular membrane-associated mass density exhibits high amplitude at the two sides (near points 

A and C) of the cell body (σA
*
 and σC

*
) at an early adhesion stage (e.g. 40~110 mins), and then slightly 

decreases. Simultaneously, the cell boundary, especially at the right side of the cell body (near point B), 

moves towards the right, with the velocity (VB) initially high but decreasing with time (Figure 6d, 

Middle), sharing the same trend (decreasing) as the membrane-associated effective mass density change 

(σA
*
 and σC

*
) (Figure 6d, Left) (the curves are plotted together in S-Figure 4 for timing comparison). The 

accumulated changes in the velocity can also be observed as a delayed increase in the cell boundary 
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moving distance (SB) (Figure 6d, Right). Furthermore, the decrease in the velocity (VB) can be verified 

from the cross section curves (VT1 and VT2) selected along the spatial dimension with normalized 

boundary length (Figure 6e, Middle). In addition, statistical analysis can be performed on PCEM data, 

and one example is shown as the mean and standard deviation estimated through the entire boundary, 

frame-by-frame, along the temporal dimension (Figure 6f). Interestingly, the corresponding integration 

over the whole cell area (cell membrane-associated effective mass distribution) for the entire boundary 

along the temporal dimension (S-Figure 5b) shows the a trend (increasing) opposing the trend (slightly 

decreasing) observed in the mean and standard deviation analysis of the cell membrane-associated 

effective mass density distribution (S-Figure 5a). This may be explained by the fact that the cell is mainly 

spreading at the earlier stage (after attaching to the substrate), so the cellular membrane-associated 

effective mass density is initially concentrated in a small spherical volume and then decreases, although 

the overall surface attached effective mass increases due to the increase in the overall contact area. This 

statistical evaluation can be used to develop a cell attachment model, which may help to further uncover 

the underlying mechanism of active sensing of the micro cellular environment (e.g. cell-ECM interaction), 

activation of cytoskeleton molecules (e.g. polymerization of microtubule or actin filaments) and 

transmembrane receptors (e.g. integrins). From the above analysis, an early-stage cell adhesion/migration 

model can be considered, as shown in Figure 6g. When a cell is actively binding and attaching to a 

substrate surface, it may first initialize some pre-anchoring sites (e.g. points A and C) to support the 

whole cell-body’s protrusion in the moving-frontier (point B) in order to prepare for subsequent migration 

in a specific direction. After protrusion, the cell moving frontier may pull the rest of the cell body to 

follow. It is noteworthy that the cell often needs some pre-anchoring/anchoring points distributed near the 

cell center (O) and nonleading edges (A,C) to support/prepare for the future whole body movements. 

2.4 Cell Adhesion Phenotype Library 

An attractive application for PCEM is to build a quantitative cellular library with dynamic adhesion 

phenotypes for a wind range of attachable cells, which will be invaluable for cellular identification, 

classification, labeling, and other biosensing uses. Figure 7 illustrates a small sample (N=5 cells for each 

type) of this library as a proof-of-concept with three different types of stem/progenitor cells (mHAT, 32D, 

and ASC) and one type of brain cancer cell line (U87-MG). In their undifferentiated state, these cells 

display morphologies distinct from each other: large, spread-out, rounded shape (mHAT); small, round 

shape (32D); elongated, spindled shape (ASC); and star-like shape (U87-MG). Figure 7a plots the 

effective mass density (MD) and brightfield (BF) images measured with PCEM for these four types of 

cells in the beginning (~8 min) and end (~80 min) of the adhesion process, which clearly demonstrates 

adhesion features that are very distinct with respect to their cellular types. As shown in Figure 7b with 

mean and standard deviation values of adhesion parameters, mHAT cells
49

 (in gray) are a murine dental 

epithelial stem cell line differentiates to form an epithelium, and they tend to adhere tightly onto a PC 

substrate (e.g., high intensity of effective mass density ~40 fg/µm
3
), spread rapidly with large adhesion 

areas (e.g., spread from ~10 µm
2
 to ~3000 µm

2
), and exhibit low adhesion eccentricities (e.g., ~0.6, which 

means that the cell morphology is more round compared to the other three types). 32D cells
50,51

 (in blue) 

are a murine interleukin-3 (IL-3) dependent myeloid progenitor cell line that is widely used as an in vitro 

model of hematopoiesis as they spontaneously differentiate to granulocytic neutrophils upon the removal 

of IL-3 and introduction of granulocyte-colony stimulating factor (G-CSF) in the culture media. As with 

many types of hematopoietic cells, 32D cells are not anchorage-dependent cells and regarded only very 

weakly adherent, rendering adhesion phenotyping of these cells very challenging. PCEM, however, could 
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parse out attachment and adhesion patterns for 32D cells with high spatial and temporal resolution. As 

expected with non anchorage-dependent cells, 32D cells demonstrate only weak adhesion (e.g. low 

intensity of effective mass density ~5 fg/µm
3
) possibly due to high motility (e.g. high centroid 

displacement ~20 µm in 80 minutes), and nearly non-spreading adhesion area (e.g., ~100 µm
2
). Porcine 

adipose-derived stem cells (ASC)
52,53

 (in red) can differentiate to adipogenic, osteogenic, and 

chondrogenic lineages, and they form a spindle shape in their undifferentiated state, with middle-scale 

adhesion areas (e.g. ~1000 µm
2
), high eccentricities (e.g. ~0.9, which means the cell is more elongated), 

and middle-scale mass density (e.g., ~15 fg/µm
3
) on a PC surface. Finally, U87-MG cells

54
 (in green) are 

a human primary glioblastoma cell line derived from malignant gliomas and widely used as an in vitro 

model to study glioblastoma multiforme (GBM), which is the most common and most aggressive form of 

brain cancer with rapid, diffuse infiltration, and is responsible for low patient survival rates that have 

remained unchanged for decades). U87-MG cells show star-like morphology with multiple spindles (high 

eccentricities of ~0.8), and rapidly spread to a relatively large adhesion area (e.g., spread from ~10 µm
2
 to 

~2000 µm
2
) while showing tight adhesion (e.g., high intensity of effective mass density ~40 fg/µm

3
). 

Statistical information (Figure 7c) extracted from the curves in Figure 7b at the beginning and end of the 

adhesion process (T1=~8 min, T2=~80 min) successfully quantifies and characterizes the unique dynamic 

adhesion phenotypes of these four types of cells. Such quantitative phenotyping information of dynamic 

cell adhesion can be utilized to study the mechanisms of cell-substrate interactions, as well as offering a 

novel means to identify cell populations based on their adhesion profiles, possibly opening up new 

avenues for bioengineering applications in vitro. 

3. Conclusions 

To summarize, PCEM can dynamically monitor and quantitatively measure cell-surface interactions 

and cellular membrane-associated effective mass density transport behavior with high sensitivity, high 

axial spatial resolution, and sufficiently high lateral spatial resolution to clearly observe attachment 

feature evolution within individual cells. PCEM is a new tool for measuring single-cell behavior that may 

hold great potential for studying cell-surface attachment profiles, cell-substrate interactions and cell-drug 

responses. As a label-free biosensor imaging approach, PCEM is capable of long term monitoring of live 

cells without applying cytotoxic stains or photobleachable fluorescent contrast agents in a cell-culture 

environment. In this work, we demonstrate the capabilities of PCEM that highlight the ability to observe 

the initial point of cell adhesion and the evolution of adhesion profiles in the spatial and temporal 

dimensions. PCEM data allow the constructions of new dynamic cellular membrane-associated effective 

mass density transportation models, which can estimate and predict movement of surface attached cell 

membranes and their related protein components, is fundamental for understanding and uncovering 

cellular regulation mechanisms. PCEM data can also potentially provide unique information for building 

cell adhesion and cell-substrate interaction models with subcellular detail. By gathering similar 

information for multiple cell types, ECM materials, and environmental conditions, our goal is to use 

PCEM to enable the construction of a “quantitative live cell footprint library” and provide a useful 

resource for biomedical and biomaterial research. 

4. Methods and Materials 

    4.1 Photonic Crystal (PC) Slab Biosensor  
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    4.1.1 PC Slab Biosensor Resonance Condition 

A PC is an optical nanostructure-material with periodic modulation of its refractive index. Photonic 

crystal structures can be used as label-free biosensors since they enhance the light-matter interaction by 

providing localized resonant modes. A quasi-3D PC slab biosensor (stack of two layers of 1D PC slabs) is 

utilized in this work, in which a periodic modulation of the refractive index occurs in one direction only 

(e.g. x), while the material is uniform in another direction (e.g. y) and a stack in the third direction (e.g. z), 

as shown in Figure 1a. For each 1D PC slab, the photonic eigen-modes for a Helmholtz equation can be 

expressed as combining Maxwell’s equations with the source-free Faraday’s and Ampere’s laws at a 

given frequency: 

  ,
1

2

HH
ε











c


                                                           (1) 

where ε represents the periodic dielectric permittivity function and    
 

 
    is a Hermitian eigen-

operator; ω denotes the desired angular frequency, c is the speed of light in free space (e.g. vacuum), and 

       represents the eigen-value; the magnetic field H describes the eigen-functions; and the objective 

here is to solve for eigen-functions of a specific periodic structure and corresponding eigen-values.   

Typically, the PC slab biosensor used in this work can be viewed as an infinite periodic structure since 

the period is in the submicron scale and the overall dimension of the biosensor is in the millimeter scale, 

which indicates that the number of periods is more than three or four orders of magnitude. Based on the 

Bloch-Floquet theorem, eigen-functions of an infinite periodic structure can be represented by a plane 

wave multiplied by a periodic function with periodicity of the photonic lattice as: 

   ),(),( 0

)(
rHrH

rk tiet                                                            (2) 

where r is the spatial vector; t represents time; k is the wave vector; and H0(r) is a periodic function with 

periodicity Λ of the photonic lattice of PC slab biosensor structure. Substitution of Equation (2) into (1) 

yields the momentum-matching condition (or resonance condition) for the incident light coupling to the 

discrete in-plane guided mode supported by the periodic structure. The resonance condition in each 1D 

photonic crystal slab can be described by the Bragg coupling equation:  

,)sin(ˆ
0 xGkk  xm                                                              (3) 

where km is the wave-vector in a specific guided resonant mode; x̂  represents the unit vector in x 

direction; k0 is the wave-vector of the incident wave (|k0|=
  

  
, where λ0 is the wavelength of the incident 

light); θ is the launch angle of the incident light; and Gx is the photonic reciprocal lattice vector 

(|Gx|= 
  

Λ
, where m is the diffraction order of the resonant modes).  As shown in Figure 1a,i and Figure 

2b, for a given launch angle and grating period, the resonance wavelength can be tuned due to variation of 

the propagation constant induced by changing the refractive index of the surrounding media atop the PC 

slab. The resonance condition can provide guidance to the optical design for PCEM, such as θ=0º is 

chosen as normal incidence in this work (for simplification of imaging system), and Λ=400 nm is chosen 

to realize the desired resonance wavelength λ0=625 nm. 

    4.1.2 PC Slab Biosensor Modeling 
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    The PC slab used in this work has been previously described as a 1D PC slab nano-structure
41

, which is 

slightly over-simplified. More strictly, this PC slab structure can be viewed as a quasi-3D nano-structure 

model (Figure 1a), which can be decomposed into two layers of 1D PC slabs (if ignoring the side-wall 

effect). As shown in Figure 1c-h, the Nanoslit (top PC slab only, Figure 1c,f) and Nanorod (bottom PC 

slab only, Figure 1d,g) have their own resonance conditions, which are both different from the resonance 

condition when the interference takes place in between (hybrid PC slabs with both top and bottom, Figure 

1e,h). As the white dotted lines indicate in Figure 1c-e, the resonant peak wavelength at normal incidence 

angle is ~597 nm, ~604 nm, and ~625 nm for above three nano structures, respectively, when the 

background refractive index is close to that of water (nwater=~1.333). Besides, the highest near-field 

intensity of the evanescent field also takes place in the hybrid PC slab (Figure 1h, Right Inset) among 

above three nano structures, which indicates again that the strong interference between two 1D PC slabs 

influences the total near-field intensity.  

    4.1.3 PC Slab Biosensor Design 

    The peak wavelength is tunable by modifying the geometry of the PC slab due to altering the resonance 

conditions. To design a PC slab biosensor for imaging the cell adhesion in PCEM, understanding the 

individual effects of each geometry parameters is essential. For example, three important geometry 

parameters are marked in the diagram of the PC slab in Figure 1a: grating period (Λ), grating height (D), 

and thickness of top high-RI layer (L). The effects of these three parameters on the peak resonance 

wavelength are plotted in Figure 1i-n. For each layer of the PC slab (top only or bottom only), the grating 

period (Λ) can alter the distance of the optical path for the Bragg mirror, and results in a nearly linear 

relationship with the peak resonance wavelength (Figure 1i,l). The thickness of top high-RI layer (L) is 

related to the cavity length of the Fabry−Pérot nanocavity and therefore also influences the location of the 

peak resonance wavelength (Figure 1j,m). Finally, the grating height (D) affects the interference between 

two layers of PC slabs and thus also influences the peak resonance wavelength (Figure 1k,n). One of the 

critical aspects when designing the PC biosensor is to ensure the highest signal-to-background ratio (SBR) 

in reflectivity efficiency, which means that the reflectivity efficiency is high at the location of peak 

resonance wavelength and low at the other wavelengths. This can clearly be seen on Figure 1i,j,k, which 

shows the peak resonance wavelength (in yellow) surrounded by the low background (in dark-red or  

nearly black). 

    4.1.4 PC Slab Biosensor Simulation 

    A numerical simulation package (FDTD, Lumerical Solutions, Inc.) is used to calculate the distribution 

of excited electromagnetic fields on the PC slab biosensor surface. As shown in Figure 1c-n and Figure 

2b-d, the simulation results predict the optimal physical parameters for the PC nano structure. A 1D UV-

curable polymer structure (nUVCP=~1.5) is utilized with a grating height (D=~120 nm) to confine the near 

field emission intensity. The grating period (Λ=400 nm) and duty cycle (f=~50%) of the PC slab 

biosensor are chosen to support resonant modes at wavelength of λ0=~625 nm. The thickness (L=~81 nm) 

of the deposited high refractive index layer (TiO2, nTiO2=~2.4) is used to fine-tune the spectral location of 

the resonant modes. The corresponding evanescent-field is calculated as an average penetration depth of 

h0=~62 nm into the surrounding media. 

    4.1.5 PC Slab Biosensor Fabrication 

    A nanoreplica molding approach is used to fabricate the nano grating structure of the PC slab at room 

temperature, and can be fabricated on a plastic or glass substrate (glass substrate has been chosen in this 
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work). As shown in Figure 2a, a quartz master wafer with a negative volume image of the desired nano-

grating structure is initially fabricated with e-beam lithography and reactive ion etching (RIE) as the 

molding template. The liquid UV curable polymer (UVCP) is deposited between the wafer template and 

glass substrate. After exposure to high intensity UV illumination at room temperature for a short time (e.g. 

a couple of minutes), the UVCP is cured to a solid material with a replicated shape of the nano-structure 

of the molding template. After peeling off the master wafer, the nano-patterned surface is transferred to 

the glass substrate through UVCP. Then a thin layer of high-RI material (TiO2) is deposited (e.g. with 

reactive RF sputtering machine, PVD 75, Kurt J. Lesker, PA) atop the nano-grating structure. Figure 2i 

shows an SEM image of the fabricated PC slab surface (Inset: Photo of fabricated PC slab surface on a 

glass substrate). 

     4.1.6 PC Slab Biosensor Characterization 

    The fabricated PC slab surface is characterized by a linear optical transmission/reflection setup with 

illumination of collimated and p-polarized white light. A mixture of DMSO and water solution with 

different effective refractive indices were prepared and exposed to the PC slab surface. The results 

demonstrate that high spectral resolution for quantifying RI changes in the reflected resonant wavelength 

from the PC slab surface can be realized due to the narrow spectral response (Figure 2e-h). The resonance 

wavelength (λ0) of the PC is tuned by varying the RI of background materials (within the evanescent field 

region) at different incident angles. The simulated and experimental 2D dispersion maps are shown in 

Figure 2b,e, and the imaging experiments in this work were performed with resonant wavelength of 

λ0=~625 nm at normal incident angle (θ=0º). The narrowband reflectance behavior is predicted by FDTD 

simulation (Figure 2c) and verified by experiment with a full-width at half-maximum (FWHM) of ~3.6 

nm (Figure 2f). The sensitivity curve estimated from the simulation and experimental data is plotted in 

Figure 2d,g.  

    4.1.7 PC Slab Biosensor Surface Preparation for Bio-experiment 

    The PC slab biosensor is cleaned by sonication in isopropyl alcohol (IPA) and in deionized (DI) water 

for one minute each, followed drying with nitrogen (N2) gas. Then the PC slab biosensor is oxygen-

plasma treated to further clean and facilitate attachment of a liquid containment gasket formed from 

polydimethylsiloxane (PDMS). Finally, the PC slab surface is hydrated with phosphate buffered saline 

solution and coated with a layer of arbitrary ECM (e.g. fibronectin) to promote cellular attachment. 

    4.2 Photonic Crystal Enhanced Microscope (PCEM) 

    4.2.1 PCEM Principle and Design 

    The PCEM instrument is a modified brightfield microscope that uses a line-scanning approach to 

measure the spatial distribution of PWV across a PC slab surface with submicron spatial resolution for 

label-free imaging (Figure 3)
40,55

. As shown in Figure 3e, a light emitting diode (LED) is used as the non-

coherent light source, and the line profiled and p-polarized (perpendicular to the nano-grating structure) 

light beam illuminates the PC slab biosensor from below (which eliminates scattering or absorption from 

materials in attached cell bodies) through a microscope objective lens. The reflected light, containing the 

resonant reflected spectrum, passes through the objective lens in the opposite direction, and is passed 

through the entrance slit of an imaging spectrometer, which records the resonant reflected spectrum from 

each voxel across the illuminated line on the PC slab. High spatial resolution in the axial direction is 

obtained due to the shallow evanescent-field of the PC slab surface. Spatial resolution in the lateral 
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direction is determined by the lateral propagation distance of resonant coupled photons, resulting in 

detection of distinct surface attached objects for widely dispersed features at the 10~100 nm size scale
41

. 

Small nonuniformities may appear in the PWV background of as-fabricated PCs during imaging due to, 

for example, slight nonuniformity in the deposited TiO2 thickness during the PC slab fabrication process. 

To eliminate the nonuniform background, we subtract the initial PWV of the blank PC slab immersed in 

cell media (before cell attachment) from the PWV (after cell attachment) on a voxel-by-voxel basis to 

generate the PWS images that are reported here. When a cell attaches to the PC surface (Figure 3a-d), the 

peak resonant wavelength red-shifts from a lower wavelength (before cell attachment, e.g. λ0=~625 nm) 

to a higher wavelength (after cell attachment, e.g. λcell=~627 nm). A positive PWS indicates that the cell-

media in contact with the PC slab surface with a low-RI (e.g. nwater=~1.333) is replaced by cellular 

materials with a greater-RI (e.g. ncell≈1.35~1.38).  As higher densities of membrane components and 

intracellular protein components of cell membranes associated with focal adhesions are recruited to the 

PC slab surface, the magnitude of the local RI will increase. Therefore, the PWS image represents the 

effective mass density distribution of cell components that engage the PC slab surface. 

    4.2.2 PCEM Imaging System Implementation 

    The PCEM imaging system is integrated with an ordinary inverted light microscope (Carl Zeiss Axio 

Observer Z1). The non-coherent light is emitted from a LED (Thorlabs M617F1), and line-profiled with a 

cylindrical lens and p-polarized with a polarized beam splitter (PBS), then illuminated from beneath the 

PC slab biosensor for live-cell imaging (Figure 3e). A motorized translation stage (Applied Scientific 

Instruments, Inc.) is used to perform the line-scan. A charge-coupled device (CCD) camera (Photometrics 

Cascade 512) combined with an imaging spectrometer (Acton Research) is utilized to collect the spectral 

data for each voxel. For the spatial resolution of the PCEM system, the leaky mode propagation in the 

photonic crystal influences the resolution in the lateral direction. It had been previously established
41

 

experimentally and with the support of computer models that the lateral distance at which a point source 

(TiO2 nanoparticles (nTiO2≈2.4~2.5) and printed polymer nanodots (npoly≈~1.5)) of high refractive index 

contrast effects neighboring regions on the PC (nwater=~1.333) is approximately 2 microns for the 

structures used in this paper. However, the refractive index contrast between a loci of cell attachment 

within a cell membrane (ncell≈1.35~1.38) and the surrounding media (nwater=~1.333) will be less than these 

discrete test objects. In our PCEM images, we observe strong contrast in the reflected wavelength at cell 

boundaries and within the cells themselves from one pixel to its neighbor, and thus the lateral contrast is 

likely similar to the ~600 nm pixel size. Therefore, as shown in Figure 3e-f, the voxel dimension at each 

spatial location is δV=~0.6
2
×0.062 µm

3
 which is mainly determined by: (a) the magnification of the 

objective-lens (e.g. 10×) and the pixel size of CCD camera in x direction (perpendicular of grating in 

lateral direction), (b) the magnification of the objective-lens and step-size of the imaging translation-stage 

in y direction (parallel of grating in lateral direction), and (c) the penetration depth of the evanescent-field 

in z direction (axial direction). For the temporal resolution of the PCEM system, the shortest time 

between successive PCEM images is determined by a combination of factors that include: (a) Mechanical: 

the speed of the motorized stage to return the PC biosensor to its origin pre-scan location and the size of 

the scan area, (b) Optical: exposure time required to gather each line of the image, for the purpose of 

gathering a low noise resonant reflection spectrum. In the present PCEM system, the exposure time per 

line is 50 microseconds, which is mainly determined by the intensity of the 4.4 mW broadband 

illumination source (e.g., LED).     
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4.3 PCEM Data Analysis 

    4.3.1 Peak Wavelength Value (PWV) Extraction 

    Image-analysis software is developed with computational software (Matlab, MathWorks) to process the 

PCEM acquired 3D spectra data (e.g., 512
3
 voxels).  The spectrum at each voxel is smoothed using a low-

pass filter to reduce acquisition noise and then fitted to a 2nd order polynomial to extract the maximum 

wavelength value (referred to as peak wavelength value (PWV)). Based on the PWV/PWS data, a kinetics 

curve-fitting program for cell adhesion and drug-response (Figure 4), a cell edge-center analysis program 

(Figure 5), and a cell boundary extraction and motion traction program (Figure 6) are implemented to 

extract the cell-attachment induced local membrane-associated effective mass density change. 

    4.3.2 Converting Peak Wavelength Shift (PWS) Map to Effective Mass Density (MD) Map 

    Typically, refractive index n depends on the light wavelength and the material density probed by the 

light
44-46

. When the change of refractive index is small, it can be approximated as linearly proportional to 

the shift of resonance wavelength at each voxel location on the PC slab surface (Figure 2c,d,f,g). 

Therefore, the local refractive index map can be obtained (Figure 2h) from the PWV maps with the prior 

knowledge measured from adding incremental amount of proteins. 

    Refractive index represents the optical density of the material, which is not the same as the physical 

density (though related with each other in certain level). If each protein can be viewed as a dipole, not 

only the physical density, but also the polarization of the dipole moment in the incident light field will 

influence the vibration of electrons. However, the speed of a light wave is dependent upon the properties 

of the propagation medium. It means that in the case of an electromagnetic wave, the speed of the wave 

depends upon the optical density of the material. The physical density of a material refers to the 

mass/volume ratio. The optical density of a material relates to the tendency of the atoms of a material to 

maintain the absorbed energy of an electromagnetic wave in the form of vibrating electrons before 

reemitting it as a new electromagnetic disturbance. The more optically dense that a material is, the more 

slowly a wave will move through the material. One indicator of the optical density of a material is the 

index of refraction value of the material. Index of refraction values (represented by the symbol n) are 

numerical index values with arbitrary unit (AU) that are expressed relative to the speed of light in free 

space (e.g. vacuum). Therefore, the index of refraction value of a material is a number that indicates the 

number of times slower that a light wave would be in that material than in a vacuum. 

    It has been reported that the local effective mass density σ
*
(x,y,z) of a live cell can be estimated from 

the refractive index map through integrated phase shift with a nearly linear relationship
44-46

. When the 

electromagnetic wave propagates through cellular material, the integrated refractive index shift Δn(x,y,z) 

in each voxel volume can be estimated as below
56

  

),,,(),,(),,( 00 zyxCnzyxnnzyxn                                          (4) 

where n0 is the initial refractive index of the surrounding cell culture media; β (in unit of ml/g) is known 

as the refractive increment and the typical value is ~0.19 ml/g; C(x,y,z) (in unit of g/ml) represents the 

change in concentration of protein molecules.  

    If the local incident wave can be approximated as a plane wave in each voxel volume on the PC slab 

surface, then the reflected wave can also be approximated as a plane wave with different resonance 
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wavelength and phase. When the reflected plane wave propagates through the cellular material, the phase 

shift can be defined as  

),,,(]),,([),,( 000 zyxnknzyxnkzyx                                       (5) 

where k0=2π/λ0 is the initial wave number and λ0 is the initial peak wavelength of the incident light; 

          is the refractive index contrast between the cellular material and the surrounding cell culture 

medium averaged laterally within the pixel area and axially through the evanescent field. Accordingly, the 

change of the effective local membrane-associated effective mass density at each voxel can be 

approximated as: 
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Note that the evanescent part of the electromagnetic field has been taken into account and this information 

is present as “z” in the 3D Equation (6). Since the measured PWV is the “bulk value” in the 3D volume of 

the voxel (~0.6
2
×0.06 µm

3
) on the PC surface, “z” can be represented by the average penetration length h0 

and thus automatically included in the Equation (6). It implies that this analysis does not need to 

incorporate the local thickness of the attached cellular material within the sensing zone of the PC 

biosensor, though it can be approximated as the average penetration length h0 (estimated as ~62 nm in this 

work) of the evanescent field (the edge effect on the cell boundary is also ignored here). Thus, the local 

membrane-associated effective mass density can be directly estimated within a small volume (e.g., 

δV=~0.6
2
×0.06 µm

3
) at each voxel. When the increment of the refractive index is small, the local 

effective mass density of a thin layer in the bottom of the attached cell body at each voxel is 

approximately linearly proportional to the change of refractive index (or resonant wavelength shift 

measured with PCEM) (as indicated in Figure 2k). 

    4.3.3 Modeling Cellular Mass Density Transportation Kinetics 

    1) Adhesion Kinetics 

    As shown in Figure 4b, the dynamic cellular membrane-associated effective mass density σ
*
(t) (mean 

effective mass density for each cell adhesion area) can be modeled with the generalized logistic function:  
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    where σa
*
 and σb

*
 are the asymptote maxima (after adhesion) and asymptote minima (before adhesion) 

of effective mass density value; t is the time and thalf represents the time point at half maximum of 

effective mass density value; ksl denotes the slope which reveals the steepness of the effective mass 

density curve when arising; v affects near which asymptote maximum of effective mass density curve 

occurs. 

    2) Drug Response Kinetics 

    As shown in Figure 4d,f,  
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    where the symbols share similar meanings as in Equation (7), except that the second and third terms 

represent the decreasing (after adding drugs) and increasing (after washing out the drugs) period of the 

effective mass density curve, respectively. 

    4.3.4 Cell Adhesion Boundary Evolution Traction 

     For dynamically tracking cell boundary evolution (Figure 6)
48

, we adapted the level set method (LSM), 

which is an approach for tracking the evolution of complex boundaries. The following equation defines 

the location of cell boundary on the PC slab surface at a certain time: 

 ,0),,(|),()(  tyxyxt 

    

                                                    (9) 

where Γ(t) represents the cell boundary at time t; the point (x, y) is located at the cell boundary on PC slab 

surface; φ(x,y,t) is the level set function, which represents the signed distance from location (x,y) to the 

boundary Γ(t) at time t. Equation (9) illustrates that the cell boundary Γ(t) can be estimated at the zero 

level of the level set function φ(x,y,t) at any time t. To simplify the calculation, we assume that the cell 

boundary moves toward its normal direction, and the cell boundary evolution thus can be described as a 

Hamilton-Jacobi equation: 
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where V(φ(x,y,t),t) is the speed function of level set function φ(x,y,t) at time t;  represents the gradient 

operator; and | • | denotes the Euclidean norm. Equation (10) depicts that the cell boundary Γ(T) can be 

propagated to its consecutive frame boundary Γ(T+1) using LSM through estimating the intermediate 

boundaries.  

 

    4.4 Cell Culture 

4.4.1 Cell Culture Condition 

    Similar to the environment of a general cell culture incubator, a customized chamber is built in 

PCEM system to cover the sample stage, and connected with the carbon dioxide (CO2) mixer to provide 5% 

CO2 air with humidity to maintain certain pH value of the cell medium (which is necessary to the long 

term live cell survival). 

4.4.2 Cell Culture 

1) mHAT (murine dental stem cell): Stable cultures of mHAT cells were maintained in Dulbecco’s 

Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin 

streptomycin  (PenStrep).  

2) 32D (myeloblast-like stem cell): Stable cultures of the 32D cells were maintained in Roswell Park 

Memorial Institute (RPMI) 1640 medium with 2 mM L-glutamine adjusted to contain 1.5 g/L sodium 

bicarbonate, 4.5 g/L glucose, 10 mM 4-(2-Hydroxythyl)-1-Piperazineethanesulfonic acid (HEPES), and 

1.0 mM sodium pyruvate supplemented with 10% heat-inactivated FBS and 10% mouse WEHI-

conditioned medium. 

3) ASC (porcine adipose stem cell): Stable cultures of ASCs were maintained in low glucose DMEM 

supplemented with 10% FBS and 1% PenStrep. 
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4) U87-MG (human primary glioblastoma cell line): Cultures of U87-MG were maintained in DMEM 

supplemented with 10% FBS and 1% PenStrep. 
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Figure Caption List 

Figure 1. Principles and Properties of Photonic Crystal (PC) Slab Biosensor. (a) Schematic of the PC 

and its dimension parameters. (b) Schematic drawing of the resonant mode in the PC biosensor. The 2D 

graphs of refection efficiency according to the change of the background refractive index  for (c) 

Nanoslits only on the top of the grating, (d) Nanorods only on the bottom of the grating, and (e) Nanoslits 

and Nanorods (both PC slabs). (f-h) plot the 1D reflection spectra for the above three nano-structures. 

Insets: near-field electric field intensity distributions (|E/E0|
2
) within a grating period at different 

wavelengths (on/off resonance). The 2D graphs (i-k) and 1D spectra (l-n) of refection efficiency 

correspond to the geometry variations of the PC slab biosensor: (i,l) grating period Λ, (j,m) thickness of 

the TiO2 coating L, (k,n) grating height D. 

 

Figure 2. Fabrication and Characterization of PC Slab Biosensor. (a) Fabrication process of the PC 

slab based on nanoreplica molding (i-iii) and a single-layer coating (iv). Dispersion maps of the PC slab 

biosensor used in PCEM for (b) Simulation and (e) Experimental Results. Normalized reflection 

efficiency for (c) Simulation and (f) Experimental Results. Sensitivity curve linearly fitted from the (d) 

Simulation and (g) Experimental Results. (h) PWV images of DMSO with different concentrations 

(representing different effective refractive indices). (i) SEM images of the PC slab surface with grating 

period of 400 nm. Inset: photo of a fabricated PC slab biosensor with area of 9×9 mm
2
. (j) Spatial (in red) 

and temporal (in black) optical-path-length noise levels of the background region (the dotted lines 

represent raw data, and the solid lines indicate Gaussian-fits). (k) Schematic of the physical quantity 

conversion from measured shift of peak wavelength value (PWV) to the change of cellular effective mass 

density (MD) in each voxel. 

 

Figure 3. Principle of Cell Adhesion on a PC Slab Biosensor in PCEM. (a,c) Before cell adhesion: 

ECM molecules are immobilized on the PC slab biosensor surface. (b,d) After cell adhesion: 

Transmembrane mechano-sensitive receptors are activated after adhesion, and focal adhesions are formed 
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on the plasma membrane to form a link between receptors and the cytoskeleton. The effective refractive 

index is locally increased in each voxel on the PC slab surface. (a,b) for the zoomed-in view of individual 

mechano-sensitive receptor molecules and (c,d) for the view of whole cells. (e) Schematic of the PCEM 

system. (f) Data acquisition of PCEM: i) represents the line-scan in y direction on PC slab surface; ii) 

represents the reflectivity spectrum at each voxel; iii) represents the acquired 2D spectra graph for each 

line on the PC slab surface;  iv) represents the resulting 3D spectra data acquired after each line-scan. (g) 

Representative peak wavelength shift (PWS) in Spectra for different locations within or near one stem 

cell (mHAT9a) on the PC slab surface (marked with black, red and green rectangles on the PWS images 

in (h) from 6~12 minutes, respectively). (h) Label-free and dynamic detection of stem cell adhesion using 

PCEM. 1&3 rows: PWS images (unit: nm); 2&4 rows: brightfield (BF) images (unit: AU). Stem cells 

(mHAT9a) were seeded on a fibronectin-coated PC slab biosensor surface and started to attach in ~5 

minutes (higher intensity in PWS images indicates a higher localization of cellular material at the PC slab 

surface, which can be expected during cell spreading). Bar length = 10 µm. 

 

Figure 4. Short Term and Long Term PCEM Imaging and Corresponding Kinetics for Stem Cell 

Adhesion and Drug-responses. (a) Short term imaging (0~30 minutes) of membrane-associated effective 

mass density images for initial cell (mHAT) adhesion at time interval of 10 seconds/frame (unit: fg/µm
3
). 

(b) Cellular membrane-associated effective mass density (MD) response at initial adhesion (N=6 cells). 

Long term imaging (0~25 hours) of membrane-associated effective mass density images for drug-

responses with cell (mHAT) attachment, detachment, and reattachment: addition of (c) high and (e) low 

concentration of Trypsin to detach cells, incubate, wash out drug, and then change to fresh media (time 

interval of 2 minutes/frame) (unit: fg/µm
3
). Cellular effective mass density responses are modulated by (d) 

high and (f) low concentrations of Trypsin and different incubation times (N=7 cells). Bar length = 10 µm. 

 

Figure 5. Stem Cell Edge-center Analysis Based on PCEM Images. (a) The centroid of a live stem cell 

(mHAT) is dynamically detected along the membrane-associated effective mass density image sequence. 

(b) The 3D spatiotemporal map re-sampled along the radial direction (diameter ρ and angle α) and time 

dimension (T) of a sequence of membrane-associated effective mass density images (unit: fg/µm
3
). (c,e,g) 

depict the 2D Spatiotemporal ρ-α Maps (unit: fg/µm
3
) extracted from the 3D maps in (b). (d,f,h) represent 

the 1D cross-section curves extracted from the 2D maps in (c,e,g). The statistical analysis at different 

locations (Edge, Center, in Between) inside the cell at two different time points (T1=50 minutes and 

T2=160 minutes) for two different re-sample angles: (i) α=0°, (ii) α=90°. Bar length = 10 µm. 

 

Figure 6. Label-free Imaging of Stem Cell Adhesion and Dynamic Traction of Boundary Evolution 

Using PCEM. (a) Membrane-associated effective mass density (MD) images of three sequential frames 

of one stem cell (mHAT) (unit: fg/µm
3
). (b) Detected cellular boundaries for a live cell at different frames 

(unit: minutes). (c) Re-sampled 2D spatiotemporal maps: Left: effective mass density map (unit: fg/µm
3
); 

Middle: cell boundary velocity map (unit: µm/min); Right: cell boundary displacement map (unit: µm). (d) 

1D cross section curves of above 2D maps along temporal dimension. (e) 1D cross section curves of 

above 2D maps along spatial dimension (with normalized cell boundary). (f) Statistical analysis at 

different locations (A,B,C) along the cell boundary. (g) Hypothesis of earlier status of cell adhesion and 

migration supported with anchoring points. First, cell is attaching to the substrate surface. Then, cell is 

anchoring with two sides of the body as supporting points and protruding the frontier parts toward the 
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moving direction. Finally, after adhesion process, cell is migrating toward the moving direction by pulling 

the whole body with the frontier. Bar length = 10 µm. 

 

Figure 7. Effective Mass Density Images Representing Measurements and Statistical Analysis From 

Different Stem Cells and Cancer Cells. (a) Membrane-associated effective mass density (MD) images 

of three different types of stem cells and one type of cancer cells: mHAT (dental stem cell), 32D (myeloid 

stem cell), ASC (adipose stem cell), U87-MG (brain cancer cell). Statistical comparison of attached 

cellular materials for different types of cells, including eccentricities, attached cellular 

areas/perimeters/length/width/centroid displacement, and min/max/mean effective mass density values 

(N=5 cells for each type): (b) plots the mean and standard deviation along time dimension (0~80 min); (c) 

represents at two different time points (T1=8 min, T2=80 min). Bar length = 10 µm. 
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Supplementary Figure Caption List 

 

Supplementary Figure 1. FDTD-simulated Penetration Depth of the Evanescent Field on the PC 

Slab Surface. 

 

Supplementary Figure 2. Short Term Imaging of Cell Adhesion (time interval of 10 seconds/frame 

for ~30 minutes). Several representative sequences of effective mass density images are shown for one 

example stem cell (mHAT) during adhesion on the PC slab surface (5~28 minutes). Bar length = 10 µm. 

 

Supplementary Figure 3. Long Term Imaging of Cell Drug-responses, Including Attachment, 

Detachment, and Re-attachment (time interval of 2 minutes/frame for ~25 hours). Several 

representative sequences of effective mass density images (0~25 hours) are shown for a group of stem 

cells (mHAT) during adhesion, drug treatments (with Trypsin) and washing out (repeated the drug-

treatment and washing-out twice with different drug-concentrations and incubation times). Bar length = 

20 µm. 

 

Supplementary Figure 4. Timing Relationship. Timing relationship among cell (mHAT) boundary 

moving distance (SB), velocity (VB) and membrane-associated effective mass density (σA
*
, σc

*
) at different 

boundary locations (A, B, C).  

 

Supplementary Figure 5. Statistical Analysis of Accumulated Quantity Considering Cell Perimeters. 

(a) Means and standard deviations (std) along temporal dimension of 2D spatiotemporal maps for: (a) 

effective mass density, (c) cell boundary velocity, (d) cell boundary displacement. (b) Effective mass, 

which sums along temporal dimension of 2D spatiotemporal effective mass density maps.  

 

Supplementary Movie 1. PCEM Imaging of Live Cell Adhesion and Dynamic Boundary Traction. 

Left: PCEM imaging (PWV video) of dental epithelial stem cells (mHAT) adhesion on PC slab biosensor 

surface. The video was taken at a rate of 10 minutes/frame for 130 minutes. Right: Dynamic data analysis 

of cell boundary extraction along time dimension (unit: minutes). 
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