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Abstract

We describe a reflection imaging system which consists of a plasmonic crystal, a common
laboratory microscope, and bandpass filters for use in the quantitative imaging and /in-situ
monitoring of live cells and their substrate interactions. Surface plasmon resonance (SPR)
provides a highly sensitive method to monitor changes in physicochemical properties occurring at
metal-dielectric interfaces. Polyelectrolyte thin films deposited using the layer-by-layer (LBL)
self-assembly method provide a reference system to calibrate the reflection contrast changes that
occur when the polyelectrolyte film thickness changes, as well as provide insight into the optical
responses that originate from the multiple plasmonic features supported by this imaging system.
Finite-difference time-domain (FDTD) simulations of the optical responses measured
experimentally from the polyelectrolyte reference system are used to provide a calibration of the
optical system for subsequent use in quantitative studies investigating live cell dynamics in
cultures supported on a plasmonic crystal substrate. Live Aplysia californica pedal ganglion
neurons cultured in artificial sea water were used as a model system through which to explore the
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utility of this plasmonic imaging technique. Here, the morphology of cellular peripheral structures
< ~80 nm in thickness were quantitatively analyzed and the dynamics of their trypsin-induced
surface detachment visualized. These results illustrate capacities of this system for use in
investigations of the dynamics of ultrathin cellular structures within complex bioanalytical
environments.
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1. INTRODUCTION

Cell morphology and the processes mediating its physiological and pathological dynamics
are essential characteristics of the mechanisms underlying cellular differentiation, growth,
apoptosis, and autophagy. Better understandings of their complex nature are needed to
sustain progress in medical sciences and biotechnology.1~6 Time-resolved imaging of living
systems can provide insights into an individual cell’s organization and function that static
observations of fixed cells cannot.”~12 Because most cells are optically transparent, live cell
imaging at high spatial resolution is difficult using conventional optics without staining or
tagging structures of interest in the cell.13-15 Regardless of the imaging technique, good
cellular health is crucial to preserve a normal metabolic state of the studied cells throughout
the entire duration of the imaging experiment.18 When imaging cellular dynamics,
experimental conditions such as pH7- 18 oxygenation!®, temperature29 and osmolality??
need to be sustained to maintain viability of cells. In addition, high intensity illumination
may induce temperature fluctuations and/or damage of cells and cellular components such as
DNA (via UV light absorption), which may lead to cell death.2? It is critical, therefore, that
live cell imaging techniques be designed so as to minimize physical and chemical damage to
the cell and retain the ability to conduct measurements in its physiological environment.

A number of optics-based analytical tools have been developed for spatiotemporal studies of
structure and function in living cells. Fluorescence microscopy is the most widely used
technique for live cell imaging because, by tagging cell components with fluorophores (such
as small organic dyes, fluorescent proteins, or quantum dots), it is capable of probing
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specific structures including organelles, multimolecular complexes, and individual
molecules inside the cell.23-25 Fluorescence imaging, however, can be complicated by the
toxicity associated with introducing foreign fluorescent labels into the system and the
susceptibility of fluorophores to photobleaching.®: 26: 27 Phase contrast microscopy? 29 and
differential interference contrast microscopy3%: 31 make it possible to visualize unstained
biological specimens with enhanced contrast and resolution. These imaging methods provide
a useful means to study cellular structures and processes, albeit with lesser quantitative
capabilities for analyzing live cell morphology. Three-dimensional (3D) images of live cells
can be obtained using confocal microscopy — wherein the resultant images are generated
from multiple 2D optical slices measured at different depths within a sample.32-35 Confocal
microscopy, typically, requires incorporation of fluorescent labels in the cells, which
introduces prospects for the aforementioned problems and increases the overall complexity
of the experiment.3® Digital holographic microscopy,!? interference reflection microscopy,3’
and spatial light interference microscopy (SLIM)38 are extremely powerful analytical
methods that provide label-free forms of quantitative spatiotemporal live cell imaging,
producing information on morphology and dynamics of the cell. These optical techniques do
require complex/demanding instrumental setups for enhanced contrast and/or significant
resources for data processing. Atomic force microscopy (AFM) stands as one notable
alternative to optical imaging techniques that can be used to generate topographical maps of
specimens with high resolution in the perpendicular direction.3%-42 While AFM affords
height data at nanometer resolution, it is more limited in its utility for studying live cell
dynamics due in part to long scan times and physical impacts arising from contact of the
AFM tip with the cell surface.*3

The utility of plasmonic imaging as an analytical tool in biology, in that it can be performed
on samples located in a complex environment (i.e. in the liquid cell-culture media), is well
appreciated and a subject treated in some depth in the literature.*4-48 We recently described
a label-free reflection imaging technique using a plasmonic crystal that in principle makes it
possible to quantitatively map the index-convolved thicknesses of complex biological
specimens placed in contact with the crystal surface. We explored this in the earlier work
using dried samples of fixed Aplysia californica pedal neurons.*® This model was chosen
due to its robustness in culture on a variety of surfaces, and for its thorough characterization
in the neuroscience literature.59-°1 This imaging method is label-free and highly sensitive to
changes in refractive index within the near-surface region of the plasmonic crystal. We show
in the present work that nanoimprinted optics of this form can be used as substrates for cell
culture, and allow a simple and quantitative way of imaging live cells, including their
morphological dynamics. There are a number of important biological phenomena that are
expected to yield perturbations within the limiting volume element probed in this
experiment, ones that might be probed given suitable means to separate those responses
from other interfering optical effects (e.g. cell-substrate interactions, mechanical parameters
of cells including rigidity/flexibility, extracellular matrix chemical and physical properties,
etc.).Using measurements made of polyelectrolyte layer-by-layer (LBL) assemblies as a
reference calibration in conjunction with theoretical simulations performed utilizing finite-
difference time-domain (FDTD) methods, a multispectral reflection contrast calibration was
applied to representative reflection images of live Aplysia pedal neurons cultured on the
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surface of a gold-coated plasmonic crystal substrate. The results demonstrate that reflection-
mode imaging can quantitatively map the morphological parameters of peripheral regions of
live cells in a growth-permitting environment. We further show this imaging method can be
utilized to investigate dynamic changes, as illustrated in quantitative analyses made of the
trypsin-mediated detachment of live Aplysia pedal neurons from their supporting substrate.

2. EXPERIMENTAL METHODS

Reagents were used as received without further purification. Commercially available
chemical reagents were purchased from Norland Products, Gelest, and Sigma-Aldrich. A
complete reagent list is given in Supplementary Methods (Supporting Information).

The 3D plasmonic crystals were fabricated using soft nanoimprint lithography technique as
previously reported.® 92-56 To improve cell outgrowth on the plasmonic crystal surface and
prevent water penetration at the interface between the metal film and the photocured
polyurethane (NOA) nanostructures, a ~6 nm thin layer of aluminum oxide (Al,O3) was
deposited via ALD (atomic layer deposition, Cambridge Nanotech). Full details of the 3D
plasmonic crystal fabrication process are given in Supplementary Methods (Supporting
Information).

Polyelectrolyte assemblies were created on the surfaces of both Au-coated plasmonic
crystals and reference Au thin films supported by a silicon wafer using a LBL method. The
thicknesses of polyelectrolyte LBL assemblies on the Au-coated silicon substrate in artificial
sea water were measured using an MFP-3D atomic force microscope (AFM, Asylum
Research, Santa Barbara, CA) and the refractive indices of the polyelectrolyte films under
the same conditions determined using a Woollam VASE spectroscopic ellipsometer with a
home-built liquid cell (shown in Figure S1). Analysis of the AFM data was performed using
Igor Pro (WaveMetrics, wavemetrics.com). The thickness data from the AFM measurement
was used in calculations made to determine the refractive indices of the polyelectrolyte films
based on ellipsometry data. Full details of the polyelectrolyte LBL growth process and AFM
measurements are given in Supplementary Methods (Supporting Information).

Reflection mode images of both the polyelectrolyte films and live cells in culture on the
plasmonic crystal surface were obtained using an AxioScope Al microscope (Carl Zeiss
Microscopy GmbH, Jena, Germany) operated with a halogen light source and a 20X and
0.40 NA objective lens. Grayscale reflection images were processed and analyzed using
Matlab (MathWorks Inc., www.mathworks.com) and ImageJ (National Institutes of Health,
Bethesda, MD). To calibrate the normalized reflection contrast changes as a function of the
thickness of the polyelectrolyte assemblies, a portion of the 16-mercaptohexadecanoic acid
(MHDA)-coated nanohole array (Figure 1a) was covered with a cured NOA film, creating a
region at which the surface refractive index remained unchanged during the polyelectrolyte
film deposition. The reflection images of this plasmonic crystal and coating layer were taken
at every second round of the polyelectrolyte deposition. The normalized reflection contrasts
for the coated regions were calculated using a method reported previously.4° Full details of
the acquisition parameters and calibration procedures are included in the Supplementary
Methods (Supporting Information).
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Aplysia Californica (100-300 g), supplied by the National Resource for Aplysia (Miami,
FL), were kept in circulated, aerated seawater at 14 °C. Prior to dissection, the animals were
anesthetized by injection of isotonic magnesium chloride solution into the body cavity (~30-
50 % of body weight). Individual Aplysia pedal neurons were isolated as described
previously®7: 58 and cultured in artificial sea water overnight. Normal outgrowth of cellular
processes was observed for most of the cultured cells. Cell detachment from the plasmonic
crystal surface was induced by injection of trypsin into the culture media. AFM
measurements of fixed Aplysianeurons on plasmonic crystals were performed. The AFM
data was analyzed with Igor Pro. Full details regarding neuron isolation protocols and cell
culture on the plasmonic crystal, as well as imaging and dissociation protocol are given in
Supplementary Methods (Supporting Information).

Several 3D FDTD simulations were carried out to model the zero-order reflection/
transmission spectra and optical behavior of the plasmonic crystal as a function of thin film
thickness using an FDTD software package (Lumerical Solutions Inc., Vancouver, Canada).
Details regarding the unit cell geometry and models used are given in Supplementary
Methods (Supporting Information).

3. RESULTS AND DISCUSSION

3.1. Plasmonic Crystals and Computational Models

The optical setup of the system used in this work is shown in Figure 1a. Reflection images
of live Aplysianeurons on a plasmonic crystal immersed in liquid media (artificial sea
water) were acquired with a laboratory microscope with specific bandpass filters (500-550
nm, 570-1000 nm, 570-600 nm, or 600-700 nm) inserted in front of a CCD camera, as
described in the Experimental and Supplementary Methods. A series of 3D plasmonic
crystals similar to those used in the earlier study with fixed cells** was employed as a
substrate for live-cell culturing and imaging. The inset of Figure 1a shows an illustration of
the cross section of a full 3D plasmonic crystal consisting of a square array of embossed
nanoholes (540 nm diameter, 280 nm depth, 740 nm pitch) conformally coated with a thin
film of Au. This optical system generates multiple plasmonic features that respond with
varying sensitivities to changes occurring at the metal/dielectric interface, responses that for
this design rule span visible to near-infrared wavelengths®: 52-56 The optical features of the
experimental spectra are well modeled by the FDTD calculations (Figure 1g and Figure S2b)
using the appropriate boundary conditions and geometrical model for the periodic nanohole
array. Figure S2a presents the structural model of the plasmonic crystal used in these
calculations and illustrates the strong agreement it affords between the experimentally
measured and calculated transmission spectra.

3.2. Index Corrected Mass Coverage

The polyelectrolyte LBL assemblies of poly(allylamine hydrochloride) (PAH) and
poly(sodium 4-styrenesulfonate) (PSS) were used as a reference system to calibrate the
reflection contrast changes seen as a function of thin film thickness on the plasmonic crystal.
For further theoretical analysis using FDTD calculations, accurate values for the thickness
and refractive indices of the polyelectrolyte layers in artificial sea water are required. The
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thickness of one layer of PAH/PSS and its refractive index in dry condition were determined
as described in previous studies.49: 55 59 These values are altered in the artificial sea water
environment requiring corrected values calculated using immersed AFM and ellipsometry
data (Figure 1b) as measured on patterned substrates (illustrated in Figure S3) hydrated in
artificial sea water.

Figure S4a shows a comparison of the ellipsometric responses of the polyelectrolyte film
measured before and after removal of the resist layer, demonstrating that the polyelectrolyte
film is not affected by the stripping step. The steep step edge of the polyelectrolyte pattern
(Figure S4b) is easily quantified using AFM measurements. These AFM data reveal that
each PAH/PSS deposition step increases the thickness of the polyelectrolyte assembly by
3.85 £ 0.043 nm when measured in artificial sea water.

Using the AFM thickness data and a Cauchy model, the refractive indices were then
calculated from the spectroscopic ellipsometry data. The analysis yielded a calculated
refractive index at 600 nm of 1.484, in agreement with previous reports.? The thickness
increase due to each PAH/PSS deposition step, as determined by AFM measurement and
ellipsometric analysis, is plotted in Figure 1b. As the volume change of the polyelectrolyte
assemblies in artificial sea water originates from osmotic swelling due to artificial sea water
penetration into the thin film, the refractive index of polyelectrolyte in artificial sea water
can be approximated using the Arago-Biot equation, 7= g1/ + gorn» Where nis the
refractive index of polyelectrolyte assemblies in artificial sea water, /7 is the refractive index
of dried polyelectrolyte assemblies (1.64)%% %9, 1, is the refractive index of artificial sea
water (1.34)%1, o, is the volume fraction of the polyelectrolyte assemblies, and ¢, is the
volume fraction of artificial sea water. According to this relationship, the calculated
refractive index of the polyelectrolyte film is 1.485, which is in good agreement with the
experimentally measured refractive index of polyelectrolyte assemblies in artificial sea water
using spectroscopic ellipsometry.

The plasmonic response of the system is dependent on both the local refractive index and
changes in the thickness of any dielectric material present on the surface of the plasmonic
crystal. A living cell is an unquestionably complex dielectric structure, one comprised of
components with very different refractive indices. For example, the refractive index of even
the relatively uniform component, the cell membrane (1.46-1.53), is higher than that of the
highly structurally complex cytoplasm (1.35-1.38).62: 63 Since the optical properties in this
range differ sufficiently from the polyelectrolyte calibration system, the imaging mode
contrasts must be modified to account for the local refractive indices of the cellular
structures in contact with the substrate. The useful quantitative reflection imaging range of
this technique is limited to a thickness range of approximately 80 nm, due to the exponential
decay of the evanescent electric field associated with plasmon resonances (although other
optical effects can and do contribute to sensitivities at greater distances).4® At least a quarter
of the cellular component is expected to be the cell membrane (for reference, the thickness
of the cell membrane is ~ 10 nm®?: 64). Therefore, using the Arago-Biot approximation, we
estimated an effective refractive index for regions of the cell in contact of 1.42 as a starting
point for the analyses of sensitivity discussed below. A detailed analysis of the limitations
and sensitivity of this system has been provided in previous studies.#?:53:55 The calculations
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that follow aim to optimize and calibrate this system for performing measurements in the
complex optical/fluid environment of a living cell. Finite-difference time-domain (FDTD)
calculations were used to determine the index corrected mass coverage (6) for a biological
material (7~ 1.42) that exhibits the same optical response as the polyelectrolyte assemblies
(n~ 1.48) at different thicknesses. Figure S5 presents the calculated reflection spectra for
plasmonic crystals immersed in artificial sea water and coated with a conformal layer of
either polyelectrolyte or the equivalent index corrected material for live cells. The small
discrepancies between the spectra at higher thicknesses (40 nm polyelectrolyte and 72 nm
index-corrected material) likely originate from the limitations in the grid spacing (4 nm)
used for the structural modeling. The corresponding pairs for FDTD calculated
polyelectrolyte film thicknesses and index corrected mass coverages are presented in Figure
lc.

The cell membrane outer lipid layer is usually separated from the substrate involved in cell
adhesion to the surface by an extracellular matrix, a collection of fibrous proteins and
glycosaminoglycans. These interlayer structures can be reasonably large, as noted in a
previous study, where the distance to the substrate at a peripheral lamellipodia contact was
determined to be 25 + 10 nm.84-86 We used several models evaluating either 0 nm, 12 nm, or
24 nm artificial sea water gaps between the plasmonic crystal substrate and the index
corrected material to assess the effects of the extracellular matrix layer on the outcome of
plasmonic measurements. The calculated reflection spectra presented in Figure S6, show a
negligible effect of a thin artificial sea water gap (~ 24 nm) on plasmonic crystal reflectance.
For this reason, we did not consider the presence of gaps between the cell and substrate for
further quantitative analyses of live cell imaging, noting the important caveat that the
presence of a low index boundary layer may contribute to the composite changes in
dielectric structure evidenced in the data.

3.3. Reflection Imaging Contrast Calibration

Reflection images of polyelectrolyte thin films deposited on the plasmonic crystal substrate
were acquired in artificial sea water using a series of bandpass filters inserted in front of the
camera (Figure 1a). A representative reflection image used for contrast calibration is
presented in Figure 1d. The NOA covered region, where the refractive index is held
constant, provides a means to correct variations in illumination intensity between different
images (as discussed in the S.1.).49

Figure 1e shows the step-edge profile of the normalized reflection contrast at the boundary
(measured along the yellow arrow shown in Figure 1d) and the contrast difference between
the polyelectrolyte and NOA-coated regions. This step-edge profile was fit using a
cumulative Gaussian curve®’ (red line, as presented in Figure 1e) to estimate the lateral
resolution of the plasmonic imaging sensor. The resultant fit (a Gaussian width of 0.84 um)
gives a value that is slightly larger than the resolution limit of the CCD camera (~0.65 um).
As discussed in a previous report#?, any single pixel in the reflection image overlaps part of
one or several nanoholes, given that the pixel size (~0.65 um) and periodicity of the
nanoholes (~0.74 pm) are comparable.
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Using a series of bandpass filters, the relation of the normalized reflection contrast (NRC) to
@ was calculated from the calibration data (Figure 1f). Because of the large number of pixels
(~ 30,000) used in this calculation, the errors bars are smaller than the points used in the
plot. A variety of trends are noticed in these data. The reflection contrast, for example,
increases with @in the wavelength ranges of 570-600 nm and 570-1000 nm, but decreases
and becomes negative at the wavelength ranges of 500-550 nm and 600-700 nm. The
changes in reflection contrast also vary in functional form, varying non-linearly over the
wavelength number range of 600-700 and 570-1000 nm, but linearly over 500-550 and
570-600 nm. These complex behaviors result as a consequence of the multiple plasmonic
modes generated by the nanohole array. To simplify the analysis, a linear approximation for
the normalized reflection contrast was used for both the 500-550 and 570-600 nm
wavelength ranges using specific values for the data shown as given in the Supporting
Information (Supplementary Methods).

The reflection spectra of a plasmonic crystal (Figure 1g) and a flat Au substrate (Figure S7)
in artificial sea water with increasing & were calculated using the FDTD computational
method, simulations that theoretically affirm the optical responses seen experimentally. The
FDTD calculated reflectance of the flat Au surface decreases over the wavelength range of
400-1000 nm as @increases, whereas the reflection spectra of plasmonic crystal under the
same conditions shows a more complex and wavelength-dependent optical response. For
example, wavelengths ranging between 600-740 nm exhibit a decrease in reflectance with
thicker 6 while the opposite trend was observed in the 770-800 nm range. These trends
support the experimentally observed, wavelength-dependent, contrast inversion of the
reflection images shown in Figure 1f. Using the FDTD calculations, we also estimated the z
(surface-normal) dependence of the sensing volume of the plasmonic optics system. The
results presented in Figure 1g show that the quantitatively measurable range for thin films
supported on the plasmonic crystal lies in the region extending to ~80 nm from the surface.

3.4. Reflection Imaging of Live Aplysia Pedal Ganglion Neurons Cultured on Plasmonic

Crystals

To explore the quantitative analytical capabilities of plasmonic crystal-based live-cell
imaging, isolated Aplysia pedal ganglion neurons were cultured on the surface of a device
immersed in artificial sea water and examined using an optical microscope. Figures 2a and
2b show reflection images taken in the outgrowth region of a representative live Aplysia
neuron, as acquired using different bandpass filters (full images are shown in Figure S8).
The image shown in Figure 2a was collected using a 500-550 nm bandpass filter, and that in
Figure 2b using a 570-600 nm bandpass filter. The peripheral regions of the live neurons
appear darker than the surrounding area in the 500-550 nm image (Figure 2a) while those in
the 570-600 nm image (Figure 2b) appear brighter. The contrast inversion seen here can be
used to develop a more quantitative analysis of features appearing in the outgrowth region
using appropriate reference data (Figure 1f) as is discussed in the sections below.

Although Aplysia neurons have many structural features that range in thickness from tens of
nanometers to tens of microns, only the peripheral area is targeted for quantitative imaging
using this SPR-based technique, given the 80 nm limit to the plasmonic sensitivity (while
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many optical effects are seen throughout these images, our current analytical models do not
allow their assessment in more rigorous form). Therefore, we focus here only on thin
features with dimensions within the 80 nm limit using a linear regression of optical response
as a function of 6 observed in the 500-550 nm and 570-600 nm wavelength ranges as a
basis for analysis.

The linear contrast calibration data presented in Figure 1f was applied to the reflection
images shown in Figures 2a and 2b to analyze the thickness of subregions of live Aplysia
pedal neurons. The normalized reflection contrast was calculated by mathematically
dividing each pixel in the cell image by the average pixel value of the reference area, as
described in the Supplementary methods section. The reference area was selected to be
adjacent to the cell, but where cell features were absent. Even though the “empty” reference
regions in the image lacked cell features, they do present a thin film of poly-L-lysine, which
was applied to the surface prior to cell culture to improve the biocompatibility of the
plasmonic crystal and help neuronal cells attach and grow on the surface of the substrate.
The contributions of this uniform layer on the reflection contrast can be neglected during
normalization for this reason. Figures 2c and 2d show the resultant thickness-transformed
cell images using the 500-550 nm and 570-600 nm bandpass filters, respectively. In the
latter images, the calculated thicknesses of cellular features were restricted to a range of 0 —
80 nm due to the limitation of sensing volume of SPR-based imaging. Pixels with values
corresponding to cell thicknesses outside of this range were truncated and assigned to
minimum and maximum contrast values. The cell body was not analyzed due to its overall
thickness exceeding that of the plasmonic sensing volume and contrast changes as are seen
result as a convolution of various optical phenomena (such as light absorption, reflection,
and scattering by cellular structures, interference effects, as well as SPR). In their total, these
effects cause the thicker regions of the soma to appear dark in both of the images shown in
Figures 2a and 2b. The thinner outgrowths (terminals) and growth cones do show contrast
sensitivities whose form depends on the wavelength ranges used to collect the image. From
the thickness-transformed images obtained using both wavelength regions (Figures 2c and
2d), the thickness of thin features of live Ap/ysia pedal neurons can be roughly identified;
the thickness of thin regions near the cell body is ~10-20 nm and that of string-like
processes is ~60 nm or more.

The self-consistency of measured thicknesses determined using different bandpass filters
(Figures 2c and 2d) illustrates the inter-reliability of this thickness evaluating protocol.
Figures 2e and 2f show almost identical thickness profiles along the white arrows on the cell
images in Figure 2c (using a 500-550 nm bandpass filter) and Figure 2d (using a 570-600
nm bandpass filter). The thickness values of the filament features located along the white
arrows are in good agreement (Figures 2e and f): thickness of ~70 nm, ~60 nm, and ~30 nm
at X ~8 um, ~16 pm, and ~20 pum, respectively. The correspondence of the thickness data
becomes poorer with very small features: for example, the small feature seen at X ~ 13 um
in the 500-550 nm image (Figure 2¢), but not in the 570-600 nm image (Figure 2f). The
discrepancies in those two images likely originate from the relatively coarse linear
regressions used in the reference contrast calculations. We note that, as shown in previous
work#9, a combination of multispectral reflection images can be used to increase the
sensitivity for measurements made of small features.
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Atomic force microscopy (AFM) was used to evaluate the reliability of the SPR-based
method for quantifying the thickness of small features present in the live neuronal cultures.
We found, however, that it was difficult to measure the heights of specific parts of live
Aplysia pedal neurons without damaging the cell without fixation. For this reason, the
neuronal cells were fixed on the plasmonic crystals for AFM scanning after the SPR imaging
experiments. The height of features in a fixed cell should be reduced compared to that in a
live cell due to dehydration (about 70% of the cell volume is composed of water) and
changes in neuronal cytoskeleton. This suggests that fixation should lead to a ~33% decrease
in cell height. The FFT filtered (to remove the periodic modulation of the substrate) AFM
image of the fixed neuronal cell measured in the region along the white arrow in the live-cell
reflection images (Figures 2¢ and 2d) is presented in Figure 2g. The measured height profile
of the fixed cell along the white arrow in the AFM image (Figure 2g) is shown in Figure 2h;
the height profile estimated from these data for a live cell (adjusted for water loss, Figure 2h)
reveals good agreement with height profiles calculated from the reflection images presented
in Figures 2e and 2f. These findings are in good agreement with our previously reported
results on fixed-cell imaging.4°

3.5. Plasmonic Imaging Analysis of the Effect of Trypsin Treatment on Cell Position

Trypsin, a serine protease with high specificity for cleavage of peptide chains at the
carboxyl- sides of lysine and arginine residues, is widely used to detach adherent cells from
supporting substrate surfaces (Figure $9).68-70 Here we examined the process of cell
detachment as a model for testing the quantitative capabilities of this analytical platform for
characterizing dynamic transformations of live cells.

Figure S10 shows the changes in the reflection contrasts that result due to the
supplementation of the culturing media with trypsin. We utilized the 570-600 nm bandpass
filter to collect these data because of the benefits for sensitivity of detection that result from
its steep and linear response. Key features of the acquired temporal data, analyzed as mass
coverage transformed images, are presented in Figure 3. Surprisingly, distinguishable
changes in @are not observed during the first ~30 min following the addition of trypsin to
the culture media, indicating a large number of molecules involved in the cell attachment to
the surface and/or restricted access of the enzyme molecules to these molecular anchors
and/or rigidity of the cell structure which changes only at some areas after detachment.
Progressive changes in the reflection contrasts are noted only after a 30 min incubation. For
example, an outgrowth filament readily distinguishable in the #= 0 min image (labeled ‘i’ in
Figures 3a and 3b) is not observed in images acquired 50 min after applying trypsin. This
exemplifies changes seen in the contrast profiles of many other outgrowth filaments (e.g.
labeled “ii” and “iii” in Figures 3a and 3b), where changes from white-yellow to yellow-red
denote changes in index as might result due to a progressive form of cell detachment in these
regions.

We find that the effects of the dynamic environment on the measured contrast changes
(which reflect essentially near surface contact regions of the cell-plasmonic crystal interface)
are generally small as compared to those induced by the trypsin treatment, as seen in an
exemplary comparison of reflection live-cell images of an outgrowth region obtained 10 min
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before (#=—10 min, Fig. 3c, inset) and right at the point of trypsin application (¢= 0 min,
Fig. 3c, inset). After the addition of trypsin, changes progressively increasing in intensity are
observed, ones denoting the likely increase in the thickness of artificial sea water layer
separating the cell membrane and the substrate surface (£= 50 min, Figure 3c, inset). This
analysis can be extended to a full image format, following temporal changes on a pixel-by-
pixel basis. Figure S11 shows the results of this analysis in terms of distributions measured
across different ranges of index-corrected mass coverage in time-lapse live-cell images.
These data demonstrate that the number of pixels in the full frame image having higher
index corrected mass coverage values (6 = 40-80) decreases markedly after the trypsin
addition, while those with lower values (8= 0-20) increase in number with time. Figure 3d
shows the time-lapse profile of two representative index corrected mass coverage categories
(6=0-20 and 6= 20-40) that illustrate the inversion of this trend of decrease in reflection
contrast as the apparent artificial sea water content present at the cell/plasmonic crystal
interface increases. The pixel percentage corresponding to the lower index corrected mass
coverage range (6= 0-20) increases with time after trypsin application, whereas that
corresponding to 6= 20-40 decreases. Comparisons made between two exemplary mass-
coverage transformed images of a live Aplysia pedal neuron (=0 min, Figure 3c, inset; =
50 min, Figure 3c, inset) show the expected trends in reflection contrast. Figure 3e shows the
quantitative changes in mass coverage profiles measured in a specific line scan along the
white arrows in the cell images due to trypsinization (Figure 3c, insets). The smaller 6
profile values obtained from the #= 50 min reflection image validate the progressive increase
in thickness of a low index (presumably artificial sea water) material layer between the cell
and the plasmonic crystal, suggesting that cell detachment can be monitored in real time
using 2D reflection images of this type.

Additional FDTD calculations were performed to quantitatively investigate the nature of the
low index layer formed between the cell and the plasmonic crystal during cell detachment.
In Figure 3e, the &value of the outgrowth filament (indicated with a red asterisk) is reduced
from ~70 to ~40 as a result of trypsin treatment for 50 min. This suggests a limiting
thickness for an artificial sea water layer present at this interface. It is known that average
cell-substrate distances at the peripheral region of the growth cone are of the order of 10-30
nm, with the cell membrane of other regions of the cell separated from the substrate by 100—
150 nm.5” The FDTD simulations (Figure 3f and Figure S12a) suggest an interphase having
a gap of artificial sea water as large as 160 nm between itself and the initial 72 nm of index
corrected contacting process material has formed in this region after 50 minutes (i.e. a 160
nm artificial sea water gap + a 72 @ process contact yields a contrast matching the
experimentally measured 40 & value). We caution that these compositional attributes should
not be construed as being stiffly determined by these analyses, rather that they illustrate a
likely general trend of artificial sea water layer thickness chance during the detachment of
the cell process from the surface. While promising, additional work is needed to firmly
establish the quantitative attributes of the imaging as an analytical technique through which
to explore cell-substrate dynamics.
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CONCLUSIONS

We describe a plasmonic imaging technique that is capable of quantitatively characterizing
different attributes of the morphologies and dynamics of live cells and cell-substrate
contacts, using it to investigate cultured pedal ganglion neurons of Aplysia californica.
Polyelectrolyte films deposited via layer-by-layer assembly provide a reference system to
quantitatively evaluate the reflection contrast changes evidence as a function of the thickness
of a contacting thin film layer. FDTD simulations extend these calibrations to support
imaging-mode analyses of biological specimens, explored explicitly in this work in
quantitative analyses made of thin outgrowth regions of live cells and the supporting
interactions occurring between them and their substrate. Trypsin-mediated cell detachment
was further visualized and quantified using label-free plasmonic reflection imaging without
negatively affecting cell viability. The data suggest that reflection imaging techniques of this
type represent a potentially useful analytical method for studying the morphologies and
dynamics of live ultrathin biological structures at interfaces, providing a reliable, user-
friendly, fast, and cost-effective alternative to other live imaging techniques with similar
quantitative capabilities.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(a) Schematic illustration of the plasmonic reflection imaging system setup with a laboratory
microscope, bandpass filters, CCD camera, and a full 3D plasmonic crystal. (Inset) A close-
up illustration of the cross-section of the full 3D plasmonic crystal. (b) Thickness values of
polyelectrolyte assemblies measured at increasing numbers of polyelectrolyte layer (PEL)
depositions using AFM and ellipsometry. (c) Corresponding pairs of thicknesses of
polyelectrolyte films (n7=1.48) and index corrected mass coverages (6) of live cells (n=
1.42). (d) Reflection image (using a 500-550 nm bandpass filter) of a polyelectrolyte layer-
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by-layer assembly (PEL) and photocured polyurethane film (NOA) on a plasmonic crystal
used for reflection contrast calibration. Average pixel signal intensities were calculated in
the regions marked with the blue (NOA region) and red box (PEL region), and used for
reflection contrast calibration. The scale bar corresponds to 100 pm. (e) Step-edge profile of
normalized reflection contrast (blue circles) along the yellow arrow in (d) and fitted red
curve with a Gaussian width of 0.84 pm. (f) Normalized reflection contrast (NRC) as a
function of index corrected thickness (6) determined using different bandpass filters: 500—
550 nm (black squares), 570-1000 nm (red circles), 570-600 nm (blue triangles), and 600—
700 nm (pink inverted triangles). The error bars are obscured by the data markers themselves
as a result of the large number of pixels (more than 30,000) used to determine the value. (g)
FDTD calculated reflection spectra for varying thickness of index corrected material on a
nanostructured plasmonic crystal.
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(a, b) Reflection images of a live Aplysianeuron cultured on a plasmonic crystal surface
acquired using (a) 500-550 nm bandpass filter and (b) 570-600 nm bandpass filter. (c, d)
Mass coverage transformed images generated by applying normalized reflection contrast
calibrations to images of a live Aplysia neuron cultured on a plasmonic crystal acquired
using (c) 500-550 nm bandpass filter and (d) 570-600 nm bandpass filter. The z-scale for
the image is restricted to the plasmonic sensing volume (0-80 nm). (e, f) Height profiles
(along the white arrow) of the quantitative reflection image acquired using (e) 500-550 nm
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bandpass filter and (f) 570-600 nm bandpass filter. (g) AFM image of a fixed Aplysia
neuron after FFT filtering to remove plasmonic nanostructure contribution. The imaged
neuronal cell is identical with the one presented in Figure 2a—d. (h) AFM height profile
(fixed cell) along the white arrow drawn on Figure 2g and estimated thickness of the live cell
by consideration of volume changes resulting from water loss during sample fixation and
drying. The scale bars in (a—d) correspond to 100 um. Thick arrow marks cell body. Star is
placed on representative examined thin region near the cell body.
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(a, b) Mass coverage transformed images of the live cultured Aplysia neuron acquired for
time-lapse analysis of trypsin-induced cell detachment at t=0 (a) and t=50 min (b) after
trypsin addition. Dotted-line boxes mark outgrowth filaments with distinguishable changes
in contrast profiles over time. The scale bars correspond to 100 um. (c) Mass coverage
transformed images of a live Ap/ysianeuron acquired 10 min before the addition of trypsin.
Insets: neuron extensions of focus during the time-lapse detachment analysis 10 min before
trypsin addition, at the time of trypsin addition, and 50 min after the trypsin addition. Scale
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bar: 100 um. (d) Pixel percentage distributions across two representative ranges of 6 values
of mass coverage transformed images of the live Aplysia neuron acquired during time-lapse
analysis of cell detachment induced by trypsinization, showing an inversion in the trend of
pixel percentage change with time. (€) Line profiles of index corrected mass coverage along
the white arrows in Figure 3a at t= =10 min (black line), t= 0 min (blue line), and t=60 min
(red line). (f) Comparison between three FDTD simulated reflection spectra acquired in the
570-600 nm range: plasmonic crystals covered with 72 of index corrected mass coverage
(black line), 160 nm artificial sea water (ASW) gap between plasmonic crystal and 72 of
index corrected mass coverage (blue line), and 40 of index corrected mass coverage, within
the optimal 570-600 nm range (red line).
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