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ABSTRACT: Water absorption of mid-infrared (MIR) radiation severely
limits the options for vibrational spectroscopy of the analytes—including live
biological cells—that must be probed in aqueous environments. While internal
reflection elements, such as attenuated total reflection prisms and
metasurfaces, partially overcome this limitation, such devices have their
own limitations: ATR prisms are difficult to integrate with multiwell cell
culture workflows, while metasurfaces suffer from a limited spectral range and
small penetration depth into analytes. In this work, we introduce an
alternative live cell biosensing platform based on metallic nanogratings
fabricated on top of elevated dielectric pillars. For the MIR wavelengths that
are significantly longer than the grating period, reflection-based spectroscopy
enables broadband sensing of the analytes inside the trenches separating the
dielectric pillars. Because the depth of the analyte twice-traversed by the MIR
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light excludes the highly absorbing thick water layer above the grating, we refer to the technique as inverted transflection
spectroscopy (ITS). The analytic power of ITS is established by measuring a wide range of protein concentrations in solution, with
the limit of detection in the single-digit mg mL~". The ability of ITS to interrogate live cells that naturally wrap themselves around

the grating is used to characterize their adhesion kinetic.
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All-optical label-free sensors have revolutionized the field of
analytic life sciences, enabling the detection and quantification
of biological objects, such as, proteins, DNA, and live cells.
These biosensors have led to significant advances in drug
discovery and clinical diagnostics. Mid-infrared (MIR) spec-
troscopy has emerged as a popular tool for biosensing because
of its unique ability to resolve characteristic vibrational
fingerprints of the constituent biological molecules. It has
already gained significant attention due to its noninvasive,
label-free, and rapid detection capabilities. For example,
Fourier-Transform Infrared (FTIR) spectroscopy has been
used in the past to characterize proteins and polypeptides.' ™

MIR spectroscopy has also shown great potential in cellular
studies. For example, MIR spectroscopy-based cytology, based
on the quantification of vibrational fingerprints of cellular
molecular constituents (e.g., proteins, lipids, carbohydrates,
and nucleic acids), provides an excellent tool for rapid
differentiation between different cell types’™’ as well as the
detection of cellular responses (e.g., apoptosis under cytotoxic
conditions) under various influences (e.g, environmental
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analyzing biological material in aqueous solution, e.g, in
patient-derived biofluids,”'* as well as the FTIR spectroscopy
of live cells in their natural environment. The leading issue is
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the strong attenuation of mid-IR light in water, which limits
the sensitivity of the spectroscopic technique. Because of the
water-specific absorption due to the OH bending vibrational
band around @y_o_y ~ 1650 cm™', this issue is particularly
severe in the biologically important spectral range 1600 cm™'<
@ < 1700 cm™" associated with Amide I protein vibrations.
Measurements using thin microfluidic devices'"'* and
attenuated total reflection-FTIR (ATR-ETIR)"*™'® have been
reported. However, the use of shallow transmission cells (as
thin as 6—8 ym) can impose mechanical stress on cells. Water
absorption similarly affects another popular approach to
collecting the spectra in reflection: the so-called transflection-
mode spectroscopy,’” ' where MIR light passes through the
analyte and reflects off a substrate coated with an infrared-
reflective layer. Using a high-index prism (e.g, diamond) to
measure attenuated total reflection (ATR) of MIR light
circumvents water absorptionl’”’lg‘22 and represents a
promising approach for broadband spectroscopy. However,
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diamond ATR can be costly for single-use applications and
cannot be easily adapted for high-throughput microwell-based
assays”’ that are necessary whenever the number of available
cells is limited”* (e.g, when usin§ primary cells). Less
expensive microgrooved Si ATR*® elements could be
potentially integrated with standard microwell arrays, but
their utility for multispectral imaging applications is limited”’
and their submicron penetration depth into a cell'® can be a
drawback whenever cell spectroscopy beyond the plasma
membrane and the cytoskeleton is required.

Recently, our group has developed metasurface-enhanced
infrared spectroscopy (MEIRS) and used it in a variety of life
science applications, including sensing single protein Iayers,4
distin§uishing between and capturing of different cell
types,”*” and, more recently, measuring the MIR spectra of
live cells in real time.’*”** Metasurfaces, made up of arrays of
metallic nanoantennas, rely on plasmonic resonances to
enhance and localize the optical field around the nanophotonic
structures. The coupling of molecular absorption to the
plasmonic resonances enables characteristic molecular vibra-
tions to be manifested in the reflected light. By integrating
metasurfaces with a traditional FTIR system, our group
demonstrated the use of MEIRS as a cellular assay technique
to study cell adhesion and detachment, responses of live cells
to chemotherapeutics,32 as well as cholesterol depletion from
cellular membrane.”® One drawback of any resonant metasur-
face is its spectral selectivity; the relatively narrow bandwidth
of the resonance can be insufficient for covering the entire
fingerprint spectral range. While multiresonant metasurfaces
with broad spectral coverage have also been used for
biosensing applications,”” such multiresonant metasurfaces
still rely on their evanescent fields that cannot penetrate deep
into the analyte. While this is not a problem for analytes
distributed uniformly across the metasurface, highly heteroge-
neous samples (e.g, cells) require deeper penetration for
sensing those organelles that are not in the immediate
proximity (i.e., within about 100 nm*®) of the metasurface.

In this work, we propose an alternative concept for a
broadband optical device based on nonresonant plasmonic
nanostructures (see Figure la) that enables measuring MIR
spectra of cells and biomolecules in solution. Unlike the
MEIRS approach, which is based on resonant metasurfaces, the
approach described below does not rely on the localized
resonance of plasmonic nanostructures and thus has a much
broader spectral sensing range. We refer to the proposed
technique as inverted transflection spectroscopy (ITS) because
of its similarity to traditional transflection-mode'”~*" measure-
ments, as explained below.

B THEORETICAL BACKGROUND

ITS measurement is based on the device schematically shown
in Figure la, comprising an array of gold strips atop silica
pillars grown on an IR-transparent substrate. The device
functions similarly to a wire grid polarizer under normal
incidence, where light with an electric field polarized parallel to
the gratings is reflected (with minimal transmission) when the
grating periodicity p is much smaller than the incident
wavelength A = 27¢/w of light in vacuum. Analytic expressions
for the reflection coefficients Rﬁgr)(a)) and RE)(w) (with
incident light polarized parallel and perpendicular to the
grating direction, respectively) from a conducting plane with
slits are given as follows™*
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Figure 1. (a) Schematic drawing of the inverted transflection
spectroscopy (ITS) device. MIR light polarized along the grating
direction and incident from the substrate side reflects from the grating
and passes twice through shaded region. (b) SEM images of a
fabricated sample. Parameters of the elevated nanograting: w = 200
nm, p = 135 um, d = 830 nm. (Left) top view, scale bar: 2 ym;
(Right) same sample viewed at a 35° angle. Scale bar: 1 yum.

R( = 1
1+ kzpzlogz[sin(z—:)]/712

kzpzlogz[cos(%)]/ﬂ'2

1+ kzpzlogz[cos(%)}/ﬂ2

Rj(_gr) —

(1)

where k = 27n.4/4 is the wavenumber of the incident wave in
the embedding medium with a refractive index n. and w is the
width of each conducting strip. Geometric parameters of the
elevated nanograting are defined in the left panel of Figure la.

It follows from eq 1 that in the long-wavelength limit
(defined as kp < 1), R ~ 1 and R{¥)~ 0. The regions of the
trenches separating the nanopillars with height d are twice-
traversed by the ||-polarized component of the incident light.
Therefore, the total measured reflectance Ry(@) accounts for
the light absorption inside the analyte layer, whose effective
volume is controlled by the geometry of the elevated
nanograting.

In contrast to conventional transflection-mode measure-
ments, where the incident light beam traverses the entire
analyte (ie. incident from the top in Figure 1la), the
measurement mode considered here corresponds to the light
beam incident from the inverted direction, hence, the ITS
designation. On the other hand, the L-polarized component of
the incident beam propagates past the elevated nanograting
without reflections and is subsequently absorbed by water.

Therefore, by limiting the sampled region to a small but
finite depth d, the inverted geometry enables a transflection-
mode measurement that would be impossible to carry out from
the opposite direction because of the strong water absorption
of MIR light.

Crucially, any analyte contained within the trenches—up to
the distance d above the substrate—can be analyzed through
ITS by measuring the reflectance R“(a)) , which is a function of
Rﬁg‘)(a}) and absorbance of the analyte. Consequently, the total
measured reflectance Rj(w) depends on (a) the properties of
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Figure 2. Simulations of ITS for pure water as analyte. (a) Analytic grating reflectance (Rﬁgi)) and simulated total (R; | ) reflectance from the water-
filled ITS device. Light is normally incident through the CaF, substrate with two polarizations: || or L to the grating. (b) Normalized field intensity
for ||- polarized light with A = S um. (c) Field intensity along the dotted line marked in (b). Cross section planes g (top of grating), r (silica/analyte
interface: z = 0), and s are marked in (b,c). (d) ITS spectra for 3 pillar heights: d = 200, 1000, and 2000 nm; with the grayed-out region marking
the silica absorbance bands. (e) Variation of water absorbance at wy_o_y ~ 1650 cm ™', as seen from the ITS spectra, for pillar heights 200 nm < d
< 2000 nm. Blue, red, and yellow curves: p = 0.675 ym, p = 1.0 um, and p = 1.35 pm periodicities [corresponding to (a—c)], respectively. Inset in
(e): same as in (b), but d = 2 ym. Grating width w = 200 nm for all panels, grating period p = 0.675 pm for (a—d), grating height d = 830 nm for

(a—c).

the analyte and (b) the optical path length I &~ 2d through the
sampled layer (which includes the silica pillars and the analyte)
controlled by the height d of the silica pillars. In particular,
attenuation of the MIR light in water can be limited to a few
micrometers by keeping the pillar height small, making the
proposed structure a useful device for measuring aqueous
samples as well as live cells in culture medium.

Example: Water-Filled ITS Device. To illustrate the
workings of the ITS approach, we begin by examining the
simplest case of pure water as an analyte. Analytic calculations
(see eq 1) of Rﬁgi)(a)) and numerical simulations (using
COMSOL Multiphysics commercial software package) of
Rﬁ%i)(a)) were carried out for the following parameters of the
elevated grating: p = 675 nm, w = 200 nm, and the grating
height d = 830 nm. For the analytic calculations (solid lines in
Figure 2a), we chose n.4 = 1.3 as the frequency-independent
average refractive index of water and silica. On the other hand,
frequency-dependent tabulated refractive indexes of water and
silica are used for the COMSOL simulations exhibited as
dashed lines in Figure 2a. The considered spectral range of
1350 ecm™' < @ < 3000 cm™' contains several important
biological MIR fingerprints. Specifically, the CH,/CHj;
stretchin% modes in the 2800—3000 cm ™' region are attributed
to lipids,”* amide features in the 1500—1700 cm™" region are
attributed to a combination of C=O stretching, N—H
bending, and C—N stretching in the amide backbone of
proteins,36 and several smaller features are attributed to
phosphates (~1240 cm™'; not examined here) and carbohy-
drates (1000—1500 cm™').*” For the L-polarized incident
light, we observe that R;(w) =~ 0 for all frequencies, as
expected because R,®(w) ~ 0. For the ||-polarized light,
Ry(w) = R“(g‘)(a)) for most frequencies, except for the spectral
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region in the vicinity of @ ~ @y_o_y, where water is strongly
absorbing. Deviations of R, from R”(gr) are attributed to
transflection-mode absorbance A(w): the ||-polarized MIR
light travels through the silica pillar/analyte layer, reflects from
gold, and travels back through the silica pillar/analyte layer for
a second time, before being collected at the detector.
Interpreting the resulting transflection spectra R(®)
requires considering several effects specific to ITS. First,
because the analyte is in the form of a thin film (d < 1), there is
an electric field standing wave (EFSW)**~* formed within the
analyte layer. This EFSW effect causes the absorbance to
change nonlinearly with respect to the sample thickness.
Therefore, the Beer—Lambert law, which predicts a linear
relationship between absorbance and the analyte depth d, no
longer holds because the grating structure produces a complex
wave intensity pattern inside the analyte/silica pillar layer. The
resultant intensity distribution produced by the interference
between the incident and reflected waves from the grating is
shown in Figure 2b,c, with Figure 2¢ showing the electric field
intensity variation along the dotted line at the edge of the unit
cell. The electric field intensity above the grating remains
relatively constant and low due to minimal transmission,
whereas below the grating it exhibits an interference pattern.
To gain a comprehensive understanding of the height
dependence of the absorbance, we simulated the dependence
of the reflectance and absorbance spectra on the pillar height d
using water as a model analyte inside the ITS device. Figure 2d
illustrates the typical reflectance spectra for the devices with
three different pillar heights, d = 200, 1000, and 2000 nm. The
water absorption line at wy_g_y is prominent in the
reflectance spectra. The corresponding reflectance dip
increases in intensity as the silica pillar height increases, and
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Figure 3. Experimentally measured bovine serum albumin (BSA) spectra were obtained using ITS. (a) Reflectance spectra measured from the
nanograting with water and 103 mg/mL BSA solution. (b) Absorbance spectra of BSA in water with concentrations 42, 103, and 164 mg/mL
showing several protein-related vibrational peaks. (c) Variation of the integrated peak intensity of the Amide II peak with BSA solution
concentration. Nanograting parameters (see Figure 1a for geometry definitions): p = 0.675 ym, d = 830 nm, and w = 200 nm.

consequently, the sampled analyte thickness is increased. The
dependence of the dip magnitude is plotted in Figure 2e as a
function of d. The sin*(z) dependence of the field intensity
resulting from the standing wave pattern gives rise to a
nonlinear dependence of the absorbance intensity with the
pillar height, as observed in Figure 2e.

Dependence of reflectance and absorbance on device period
was also studied (details in Section S3). In short, we observed
almost a constant reflectance over the operating range for
device periodicity of p = 0.675 um (as in Figure 2a).

However, for increasing periodicities, we observe a sharp
drop in reflectance, moving from longer to shorter wave-
lengths, as is also observed in the experimental measurements
shown later. Absorbance scales with period, similar to what is
observed in cellular measurements later, due to an increase in
analyte volume being sensed.

Taken together, these findings reinforce our interpretation of
the reflectance spectrum of unpolarized light, R(w) ~ R;/2, as
the inverse transflectance. In the rest of this work, we
experimentally investigate how the inverse transflection
absorbance spectra A(w) = —loglO(Rs/Rbg) (referred to as
absorbance for brevity) can be used for sensing more complex
analytes: proteins and live cells in aqueous environment. Here
Ry(@) and Ry, (@) are the ITS measurements from the analyte-
filled (sample) and water-filled (background) structures,
respectively. The terms reflectance and transflectance will be
used interchangeably in what follows because the former refers
to the experimental technique while the latter refers to the
physical interpretation of the results.

An important factor limiting the available spectral range of
the present implementation of the ITS device to @ > 1400
cm™! is the presence of silica lattice vibration modes*' in the
1000 cm™" < @ < 1350 cm™' range gray-shaded in Figure 2d.
These reflectance dips are caused by the silica dielectric pillars
underneath the gold gratings as well as a thin layer of silica
(~200 nm) on the CaF, substrate. The reduced raw (un-
normalized) transflectance signal in the silica absorption band
makes it essentially unusable for quantifying analyte-related
spectral features. Therefore, in the rest of the article, this
spectral region is excluded from all spectra.

B RESULTS AND DISCUSSION

The proposed device was fabricated through plasma-enhanced
chemical vapor deposition, electron beam lithography, electron
beam evaporation of metals, and reactive ion etching (see the
Materials and Methods Section in the Supporting Informa-
tion). The samples used in this work comprise thin gold
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gratings with a width of w = 200 nm atop silica pillars with a
height of d ~ 830 nm, separated from each other by trenches
with a width of t = p — w; see Figure 1b for a SEM image of a
typical ITS device. Samples with three grating periodicities (p
= 0.675 pum, 1 uym, and 1.35 pm) were used.

ITS of Protein Solutions. The ITS measurements of
aqueous solutions of bovine serum albumin (BSA) of various
concentrations were carried out, with the liquid samples
completely filling the trench spaces as well as the space above
the gratings. Using unpolarized MIR light incident from the
CaF, side, we carried out the ITS measurements using a device
with p = 1.0 um. The transflectance spectra for the background
(water only; blue line) and the 103 mg/mL BSA/water sample
(red line) are plotted in Figure 3a, with the corresponding
calculated absorbance shown in Figure 3b as an orange line.
The signature MIR spectral peaks of BSA*™** are clearly
visible, including the strongest amide I (w,; ~ 1650 cm™)
and amide 1T (w,p; ~ 1548 cm™) bands, as well as several
weaker ones (C=O0 stretch in COO around 1,395™" and CH,
scissoring around 1455 cm™'). Absorbance spectra for lower
(42 mg/mL) and higher (164 mg/mL) BSA concentrations
are shown in Figure 3b for comparison. The plot of the amide
II peak integrated intensity shown in Figure 3¢ exhibits a linear
dependence on the BSA concentration in accordance with the
Beer—Lambert Law. The results of our measurements using
ITS devices filled with BSA water solutions demonstrate their
utility for MIR spectroscopy of complex liquid analytes, with
the measurement setup reminiscent of ATR-FTIR spectrosco-
py. Figure S1 compares spectra from a 103 mg/mL BSA/water
sample obtained using the ITS device and ATR-FTIR. The
nanograting device at 830 nm height is approximately 3.5 times
less sensitive than the commercial ATR-FTIR used. However,
increasing groove depth to around 2 pm should enhance the
sensitivity about 3 times (as can be inferred from the blue
curve in Figure 2e), aligning it with ATR-FTIR levels. When
using nanogratings with higher periodicities p, the sensitivity
can be further increased as evident from the red and yellow
curves in Figure 2e. The obtained single-digit mg mL™' LOD
(see section S4) is comparable to that obtained using
microstructured Si ATR.*

ITS of Live Cells: General Considerations. Next, we
demonstrate that ITS nanogratings can be applied to the MIR
spectroscopy of live cells. Compared with those for an aqueous
solution of proteins, IR spectra of cells are more complex to
measure and interpret because of the heterogeneous
distribution of different biomolecules within each cell as well
as their fairly complex (and frequently poorly understood)
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Figure 4. IR spectroscopy of live cells using the ITS device. (a) Schematic of the measurement setup used for cell characterization. (b) Inverted
transflectance and (c) corresponding absorbance spectra of A431 cells grown on elevated gratings with 3 grating periodicities (blue: p = 0.675 um,
red: p = 1.0 um, yellow: d = 1.35 um; d = 830 nm height for all three) and flat substrate (dotted purple: p = 0.675 ym). (d,e) Zoomed-in
absorbance spectra corresponding to the spectral regions gray-shaded in (c) attributed to (d) proteins (amide I and II) and (e) lipids (CH,/CH,),
respectively. Dashed purple line: metallic gratings with the period p = 0.675 pm and height d ~ 75.0 nm are atop the flat silica substrate (no silica
pillars). (f) SEM image of fixed-and-dried cells grown on the nanograting (p = 0.67S ym). Scale bar: 2 um.

morphology. For example, it is not clear a priori whether a cell
can be sufficiently deformed to penetrate into the trenches
between the silica pillars. As Figure 2b illustrates, the very
success of the nanograting-based ITS depends on such
deformations because they ensure sufficient overlap with the
MIR optical field inside the trenches.

Cellular interactions with nanotopographies have recently
received considerable attention because of the potential effects
of three-dimensional (3D) nanostructures on cell adhesion and
morphology,*®*” penetration of cell membrane for cargo
delivery,*® electroporation of the cellular membrane,”*° as
well as modulation of cell membrane curvatures.” "

Crucially, it has been recently reported that, with the
appropriate width and periodicity of the nanostructures, many
mammalian cell types can deform and tightly wrap around the
vertical structures by closely following the nanotopography of
the surface.”’ " The process driving the bending of the cell
plasma membrane around such raised nanostructures is
clathrin-mediated endocytosis (CME)—the same process by
which cells regulate distribution of membrane proteins and
entry of extra-cellular species and is one of the primary modes
of endocytosis consistently active in all mammalian cells.”>™>’
Moreover, critical cell functions, such as adhesion and
membrane integrity, have been shown not to be impaired by
the tight wrapping of the cellular membrane around 3D
nanostructures.”® In particular, interaction of adherent cells
with micrometer- and nanometer-scale grooves and ridges—
similar to the ones depicted in Figure 1 but without metallic
strips on top—has been studied even earlier for a variety of cell
lines.”” %> The major effect reported for the growth of most
cells on such substrates is “contact guidance”—where the cells
tend to align and grow along the direction of the grooves, often
with the organization of actin filaments and focal adhesions
along the same direction.’”**** Although most cell types
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exhibit this alignment, certain cells like keratinocytes or
neutrophils show no such morphological behavior.*®

Nanostructured substrates have long been recognized as
distinct cell culture dishes—and have been recently described
as “biological metamaterials”**—because of the effect of the
topography on cellular attachment, division, and prolifer-
ation.®” High-aspect silicon-based nanopillars have also been
used for enhancing the capture rate of rare cells owing to the
local topographic interactions between the nanostructured
substrates and nanoscale components of the cellular sur-
face.”**” The established fact of numerous cell types adhering
closely to nanostructures by wrapping themselves closely
around each 3D (elevated) grating structure leads us to
surmise that the cells can completely take up the space inside
the trenches, thus overlapping with the probing MIR light.
Therefore, the effect of the cells lowering themselves into the
trenches could be measured by the ITS device as a function of
time.

For the A431 (epidermoid carcinoma) cell line used in this
work, we have used confocal fluorescence microscopy to
confirm that the cells cultured on the fabricated ITS samples
indeed envelope the nanopillars and dip into the nanotrenches
by deforming their plasma membrane: see Section S5 for
additional details.

ITS of Live Cells: End Point Measurements. Because the
cells extending into the trenches can be interrogated using ITS,
we proceeded to characterize the MIR spectra of live cells
cultured atop the nanogratings using FTIR spectroscopy; see
Figure 4a for the measurement setup. Specifically, live cells
were cultured inside microwells covered underneath by
nanograting-containing CaF, substrates. The cells were probed
from the CaF, (bottom) side while they were immersed in a
cell culture medium. The measured reflectance spectra, under
normally incident unpolarized light, are shown in Figure 4b for
cells grown on nanogratings with 3 different periodicities: p =
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Figure S. Time evolution of live A431 cell adhesion on the ITS device. (a) Absorbance spectra corresponding to protein (right) and lipid (left)
bands, measured using grating with periodicity p = 0.675 um, height d = 830 nm, and width w = 200 nm. Shaded regions indicate the regions over
which the peaks were integrated. (b) Time evolution of the integrated peak intensity of amide II band (blue), representing protein signal evolution
with cellular adhesion and time evolution of the integrated peak intensity of CH, symmetric stretching (red), representing lipid signal evolution

with cellular adhesion.

0.675, 1.0, and 1.35 um. We observe that, except around the
water absorption peak at @y_o_y ~ 1650 cm™, the grating
with p = 0.675 pm consistently provides reflectance in the 0.38
< R(w) < 0.47 range across the entire measured wavenumber
range 1300 cm™ < @ < 3000 cm™'. However, the reflectance
steadily decreases with increasing wavenumbers @ for the
gratings with p = 1.0 or 1.35 pum. Consistently with eq 1, this
observation is attributed to the increased transmission of the
grating-polarized light at shorter wavelengths.

On the other hand, increasing the periodicity while keeping
the grating width w fixed increases the fractional volume of
cells vy ~ t/p = 1 — w/p in the trenches, resulting in their
larger overlap with the optical field and stronger absorbance.
Therefore, the optimal periodicity for broadband reflectance
measurement requires a balance between maintaining
sufficiently high reflectance (i.e, small p) and large v (ie.
large trench width ¢).

Figure 4c shows the calculated cellular absorbance, A g (®).
The close-ups for the regions of interest (protein and lipid
bands) plotted in Figure 4d,e provide a clear representation of
the cellular vibrational spectra. They are very similar to the
absorbance spectra measured in typical FTIR measurements of
cells, including in the transmission and ATR-FTIR config-
urations, as well as our previous metasurface-based measure-
ment using MEIRS."">*?7%7! Here, the absorbance for the
cellular measurements is defined as A (@) = —logo(R(w)*!/
R(w)™9), where R(w)*" and R(w)™? are the transflectance
spectra measured from the nanograting with live cells in
culture medium and from the cell-free culture medium,
respectively. The dominant features observed in the cellular
absorbance spectra include amide I (w4 ~ 1650 cm™) and
amide IT (@, ~ 1548 cm™") peaks attributable to proteins, as
well as the CH, symmetric stretching (a)(cszlz ~ 2852 cm™),

CH, antisymmetric stretching (a)g‘lil)Z ~ 2922 cm™), and CH,
antisymmetric stretching (cog‘f_l)3 ~ 2852 cm™!) attributed to

lipids. We note that while we have chosen to use the
reflectance R(w)™? from a medium-filled ITS device as a
background signal, using water-filled structures as the back-
ground would also be acceptable because we did not detect any
of the four characteristic frequencies (amides or CH stretches)
in R(w)™* (not shown). Figure 4f shows the SEM image of
fixed and dried A431 cells grown on the ITS sample.

ITS of Live Cells: Real-Time Measurements of Cell
Adhesion. To demonstrate the utility of the ITS device for
long-term kinetic measurement of live cells, we spectroscopi-
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cally characterize cellular adhesion as a function of time using a
nanograting with the periodicity p = 0.67S pm. The reflectance
spectra were measured every 2 min for 5 h as the cells were
seeded and adhered to the nanograting structures. To observe
the evolution in protein and lipid absorbance signals over time,
we analyzed the integrated peak intensity of the Amide II peak
at @,y (shaded in Figure Sa right) and the CH, symmetric
stretching mode at wéﬁz (shaded in Figure Sa left),

respectively. These intensities were plotted as a function of
time in Figure Sb. Our analysis reveals similar trends in the
temporal signal evolution for both peaks. Specifically, the
signals grow rapidly during the first 140 min, and then their
growth rate slows down—consistent with our previous
observations of cell adhesion using a plasmonic metasurface.’

Future studies will be extended to investigating whether
different surface coatings affect cellular adhesion and growth
rate on such nanocontoured substrates. Typically, cell adhesion
on flat surfaces is heavily reliant on the presence of extra-
cellular matrix (ECM) adhesion proteins, such as collagen and
fibronectin, for integrin-mediated cell adhesion. However, on
nanostructured surfaces, it has been reported that clathrin
endocytosis complexes forming around the surface protrusions
play an important role in cellular interaction with nano-
structured surfaces. Specifically, clathrin-mediated endocytosis
has been implicated in the formation of membrane curvature
around nanostructures.”' By examining the effects of various
surface coatings on cellular adhesion and proliferation rates, we
can gain insights into how surface topography influences cell
behavior (e.g., by modulating cell membrane curvatures® ~>*)
and potentially develop strategies for enhancing or inhibiting
cell adhesion and growth on nanocontoured substrates.

B CONCLUSIONS

In this work, we introduced a novel MIR spectroscopy-based
live cell biosensing platform—inverted transflection spectros-
copy—based on elevated nanogratings. We show that ITS
devices produce broadband signals and enable MIR spectros-
copy in the 1400—3000 cm™" spectral range. ITS can be used
to characterize analytes in solution or liquid form, as we
demonstrate through the IR spectroscopy of BSA solutions.
Further, adherent cells can be measured as well, taking
advantage of the fact that the cells can deform around the
elevated nanogratings and extend into the trenches below. We
demonstrated this by characterizing the adhesion kinetics of
the live A431 cells through MIR spectroscopy.
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Currently, the spectral range of the presented ITS device is
limited by the absorption caused by the silica layer. To extend
the useful spectral range below 1400 cm ™, alternative materials
such as AL O; (see Figure S7), which are more transparent in
the relevant spectral region, could be used to fabricate the
dielectric pillars. Additionally, the silica pillar height was
limited to <1 um because of several quality issues we
encountered with thicker films. Upon optimization of the
plasma-enhanced chemical vapor deposition (PECVD) proc-
ess, it will be possible to fabricate higher performance ITS
devices (see section S2) with pillar heights d ~ 2 um.

The nanograting-based device described here is somewhat
similar to the metasurface-based device reported by our group
previously,””’" but these two devices have different sensing
volumes and can be complementary to each other. Since the
metasurface-sensing volume is limited by the near-field decay
of the plasmonic hotspots (roughly 100 nm), it is limited to
the sensing of the cellular membrane and cellular structures
around the membrane. On the other hand, the ITS device
described in this work is based on transflectance measurement.
As long as the cells can extend into the trenches below the
nanograting, they can be probed beyond the cell membrane.
Cells can also undergo significant deformation of their nucleus
around such vertical nanostructures.””’> Such nuclear
deformation would enable MIR spectroscopy of the nucleus,
an important measurement that will be carried out in our
future work. For non-adherent cells, the ITS device can in turn
be used to monitor secretion of cell metabolites and uptake of
nutrients.
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