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Abstract

Innovative sensing materials have enabled the discovery of cell biology principals at
nanoscale. In order to evaluate cell behavior and responses, it is necessary to accurately
monitor cell proliferation. However, it remains challenging to develop nanomaterials
possessing pertinent properties for sensing, while ensuring cell survival and unaltered
cellular responses long term. This work develops highly sensitive, large-scale and bio-
compatible nanoplasmonic biosensors for long term monitoring of cell proliferation,
reported for the first time. The nanoplasmonic sensor consists of mushroom-like
structures, with stems of silicon dioxide and caps of gold, ~ 20 nm in width and 45-60 nm
in total height, and an average spacing of 10 nm, covering a total surface area of 18.75
cm?. The localized surface plasmons on the nanomushroom caps are exploited to
monitor proliferating fibroblast cells. Changes in nanoplasmonic resonances of the
nanomushrooms are directly proportional to the number of cells that bound to them.
Fibroblast proliferation was successfully monitored for 7 days, demonstrating
remarkable bio-compatibility of the nanomushroom substrates. These nanomushroom
substrates preserves cell viability and serves as a label-free platform for long-term
monitoring of cell proliferation. Our results also open new opportunities in developing

standard cell assays without chemical labels to detect cellular responses at nanoscale.
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Main text

Cell proliferation is a fundamental process in living organisms, from the start of
embryogenesis until death!. In medical research, monitoring cell division is essential to
investigations of the health and functions of cells and tissues. This need has motivated the
development of cell proliferation assayst?, commonly based on four methodologies: (1)
measurement of total DNAE; (2) detection of cell proliferation markers“; (3) analysis of
metabolic activities ; and (4) measurement of ATP content during cell growth [, All these
assays are considered as “labeled” assays that rely on luminescencel”, fluorescencel®],
colorimetry® (mostly dyes) or radioactive tags™® to monitor cellular activities related to cell
proliferation. Unfortunately, the choice and performance of labeled assays tend to be
constrained by: (1) the cellular expression of a given cell type, and (2) the availability of tags
for specific cell expression. In most of the labeled assays, “signal quenching” is often
associated with false experimental positives™], which decreases assay reliability. Furthermore,
labeled assays are laborious, costly, unsuitable for real time cell analysis, and sometimes
require the usage of toxic reagents, such as radioactive labels™*?l,

Label-free biosensors utilize biophysical properties of a given analyte, such as its mass
(e.g., in quartz crystal microbalance), refractive index (e.g., in plasmonic nanobiosensors), or
molecular charge (e.g., in potentiometric and amperometric sensors) to monitor the response
of the analyte in real-time!*3l. Recently, nanomaterial-based label-free photonic biosensors
have revealed unprecedented information on DNA and protein molecular interactions!*4l.
However, few attempts have been made to apply label-free photonic biosensors to cellular
assays, as it is challenging to develop nanostructured substrates with large surface areas that
promote both sensing and long term cell survival. In addition, photonic techniques have been
coupled with microscopy tools to enhance live cell imaging and distinguish different types of
cell behavior such as cell activation, adhesion, proliferation, migration and apoptosis™®. In

contrast to these ‘imaging‘ based techniques, ‘sensor‘ based techniques generate average
3
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responses proportional to concentrations of a given analyte. Such an average response
captures real time Kkinetics of cell behavior. In this work, we develop novel nanoplasmonic
mushroom-like structures (NM based sensors) for label free, long-term cell proliferation
detection with high sensitivity, on a large interrogation area, specifically suitable for clinically
relevant cell experiments (e.g., drug testing) that require large interrogation areas involving
standard 96 well assay plates. Thus the unique features of our NM based sensors can be
complementary to imaging based tools to probe cells behavior.

The developed nanomushroom (NM) structures are 45-60 nm in height and ~20 nm in
width, evenly distributed with ~10 nm spacing on a standard glass slide (25 mm x 75 mm).
Each NM consists of a silicon dioixde (SiO.) stem of 30-40 nm in height, and a gold (Au) cap
of 15-20 nm in thickness (Figure 1a). These structures were fabricated by a simple, high-
throughput, 3-step process. A thin Au film (4 nm) was first deposited on a SiO> substrate
(Figure 1a. (i,ii)), followed by thermal dewetting of the Au film at 560°C for 3 hr (Figure 1a.
iii). Upon thermal dewetting, the gold film breaks into nanoisland-like structures (Figure 1a.
iii). Finally, Au nanoislands were exposed to reactive SFeion plasma, which selectively etches
away SiO> to create nanomushroom pillar-like structures (see more details in SI-Section 1).
Upon exposure to white light (350-800 nm), collective oscillations of free electrons were
observed on the gold caps of the NM structures. These oscillations are known as localized
surface plasmon resonances (LSPR). Here, LSPR is enhanced by lifting metal Au
nanostructures above substrates with dielectric pillars (present in our NM structures),
elevating local electromagnetic (EM) fields around the nanostructures. This is primarily due
to an increase in the refractive index sensitivity of the resultant LSPR sensors, as a large
fraction of the spatial region with enhanced electric fields is easily accessible by molecular
species that bind on the substatres!*®l. Furthermore, the transparent SiO substrate on which
NMs are fabricated, allows LSPR resonances to be measured in transmission (T) mode (T-

LSPR) (Figure 1b). T-LSPR sensing mode offers the potential to develop high-performance
4
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integrated devices at low cost and with a user-friendly optical setup for direct imaging!*.
LSPR instrumentation details are provided in SlI-Section 2. Figure 1c shows typical LSPR
characterstics of our NM substrate, resonating at ~532.5 nm. Due to the high-order symmetry
of spherical gold caps of the NM structures (size distribution shown in figure 1a, iv) and the
use of a ‘single’ angle of incidence, these NM structures exhibit an optical response of a
‘single’ plasmonic mode (transverse mode at ~532.5 nm, as shown in figure 1c). While the
absorption spectrum, characterized by a peak at ~532.5 nm, is based on the transverse mode of the
NM (electron oscillation along the short axis, 500—700 nm), extinction tail extending to the infrared
region based on the longitudinal mode (electron oscillation along the long axis, >~700 nm) may be
observed at different angles of incidence. However, for long term (e.g., 7 days) cell experiments,
excitation in the visible in comparison to near infrared (NIR) regimes induces less stress on cells.
Therefore transverse mode characterized by a peak at ~532.5 nm is used for LSPR based detection
of cell proliferation events. This transverse mode of LSPR is highly sensitive to the refractive
index (RI) of the surrounding medium (e.g., solvent /analyte/cells), enabling detection of
binding events on the nanostructures. Our NM LSPR sensor was characterized for RI
sensitivity by using 4 solutions with known RI: water (R1=1.330), acetone (RI=1.3590),
ethanol (RI=1.361), and isopropanol (RI1=1.3776) (Figure 1d). NM sensor exhibits a
sensitivity of 83.15 nm/RIU, deduced from the slope of the wavelength versus the refractive
index plot (Figure 1d). This sensitivity is reasonably good for a large sensor substrate
containing spherical gold nanostructures for LSPR applications, with reported range of 20-96
nm/RIUMEL It is possible to improve the sensitivity of the NM sensor by modifying
fabrication parameters (such as initial thickness of gold film and time of exposure to plasma)
to optimize the NM size and spacing. Changes in NM geometry will lead to a change in LSPR
response. The condition R/A < 0.1, where R is the radius of the nanostructure and A is the
wavelength of the incident light, should be satisfied for LSPRI®, The LSPR sensitivity can be

enhanced by reducing the ratio of R/A, i.e., decreasing the size of the nanostructure with fixed
5
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wavelength!*®l. The second parameter to consider in our NM geometry is the periodicity of the
nanostructures where decreasing the gap of the nanostructures leads to enhanced sensitivity of
the LSPR[?%. More systematic studies are required in the future to optimize the size and

distribution of NM structures for enhanced sensitivty of the NM based biosensor.
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nanoislands formed by thermal dewetting of Au film annealed at 560°C for 3 hr; iv) Exposing
Au nanoislands under reactive ion etching plasma of SFe ions to produce Au NM. Left: The
SEM image (FEI Quanta 250 FEG) of a NM substrate acquired at 30 kV and 70.5kX. The
inset shows the cross-section image of the NM substrate, captured at 30 kV and 250kX and
the size distribution of NM. Right: The schematic shows the size and spacing of NMs. b)
Transmission-Localized Surface Plasmon Resonance (T-LSPR) mode to acquire LSPR signals
from a NM substrate. c) Wavelength versus absorbance curve showing the characteristic
LSPR peak of a NM substrate. d) Optical characteristics of NM substrates when exposed to
solutions with different refractive indices (RI): DI-water (RI=1.3330), Acetone (R1=1.3590),
Ethanol (R1=1.361) and IPA (R1=1.3776).

To demonstrate the utility of the NM substrate in cellular response detection,
proliferation of fibroblasts (NIH 3T3) was monitored and quantified for 7 days. NIH 3T3 cells
were choosen since this cell line is commonly used to validate cell fuctionality in-vitrof?l,
The suitability of our NM substrate for cell adhesion?? was first validated by examining
microscale cellular morphology using scanning electron microscopy (SEM). Cells were fixed
with paraformaldehyde to preserve their structures after 48 hr of incubation on a NM substrate,
and then sputtered with a thin layer of a palladium-platinum mixture for easy visualization
under SEM (Figure 2a (i,ii)). Fibroblasts adhered well to the NM substrate (see Figure 2(b,c)).
Filopodia (finger-like structures) are also observed on adherent cells (Figure 2d), indicating
that fibroblasts maintained active cellular processes after adhering to the NM substrate.
Filopodia function as antennae, enabling the cells to probe their local envionments, migrate,
and communicate with neighboring cells during cell growth. Figure 3 shows the response of
the NM substrate to the proliferation of fibroblast cells. Figure 3(a-d) are phase-contrast
microscopy images of fibroblast cells during proliferation on a NM substrate at different time

intervals, depicting cell morphologies characteristic of migrating cells®]. This visual
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evidence validated the biocompatibility of the NM substrate for fibroblast survival for 168 hrs

(7 days), demonstrating the potential of NM substrates for long-term cell assay experiments.

a (i) Cells cultured on NM substrate (ii) Sputter Pd-Pt

NIH 3T3

After 48 hrs

A

i. Wash with PBS
ii. Fix with 4% PFA

Figure 2. Cell growth and imaging on a NM substrate: a) Schematic illustration of fibroblast
adhesion and SEM imaging techniques on a NM substrate. b & ¢) SEM images of fibroblasts
adhere and d) form filopodia on the NM substrate (Zeiss SEM, 5 kV, with 17kX to 25kX
magnifications).

The proliferation of fibroblast cells was detected and characterized by LSPR signals on NM
sensors. The LSPR detection is determined by the decay length of the electro-magnetic field
of localized plasmons which is around ~ 10 nm. Henceforth, the NM sensor can only measure
changes in the refractive index within 10 nm from its surface. In parallel, new cells formed
during cell proliferation adhere on the NM sensor substrates via membrane proteins (e.g. focal
adhesion proteins) that aid in cell adhesion!?®l. This implies that regions within distances of 10
nm above the NM sensor surface are dominated by membrane proteins that aid in adhesion.
Therefore, the NM sensor essentially detects the proliferation of cells with high specificity by
measuring the new cells adhering to the substrate via the membrane proteins, as validated in
the sensor response plots on figure 3e-l. For each given time, 3 different sensor chips were

used to collect the LSPR signals (wavelength shifts AX and absorbance) while the area in a
8
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given sample was kept fixed for the whole duration of the experiment, representing the mean
and standard error values, see figure 3 e-h, j. During the initial phase of the experiment, the
surface coverage of cells on NM substrates increases over time due to cell spreading (SI-
Section 3), which changes the local refractive index of the NMs, causing wavelength shifts in
the LSPR response. Figure 3e displays changes in the wavelength and mRIU (milli refractive
index unit) of LSPR in a NM substrate for a control sample with pure culture media (red
symbols) and NIH 3T3 cells in the culture media (blue symbols) during the entire course of
the 7 day experiment. These wavelength changes (alL) are extracted from normalized
absorbance versus wavelength plots of the NM LSPR signal (more details in SI-Section 4).
The distinct difference in the LSPR wavelength shift between the blue and red symbols
suggests that proliferation events (adhesion, spreading and then cell division) induced changes
in the resonance properties of LSPR signal. In addition, the peak wavelength of LSPR shifts
toward the right side of the UV-VIS spectrum (redshift) after 1 day, showing a decreased
LSPR response. Figure 3f demonstrates the absorption intensity changes of LSPR for both
pure culture media and cell suspensions for 7 days. While AA response difference between the
cell suspension and the control samples is significant, there is less than 0.2 unit change in the
LSPR absorption intensity, see red and blue symbols in Figure 3f. This small variation in the
absorbance comes from small changes in the content of culture media (due to the
consumption of proteins by cells during the proliferation) during the 7-day period.

We then replotted the 7-day data from Figure 3 e&f in two separate figures to
highlight the cell proliferation behavior within and after the first 24 hrs. Since the frequency is
inversely proportional to the wavelength, changes in LSPR peak shifts can be described in
terms of LSPR frequency change. During the initial stages of the cell proliferation (< 15 hr),
as shown in figure 3g, the charge localization effects*3[241 (accumulation of surface charges
on NMs due to cell spreading/adhesion) increase the frequency of the LSPR (or decrease the

wavelength). However, when the cell number starts to increase over a period of 7 days, the
9
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proliferated cells on the NM substrate elevate the optical extinction coefficient of NMs at the
resonant frequency. This leads to confinement and concentration of electromagnetic energy in
the form of dielectric fields on the surface of the NM structures[?). Thereafter, a decrease in
the frequency of the LSPR, i.e., an increase in the wavelength (redshift), is observed in the
LSPR peak, as seen from figure 3h.

We also measured the sensor response to cells during the first 1.5 hr (90 minutes) of
the experiment, investigating the effect of protein/ growth factors on the LSPR signal changes.
An insignificant change in the wavelength shift (< 0.3 nm) was observed during the first hour
of incubation (Figure 3i), confirming that adhesion or cell secretions events did not drive the
RI changes of the NM sensor observed in Figure 3e, verifying that NM wavelength changes
mainly correspond to the increasing surface coverage of divided cells on the NM substrate.
The wavelength response of LSPR was also quantified and correlated with both cell number
changes and normalized cell numbers observed on the NM surface (Figure 3j-1). The Au NM
substrates were washed twice with 1x PBS after an LSPR measurement was taken. Next, 1
mL of 0.5% trypsin was added to strip cells. The number of cells was then counted using a
hemocytometer (Bright-Line, USA).

Figure 3j shows that LSPR signal changes proportionally as the cell number increases during
the 7-day measurement period. By extracting the wavelength change A\ and the cell number
from figure 3j, we demonstrate that our NM sensors can also be used for counting cells during
the course of the cell proliferation experiment (figure 3k-I). Figure 3k shows the direct change
in the cell number (N* = nf -ni) versus the wavelength change AA. Here ntis the measured cell
number at a given time interval, and n; is the initial seeded number. Figure 3l plots the
normalized cell number (N=n¢n;) that is defined as the ratio of n¢ over ni. The limit of
detection (LOD)™ of the NM sensor was estimated to be ~ 0.16 nm (see details in Sl-

Section 5), implying that our sensor can reliably detect a change of 160 cells upon

10



WILEY-VCH

proliferation for an intial seeded 10,000 cells, or more generally, 1.6% of cells in a given cell

population.
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Figure 3. LSPR response of NM sensors during the cell proliferation process. a-d) Phase-
contrast images (Olympus CKX41) of NIH 3T3 cells on NM substrates at different time
intervals. e) Wavelength changes A (blueshift) and f) absorbance response during the entire
7 day experiment. g) Wavelength (blueshift) and refractive index response for the intial 24
hours, h) for 24 hr-- 7 days, and i) the intial 1.5 hr of cell incubation. j) Correlation between
the cell number and LSPR wavelength shifts AX during the 7 day experiment. For a fixed time,
3 data points are recorded from 3 different sensors. k) Changes in the cell number N* = ns - n;,
versus AA (redshifts) during the period of 24-168 hrs. nt is the measured cell number at a
given time, while n; is the intital seeding number. Note that in e-h,j, recorded data represent
the mean and standard error values obtained from at least 3 sensors. 1) Normalized cell
number N (N=n¢/n;) versus AA (redshifts) of the NM substrate over a period of 24-168 hrs.

The dotted logistic fit of the experimental data (Figure 3I) serves as a proof of concept
for quantifying cell numbers during the NIH/3T3 cell proliferation experiment using our NM
sensor. On a relevant application for general label free cell counting, a calibration curve of
NM LSPR response versus known cell numbers can be constructed. However, every cell type
will exhibit a different LSPR response, depending on the size and overall charge of the cells,
thus such calibration curve is specific to cell types. The developed NM sensor has a unique
advantage of obtaining real time information on cell numbers for long term cell proliferation
studies, by avoiding striping of cells from a substrate when compared to hemocytometers
(conventional cell counters), after initial calibration curve is constructed (e.g. fig 3I) for a
given cell type. In addition, our NM sensors offer portability at comparable cost in
comparison to the existing cell counting techniques.

In summary, using gold and glass we engineered nanophotonic structures bearing sub-
20-nm mushroom-like pillar arrays with properties desirable for both LSPR sensing and living
cell assays. The developed NM sensor detects changes in the RI caused by cell division,

enabling analysis of molecular and other cell functions measurable in real time. In addition,
12
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our NM substrates are ‘scalable‘ owing to the ease of integration with emerging technologies
such as CMOS?8, microfluidics?”, wireless systems, and nanosystem packaging[®. For
example, if an LSPR biosensor is integrated with a wireless readout on a mobile phone it
will allow users to readily quantify cell numbers remotely without physical intervention,
minimizing unwanted contamination. Compared with electrical sensors, our optical method
exposes cells with light in the visible regime of the spectrum, which minimizes alteration in
cell response as it avoids exposure to unwanted energies (such as electric fields or high energy
light) during the long term (e.g. 7 days) measurement. With these advantages, our NM sensor
possesses promising potentials to develop new design strategies for next-generation cell assay
tools.

Experimental Section

SEM and regular cell imaging: Scanning electron microscopy (Scanning Electron Microscope
FEI Quanta 250 FEG) was used to image the cell on nanomushroom (NM) structures at 30kV
with a magnification of 253.5kX. Prior to imaging, nanostructures were coated with
palladium-platinum (Pd-Pt) using ion sputtering (lon Sputter MC1000) to avoid sample
charging. To verify the adhesion and biocompatibility between cells and the NM substrate,
after the cultured cells had adhered to the NM substrate for 48 hr, they were fixed by
incubating with boiling (90°C) 4% paraformaldehyde (PFA) for 1 minute, followed by
washing with phosphate-buffered saline (PBS). Cells on the NM substrate were then coated
with a thin layer of Pd-Pt and imaged using a low-voltage SEM (Zeiss SEM) at 5 kV at
various magnifications from 17kX to 25kX. Images of cells were also recorded during the
cell proliferation experiments, using an Olympus CKX41 phase-contrast inverted microscope
with a DP27-A camera system.

Cell assays: Nanomushroom substrates were placed into 35 mm (9 cm?) Corning cell culture
dishes. NM substrates were sterilized with isoproponal and 70% ethanol, and allowed to dry

in the cell-culture biosafety cabinet under UV light. NM substrates were coated with Poly D
13
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Lysine (PDL) solution (0.003% in PBS, 500 pL / substrate) and placed in a cell culture
incubator, with humidified environment at 37°C and 5% CO», for 30 minutes. Dishes were
then pre-filled with 1 mL of Dulbecco’s Modified Eagle Medium (DMEM) high glucose
supplemented with 10% calf serum. NIH/3T3 fibroblasts were next seeded in the dish at low
densities (~ 10,000 cells per NM substrate). Cell culture media was then added to wells at a
final volume of 2 mL. An LSPR reading was immediately taken. Cells were allowed to grow
in the cell culture incubator for a given period of time. No new cell-culture medium was

added to or removed from the dish during the 7-day duration of the experiment.
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