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Photonic crystal enhanced microscopy for imaging of
live cell adhesion†

Weili Chen,‡a Kenneth D. Long,‡b Meng Lu,‡a Vikram Chaudhery,a Hojeong Yu,a

Ji Sun Choi,c James Polans,a Yue Zhuo,b Brendan A. C. Harleycd

and Brian T. Cunningham*ab

A form of microscopy that utilizes a photonic crystal biosensor surface as a substrate for cell attachment

enables label-free, quantitative, submicron resolution, time-resolved imaging of cell–surface interactions

without cytotoxic staining agents or temporally-unstable fluorophores. Other forms of microscopy do

not provide this direct measurement of live cell–surface attachment localization and strength that

includes unique, dynamic morphological signatures critical to the investigation of important biological

phenomena such as stem cell differentiation, chemotaxis, apoptosis, and metastasis. Here, we introduce

Photonic Crystal Enhanced Microscopy (PCEM), and apply it to the study of murine dental stem cells to

image the evolution of cell attachment and morphology during chemotaxis and drug-induced

apoptosis. PCEM provides rich, dynamic information about the evolution of cell–surface attachment

profiles over biologically relevant time-scales. Critically, this method retains the ability to monitor cell

behavior with spatial resolution sufficient for observing both attachment footprints of filopodial

extensions and intracellular attachment strength gradients.
Introduction

Cell membrane interactions with surfaces are fundamental
aspects of many in vivo biological phenomena including
differentiation, growth, apoptosis, tumor metastasis and injury
response.1,2 Characterizing these processes in the laboratory
traditionally involves uorescent dyes, uorescent proteins,
histological stains, or xation. Such approaches are either
cytotoxic, or temporally constrained by the effects of uores-
cence photobleaching. While these techniques elucidate the
mechanics and outcomes of cellular processes, the lack of long-
term, time-course data collection poses a serious compromise
to the study of natural cell behavior during processes that occur
over extended time scales like cell invasion3 and chemotaxis.4

In order to address the challenges inherent in label-based
cell imaging techniques, label-free microscopy technologies
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have been demonstrated as effective tools for measuring an
increasingly diverse range of cellular processes.5–8 Label-free
microscopy involves a biosensor transducer surface that
generates an electrical or optical signal when cells interact with
it. Biosensors measure intrinsic cellular properties (such as
dielectric permittivity) that can be used to determine the
number of cells in contact with the transducer, or to determine
the distribution of focal adhesion points. Such transducers may
be prepared with surface coatings that either selectively capture
specic cell populations through interaction with proteins
expressed on their outer membranes or mimic the in vivo
microenvironment within tissues.

Due to the fundamental importance of cell–surface interac-
tions, several technologies have sought to quantify and image
cell membrane adhesion. Surface Plasmon Resonance imaging
(SPRi)9 is capable of detecting cell attachment to a gold surface
by measuring changes in the intensity of front-reected light at
a xed angle and wavelength, but practical limitations degrade
image quality. SPRi requires illumination to pass through cell
structures, which introduces changes in reected light intensity
that are not related to cell surface attachment, and the lateral
propagation distance of surface plasmons limits spatial reso-
lution.10 Interpretation of SPRi images is complicated by the
variability of reected light intensity introduced by scattering,
inhomogeneity of the light source, and nonuniformity of the
sensor surface,11 while non-normal light via prism coupling
hinders the quality of focus.12 Atomic force microscopy (AFM)13

has been used to study surface morphology and mechanical
This journal is ª The Royal Society of Chemistry 2013
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properties of cells by using a probe tip to collect localized force
response. While it provides information about biological
surfaces by making measurements from above, AFM does not
analyse the interaction between cells and their substrates. In
addition, as a probe scanning approach, the throughput of AFM
is limited, enabling the study of only a small number of cells at
once.

In this report, we demonstrate photonic crystal enhanced
microscopy (PCEM) as a label-free biosensor-based cell attach-
ment imaging approach that quanties cell–surface interac-
tions with spatial resolution sufficient for monitoring intra-cell
attachment distribution, and temporal resolution sufficient for
generating time-lapse movies during processes that include
chemotaxis, apoptosis, differentiation, and division. Critically,
these studies can be performed on extracellular matrix (ECM)
protein functionalized substrates, retaining the capacity to
dene the chemistry of cell–matrix interactions. The system is
integrated with an incubator, enabling long-term monitoring of
cell attachment over substantial time scales (hours to days)
without interruption of the culture environment. The key
innovation enabling these capabilities is the use of noncoherent
illumination of a photonic crystal biosensor and a spectroscopic
scanning system that couples with a microscope objective.
Here, we demonstrate label-free time-lapse imaging of the
attachment and chemotaxis of dental stem cells using PCEM.
Single-cell movement and lopodial extension are easily iden-
tiable, yielding signicant potential for the future investiga-
tion of numerous cellular processes including tumor cell
metastasis and stem cell differentiation. While still an in vitro
environment, the elimination of cytotoxic uorophores and
reporter molecules allows for the controlled study of complex
biological processes over extended time periods.
Results
Photonic crystal biosensor surface engineered specically for
cell attachment

Photonic Crystal (PC) biosensors have recently been demon-
strated as a highly versatile technology for a variety of label-free
assays including high-throughput screening of small molecule–
protein interactions, characterization of protein–protein inter-
actions, and measurement of cell attachment modulation by
drugs.14–16 A PC is a sub-wavelength grating structure consisting
of a periodic arrangement of a low refractive index material
coated with a high reective index layer (Fig. 1). When the PC is
illuminated with a broadband light source, high order diffrac-
tion modes couple light into and out of the high index layer,
destructively interfering with the zeroth-order transmitted
light.17 At a particular resonant wavelength and incident angle,
complete interference occurs and no light is transmitted,
resulting in 100% reection efficiency. The resonant wavelength
is modulated by the addition of biomaterial upon the PC
surface, resulting in a shi to a higher wavelength. The elec-
tromagnetic standing wave that is generated at the PC surface
during resonant light coupling inhibits lateral propagation,
thus enabling neighboring regions on the PC surface to display
a distinct resonant wavelength that is determined only by the
This journal is ª The Royal Society of Chemistry 2013
density of biomaterial attached at that precise location. By
measuring the resonant peak wavelength value (PWV) on a
pixel-by-pixel basis over a PC surface, an image of cell attach-
ment density may be recorded. PWV images of the PC may be
gathered by illuminating the structure with collimated white
light through the transparent substrate, while the front surface
of the PC is immersed in aqueous media.

The advantages of PC-based surfaces for cell attachment
imaging are compelling. As a label-free technology, cell
attachment to a PC sensor is measured without the use of dyes
or stains, so a population of cells can be measured repeatedly
without disrupting their culture environment. The detected
output signal is highly quantitative, providing measurements
that are repeatable between sensors, instruments, and labora-
tories without photobleaching. PC biosensors are fabricated
from inexpensive materials and require only low intensity illu-
mination from beneath the sensor, so no electrical or physical
contact between the sensor and the detection system occurs,
and illumination does not pass through the cell body, the cell
media, or the liquid–air meniscus of a microplate well. The PC
biosensor strictly limits lateral propagation of resonantly
coupled light, enabling imaging-based detection with resolu-
tion sufficient for measuring subtle variations in cell adhesion
strength within a single cell, without needing to pre-tune the
sensor to a particular resonant coupling condition, as in SPRi.
PC biosensor imaging provides information that is fundamen-
tally different than that provided by an optical microscope, as
the sensor responds to local variation in cell attachment
strength to the transducer surface. The sensor can be prepared
with a variety of surface functionalizations (such as matrix
coatings, antibodies, and peptides) and thus can be used as a
tool for measuring how cell attachment to surfaces is modu-
lated by drugs, growth factors, or other environmental factors.
Hyperspectral imaging microscope detection instrument

A schematic diagram of the PCEM instrument is shown in Fig. 2.
The system is built upon the body of a standardmicroscope (Carl
Zeiss Axio Observer Z1), but in addition to ordinary bright eld
imaging, a second illumination path is provided from a ber-
coupled broadband LED (Thorlabs M617F1, 600 < l < 650 nm).
The ber output is collimated and ltered by a polarizing
beamsplitter cube to illuminate the PC with light that is polar-
ized with its electric eld vector oriented perpendicular to the
grating lines. The polarized beam is focused by a cylindrical lens
( f¼ 200mm) to form a linear beam at the back focal plane of the
objective lens (10�, Zeiss). Aer passing through the objective
lens, the orientation of the line-shaped beam is rotated to illu-
minate the PC from below at normal incidence. The reected
light is projected, via a side port of the inverted microscope and
a zoom lens, onto a narrow slit aperture at the input of an
imaging spectrometer. The width of the adjustable slit was set to
30 mm for the work reported here. Using this method, reected
light is collected from a linear region of the PC surface, where
the width of the imaged line, 1.2 mm, is determined by the
width of the entrance slit of the imaging spectrometer and
the magnication power of the objective lens. The system
Analyst, 2013, 138, 5886–5894 | 5887
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Fig. 1 (A) Schematic diagram of the photonic crystal (PC) biosensor. A PC sensor is comprised of a replica molded polymer grating overcoated with a high refractive
index thin film of TiO2. Inset: photo of a PC fabricated upon a glass cover slip. (B) Scanning electron micrograph of the PC surface.

Fig. 2 Instrument schematic of the PCEM. Illumination from a fiber-coupled LED is collimated and passed through a polarizing beamsplitter (PBS) to create a pure
electric field polarization perpendicular to the PC grating. A cylindrical lens focusses the light to a line at the back focal plane of the objective. The PC resonantly reflects
only a narrow band of wavelengths, which are collected through the entrance slit of an imaging spectrometer.
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incorporates a grating-based spectrometer (Acton Research) with a
512� 512 pixel CCD camera (Photometrics Cascade 512). The line
of reected light, containing the resonant biosensor signal, is dif-
fracted by the grating within the spectrometer (300 lines per mm)
to produce a spatially resolved spectrum for each point along
the line.
5888 | Analyst, 2013, 138, 5886–5894
Therefore, each pixel across the line is converted to a reso-
nant reection spectrum, containing a narrow bandwidth (Dl�
4 nm) reectance peak from the PC. The PeakWavelength Value
(PWV) of each peak is determined by tting the spectrum to a
2nd order polynomial function, and then mathematically
determining the maximum wavelength of the function. By
This journal is ª The Royal Society of Chemistry 2013
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tting all 512 spectra, in a process that takes 20 ms, a line
comprised of 512 pixels is generated that represents one line of
a PWV image of the PC surface. With an effective magnication
of 26�, each pixel in the line represents a�0.6 mm region of the
PC surface and 512 such pixels cover a total width of �300 mm.
To generate a two-dimensional PWV image of the PC surface, a
motorized stage (Applied Scientic Instruments, MS2000)
translates the sensor along the axis perpendicular to the imaged
line in increments of 0.6 mm per step. Using this technique, a
series of lines are assembled into an image at a rate of 0.1 s per
line and the same area on the PC surface can be scanned
repeatedly. Each image is comprised of 512 by n pixels, where n
can be selected during each scan session, and each pixel
represents a 0.6 � 0.6 mm region of the PC surface. A biosensor
experiment involves measuring shis in PWV. A baseline PWV
image is gathered before the introduction of cells, when the PC
is uniformly covered by cell media, which is aligned and
mathematically subtracted from subsequent PWV images
gathered during and aer cell attachment.

Characterization of the PC sensitivity and resonant
wavelength stability under cell culture conditions

In preparation for cell attachment demonstrations, the ability
of the PCEM to measure shis in the bulk refractive index of the
cell media was established. First, exposing the entire PC surface
to distilled water (n ¼ 1.333) and subsequently exposing the
same sensor to isopropyl alcohol (n ¼ 1.377), we conrmed that
an individual pixel within a PCEM image demonstrates high
reection efficiency and narrow resonant reection bandwidth
(ESI, Fig. S1†). The PWV shi measured from a single pixel
exposed to both media yielded a bulk refractive index sensitivity
of Dl/Dn ¼ 102 nm/RIU.

A series of PWV images were gathered over a 12 hour period
to demonstrate PWV stability with the PC exposed to cell media
at the elevated temperature (T ¼ 37 �C) and 5% CO2 environ-
ment used for biological studies. Ham's F12 media (Invitrogen)
was placed in a PDMS well attached to the PC surface. The
average PWV shied by only 0.12 nm over 12 hours, and the
standard deviation of PWV within an image of a PC uniformly
exposed to cell media was 0.09 nm (ESI, Fig. S2†).

Label free imaging of intracellular attachment and
morphological changes

The most commonly used method for identication of differ-
entiating stem cells is the labor- and time-intensive methylcel-
lulose assay, which only reveals the identity of the colonies
weeks aer commitment occurs.18–20 Furthermore, this
approach requires cells to be resuspended in liquid phase,
thereby altering many of the environmental cues that yielded
the observed differential development. Using PCEM, it is
possible to capture the dynamics of cell morphology and cell–
matrix interactions during complex processes such as stem cell
differentiation under real-time conditions (with less than 60
seconds between subsequent images). Such a tool would be
critical for examining the potential of cell attachment signa-
tures as a proxy for stem cell lineage commitment, particularly
This journal is ª The Royal Society of Chemistry 2013
considering such analyses could be performed without dis-
turbing the extracellular environment.

As cells attach and spread, positive PWV shis are observed
due to an increase in the concentration of cellular material
within the evanescent eld region of the PC. A PWV image for
human pancreatic cancer cells (Panc-1) is compared to a
brighteld image of the same cells in Fig. 3. Morphological
proles are consistent with healthy, attachment-dependent
cells. Representative spectra are shown from inside and outside
the cell region, demonstrating a denitive whole-spectrum shi
of the characteristic resonant peak. Clearly visible boundaries of
�0.5 nm PWV shis demonstrate the ability of PCEM to provide
information about the geometry of attachment, which has been
shown to have signicant implications for both the classica-
tion of differentiating stem cells,21 and the metastatic potential
of tumor cells.22 In addition, sub-cellular variation of PWV is
indicative not only of the presence of cellular adhesion, but also
modulation in the strength of attachment. For example, cell ‘2’
in Fig. 3 shows a gradient in cell attachment strength from le
to right. A region of greater PWV shi along the leading edge
suggests the formation of lamellipodia, indicating a higher
concentration of intracellular matter than is present in the rest
of the cellular attachment footprint. As it can be assumed that
the majority of this lower-PWV shied footprint occurs under
regions of cytosol, the increased PWV of the cell boundary,
especially in these protrusions, most likely can be attributed to
the formation of actin bundles at sites of focal adhesion, a
process thoroughly documented via traditional, yet cytotoxic,
uorescent staining techniques.23–25
Label free imaging of stem cell attachment and drug-induced
apoptosis

Next, murine dental stem cells (mHAT9a) were cultured and
allowed to attach to a PC surface prepared with bronectin over a
period of two hours (Fig. 4a, ESI, Video S1†). From the series of
PWV images gathered at 3 minute intervals, initial attachment
times can be identied within the 3 minute period of image
acquisition. Cells are observed attaching to the treated surface,
with initial attachment characterized by small, round areas of
PWV shi, consistent with spherical cells exiting suspension. As
time progresses, average cell diameter increases, and membrane
boundaries become more irregular as cellular processes begin to
extend from cell bodies. Many cells maintain highest shis at
their periphery, which is consistent with the high concentration
of cytoskeletal protein necessary for boundary maintenance and
lamellar extension.26 Random locomotion is observable, which
reveals that cellular detachment results in a full recovery of initial
PWV values when a cell moves to a new location. We observe no
preference for the cells to extend themselves or tomove along the
direction of the PC grating.

Cellular apoptosis and detachment were also studied. Using
another bronectin-treated PC biosensor, mHAT9a cells were
allowed to attach to the sensor surface for 3 hours. A nal
concentration of 2 mM staurosporine, shown to induce
apoptosis via protein kinase inhibition,27,28was added to the cell
chamber and mixed for 15 seconds. Cells were imaged every
Analyst, 2013, 138, 5886–5894 | 5889
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Fig. 3 (a) Bright field and (b) PWV imaging of Panc-1 cells attached to the PC surface. Cells were seeded onto a fibronectin-coated sensor and allowed to incubate for
2 hours before imaging. Lamellipodial extensions are visible, especially from cell 2, demonstrating the ability of PCEM to resolve regional differences in single-cell
attachment. Darker shading indicates regions of higher protein concentration, and is present in regions near the boundary of lamellipodia formation, consistent with
the creation of actin bundles. (c) Representative regions of cellular attachment. Selected areas of the PWV image from beneath a cell show the PWV shift of a typical
Panc-1 cell is �1.0 nm, and consistent throughout the entire spectrum at those locations.

Analyst Paper

Pu
bl

is
he

d 
on

 1
9 

A
ug

us
t 2

01
3.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

Il
lin

oi
s 

- 
U

rb
an

a 
on

 1
9/

10
/2

01
3 

05
:0

2:
12

. 
View Article Online
20 minutes for 18 hours (Fig. 4b, ESI, Video S2†). Initial cells
appear healthy, with various lopodia extending radially from
cell bodies. As time progresses, the footprint of the cell bodies
decreases, and several of the cells appear to detach completely.
Other cells appear to undergo apoptosis prior to detachment,
leaving behind remnants of cell membrane, which still produce
a detectable PWV shi. The breakdown and modication of
cell–cell and cell–ECM interactions is of great importance to
answering questions about the progression of cancer cell
detachment and metastasis from primary tumor sites. PCEM is
unique in the fact that the biosensor response is a direct
quantication and 2D localization of attachment at the single
cell level, as opposed to indirect methods of staining for actin
bundle formation or even ensemble averaging of bulk dielectric
5890 | Analyst, 2013, 138, 5886–5894
properties. This direct observation available over a time scale of
hours to days provides a natural tool for the future study of
cancer cell detachment and metastasis.
Label free imaging of stem cell chemotaxis

We next sought to validate the use of PCEM imaging in exam-
ining cell-mediated chemotaxis. The importance of stromal cell-
derived factor-1 (SDF-1a) in the directed chemotaxis of differen-
tiating cells is well-known for a myriad of situations including
hypoxic ocular neovascularization, capillary formation and
adipocyte differentiation in human adipose tissue, and bone
regeneration in traumatic brain injury.29–31 More recently, SDF-1a
and its effect in attracting CXCR4 receptor positive cells have
This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c3an01541f


Fig. 4 (a) Time lapse PWV images of cellular attachment of mHAT9a cells. Cells were seeded at 20 000 cells per ml on a fibronectin-coated sensor surface. After 3 minutes,
regions initial cell attachment appear as small, round regions, consistent with spheroid, trypsinized cells coming out of suspension and attaching to a surface. As time
progresses, both the size of the cells and intensity of the PWV shift induced by them increases, indicating a higher localization of cellularmaterial at the sensor surface, which
can be expected during cell spreading. Finally, once cells are sufficiently attached, cellular processes can be observed sensing the cells' microenvironment in all directions. The
outer irregular boundaries of the cells have a relatively low PWV, consistent with thin, exploratory filopodia, accompanied by a more heavily attached region slightly
immediately adjacent in the cell interior, likely a result of actin bundle formation. (b) Time lapse PWV images of mHAT9a apoptosis and detachment. Cells were seeded at
8000 cells perml onto a fibronectin-coated sensor surface. Cells that detach can be observed by the gradual retraction of filopodia and overall cell rounding before the PWV
shift disappears entirely. Some cells appear to undergo apoptosis while still attached, leaving remnants of cell membranes and protein on the sensor surface.DPWVdatawas
attained via background subtraction from an initial image taken before cell attachment (t ¼ 0). For movies, see ESI, Videos S1 and S2.†
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been investigated in dental healing and regeneration. However,
current mechanisms for studying the recruitment of dental stem
cells have been based on xing and staining cells.32,33 As the
This journal is ª The Royal Society of Chemistry 2013
observed migration occurs on the order of days, label-based
assays are not feasible for extended time course studies. PCEM
provides an opportunity to monitor such events as they occur.
Analyst, 2013, 138, 5886–5894 | 5891
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Fig. 5 (a) Time lapse PWV images of chemotaxis of mHAT9a cells. Cells were deposited on the sensor surface at a concentration of 8000 cells per ml and allowed to
attach for 2 hours before imaging. An agarose bead was placed at a location approximately 100 microns above the top of the image, and PWV images were collected
every 20 minutes after the bead was placed. Cell movement direction is indicated with an arrow in the leftmost frame. (b) CXCR4 knockout cells exhibit non-directional
movement on the sensor surface. Similarly prepared, CXCR4 mutants do not show directional movement toward the bead, demonstrating that the previously observed
directional locomotion was due to chemotaxis. For movies, see ESI, Videos S3 and S4.†
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We examined mHAT9a chemotaxis in response to beads
soaked in SDF-1a, a chemoattractant to which the receptor
CXCR4 is sensitive34 (Fig. 5, ESI, Videos S3 and S4†). Aer a
bead was placed on the sensor surface, attached cells were
observed to move in the direction of the eluting bead. Probing
lamellipodia extend in multiple directions around the cell, but
only projections formed in the direction of the bead are
maintained by the migrating cells. Attachment in the trailing
edge of the cell decreases over time as the cell bodies proceed
in the direction of chemotaxis, resulting in a return of the
sensor to its native state. The experiment was repeated with a
mHAT cell line with a constitutive knockout of the CXCR4
coding gene, and no directional movement was observed. This
suggests that the observed cellular movement was indeed due
to chemotaxis, as opposed to nonspecic locomotion. Criti-
cally, we do not observe preferential movement or extension of
cell processes in the direction of the PC grating lines. To our
knowledge, this represents the rst label-free time-lapse
imaging of the attachment localization of living cells during
chemotaxis.

It has been shown that SDF-1a/CXCR4 mediated recruitment
of dental stem cells is likely an important inammatory
response and underlying promoter of reparative dentin forma-
tion.35 Further investigation of the SDF-1a/CXCR4 pathway with
the PCEM technology could provide a valuable investigation of
morphological changes induced by the inammatory response
of dental stem cells to dental damage.
5892 | Analyst, 2013, 138, 5886–5894
Conclusions

PCEM represents a new imaging modality that can be easily
integrated with a conventional optical microscope to enable
quantied, near real-time, high resolution imaging of cell–
surface interactions. While traditional microscopy techniques
such as phase-contrast and DIC provide basic information
about cellular morphology and general appearance, PCEM
provides information that is specic to the interface between
the cell and its substrate. By virtue of the surface-conned
resonant electric eld of the photonic crystal, PCEM enables
high contrast imaging of the interaction strength of cells with a
surface, providing a specic attachment footprint as opposed to
a generalized shape of the entire three-dimensional cell body.
The approach utilizes low power illumination from a visible
wavelength LED from below, using a PC sensor structure that
can be incorporated into standard coverslips (as demonstrated
here), microscope slides, or microtiter plates that are typically
used for cell research. PCEM clearly demonstrates that cell–
surface attachment strength is not uniformly distributed within
a cell or static as a function of time, but instead contains rich
dynamic information that includes the rate of cell boundary
extension, the size of a cell “footprint” on a surface, and the
effect of the extracellular environment (including chemotactic
gradients) on cell attachment.

The cell imaging experiments used to demonstrate PCEM
were selected to show that the spatial resolution of the approach
This journal is ª The Royal Society of Chemistry 2013
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is sufficient for clearly observing features such as spatial
gradients in cell–surface attachment and the extension of ne-
structured lopodia, attributes that are typically observed only
using dyes or stains. As a label-free detection approach, PCEM
enables continuous monitoring of these phenomena over
extended time periods that are compatible with the biological
time scales of chemotaxis, apoptosis, differentiation, and
proliferation. This work demonstrates, to our knowledge, the
rst time-lapse movies of cell–surface interaction monitoring at
these time scales (ESI, Videos S1–S4†).

It is already well-established that both the comparison of
cancerous/non-cancerous cells and of cell lineages differenti-
ated from pluripotent stem cells lend themselves to investiga-
tion via their unique morphologies and cellular attachment
protein expression, with the majority of such differences easily
visible via traditional microscopy. With PCEM, cellular attach-
ment morphology can be directly observed, and attachment
‘proles’ for different cell types can be developed. By limiting
the study of cell morphology to the specic density of cellular
material present in the evanescent eld region of a photonic
crystal, attachment can be observed in a more direct method
with less subjectivity than simple qualitative observation using
traditional microscopy methods.

There is an increasing awareness of the importance of
cellular adhesion and the mechanical microenvironment of
cells on their behavior, yet directly measuring these attributes
in a non-invasive fashion has proved difficult. PCEM provides a
novel, robust methodology for the investigation of these attri-
butes in a controlled environment without chemical alteration.
The relationship betweenmechanical microenvironmental cues
and cancer cell behavior has been demonstrated, contributing
signicantly to tissue dysplasia and metastatic detachment.36

With PCEM, it will be possible to investigate important
components within the progression of tumor-development,
such as the recruitment and movement of neutrophils to the
cancer microenvironment. Neutrophil polarization and
chemotaxis represents a challenging process to study as it
presents a complex and dynamic set of cellular–ECM interac-
tions. Near real-time imaging would allow for rapid improve-
ment in our understanding of this and the other biological
applications discussed herein, providing dynamic attachment
information that is not currently available.
Materials and methods
Nanoreplica molding of PC sensors

The PC sensors used in this study were fabricated using a low-
cost nanoreplica molding manufacturing approach that has
been described previously.37 Briey, a silicon wafer molding
template with a negative volume image of the desired PC grating
structure (period ¼ 400 nm, depth ¼ 120 nm) was fabricated
using deep-UV lithography and reactive ion etching. Liquid UV-
curable epoxy was pressed between a glass cover slip (0.17 mm
thick) and the silicon wafer, and was subsequently cured to a
solid using a high intensity UV lamp. The hardened epoxy
preferentially adhered to the glass substrate and was peeled
away from the silicon wafer, leaving a replica of the silicon
This journal is ª The Royal Society of Chemistry 2013
mold. A thin TiO2 layer (t� 60 nm) was deposited via reactive RF
sputtering (PVD 75, Kurt Lesker) providing the high-refractive
index coating. Fig. 1B presents a scanning electron micrograph
of the replica-molded sensor aer dielectric coating and shows
excellent uniformity across the PC surface. The nal grating
height is �80 nm, as measured by atomic force microscope, to
provide a surface that does not contain deep or abrupt grooves
that may inuence cellular attachment processes. The PC is
designed to resonantly reect a wavelength of l � 620 nm, with
Dl ¼ 4 nm attributed to aqueous immersion (ESI, Fig. S1†).

Cell culture

Murine dental stem cells (mHAT9a) were attained from the
Harada Lab.38 Stable cultures of both the wild type and CXCR4
decient mutant were maintained in Dulbecco's Modied Eagle
Medium supplemented with B-27 serum free supplement
(Invitrogen), 20 ng ml�1 bFGF and 20 ng ml�1 EGF (Peprotech).
Decient mutant cells were not cultured more than fourteen
days before use due to passage number-associated mutations.
Panc-1 pancreatic carcinoma cells (ATCC) were maintained in
DMEM supplemented with 10% FBS and 4 mM L-glutamine.

Sensor preparation

PCs were sonicated for one minute in acetone, followed by
cleaning with IPA and water. Aer thorough drying with N2,
devices were oxygen-plasma treated for 5 minutes to facilitate
attachment of a liquid containment gasket. A polydimethylsilox-
ane (PDMS) gasket with an internal area of 1.2 � 1.2 mm2 was
prepared with a thickness of 8mm. Aer application of the gasket
well, the PC surface was hydrated with PBS, and a layer of bro-
nectin was adsorbed to promote cellular attachment. The sensor
was inserted into a customholder attached to themotorized stage
of the microscope, followed by PWV image scanning.

Chemotaxis investigation

mHAT9a cells were attached to a bronectin-treated PC
biosensor. Two hours aer attachment, soaked beads were
warmed to 37 �C and placed in the PCEM eld of view using the
eyepiece of the microscope for targeting. PCEM images were
acquired at 20 minute intervals for a total duration of 10 hours.
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