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Abstract

The characterization of cellular interactions with a biomaterial surface is important to the development of novel biomaterials.

Traditional methods used to characterize processes such as cellular adhesion and differentiation on biomaterials can be time consuming,

and destructive, and are not amenable to quantitative assessment in situ. As the development of novel biomaterials shifts towards small-

scale, combinatorial, and high throughput approaches, new techniques will be required to rapidly screen and characterize cell/biomaterial

interactions. Towards this goal, we assessed the feasibility of using 4-dimensional elastic light-scattering fingerprinting (4D-ELF) to

describe the differentiation of human aortic smooth muscle cells (HASMCs), as well as the adhesion, and apoptotic processes of human

aortic endothelial cells (HAECs), in a quantitative and non-perturbing manner. HASMC and HAEC were cultured under conditions to

induce cell differentiation, attachment, and apoptosis which were evaluated via immunohistochemistry, microscopy, biochemistry, and

4D-ELF. The results show that 4D-ELF detected changes in the size distributions of subcellular organelles and structures that were

associated with these specific cellular processes. 4D-ELF is a novel way to assess cell phenotype, strength of adhesion, and the onset of

apoptosis on a biomaterial surface and could potentially be used as a rapid and quantitative screening tool to provide a more in-depth

understanding of cell/biomaterial interactions.

r 2006 Elsevier Ltd. All rights reserved.

Keywords: Light scattering; Optics; Tissue engineering; Cell characterization; Cell morphology; Cell–substrate interaction
1. Introduction

Current methods to monitor cell adhesion, apoptosis
and phenotypic differentiation on materials for tissue
engineering include techniques such as histology, confo-
cal-microscopy, RT-PCR, biochemical assays, and flow
cytometry. Although commonly used in biomaterials
research, these techniques can be destructive, often include
artifacts due to preparation protocols, are time consuming,
and often times are costly, particularly if many materials
must be tested for their cell compatibility properties. With
the advent of combinatorial approaches to the develop-
ment of biomaterials, there is a need for accessible
technologies that can rapidly provide a real-time, non-
perturbing, quantitative assessment of cell–material inter-
actions. Although based on different sensing principles,
e front matter r 2006 Elsevier Ltd. All rights reserved.
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some examples of technologies or approaches that have
been useful in assessing tissue microarchitecture include
electrical cell–substrate impedance sensing (ECIM) [1],
quartz crystal microscopy (QCM) [1], optical waveguide
lightmode spectroscopy (OWLS) [1], optical coherence
tomography [2], fluorescence spectroscopy, Raman spec-
troscopy [3,4], and angle-resolved low-coherence interfero-
metry [5]. Collectively these techniques are a step in the
right direction; however, they may still require some degree
of sample preparation or modification prior to analysis.
A recently developed enhancement of light-scattering

spectroscopy (LSS), referred to as 4-dimensional elastic
light-scattering fingerprinting (4D-ELF), has been shown
to discriminate between cancerous and normal cells by
detecting and analyzing light back-scattered from sub-
cellular structures [6]. LSS-based imaging has been shown
to provide a quantitative assessment of subcellular events,
such as organelle enlargement or increased chromatin
content, in a real-time and non-destructive manner [7–12].

www.elsevier.com/locate/biomaterials
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Light-scattering signals are rich in information yielding
unprecedented insights into the micro-architectural orga-
nization of cells interacting with substrates. The spectral
analysis of light scattered by living tissues provides
information about the size scale of internal structures
within the cell. Light-scattering signals depend on the size,
shape, and organization of intracellular structures, and are
sensitive not only to the ‘‘scatterer’’ but also the immediate
surrounding milieu (i.e. the concentration of solid particles,
such as proteins) [13].

We hypothesize that interfacial cell/biomaterial interac-
tions will affect sub-cellular structures in defined ways,
giving rise to specific light-scattering ‘‘fingerprints’’ that
can be used to describe an ongoing cellular process.
Specifically, interactions during the process of cell attach-
ment onto a substrate can be assessed through the possible
detection of changes in cell shape [14,15], sub-cellular
organelle distribution [16], nuclear deformation [17], focal
adhesion complex formation [18–20], and the assembly of
micro-filamentous stress fibers [18–20]. Interactions in-
volved in phenotypic differentiation could be assessed
through the possible detection of changes in organelle size,
abundance, and distribution as well as the abundance of
actin and myosin filaments [21–26]. Interactions resulting
in cell death via apoptosis can also be assessed, through the
possible detection of nuclear chromatin condensation,
cytoplasmic shrinking, and changes in size and shape of
the cell nuclei and cell cytoplasm [12,27,28].

The work presented herein describes how 4D-ELF can
potentially allow the identification of vascular SMC and
EC differentiation processes, based on characteristic 4D-
ELF spectral fingerprints. A comparison of the 4D-ELF
profiles of cultured vascular cells can provide a quick and
easy means to monitor cellular growth and differentiation
on new biomaterials, once these processes have been
calibrated. Ultimately, the microstructure of the cells can
be quantified to determine if the scaffold environment
supports cellular attachment, growth, retention, prolifera-
tion, and healthy tissue formation.
2. Experimental

2.1. Assessment of cell differentiation

Human aortic smooth muscle cells (SMCs) (Cambrex, East Ruther-

ford, NJ) were induced to a uniform state of either contractile or

proliferative phenotypes by culturing them on glass cover slips coated with

either 25mg/ml laminin or 25 mg/ml fibronectin, respectively. SMCs were

cultured in SM-basal media (SmBM), supplemented with human

epidermal growth factor (hEGF), human fibroblast growth factor

(hFGF), gentamicin/amphotericin-B (GA-1000), insulin, and 5% fetal

bovine serum (FBS). Cells were cultured at 37 1C, 95% relative humidity,

and 5% CO2 for 5–11 days. Once the phenotypes were achieved,

immunohistochemistry was done using primary antibodies to smooth

muscle cell specific marker, smooth muscle a-actin (SM-a-actin). (Sigma

Aldrich, Milwaukee, WI) SMC proliferation was assessed by incubating

the cells grown on both laminin and fibronectin with culture media

containing fluorescently labeled 5-bromo-20-deoxy-uridine (BrDU). BrDU

incorporates into newly synthesized DNA, and thus is an indicator of cell
proliferation. The cells that incorporated BrDU were visualized via

fluorescence microscopy.

2.2. Assessment of cell adhesion

Human aortic endothelial cells (HAECs) (Cambrex, East Rutherford,

NJ) were cultured in EC basal media-2 (EBM-2), supplemented with

hEGF, hydrocortisone, GA-1000, vascular endothelial growth factor,

hFGF-B, R3-insulin growth factor-1, ascorbic acid, heparin, and 10%

FBS, at 37 1C, 95% relative humidity and 5% CO2 for 15, 30, 60 and

120min on either 25mg/ml laminin or fibronectin-coated glass cover slips.

Following the attachment time, the HAECs were probed with primary

antibodies to focal adhesion complex specific protein vinculin, and actin

specific phalloidin (Chemicon, Temecula, CA) via immunohistochemistry.

The relative strength of adhesion of HAEC to laminin and fibronectin

was assessed using a previously described centrifugation assay [29]. The

wells of a black 96-well tissue culture polystyrene (TCP) plate were coated

with either 25 mg/ml laminin or 25mg/ml fibronectin. Prior to the assay, the

HAEC were fluorescently labeled with membrane permeable Calcein-AM

(Invitrogen-Molecular Probes, Carlsbad, CA). Labeled cells were seeded

into the wells and allowed to attach to the substrate for the appropriate

duration. The plates were subsequently inverted and centrifuged at

750 rpm, applying 72 g detachment force, for 5min. The fluorescence

intensity of each well was read at 494 nm prior to and following the

detachment spin.

2.3. Assessment of cell apoptosis

Tumor necrosis factor-a (TNF-a), a pro-apoptotic agent, was used to

induce the molecular events that occur in the early stages of apoptosis [30].

Lactate dehydrogenase release (LDH), light microscopy, and measure-

ments of caspase-3 activity were used to assess the physical and biological

characteristics of apoptosis. To determine the optimal concentration of

TNF-a to induce apoptosis within the experimental time of 3 h, HAECs

were cultured in EBM-2 (fully supplemented as described) supplemented

with TNF-a (Sigma Aldrich, Milwaukee, WI) at concentrations of 0.1, 0.5,

1.0, 10 and 50 ng/ml. LDH released into the cell culture media due to cell

membrane damage was quantified using a cytotoxicity detection kit

(Roche Applied Science, Indianapolis, IN) and compared to media

samples from cells not exposed to TNF-a.
Subcellular molecular events associated with apoptosis were assessed

by detecting caspase-3 activity (Assay design, Anne Arbor, MI) in cell

lysates of TNF-a-challenged cells. Following a 3-h incubation with TNF-

a, the media was aspirated, the cells were washed with PBS, then lysed in

150ml of lysis buffer containing 10% protease inhibitor (Sigma Aldrich,

Milwaukee, WI) and 1% Triton-X (Sigma Aldrich, Milwaukee, WI). The

cell lysate was kept on ice, until assayed for caspase-3 activity. Lysates

from cells incubated in media containing no TNF-a served as the baseline

control. 4D-ELF analysis was conducted using HAECs that did not

demonstrate changes in cytoplasm or cell membrane integrity following

exposure to TNF-a. Cell membrane integrity was assessed via light

microscopy or the LDH assay.

2.4. Transmission electron microscopy (TEM)

Primary fixation of the SMCs and HAECs was done in 2%

paraformaldehyde/2% gluteraldehyde. The cells were post-fixed in 2%

osmium tetraoxide, dehydrated in graded ethanol (50–100%), and

embedded in Epon resin. Sections were placed on 200 mesh copper grids,

stained with uranyl acetate, lead citrate, and viewed on a Jeol 1220 TEM

at 80 kV (Research Resources Center, University of Illinois at Chicago,

Chicago, IL).

TEM images were quantified for specific structural characteristics. For

the assessment of phenotype, the images of SMCs cultured on laminin and

fibronectin were examined for the density of key organelles, mitochondria

and rough endoplasmic reticulum (RER). The number of each organelle
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was counted by visual inspection of five separate TEM images taken at

12,000–40,000� magnification. All the mitochondria and RER in the field

of view of the TEM image were counted and the number was normalized

to 10 um2 of cell surface area. For the assessment of EC attachment study,

ECs attached to laminin and fibronectin for 60 and 120min were examined

for the density of electron dense contact points. These contact points were

counted by visual inspection of at least 5–8 separate TEM images taken at

20,000–40,000� magnification. All of the contact points were counted

and normalized to 10 um of cell length.
Fig. 2. 4D-ELF calibration data. Images of the predicted light scattered

by microspheres with a mean diameter of (A) 5.8070.2mm and (B)

9.3070.3 mm were stimulated using Mie theory. Experimental data using

aqueous suspension of polystyrene microspheres with a mean diameter of

(A) 5.8070.2 mm and (B) 9.3070.3mm.
2.5. 4D-ELF experimental setup

The detailed description of the 4D-ELF setup has been described

previously, and is shown in Fig. 1 [31,32]. Briefly, the glass cover slip with

the attached cells was gently rinsed in Hank’s balanced salt solution

(HBSS) to remove any media. The cover slip was then immersed in pre-

warmed HBSS in a 60mm glass Petri dish in preparation for 4D-ELF

measurements. An area of the cultured cells on the glass cover slip,

approximately 1mm in diameter, was illuminated by a collimated linearly

polarized beam of broadband-light emitted by a xenon light source. By

means of the analyzing polarizer positioned in the light collection arm of

the system, a Fourier lens positioned one focal distance from the sample

surface, and the imaging spectrometer coupled to the charge-coupled

device (CCD), the instrument records a matrix of the distribution of

scattered light intensity for various wavelengths (from 400 to 700nm) and

angles of scattering (within 781 from the backward direction). In this

matrix, one axis corresponds to the wavelength of light and the other to

the angle of scattering for a fixed polarization and the azimuth of

scattering (the polar angle of the direction of light propagation with

respect to the direction of polarization). The azimuth of scattering is

selected by rotating the polarizer in the delivery arm of the system. The

combination of the linear polarizer in the delivery arm of the system and

the analyzing polarizer allows measurement of the intensity of two

independent components of the light scattered from the cell: scattered light

polarized along the direction of polarization of the incident light (co-

polarized component IJ ) and the scattered light polarized orthogonally to

the polarization of the incident light (the cross polarized component I?).

To compensate for the non-uniform spectral profile of the light source

and other artifacts, the light-scattering intensity maps, referred to as

‘‘fingerprints’’, were normalized to a reflectance standard. The instrument

was calibrated as previously described and tested using a conventional

protocol with standard polystyrene microspheres of different sizes ranging

from 0.2 to 10um [32]. Representative calibration data can be seen in Fig. 2.

For each sample measured, the corresponding substrate was measured as

‘‘background’’; and this background measurement was subtracted from the

sample measurements. The light-scattering data recorded in these experi-

ments were found to be in excellent agreement with the predictions of Mie

theory, which provides the exact solution to the light scattering by spheres.
Fig. 1. Schematic representation of 4D-ELF Instrumentation. Xe: xenon

lamp, C: condenser, L: lenses, A: apertures, P: polarizer, M: mirrors, B:

beam splitter, SS: sample stage, SP: spectrograph, and CCD: CCD

camera. Light-scattering fingerprint: 4-D information include scattering

angle (y), wavelength (l), Azimuthal angle (f), and polarization (J/?).
4D-ELF records a matrix of information in four dimensions. The four

dimensions are (1) wavelength—visible light (400–700nm); (2) scattering

angle—records backscattered light (78 degrees); (3) Azimuthal angle—

angular difference between the direction of the spectrograph slit and the

polarization (P1) direction of the incident beam; (4) polarization—

depending on the position of the two polarizers in the system (P1 and P2),

the scattered light that co-polarizes or cross-polarizes with the incident

beam can be collected.
2.6. 4D-ELF data analysis

Spectral behavior of light scattering depends on the size distribution of

scattering structures. The data obtained by 4D-ELF are provided in the

form of characteristic ‘‘fingerprints’’ which depict the intensity of the

backscattered light, as a function of wavelength and backscattered angle

781. The spectral ‘‘fingerprint’’ data are made linear by plotting the

average intensity of the backscattered light across all scattering angles at

each wavelength (400–700nm). Generally, scattering intensity is a

declining function of wavelength, and its spectral slope is related to the

relative proportion of structures of different sizes. To analyze the data and

characterize the spectral variations of I(l), we obtained linear fits to

log (I(l)) vs. log (l) using linear regression analysis. The absolute value of

the linear coefficient of the fit (in all measurements the linear coefficient is

negative due to the decrease of I(l) with wavelength), is referred to

hereafter as the ‘‘spectral slope’’. Typically, larger structures tend to have

smaller spectral slopes, whereas smaller structures tend to increase the

slope. The spectral slope was obtained for each sample and used in

statistical analyses.

To obtain the complete size distribution of cellular and subcellular

structures at each site, the spectra computationally simulated using Mie

theory were fit to the differential polarization spectra using conventional

least-squares minimization algorithm [33]. In each fitting, several types of

size distributions (normal, log-normal, or uniform) were assumed. We

found that the spectra recorded for near-backward angles had spectral

behavior similar to an inverse power-law [8]. When the sizes of the

scatterers are widely distributed, which is always the case in biological

cells, the log-normal or power-law size distributions provide fits superior

to those obtained using a normal or uniform size distribution. The size-

sensitivity studies showed that the differential polarization spectra are

primarily sensitive only to scatterers whose sizes range from 40 to 800nm.

These limits, therefore, provide the range of validity of the size

distributions obtained using the fitting algorithm.
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Fig. 3. Smooth muscle cells cultured on (A) laminin and (B) fibronectin-coated TCP were probed for SM-a actin (200� ). The actin localization is red and

the nuclei are labeled blue with DAPI. Newly synthesized DNA was labeled with BrDU from HAEC cultured for 1 h on (C) laminin and (D) fibronectin

(100� ).

Fig. 4. Subcellular morphological observations were done with transmission electron microscopy (TEM) for SMCs cultured on (A) laminin and (B)

fibronectin coated TCP. Representative images show the morphological differences between the two cell populations. G—Golgi network, F—filament,

L—lysosomes, ER (with arrows)—endoplasmic reticulum, N—nucleus. Quantification of the number of (C) mitochondria and (D) rough endoplasmic

reticulum (RER) observed per 10mm2 in TEM images (n ¼ 5 images) at 12,000–40,000� magnification. (*) indicates po0:05.

J. Allen et al. / Biomaterials 28 (2007) 162–174 165
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2.7. Statistical analysis

Numerical data were reported as a mean7standard deviation. A student’s

2-sample t-test was used to compare pairs of means. Analysis of variance

(ANOVA) with post-hoc analysis using the Newman-Keuls multiple

comparison test was used to determine significant differences among 3 or

more means. A p-value of 0.05 or less was required for significance.

3. Results

3.1. Assessment of cell differentiation

SMC differentiation was confirmed with immunohisto-
chemistry using phenotype specific markers. The contrac-
tile phenotype was confirmed in cells cultured on laminin,
Fig. 5. 4D-ELF analysis of SMC phenotype on laminin and fibronectin-coated

laminin, and (B) fibronectin. (C) The spectral slope data for cells cultured on

Normalized size distribution data show the shift in the size distribution of the

(E–F) Normalized distribution data at 40 and 800 nm.
by the presence of abundant SM-a-actin (Fig. 3A). This
result is in contrast to that of SMCs grown on fibronectin,
where the staining of SM-a-actin is decreased (Fig. 3B).
The results of the BrDU assay show that the cells grown on
fibronectin are highly proliferative, when compared to the
cells grown on laminin (Fig. 3C and D). Collectively, these
data show that the substrates laminin and fibronectin
synchronize the SMCs into the contractile and proliferative
phenotype, respectively.

3.1.1. Microscopy

TEM images of the SMCs grown on each substrate show
qualitative subcellular morphological differences. Repre-
sentative TEM images have been selected to show that the
glass cover slips. Spectral ‘‘fingerprint’’ obtained of SMC cultured on (A)

laminin and fibronectin. Data are Mean7SD, N ¼ 5 and po0:05. (D)

cellular scattering components to the larger sized scatters of fibronectin.
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Fig. 6. EC attachment is time and substrate dependent. (A) Phase contrast

images of ECs attached to laminin and fibronectin for 15–120min. All

images are 40� . (B) Centrifugation assay results showing HAEC force of

attachment to laminin and fibronectin coated TCP. For all interactions the

data represent Mean7SD, N ¼ 3, po0:05.
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cells in the proliferative phenotype had many organelles
involved in proliferation such as extensive rough endo-
plasmic reticulum (ER), golgi stacks, and a large quantity
of ribosomes (Fig. 4A). In contrast, the cells in the
contractile phenotype had a greater amount of organelles
required for contraction, such as extensive filament net-
works (Fig. 4B). Quantitative analysis of multiple TEM
images shows that the SMC in the proliferative phenotype
have significantly more mitochondria and RER relative to
the SMC in the contractile phenotype (Fig. 4C and D).

3.1.2. 4D-ELF analysis

Based on the light-scattering analysis, there were
significant subcellular morphological differences detected
between the two SMC populations. Measurements were
taken from at least 10 different positions within each glass
cover slip containing subconfluent cells. From each set of
measurements, a ‘‘fingerprint’’ is represented which depicts
the intensity of the backscattered light across all wave-
lengths at backscattered angles 781 (Fig. 5A and B). The
spectral slope data are obtained by plotting the average
intensity of the light at each wavelength over all back-
scattered angles (Fig. 5C). As mentioned previously,
scattering intensity is a declining function of wavelength,
and its slope is related to the relative proportion of
structures of different sizes. Therefore, the mean slope and
standard deviation (SD) of the log of the intensity vs. the
log of the wavelength plots is represented. As described,
‘‘larger’’ structures tend to reduce the spectral slope,
whereas ‘‘smaller’’ structures tend to increase the spectral
slope. The proliferative SMC (cultured on fibronectin) have
a smaller spectral slope as compared to the contractile
SMCs (cultured on laminin) (Fig. 5C) (1.470.2 and
1.870.07, respectively; po0:05). This finding indicates
that the proliferative SMCs have a greater proportion of
larger sub-cellular structures when compared to the
contractile SMCs. Representative size distribution profiles
obtained from SMCs grown on laminin and fibronectin
substrates suggest that the size distributions of SMCs
grown on fibronectin shift towards larger sizes (40–800 nm,
Fig. 5D–F). Furthermore, the relative portion of larger
structures, the mean, and the most probable scatterers all
become larger.

3.2. Assessment of cell adhesion

Endothelial cell attachment to fibronectin was faster and
stronger than to laminin at each time point evaluated.
Phase contrast images of ECs attached to laminin and
fibronectin show increasing cell density as attachment time
increases from 15 to 120min (Fig. 6A). Additionally, a
greater proportion of cells attach to fibronectin at each
time point than to laminin. The data from the centrifuga-
tion assay show that at each time point, there are a greater
percentage of cells that remain attached to fibronectin
than to laminin (Fig. 6B). (15min, laminin 5.171.6%,
fibronectin 23.878.4%; 30min, laminin 8.870.9%, fibro-
nectin 64.976.7%; 60min, laminin 32.179.2%, fibronec-
tin 69.478.8%; 120min laminin 33.970.4%, fibronectin
69.570.9%; po0:05 for all interactions). Furthermore,
when cultured on fibronectin, the maximal force of
attachment is reached by 30min, with no statistical
difference between the percent of cells attached for
subsequent time points. In contrast, when cultured on
laminin, the maximal force of attachment is reached by
60min, with no statistical difference between the percent of
cells attached for 60 or 120min. Overall, there is a decrease
in the rate and proportion of endothelial cell attachment
when cultured on laminin vs. fibronectin.
HAECs cultured on fibronectin form focal adhesion

complexes in as early as 30min as indicated by the green
vinculin staining (Fig. 7A). The punctuate vinculin staining
becomes more abundant and organized, localizing
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Fig. 7. Triple staining of HAECs for focal adhesion complex protein vinculin (green), and filamentous actin stain paxillin (red), and nuclei specific DAPI

(blue). Triple-labeled HAECs cultured on fibronectin-coated TCP for (A) 30min and (B) 120min. Triple-labeled HAECs cultured on laminin-coated TCP

for (C) 60min and (D) 120min. All images are 600� . Differences observed at these time points are in agreement with the differences in the 4D-ELF

spectral slope.

J. Allen et al. / Biomaterials 28 (2007) 162–174168
throughout the body of the cell and at the cell periphery.
The characteristic vinculin staining localizes to the site of
actin stress fiber anchorage throughout the cell. There is a
marked increase in the number of assembled focal adhesion
complexes, and bundled actin filaments by 120min in
culture on fibronectin (Fig. 7B). This result is in contrast to
the staining of HAECs cultured on laminin. The HAECs
cultured on laminin show decreased expression of vinculin
at 60 and 120min in culture on laminin (Fig. 7C and D).
Although vinculin expression increases in HAECs cultured
on laminin by 120min, the localization is still less
organized and is diffuse throughout the cell, localizing
primarily in the paranuclear region (Fig. 7D).

3.2.1. Microscopy

Representative TEM images of cells attached for 60 and
120min to each substrate, laminin and fibronectin, show
differences in cell attachment points and morphology of
subcellular structures (Fig. 8). The representative TEM
images of HAECs attached to fibronectin for 60 and
120min reveal an increase in electron dense cell-substrate
contact points (Fig. 8A and B arrows). The cells cultured
on laminin for 60 and 120min show a decrease or absence
of these contact points (Fig. 8C and D). Additionally, the
cytoplasm of HAECs attached to fibronectin and laminin
for 60min have an abundance of ribosomes, ER, mito-
chondria, and golgi complex structures. In contrast, when
the cells are attached for 120min to laminin and
fibronectin, there is a decrease in the abundance of these
organelles. This decrease is more pronounced in cells
cultured on fibronectin than on laminin. Quantitative
analyses of multiple TEM images reveal the density of
the electron dense contact points (Fig. 8E). These results
show that the cells attached to fibronectin for 60min have a
significantly greater density of contact points per 10 mm of
cell length, as compared to the cells attached to laminin for
the same time (laminin 60min 3.771.1; fibronectin 60min
8.871.0). Additionally, there is a significant increase in the
number of contact points in cells cultured on laminin from
60 to 120min (laminin 60min 3.771.1; laminin 120min
8.371.7). There is no difference in the number of contact
points present on cells attached to fibronectin for
60–120min (fibronectin 60min 8.871.0; fibronectin
120min 9.472.5). These representative TEM images and
the quantitative data demonstrate that there are changes in
the abundance of electron dense cell/substrate contact
points, as well as the changes in the subcellular organelle
distribution as cells interact with both substrates over time.

3.2.2. 4D-ELF analysis

HAECs at various degrees of attachment were analyzed
via 4D-ELF for changes in the subcellular morphology of
the cells as attachment to laminin and fibronectin pro-
gresses. As the HAECs attach to each substrate, at most
time points, the spectral slope is significantly higher for the
cells attached to fibronectin as compared to the slope
obtained for cells attached to laminin (Fig. 9) (15min,
laminin 0.9370.19, fibronectin 1.2170.14, po0:05; 30min,
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Fig. 8. Subcellular morphological observations were done with transmission electron microscopy (TEM) of HAECs cultured on fibronectin for (A) 60min

and (B) 120min and laminin for (C) 60min and (D) 120min. Representative images show the morphological differences between HAECs attached to each

surface for each amount of time. R—ribosomes, M—mitochondria, ER—endoplasmic reticulum, G—Golgi, arrows—electron dense substrate contact

points. (E) Quantification of electron dense contact points from a subset of TEM images for ECs cultured on laminin for 60 (n ¼ 8 images) and 120min

(n ¼ 4 images), and fibronectin for 60 (n ¼ 5 images) and 120min (n ¼ 7 images) at 20,000–40,000� magnification. (*) indicates po0:05.
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laminin 1.1270.19, fibronectin 1.2970.07, p40:05; 60min,
laminin 1.1570.16, fibronectin 1.5670.29, po0:05; 120min
laminin 1.5570.2, fibronectin 1.8370.016, po0:05). Based
on the spectral slopes of HAEC grown on laminin and
fibronectin, the size of the scattering particles within the cells
is smaller and larger, respectively.

3.3. Assessment of cell apoptosis

3.3.1. LDH release and morphology evaluation via

microscopy

The later stage of apoptosis involving the loss of plasma
membrane integrity of HAECs was assessed via release of
cytoplasmic LDH. Following exposure to 0.10, 0.5, 1.0, 10
and 50 ng/ml TNF-a, there is an increasing amount of LDH
released into the media that corresponds to increasing
TNF-a concentration. There is no significant difference in
the amount of LDH released into the culture media upon
exposure to the three lowest concentrations of TNF-a, 0.10,
0.5 and 1.0 ng/ml as compared to the baseline amount of
LDH (Fig. 10A) (0.105270.04, 0.123570.05, 0.17970.08,
respectively p40:05). In contrast, when the concentration
of TNF-a is increased to 10 and 50 ng/ml, there is a
significant increase in LDH released, indicating plasma
membrane damage, when compared to control cells not
exposed to TNF-a (0.22770.10, 0.31470.14, respectively
po0:05). When compared to cells not exposed to TNF-a,
light microscopy images show that there is no observable
difference in the cell morphology when cells are exposed to
no TNF-a, 0.10 and 0.50 ng/ml TNF-a (Fig. 10B–D,
respectively). Conversely there is a marked difference in
the cell morphology of cells exposed to 50ng/ml TNF-a. It
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Fig. 9. 4D-ELF analysis of HAECs cultured on glass cover slips coated

with fibronectin and laminin for 15, 30, 60 and 120min. Data are
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is clear that the plasma membrane is severely compromised
(Fig. 10E).

3.3.2. Caspase-3 activity

There is no significant difference in caspase-3 activity
between cells incubated with no TNF-a and those incubated
with 0.1 ng/ml TNF-a (54.8715.9U/ml, 71.1722.1U/ml,
respectively p40:05) (Fig. 11). However, when HAECs
were exposed to 0.5 ng/ml TNF-a for 3 h, the molecular
cascades present during the early stage of apoptosis were
activated causing a significant increase in the caspase-3
activity (54.8715.9U/ml vs. 86.6728.6U/ml, po0:05)
(Fig. 11). These results show that the early molecular
events of apoptosis are initiated upon exposure of HAECs
to 0.5 ng/ml TNF-a for 3 h. These early events eventually
lead to obvious morphological changes; however, within the
experimental time frame set here, no observable morpho-
logical changes have occurred.

3.3.3. Endothelial cell apoptosis 4D-ELF analysis

HAECs undergoing the early biochemical events of
apoptosis were analyzed via 4D-ELF for nanoscale
changes in subcellular morphology. Based on the spectral
slope data, there is a significant difference in the subcellular
morphology of HAECs that correspond with exposure to
the apoptosis inducing cytokine TNF-a for 3 h (Fig. 12).
The spectral slope of uninduced HAECs is 3.070.9
whereas the slopes of cells exposed to 0.10 and 0.50 ng/ml
TNF-a are 1.970.9 and 1.870.2, respectively (po0:05). As
the early biochemical events of apoptosis are occurring,
although undetectable with conventional microscopy, there
is a change in the subcellular morphology of the cells that
can be detected with the sensitive method of 4D-ELF.
4. Discussion

Many bio-optics techniques have been shown to be
useful in detecting tissue micro-architecture. We describe
for the first time, the use of a novel comprehensive optical
technique referred to as 4D-ELF for the assessment of cell-
material interactions. Herein it is reported that 4D-ELF
can be used for the non-invasive assessment of SMC and
HAEC structural differences associated with processes
such as differentiation, proliferation, substrate attachment,
and the early stages of apoptosis. The application of this
system is ideal for high-throughput screening of cell–ma-
terial interactions. In a tightly controlled environment
where known process and cell changes are to be assessed,
the system once calibrated can provide a means to
quantitatively detect these changes. The structural changes
that accompany each cell process described, and the
corresponding effect on the 4D-ELF spectral slope data
is shown in Table 1. It is clear that for each process there is
an anticipated change in the 4D-ELF spectral data.
SMCs were used as an initial model system to assess the

ability of 4D-ELF to detect nanoscale structural character-
istics that accompany phenotypic modulation. As SMCs
grow they can undergo a reversible conversion in their
phenotype from proliferative/synthetic to differentiated/
contractile [21,23]. This conversion from contractile to
proliferative involves marked structural changes that
include the loss of an abundant actin and myosin
structures, an increase in the number and size of synthetic
organelles such as ER, mitochondria, and golgi complex.
4D-ELF is sensitive to scatterers in the size range of
40–800 nm. Based on the size distribution data, for SMCs
grown on fibronectin the most probable sizes of the
scatterer all become larger and more abundant as
compared to the SMCs grown on laminin. The statistically
significant differences in the spectral slopes indicate that
this parameter may be used to monitor the cellular
structural changes in a population of cells cultured on
biomaterials, especially if screening for populations of cells
that are differentiated on a material of interest.
TEM analysis confirms the above-described structural

characteristics for SMCs in the contractile and proliferative
phenotype and allows the identification of the organelles or
structures that undergo morphological changes. The ER is
composed of tubules whose outer diameter ranges from 30
to 100 nm, the overall thickness of Golgi apparatus can
range from 100 to 400 nm, and mitochondria vary in
overall size, but can be as small as 0.5 mm [11,34]. The ER
and golgi are organelles that have been shown to undergo
changes in size, abundance, and distribution as cells shift
between the two phenotypes [24,25]. The sizes of these
organelles are within 40–800 nm, which corresponds to the
range of sensitivity of the light scattering spectrum [6]. We
suggest that the ‘‘light-scattering particles’’ in this case are
subcellular organelles and structures that undergo changes
in size and distribution that correspond with the two
distinct SMC phenotypes. Therefore, we report that the
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Fig. 10. Detection of apoptosis by measure of LDH. (A) Release of intracellular LDH from HAECs cultured without TNF-a (baseline control) or 0.10,

0.50, 1.0, 10 and 50 ng/ml. Data are Mean7SD, N ¼ 8, (*) indicates po0:05 as compared to the baseline control. Phase contrast images of HAECs

cultured for 3 h in (B) no TNF-a, (C) 0.1 ng/ml, (D) 0.5 ng/ml and (E) 50 ng/ml TNF-a. Images show the morphology of the cells following 3 h of exposure

to TNF-a (scale bar ¼ 100 ums).
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method of 4D-ELF is sensitive enough to detect subtle
changes in sub-cellular organelle size and distribution, such
that it can be used to distinguish between smooth muscle
cells in the contractile and proliferative phenotypes.

These studies were also extended to endothelial cells.
Both angiogenesis and in vitro behavior of endothelial cells
are complex phenomena with multiple progressive steps
toward new blood vessel formation. One of the earliest
steps in the pathway to tissue formation is endothelial cell
adhesion and retention to the substrate. Cell adhesion is
mediated by integrin receptors triggering several pathways
leading to cytoskeletal changes of the myosin and actin
filaments, as well as the recruitment and assembly of focal
adhesion complexes [20,35]. As HAECs attach and interact
with substrates, there is an immediate morphological
response that involves cytoskeletal structural components
that affect the shape of the cells as they shift from being
round in suspension to flat and spread onto the surface.
There is also an immediate recruitment of a matrix of
proteins involved in anchoring the cell to the surface, by
way of focal adhesion complexes [20]. As endothelial cells
go from round to spread during substrate attachment there
is a well-characterized effect on the size and shape of the
nucleus, causing it to ‘‘deform’’ [17]. Additionally, during
cell attachment, there are forces exerted by the cytoplasmic
filaments that can cause the subcellular organelles to
rearrange and/or redistribute [16]. These subcellular
changes may give rise to light-scattering spectroscopic
fingerprints that can be used to describe the degree of
attachment of the cell population once calibrated against
attachment standards. This 4D-ELF fingerprint represents
a population of cells and is not affected by cell density.
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Table 1

Summary of expected changes in subcellular structures and 4D-ELF signals

Cell process Subcellular changes

Proliferative SMC Increased size and abundance of synthetic org

(RER, golgi, mitochondria)

Contractile SMC Decreased size and abundance of synthetic or

(RER, golgi, mitochondria)

EC attachment Increase in focal adhesion

EC apoptosis Chromatin condensation

aThis decreased slope is relative to contractile SMCs in the study described
bThis increase in slope is relative to proliferative SMCs in the study describ
cThis increased slope is reflected over time from 15–120min and correspond
dThis decreased slope is relative to cells that are not undergoing apoptosis
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Fig. 11. Caspase-3 activity was measured from cell lysates of HAECs

cultured without TNF-a (baseline control, N ¼ 6), or with 0.10 ng/ml

(N ¼ 7) and 0.5 ng/ml (N ¼ 9) TNF-a challenge. Data was converted to

Units/ml for each sample. Data are Mean7SD, (*) indicates po0:05 when
compared to the baseline activity.
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Fig. 12. 4D-ELF data of HAECs cultured on glass cover slips undergoing

apoptosis in response to no TNF-a (N ¼ 9), 0.10 ng/ml (N ¼ 10) and

0.5 ng/ml (N ¼ 7) TNF-a exposure. Data are Mean7SD. (*) indicates

po0:05 as compared to the spectral slope of the control (no TNF-a).
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The 4D-ELF data are in agreement with the degree of
attachment of the HAECs assessed via the centrifugation
assay, as well as the assembly of focal adhesion complexes
in HAECs attached to each substrate. We confirm previous
reports that EC attachment to protein-coated surfaces is
time and substrate dependent with overall stronger and
faster attachment to fibronectin than to laminin [36,37]. In
addition to differences in focal adhesion complex forma-
tion and abundance, there are also changes in the
cytoplasmic organelle distribution and composition in cells
attached to laminin and fibronectin. As the EC attachment
time increases from 60 to 120min, there is a decrease in the
abundance of ribosomes, ER, mitochondria, and golgi
complex structures. These structural differences are repre-
sented in the 4D-ELF spectral data, whereby the spectral
slope increases for HAECs attached to both substrates over
time; indicating that size of the scattering organelles are
decreasing and/or becoming less abundant.
The representative TEM images demonstrate qualita-

tively that there are changes in the number, size, and
abundance on electron dense cell/substrate contact points,
as well as the changes in the subcellular organelle
distribution as cells interact with both substrates over
time. Therefore, 4D-ELF is also sensitive enough to detect
changes in the subcellular morphology of EC at varying
degrees of attachment to laminin and fibronectin. It is
likely that 4D-ELF is detecting changes that accompany
the assembly of an organized actin network and/or focal
adhesion complex formation.
The EC attachment study allows the assessment of cell

density on the 4D-ELF fingerprint. If the 4D-ELF
measurements were simply detecting an increase in cell
number, the fingerprints (regardless of substrate) would
reflect a progressively decreasing slope over time to
account for the detection of increasing numbers of large
scatterers, in this case individual cells. This is not the case,
as the density of attached cells increases over attachment
time to each substrate, the 4D-ELF fingerprints are not
affected in this way. Instead, 4D-ELF assesses subcellular
structural changes that are occurring in a population of
cells found within the 1mm diameter of illuminated light.
4D-ELF spectral changes

anelles Decrease slopea (i.e.—greater no. of ‘‘large’’ scatterers)

ganelles Increased slopeb (i.e.—greater no. of ‘‘smaller’’

scatterers)

Increased slopec (i.e.—greater no. of ‘‘smaller’’

scatterers)

Decreased sloped (i.e.—greater no. of ‘‘large’’ scatterers)

herein.

ed herein.

s with increasing attachment in the study described herein.

as in the study described herein.



ARTICLE IN PRESS
J. Allen et al. / Biomaterials 28 (2007) 162–174 173
For these analyses, the measurement is repeated multiple
times and the intensity signals are average to provide
information about the population of cells, rather than just
one individual cell.

Lastly, the process of apoptosis of HAECs was assessed.
Upon receiving specific signals instructing a cell to undergo
apoptosis, a number of distinctive biochemical and
morphological changes occur. A method to non-invasively
detect the onset of apoptosis is a valuable tool for use in the
study of cell/material interactions. The 4D-ELF data show
that there are differences in the size distributions of
subcelluar structures of cells induced to undergo apoptosis.
The changes that were detected via 4D-ELF are changes
that are not easily observed. Measurement of released
LDH indicates that the cell membrane was intact at the
time of the 4D-ELF measurements. This finding is further
supported by the phase contrast images of the cells
demonstrating no visible change in cell morphology. To
confirm the onset of the molecular events of apoptosis,
caspase-3 activity was measured. There is an increase in
caspase-3 activity following exposure to 0.5 ng/ml TNF-a,
indicating that the biochemical process of apoptosis has
begun, and 4D-ELF could detect this onset by quantifying
differences in the sub-cellular characteristics of the cells.

5. Conclusions

4D-ELF has many advantages over other techniques
used to obtain structural information including: safety (as
it uses low intensity visible light); non-perturbing measure-
ments, (no need for chemical fixation as live cells can be
analyzed) and quantitation (mathematical parameters can
be obtained from the data to enable quantitative compar-
ison). Also, it allows for quantitative measurements in real
time. This method of assessing cell–material interactions is
not without its limitations, at present this system is ideal
for very controlled environments where one process is
being assessed at a time, as the system can be calibrated for
specific process detection. The spectral slope described
herein is one tool that can be obtained non-invasively to
assess a cell process that is occurring in a population of
cells. Nonetheless, we have shown that 4D-ELF provides
an otherwise unattainable insight into the nano-scale
architecture of living cells and tissue organization. As cells
attach to engineered scaffolds, and begin to proliferate and
integrate, 4D-ELF can potentially be used to monitor these
events in real time, non-invasively.
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