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a b s t r a c t

Fluorescent microscopy employs monochromatic light for excitation, which can adversely affect the
cells being observed. We reported earlier that fibroblasts relax their contractile force in response to
green light of typical intensity. Here we show that such effects are independent of extracellular matrix
and cell lines. In addition, we establish a threshold intensity that elicits minimal or no adverse effect
on cell contractility even for long-time exposure. This threshold intensity is wavelength dependent. We
cultured fibroblasts on soft 2D elastic hydrogels embedded with fluorescent beads to trace substrate
deformation and cell forces. The beads move toward cell center when cells contract, but they move
away when cells relax. We use relaxation/contraction ratio (λr), in addition to traction force, as
measures of cell response to red (wavelength, λ=635-650 nm), green (λ=545-580 nm) and blue (λ=455-
490 nm) lights with varying intensities. Our results suggest that intensities below 57, 31 and 3.5 W/m2

for red, green and blue lights, respectively, do not perturb force homeostasis. To our knowledge, these
intensities are the lowest reported safe thresholds, implying that cell traction is a highly sensitive
readout of the effect of light on cells. Most importantly, we find these threshold intensities to be dose-
independent; i.e., safe regardless of the energy dosage or time of exposure. Conversely, higher intensities
result in widespread force-relaxation in cells with λr > 1. Furthermore, we present a photo-reaction
based model that simulates photo-toxicity and predicts threshold intensity for different wavelengths
within the visible spectra. In conclusion, we recommend employing illumination intensities below
aforementioned wavelength-specific thresholds for time-lapse imaging of cells and tissues in order to
avoid light-induced artifacts in experimental observations.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Most living cells are photosensitive [1–3]. Furchgott and co-
orkers [4,5] showed that smooth muscles of mammalian arter-

es under tonic contraction relax their force on exposure to light.
ecently, photorelaxation of fibroblasts was reported [6]. It is
ecessary to avoid such inadvertent effects; but it is still not clear
ow lights induce such responses in cells, as well as tissues. Since
he advent of optical microscopy, various illumination techniques
ave been used to visualize cells and tissues. Recently however,

∗ Correspondence to: Micro and Nanotechnology Laboratory, University of
llinois at Urbana-Champaign, 2101D Mechanical Engineering Laboratory, 105 S.
athews Avenue, Urbana, IL 61801, USA.

E-mail address: saif@illinois.edu (M.T.A. Saif).
URL: http://saif.mechse.illinois.edu/ (M.T.A. Saif).

1 Authors contributed equally to the work.
ttps://doi.org/10.1016/j.eml.2021.101249
352-4316/© 2021 Elsevier Ltd. All rights reserved.
monochromatic light is being used extensively for imaging. Many
of these imaging methods involving fluorescent reporters and
green fluorescent protein (GFP) require blue and green light exci-
tation with wavelengths less than 550 nm where photosensitivity
cannot be ruled out. This issue is particularly critical if the cells
are exposed to high intensity light, repeatedly for time-lapse
imaging. A number of imaging methodologies, such as optogenet-
ics [7], super-resolution imaging [8,9], ion and voltage sensitive
imaging [10], live cell imaging [3,9,11–13] may utilize hazardous
levels of light [14]. A visible sign of photosensitivity or photo-
toxicity is the change in cells’ morphology, such as blebbing,
necrosis, formation of vacuoles, and mitochondrial swelling [2,
15]. Such morphological changes may be expressed at different
phases of cell division [16,17] and may appear long after light
exposure compared to the duration of exposure. In addition, it
is possible to have effects associated to photo-toxicity that are

not necessarily noticeable. Such external effects can compromise
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ata accuracy and experimental validity [18,19]. Hence, for live-
ell imaging, it is imperative to eliminate the artifacts of light by
hoosing a suitable illumination protocol, which remained elusive
or a long time.

Most of the previous studies on photo-toxicity relied on cellu-
ar reactions such as DNA damage [20] or apoptosis [13] due to
igh intensity lights. As instrumentation improves and imaging
ith lower incident intensities is possible, it becomes important
o investigate the intensity and dose dependence as well. We
hoose contractility of cells as a read-out to quantify the effect of
ight, since force has been found to be correlated with a variety of
unctions such as cell migration [21], cellular homeostatsis [22],
ifferentiation [23,24], morphogenesis, wound healing [25], dis-
ase progression and cancer metastasis [26–28]. Moreover, our
revious works showed that fibroblasts relax their forces par-
ially when exposed to toxic substances [29] or fluorescent lights
ommonly used in microscopes (wavelength, λ ∼ 550 nm and
ntensity, I ∼ 2250 W/m2) within 2 s of exposure [6,30]. We
uantified the response by plating cells on soft Polyacrylamide
PA, 5 kPa) gel substrates functionalized with fibronectin and
mbedded with 100 nm fluorescent beads as fiduciary mark-
rs. The beads were placed within 1 µm from the surface of
he gel substrate. Cells adhered to the substrates and generated
ontractile force. In response, the soft substrate deformed, and
he beads followed the deformation, usually toward the center
f the cell. The cell force reached a steady state within 3–4 h
f plating after which the net force became nearly stationary
ith negligible fluctuations over a short span of time (min-
tes) [31,32]. After reaching this steady state, we exposed the
ells with regular green light for either 2 s or 60 s, while we
onitored the dynamics of the beads [6,30]. We found that soon
fter light exposure: (1) a majority of the beads moved away
rom the cell-center implying force relaxation, while a minority
f beads moved toward cell-center implying contractility. This
uggests a net force reduction, i.e., photorelaxation. (2) Some of
he beads moved abruptly outward (‘‘jumping’’), implying sudden
ocal force relaxation [33]. There is a need to relate these behav-
ors to experimental parameters such that potential experimental
rtifacts may be avoided.
Here, we systematically seek a threshold light intensity, Ith (λ),

elow which cell traction becomes insensitive to light, i.e. the
ells maintain force homeostasis without photo-relaxation, and
et the light is sufficient for high-resolution time-lapse fluo-
escence imaging. We performed our experiments by exposing
ibroblasts (CV-1, CCD112CoN and NIH/3T3 cell lines) to red
λ = 635–650 nm), green (λ = 545–580 nm) and blue (λ = 455–
90 nm) lights with a range of intensities. The cells were plated
n PA gel substrate functionalized with fibronectin and em-
edded with fluorescent beads. We measured the motion of
eads for 1–8 hour(s) using a timelapse imaging approach. We
uantified the relaxation/contraction ratio (λr ) from the net bead
isplacement away from and toward the cell center. λr > 1
mplies that the cell has relaxed, λr = 1 implies that the cell
s maintaining force homeostasis. We found λr = 1 for red
ights with intensity of I = 57 W/m2 or lower. Higher intensities
and lower wavelengths resulted in λr > 1. Ith (λ) decreases with
horter wavelengths. We also quantified the net contractile force
f the cells, which also remained unaffected by the lights with
< Ith (λ). Above the threshold intensity, cell contractile force

decreased with time. Furthermore, this threshold is not limited
to cells on 2D substrates. We also verified that the threshold
applies to multiple cell lines cultured on both fibronectin- and
laminin-coated substrates.
2

2. Materials and methods

2.1. Cell culture

We used three types of cell lines for the study: normal monkey
kidney fibroblast, CV-1 (ATCC), normal human colon fibroblast,
CCD112CoN (ATCC), and mouse embryonic fibroblast, NIH 3T3
(ATCC). The effect of light was studied for both 2D and 3D culture.
CV-1 and CCD112CoN were cultured on 2D substrates, 3T3 were
cultured in 3D. Cells were cultured in fibroblast media containing
89% Dulbecco’s modified Eagle’s medium (DMEM) (Corning), 10%
fetal bovine serum (FBS) (Gibco) and 1% penicillin–streptomycin
(Lonza). During imaging, cell culture media without phenol red
was used.

2.2. Polyacrylamide 2D substrate preparation

CV-1 cells were plated on Polyacrylamide (PA) hydrogels em-
bedded with fluorescent particles. The beads were localized at a
depth of about 1 µm from the top surface of the substrate follow-
ing a protocol outlined in [34]. We used three types of fluorescent
beads — (i) 0.2 µm-dia dark red beads (excitation/emission-
660/680 nm, Thermo-Fisher, cat. no. F8807) (ii) 0.1 µm red
beads (excitation/emission-580/605 nm, Thermo-Fisher, cat. no.
F8801) and (iii) 0.2 µm yellow-green beads (excitation/emission-
505/515 nm, Thermo-Fisher, cat. no. F8811) The bead colloidal
solution was diluted to a concentration of about 7 × 10 9 par-
ticles/ml in order to maintain a bead density of approximately
1 per 5 µm2 on the gel surface. The elastic modulus of the
hydrogels was approx. 5 kPa (4.47 ± 1.19) based on the pro-
tocol established by Tse and Engler [35]. 5% Acrylamide and
0.15% Bis-acrylamide concentration was achieved by mixing 1.25
ml 40% Acrylamide (Sigma-Aldrich) stock solution, 0.75 ml 2%
Bis-acrylamide solution (Sigma-Aldrich) and 8 ml DI water. Poly-
merization was initiated with 1% Ammonium persulfate (APS,
Bio-Rad) and 0.1% Tetramethylethylenediamine (TEMED, Bio-Rad)
in final concentration. After polymerization, the PA gel substrates
have an approximate depth of 110 µm.

After polymerization, substrates were functionalized with two
types of ECM, namely fibronectin (Human, Corning) and laminin
(Human, Corning). Two ECMs were chosen to eliminate the pos-
sibility that photo-relaxation might be an artifact of a partic-
ular ECM. The protocol for functionalization is outlined by Tse
and Engler [31]. Briefly, 0.2 mg/ml sufosuccinimidyl-6-(4’-azido-
2’-nitrophenylamino)-hexanoate (Sulfo-SANPAH, Thermo Scien-
tific) solution in HEPES buffer (50 mM HEPES at pH 8.5, Fisher
Scientific) was applied to the PA gels and then was activated
with 365 nm UV light (8 Watt, UVP UVL-28, Analytik Jena, US).
The substrates were then immersed overnight in fibronectin or
laminin solution in HEPES buffer. Concentration of 25 µg/ml was
used for both fibronectin and laminin. The gels were then washed
with PBS and were ready for cell culture. CCD112CoN (ATCC) cells
were tested on 2D PA gel substrate following the above protocol.
However, only fibronectin functionalization was tested with these
cells.

2.3. 3D Collagen scaffold preparation

Collagen precursor solution was prepared on ice by first neu-
tralizing rat-tail collagen I (Corning) with 1N sodium hydroxide,
10X PBS, and deionized (DI) water. We followed Corning recom-
mended protocol [36] to prepare a final collagen solution of 2.5
mg/ml with pH 7.2 from a high concentration stock solution of
8.9 mg/ml in 0.02 N acetic acid (280.9 µl collagen stock sol., 6.5
µl NaOH, 100 µl 10X PBS and 612.6 µl DI water). NIH/3T3 (ATCC)
cells were then mixed with collagen at a density of 0.1 million/ml.
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This mixture was dispensed in a glass-bottom petri-dish (well
diameter 12 mm, depth 1 mm, Cellvis). After filling the well
with cell-collagen mixture, the well was covered with coverslip
(22 mm, EMS). The petri-dish was then flipped and immediately
put in the refrigerator at 4 ◦C so that the cells settle down to the
cover slip while the collagen does not completely polymerize. Af-
ter 15 min, samples were flipped again and kept in the incubator
(37 ◦C) for 3 min which allowed the cells to fall under gravity
through the liquid collagen while it polymerizes simultaneously.
The petri-dish was flipped 2 more times and the time intervals
between the flips were 5 and 7 min respectively in the incubator.
The cover slip was removed and the dish was filled with cell-
culture media. From z-stack images, sample thickness was found
to be 900 µm, and cells were observed in different planes. We
selected a plane 500 µm above the bottom of the dish to ensure
that cells were completely surrounded by 3D collagen matrix.

2.4. Light source and illumination methods

The cells were illuminated continuously with either: (1) a deep
red collimated LED (light emitting diode) (Thorlabs, Inc., Newton,
NJ) coupled with far red filter set (Semrock Brightline LF635/L P-
B-000, Rochester, NY) giving λ = 635–650 nm considering full
width at half maximum (HMFW) intensity or (2) a fluorescent
metal halide lamp (X-Cite R⃝ Series 120, Excelitas Technologies,
Waltham, MA) coupled with an mCherry filter (Semrock Bright-
line mCherr y − M − O MF, Rochester, NY) giving λ = 545–580
(HMFW) or a GFP filter set (Semrock Brightline GFP-3035C-000,
Rochester, NY) giving λ = 455–490 (HMFW). These range of
wavelengths were measured by spectral analysis of the illumi-
nation using a standard spectrometer (USB2000+, OceanOptics)
(Suppl. Fig. 1. Technical details about the light sources and the
filters are provided in Supplementary Information. Suppl. Fig.
2 shows a schematic diagram of the experimental setup and
light paths. Neutral density (ND) filters were employed for both
sources to tune light intensity. For example, ND100 and ND25
indicate 100% and 25% of the light were transmitted. In addition
to ND filter, power output from the fluorescent metal halide
lamp for mCherry light was modulated to control light intensity.
Thus, 25%ND25 means that 25% of light was allowed from the
source, and 25% of this output was filtered by the ND25 filter.
The intensity of LED light was controlled by the ND filters only.
The light sources and their intensities are shown in Table 1. Light
intensities were measured using 40X water immersion objective
(Numerical Aperture, NA = 1.15, Olympus) by PM100 power
meter (ThorLabs) at a plane 15.5 mm above the objective and at
the focal plane which is the typical location of the sample. Note
that the power meter aperture is large (9.5 mm) and could not
be used to quantify the special intensity profile of the incident
light. In order to reduce the aperture, the sensor was wrapped
with an aluminum foil with 0.75 mm diameter aperture. Thus,
the intensity was measured for light passing through the small
aperture only. The power meter was moved orthogonal to the
incident light and along the radial direction of the light beam to
measure the spatial intensity profile. Also, it was not possible to
measure light intensity at the sample planes during experiments
due to the presence of cells. Hence intensity was measured at a
distance of 15.5 mm above the objective. Although, the intensity
can then be estimated at the focal plane (sample plane) from the
measurements at the 15.5 mm plane, we measured the intensity
at the focal plane as well in the absence of cells to ensure mini-
mal loss of light due to dispersion. The correlation between the
measured intensities at the two planes was used to estimate light
intensity on cells. Intensity profiles of representative light sources
are provided in Suppl. Fig. 3.
3

Table 1
Illumination intensities and corresponding particle tracking precision for various
light sources.
Lighting condition Avg. intensity at

15.5 mm from
the objective
(W/m2)

Max. intensity at
cell sample plane
(W/m2)b

Measurement
Resolution (nm)

LED ND6 0.12 14.6 18.07
LED ND12 0.28 34.1 14.84
LED ND25 0.47 57.2 10.62
LED ND100 1.93 234.8 6.1
mCherry 12%
ND6

1.43 257.7 13.11

mCherry 25%
ND6

2.47 445.0 9.77

mCherry 12%
ND12

3.17 571.1 9.05

mCherry 25%
ND12

5.53 996.4 7.57

mCherry 25%
ND25

12.5 2252.2 11.24

mCherry 25%
ND100

40.8 7351.1 6.71

mCherry 100%
ND25

41.65a 7504.2 –

mCherry 100%
ND100

135.94a 24493.7 –

Displacement distributions for cells exposed to various light sources, listed
in order of increasing light intensity. Particle tracking precision determined
by tracking beads immobilized in PA gels devoid of cells during one-minute
of continuous illumination through 40X water immersion objective (NA=1.15).
Illumination source column indicates light source (LED or mCherry), as well
as the accompanying neutral density (ND) filter classification. ND100 indicates
no filter was used (i.e. 100% of light passed through). Modulation of relative
power output for the fluorescent metal halide lamp utilized as the mCherry
source is indicated, preceding the ND classification (i.e. 12 or 25%). Tracking
precision computed as standard deviation of the Gauss fit of the displacement
distribution for each illumination source. Each illumination source represents
over 1000 particles from 3 distinct gel substrates.
aValues reported was determined from extrapolation of experimental data.
bSample plane intensity was determined employing intensity profiles in suppl.
Fig. 3.

2.5. Particle tracking and limitations

Inspected cells on 2D substrates were more than 100 µm
away from neighboring cells. The motion of fluorescent beads
was tracked from images for analyzing their movements with
time. First, the cell spreading area was determined and the cen-
troid of the area was established using the formula: centroid (x,
y) = (

∫
xdA∫
dA ,

∫
ydA∫
dA )). Here, cell boundary gives the limits of the

integrals. Let the vector from the origin (cell centroid) to an
embedded fluorescent bead be r(0) and r(t) at time = 0 and
ime = t respectively. Hence, the net magnitude and direction
f displacement of the bead is given by |r(t)|–|r(0)|. Motions

of all the beads within cell area were computed and statisti-
cally analyzed for cells subjected to the described illumination
protocols. Motion toward the centroid (inward) is negative and
represents cell contraction; motion away from the centroid (out-
ward) is positive and represents cell relaxation. Relaxation was
assessed by a majority of motion outward relative to inward. It
is expected that cells exposed to sufficiently low intensity light
would not exhibit light-induced relaxation. However, lowering
the excitation light intensity reduces the signal level with respect
to background noise, thus reducing the particle tracking precision.
We quantified the noise and measurement resolution for each
light source (see Table 1) by tracking fluorescent beads in PA gels
without adherent cells. For each illumination condition, light was
shined for 60 s. Bead displacement was quantified as the change
of position with an arbitrary origin during 60 s, i.e., |r(60)|–
|r(0)|. A Gaussian curve was fit to probability distributions of the
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Fig. 1. Determination of noise and signal. Probability distributions of particle (fluorescent beads) displacements embedded in PA gel substrate with (red) and without
(blue) CV-1 cells (n ≥ 10) for various illumination conditions (a–j). For each case, light exposure time was 60 s. Particle displacement is quantified as the change
of position after 60 s, i.e., |r(60)|–|r(0)|, where r(t) is the vector location of the particle. Tracking precision is estimated as the standard deviation of Gauss fit of
the displacement distribution for the cell-free substrates. Each illumination source represents over 1000 beads from 3 distinct gel substrates. The variances of the
distributions were determined according to an F-test (α =0.05). (For interpretation of the references to color in this figure legend, the reader is referred to the web
ersion of this article.)
article motion. The standard deviation (σ ) of the distribution
epresents a measure of displacement resolution for each light
ource (Table 1, Fig. 1). For evaluation of cell response, sparsely
opulated fibroblasts were then cultured on the same substrates
ith beads. Single cells were exposed to various illuminations
Fig. 1) for prescribed durations. The displacements of beads
ithin the footprint of each cell were then analyzed and re-
orted. The probabilities of contraction, (Pc) and relaxation (Pr )

were evaluated by integrating the area under the left and the
right sides of probability distributions (red points) in Fig. 1 for
each illumination condition. Relaxation ratio was determined as,
λr = Pr/Pc.

Monitoring cell traction over a long period after target light
exposure requires excitation of the tracer beads embedded in the
substrate. In order to minimize the effect of observation light on
cells, we use dark red beads that can be traced with low intensity
light (long wavelength LED, ex/em-660/680 nmwith I < 57 W/m2)
with minimal dosage. However, most of the experiments are not
constrained by this limitation. For example, cells exposed to 60
or 120 s mCherry light was monitored using 0.1 µm red beads
4

(ex/em-580/605 nm) that do not require a different observation
light. Similarly, for monitoring cells that were exposed to con-
tinuous LED light, we used dark red beads (ex/em-660/680 nm)
that have the same excitation light. Nevertheless, when beads are
monitored after cells are exposed to prescribed target dosage of
light, the monitoring illumination with sub-threshold light may
still affect cell traction. To assess the impact of such observation
light, we carried out an extensive dosage analysis for various
illumination conditions (Table S1). The analysis reveals that for
most of the cell exposure conditions, initial target dosage on cells
for 60 s or 120 s is more than 96% of the total illumination which
indicates that the effect of light for monitoring is minimal.

2.6. Application of various light dosages

In order to determine a safe illumination on cells, at first we
considered reducing the radiation intensity and then reducing
the amount of exposure time at a given intensity. It should be
noted that adherent, non-motile cells maintain a steady contrac-
tile state, or force homeostasis after a few hours of plating [15,
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Fig. 2. Cellular force relaxation strongly correlates with light intensity. (a) Cell force relaxation decreases with decreasing light intensity during illumination. Proportion
of outward – relative to inward – moving beads represents decreasing dominance of force relaxation over contraction throughout illumination. Probability (P(Relax))
of outward-moving bead displacements relative to the cell centroid decreases with decreasing illumination intensity (blue columns). On the other hand, probability
of inward motion, P(Contract) = 1-P(Relax), increases with decreasing intensity (orange columns). All cells were illuminated continuously for 60 s. Each illumination
ondition represents n = 5 distinct cells. (b) Time evolution of traction force following illumination for various exposure conditions. Traction forces over time as a
raction of initial force for cells exposed to the following illumination sources: LED (Dark red light) ND100 for t = 2 s (blue), LED (Dark red light) ND100 for t = 15
(orange), mCherry 25% (Green light) ND25 for t = 2 s (gray), or mCherry 25% (Green light) ND25 for t = 15 s (yellow). Time t = 0 represents the force at the

nstant the illumination period started. Each distribution represents an average for n = 3 cells. Error bars represent standard error of the mean (SEM). (c) Probability
f relaxation (P(Relax)) and contraction (P(Contract)) evaluated by integrating the area under the left and the right sides of probability distributions (red points) in
ig. 1 for each illumination condition (mCherry 25% ND100, t = 2 s; LED ND100, t = 15 s; LED ND100, t = 2 s). Force relaxation shown at 0 s (Immediately after,
A), 10 min, 30 min, 60 min after illumination, all normalized with the force at 0 s. Each column represents an average of n = 3 cells and number of beads >1000.
umber of independent experiments: 3.. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 3. Displacement maps exhibit steady state traction force following illumination. Maps of displacement as a result of cell traction following illumination by either
(a) LED ND100 for t = 2 s or (b) mCherry 25% ND100 for t = 15 s. Unit bar in pixels (1 pixel = 0.167 um). Scale bar: 20 um.
f
t
w
c

1,37–40]. The goal was to search for the light (wavelength and

ntensity) that allows cells to maintain force homeostasis. To this

nd, we exposed CV-1 cells, plated on PA gels functionalized with
5

ibronectin and laminin independently, to continuous illumina-
ion for 60 s with various lighting sources. Substrate deformations
ere assessed as ‘‘contractile’’ when the beads moved toward the
ell center, or ‘‘relaxation’’ when the beads moved outward [34].
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hese experiments provided with initial evidence of a threshold
ntensity of light that does not perturb cell traction homeostasis.

To investigate the effect of energy dosage, we exposed the
ells to green and red lights for 15 s and 2 s and measured
elaxation for the following hour. Cell contraction or relaxation
as measured using the LED light source (λ = 635–650 nm with
< 57 W/m2), which was found to be non-invasive from previous
esults. We also ensured that the dosage required for observation
as negligible compared to the target illumination dosage (see
able S1). Intriguingly, results from these experiments led us to
hypothesis that the threshold intensity is dose-independent,

.e. light with intensities below the threshold limit are non-
nvasive irrespective of the exposure time or energy input to the
ells. To further test this hypothesis, we carried out two sets
f experiments with intensities below threshold, for extremely
ong exposures — (i) ∼200–1600 ms every 5 min for ∼8 h total
uration (ii) 60 min continuous irradiation (dosage details in
able S1). Findings from the experiments are presented in the
ollowing sections.

. Results

.1. Lower wavelength light causes more photo-relaxation

Probability distributions (normalized histograms such that the
rea under the histogram equals to 1) of displacements induced
y CV-1 cells exposed to each light source are shown in Fig. 1a–
(red points). Gauss-fit of the noise floor is superimposed on
he histograms (blue lines in Fig. 1a–j, merged plot shown in
uppl. Fig. 4). Deviation of the cell-induced motion (red) from
he noise-floor (blue) indicates the extent to which active cell
otion occurs beyond the measurement noise. The variances of

he distributions were determined according to an F-test (α =

.05). A positive skewness indicates relaxation whereas a nega-
ive skewness means contraction. Substrate deformations of all
Cherry-exposed CV-1 cells exhibit significant statistical devia-

ion from the noise-floor (Fig. 1a–f). This also holds true for cells
xposed to the LED ND100 source (Fig. 1g). However, for LED
D6, a large portion of the cell-induced motion aligns with the
oise floor (Fig. 1j). Thus, very little activity is detected beyond
he measurement noise for LED ND6 source. This can be due to
he fact that the cells do not produce any excess force on the
ubstrate during this 60 s period. For LED ND25 and ND12, cell
nduced motions are detected beyond noise floor, and the distri-
utions are symmetric, i.e., the cells’ contractility and relaxation
uring 60 s time are balanced, resulting in force homeostasis.
hile cells can maintain force homeostasis under exposure to

ny of the sources (LED ND25, LED ND12, LED ND6), we identify
ED ND25 as a threshold light source that offers a compromise
etween minimal photo-relaxation and sufficient brightness for
ime-lapse imaging of cells and substrate beads.

The probabilities of relaxation compared to contraction in-
reases with higher intensities and smaller wavelengths of light
Fig. 2a). This suggests that wavelength may also play an intrinsic
ole, as longer wavelength sources are known to reduce damage
o cells [13]. Cells exposed to red light with intensity below 57
/m2, for example, exhibit equal proportions of contraction and

elaxation with λr ∼1.0 (Fig. 2a). This shows evidence of a limit
ntensity that is safe for the cells.

.2. Time evolution of traction forces suggests that cells maintain a
teady state following initial illumination period

Traction forces of living cells have traditionally been thought
o attain a steady state soon after (∼2 h) adhering to a surface [15,
1,37–40]. Under normal circumstances, this force homeostasis
6

s maintained until initiation of other activities, e.g., migration
r division. In this study, we aimed to understand how traction
orces evolve over time following illumination with potentially
amaging lighting conditions. For investigating traction evolu-
ion, we varied intensity, as well as exposure times and thus
nput dosages. Four different lighting conditions were utilized:
Cherry 25% ND100 for (i) t=15 s and (ii) t = 2 s, and LED
D100 for (iii) t = 15 s and (iv) t = 2 s. The LED ND25 was
hosen as the non-damaging light source for traction monitoring
based on Table 1 and Fig. 1). Cell traction was monitored for
0 min after light exposure. As expected, the greatest decrease
n traction force occurs for the mCherry 25% ND100 for t = 15
condition, followed by mCherry 25% ND100 for t = 2 s, LED
D100 for t = 15 s followed by LED ND100 for t = 2 s (Fig. 2b).
n all cases, traction forces decrease initially within first 15 min.
fter initial decline, force values for each light condition maintain
steady-state, fluctuating within ±5%, for subsequent ∼45 min.
ence, these results suggest two key points — (a) force relaxation
ecreases with decreasing light intensity, and (b) for the same
ntensity, higher energy dosage (i.e. longer duration of exposure)
auses higher relaxation.
A measure of the change in contraction-relaxation is given by

he probabilities of bead displacements inward (contraction), Pc ,
nd outward (relaxation), Pr , of the cell center respectively. These
robabilities are shown in Fig. 2c for cells exposed to mCherry
5% ND25 for t = 2 s, LED ND100 for t = 15 s and 2 s. Soon
fter exposure to mCherry 25% ND25 for t = 2 s, λr = Pr/Pc
2.1. This ratio increases to ∼3.0 after 60 min, while net force
ecreased by 20% during this time (Fig. 2b). λr is close to 1.0 soon
fter both exposures to LED ND100 light. However, higher dose
ith 15 s exposure resulted in a steady relaxation; whereas the

ower dose caused initial relaxation that was followed by con-
ractile recovery. Force evolution curves (Fig. 2b) indicate similar
rends. Hence, these results underscore the fact that changes in
r strongly correlate with changes in cell force, and hence is a
easonable index for monitoring traction behavior.

It is important to note that bead relaxation probability or trac-
ion relaxation provides a cumulative response from all locations
nderneath the cell spreading area. However, cells can interact
ith the substrate with considerable spatial heterogeneity. As
result, even though cells maintain λr over time, inspection

f the individual bead displacements from local traction forces
hows evidence of small, localized force changes. Cell-induced
isplacement maps reveal spatio-temporal modulation of traction
hroughout the spreading area of the cell (Fig. 3). While the
ocation of the largest displacements shifts throughout the one-
our observation period, the dominant angle/orientation along
hich the forces are aligned appears to remain constant.

.3. Photo-relaxation is not specific to ECM, cell line or 2D culture

In order to test whether the observed photo-relaxation is
n artifact of fibronectin ECM, we plated CV-1 cells on PA gel
ubstrates functionalized with laminin. We exposed the cells
o the following lighting conditions: (i) mCherry 100% ND25
I = 7500 W/m2) and (ii) mCherry 100% ND100 (I =

4,500 W/m2), each for 120 s. For both light conditions, the
eads were imaged every 5 s for a total of 2 min. Probability
istribution of bead displacements after 2 min with mCherry
ights are presented in Suppl. Fig. 5a–b. The distributions are
ositively skewed which indicate force relaxation due to both
lluminations. Also, as expected, the distribution was relatively
ore skewed for mCherry 100% ND100 due to higher intensity.
orresponding bead displacements for representative cells after
120 s illumination period is shown in Suppl. Fig. 6A–B. It is

lear that force relaxation is significantly more pronounced as
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Fig. 4. Threshold illumination intensity is dose-independent for extremely long continuous exposure. CV-1 fibroblasts were subjected to (a–b) GFP (n = 5), (c–d)
mCherry (n = 11) and (e–f) LED (n = 3) lights at threshold light intensity for at least 60 min. Images were captured every 5 min to analyze cell spreading area
(a, c, e) and total cell force (b, d, f). The parameters were normalized with respect to initial values (at t = 0 min). All spreading area and force curves for these
illuminations stay close to unity, which indicates undisturbed force homeostatsis and hence, no effect of light on cell traction and relevant functions. Number of
independent experiments: 3. Error bars represent SEM.

Fig. 5. Threshold illumination intensity is dose-independent with repeated exposures for extremely long duration. CV-1 fibroblasts on fibronectin functionalized
substrates, were subjected to (a–b) GFP (n = 6), (c–d) mCherry (n = 5) and (e–f) LED (n = 5) lights pulses at threshold light intensities for ∼ 24 h. Images were
captured every 5 min to analyze cell spreading area (a, c, e) and total cell force (b, d, f). Pulse durations for GFP, mCherry and LED lights were 1600, 400 and
200 ms respectively. Normalized spreading area and force curves for all the illuminations stay close to unity, which indicates that repeated exposure to light below
threshold intensity does not perturb force homeostatsis; even with experiments that have very long durations. (g–h) Normalized cell area and total force curves
for LED red light with intensity higher than threshold (I = 235 W/m2) show steady reduction in spreading area and relaxation of traction force. Within ∼ 8 h,
these parameters dropped to almost half of the initial values. These results ascertain that traction force is a reliable indicator of photo-toxicity and our established
threshold intensities do not induce unwarranted photo-response in cells. Number of independent experiments: 4. Error bars represent SEM.

7
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Fig. 6. Dose-independent threshold intensity is applicable for laminin ECM functionalization. CV-1 fibroblasts on laminin coated substrates, were subjected to (a-b)
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rea (a, c, e) and total cell force (b, d, f). Exposure times for GFP, mCherry and LED lights were 1600, 400 and 200 ms respectively. Similar to results with fibronectin
n Fig. 5, normalized spreading area and force curves for all the illuminations stay close to unity. This suggests that light below threshold intensity does not perturb
orce homeostatsis irrespective of adhesion ECM, even with repeated exposure for long duration. Number of independent experiments: 3. Error bars represent SEM.
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ompared to contraction, which is similar to the results with
ibronectin. These results suggest that photo-relaxation is not
pecific to fibronectin-rich ECM.
We anticipated that photo-relaxation is not limited to CV-
cell line. Hence, we explored the effect of light on human

CCD-112 CoN, colon normal fibroblast) and mouse cells (NIH/3T3
ibroblasts) as well, the latter in 3D discussed below. We per-
ormed traction force microscopy on CCD112CoN cells during and
fter 120 s exposure to (i) LED ND25, (ii) mCherry 100% ND25
nd (iii) mCherry 100% ND100. The results are presented in Suppl.
ig. 5c. As expected, both mCherry lights induced force relaxation
hroughout the entire 120 s of illumination. During the following
our, these cells maintained a steady state as observed with CV-
cells as well. On the other hand, the LED light source, which

lluminated at an intensity level below the anticipated threshold,
riggered no such relaxation. Hence, we can deduce that human
ibroblasts are also susceptible to photo-relaxation if irradiated
ith above-threshold light. However, the precise threshold light

or CCD112CoN may differ from that for CV-1 cells.
The above studies were limited to cells cultured on 2D sub-

trates. To investigate the effect of light on cells in 3D extracel-
ular matrix, we cultured NIH/3T3 fibroblasts in collagen matrix.
fter 1 hr of polymerization of the cell–ECM mixture, the cells
ere exposed to (i) mCherry 100% ND25 (ii) LED ND25 illu-
inations for 120 s Following the exposure, we observed the
ells for the next 10 h using only phase-contrast imaging. The
ells not exposed to light (mCherry or LED) probed the microen-
ironment using filopodia to elongate and migrate (Suppl. Vid.
, n = 10 cells). In stark contrast, cells exposed to mCherry
00% ND25 illumination underwent slowing down of activity
ollowed by severe blebbing (Suppl. Vid. 2, n = 10 cells) and
apparent death. However, cells exposed to LED ND25 illumination
appeared to be similar to control cells (not exposed to light),
i.e., they were elongated, contractile and migratory (Suppl. Vid.
3, n = 10 cells). Hence, these results suggest that the threshold
intensity of 57 W/m2 is possibly valid for NIH/3T3 fibroblasts

within 3D collagen matrices as well. f

8

3.4. Threshold intensity of monochromatic light is dose-independent,
but wavelength-specific

Our results suggest that 57 W/m2 is a threshold intensity for
red light with wavelengths longer than 650 nm. The next question
we set out to explore is whether this safety limit applies to
shorter wavelengths. To this end, we expanded our investigation
to green and blue lights since these are widely used in fluores-
cence microscopy. As anticipated, the shorter wavelengths have
lower thresholds. We found that the safe intensities for green
(mCherry, λ = 545–580) and blue (GFP, λ = 455–490) lights are
31 and 3.5 W/m2 respectively. These thresholds for green and
blue light were determined by trial-and-error experiments with
short durations. We reduced intensity from 57 W/m2 and per-
ormed preliminary experiments for short exposures (60 s). If 60 s
xposure showed no relaxation, we then carried out experiments
ith 60 min continuous exposure. If 60 min exposure was safe,
e carried out the pulsed exposure experiment for ∼8 h. These
esults suggest that mechanisms that induce photo-toxicity are
ntrinsically wavelength-dependent.

Next, we investigated whether the threshold intensity is dose-
ndependent i.e. safe regardless of the energy dosage. To test this,
e exposed the cells to threshold intensities for long duration
hat produces a very high energy input. Two modes of illumina-
ion were tested — (i) continuous exposure for more than 60 min
Fig. 4), and (ii) pulse exposure (pulse duration, 200–1600 ms,
ig. 5) every 5 min for ∼8 h. Both conditions transmitted high
otal dosages (Table S1). Remarkably, despite being exposed to
uch high energy irradiation, the cells showed no signs of distress
r toxicity with regards to cell traction. Fig. 4 shows that cell
preading area and total traction force remains unaffected during
ontinuous exposure to threshold intensities for 60–120 min.
ig. 5 presents data that establishes safety of intensities below
eported thresholds with repeated exposures for long durations.
uppl. Fig. 7 shows cell spreading area for control cells that were
ot illuminated with fluorescent lights. As expected, evolution of
ell area for control cells is similar to those of cells exposed to

luorescent intensities below threshold.
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Long exposure experiments conducted on fibroblasts (CV-1)
n laminin coated substrates verify similar safety limits for light
ntensities (Fig. 6). These results suggest that the threshold inten-
ities are independent of the ECM the cells are adhered to. Overall,
hese results clearly demonstrate that if illumination intensity can
e maintained below thresholds, energy dosage can be dramati-
ally increased without inducing photo-toxicity. For instance, a
osage of ∼4500 J/m2 was sufficient to induce force relaxation
Fig. 5g–h) with 235 W/m2red light; whereas ∼400,000 J/m2

osage (∼100 times higher) with threshold intensity red light
57 W/m2, Fig. 4e–f) did not affect cell traction. This is a critical
nformation for time lapse imaging, since lower intensities may
ompromise resolution. Now, the effect of low intensity can be
ompensated by longer exposure time for imaging.

. Discussion

It is well acknowledged that cells and tissues can be photo-
ensitive [41]. Various cell functions has been used to measure
hotosensitivity, such as apoptosis and cell death [13,14,42], gene
xpressions [43,44], cell division [1,45], and subcellular signal-
ng [46,47]. For example, Wäldchen et al. [13] found that 50%
f COS-7 (monkey kidney fibroblast) cells die when exposed to
14 nm green light with intensity and dosage of 5 MW/m2 and
200 MJ/m2 respectively. Threshold intensity (dosage) for apop-
osis in COS-7 were found to be 0.2 (0.4), 2 (480) and 20 (4800)
W/m2 (MJ/m2) for 405, 514 and 640 nm lights respectively.
agner et al. [42] studied colony formation efficiency of glioblas-

oma cells and recommended light dosage of 1 and 2 MJ/m2
9

ith 514 and 633 nm lights, for non-photo-toxic fluorescent
maging. Here, we exploited cell traction as a measure of their
hotosensitivity. We find that cells may relax their traction at
ntensities and dosages that are 5 orders of magnitude lower than
hose needed for apoptotic response (intensity 7.35 kW/m2 and
osage 441 kJ/m2 for green light, Fig. 1). The threshold intensities
f light below which cells become insensitive to dosages depends
n wavelengths.
Mechanism of photo-toxicity may vary with cell types, culture

onditions and illumination protocols. Potential mechanisms may
nvolve production of reactive oxygen species (ROS), a family of
olatile chemicals e.g. superoxide anion (O−

2 ), hydrogen peroxide
H2O2) and hydroxyl radical (HO−) within the cells [45,48] or
n the culture media [14,44]. A growing list of literature sup-
orts that visible light (λ = 380–700 nm) is also responsible for
ormation of free radicals and ROS leading to oxidative stress
elated damages in cells and tissues [48–53]. ROS is known to
egulate several signaling pathways affecting a variety of cellular
rocesses, such as proliferation, metabolism, differentiation, and
urvival [54–56]. However, it is not clear how ROS affects cellular
raction. Dixit and Cyr [45] showed that mitosis of BY-2 tobacco
ells can be arrested by ROS produced by fluorescent lights above
threshold dosage of 7900 J/m2 at 133 W/m2 intensity with 460–

500 nm light (0.5 s exposure every 30 s for a total 60 min).
Their results suggest that cells can survive illumination for short
duration. With continuous illumination, ROS accumulation leads
to physiological damage. The rate of ROS production and mitotic
arrest are correlated with energy dosage, as well as excitation
light intensity.
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In this study, we focused on visible light and discussed the in-
fluence of wavelengths between λ =400–700 nm on cell traction.
In order to interpret the experimental observations, we consider
a simplified but generalizable model to relate cell photorelaxation
with light exposure. We propose that relaxation process proceeds
in three steps: (1) light is absorbed by photosensitive agents
within the cell. While the absorbed energy depends on the ab-
sorption spectra of the specific agents, the overall consequence is
that the ratio of transmitted, It , to incident intensity, I0, for a given
requency of light is provided by the Beer–Lambert law [57,58] as
t (z) = I0e−

∑
i aimiz , where ai are the absorption coefficients of the

absorbers,mi are their concentrations and z is the thickness of the
ell along the light path. Here we assume that ai,mi are uniform
through the cell thickness. The absorbed intensity, Ia is then given
by, Ia = I0

(
1 − e−ε

)
, where ε (ϑ) =

∑
i aimiz is dimensionless,

but depends on the frequency of light. We expect that most of
the light is transmitted through the cell and hence ε (ϑ) ≪ 1.
Applying Taylor series expansion and neglecting higher order
terms, we have, Ia = I0

(
1 − e−ε

)
≈ I0ε (ϑ), and ε (ϑ) = Ia/I0.

2) The photo-activated agents produce chemicals, C, with a rate
(per unit time within the volume of cell-media exposed to light).
hus, r depends on the rate of absorbed energy, ε (ϑ) I , where I is
he intensity of the incident light. (3) Cells sequester or neutralize
he chemical products at a fixed rate, rth. If r is low due to low
ight absorption, cell traction remains unperturbed by light. If
> rth, cells respond by relaxing with a rate dλr/dt . Note that,
xperimentally we measured λr at time t = 60 s, when cells were
xposed to light continuously for 60 s. We propose the following
elations:

(υ) = β
σ

(υ − υ0)
2
+ σ 2

(1)

r = α1[ε (ϑ) I]1/2 (2)

λr =

{
0, r ≤ rth
α2(rt − rtht)α = α2tα(r − rth)α, r > rth

. (3)

To simulate the frequency dependence of absorption of incident
light, we chose a Lorentzian model [59] for ε(ϑ) in Eq. (1). Here,
ϑ0 is the central frequency, σ is the full width at half maximum;
α, α1, α2 and β are constants. The exponent 1

2 in Eq. (2) is
otivated by earlier studies on photo reactions [60–62]. Eq. (3) is
ased on a power law dependence between photorelaxation and
eaction rate. In order to cause photorelaxation, it is conceivable
hat the reaction products C diffuse from the site of production to
he sites within the cell where traction is generated. Due to this
otential diffusion type transport mechanism, we expect α = 1/2

in λr ∼ tα , for a given I and υ . We will verify the hypothesis of
α = 1/2 in the following.

In Eq. (3), at threshold light, Ith, λr = 0, and r = rth, which
ogether with Eqs. (1) and (2) give Ith:

th =
γ 2

[
(υ − υ0)

2
+ σ 2

]
σ

(4)

Here γ =
rth

α1β
1
2
. We have experimental measures of Ith for three

orresponding values of υ . By best fitting Ith versus υ to Eq. (4),
we obtain γ = 2.4

√
J/m, υ0 = 0.666 PHz, and σ = 0.004 PHz

Fig. 7a). Using υ0 and σ , we plot the spectral density func-
ion, ε (υ) /β (Fig. 7b) which suggests highest photosensitivity
t wavelength of 450 nm. However, sensitivity decreases sharply
ith change in wavelength.
Eq. (3) can be written as: λr = α2tα(r − rth)α = α1α2tα

√
β

[( Iσ
(υ−υ0)2+σ2 )

1
2 − γ ], r > rth. We have experimental values of

r (t = 60) s and the corresponding light intensity I and frequency
. These, together with known values of γ , ϑ , σ , allow us to
0

10
plot λr versus [( Iσ
(υ−υ0)2+σ2 )

1
2 − γ ] in log–log scale (Fig. 7c). The

slope gives the exponent α = 0.575, close to 1
2 as speculated.

Thus Eq. (3) with α = 1/2 can be used to predict possible
photorelaxation for wavelengths between 400 and 700 nm. While
the precise mechanisms and fluxes should be examined in detail,
our purpose here was to present an easy-to-use model that can
enable a practitioner to estimate safe levels of illumination for
particular experimental conditions.

Threshold intensity reported in this paper is based on re-
laxation of cellular traction. As discussed previously, monitoring
other functional responses from cells or tissues may reveal dif-
ferent safe intensities. Also, despite covering the effect of most
widely used excitation wavelength regions — blue, green and
red (λ ∼ 480 − 650 nm) on cells, photosensitivity due to
shorter and longer wavelengths remain to be seen. We do antici-
pate greater sensitivity to shorter wavelengths [63] as electronic
transitions can be excited and molecular transitions at longer
wavelengths [64], potentially offering a route to modulating re-
laxation with spectrally-selective illumination. However, based
on our current knowledge, cell traction relaxation appears to
be the most sensitive functional output to photosensitivity. For
instance, previously reported safe threshold intensity for blue
light was found to be 200 kW/m2 and 133 W/m2 based on
cell death [13] and mitosis arrest [45] respectively. Whereas,
our results suggest a significantly lower safe threshold of 3.5
W/m2 for blue light; establishing that cell traction relaxation is
a very sensitive functional output. Hence, the study offers an
approach/methodology for determining safe intensity of visible
light for live cell/tissue microscopy based on cell traction. The
study may also provide guidelines to explore the use of light
for cancer therapeutics where photo toxicity of cancer cells and
tumors might be exploited.

5. Conclusion

Light excitation has long been used to excite and observe fluo-
rescence in living cells, but the effect of light on cell functions still
remains to be fully described. Currently, there exists no definitive
quantitative means to assess cell photo-response in real time.
Furthermore, an exposure limit for mitigating photo-induced cell
changes has not yet been established. Here, we search for a
light intensity that has minimal effect on cells and yet that is
sufficient for time-lapse fluorescent imaging. We exploit photo-
sensitivity of fibroblasts to establish the threshold. Fibroblasts
relax their contractility when exposed to light, and their photo-
relaxation depends on light intensity, wavelength and dosage
(exposure time). We find that monkey (kidney fibroblast, CV-
1), human (colon normal fibroblast, CCD-112 CoN) and mouse
(fibroblasts, NIH/3T3) cells are all photo-sensitive, independent of
their ECM (e.g., fibronectin, laminin and collagen) and whether
they are on 2D or 3D culture platforms. We report that pho-
totoxicity can be avoided by application of lights below certain
intensities that we refer to as safe thresholds. We also establish
57, 31 and 3.5 W/m2 as threshold intensities for red, green and
blue lights, respectively. To our knowledge, these intensities are
the lowest reported safe thresholds and thus cellular traction
relaxation is the most sensitive functional readout for photosensi-
tivity. Most notably, we discovered that cell contractility becomes
insensitive to light dosage (and exposure time) below threshold
intensities, although higher dosage results in more relaxation
for lights above threshold. This finding is particularly significant
for long duration time-lapse microscopy and imaging techniques
that require long exposures. Moreover, these threshold intensi-
ties provide sufficient resolution for fluorescence imaging using
standard cameras. We finally present a photo-reaction based
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odel of photo-toxicity to predict threshold intensity for differ-
nt light wavelengths in the visible spectra. We suggest adopting
ights with intensities below the dose-independent thresholds,
redicted by the model, for fluorescence imaging of living cells
n 2D and 3D culture.
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