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A B S T R A C T   

Light is being widely used in biomedicine due to its non-invasive nature, with application in imaging techniques 
and as a therapeutic agent. However, several aspects of its effect on irradiated tissues still leads to discussion in 
the scientific community. This particularly relates to novel biological models, as is the case of 3D multicellular 
spheroids, which are rising as an intermediate model between in vitro monolayer cultures and small animals. The 
applications of these spherical cell aggregates are diverse and include tissue reconstruction, drug testing or 
cancer studies, to cite some. To address the effect of light on these models, we use spheroids formed by MCF-7 
(adenocarcinoma) or by U-87 MG (glioblastoma) cells. After their growth, they have been irradiated individually 
with focused laser radiation in the near-infrared (808 nm and 1450 nm), which provokes size changes in the 
spheroid. Time-lapse imaging in a brightfield microscope allows to define a reduction parameter, which informs 
about the extent of the size change. This parameter is correlated with cell viability studies; thus, we can set a safe 
range of reduction in which spheroids are not damaged by irradiation, and a threshold that should be avoided to 
keep cell mortality low. This correlation can be used as preliminary and visual information on the survival of 
cells during optical experiments with 3D spheroids.   

1. Introduction 

In the biomedical field, light is often used as a non-invasive way to 
interact with biological samples. If the energy that light carries is well 
controlled, it can be used for a wide gamut of techniques. The most 
straight forward ones are maybe those in which the outcome of the 
interaction is also light, which include options such as super-resolution 
and live cell imaging. However, light has also been proposed to trigger a 
therapeutic effect, as it happens in photoactivated chemotherapy, pho-
toactivated drug delivery, and in photodynamic and photothermal 
therapies. Similarly, in the understanding of biological processes, light is 
a relevant tool thanks to techniques such as optogenetics, which has 
revolutionized neuroscience allowing an accurate control on the func-
tions of specific cells. [1] Also in neuroscience, optical tweezers allow to 
manipulate whole neurons, as well as probing synapses and receptors. 
[2] The use of these techniques can be extended to characterize many 
different cells and tissues, provided that light can efficiently reach the 
target spot within the body, and that it doesn’t produce any harm along 
the optical path. [1,3] Indeed, for the development of all these 

techniques, it is important to understand any side-effect that irradiation 
at a certain wavelength may have in the tissues. 

The effect of light in tissues is a complex subject of discussion. While 
the cytotoxicity of ultraviolet light (up to 400 nm) is accepted without 
doubt, as it is known to be a carcinogen that triggers the production of 
reactive oxygen species and may initiate oxidative stress; visible light is 
often considered to be non-toxic. [4] Still, the accuracy of this claim 
depends on the irradiation dose (intensity and time), as biological tis-
sues partially absorb visible light, subsequently increasing their tem-
perature. Living organisms have very strict thermal requirements to live 
and proliferate. For instance, a mild thermal increase (reaching ~43 ◦C) 
can be used to weaken cancer cells, which constitutes an adjuvant 
treatment for chemotherapy and radiotherapy. If temperature is further 
enhanced, hyperthermia can be used as a stand-alone treatment killing 
affected cells. [5] 

It seems clear that for all the techniques previously mentioned, 
irradiation doses must be carefully controlled to avoid overheating (or 
seeking it). The exact irradiation limit should depend on the wavelength 
of light, as light attenuation by tissues strongly depends on it. [6] The 

Abbreviations: BW, Biological window. 
* Corresponding author. Materials Physics Department, Universidad Autónoma de Madrid, Madrid, 28049, Spain. 

E-mail address: marta.quintanilla@uam.es (M. Quintanilla).  

Contents lists available at ScienceDirect 

Optical Materials 

journal homepage: www.elsevier.com/locate/optmat 

https://doi.org/10.1016/j.optmat.2023.114055 
Received 3 March 2023; Received in revised form 15 May 2023; Accepted 17 June 2023   

mailto:marta.quintanilla@uam.es
www.sciencedirect.com/science/journal/09253467
https://www.elsevier.com/locate/optmat
https://doi.org/10.1016/j.optmat.2023.114055
https://doi.org/10.1016/j.optmat.2023.114055
https://doi.org/10.1016/j.optmat.2023.114055
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Optical Materials 142 (2023) 114055

2

study of the optical properties of different tissues has created a general 
frame on that regard, defining several spectral ranges in which light is 
attenuated to a lower extent, often called biological windows (BW). 
These ranges slightly vary between tissues but can be approximately 
identified as 650–950 nm (BW-I), 1000–1350 nm (BW-II), 1600–1870 
nm (BW-III) and 2100–2300 nm (BW-IV). [7] Light within these ranges, 
all belonging to the near-infrared, deliver a lesser amount of heat to 
tissues and reaches deeper into them, hence a wavelength shift from the 
visible to the near-infrared is taking place in light-based biomedical 
tools. [8] 

Light-based techniques for biomedicine are often developed to be 
used in vivo, thus light must interact with a highly complex and het-
erogeneous environment. This heterogeneity, together with the 
complexity of in vivo experiments, motivated the use of monolayer cell 
culture as a preliminary experimental step. This type of culture is 
traditionally used as in vitro test for the effect of drugs or external stimuli 
(temperature, radiation, pH) on healthy or cancer cells. If experiments 
are positive, in vivo experiments in animal models are typically carried 
out afterwards. However, in vivo experiments often show a very different 
experimental outcome compared to the one obtained in vitro. [11] 

From the point of view of the cell environment the differences be-
tween the two models are many. In monolayer culture, being a 2D 
structure, the number of neighbouring cells is minimal. This reduces 
cell-cell interaction, including not only physical contact, but also inter- 
cell communication. From a geometric perspective, cells are spread on a 
plate where they stretch, presenting a differentiated cytoskeleton dis-
tribution and offering an increased surface to the medium. This modifies 
cell proliferation rates and improves their access to oxygen and nutri-
ents, which in monolayer is thus only limited by the quality of the me-
dium. This claim is also true regarding the concentration of debris and 
waste products in their direct environment. Instead, in a real tissue the 
microenvironment is defined by the vascular system, which forces a 
heterogeneous supply, being this a critical difference in the case of 
cancer tumors. Monolayer assays, though, provide preliminary infor-
mation that helps reducing the use of animals, which is beneficial both 
from an economical and ethical perspective. In addition, they provide 
good reproducibility and control on the experiments, which is not easily 
achieved in in vivo situations. 

In this context, the use of 3D cell culture has appeared as an inter-
mediate option to bridge the gap between the two traditional models. 3D 
cell spheroids are aggregates of single or multiple cell lines which can be 
easily prepared in vitro, offering a high reproducibility through size and 
shape control. [9] Their 3D character improves the interaction between 
cells, promoting the production of extracellular proteins and improving 
inter-cell communication in a way that better resembles the one of cells 
in real tissues. In addition, a gradient of resources appears as one go 
deeper into the spheroid, as it happens in tissues due to the different 
distances to blood vessels. Taken to the extreme, though, this may 
become a limitation since 3D spheroids can develop a fully necrotic core. 
[9] Still, since this can be controlled through the age and size of 
spheroids, their use in the design of biological experiments is becoming 
more common. Specifically, it has been observed that they are closer to 
in vivo tissues than 2D cultures from the point of view of gene expression 
profiles, [10] response to thermal shock or thermotolerance, [11,12] 
signalling pathways, [9] or repair capability. [10] 

Given the increased interest in near-infrared wavelengths, as well as 
in 3D spheroids, in this work we aim to settle a strategy to visually 
determine to what extent light can be damaging them. With this goal in 
mind, we have addressed the problem from the optics perspective, 
considering different treatments that deliver a different amount of en-
ergy. They include varying irradiation power, wavelength, and time. 
Regarding wavelengths, we consider the effect of 808 nm, belonging to 
the first biological window and often used in light-based therapies, and 
1450 nm, which lies between the second and third BW and will serve as 
damage assay. Also, since each cell line has its own specific character-
istics, which are translated to the spheroids, experiments include two 

model cell lines as an exploratory study. They have been chosen as limit 
cases regarding how their morphology determines the size of the 
spheroid, given by a very distinct intercellular space and thus, spheroid 
compactness. In particular, we have selected MCF-7, from epithelial 
breast cancer (adenocarcinoma) as dense spheroid, and U-87 MG, from 
epithelial brain cell (likely glioblastoma), which leaves a larger inter-
cellular volume. 

Experiments are performed in a brightfield optical microscope that 
allows for time-lapse imaging and thus shows the effect of light on the 
general appearance of the spheroid, and particularly on their size. As 
brightfield imaging is a technique that can be accessed in every labo-
ratory working with cells, and size is an easily measurable parameter, its 
characterization can serve as a starting hint to determine the limiting 
irradiation dose a spheroid can stand. Thus, we are determining here the 
relationship between the observed size and a severe viability reduction. 

2. Material and methods 

2.1. Cell lines and culture conditions 

Two cancer cell lines have been used: MCF-7 (Michigan Cancer 
Foundation-7) and U-87 MG (Uppsala 87 malignant glioblastoma). Both 
lines are derived from human epithelial tissue explants. Specifically, 
MCF-7 from breast human cancer (adenocarcinoma) and U-87 MG from 
brain human cancer (glioblastoma astrocytoma). These cell lines are 
selected due to their tendency to produce spheroids and because they 
present differentiated ways in which cells join. While MCF-7 cells form 
side-by-side junctions (Fig. 1(a)) that give rise to compact spheroids 
(Fig. 1(c)); U-87 MG present an elongated-shape with pseudopods (Fig. 1 
(b)), which constitute the links between cells, thus leading to less dense 
spheroids (Fig. 1(d)). 

To produce 3D spheroids a standard monolayer culture is needed as 
source of cells. These cultures were routinely maintained in an incubator 
under the same conditions in 25 cm3 flasks (Thermo Scientific) with 
Dulbecco’s modified Eagle’s medium (DMEM, Cytiva) supplemented 
with 10% Fetal Bovine Serum (Cytiva) and 1% Penicillin-Streptomycin 
(10,000 U/mL, HyClone). 

2.2. Preparation of 3D multicellular spheroids 

MCF-7 and U-87 MG spheroids were generated by forced floating 
method (Fig. 1(e)), a technique that provides highly reproducible 
spheroids. [13] The strategy is based in non-stick culture wells shaped to 
group the cells through gravity at the center. In this way, they adhere to 
each other, forming a sphere-like mass. To do so, a commercial 
round-bottom ultralow attachment well plate was used (ULA 96-well 
plate, Biofloat). To develop spheroids, 200 μL of complete culture me-
dium with ~4000 cells is added to each well. The concentration of cells 
per mL was estimated using a Neubauer chamber, which is important in 
order to assure homogeneity between batches in the spheroids. 

Prior to the experiments, the growth rate and morphology of the 
spheroids have been studied over 7 days (Fig. 1(f)), being day 0 the day 
in which culture starts. This study shows that spheroids are large and 
compact enough to be handled from day 2. With our culture conditions 
compactness happens spontaneously, without the need to apply any 
additional strategies such as the addition of collagen, which has been 
shown to be helpful in other works. [14] After day 4, a necrotic core 
becomes apparent in the spheroids. This agrees with the recent work of 
S.Rodrigues Alves et al., where the authors observed necrosis on day 4 
and an increased percentage of apoptotic cells from day 4 to day 12. [15] 
Thus, we decided to irradiate them between the second and fourth days 
of growth. Typical diameters of the spheroids in this time frame are 
~400 μm for U-87 MG and ~250 μm for MCF-7. 
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2.3. Viability assays 

After irradiation, each spheroid was collected with 40 μL of DMEM 
and transferred to a new round bottom plate. Additional 160 μL of fresh 
DMEM was then added to achieve optimal growth conditions, which 
were kept for 24 h in the incubator. In this way, healthy cells can 
reproduce, and damaged cells will die, facilitating the quantification of 
the extent of damage. Then, a commercial test (CellTiter-Glo 3D Cell 
Viability Assay, Promega) was used to assess viability. Its work is based 
on the luciferin-luciferase reaction that generates luminescence in the 
cells if they contain adenosine triphosphate (ATP). Briefly, the standard 
protocol includes to transfer the spheroids to 96-well plates with flat 
transparent bottom and opaque walls, add the commercial reagents, and 
then measure the luminescence intensity 20 min later. Light intensity 
was recorded using a plate reader (Synergy HTX, BioTek) that allows 
luminescence measurements. To transform this data into viability a 
negative control (untreated spheroids, n = 4, kept out of the incubator at 
the same time than the treated spheroids) is always included in the 
experiment, and its viability is used to define the 100%. An additional 
control with spheroids kept always in the incubator was done to assure 
that the time spent outside is not damaging them. 

2.4. Irradiation of the spheroids 

The experimental set-up shown in Fig. 2(a) has been used for the 
irradiation of the spheroids. First, spheroids are transferred from the 96- 
well plate to a sample holder specifically designed to hold them during 
treatment. Repeatability problems are emphasized when working with 
living biological samples. Thus, to keep error bars to a minimum, optical 
experiments need to be carefully designed. In our case, a 3D-printed 
resin mask (3D Creality Ender-3) was attached to a microscope glass 
slide. This mask (Fig. 2(a)) has a rectangular shape and eight circular 
wells, whose dimensions are chosen so they can contain enough culture 
medium to cover the spheroid (50 μL), but walls are low enough so light 
can be easily focused with the microscope objective (diameter of the 
well ~ 10 mm, height of the well ~ 2 mm). This design allows the 
spheroids to be individually trapped and irradiated in each well, and 
they are optically accessible to irradiate from above, and for imaging 
from below. In a single batch of measurements, half of the spheroids are 
irradiated, while the other half were used as viability control. 

Power adjustable laser diodes are used as irradiation sources, colli-
mated by a fiber port (PAF-X-7-C, Thorlabs) and focalized on the 
spheroid with a LWDPLAN microscope objective (10×, NA = 0.25). 
While the spheroid is irradiated, its brightfield image is recorded using 
an inverse microscope (Oxion, Euromex) that collects the image with a 

Fig. 1. Brightfield images of cells grown in monolayer culture showing their typical morphology ((a) and (c)), and example of the normal appearance of 3D spheroids 
((b) and (d)) obtained with each cell line (MCF-7 in (a) and (b) and U-87 MG in (c) and (d)). A scheme of the evolution of 3D cultures is shown in (e). The first two 
illustrations occur on day 0, just after adding the cells to the well. In the third image (typically day 1) a spheroid already appears in the well, but it is not compact 
enough to be handled and easily breaks. The fourth image shows how spheroids appear during the following days. As preliminary test, the growth rate of spheroids 
has been monitored for both cell lines (n = 12 to 18) and is shown in (f). Scale bar: 100 μm. 

Fig. 2. Microscope design used to monitor spheroids (a) and time-lapse example of the images that can be obtained, which allow to study the evolution of spheroids 
(b). Blue discontinuous line marks the compact area of the spheroid, as used for its size measurement. Scale bar: 80 μm. 

P. Camarero et al.                                                                                                                                                                                                                              



Optical Materials 142 (2023) 114055

4

LMPLAN microscope objective (10×, NA = 0.3) and a CCD camera. 

3. Results and discussion 

Light irradiation is partially absorbed by cells thus its energy can be 
transformed into heat. Cells warmed up at temperatures beyond 40 ◦C 
may suffer health damage. Depending on the exact temperature and the 
length of the heat stress, they may recover afterwards or not. There are 
several ways in which cells may die, each accounting for different bio-
molecular processes and morphological changes. [16,17] The exact 
description of the processes resulting in their death depends on the 
strength of the insult, but also on the cell line and its living status at the 
moment of the stress. It is already settled that 3D spheroids show a better 
survival ratio to heat stress than monolayer cultures, though of course, 
heating may end up causing cellular death as well. [12] Previous reports 
have shown that heat shock may promote shrinkage or swelling of the 
spheroids during the next few days after treatment. [10] Also, it has been 
shown in a prostate cancer cell line (PC-3) that long treatments (>1 h) at 
low temperatures (43–45 ◦C) typically produce swelling, [18] same as 
shorter treatments (10 min) do in one of the cell lines used here (U-87 
MG) when they reach temperatures above 53 ◦C caused by 808 nm light 
irradiation. [19] According to these previous works, both shrinkage or 
swallowing are mainly due to a disruption of cell organization and a 
consequent change of the intercellular space, being the effect stronger in 
the outer layers of cells. When mortality becomes high, cell death in-
duces a reduction of cell adhesion and thus the spheroid swallows. [10, 
18] 

Based on this information, our main goal is to determine whether it is 
possible to stablish a visual method to get a hint about cell damage 
during optical handling, which is useful when new experiments and 
therapeutic modes are designed. Optimally, the measured parameter 
must provide information at short irradiation times, so it becomes 
practical. In preliminary experiments monitoring spheroids irradiated 
with laser light in the optical microscope of Fig. 2(a), we have noted that 
in a short time (<100 s) spheroids visibly shrink (Fig. 2(b)). In some 
cases, specially related to MCF-7 spheroids, the harsher test treatments 
also produced swelling of the spheroid for irradiation times >100 s. This 
has been formerly linked to the expansion of the intercellular space and 
a complete death of the spheroid, [18,19] meaning that at this point 
irradiation dose is already too high for diagnostic or research tech-
niques. Thus, we aim to focus on the first shrinking stage, as it may 
involve a reversible damage. 

Aiming to compare the size of the spheroid over time and between 
samples, a reduction factor, R, has been defined as: 

R=
r0 − r

r0
(1)  

where r0 is the initial radium (at t = 0 s) and r is the radium measured in 
each frame. The chosen normalization by the initial radium allows to 
evaluate the extent of change independently of the initial size of the 
spheroid. This normalization is needed to avoid misinterpretations 
linked to the starting size because, even though the applied culture 
technique is providing highly homogeneous spheroids, there is still a 
certain degree of heterogeneity, especially when different cell lines are 
compared. This parameter is easily observable and measurable in any 
laboratory prepared to work with cells. However, a priori, it does not 
give us clear information about the living status of the spheroid after 
irradiation and requires calibration to evaluate its meaning in terms of 
cell survival. 

To consistently determine the radium of the spheroids, r, we have 
considered that they are typically almost spherical (Fig. 1 (b) and (d)), 
but they are not perfect spheres. In addition, during treatment, thermal 
currents are formed that may move or rotate them, so different sides may 
be facing the camera and the same diameter cannot be measured always. 
For these reasons we have tested two methods to measure the radius: to 

calculate it from the average of several diameters, or to determine the 
area of the spheroid in the images and then calculate the corresponding 
radius of a circle with this area. Given the high sphericity of the 
spheroids, in our case both methods are giving almost the same results 
and could be used. Still, we have selected the strategy based on the area, 
judging that it can be also useful if spheroids are ill-shaped. 

3.1. R as a function of time 

To set a standard protocol for the experiments, we first address the 
size evolution of the spheroids over time. In order to do so, different 
irradiation doses were applied to the samples, varying both wavelength 
and power applied. The results obtained for both cell lines are shown in 
Fig. 3, in which the green band is indicated as a reference of the 
experimental error in the calculation of the reduction parameter 
(calculated as explained above). 

From the figure, it is clear that there is a different response of the 
spheroids to each wavelength applied, as little or no change is observed 
upon irradiation at 808 nm (Fig. 3(a) and (b)), while there is a clear 
reduction when irradiation occurs at 1450 nm (Fig. 3(c) and (d)). For a 
fair comparison, it must be noted that the irradiation intensities 
considered are different for each wavelength, as the maximum power 
achieved is limited by the available laser diode. However, the power 
applied is higher for 808 nm, which is also the wavelength showing a 
smaller effect on reduction. Hence, the differential behavior of the 
spheroids is not related to the different irradiation dose, but to the 
wavelength. 

A detailed inspection of the results obtained with irradiation at 1450 
nm shows a steep initial slope in the reduction factor during the first 50 s 
of treatment, indicating a fast size reduction which hardly varies when 
both cell lines are compared (2,3% s− 1 and 2,2% s− 1 for the MCF-7 and 
U-87 MG spheroids, respectively, for the highest irradiation intensity). 
After this time, the change rate slows down, to the extent that for times 
longer than 150 s the spheroid stops changing size significantly. This 
seems to indicate that a saturation occurs in the reduction factor, which 
can be related to the fact that the spheroid must have a limit in the 
minimum size that each irradiation dose can provoke. Fig. 3(c) and (d) 
show that the maximum reduction is different for each cell line, which is 
consistent with their general characteristics. Since MCF-7 produces 
more compact spheroids, its maximum reduction factor must be smaller 
than that of U-87 MG, in which there is a larger volume of intercellular 
space prone to be eliminated. As mentioned earlier, the harshest treat-
ment (and in a subtler way the previous one, at 193 kW/cm2) end up 
inducing a swallow of MCF-7 spheroids for times >50s. Such effect has 
been previously linked to the complete death of the spheroid, and thus it 
should be avoided and won’t be further studied here. However, it is 
interesting to note that this is not observed with equivalent treatments in 
U-87 MG cell line, which points out that compactness of the spheroid is a 
characteristic to consider in order to define the visual effect of irradia-
tion doses. However, it must be noted that harsher treatments will 
probably provoke the same effect in U-87 MG cell line, though this is not 
tested here. [17] 

The differences observed due to wavelength can be explained in 
terms of the laser-induced thermal increment, which is a consequence of 
the absorption of light by the sample at these wavelengths. Despite the 
presence of the cells, it can be approximated that the major component is 
cell medium (mostly water with some concentration of salts and pro-
teins). In this case, the magnitude of the thermal increment can be 
determined by considering its absorption coefficient at each wavelength 
(α808 = 0.031cm− 1 and α1450 = 31.74 cm− 1, as measured) and the di-
mensions of the heating laser spot, following the method proposed by 
Mao et al. [20] Under our experimental conditions and assuming as 
thermal conductivity the one of water, the in-focus temperature incre-
ment can reach 60 ◦C (with room temperature at 20 ◦C) at 1450 nm, 
while it is negligible at 808 nm. Since a thermal increase that brings 
spheroids above 43 ◦C can already affect cellular functions, causing 
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mortality, [16] it seems consistent that 1450 nm irradiation appears to 
be harsher than 808 nm. This increased absorption of cell media (and 
water) at 1450 nm is indeed the reason why this wavelength range is 
normally excluded from the biological windows. Still, the high tem-
perature calculated rings an alarm related to the use of the second, third 
and fourth biological windows. In the wavelength range that covers 
BW-II, BW-III and BW-IV, scattering of biological tissues is lower than 
within the first BW, to the extent that even though water is absorbing in 
the whole range, the total optical extinction is low enough to shape the 
windows. [21,22] This makes this wavelength range relevant specif-
ically in techniques in which spatial resolution needs to be good, as this 
is what low scattering allows. However, the results in Fig. 3 emphasize 
that light will be absorbed, and thus it is needed to pay attention to any 
symptoms of cell damage through overheating even within the windows. 

To understand the situation in which the spheroid is during irradi-
ation, it is important to underline that the calculated temperature refers 
to the focus spot only. Then, the thermal diffusivity of the medium will 
spread out heat, leading to the creation of a heat affected zone in the 
surroundings and altering a larger area of the spheroid. The extent of the 
damage depends not only on the final overall temperature, but also on 
the time this temperature is held and on the ability of the tissue to 
respond. Considering all these variables, it seems clear that to better 
quantify how harsh is a treatment, a cell viability study needs to be done. 
In order to do so, different treatments will be applied to the spheroids, 
seeking to obtain different R values, but all of them during 250 s, as at 

this time point the spheroids stopped shrinking. 

3.2. R as a function of the spheroid viability 

Fig. 4 shows the cellular viability as a function of the reduction 
factor, for the two cell lines treated and the two different laser wave-
lengths. The green band is indicated as reference value, corresponding to 
the experimental error committed in the calculation of the reduction 
parameter. The viability value of 80% is marked with a green horizontal 
line, as it is typically considered a reference value separating good 
viability of cells from damaged spheroids. Viability is defined as a per-
centage, being 100% the averaged viability of four spheroids left out of 
the incubator for the same time than irradiated spheroids. Spheroids, as 
living multicellular entities, cannot be identical to each other, which 
induces the data dispersion in viability observed in Fig. 4. Likely dif-
ferences are, for instance, small inaccuracies in the number of starting 
cells, or the fact that in some cases spheroids are not perfect spheres, but 
they present groups of cells adhered to their surface (see, for instance, 
the spheroid in Fig. 2(b)). This outer cells may behave differently than 
the main spheroid body when irradiated, and produce dispersity in 
viability data. 

Fig. 4(a) correspond to the results obtained irradiating MCF-7 
spheroids, while U-87 MG results are plotted in Fig. 4(b). As it is ex-
pected, the irradiation at 808 nm (blue symbols) shows a viability above 
80% for both cell lines, and size reduction, if any, is subtle, as it was 

Fig. 3. Reduction parameter as a function of time at different laser intensities, with 808 nm for (a) MCF-7 and (b) U-87 MG cell lines, and with 1450 nm for (c) MCF-7 
and (d) U-87 MG cell lines. 
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already shown in Fig. 3(a) and (b). This is consistent with the low 
heating created in these treatments. Instead, viability caused by treat-
ments at 1450 nm may be in the range of damage, though not always, as 
was expected given the high temperatures that can be achieved in these 
experiments. The irradiation process in U-87 MG shows a clear decrease 
in the cell viability when R increases. It can be said that viability is 
typically high for R < 0.025, while if the reduction parameter lies be-
tween 0.025 and 0.075 viability might be compromised, but certainty 
cannot be provided. However, values of R > 0.1 must be clearly avoided 
if one needs to keep the spheroid alive (or they must be sought if mor-
tality is a goal). In fact, the same observation applies to MCF-7, if it is 
considered that R = 0.1 was the prelude of spheroid swallowing (Fig. 3 
(c)) which is in itself an indicative of cell death. Then, going back to 
Fig. 3(c) and (d), the maximum R threshold obtained would indicate that 
MCF-7 spheroids are slightly better standing irradiation, as the milder 
treatments did not reach this point. 

Finally, it must be mentioned that the range of uncertainty (0.025 <
R < 0.075) can be explained considering that multicellular models, as 
biological entities, always involve some differences between samples 
due to the initial status of cells (ageing of the culture, or live stage of 
cells). So even though they are prepared to be as homogeneous as 
possible, such data dispersion can be expected at intermediate 
treatments. 

4. Conclusions 

As seen, both cell lines have a distinct visual behavior towards the 
harsher irradiation doses in the near-infrared, which can be related to 
the starting volume of intercellular space and the temperature achieved 
in the spheroid. However, in the end, reduction factor and viability 
appear to be closely related: the lower the viability (greater cell death), 
the higher the reduction factor of the spheroid. Thus, size decrease upon 
irradiation can be used as an indicative of viability. In particular, values 
of R above 0.1 should be avoided as are indicative of a high mortality, 
while values between 0.025 and 0.75 represent an intermediate range of 
uncertainty. Smaller R values are typically related to high viability. 

Of course, as the diversity of cell lines is huge and their preliminary 
health status may have consequences regarding survival, these conclu-
sions cannot be considered as universal. Still, R remains as a good hint to 
start defining irradiation doses when an optical experiment with 
spheroids must be designed. This, we expect, can be particularly rele-
vant as optical strategies in the biomedical field start exploring the low 
attenuation biological windows further in the near-infrared (BW-II to 
BW-IV). This claim is based on the fact that these windows are charac-
teristic for very low tissue scattering, which is beneficial for a high 

spatial resolution and accuracy; but they also account for a higher light 
absorption than BW-I, and tissue might still be damaged through 
heating. 
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