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Abstract

Significance: Currently, various scaffolds with immobilized cells are widely used in tissue engi-
neering and regenerative medicine. However, the physiological activity and cell viability in such
constructs might be impaired due to a lack of oxygen and nutrients. Photobiomodulation (PBM)
is a promising method of preconditioning cells to increase their metabolic activity and to activate
proliferation or differentiation.

Aim: Investigation of the potential of PBM for stimulation of cell activities in hydrogels.

Approach: Mesenchymal stromal cells (MSCs) isolated from human gingival mucosa were
encapsulated in modified fibrin hydrogels with different thicknesses and concentrations. Constructs
with cells were subjected to a single-time exposure to red (630 nm) and near-infrared (IR) (840 nm)
low-intensity irradiation. After 3 days of cultivation, the viability and physiological activity of the
cells were analyzed using confocal microscopy and a set of classical tests for cytotoxicity.

Results: The cell viability in fibrin hydrogels depended both on the thickness of the hydrogels and
the concentration of gel-forming proteins. The PBM was able to improve cell viability in hydro-
gels. The most pronounced effect was achieved with near-IR irradiation at the 840-nm wavelength.

Conclusions: PBM using near-IR light can be applied for stimulation of MSCs metabolism and
proliferation in hydrogel-based constructs with thicknesses up to 3 mm.
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1 Introduction

The formation of cell-containing structures is one of the approaches of tissue engineering in
creating bioequivalent tissues and organs. Generally, three-dimensional (3D) porous materials
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act as a base of these structures, for example, decellularized tissues1–3 or hydrogels.4–6 Such
systems can maintain cell viability, proliferative and physiological activity, and in some cases,
initiate and direct cell differentiation.7,8 At the same time, one of the key challenges of tissue
engineering is the preservation of viable cells in these constructs and transplantation of large
grafts to replace extensive defects. The diffusion of oxygen and nutrients in tissues and tis-
sue-engineering constructs is limited by distances of 100 to 200 μm.9,10 At larger distances, foci
of necrosis often occur, and the density of living cells decreases significantly.11,12 Vascularization
of the grafts after transplantation due to the growth of the recipient’s capillaries is a slow process;
therefore, graft rejection frequently occurs due to insufficient vascularization and oxygen
starvation.6 Thus, the lack of vascularization is one of the most common causes of a rejection
of the transplants of pancreatic islets.13–15

Traditionally, diffusion limitations are overcome by perfusing the tissue-engineering con-
structs during the formation stage. The perfusion due to diffusion and convection helps substan-
tially in the fight against hypoxia.16 Also, the composition of the scaffolds themselves was
modified by adding components of the extracellular matrix, growth factors, and hormones that
promote angiogenesis and vascularization.7,17 The cultivation of cells under conditions of low
oxygen tension before their encapsulation in scaffolds was also suggested to increase their
resistance to hypoxia afterward.18,19

Another approach to improve cell viability in 3D scaffolds, as well as to control the pro-
liferation and differentiation of stem cells, is photobiomodulation (PBM).20 This method is based
on short-term exposure to low-intensity monochromatic (laser) or nonmonochromatic (LED)
light in the visible and near-infrared (IR) spectral regions.21–24 The PBM effects depend on the
type of cells, their state, as well as on the wavelength, dose, and intensity of the irradiation.23–28

Various studies had shown that light irradiation can act as an agent that directs the differentiation
of cells, stimulates their survival, and activates metabolism. For example, the red 630-nm LED
irradiation with an energy dose of 2.5 · 105 J∕m2 increased the viability of odontoblast-like cells
isolated from tooth pulp.29 Irradiation with the near-IR 840-nm light with an energy dose of
4 J∕cm2 stimulated the synthesis of type I collagen, and, with an energy dose of 25 J∕cm2,
it improved the adhesion of neural stem cells. Moreover, the proliferation of neural stem cells
immobilized in a gelatin-methacrylate matrix increased by 44% after exposure with low-
intensity laser irradiation at 635-nm wavelength and an energy dose of 62.5 J∕cm2.30 The
authors of this study had also provided the data suggesting that such an effect can enhance cell
differentiation in the late stages of cultivation. In another study,31 it was shown that tooth pulp
stem cells immobilized in bioceramics better differentiate in the osteogenic direction after low-
intensity laser irradiation (the 660-nm wavelength and a dose of 2 to 4 J∕cm2). Also, irradiation
with a wavelength of 780 nm effectively stimulated osteogenic differentiation of cells and
osseointegration in titanium scaffolds in vivo in a model of osteoporosis.32 Near-IR irradiation
accelerates a new bone formation and osseointegration of transplanted cells in bone defects in the
calvaria of rabbits.33 And while the mechanisms of the effect of red and IR irradiation on the cell
are mostly similar,34 IR irradiation is considered more promising for 3D structures due to its
ability to penetrate deep into tissues.35,36 Overall, light in the red and near-IR ranges with flu-
ences around 3 J∕cm2 was found to be the most beneficial for 3D systems.33,37–39

The main advantages of PBM are ease of use and noninvasiveness. It is suggested that the
PBM can be used as a method of cell preconditioning before transferring cells in adverse
conditions.40 However, the mechanisms and effects of irradiation on cells were studied mainly
on monolayer cultures; there is almost no information on the effects of the PBM in 3D tissue-
engineering structures. Optically transparent hydrogels are well suited to establish the effects of
the PBM in 3D systems. Thus, a 3-mm-thick hydrogel layer of poly (N-vinylpyrrolidone), poly-
ethylene glycol (PEG), agar, and water is 92% and 98% transparent for irradiation at the wave-
lengths of 660 and 808 nm, respectively.41

Mesenchymal stromal cells (MSCs) are on top of clinical interest because of their potential
use in autologous transplantation. Currently, more than 2000 patients received autologous or
culture-expanded allogeneic MSCs for the treatment of different diseases.42 Gingival mucosa
is one of the promising sources of MSCs due to availability and the minimal invasiveness
of its procurement as well as the ability of gingival mucosa wounds to heal without formation
of scar.43,44 Gingival tissue, as it is routinely discarded after resective periodontal surgery, is ideal
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for the isolation of the human MSCs during routine procedures under local anesthesia.45

Human gingiva-derived MSCs produce adhesive, homogeneous, stably well-proliferating cell
populations that preserve the karyotype and have pronounced anti-inflammatory and immuno-
modulating activity.46,47 Gingiva-derivedMSCs can differentiate effectively in the osteogenic48,49

and myogenic directions50,51 both in 2D monolayer cultures and in 3D culture conditions, which
makes the use of gingiva-derived MSCs very promising for the formation of grafts and tissue-
engineering structures for recovery of the musculoskeletal system.7,52 MSCs from various
sources are widely used in the creation of 3D tissue-engineering constructs, in particular, in
combination with fibrin hydrogel, for creating a bioequivalent of the skin, cartilage, and blood
vessels.53–55 Therefore, the investigation of the effects of the PBM on such tissue-engineering
constructions is of fundamental and applied importance.

The aim of this work was to test the possibility of using PBM in the red and near-IR wave-
lengths for tissue engineering and regenerative medicine on a model of the formation of hydrogel
grafts with encapsulated MSCs from gingival mucosa. For this, we measured the physicochemi-
cal and mechanical characteristics of the hydrogels and evaluated the viability, proliferative, and
metabolic activity of MSCs in 3D hydrogels of different thicknesses and concentrations of
gel-forming proteins.

2 Materials and Methods

2.1 Hydrogel Components and Formation

Fibrin gel was prepared using fibrinogen and thrombin stock solutions. Lyophilized bovine
fibrinogen (Sigma Aldrich, Germany) was dissolved with sterile phosphate-buffered saline
(PBS) to a concentration of 50 mg∕mL, lyophilized bovine thrombin (Sigma Aldrich)—
100 U∕mL. Stocks were stored at −20°C before use. The used modification of fibrinogen was
previously described7,55,56 and performed at a day of experiment by adding 1.5 mg∕mL solution
of O,O′-bis[2-(N-succinimidyl-succinylamino)ethyl]polyethylene glycol (PEG-NHS; Sigma-
Aldrich, Germany) in PBS at a molar ratio of 5:1 (PEG-NHS: fibrinogen). The reaction of
PEGylation was carried out for 2 h at 37°C. Then, 25 or 50 mg∕mL fibrinogen was mixed
equally with 5 U∕mL thrombin to encapsulate cells. We used three different hydrogel types
varying in fibrinogen concentration and final hydrogel thickness in a well (Table 1).

2.2 Hydrogel Characterization

2.2.1 Confocal laser scanning microscopy

The procedures were performed, as described elsewhere.57,58 Briefly, before polymerization,
fibrinogen solutions were mixed with fibrinogen conjugated with AlexaFluor-488 (Invitrogen,
USA) at a ratio 50:1. Samples were prepared on slides and analyzed using a confocal laser
scanning microscope LSM 880 equipped with an AiryScan module and GaAsP detector
(Carl Zeiss, Germany; 40× water immersion objective).

2.2.2 Atomic force microscopy

The mechanical measurements on gels were performed using an atomic force microscope
Bioscope Resolve (Bruker, USA). The arrays of force–distance curves were acquired in the force

Table 1 Different types of modified fibrin hydrogel.

Type Thickness in a well (mm) Fibrinogen concentration (mg/mL)

Standard 1.5 25

Thick 3 25

Concentrated 1.5 50
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volume mode with CP-PNP-BSG cantilevers (NanoandMore GmbH, Germany), which had a
5 μm borosilicate glass microsphere attached as a probe. The spring constant of the cantilever
was measured by the thermal tune method (0.056 N∕m). The measurements were performed
in the PBS medium at a temperature of 25°C. The processing of force–distance curves were
conducted using MATLAB software (MathWorks). The elastic modulus E (Pa) was extracted by
fitting the extend curves with the Hertzian contact mechanic model; the standard linear solid model
was used to calculate the apparent viscosity from the hold region between the extend and retract
phases (stress–relaxation experiments) using a numerical algorithm proposed in Ref. 59.

2.2.3 Gel spectrophotometry

To reveal the gel impact in transmission of low-intensity irradiation, we measured the absorbance
spectra of the cell-free and cell-laden fibrin samples prepared in quartz cuvettes
(length ¼ 10 mm) using a spectrophotometer Varian 50 Scan Cary. The cell concentration
was the same as in in vitro cell experiments (4.7 × 105 cells∕mL). Transmission spectra were
calculated as a ratio of input (I0) and output (I) intensity.

2.3 Cell Culturing and Characterization

2.3.1 Cell culture

Human MSCs were collected from biopsies of the gingival mucosa from the retromolar area of
the healthy donors who had signed the informed consent. The cells were isolated and charac-
terized according to the protocol described in Ref. 50. Cells were cultured in DMEM/F12
medium (1:1, Biolot, Russia) supplemented with 10% fetal calf serum (HyClone), L-glutamine
(5 mg∕mL, Gibco), insulin-transferrin-sodium selenite (1:100, Biolot), bFGF (20 ng∕mL,
ProSpec, Israel), and gentamycin (50 μg∕mL, Paneco, Russia). We used MSCs of the fourth
passage in this study. The cell morphology was examined using a phase-contrast microscope
Primovert (Carl Zeiss).

2.3.2 Immunophenotyping

To confirm that cells isolated from the gingival mucosa represented MSCs, we used a standard
procedure of flow cytometry analysis in accordance with MSCs minimal criteria proposed in
2006 by the International Society for Cellular Therapy.60 The isolated MSCs were immunophe-
notyped using a microfluidic cell sorter Sony SH800 (Sony Biotechnology) with antibodies for
CD44, CD90, CD105, CD73, isotype IgG, CD326, CD11b, CD45, CD14, CD34, CD31 con-
jugated with phycoerythrin and fluorescein isothiocyanate. The cell suspension was stained with
the mixture of antibodies for 15 min in the dark (5 μL of each antibody per 1 million cells) and
then loaded to the sorter. Cells of the fourth passage from six different samples (50.000 events
per each) were used.

2.3.3 Cell encapsulation

Cells were encapsulated within the modified fibrin gels at a concentration of 7 × 104 cells per well
(4.7 × 105 cells per mL) in a 48-well plate. First, the cell suspension was added to the PEGylated
fibrinogen solution, and then, it was stabilized by adding thrombin. We used three types of the
fibrin gel: the standard gel with fibrinogen concentration of 25 mg∕mL and thickness of 1.5 mm;
the thick gel with fibrinogen concentration of 25 mg∕mL and thickness of 3.0 mm; and the
concentrated gel with fibrinogen concentration of 50 mg∕mL and thickness of 1.5 mm. The cell
morphology was examined using a phase-contrast microscope Primovert (Carl Zeiss).

2.3.4 Live/dead staining

Reagent for live/dead staining (Sigma Aldrich) was prepared following the manufacturer’s
instructions. After adding the reagent, the cells were incubated for 30 min in the dark at

Bikmulina et al.: Beyond 2D: effects of photobiomodulation in 3D tissue-like systems

Journal of Biomedical Optics 048001-4 April 2020 • Vol. 25(4)



37°C. Cell nuclei were additionally stained with Hoechst 33258 (0.04 mg∕mL). Images were
obtained using a laser scanning confocal microscope Olympus Fluoview FV10I (Olympus,
Japan).

2.3.5 AlamarBlue assay

Cell viability was assessed with AlamarBlue™ cell viability reagent (Invitrogen) following the
manufacturer’s instructions. After adding the reagent, samples were stored for 2 h in the dark at
37°C. Fluorescence intensity was detected using a spectrofluorometer Victor Nivo (PerkinElmer)
at 530-nm excitation wavelength and 590-nm emission wavelength.

2.3.6 PicoGreen assay

DNA quantity was measured with the Quant-iT PicoGreen kit (Invitrogen). The DNA release
was achieved by cell lysis after triple freezing–unfreezing cycles (30 min each). Then, we
removed fibrin fibers surrounding cells with proteinase K (0.02 mg∕mL) and aliquoted
100 μL of a cell lysate to a new well plate. The same volume of PicoGreen was added to cell
lysate samples, and then, they were incubated for 5 min in the dark. Fluorescence intensity was
detected using a spectrofluorometer Victor Nivo (PerkinElmer) at 480-nm excitation wavelength
and 520-nm emission wavelength. The DNA concentration in the samples was calculated using
a standard curve.

2.3.7 Mitochondria quantity analysis

To reveal the changes in mitochondria quantity, we used a high-content screening system
CellInsight CX7 (ThermoFisher Scientific). Cells were stained with DAPI and MitoTracker
Green FM (ThermoFisher Scientific) in accordance with the manufacturer’s instructions.
Every 20 min, images of the layer that is 50 μm higher than the bottom were taken in the light
field and fluorescence mode (excitation: 490 nm; emission: 516 nm). For each well, we analyzed
25 central fields with the total area 0.25 mm2 using SpotDetector mode and measured the aver-
age fluorescence intensity caused by MitoTracker Green FM.

2.3.8 Statistical analysis

Experiments were carried out at least three times to ensure the validity of the results, and the data
shown are from single experiments yielding similar results to the triplicate experiments. For any
given experiment, each data point represents the mean ± standard deviation. The analysis was
performed using the one-way analysis of variance. Differences were assumed to be statistically
significant if the probability of chance occurrence (p-value) was <0.05.

2.4 Photobiomodulation

2.4.1 LED experimental set-up

The cells were irradiated with nonmonochromatic LED light of red [maximum at 633 nm, 16 nm
full-width at half-maximum (FWHM)amplitude] and IR (maximum at 840 nm, 36 nm FWHM)
ranges using the original apparatus LDM-07 with rectangular 5 × 11 cm LED matrices
[Fig. 1(a)]. The irradiated cells were in the plate at a distance of 50 mm from the surface of
the LED matrices. As a reference parameter of irradiation, we used fluence (J∕cm2). For both
wavelengths, the fluence value was the same 2.2 J∕cm2, whereas other parameters varied due to
different light sources. The characteristics of the apparatus and the exposure parameters are given
in Table 2. To control the spectral composition and power of the irradiation, we used an optical
fiber spectrum analyzer USB 4000 (Ocean Optics) with a wavelength range from 200 to 1100 nm
and a FieldMaster power meter with a sensitive measuring head LM_10HTD (Coherent) com-
bined with a personal computer. To reveal whether the effects of PBM were caused by light and
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exclude possible temperature influence, we measured a temperature using a Point Thermocouple
with 0.3 mm diameter under PBM with respective parameters.

2.4.2 Irradiation of cell-containing gels

The cells were irradiated in two modes a day after they were encapsulated in a hydrogel.
Irradiation was conducted in the dark at a temperature of 37°C for 1200 and 600 s for red and
near-IR light, respectively.

The irradiation of the plates was performed in two modes at the wavelength of 633 nm for
1200 s or at the wavelength of 840 nm for 600 s, with an energy dose of 2.2� 0.2 J∕cm2 in both
cases. A day after irradiation, the cell viability, proliferation, and mitochondrial activity were

Fig. 1 (a) The matrix irradiation apparatus LDM-07 with a plate installed for irradiation with λ ¼
630� 8 nm light. (b) Emission spectra of red and infrared irradiators normalized to their maximum
intensities. (c) Scheme of the irradiation of cells in a gel with I0 intensity. (d) Transmission spectra
I∕I0 of a 1-cm-thick fibrin gel layer with and without cells.

Table 2 Parameters of the treatment with the LDM-07 apparatus.

Light sources Matrix of LEDs Matrix of LEDs

Wavelength (nm) 633� 8 840� 18

Power (mW) 160� 20 320� 40

Power density (mW∕cm2) 1.8� 0.2 3.6� 0.4

Fluence (J∕cm2) 2.2� 0.2 2.2� 0.2

Energy (J) 96� 10 96� 10

Time (s) 1200 600

Number of sessions 1 1
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analyzed by a set of methods (PicoGreen assay, AlamarBlue assay, live/dead assay, and mito-
chondrial assay).

3 Results

Despite the turbidity of the native fibrin, samples of 5:1 PEGylated fibrin were transparent.
The light transmission through the modified fibrin gel was high: 96% at a wavelength of
630 nm and 99% at 840 nm [Fig. 1(d)]. Interestingly, after encapsulating cells into the gel, the
resulting gel transmission did not drop but actually increased [Fig. 1(d)]. Figure 2(a) shows that
the PEGylated fibrin had a flocculent structure formed by short fibers; there were uniformly
distributed pores varying in diameter (0.1 to 7.2 μm). All the gels measured were soft (the
Young’s moduli <2 kPa), the average Young’s modulus values are presented in Fig. 2(b).
The PEGylation led to a slight decrease of the Young’s modulus for the PEGylated fibrin gel
(by 18%), whereas increase in fibrinogen concentration (from 25 to 50 mg∕mL) led to a very
pronounced increase in stiffness (by 240%) [Fig. 2(c)]. The apparent viscosity of the PEGylated
gels was about twice that of the native gel.

The immunophenotype of the primary culture of MSCs obtained from the gingiva mucosa
met the criteria for MSCs.60 The cells used in the study expressed characteristic markers of
MSCs (CD90, CD73, CD105, and CD44) and did not express hematopoietic and leukocyte
markers (Table 3).

After the encapsulation of MSCs in the gel and PBM, the effects of irradiation were analyzed
by various methods for assessing cell viability and proliferation as well as by mitochondrial
activity (Fig. 3). Viable cells were observed, and no significant cell death was detected in any
of the samples [Figs. 4(a) and 4(b)]: the fluorescence intensity of propidium iodide was less than
1% relative to the fluorescence intensity of calcein. An assessment of the amount of DNA
showed that the proliferation rate is reduced in thick gels [Fig. 4(c)], and the results of the

Fig. 2 Fibrin gel characterization: (a) 5:1 PEGylated fibrin. Gel has a slightly inhomogeneous
porous structure formed by short fibers; (b) mechanical properties of fibrin gels (mean� SD) mea-
sured by atomic force microscopy; (c) 3D representation of Young’s modulus distributions over
a 50 × 50 μm2 area mapped using the force volume mode. All gels demonstrated approximately
the same level of the local heterogeneity of Young’s modulus.
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AlamarBlue assay indicate a less active metabolism in both thick and concentrated hydrogels
[Fig. 4(d)]. Thus, in hydrogels of a given thickness and concentration, the cells do not die but
only switch to an inactive state, in which proliferative and metabolic activity decreases. In some
cases, PBM was able to neutralize adverse conditions. The IR irradiation stimulated cell pro-
liferation and metabolism in thick hydrogels [Figs. 4(c)–4(e)]. The results of all three tests cor-
related with each other: the PicoGreen assay indicated an increase in the number of cells after
840-nm irradiation by more than 2.5 times (however, the DNA content was only 60% of the

Fig. 3 Experiment design. Mesenchymal stromal cells (MSCs) were isolated from gingival
mucosa from the retromolar area and immunophenotyped. Bovine fibrinogen was modified with
PEG-NHS for 2 h. To obtain a hydrogel with encapsulated cells, three components (MSCs, modi-
fied fibrinogen, and thrombin) were mixed in the wells of the plate and then incubated overnight in
the dark at 37°C.

Table 3 Immunophenotype of MSCs (passage 4) from gingival mucosa.

Cell markers Expression (%)

Positive CD44 98.9� 1.0

CD90 98.6� 1.7

CD105 97.3� 2.9

CD73 98.4� 1.9

Negative Isotype IgG 0.4� 0.3

CD326 0.3� 0.1

CD11b 0.1� 0.1

CD45 0.3� 0.1

CD14 0.4� 0.3

CD34 0.1� 0.1

CD31 0.2� 0.1
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control), the live/dead assay showed 20% increase, and the AlamarBlue assay showed 10%
increase in metabolic activity.

The effects of PBM on cells in concentrated hydrogels manifested in a different way. The
results of the AlamarBlue assay suggest that there is a tendency for a decrease of metabolic
activity after irradiation [Fig. 4(d)]. Consistent with this, the data of the live/dead assay showed
that the number of living cells a day after irradiation is 30% lower than that of the control
[Fig. 4(e)].

Tracking of mitochondria stained with MitoTracker Green, which provides an information
about mitochondrial membrane potential, is widely used to understand general mitochondrial

Fig. 4 (a) Visualization of MSCs in the hydrogel (25 mg∕mL) after irradiation, live/dead assay;
alive cells stained with calcein (green), dead cells stained with propidium iodide (red), nuclei
stained with Hoechst 33258 (blue). The scale bar is 100 μm. (b) Magnified view, the scale bar
is 100 μm. (c) Results for PicoGreen assay. (d) Results for AlamarBlue assay. (e) Results for
live/dead assay, calcein fluorescence intensity in living cells encapsulated in the hydrogel.
Irradiation was conducted 1 day after encapsulation, and AlamarBlue, PicoGreen, and live/dead
assays were conducted 1 day after irradiation. Hydrogel modifications in respect to fibrin concen-
tration and gel thickness, respectively: standard: 25 mg∕mL, 1.5 mm thick: 25 mg∕mL, 3 mm;
concentrated: 50 mg∕mL, 1.5 mm. *p < 0.05 relative to other datasets in the group.

Fig. 5 Dynamics of mitochondrial activity of the MSCs encapsulated in a hydrogel (25 mg∕mL,
1.5 mm). High-content screening, MitoTracker Green. The control is the initial fluorescence inten-
sity of MitoTracker Green for each of the datasets. *p < 0.05 relative to other datasets in the group.
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activity.61–65 Although the photobleaching occurs during the experiment, the relative differences
still can be marked. The results of the time-lapse recording of MSCs in hydrogels showed that
mitochondria of treated cells were more active and stable. The mitochondria of the encapsulated
cells were also most supported by PBM with near-IR light (Fig. 5) that led to ∼23% increase in
the mitochondrial activity by the end of the experiment (5 h).

4 Discussion

Fibrin hydrogel is a promising material for tissue engineering and regenerative medicine due to
several advantages. A gel can be obtained from components of a patient’s blood; thus, it might
be autologous.66–68 Various 3D structures can be formed from the fibrin gel, in particular, by
molding and electrospinning methods.69,70 Moreover, the degradation rate of this hydrogel can
be controlled locally, by, for example, the addition of fibrinolysis inhibitors.71,72 Various mod-
ifications of the hydrogel can help in directing the differentiation of cells, in particular, in the
angiogenic direction.7,55

The data obtained on the gel structure agreed with the earlier obtained results.5,73 A positive
correlation between fibrin gel stiffness and fibrinogen concentration was shown in previous stud-
ies that allows the preparation of fibrin gels with desired mechanical properties in a range of
low Young’s modulus values (<10 kPa).74 The PEGylation is another factor, which affects gel
stiffness by reducing it. The 5:1 PEGylated gel was also more viscous than the native one, which
might be caused by smaller pore sizes. According to the poroelasticity theory,75 the apparent
viscosity is higher due to a relaxation of a solvent moving through the porous polymer network
with smaller pores.

The level of light irradiation of cells in a 3D scaffold will vary due to the absorption and
scattering of light in the volume of the scaffold. Due to this variation, a part of the cells may be
exposed outside the “therapeutic range” of PBM. Therefore, it is important to know the distri-
bution of light intensity in the entire matrix, which will depend on the wavelength of the light
used. This information can be provided by numerical calculation involving experimental data
about effective optical materials of scaffolds. The distribution of light intensities can be estimated
based on the measurement of the transmission spectra of thin films.76

Spectrophotometric measurements [Fig. 1(d)] showed that light transmission through the gel
generally decreases with decreasing wavelength. In both curves corresponding to the gel without
cells and the gel with the encapsulated cells, a clearly distinct region was presented in the edge of
the IR range (920 to 1000 nm) associated with a local absorption peak of water. For the present
study, it is of interest how quickly the red (λ ¼ 633 nm) and IR (λ ¼ 840 nm) light decays with
depth upon irradiation of cells in a gel. Figure 1(d) shows that when cells in standard concen-
tration are added to the gel, more light passes through the cuvette (the green curve lies above the
blue). Moreover, in the case of a cell-containing gel of 1-cm thickness, the intensity of red light
I decreases to 42% of the initial value (I0) and of IR light to 47% of the I0.

The decrease in the light intensity occurs due to its absorption and scattering on microscopic
inhomogeneities of the refractive index and density of the medium. According to Beer–
Lambert’s Law, the intensity of light decreases exponentially with depth in the material:

EQ-TARGET;temp:intralink-;e001;116;225IðλÞ ¼ I0 · e−μðλÞ·d; (1)

where I0 is the incident light intensity, IðλÞ is the light intensity at a depth d, and μðλÞ is the
attenuation coefficient, which depends on the wavelength. From the performed measurements,
the calculated values of the attenuation coefficient are μð633Þ ¼ 1.08 cm−1 and μð840Þ ¼
0.82 cm−1 for a gel without cells and μð633Þ ¼ 0.87 cm−1 and μð840Þ ¼ 0.76 cm−1 for a gel
with cells. From Eq. (1) and the calculated attenuation coefficients, it follows that for the gel
thickness of 1.5 mm, the irradiation intensities in the bottom layer will be reduced to Ið633Þ ¼
88% and Ið840Þ ¼ 89% of the initial value I0. With an increase in the gel thickness to 3 mm,
the intensities in the bottom layer will be Ið633Þ ¼ 77% and Ið840Þ ¼ 80%.

Therefore, due to the absorption and scattering of the light in the gel, the cells will be irra-
diated irregularly. Exposure doses will gradually decrease for the deeper cells. In the studied
gels, the irregularity of irradiation of cells in the gel with a thickness of 1.5 mm is 11% and
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12%, and in the layer with a thickness of 3 mm is 20% and 23% for near-IR and red light,
respectively. The difference between intensities for the red (633 nm) and near-IR (840 nm) lights
is small and can be neglected.

Another important point of using PBM for 3D structures is temperature. The data obtained
showed that during 600 s of irradiation with a wavelength of λ ¼ 840� 18 nm and an irradiation
intensity of 3.6� 0.4 mW∕cm2, the rate of heating is rather small and does not exceed
0.14� 0.02°C. At λ ¼ 633� 8 nm and an irradiation intensity of 1.8� 0.2 mW∕cm2 for
1200 s, the degree of heating is even less than 0.09� 0.02°C. Thus, no local heating of the cells
was observed.

Precise dosimetry and characterization of PBM parameters are crucial for comparing results.
While intensity and duration of irradiation may vary from one light source to another, fluence
depends only on light energy delivered to the object and reflects both the duration of the radiation
and the intensity of the source in a linear manner.77 Moreover, fluence is the most indicated
parameter for articles on PBM research, and using fluence as the primal parameter makes it
more reliable to analyze results.37,78 In Refs. 31, 33, 38, 39, and 79–81, fluences from 2 to
4 J∕cm2 were shown as the most effective for stimulating cells within scaffolds. Based on
these, we chose the fluence of 2.2 J∕cm2 for both red and near-IR light to investigate further
effects.

The dependences of the fluorescence intensity (modified PicoGreen method) on the thickness
of the gels [Fig. 4(c)] indicate that the activity of immobilized cells decreases with an increase
in the gel thickness from 1.5 to 3.0 mm. This inhibition effect can be explained by diffusion
restrictions that arise with an increase in the thickness of the scaffolds under static, nonperfused
conditions. These limitations can be associated with both a lack of oxygen and a lack of
nutrients. A decrease in cellular activity is a negative factor in the reconstruction of tissues and
organs. To solve this problem, we proposed to stimulate cells with low-intensity irradiation
with wavelengths of 633 and 840 nm. A recent study showed that blue light irradiation inhibited
gingiva-derived MSCs proliferation in 2D culture, as indicated by [3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide]-test (MTT), and promoted osteogenesis.82

According to the results of several viability tests, changes in the physiological activity of cells
in the same hydrogel samples varied greatly [Figs. 4(c)–4(e)]. Such a difference in recorded
changes may be related to the sensitivity and accuracy of the methods used in these conditions.
All three used assays (PicoGreen, AlamarBlue, and live/dead) are designed primarily for mono-
layer cell cultures. In the above experiments, a fibrin hydrogel was used as a 3D medium, which
is a concentrated protein solution (5%) and acts as a turbid scattering medium. Therefore,
a standard set of cytotoxicity tests might require additional calibration and optimization for
3D protein environments.

In the case of “thin gels” (thickness 1.5 mm), only a slight difference was recorded between
the irradiated and unirradiated samples. In the case of gels with a thickness of 3 mm, irradiation
stimulated proliferation, and this effect was especially pronounced during PBM with wavelength
of 840 nm. This difference is most likely due to the specific effects of irradiation on cells. The
mitochondrial respiratory chain is considered as the main target of both types of irradiation in the
cell.83 Absorption of light by cytochrome c oxidase leads to increasing of membrane potential,
exceeded ATP production, and following fluxes of protons and calcium ions.84 Alternative PBM
mechanism involves production of a small amount of reactive oxygen species (ROS).36 ROS
can act as mediators in several cellular pathways including kinase pathways activating cell
division.85,86 Both of these mechanisms were shown for red and near-IR light. However, pre-
ferred paths of PBM influence on a cell may vary according to the wavelength.87 Thus, ROS
amount produced in the cells was different for red and near-IR light with equal fluencies.36 Near-
IR light activating cell cycle represented higher rates of ROS, which could explain more pro-
nounced proliferation after exposure to 840 nm irradiation in the current work.

Near-IR light is more promising for tissue engineering because it is located inside the optical
window and can penetrate deeper into tissue-engineered structures than red light. However, the
irradiation effect was not observed in the case of thin gels with a higher concentration of fibrin
(50 mg∕mL). Moreover, according to the results of AlamarBlue and the live/dead assays
[Figs. 4(c) and 4(d)], when cells are irradiated in concentrated gels, their viability decreases.
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It is possible that under conditions of increased hydrogel concentration, cells may become more
sensitive to stress, and thus, irradiation of the used intensities has an adverse effect.

5 Conclusion

Hydrogels with an increase in the thickness or density decrease cell viability and their physio-
logical activity. We have shown that it is possible to stimulate mesenchymal stem cell prolif-
eration and metabolic activity in fibrin hydrogel using PBM. Thus, PBM can be used in tissue
engineering to control cell populations immobilized in 3D scaffolds.
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