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Abstract

This study aimed to evaluate the effects of a new photodynamic protocol (ALAD-PDT) on primary human osteoblasts (hOBs).
The ALAD-PDT protocol consists of a heat-sensitive gel with 5% 5-delta aminolevulinic acid commercialized as Aladent
(ALAD), combined with 630 nm LED. For this purpose, the hOBs, explanted from human mandible bone fragments, were
used and treated with different ALAD concentrations (10%, 50%, 100% v/v) incubated for 45 min and immediately afterwards
irradiated with a 630 nm LED device for 7 min. The untreated and unirradiated cells were considered control (CTRL). The
cellular accumulation of the photosensitizer protoporphyrin IX (PpIX), the proliferation, the alkaline phosphatase (ALP)
activity, and the calcium deposition were assessed. All concentrations (10, 50, 100%) determined a significant increment of
PpIX immediately after 45 min of incubation (0 h) with the highest peak by ALAD (100%). The consequent 7 min of light
irradiation caused a slight decrease in PpIX. At 48 h and 72 h, any increment of PpIX was observed. The concentration 100%
associated with LED significantly increased hOB proliferation at 48 h (+46.83%) and 72 h (+ 127.75%). The 50% and 100%
concentrations in combination to the red light also stimulated the ALP activity, + 12.910% and + 14.014% respectively. The
concentration 100% with and without LED was selected for the assessment of calcium deposition. After LED irradiation, a
significant increase in calcium deposition was observed and quantified (+72.33%). In conclusion, the ALAD-PDT enhanced
proliferation, the ALP activity, and mineralized deposition of human oral osteoblasts, highlighting a promising potential for
bone tissue regeneration.
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tissues [6, 7]. Egli RJ and co-workers evidenced how PpIX
differently accumulated in different cell types [8]. For its
characteristics, PDT can be a potential strategy in dental
field, considering that periodontitis and peri-implantitis are
bacterial inflammatory processes that promote the progres-
sive bone loss, a condition difficult to solve [9, 10]. Data
from randomized clinical trials indicated that antibacterial
PDT (aPDT) performed with a diode laser at 660 nm in
combination with photosynthesizers such as phenothia-
zine chloride, methylene blue, or toluidine blue supported
non-surgical periodontal treatments leading to significant
improvements in all the investigated clinical parameters
(PPD, BOP, CAL) [11, 12]. Many studies conducted in
the past confirm the effectiveness of the aPDT treatment
using 5-delta aminolevulinic acid (5-ala) as the precur-
sor of the photosensitizer PpIX in the heme biosynthesis
[12—-15] which have encouraged the production of a sol—gel
commercialized as ALADENT (ALAD), specially formu-
lated to deliver this active compound 5-ala at 5% [16—-18].
A very appreciable aspect of this gel is its temperature-
dependent state transition formulation based on a mixture
of poloxamers that ensures the stability of the active ingre-
dient [19, 20]. Indeed, this 5% 5-ala thermolabile formula-
tion is liquid and it is converted to gel with a temperature
higher than 28 °C. The subsequent conversion into a gel
leads to a controlled spreading of the active component
and facilitates its topical administration. The presence of
poloxamers improves the muco-adhesion properties of
ALAD, making it suitable for skin treatments [21]. Recent
in vitro and in vivo studies have shown the capability of the
ALAD-PDT protocol to inactivate pathogens involved in
periodontal disease [16, 17]. The 5-ala acts as a pro-drug
being a precursor of the endogenous photosensitizer PpIX
that, unlike other substances such as methylene blue and
toluidine blue, has also proved effectiveness against oral
bacterial and fungal biofilm [16—18]. These studies dem-
onstrated that the drug-light interval time (45 min + 7 min)
is enough to treat oral infections by killing microbes, and
provides the bacterial load reduction, together with the
reduction of periodontal soft tissue inflammatory param-
eters, such as PD, CAL, and BOP [4, 16, 22, 23]. Despite
the proven strong antibacterial and antifungal effect of
ALAD-PDT, which makes it an ideal product for treat-
ing periodontitis and peri-implantitis, there is no informa-
tion regarding of ALAD-PDT potential effects on human
cells. Literature poorly provides evidence on the effects of
the PDT on healthy cells. Egli et al. revealed cytotoxicity
of PDT in different human cell lines, and Bastian et al.
obtained similar results in porcine osteoblasts and chon-
drocytes. Both authors applied the same PDT protocol also
used as an anticancer strategy, in terms of time (4 h) and
in terms of high light dose [24, 25]. A different approach
has been taken by Kushibiki et al. who use PDT doses
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lower than those conventionally used for cancer treatment
and demonstrated the photochemical promotion of mouse
and rat osteoblast cell differentiation via ROS production
[26]. However, these aforementioned protocols had incu-
bation intervals too high considering that the objective of
clinicians is to reduce the working time and consequently
also the patient’s compliance. In ALAD-PDT, the incuba-
tion and time of irradiation were reduced to 45 min and
to 7 min that are lower with respect to the PDT protocols
investigated in the cited articles [4, 16, 22, 23]. Based on
these previous studies, the ALAD-PDT, until now tested
just as antibacterial and antifungal strategy consisting of
the thermo-gel containing 5% of 5-ala irradiated by the red
LED light at 630 nm, was here investigated to verify if it
may promote osteogenic effects. Hence, the purpose of this
study was to explore the effects of ALAD gel at different
concentrations applied for 45 min, in combination with
7 min of 630 nm red LED light (ALAD-PDT) on human
oral osteoblasts.

Materials and methods
ALADENT gel

In this study, a thermosensitive gel containing 5% of
delta aminolevulinic acid (5-ala), branded as ALAD-
ENT (ALAD), commercialized by ALPHA Strumenti
s.r.] (Melzo-MI, Italy) has been utilized. This thermoset-
ting product is protected by a patent (PCT/IB2018/060368,
12.19.2018) and remains liquid at temperatures below 28 °C
becoming gel at higher temperatures.

Light device and parameters of irradiation

The light source used is AlGaAs power LED device TL-
01(ALPHA Strumenti, Italy) that is a single emitted LED
with 6 mm diameter. This 630 nm + 10 nm LED device
FHWM nm emits a red light visible to eyes. During the
experimental protocols, the LED handpiece stood in a per-
pendicular way to the wells, and the illumination arrived
from the top at 0.5 mm of distance as illustrated in a previ-
ous study [23] The exit and surface irradiance are 380 mW/
cm? and the total specific dose is 23 J/cm? for each minute
of irradiation, as previously described by Radunovic M et al.
[16]. All irradiation procedures were performed in the dark
condition under a laminar flow hood.

Experimental design
A previous Radunovic’s study [16] showed that ALAD

gel in combination with 630 nm LED was able to reduce
bacteria load already at lower concentrations of 10 and
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50% (v/v); thus, in this study the same dilutions of the
commercial gel were introduced. For the experiments,
the cells were seeded and after 24 h of culture were incu-
bated for 45 min with increasing concentrations (10%,
50%, 100%) (v/v) of ALAD in a serum-free medium at
37 °C. Then, the following experimental conditions were
performed: CTRL were untreated (without ALAD) and
unexposed (without LED irradiation) cells; 100-ALAD
were cells treated with ALAD gel at 100% without LED
irradiation; 0-ALAD-PDT were cells exposed to 7 min
of LED light irradiation alone without ALAD addition;
10-ALAD-PDT were cells treated with ALAD gel (10%)
and exposed to LED for 7 min; 50-ALAD-PDT were cells
treated with ALD gel (50%) and exposed to LED for
7 min; 100-ALAD-PDT were cells treated with ALAD
gel (100%) and exposed to LED for 7 min. Subsequently,
the time-dependent effects of ALAD-PDT on PpIX
cell accumulation, proliferation, alkaline phosphatase
(ALP) activity, and calcium deposition were assessed.
All experiments were performed in triplicate employing
different cell strains every time.

Primary culture of human oral osteoblasts (hOBs)

Following a protocol approved by the Ethics Committee
of the University of Chieti-Pescara (reference number:
BONEISTO N. 22 10.07.2021), hOBs were obtained
from human mandible bone fragments of n°® 12 volun-
teers managed at the dental clinic of the G. D’Annunzio
University. The bone fragments underwent three enzy-
matic digestions at 37 °C for 20, 30, and 60 min uti-
lizing a solution consisting of collagenase type 1A
(Sigma-Aldrich, St. Louis, MO, USA) and trypsin—-EDTA
0.25% (Sigma-Aldrich) dissolved in Dulbecco’s Modi-
fied Eagle’s Medium (DMEM, Corning, NY, USA) at
10% fetal bovine serum (FBS, Gibco-Life Technologies,
Monza, Italy). The solution obtained from the enzymatic
digestion was centrifuged at 1200 rpm for 10 min. Then,
the pellet obtained was transferred into a T25 culture
flask with low-glucose (1 g/L.) DMEM supplemented
with 10% FBS, 1% antibiotics (100 pg/mL~! streptomy-
cin and 100 TU/mL"! penicillin), and 1% L-glutamine to
promote a final spontaneous migration of the cells. The
isolated hOBs were cultured at 5% CO, and 37 °C to
achieve their confluence to be used between the 3rd and
the 5th passage upon the characterization by cytometric
analysis.

Determination of PpIX

To determine the time-dependent intracellular content of
PpIX, 6x 10° cells/well human osteoblasts were plated in

96-well plates and subjected to the ALAD-PDT according to
the experimental design. After O h, 48 h, and 72 h, cells were
treated with a solution of 0.5 M perchloric acid (HCIO,) in
50% methanol [7] and excited at 405 nm and the PpIX fluo-
rescence was read at 608 nm, by a microplate spectrofluor-
ometer (Synergy H1 Hybrid BioTek Instruments).

Cell proliferation

The effects of ALAD-PDT on hOB proliferation were
assessed by CellTiter96 assay (3-(4,5-dimethylthia-
zolyl-2)-2,5-diphenyltetrazolium bromide) (MTS, Pro-
mega, Madison, WI, USA) at 48 and 72 h. Briefly, 6 X 103
cells/well were seeded in 96-well plates and incubated
with ALAD (10%, 50%, 100% v/v) and irradiated by LED
according to the experimental design. After 48 and 72 h,
cell culture was supplemented with 10 uL of M TS solution
and incubated for 2 h. The spectrophotometric absorbance
in terms of optical density (OD) was detected at 490 nm
by a microplate spectrophotometer (Synergy H1 Hybrid
BioTek Instruments). Number of cells was determined in
correlation to the OD values. Cell proliferation rate was
calculated as a percentage respect to the control.

ALP activity

The function of osteoblasts after (%)-ALAD-PDT was
assessed by determining the alkaline phosphatase (ALP)
activity in agreement with the protocol of assay kit
(Abcam Inc., Cambridge, UK) on the base of the cleav-
age of p-nitrophenyl phosphate (pNPP). In brief, 5 x 10*
cells/well osteoblasts in 24-well plates were subjected to
(%)-ALAD-PDT protocol. After 3 days, the cells were
washed three times with PBS and resuspended in assay
buffer. The cell suspension was then homogenized through
Tissue Rupture device (QIAGEN, Hilden, Germany) and
centrifuged at 10,000 g for 15 min. The relative ALP
activity of the supernatant was measured using pNPP, as
the substrate, for 1 h. After incubation, the reaction was
stopped and the product, p-nitrophenol, was quantified as
the absorbance value at 405 nm.

Alizarin Red staining

The effects of ALAD concentrations in combination with
LED on the mineralization capability of hOBs were ana-
lyzed through Alizarin Red staining (ARS). Untreated
and unexposed cells were considered control for compar-
ative evaluation. Cells were seeded at a density of 5x 10*
cells/well onto the surface of the cover slips (Thermo
Fisher, Waltham, MA, USA) into the 24-well culture
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plate. After 14 days of culture, samples were rinsed three
times with PBS and fixed with glutaraldehyde solution
(2.5%) for 2 h. After fixation, 1 mL of ARS solution
(2,003,999, Sigma-Aldrich) was added. After 1 h, the
deionized water was used to remove the excess dye, and
the presence of mineral nodule stained by red color was
observed.

Quantification of calcium deposition

The quantification of calcium deposition was measured
by the addition of the cetylpyridinium chloride (CPC)
to the cover slips after the qualitative measurement by
ARS, as described in the previous paragraph. A total of
1 mL of 10% CPC solution (Sigma-Aldrich) was added
to chelate calcium ions. After 1 h, the absorbance was
taken over at 540 nm in a microplate reader (OD540)
(Synergy H1 Hybrid BioTek Instruments) and normalized
with cell number.

Statistical analysis

All experiments were performed in biologic tripli-
cates and repeated three times. The data are reported
as means + standard deviation (SD). Statistical analyses
were performed using the GraphPad Prism8 (GraphPad
Software San Diego California, USA). The ANOVA and
post hoc Tukey tests were adopted. A p value <0.05 was
considered significant.

Results
Levels of PpIX fluorescence

The time-dependent level of PpIX fluorescence was inves-
tigated at O h, 48 h, and 72 h (Fig. 1). As the experimental
design, osteoblasts underwent different concentrations of
ALAD gel for 45 min. An increase in the fluorescence of
PpIX was observed just immediately after the incubation
time of 45 min (0 h) at all concentrations (10, 50, 100%
v/v). 100-ALAD determined the highest peak of PpIX fluo-
rescence that slightly dropped down after irradiation. The
lower concentrations (10%, 50%) also showed an incre-
ment of PpIX fluorescence that was directly proportional to
the concentrations, but less than 100%. The fluorometrical
measurements at 48 h and 72 h of PpIX resulted to have no
differences with respect to the control group. The ANOVA
test revealed a p <0.0001.

ALAD-PDT promoted cell proliferation

The results (Fig. 2) showed a similar trend at both evalua-
tion times 48 h (A) and 72 h (B). Cells subjected to LED
exposure alone (0-ALAD-PDT), as well as cells treated
with gel without irradiation (100-ALAD), presented the
same proliferation rate as control. On the contrary, lower
concentrations (10%, 50%) had no appreciable effects on
osteoblast proliferation that resulted lower than control.

Fig. 1 Time-dependent fluores-

cence of PpIX was measured

(Aex =405 nm; Aem =608 nm)
at O h, 48 h, and 72 h after
ALAD-PDT protocol. Data
are presented as mean +SD of
three independent experiments
and are expressed in relation
of the untreated and unexposed
cells (CTRL). (In the graph,
the p values obtained from the
Tukey test are reported, per-
formed after the ANOVA test,
**p <0.001, ***p <0.0001)

Protoporphyrin IX (FL)
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A significant increased in cell proliferation was observed
only in osteoblasts subjected to ALAD (100%) and LED.
In particular, 100-ALAD-PDT enhanced cell proliferation
e of +46.833% +0.230 at 48 h and + 127.756% +0.154 at
150 - Ry 72 h compared to the CTRL. The ANOVA test revealed a
pkkk p=0.0016 and p=0.0252 at 48 and 72 h, respectively.
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S 2 100 g |
© = Results (Fig. 3) showed that the ALP activity, evaluated at
5 g 3 days of culture, was slightly increased with respect to con-
< © trol when osteoblasts were exposed to LED alone (0-ALAD-
Q "'6 PDT). Similarly, cells treated with ALAD (100%) without
.; < 50- irradiation showed the same ALP activity observed in the
© < control, whereas the lowest concentration of ALAD (10%)
(] showed a significant decrease of ALP activity compared to
e the control. Among the concentrations, both 50- and 100-
0- ALAD in combination of red light irradiation exhibited
stimulatory effects on osteoblastic ALP activity. However,
Q)/ V,O o& o& o& 0& this observed increment was not statistically significant with
Q« vﬁ’ RS A A S respect to the CTRL.
QQ' \,V' \,V' \,v. \,v. . . -
N Y YRS ALAD-PDT stimulated mineral deposition
AR AIPISAIRS

Fig.3 ALP activity of human osteoblasts cultured after 3 days
of the ALAD-PDT treatment. ALP activity was increased by
ALAD gel used at concentrations of 50% and 100% in combi-
nation to the red light, irradiated for 7 min,+12.910% +0.154
and+ 14.014% +0.146% respectively. Data are expressed with rela-
tion to untreated and unexposed cells (CTRL) as mean+SD. (In the
graph, the p values obtained from the Tukey test are reported, per-
formed after ANOVA test, ***p <0.0001)

Beyond the osteoblast proliferation and the ALP activity,
the extracellular matrix mineralization is also an important
aspect of bone formation. Therefore, osteoblasts were exam-
ined at 14 days of culture to assess whether the ALAD-PDT
protocol stimulated matrix mineralization, which occurs
within the ranging period of 10-15 days and is correlated
to an enhanced anabolic activity in bone metabolism.
100-ALAD followed by LED irradiation showed calcified
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Fig.4 Effects of ALAD-PDT on osteoblast mineralization capacity
at day 14. A Extracellular matrix calcium deposits were stained with
Alizarin Red staining to point out the mineralized nodules. B Quanti-

nodules that appeared brighter red after the Alizarin Red
staining than osteoblasts only exposed to LED or treated
only with 100-ALAD (Fig. 4A). The quantitative results,
obtained by CPC experiment, showed that mineralization
occurred in the presence of ALAD (100%) and resulted
significantly enhanced compared to the control. More defi-
nitely, an increase of +72.033% +0.320 in the mineral dep-
osition for 100-ALAD-PDT was measured. In contrast, in
the 0-ALAD-PDT, meaning that cells were exposed to LED
alone, calcium deposition resulted significantly diminished
with respect to the control group (CTRL), indicating that the
exposure to LED failed to exert a positive influence on cell
mineralization, without ALAD. Similarly, when osteoblasts
were treated with 100-ALAD alone, a significant decrease
of calcium deposition was observed (Fig. 4B). The ANOVA
test revealed a p <0.0001.

Discussion

The aim of this study was to evaluate the effects on osteoblast
response to ALAD-PDT, a protocol that already provides
in vitro and in vivo efficacy against pathogens involved in
periodontal diseases [4, 16, 22, 23]. Therefore, the PpIX fluo-
rescence, the proliferation, the ALP activity, and bone min-
eralization capabilities of human oral osteoblasts subjected
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tative measurement was performed with cetylpyridinium chloride. (In
the graph, the p values obtained from the Tukey test are reported, per-
formed after ANOVA test, ***p <0.0001)

to ALAD-PDT were examined. In the present study, ALAD
alone (100-ALAD) promoted a temporary increase of intra-
cellular PpIX fluorescence just immediately 45 min of gel
incubation, returning to the baseline level at 48 h and 72 h.
The heme biosynthetic pathway explains this temporarily
boosting generation of PpIX [27]. The addition of exogenous
aminolevulinic acid can override the negative feedback con-
trol normally exerted by a high intracellular concentration
of heme on its physiologic biosynthetic pathway, promoting
the temporarily rise of the PpIX production. The interven-
tion of the ferrochelatase enzyme in the heme synthesis leads
to the observed transient accumulation of PpIX. The light
activation of the sample preincubated 45 min with ALAD
led to a slight decrease of PpIX fluorescence with respect
to the same not-irradiated samples. In particular, the meas-
ured fluorescence was proportional to the applied ALAD
concentrations (10, 50, 100% v/v). The irradiation caused
only a slight drop down of PpIX fluorescence because the
immediate effect of light activation leads to the photobleach-
ing of PpIX with the formation of other photoproducts that
characterized their self by a similar fluorescence [28, 29].
Rotomskis and co-workers demonstrated that in a PBS solu-
tion, hematoporphyrin-like sensitizers are under a dynamic
equilibrium between aggregated and monomeric forms. The
irradiation of aggregated sensitizers leads to the formation
of two distinct photoproducts with a Amax at 660 nm [30].
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More recently, Huntosova et al. showed that it is not possible
to excite specifically PpIX while preventing the excitation
of its photoproducts [31]. Results in this study showed that
osteoblasts treated with 100-ALAD-PDT presented at 48 h
and 72 h a statistically significant increment of the prolifera-
tion rate with respect to the control. In contrast, the diluted
concentrations of ALAD (10% and 50%) (v/v) did not influ-
enced the osteoblast proliferation. As widely reported in the
literature, the other important factor in the PDT therapy is the
light at a specific wavelength to activate the photosensitizer
molecule. Findings from this present study showed that cells
exposed to LED alone without the addition of any concentra-
tions of ALAD had no effects on cell proliferation compared
to unexposed osteoblasts. Thus, the involvement of both light
source and photosensitizer molecules is required to obtain
an efficient PDT performance. The enhanced osteoblast
proliferation by 100-ALAD-PDT indicating a promotion
of cell growth rate may suggest a stimulating effect on the
bone matrix formation. Therefore, the alkaline phosphatase
(ALP) activity that represents the most widely studied bio-
chemical marker for osteoblastic activity was also assessed.
100-ALAD-PDT treatment also promoted cellular ALP
activity, which has been measured at day 3. Although the
increased ALP activity in cells was observed, it was not sta-
tistically significant. It could be speculated that ALP activity
increases in relation to the temporal growth and differentia-
tion of osteoblasts, ranging from 5 to 15 days immediately
after the cell proliferation period which occurs from 2 to
5 days [32]. This would imply that at the time of our analy-
sis, which is the third day, the ALP activity has just started.
On the other hand, matrix mineralization is preceded by the
osteoblast differentiation phase and occurs within the rang-
ing period of 10-15 days. In the present study, we expected
to note calcium deposits around day 14, and at that time, the
measurement of extracellular matrix calcium deposits indi-
cated a significant positive effect of 100-ALAD in combina-
tion with LED, on calcification. Increased calcium deposition
in extracellular matrix, when cells were treated with ALAD
following red light exposure (100-ALAD-PDT), was then
confirmed by Alizarin Red staining, which indicated stimula-
tion of mineralization. This could be explained by the ability
of 5-delta aminolevulinic acid to upregulate heme oxyge-
nase 1 (HO-1) as shown in recent studies [33, 34]. HO-1 is
involved in the normal physiological bone homeostasis, by
promoting bone mesenchymal stem cell differentiation, by
enhancing osteoblasts functions, and by inhibiting apoptosis
and senescence of osteoblasts [35]. In this study, LED irra-
diation alone did not favor the mineralized nodule forma-
tion as well as the 100-ALAD treatment. Although studies
reported the topical use of 5-delta aminolevulinic acid as a
pro-drug, to cure many diseases, like pre-cancer conditions,
to date few investigations have been performed to explore a
potential regenerative effect of ALAD-PDT. Egli RJ et al.

in 2007 observed a reduction of viable dendritic, fibroblast,
and osteoblast cells, when incubated with 5-delta aminole-
vulinic acid for 4 h and subjected to increasing light doses
[25]. Bastian JD et al. in 2009 showed a decrease of viability
of porcine chondrocytes and osteoblasts after the incubation
with 5-ala for 4 h and exposed to light doses up to 20 J/cm?
[24]. Our findings might suggest that a different approach in
terms of gel incubation and light exposing times can exert
very encouraging results. Despite available evidence on the
use of ALAD gel in treating chronic inflammatory skin dis-
eases are scanty, a recent study showed that concentration of
aminolevulinic acid (5%) present into gel is better tolerated
by human cells than higher concentrations (i.e., 20%) [21].
A strength of this study is the use of primary human cells
which represent a good system to study biochemical signal-
ing in vivo closer to human state than mouse and rat cells
used in the previous literature [26]. The osteoblasts used in
this study have been extracted from oral biopsies because
the tested protocol ALAD-PDT is manufactured for treating
periodontitis and peri-implantitis that can lead to a progres-
sive bone loss. Therefore, more data need to be carried out
to show the extent of the utility of ALAD-PDT, beyond the
antimicrobial strategy. Further studies will be necessary to
clarify the mechanism that leads the 5-delta aminolevulinic
acid in combination with LED to influence osteogenic func-
tions, and to investigate for expanding our knowledge about
the stimulatory role of ALAD on bone cells.

Conclusions

These findings suggest that osteoblastic cells incubated for
45 min with ALAD gel as commercialized and exposed for
7 min to the red light of 630 nm LED showed a statistical
increase of cell growth, and a stimulatory effect on ALP
activity and mineralization.
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