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ABSTRACT

Treatment of artificial initial enamel lesions is a key process in the dental practice. Unfortunately, traditional
methods are often not accepted well by the patients, especially by the children. In this reason the search for new more
acceptable approaches is a long-sought approach. The selection of an appropriate and accurate protocol to treat white
spot lesions as well as reliably monitoring of the lesion dynamics is crucial to avoid the need for further operative
treatment. Herein, we report synthesis of two fluorinated analogues of the peptide P, , and creation of a protocol
... (CURODONT Repair) on artificial enamel lesions on smooth

surfaces after pH-cycling in a bioreactor system. The assessment of the effect is done using surface microhardness

to compare the effect of self-assembling peptide P

investigation. A well working protocol for studying of therapeutic effect of peptides on artificial initial enamel lesions
was created. The obtained experimental data reveals that the treatment of artificial lesions with self-assembling

peptide P

11-4
in the experimental group.

using a newly created protocol and selected methodology resulted in improved surface microhardness

Keywords: P, , self-assembly fluorinated peptides, treatment of artificial initial enamel lesions

INTRODUCTION

Peptides are naturally existing molecules in human
organism. They could play different roles, for example
hormones such as insulin, vasopressin, oxytocin
[1, 2] as well as neurotransmitter somatostatin [3,
4], which exerts multiple biological activities like
inhibition of endocrine secretion and growth as well
as cell proliferation. In addition, peptides have many
advantages like small size, relatively simple synthesis,
membrane penetration properties, self-assembly
ability [5, 6] and good biocompatibility [7, 8]. Some
small changes in the peptide structure could lead to

better pharmacodynamics and pharmacokinetic of the
newly designed molecules and it is a useful strategy
for creation of new compounds with better targeted
properties and biological activity [9].

Caries lesions are the most popular dental problem.
On the surface of the teeth a biofilm is formed during
the time. The microorganisms contained in the biofilm
produce acids as a result of their normal metabolism
process, which leads to caries lesions formation [9].
In 2013 Brunton et al. reported the application of
biomimetic self-assembling peptides in a treatment of
early caries lesions [11]. Several years later Wierichs
et al. and Alkilzy et al. described another aspect of the
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carious lesion treatment with self-assembling peptide
P, (Ac-GIn-Gln-Arg-Phe-Glu-Trp-Glu-Phe-Glu-Gln-
GIn-NH,) [12, 13]. Taking into account very good results
on the treatment of white spot lesions (WSLs) reported
by these groups we made a design of analogues of the
self-assembly peptide P, , containing fluorinated in the
position 4 phenylalanine (Phe(4-F)). Herein, we report
synthesis of two fluorinated analogues of the peptide
P, and creation of a protocol to study the effect of
these peptides on artificial enamel lesions on smooth
surfaces after pH-cycling in a bioreactor system using

surface microhardness investigation.
EXPERIMENTAL

Chemical reagent and synthesis

The needed specifically protected amino acids *N-
Fmoc-GIn(Trt)-OH, Fmoc-Arg(Pbf)-OH, Fmoc-Phe(4-
F)-OH, Fmoc-Glu(Ot-Bu)-OH, Fmoc-Trp(Boc)-OH as
well as solid phase carrier Fmoc-Rink Amide MBHA
Resin, activation agents N,N,N’,N'-Tetramethyl-O-
(1H-benzotriazol-1-yl)uronium hexafluorophosphate
(HBTU), N,N’-Diisopropylcarbodiimide (DIC) or
Benzotriazol-1-yloxy)tripyrrolidinophosphonium
hexafluorophosphate (PyBOP), trifluoroacetic acid
(TFA), N,N-Diisopropylethylamine (DIEA) and
scavenger triisopropylsilane (TIS) were purchased
from Iris Biotech (Germany). The solvents N, N’-
dimethylformamide (DMF) and dichloromethane
(DCM) are from Valerus (Bulgaria). Acetic anhydride
is from Merck (Bulgaria). All reagents and solvents are
used without any preliminary treatment.

The target compounds were synthesized using
Fmoc(9-fluorenylmethoxycarbonyl)/Ot-Bu solid-phase
peptide synthesis (SPPS) on Rink-amide MBHA resin.
HBTU, DIC or PyBOP were used for amino acid
activation. The coupling reactions were performed using
amino acid/HBTU(or PyBOP)/DIEA/resin at a molar
ratio 3/3/9/1 or amino acid/DIC/resin at a molar ratio
3/3/1. *N-Fmoc-group of all amino acids during peptide
chain synthesis was deprotected by treatment with 20
% piperidine in DMF. The coupling and deprotection
reactions were monitored by means of the standard
Kaiser test. The removing of the final peptides from the
resin was done using a mixture of 95 % trifluoroacetic
acid (TFA), 2.5% triisopropylsilane (TIS) and 2.5 %
dH,O. All peptides were obtained as a filtrate in TFA and
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precipitated with cold dry diethyl ether. The precipitate
was filtered and subjected to subsequent HPLC/MS
analysis.

Acetylation of the target peptides on the resin were
conducted as follow:

In a final step after removing of “N-Fmoc protection
group of aimed peptide a mixture of 10 mL acetic
anhydride, 10 mL pyridine and 10 mL DCM is added
to the peptide-resin in the reactor. Reaction mixture is
stirred for 30 minutes and the solvents are removed from
the reactor. The procedure is repeated twice. Further,
peptide-resin is washed with 2xDMF, 2xDCM, 2x
i-PrOH and 2 x diethyl ether and after drying is subjected
to the deprotection from the resin.

Apparatus and analytical methods

The peptide purity was monitored on a RP-HPLC
Agilent Poroshell 120, 100 mm x 4.6 mm column using
Shimadzu LC MS/MS 8045 system, at a flow rate mobile
phase rate 0.30 mL min™!, column temperature 40°C, and
a linear binary gradient of two phases Mobile phase A:
H,0 (10 % AcCN; 0.1% HCOOH) and Mobile phase
B: AcCN (5 % H,0; 0,1 % HCOOH) at the following
gradient of both phases in time:

Time Mobile phase A Mobile phase B
(min) (%) (%0)
0.01 80 20
10.00 5 95
15.00 5 95
15.50 80 20
22.00 80 20

The compound structures were checked by
electrospray ionization mass spectrometry in SCAN
regime/ESI+ mode of ionization with the following
parameters: nebulizing gas flow 3 L min’!; heating gas
flow 10 L min’'; interface temperature 350°C; desolvation
line temperature 200°C; heat block temperature 400°C;
drying gas flow 10 L min™".

The optical rotation was measured with an automatic
polarimeter Polamat A, Carl Zeis, Jena at c = 1 in methanol.
Melting points were monitored on a standard Kruss
melting point metter M3000. All analytical data are
summarized in Table 1.

During the study a pH-cycling model is used by



Irina Uzunova, Iliyan Dobrev, Dancho Danalev, Ralitsa Raycheva,

Kostadin Georgiev, Svetla Petrova, Tanya Nihtianova, Ani Belcheva

Table 1. Structure and analytical data for newly synthesized compounds.

)
a
Molecular [M+H]* t M.p. 346
Code | Struct MM %
ode ructute formula exact Observad (min) [°C] [°1*
Ac-GIn-Gln-Arg-Phe-
U1 | Glu-Trp-Glu-Phe(4-F)- C,H,FN, O, 1612.71 1613.75 2.011 225-226 +42
Glu-GIn-GIn-N 2
Ac-GIn-Gln-Arg-Phe(4-
IU2 | F)-Glu-Trp-Glu-Phe(4-F)- | C_H FN, O, | 1630.70 1631.70 2.020 | 224-225 -52
Glu-GIn-GIn-NH,

*(c = 1, methanol)

means of Bioreactor system CDC-Biofilm reactor
(model CB90-1DH-Int.). All details about the model
are described in details in the Results and Discussion
section.

Biological study
Materials

Kits containing self-assembling peptides P ,
(CURODONT Repair) were purchased by Credentis
AG, Windisch, Switzerland. Freshly human premolars
extracted for orthodontic indications from patients in the
children/adolescents age (ranged from 14 - 20 years of
age), free from cracks, erosion, caries, or any structural
defect was obtained. The clinical methodology of this
study was approved by the Research Ethics committee of
Medical University - Plovdiv (Protocol Ne3/20.05.2021).

Sample and solution preparation

The extracted teeth are cleaned of plaque, tartar
and soft tissues from the tooth surface. The teeth are
then separated 1 mm below the cement-enamel junction
with a diamond disk at a slow speed, with crowns
being reserved for examination. Samples are stored in
a solution containing 0.1 % thymol until the start of the
experiment.

The coronal part of each tooth is longitudinally
sectioned in a mesiodistal direction into two sections
using a high-speed diamond tipped disc, creating two
enamel specimens and thus leading to a total of 24
enamel specimens. The specimens are randomly divided
into two groups of 12 specimens each, according to
Majithia et al. [14].

Samples are prepared by including tooth in

cylindrical blocks with the vestibular surface facing
upwards and parallel to the horizontal plane. A window
from 5 mm to 5 mm is provided for conducting the
experiment. The proximal 2 mm from the surface is
covered with acid-resistant nail polish for insulation and
controllability in subsequent stages of the study.

Procedures and model

Initial surface microhardness by Vickers (B-VMH)
Specimens are analyzed in terms of baseline

surface hardness to establish a parameter for the

specimens’ selection and for randomized distribution

to the groups according to methodology described by

Freitas et al. [15].

Initial laser fluorescence values by DIAGNOdent pen
(B-LF pen).

Buccal or lingual surfaces of teeth are examined
using device for laser fluorescence (DIAGNOdent pen
2190, KaVo, Biberach, Germany) [ 16]. Samples showing
a moment value between 3 and 7 on the digital display
are selected and values are recorded. Those showing a
value greater than 7 are discarded and replaced by teeth
having a moment value of 3 - 7 [17, 18]. After inclusion
in resin blocks, a quarter of the surface of each sample
is covered with a layer of acid-resistant nail polish (Top
coat, Victoria beauty) as Healthy Control (SC). Further
the creation of artificial caries lesion is done. After a
quarter of the artificial lesion is coated with the same
acid-resistant transparent nail polish for Demineralized
Control (DC). The rest of the artificial lesion remains
as uncovered area for treatment with the chosen agents
(Treatment Area - TA) [19].
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Creation of artificial carious lesions

Early caries-like lesions are created on the exposed
window on each tooth block by subjecting the blocks
to 5 days demineralization in an acidified solution.
Demineralization periods are chosen based on prior
experience and to create lesions with comparable data
[20]. Laboratory formation of artificial carious lesions
in the enamel with demineralization solution including
treatment for 5 days with a solution containing 1.5 mM
CaCl,, 0.9 mM NaH_PO,, 50 mM Acetate Buffer, pH 4.3
at 37°C, according to Ruan et al. [21]. Each specimen
is immersed separately in a demineralizing solution,
renewed daily, for 5 consecutive days, until a uniform
WSLis created. Specimens are then rinsed carefully and
stored in distilled deionized water [22].

Application method of CURODONT Repair

The established clinical protocol applies except for
the etching process. Treatment of the surface with 2 %
NaCl for 20 sec and 30 sec rinsing with water. Etching
gel 37 % phosphoric acid is applied for 5 sec, then rinse
with a water-air spray for 30 sec. Further the surface is
dried with compressed oil-free air for 60 sec. A single dose
of CURODONT Repair dissolved in 0.05 mL of distilled
water is applied with a micro applicator and allowed to
interact with the enamel surface for 5 min [23].

Surface microhardness (SMH) analysis

Surface microhardness is assessed at the baseline,
after demineralization, and 21 days after pH-cycling
in CDC Biofilm Reactor. The surface microhardness
of the enamel specimens is measured using a digital
Vickers microhardness tester (Tukon 1102, Wilson
Hardness, Germany). The applied load is 100 g with an
indentation time of 10 sec (Vickers pyramid: diamond
right pyramid with a square base and an angle of a =
136° between the opposite faces at the vertex and x600
magnification of microscope) [24]. The indentations
are made for each specimen at three different locations
(= 100 pm from each other), and the average of three
measurements is calculated and obtained as one reading.
Indentation result can be seen at projector screen in the
form of shadow shaping rhomb. The diagonal length
is measured with micrometer. The three indentations,
made for each specimen are independently averaged
and reported in Vickers hardness number (VHN) [24].
The slabs with very low or very high surface hardness
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values are excluded as well as those slabs with a great
variability among the indentation values. So, selected
slabs are within a range of 10 - 20 % above or below
the average hardness value of all slabs and all slabs
with a coefficient of variation of the 3 - 5 indentations
greater than 10 % are excluded [21]. The percentage of
microhardness recovery for each of the treatment groups
is calculated using the formula presented by Majithia
etal [14]:

VHNramin - VHNdemin
x 100

% recovery =
VHNbaseline - VHNdemin

To assure the blinding of the study the two examiners,
working at the Department of Pediatric Dentistry,
Plovdiv, Bulgaria, performed the microhardness
evaluation without knowledge of the procedures,
performed to the samples [24].

Statistical methods

Measurements of central tendency and measurements
of spread described the variables of interest. Shapiro-
Wilk test checked if continuous variables follow normal
distribution. The means of the normally distributed
variables were compared by the independent-samples
t-test for two unrelated groups. A repeated measures
ANOVA with a Greenhouse-Geisser correction was
applied to follow changes over time and post hoc
analysis with a Bonferroni adjustment was used for
pairwise comparisons. A 2-sided p-value of < 0.05 was
considered statistically significant. Statistical analyses
were performed using SPSS Statistics v. 26 software
(IBM Corp. Released 2019. Armonk, NY: USA).

RESULTS AND DISCUSSION

Synthesis of fluorinated analogues of P, ,

The fluorinated analogues of P, , named Ac-Gln-
GIn-Arg-Phe-Glu-Trp-Glu-Phe(4-F)-Glu-GIn-GIn-NH,
(IUT1) and Ac-GIn-GIn-Arg-Phe(4-F)-Glu-Trp-Glu-
Phe(4-F)-Glu-GIn-GIn-NH, (IU2) were synthesized
using Fmoc/Ot-Bu SPPS on Rink-amide MBHA resin
according to Scheme 1.

Newly synthesized peptides were fully characterized
and the obtained data are summarized in Table 1.

Herein, the influence of commercially available
self-assembly peptide P, , (Ac-GIn-Gln-Arg-Phe-
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Fmoc-Fank-Anude MBHA Resin

Deblockmg: 20 % mpendime/DME 1

Washing: 3 x 1 nun DMF, 3 1 1 mun DCM Step ]
(Deprotection)

Kaiser Test: positive
]

H-Rink-Amude MBHA Eesin

3 eq. Fmoc-Aaa-OH

3 eq HBTU(BvBOP)Y9 eq DIPEA

or 1.6 eq. DIC/NN-dimethylaminopyridines
mixture DME/DCM (8:2) S Step 2

4 hours stirring in the reactor (Condensation)

Washing: 3 x 1 min DMF . 3 x | min DCM

Kaiser Test: negative A

Y
Fmoc-Aaa;-Rink-Amide MBHA Resin
Step 1

Step 2

Frmoc-Aaa;-9-Aaap Rik-Anude MBHA Resmn
1 Step 1
2. Acetylanon - (CH;CO),/Pynidine

Ac-Aaap-9-Aaa) Rink-Anude MBHA Resin
TEA/TIS/H,0 (93:2.5:2.5 eq.)
Diethvl] ether

Ac-Aaa-9-Aaa;-NH,

Scheme 1. Summarized protocol for synthesis of aimed peptides, where Aaa, and Aaa | are both Gln - the first amino
acid in the N-terminus and the last amino acid in the C-terminus of aimed peptides.
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Glu-Trp-Glu-Phe-Glu-GIn-GIn-NH,) on the process
of artificial enamel lesions repairmen is investigated.
Further, the found effects of P,
those of newly designed fluorinated peptide analogues
of P, , but preliminary results show better repairing
properties of fluorinated analogues than those of the

target P, peptide.

will be compared to

11-4

Characterization of the created lesion

Characterization of samples after demineralization
is achieved by measurement of surface microhardness
(D-SMH) and by DIAGNOdent pen analysis to record
baseline values of demineralized surfaces (D-LF pen).
The teeth are scanned with Diagnodent and the samples
showing a moment value of 9 and above on the digital
display are taken for further evaluation.

A total of 24 samples are randomly divided into two
groups of 12 samples each.

Group 1: Control group, no treatment - Group NT.

Group 2: Subjected to treatment with Curodont
Repair - Group CR. CURODONT Repair™ (Credentis
AG, Windisch, Switzerland) that incorporates the self-

assembling peptide (P, ,) based Curolox™ technology.

11-4
During the following treatment, the nail varnish was
carefully and totally removed with acetone from two
group. Artificial caries lesion is assessed by enamel
surface micronardness evaluation at baseline level, after
demineralization, and 21 days after pH-cycling model

in bioreactor.

Details about the model (remin, demin, pH cycling)

During the study a pH-cycling model in bioreactor
was used. First, all 24 samples are randomly divided
into 2 groups of 12 simples each one. After treatment
of the samples with the indicated means, according to
their protocol of application, a model of pH-cycling in
a bioreactor system is applied. For the purpose of the
study the CDC Biofilm Reactor was used to recreate
as realistically as possible the conditions of the oral
environment typical of childhood. We believe that this
will give optimal results compared to the standard pH
cycling protocols applied so far.

The pH cycling is carried out for a period of 7
days with demineralization attacks being 5 per day
(20 minutes each, in total), corresponding to 3 main
meals and 2 snacks, while at rest during the day and at
night, the solution is maintained alkaline by means of
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a remineralizing solution, i.e., artificial saliva with a
pH of 7.2. Demineralization attacks are performed by
introducing 10 % sucrose for 20 minutes in the bioreactor
system according to Filipov et al. and Rudnev et al. [25,
26]. The planned 5 demineralization attacks daily for 20
min each with 10 % sucrose are chosen in order to mimic
the maximum pH dynamics of the oral environment in
situations with a high risk of caries, typical in childhood.
During the day we apply active incubation with a
constant flow of fresh artificial saliva at speed 11 mL
min'! in the bioreactor system and during 8h “night”
period the specimens are subjected to a remineralizing
solution (passive incubation). After the 7-day period,
the bioreactor is left for passive incubation (constant
temperature and stirring for 14 days).

The pH cycling model is adopted to simulate the
changes occurring in the oral cavity [21], where the
artificial saliva solution are prepared using analytical
grade chemicals and deionized water [14, 27]. The
amounts of solution are large enough to prevent the
solutions from becoming extremely supersaturated with
or depleted of mineral ions, meaning that a constant pH
7.2 is achieved [28 - 30]. The artificial saliva described
by Shmidlin et al. prepared by diluting of 2.4 g KCI, 1.7
g NaCl, 0.1 g MgCl,x6H,0, 0.2 g CaCl,x2 H,0, 0.2 g
KSCN, 0.7 gKH,PO,, and 0.1 g H, BO, till total amount
of 1 L with distilled water [31].

Justification of the suitability of the model (lengths of
remin/demin phases) for the representation of real-world
conditions

The preparation for this in vitro study is organized
in two stages: clinical and laboratory. This includes
the process of collecting biological material from
participants (volunteers) and laboratory work with the
collected material. Thus, an experimental protocol is
formed, where the goal is cultivating oral inoculum
biofilms in vitro.

To perform the clinical stage of the task, we enroll
pre-selected donor patients who meet the inclusion
criteria: age 8-18 years, informed parental consent to
participate in the experiment, absence of acute or chronic
disease with oral manifestation and normal quantitative
as well as qualitative composition of saliva [25]. The
clinical methodology of this study was approved by
the Research Ethics committee of Medical University,
Plovdiv (Protocol Ne3/20.05.2021).
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Table 2. Descriptive statistics for the SMH variables by groups - measurements of central tendency and measurement of

spread.
mean SD Median IQR min-max
B-SMH 286.80 51.04 294.45 99.40 216.20 - 359.90
CR Group D-SMH 117.34 49.48 105.50 68.20 61.80 - 213.70
C-SMH 160.16 51.15 174.10 94.40 88.60 - 236.20
B-SMH 290.48 47.25 290.25 70.60 230.00 - 375.90
NT Group D-SMH 105.10 106.90 106.90 42.10 73.00 - 151.60
C-SMH 113.25 37.48 102.80 71.20 73.20 - 173.80
The results from descriptive statistics for calculated 1000 SMH
microhardness is summarized in Table 2. =gzﬁg
Statistically significantly higher mean value of Bc-sMH

C-SMH was observed in CR group (160.16), compared
to the mean value registered in NT group (113.25) (t =
2.56, p = 0.018). We were not able to reject the Null
hypothesis for no difference between groups (CR group
vs. NT group) in mean values calculated for the first
(baseline — B-SMH) time point and respectively for the
second (after demineralization — D-SMH) time point.
A repeated measures ANOVA with a Greenhouse-
Geisser correction determined that mean SMH scores,
collected at CR group, differed statistically significantly
between the three points of measurement (F(1.212,
13.334) = 39.50, p = 0.000). Post hoc tests using the
Bonferroni correction revealed that there is statistically
significant difference between SMH means for all
pairwise comparisons (Fig. 1). A repeated measures
ANOVA with a Greenhouse-Geisser correction
determined that mean SMH scores, collected at NT
group, differed statistically significantly between
the three points of measurement (F(1.471, 16.179) =
105.411, p=0.000). Post hoc tests using the Bonferroni
correction revealed that there is statistically significant
difference in SMH means measured in baseline and
after demineralization (p < 0.05), same observation is
valid for baseline and after pH-cycling in the Bioreactor,
comparisons of the mean measurements (p < 0.05). No
difference was recorded in SMH means measured in after
demineralization and after pH-cycling (p > 0.05) (Fig. 1).
The methodology of investigation the treatment
effects in the majority of studies is focused on the
mechanical or radio-graphical changes of caries lesion,
such as microhardness testing and microradiography
where the results mainly reflect the changes in mineral

300,0

I

Gr CR

Measurments

Group

Fig. 1. Repeated Measures ANOVA of the SMH measure-
ments by groups.

content of caries lesion [32 - 34]. One of the most
common and reliable methods for this purpose is the
assessment of change in surface microhardness using
Vickers microhardness tester. In the protocol of our
study, microhardness values (SMH) are measured after
demineralization and remineralization of specimens.
SMH analyses have been broadly used to assess the
demineralization and remineralization changes that
occur in the enamel. SMH evaluations are considered
as simple, fast, and easy to measure in a nondestructive
manner. However, changes of caries in microstructure
are usually associated with variation in both mineral
and organic content. Electrochemical methods are solid
methods to detect any changes in mineral constituents
which reflect the microstructure of hard tissue [35].
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Some in vitro studies compare the remineralization
potential of modern agents without recreating real
conditions of the oral environment (pH cycling), but
store the samples in de- and remineralizing solutions for
a certain amount of time (so-called simplified chemical
model) [28, 36]. These investigative methods are easy
to implement, relatively cheap and provide stability and
reproducibility of results. Therefore, they continue to
be preferred for experimental research. Recently, most
in vitro studies have been performed by recreating the
conditions of the oral environment through a pH-cycling
regime. The rationale behind the pH-cycling model is
based on mimicking the in vivo periodic alternation
of pH, occurring in the oral cavity when sugars are
metabolized, leading to caries formation. The duration
of pH cycling ranges from a few days to several weeks
or months, often framing a certain time period (5, 7,10,
28, 30 days, etc.) [14, 16, 27, 37]. Very few studies
use biofilm models with cryogenic bacteria. Even
fewer studies use an oral biofilm reactor with active
incubation (open system) to mimic the physiological
and microbiological properties of natural dental plaque.

Unfortunately, chemical experimental models,
such as pH cycling and immersion using demineralising
agents, do not simulate the demineralisation process
that occurs in the oral cavity, owing to the absence
of microorganisms. Therefore, they reflect only the
physical-chemical aspects of enamel dissolution. An in
vitro model that uses bacterial biofilm would be more
representative than the chemical experimental models
since dental caries is a multifactorial disease [38].

CONCLUSIONS

During this study a well working protocol for
studying of therapeutic effect of peptides on artificial
initial enamel lesions was created. The obtained
experimental data reveals that treatment of artificial

lesions with self-assembling peptide P, using newly

11-4
created protocol and selected methodology resulted in
improved surface microhardness in the CURODONT
Repair group. Taking into account the last mentioned
above in our future study using already created protocol
we will compare the obtained data from treatment with
CURODONT Rapair with those obtained after treatment
with newly synthesized fluorinated analogues of P, .

In addition, the microbiological model is planned to be
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used in order also to compare the results with the pH-
cycling models for the evaluation of caries-like lesions.
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