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ABSTRACT
Objective: The present systematic review was conducted to investigate the effect of the self-assem-
bling peptide (SAP) – P11-4 in the remineralization of enamel caries.
Material and methods: The systematic search for studies was conducted through CINAHL, EMBASE,
MEDLINE, Scopus, PsychINFO, and various key journals. This review was conducted in adherence to
PRISMA standards and was registered in PROSPERO with registration number CRD42019110156. The
methodological quality of the studies was graded through Cochrane’s tool of risk of bias in non-
randomized studies – of interventions (ROBINS-I).
Results: In total, 91 studies were identified for screening, and 12 studies were eligible. Ten studies
showed effective enamel remineralization with P11-4 compared to controls. One study showed a com-
bination of P11-4 with fluoride varnish or Casein Phosphopeptide-Amorphous Calcium Phosphate
Fluoride (CPP-ACPF) leads to significantly higher remineralization compared to P11-4 alone. Quality
assessment of study showed 6 (50%) studies as medium risk of bias and 6 (50%) studies as low risk
of bias.
Conclusion: To conclude, the present study results showed SAP- P11-4 is effective in the remineraliza-
tion of enamel caries.
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Introduction

Dental caries is a multifactorial disease initiated with cyclic
demineralization and remineralization of enamel by cario-
genic bacteria leading to the formation of the cavity [1]. The
traditional modes of treatment for caries include drilling and
replacement of damaged tissue by filling with dental bioma-
terials. These invasive treatments are associated with loss of
healthy tooth structure, leading to repeated cycles of restor-
ation, resulting in a major burden on individuals and public
health costs [2]. To overcome the limitations associated with
traditional invasive treatment, several non-invasive [3] and
minimally invasive treatments [2] have been suggested for
early caries, before the cavity formation. Authors [2–6] have
suggested that the demineralization of enamel is reversed by
the remineralization process that is based on the complex
interaction between organic and inorganic components in an
aqueous liquid, which transforms the protein-rich matrix sub-
stances into hard tissues. Different enamel matrix proteins
are involved in the process of enamel remineralization like
amelogenin, tufted in, and other serum proteins [4]. Along
with the naturally available enamel proteins, several topical
remineralizing agents have been used to inhibit the

demineralization and enhance the remineralization of enamel
and white spot lesions [6–10]. One of the recently tried remi-
neralizing agents is a self-assembling peptide (SAP) P11-4
[11,12]. Peptide-based materials represent an especially
promising class of compounds due to their relative ease of
synthesis and most importantly they have the same chemical
structure of biological signals. Self-assembling peptide (SAP)
P11-4 undergo spontaneous assembling after being applied
to or infiltrated into a carious lesion. They form a fibrillar net-
work into which minerals are deposited leading to remineral-
ization [11–14]. Many in-vitro and few in-vivo studies have
been conducted previously to show the effect of SAP – P11-4
in enamel remineralization [11,12,14–29] which report vari-
able results based on their methodology. A systematic review
to substantiate the results of in-vitro studies is lacking, thus,
the present systematic review aimed to review in-vitro stud-
ies and evaluate the effect of SAP – P11-4 in remineralization
of enamel caries.

Material and methods

This review was conducted in adherence to PRISMA stand-
ards of quality for reporting systematic reviews and meta-
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analyses [30]. The present review was registered in
PROSPERO with registration number CRD42019110156.

Questions

We sought to examine the quantitative effects of SAP P11-4
in enamel remineralization. The research question was
defined as follows:

The study included: In-vitro studies involving human or
bovine teeth.

The intervention used: SAP P11-4 in remineralization
of enamel.

Comparison group: No treatment or treated with other remi-
neralizing solutions.

Outcome analyzed: Changes in enamel mineral content
(both demineralization and remineralization stage),
expressed via surface micro-hardness test, surface fluores-
cence change.

Study eligibility

The in vitro studies published in the English language only
that investigated the changes in enamel mineralization fol-
lowing the application of SAP P11-4 were included. Papers
were excluded at this stage if they were in vivo, case report,
editorial letter, case series, not investigating the changes in
enamel mineralization following application of SAP P11-4,
SAP P11-4 used for other purposes.

Study identification

Various research databases were searched which include,
Cochrane library (Cochrane review, Trials), Medline (PubMed,
OVID Medline, and Ebsco), Embase (European studies,
pharmacological literature, conference abstract), Web of
Knowledge (Social science, conference abstract), SCOPUS
(Conference abstracts, scientific web pages). For grey litera-
ture following databases were searched: Google scholar,
Open Grey, National Library of Medicine, Social science
research, For thesis (EthOS, DART-Europe), Institutional repo-
sitories (OpenDOAR, Bielefeld Base, Lenus, RIAN, e-
publications@RCSI). No beginning date was used, and the
last date of the search was March 4th, 2020.

Search key-words

Key terms focussed on the specific search strategy which
includes: peptides, self-assembling peptides, enamel, remin-
eralization, demineralization, enamel caries, P11-4, Curodont
Repair (CDR), enamel lesions, surface treatment. The refer-
ence list of all included articles was searched for add-
itional references.

Study selection

All the titles and abstracts were screened independently and
in duplicate for inclusion in the study. The inter-rater agree-
ment for study inclusion, as assessed using an intra-class cor-
relation coefficient, was 0.88. Conflicts were resolved by
consensus discussion between the two reviewers.

Risk of bias assessment: Risk of bias was assessed using
Cochrane’s tool of risk of bias in non-randomized studies –
of interventions (ROBINS-I) [31]. The following domains were
assessed for risk of bias: bias due to confounding, the bias in
selection, bias in classification of interventions, bias due to
deviations from intended interventions, bias due to missing
data, the bias in the measurement of the outcomes, bias in
the selection of the reported result. Each domain is graded
as low, moderate, serious risk of bias, critical risk of bias, or
no information.

Data extraction and data synthesis

The data were extracted independently by the two reviewers
using a data extraction sheet, and any differences were
resolved by discussion and consensus. The following data
were extracted from each included study: first author, publi-
cation year, study type, study quality, sample size, inclusion
criteria, treatment type, demineralization and remineraliza-
tion cycles, method of analysis, changes (before, after and
long term treatment), statistical analysis used, and the
authors’ conclusion.

Results

Using our search strategy, we identified 87 articles with an
additional 4 identified from our review of references and
journal indices. Twelve in-vitro studies were included in the
present systematic review (Figure 1). Quality assessment of
the study showed 6 (50%) studies as medium risk of bias
and 6 (50%) studies as low risk of bias (Table 1).

Studies used 691 enamel blocks. Eight of the included
studies used extracted human teeth and four studies used
bovine teeth. Ten studies showed effective enamel remineral-
ization with SAP P11-4 compared to controls. One study
showed a combination of SAP with fluoride varnish or Casein
Phosphopeptide-Amorphous Calcium Phosphate Fluoride
(CPP-ACPF) leads to significantly higher remineralization
compared to SAP- P11-4 alone (Table 2).

Different demineralising agents were used. Seven in-vitro
studies used acetic acid buffer, two studies used Buske’s
demineralization solution. Study outcomes were assessed
using different techniques. Eight studies used artificial saliva
to store the specimens post-treatment. Five studies assessed
the qualitative changes in enamel remineralization using a
scanning electron microscope (SEM) (Table 3).

The outcome of studies showed significant mineral gain
after the application of SAP P11-4 (Table 4).
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Discussion

Self-assembling peptides received great attention from
researchers in recent times because of their regenerative
property. They are used in a variety of treatment purposes
like bone and cartilage repair, repair of the central nervous,
and cardiovascular system [32–34]. The present systematic
review is conducted to evaluate the effectiveness of SAP –
P11-4 in enamel remineralization. Twelve in-vitro studies
[14–22,25–27] were included in the present review. Quality
assessment of study showed 6 (50%) studies
[14,15,17,20,21,27] as medium risk of bias and 6 (50%) stud-
ies [16,18,19,22,25,26] as low risk of bias.

Role of self-assembling peptides in the regeneration
of enamel

Nine in-vitro [14–17,19,20,22,26,27] showed the application of
P11-4 is associated with significant enamel regeneration on
the demineralized surface. The monomers of P11-4 self-
assembling peptide simulate the enamel matrix by congre-
gating in a three-dimensional network. The hydroxyapatite
crystals form on this enamel matrix with the aid of calcium
phosphate from the saliva, thereby enhancing the regener-
ation of enamel. The study by Kamal et al. [25] showed a
combination of P11-4 with fluoride varnish or CPP-ACPF is
associated with significantly higher remineralization com-
pared to P11-4 alone. This may be because the presence of
high amounts of calcium, phosphate, and fluoride ions
enhanced the regenerative potential of P11-4 thereby increas-
ing hydroxyapatite crystallization utilizing the high level of
ions available [25].

Effect of pH on the activity of P11-4

The in-vitro studies by Golland et al. [21] and Wierichs et al.
[18] showed the application of P11-4 not associated with
enamel regeneration. This may be attributed to the fact that
at pH < 8, SAP will be in a flocculated state which is un-
reactive compared to nematic state SAP at pH > 8. Self-
assembling peptides mask the initial caries lesions by revers-
ing the demineralizing process under ideal remineralizing
conditions. At pH > 8 and low ionic strength, SAP will be in
a nematic state, which is a Newtonian fluid of monomeric,
random coil peptides and enhances the regeneration of
enamel. Nematic peptides form the fibrillar gels within the
demineralized lesions and induce remineralization by attract-
ing calcium phosphate from the surrounding fluids. If the
remineralizing condition is not ideal, SAP changed to a floc-
culated state from the nematic state and the flocculated
peptide is relatively un-reactive [35]. Thus, regeneration of
enamel is no longer promoted and flocculated peptides
hamper the diffusion of calcium and phosphate ions into
the enamel.

Effect of remineralizing solution concentration and
length of exposure of the sample to a
remineralizing solution

For effective remineralization, the samples should be kept in
the remineralization solution for a longer time, solution con-
centration and pH should remain unchanged, and the
demineralization solution should have a higher pH [36]. In
various studies [14–17,19,20,22,25,26] evaluating remineral-
ization efficacy and time-dependent changes, following a
one-time application of agents, the samples were stored in

Figure 1. Study selection flow diagram for systematic review.
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remineralization solution until the time of assessment. The
result showed, P11-4 application resulted in a gradual
increase in the mineralisation at 5–7 days [17,19,25,26], 14th
day [14], 1-month [20,22] and 3-month intervals [16,27].
Sindhura et al. [27] showed, initially (at 1-week interval),
P11-4 showed a decrease in Ca: P ratio compared to the base-
line value. This could be attributed to additional acid etching
before the application of P11-4 as recommended by the manu-
facturer which could have caused further loss of minerals
from the tooth surface. A single application of P11-4 to the
lesion surface resulted in a significant net mineral gain, sug-
gesting a sustained or incremental effect on tissue repair.

Depth of remineralization after SAP application

The in-vitro study by Schmidlin et al. [15] showed enamel
rehardening up to the depth of 200 mm after the application
of P11-4, indicating crystallisation of mineral, which are taken
up by remineralizing surface.

Method of assessment of remineralization

In the present review, two studies [16,26] used the
DIAGNOdent method to evaluate remineralization along with
VistaProof (VP) fluorescence and micro-computed tomog-
raphy (lCT] analysis respectively. Various investigations have
reported that although DIAGNOdent has low specificity, the
ability to detect enamel lesions is successful [37,38].
Additionally, in some studies, this device had good reprodu-
cibility and was more reliable than bitewing radiographs
[39,40]. Surface microhardness analysis (SMH) is a simple,
fast, and reliable method to assess demineralisation and
remineralization changes occurring in enamel [15,22,25].
SMH testing measures the material’s resistance against plas-
tic deformation from a standard source, allowing repeated
measurements of the same specimen over some time, reduc-
ing the experimental variation, and reinforcing that SMH
evaluations are a feasible choice to estimate mineral change.

Quality of remineralization with SAP

Scanning electron microscope (SEM) is done for qualitative
assessment of the remineralizing regimens [16,19,22,25,27],
which helps in illustrating the surface ultra-morphological
changes induced by different remineralizing agents. P11-4
alone or in combination with other remineralizing agents
demonstrated improved mineral content with surface morph-
ology resembling natural enamel on quantitative and qualita-
tive evaluation. Kind et al. [14] and Kirkham et al. [17] used
Fourier transform infra-red spectroscopy (FTIR) and
Transmission electron microscopy (TEM) measurements
respectively. These methods assessed the mechanism of
action of P11-4 but it was not suitable to characterize the
structural arrangement of the mineral within the cari-
ous lesion.Ta
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Table 2. Descriptive details of in vitro studies included in systematic review.

Author/year

Study groups/
inclusion criteria of
in-vivo studies Total sample Sample type Tooth type Statistical analysis Authors conclusion

Kirkham / 2007 G1-P11-4
G2-control

8 window of
enamel 0.75cm2

Human teeth Premolar NA Application of P11-4
remineralizing agent
is associated with
significant enamel
regeneration

Jablonski-Momeni
/ 2014

G1-P11-4, stored in
remineralizing
agent

G2-control 1
G3-control 2

40 samples Human teeth,
smooth surfaces

molars
and premolars

Chi-square test
and ROC

Application of P11-4
remineralizing agent
is associated with
significant enamel
regeneration

Takahashi / 2016 G1-P11-4
G2-control without

P11-4

24 bovine teeth,
enamel blocks
(4x4x 1mm)

Bovine teeth Incisors ANOVA Application of P11-4 is
associated with
significant enamel
remineralization.

Schmidlin / 2016 G1-P11-4
G2-EMD
G3-F
G4-negative control

24 bovine teeth, 48
enamel
blocks, 5� 8mm

Bovine teeth Mandibular incisors Two way ANOVA Application of P11-4
and EMD is
associated with
significant enamel
remineralization

Silvertown / 2017 G1-P11-4
G2-placebo control

62 smooth surfaces
(� 6� 6mm)

Human teeth Molars
and premolars

t-test Application of P11-4 is
associated with
significant enamel
remineralization

Golland / 2017 G1-P11-4
G2-F
G3-control

33 Bovine enamel
discs, (diameter
15mm,
height 9mm)

Bovine teeth Mandibular incisors ANOVA No significant
remineralization
after application of
P11-4

Soares / 2017 G1-P11-4
G2-CPP ACPF
G3-BAG
G4-FHA

60 human teeth,
5� 5 mmwindow
of
exposed enamel

Human teeth Premolars One-Way ANOVA Application of P11-4 is
associated with
significant enamel
remineralization

Wierichs / 2017 G1-P11-4
G2-LVR
G3-F a
G4-F b
G5-no intervention

20 bovine teeth,
300 enamel
blocks
(5� 3.5� 3mm)

Bovine teeth Incisors One Way-ANOVA Application of a low-
viscosity resin could
mask caries lesions
significantly,
whereas P11-4 could
neither inhibit lesion
progression nor
mask the lesions
considerably

Kind/ 2017 G1-P11-4
G2- Placebo control

Enamel blocks
of 4x4x6mm

Human teeth Premolars NA Application of P11-4 is
associated with
significant enamel
remineralization

Sindhura/2018 G1-P11-4
G2 –CPP-ACP

12 teeth, 24 Enamel
surface of 4x4mm

Human teeth Premolars One-Way ANOVA
and t-test

Application of P11-4 is
associated with
significant enamel
remineralization

Ustun/2019 G1-P11-4
G2-CPP ACPF
G3-NaF
G4-control

16 teeth,
32 surfaces

Human teeth Mandibular
third molars

One-Way ANOVA P11-4 showed superior
remineralization with
higher Ca: P ratio
and uniform mineral
deposition on
incipient lesions
compared to other
groups as per
DIAGNOdent and
lCT analysis

Kamal/2020 G1- control
G2- FV
G3 –CPP-ACPF
G4 –SAP
G5 –SAPþ FV
G6

–SAPþ CPP-ACPF

60 teeth, 60 buccal
surfaces 12x2mm

Human teeth Permanent molars One-Way ANOVA Combination of SAP
with FV or SAP with
CPP-ACPF
significantly higher
remineralization
compared to
SAP alone

G: Groups; 8DSS: aspartate-serine- serine; LVR: Low viscosity resin, Fa-fluoride solution of 10,000 ppm F; Fb: fluoride solution of 43,350 ppm F; F: fluoride solution;
EMD: Enamel matrix derivative; P11-4: Self assembling peptide (SAP- P11-4); FV: Fluoride varnish; CPP -ACPF: Casein Phosphopeptide-Amorphous Calcium
Phosphate Fluoride; BAG: Bioactive glass; NaF: Sodium Fluoride; FHA: fluoride enhanced Hydroxyapatite gel; control 1: after application of P11-4, samples stored
in water; control 2: samples stored in the remineralizing agent only; ROC: Receiver operating characteristic; ANOVA: Analysis of variance; RE: Remineralization
of enamel.

ACTA ODONTOLOGICA SCANDINAVICA 143



Ta
bl
e
3.

D
em

in
er
al
is
at
io
n
an
d
re
m
in
er
al
iz
at
io
n
pr
ot
oc
ol
,s
to
ra
ge

ty
pe
,o

ut
co
m
e
an
al
ys
is
us
ed
.

Au
th
or
/y
ea
r

D
em

in
er
al
is
at
io
n
pr
ot
oc
ol

Ap
pl
ic
at
io
n
of

P1
1-
4
an
d

Re
m
in
er
al
iz
at
io
n
pr
ot
oc
ol

St
or
ag
e
–

pr
et
re
at
m
en
t

To
ot
h

cu
tt
in
g

D
ep
th

of
le
si
on

St
or
ag
e
–p

os
t

tr
ea
tm

en
t

O
ut
co
m
e
an
al
ys
is

Fo
llo
w
-u
p

Ki
rk
ha
m

/
20
07

Ac
id
ifi
ed

(a
ce
tic

ac
id
)
ge
la
tin

e
ge
l,

pH
4.
8,

fo
r
6
w
ee
ks
,8

se
pa
ra
te

pH
-c
yc
lin
g

10
mL

of
ei
th
er
(a
)
a
so
lu
tio

n
of

5
m
g/
m
L
P 1

1-
4,

pH
-8
,

fo
r
30

m
in

N
A

N
A

10
0
mm

N
A

El
ec
tr
on

di
ffr
ac
tio

n
an
d

el
em

en
ta
la

na
ly
si
s
of

el
ec
tr
on

de
ns
e

de
po

si
ts
,T
EM

5
da
ys

Ja
bl
on

sk
i-M

om
en
i

/
20
14

21
da
ys

us
in
g
Ac
et
at
e
bu

ffe
r,
pH

4.
9
(M

H
D
P)

P 1
1-
4
ap
pl
ie
d
to

th
e
sa
m
pl
e

su
rf
ac
e
an
d
al
lo
w
ed

to
w
or
k
fo
r
ab
ou

t
5
m
in
,

pH
-7

Ch
lo
ra
m
in
e

so
lu
tio

n
M
D

N
A

Ar
tif
ic
ia
ls
al
iv
a

D
IA
G
N
O
de
nt

(D
D
)
an
d

Vi
st
aP
ro
of

(V
P)

flu
or
es
ce
nc
e
an
d
SE
M

3
m
on

th
s

Ta
ka
ha
sh
i/

20
16

La
ct
ic
ac
id

bu
ffe

r
so
lu
tio

n
(p
H
¼
4.
75
)
fo
r
10

m
in

tw
ic
e
a

da
y
an
d
st
or
ed

in
ar
tif
ic
ia
ls
al
iv
a

P 1
1-
4
w
as

ap
pl
ie
d
on

th
e

et
ch
ed

en
am

el
su
rf
ac
e,

fo
llo
w
ed

by
tr
ea
tm

en
t

w
ith

un
de
r-
sa
tu
ra
te
d
0.
1-

M
la
ct
ic
ac
id

bu
ffe

r
so
lu
tio

n
fo
r
10

m
in
.

Ph
ys
io
lo
gi
ca
l

sa
lin
e

BL
N
A

Ar
tif
ic
ia
ls
al
iv
a

U
ltr
as
on

ic
ve
lo
ci
ty

w
as

m
ea
su
re
d
us
in
g
a
pu

ls
er
/

re
ce
iv
er
,f
ie
ld
-

em
is
si
on

SE
M

28
da
ys

Sc
hm

id
lin

/
20
16

20
m
L
ag
ita
te
d
Bu

sk
es

de
m
in
er
al
iz
at
io
n
ac
id
ic
bu

ffe
r

so
lu
tio

n
at

37
� C

fo
r
18

da
ys

50
ul

so
lu
tio

n
fo
r
5
m
in

W
at
er

Co
ro
no

-in
ci
sa
l

di
re
ct
io
n

25
mm

to
30
0
mm

Ar
tif
ic
ia
ls
al
iv
a

Su
bs
ur
fa
ce

m
ic
ro
ha
rd
ne
ss

(K
H
N
)

18
da
ys

Si
lv
er
to
w
n
/
20
17

20
se
c
ex
po

su
re

to
N
aC
lO
,2

0
se
c

rin
si
ng

w
ith

w
at
er
,2

0
se
c

et
ch
in
g
w
ith

37
%

ph
os
ph

or
ic
ac
id

20
se
c
rin

si
ng

w
ith

w
at
er
,

5
m
in

co
nt
ac
t
w
ith

P 1
1-
4

D
ei
on

iz
ed

di
st
ill
ed

w
at
er

N
A

27
2
±
13
6
l
m

Ar
tif
ic
ia
ls
al
iv
a

Ca
na
ry

Sy
st
em

as
se
ss
m
en
t

an
d
H
is
to
lo
gi
ca
lv
al
id
at
io
n

50
da
ys

G
ol
la
nd

/
20
17

Fi
ve

da
ys

in
30

m
L
of

Bu
sk
e’
sd
em

in
er
al
is
at
io
n

so
lu
tio

n

G
1-

25
l
L
of

a
10

m
g/
m
L

m
on

om
er
ic
P 1

1-
4
so
lu
tio

n
fo
r
5
m
in

G
2-

10
,0
00

pp
m

am
in
e

flu
or
id
e
fo
r
5
m
in

G
3-

no
tr
ea
tm

en
t

Ar
tif
ic
ia
ls
al
iv
a

N
A

Ar
tif
ic
ia
ls
al
iv
a

Q
LF

5
da
ys

So
ar
es

/
20
17

Ac
et
ic
ac
id

w
ith

pH
4.
4
lf
or

96
h,

Ap
pl
ic
at
io
n
of

P 1
1-
4
fo
r

2
m
in
,2

0
m
L

re
m
in
er
al
is
in
g
so
lu
tio

n
fo
r

17
h
w
ith

a
pH

of
7.
0.

10
%

fo
rm

al
in

so
lu
tio

n
N
A

N
A

Re
m
in
er
al
iz
in
g

so
lu
tio

n
Su
rf
ac
e
M
ic
ro
ha
rd
ne
ss

us
in
g

Vi
ck
er
’sM

ic
ro
ha
rd
ne
ss

Te
st
in
g
m
ac
hi
ne

an
d
SE
M

1
m
on

th

W
ie
ric
hs

/
20
17

Ac
et
ic
ac
id

w
ith

a
pH

of
4.
8,

28
da
ys
,6

�
60

m
in

de
m
in
er
al
iz
at
io
n/

da
y

Re
m
in
er
al
iz
in
g
(1
20

m
in
)

G
1-

P 1
1-
4
co
nt
ac
t
of

so
lu
tio

n
fo
r
ab
ou

t
5
m
in
.

G
2
–
LV
R
in
fil
tr
at
io
n
fo
r

3
m
in

fo
llo
w
ed

by
lig
ht
-

cu
re
d
fo
r
40

s.
G
3
an
d
G
4
–
F
so
lu
tio

n
w
as

ap
pl
ie
d,

al
lo
w
ed

to
se
t
fo
r

ab
ou

t
5
m
in
.

0.
08
%

th
ym

ol
N
A

13
0m

m
N
A

Tr
an
sv
er
sa
lM

ic
ro
ra
di
og

ra
ph

ic
an
d
Co

lo
rim

et
ric

An
al
ys
is

28
da
ys

Ki
nd

/
20
17

Ac
et
ic
ac
id

at
pH

4.
4
fo
r
72

hr
10

mL
of

P 1
1-
4,

Re
m
in
er
al
iz
at
io
n
at

a
pH

of
7.
4

N
A

M
D

70
±
30

mm
N
A

M
AL
D
I-T
O
F,
FT
IR

14
da
ys

Si
nd

hu
ra
/2
01
8

La
ct
ic
ac
id

at
pH

4.
5
fo
r
96

hr
O
ne
-t
im
e
ap
pl
ic
at
io
n
of

P1
1-

4
an
d
CP

P-
AC

P
10
%

fo
rm

al
in

M
D

N
A

Ar
tif
ic
ia
ls
al
iv
a

ED
X
an
d
SE
M

3
m
on

th
s

U
st
un

/2
01
9

D
is
til
le
d
w
at
er
,2

m
M

Ca
(C
a[
N
O
3]
2)
,2

m
M

PO
4

(K
H
2P
O
4)
,a
nd

75
m
M

of
ac
et
at
e
at

4.
3
pH

fo
r
72

hr
.

O
ne
-t
im
e
ap
pl
ic
at
io
n
of

P1
1-

4,
CP

P-
AC

P
an
d
an
d

D
ur
ap
ha
t
va
rn
is
h

0.
1%

th
ym

ol
BL

N
A

Ar
tif
ic
ia
ls
al
iv
a

D
IA
G
N
O
de
nt

an
d

l
CT

an
al
ys
is

30
da
ys

Ka
m
al
/2
02
0

Ac
et
ic
ac
id

at
pH

4.
4
fo
r
96

hr
O
ne
-t
im
e
ap
pl
ic
at
io
n

of
so
lu
tio

ns
0.
1%

th
ym

ol
Bu

cc
al

su
rf
ac
e

N
A

Ar
tif
ic
ia
ls
al
iv
a

SE
M

an
d
VM

T
1
m

IC
D
AS

:
In
te
rn
at
io
na
l
ca
rie
s
de
te
ct
io
n

an
d

as
se
ss
m
en
t
sy
st
em

;
LF
:
la
se
r
flo
re
sc
en
ce
;
m
:
m
on

th
;
SE
M
:
sc
an
ni
ng

el
ec
tr
on

m
ic
ro
sc
op

e;
ED

X:
En
er
gy

D
is
pe
rs
iv
e
X-
ra
y;

Q
LF
:
qu

an
tit
at
iv
e
lig
ht
-in

du
ce
d

flu
or
es
ce
nc
e;

TE
M
:

Tr
an
sm

is
si
on

el
ec
tr
on

m
ic
ro
sc
op

y;
M
D
:
m
es
io
-d
is
ta
l;
BL
:
bu

cc
o-
lin
gu

al
ly
;
M
H
D
P:

m
et
hy
l
hy
dr
ox
yl

di
-p
ho

sp
ho

na
te
;
N
A:

N
ot

av
ai
la
bl
e
or

no
t
ap
pl
ic
ab
le
;
M
AL
D
I-T
O
F:

M
at
rix
-a
ss
is
te
d
la
se
r
de
so
rp
tio

n/
io
ni
za
tio

n
w
ith

tim
e-
of
-

fli
gh

t
an
al
ys
is
;F
TI
R:

Fo
ur
ie
r
tr
an
sf
or
m

in
fr
a-
re
d
sp
ec
tr
os
co
py
;K

H
N
:K

no
op

ha
rd
ne
ss
-m

ea
su
rin

g
de
vi
ce
;V

M
T:
Vi
ck
er
s
M
ic
ro
ha
rd
ne
ss

Te
st
er
;C

PP
-A
CP

F:
Ca
se
in

Ph
os
ph

op
ep
tid

e-
Am

or
ph

ou
s
Ca
lc
iu
m

Ph
os
ph

at
e
Fl
uo

rid
e.

144 R. N. MOHAMED ET AL.



Study limitations

Due to heterogeneity across the studies that resulted from
variations in pH cycling, lesion localization, depth of the
lesion, method of application of SAP, method of outcome
assessment, and controls used, performing meta-analysis
with funnel plots and forest plots construction was not pos-
sible. In the future, various lesions of different depth should
be analyzed to get more information about the tested agent.
Randomized controlled trials need to be conducted to accur-
ately substantiate the evidence in this field of research.

Conclusion

This is the first systematic review done to assess the effect-
iveness of SAP – P11-4 in enamel remineralization. The results
of the present systematic review showed P11-4 is effective in
the remineralization of early enamel caries. Combination of
P11-4 with other mineralizing agents has synergizing effect.

Acknowledgements

The present research work is supported by Taif University Researchers
Supporting Project number (TURSP-2020/102), Taif University, Taif,
Saudi Arabia.

Disclosure statement

No potential conflict of interest was reported by the author(s).

References

[1] Featherstone JD. Dental caries: a dynamic disease process. Aust
Dent J. 2008;53(3):286–291.

[2] Abdullah Z, John J. Minimally invasive treatment of white spot
lesions-a systematic review. Oral Health Prev Dent. 2016;14(3):
197–205.

[3] Chen H, Liu X, Dai J, et al. Effect of remineralizing agents on
white spot lesions after orthodontic treatment: a systematic
review. Am J Orthod Dentofacial Orthop. 2013;143(3):376–382.e3.

[4] Fincham AG1, Moradian-Oldak J, Simmer JP. The structural biol-
ogy of the developing dental enamel matrix. J Struct Biol. 1999;
126(3):270–299.

[5] Paine ML, Zhu DH, Luo W, et al. Enamel biomineralization defects
result from alterations to amelogenin self-assembly. J Struct Biol.
2000;132(3):191–200.

[6] Paula AB, Fernandes AR, Coelho AS, et al. Therapies for white
spot lesions–a systematic review. J Evid Based Dent Pract. 2017;
17(1):23–38.

[7] Cochrane NJ, Cai F, Huq NL, et al. New approaches to enhanced
remineralization of tooth enamel. J Dent Res. 2010;89(11):
1187–1197.

[8] Gonz�alez-Cabezas C, Fern�andez CE. Recent advances in remineral-
ization therapies for caries lesions. Adv Dent Res. 2018;29(1):55–59.

[9] Ferrazzano GF, Coda M, Cantile T, et al. SEM investigation on
casein phosphopeptides capability in contrasting cola drinks
enamel erosion: an in vitro preliminary study. Eur J Paediatr Dent.
2012;13(4):285–288.

[10] Walsh LJ. Molecular and pharmaceutical aspects of novel meth-
ods and materials for the prevention of tooth structure loss. Curr
Pharm Biotechnol. 2017;18(1):45–51.

[11] Alkilzy M, Santamaria RM, Schmoeckel J, et al. Treatment of cari-
ous lesions using self-assembling peptides. Adv Dent Res. 2018;
29(1):42–47.

Table 4. Outcome of in-vitro studies included in the systematic review.

Author/Year
Changes at demineralization Changes at remineralization

Testa Control Testa Control

Kirkham/2007 NA NA Mineral gain- 9mg/mm2 Mineral loss – 2mg/mm2

Jablonski-Momeni/2014 DD¼ 9
VP ¼ 10

DD¼ 9
VP ¼ 6

DD¼ 2�
VP ¼ 0

DD¼ 8
VP ¼ 3

Takahashi/2016 UV
4,987 ± 67m/s,

UV
4,927 ± 56m/s

UV
5,111 ± 95m/s�

UV
4,832 ± 80m/s,

Schmidlin/2016 KHN- at 25 mm depth
43 ± 18

KHN- at 25mm depth
55 ± 28

KHN- at 25 mm depth
52 ± 26�

KHN- at 25 mm depth
73 ± 41

Silvertown/2017 CN
44 ± 3.8

CN
40± 2.3

CN
24 ± 4.9�

CN
39 ± 2.6

Golland/2017 QLF
�49.7 ± 12.8

QLF
44.4 ± 18.6

QLF
0.4 ± 3.1

QLF
�1.1 ± 2.1

Soares/2017 SMH
283.7 ± 18.4

SMH
229.2 ± 23.6

SMH recovery
62.06%�

SMH recovery
15.3 %

Wierichs/2017 CIEL
13.1

CIEL
13.9

CIEL
11.7

CIEL
7.9�

Kind/2017 MALDI-TOF- 1,100m/z NA MALDI-TOF � 1,596m/z,�
Positive staining with Congo Red

Negative staining with Congo Red

Ustun/2018 DD¼ 11.0 ± 2.0 DD¼ 11.6 ± 3.9 DD¼ 4.1 ± 0.4� DD¼ 10.3 ± 3.0
Sindhura/2019 Ca-Ph

1.73 ± 0.16
Ca-Ph 1.78 ± 0.14 Ca-Ph� 1.95 ± 0.10 Ca-Ph

1.87 ± 0.11
Kamal/2020 SAP

SMH
228.6 ± 8.8

SMH
224.8 ± 4.9

SAP
SMH
334.1 ± 8.9

SMH
237.9 ± 2.6

SAPþ FV�
SMH
239.2 ± 10.7

SAPþ FV�
SMH
350.5 ± 10.9

SAPþ CPP-ACPF�
SMH
240.5 ± 11.6

SAPþ CPP-ACPF�
SMH
352.4 ± 13.9

DD: DIAGNOdent values; VP: VistaProof; MALDI-TOF: Matrix-Assisted Laser Desorption/Ionization with Time-of-Flight Analysis; Test: P11-4 group; Control: Other
treatment techniques; TMA: Transversal Microradiographic Analysis; CIEL: Colorimetric Analysis (Mean value); SMH: Surface micro hardness; UV: Ultrasonic veloc-
ities; CN: Canary number; QLF: quantitative light-induced fluorescence; Ca-Ph: Calcium phosphate ratio; SAP: Self assembling peptide; FV: Fluoride varnish;
CPP-ACPF: Casein Phosphopeptide-Amorphous Calcium Phosphate Fluoride. �p value < .05.

ACTA ODONTOLOGICA SCANDINAVICA 145



[12] Alkilzy M, Tarabaih A, Santamaria RM, et al. Self-assembling pep-
tide P11-4 and fluoride for regenerating enamel. J Dent Res.
2018;97(2):148–154.

[13] Matson JB, Zha RH, Stupp SI. Peptide self-assembly for crafting
functional biological materials. Curr Opin Solid State Mater Sci.
2011;15(6):225–235.

[14] Kind L, Stevanovic S, Wuttig S, et al. Biomimetic remineralization
of carious lesions by self-assembling peptide. J Dent Res. 2017;
96(7):790–797.

[15] Schmidlin P, Zobrist K, Attin T, et al. In vitro re-hardening of artifi-
cial enamel caries lesions using enamel matrix proteins or self-
assembling peptides. J Appl Oral Sci. 2016;24(1):31–36.

[16] Jablonski-Momeni A, Heinzel-Gutenbrunner M. Efficacy of the
self-assembling peptide P11- 4 in constructing a remineralization
scaffold on artificially-induced enamel lesions on smooth surfa-
ces. J Orofac Orthop. 2014;75(3):175–190.

[17] Kirkham J, Firth A, Vernals D, et al. Self-assembling peptide scaf-
folds promote enamel remineralization. J Dent Res. 2007;86(5):
426–430.

[18] Wierichs RJ, Kogel J, Lausch J, et al. Effects of self-assembling
peptides P11-4, fluorides, and caries infiltration on artificial
enamel caries lesions in vitro. Caries Res. 2017;51(5):451–459.

[19] Takahashi F, Kurokawa H, Shibasaki S, et al. Ultrasonic assessment
of the effects of self-assembling peptide scaffolds on preventing
enamel demineralization. Acta Odontol Scand. 2016;74(2):
142–147.

[20] Silvertown JD, Wong BPY, Sivagurunathan KS, et al.
Remineralization of natural early caries lesions in vitro by P11-4
monitored with photothermal radiometry and luminescence. J
InvestigClin Dent. 2017;8(4):12257.

[21] Golland L, Schmidlin PR, Sch€atzle M. The potential of self-assem-
bling peptides for enhancement of in vitro remineralization of
white spot lesions as mesured by quantitative laser fluorescence.
Oral Health Prev Dent. 2017; 15(2):147–152.

[22] Soares R, De Ataide IN, Fernandes M, et al. Assessment of enamel
remineralisation after treatment with four different remineralising
agents: a Scanning Electron Microscopy (SEM) study. J ClinDiagn
Res. 2017;11(4):ZC136–ZC141.

[23] Brunton PA, Davies RP, Burke JL, et al. Treatment of early caries
lesions using biomimetic self-assembling peptides- a clinical
safety trial. Br Dent J. 2013;215(4):E6–E6.

[24] Schlee M, Schad T, Koch JH, et al. Clinical performance of self-
assembling peptide P11 -4 in the treatment of initial proximal
carious lesions: a practice-based case series. J InvestigClin Dent.
2018;9(1). DOI:10.1111/jicd.12286

[25] Kamal D, Hassanein H, Elkassas D, et al. Complementary reminer-
alizing effect of self-assembling peptide (P11-4) with CPP-ACPF or
fluoride: an in vitro study. J Clin Exp Dent. 2020;12(2):e161–e168.

[26] €Ust€un N, Akt€oren O. Analysis of efficacy of the self-assembling
peptide-based remineralization agent on artificial enamel lesions.
Microsc Res Tech. 2019;82(7):1065–1072.

[27] Sindhura V, Uloopi KS, Vinay C, et al. Evaluation of enamel remi-
neralizing potential of self-assembling peptide P11-4 on artifi-
cially induced enamel lesions in vitro. J Indian Soc Pedod Prev
Dent. 2018;36(4):352–356.

[28] Jablonski-Momeni A, Korbmacher-Steiner H, Heinzel-
Gutenbrunner M, et al. Randomised in situ clinical trial investigat-
ing self-assembling peptide matrix P11-4 in the prevention of
artificial caries lesions. Sci Rep. 2019;9(1):269.

[29] Deyhle H, Dziadowiec I, Kind L, et al. Mineralization of early stage
carious lesions in vitro–a quantitative approach. Dent J. 2015;3(4):
111–122.

[30] Moher D, Liberati A, Tetzlaff J, et al. Preferred reporting items for
systematic reviews and meta-analyses: the PRISMA statement. J
Clin Epidemiol. 2009;62(10):1006–1012.

[31] Sterne JA, Hernan MA, Reeves BC, et al. ROBINS-I: a tool for
assessing risk of bias in non-randomised studies of interventions.
BMJ. 2016;355:i4919.

[32] Chow LW, Bitton R, Webber MJ, et al. A bioactive self-assembled
membrane to promote angiogenesis. Biomaterials. 2011;32(6):
1574–1582.

[33] Shah RN, Shah NA, Lim MMD, et al. Supramolecular design of
self-assembling nanofibers for cartilage regeneration. Proc Natl
Acad Sci Usa. 2010;107(8):3293–3298.

[34] Matson JB, Stupp SI. Self-assembling peptide scaffolds for regen-
erative medicine. Chem Commun. 2012;48(1):26–33.

[35] Aggel A, Bell M, Carrick LM, et al. pH as a trigger of peptide
beta-sheet self-assembly and reversible switching between nem-
atic and isotropic phases. J Am Chem Soc. 2003;125(32):
9619–9628.

[36] Buzalaf MAR, Hannas AR, Magalhaes AC, et al. pH-cycling models
for in vitro evaluation of the efficacy of fluoridated dentifrices for
caries control: strengths and limitations. J Appl Oral Sci. 2010;
18(4):316–334.

[37] Castilho LS, Cotta F, Bueno AC, et al. Validation of DIAGNOdent
laser fluorescence and the international caries detection and
assessment system (ICDAS) in diagnosis of occlusal caries in per-
manent teeth: an in vivo study. Eur J Oral Sci. 2016;124(2):
188–194.

[38] Iranzo-Cort�es JE, Terzic S, Montiel-Company JM, et al. Diagnostic
validity of ICDAS and DIAGNOdent combined: an in vitro study in
pre-cavitated lesions. Lasers Med Sci. 2017;32(3):543–548.

[39] de Souza JF, Diniz MB, Boldieri T, et al. In vitro performance of a
pen-type laser fluorescence device and bitewing radiographs for
approximal caries detection in permanent and primary teeth.
Indian J Dent Res. 2014;25(6):702–710.

[40] Mepparambath R, Bhat SS, Hegde SK, et al. Comparison of prox-
imal caries detection in primary teeth between laser fluorescence.
Int J Clinic PediatricDent. 2014;7(3):163–167.

146 R. N. MOHAMED ET AL.

https://doi.org/10.1111/jicd.12286

	Abstract
	Introduction
	Material and methods
	Questions
	Study eligibility
	Study identification
	Search key-words
	Study selection
	Data extraction and data synthesis

	Results
	Discussion
	Role of self-assembling peptides in the regeneration of enamel
	Effect of pH on the activity of P11-4
	Effect of remineralizing solution concentration and length of exposure of the sample to a remineralizing solution
	Depth of remineralization after SAP application
	Method of assessment of remineralization
	Quality of remineralization with SAP
	Study limitations

	Conclusion
	Acknowledgements
	Disclosure statement
	References


