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ABSTRACT: In calciﬁed tissues such as bones and teeth, mineralization is regulated by an extracellular matrix that includes
noncollagenous proteins (NCP). This natural process has been adapted or mimicked to restore tissues following physical damage
or demineralization by using polyanionic acids in place of NCPs, but the remineralized tissues fail to fully recover their
mechanical properties. Here, we show that pretreatment with certain amphiphilic peptoids, a class of peptide-like polymers
consisting of N-substituted glycines that have deﬁned monomer sequences, enhances ordering and mineralization of collagen and
induces functional remineralization of dentin lesions in vitro. In the vicinity of dentin tubules, the newly formed apatite
nanocrystals are coaligned with the c-axis parallel to the tubular periphery, and recovery of tissue ultrastructure is accompanied by
development of high mechanical strength. The observed eﬀects are highly sequence-dependent with alternating polar and
nonpolar groups leading to positive outcomes, whereas diblock sequences have no eﬀect. The observations suggest aromatic
groups interact with the collagen while the hydrophilic side chains bind the mineralizing constituents and highlight the potential
of synthetic sequence-deﬁned biomimetic polymers to serve as NCP mimics in tissue remineralization.
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■

INTRODUCTION
One of the salient features of biomineralization is that soluble
proteins act in concert with an insoluble macromolecular
scaﬀold to guide mineral formation.1 In some cases, such as
tooth enamel, the scaﬀold is sacriﬁcial, whereas in others,
including bone and dentin, it becomes an intricate part of the
resulting composite and contributes to tissue function. One of
the major challenges for the successful repair of mineralized
tissues is that an intimate spatial and temporal relationship
between mineral, scaﬀold, and soluble matrix is critical to
achieving the biomineral−matrix ultrastructure necessary for
that function, but that relationship is poorly understood and
diﬃcult to recreate. Repair of dental caries provides a case in
point. As caries penetrate the outer enamel, which contains
© 2017 American Chemical Society

little or no organic matrix, they begin to demineralize the
underlying dentin, which consists of hydroxyapatite (HAP)
nanocrystals located within collagen ﬁbrils (intraﬁbrillar) and
between collagen ﬁbrils (extraﬁbrillar).2 The bacterial attack is
also accompanied by the release of bacterial and endogenous
proteases in dentin, which leads to hydrolysis of the collagen
scaﬀold as well as the NCPs.3 When remineralization is
attempted, the absence of NCPs inhibits the development of
intraﬁbrillar HAP. Instead calcium phosphate precipitates on
the lesion surface, and mineralization does not inﬁltrate the
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Scheme 1. Structures of Selected Peptoid Constructs

individual collagen ﬁbrils leading to low mechanical performance, e.g., low elastic modulus and hardness, of dentin.4,5
Recently, some acellular, biomimetic remineralization
approaches using polyanionic polymers to mimic the activity
of NCPs by regulating mineralization have shown promise for
improved treatments.6−15 For example, the polymer-induced
liquid precursor (PILP) process, which uses poly-L-aspartic acid
(pAsp) to aid the delivery of mineralizing constituents in the
form of nanoclusters into collagen ﬁbrils and form apatite after
deposition of amorphous calcium phosphate,6−9 promotes
intraﬁbrillar mineralization critical to restoration of mechanical
properties.4 However, use of these polyanionic polymers only
mimics biomineralization to a limited degree. Dentin, like other
calciﬁed collagenous tissues, contains numerous matrix−
mineral interfaces2 that are “bridged” and integrated by

NCPs, which commonly have both conserved motifs that
mediate matrix assembly16−19 and anionic functional groups
that interact with the highly charged mineral surfaces.
Moreover, ∼70% of the mineral content of dentin is
extraﬁbrillar, and the amount of extraﬁbrillar mineral produced
through the PILP process appears to be minor. Consequently,
although polyanionic polymers can aid in forming intraﬁbrillar
mineral, the extent, organization, and interaction of the HAP
crystals and the collagen scaﬀold is inadequate for complete
recovery of structure and function.
To improve this biomimetic strategy for functional
remineralization, we began with the hypothesis that the
function of NCPs is dependent upon their inherent sequence
speciﬁcity, which allows scaﬀold- and mineral-directed motifs to
be placed in an arrangement necessary to control both mineral
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Figure 1. Turbidity measurements showing the incubation time for nucleation of calcium phosphate from aqueous solutions ([Ca2+] = 6.75 mM,
[HPO42−] = 3.15 mM in tris buﬀer at 37 °C with NaN3 added as a biocide). (a) The addition of peptoid C792-3 at the concentrations shown. The
results are compared to the turbidity data for peptoid-free solutions (control) and solutions containing 3.7 μM of 27 kDa pAsp. (b) Inhibitory
peptoid CC81-3, which delayed (blue and green curves, 2 and 4 μM, respectively) and completely inhibited (brown curve, 8 μM) nucleation of
calcium phosphates.

biomimetic approaches to controlling mineralization and
remineralization. Here, we showed the potency to guide and
modulate HAP mineralization on collagen substrates. Peptoids
are potent and versatile for re-creating ultrastructure and
restoring the mechanical properties of tissues, useful for dentin
remineralization given the fact that dentin does not undergo
physiological remodeling and has limited self-regenerative
ability.

formation and organization of the mineralizing matrix. To test
this hypothesis, we then designed a small library of synthetic
sequence-deﬁned polymers presenting a mix of polar and
nonpolar side chains with the expectation that the polar groups
would act like the polyionic polymers in complexing the
inorganic ions while the nonpolar side-chains would mimic the
phenylalanine (Phe), tyrosine (Tyr), and tryptophan (Trp)
residues in NCP sequences that are believed to contribute
matrix−matrix interactions.20−23
As our surrogate for NCPs, we chose peptoids that are Nsubstituted glycines able to form biomimetic structures across a
wide range of length scales.24−26 The peptoid backbone is
identical to that of a peptide, but its side chains are attached to
the nitrogen rather than the α-carbon, eliminating inter- or
intrachain hydrogen bonding and main-chain chirality, thus
resulting in lower structural complexity and more facile
synthesis. Peptoids also exhibit potent biological functionalities
and are biocompatible.27−29 In a recent study,30,31 dramatic
modiﬁcations of CaCO3 crystal growth rate and morphology by
peptoids highlighted the potential of using these polymers for

■

EXPERIMENTAL SECTION

Peptoid Synthesis. Peptoids were synthesized on polystyrene
Rink amide resin (0.57 mmol/g) using either a Prelude or AAPPTec
automated peptide synthesizer and the solid-phase submonomer
peptoid synthesis procedure according to previously described
methods.32,33 The peptoids were cleaved from the resin using
95:2.5:2.5 TFA/H2O/TIPS (v/v/v). The volatiles were removed
using a Biotage V-10 evaporator to aﬀord the crude peptoids, which
were redissolved in a mixture of acetonitrile and water (1:1, v/v) and
puriﬁed by reverse-phase HPLC using a C18 semipreparative column
(5 μm, 250 mm × 21.2 mm, C18 Vydac column) with a ﬂow rate of 15
mL/min. The collected fractions were concentrated and lyophilized to
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aﬀord the puriﬁed peptoids as white, ﬂuﬀy powders. Analytical HPLC
analyses were performed on a 5 μm, 150 mm × 4.6 mm C18 Vydac
column at 60 °C with a ﬂow rate of 1.0 mL/min. HPLC traces were
monitored at 214 nm.
We synthesized peptoids exhibiting two basic designs, one of which
consisted of alternating hydrophobic and hydrophilic groups, and the
other was based on a diblock sequence (Scheme 1). Each contained
carboxylic acids (N-2-carboxyethylglycine) as hydrophilic monomers
and chloro- or dichloro-substituted 2-phenylethyl units (either N-(2(4-chlorophenyl)ethyl)glycine, or N-(2-(2,4-dichlorophenyl)ethyl)glycine) as hydrophobic monomers and were diﬀerentiated through
variations in the number and/or position of the hydrophilic and
hydrophobic groups.
Turbidity Measurements. To screen these candidate peptoids
and assess their eﬀectiveness in modulating calcium phosphate
nucleation and growth in solution, we performed turbidity measurements commonly used in the life sciences for drug compound
solubility,34 bacterial or fungal growth studies,35 protein aggregation,36
antibody−antigen interaction,37 and polymerization monitoring.38 The
turbidity test provides a high-throughput, miniaturized, and parallel
method to detect mineral formation because two replicates of 12
peptoids at four diﬀerent concentrations were assessed at once in a 96well plate. By measuring the time required for mineralization to occur,
i.e., the incubation time, as compared to control runs containing no
polymer, the ability of peptoids to inhibit or promote nucleation was
determined (Figure 1 and Figure S1).
Lyophilized peptoids (3.0 × 10−6 mol) were reconstituted in 1.5 mL
of Tris buﬀer saline (pH 7.4) in a glass vial, and brief ultrasonication
(<1 min) was used as needed to facilitate dissolution. Reconstituted
peptoids were further diluted in Tris-buﬀered saline (TBS, pH 7.4)
containing [Ca2+] = 13.5 mM to make various micromolar
concentrations (with exponential increase of base 2, e.g., 2, 4, 8, 16
μM) for testing. Fifteen microliters of each calcium−polymer mix was
pipetted into each well, and an equal volume of dipotassium phosphate
solution at 6.3 mM was added, resulting in a calcium-to-phosphate
ratio of 2.14. Two replicates of 12 peptoids were assessed in a Corning
96-well UV-transparent microplate (Sigma-Aldrich) in each turbidity
test for up to 24 h. The turbidity test uses a SpectraMax Plus 384
microplate reader to measure the absorbance of UV light (wavelengths
320 and 600 nm to ensure turbidity changes being recorded by either
wavelength of light by software SoftMax Pro version 5). The
absorbance of incident light increases with the nucleation and growth
of calcium phosphate from solutions, i.e., the turbidity. The eﬀect of
each peptoid was compared to the control run with no addition of
polymers (Figure 1).
Artiﬁcial Caries Preparation. Artiﬁcial carious lesions were
prepared following methods that have been described previously in
detail.39,40 Noncarious third molars were obtained from patients
requiring extraction as part of their normal dental treatments following
an approved protocol. After extraction, the teeth were sterilized using
gamma irradiation41 and stored in DI water at 4 °C until preparation.
The crown was separated from the root, and enamel was removed at
the dentino-enamel junction (DEJ) using a slow-speed water-cooled
saw (Isomet, Buehler Ltd., Lake Bluﬀ, IL) to obtain a dentin block (3
× 6 × 2.5 mm) exposing the dentin in the center of it. All occlusal
surfaces were polished with diamond suspensions up to 0.25 μm.
Two coats of acid-resistant nail varnish (Revlon #270, New York,
New York) were applied to all surfaces except a 3 mm × 3 mm
window to expose dentin to simulate an occlusal natural carious lesion
in a ﬁssure. Each specimen (n = 6/group) was placed in a 50 mL
conical tube with 40 mL of 0.05 M acetate buﬀer containing 2.2 mM
calcium and phosphate based on the recommendations by McIntyre et
al.42 Demineralization was carried out for 66 h based on a previously
determined kinetic curve for the acetate buﬀer.40
Remineralization of Artiﬁcial Caries. Peptoids that inhibited
calcium phosphate nucleation and growth were used in experiments on
mineralization of artiﬁcial human dentin lesions. Peptoid polymers
were added at various micromolar concentrations to calcium chloride
solution or preincubated on dentin lesions before mineralization. An
equal volume of dipotassium phosphate solution was added to the

calcium−polymer mix, resulting in a calcium-to-phosphate ratio of
2.14. Solutions were prepared from reagent-grade calcium chloride
dihydrate (CaCl2·H2O) and potassium phosphate dibasic (K2HPO4)
dissolved in Tris-buﬀered saline (TBS, pH 7.4) and ﬁltered to remove
insoluble chemicals. Remineralization of dentin lesions with only
peptoids was carried out for 14 days at 37 °C with constant solution
stirring.
For testing whether peptoids counteracted or complemented polyL-aspartic acid used in the PILP process, inhibitory peptoids were
introduced (1) via preincubation on dentin lesions at ﬁxed 2 μM for
various times (2) or mixing at 2 μM with poly-L-aspartic acid in
calcium solution. Each specimen was then remineralized following a
process similar to the PILP process for a period of 14 days at 37 °C.39
Atomic Force Microscopy. Monolayer Collagen Assembly. The
collagen (brand name: Purecol) was obtained from Advance Biomatrix
Corporation. This collagen solution contains 3.1 mg/mL of collagen
(puriﬁed bovine type I (97%) and type III collagen (3%)) at pH 2.0
and was diluted in a phosphate buﬀer containing 300 mM KCl and 10
mM Na2HPO4 at pH 7.4. The initial collagen concentration was ﬁxed
at 12 μg/mL in all cases to exclude the possibility of collagen assembly
in liquid crystalline phase, which is known to occur in tissues and at
high collagen concentrations (>20 mg/mL).43−45 The collagen
solutions at desired concentration (12 μg/mL) were then applied
onto a freshly cleaved muscovite mica disc (diameter = 9.9 mm, Ted
Pella, Inc.) and left for a 60 min incubation at pH 7.4, which was
suﬃciently long for collagen assembly onto the substrate.
AFM Imaging. All in situ AFM images were captured in tapping
mode at room temperature (23 °C) with a NanoScope 8 atomic force
microscope (Digital Instruments J scanner, Bruker) with hybrid probes
consisting of silicon tips on silicon nitride cantilevers (SNL-10
triangular lever, k = 0.35 N/m, tip radius < 10 nm; resonance
frequency = 65 kHz in air; Bruker). The drive amplitude was ∼20 nm
(in ﬂuid), and the signal-to-noise ratio was maintained above 10. The
scanning speed was 1 Hz. The amplitude set point was carefully tuned
to minimize the average loading force (∼50 pN) during in situ
imaging.
The eﬀects of various peptoid concentrations on calcium phosphate
nucleation were investigated using in situ AFM on the freshly prepared
monolayered collagen substrate in solutions at a ﬁxed supersaturation,
σ, of 3.34. The supersaturation is deﬁned as σ = ln
((αCa2+)5(αPO43−)3(αOH−) /Ksp), where α denotes the species
activity, and Ksp denotes the equilibrium solubility constant at 25 °C.
This supersaturated (σ = 3.34) calcium phosphate solution was made
by mixing 13.5 mM of CaCl2·H2O with 6.3 mM of K2HPO4 in equal
volumes to achieve [Ca2+] = 6.75 mM and [HPO42−] = 3.15 mM.
Preparation of each collagen substrate by assembly into a monolayer
was performed immediately before the calcium phosphate nucleation
experiments. The collagen substrate was brieﬂy cleaned by ﬂushing 1
mL of deionized (≥18 MΩ) water to remove unbound collagen.
Calcium and phosphate solutions were prepared immediately before
use from reagent-grade calcium chloride (CaCl2·H2O) and potassium
phosphate dibasic (K2HPO4) in Tris-buﬀered saline (TBS, pH 7.4).
Peptoids were introduced into the calcium solutions at various
concentrations (100, 200, and 500 nM and 2 μM).
Transmission Electron Microscopy. Transmission electron
microscopy (TEM) of 70 nm ultrathin sections prepared from two
specimens per group were carried out to determine ultrastructures of
remineralized lesion specimens, and selected area electron diﬀraction
(SAED) was used to identify the nature and crystallinity of the mineral
formed by remineralization treatments. Sections from either artiﬁcial
lesion or remineralization groups were embedded in Ultra-Bed resin
(Ultra-Bed Kit: a modiﬁcation of Spurr’s resin; Electron Microscopy
Sciences, Hatﬁeld, PA) after gradient dehydration in ethyl alcohol and
then propylene oxide. Selected regions were trimmed, and ultrathin
sections (70 nm) were cut in occlusal and sagittal planes with a
diamond knife on an ultramicrotome (Reichert-Jung Ultracut E, Leica,
Wetzlar, Germany). Ultrathin tissue sections were placed on Formvar
copper grids and examined in a JEOL JEM 1400 TEM (JEOL Ltd.,
Tokyo, Japan) at an accelerating voltage of 120 kV. Images were
recorded by CCD camera (Gatan Inc., Pleasanton, CA).
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Figure 2. In situ AFM observations of peptoid-inﬂuenced mineralization on pure collagen substrates assembled on mica in Tris-buﬀered saline
containing various concentrations of peptoid CC81-3. (a) Collagen morphology and order following addition of peptoid solution. (b−d) Time series
showing amorphous calcium phosphate nucleation and crystallization on the collagen substrates shown in (a) during mineralization in calcium
phosphate solution ([Ca2+] = 6.75 mM, [HPO42−] = 3.15 mM in tris buﬀer; σ = 3.34) in the presence of peptoid CC81-3 at (b) 0, (c) 100, and (d)
500 nM. The images highlighted in the dashed box (third row of b−d) were collected at the time points when the phase transformation began. (e)
Incubation time for amorphous calcium phosphate nucleation (dark green) and phase transformation (light green) from the results shown in (b−d).
The onset time of the phase transformation is marked with a dashed rhombus. All scale bars are 500 nm. The vertical scales for all AFM images are in
nm.
Scanning Electron Microscopy. Selected specimens (n = 2 per
group) from the artiﬁcial lesion and remineralization groups were
evaluated by scanning electron microscopy to characterize structural
variations of remineralized dentin lesions. Specimens were coated with
a 10−20 nm thick Au thin ﬁlm using a sputter coater (Denton Vacuum
Inc., Model # Desk II, Moorestown, NJ) and imaged using a Hitachi S4300 ﬁeld emission gun scanning electron microscope (Hitachi High
Technologies America, Pleasanton, CA) at an accelerating voltage of
10 kV and using working distances larger than 12 mm in general.
Elastic Modulus Measurements. Previous work has shown that
measurement of mineral content alone does not always reﬂect the
restoration of mechanical properties. Therefore, we relied on
nanoindentation to determine the reduced elastic modulus as
described in prior studies in our laboratory.4,5,39,46 An atomic force
microscope (Nanoscope IIIA, Digital Instrument, Santa Barbara, CA)
equipped with a Triboscope load−displacement transducer (Hysitron,
Minneapolis, MN) and nanopositioner (nPoint, Middleton, WI) were
used for nanomechanical property testing. The diamond indentation
tips were calibrated with a fused silica standard in wet and dry
conditions to measure ER. The site-speciﬁc reduced elastic modulus
(ER) was obtained with a 3 s trapezoidal loading curve as previously
described.47,48 An AFM topographic image was acquired with the
indentation tip along with the nanoindentation measurement to
ensure the indentation was placed in the desired position, e.g.,
intertubular dentin only or peritubular dentin. In this study, in addition

to examining cross sections of lesions in wet conditions in the same
manner as our previous works, we evaluated peptoid-induced mineral
because we observed distinct diﬀerences from the other remineralizing
treatments. The elastic modulus of peptoid-induced mineral was
evaluated in dry conditions to avoid degrading the deposited mineral.
Reduced Elastic Modulus of Lesions from Bottom to Top (CrossSection Measurement). Brieﬂy, we did a series of nanoindentations
along the cross sectioned lesions that extended from the most
demineralized portion of the specimen through the transition zone and
ﬁnished on the deeper normal dentin. This was done while the
specimen was fully hydrated.
Cross sections of the lesion were prepared by removing excess
moisture by blotting the dentin blocks containing the treated lesions
prior to embedding them in room temperature curing epoxy
(Epoxycure, Buehler, Lake Bluﬀ, IL). The embedded blocks were
cut with a slow speed saw under water (Buehler, Lake Bluﬀ, IL)
perpendicular to the treated occlusal surface to reveal the lesion
proﬁle. A thin slice obtained from the center of the specimen (∼1200
μm) was glued onto the AFM specimen discs (Ted Pella, Redding,
CA) with a small amount of cyanoacrylate (QX-4, MDS Products,
Laguna Hills, CA) and then polished through steps to a ﬁnal polish
with 0.25 μm diamond paste. Indentations in the lesion cross-section
were made with a Berkovich tip (tip radius of ∼100 nm) with a
loading force varied over 200−500 μN to accommodate an ER range
from 0 to over 20 GPa.
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Reduced Elastic Modulus of Peritubular Mineralization. Optical
microscopy and AFM contact mode imaging were used on the crosssectioned specimens to identify the depth and region with peritubular
dentin modiﬁed by the peptoid-PILP treatment. The specimen was
then carefully polished down to reveal the target depth in such a way
that the tubule orientation was perpendicular to the polished surface
so that the indentation values would be least aﬀected by the underlying
intertubular dentin. Site-speciﬁc ER values were obtained with a 3 s
trapezoidal loading curve as a cross-sectioned lesion in wet conditions.
A sharp cube-corner tip (tip radius ∼20 nm) was employed for
improved topographic imaging immediately after indentation.
Indentation depths of 64−154 nm reﬂecting the diﬀerences in the
material were obtained with a constant loading force of 300 μN.
Dentin tubule occlusion induced by peptoids was imaged and
evaluated by AFM: specimens without inhibitory peptoids were
polished down to the same target depth as that of peptoid-treated
specimens that showed modiﬁcation induced by the peptoids.
Contact-mode AFM in dry conditions was used to capture images
in three randomly selected areas (100 × 100 μm) of the specimens
mineralized both with and without peptoid. The number of fully or
partially occluded tubules and non-occluded tubules were counted to
obtain the ratio of one to the other.

that the addition of inhibitory peptoids to the collagen matrices
impacts both the nucleation of ACP and its transformation to
the crystalline phase (Figure 2b−e). For peptoid concentrations
of 500 nM or less, both the incubation time for nucleation and
the time to transformation were decreased with the size of the
eﬀects growing as the peptoid concentration was increased
(Figure 2b,c,e). However, at higher concentrations (2 μM),
both nucleation and transformation were inhibited (Figure
2d,e). The ﬁndings show that these peptoid designs also
produce interactions with the inorganic constituents that
impact the mineralization kinetics.
Dentin Remineralization Using Peptoids As Modulators. Given the ability of inhibitory peptoids to both impact
collagen assembly and calcium phosphate mineralization, we
tested their ability to promote remineralization of artiﬁcial
human dentin lesions produced using acetic acid demineralization of human tooth as described previously39 (Figure 3a,b). In
contrast to the results with either the peptoid-free control or
the diblock peptoid sequences, when dentin lesions were ﬁrst
incubated in solution containing inhibitory peptoids (30 μL of
2 mM peptoid solution until dry) prior to mineralization in
peptoid-free solution (14 days in 40 mL of solution at 37 °C
with [Ca2+] = 4.5 mM, [HPO42−] = 2.1 mM in tris buﬀer with
NaN3 added as a biocide), a uniform calcium phosphate
mineral layer formed on top of the lesion (Figure 3b−d). This
mineral layer closely contacted the underlying dentin lesion
without gaps at the interfaces (Figure 3c,d), forming a
potentially protective layer on the demineralized lesion. Dentin
tubules were also ﬁlled with calcium phosphate precipitates
(Figure 3e), and this further adhered the surface mineral layer
to the dentin lesion.
Despite the encouraging results, the newly formed mineral
layer did not permeate into the lesion matrix. Because previous
work using the PILP process via introduction of pAsp to
remineralize artiﬁcial dentin lesions led to extensive intraﬁbrillar
mineralization in collagen matrices,9,39,52 we evaluated the
potential synergistic eﬀects of peptoids and pAsp for improving
dentin remineralization. The incubation step was carried out
with a mixture of inhibitory peptoid and pAsp solutions (2 mM
peptoid and 100 μg/mL of 27 kDa pAsp for 1 h, 1 day, or 5
days), and remineralization was then performed in pAspcontaining solution (14 days in 40 mL of 100 μg/mL 27 kDa
pAsp at 37 °C with [Ca2+] = 4.5 mM, [HPO42−] = 2.1 mM in
tris buﬀer with NaN3 added as a biocide).
The results show that the combination of pretreatment by
inhibitory peptoids and mineralization via the PILP process
produces remarkable recovery of dentin ultrastructure to the
point that the remineralized lesion resembles normal dentin
(Figure 4a−d) with the extent of remineralization depending
on incubation time (Figure S3). In all cases for which dentin
lesions (Figure 4a,b) were preincubated with inhibitory
peptoids, a collar of mineralization with substantial thickness
was grown at the peritubular region of each dentin tubule akin
to normal peritubular dentin (Figure 4d), and the zone of
mineralization extended into the lesion matrix. In contrast,
PILP treatment alone induced mineralization in the collagen
matrix but did not re-establish the peritubular dentin (Figure
4c). Longer peptoid preincubation promoted greater regrowth
of peritubular dentin (see Figure S3). Mixing peptoids with
pAsp in the PILP remineralization solution, i.e., no
preincubation, did not produce obvious peritubular mineralization (Figure S3).

■

RESULTS AND DISCUSSION
Screening Peptoids Using Turbidity Test. Peptoids with
a diblock structure (e.g., C792-3 or C792-5, Scheme 1)
produced minor inhibition (C792-3) or a slight acceleration of
nucleation (C792-5), displaying turbidity curves very similar to
those obtained without the addition of peptoid (Figure 1a and
Figure S1). For that result to be placed in context, poly-Laspartic acid used in the PILP process was found to strongly
inhibit nucleation, producing a nearly ﬂat curve (Figure 1a and
Figure S2). In contrast to the diblock peptoids, those with
hydrophobic and hydrophilic side groups alternately arranged
along the backbone (e.g., CC81-3, Scheme 1) exhibited
signiﬁcant inhibition of calcium phosphate mineralization
with the incubation time increasing as the peptoid concentration increased (Figure 1b and Figure S2). In fact, no
nucleation was detected for times exceeding 16 h at a CC81-3
concentration of 8 μM (Figure 1b). Inhibition of calcium
phosphate nucleation is characteristic of natural NCPs and thus
thought to be a key factor in collagen biomineralization.16−18
We therefore chose inhibition or nucleation lag time as a
criterion for selecting peptoids to be used in observations of
collagen assembly and mineralization as well as dentin
remineralization.
Peptoids Potential to Improve Biomimetic Mineralization. We used in situ AFM to observe the assembly of
collagen on mica into ordered matrices in which the collagen
molecules are coaligned and exhibit the 67 nm periodicity of
native collagen ﬁbrils49,50 (Figure 2). After assembly in Tris
buﬀer (Figure 2a, left), the addition of inhibitory peptoids
appeared to induce improved order (within 10 min) as
measured by the degree of coverage and continuity of the gap
and overlap zones, with higher peptoid concentration leading to
further improvements and the creation of a nearly uniform and
continuous sheet of ordered collagen (compare Figure 2a left vs
right).
Mineralization of the ordered collagen matrices was then
induced by injecting 2 mL of calcium phosphate solution
([Ca2+] = 6.75 mM, [HPO42−] = 3.15 mM in tris buﬀer) into
the AFM ﬂuid cell, as described previously.51 Under these
conditions, the initial phase to form is amorphous calcium
phosphate (ACP), which then transforms to octacalcium
phosphate (OCP) and ﬁnally to HAP.51 The results show
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mineral layers to clinical treatment, we performed AFM-based
nanoindentation on the polished cross sectional surfaces of
remineralized coronal dentin lesions. Whereas normal
peritubular dentin has a very constant ER of approximately 30
GPa,46,53−55 approximately one-third of the depth of the lesion
from the surface, the peritubular mineral of occluded tubules
produced using pretreatment with inhibitory peptoids and
PILP-based remineralization exhibited remarkably higher values
of the reduced elastic modulus (ER) ranging from 40 to 55 GPa
(Figure 4l). Examination of indentations obtained using an
identical loading force for each measurement clearly shows the
enhancement of the elastic modulus (Figure 4k). The
indentations on the hard peritubular mineral collar are much
smaller and shallower than those in the remineralized
intertubular dentin regardless of position, an outcome
consistent with the exceptionally high values of ER. Similar
measurements on the intertubular dentin matrix show it also
recovered more than 60% of its reduced elastic modulus
(Figure S4). The peritubular mineral growth induced by the
inhibitory peptoid completely or partially ﬁlled at least 46% of
tubules, much more structural recovery compared to lesions
remineralized with only the PILP process (see Figure S5). The
main reason for the larger ER values is the higher mineral
content that results from incubation of the dentin with peptoid
solution, as seen in Figure 4d. The alignment of the HAP
platelets perpendicular to or at a high angle to the direction of
the indentation force may also be a contributing factor.
The ﬁndings reported above show that the use of peptoids
designed to interact with both the collagen matrix and
mineralizing constituents enhances the in vitro assembly of
collagen, impacts subsequent scaﬀold mineralization, and has a
dramatic eﬀect on remineralization of dentin lesions. The
improvement of collagen assembly upon introduction of the
inhibitory peptoid (compare Figure 2a left vs right) may be
attributed to the interactions between the aromatic side groups
of peptoids and the proline (Pro) and hydroxyproline (Hyp)
residues of collagen monomers. Previous work showed that
protons donated by Pro and Hyp residues could interact with
acceptors such as electron-rich aromatic groups, leading to
CH··· π interactions.20−23 Other studies showed that π -π
interactions between peptoids lead to their self-assembly into
highly ordered structures.56 Thus, the high content of both Pro
and Hyp on the surface of the collagen triple helix can be
expected to promote extensive interactions with the phenethyl
side groups of the peptoids and enhance the intercollagen
interactions that promote coalignment.50
The impact on mineral formation is also understandable
given the large number of carboxylic groups, which are wellknown to complex Ca2+ and comprise a large fraction of the
amino acid side chains in natural biomineral-associated
proteins. The observed change from acceleration to inhibition
of both nucleation and phase transformation as the
concentration of inhibitory peptoids was increased is
reminiscent of the biomimetic activity reported for carboxylrich synthetic peptides,57 proteins extracted from natural
biominerals,58 and even certain peptoids,31 all of which
accelerated the growth of calcite crystals at nM concentrations
but inhibited growth at higher concentrations with the
strongest inhibitors being the most potent accelerants. There
as well, a mix of hydrophobic and hydrophilic groups was found
to be important to achieve the eﬀect and, though the
mechanism remains unclear, ion binding by the carboxyl

Figure 3. Mineral layers formed on artiﬁcial dentin lesions from
aqueous calcium phosphate solution (40 mL of peptoid-free solution
at 37 °C with [Ca2+] = 4.5 mM, [HPO42−] = 2.1 mM in tris buﬀer
with NaN3 added as a biocide) following incubation of the dentin
block in solution containing peptoid CC81-3 (30 μL of 2 mM CC81-3
solution until dry). (a) Artiﬁcial lesion window created in noncarious
human dentin blocks with acid-resistant nail varnish to simulate an
occlusal natural carious lesion in a ﬁssure that spreads laterally and into
the dentin when it reaches the dentino-enamel junction (DEJ). (b)
Layer of calcium phosphate mineral formed exclusively on the top of
dentin lesion using the protocol in (a). This mineral layer is ﬁrmly
attached to the dentin lesion window. (c) SEM image of the fracture
surface. Dentin tubules were also ﬁlled with calcium phosphate mineral
(delineated by dotted lines). (d) TEM image of an ultrathin section.
(e) SEM of the fractured interface between dentin surface and the
calcium phosphate layer on the dentin surface and within the lumen of
the dentin tubules (indicated by black arrows with enlarged views at
the right side).

Close examination of the regrown peritubular minerals
(Figure 4e,f) showed that those formed through the PILP
process after pretreatment with inhibitory peptoids were
composed of lamellae of ﬁne-crystalline apatite nanocrystals
stacked along the tubular periphery (Figure 4e) with better
apparent alignment than those of normal dentin (Figure 4f).
Indeed, diﬀraction data showed that their c-axes were mostly
parallel to the long axis of the tubules (Figure 4h). Thus,
treatment of the dentin lesions with inhibitory peptoids led to a
high level of control over HAP nanocrystal formation and
alignment.
Such distinctive ultrastructure of peritubular mineral layers is
likely to produce exceptional mechanical properties. To
determine the mechanical properties and evaluate the
prospective application of these peptoid-induced peritubular
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Figure 4. Peptoid-induced peritubular mineralization and change in mechanical properties. (a−d) SEM images of (a) normal dentin, (b) artiﬁcial
dentin lesions, (c) lesion remineralized via PILP process (40 mL of solution at 37 °C with [Ca2+] = 4.5 mM, [HPO42−] = 2.1 mM in tris buﬀer with
NaN3 added as a biocide), and (d) via PILP process with preincubation in peptoid CC81-3 solution (2 μM peptoid and 100 μg/mL of 27 kDa pAsp
for 5 days). The addition of the incubation step with peptoid CC81-3 induced peritubular mineralization (compare insets in (c) and (d)), resembling
normal peritubular dentin. (e, f) TEM images with SAED data (g, h) showing (e, g) peritubular minerals generated with the addition of peptoid
CC81-3 compared with (f, h) those of normal peritubular dentin. Tb: dentin tubule. Peptoid-induced peritubular minerals consist of coaligned
apatite nanocrystals (double-head arrow guiding the view of alignment). (i−k) AFM images showing peritubular remineralization. (i) Dentin tubule
prior to remineralization. (j) Dentin tubules 30−50% occluded by peritubular mineralization when the dentin lesion was incubated with 2 μM
peptoid prior to PILP remineralization. (k) Series of nanoindentations made across the occlusal surface of a remineralized dentin lesion in both the
peritubular and intertubular regions following peptoid-induced remineralization. (l) Reduced elastic modulus (ER) determined from the
nanoindentations in (k). Values within the peptoid-induced peritubular mineral from 40 to 55 GPa, which are markedly higher than the values
measured either across the intertubular region or in normal peritubular dentin (28.6 GPa53). AFM image shows triangular indents across the occlusal
surface of a remineralized dentin lesion using peptoid+PILP process. The vertical scales of all AFM images are in nm (i−k).

residues and hydrophobic interactions by the nonpolar groups
were implicated.
The high degree of nanocrystal alignment and packing in the
peritubular region combined with the enhanced mechanical

performance, which were absent when polyanionic polymers
alone were used,39 suggests that the integration of both
functions, i.e., collagen binding and mineral ion complexation,
into a single polymer is a critical design element. Moreover, the
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(PNNL), a facility operated by Battelle for the U.S. Department
of Energy.

lack of any eﬀect when diblock peptoids with the same
constituent monomers are employed shows that polymer
sequence is also a critical design element. Presumably, the
alternating hydrophobic−hydrophilic design maximizes the
exposure of the phenethyl side groups to the collagen and of
the carboxyl groups to the solvated ions when the peptoids and
collagen helices are themselves coaligned, providing a ready
template to promote coalignment of the resulting HAP
nanocrystals.
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diversity of potential side chain chemistry (e.g., over 100
peptoid monomers are commercially available)33 and the huge
number of possible combinations of monomers, even for the
short 12-mer designs used here, the results presented here
highlight the tremendous potential oﬀered by synthetic
sequence-deﬁned polymers like peptoids as substitutes for
NCPs in medical applications of tissue mineralization.
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