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Amorphous Polyphosphate and Ca-Carbonate Nanoparticles
Improve the Self-Healing Properties of both Technical and
Medical Cements

Emad Tolba, Xiaohong Wang,* Shunfeng Wang, Meik Neufurth, Maximilian Ackermann,
Heinz C. Schröder, and Werner E. G. Müller*

Cement is used both as a construction material and for medical applications.
Previously, it has been shown that the physiological polymer inorganic
polyphosphate (polyP) is morphogenetically active in regeneration of skin,
bone, and cartilage. The present study investigates the question if this
polymer is also a suitable additive to improve the self-healing capacity not
only of construction cement but also of inorganic bone void fillers. For the
application in the cement, two different polyP-based amorphous
nanoparticles (NP) are prepared, amorphous Ca-polyP NP and amorphous
Ca-carbonate (ACC) NP. The particles are integrated into poly(methyl
methacrylate) in a concentration ratio of 1:10. This material applied onto
Portland cement blocks either by brush application or by blow spinning
strongly accelerates the self-healing property of the cement after a 10 day
incubation period. Most likely, this process depends on bacteria and their
membrane-associated alkaline phosphatase, resulting in the formation of
calcite from ACC. In a second approach, polyP is integrated into a
calcium-silicate-based cement used in reconstitutive medicine. Subsequently,
the cement becomes softer and more elastic. The data show that bioinspired
polyP/ACC NP are suitable additives to improve the self-healing of
construction cement and to biologize bone cement.

1. Introduction

The progress of human civilization is accompanied by the de-
velopment of innovations for the construction of temporary or
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permanent housings for demarcation and
protection against the environment. Since
the beginning of human history until to-
day, over a period of several thousand years,
durable buildings have been assembled or
constructed, some of them still exist today.
The oldest constructions date back to 12 000
BC in Israel[1] and are made of limestone
and oil, components which are processed
by spontaneous combustion to a natural
and durable cement-like deposition. In par-
allel, the Babylonians and Assyrians like-
wise fabricated a natural binder by using
bitumen together with bricks and gypsum
for the plaster constructions.[2] The Egyp-
tians improved this formulation by the ad-
dition of lime and gypsum mortar. Subse-
quently, the Greeks–Minoans used rough
and curved limestone and selenite (gyp-
sum) and filled the intermediate spaces
with mortar of clay.[3] Later, the Romans
developed a cement that allows the for-
mation of sculptures and buildings that
are remarkably durable, even if submersed
underwater.[4] Examples from the ancient

Greece period are shown in Figure 1. The Cretan palace of Knos-
sos (2000 BC) was also built from bricks which show distinct
leaching and weathering segments. In contrast to the high creep
modulus for bending, the cement used during recent restoration
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Figure 1. Brick and mortar samples at macroscale. A,B) Knossos. Cretan palace—Minoan period (2000 BC). A) Restored North Entrance with pillars
(height: 2.20 m). B) The antique foundation bricks (b) which have been supported with present-day cement (ce) during the restoration. C–E) The ancient
theater of Aptera (Greece, Crete) 8th century BC has been built of concrete faced with brick and then mortar. C) Theater: it has a total length of 55 m. D)
Bricks with reinforcing joints made of recent cement. E) Grazing of mollusks (invertebrates) (mo) onto limestone-rich building blocks. The bricks (b),
mortar (mo), and cement (ce) layers are marked.

periods is rigid and prone to crack formation (Figure 1A,B). From
the 8th century BC is the ancient theater of Aptera (Greece,
Crete). This large ancient theater has been built from bricks
which contain high content of limestone (Figure 1C,D). This ma-
terial is to a considerable portion composed of biogenic carbonate
limestone that attracts invertebrates which feed/graze on thema-
terial and rasp down the carbonate with the radula of the animals
to use this mineral for their exo-skeleton formation (Figure 1E).
Thematerial used for construction of buildings by human civi-

lization is a hybridmaterial, composed of a hard reinforcing com-
ponent like sand or gravel (aggregate) and a binder, the cement,
which is usually softer and hardens with time. If cement is mixed
with fine aggregates, it forms themortar for brickwork or ifmixed
with sand and gravel, it produces concrete.[5] Cement represents
the most widely consumed inorganic material after water which
ranks as number one on this planet. Often cements are inorganic
ground substances that are based on lime, a calcium-containing
mineral primarily composed of oxides and hydroxides, like
calcium oxide and/or calcium hydroxide, or calcium silicate. The
cements are the most essential component in the construction
of buildings. It has been discovered already in the ancient times

that burning of clay and stones is a suitable process to improve
the quality of the cement for the fabrication of mortar. Among
the most frequently applied cements is the Portland cement, dis-
covered in 1824 by William Aspdin, which contains fine powder
processed from limestone and clay by heating. An array of differ-
ent modifications of cement has been developed, which is based
on the use of additional admixtures like gypsum and the temper-
ature for burning of the cement in the kiln.[6] Usually, a sinter-
ing temperature in the cement kiln of up to 1450 °C is applied
to the raw mix. Under those conditions, the cement turns to a
crystalline state which surely makes the material hard but also
susceptible to impairments by microorganisms that are abun-
dantly present in our environment. Just to remember approx. 105

bacterial particles are present in 1 m–3 of air, and those bacteria
may cause corrosion of the concrete by their metabolic end prod-
ucts, like organic and inorganic acids that dissolve the integrity
of the solid concrete components, followed by a deterioration of
the material.[7]

A fully crystalline inorganic material, whether in dead or liv-
ing systems, has no self-healing ability. In turn, both concrete
used for the construction of houses (calcite, brownmillerite,
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gypsum, calcite),[8] as well as mineralic inorganic deposits like
bone (apatite)[9] are susceptible to bio-deterioration, unless liv-
ing entities such as bacteria or cells are introduced in the crys-
talline minerals, cement, or bone, and change the crystalline
phase to an amorphous one. In general, only the amorphous
phase allows biogenic transformation and is prone to enzymatic
changes which ultimately allow a re-organization (and repair) of
cement or bone. Those self-healing processes proceed via enzy-
matic reactions and, in rare cases, exclusively via a thermody-
namic downgrade.[10] This paradigm shift in the understanding
of mineral deposition and self-repair has been introduced with
silicatein, the first enzyme we discovered to be capable of cat-
alyzing a mineral deposition, here of the skeletal elements of
sponges, the spicules.[11] In a translational approach, we also suc-
ceeded in identifying two enzymes which are involved in bone
mineral deposition, the carbonic anhydrase (CA) and the alkaline
phosphatase (ALP) (reviewed in: ref. [12]). The latter enzyme is
involved in the metabolism (degradation) of inorganic polyphos-
phate (polyP) which acts as a source of orthophosphate for bone
mineral deposition and as a generator formetabolic energy in the
form of ATP.[13,14]

PolyP is a natural polymer that is formed in every living
cell.[15,16] A breakthrough toward the biomedical application
was the discovery of how polyP can be fabricated as amorphous
nanoparticles (NP) together with a corresponding divalent
cation, like Ca2+ or Mg2+.[17] The functionally important aspect
is that these polyP NPs have the same chemical composition
and morphology like those found in eukaryotic cells, especially
those in the polyP-storing intracellular compartments, the
acidocalcisomes.[18] In turn, we outlined in a previous study
that polyP is a new cornerstone for the improvement of ce-
ment formulation both for biomedical applications[10] and as a
construction material.[19]

In addition to polyP as a major building block and energy
supplier required for the stabilization of cement both for con-
structions and bone, Ca2+-salts like Ca-carbonate are of great
importance. It is well established that limestone, formed pre-
dominantly of calcite, is a crucial additive for Portland cements
amounting to about 5 wt% of the cement.[20] This concentration
is absolutely essential for keeping the stability of the cement.[21]

It is established that cement used in ancient architecture is more
durable and more resistant against a series of corrosive condi-
tions, like freshwater, salt-water, seashore or salt-laden air, and
hot spring water, while modern concrete composed of Portland
cement suffers extensive damage under these conditions.[22] A
major difference between ancient and modern cements is seen
in the higher degree of carbonation in the ancient building
material,[23] meaning the intensity and kinetics of the chemical
reaction of carbon dioxide to produce carbonates, bicarbonates,
and carbonic acid.
Based on this introduction, the key aspects to be considered

for an improvement of cement for application both in medicine
and building construction is the implementation first of polyP
and second of Ca-carbonate into the starting material which
have to be applied and fabricated as amorphous NP. A solution
has been sketched already previously and applied for biological
systems both in vitro and in vivo.[13,24] The basic concept of this
technology was the successful stabilization (“freezing”) of the
amorphous phase of Ca-carbonate by inclusion of polyP during

NP formation. In the present study, we prepared amorphous
Ca-polyP/calcium carbonate NP (“Ca-polyP/ACC-NP”) in a
ratio of 20:80 (Ca-polyP:Ca-carbonate). These two components
combine polyP, as a self-healing cement component,[19] with the
precursor of the cement hardening calcite,[25,26] the amorphous
calcium carbonate (ACC).
Closely related to cement for application as a construction

material, cement for human medical use has been developed.
While cement for the construction of buildings is based on lime
or calcium oxide, silica, alumina, iron, and gypsum,[27] cement
for application in human implants primarily contains calcium-
silicate-based materials like the biodentine.[28] This formulation
reacts in the presence of water and at high pH from trical-
cium silicate (3CaO•SiO2; C3S) to a hydrated calcium silicate gel
(3CaO•2SiO2•3H2O; C-S-H) which surrounds the unreacted tri-
calcium silicate particles.[29] Importantly, biodentine reacts with
water under the release of Ca2+. The commercial biodentine for-
mulation is delivered as a solid calcium-silicate-based cement
which undergoes hardening in the presence of a Ca-chloride-
containing liquid.[30] In the present study, this composition was
used and exposed to polyP, either as soluble Na-polyP or as solid
Ca-polyP nanoparticles. It has been postulated and subsequently
confirmed that the Ca2+ ions, released by biodentine, form strong
mineralic deposits. This process has been attributed to a “fusing”
of the calcium-silicate-based material with the polymeric polyP.
Recently, it has been experimentally shown that the latter mech-
anism is correct.[31] It is the aim of the present study to elucidate
if polyP, after encapsulation into particles, can be used for self-
healing of construction cement and also for improvement of an
augmentation material for medical implants.

2. Results

2.1. Characterization of the Nanoparticles

Two different formulations of nanoparticles (NP) were used in
the present study: amorphous Ca-polyP-based NP and amor-
phous Ca-carbonate NP (ACC-NP). For the preparation of both
formulations, a bioinspired translational approach was applied.
The technology, previously introduced by us, was used.[17] Dur-
ing the preparation, the pH was kept constant at 10. Usually the
ratio between solvent and solid material was 100:1.

2.1.1. Ca-polyP-Based NP

In all cells studied so far, polyP is deposited as ≈100 to 200 nm
large amorphous particles.[32,33] All polyP chain lengths within
those particles are medium-sized (≈40 phosphate units). We dis-
closed that those amorphous polyP particles can be synthesized
if the divalent cation is applied to soluble polyP, like Na-polyP, in
a super-stoichiometric ratio. The resulting particles, especially if
Ca2+ or Sr2+ is used as cation, are amorphous and have a globu-
lar morphology. Within the particles, a myriad of channels from
mesoporous components are arranged (reviewed in ref. [10]). A
view into the characteristic preparation of NP using Na-polyP
and CaCl2 as starting compounds, “Ca-polyP-NP”, with a size of
around 50 nm (53 ± 11 nm) is given in Figure 2A.
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Figure 2. Morphology of the NP used in the present study. A) “Ca-polyP-
NP,” synthesized from Na-polyP and CaCl2 as starting components; B)
“ACC-NP” formed from Na2CO3 and CaCl2; SEM.

2.1.2. ACC-NP

In contrast to Ca-carbonate particles that are formed by precipi-
tation from CaCl2•2H2O and Na2CO3 in the absence of polyP,
which are crystalline (calcite, aragonite, or vaterite), the amor-
phous polymorph of Ca-carbonate is formed if polyP, as Na-
polyP, at a concentration between 5% w/w and 10% w/w with re-
spect to Na2CO3 and CaCl2 is added to the starting compounds,
“ACC-NP.” The morphology of the particles is largely spherical
with protrusions and a size of around 30 nm (17 ± 26 nm) (Fig-
ure 2B). For the studies reported here, polyP was added to Ca-
carbonate in a concentration of 20% w/w. As documented be-
fore, the particles are largely amorphous by analyzing with X-ray
diffraction (XRD).[13]

These particles were used for the improvement of the self-
healing potency of the cement. Twomethods for application were
tested: brush application and blow spinning.

2.2. Inclusion of the Nanoparticles into Poly(methyl
methacrylate): Brush Application

The unhydrated cement, “CEM”, was mixed with water to obtain
hydrated cement which was poured into circular 30 mm molds,
as described under “Experimental Section.” After a hardening pe-
riod of 10 days (in a humid chamber) followed by an additional
1 day under room conditions, the specimens (“hCEM”)were used
for the experiments.

2.2.1. Application onto Cement

The cement blocks were treated by brushing with either
the polymer solution “PMMA” alone or with the solution
of poly(methyl methacrylate) (PMMA) supplemented with 10
w/w% “Ca-polyP/ACC-NP” (based on PMMA). The latter for-
mulation was termed “PMMA-Ca-polyP/ACC-NP.” The respec-
tive polymer solution was applied with a paint roller, using
≈0.3 mL per 700 mm2 of cement area. After drying for 60 min,
the samples were inspected by environmental scanning elec-
tron microscope (ESEM) (Figure 3). The surface of the un-
treated cement sample “hCEM” showed the characteristic mor-
phology of the hardened cement paste[34] with several crys-
talline structures (Figure 3A–C), including the flaky, flat-jagged
calcium silicate hydrate (C-S-H) crystals and ettringite nee-
dles. In contrast, the surfaces of the cement samples coated
with “PMMA” were smooth (Figure 3D,E) and showed only
at the margins of the covering cement (Figure 3F). Supple-

mentation of PMMA with the “Ca-polyP/ACC-NP” nanoparti-
cles and a subsequent application of the obtained “PMMA-
Ca-polyP/ACC-NP” solution onto the cement also provided a
continuous layer which, however, showed the exposed nanopar-
ticles (Figure 3G–I).
The depth of the penetration of the PMMA samples into the

cement was assessed by electron microscopic (ESEM) inspec-
tion (Figure 4). The three different cement samples remained ei-
ther untreated or were treated with the two PMMA formulations.
In the absence of any treatment, no polymer was detected (Fig-
ure 4A,B).However, in the cement samples treatedwith “PMMA”
(Figure 4C,D) or “PMMA-Ca-polyP/ACC-NP” (Figure 4E,F), an
organic infiltration of ≈50 µm from the surface into the cement
could be discerned.

2.2.2. Dissolution of the PMMA Layer onto Cement

The durability of the PMMA layer onto the cement was deter-
mined before and after immersion of the samples into tap wa-
ter for 2 days (Figure 5). The surface structure of the untreated
“hCEM” samples with its crystal composition is shown in Fig-
ure 5A–C. After brush application of “PMMA-Ca-polyP/ACC-NP”
to the cement samples, an almost continuous layer can be ob-
served (Figure 5D–F). If those samples are submersed into water
for 2 days (room temperature), large patches of ≈30 µm within
the PMMA layer open and expose the cement substratum (Fig-
ure 5G–I).

2.2.3. Self-Healing of Microcracks after “PMMA-Ca-polyP/ACC-NP”
Application

Microcracks were introduced into “hCEM” after an aging pe-
riod of 10 days by five consecutive freezing–thawing cycles.
The microcracks introduced by this technique range within
≈15 and ≈58 µm in diameter. Those microcracks are charac-
teristic initial damages, especially occurring in cultural heritage
monuments,[35] the targets of our study.
After drying, those cement specimens remained either un-

treated or were treated with “PMMA” or “PMMA-Ca-polyP/ACC-
NP” by brushing. After evaporation of the solvent the samples,
cement blocks were submersed into water until its level reached
3 mm below the top edge of the blocks. The samples remained
under those conditions for 10 days prior to microscopic inspec-
tion. Representative images are shown in Figure 6. They show
that in the control assays, not treated with PMMA/polyP, the
cracks do not show any process of self-healing (Figure 6A,B). The
cracks are still bordered by sharp edges which frame the fissures.
The cement samples which were covered with “PMMA” and then
incubated for 10 days in a moist environment show first signs of
self-healing after 10 days (Figure 6C,D). Within some areas of the
cracks, newly formedmaterial protrude into the crack space. This
process is strongly accelerated if the cracks were overlayed with
“PMMA-Ca-polyP/ACC-NP.” In those samples, initially, almost
the complete rays of cracks show or even complete closure of the
cracks with newly deposited mineralic material (Figure 6E,F). At
a higher magnification, it becomes apparent that the lately intro-
duced globular particles are uniform and measure about 800 nm
(Figure 6G,H).
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Figure 3. Surface morphology of the cement samples, “hCEM”, which remained either A–C) uncovered or covered with D–F) “PMMA” or with G–I)
“PMMA-Ca-polyP/ACC-NP”; ESEM. At the margins (F), the bare cement (cem) is occasionally seen below the polymer. The surfaces of the polymer
(PMMA)-covered cement samples are smooth; if the polymer is supplemented with the polyP nanoparticles (> <), these particles are seen to protrude
from the smooth surfaces.

Figure 4. Assessment of the penetration depth of PMMA into the cement
samples. Cement specimens were broken and the breaking edges were
inspected by ESEM. In the untreated cement samples (A,B), no polymer
infiltration could be seen. In contrast, if C,D) “PMMA” or E,F) “PMMA-Ca-
polyP/ACC-NP” samples were studied, a penetration of the polymer into
the cement by ≈50 µm could be discerned. A separation line (broken line)
between the PMMA (PMMA) layer and the cement (cem) is given.

Preliminary determinations by energy-dispersive X-ray
spectroscopy revealed a Ca, C, and P rich solid mineral-like
deposition (preliminary results). Those particles are reminis-
cent of the nanoparticles added to the PMMA. In addition to
the nanoparticle-like deposits, crystal structures are also seen
(Figure 7) that appear to be ettringite[36] or calcite.[37]

2.2.4. Effect of the PMMA-Based polyP Coating on the Mechanical
Properties of the Cement

The hydrated cement samples, after hardening, were used for
coating with PMMA, supplemented with polyP. The cement
blocks were brushed only with the solvent, chloroform, or with
“PMMA” or “PMMA-Ca-polyP/ACC-NP” as described under
“Experimental Section.” After evaporation of the solvent, the
samples were subjected to nanoindentation using a Berkovich
diamond indenter to determine their mechanical surface prop-
erties. The respective load-displacement curves are given in
Figure 8A.
The curve load versus indentation depth (in nm) for the con-

trol cement sample, “hCEM”, and the two coated sample series
“PMMA” and “PMMA-Ca-polyP/ACC-NP” were calculated with
respect to the Martens hardness (HM) and the Young’s mod-
ulus (Er) using the Nano-Test Platform software package. The
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Figure 5. Susceptibility of the PMMA layer onto cement blocks toward water. The “hCEM” blocks were prepared and the cement remained either
unprocessed (A–C) or was subsequently coated with “PMMA-Ca-polyP/ACC-NP” (D–I). C,F,I) ESEM and A,B,D,E,G,H) light microscopy. The samples
were inspected either A–F) immediately (1 h) after coating or G–I) were submersed in water for 2 days. In the latter specimens, the continuous PMMA
layer (PMMA) ruptures and allows the exposure of the cement (cem) cushion.

non-coated “hCEM” shows often a non-linear increment of the
curve during the loading phase (Figure 8A, solid line). This prop-
erty is attributed to the occurrence of (micro-) cracks, which are
created during the loading phase. When the maximal load of ≈6
mN is reached, the curve has a creep of around 80 nm. During
unloading, a small and incomplete recovery is detectable. The val-
ues measured for the cement control are 0.24± 0.12 GPa for HM
and 10.26 ± 4.47 GPa for Er. The coating with the “PMMA” solu-
tion containing only the polymer causes a significant decrease of
both the surface hardness as well as the reduced Young’s modu-
lus (Figure 8A, dashed line). The maximal load needed to attain
the indentation depth is ≈4 mN, considerably lower if compared
to the untreated cement control. However, the ascending curve
during loading reflects a smooth continuous increment without
discontinuities. At the maximal load, again, a creep phase is
detectable. Here, the extent of creep is with 210 nm, more than
twice as much higher than the one measured for “hCEM”. Upon
unloading, a distinct recovery phase is seen, which comprises
almost the complete deformation observed during the holding
period. These properties are also reflected by themeasured values
for HM (0.15 ± 0.026 GPa) and Er (5.32 ± 0.68 GPa) and indicate
that a treatment with PMMA results in a reduction of the surface
hardness which is paralleled with an increased surface elasticity.
The load/displacement curve for the cement coated with

“PMMA-Ca-polyP/ACC-NP” shows a considerably different be-

havior (Figure 8A, dotted line) in comparison to “hCEM” and
the “PMMA” coated cement. Here, a load of ≈8 mN is needed
to reach the indentation depth of 1 µm. This is twice as much
as that needed for the “PMMA” coated sample and one-third
more than for the untreated cement control. The ascending
curve is straight and without any discontinuities. After reach-
ing the maximum load, a distinct creep phase is detected. The
creep is comparable to the one measured for the “PMMA”
coated sample and with ≈220 nm, again significantly higher
than the one measured for the untreated cement control. The
recovery phase upon unloading comprises almost the complete
deformation range observed during the creep phase. The step
within the curve, which is documented at the end of the re-
covery phase is most likely due to the building up of a strain
incident causing a detaching of the diamond indenter. For the
“PMMA-Ca-polyP/ACC-NP”-coated sample, the curve character-
istics are 0.25 ± 0.1 GPa (HM) and 7.81 ± 2.22 GPa (Er).
Taken together, addition of “Ca-polyP/ACC-NP” to the PMMA
polymer ends up in a more rigid coating which mimics the
surface hardness of unmodified cement. The measured HM
values for the unmodified cement control “hCEM” as well as
the “PMMA-Ca-polyP/ACC-NP”-coated sample are matching.
Additionally, the coating with “PMMA-Ca-polyP/ACC-NP” re-
sults in a higher surface elasticity if compared to the cement
control.
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Figure 6. Closure of microcracks, introduced into “hCEM.” The hardened
cement paste samples remained either A,B) untreated as “hCEM”, or were
overlayed with C,D) “PMMA” or with E–H) “PMMA-Ca-polyP/ACC-NP” by
brushing the polymer onto the surfaces. After evaporation of the solvent,
the cement specimens were incubated in a humid chamber for 10 days.
While in the untreated cement (A,B) no signs of self-healing are seen,
self-healing (sh) deposits, in their initial phase, could be visualized in the
“PMMA” (C,D) and, in an extensivemanner, in the “PMMA-Ca-polyP/ACC-
NP” (E–H) coated samples. The cracks are highlighted (> <).

Figure 7. Crystal structures (crys) within the deposits formed during the
self-healing within the microcracks treated with “PMMA-Ca-polyP/ACC-
NP” polymer solution; ESEM. The crystal structures have a morphology
similar to ettringite or also calcite.

2.3. Application of the Nanoparticles/PMMA by Blow Spinning

The blow spinning technology is suitable to overlay nano- as
well as micro-composites with organic polymer-based materials,
like polyvinylidene fluoride[38] or—like in the present study—
PMMA.

2.3.1. Surface Coating

In a second approach, the cement blocks were coated by blow
spinning with the mentioned polymer formulations in chloro-
form. The polymer formulations were loaded into the reservoir
and then sprayed onto the cement material, as described un-
der “Experimental Section.” A scheme of the process is given
in Figure 9C. The dissolved PMMA in the spray gun, which
has—where mentioned—been supplemented with the nanopar-
ticles, was sputtered out of the nozzle (Figure 9A) with high
pressure onto the cement. In those experiments, the polymer
solidified within 40 s, and if “PMMA-Ca-polyP/ACC-NP” is
used, the nanoparticles are formed in close association with
the PMMA fibers (Figure 9B). As sketched in Figure 9C (lower
panel), hydrolysis of the polyP via the enzyme ALP from bacteria
settling on the cement surface results in the dissolution of the
particles and finally the formation of calcite crystals (Figure 9E;
for comparison, the non-treated cement surface is shown in
Figure 9D) (see under Section 3).

2.3.2. Association of the PMMA-Based Blown Polymer Layer on the
Cement Surface

If the PMMA polymer, administered as “PMMA” or as “PMMA-
Ca-polyP/ACC-NP,” is blown as unstable droplets onto the ce-
ment surface (Figure 10A,B), fibers of the polymer developed af-
ter the evaporation of the solvent are seen onto the cement (Fig-
ure 10C,D). Those fibers are associated with the polyP nanopar-
ticles if “PMMA-Ca-polyP/ACC-NP” is used (Figure 10E,F). If
those cement blocks are submersed into water for 2 days, those
fibers disintegrate and liberate a tightly attached polymer coat
onto the surface of the cement (Figure 10G,H).

2.4. Supplementation of Biodentine (bone grafting material)
with polyP

The silicate–carbonate cement for biomedical application, “BD,”
was processed without polyP or with either 0.5% wt/wt Na-polyP
or 0.5% wt/wt “Ca-polyP-NP” and then subjected for analysis.

2.4.1. Morphology of the Surface

The surface of the untreated “BD” showed a coarse appearance
(Figure 11A–C). Addition of Na-polyP, prior to the hardening
with Ca-chloride solution, results in a much smoother surface of
the “BD-Na-polyP” cement and hardly leaves open coarse crystal-
like particles (Figure 11D–F). Even smoother is the surface of the
“BD-Ca-polyP-NP” (Figure 11G–I). A closer inspection of the sur-
face texture shows a dense and velvet-like character filled with
densely arranged nanoparticles.
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Figure 8. Characteristic load-displacement curves from indentation experiments with A) cement and B,C) the calcium silicate cement [Ca-Si-CEM]
(Biodentine), directly 1 h after mixing, or after an aging of 3 days, respectively. A) The cement samples remained either uncoated (“hCEM”) (solid line)
or were coated with “PMMA” (broken line) or with “PMMA-Ca-polyP/ACC-NP” (dotted line). B,C) The biodentine samples were either untreated (“BD”)
(solid line) or were supplemented with Na-polyP (“BD-Na-polyP”) (broken line) or with Ca-polyP-NP (“BD-Ca-polyP-NP”) (dotted line).

2.4.2. Mechanical Properties

The nanoindentationmeasurements were performed as outlined
under “Experimental Section.” In Figures 8B (measurement
after 1 h) and 8C (3 days), representative load/displacement
curves for the three different specimens “BD,” “BD-Na-polyP,”
and “BD-Ca-polyP-NP” are shown. Since the material hardens
with time, two time points have been selected for the determina-
tions: 1 h after completion of the mixing of the components and
3 days later.
One hour after preparation (Figure 8B), the controls, “BD,”

show a slightly fluttering curve progression during the loading
phase. We attribute this progression to the occurrence of (micro-)
cracks upon loading. When the maximal load of ≈7.5 mN is
reached, the curve shows a creep behavior of ≈100 nm. During
unloading, a small and incomplete recovery phase of ≈200 nm
is detectable. The measured values for the “BD” control are
0.29 ± 0.15 GPa for HM and 15.19 ± 5.03 GPa for Er, respectively
(Figure 8B, solid line). Addition of Na-polyP to the cement,
“BD-Na-polyP”, results in a slight decrease of both the surface
hardness as well as the reduced Young’s modulus (Figure 8B,
dashed line). The maximal load needed to attain the indentation
depth is with ≈6.4 mN, significantly lower if compared to the
control. At a maximal load, a creep phase showing an almost
identical progression as in the control is measured. Upon
unloading, a distinct recovery phase of again nearly 200 nm is
visible. The described observations are also reflected by the mea-
sured values for HM (0.26± 0.16 GPa) and Er (13.79± 7.22 GPa).
These data imply that an inclusion of Na-polyP into the cement
leads to a decreased surface hardness together with an increased
surface elasticity. The modified biodentine is thus slightly softer
but simultaneously more elastic than the original material. The
general courses of the load/displacement curves are almost
identical to each other. In contrast to “BD-Na-polyP”, biodentine
supplemented with Ca-polyP NP, for “BD-Ca-polyP-NP”, the
respective curve reflects a considerably higher needed load of
almost 12.5 mN to reach the indentation depth of 1 µm. After
reaching the maximum load, a distinct creep phase occurs which
is with ≈70 nm significantly lower than those determined for
the other two samples. Furthermore, the recovery phase upon
unloading is again with >300 nm, much more pronounced.

For the “BD-Ca-polyP-NP” specimen, the key parameters are
0.49 ± 0.21 GPa (HM) and 19.27 ± 6.87 GPa (Er). In turn,
addition of “Ca-polyP-NP” to biodentine causes an increase of
the mechanical properties of biodentine, since this material
shows a higher surface hardness and also a higher stiffness
compared to the unmodified biodentine cement.
The measurements after 3 days (Figure 8C): Under those con-

ditions, a significant increase of the parameters HM and Er is
measured. With respect to the biodentine control, the hardness
increases to >300% (HM: 0.9 ± 0.24 GPa and for the Er to
32.48 ± 8.5 GPa); simultaneously, a higher indentation depth
with a load of 22.5mN is also determined. For the “BD-Na-polyP”
cement, theHM increases to 0.73± 0.16 GPa, while concurrently
the Er increases to 25.02 ± 7.94 GPa. A load of ≈18.75 mN is
needed to reach the chosen indentation depth. In comparison
to the characteristics measured immediately (1 h) after mixing
of the components, after a 3-day hardening period, the “BD-Na-
polyP” cement is slightly softer and more elastic compared to the
untreated control. Finally, the “BD-Ca-polyP-NP” sample has a
higher HM (0.92 ± 0.16 GPa; +188%) and likewise also a higher
Er with 32.29 ± 7.06 GPa. For this sample, a load of ≈21.25 mN
is needed to achieve the present indentation depth. These data
show that the “BD-Ca-polyP-NP” specimen does not change the
mechanical properties asmuch as seen in comparison to “BD-Na-
polyP.” Taken together, the control material after an aging time of
3 days is considerably harder and stiffer compared to the polyP
supplemented cement samples (“BD-Na-polyP”; “BD-Ca-polyP-
NP”) at the beginning of the hardening period.

3. Discussion

The role of cement for construction and also reconstitution of
buildings is different from the function of cement in oral dental
care and hygiene. This latter objective is also applicable for
reconstitution and regeneration of bone in general. In the first
case, application as construction material, it is paramount that
the cement acts and meets not only the mechanical constraints
but—in the long run—also the inherent need of self-healing.
In the latter scenario, the cement needs to act as a biogenic,
biocompatible, and regeneratively active material, allowing a
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Figure 9. Schematic set-up of the blow spinning airbrush device. A) The
airbrush with the spray gun and the shooted out PMMA-based polymer
that has been used for surface coating. B) Polymer fibers with the associ-
ated nanoparticles (np). C) Upper panel: Airbrush consisting of the spray
gun connected to the dispenser and the 0.5 mm nozzle spraying “PMMA-
Ca-polyP/ACC-NP” or “PMMA” onto the cement “hCEM”with the surface-
associated cracks. The cracks become filled with PMMA and nanoparticles
(np). lower panel: On the cement surface the bacteria, via ALP, enzymat-
ically hydrolyze polyP followed by the dissolution of the particles. Subse-
quently, the released ACC undergoes crystallization (cryst) to calcite. D)
Cement (“hCEM”) surface. E) Cement surface coated with “PMMA-Ca-
polyP/ACC-NP” which gives rise to calcite-based crystals (crys).

self-repair of bone. In the present study, polyP was either added
as a water-soluble Na-polyP salt or as water insoluble, but serum
dissolvable,[39] Ca-polyP nanoparticles. During both remedia-
tion processes (construction/reconstitution of buildings and
dental/bone repair), two biological players are required: bacteria
and, only in the latter case, biological body fluids. A similar
approach has been proposed earlier by showing that microbial
calcite precipitation contributes to remediation of surfaces and
subsurfaces of porous media.[40] The inclusion of bacteria into
cement construction material, termed biocementation, has been
extensively stressed by the group of Cabalar.[41]

Focusing on the role of cement as construction or conserva-
tion/repair material for buildings, it is shown that especially the
cement components used for present-day buildings suffer from
the lack of a self-healing property. This holds true particularly for

Figure 10. Blowing of the PMMA-polymer onto the cement, using the air-
brush device; ESEM. A,B) Untreated cement surface. Surface of a cement
block ontowhich either C,D) “PMMA” or E,F) “PMMA-Ca-polyP/ACC-NP”,
containing the nanoparticles (np) has been administered with the spray
gun; view at day 0. G,H) Surface of a “PMMA-Ca-polyP/ACC-NP”-coated
cement (cem) sample after submersion into water for 2 days. The polymer
is seen as a tightly attached film onto the cement (PMMA–cem).

monuments/buildings that have been built afterWorldWar II.[42]

As outlined in Section 1, one difference between more recent
buildings and antique constructions (Figure 1) is that the more
recent cements have a lower content of Ca-carbonate/phosphate.
In the present study, we applied PMMA, a proven coating
material,[43] as a vehicle and introduced it together with a com-
bination of amorphous Ca-polyP nanoparticles, “Ca-polyP-NP”,
and polyP-stabilized amorphous Ca-carbonate, “ACC-NP”, as
essential components for the coating of cement, providing this
binder with self-healing properties. A scheme, summarizing the
function of the polyP-stabilized ACC nanoparticles, “ACC-NP”,
present in “PMMA-Ca-polyP/ACC-NP” formulation is sketched
in Figure 12. The particles combine the three cornerstones for a
successful self-healing of crackedmaterials: polyP, Ca-carbonate,
and the presence of this components as amorphous NP. The
authors are aware that in this study comparably small micro-
cracks have been targeted. Such small cracks are, however,
imperative initiators for larger defects, especially in historic
monuments that lack any iron/steel reinforcement.[44] The
introduced innovative material “PMMA-Ca-polyP/ACC-NP”
relies on the inherent self-healing activity of its components,
amorphous Ca-carbonate (ACC) and polyP; the processing of
these components is dependent on the presence of the bacteria
which are ubiquitously found in large quantities both in the air
and in the aqueous milieu,[45] as well as on cement surfaces.[46]
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Figure 11. Surface morphology of biodentine cement. The material remained A–C) non-supplemented, “BD”, or was mixed with D–F) Na-polyP, “BD-
Na-polyP”, or with G–I) Ca-polyP-NP, “BD-Ca-polyP-NP”; ESEM.

Figure 12. Scheme showing the role of the polyP-stabilized ACC nanoparticles, “ACC-NP” in delayed carbonation of cement. In the absence of polyP,
the amorphous phase of Ca-carbonate, ACC, is readily converted to the more stable crystalline phases, vaterite and aragonite, and finally calcite (“direct
carbonation”). The function of polyP in stabilizing the amorphous particles “ACC-NP” is abolished after enzymatic hydrolysis of polyP by the ALP enzyme
present on the surface of bacteria, resulting in a delayed formation of calcite crystals on the cement surface (“delayed carbonation”). Ca-carbonate can
also be formed via the bacterial carbonic anhydrase.

3.1. Amorphous Ca-Carbonate

ACC is the precursor and the starting component during crys-
tallinic calcite, aragonite, and vaterite formation, which initiates,
supports, and accelerates carbonation of cement, also in bio-
logical systems.[25,26] In the particles used for the experiments
reported here, ACC has been encapsulated in a polyP scaffold
which stabilizes ACC, the amorphous phase of Ca-carbonate.[13]

This role of polyP is abolished after enzymatic hydrolysis of
polyP via the ALP, an enzyme that is present on the surface
of bacteria.[47,48] In the absence of polyP, ACC is readily trans-
formed along the thermodynamic route to calcite, the final sta-

bilizing crystals in the cement:[49] “direct carbonation.” As out-
lined in Figure 12, the process of ACC-NP-driven calcite forma-
tion/carbonation is termed “delayed carbonation. In addition, the
introduction of ACC to the cement system allows a substitution
of the Ca-carbonate which is fabricated by the bacterial carbonic
anhydrase.[50]

3.2. Polyphosphate

It might be stressed that polyP is also a product from bacte-
ria and serves as a single molecule as an accelerator of cement
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self-healing.[19] In addition, as reported previously, the or-
thophosphate produced during enzymatic degradation of the
polymeric polyP, both from the amorphous Ca-polyP NP
and, as introduced here, the ACC-NP, by the ALP from
bacteria residing on the cement/crack surfaces, can pre-
cipitate as Ca-phosphate,[19] a process that will addition-
ally contribute to the self-healing of cracks occurring in
concrete.
It is indicative that the polyP-based nanoparticles, “Ca-

polyP/ACC-NP,” if applied on the surface of construction cement
increase the rigidity of the treated area to a value that matches
the characteristics of the adjacent (untreated) cement. Thereby,
the polyP-enriched PMMA, “PMMA-Ca-polyP/ACC-NP”, com-
pensates for the transitional reduction of the hardness measured
for PMMA alone.
These data imply that the “PMMA-Ca-polyP/ACC-NP” coating

solution containing “Ca-polyP/ACC-NP” particles can serve as a
novel bioinspired or bioimitating material with self-healing po-
tential for the reconstruction/repair of buildings, in particular
micro-cracks occurring in historic monuments. If applied to the
cement, both by brushing or by blow spinning, the PMMA poly-
mermixed with “Ca-polyP/ACC-NP” shows a considerable power
to become integrated into the cement. The data suggest that the
polyP-based supplement contributes to an increased calcite for-
mation, which is conceivable.
As an example for cement applicable in oral dental care and

hygiene, the biodentine was used in the present study. Thismate-
rial readily allows the integration of the polyP polymer, especially
of the soluble Na-polyP salt (as “BD-Na-polyP”) and—to a lesser
extent—of “Ca-polyP-NP” (as “BD-Ca-polyP-NP”). Both polyP
formulations smoothen the surfaces of the calcium-silicate-
based biodentine material. In the series with Ca-polyP NP, the
surface coat of the biomedical cement even exposes nanopar-
ticles. The determination of the biomechanical properties of
biodentine revealed that addition of polyP, as soluble Na-polyP,
results in a slightly softer and simultaneously more elastic
material compared to the untreated control and especially to
the Ca-polyP-NP supplemented Ca2+/silicate biodentine which
has an almost twofold higher hardness than the control. This
property is seen almost immediately after mixing of the starting
components, after 1 h. After 3 days, the surface hardness and the
stiffness of the control without polyP significantly increase. At
this point, however, the initial increase in these properties of the
Ca-polyP-NP supplemented biodentine with respect to the con-
trol is no longer observed, and more importantly, the decrease
in surface hardness and the increase in surface elasticity of the
Na-polyP supplemented biodentine is even more pronounced
compared to the control than shortly after the mixing of the
components. This property reflects a hybrid-like formation
between the coarse calcium-silicate-based cement particles and
the nanosized polymer polyP. Recently, a migration of Ca2+

between polyP and Ca-rich crystals, similar to biodentine (rich
in tricalcium silicate and Ca-carbonate[29]), has been described
for the two components Na-polyP and hydroxyapatite.[31] The
new material properties of the polyP supplemented Ca2+/silicate
biodentine material to be slightly less hard and simultaneously
more elastic appear to be favorable for bone and teeth implants
in order to avoid brittleness.[51]

4. Conclusion

Cements, both for construction ofmonuments/buildings and for
biomedical applications, especially in the oral dental field, are
based on the same phases, tricalcium silicate, dicalcium silicate,
ferrite, and sulfate. Portland cement contains in addition trical-
cium aluminate. In parallel, biodentine used for medical appli-
cation and a similarly composed construction cement were stud-
ied. It was found that the hardening and the flexibility of these
materials are initiated and subsequently maintained by a rapid
growth of C-S-H (calcium-silicate-hydrate) as well as by the for-
mation of calcite. The new data summarized here broaden and
supplement our previous findings that addition of amorphous
Ca-carbonate together with polyP nanoparticles accelerates the
self-healing potential both of construction cement and of cement
for bio-medical applications. The application and addition of the
polyP-based particles to the differently directed cement formu-
lations improve the self-healing potency of construction cement
and also the stability of cement used as implant material for bone
and dental applications.

5. Experimental Section
Materials: Na-polyphosphate (Na-polyP) with an average chain length

of 40 phosphate units was purchased from Chemische Fabrik Budenheim
(Budenheim; Germany). Portland cement, CEM I 42.5 R, was a gift of
HeidelbergCement AG (Mainz, Germany—Dr. Ulrich Schneider). Analy-
sis of the batch used (LN 43308/001) revealed the following composition:
Ca3SiO5, 𝛼-Ca2SiO4, 𝛽-Ca2SiO4, aluminate [Ca3Al2O6], calcium alumino-
ferrite [Ca2(Al,Fe)2O5], K2SO4, MgO, CaO, Ca(OH)2, CaSO4, CaSO4•0.5
H2O, CaCO3, SiO2, and CaMg(CO3)2. The percentage distribution of the
components has been given earlier.[19] Biodentine was purchased from
Septodont GmbH (Niederkassel, Germany).

Preparation of the Nanoparticles: Amorphous Ca-polyP Nanoparticles:
The Ca-polyP (Ca-polyphosphate) nanoparticles were prepared as de-
scribed before.[19].

Preparation of the Nanoparticles: Amorphous Calcium Carbonate
Nanoparticles: The particles were prepared as outlined before.[13]

The particles were collected, washed with acetone, and dried at room
temperature; “Ca-polyP/ACC-NP.”

Preparation of Cement Samples: The unhydrated cement was termed
“CEM.” A sample of 100 g was supplemented with 38 g of distilled wa-
ter and mixed thoroughly. During the blending period, the temperature
increased slightly to ≈28 °C.

The cement samples were prepared either in 30 mm circular plastic
molds (thickness of the layers: 10 mm) or in 15 mmmolds (height: 8 mm)
and allowed to harden for 10 days prior to analysis; during this period,
the specimens remained in a humidity chamber (humidity: ≈20 g m−3) at
room temperature (20 °C). Then, the samples were transferred to room
humidity (at 20 °C) for 1 day and used for the experiments. The hardened
cement paste was termed “hCEM.”

Formulation of the PMMA-Based and polyP-Supplemented Cement
Coating Solution: The acrylic glass PMMA (5 w/v%) (#182265;
Sigma-Aldrich) was dissolved in chloroform (#A3633; AppliChem,
Darmstadt; Germany) at 50 °C under stirring for 2 h. This solution was
termed “PMMA.”

In parallel, the “PMMA” solution was supplemented with 10 w/w%
“Ca-polyP/ACC-NP” (based on PMMA) and ultrasonicated in a water bath
(Grant Instruments, Cambridge; UK) at room temperature; “PMMA-Ca-
polyP/ACC-NP.”

Application of “PMMA” or of “PMMA-Ca-polyP/ACC-NP”: Brush Coat-
ing: The processed and hardened cement samples were coated with ei-
ther “PMMA” or “PMMA-Ca-polyP/ACC-NP” using a 30 mm wide paint
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roller–texture roller (Huawei Paint Brush, Beijiao; China). Approximately
0.3 mL of the material was applied onto the 700 mm2 cement area.

In order to study the durability of the homogeneous PMMA layer, the
“PMMA” treated cement specimens were submersed in tap water for
2 days and then inspected microscopically.

Application of “PMMA” or of “PMMA-Ca-polyP/ACC-NP”: Blow Spinning:
The “PMMA” or the “PMMA-Ca-polyP/ACC-NP” solution was loaded to a
Timbertech Airbrush (Airgoo Pneumatic, Emmen, The Netherlands) with
a diameter of the nozzle of 0.5 mm. The dispenser was connected with an
ABPST05 compressor, combined with an air pressure regulator gauge and
a water trap filter. The respective solutions were sprayed at a distance of
10 cm onto a round-shaped substrate (cement or glass microscope slide)
as outlined.[38,52] An area of 6.75 cm2 was sprayed for 2 min with 2 mL
of the respective solution to completely cover the surface. The samples
were kept at room temperature overnight to allow evaporation of residual
solvent.

Microcrack Formation and Self-Healing Analysis: Microcracks were
introduced into “hCEM” (after an aging of 10 days) by freezing–thawing
cycles of −80 °C (for 60 min) to +60 °C (60 min), separated by short
submersion steps. Five cycles were applied.[19] The sizes of the microc-
racks, introduced by freezing–thawing cycles, varied within the range ≈15
and ≈58 µm (average: 44 ± 13 µm; 25 independent determinations). The
dimensions have been determined by using the “Celleste Image Analysis
Software” (Thermo Fisher Scientific, Dreieich, Germany).

Subsequently, the samples remained submersed in water whose level
reached 3 mm below the top edge of the blocks. The samples re-
mained like this for 10 days prior to microscopic inspection and further
analyses.

Determination of theMechanical Properties: Themechanical properties
of the coated as well as the non-coated cement samples were determined
by using the nanoindenter system from NanoTest Vantage (Micro Mate-
rials Ltd, Wrexham, UK) equipped with a Berkovich diamond indenter.[53]

This device allows a continuous depth-sensing nanoindentation. For each
sample, at least 50 independent indentation determinations were per-
formed. The following conditions were applied: temperature 25 °C, max-
imum depth limit 1 µm, loading/unloading rate 0.3 mN s−1, as well as
a holding period at maximum load for 30 s. The distance between two
adjacent indents was at least 30 µm. Based on the measured raw data,
the Martens hardness (HM) as well as the reduced Young’s modulus (Er)
were calculated according to the described procedure.[53] All calculations
were performed with the Nano-Test Platform Four V.40.08 software pack-
age (Micro Materials Ltd). The data was recorded at a continuous record-
ing frequency of 50 Hz using the Emperor XT Force software (Mecmesin,
Slinfold, Horsham; UK). A force of 0.5 N was found to be suitable to de-
termine the compressive strength during the measurements.

Biodentine and the polyP Supplementation: Biodentine (BD) ismade of
two different components, first a powder, composed of tricalcium silicate
and dicalcium silicate as core material, and second calcium carbonate and
oxide as filler.[30] The cement material was hardened with a Ca-chloride
solution as a “setting agent,” as described in the Instructions. Usually, the
setting time was 12 min; “BD.” The determinations were performed with
the Gillmore Needle Apparatus (Gilson Germany, Limburg-Offheim).

In parallel series, Na-polyP or “Ca-polyP-NP” in a concentration of 0.5%
wt/wt based on the dry weight was added to the powder. After crushing for
5 min (pestle/mortar), a homogeneous solid mixture was obtained that
was hardened with the Ca-chloride solution in a Teflon mold (diameter of
3 mm; thickness of 10 mm). The obtained biodentine disks were then air-
dried for 1 day or longer as mentioned in the experiments, and then used
for the studies; “BD-Na-polyP” or “BD-Ca-polyP-NP.”

Microscopic Analyses: The electron microscopic images were obtained
either with a scanning electron microscope, a HITACHI SU8000 electron
microscope (Hitachi, Krefeld, Germany), or with an ESEM, using an ESEM
XL-30 apparatus (Philips, Eindhoven, Netherlands), as described.[54] Light
microscopical images were taken with a VHX-600 Digital Microscope from
Keyence (Neu-Isenburg; Germany).

Statistical Analysis: After finding that the values follow a standard nor-
mal Gaussian distribution, the results were statistically evaluated using
the paired Student’s t-test.[55]
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