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Medical treatment options for bones and teeth can be
significantly enhanced by taking control over the crystallization
of biomaterials like hydroxyapatite in the healing process.
Light-induced techniques are particularly interesting for this
approach as they offer tremendous accuracy in spatial
resolution. However, in the field of calcium phosphates, light-
induced crystallization has not been investigated so far. Here,
proof of principle is established to successfully induce
carbonate-hydroxyapatite precipitation by light irradiation.
Phosphoric acid is released by a photolabile molecule exclu-
sively after irradiation, combining with calcium ions to form a
calcium phosphate in the crystallization medium. 4-Nitrophenyl-

phosphate (4NPP) is established as the photolabile molecule
and the system is optimized and fully characterized. A calcium
phosphate is crystallized exclusively by irradiation in aqueous
solution and identified as carbonate apatite. Control over the
localization and stabilization of the carbonate apatite is
achieved by a pulsed laser, triggering precipitation in calcium
and 4NPP-containing gel matrices. The results of this communi-
cation open up a wide range of new opportunities, both in the
field of chemistry for more sophisticated reaction control in
localized crystallization processes and in the field of medicine
for enhanced treatment of calcium phosphate containing
biomaterials.

Introduction

Living organisms, including humans, produce inorganic sub-
stances in the so-called biomineralization process, which has
enabled an immense development in evolution.[1] Biominerals
are produced to harden and stiffen tissues and are therefore
used for various crucial roles, such as mechanical support and
protection. Hydroxyapatite is the most prevalent biomineral in
humans as it is the main component of human bones and
teeth.[2] In today’s medicine, huge efforts are made to

reconstruct bone defects. A vision for the future would be
printing the personalized needed structure directly in the
doctor’s practice. Until now, prefabricated titanium implants are
the method of choice due to their good corrosion resistance.
Nevertheless, current studies prove that even titanium implants
corrode in the body over time and the long-term influences of
titanium ions are not fully understood yet.[3] An alternative
implant material is polyether ether ketone (PEEK). The mechan-
ical properties of PEEK are very similar to the ones of the bone,
making it a potentially ideal implant material, however, it is
entirely bio-inert and functionalization has to be performed for
a successful osseointegration.[4] After implantation osseointegra-
tion of the implant must take place but the process is time-
consuming and also not always successful; highlighting the
need for further research in surface coatings.[4b] Besides metal
implants, body-like materials can be used as implants. Calcium-
deficient hydroxyapatite was reported as a compatible
biomaterial.[5] However, large structures of foreign materials
have to be implanted. A patient tailored implant of a smaller
scale is desired. So far, personalized calcium phosphate im-
plants are only accessible via a detour through cells, and a new
technique to fabricate them with higher resolution is needed.[6]

Here, we want to present a proof of principle to locally
precipitate calcium phosphate by light irradiation. The use of
light is especially suitable for this approach as the resolution of
structures written by light is only depending on the wavelength
λ of the light which is, without light scattering, on the
nanometer to micrometer scale. This is a resolution being
potentially by far higher than already known printing
mechanisms.[7] Light-induced crystallization is already known in
literature for calcium carbonate precipitation using ketoprofene
as a photoinitiator for carbonate release.[8]
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Results and Discussion

We have extended the approach from calcium carbonate to
calcium phosphate using 4-Nitrophenylphosphate (4NPP) as the
photolabile molecule releasing phosphate ions to precipitate
calcium phosphate species in homogeneous solution as well as
localized in a gel matrix (Scheme 1A).[9] The first proof of
principle for precipitation was achieved in aqueous solution.
4NPP was dissolved besides Ca2+ from CaCl2, and irradiated
with UV light. This mechanism is shown in Scheme 1B leading
to the release of free phosphoric acid/free phosphate ions. This
effect is also visible in the significant drop in the pH value after
irradiation (Figure 1, Supporting Information). Subsequently, the
calcium ions precipitate in the presence of free phosphate as
low-soluble calcium phosphate. The splitting process of 4NPP
was analyzed via UV/Vis absorption spectroscopy. During kinetic
experiments, a decrease of the absorption band at 312 nm
occurs referring to the starting material 4NPP.[10] Additionally,
an increase in the absorption band at 405 nm arises referring to
the absorption band of the photo-byproduct 4-Nitrophenolate
(4NP).[10a,c] This splitting was also confirmed by the 13C- and 31P-
NMR spectra (Figure 2, Supporting Information). In accordance
with the literature, the splitting reaction follows an exponential
decay of a first-order reaction as seen in Figure 3A (Supporting
Information).[11] With the data of the kinetic UV/Vis study, the
photoreaction quantum yield of the splitting reaction was
calculated to be 2% (Figure 4B, Supporting Information).

Having a closer look at both NMR spectra, after irradiation
all signals of the non-irradiated spectrum are still present,
suggesting that starting material has remained. Nonetheless,
after irradiation in each NMR spectrum, one new signal has
appeared. In the 31P spectrum, the signal at 0.20 ppm refers to
the free phosphate ion, whereas the appearing signal at
168.28 ppm in the 13C spectrum refers to the emerging hydroxyl
surrounding of the 4NP moiety after separation of the
phosphate (Table 1, Supporting Information).[12] These findings,
as well as the quantum yield analysis, were supported by the
conducted titration studies (Figure 1A and B, Supporting
Information). As there is a kink in the titration curve of the

irradiated solution, whereas there is none in the titration curve
of the non-irradiated solution, we propose that only after
irradiation splitting occurs. The kink is not as distinct as in the
reference with a free phosphate species represented by
ammonium phosphate. Therefore, these studies are in accord-
ance with the NMR, photoreaction quantum yield, and UV/Vis
studies, all confirming a partial splitting of the starting material,
exclusively after irradiation.

In the next step, we analyzed the precipitate of the
irradiation process to ensure the formation of a calcium
phosphate species. We proved via IR (Figure 1A) and pXRD
(Figure 5, Supporting Information) measurements that the
formed precipitate consists of amorphous calcium phosphate.
As depicted in graph A of Figure 1 ten vibrational bands are
distinguishable which are in conformity with values in the
literature for carbonate apatite type B (Table 2, Supporting
Information). pXRD measurements of the heated precipitate
(Figure 1B) support the finding of the IR measurement as the
measured diffractogram of the precipitate after heat treatment
to 1000 °C is a superposition of carbonate-hydroxyapatite
(COD 9003552), portlandite (COD 1001769), and calcium oxide
(COD 9008605). The precipitate is only crystalline after a heating
process, whereas it is amorphous directly after precipitation. An
amorphous phase in the precipitation process is beneficial for

Scheme 1. A) Schematic illustration of the irradiation and localization
process of the gel: (1) glass slide; (2) gel matrix; (3) slit mask; (4) irradiation
source; (5) irradiated regions. B) Irradiation of 4NPP with UV light leads to
the byproduct 4NP (light blue) and phosphoric acid (grey) forming a calcium
phosphate when calcium ions are present.

Figure 1. A) IR spectrum of the amorphous precipitate, including all signifi-
cant bands of carbonate apatite type B.[14] B) pXRD spectrum of the heated
precipitate and the references of carbonate-hydroxyapatite, portlandite, and
calcium oxide (lime), the main components of the precipitate.
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the subsequent application as an implant material, as the
human body rearranges amorphous calcium phosphate towards
crystalline self-reliantly.[13] SEM images of the temperature
treated precipitate were taken which facilitate the finding of a
homogenous particle size (Figure 6, Supporting Information).
Moreover, we were able to tune the amount of carbonate
present in the amorphous calcium phosphate by varying the
amount of CO2 available during the irradiation process and in
the stock solutions (Figure 7, Supporting Information).

In the final step, we managed to confine the spatial
resolution of the precipitation process using a gel matrix to
slow down diffusion. Therefore, at first, the system had to be
adapted to the new setup conditions. The calcium source as
well as the 4NPP were included in the gel matrix via dialysis
after the gelatinization process. Subsequently, the gel was
irradiated with a frequency-tripled ns-pulsed Nd :YAG-laser
(355 nm, energy density: 35 mJ/cm2). Irradiated areas turned
yellowish, indicating the 4NPP was split into the byproduct
4NP, which absorbs at 405 nm, and a free phosphate. Masks
were inserted into the beamline resulting in lithography-like
patterns on the gel. After irradiation, the gels were washed and
dried by lyophilization. In Figure 2A the SEM image of the gel is
shown which exemplifies the characterization studies of the
calcium phosphate inside the gel. Figure 2B and C show the
EDX measurements of different elements, all recorded from the
same area. It is visible that the calcium ion mapping (Figure 2C),
as well as the phosphor ion mapping (Figure 2B), are following
precisely the areas irradiated. Both show a higher elemental
content in the irradiated areas in comparison to the non-
irradiated areas. The irradiated areas can be recognized as the

wrinkled areas which appear due to the impact of the laser
pulse.

In addition, Raman studies were performed as shown in
Figure 2D to ensure the formation of a real mineral containing
calcium and phosphor ions. Various calcium phosphate minerals
feature a very predominant Raman vibration at 959 cm� 1.[15] The
precipitate of the aqueous light-induced precipitation process
was analyzed to that effect and the vibration at 959 cm� 1 was
present. Subsequently, the irradiated, in comparison to the non-
irradiated areas of the gel, were analyzed via Raman, as the
same calcium phosphate precipitate was assumed to be
present. Reference measurements were conducted with the
pure gel to exclude vibrations of the gel in the same region.
Our measurements show that the gel matrices do not exhibit a
vibration at this wavenumber. The spectrum of the non-
irradiated area follows the spectrum of the pure gel, whereas
the spectrum of the irradiated area shows a significant shoulder
at 959 cm� 1. These results, combined with the elemental
mapping, confirm that not only a calcium phosphate has been
formed but also that we were able to precisely confine the
region of precipitation.

Conclusions

In conclusion, we demonstrate a photolabile molecule, 4-
Nitrophenylphosphate, releasing phosphate ions to locally
precipitate calcium phosphate in a gel matrix. Incipiently, the
aqueous system was fully characterized by UV/Vis, NMR, photo-
reaction quantum yield, titration, and pH studies. We confirmed
that the precipitation process is exclusively driven by UV light
exposure. In the following, we were able to successfully identify
the precipitate as amorphous carbonate apatite type B and
subsequently after heating as crystalline carbonate-hydroxyapa-
tite via XRD and IR measurements. Modification of the
carbonate content was achieved by changing the CO2 level
during the precipitation process enabling a tunable final
composition of the material. SEM, EDX, and TGA studies
(Figure 8, Supporting Information) finalize the insights into the
structure and decomposition mechanism of the precipitate.
Afterwards, studies on the localization of the precipitate were
conducted.

Our research led to the control over the localization and
stabilization of the calcium phosphate achieved by a pulsed
laser, triggering the precipitation inside a calcium containing
gel matrix. The spatial resolution can currently be enhanced to
50 μm[8d] as reported for CaCO3 but this was not in the focus of
our current proof of principle study. The byproduct in the
crystallization process is removable by washing or dialysis and
therefore does not interfere with the organism, thinking of
future applications. Additionally, it is noteworthy that the
precipitate itself is amorphous which is beneficial for a
subsequent application in the human body, as the human body
remodels the carbonate apatite towards crystalline self-reliantly.
At the current state of research, reaction times vary between
hours to minutes depending on the irradiation system. As the
present study is just proof of principle of the working

Figure 2. A) SEM image of the gel used for the EDX measurements after
washing and drying procedure. B) Elemental mapping of the phosphor
atoms. C) Elemental mapping of the calcium atoms. D) Raman measure-
ments of irradiated and non-irradiated areas as well as a gel and calcium
phosphate reference. The inlet is showing the regions of interest used for
the measurements.
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mechanism, immediate use in medicine was not our goal.
Nonetheless, we anticipate our results to be in principle
transferable to other materials such as semiconductors and
metals opening up a wide range of new opportunities; Either in
the field of chemistry for more sophisticated reaction control in
localized crystallization processes, generally applicable to med-
icine for an enhanced treatment of calcium phosphate contain-
ing biomaterials, as well as a sub-micron level of targeted metal
deposition, for example, to be used in catalysis, as well as
semiconductors for electronic applications.

Supporting Information

The Supporting Information includes additional titration studies
as well as pH measurements. 13C and 31P NMR spectra as well as
UV/Vis kinetics are depicted. The UV/Vis spectra used for the
calculation of the photochemical quantum yield are shown with
the used calculation. The pXRD measurement of the untreated
precipitate as well as additional SEM images, TGA, and IR
spectra are shown. A table of each, the assigned IR vibrations,
and NMR assignments, are attached. The Materials and Methods
section as well as the used chemicals are shown.

Additional references cited within the Supporting
Information.[16]
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