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1. Introduction

ABSTRACT

ATP is a well-known energy supplier in cells. The idea to associate ATP to pharmaceutical
formulations/biotechnological devices to promote cells activity by potentially modulating their microen-
vironment thus appears as an appealing novel approach. Since biomimetic nanocrystalline apatites have
shown great promise for biomedical applications (bone regeneration, cells diagnostics/therapeutics, . . .),
thanks to a high surfacereactivity and an intrinsically high biocompatibility, the present contribution was
aimed at exploring ATP/apatite interactions. ATP adsorption on a synthetic carbonated nanocrystalline
apatite preliminarily characterized (by XRD, FT IR,Raman, TG-DTA and SEM-EDX) was investigated in
detail, pointing out a good agreement with Sips isothermal features. Adsorption characteristics were
compared to those previously obtained on monophosphate nucleotides (AMP, CMP), unveiling some
specificities. ATP was found to adsorb effectively onto biomimetic apatite: despite smaller values of the
affinity constant Ks and the exponential factor m, larger adsorbed amounts were reached for ATP as
compared to AMP for any given concentration in solution. m <1 suggests that the ATP/apatite adsorp-
tion process is mostly guided by direct surface bonding rather than through stabilizing intermolecular
interactions. Although standard AGZ,; was estimated to only —4 kj/mol, the large value of Nnax led to
significantly negative effective AGaas values down to —33 kj/mol, reflecting the spontaneous character of
adsorption process. Vibrational spectroscopy data (FTIR and Raman) pointed out spectral modifications
upon adsorption, confirming chemical-like interactions where both the triphosphate group of ATP and
its nucleic base were involved. The present study is intended to serve as a basis for future research works
involving ATP and apatite nanocrystals/nanoparticles in view of biomedical applications (e.g. bone tissue
engineering, intracellular drug delivery, ...).

The concept of “energy for cells” is often associated to ATP [2,3]:
the hydrolytic transformation of ATP into ADP (adenosine diphos-

Adenosine 5’ triphosphate (ATP) is a naturally occurring triphos-
phate nucleotide which is present in every cell. It consists of a
purine base (adenine), ribose, and three phosphate groups linked
through P—O—P linkages. Nucleotides were first recognized as
important “elementary” molecules in metabolic interconversions,
and then as the building blocks of DNA and RNA. More recently,
it was found that nucleotides are also present in the extracellular
fluid under physiological circumstances [1]. Extracellular ATP can
then be broken down by a cascade of ectoenzymes and xanthine
oxidase to form uric acid, which is finally excreted in urine.

* Corresponding author at: CIRIMAT Carnot Institute, “Phosphates, Pharmacotech-
nics, Biomaterials” Research Group, France.
E-mail address: christophe.drouet@ensiacet.fr (C. Drouet).
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phate) and related loss of a phosphate ion (HPO,42-) isaccompanied
by the release of energy that can be used by cells for differ-
ent metabolic processes (exothermic standard enthalpy change of
AR rolysis = —20.5K]/mol at 298K) [4,5].

Taking this “cell energy” storage role played by ATP molecules,
the possibility to provide additional energy to cells by way of
local delivery of ATP molecules appears appealing in the field
of biomaterials/nanobiotechnologies. This could ultimately lead
to imagine ATP-delivering (nano)systems, possibly associated to
a concomitantly delivered drug. It may be mentioned also that,
recently, an ATP-responsive anticancer drug delivery strategy has
been reported, utilizing DNA-graphene crosslinked hybrid nanoag-
gregates as doxorubicin carriers, and showing the possibility to
trigger the drug release upon interaction of the nanocarrier with
ATP molecules [6].



The association of ATP with biomaterials/biotechnological engi-
neered systems therefore appears as a novel potential strategy
deserving specific attention in (nano)medicine (whether aiming at
delivering directly ATP to cells or extracellularly). Since nanocrys-
talline apatites have shown great potential both in the field of bone
regeneration [7-21] and for (intra)cellular applications (e.g. cancer
diagnosis or therapy, . ..)[22-28], they were selected in the present
study to examine the possible interaction existing between ATP and
biomimetic apatite nanocrystals.

Generally speaking, nanocrystalline calcium phosphate apatites
are characterized by an exceptional biological response as well as
physico-chemical features similar to those of natural bone [11,29]
allowing an increasing use in biomedicine. For example, it is used
as a bioactive and osteoconductive bone substitute material in clin-
ical surgery [30,31], and as a system for the delivery of drugs (e.g.
[27,32,33]).

Synthetic nanocrystalline apatites represent a model for the
basic constituent of the inorganic part of bones (65-75wt.%,
depending on age and sex) [11], with a general formula [34]
Caqg_x(PO4)g_x(HPO4 or CO3)x(OH),_x with O0<x< 2. These
nanocrystals exhibit in particular special surface features as shown
in previous investigations using spectroscopic techniques [35-40]:
precipitated nanocrystals possess a prominent structured hydrated
layer on their surfaces, which is gradually converted into more
stable apatite domains during aging. This hydrated layer contains
labile surface ions (e.g. Ca?*, HPO42~, CO32-, ...), leading to an
exceptional surface reactivity either in terms of ionic exchanges
or of molecular adsorption [7,15,16,18,25,41-49]. Interfacial prop-
erties play consequently a crucial role in calcified tissues and
biomaterials. Generally, the adsorption of molecules on apatitic cal-
cium phosphates mostly involves (potentially strong) electrostatic
interactions.

In this study, the interaction between a biomimetic carbon-
ated nanocrystalline apatite and ATP molecules was examined,
especially with the view to determine and comment isothermal
adsorption data. This study thus complements the investigation on
the adsorption of nucleotides on biomimetic apatites: recently, the
adsorption of adenosine monophosphate (AMP) [45] and cytidine
monophosphate (CMP) [48] has indeed been explored, unveiling
the role of the phosphate endgroup but also of the nature of nucleic
base in such monophosphate nucleotides. Observations were also
previously made on the effect of the presence of ATP molecules
during the process of apatite precipitation [50]: ATP was then
found to alter the apatite crystallization process through inter-
action with surface growth sites. This work is intended to serve
as a preliminary standpoint study prior to the elaboration of any
biomaterials/nanosystems associating ATP and biomimetic apatite.

2. Materials and methods
2.1. Starting materials

The biomimetic carbonated apatite sample, referred to as hac-
7d, used in this work was prepared by a double decomposition
reaction, at physiological pH, by mixing a solution of calcium nitrate
tetrahydrate Ca(NO3),-4H,0 (0.29M) and a solution containing
ammonium hydrogenphosphate and sodium bicarbonate (0.45M
(NH4),HPO,4 and 0.71 M of NaHCO3) as reported previously [44].
The calcium solution was poured rapidly into the phosphate and
carbonate solution at room temperature (22 °C). The large excess
of phosphate and carbonate ions used in this protocol had a buffer-
ing effect allowing the pH to stabilize at around 7.4. The suspension
was left to mature at room temperature for 7 days without stirring
(as in physiological conditions) and was then filtered on a Buch-
ner funnel, thoroughly washed with deionized water, freeze-dried
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Fig. 1. Chemical formula of adenosine 5’ triphosphate (ATP)

and stored in a freezer (—18 °C) so as to avoid any alteration of the
apatite nanocrystals. The apatite powder was then sieved, and the
size fraction in the range of 100-200 wm was used for all further
adsorption experiments.

The adenosine 5’ triphosphate (ATP) used in this study was pro-
vided by BIO BASIC Inc. in the form of ultrapure disodium salt
trihydrate. The chemical formula of ATP is shown in Fig. 1.

2.2. Physico-chemical characterization

The solid phases were subjected to XRD, FTIR/Raman, TG-DTA
analyses, as well as chemical titrations for Ca and inorganic phos-
phate, and scanning electron microscopy (SEM/EDX) observations.
The details are as follows.

X-ray diffraction (XRD) analyses were performed on a CPS
120 INEL curved-counter powder diffractometer equipped with
a graphite monochromator and using the Co Kal radiation
(A =1.78892 A). Mean crystallite lengths along the c-axis were esti-
mated, in a first approximation, from the (002) line broadening
using Scherrer’s equation.

An FTIR (Thermo Nicolet 5700) spectrometer was used to study
the vibrational features of the compounds. 2 mg of dried sample
powder was compacted with 300 mg potassium bromide using a
hydraulic pressure. For each spectrum, 64 scans between 400 and
4000 cm~! were recorded, with a resolution of 4cm—1.

Raman analyses of the samples, in the range 400-1800cm™1,
were used for complementary vibrational spectroscopy analyses.
Raman spectra were generated on a confocal Labram HR800 micro-
spectrometer. The samples were exposed in backscattering mode
to an AR-diode laser (A=532nm) with a power of 17 mW. Mea-
surements were carried out with a spectral resolution of 3cm~!.
The uncertainty on Raman shifts (<1 cm~!) have been calibrated
using a silicon standard at 520.7 cm~!. An optical objective 100x
was used for all analyses, conferring to the system a lateral res-
olution of 0.7 wm and an axial resolution of 2.7 um. The spectra
reported in this work are the average of 3 spectral accumulations,
each being exposed for 120s.

The chemical composition of the apatite compound synthesized
here was determined from titrations by complexometry for the
determination of the calcium content, by spectrophotometry for
the total phosphate content (determination of the sum of PO43~
and HPO42~ ions, using the phospho-vanado-molybdenic method
[51] and by coulometry (UIC, Inc. CM 5014 coulometer with CM
5130 acidification unit) for the carbonate content.

Thermal analyses (TG-DTA) were performed using a Setaram
Instrumentation SETSYS evolution system, with a heating rate of
5°C/min, from 25°C to 900°C in air.

The specific surface area, Sger, was determined using the BET
method applied to nitrogen adsorption data recorded on a Tristar
II Micromeritics apparatus.

Morphology and particle dimensions/agglomeration state of
pure hac-7d and after adsorption of different amounts of ATP were
followed using a scanning electron microscope (SEM) LEO 435 VP
at a voltage of 15kV, equipped with an EDX elemental analyzer.
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Fig. 2. XRD patterns (26 between 20°and 80°) of the apatite substrate hac-7d before and after ATP adsorption for varying coverages, and XRD pattern for ATP (sodium salt).
Numbers in parentheses refer to the Miller indices of crystallographic planes in reference to the JCPDS file #09-432 relative to hydroxyapatite

2.3. Adenosine triphosphate (ATP) adsorption

For all adsorption experiments, 20 mg of apatite powder was
dispersed in 5ml of ATP solutions at room temperature. The ATP
concentration present in the supernatant was evaluated by spec-
trophotometry (Shimadzu UV 1800, A =259 nm), and the adsorbed
amount was determined by difference between the initial amount
introduced in the medium and the residual amount in solution
(supernatant after adsorption experiment).

The kinetics of adsorption was evaluated by following the
amount of ATP adsorbed as a function of time, using an initial ATP
concentration of 10 mM in KCl solution (0.01 M), at room temper-
ature and physiological pH. Different contact times were checked,
between 0 and 100 min to determine the minimum time needed
to reach equilibrium. After the desired contact time, the mixture
was centrifuged (10 min at 5000 rpm) and filtered on Millipore
0.2 wm, and the ATP concentration in the clear supernatant was
determined by spectrophotometry as indicated above. The ATP
adsorption isotherm was built by plotting the quantity of ATP
adsorbed versus the equilibrium concentration.

3. Results and discussion

3.1. Physico-chemical characterization of the solids before and
after ATP adsorption

The X-ray diffraction (XRD) patterns obtained for the synthe-
sized solid (Fig. 2), with or without adsorbed ATP, could be easily
indexed by comparison of the JCPDS datasheet #09-432 relative
to hydroxyapatite, with however broader peaks illustrating the
low crystallinity of the prepared apatitic phase, as in bone mineral
[11,29]. For these compounds, the XRD pattern obtained was thus
found to be characteristic of single-phased apatite, as no secondary
crystallized phase was detected. The mean crystallite length Ly
(along the c-axis of the apatite array) as approximated by Scher-
rer’s formula [52] were systematically found close to 19-20 nm:
these values are very analogous to those observed for bone samples
[11,53].

The calcium, phosphate and carbonate contents were measured
experimentally via EDTA complexometrey, visible spectrophotom-
etry and coulometry, respectively. This led to a molar ratio Ca/(P + C)
of the apatitic substrate of 1.36 +0.02 (carbonate weight percent-
age %COs3 of 3.6wt.%). This value, significantly lower than 1.67
characteristic of stoichiometric hydroxyapatite (HA), points out the
nonstoichiometric character of this apatitic substrate, as in bone
mineral. Its specific surface area was Sggr = 180 m2/g.

The solids were then analyzed by vibrational spectroscopy
techniques. The IR spectra of the apatite before and after adsorp-
tion with different amounts of ATP (reported in Fig. 3) present
the characteristic bands of nonstoichiometric carbonated apatites
[35,54,55]: in particular at 469 (attributable to the v, bending mode
of PO43~ groups), 535 (non-apatitic HPO42~), 550cm~"! (apatitic
HPO42-), 562-576 and 603 (v4 asymmetric bending of PO43~
groups), 871-880 (P—OH vibration in HPO42~ groups and v, bend-
ing mode of CO32-),959 (v; symmetric stretching of PO43~ groups),
1030-1059 and 1098 (v3 asymmetric stretching of PO43-).

The bands observed at 1418, 1447 and 1474 cm~! are assignable
to the v3 vibration mode of carbonate groups [55]; the broad band
at 1639 cm~! being attributable to water (bending mode) [56]. The
band at 632cm~! characteristic of apatitic OH™ ions (librational
mode) [54,55] was not clearly detectable on the spectra, indicating
that this apatite sample was largely depleted in hydroxide ions: this
type of nonstoichiometry is common for biological apatites [11,29],
typically accompanied by cationic vacancies (lack of calcium ions)
and the substitution of PO43~ ions by divalent HPO42~ or CO32~.

Compared with the infrared spectrum of pure ATP sodium salt,
the characteristic FTIR bands of the phosphate group of ATP gener-
ally observed between 509 and 1103 cm~! were covered by the
vibration bands of the orthophosphate groups from the apatitic
structure (mentioned above). The vibration broad band of the
adenine part observed at 1711 cm~! [57] was also found to be
overlapped with the broad water band at 1639 cm~1!, however the
absorption spectrum showed a shoulder at 1259 cm~! assignable to
the vibration v,5(PO, =) in ATP [57]. We also note (Fig. 3b) the pres-
ence of additional weak bands about 1304 and 1335 cm™!, while
this new band does not seem to be present in the spectrum of ATP
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Fig. 3. (a) FTIR analysis of the apatitic substrate before and after ATP adsorption for varying coverages, and spectrum of ATP sodium salt. (b) Detail around the v3 (PO4) domain

sodium salt. In addition, the intensity of the new bands increases
when increasing the amount of adsorbed ATP molecules on the sur-
face of the hac-7d substrate. Since ATP molecules have negatively
charged phosphate groups, but also lone pair of electrons on nitro-
gen atoms and 1 electron clouds on adenine rings, therefore ATP
may interact through these negatively charged moieties with pos-
itively charged surface sites (surface calcium ions) of the apatite
substrate. The appearance of new bands seems to support this pos-
sibility. No significant change was noticed in the typical infrared
frequencies of hac-7d, suggesting that the ATP molecules do not
enter into the lattice of apatite nanocrystals nor affect significantly
the vibrations of the crystalline core of apatite nanocrystals.

For a complementary vibrational spectroscopy analysis, Raman
spectra were also recorded before and after adsorptive interaction

with ATP. The Raman spectrum of the nanocrystalline carbonated
apatite powders (Fig. 4a) showed characteristic lines of apatite
phosphate groups [55,58] in accordance to the FTIR data, with typ-
ically the v; (960cm™1), v, (433, 448 cm~1), the vibration domain
v3(1029-1077 cm~1) and the domain v4 (580-614 cm~1) of PO43~.
The band detected at 1071.3 cm~! was attributable to the v; vibra-
tion mode of type-B carbonate substitutions in apatite, although
this line partly overlaps the v3 mode of PO43".

Prominent Raman bands at about 701.8, 724.2 and 1323.5cm™!
in the Raman spectrum of ATP are assignable to out-of plane wag-
ging of NH,, ring-breathing of adenine ring and C5—N7 stretching,
respectively [59] The Raman spectral region around this position
appears significantly modified in the case of ATP adsorbed on
biomimetic apatite, with a shoulder at 707.4cm~! and a change
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in the position of the second band to 727 cm—!, while the latter
band at 1323.5cm~! gave way to two contributions near 1305.8
and 1337.4cm-!. Furthermore, additional bands in the vibra-
tional domain corresponding to the adenine ring are detectable,
at about 1404.4 (assignable to C=N stretching mode) [59] and
1497.2 (assignable to C—N stretching mode) [60]: the position of
the first band was shifted to 1375.6cm=!, while the latter band
at 1497.2 cm~' was split into two peaks at 1588 and 1482.8cm™!
(doublet)in the hac-7d+ATP spectra. These findings support the fact
that the adenine portion of the molecule takes partin the adsorptive
process on apatite nanocrystals.

On the other hand, the triphosphate subunit of ATP is respon-
sible for the presence of a rather strong Raman band located at
1123.4cm-! attributable to the vibration mode v;(0O—P—0)a1p [61].
Interestingly, in the 900-1275cm~" spectral region, the Raman
spectrum (Fig. 4b) appears significantly modified in the case of ATP
adsorbed on apatite, with new bands detected at ca. 1175, 1216
and 1253 cm-"! and no detection of the 1123 cm~"! band, similarly
to what was observed in the literature in the spectrum of ATP bound
to a Au/CW substrate in a neutral environment (pH=7) [62]. These
modifications indicate that the phosphate subunit of ATP is clearly

involved also in the adsorption process. Note that the vibrations of
apatitic phosphate were not fond to be significantly shifted upon
ATP adsorption, probably due to the limited number of attached
molecules.

In conclusion of this part, vibrational spectroscopy data (IR
complemented by Raman) thus pointed out the existence of clear
chemical interactions between ATP molecules and the surface of
biomimetic apatite nanocrystals when contacted to each other. This
adsorptive interaction not only involves the phosphate groups of
ATP - as is often the case for phosphate-bearing molecules capable
of interacting with surface calcium ions - but also the adenine part
of the molecule. These findings can be compared to recent results
on the adsorption of monophosphate nucleotides (AMP and CMP)
[45,48] where both the phosphate end and the nucleic base were
found to play a role in the sorption process on biomimetic apatite.
Taking into account that adenine (present in AMP and ATP) is a puric
base and cytosine (present in CMP) a pyrimidic base, this observa-
tion can probably be generalized to all nucleotides interacting with
nanocrystalline apatite substrates.

In order to understand the thermal behavior of the apatitic
substrate before and after ATP adsorption for varying coverages,
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thermogravimetric (TG) and differential thermal analysis (DTA)
were carried out (Fig. 5). The TG curve obtained for the apatitic
substrate alone (Fig. 5a) indicated the existence of three main
weight losses. The first loss (8%), visible in the temperature range
25-250°C was associated with the elimination of adsorbed water
and water associated with the surface hydrated layer of the apatite
nanocrystals. The second weight loss (2.45%) between 250 and
550°C corresponds to the condensation of the hydrogenphosphate
ions (HPO42~) into pyrophosphate P,074~ ions [63]. This fact is in
accordance with the results of infrared spectroscopy indicating the
presence of HPO,42~ ions. The third weaker weight loss (1%) occurs
between 650 and 820 °C and can be attributed to the removal of car-
bon dioxide from the carbonated apatite and the reacting fraction
of P04~ ions with the OH™ ions present in the apatite structure
in the hac-7d compound [64-66]. These weight losses are accom-
panied by corresponding peaks in the differential thermal analysis
curve (Fig. 5a): the first peak presented an endothermic character
with a maximum at 82 °C, while the other two peaks at 233 and
650°C displayed were exothermic.

The TG curves of the ATP sodium salt (Fig. 5b) shows a small
weight loss (6.14%) below 175°C, resulting from the departure of
4.3 water molecules per formula unit. The second larger weight loss
(42.92%) took place from 200°C to 700°C and can be attributed to
the thermal decomposition of the organic part (ribose and adenine).

The DTA curve of Fig. 5b showed two endothermic peaks at about
88 and 155 °C attributed to the first detected stage (dehydration of
the salt), and four exothermic maxima at about 244, 350, 480 and
620°C.

The TG curves obtained on the apatite substrate after ATP
adsorption at two different coverages are represented in Fig. 5¢
and d. They indicate the existence of three different weight losses.
The first loss, visible in the temperature range 25-190 °C was com-
prised between 4.21 and 4.02% and could be straightforwardly
associated with the dehydration of the sample. Above 200°C and
up to 650°C, a second degradation step was detected with weight
losses of 4.22 and 5.69% for hac-7d associated to 15.8 pmol/g
and 102.6 wmol/g of ATP, respectively. This second step can be
attributed simultaneously to random scissions (thermal degra-
dation) within the organic material and to the condensation of
hydrogenphosphate ions into pyrophosphates. In the temperature
range 200-650°C, the TG curve for hac-7d displays a continuous
weight loss corresponding to 3.92% inferior to 4.22 and 5.69%.
These findings are in accordance with the amount of ATP linked to
apatite. Again, this observation shows that hac-7d is a good adsor-
bent for this type of ribonucleotides. The last thermal event took
place from 650 °C to 820 °C, displaying 1.02 and 1.08% weight losses
for the two ATP/apatite samples respectively. This phenomenon
was attributed to the carbonate decomposition and the reaction
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of P,07%~ ions with apatitic OH~ ions present in the hac-7d net-
work.

The DTA curves of the apatitic substrate after ATP adsorption
for varying coverages show the presence of single endothermic
peak observed at 90-110°C, attributable to the desorption of water
molecules. The manifold exothermic behavior observed between
250 and 437 °C corresponds to the combustion of the organic frac-
tion of these samples. Finally, the exothermic peak at 650-800°C
is related to the decomposition of apatite as mentioned above.

Scanning electron microscopy analyses (SEM) were performed
on the samples with or without ATP adsorption in view of
direct observations of the substrate. The obtained micrographs
(Fig. 6) showed the constitutive particles of the biomimetic apatite
powder. Their morphology was not significantly altered by the
adsorption of ATP. EDX spectra (Fig. 6) confirmed the presence of
Ca, O, C and P elements on the samples analyzed as well as traces
of Na (Ag was present only due to the silver metallization process
prior to SEM analyses). Sodium being included in the precipitating
medium as NaHCO3 reagent, its presence as traces is not surprising,
knowing the affinity of this element for the apatitic structure (also
present in bone apatites).

3.2. ATP adsorption kinetics and isotherm

The kinetic follow-up of the adsorption process was carried out
so as to determine the minimal amount of time necessary for the
equilibration of the biomimetic apatite/ATP system in our working

conditions (pH=7.4, T=22°C, [KCl]=10-2M). It revealed that the
equilibrium on ATP adsorption by nanocrystalline apatite hac-7d
was reached rapidly, in less than 30 min (Fig. 7a). In link with the
small size of the ATP molecule (e.g. as compared to molecules
such as DNA which require significantly larger equilibration times
[44]) and the presence of phosphate endgroups, this short period
of time illustrates the affinity of ATP molecules for the surface of
biomimetic apatite.

Applying a contact time of 30 min to all subsequent adsorption
experiments, the adsorption isotherm (T=22°C) was then deter-
mined by modifying the initial ATP concentration, and the resulting
plot is shown in Fig. 7b. The isotherm N,4s = f{Ceq), where N,qs rep-
resents the adsorbed amount and Ceq the equilibrated supernatant
concentration, can be described by a first steep increase of the
N,gs versus Ceq (up to ca. 0.1-0.2 mM) prolonged by a continuous
increase of N,4s, although with a tendency to attenuate the tangent
slope (see Fig. 7b).

In order to shed some more light on the type of adsorption
behavior observed here between ATP molecules and biomimetic
apatite crystals, several adsorption models were tentatively tested
via mathematical treatment of the data. The Langmuir model,
Nags = Nmax K -Ceq /(1 +Kp-Ceq) as well as Freundlich model, Npgs =

K - C;C/I”, were tested first because these variants are recurrently
cited in the literature concerning adsorption on apatite compounds
(e.g.[25,67,68]). Mathematical fitting led to correlation coefficients
R? of 0.9755 and 0.9953 respectively. Keeping in mind that Fre-

undlich model was initially established to take into account the
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Fig. 7. (a) Kinetics of ATP adsorption from aqueous solutions by nanocrystalline
carbonated apatite (hac-7d) and (b) adsorption isotherms of ATP on to (hac-7d)
substrate. The dotted line corresponds to the fit using Sips model.

variability of surface sites (and corresponding adsorption energies)
as opposed to Langmuir hypotheses considering all sites equiva-
lent, the significantly better fit obtained with Freundlich equation
suggests that the surface heterogeneity of apatite nanocrystals has
to be taken into account in the discussion for understanding ATP
adsorption.

However, recently we showed on various adsorption studies
on nanocrystalline apatites [42,45,48] that the more general Sips
model (also known as Langmuir-Freundlich or Hill isotherms) was
often even more adapted to describe experimental adsorptive data.
It was recently the case for describing the adsorption of adeno-
sine monophosphate (AMP) [45] and for cytidine monophosphate
(CMP) [48]. This model has the advantage to allow considering both
the existence of surface heterogeneities (as for Freundlich) but also
of interaction between adsorbed molecules; it thus appears well
suited to model the adsorption of multifunctional molecules such
as nucleotides on the heterogeneous surface of biomimetic apatite
nanocrystals. This model reminds that of Langmuir, but with the
use of an exponent “m” applied to the equilibrium concentration,
leading to the equation:

Ks-C3

Nads = Nmax - m (1)

where m is the Sips exponent, Npax is the maximal coverage and
Ks is the Sips constant. As may be seen, this equation is equiva-
lent to Langmuir's isotherm for the particular case where m=1.

Interestingly, fitting the experimental data to the Sips model led
to an improved correlation factor R? of 0.9964. Our findings thus
indicate that, in the present case also, the adsorption data can be
very satisfyingly described by a Sips isotherm. The fitted parame-
ters were found as follows: m=0.56 +0.05, K5 =0.106 + 0.068 (for
Ceg expressed in mmol/l), and Npyax = 10.7 £ 5.9 p.mol/m?2.

Since similar Sips fits had previously been carried out for the
adsorption of two monophosphate nucleotides AMP [45] and CMP
[48] on similar carbonated nanocrystalline apatite substrates, it
then became possible to compare their adsorptive behavior with
that of ATP. As was mentioned in a previous study [45], even
among monophosphate nucleotides some clear differences can be
evidenced. Indeed, different couples of Sips parameters [Ks. Nmax]
have been obtained for AMP [1.14; 0.106 p.mol/m?2] and for CMP
[0.00052; 0.66 p.mol/m?] despite close values of m (1.25 £ 0.45 for
AMP and 1.20+0.11 for CMP). These findings point out the non-
negligible influence of the nucleic base, as confirmed by vibrational
spectroscopy data. Interestingly, the Sips parameters determined
here for the adsorption of ATP are [0.106; 10.7 p.mol/m?] and
m=0.56+0.05. Therefore, the value of the Sips constant Ks in
the case of ATP is found intermediate between those of AMP and
CMP (although closer to that of AMP), but the maximum cover-
age is noticeably greater for ATP, and in particular systematically
larger than for AMP whatever the concentration in solution. If we
take for instance the example of an equilibrium concentration of
1 mmol/L, the obtained coverages N,q4s (at pH 7.4 and 22°C) are
~1.03 p.mol/m? for ATP to compare to ~0.056 p.mol/m? for AMP
[45] and ~0.254 pmol/m2 for CMP [48]. Thus, despite a larger
molecular size, ATP molecules tend to cover more efficiently the
surface of biomimetic apatite nanocrystals than AMP or CMP. This
canthusberelated to the presence ofthe triple phosphate subgroup
allowing more interactions with the substrate surface.

It may also benoticed that the value of m found for ATP (0.56) is
lower than that of AMP (1.25) and CMP (1.20), and even lower than
unity. Contrarily to the cases of AMP or CMP, the exponent m<1
suggests a situation where the adsorption of ATP molecules is not
a cooperative process [69]: the adsorption behavior is thus proba-
bly more guided by the interaction between ATP and surface sites
(favored by the long phosphate chain capable of interacting with
several neighboring surface calcium ions as in the case of bisphos-
phonates [68]) than by intermolecular stabilization. In other words,
our finding suggest that in the adsorption of mono-phosphate
nucleotides such as AMP or CMP on biomimetic apatites, the affin-
ity for the surface not only involves interactions between the
molecules and the surface, but also cooperative interactions among
adsorbed species; in contrast, ATP adsorption involves ATP/surface
interaction, but is not favored by interactivity between adsorbed
molecules.

From the value of Ks, it is possible to evaluate the stan-
dard Gibbs free energy associated to the adsorption process (as
recently reminded with the example of tetracycline adsorption on
biomimetic apatite [42]), using the following equation (with Ceq
re-expressed in mol/L):

AGe
Ks = exp (— RT“’S) 2)

Application of this equation to the case of ATP leads to the negative
value AGy =-4 kJ/mol (uncertainty estimated to +2 kJ/mol). It is
noticeably lower in absolute value than those found earlier, also
in standard thermodynamic conditions, for the adsorption of CMP
(=19kJ/mol) and for AMP or tetracycline (—22 kj/mol) on rather
similar nanocrystalline apatite substrates. Although this order of
magnitude found for ATP falls in what is generally considered as
physisorption rather than chemisorption [70], the negative value
tends to suggest however a rather favorable adsorption of ATP on




biomimetic apatite in standard conditions. Of even greater rele-
vance is the effective change of free energy AG,,s, which can be
evaluated [71] for any condition corresponding to a concentration
C(mol/L)and anadsorbed amount N4 using the following relation:

N.

AGags = AG2y, — mRT - Ln(C) + RT - Ln {ﬁ} 3)
where Ny, is the maximum theoretical capacity, T is the absolute
temperature in Kelvin, R is the gas constant (8.314]mol-1K-1),
and m is the Sips exponent. Assigning N, = Nmax, this equation
then allows one to evaluate AG,,s along the adsorption process,
which represents the thermodynamic driving force leading any GCj;
to reach the corresponding Ceq accompanied by the adsorption of
N,4s. As was previously done in the case of tetracycline adsorption
onto biomimetic apatite [42], it is interesting to follow in partic-
ular the actual driving force (=value of AG,ps) occurring when a
small fraction of the total adsorption amount is reached - which
thus corresponds to appoint near the initiation of the adsorption
process. For example, AG,4s was found here to range between —29
and —33 kJ/mol when one thousandth (1/1000th) of the equilibrium
adsorption amount was reached. Then, as this fraction increases (i.e.
as the adsorption process progresses toward equilibrium, for any
given Giy;), the value of AG,4s can be evaluated in a similar way.
Interestingly, negative values of AG,qs were obtained throughout
the whole ATP/apatite adsorption process, with values from —33 to
0kJ/mol (0 kJ/mol being obtained at equilibrium). Thus, despite the
small amplitude of AG ;.  (=—4kJ/mol), the very large value of Nmax
(which is involved in Eq. (3)) compensates this effect and leads to
significantly negative values of AG,qs, indicating that the adsorp-
tion process is bound to spontaneously occur. Our vibrational data
indicated indeed the existence of spectral modifications of ATP fea-
tures upon adsorption, suggesting the existence of non-negligible
interactions between ATP molecules and apatite nanocrystals.

3.3. Concluding remarks

The use of biomimetic apatite bonded to ATP molecules could
have a variety of pharmacological, biological and technological
applications taking into account (1) the direct effect of ATP on cells
energetic pathways and (2) the interest of biomimetic apatites in
biomedical applications due to their intrinsic biocompatibility. For
this reason, it is of fundamental importance to study the interac-
tion phenomenainvolved in the ATP/biomimetic apatite adsorption
process.

Our experimental data indicate that ATP can adsorb effectively
onto biomimetic apatite, and the isotherm can be satisfyingly
described by the Sips equation as was observed previously for
monophosphate nucleotides such as AMP. Despite a smaller value
of the affinity constant Ks and of the exponential factor m, larger
adsorption values N,4; were obtained for ATP as compared to AMP
for any given concentration in solution. The value of m lower than
1 suggests here a situation where intermolecular interactions are
less favorable for ATP than with AMP, and the ATP/apatite adsorp-
tion appears to be mostly guided by direct interactions between
ATP molecules and the surface of apatite nanocrystals.

On the basis of vibrational spectroscopy results (FTIR and
Raman), it can be concluded that a clear chemical-like interac-
tion is established between ATP molecules and the surface of
apatite nanocrystals. In spite of a standard AG,. estimated to only
—4Kk]J/mol, the large value of Nnpax leads to significantly negative
effective AG,qs values down to —33 kJ/mol, reflecting the sponta-
neous character of this ATP/apatite adsorption process. The affinity
of the surface for ATP can probably be explained by the presence
of the triphosphate group but the nucleic base was also found to
get involved as modified vibrational features were observed upon
adsorption.

Results of the present study are intended to serve as a basis
for future research works involving ATP and apatite nanocrys-
tals/nanoparticles in view of biomedical applications (e.g. bone
tissue engineering, intracellular drug delivery, ...), especially by
directly exploiting the presence of ATP which represents a source
of energy for cells or for ATP-triggered drug delivery. In this view,
future research will also include ATP release studies in various
conditions. The fact that ATP, a key biomolecule, can efficiently
adsorb onto apatite minerals may also be informative for inves-
tigations related to the development of life on primitive Earth.
Indeed, through the adsorption process, biomolecules like ATP may
have been “protected” against premature degradation (as was pre-
viously discussed in the case of DNA adsorption [44]), and allowed
to undergo potentially catalyzed surface reactions [72].
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