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a b s t r a c t

This work investigates the interaction between the nucleotide adenosine 5′ monophosphate molecule

(AMP) and a biomimetic nanocrystalline carbonated apatite as a model for bone mineral. The analogy of

the apatite phase used in this work with biological apatite was first pointed out by complementary tech­

niques. AMP adsorption isotherms were then investigated. Obtained data were fitted to a Sips isotherm

with an exponent greater than one suggesting positive cooperativity among adsorbed molecules. The data

were compared to a previous study relative to the adsorption of another nucleotide, cytidine monophos­

phate (CMP) onto a similar substrate, evidencing some effect of the chemical nature of the nucleic base.

An enhanced adsorption was observed under acidic (pH 6) conditions as opposed to pH 7.4, which

parallels the case of DNA adsorption on biomimetic apatite. An estimated standard Gibbs free energy

associated to the adsorption process (1G◦ads
∼=−22 kJ/mol) intermediate between “physisorption” and

“chemisorption” was found. The analysis of the solids after adsorption pointed to the preservation of the

main characteristics of the apatite substrate but shifts or enhancements of Raman bands attributed to

AMP showed the existence of chemical interactions involving both the phosphate and adenine parts of

AMP. This contribution adds to the works conducted in view of better understanding the interaction of

DNA/RNA and their constitutive nucleotides and the surface of biomimetic apatites. It could prove help­

ful in disciplines such as bone diagenesis (DNA/apatite interface in aged bones) or nanomedicine (setup

of DNA­ or RNA­loaded apatite systems). Also, the adsorption of nucleic acids on minerals like apatites

could have played a role in the preservation of such biomolecules in the varying conditions known to

exist at the origin of life on Earth, underlining the importance of dedicated adsorption studies.

1. Introduction

Apatites are a large group of minerals, generally crystallizing

in the hexagonal structure (space group P63/m), and whose main

representatives are hydroxyapatite or else fluorapatite. In partic­

ular, hydroxyapatite (Ca10(PO4)6(OH)2, HA) is the basic mineral

constituent of enamel microcrystals; in contrast, the mineral part

of bone (65–75 wt.%, depending on age and sex) and of dentin is

composed of a hydrated nonstoichiometric apatite phase formed

of nanosized crystals and exhibiting a low degree of crystallinity

[1,2]. Besides biological apatites, various studies have been devoted
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to the preparation, under close­to­physiological conditions (tem­

perature, pH), of synthetic nanocrystalline apatites analogous to

bone mineral [3–5]. As in bone, “biomimetic” apatite nanocrys­

tals have the particularity to expose a structured but metastable

hydrated surface layer, containing labile ions (e.g. Ca2+, HPO4
2−,

CO3
2−. . .) located in “non­apatitic” environments, as evidenced

previously [6–13]. These surface ions were also shown to be eas­

ily “exchangeable” in solution with ions from the surrounding

medium [11,14,15], leading to very peculiar surface properties [16].

Also, surface ions play a primordial role in adsorption mechanisms

[17,18]. In the field of bone repair materials, these characteristics

are important for the interactions between apatite­based implants

and the biological environment of implantation. In postmortem

conditions, bone diagenesis and bone/DNA interactions are also

thought to be modulated/controlled by surface properties of apatite

nanocrystals [19,20].



Considering adsorption on apatite nanocrystals, substantial

variations of adsorption parameters can be observed depending on

the maturation state of the apatite [18]. Generally speaking, the

adsorption affinity constant tends to increase when the initial mat­

uration time of the apatite substrate increases, while the maximum

amount adsorbed decreases. The mineral apatitic matrix plays a

crucial role in calcified tissues and biomaterials, and many macro­

molecules have been classified as initiator or inhibitor of crystal

growth although for a given substance the role is not so clear and

could depend, for example, on the local concentration or on the

state of solute or solid fractions of this given substance [21]. In the

biomaterials field, it has been suggested that molecules interacting

with calcium phosphates may play a crucial role in the recruitment

of cells and their expression and that they are strongly involved in

the biointegration of implants [22,23]. The utilization of nanocrys­

talline apatite materials as bone grafts may reduce the need for

autologous bone graft, increase the stability of the implant, lead

to faster bone regeneration, and facilitate the healing process [24].

In the biomineralization context, the ability of apatite to adsorb

various types of molecules (proteins, other biomolecules, and var­

ious drugs) can play a determining role in calcified tissues. These

phenomena are considered to control in particular apatite nuclea­

tion, growth and dissolution in vivo [25,26].

The exploration of adsorption processes is interesting in itself, as

it may provide a background for both the fundamental understand­

ing (bio)molecule/apatite interactions and for the development of

drug delivery systems based on apatite materials. In the present

contribution, we inspected the interaction existing between a

model nucleotide, adenosine 5′ monophosphate (AMP), and a

biomimetic apatite compound. AMP is a nucleotide encountered, as

a monomer “building block”, in macromolecules of DNA and RNA.

Being able to appreciate the type of interaction existing between

AMP and apatite surfaces may help understanding the adsorption of

the larger DNA or RNA molecules. Apatites and other calcium phos­

phates nanoparticles have for example been investigated as drug

carriers to deliver genetic materials to eukaryotic cells [27,28]. The

interaction between AMP and precipitated calcium phosphate was

reported in the 1990s [29] but on substrates with undetermined

physicochemical features.

AMP is an ester of phosphoric acid and the nucleoside adenosine.

It is also the mono­phosphate version of adenosine triphosphate

known to control energy storage processes in live cells. From

a biochemical viewpoint, 5′­adenosine monophosphate­activated

protein kinase (AMPK) is an enzyme that plays a role in cellu­

lar energy homeostasis. In the presence of AMP, the activity of

AMPK is increased so that AMPK is regulated by AMP [30]. The

effects of AMP are two­fold: a direct allosteric activation, and

making AMPK a poorer substrate for dephosphorylation. Because

AMP affects both the rate of AMPK in the phosphorylation positive

direction and dephosphorylation in the negative direction, the cas­

cade is ultra­sensitive [30]. Nucleotides such as AMP, but also the

di­phosphate ADP and tri­phosphate ATP versions, are therefore

recognized as important biomolecules in metabolic interconver­

sions. Nucleotide derivatives such as ATP (adenosine triphosphate)

can also be present in the extracellular fluid under physiologic cir­

cumstances [31]. From a more applied viewpoint, the presence of

AMP and its interaction with AMPK biochemistry has also ten­

tatively been associated to the control of vascular calcifications

[32].

The aim of this work was to study the physicochemical inter­

action existing in solution between the AMP nucleotide and a

well­characterized synthetic biomimetic apatite. The interaction

phenomena were determined via adsorption reactions involving

physicochemical characterization of the liquid and solid phases,

including with vibrational spectroscopy techniques (FTIR and

RAMAN).

2. Materials and methods

2.1. Synthesis of biomimetic apatite

The synthesis of biomimetic apatite and the analysis of physi­

cochemical features showing their biomimetism to bone mineral

was reported previously [19]. In the present work, a biomimetic

carbonated apatite sample analogous to bone mineral was pre­

pared similarly as before, by a double decomposition reaction,

at physiological pH and room temperature (22 ◦C), by mixing a

calcium nitrate Ca(NO3)2·4H2O solution (52.2 g in 750 ml of deion­

ized water) and a solution containing both phosphate solution of

ammonium hydrogenphosphate (NH4)2HPO4 and sodium bicar­

bonate NaHCO3 (90 g of each in 1500 ml of deionized water). The

calcium solution was poured rapidly into the phosphate and car­

bonate solution. The excess of phosphate and carbonate ions used

in these conditions had a buffering effect and allowed the pH to

stabilize around 7.4. The suspension was left to mature at room

temperature for 7 days and was then filtered on a Buchner fun­

nel, thoroughly washed with deionized water, freeze­dried and

stored in a freezer (−18 ◦C) to avoid further alteration of the apatite

nanocrystals. The apatite powder, referred to as “hac­7d”, was then

sieved and the size fraction 100–200 mm was used for all experi­

ments.

2.2. Adsorption of adenosine 5′ monophosphate (AMP) onto

biomimetic apatite

Adenosine 5′ monophosphate (AMP) was used as adsorbate

in this study, in the form of its dissolved hydrated disodium

salt, Na2AMP·xH2O (purity > 99.0, HPLC grade, Sigma–Aldrich) of

formula C10H12N5Na2O7P. Fig. 1a reports the corresponding devel­

oped chemical formula of the anhydrous salt.

The AMP adsorption isotherm (at 22 ◦C) was constructed by

drawing the adsorbed amount Nads versus the equilibrium con­

centration Ceq in solution, varying from 0 to 2 mmol/l. For each

datapoint, 60 min of contact was selected as this time was prelimi­

narily shown to allow equilibration of the system. All experiments

were run at least in duplicate, and involved the immersion of 20 mg

of nanocrystalline apatite powder hac­7d in an AMP solution (5 ml)

of increasing concentrations and in KCl 10−2 M buffer solution,

at room temperature and at pH 7.4. In each case, the samples

were centrifuged at 5000 rpm for 10 min and filtered onto Milli­

pore (0.2 mm). The clear solution was removed via pipetting for

analysis. The amount of adsorbed AMP was determined by compar­

ison between the initial amount of AMP dissolved in the adsorption

medium and the residual amount present after the selected contact

time. Spectrophotometry analyses (Shimadzu UV 1800) were run

in the UV domain, by following the optical density (absorption)

at 259.4 nm (see Fig. 1b). A calibration curve (correlation factor

of 0.9998) was previously drawn for standard solutions of AMP

concentrations ranging from 0.0078 to 0.078 mg/ml. All standard

solutions were prepared with deionized water.

2.3. Physicochemical characterization

The solid phases were subjected to XRD, FTIR/RAMAN, TG­TDA

analyses, as well as chemical titrations for Ca and inorganic phos­

phate and scanning electron microscopy (SEM/EDX) observations.

The details are as follows.

X­ray diffraction (XRD) analysis was performed by means of

a CPS 120 INEL powder diffractometer equipped with a graphite

monochromator and using the CoKa1 radiation (� = 1.78892 Å). The

samples were scanned in the 2� range from 20◦ to 80◦ with a step

size of 0.02◦ and a counting time of 1 s per step. Mean crystallite



Fig. 1. (a) Molecular structure of adenosine 5′­monophosphate (AMP) disodium salt, and (b) UV absorption maximum used for titration in solution.

lengths along the c­axis were then estimated from the (0 0 2) line

broadening using Scherrer 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−1 were recorded, with a resolution of 4 cm−1.

Raman analyses of the samples, in the range 400–1500 cm−1,

were generated on a confocal Labram HR800 micro­spectrometer.

The samples were exposed in backscattering mode to an AR­diode

laser (� = 532 nm) with a power of 17 mW. Measurements were

carried out with a spectral resolution of 3 cm−1. The uncertainty

on Raman shifts (<1 cm−1) have been calibrated using a silicon

standard at 520.7 cm−1. An optical objective ×100 was used for

all analyses, conferring to the system a lateral resolution of 0.7 mm

and an axial resolution of 2.7 mm. The spectra reported in this work

are the average of 3 spectral accumulations, each being exposed for

120 s.

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 PO4
3−

and HPO4
2− ions, using the phospho­vanado­molybdenic method

[33] and by coulometric method (UIC, Inc. CM 5014 coulometer

with CM 5130 acidification unit) for the carbonate content.

Thermogravimetric analyses (TG­DTA) were performed for eval­

uating the amount of hydration water contained in the AMP sodium

salt, 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, SBET, was determined using the BET

method using nitrogen adsorption, on a Tristar II Micromeritics

apparatus.

Zeta potential (electrophoretic mobility) was determined at

25 ◦C using a Malvern Zetasizer Nano Analyzer apparatus, with

disposable zeta cells, after dispersion of the powder preliminarily

stabilized at different pH values (in the range 6–9.5) and syringe­

filtered for avoiding the sedimentation of large aggregates (>1 mm)

during the analyses.

Morphology and particle dimensions/agglomeration state of

pure hac­7days and after adsorption of different amounts of AMP

were followed using a scanning electron microscope (SEM) LEO

435 VP at a voltage of 15 kV, equipped with an EDX elemental ana­

lyzer. Transmission Electron Microscope (TEM) was also performed

to observe the constitutive nanocrystals of carbonated nanocrys­

talline apatite, using a JEOL JEM1400 microscope under 120 kV

(current of 76 mA). For allowing TEM observations, the apatite sam­

ple was suspended in ethanol under ultrasonic treatment prior to

direct deposition on a copper grid and air­drying.

3. Results and discussion

The hac­7d apatite substrate used in this study was first char­

acterized by various complementary techniques as was previously

done [19]. X­ray diffraction (XRD) analysis indicated (Fig. 2a) that

the sample was single­phased and composed of a biomimetic

nanocrystalline apatite, and the application of Scherrer’s formula

[34] led to the mean crystallite dimensions of ca. 19 nm (length)

and ca. 5 nm (width). Thus, analyses revealed physicochemical fea­

tures very close to those of bone mineral [1,35], with the following

other main features: Ca/(P + C) ∼= 1.36 and %CO3
∼= 3.6 wt.%. SEM

observations (Fig. 2b) showed the aggregated shape of the con­

stitutive particles, and the specific surface area measurement by

the BET method led to SBET = 180 m2/g. Fig. 2c shows the typical

plate­like morphology of constitutive crystals for such carbonated

apatite, evidencing their nanosize.

The evolution of the amount Nads of AMP adsorbed in KCl 10−2 M

and at T∼=20 ◦C and pH 7.4 was recorded as a function of the equi­

librium concentration Ceq in the solution. The exact amount of

AMP was corrected by the hydration water contained in the start­

ing sodium salt Na2AMP·xH2O, where “x” was determined by TG

analysis as being equal to 4.6. The resulting adsorption isotherm is

plotted in Fig. 3.

Sorption isotherms are usually fitted, by default, using a simple

Langmuir equation or the Freundlich or Temkin derived models.

However, surface heterogeneities or specific adsorbate/adsorbent

interactions may lead to significant deviation from these mod­

els, as was pointed out recently in the case of tetracycline

adsorption for example [36]. The more general Sips model (or

Langmuir–Freundlich) may often allow obtaining a better assess­

ment of adsorptive behaviors, due to its broader character. This

model can be described by the equation:

Nads = Nm ·
KS · C

m
eq

1+ KS · C
m
eq

Sips isotherm

where Nads is the amount of AMP adsorbed, Nm is the maximal

monolayer coverage and where KS and “m” are respectively the

Sips constant and exponent parameter. When applied to our experi­

mental dataset, a correlation coefficient of R2 = 0.9794 was obtained

suggesting a relatively good agreement with the Sips model, with

the parameters: Nm = 0.019±0.006 mmol/g, KS = 1.14±0.98 and

m = 1.25±0.45. Despite non­negligible uncertainties, it is interest­

ing to inspect further these values. For example, the maximum

adsorbed amount Nm reaches 0.019 mmol/g (19 mmol/g), which is

about 4 times lower than the value found for the adsorption of

another nucleotide, cytidine monophosphate CMP (80.8 mmol/g)

on a similar type of substrate. Since the chemistry of the two



Fig. 2. (a) XRD pattern (with indexation relative to the hydroxyapatite JCPDS card 09­432), (b) SEM observation of the apatite substrate hac­7d prepared in this work, and

(c) typical morphology of constitutive nanocrystals (TEM).

nucleotides differs only by the nature of their nucleic bases (ade­

nine being a puric base with two organic cycles, and cytosine

being a pyrimidic base with a single cycle), the greater adsorption

amount found with CMP can presumably be linked to a greater

affinity of the surface for cytosine rather than adenine. It is how­

ever at this stage not possible to suggest molecular orientations for

AMP or CMP adsorbed on apatite: additional considerations, possi­

bly through molecular dynamics, would be needed. Zeta potential

measurements however indicated a somewhat less negative value

(−20±2 mV instead of−30.9±1.8 mV at pH 6; and−23.9±1.3 mV

instead of −28.6±2.2 mV at pH 9.5) in the presence of adsorbed

AMP which agrees well with an increased exposure of the nucleic

base on the particle surface, due to adsorption. The order of

2.01.51.00.50.0

0.000

0.002

0.004

0.006

0.008

0.010

0.012

0.014

0.016

0.018

C
eq

 (mmol/l)

N
a
d
s
 (

m
m

o
l 
A

M
P

/g
 a

p
a
ti
te

) pH 7.4

Fig. 3. Adsorption isotherm of AMP onto nanocrystalline apatite hac­7d, at pH 7.4,

20 ◦C and in KCl 10−2 M.

magnitude of the zeta potential found here for the apatitic sub­

strate is, as can be expected, close to other measures done on similar

systems (e.g. [37]); and in the present study, the zeta potential

remained negative in the pH range 6–9.5 even in the presence of

adsorbed AMP throughout the adsorption isotherm. This can be

linked to the limited amount of adsorbed AMP molecules on the

apatitic surface.

Of particular interest also is the value of “m”, as it is thought to

convey information on the heterogeneous character of the surface

and on the positive or negative cooperativity between adsorbed

molecules, as was recently reminded [36]. A value of “m” greater

than one is generally considered to suggest a situation of “positive”

cooperativity between adsorbed molecules, whereas the contrary

is considered for m lower than unity. Recently Choimet et al. (pub­

lication in progress) reported a similar study has been run on the

adsorption on biomimetic apatite of another nucleotide, cytidine 5′

monophosphate (CMP). In that case, similarly to the present study

(m = 1.25), a value of m greater than one (m = 1.20) was obtained for

Sips modeling of the adsorption isotherm. Consequently, both AMP

and CMP adsorption on biomimetic apatite seem to be accompanied

by a favorable positive cooperativity between adsorbed molecules.

The value of the constant KS also conveys some physical mean­

ing, related to the Gibbs free energy of the adsorption process,

as was recently reminded and exploited in the case of tetracy­

cline adsorption on biomimetic apatite [36]. The following equation

allows one to evaluate 1G◦ads from the value of KS (re­repressed

for Ceq in mol/l):

KS = exp

(

−
1G◦ads

RT

)

This leads to the negative value 1G◦ads
∼=−22 kJ/mol (uncer­

tainty estimated to ±1 kJ/mol), indicating a favorable adsorption



of AMP on biomimetic apatite in standard conditions. This value

is similar to those found recently for the adsorption of CMP

(−19 kJ/mol) and for tetracycline (−22 kJ/mol) on nanocrystalline

apatite: this order of magnitude is consistent with the typical

strength of an electrostatically mediated surface–molecule inter­

action and is found to fall in an intermediate situation between

what is generally considered as physisorption and chemisorption.

A previous study on the adsorption of DNA on biomimetic

apatite has pointed out the effect of pH on the adsorbed amount

[19]. In particular, an increased adsorption was found when

the contact between the substrate and the biomolecules was

undergone in acidic conditions. In order to inspect this at a

single nucleotide level (as a “building block” of DNA), we inves­

tigated here the adsorption of AMP at pH 6. The adsorption

isotherm obtained in this acidic condition is plotted in Fig. 4. As

evidenced on this figure, for a given equilibrium concentration,

the adsorption amount was found to increase significantly upon

pH drop from 7.4 to 6. Again, the data were satisfyingly fitted to

the Sips adsorption model (R2 = 0.9988), with however modified
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Fig. 4. Adsorption isotherm of AMP onto nanocrystalline apatite hac­7d, at pH 6,

20 ◦C and in KCl 10−2 M (compared to data obtained previously at pH 7.4).
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Fig. 5. (a) FTIR analysis of the apatitic substrate before and after AMP adsorption for varying coverages, and spectrum of AMP sodium salt. (b) zoom on the �2�4(PO4) domain.



Fig. 6. Raman micro­spectroscopy analysis of the hac­7d substrate before or after adsorption (pH 7.4) and of AMP sodium salt: (a) general spectrum in the range 400–1500 cm−1

and (b) zoom around the �1(PO4)apatite vibration domain.

parameters as follows: Nm = 0.039±0.002 mmol/g, KS = 5.71±1.12

and m = 2.09±0.12. While remaining in the stability domain of

apatite, these findings point to a situation where the affinity of

the surface for the AMP molecules becomes enhanced in acidic

medium, which is evidenced by the significant increase of the con­

stant KS; also the maximum amount reaches 0.039 mmol/g which

is about twice the value found for pH 7.4. The value of “m” close

to 2 also depicts a situation with significant cooperativity between

adsorbed species, in an even greater scale than at neutral pH.

This effect of pH on the adsorption of nucleotides on biomimetic

apatites is, to our knowledge, the first of the kind. It parallels what

was previously noticed for the adsorption of DNA [19], thus sug­

gesting that this effect is not a peculiarity of this macromolecule

but that it can probably be ascribed to surface modifications of

biomimetic apatites upon acidification. It may be assumed quite

reasonably that the protonation of surface phosphate ions is bound

to increase noticeably upon acidification of the medium in which

it is emerged. This increased protonation may be at the origin of

this adsorption enhancement effect, either 1) by moving the sur­

face charge toward more positive values more prone to attract the

phosphate end­groups of AMP molecules, or 2) by promoting the

release in the solution of protonated phosphate ions (less attracted

by calcium due to a diminished charge) and their simultaneous

replacement by AMP molecules. Further studies are undergoing on

the adsorption of various (bio)molecules onto biomimetic apatite

under varying pH values, which should enables us in the future to

explain the present observation with more details.

The solids were analyzed after adsorption by vibrational spec­

troscopy techniques. FTIR analyses (Fig. 5a) showed that the apatite

substrate did not undergo noticeable changes upon adsorption, as

in all cases the bands characteristic of a carbonated apatite phase

were noticed [13,38–42]. In particular, the level of carbonation



was found to remain unchanged, as could be assessed by the rela­

tive intensity of the �3(CO3) band when compared to �3(PO4) [43].

This was observed independently of the pH value of 7.4 or 6. The

chemical environments in the apatite substrate, as followed on the

�2�4(PO4) domain, also remained essentially unchanged by FTIR

upon adsorption (Fig. 5b), although the global (averaging) charac­

ter of these transmission analysis do not lead to specific surface

features. The characteristic bands of AMP could not be visualized

on these spectra, which can be attributed to the small amount of

adsorbed molecules on the surface of the nanocrystals, and to the

above mentioned lack of surface­specific analysis by this technique.

Moreover, phosphate and carbonate groups from apatite as well as

water environments provide many rather intense absorption bands

in infrared spectroscopy, which does not facilitate the detection of

AMP features.

A complementary analysis was thus carried out by Raman

micro­spectroscopy. The bands relative to (adsorbed) AMP become

detectable besides those of the apatitic substrate, as can be typically

seen in Fig. 6. Interestingly, some of the AMP characteristic bands

appear shifted as compared to those of pure AMP (Fig. 6a).

This is in particular the case for the relatively intense bands

linked to the skeleton vibrations of the adenine ring [44] at 726.9

instead of 732.7 cm−1 (assignable to adenine ring breathing mode

[45]) and at 1339.3 instead of 1333.6 cm−1 (in­plane adenine ring

mode [45]). They point to a situation where the adenine part of

the molecule gets modified by the sorption process. Such a shift in

Raman band position can be attributed to surface chemical interac­

tions existing between neighboring AMP molecules (as suggested

by the positive cooperativity of the Sips model) and/or between

AMP and the surface of apatite nanocrystals.

On the other hand, the phosphate group of AMP is respon­

sible for the presence of a rather intense band located, for the

AMP sodium salt, around 988 cm−1. This band is attributable to

the vibration mode �1(PO4)AMP [46] where the phosphate group

is in non­protonated form [47]. Interestingly, the Raman spectral

region around this position (Fig. 6b) appears significantly modi­

fied in the case of AMP adsorbed on apatite, with a clear band

rise at ca. 1004 cm−1 and no detection of the 988 cm−1 band. A

low intensity Raman contribution at 1005 cm−1, also attributed to

the (non­protonated) phosphate group of AMP, has already been

reported for pure AMP [47]; and a close analysis of Raman data for

the AMP sodium salt used in the present work allows one to detect

at 1004 cm−1 a shoulder to the main 988 cm−1 band (Fig. 6b). How­

ever, in the case of AMP adsorption onto biomimetic apatite, the

contribution at 1004 cm−1 appears enhanced while the 988 cm−1

band does not seem to be present. These observations thus evi­

dence a change in phosphate chemical environments for AMP in

the adsorbed state. It therefore indicates that the phosphate group

of AMP molecules is also involved in the adsorption process, prob­

ably in interaction with calcium ions of the apatite substrate. Note

that no obvious band shift was observed on this �1(PO4) of the

apatitic substrate. However, this can probably be explained by the

low amount of adsorbed AMP and the relatively low­energy inter­

action between AMP and apatite as suggested by the 1G◦ads value,

“intermediate” between chemisorption and physisorption.

4. Conclusions

The question of how DNA/RNA or their constitutive nucleotides

can adsorb on apatitic substrates, independently of the finality

(whether related to bone diagenesis or for nanomedicine for exam­

ple), is an important concern despite the scarce literature on this

topic. In this work we investigated the interaction of a model

puric­base nucleotide, adenosine monophosphate (AMP), with

a biomimetic apatite substrate preliminarily characterized. This

study thus complements previous reports relative to the adsorption

of double­brand DNA [19] and of a pyrimidic­base nucleotide: cyti­

dine monophosphate (CMP, Choimet et al., publication in progress).

Our data indicate that AMP can adsorb onto biomimetic apatite,

and the isotherm can be satisfyingly described by the Sips equation,

with an exponent greater than unity suggesting some degree of pos­

itive cooperativity between adsorbed AMP molecules. The affinity

of the surface for AMP was found to be lower than that for CMP, thus

evidencing a role of the nature of the nucleic base, which was indeed

pointed out via vibrational spectroscopy analyses. This effect would

however probably be absent or at least drastically reduced in the

case of double­brand DNA where nucleic bases remain in the inte­

rior of the double­helix structure, thus becoming inaccessible to

direct surface interaction.

The standard Gibbs free energy related to the adsorption process

was estimated to about −22 kJ/mol, and this value falls in between

the domains often regarded as “physisorption” and “chemisorp­

tion”. Interestingly, the adsorptive power of biomimetic apatite

toward AMP molecules was found to increase significantly in acidic

condition (pH 6) as compared to pH 7.4. This effect parallels the one

previously observed for DNA adsorption and suggests an apatite

surface modification promoting the adsorption of, at least, such

phosphate­terminated molecules.

Spectroscopy analyses run before and after adsorption indicated

that the global vibrational features of the apatitic substrate essen­

tially remained unchanged upon AMP sorption, but AMP Raman

bands (both phosphate and adenine contributions) were found to

be significantly modified, pointing to the existence of chemical

interactions between AMP molecules and the surface of apatite

nanocrystals, and also possibly among adjacent adsorbed species.

This contribution adds to the works being conducted in view

of a better understanding of the interaction between biomolecules

and the surface of biomimetic apatites, and especially of DNA/RNA

and their constitutive nucleotides. It is expected to prove helpful in

disciplines such as bone diagenesis sciences or else nanomedicine,

among others. Moreover, the question of the start of life on Earth

also rises the question of how nucleotides in formation (as future

building blocks for DNA) may possibly have been protected against

degradation over time: adsorption onto mineral phases such as

apatite may have played a non­negligible role in this preservation

process. . .
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