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ABSTRACT

The clemical interadion betveen DNA macromadeaules and hard issues n vertebate is of forenost
importancein pdeogeretics asbones and teeh represent a major substrate for lhe geretic materal after
cell deathRecenty, the empirical hypothesiof DNA "protection" aver tirne thanksa its adsorpion on
hard tisses was reisited from a physio-chemical viewpointin particular. the esterce d a stromy
interaction between phosphate groups of Dilskbone and theurface ofapatite nanocrysta(mimick-
ing bone/dentin mineraiwas evidencedn an Dexperimental basidn the field of nanomedicind)NA
or RNA can beused for genéransportinto cells.and apatiteanocarriershenappear promsing.In order
to shedsomemorelight on interactiondbetween DNAMolecules and apatite, the presetidyfocuses on
the alsorpton of a "modd’ nucleatide, cytidine 5 monophosphatéCMP), on a carbortad iomimetic
apatite samfe.The fdlow-up of CMP kinetics of adsorpiton pointed aut the repidity of interacton with
stabilization reachedwithin few minutesThe adorption isothenn could be realistically fitted to thesSip
mode!(Langmuir-Feundlich) suggesting the influence of surface heterogeneities angh@aiscooer-
ativity in the adsorption process. The desiorp Sudy poirted out the eversible chamer of CMP
adsorption on biomimetic apatte.This cortribution is intended to prove helpful in view of better appre-
herding the molecubr interaction of DNA fagmentsand apatite compounds, independenti of the gpli-
caion domain, such as bone diag@ess or nanomedcine. This study may also appeainformative for
reearches intereged in the oigins of life on Earth and the occurenceand kehavior of primitive
biomdecues

E-mail address: christople.droue@ersiacet.fr (C. Drouet).



1. Introduction temperature, and desorptioras followed in the presence or in
the absence of phosphate ions. These results sem@das a com-
After the death of an organism, its constitutivelscerapidly =~ plementary instructive dataset in future DNA/apatite-related
break up and release their contents, including DNA (deoxyribonuworks, independently of the application field.
cleic acid). The analysis of DNA extracts from body remains has led
to much progress in domainsuch as paleogenetics, paleo- 2. Materialsand methods
microbiology, animal and vegetal adaptations and even forensic
sciences. Among the genetic markers studied are the uni- parenfal. Synthesis of the biomimetic apatite substrate
markers (e.g. located on mitochondrial DNA inherifeain the
mother, or on the Y chromosome inherited from fetker), and the The syntheticsample ofcarbonateciomimetic apatite used in
biparental DNA markers located on the autosom@ls.these  this work wasobtained by precipitation ofa calciumnitrate
markers are very important for following evolutionary histories ofCa(N®)z-4H20 solution(522 g in750ml of deionized water) with
populations[1] or revealing family relationships withifuneral ~an ammonium hydrogenphosphate (NeHPQ solution and a
areas burial§2]. Another area of interest related to thealysis of sodium bicarbonate NaH@®8olution (90 g of eacm 1500 ml of
DNA residues is paleo-microbiology. The analysis of ljpead deionizedwater),at room temperature (2€). In the second solu-
bugs) found on soldiers from the Vilnius battle by Napoleon tion, an excess of phosphatasused to buffer the pH of the solu-
1812 is an illustration of this point applicati¢a]. tion at 72, close to the physiological values (7:Bj)e precipitate
The development of molecular biology techniques fsnit-  wasthen left to maturet roomtemperature for 1 weef days),
ted to extract information from mineralized tissues (bone anfiitered on Blchnefunnel, and thoroughlyashed with deionized
teeth remains) that are the predominant vertebrates' vestigeater. The sample was then freeze-dried for 3 days, sieved in dif-
found in archeological searchés.The study of DNA extracted ferent size fractions, and stored at°C8until further use. In this
from hard tissues then permitted dain information on more study,we workedwith granulometry fraction below 100 um. In
and more ancient periods of time. Indeed, DNA seems to be bett#ie rest of the text, this 1-week matured sample will be referred
preserved in hard tissues than in soft tisgGésToday, DNA to as "hac-Iw.
sequences dating of more than 1700000 years can be extracted
from skeletal remaing6]. The preservationof DNA in such ancient  2.2.Physico-chemical characterization of theapatitesubstrate
specimens was at firgurprising, becauseexperimentaldata [7]
only allowed one to expeatpriori a much faster DNA degradation. ~ The physico-chemical characteristics of the hac-1w apatite
From the better conservation of DNA associated to bone arjere detailed in a previous study using several technidées
teeth arose the hypothesis of a possible role played by a specif¢iefly, the total calcium and phosphate contents in the apatite
interaction between DNA and the apatite contained in mineralizeghase were determined by complexometry and by spectrophotom-
tissues. This hypothesis has long been used by paleo-geneticigte/ (ShimadzuUV 1800,A. =460 nm) respectively, while the car-
(71, but without being actually demonstrated. Recentlya bonatetitration was carried outby coulometric methodUIC, he.
physicochemical study[8] investigated the interaction between CM 5014 coulometewith CM 5130 acidificationunit). The nature
DNA fragments and biomimetic apatite analogous to bone mirf the crystalline phase was determined by powderay diffrac-
eral/dentin. By exploring DNA adsorption and desorption onto apation using an INEL diffractometer CPS 120 and the monochromatic
tite nanocrystals, the existence of strong chemical limks Co Ka. radiation(,1.= 1.78892A). Fourier transform infraredFf!R)
evidenced: the existence of a clear interaction betwghosphate Spectroscopy analyses were achieved on a Thermo-Nicolet 5700
groups of DNA backbonend the surface of apatite nanocrystals Spectrometer with a resolution of 4 -dm using the KBr pellet
was indeed evidencedn an experimental basigs]. The absence method A Microtrac BELSORP mini Il apparatus(BET method
of desorption uporsimple dilution was observed (whileit was  based on nitrogeradsorptior) was usedto determinethe specific
favored upon addingphosphate ions in the mediurhe implica-  surface area SwZeta potential (determinedfrom electrophoretic
tion of DNA phosphate backbone in adsorption processes was alg®bility measurements) was determined ab °C using a
reported in othestudiesinvolving different substrates and for dis- Malvern Zetasizer Nano Analyzer apparatus. The apatitic substrate
tinct applications[9-12]. was studied after dispersion of the powder in water set at different
In another domain, the adsorption of plasmid DNA or RiWA  pH values inthe range 6-9.5 and filtration on micropore filter for
nanosystems suascolloidal nanoparticles can prove helpful for avoiding the sedimentation of large aggregat¢sl um) during
gene transfection/gene silencing applications[1317: since the analyses.
apatite-basedhanoparticleshave been shown to hava great
potential in nanomedicinéghe usef DNA- or RNA-loadedapatite  2.3. Cytidine 5 monophosphate (CMP) adsor ption and desor ption
nanoparticles for the transportation of extemal genes not naturally
expressed by cells appeared indeed as an encouraging route. Cytidine5 monophosphate, in the form of di-sodium sait, was
DNA, however, isa complex macromolecule with altemating purchased from Sigma Aldrich; its chemical formulgiienin
nucleotides organized in double-stranded helicoistalicture, Fig. 1 For ail experiments of adsorption or desorptionn0of
whereanucleotide igheresultof theassociation of aucleic base apatitepowder(0< 100 pm) was dispersed in 5 oflCMP solu-
(typically Cytosine Adenine, Guanine or Thymine) with pentose  tions at room temperature. The CMP concentragir@sentn the
(deoxyribase) anda phosphategroup. With theaim toinspectfur- supernatant was evaluatasing spectrophotometghimadzu
therthetype ofinteractionthatmayoccur letweenDNA and apa- UV 180Q A.=272nm). Atanytime, theadsorbed amount could
tite, and independently of the application (paleotjeag be determined by difference of the initial quantity introduced in
nanomedicine, . ), the present contribution investigates thethe medium and the residual amount in solution
adsorptive behavior of a'model" nucleotide, cytidine '5 Adsorptionkinetics was investigated by following the amount
monophosphate (CMPYnto abiomimeticapatite substrate @se-  of adsorbedCMP versustime. For thesexperiments, a CMP solu-
viously used(seefor example[8]). After summarking the main  tion of 300mg/l in I<CI solution (0.01 M) was usedat roomtem-
charateristics of the apatitic substrateused in this work, the perture andphysiological pH. Different contact times ranging
CMP adsorptiorkineticsand isotherm wermvestigatedatroom from 5 min to 3h were followed so as to evaluate tlaelsorption
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Fig. 1. Chemical formulaf cytidine5' monophosphatéCMP) di-sodiumsit. 0.6 v V(CQ) +2HPCY
- v(Pa),
= v,(PO)
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equilibrium of CMP ortheapatite substratafter theselected con- = vﬁ(PO,,)
tact time, the mixture was centrifuged for 2 mirb@00 rpm and ‘53 0.2 Ho Y
the supernatant was withdrawn and analyzed by spectrophotome- & WM
try as indicated abov&he CMP adsorption isotherm was then < 00+ T : . . . . .
built by following (after 1h of contact timgthe adsorbed amount 4000 3500 3000 2500 2000 1500 1000 500
versus the equilibrium concentration in solution, varying from 0 up Wavenumber (cnit

to 1200 mg/!.
. . _ Fig. 2.(a) XRD pattern (2 theta between 20nd 70°)of the biornirnetic cabonated
When mentioned in the texbe amounof phosphat@ndcal- | 2" oo (maration of 1 week) usedin this work, with ( hk I

cium ionspresentin thesupernatant after adsorption weespee indexaion ater JCPDS file #09432 relafive to hydroxyapaite, and (b) FTIR
tively evaluated by spectrophotometry and atomic absorptiospectrumfor hac-1wwith phophate, carbonge and water band attributions.
(Analytikjena ContrAA300, hD/acetylene flamel.=422.67 nn).

The eventual desorption of CMP was investigated for some dat- o ) . . )
apoints corresponding to the isotherm (2500 and 1000 mi). nonstoichiometric nanocryst_alllne apatites as prewo_usly reported
After 1h of adsorption, a known amount of supernatantwites ~ [19]. Note however, that this measurement only gives aajlo
drawn and replacedy KCI solution (001 M). After the same valueof thesurfaqecharge and does not |mp_ly that only negatively
immersiontime, the solutiowasanalyzedby spectrophotometry. chargedsurfacesites arepresentasbath calcium andphosphate
Theeffect of an addition of phosphaiens on theeleaseof CMP  (Protonatedlionscoexist.

was also followed by the addition of kPO at a final concentra- The carbonation of this sample was confirmed by the presence
tion of 18 MM. of carbonate bands observable by FTRy( 2b), in the ranges

1350-1550 cnt (v3(C0;) domair) and 840-910 cm- (vo(CO0s
domain). Bath direct coulometric measurements and FTIR carbon-

3. Resultsand discussion ate titration using aecentlyreported method20] revealed a car-
) . o . bonateamount of 3.6wt.%. The C& P+ C) overdl molar ratio
3.1. Physico-chemical characterization of apatite substrate determined bycomplementarychemical titrations dd to 1.36.

] S ] This value noticeably lowerthan 1.67 (characteristic of stoichio-
As mentioned above, the biomimetic apatite substhaie,  metric hydroxyapatite), points to the nonstoichiometry of this

used in this work was previously characterized [8E®r detailg; compound, as for bone samplés], confirming again the biomi-

for the sake of completeness however its main features are Suffetic natureof this apatite compound.

marized hereafter. . The above results thusubstantiatethe choiceof this apatite
The apatitic nature of theample wasconfirmedby powderX-  samplefor the presentstudy, aiming atnspecting the interaction

ray diffraction (XRD) analysis, complementecby Fourier-  of the CMPnucleotide witha substrateloseto bone minerai.
Transform Infrared (FTIR)spectroscopyln particular, theXRD

patternshowed the absence dietectablesecondaryphases Fig.
2a), and the biomimetic character of this sample lbarnassesse
by the similarity of crystalline features to those of bone
specimeng(see Supporting InformationFig. SI 1. The broadness
of the diffraction peaks can be attributed bath to the existence
microstrainsin the apatitic network andto nanosted constitutive
crystals. The application of Scherrer's formula to diffractimes
(002) and (310)uggested, ira first approximation, ameancrys
tallite lerngth of around16 nm and amean width/depttclose to

5 nm, underlining the nanometer dimensions of this hac-1w sal
ple, similarly to those of bone mineri8]. The specific surface
area of the granulometry fraction selected in this work reache®i2.1. Adsorption kinetics

122 n#/g. For additional information othe physic-chemicathar- Fig. 3shows the adsorptiokinetics of CMP on hac-Iwfor an
acteristicsof the apatitic substrateusedin this work, its zeta initial concentration of 30thg/l), by plotting theamount of CMP
potertial wasaso measuwed,in awide pH range from6 to 95. It adsorbed as a function of conttiate. The thermodynamic equi-
wasfound to be negativehroughout this pHrange,and close to  librium was reached very quicklpfter Jess than 10 min
-30£2 mV. Such negative values are consistent forsuch Stabilization occurred at a concentration of ca. 224/l,

d 3.2. Investigation of CMP adsorption and desorption

CMP adsorption onto hac-l1was investigated here in two
ays. First,the sorption kineticswas followed by varying the
MP/apatitecontacttime, so asto determine the conditions of

achievement ofhermodynamicequilibrium. Thenfor a selected
contacttime, the adsorbed amounwas measuredor increasing
CMP concentrations igolution,in order to define the adsorption
r.}'1s_otherm (at room temperatyre



212 Q.ds=B-Ln(A) +B-Ln(Ceq) Temkin 3)

g- 10 whereKL. Nm.Kf,n,A andB are therelated constantsata given tem-
o) perature.The applicationof these models to the experimental data
©! led to thefollowing correlation parametergadjustedR2):0.9916,
g..s. e eemeeeeeaeoas Tooemereenes -t 0.9637 and0.9453.These findingssuggestthat pure Freundlich or
0 1 Temkin adsorptive behaviscannotadequatelyexplain theexper
a 6 imental variation observed herestead, an improvedit was found
e with  the Langmuir  equation (with =32.33 +2.41 mg/g
@ a (0.82 £0.06 pmol/m?) and KL = 0.0017 £0.0002 Img). A recent
ci studyon theadsorption of tetracycline ohiomimetic apatite [23)
1 5 however pointed out thénterest to test also theadequacy of
0 another mode!, known as Sips etijo@ [24,25) (also known as "L
o angmuir-Freundlich" isotherpnwhich appears as a modified ver-
0 S0 40 60 80 100 120 140 160 180 200 sion ofthe Langmuir mode!pincorporating theexponent'm" as
. follows:
Contactme (min)
Fig. 3.Kinetics of adsorption ofCMP onto biomimetic apatite hac-w (room KS-C:q
Q.cse=Qm- K (M Sips isotherm 4)
temperaturg

14 s.eq

The application ofthis equation taur experimental points led
correspondingo an adsorbed amount ca.7.5 mg/g ofapatite to the adjusted? correlation parameter 0.9933ndicating that

(0.29umol/n#). this modelis the most relevantamong the four testedp describe
Taking into accountthe rapidity of this adsorptioprocess, adequately the obtained datapoint§he corresponding Sips
probably painting to a highffinity of CMP molecules for thsur-  parameters are m=1.20+ 0.11, =261+ 2.6 mg/g
face of biomimetic apatite, it was npbssibleto draw advanced (0.66+0.07 pmol/m), and Ks=0.00052+0.00027.In particular,
conclusions relatively to the type kiheticmode!. thevalue of "m", noticealdy greate than unity, confirms that the
isotherm should not beonsidereds fully LangmuiriariThe max-
3.2.2. Adsorption isotherm imal adsorbed amount (monolayer coverage in oexperimen-

The adsorption isotherm of CMP on apatite is showriin 4. tal conditons) thus reache about 26.1 mg/g (0.66pmol/ne),
The shape of the plot indicatasprogressive rise of the adbed which is equivalent, in micromoles pgram to 80.8umol/g
amount (Q,dl for increasing equilibrium concentrations (Ceg)  This valueis roughly of thesame ordeof magnitudeasthe one
order toexplore further the adsorption mechanismimplied in  found fortetrecycline on a 1-day matured[23) (the concept of
the CMP/biomimetic apatitesystem, the experimental datapoints maturation ohanarydalline apatesbeingexplaned elsewhere
were then tentatively fitted to variousnathematical modelsften  [26]) carbonatedapaite sample € 82 umolg). On the other
encountered inadsorption studies, includingwith apatite sub-  hand, it is difficult to directlycomparethis maximal adsorbed
strates(e.g.[8,21,29). amount tothat found for much larger macromolecules such as

The models of LangmuirFreundlichand Temkin were the first  DNA (of theorderof0.49 pmolg [8]), due to very different molec-
to be tested; being respectively described by todowing ularsizesand dynamics. Nonethelgthe adsorptioof CMP mole

equations: culeson apatiteprobably irvolvesat leastan interaction vighe
K .C expasedphosphate end-group whighknown tohaveahigh affin-
Q.ds = Qn (ﬁ) Langmuir (@] ity for apaitic surfacesaswas also suggested by other studies (e.g.
L Leq

bisphosphoates[27,28)orDNA [8)).

Thevalue of "m"in Sips equation is also informative on the type
of interactionexistingin the adsorbent/adsorbate system wass
discussed previously25): it wasin particular relatedo the exis-
tenceof lateral interactiondbetween adsorbenholecules(which
is not considered in the Langmutheory). F@ m> 1, "positive"

Qads=KF - C!" Freundlich (2

Concentration of CMP at equilibrium (mmol/l)

2 05 10 15 20 25 30 35 40 45 cooperativitybetween adjacentmolecules is hypothesized, while
m < 1would correspond tnegative"cooperativity.In the preent
20 case,m 120 could thus suggesta favoring role ofadsabed mole-
2 1 culeson theadsorption process. THact that Sips isotherm fits
a. 16 . - better the experimental daés comparedo Langmuir may also
o ; - highlight the heterogeneous naturetbé surface oépaites
12 . ; TheSips constarKsalsocarriessome themodynamicmeaning
o yn 2 = asit was proposed to bimked tothe changén standard Gibbs free
S g p energyof adsorptionthroughthe following equationg 24) (with Ks
4 e Qads, experimental recalculatedwith Ceq expressed immol/!):
Fitwith Sipsadsorptionmodel g
4| of Ks = exp (— %) ®)
o | |
0 200 400 600 800 1000 1200 1400 In the present case, this leads to the negative value

Gacts  -19Kkj/mol (uncertanty estimated tatl kj/mol), indicat-
ing a favorale adsorption of CMP obiomimetic apaite in stan-
Fig. 4. CMP adorption isotherm (-20 °C) on hac-1w biomimetic apatite concen- dard conditions. For informatiorthis value is ofthe sane order
trations gvenin mmoll and in mg/l). asthe ong(-22kj/mol) found for tetracyclinedsorptian [23).

Concentration of CMP at equilibrium (mg/1)



In order to inspect further the adsorption mechanism, theonclude that the CMP/apatitesatption processs for the most

amounts of calcium and phosphate ions potentigdlgasedin

part 'reversible" upon simple dilution. This conclusion seems to

the mediumafter adsorption were measured. Indeed, previoudbe corrdborated by theact that theaddition of phosphate ions
studies have shown that the adsorption of some molecules, sughthe diluted mediungin the form of dissolved KHPO: sait,see

as bisphosphonatd&1,29], were accompanied by the concomitantstar

release of ions from apatite nanocrystaigfaces,eading to a

datapoints inFig. 5) does not promote desorptiohso,
this is ingoodagreement with our above resulégeprevious sub-

physical "anchoring" of the molecule on the substrate. In the préection) indicating that the adsorption process was not accompa-

sentcase, the titration of Ca and P in the supernatahtsved
however their presence only in small quantities adtisorption.
After subtractionof the amounts otalcium and phosphate ions
naturallyreleaseddue to the prtial dissolutionof the apatitesub-
strate in the medium (as any ionic compoyntds then possible to

nied by a ginificant phosphateeleasen the supernatant.

3.3. Concluding remarks

In this contribution, the adsorption of a nucleotide, CMP, onto a

examine whether any additional release is observed due to thanocrystalline apatite substrate mimicking bone minerai was

adsorption process itself. Felactsvarying from 0 to 24 mg/¢see
isothermFig. 4; corresponding in moles to the range OifBolg),

investigatedin detail. The adsorption isotherrastablshed for a
contact time permitting to reach equilibrium, was found to follow

the amount of phosphate released remained low and comprisadSips(Langmuir-Freundlichymode! and data analyssiggesteda

between0 and 6 pmol/g, while calcium was found to vaayound
a mean pstion of 100umol/g. No cleartrend was observed in
function of the alsorbedamaunt. Thus thesefindings suggesthat

cooperative adsorption @@MP moleailes. Thestudy of thedesorp-
tion upon dilution and the analysi®f supernatants allowed us to
insinlete that CMP adsaption on nanocrystalline (biomimetic)

the adsorption of CMP on nanocrystalline apatite is not accompapatite was highly reversible and not accompanied by a concomi-

nied by a significant simultaneous release of surface ions.

3.2.3. Desorption study

tant ion releasdrom the apatitesubstratqdespite the presence of
a terminal phosphate group on the molecule). This of@nalysis
on asingle nucleotide- forming one"building black" of DNA or

In continuation with the adsorption study, the possible desordNA macromolecules- will have to be extended to polynucleotide

tion of adsorbedCMP moleculeswasfollowed by dilutionof the
medium(seedilution details inexperimentalsection). Severales-
orption points werexamined, corresponding to variadegrees of
surface coverage, as shownHig. 5. On this figure, the "hypothet-

subunits and comparetd data recerly obtained on th adsorp-
tion of DNA on biomimeticapatite[8]. Nonetteless, it arealy pro-
vides some additional data view of better comprehendinghe
interaction between apatite compounds and DN4y in post-

ical" points calculated by supposing the absence of desorptidnortemsettings (studyof bone diagenesis) or for nanomedicine

upon dilution are indicated in parenthesés information For

applications.

each point studied, dilution of the medium led, in contrast, to par- By extrapolation, thiswork may also appear informative for

tial CMP desomption as marked by theurved arrows.In the
assumption that this adsorption process wdnddllly reversble,
desorptionshould occur inaway that the point wouldfollow the
adsorption isotherm in thepposite way. Irthe case ohanocrys
talline apatites, however, the adsorption of some molecuées
found to be irreversible upon dilution; and this observati@s

researcherdnterested in theorigins of life on Earth, where the
occurrenceand preservéion of primitive biomol eaules such as
nucleotides is of prime relevance.lndeed, as in the caseof DNA
(seeRef. [8]), the adsorption of nucleotidesnto mineraisubstrates
constitutive ofthe Earth's geochemistryuch asapatites(eg. pre-
sent in metamorphic rockg30] of pelitic, carbonatebasaltic and

related to a concomitant ion release from the surface of thdtramafic composition)may praide protection against premature

nanocrystals: foexampletheadsorptiorof bisphosphonatested
abovewasshown to occur simultaneously tteerelease ofurface
phosplateions, withno clear releasef cdcium, thusleading to an
"anchoring"of the moleculeon thenanocrptd surface,n a"sur-
face phosphate" position.

In the presentcase,the experimental desorption of CMP,
another phosphate-bearing molecule, (sgeare"D" datapoints
in Fig. 5) are foundto clearly approachhe isotherm(although
without being strictly superimposed to )it therefore onecan

20
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0::
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u
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g
-§";7 6 o . - Ftwith Sips adsorption model
m (O ——= (0) Hypotneucal poiNt without aesorpton
w 4 o _, Experimental desorption point
a 2 / <k) Hypothetical pointv.ithoutdesorption, v.ith KH,PO,
A g
"
* . . . .
Experimental desolption point,v.ith KH,PQO,
(0]

0 100 200 300 400 500 600 700 800
CMP concentration alequilibrium (mg/l)

Fig.5. Desorptionstudy upondilution, and effect of the addtion of phosgateions
in the medium (KHPQy

degradation by environmental factoAlso, in the adsorbed state,
nucleosi@snucleotides may then undergsurface reactions(pos-
sibly catdytic) to promote chemica modifications andor their
combination into polynucleotides of biological relevance [31].
Therefore, better apprehending adsorption processeslving
nucleotides and minerais like apatites could pa@die to better
understanding how "primitivebiomolecules succeeded w®volve
toward more elaboratesystems.
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