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On the surface effects of citrates 
on nano-apatites: evidence of a 
decreased hydrophilicity
Pavlo Ivanchenko1, José Manuel Delgado-López   2, Michele Iafisco3, Jaime Gómez-Morales2, 
Anna Tampieri3, Gianmario Martra   1 & Yuriy Sakhno1

The surface structure and hydrophilicity of synthetic nanocrystalline apatite with strongly bound 
citrates on their surface are here investigated at the molecular level, by combining advanced IR 
spectroscopy, microgravimetry and adsorption microcalorimetry. Citrate are found to form unidentate-
like and ionic-like complexes with surface Ca2+ ions, with a surface coverage closely resembling that 
present in bone apatite platelets (i.e., 1 molecule/(n nm)2, with n ranging between 1.4 and 1.6). These 
surface complexes are part of a hydrated non-apatitic surface layer with a sub-nanometre thickness. 
Noticeably, it is found that the hydrophilicity of the nanoparticles, measured in terms of adsorption of 
water molecules in the form of multilayers, decreases in a significant extent in relation to the presence 
of citrates, most likely because of the exposure toward the exterior of –CH2 groups. Our findings provide 
new insights on the surface properties of bio-inspired nano-apatites, which can be of great relevance 
for better understanding the role of citrate in determining important interfacial properties, such as 
hydrophobicity, of bone apatite platelets. The evaluation and comprehension of surface composition 
and structure is also of paramount interest to strictly control the functions of synthetic biomaterials, 
since their surface chemistry strongly affects the hosting tissue response.

Bio-inspiration is among the main concepts ruling innovation in the biomaterials field, where synthetic nanocrys-
talline apatite prepared in close to physiological conditions (so called “bio-inspired” or “biomimetic”) appears as 
a relevant subject, because of chemical composition and structure similar to that of the mineral phase present in 
human calcified tissues1. Indeed, apatite is present in bone and dentin as plate-shaped carbonated nanoparticles, 
ca. 30–50 nm in length as well as in width and with thicknesses ranging from 2 to 10 nm2, 3. Noteworthy, the 
peculiar shape and size of these biominerals are thought to be the result of a templating action carried out by the 
organic matrix driving complex biomineralization processes4. In particular, it was proposed that carboxylate-rich 
proteins like osteopontin, osteocalcin and amelogenin can significantly affect the crystallization pathway of apa-
tite5–7. On this basis the effects of amino acids8–10, carboxylic acids11, 12 and peptides13–15 on nucleation, growth 
and facet stability of apatites nanoparticles were intensively investigated. In this scenario, citrates, the most abun-
dant small molecules of the bone organic matrix (accounting for ~5.5 wt% of the organic matrix)16, seemed to 
play a minor role until the report of Schmidt-Rohr and co-workers16 which revealed that citrates are strongly 
bound on apatite nanocrystals in bone, stabilizing their size and morphology. In addition, Xie and Nancollas17 
proposed that the use of this molecule could be a powerful nature-inspired strategy to finely tune the properties 
of synthetic apatite nanoparticles for biomedical applications. Davies et al18. have also recently confirmed the 
presence of citrate bridging between bone apatite, which can explain the typical plate-like morphology of bone 
mineral.

The interaction between citrate and apatite surface apparently stemmed from the match between the spacing 
among −COO− groups of citrates and that of Ca2+ ions exposed at the family of surfaces of highest morphologi-
cal importance, namely the {1010} one16. These surfaces were found to prevail by far also in the case of synthetic 
apatite crystallized in the presence of citrates19, 20. Depending on the preparation method, the amount of citrates 
strongly bound on the surface of some of these biomimetic apatite nanocrystals was similar to that found in bone 
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apatites, i.e., 1 molecule/(2 nm)2 16. This coverage corresponds to ca. 1/6 of the nanocrystal surface (considering 
that a citrate anion exhibits a projected geometrical area of 0.65 nm2)21. Thus, the features of the hybrid surface of 
these nanocrystals, mimicking the biogenic ones, should result from the combination of the presence of strongly 
bound citrates and the structure of the citrate-free portions around them.

The understanding of surface composition and structure is of paramount interest to tune material properties 
and functions, particularly in the case of biomaterials where surface is the boundary between the synthetic mate-
rial and biomolecules of the hosting tissue22. This has been the aim of the research reported here, focused on the 
investigation of the impact of citrates on the surface interaction of apatite with water molecules, because of its 
relevance in ruling the interfacial behaviour towards biological media22. In fact, the presence of the –CH2 moieties 
of citrate was supposed to impart a local hydrophobicity to bone apatite nanocrystals, possibly relevant for the 
interaction of non-polar residues of collagen matrix16, 23. Here, an experimental assessment was targeted, by meas-
uring the amount of adsorbed water molecules and the related adsorption energy on a set of citrate-hydroxyapatite 
nanoparticles matured over a time ranging from 4 to 96 hours (Cit−HA−Xh, with 4 ≤ × ≤ 96)19, 24, 25, in compar-
ison with citrate-free hydroxyapatite (HA) nanoparticles overwhelmingly terminated by {1010} planes26.

Results and Discussion
Structural, morphological and compositional features of Cit−HA.  The understanding of the struc-
tural and morphological features of Cit−HA materials was the object of previous investigations19, 24, 25, and a 
summary of the most relevant results is listed in Supplementary Table S1. Briefly, morphologies and size distribu-
tions of crystal domains (hexagonal hydroxyapatite crystalline structure, space group P63/m) of Cit−HA−4 h and 
Cit−HA−96 h were obtained from wide angle X-ray total scattering – Debye function analysis (WAXTS-DFA)19. 
To this aim, WAXTS patterns were modelled with two bivariate populations of Ca-deficient hydroxyapatite nano-
crystals of increasing sizes with two different morphologies: hexagonal prisms (rod-like) and platy shapes (see 
Supplementary Fig. S1), in both cases elongated along the c-axis, and overwhelmingly limited by {1010} planes19. 
Cit−HA−24 h was not included in that study, but it can be assumed that its structural features should fall within 
the findings obtained for the other two materials. The results showed an increase upon 4–96 h maturation in the 
mass fraction of crystals with hexagonal morphology vs the platy one from ∼43:57 to ∼59:41. Moreover, it was 
found that the average length and width of the crystalline domains (hexagonal fraction) vary from ∼21.0 to 
∼25.1 nm and from ∼7.4 to ∼10.5 nm, respectively, upon maturation, while the length, width and thickness in 
the platy fraction varied from ∼21.0 to ∼25.1 nm, ∼8.9 to ∼12.4 and ∼3.9 to ∼5.4 nm, respectively. Overall, both 
morphologies exhibited a wide size distribution in length (standard deviation of the length dimension σ∼12.0 nm 
for the most matured sample) but a narrower distribution in width (σ∼2.5 nm) and thickness (σ∼1.1 nm).

The attachment of the crystals resulted in the formation of platy nanoparticles, with length, width and thick-
ness, as measured by AFM, passing from (σ in brackets) 66.3(22.9) nm, 38.9(15.1) nm, 6.2(1.1) nm, respec-
tively, to 104.1(19.0) nm, 56.6(12.2) nm, 13.5(4.1) nm over the maturation time considered19. The size of crystal 
domains and of nanoparticles was also measured in other works by conventional XRD and TEM, respectively24, 25. 
However, WAXTS appeared more informative on the structure of nanoparticles, because total scattering methods 
offer the unique advantage, compared to conventional diffraction, of treating Bragg scattering, originating from 
long-range order scattering, and diffuse scattering, originating from short-range effects, on an equal footing19. 
When comparing dimensions of nanoparticles as provided by TEM or AFM, the sizes of 2D projections observed 
in the first case are significantly affected by the arbitrary orientation of nanoparticles on the TEM grid. An assess-
ment of the information provided by the various methods is reported in the Supplementary Discussion S1.

Here is worth mentioning that information complementary to AFM data can be obtained when the crystallo-
graphic orientation of nanoparticles can be retrieved by Fourier transform (FT) of HR−TEM images. An example 
is depicted in Fig. 1, where representative HR-TEM images of Cit−HA−24 h are shown, with the FT of selected 
zones.

At low magnification, different types of projected shapes can be observed (Fig. 1, panels a,a’), ranging from 
short plates (e.g. nanoparticle a, ca. 30 × 15 nm in size), to narrow rods (e.g. nanoparticle b, ca. 125 × 7 nm in 
size), to wider rods (e.g. nanoparticle c, ca. 80 × 20 nm in size). At high magnification, some nanoparticles exhib-
ited lattice fringes, resulting from a statistical proper orientation with respect to the electron beam. For instance, 
lattice fringes due to {0003} planes oriented perpendicularly to the length of a projected shape were imaged 
(Fig. 1, panel b). The FT indicates that the particle was observed along the [5720] direction (zone axis), with the 
c-axis in the image plane, i.e. corresponding to direction of elongation of the projected shape, and the a-axis 
pointing below the image plane with an angle of ∼45°. In another case, lattice fringes due to {1010} planes 
appeared, parallel to the main side and borders of the particle projection (Fig. 1, panel b’). The zone axis resulting 
from the FT is [2423], thus the c-axis is forming an angle of ∼20° below the image plane, while the a-axis lies in 
the image plane, i.e. it corresponds to the direction of the width of the projected shape.

WAXTS/DFA analysis also revealed that Cit−HA−4 h and Cit−HA−96 h contained a small fraction of an 
amorphous phase, which decreased upon maturation from ∼10% and 6% (mass fraction), respectively19. Neither 
in previous TEM/AFM investigations on Cit−HA materials matured for at least 4 h19, 24, 25, nor in the TEM obser-
vation of Cit−HA−24 h in the present work, amorphous calcium phosphate nanoparticles were observed. It 
can thus be inferred the amorphous phase should be along with the Cit-HA nanoparticles, likely located on the 
surface19. As a limit case, an amorphous layer thinner than 0.5 nm was theoretically estimated (see Supplementary 
Discussion S2).

Actually, a sub-nanometre amorphous layer can be observed by HR-TEM in some part of the borders of 
Cit−HA−4 h (Fig. 2a), whereas no evidence was obtained by this technique for Cit−HA−24 h and Cit−HA−96 h 
(Fig. 2b,c). Additional comments on the features of surface terminations are reported in the section devoted to 
surface hydration (vide infra).
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Chemical analyses revealed that, irrespective of the precipitation time, Cit-HA nanoparticles were Ca-deficient 
of ca. 10% with respect to stoichiometric hydroxyapatite (Ca/P = 1.67) (Table 1, third column). It is important 
to remark that such Ca-deficiency is very close to that found for biological apatites, confirming the biomimetic 
nature of Cit-HA not only in terms of morphology and size but also in terms of chemical composition.

Residual amounts of carbonate were present in Cit-HA nanoparticles irrespective of the maturation time 
(Table 1), being close to 1 wt%25. However, their IR-ATR spectra did not exhibit any observable feature in the 
800–900 cm−1 (Supplementary Fig. S2) related to A- or B-type carbonate substitutions, confirming that the actual 
carbonate content is residual. The amount of citrate did not change with the maturation time, while the SSABET 
decreased (Table 1), which is in agreement with the observed size increase upon maturation (see above and 
Supplementary Table S1).

Citrate-Ca2+ interaction.  Insights on the coordination of citrates to surface Ca2+ were obtained by the 
analysis of the IR spectra of the three Cit−HA materials. In Fig. 3, curves (a, a’, a”) are the spectra of specimens 
in contact with H2O vapor at 20 mbar (assignment of signals in the 3800–1800 cm−1 range in Table 2), resulting 
in the formation of adsorbed water multilayers26–29. Samples were then outgassed at beam temperature (hereafter 

Figure 1.  Representative TEM images of Cit-HA-24h. Original magnification: (a,a’) 150 k×; (b,b’) 400 k×. 
Insets in b,b’: FT of the image portions enframed within the white squares.
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b.t.) (curves b, b’, b”). This treatment left adsorbed only water molecules coordinated to surface Ca2+ ions26–29, and, 
if the case, in subsurface position in hydrated non-apatitic layers25, 30.

Focusing on the spectral range below 2000 cm−1, the comparison between the spectra of materials outgassed 
at b.t. in their pristine form (curves b, b’, b”) and after H/D exchange by contact with D2O (curves c, c’, c”) indicates 
that the deformation mode of water molecules (δH2O) contributes as a weak, ill resolved shoulder on the high 
frequency side of the main band at 1585 cm−1, as it disappears after isotopic exchange (Fig. 3, left panel, insets “z”; 
the δD2O signal at ca. 1220 cm−1 falls below the lower limit of the spectral range shown). It should be noted that 
this shoulder was no longer present after outgassing at 433 K (curves d, d’, d”), indicating that H2O molecules were 
completely removed by this treatment.

As reported above, carbonate ions are present in a substantially low amount, as such they are expected not to con-
tribute significantly to the spectral pattern in the 1650–1350 cm−1 range, where some of their typical signal falls31.  

Figure 2.  HR-TEM images of border regions of (a) Cit-HA-4 h, (b) Cit-HA-24 h and (c) Cit-HA-96 h. 
Interfringes spaces within the arrows are 0.814 nm in a and c, corresponding to d{1010} = 0.8154 nm, and 
0.229 nm in b, corresponding to d{0003}= 0.2294 nm. Original magnification: 400k ×. Insets: FT of the image 
portions enframed within the white squares. As indicated in the insets, particles were observed along the 
following directions (zone axes): (a) [1216] (a-axis in the image plane, c-axis forming an angle of ∼55° below the 
image plane); (c) [1210], i.e. the b-axis (c-axis in the image plane, a-axis forming an angle of 30° below the image 
plane).

Sample
SSABET 
(m2·g−1) Ca/Pb

Citrate content

Carbonate 
content (wt%)(wt%)

Surface density

ncit/nm2 1cit/(n nm)2

HA1a 130 ± 6 0 0 0 1.0 ± 0.1

HA2a 160 ± 10 0 0 0 1.8 ± 0.2

Cit–HA–4 h 160 ± 10 1.51 ± 0.02 2.4 ± 0.1b 0.47 ± 0.1 1.46 ± 0.3 1.1 ± 0.1b

Cit–HA–24 h 145 ± 7 1.52 ± 0.03 1.9 ± 0.1b 0.41 ± 0.1 1.56 ± 0.4 1.0 ± 0.1b

Cit–HA–96 h 114 ± 5 1.54 ± 0.03 2.0 ± 0.1b 0.55 ± 0.1 1.35 ± 0.2 1.0 ± 0.1b

Table 1.  Specific surface area (SSABET), Ca/P ratio, citrate and carbonate content of samples synthesized in the 
absence (HA) and presence of citrate (cit-HA) at different maturation times. The citrate surface density is also 
provided, as both ncit/nm2and 1cit/(n nm)2. aCitrate-free hydroxyapatite studied in ref. 26. bref. 25.
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Thus, the main component at 1580 cm−1 is attributed to the antisymmetric (asym) stretching of −COO− groups, 
the symmetric (sym) partner mode producing the pattern in the 1500 – 1350 cm−1 range11, 32–34. It is worth men-
tioning that both these components were affected in a very limited extent by the presence/absence of water mole-
cules adsorbed in multilayers (curves a, a’, a”, and b, b’, b”, respectively; in the first set of curves, νCOO−

asym bands 
are partly overlapped with the δH2O signal). This behaviour indicated that all carboxylate groups of citrate mol-
ecules should interact quite strongly with the apatitic surface. Nevertheless, citrates should be overwhelmingly 
located at/near the surface of nanoparticles, because washing with a basic solution removed ca. 90% of them (see 
Supplementary Fig. S3), without significant changes to neither SSABET nor XRD patterns (see Supplementary 
Fig. S4). For all Cit−HA materials, the νCOO−

asym signal was properly fitted by using two components (with a 
small difference in position for Cit−HA−96 h with respect to the other two samples), with the sub−band located 

Figure 3.  IR spectra of (a) Cit–HA–4 h, (b) Cit–HA–24 h; (c) Cit–HA–96 h. Left panel, curve labelling in left 
panel is: (a,a’,a”) in contact with H2O vapor at 20 mbar; (b,b’,b”) after 60 min outgassing at b.t.; (c,c’,c”) after 
exchange with D2O and subsequent 60 min outgassing at b.t.; (d,d,’d”) after back exchange with H2O and 
subsequent 120 min outgassing at 433 K. Inset: zoomed view of the 1750–1600 cm−1 range. Right panel: zoomed 
view of the 1700–1500 cm−1 range, showing the experimental νCOO−

asym band in curves c,c’,c” (thus without 
any δH2O contribution) and related fitting (dashed black curve = sum of individual components, in grey).

Band position (cm−1) Assignment28, 29

3750−2500 (range) Stretching modes of adsorbed H2O, bulk and surface hydroxy groups (e.g., of HPO4
2−) involved in H-bonding

3570 (maximum) Stretching mode of bulk OH−, occupying the 4e position in the hexagonal lattice (so-called “columnar OH”, 
since they are aligned in columns parallel to the c-axis)

2750−2000 (range) Stretching modes of adsorbed D2O, and surface −OD groups involved in D-bonding

2635 (maximum) Stretching mode of bulk “columnar” OD−

2200−1800 (range) Combination modes of fundamental phosphate bulk absorption (falling below the transparency limit in the 
adopted experimental conditions)

Table 2.  General assignment of bands present in the 3800−1800 cm−1 range of the IR spectra of Cit−HA−4 h, 
Cit−HA−24 h; Cit−HA−96 h in contact with 20 mbar of H2O, after 60 min outgassing at b.t., and after 
exchange with D2O and subsequent outgassing at b.t.

http://S3
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at higher frequency exhibiting the highest intensity (Fig. 3, right panel). The presence of these two sub−bands 
has a counterpart in the two components at 1450 and 1412 cm−1 in the νCOO−

sym pattern. This indicates the 
occurrence of two different types of interaction of −COO− groups with their surroundings. This finding is in 
good agreement with the presence of two −COO−·apatite surface distances found by REDOR NMR in native 
bone with a similar coverage of strongly bounded citrates16.

The ensemble of data reported above suggests that in the considered Cit−HA materials citrates might mainly 
exhibit an orientation allowing all three −COO− groups of a citrate molecule to interact with the surface. Very 
recently, Wang et al.20 calculated that “standing up” (interacting with the apatitic surface through only one −
COO− group) and “lying down” conformations of citrates on the {1010} apatite surface should be isoexergonic. 
However, these authors stated that the “lying down” conformation should prevail at low citrate coverage (as that 
of the HA-Cit materials considered in this work, ca. 0.5 molecule nm−2), while the experimental evidence of the 
coexistence of “lying down” and “standing up” conformations was obtained for citrate coverage in the 2.3–4.0 
molecule nm−2 range.

The splitting (Δν) between asym and sym modes frequencies of a carboxylate coordinating a cationic cen-
tre depends on the type of complexing, namely unidentate, bidentate (chelating), bridging or ionic35. The pres-
ent data do not provide specific information on actual asym-sym band pairing, although some insights can be 
extracted after analysing the four possible combinations:

ν

ν

ν

ν

− ∆ =

− ∆ =

− ∆ =

− ∆ =

− −

− −

− −

− −

1592/1596 and 1412 cm components: 180/184 cm
1592/1596 and 1450 cm components: 142/146 cm
1560/1565 and 1412 cm components: 148/153 cm
1560/1565 and 1450 cm components: 110/115 cm

1 1

1 1

1 1

1 1

Second and third combinations result in very similar Δν values, thus they should correspond to carbox-
ylate complexes that are similar in structure. Thus, it is unlikely they account for the presence of two pairs of 
νCOO−

asym and νCOO−
sym bands. For the first and fourth combinations, the splitting must be compared with 

the Δν = 115 cm−1 appearing in the spectrum of calcium citrate ionic salt36. The largest Δν = 180/184 cm−1 can 
monitor the presence of unidentate-like complexes, whilst the smallest Δν = 110/115 cm−1 can be attributed to 
−COO− groups forming ionic-like complexes with surface Ca2+ sites35. On the basis of the relative intensity of 
the two band pairs, unidentate-like complexes will be the more abundant.

The proposed coordination structures are different from the chelating ones proposed by Achelhi et al.11, how-
ever their assignment was based on the comparison of the Δν of citrates on hydroxyapatites with the Δν exhib-
ited by other carboxylate species, but not by considering the usual reference, i.e. the relevant ionic form35. It is 
also worth mentioning that the similarity in position of the spectral pattern due to carboxylates indicates that the 
coordination of citrates to Ca2+ ions did not change significantly upon maturation.

Surface hydration.  The subsequent step of the investigation of the surface properties of Cit−HA materials 
was aimed at quantifying the surface hydration and at evaluating the corresponding energetic aspects of the 
water-surface interactions. The amounts of water molecules left adsorbed after outgassing at 323 K and adsorbed 
by samples in contact with 20 mbar of water vapor are listed in Table 3. Previous studies proved that ca. 1 H2O per 
surface cationic site is left adsorbed by outgassing nano-sized hydroxyapatites at the indicated temperature26, 28, 29. 
In the case of {1010} surfaces of stoichiometric hydroxyapatite (Ca/P = 1.67) this so called “first hydration layer” 
corresponds to ca. 4.5 H2O·nm26, 28, 29. A similar value was found for the first hydration layer on citrate-free HA1 
and HA2 (Table 3, column 2), exhibiting a Ca/P ratio slightly lower than 1.67 (see Table 1) and overwhelmingly 
terminated by {1010} surfaces26.

Conversely, the amount of H2O per nm2 still presents on Cit−HA−4 h after outgassing at b.t. exceeded the 
maximum density of water molecules coordinated to cations exposed on {1010} surfaces. Moreover, it must be 
considered that H2O molecules left on Cit-HA-4h by outgassing at b.t. appeared all sensitive to the H/D isotopic 
exchange by adsorption/desorption of D2O (Fig. 3 and related comments), thus they are not entrapped in the bulk 
of nanoparticles. Both these features are consistent with the supposed presence of a non-apatitic, amorphous 
surface layer, significantly hydrated (i.e. with H2O molecules also in sub-surface position, accessible for isotopic 
exchange), with citrates mainly located at/near its exterior termination. The existence of hydrated surface termi-
nations of a similar type (without citrates) was reported by Rey et al. for biomimetic nanocrystalline apatites 
prepared in a different way30. For Cit−HA−4 h, the amount of H2O molecules in this layer, expressed in terms of 
apparent density per surface unit (Table 3), appeared ca. double with respect to the first hydration layer expected 

Materials n H2O, (fraction irreversible by outgassing at 323 K) n H2O, (fraction reversible by outgassing at 323 K)

HA1 4.4 ± 0.5 8.2 ± 0.7

HA2 4.1 ± 0.5 8.4 ± 0.7

Cit–HA–4 h 7.9 ± 0.7 6.3 ± 0.6

Cit–HA–24 h 3.1 ± 0.4 5.8 ± 0.6

Cit–HA–96 h 3.5 ± 0.4 4.6 ± 0.5

Table 3.  Water surface density, nH O2
 (given as water molecules per nm2) for the two hydration conditions 

considered.
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for a stoichiometric {1010} surface, suggesting the layer should be very thin, in agreement with the calculated 
thickness of the surface amorphous layer (see above) and HR-TEM observations (Fig. 2a).

In the case of Cit−HA−24 h and Cit−HA−96 h, the amount of water left adsorbed after outgassing at 323 K 
decreased significantly, indicating that maturation resulted also in a dehydration of surface layers. Nevertheless, 
this dehydration did not affect the coordination structure of citrates to surface Ca2+ ions (see Fig. 3 and related 
comments).

The density of water molecules considered as located only at the surface of nanoparticles of these two mate-
rials resulted in ca. 3.0–3.5 H2O/nm2, thus lower than for citrate-free nano-HA. This decrease is consistent with 
both the Ca2+ deficiency of Cit−HA materials and the occupancy of surface cations by −COO− of citrates, in 
reason of ∼1.23–1.65 per nm2

, as results from the surface density of citrates ranging from ∼0.41 to ∼0.55 cit3− per 
nm2 (Table 1) and the coordination of each −COO− to a Ca2+ site inferred from IR data (Fig. 3).

The supposed presence of an outmost amorphous layer and the lack of relevant insights on its content in Ca2+ 
prevented the possibility to evaluate if the water molecules in the primary hydration layer of Cit−HA−24 h and 
Cit−HA−96 h are only coordinated to the surfaces or also in sub-surface positions.

Despite the complexity and related incertitude on the actual atomistic surface structure of Cit-HA materials, 
significant insights on their hydrophilicity evaluated in respect to citrate-free HA resulted from the measurement of 
the amount of water molecules adsorbed over the first surface molecular layer constituted by only water molecules 
(for HA1 and HA2) or H2O and cit3− (for the Cit-HA samples). As reported in the last column of Table 3, the pres-
ence of citrates decreases in a significant extent the capability to adsorb water, and thus the hydrophilicity of Cit-HA 
materials. This behaviour can be easily associated to the exposure towards the exterior of −CH2 groups of citrates 
bound to surface Ca2+ ions through their −COO− moieties. This finding appears as the evidence of what was pro-
posed by Schmidt-Rohr and co-workers on the basis of the orientation of citrates on apatite nanocrystals in bone16.

Energetic aspects of the H2O−surface interaction were investigated by adsorption microcalorimetry. 
Adsorption enthalpy (−ΔadsH) measured by admitting water on the three Cit−HA materials outgassed at 433 K, 
thus exposing fully dehydrated Ca2+ ions (Fig. 3 and related comments) are reported in Fig. 4a, in comparison 
with analogous data obtained for citrate-free HA1 and HA2 materials.

These data, dealing with the attainment of the first hydration layer, appeared grouped in two families: one 
water on citrate-free HA1 and HA2 materials, with ca. 130 ≥ −ΔadsH ≥ 100 kJ·mol−1, whilst values obtained for 
Cit−HA materials appeared ca. 20 kJ·mol−1 lower. Nevertheless, these latter values were still high enough (ca. 
110 ≥ −ΔadsH ≥ 90 kJ·mol−1) to monitor the occurrence of a relatively strong interaction between water mole-
cules and surface sites37.

This overall downshift of −ΔadsH curve for Cit-HA samples indicates the local structure of Ca2+ surface sites 
of these materials resulting from the dehydration at 433 K should be different with respect to surface termination 
of HA nanoparticles grown in the absence of citrates. This feature can result by short-range inductive effects of 
citrates on neighbouring cationic sites and/or by the transformation of pristine non-apatitic hydrated surface 
layers during water removal.

However, the impact on the energy of water adsorption appears to be limited to the formation of the first 
hydration layer. Indeed, the enthalpy of the further adsorption of water (within the limit of the method, see the 
Experimental section) appeared almost coincident for citrate−free and Cit–HA materials (Fig. 4b). In all cases, 
the interaction among water molecules resulted stronger by far than for liquid water (latent enthalpy of liquefac-
tion of water, −ΔliqH(H2O) = 44 kJ·mol−1). This was interpreted as an indication that H2O molecules coordinated 
to surface Ca2+ sites of nano-apatites are strongly polarized by the interaction with the cation sites, and in turn 
exhibit a strong affinity towards water37.

Figure 4.  Enthalpy of adsorption versus uptake of H2O molecules on: red symbols = HA1; black 
symbols = HA2; orange symbols = Cit–HA–4 h; purple symbols = Cit–HA–24 h and green symbols = Cit–
HA–96 h. Panel a, half-filled symbols: attainment of the first hydration layer. Panel b, full symbols: 
additional adsorption of water, within the limit of the method. Related volumetric isotherms (adsorbed H2O 
molecules·nm2 vs. pH2O) are in Supplementary Fig. S5. The dotted line indicated the value of latent enthalpy of 
liquefaction of water, −ΔliqH(H2O), for the sake of comparison.

http://S5
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Conclusion
The investigation at the molecular level carried out in this work reveals that citrates strongly bound to the surface 
of the nano-apatites, with each −COO− forming unidentate-like and/or ionic-like complexes with surface Ca2+ 
ions. After 4 h of maturation, citrate-Ca2+ complexes are part of a hydrated non-apatitic surface layer exhibiting 
a sub-nanometer thickness, which become thinner and undergoes a significant dehydration upon further mat-
uration. Conversely, the citrate-Ca2+ bonding configurations are kept unchanged (at least for the time interval 
considered in this work).

Noteworthy, strongly bound citrates affect interfacial behaviour toward water, significantly decreasing the sur-
face hydrophilicity, here measured as adsorbed H2O molecules multilayers, likely because of the exposure toward 
the exterior of their −CH2 groups.

Methods
Materials.  Calcium chloride dihydrate (CaCl2·2H2O, Bioxtra, P99.0% pure), sodium citrate tribasic dihydrate 
[Na3Cit·2H2O, ACS reagent, ≥99.0% pure, where Cit: C6H5O7], sodium phosphate dibasic (Na2HPO4, ACS rea-
gent, ≥99.0% pure), sodium hydroxide (NaOH, ACS reagent, ≥97.0%) were supplied by Sigma–Aldrich. All the 
solutions were prepared in ultrapure water (0.22 μS, 298 K, MilliQ, Millipore).

Cit-HA nanoparticles were precipitated using the thermal-decomplexing batch method, as previously 
described25. Briefly, a solution containing 0.1 M CaCl2 and 0.4 M Na3Cit was poured to a solution containing 
0.12 M Na2HPO4 at room temperature. The pH of the mixture was adjusted to 8.5 with HCl and then maturated 
at 353 K for 4 (material code: Cit−HA−4 h), 24 (material code: Cit−HA−24 h) and 96 (material code: Cit−
HA−96 h) hours. The precipitates were then washed repeatedly with MilliQ water by centrifugation and finally 
freeze-dried overnight at 223 K. Final citrate content of samples are listed in Table 2.

With the aim of removing citrate ions contained in the Cit-HA samples, 10 mg of the materials were washed 
three times with 10 ml of NaOH 0.1 M by centrifugation, finally washed with MilliQ water and freeze-dried over-
night at 223 K.

For the sake of comparison, two types of citrate-free nano-apatites were also considered, hereafter referred 
to as HA1 and HA2. They were the subjects of a previous study26, where full details on their preparations are 
reported. In summary, the preparation conditions were:

•	 HA1: a solution of H3PO4 was dropped in a Ca(OH)2 suspension (both 1.35 M). The reaction mixture was 
stirred overnight at ca. 310 K. Subsequently, the mixture was left standing for 2 h to allow for deposition of 
the inorganic phase, which was then isolated by centrifugation of the mother liquor, repeatedly washed with 
water and dried at 213 K under outgassing (residual pressure: 3 mbar) overnight.

•	 HA2: the overall procedure was the same, but the starting reagents were a H3PO4 solution (0.21 M) and a 
Ca(CH3COO)2 solution (0.35 M), and pH was maintained at ca. 10 by addition of a NH4OH solution.

For the investigation of surface hydration, H2O (MilliQ) and D2O (99.9 atom % D, Aldrich) were admitted 
onto the samples after several freeze-pump-thaw cycles. For IR measurements, high-purity CO (Praxair) was 
employed without any additional purification except liquid nitrogen trapping.

Characterisation Methods.  Specific surface area (SSABET) was measured with a Micromeritics ASAP 2010 
by nitrogen adsorption at 77 K, using the BET model for data treatment. Materials were outgassed at 300 K for 
10 h, i.e. until the attainment of a residual pressure of 1 × 10−3 mbar. The same procedure was adopted for samples 
otherwise outgassed at 433 K for other measurements, then recovered and re-exposed to air.

High-resolution transmission electron microscopy (HR-TEM) images of Cit-HA-24h were taken with a JEOL 
3010 instrument, operated at 300 kV. Images of the other materials were already acquired for previous works 
(HA1 and HA-2: ref. 26. Cit-HA-4h and Cit-HA-96-h: ref. 24). For the observation, the sample, in the form of 
fine powder, was contacted with a Cu grid coated with a lacey carbon film. Feeble illumination conditions were 
adopted during the observation to avoid any modification of the material (being apatites quite sensitive to inelas-
tic scattering by the electron beam)38.

For microgravimetric measurements, carried out in triplicate with a Hiden Intelligent Gravimetric Analyzer 
IGA002 instrument, the materials were initially compacted in self-supporting pellets, subsequently broken in sev-
eral pieces, in order to avoid loss of ultrafine particles induced by possible turbulence in the sample holder during 
desorption steps. In a first series of experiments, samples were outgassed at 323 K (residual pressure p ≤ 10−4 
mbar) and then contacted with 23.5 mbar of H2O vapour at the same temperature. In a second one, the outgas-
sing temperature was increase up to 433 K (vide infra), cooled down to 323 K and then contacted with the same 
H2O vapour pressure. Subsequently, an additional H2O desorption/adsorption sequence at 323 K was performed.

Adsorption Microcalorimetry.  The volumetric−calorimetric setup allowed all thermal treatments in 
vacuo as well as adsorption–desorption experiments to be carried out in situ.

Prior to the adsorption experiments, the samples (pieces of broken self-supporting pellets) were outgassed 
at T = 433 K for 60 min (residual pressure p ≤ 10−4 mbar). The enthalpy change associated with the adsorption 
was measured at T = 303 K by means of a heat-flow microcalorimeter (Calvet C80, Setaram, F) connected to a 
homemade, high-vacuum gas-volumetric glass apparatus (residual pressure p ≤ 10−4 mbar). A well-established 
stepwise procedure was followed39, which allowed to determine, during the same experiment and for subse-
quent small increments of the adsorptive, both adsorbed amounts and integral heats evolved, as a function of the 
increasing equilibrium pressure. This latter was monitored by a transducer gauge (Ceramicell 0–133,33 mbar, 
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Varian). The maximum H2O pressure in equilibrium with the samples was limited to 10 mbar, a conservative 
value for an effective use of the perfect gas law for data analysis.

The calorimetric outputs (integral heats evolved during the adsorption, Qint) were routinely processed to 
obtain the differential heats of adsorption (qdiff = −ΔadsH, kJ mol−o), which quantify with a reasonable accuracy 
the energy of interaction of the molecular probe with the individual adsorption sites.
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