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Abstract: Spatial localizing of skeletal proteins in biogenic minerals remains a challenge in
biomineralization and biomaterials research. To address this goal, we developed a
novel in situ mapping technique based on molecular recognition measurements via
atomic force microscopy (AFM). In order to obtain 2D maps of the distribution of a
specific protein, three steps are required (1) the development and purification of a
polyclonal antibody elicited against the target protein, (2) its covalent coupling to a
silicon nitride AFM tip (‘functionalization'), and (3) scanning of an appropriately
prepared biomineral surface. We applied this approach to a soluble molluscan shell
protein - accripin11 - recently identified as a major component of the calcitic prisms of
the fan mussel Pinna nobilis [1]. Multiple tests reveal that accripin11 is evenly
distributed at the surface of the prisms but is also present in the organic sheaths
surrounding the calcitic prisms, which indicates that accripin11 is both an intra- and
inter-crystalline protein. We also observed that the adhesion force in transverse
sections is about twice higher than in longitudinal sections, suggesting that the protein
is not randomly oriented in the biomineral but may exhibit preferred orientation. To our
knowledge, this is the first time that a protein is localized by molecular recognition
atomic force microscopy with antibody-functionalized tips in a biogenic mineral. The
'‘pros' and 'cons' of this new methodology in the biomineralization field are discussed in
comparison with more 'classical' approaches like immunogold localization. This
technique, which leaves the surface to analyze clean, might prove useful for clinical
tests, on non-pathological (bone, teeth) or pathological (kidney stone)
biomineralizations. Studies using implants with protein-doped calcium phosphate
coating can also benefit from this technology.
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Abstract

Spatial localizing of skeletal proteins in biogenic minerals remains a challenge in biomineralization
research. To address this goal, we developed a novel in situ mapping technique based on molecular
recognition measurements via atomic force microscopy (AFM), which requires three steps: (1) the
development and purification of a polyclonal antibody elicited against the target protein, (2) its covalent
coupling to a silicon nitride AFM tip (‘functionalization’), and (3) scanning of an appropriately prepared
biomineral surface. We applied this approach to a soluble shell protein - accripinll - recently identified as
a major component of the calcitic prisms of the fan mussel Pinna nobilis [1]. Multiple tests reveal that
accripinll is evenly distributed at the surface of the prisms and also present in the organic sheaths
surrounding the calcitic prisms, indicating that this protein is both intra- and inter-crystalline. We
observed that the adhesion force in transverse sections is about twice higher than in longitudinal sections,
suggesting that accripinll may exhibit preferred orientation in the biomineral. To our knowledge, this is
the first time that a protein is localized by molecular recognition atomic force microscopy with antibody-
functionalized tips in a biogenic mineral. The 'pros' and ‘cons' of this methodology are discussed in
comparison with more ‘classical' approaches like immunogold. This technique, which leaves the surface
to analyze clean, might prove useful for clinical tests on non-pathological (bone, teeth) or pathological
(kidney stone) biomineralizations. Studies using implants with protein-doped calcium phosphate coating

can also benefit from this technology.

Keywords: biomineral, protein mapping, AFM, molluscan shell, skeletal matrix, molecular recognition,

antibody
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1. Introduction

Biogenic calcium carbonates are the most abundant components of biominerals in nature [2].
They are also phylogenetically widespread across the Tree of Life [3], being produced by bacteria and
protists and most metazoan phyla including sponges, cnidarians, bryozoans, brachiopods, molluscs,
annelids, arthropods, echinoderms and some vertebrates, among which birds (eggshell) or teleost fishes
(otoliths). Biominerals exhibit mechanical, textural, morphological or optical properties that are
significantly different from their inorganic counterparts. Consequently, they present many avenues of
exploration, from biomaterials science to bio-inspired chemistry and biomimicry [4-7]. In many aspects,
the molluscan shell is considered as the archetypal example of a calcium carbonate biomineral for its
remarkable resistance to fracture [8], the variety of crystal shapes that constitute each shell layer [9] and
in some cases, its remarkable optical properties [10, 11]. These uncommon features are often considered
as the result of non-classical crystallization pathways [12-16], themselves largely driven by the interaction
of organic macromolecules with inorganic ionic precursors (e.g. calcium and carbonate/bicarbonate). The
macromolecules secreted by the calcifying mollusc mantle at the mineral growth front may play multiple
roles in the poorly understood transition from the initial crystallizing medium to the final calcified

product. They are often occluded within the mature biomineral [17, 18].

While the functional mechanisms by which organic macromolecules influence the form of the
mature biomineral are yet to be fully described, many studies have been carried out to identify and
characterize these macromolecules, comprised predominantly of both proteins and polysaccharides [17,
19]. Only the first ones have received the greatest attention due to classical molecular biology approaches
and to the rise of ‘omics' techniques (i.e., genomics, transcriptomics and proteomics) in recent years. The
shell proteome, also defined as the “shellome" (i.e., the set of proteins associated directly with the shell
[20]) of dozens of mollusc species have now been characterized, at least partially [21, 22]. Many of these
shell proteins do not have clear homologues in other model systems, and thus their precise function in

biomineralization is largely unknown. To address this question, a variety of approaches are taken, which
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include: 1) in silico analyses of the protein sequence, accompanied by similarity search emphasizing
functionally conserved domains; 2) adequate in vitro functional assays of recombinantly expressed
versions of the target protein; 3) the “wet-lab” resolution of their 3D structures (via NMR studies of the
crystallized proteins); 4) the knock-down of their corresponding transcripts via RNAi methods, or their
knock-out (or modification) via CRISPR/Cas9 gene editing; 5) and finally, the precise in situ localization

of the target protein within the biomineralized structure.

Mapping the distribution of a specific shell protein with a high spatial resolution is a necessary
step to understand its affinity and its interactions with the mineral phase, and ultimately, its function
during the liquid-solid transition [12-14]. However, what may appear as trivial is singularly complicated
by the nature of the material, in particular its multiscale structure and the heterogeneity of the associated
organic matrix. Only techniques with high resolution can overcome these limitations. In that respect,
Atomic Force Microscopy (AFM) is a powerful tool in nano characterization because of its ability to scan
a surface with subnanometer resolution in air and under vacuum but also in aqueous liquids. Apart from
being used as an imaging tool, AFM rapidly became a multifunctional toolbox [23-27]. In
biomineralization, AFM has been used to observe the ultrastructure of various shells [28-30]. Recently, a
significant improvement was brought to the AFM technique by combining AFM imaging with the force
measurement, known as molecular recognition imaging [31], also defined as Force Distance (FD)-based
AFM. This technique relies on the interaction between two molecules: one is covalently attached to the
AFM tip while the other, the target molecule, is bound to the surface of interest. Approaching the
functionalized tip to the target molecule allows measuring the interaction force between the two
molecules. The technique has a great sensitivity at the piconewton scale [32, 33] and the operation can be
performed on multiple independent spots of the surface. Alternatively, the surface can be scanned
continuously, line after line, with the functionalized tip. This allows a complete 3D map to be formed
where each pixel is characterized by its corresponding adhesion curve. In parallel, a direct correlation

between the topography of a sample, with structurally localized mechanical properties, and a specific
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interaction map can be obtained [34]. So far, molecular recognition imaging has been used on a variety of
biomolecular systems, including antigen-antibody complexes [35, 36], aptamer-protein [37], peptide-
protein [38], chromatin [39], cells [40, 41], and other ligand-receptor interactions such as avidin-biotin

[42]. However, to our knowledge, this approach has never been applied to the surface of biominerals.

In this study, we performed AFM molecular recognition imaging of a newly discovered shell
protein, accripinll [1] in the calcitic prisms of the Mediterranean fan mussel, Pinna nobilis. The AFM
probe was functionalized with a highly specific and purified polyclonal antibody, which was elicited
against two peptides of this protein. The probe was subsequently used to scan two orthogonal surfaces of
the calcitic prisms. With this approach, we successfully obtained a distribution map of accripinll. The

pros and cons of the technique are discussed here.

2. Materials and methods

2.1. Materials sampling - Ten fresh shells of the Mediterranean fan mussel Pinna nobilis, a
highly protected species, were collected during a field mission in May 2017. The mission was done
according to ethical rules. In particular, the sampling required a specific authorization of the DDTM
(‘Direction Départementale du Territoire et de la Mer' of the department of Alpes Maritimes, Arrété
Préfectoral n° 2017-459). All the metadata describing the mission can be accessed via the dat@UBFC
portal of the Observatoire des Sciences de 1’Univers (OSU) Theta, Besangon, France at: https://search-

data.ubfc.fr/search.php?s=Pinna+nobilis.

2.2. Material microstructural description — P. nobilis exhibits a shell that consists of two
superimposed layers (Figure 1a): the internal lustrous shell layer, which is restricted to the first third of
the shell, is made of row stack nacre tablets of aragonite; the external brown-reddish layer exhibits a very
characteristic pattern, consisting of large calcitic prisms that are packed within a honeycomb organic

network, corresponding to the dark outlines observed in Figure 1b. This network forms insoluble sheaths
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around each single prism adhering them together. The prisms grow inwards, ‘layer-per-layer’,
perpendicularly to the outer shell surface (blue arrow in Figure 1b). If the isolated prismatic layer is
treated with sodium hypochlorite, it can be entirely dissociated into 'single prisms', as shown by Figure
1c. In this study we only considered the prismatic layer, allowing us to focus on the in situ localization of
a 'model’ protein with functionalized AFM tips.

2.3. Choice of a model protein for in situ localization experiments - Our investigations on
the protein composition of the prisms, combining transcriptomics and proteomics, led to the identification
of hundreds of proteins (Khurshid et al., in preparation). We selected one candidate, the sequence of
which was extremely well covered by proteomics. In addition, it proved to be very abundant in the prisms
and specific to this microstructure. We named this novel protein accripinll and its biochemical properties
have been recently described [1]. In short, accripinll is a secreted protein of 103 amino acid residues
(121 residues with signal peptide). It is moderately acidic, except at its C-terminus, enriched in 10 acidic
residues (between positions 105 and 121) among which 7 are Asp residues (figure 2a). The protein
exhibits a peculiar cysteine pattern in its central domain. In computerized 3D reconstructions using
AlphaFold2, this pattern constrains the 3D structure to two antiparallel alpha-helices that are stabilized by
four disulfide bridges. The acidic C-terminus is unstructured, i.e., disordered (Figure 2b). Since
accripinll does not exhibit homology with any proteins of known function, its molecular role in the
prism’s formation remains enigmatic; beyond being able to modify the shapes of calcite crystals in vitro
[1], we suggest that accripinll can act as a linker between the mineral surface and other matrix proteins:
the Asp-rich C-terminus would bind the positively charged surface of growing calcium carbonate nuclei
via electrostatic interactions while the more hydrophobic domain, containing the two antiparallel alpha-
helices would be repelled and protrude from the surface, being able to bind other matrix protein partners.
In the present localization experiments, accripinll constitutes our model protein.

2.4. Polyclonal antibody production, testing and purification — In our previous paper [1], a
recombinant accripinll was obtained in insufficient amounts for developing functional assays and, in
parallel, raising antibodies. Consequently, while most of the recombinant protein was utilized for

6
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functional assays, the following procedure was performed by Eurogentec SA (Liége Science Park,
Seraing, Belgium) to generate polyclonal antibodies, according to the protocol called the “double X
option”: in short, two immunogenic peptides were designed and synthesized: the first corresponding to
the central domain (KDCAQQCTRDRETCFG, residues 65 to 80); the second to the C-terminal region
(TAAPKPAKEPSSADD, residues 97 to 111) as shown by the two domains underlined in brown and in
grey of Figure 2a. These peptides were coupled to carriers (KLH for the first peptide, and OVA for the
second) and injected into rabbits, to generate polyclonal antibodies according to a speedy 28-day
immunization protocol (contract FR10162), including injections at 0, 7, 10 and 18 days, and bleedings at
0 (pre-immune serum), 21 (medium), and 28 (final) days. The sera (2nd and 3rd bleeding) containing the
antibodies were tested by Enzyme linked ImmunoSorbent Assay (ELISA) against the whole acetic acid
soluble prism matrix, for the determination of their respective titer. In parallel, they were tested on
Western blot against the same prism extracts to check their specificity [1].

Following the results of the Western blot, we selected the 3™ bleed serum, which was found to
combine both high titer and high specificity. The antibodies were purified from their serum by an
antibody purification kit (ref. ab109209, Abcam France, Paris) based on the binding of antibodies (i.e,
immunoglobulins) to Protein A fixed to resin beads. The purification was performed according to the
manufacturer's instruction: the serum containing the antibodies was mixed, first with the 10x binding
buffer, then with the Protein A resin, and the mixture was incubated for 3 hours at room temperature with
gentle agitation on a rotary shaker, to optimize binding of the antibody to the Protein A grafted resin. The
suspension was poured and packed in a separating column, which was washed 3 times with 7 mL of
washing solution to elute unbound serum macromolecules (including proteins), metabolites and inorganic
ions contained in the serum. The antibody was then eluted and collected in a 2 mL Eppendorf tube by
pouring 1 mL elution buffer in the column. This operation was repeated five times in total, each time with
a new Eppendorf tube. 0.25 mL neutralizing buffer was added and mixed immediately to each of the 5

collected eluents. The 5 preparations were then placed on ice before testing.
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Aliquots (20 pL) of the five eluents were then sampled, mixed to 20 pL of 2x Laemmli buffer,
heat-denatured for 5 min., and tested on a 12% acrylamide hand cast SDS-PAGE gel, as previously
described [43]. The gel was stained with silver nitrate [44]. In parallel, a second identical gel was electro-
blotted on nitrocellulose according to the standard Western blot protocol [45]. As the antibody
preparation (IgGs) cross-reacts with the secondary antibody (i.e., GAR/AP, Sigma-Aldrich A3687), the
membrane was then simply blocked with gelatin (0.5% wt/vol. in Tris buffered saline) and treated directly
with GAR/AP (diluted 30,000 times), before being rinsed five times with TBS/Tween, revealed with
NBT/BCIP and dried. The Eppendorf tubes containing the highest concentration of antibodies were
pooled together and this solution was dialyzed (SpectraPor 7, cutoff 1 kDa) against 2L ultrapure water,
with two water changes, in order to remove the salt of the neutralizing buffer, which may interfere with
subsequent AFM tip functionalization. The solution was further concentrated in a Vivaspin 20 mL
centrifugal concentrator tube (Sartorius, Germany, ref. VS2002, cutoff 10 kDa) to a final volume of 1.5
mL (3 times concentration) and stored at 4°C for quick use, or aliquoted and frozen for long term storage.

2.5. Functionalization strategy - The strategy for functionalizing AFM tips relies on the
covalent binding of the antibody to the silicon nitride tip, as shown in Figure 3. We used a direct coupling
procedure known as the 'glutaraldehyde pathway' [46-48], which does not require intermediate linker
(‘'spacer’) like polyethyleneglycol (PEG) [49]. The pathway is a four-step procedure, interspersed with
short rinsing steps. The first step is the silanization, required to activate the tip by introducing amine
groups. The interest of this step is that the probe can be functionalized directly, without prior surface
preparation [50]. The silanization reaction occurs between silanol groups of the tip surface and a
trichlorosilane group in the silane reagent, leading to the formation of an organosilane layer [51]. The
second step is the glutaraldehyde incubation, which substitutes active aldehyde groups to amines of the
APTES modified surface. In the third step, the antibody covalently binds to the active aldehyde groups
[52]. In the last step, bovine serum albumin (BSA) blocks the remaining active sites where the antibody is

not present.
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2.6. AFM tip functionalization - We used silicon nitride AFM tip (ScanAsyst-Air probe with
a nominal spring constant of 0.4 N/m, Bruker Nano). The functionalization was performed according to
the protocol described in [52]. All steps were performed at room temperature. The tip was first silanized
with 2% v/v 3-aminopropyltiethoxysilane (APTES, ref. 440140-100ML, Sigma-Aldrich) in acetone (ACS
reagent, ref. 179124-500 ML, Sigma-Aldrich) for 10 minutes to render the AFM probe NH»-activated.
The AFM tip was then briefly rinsed with ultrapure water and immersed for 30 min. in glutaraldehyde
(grade 11, ref. G6257-100ML, Sigma-Aldrich) solution (0.5% v/v glutaraldehyde in ultrapure water). The
tip was again rinsed with ultrapure water and incubated in a solution of purified anti-accripinll antibody
(200-300 ng/ul) for 30 min, before being briefly rinsed in ultrapure water. Finally, the remaining
aldehyde groups on the probe surface were blocked by treating the tip for 1 min with 100 pg/L bovine
serum albumin (BSA, 25 g, ref. RPN412V, GE Healthcare), filtered sterile (0.22 um) in Tris buffered
saline (TBS). The functionalized tip was stored in phosphate buffered saline (PBS) at 4°C or immediately
mounted on the AFM tip holder for scanning.

2.7. Sample surface preparation for AFM study - We prepared two prismatic shell
surfaces, each orthogonal to the other: transversal sections perpendicular to the elongation axis of the
prisms; and longitudinal sections parallel to their elongation axis. These preparations were realized by
using an ultramicrotome for obtaining flat, freshly exposed, surfaces. To this end, we used a Leica EM
UC6 ultramicrotome (Leica, Austria), available at IPANEMA laboratory, Gif-sur-Yvette, France. First,
the sample was cut by means of a wire saw (Well Diamond Wire Saws, model 3032 mounting a diamond
wire of 0.3 mm diameter) into cubes with a surface of approximately 3x3 mm, which were then fixed on
an AFM specimen holder with 2-4 mm clamping range by Leica. The small fragments of the sample were
cut directly without embedding in resin. The sample holder was fixed on a flat XYZ scanning
piezoelectric stage mounted on the ultramicrotome arm. The sectioning was performed by a vertical
movement of the specimen over the extremely sharp blade of a fixed knife. Firstly, the surface of the
sample was flattened by removal of several (1 pum thick) layers with a triangular tungsten carbide knife
(Electron Microscopy Sciences, 40° cutting angle) adjusted at 10° clearance angle to the sample surface.

9
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Finally, thinner sections (500, 200 and 100 nm layers) were trimmed off the surface with a diamond knife
(Diatome Histo, 45° cutting angle) adjusted at 6° clearance angle to the sample surface. The prepared
surface from ultramicrotome was used for AFM measurement without any further surface treatment.

2.8. AFM measurements and data analysis - A Dimension ICON-2 FastScan Bio Atomic
Force Microscope (Bruker Nano, Santa Barbara, CA, USA) was operated in the Force VVolume mode to
conduct single-molecule force spectroscopy (SMFS) with ScanAsyst powerful AFM control associated to
Nanoscope V controller. The AFM was equipped with a FastScan Head 35 um scan range system with
temporal resolution of up to 3 frames-per-second for live sample observations using FastScan probe
models. Triangular oxide sharpened silicon cantilevers of nominal spring constants of 0.25-0.45 N/ m
(ScanAsyst-Air probes, Bruker Nano) were used for single-molecule force spectroscopy. Measuring the
resonant frequency and the quality factor of the cantilever in air by the AFM thermal method allowed us
to get the spring constant of the cantilever to standardize our AFM force measurements. In single-
molecule force spectroscopy (SMFS) experiments, the AFM tip is continuously approached to and
retracted from the biological sample, while monitoring the interaction force. The obtained force-extension
curves provide key insight into the molecular elasticity and localization of single molecules, either on
isolated systems or on cellular surfaces. The cantilever sensitivity was estimated from 50 forces curves, at
least, on fused silica calibrate sample (Emoquus = 72.9 GPa for cantilever spring constant K < 10 N/m)
prior SMFS experiments. Overview images (25 x 25 um?) were recorded at imaging forces of 150 pN, the
AFM tip was oscillated vertically at 8 kHz applying a 15 nm amplitude, the sample was scanned using a
line frequency of 10 Hz, and 512 pixels were scanned per line (512 lines). Best high-resolution AFM
topographs and interaction maps were found at imaging forces >150 pN, oscillation frequency <8 kHz,
oscillation amplitudes between 10 and 30 nm, and line scanning frequencies <2.5 Hz. All FD-based AFM
images were recorded in standard PBS buffer. For each SMFS experiment, a 250 nm ramp size and an
interaction time from 0.1 to 10 s were used. We varied the loading rate from 10 nm/s to 1740 nm/s on a
series of different transversal junctions, for selecting the optimal value for the loading rate. Identical scan
rates were selected for the "extend and retract" motion of the functionalized probe. We also selected a

10
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contact point duration of 100 ms for all experiments. The control measurement was performed, by
recording the adhesion maps from a non-functionalized tip in the same area than that scanned with the
functionalized tip. Alternately, tips functionalized with biofunctionalized estrogen receptor probes were
used as negative controls [53] to scan the surface of Pinna nobilis prismatic layer. No specific interactions
were noticed, particularly along the periprismatic membranes. All experiments were performed in a
temperature-controlled environment (25 °C).

2.9. Statistical analysis

At least thirty areas were scanned per sample type. The adhesion force distribution for a loading
rate of 500 nm/s was quantified in the two sections (transversal, longitudinal) by performing statistics
over 128x128 points per area; the data (average, standard deviation) were treated with Excel and a

histogram was generated.

3. Results

3.1. Polyclonal antibodies against accripinll — A polyclonal antibody was obtained against
two accripinll peptides. This unpurified antibody preparation represents a mix of immunoglobulins that
target specifically each of the designed peptides of accripinll, according to the double X option
immunization program developed by Eurogentec. In a first step, the antibody preparation was tested
unpurified, i.e., in the whole serum form, against the unfractionated acetic acid soluble prism matrix,
which electrophoretic migration pattern is shown in Fig. 4A, lane 2, on the silver-stained gel. This matrix
contained several discrete and non-discrete bands. When this matrix was blotted on a nitrocellulose
membrane and tested by Western blot with the unpurified anti-accripinll antibody preparation, the results
revealed a single reactive band, as shown in Figure 4a, lane 4. Given the apparent molecular weight of the
band, this corresponds to accripinll. This clearly demonstrated that the antibody preparation was
accripin-specific and did not cross-react with other macromolecules of the prism matrix. This conclusive

prerequisite step allowed us to go to the next step.

11
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In a second step, the antibody was purified from its serum and the five eluted fractions obtained
by affinity chromatography were partly denatured and tested on silver-stained gel (Figure 4b) and
Western blot (Figure 4c). As shown by these two figures, antibody preparations on gel are characterized
by three bands on a gel: one of very high molecular weight, corresponding to the full-size
immunoglobulin molecule (1gG, between 130 and 170 kDa); the second intermediate band corresponds to
the 1gG heavy chain between 43 and 55 kDa, while the third lower band corresponds to the 1gG light
chain, slightly above 34 kDa. These results are in conformity with earlier finding on IgGs on SDS-PAGE
gels [54]. The result of the simplified Western blot (single incubation with the secondary antibody, Figure
4c) confirms the identity of these three bands, as they all hybridize with the secondary goat-anti-rabbit
antibody (GAR/AP). According to Figure 4b, eluates 3 and 4 (respectively, lanes 4 and 5) contain most of
the purified antibody while eluates 2 and 5 (respectively lanes 3 and 6) contain traces, and eluate 1 (lane
2) is devoid of IgG. We pooled together the content of eluates 2 to 5 (lanes 3 to 6), to maximize the
amount of usable antibody, before desalting the pooled eluates by dialysis against ultrapure water,
followed by a spin concentration.

3.2. Mapping of the biomineral surface - Prior to biomineral surface scanning, we performed
series of tests with loading rates varying from 10 nm/s to 1740 nm/s on a series of different periprismatic
membranes, as shown by the graph of Figure 5. We obtained an increasing exponential curve. We
selected 500 nm/s (2.7 in logarithmic scale) as the reference for the loading rate for the reported
experiments. This represents a good compromise between acquisition speed and the risk of erosion of the
functionalized tips. One has to consider that the interaction values are relative and depend on the
acquisition speed, on the "extend and retract" motion of the probe, and on the contact duration between

the functionalized probe and the specimen.

The results of the mapping experiments with functionalized tips acquired from prismatic layer
samples prepared via ultramicrotomy are illustrated in Figures 6, 7 and 8. Figure 6 shows successively the

3D (Figure 6 a, d), 2D (Figures 6b, e) images and line profiles (Figures 6c, f) of the preparations, in
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transverse (Figure 6a-c) and longitudinal (Figure 6d-f) sections, respectively. In both sections, the
periprismatic sheath appears slightly in relief, particularly in transverse section (Figure 6a). The mineral
surface is not completely flat or uniform but exhibits a certain nano-rugosity and nano-porosity. However,
all things considered, the differences of heights are minimal between the peri-prismatic sheath and the
calcite surface as shown by the two profiles of figures 6¢ and 6f: at maximum, a difference of 160 nm is
recorded in transverse section (Figure 6¢) and 130 nm for figure 6¢ (longitudinal). The AFM tip can
easily accommodate such height differences. Our multiple attempts showed that the ultramicrotomy
procedure generates flatter surfaces than the mirror polishing followed by surface cleaning (see
supplementary Figure 1c and d). We consider that a low height difference (below 200 nm) guarantees the
quality of the results by excluding artifact signals such as non-specific adhesion due to topography.

Figure 7 presents adhesion maps with unfunctionalized tip (Figure 7a and c, negative control) and
with the same tip that was functionalized with anti-accripinll antibody (Figure 7b and d). The views
represent transversal (Figures 7a and b) and longitudinal (Figure 7c and d) sections of the prisms. The
adhesion forces varied between 0 to 2 nanonewtons in transverse section (Fig. 7b) this latter relative value
corresponding to the antigen-antibody binding force. Therefore, white pixels in the adhesion maps shown
in Figure 7b represent spots where the antigen-antibody binding-induced adhesion is recorded, in other
words, where accripinll is present. The control experiments (with unfunctionalized tips) show very few
unspecific adhesion spots in transverse section (Figure 7a). For some unknown reasons, we recorded a
higher background in the negative control of longitudinal sections (Figure 7c). However, one notices that
a high density of white spots is observed on Figure 7d. In both ‘positive’ surfaces, on the mineral surface
excluding the periprismatic sheath, accripinll seems to be homogeneously distributed everywhere,
without drawing any particular adhesion pattern. Prior to force spectroscopy measurements, topography in
Peak Force QNM mode showed a high density of skeletal proteins along the ridges, typically about 100 to
150 proteins/pum. In addition, where the periprismatic sheaths are located, we observe a denser pattern of
accripinll, suggesting that this protein is more concentrated at that particular site than on the mineral
surface, i.e., at the interface between the mineral itself and the periprismatic sheath. However, it is not
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clear whether the alignment of accripinll along the sheaths is homogeneous or whether it may exhibit
some variations. In Figure 7b, the sheath is hardly underlined, and the locations where the density of
white spots is the highest are triple junctions of the sheath while, in Figure 7d, the sheath that crosses the
picture from left to right is intensely marked.

Interestingly, in our attempt to quantify the interaction between the functionalized tip and the prism
surface, we found out that in transverse section (perpendicular to the elongation axis of the prisms), the
adhesion force is about twice higher (56 pN +/- 30pN) than in longitudinal sections (26 pN +/- 17 pN)
parallel to the elongation axis, as shown by the histogram of Figure 8. A possible reason of this difference
is discussed below. We have not considered multiples of the single average force. This is because our
probe can, in some areas, probe two or three proteins at the contact point. Its multiple interactions have
been documented in previous publication [36]. As negative control, as expected, negligible adhesion

forces were recorded for spots with no accripinll, in both sections.

4. Discussion

In this paper, we describe a novel methodology to localize biomineralization proteins on the
surface of biominerals. To our knowledge, this is the first time that this technique is applied in the field of
biomineralization. Until recently, there have been a number of attempts to visualize the distribution of
organics throughout a biomineral, but each of them has significant limitations: Muyzer and Westbroek
[55] used immunohistological techniques to visualize bulk organic matrix in shells via optical
microscopy. Their approach based on mixtures of macromolecules for eliciting the polyclonal antibody
lacked specificity and resolution. These two pitfalls were partly overcome (1) by raising more specific
antibodies against single shell proteins, and (2) by using gold-coupled secondary antibodies to amplify the
signals and allow SEM observations in back-scattered electron mode [56, 57]. The technique was pushed
to its limits by double labelling for a target protein and chitin [58]. While the immunogold approach

undoubtedly represents a milestone, it is limited to intermediate magnifications, typically between 1,000x
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to 20,000x, and requires most of the time a final silver enhancement step to increase the signal by
precipitating silver around the gold nanoparticles. However, this step can induce false positive signals if
the shell contains traces of heavy metals that can also react with silver [59]. Another drawback is that the
surface of the sample, covered by blocking agent (BSA, gelatin or carbohydrate-free reagent), antibodies,
gold and silver particles, cannot be reused for other purposes, like EDX or WDS investigations.
Histochemical staining is another method used [60] to map reactive chemical groups on the surface of
nacre tablets. However the technique does not give structural information on the macromolecules that
carry the reactive groups. Atom probe tomography has been applied at the nanoscale [61], but here again,
the interacting organic molecules cannot be identified. Finally, mapping by micro- or nano-FTIR or
Raman spectrometry are useful, but these techniques are limited to chemical reactive groups [62, 63] or
pigments [64]. In addition, in spite of reaching the 'nano’ level, they lack the lateral resolution required for
precise localization of the reactive groups. The AFM approach that we use here overcomes many of these
limitations. In particular, it can answer the question of affinity of the protein of interest with the mineral
phase. This in turn has a direct implication on which non-classical crystallization pathway is selected for
building the studied biomineral. For example, ‘inter-crystalline' proteins (i.e., proteins that constitute the
sheath 'surrounding' a given crystal unit) tend to exhibit hydrophobic properties due to their enrichment in
aliphatic amino acids. At the scale of a single crystal (micrometric to sub-micrometric scale), the location
of such proteins is governed by a 'segregation mechanism' (i.e., a phase separation) from the aqueous
mineral front, which grows from a center and progresses radially. Consequently, these proteins condense
(by cross-linking) into a soft and flexible but water-insoluble barrier surrounding the crystal, as soon as
this latter enters into confluence with its immediate neighbor crystals. In contrast, ‘intracrystalline'
proteins, which are more hydrophilic, stay disseminated, at the nanoscale, in the vicinity of the nascent
(usually amorphous) nanograins that will become welded to their neighbor nanograins according to a
nanoscale assembly process [65]. The nanograin welding leads to the trapping of these hydrophilic
proteins, which can consequently be considered as truly occluded (‘intracrystalline’) in the forming
crystal.
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In the present case, we obtained mapping of accripinll at the surface of the calcitic prisms of
Pinna nobilis, in two sections perpendicular to each other, the transverse section and the longitudinal
ones. For each of these surfaces, we obtained an even distribution of accripinll, implying that this protein
should be considered primarily as intracrystalline. Moreover, we observed that accripinll was slightly
more concentrated along the periprismatic sheaths, suggesting that it may be intercrystalline as well. A
possible explanation of this duality might originate from the amphiphilic nature of accripinll sequence,
with a hydrophobic N-terminus and a hydrophilic C-terminus. In our scanning experiments, we noticed
that the adhesion force in transverse section was twice as high than that of longitudinal section. This
finding is particularly interesting because it means that the accessibility of the antibodies to the target
accripin 11 differs, depending on the orientation of the section: in other words, the antigen-antibody
recognition seems to be hindered in longitudinal sections in comparison to transverse sections. This
decrease of recognition may have something to do with the very close environment of the complex,
including both the mineral phase and other surrounding matrix macromolecules. Going further, if
accripinll was randomly oriented on the surface, there should be no statistical difference between the
longitudinal and transversal sections. But since the adhesion forces are significantly different, this
suggests obviously that accripinll is not randomly oriented at the surface of the prism section, but has
probably preferential orientations in the biomineral. This is the most likely explanation of the adhesion
difference between the two sections. At this stage, our assertion is speculative, but if supported by other
approaches such as solid-state Nuclear Magnetic Resonance (ss-NMR) and structure prediction [66], we
have an elegant — although indirect - manner to detect preferential orientations of some matrix
macromolecules in biominerals.

In order to be utilized optimally, Single Molecule Force Spectroscopy (SMFS) has some
specific requirements: a highly purified and specific antibody, an efficient functionalization of the AFM
tip and an appropriate mineral surface preparation. The antibody must be pure and should recognize only
one target-protein in a mixture of proteins. It is well known that antibodies that are supposedly specific of
one given antigenic determinant can give unexpected cross-reactivity [67] or can cross-react with other

16



O©CO~NOOOTA~AWNPE

proteins that exhibit similar determinants as the target protein [68, 69]. The gold-standard way to check
antibody specificity is via Western blot and we highly recommend performing this prerequisite check in
order to simplify the interpretation of AFM scans. In addition to antibody specificity, purifying the
antibody from its serum is a mandatory step to get rid of all contaminating serum proteins (serum
albumin, fibrinogen, transferrin, fetuin, lipoproteins). This step can be achieved in few hours with a Kit.
At last, purified antibody preparations contain salts that come from the eluent in addition to ionic
components of the neutralizing buffer. These components can impair subsequent AFM tip
functionalization steps. Therefore, before use in AFM experiments, we recommend dialysis of the
purified antibody solution, to remove these salts, followed by concentration of the antibody in a
centrifugal concentrator tube.

Functionalization of the AFM tip is another critical step. The antibody must be covalently
bound, for maintaining a stronger bond to the tip than between the antibody and its target antigen. We
adopted an extremely simple tip functionalization procedure [50, 52], which required a limited number of
steps and reactants. In our hands, this maximized the rate of success. As the functionalization was made
'blind', its effectiveness was checked a posteriori by performing the positive control experiment with the
functionalized tip. We recommend preceding this positive control by a negative control performed with
the same unfunctionalized tip, in the same area of the sample. At last, we also recommend preparing
always fresh solutions for functionalization: attempts made with old solutions led to complete failure of
the experiment.

The third key element of our approach concerns sample preparation. In conventional AFM
mapping, samples are prepared by mirror polishing. Over several pilot trials, we found that preparation of
the surface by ultramicrotomy provided more consistent results than by mirror polishing, mainly because
of the lower roughness (around 100-150 nm) and the absence of any surface treatment (see supplementary
figure 1). Although the polishing/cleaning approach could be optimized with 30 nm colloidal silica, the
post-polishing treatment - including desorption with a surfactant like Tween20 to remove surface
contaminants, ‘bleaching’ with dilute sodium hypochlorite to clean the surface or slight etching (1 min.)
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with dilute EDTA (1% wi/vol) to expose occluded proteins - induced higher topography (EDTA
treatment) and/or swelling of the periprismatic sheaths due to the Tween20 desorption step. So far,
ultramicrotomy without any further treatment appears to be the optimal way to prepare biominerals
surfaces for mapping of organics with functionalized AFM tips.

Despite the good resolution we achieved in mapping accripinll across the surfaces of these
calcitic prisms, our approach is not without its limitations. Using glutaraldehyde to functionalize the AFM
tip poses a challenge in controlling the density of proteins on the tip surface. Furthermore, antibody
attachment to the tip is achieved randomly, i.e., the antigen binding sites of the antibody are not all
optimally oriented for surface scanning. Thus, only a part of the antibody-occupied sites on the AFM tip
will be correctly oriented to interact with their corresponding target antigen [50]. As underlined before,
the functionalization is made 'blind' and is empirically optimized; its effectiveness is assessed a posteriori
during data acquisition. The tip, once functionalized, is also not stable. A functionalized AFM tip can
only last a maximum of 3 days in PBS buffer at 4 °C [52], with the best scanning results achieved directly
after functionalization of the tip. Specific and non-specific interactions between the tip and the surface
can also be difficult to distinguish. The use of a spacer, like PEG, may partly solve this problem, however
tip functionalization becomes more complicated and tedious to implement with these additional steps [36,
70]. As we emphasize above, surface preparation is critical, and if target antigens are not firmly bound to
the sample surface, then they can adhere to the tip during data acquisition and thereby pollute it. The end
result is an inactivated tip. Finally, surface preparation requires an ultramicrotome for hard tissues, a
sophisticated and costly device.

In spite of these limitations, we assert that the technique brings substantial improvements to
alternative approaches. For instance, the resolution of the technique is higher than that of immuno-
labelling approaches; proteins can be localized at the nanometer scale and does not require any labels to
be fixed to the biomineral surface. As a consequence, scanning a surface with a functionalized tip leaves
the mineral surface clean in contrast to immunogold staining, and so the surface can be re-used for other
physical investigations such as EDX, WDS, FTIR or Raman spectroscopies. These characterizations are
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not possible after immunogold staining. Tip functionalization also allows for the estimation of antigen-
antibody interactions with piconewton accuracy. When performed via the glutaraldehyde pathway, the
process is quite simple and does not require complex chemical modification of the tip. The procedure is
rather rapid (2 hours), which means that the functionalization of few tips can be tested in a day. An
efficient way of operating consists in performing a set of negative controls with different unfunctionalized
tips, and to start the functionalization of the first tip during while the second and following tips are tested
in negative controls. Finally, the use of ultramicrotome to prepare the flat sample surfaces for
measurement eliminates the chances of spreading protein or contamination and thus, eliminates the
requirement of surface treatment that may induce artifacts by increasing surface topography.

To conclude, the technique, as exposed here, is adapted to skeletal proteins, the most abundant
macromolecules identified in calcium carbonate biominerals. While our study employs a mollusc shell
and may appear to be fringe case, we are confident that our approach has a general scope and is adaptable
to many types of biominerals including calcium phosphate (bone, teeth), calcium oxalates, silica, or any
type of biomineral, resulting from a biologically-controlled or biologically-induced deposition process. In
particular, pathological biomineralizations such as kidney or pancreatic stones may benefit from this
advancement: because they contain a complex cortege of proteins [71, 72], localizing precisely the most
abundant ones may help elucidating the molecular mechanism by which these minerals form, with a
resolution far beyond what is currently done. The technique can also be applied to calcium phosphate-
coated bone / teeth implants where the coating is doped or co-precipitated with one or more bioactive
macromolecules, such as growth factors (BMPs) or peptides/proteins that enhance cellular attachment to
improve osseointegration [73, 74]. We assert that the technique may precisely quantify the density of
protein per square unit, in other words, evaluate the rate of protein incorporation in the coating. In clinical
tests using similar samples in terms of preparation, the acquisition could be automated to allow analyzing
ten samples a day with 3 analyzed areas per sample, on the assumption that the AFM probe is qualified
once. At the end of the series, the first sample should be re-analyzed in order to confirm the successive
analyses. Because of its sensitivity, the technique can also be applied in archeology or paleobiology, on
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fossil or subfossil shell or bone materials that contain only remains of mineralizing matrix [75]. At last, in
addition to proteins, AFM mapping with functionalized tips can localize other types of macromolecules,
such as polysaccharides, the second most abundant components of skeletal matrices. In that case,
antibodies may usefully be replaced by specific lectins. To summarize, we believe that this technique will

bring valuable information in terms of functions of organics in biomineralization process.
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Figure/Table Caption (s)

Figures captions

Figure 1. The shell of Pinna nobilis. a) Inner view of the right valve of an adult specimen. The internal
nacreous layer (NL, whitish, delineated by a black dashed line) covers less than one half of the shell,
contrarily to the prismatic outer layer (PL, brown-red). b) Inner SEM view of the prismatic layer, that
consists of needles of polygonal section that are densely packed together and glued by thin
interprismatic sheaths (dark line). The blue arrow symbolizes the growth axis of the prisms. c) An
isolated single prism observed by SEM. Note that the prism is not homogeneous but constituted of a

stack of thin mineralized layers perpendicular to its elongation axis.

Figure 2. (a) Amino acid sequence of accripinll, the protein of the prismatic layer, localized in this
study by AFM with functionalized tip. The signal peptide is indicated in red. The two domains
underlined in yellow and grey correspond to the two synthetic peptides used for generating polyclonal
antibodies in white rabbits. (b) 3D-structure of accripinll, deduced from AlphaFold2 simulation. The

two alpha helices are stabilized by four disulfide bonds while the C-terminus is disordered.

Figure 3. Principle of AFM surface scanning with functionalized tip. a) General scheme of molecular
recognition imaging measurements in which ligand molecules (A) are attached to the AFM tip,
whereas receptor molecules (B) are present on the sample surface. The tip is symbolized in grey. b)
The amine group was introduced by silanization reaction between silicon surface of the tip and a
trichlorosilane group of APTES, the silane reagent. After silanization, glutaraldehyde was used as a
binding agent to attach antibodies (IgG) covalently to the tip. c) Typical Force-Distance curves
recorded upon approach (blue curve) and retraction (red curve). The black triangles symbolize the
AFM tip in different positions. From position 1-2, the tip is approaching the biomineral surface. Then,
the cantilever bends until the force reaches the maximum limit as shown in position 3. The tip starts

withdrawing at position 4 that further detaches from the surface and returns to its resting position 5. d)



more detailed theoretical view of the interaction between the antibody-grafted tip and the surface of

the sample with the target protein.

Figure 4. Specificity of the anti-accripinll antibody preparation. a) Test of the unpurified antibody
against the soluble prims matrix. The soluble prism matrix, which contains several discrete bands, was
checked on a monodimensional SDS-PAGE gel stained with silver (lane 2) and tested in parallel
against the unpurified anti-accripinll antibody (lane 4). Note the specificity of the antibody. Lanes 1
and 3: prestained molecular markers. b) Purification of the anti-accripin11 immunoglobulins after their
elution from the affinity chromatography column. Lanes 2 to 6 correspond to eluates 1 to 5. Note that
most of the immunoglobulins are concentrated in eluates 3 and 4 (lanes 4 and 5). Lane 1: molecular
weight markers. c) Same gel as Fig. 4b electroblotted on a nitrocellulose membrane and directly tested
against the secondary antibody (Goat anti-Rabbit, Alkaline Phosphatase conjugate). The three bands

correspond, from top to bottom, to the full IgG, to the heavy chain and to the light chain, respectively.

Figure 5. Interaction force (pN) measured on Pinna nobilis periprismatic membranes for various
loading rates from 10 to 1740 nm/s, expressed on a logarithmic scale. For all further experiments, a

loading rate of 500 nm/s was selected.

Figure 6. AFM on the calcitic prisms of Pinna nobilis. Topographic images in transverse (a, b, ¢) and
in longitudinal (d, e, f) sections, prepared by microtomy: a and d correspond to a 3D block of the
surface topography of a prism, b and e, to a 2D image and c and f, to the topographic curve across the
periprismatic sheath. In b and e, the white bar symbolizes the sections illustrated by ¢ and f. Note that
the difference of height is, at maximum (see c) 140 nm between the top of the periprismatic sheath and
the mineral surface, and in general less than 100 nm (f). The AFM tip can accommodate such a

difference.



Figure 7. AFM scanning of a prism surface, in transverse (a, b) and longitudinal (c, d) sections,
adhesion maps. The surface was prepared by microtomy, without polishing. Figures a and c represent
negative controls obtained with non-functionalized tips, while figures b and d are positive controls
obtained with accripinl1-functionalized tips. The numerous white dots correspond to locations where
the adhesion between the functionalized tip and the surface is the highest, i.e., where accripinll is
present. Accripinll seems to be homogeneously distributed in the prism, but presents also high
concentrations along the periprismatic sheaths in d, and at the triple junctions in b. For each of the four

maps, the scales are relative.

Figure 8. Interaction force measured on Pinna nobilis transversal and longitudinal sections, for a
loading rate of 500 nm/s. The two negative control histograms (A and C) correspond to zones devoid

of accripinll. Note the difference in adhesion in transversal (B) and longitudinal (D) sections.
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