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ABSTRACT 

 

The fracture toughness of mollusk shell nacre has been attributed to many factors, one of which is 

the intracrystalline incorporation of nacre-specific proteins.  Although mechanical force 

measurements have been made on the nacre layer and on individual calcium carbonate crystals 

containing occluded organic molecules and macromolecules, there are few if any studies which 

examine the impact of occluded proteins on the mechanical properties of calcium carbonate 

crystals.  To remedy this, we performed microcompression studies of calcite crystals grown in the 

presence and absence of two recombinant nacre proteins, r-AP7 (H. rufescens, intracrystalline 

proteome) and r-n16.3 (P. fucata, framework proteome), both of which are known aggregators that 

form hydrogel nanoinclusions within in vitro calcite. We find that, relative to protein-free calcite, 

the intracrystalline inclusion of either r-AP7 or r-n16.3 nacre protein hydrogels within the calcite 

crystals leads to a reduction in strength.  However, nacre protein – modified crystals were found 

to exhibit elastic deformation under force compared to control scenarios, with no discernable 

differences noted between intracrystalline or framework protein-modified crystals.  We conclude 

from our in vitro microcompression studies that the intracrystalline incorporation of nacre proteins 

can contribute to fracture-resistance of the crystalline phase by significantly reducing both 

modulus AND critical strength 
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INTRODUCTION 

The creation of protective invertebrate calcium carbonate skeletal elements such as the mollusk 

shell nacre require the assembly of mineral nanoparticles into mesoscale crystals.1-4 This process 

is aided by specific matrix proteins5,6 which guide the nucleation process and subsequent particle 

assembly via the formation of protein hydrogel phases that modulate hydration and ion 

sequestration.7,8   Ultimately, as the mineral nanoparticles form, there are a number of proteins or 

other biomacromolecules which become randomly occluded within calcium carbonate crystals, 

typically at low weight percent.9-11  This incorporation affects the texture, lattice strain, and 

anisotropy of the crystal and promote fracture toughness.12-14 It is believed that this intracrystalline 

incorporation process initiates at the amorphous calcium carbonate (ACC) mineral precursor stage 

that precedes crystalline transformation.15,16 Additives, such as proteins, associate with or stabilize 

ACC and become incorporated into the mineral phase during the amorphous-to-crystalline 

transformation process.10,11,17,18  To monitor this process a number of in vitro mineralization 

systems have been developed wherein additives such as amino acids,19-21 agarose gels,22 

recombinant nacre proteins,11 and polymers23-25 have been successfully incorporated into calcium 

carbonates. These experiments confirm that a wide variety of molecular and macromolecular 

organic species can be randomly incorporated within crystals with subsequent modifications of the 

physical properties of these crystals.11,19-25 However, the phenomenon of intracrystalline 

modifications by biomineralization proteins is still poorly understood and thus our ability to 

develop novel organic-occluded inorganic materials is limited. 

 Much of our current understanding of protein-created intracrystalline nanovoids and their 

formation comes from in vitro calcite model studies26-28 that utilized recombinant mollusk shell 

nacre-specific proteins.   These experiments allowed reproducibility and monitored the random 
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deposition of protein hydrogels onto existing calcite crystals that formed within 

micromineralization assays.26-28 Two of these proteins, the Pacific red abalone nacre 

intracrystalline AP7 (66 AA, 7565 Da)26,27 and the Japanese pearl oyster framework n16.3 (108 

AA, 12947 Da)28 were found to occlude within the peripheral subsurface regions of calcite over a 

30-60 min period, creating randomly-distributed nanoporosities and nanochambers within the 

crystals as well as surface nanotexturing (Figure 1).26-28 However, the material properties of these 

protein-modified crystals were not investigated at the time, and thus potential strengthening or 

weakening effects that these proteins have on calcium carbonate crystals are not yet known. 

Figure 1.  SEM images of focused ion beam (FIB) sectioned calcite crystals obtained from control (protein-free) and r-AP7, r-n16.3 

mineralization assays. White arrows indicate location of hydrogel inclusions.  Scalebars = 200 nm.  Adapted from references 17,18. 

 To arrive at a better understanding of intracrystalline protein occlusion and resultant crystal 

material properties, we embarked on a microcompression study (stress-strain) of calcite crystals 

produced in calcite-based micromineralization assays in the presence and absence of recombinant 

AP7 (r-AP7)29 and n16.3 (r-n16.3).30  Note that we chose the calcite-based assay to be consistent 

with the assays utilized in our our earlier nacre protein hydrogel studies of intracrystalline 

incorporation27,28 as well as the assays employed in polymer incorporation nanoindentation studies. 

11,19-25 This study is innovative in that we are mechanically testing specific crystals generated by 

hydrogelator proteins that are representatives of two nacre-regulating proteomes that are expressed 

within different regions of the nacre tablets (AP7 = intracrystalline within the tablets;29 n16.3 = 

framework layer surrounding the tablets30).  The results were interesting: regarding average 
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loading, crystals that form in the absence of protein possessed the highest critical stress compared 

to crystals generated in the presence of either nacre protein. In terms of average strain, the control, 

r-AP7, and r-n16.3 crystals were found to be statistically equivalent. However, the most dramatic 

finding was the stiffness values:  here, compared to the control crystals, r-AP7 and r-n16.3 

modified crystals had reduced average stiffness and exhibited higher strain under load.  Thus, the 

protein intracrystalline inclusions introduced into in vitro calcite crystals yields modified material 

properties, with an emphasis on a reduced stiffness, which may be important for creating regions 

of elastic deformability within the nacre layer.31-33 

 

EXPERIMENTAL 

 

Recombinant protein expression and purification.  The bacterial expression and purification of r-

AP7 and r-n16.3 were achieved using the protocols described in our earlier studies.29,30 

Lyophilized proteins were dissolved in 30 nm ultrapure Fisher Molecular Biology grade water 

(Fisher Scientific, USA) to create stock solutions for subsequent use. 

In vitro micro-mineralization assays. Calcite-specific mineralization microassays were conducted 

by mixing equal volumes of 20 mM CaCl2*2H2O (pH 5.5) and 20 mM NaHCO3 / Na2CO3 buffer 

(pH 9.75 in 30nm filtered ultrapure Molecular Biology-grade water )(Fisher Scientific, USA) to a 

final volume of 500 µL in sealed polypropylene tubes and incubating at room temperature for 1 

hr.26-30 The final pH of the reaction mixture was measured and found to be approximately 8.0 - 

8.2.26-30  Individual aliquots of r-n16.3 and r-AP7 stock solutions were added to the calcium 

solution prior to the beginning of the reaction, with final assay concentrations of each protein to 

be 10 μM.  Mineral and protein deposits formed during all assays were captured on 5 x 5 mm Si 
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wafer chips (Ted Pella, Inc.) that were placed at the bottoms of the vials. Upon completion of the 

mineralization assay period, the Si wafers were rinsed thoroughly with calcium carbonate saturated 

methanol and dried overnight at room temperature prior to analysis.26-30 

Microcompression measurements. Nanoindentation load-displacement and stiffness 

measurements of control and r-AP7, r-n16.3-associated calcite crystals were made using a Bruker 

TI980 Triboindentor equipped with a multirange transducer. The mounting of crystals was 

accomplished by epoxying each mineral-coated Si wafer to an AFM puck with Loctite 495, and 

magnetically securing the puck to the stage. The size of the flat punch probe relative to mineral 

particle size was determined using a single crystal aluminum metal substrate and then compared 

to actual particle size (Figure S1, Electronic Supporting Information). The displacement-controlled 

compression test involved increasing the displacement linearly at 200 nm/sec until the particle 

failed or the substrate was contacted (Figure S2, Electronic Supporting Information). The 

corresponding critical load and critical displacement to cause failure was recorded. Additionally, 

stiffness measurements were calculated for particles that showed linear force–displacement 

behavior before failure.  Displacement controlled indentation tests were performed using a 

multirange transducer equipped with a flat punch probe (20 µm diameter, 60o conical diamond flat 

punch) to measure critical stress and strain of selected crystals to cause microcrystal fracture. 

Stress,  and strain  were determined as34,35 

𝜎 =
𝑃

𝑙2
 ,  𝜀 =

∆𝑙

𝑙
         Eq. 1 

Where 𝑙 is the average lengths of the sides of the top, and P is the applied load.  For this analysis, 

the particles are assumed to be cubic, which from Figure S2 (Electronic Supporting Information) 

is a close approximation for rhombohedral calcite crystals. The displacement-controlled 
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compression test35,36 involved increasing the displacement linearly at 200 nm/s until the crystal 

failed or the substrate was contacted. The corresponding critical load and critical displacement to 

cause failure was recorded. Additionally, stiffness measurements34,35 of the initial loading portion 

were calculated for crystals that showed linear force–displacement behavior prior to failure.  All 

measurements were performed on 10 individual crystals for each sample. 

RESULTS AND DISCUSSION 

We note that microcompression studies have been performed on calcite crystals, including 

calcite that possesses organic inclusions. These studies have shown that the incorporation of amino 

acids,19,21 copolymer micelles,23 and copolymer worms24 into calcite crystals yields increased 

hardness which is consistent with the findings for protein-occluded biogenic calcite obtained from 

mollusk shells.  In contrast, nanoindentation studies of the mollusk shell reveal that the void-

containing aragonite platelets are more ductile and less stiff than non-biogenic calcium 

carbonates.32 These results suggest that the crystal mechanical properties induced by occluded 

species can vary to some extent.  In this current study, we examine the effects of individual, 

purified recombinant nacre proteins (r-AP7, r-n16.3) on in vitro calcite material properties using 

stress-strain and stiffness measurements relative to control, protein-free scenarios. 

Figure 2.  (A) Microcompression stress-strain curves obtained for control, r-AP7, and r-n16.3 calcite crystals (n = 10). (B) 

Histogram plots of the < average > critical stress and critical strain values (± S.D.) that cause crystal failure (n = 10). 

 In Figure 2A, we present the stress-strain curves (Eq. 1) obtained for calcite crystals 

recovered from protein-free, r-AP7, and r-n16.3 micromineralization assays (see also Figure S3, 
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Electronic Supporting Information, expansion plots), along with the average critical stress and 

strain values (Figure 2B).  These curves provide a “mechanical fingerprint” of a materials response 

to microcompression.34,35 As shown in Figure 2A, there is a great degree of variation in the critical 

stress-strain values obtained for individual crystals in each sample category.   We suspect that this 

variation arises from the microstructural heterogeneity of these samples, particularly those of r-

AP7 and r-n16.3, which contain randomly distributed nanoporosities of varying sizes (Figure 1).26-

28 We found that the control calcite sample possessed the highest critical stress by a factor of 2-3x 

over that of the protein-modified crystals (Figure 2B). This indicates that the intracrystalline 

inclusion of nacre protein hydrogels within the calcite crystals leads to a reduction in strength. 

Most likely this is due to the presence of multiple nanoporosities near the surface of r-AP7 and r-

n16.3 calcite crystals (Figure 1),26-28 which would be expected to fail upon compression compared 

to control calcite crystals which possess few if any subsurface porosities.  This result is what one 

would expect from a simple Griffith flaw size criterion in a brittle solid.34-36 Interestingly, the 

control and protein samples tested as being nearly statistically equivalent in average strain values 

(Figure 2B), with r-n16.3 exhibited strain values that were ~20% lower compared to the control 

and r-AP7 samples.  These findings are like those obtained for nacre aragonite tablets taken from 

mollusk shells, where it was discovered that there was more material collapse and pile-up from 

indentation compared to non-biogenic crystals.37 

Figure 3.  (A) Plots of nanoindentor load as a function of time for the three samples (n = 10).  (B) <Average> stiffness values (± 

S.D.).  Data within the arrow regions in (A) was used to calculate the values in (B). 
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 We next examined the elastic deformation or stiffness parameter34-36 for each sample 

crystal collection (Figure 3A, B).  The stiffness curves clearly exhibit differences, with the control 

samples possessing the highest stiffness values (by a factor of 4x) relative to the r-AP7 and r-n16.3 

crystals that are nearly equivalent as a function of time (Figure 3B). Proving whether there are 

regions of pure elasticity or pure ductility in any of the nacre protein-modified crystals is not within 

the scope of this paper.  Nonetheless, these results indicate that the calcite crystals modified by the 

nacre proteins have a significantly reduced modulus AND critical strength. Thus, unlike other 

organic intracrystalline additives, nacre proteins do not increase the strength of calcite; rather, they 

decrease it, and this finding is consistent with increased plasticity or elastic deformation 

characteristics noted for protein-impregnated aragonite tablets.32,33,37-40 

CONCLUSIONS 

In summary, our microcompression study is a first-time examination of the effects of individual 

nacre biomineralization proteins on the material properties of calcium carbonate crystals.  We note 

that calcite crystals generated in the presence and absence of recombinant nacre proteins r-AP7 

(intracrystalline) and r-n16.3 (framework) reveals that the representatives of each proteome are 

nearly equivalent in their ability to modify the material properties of in vitro calcite crystals.  

Compared to unmodified calcite crystals, nacre protein-modified crystals are less resistant to 

microcompression forces (Figure 2A, B), and these same protein-modified calcite crystals are 

nearly equivalent to the unmodified calcite crystals regarding strain (Figure 2B).  These properties 

most likely arise because of protein hydrogel incorporation within subsurface nanoporosities 

within these crystals (Figure 1), which give way under stress.  Again, this is consistent with other 

nanoindentation studies performed on the bulk nacre layer32,33 as well as the nacre tablets 

themselves,37-40 which were found to possess increased plastic deformation.  Further, we note that 
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the mechanical response of organic additive-modified calcite is lower in strength compared to 

untreated calcite crystals.21-25 Thus, the force measurements obtained for nacre and aragonite 

tablets reflect the unique material behavior of protein hydrogel nanoinclusions within the 

crystalline phase of the mineral.  

The most surprising aspect of this study was the stiffness response of calcite crystals 

(Figure 3), wherein nacre protein – modified crystals were found to possess significantly reduced 

modulus or increased elastic deformation compared to control scenarios, with no discernable 

differences noted between intracrystalline or framework protein-modified crystals.  This suggests 

that the nacre protein hydrogel nanoinclusions, regardless of their proteomic origin, create a calcite 

crystal that is reduced in stiffness.  Again, this data correlates with the force studies conducted on 

nacre and aragonite tablets, both of which demonstrated reduced modulus response as well.32,33,37-

40 Our findings have profound material implications for aragonite tablets:  we speculate that the 

immediate crystalline environment around randomly distributed protein hydrogel nanoinclusions 

could conceivably deform under force, thus preventing catastrophic failure of the remaining bulk 

crystalline material.  We await further in situ and in vitro investigations of the mollusk nacre layer 

and associated proteins which can ascertain this possibility. 
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