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Effects of constituent size on dislocation nucleation in macromolecular crystals
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Understanding the deformation of materials at the nanoscale level provides insights into the incipient de-
formation process. Additionally, comprehending how a material deforms directly improves understanding of
its mechanical properties. For atomic crystals such as metals and ceramics, direct observation of nanoscale
deformation has clarified how materials deform and fracture while revealing the key factors governing the
deformation process. However, in systems where the constituent elements themselves are significantly larger,
understanding the deformation process is important not only for theoretical framework development but also for
gaining new insights into deformation mechanisms. In this study, we investigated the deformation mechanisms of
macromolecular crystals using protein crystals as a model, which consist of significantly larger molecular compo-
nents than conventional atomic or small-molecule crystals. Through microscale indentation observation via x-ray
topography, we revealed that plastic deformation occurs via the nucleation and motion of dislocations, which
can be explained by the conventional dislocation theory. Nanoindentation experiments at a scale smaller than
the molecular size of macromolecular crystals, along with estimations of the activation volume of dislocations,
demonstrated that the molecules deform slightly at the incipient stage before dislocation nucleation. This finding
indicates that the size of the constituents in materials affects material deformation, and it suggests the potential

for expanding deformation mechanisms by considering the characteristics of the constituent components.

DOI: 10.1103/9pjv-958d

L. INTRODUCTION

Understanding the elastic-plastic transition and deforma-
tion mechanisms that govern the mechanical properties of
materials is crucial for establishing guidelines for the applica-
tion and design of new materials. To date, studies on material
strength through macroscopic tensile and compression tests
as well as investigations of incipient deformation behavior via
indentation methods have been conducted for metals, ceram-
ics, and semiconductor materials [1].

Nanoindentation is one of the most effective techniques for
observing material deformation at the atomic or nanoscale.
In nanoindentation, the deformation of materials under an
applied load is detected using a load-displacement (P-h)
curve [2]. Recent advancements in nanoindentation equip-
ment have enabled examination of the dislocation behavior
of brittle materials [3-5]. Materials initially undergo elastic
deformation under a certain load and then plastic deforma-
tion, leaving a permanent strain. By closely examining the
transition from elastic to plastic deformation, the nucleation
and motion of dislocations can be quantified. In addition
to experimental approaches, molecular dynamics simulations
have been increasingly used to elucidate material deformation
mechanisms [6—13]. Understanding how materials deform and
investigating the factors that govern deformation as well as
the underlying mechanisms provide fundamental insights into
material behavior and aid the development of new materials.

Crystals are solids in which atoms or small molecules are
arranged in a highly ordered structure. In crystalline mate-
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rials, plastic deformation due to dislocations plays a crucial
role in material deformation, as mentioned above. This de-
formation mechanism is characterized by the bonding and
crystal structure of the material. In contrast to inorganic crys-
tals with atomic-scale periodic structures, protein crystals are
single crystals composed of biomacromolecules with sizes
of dozens of nanometers [14]. Their lattice constants exceed
10 nm, making their unit cells significantly larger than those
of atomic and low-molecular-weight crystals. In the disloca-
tion theory, the self-energy of dislocation E is expressed as
E ~ u|b)? [15]. In protein crystals, which have a relatively
low shear modulus p and an enormous Burgers vector b,
dislocations can energetically stably nucleate and multiply
to govern plastic deformation, which presents an interesting
mechanical concept.

Thus far, dislocations introduced during crystallization
have been observed in several types of protein crystals, such as
hen egg-white lysozyme and glucose isomerase [16—18]. Ob-
servations of slip traces via Vickers microindentation suggest
that the deformation of macromolecular crystals is controlled
by the dislocation mechanism [19-22]. Additionally, dislo-
cations can be introduced via simple stress loading using a
sewing needle [23]. However, knowledge regarding the nucle-
ation of dislocations such as half-loop dislocations remains
limited.

In this study, we applied the nanoindentation technique to
macromolecular crystals with weak interactions such as van
der Waals forces, water-mediated hydrogen bonding, and elec-
trostatic interactions. Glucose isomerase (GI) crystals were
used as a model of macromolecular crystals because they
can be grown with no grown-in dislocations and high crys-
tallinity. We investigated the plastic deformation mechanisms
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FIG. 1. (a) Experimental setup of the indentation in the beamline at PF. The Berkovich indenter with a load cell was set within a handmade
apparatus using a pulse motor. (b) Schematic of the GI crystal in the growth solution on a glass substrate sealed with paraffin oil in a
polypropylene straw. (c) Geometry of the indentation. The indenter is on the (011) surface of the GI crystal and the x-ray enters in the
direction along the a axis. The schematics of the crystal morphology were prepared using the VESTA software [27].

of macromolecular crystals during indentation through in situ
synchrotron x-ray topography. Furthermore, we examined the
incipient deformation mechanisms of crystalline materials
composed of macromolecules such as protein crystals by us-
ing nanoindentation techniques.

II. METHODS
A. Materials

GI crystals were grown using GI solutions containing
industrial-grade GipF (Nagase Sanbio Co., Ltd.). Purification
was conducted via dialysis using a membrane (MWCO: 500—
1000 Da) in distilled water for 1 d. The GI solution was then
concentrated using polyethylene glycol (PEG 20 000) for half
a day to reduce the distilled water. Subsequently, the GI solu-
tion was filtered using a 0.1 wm sized membrane filter (PALL
ACRO DISC, Japan). The concentration of GI in the solution
was determined by measuring the absorption of 280 nm wave-
length light using a UV-visible spectrophotometer (NanoDrop
One, Thermo Fisher Scientific, Inc.). Large GI crystals of
2-3 mm in size were grown using a seeding method as fol-
lows: seed crystals were grown via a hanging drop technique
at 294 K using a crystallization solution containing 50 mg/mL
GI, 0.6 M ammonium sulfate, 1 mM magnesium sulfate, and
6 mM tris(hydroxymethyl)aminomethane hydrochloride (pH
7.0), as referred [24,25]. Each seed crystal was subsequently
placed in a crystallization droplet on siliconized glass (¢12
mm, 220 wm thickness) attached to an acrylic holder, as per-
formed previously [24,25]. The droplets on the holder were
annealed at 313 K for 10 min to prevent heterogeneous nucle-
ation. After annealing, the samples were maintained at 294 K
for two weeks. The resultant GI crystals had a body-centered
orthorhombic structure with space group 1222, where lattice
constants a, b, and ¢ were 9.39, 9.97, and 10.29 nm, respec-
tively [26].

B. In situ observation of indentation by x-ray topography

For the in situ observation of indentation, a handmade
indentation system was installed in the BL14B and BL20B
beamlines at the Photon Factory (PF) of the High Energy
Accelerator Research Organization, as shown in Fig. 1(a).
Indentation tests were conducted using an indentation system
by assembling pulse motor stages (YAO5A-R1 and XAO05A-
L2-2H, Kohzu) and a load cell (ZTS-DPU-5N, IMADA). A
Berkovich diamond indenter was attached to the load cell. The
motion of the indenter with the load cell was controlled by
pulse motor stages and a stage controller (SC-410, Kohzu).
The Hertzian elastic fitting method [28,29] was adopted to
calibrate the radius of the used diamond indenter.

X-ray topography was performed using synchrotron radia-
tion at the BL14B and BL20B beamlines. A monochromatic
beam of 1.2 A was selected by adjusting the double-
crystal monochromator. The size of the incident beam
(horizontal x vertical) was 5 mm x 14 mm, which was suffi-
cient to cover the entire crystal. During the indentation tests,
the GI crystals in the crystallization solution on the glass sub-
strate were sealed with paraffin oil in a polypropylene straw,
as shown in Fig. 1(b). The sealed GI crystals were mounted
onto a precision goniometer. The loading and unloading rates
were both set to 200 nm/s. The GI crystal was loaded to
the maximum load over a period of 85 seconds, and then
unloaded to zero over the following 85 seconds. In this study,
indentation was performed on the (011) surface of the GI
crystals, as shown in Fig. 1(c). During indentation, the diffrac-
tion images were recorded using a high-spatial-resolution, 2D,
digital CCD camera (Photonic Science X-RAY FDI 1.00:1,
effective pixel size: 6.45 x 6.45 um?). To analyze the diffrac-
tion images precisely after indentation, the diffractions were
recorded using x-ray films (Agfa D2). The spatial resolution
of x-ray films is a few micrometers, which is higher than that
of x-ray CCD cameras. The samples were not polished owing
to the brittleness and fragility of the protein crystals.
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C. Nanoindentation tests

All indentation tests were performed using a nanoindenta-
tion system (TI Premier, Bruker) with a Berkovich diamond
tip (tip radius of 72 nm) at 296 K. Before the indentation
tests, the system was calibrated using fused silica. The tip
of the Berkovich indenter was assumed to have a finite ra-
dius due to manufacturing imperfections and tip rounding.
Thus, the Hertzian model, which is based on a spherical tip
approximation, was considered appropriate for analyzing the
initial elastic response, and the tip radius was identified by
comparing the ideal elastic Hertzian load-displacement curve
(P-h curve) with experimental data [28,29]. This approach
has been widely adopted in previous nanoindentation studies
under similar conditions [4,5,10,11]. To prevent drying, the GI
crystals were maintained in the crystallization solution during
the indentation tests. The sample was loaded to the maximum
extent for 5 s, followed by 2 s of load holding and 5 s of
unloading to zero. The average loading rate was 25 uN/s.

D. Determination of elastic constants by ultrasound
velocity measurements

The sound velocities of the GI crystals were measured
using the ultrasonic pulse-echo method with an ultrasonic
pulse/receiver (PR35, JSR Ultrasonics). Transverse and lon-
gitudinal ultrasonic transducers with frequencies of 5 and
18 MHz, respectively, were used. A shear gel was used as an
adhesive to glue the GI crystals to the transducers to ensure
close contact between them. To improve the brittleness of the
GI crystals during contact, chemical crosslinking using glu-
taraldehyde was performed, as referred [17]. As mentioned in
the Materials section, the GI crystals have a body-centered or-
thorhombic structure with a space group of 1222, where lattice
constants a, b, and ¢ are 9.39, 9.97, and 10.29 nm, respec-
tively [26]. The ratio of the lattice constants is 1.00:1.06:1.09,
and the GI crystals can be regarded as a body-centered cubic
(BCC) structure. The propagation/polarization directions of
the longitudinal sound velocity v; and transverse sound veloc-
ities v, and v3 were [110]/[110], [110]/[001], and [110]/[110],
respectively. Thus, the relationship between sound velocity
and elastic constants is as follows [30]:

pvi*> = 3(Ci1 4+ Cia +2Cw),  pv2° = Cus,

pv3® = 3(C11 — Cn2), (1)

where p is the density of GI crystals, calculated as
1.15 Mg/m?>. Density p was calculated as follows:
My + My,
- ¥ 2
P 7 2
where m,, and m, are the masses of the GI and water
molecules in a unit cell, respectively, and V, is the unit-
cell volume of the GI crystal. Mass m,, was estimated via
Matthews’ method [31] using structural analysis data (PDB
ID: 1X1IB) [26]. Thus, elastic constants C;;, Ci», and Cy4 Were
simply determined from the BCC structure.

E. Quantum calculation of molecular volume of amino acids

The molecular volume of the amino acids was cal-
culated using density functional theory (DFT). Geometric
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FIG. 2. Series of x-ray topographs during the (a) loading and (b)
unloading processes of the indentation. (c) X-ray topograph captured
using an x-ray film after the indentation. The half-loop contrasts due
to the induced dislocations are clearly observed. The white triangle
corresponds to the indenter position.

optimization of the calculated amino acids such as alanine,
leucine, aspartic acid, glycine, and arginine was performed at
the DFT level and the B3LYP/6-31G(d) level using the Gaus-
sian 16 package. The volume of the amino acid molecules was
estimated using the optimized structure. Amino acids were
selected based on the amino acid sequence of GI molecules
using structural analysis data [26]. The selected amino acids
are abundant in GI molecules.

III. RESULTS

A. In situ observations of stress-induced dislocations

Figure 2(a) shows a series of x-ray topographs captured
during loading using the indentation apparatus. A white
contrast appeared beneath the indentation tip when it was
in contact with the crystal surface. Subsequently, half-loop
contrasts appeared around the indentation area. During in-
dentation, the size of the half-loop contrast increased. At
the maximum indentation depth of 17 um and the maxi-
mum load of 15 mN, some half-loop contrasts appeared with
depths of 170 um, ten times larger than the indentation depth.
Moreover, white broadened contrasts appeared at a depth
of 500 um.

Figure 2(b) shows a series of topographs captured dur-
ing the unloading process. The broadened contrasts with
depths of 500 um disappeared with unloading. This implies
that the broadened contrasts were associated with the elastic
strain caused by the load. In contrast, the half-loop contrasts
with depths of 170 um were clearly observed after unload-
ing. These contrasts correspond to the induced dislocations
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FIG. 3. (a) Optical micrograph and (b) x-ray topograph taken
using x-ray film with g = 011 after the indentation. X-ray topographs
taken using x-ray film with (c) g = 110, (d) g = 101, and (e) g =
110. (f) Schematic of the molecular arrangement of the GI crystal
(left) and a BCC crystal such as Fe (right) viewed along the [111]
direction. The yellow arrows in (f) correspond to the typical Burgers
vector 1/2(111) in the BCC structure. (g) Schematic of the identified
slip system.

associated with plastic deformation. Figure 2(c) shows the
x-ray topographs of the x-ray film after indentation. Half-loop
contrasts were clearly observed in relation to those in the
image captured by the x-ray CCD camera. Thus, in sifu x-ray
topography confirmed that dislocations were introduced by
stress application.

B. Analysis of dislocations

Figures 3(a)-3(d) depict an optical micrograph and x-ray
topograph after the indentation test. As shown in Fig. 3(a), a
triangular mark corresponding to the Berkovich tip and some
line shape contrasts around the indentation mark are observed
(indicated by black triangles). The line contrasts appear to
correspond to the slip lines associated with slip deformation
caused by dislocation motion. Moreover, dislocation contrast
around the indentation mark was observed in the x-ray topo-
graph, as shown in Fig. 3(b). The contrasts extended to an area
larger than the size of the indentation mark shown in Fig. 3(a).

This is due to the strain around the dislocations associated
with plastic deformation.

Figures 3(c)-3(e) show the x-ray topographs captured with
various diffraction vectors, specifically g = 110, 101, and 110.
As shown in Fig. 3(c), half-loop contrasts associated with
dislocations are clearly observed. Conversely, the half-loop
contrasts disappear at g = 101 and 110. The invisibility of the
contrasts depending on the diffraction vector indicates that the
contrasts correspond to dislocations. According to the invisi-
bility criterion for dislocation images [32], the Burgers vector
of the dislocations is [111]. The shortest translational vector
of [111] in a body-centered orthorhombic crystal corresponds
to half of the body diagonal. Therefore, the Burgers vector
was assigned a value of 1/2[111] (|b| = 8.56 nm). The other
contrasts could not be assigned because they did not disap-
pear owing to the large deformations. The GI crystals had a
body-centered orthorhombic structure with space group 1222,
where lattice constants a, b, and ¢ were 9.39, 9.97, and 10.29
nm, respectively [26]. The ratio of the lattice constants was
1.00:1.06:1.09, and the GI crystals can be regarded as BCC
structures. To compare the BCC crystals, the schematics of the
molecular arrangement and slip system are shown in Figs. 3(f)
and 3(g), respectively. In BCC materials, the translational
vector 1/2 (111) is dominated by the Burgers vector [15].
Thus, a Burgers vector of 1/2[111] was reasonable for the GI
crystals.

C. Verification of plastic deformation behavior
by nanoindentation

The incipient plasticity of GI crystals was investigated
using the nanoindentation method. Figures 4(a) and 4(b) show
a typical load-displacement curve (P-h curve) obtained for the
(011) surface via nanoindentation tests. Figure 4(b) depicts an
enlarged view of the vicinity of the origin of Fig. 4(a). To
analyze the behavior of the elastic and plastic deformation,
the P-h curve was fitted using the Hertzian curve. Based on
the Hertzian solution [28,29], the purely elastic relationship
between the load and displacement can be described as fol-
lows:

P =3E~RI", 3)

where P is the load, E, is the reduced modulus, R is the tip
radius (72 nm), and £ is the displacement. The reduced modu-
lus, E,, was theoretically calculated from the elastic modulus
and Poisson’s ratio of the indenter and sample as follows:

1 1—v? 11—y

E, E + E, @
where E; = 1140GPa, v; = 0.07 for the diamond of the
Berkovich tip, E; = 1.25 GPa, and vy = 0.44 for the GI crys-
tal. It is noted that the Young’s modulus E; and the Poisson’s
ratio v, of the GI crystals are calculated using elastic constants
C11 =4.37 GPa, C12 = 3.46 GPa, and C44 =042 GPa, which
are experimentally determined from the ultrasound velocity
measurements (see Table I and Fig. 5). Consequently, we
obtained E, = 1.55 GPa as the calculated value.

The blue line indicates the Hertzian elastic fit, and the

initial P-h curve was well fitted, as shown in Fig. 4(b). A
deviation from the elastic fit is clearly observed in the P-h
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FIG. 4. (a) Typical P-h curve of GI crystals. (b) Enlarged fig-
ure of the vicinity of the origin of (a). The red line indicates the
Hertzian elastic fitting. The elastic-to-plastic deformation appears
clearly (indicated as a black arrow), deviating from the elastic fit.
(c) Cumulative probability of the elastic-plastic transition load, Pep.
(d) Relationship between P3 and In[—In(1-F(P))].

ept

curve, as indicated by the black arrow. The displacement at
the deviated point is considered to be an elastic-to-plastic
transition, although we cannot see a clear pop-in event. The
elastic-to-plastic transition load is referred to as Pep in this
study. Generally, critical shear stress corresponds to the shear
strength of a material [12]. The load at the elastic-plastic
transition, Py, can be converted into the maximum shear
stress, Tmax, beneath the indenter during deformation as fol-
lows [33,34]:

6Er2 1/3
Tmax = 031 =Py ) ®)

w3R?

Figure 4(c) shows the cumulative probability [F(Pep)] of
Pep. To clarify the dislocation nucleation, 50 indents were
performed, and the maximum shear stresses were obtained
from at least 30 valid data points. The values of Py varied
from 0.22 to 1.89 uN, as seen in Fig. 4(c). Consequently,

TABLE I. Mechanical properties of the GI crystals determined
from ultrasound velocity measurements.

Elastic constants (GPa) Cy 4.37

Cp 3.46

Cyy 0.42
Young’s modulus (GPa) £ 1.25
Shear modulus (GPa) u 0.43
Bulk modulus (GPa) K 3.76
Compressibility (x 107°/Pa) B 0.27
Poisson’s ratio A 0.44

the values of all maximum shear stresses varied from 83 to
171 MPa. The average and standard deviation of tp,x were
127 £ 22 MPa. To compare the shear strengths, the shear
modulus G of the GI crystal was calculated to be 430 MPa
as follows:

E;
G=—",
2(1 +vy)

where E; = 1.25 GPa and vy, = 0.44, as mentioned above. In
common materials such as metals and semiconductors, the
critical shear stress is close to the ideal shear strength of
G/2m [15]. For GI crystals, the ideal shear strength is calcu-
lated as 69 MPa, and the order of 7,,,x shows good agreement
with the ideal shear strength G/27w, whereas Tm.x is slightly
higher. This discrepancy may be related to the unique activa-
tion volume of the GI crystals, as discussed below.

The activation volume of the dislocation is defined as
the derivative of the activation free energy with stress. It is
a volumetric parameter affected by the applied stress when
the dislocation motion in plastic deformation is described as
the mechanical work of indentation and/or thermal activation
processes. This is related to the energy change due to the
applied stress and plays an important role in determining the
energy required to overcome the potential due to the lattice
defects that govern the motion of dislocations. Specifically,
the nucleation rate of dislocation 7 is statistically described as

follows [35]:
. e e—aoV 7
n = noexp| — ,
0€Xp keT

where 7 is the attempt frequency per unit volume, ¢ is the ac-
tivation energy, o is the stress, V' is the activation volume, and
the thermal energy is Boltzmann’s constant kg multiplied by
temperature 7. By adopting the method developed by Schuh
et al. [35,36], V for dislocations can be evaluated as unknown
adjustable parameters. Cumulative probability F(Pep) is con-
verted using In[-In(1-F(Pep))] vs Pelp/g, as shown in Fig. 4(d).
According to this method, the fitting function is as follows:

(6)

1
[ (rps) | =er s 0
and
0.47 (4E, N\ Vv ©
o= — —_—
T 3R kBT

where F(Pp) is the cumulative probability, Py is the load
of elastic-to-plastic transition, E, is the reduced modulus
(1.55 GPa), R is the tip radius (72 nm), V is the activa-
tion volume of the dislocation, kg is the Boltzmann constant
(1.38 x 10723 J/K), and T is the temperature (296 K in this
study). In Eq (8), parameter g is of weak P dependence in
relation to the first term, ozPelp/f, as reported [36]. Thus, we
can estimate the activation volume of dislocation using the
value of slope . As shown in Fig. 4(d), F(Pep) can be divided
into two parts with different slopes. By fitting the two parts,
the slopes were obtained as 495 and 1508; therefore, the
activation volumes of the dislocations were estimated as 144
and 439 A3, respectively.

Based on this model, the activation volume of disloca-
tions was extracted from the experimental data. The estimated
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values of the activation volume are 144 and 439 A3; how-
ever, they are much smaller than the cubed Burgers vector
[b]? (calculated as 6.27 x 10% A%). It seems unlikely that the
present data correspond to the homogeneous nucleation of a
dislocation loop beneath the indenter because the estimated
activation volume has a large discrepancy in size with respect
to the dislocation loop, such as the cubed Burgers vector and
the observed dislocations, as shown in Fig. 3. Moreover, the
activation volume is considerably smaller than that of a GI
molecule, estimated as 2.68 x 10° A3. This suggests that the
estimated activation volume may correspond to the deforma-
tion of some protein molecules, i.e., amino acid residues,
beneath the indenter. The volumes of amino acid molecules
such as alanine and leucine, which are abundantly present
in GI molecules, are 109 and 184 10%3, respectively, as esti-
mated by quantum calculations. These values are listed in
Table II, and they are similar to those of the activation vol-
umes of the dislocations, 144 and 439 A3, Previous studies
on atomic crystals such as metals using the nanoindentation
method have estimated the activation volume [35,36]. This
was smaller than the size of the expected dislocation loop.
It has been shown that dislocations can nucleate at a pre-
existing vacancy and/or vacancy cluster because the estimated
activation volume is on the order of 0.5b [35]. In contrast,
for GI crystals, the vacancy size is expected to reach the
GI molecular size of 2.68 x 10° A3 (~0.4b%) as mentioned
earlier. This value is significantly larger than the estimated
activation volume (~0.7 x 1073 b?). Therefore, we suggest
that the initial stage of plastic deformation in macromolecular

TABLE II. Calculated volume of amino acid molecules con-
tained in GI molecules. Note that the content refers to the ratio of
amino acids to all amino acids composed of the GI molecules.

Amino acid Content (%) Volume (A3%)
Alanine 12.1 109
Leucine 10.1 184
Aspartic acid 9.5 118
Glycine 9.5 98
Arginine 9.0 194

crystals is controlled by the deformation of the molecules
themselves, followed by lattice deformation associated with
the dislocation mechanism. A size-scale effect can be de-
fined as a change in material properties, particularly material
strength and plasticity, and the sample dimensions are a key
factor [37,38]. This study clarified that the constituent size
effect is induced during the incipient deformation process in
macromolecular crystals.

IV. CONCLUSIONS

We successfully clarified the deformation behavior of
macromolecular crystals. Based on the indentation test results
and in situ x-ray topography observations, we demonstrated
that plastic deformation is mainly controlled by dislocation
nucleation and multiplication in protein crystals. It is remark-
able that the elastic-to-plastic transition appears on the order
of micronewtons. The findings presented herein suggest that
deformation may begin with the molecules themselves during
the incipient deformation of macromolecular crystals. Further,
there is potential for expanding deformation mechanisms by
considering the characteristics of the constituent components.
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