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ABSTRACT ARTICLE HISTORY
This work investigates the converse piezoelectric effect in crystals of Received 30 August 2017
the protein lysozyme using Piezoresponse Force Microscopy (PFM) in Accepted 27 November 2017
contact and Hybrid modes. The mechanical properties of lysozyme

crystals were mapped at the surface by means of Hybrid mode. In

addition, ferroelectric loops were measured by the switching-

spectroscopy PFM method (SS-PFM). We explore these findings using

crystallographic principles and propose that the presence of defects

within the crystal may lower the symmetry of lysozyme to a polar one.

Our findings point towards the potential of exploiting lysozyme and

other proteins in technical applications, especially those in which

biocompatibility is critical.

1. Introduction

In recent years, PFM has been used to investigate the piezoelectric and ferroelectric behavior
of many biological materials including amino acids [1, 2], engineered peptide nanotubes
[3, 4], and viruses [5]. In the classical sense, piezoelectricity can only occur in materials with
a non-centrosymmetric structure. The direct piezoelectric effect — the ability of some materi-
als to generate electricity under stress — was discovered by the Curie brothers in 1880 [6]. A
converse piezoelectric effect also exists; it is the ability of a material to deform under an elec-
trical potential. A subset of piezoelectric materials are pyroelectric, possessing a spontaneous
polarization that allows them to generate electricity when their temperature changes. Of the
32 crystallographic point groups, 21 lack a center of symmetry and 20 are piezoelectric [7].
Ten of the piezoelectric point groups are classed as polar (pyroelectric) and eleven as chiral.
A reversible polarization exists in materials, where the spontaneous polarization assumes
two opposite but thermodynamically equivalent states. This polarization can be switched
under an externally applied field, which means that the material is ferroelectric.
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In terms of protein piezoelectricity, studies have been confined to the fibrous protein type.
For example, piezoelectricity has been studied extensively in collagen [8-11]. To a lesser
extent, piezoelectricity and ferroelectricity have been investigated in elastin [12, 13]. A com-
prehensive understanding of piezoelectricity and ferroelectricity in non-fibrous proteins is
lacking. Recently, we have reported evidence of the converse piezoelectric effect using PFM
in monoclinic crystals of lysozyme [14].

Lysozyme is a globular protein found abundantly in hen egg whites as well as in mamma-
lian secretions. It is one of the most well studied proteins and notably it can be crystallized
in several different forms [15]. Like all natural protein crystals, crystals of lysozyme are non-
centrosymmetric, thus satisfying the fundamental prerequisite of piezoelectricity. Tetragonal
crystals of lysozyme are generally described by point group 422. The piezoelectric tensor for
crystals in this point group is limited to the shear piezoelectric coefficients d;, and -d;, [7].

Previously, Danielewicz-Ferchmin et al. have proposed that lysozyme in solution may
demonstrate electrostriction and piezoelectric effects [16] based on reports that the hydra-
tion water density of lysozyme changes at different applied pressures [17]. Kalinin ef al. have
used PFM to investigate piezoelectricity in amyloid lysozyme fibrils adsorbed onto mica
[18]. Here, we measure and quantify the converse effect in individual tetragonal crystals of
lysozyme using PFM. Both contact and hybrid modes of PEM were used, the latter allowing
the mechanical and electromechanical properties of lysozyme crystals to be mapped simulta-
neously. Our earlier findings [14] have suggested that monoclinic crystals of lysozyme may
be polarizable. Here, we investigate this further using SS-PFM to probe for ferroelectricity in
tetragonal crystals of lysozyme.

2. Methods
2.1. Preparation of tetragonal aggregate films of lysozyme

Crystalline aggregate films of lysozyme were prepared by modifying a Hampton
Research crystallization protocol [19]. Briefly, aggregate films of tetragonal lysozyme
crystals were prepared by reconstituting lysozyme powder (Sigma-Aldrich, Catalogue
Number 62971-50G-F; used without further purification) in sodium acetate (50 mM,
pH 4.6) to a concentration of 100 mg/mL. Glycerol was added to prevent the films
from cracking during drying. The glycerol was first diluted to 50% in DI water for ease
of pipetting. Typically, 1-2 L of 50% glycerol was added per 100 uL of protein solu-
tion. Then, 100 uL of the final protein solution was deposited onto the conductive side
of an ITO-coated glass slide and left to dry overnight at 20°C in a temperature-con-
trolled room. Crystallization occurred as the films dried. The films represented non-
crystalline lysozyme with inclusions of tetragonal crystals of lysozyme.

2.2. Piezoresponse force microscopy

In order to characterize the piezoelectric properties of the lysozyme crystals, both contact
and Hybrid PFM modes (Ntegra Aura, NT-MDT) were used. Typically, during contact PEM
mode, an alternating voltage, V¢, with a frequency of 20 kHz and amplitude of 1 V, 5V, or
10 V was applied to the sample via a conductive platinum-coated tip (CSG30/Pt, NT-MDT,
force constant 0.6 N/m, resonant frequency 48 kHz). The PFM system is fitted with an
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optical microscope, allowing the position of the tip to be adjusted so that it landed either
directly on the surface of individual lysozyme crystal or on the area between crystals as
desired.

Hybrid mode measurements were implemented via an external HD controller (NT-
MDT). For Hybrid-AFM measurements, the frequency and amplitude of tip oscillations
were set to 1 kHz and 50 nm, respectively. For Hybrid-PFM measurements, the frequency of
Vac was 10 kHz and the amplitude ranged between 1 V and 10 V.

Functional analysis, i.e. piezoresponse activity mapping, was carried out using external
software (LabVIEW and Python scripts) and external equipment. The equipment included a
function generator (Yokogawa FG110), a wideband amplifier (Krohn-hite 7602M), a lock-in
amplifier (Stanford Research SR830), and a signal access module (NT-MDT). The piezores-
ponse and magnitude of hysteresis loop were calculated at each pixel (1 ©m movement of
the cantilever).

Quantitative PFM measurements were realized by performing PFM at several points
across the surface of the lysozyme crystal. The magnitude of the piezoresponse (in units of
Ampere) was converted to units of meters using the inverse-optical-sensitivity (IOS) coeffi-
cient of the system. The IOS coefficient is calculated from the slope of a force-distance curve
performed on a hard substrate. In this case, the IOS coefficient was 0.03 nA nm™~'. The mag-
nitude of the piezoresponse per voltage applied gave a quantitative measure of the converse
piezoelectric effect in tetragonal crystals of lysozyme.

3. Results and discussion

PFM employs the converse piezoelectric effect by applying an electric field via a conductive
atomic force microscope (AFM) tip that scans the sample while monitoring the mechanical
deformation of the material. This method simultaneously measures the vertical piezores-
ponse signal (VPFM, Fig. 1g) and the lateral one (LPFM, Fig. 1h), which correspond to an
out-of-plane and in-plane response, respectively.

First, contact mode PFM measurements were done in a stepwise manner, where a series
of three scans were applied to an area of the tetragonal single crystal of lysozyme to deter-
mine if the crystal was polarizable. The first scan (10 x 10 um?) applied 10 V of bias, the
second (40 x 40 pum?®) applied 5 V around the first scan area, and the final scan (60 x
60 1em?) applied a few millivolts of bias around the previous two scan areas. The surface of
the sample was affected during the first and second scans, as seen in the topography images
(Fig. 1a,b). The lower voltage used in the third scan was less destructive and did not appear
to influence substantially the topographical features. The polarizing effect of the bias field
applied in the first two scans is evident in the third scan (Fig. 1c-f), indicating that the pro-
tein can be polarized with the application of an external electric field.

The tetragonal lysozyme crystal showed an in-plane, LPFM piezoresponse (Fig. le.f),
which is expected as point group 422 allows shear piezoelectricity. Surprisingly, the out-of-
plane component of piezoresponse (VPFM) has been detected simultaneously with the
LPFM signal (Fig. 1c,d). LPFM is sensitive to the surface displacements perpendicular to the
tip’s cantilever axis; therefore, it is expected to demonstrate orientation dependence. The
VPFM response combines contributions from longitudinal, transverse, and shear compo-
nents of piezoelectricity. A finite non-zero VPFM response can be obtained from shear pie-
zoelectricity due to the off-vertical approach of the PFM probe [10]. A buckling vibration,
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Figure 1. PFM response after biasing a tetragonal lysozyme crystal showing (a) height, (b) deflection,
(c) out-of-plane piezoresponse magnitude and (d) phase, (e) in-plane piezoresponse magnitude and
(f) phase images. Schematics of vertical (g) and lateral (h) PFM techniques.

caused by in-plane surface displacements and transmitted through frictional forces, can also
contribute to the VPFM signal. For example, Harnagea and co-workers [10] observed a
direct dependence of both VPFM and LPFM on the angle between the cantilever and fibril
axis of collagen fibers.

The VPEM response of tetragonal lysozyme crystals observed here might not have origi-
nated from cantilever buckling or from an orientation dependence with respect to the sam-
ple due to the off-vertical approach of the PFM probe [20]. An alternative argument to
explain the observation of longitudinal piezoelectricity here may be the fact that the symme-
try of the crystal is lower than point group 422 (D4); i.e., it may be better described by the
point group 4 (C4 symmetry). This type of symmetry lowering has been encountered in
bone, which was originally thought to belong to point group 622 (D6 symmetry) [21].
Observations of non-shear piezoelectricity [22] and pyroelectricity [23] in bone prompted
its reassignment to the point group 6 (C6 symmetry), which allows both longitudinal and
shear piezoelectricity [7]. Similarly, symmetry lowering to monoclinic point group 2 (C2
symmetry) has been reported for wood [24], which had originally been thought of as belong-
ing to point group 622 (D6 symmetry) [25].

Symmetry lowering in crystals of lysozyme has been reported previously. Yamada et al.
have shown that above 950 MPa crystals of lysozyme undergo a phase transition from point
group 422 to the lower symmetry of point group 4 [26]. While elevated pressure could not
have caused symmetry lowering in this study as it was conducting at atmospheric pressure,
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Figure 2. (a) Schematic of SS-PFM measurement technique used to demonstrate characteristic (b) ferro-
electric magnitude and (c) phase behaviour in a tetragonal single crystal of lysozyme.

the substrate may strongly influence the lysozyme crystals during growth [27, 28]. We sug-
gest that the substrate may restrict 3D growth and alter the overall symmetry of the crystals.

The possible lowering of symmetry in lysozyme films to point group 4 (C4 symmetry) is
important as it implies the presence of a permanent polarization in the structure. A material
with this symmetry can demonstrate pyroelectricity and potentially ferroelectricity if that
polarization was switchable. The results already presented in Figure 1 suggest a possible
repolarization of electric states within lysozyme in response to an external electric field, indi-
cating that the protein is piezoelectric and ferroelectric.

To reaffirm the ferroelectric nature, we performed switching-spectroscopy PFM measure-
ments (SS-PFM, Fig. 2a), which applies voltage pulses to a specific area of the sample via the
conductive AFM probe. If a sample is ferroelectric, the voltage pulses cause the spontaneous
polarization of the sample underneath the tip to switch. The characteristic hysteresis loops
(Fig. 2) generated by a step bias are typical of ferroelectric materials but with an asymmetry
indicative of the presence of some internal bias within the crystal. We postulate that this
internal bias may arise from the bound water forming a so-called hydration layer, which
may be difficult to switch from one direction to another due to its strongly bound nature.
The amplitude and phase response distinguish the sample as ferroelectric by their butterfly-
shaped amplitude (Fig. 2b) and switching phase loop (Fig. 2¢), respectively.

Admittedly, the above results are not free from artifacts associated with carrying out con-
ventional contact mode PFM experiments on soft, hydrated samples such as lysozyme films.
To overcome the difficulty of sample damage during PFM, we have also used Hybrid Mode
(HD) (HD-AEM™ Mode, NT-MDT), which is a multifunctional mode that allows simulta-
neous measurements of multiple physical properties (up to a number of 10) from a single
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AFM scan. HD mode allows measuring physical signals (piezoresponse, topography) and elec-
trical signals (spreading resistance, current), as well as mapping of mechanical properties
(Young’s modulus, stiffness, adhesion force). The experiment was started on Area type 1,
which is non-crystalline and flat and considered to be easier for PFM measurements (Fig. 3).
Figure 4a-d shows the simultaneous measurements of topography, stiffness, adhesion, and
out-of-plane piezoresponse, respectively, using Hybrid mode AFM on Area type 1. HD-PFM
was performed with 5 V of bias voltage and the piezoresponse was displayed as the product of
the magnitude and phase signals. The piezoresponse shows a clear correlation with the adhe-
sion force response, while both of these are distinct from the topography. The topography,
however, has influenced the mechanical stiffness (Young’s module) response as shown in
Figure 4a,b.

Functional analysis, i.e. piezoresponse activity mapping, was performed in contact PFM
mode using additional external hardware and software (see Methods) to map the piezoelec-
tric hysteresis loop behavior at each pixel. The size of each pixel corresponds to a 1 um
movement of the cantilever. The piezoresponse activity mapping (Fig. 4e) shows that the
areas with highest responses quite accurately match the areas with strong piezoresponse and
adhesion response. This indicates that the non-crystalline form of lysozyme is polar in
nature and is responsible for lysozyme’s adhesion response. Higher resolution PFM scans
and SS-PFM (Fig. 5) were performed on the areas that showed high mapping response activ-
ity. The area selected is indicated by the white box in Figure 4a. With the resolution
increased, the topography and stiffness responses are observed to slightly influence the pie-
zoresponse. The area circled in Figure 5a showed the highest piezoresponse. Moreover, sev-
eral phases have appeared within the domains, which manifest themselves in the stiffness
and adhesion response scans (Fig. 5b,c).

To investigate these features further, piezoelectric loops were obtained at two different
points, labeled Point 1 and Point 2 in Figure 5c. From the loop analyses (Fig. 5 Figure e) the

5 ¥
(a) % '

/"N Area type 1 '

/

Figure 3. (a) Optical images of the surface of a lysozyme crystalline aggregate film indicating the two
areas selected for Hybrid PFM scanning. The tip was moved to Area type 1 (b) to investigate non-crystal-
line lysozyme and then to Area type 2 (c) to investigate a tetragonal crystal of lysozyme.
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Figure 4. Hybrid mode electrical and mechanical properties images of lysozyme obtained at Area type 1:
(a) Topography, boxed area indicates area selected for higher resolution analysis, (b) stiffness response
(Young's modulus), (c) adhesion force, (d) out-of-plane PFM response [magnitude x phase], (e) mapping
of the piezoelectric hysteresis loop at each tip step (1 um).

differences in these phases are evident. For example, a magnitude hysteresis and an open
phase loops are shown at Point 1. On the other hand, at Point 2, the magnitude hysteresis
loop is narrower and the phase loop is of a closed nature. These kinds of hysteresis behavior
could be related to a ferroelectric behavior of the first point and a non-ferroelectric piezo-
electric behavior of the second point. Thus, we considered that two different phases may
coexist in lysozyme within a given ferroelectric domain.
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Figure 5. Higher resolution hybrid mode images of the Area type 1: (a) Topography, (b) stiffness (Young's
module), (c) adhesion force, (d) out-of-plane PFM response [magnitude x phase], (e) the ferroelectric
magnitude and phase loops corresponding to points 1 and 2 indicated in (c).
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Figure 6. Hybrid mode electrical and mechanical properties scan images of lysozyme obtained at Area
type 2: (a) Topography; inset shows the height profile of the green cross-sectional line, (b) out-of-plane
PFM response [magnitude x phasel, (c) adhesion force, (d) stiffness response (Young’s modulus).

Hybrid mode PFM was employed also in an area dominated by the presence of a single
tetragonal microcrystal (Fig. 6). Figure 6a shows that the topography in this area has a highly
curved profile (around 500 nm). The banded contrast in the piezoresponse image (Fig. 6b)
may be due to tip buckling across the curved area scanned. This supposition was also con-
firmed by the stiffness response data (Fig. 6d). The adhesion response shows that the visco-
elastic properties are homogenous on a granular surface (Fig. 6c). Furthermore, the
adhesion response manifests features (i.e., small circular areas of dark contrast), which we
argue are similar to those observed in the PFM response in Area type 1 (Fig. 3a,c) with dual-
phase domain structures. This confirms piezoresponse in both non-crystalline and single
tetragonal crystal forms of lysozyme.

Lastly, quantitative measurements of tetragonal lysozyme were performed by sweeping a
voltage from 0 V to 10 V at several points on the surface of the crystal and monitoring the
magnitude of the piezoresponse. Figure 7 shows the average magnitude of the piezores-
ponse of tetragonal crystal of lysozyme obtained over six PFM points. The plot does not
go through the origin, indicating that there is some contribution from electrostatic effects.
Electrostatic interactions are also likely to be the cause of the non-linear piezoresponse.
The piezoelectric coefficient is determined from the linear part of the plot indicated and
the IOS coefficient. The piezoelectric coefficient of tetragonal lysozyme as measured by
PFM is 19.3 pm V.
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Figure 7. SS-PFM performed on tetragonal lysozyme showing the average magnitude of the piezoresponse
to an applied voltage. The piezoelectric coefficient is determined from the slope of the linear part of the plot.

4. Conclusion

In summary, we have observed piezoelectricity in aggregate films of lysozyme in areas of non-
crystalline lysozyme, as well as in individual tetragonal crystals of lysozyme. The converse pie-
zoelectric effect was quantified using PFM as approximately 19.3 pm V™', The observation of
longitudinal piezoelectricity and ferroelectricity indicated that the protein might be of lower
symmetry (point group 4) than that typically assigned for tetragonal lysozyme (point group
422) from X-ray crystallography. Such a lowering of symmetry allowed polarization switching
using a local probe and the behavior is similar to asymmetric ferroelectricity observed in inor-
ganic crystals [29]. Using Hybrid PFM, the piezoresponse and mechanical properties of lyso-
zyme were mapped simultaneously. The fact that non-crystalline form of lysozyme shows a
switchable polarization concurrent with its adhesion response may indicate that lysozyme uses
its electrical polarization to influence the binding of water to create its hydration layer. The
asymmetric, local ferroelectric hysteresis loop we have observed may indicate the presence of a
mechanism that supports the transduction of electrochemical signals involved in lysozymes sol-
ubility and secretion in cells. Compared to fibrous proteins, globular proteins are soluble and
crystallize readily, which may have important implications for realizable technical applications.
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