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Abstract: The inherent nonpolarity of tetragonal lysozyme crystals excludes a ferroelectricity response.
Herein, we present a demonstration of achieving measurable ferroelectricity in tetragonal lysozyme
crystals through C60 doping. Ferroelectric characterizations revealed that C60-doped tetragonal
lysozyme crystals exhibited typical characteristic ferroelectric hysteresis loops. Crystallographic
structural analysis suggested that C60 doping may induce a reduction in the overall symmetry of
tetragonal Lys@C60, leading to the observed ferroelectricity response. Moreover, the introduction of
C60 facilitates efficient electron transport inside the crystal and influences the polarization of Lys@C60,
further contributing to the observed ferroelectricity response. This work verifies that C60 doping
can serve as a simple strategy to bestow novel ferroelectric properties to non-ferroelectric lysozyme
crystals, potentially rendering them suitable for biocompatible and biodegradable application in
implantable and wearable bioelectronics.
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1. Introduction

Crystalline materials exhibit a variety of unique physical properties, such as piezo-
electricity, pyroelectricity, and ferroelectricity, which can convert external stimuli (such as
mechanical stress, heat, electricity, and light) into electrical and optical signals, making
them ideal for biomedical applications [1,2]. Piezoelectricity, observed only in crystals with
a non-centrosymmetric structure, involves the generation of electricity under stress [3].
Pyroelectricity, a subset of piezoelectricity, exhibits spontaneous polarization to generate
electrical energy under temperature fluctuations [4]. Ferroelectricity is characterized by
switchable spontaneous polarization, where the direction of electric dipoles can be re-
orientated under a sufficiently high electric field [5,6]. The piezoelectricity, pyroelectricity,
and ferroelectricity of crystalline materials are governed by their symmetry. Among the
32 point groups of the crystal, 21 lack non-centrosymmetry, and 20 of them exhibit piezo-
electric effects. Within these crystal forms, 10 piezoelectric point groups are polarizable
(1, 2, m, mm2, 3, 3m, 4, 4mm, 6 and 6mm), potentially indicating ferroelectric charac-
teristics [7,8]. However, most crystalline materials are non-ferroelectric, restricting the
development and application of ferroelectric materials [9]. Strategies that can feasibly
transform non-ferroelectric materials into ferroelectric ones will extend their applications
in energy storage and conversion.

We hypothesize that doping may endow non-ferroelectric materials with ferroelectric
properties. Fullerene (C60) exhibits unique electric properties, and previous research has
widely documented that C60 doping can induce a new emergent high charge conductance
in electrically insulating protein assemblies [10]. Therefore, C60 doping may achieve the
non-ferroelectric to ferroelectric transformation. Currently, research on the ferroelectricity
of proteins is limited to fibril protein types [11–13], with elastin extensively studied in this
context [14,15]. However, there is a relative lack of research on the ferroelectric properties
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of nonfibrillar proteins [16,17]. Lysozyme, a widely studied globular protein, has a non-
centrosymmetric structure, satisfying the basic premise of piezoelectricity [8,18], while
the most common tetragonal form of lysozyme crystals (P422) are nonpolar and lack
ferroelectricity, making them an ideal model to check whether C60 doping can transform
non-ferroelectric P422 tetragonal lysozyme crystals into ferroelectric ones.

In this study, we demonstrated that C60 doping can endow ferroelectric properties to
tetragonal lysozyme crystals (P422), presenting a feasible strategy to prepare ferroelectric
materials for bio-applications. Results from a conductive atomic force microscope (c-AFM)
and switching-spectroscopy piezoresponse force microscopy (SS-PFM) revealed a signif-
icant increase in electrical conductance and ferroelectricity in P422 tetragonal lysozyme
crystals after C60 doping, indicating that C60 doping can indeed serve as a feasible strategy
to impart novel ferroelectric properties to non-ferroelectric protein crystals, extending the
applications of protein crystals in electrical fields.

2. Methods
2.1. Preparation of Lys@C60 Tetragonal Crystals

Initially, a lysozyme–C60 complex solution (hereafter abbreviated as Lys@C60) was
prepared using an ultrasonic method [19,20]. Specifically, 10 mg of lysozyme was mixed
with 10 µg of C60 powder in a sodium acetate buffer (100 mM, pH 4.8). Subsequently, the
mixed solution underwent ultrasonication on ice with a tip (50 mW, 2 s work, 6 s pause).
The resulting solution was then centrifuged at 4 ◦C with 8000 rpm, and the supernatant
was collected for further use.

To generate tetragonal crystals, a protein crystallization method was employed [21,22].
Briefly, an 80 mg/mL Lys@C60 solution was blended with crystallization precipitants
(40 mg/mL NaCl). For the assessment of ferroelectric properties, Lys@C60 tetragonal crys-
tals were grown on ITO-coated glass slides. Once the crystals had formed, the crystalliza-
tion solution was discarded, and the crystals were washed three times with crystallization
precipitants to eliminate any uncrystallized protein. Finally, the washed crystals were
cross-linked using 1% glutaraldehyde to enhance the stability. Simultaneously, tetragonal
lysozyme crystals were prepared using the same crystallization methods mentioned above
for comparative analysis.

2.2. Characterization of Lys@C60 Tetragonal Crystals

Thermogravimetric analysis: The thermal stability of Lys@C60 crystals and lysozyme
crystals was assessed using the thermogravimetric analyzer. A 5 mg freeze-dried sample un-
derwent heating to 700 ◦C at a rate of 5 ◦C/min, and the corresponding data were recorded.

Structural analysis: The Lys@C60 crystal, suitable for X-ray single crystal diffraction,
was obtained using the hanging-drop method at 293 K. A 2µL drop, consisting of a 1:1
v/v mixture of 80 mg/mL Lys@C60 solution in 100 mM sodium acetate buffer (pH 4.8)
and a reservoir solution of 40 mg/mL NaCl in 100 mM sodium acetate buffer (pH 4.8),
was employed. After two days of incubations, the obtained crystal was flash-frozen by
transferring it to an antifreeze solution containing 20% glycerol in the reservoir solution.
Subsequently, the diffraction data were collected using a household diffractometer at 100 K
with diffraction parameters set as follows: X-ray wavelength of 1.54179 Å, diffraction
distance of 150 mm, exposure time of 5 min/photo, and a rotation angle of 1◦. The
acquired diffraction data were processed with HKL 2000, and then scaled with CCP4.
The structure was solved by rigid-body refinement with phenix.refine in Phenix software
(version 1.11) [23]. The protein structure refinement was finished with phenix.refine and
REFMAC5 in the CCP4 suite. The structure rebuilding was performed by COOT with
sigma-A weighted 2|Fo| − |Fc| and |Fo| − |Fc| electron density maps [24,25].

2.3. Conductive Performance of Lys@C60 Tetragonal Crystal

To directly measure the conductive properties of Lys@C60, a conductive atomic force
microscope (c-AFM) was employed [26]. The ITO-Lys@C60 electrode was securely affixed
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to the sample stage using silver tape. The sample’s conductivity was assessed using a
CONTSPT probe, and the resulting current was directly recorded through a preamplifier
with a gain ranging from 109 to 1011 V/A. The c-AFM spectrum was obtained by applying
a voltage of 5 V to the sample and subsequently scanning the sample surface.

The resistance of Lys@C60 was quantified through electrochemical impedance spec-
troscopy (EIS) using an electrochemical workstation. The experimental setup included a
nickel foam–Lys@C60 crystal as the working electrode, a saturated calomel electrode as the
reference electrode, a platinum electrode as the counter electrode, and a 1× PBS electrolyte.
The bias voltage was maintained at 0 V throughout the experiment. The voltage of the
current–time (I-T) curve was set to 0.5 V, and the scan time extended over a period of
30 min.

2.4. Ferroelectric Performance of Lys@C60 Tetragonal Crystals

To investigate the ferroelectric performance of Lys@C60 crystals and lysozyme crystals,
switching spectroscopy piezoresponse force microscopy (SS-PFM) was employed [27]. The
experimental setup involved fixing the ITO-Lys@C60 electrode or ITO-Lys electrode on
the sample stage using silver tape. The tip’s oscillation frequency and amplitude were
configured at 1 KHz and 50 nm, respectively. The alternating voltage (VAC) frequency was
set at 10 KHz, and the direct voltage (VDC) range spanned from −5 V to 5 V. The scanning
protocol involved an initial forward scan, followed by a reverse scan, and the results were
recorded for subsequent analysis.

3. Result
3.1. Characterization of Lys@C60 Crystal

The physical properties of protein crystals, such as ferroelectricity, are governed by
their crystallographic symmetry [28]. Various lysozyme crystal forms can be obtained using
different crystallization conditions [29]. In this work, tetragonal Lys@C60 crystals were
obtained as expected. As shown in Figure 1a, the optical microscopy image illustrates the
tetragonal form of Lys@C60 crystals on the ITO electrode. It is noteworthy that within the
tetragonal crystal, two available crystals forms (Point Group 422 and Point Group 4) exist.
The symmetry constraints play a pivotal role in determining the ferroelectric properties
of these crystals [30]. Theoretically, Point Group 4 crystals are expected to be polar and
exhibit ferroelectric properties, whereas chiral Point Group 422 crystals are not (Figure S1).
The investigation into whether the C60 doping alters the symmetry is crucial before study
the ferroelectric properties. Therefore, to accurately determine the point group symmetry
of Lys@C60 crystals, X-ray single-crystal diffraction was employed for crystal structure
determination. As depicted in Figure 1b, the highest diffraction resolution achieved for
the Lys@C60 crystal is 2.1 Å. Subsequent structural analysis revealed that the obtained
Lys@C60 crystal belongs to the same P43212 point group as the original lysozyme crystal.
Detailed structural data are listed in Table S1. The diffraction spectra of lysozyme crystal
are presented in Figure S2. After structural alignment (Figure 1c), it is evident that the
structure of the Lys@C60 crystal remains consistent with that of the original lysozyme
crystal. These results demonstrate that the doping of C60 does not affect the conformation
and point group symmetry of lysozyme crystals.

3.2. Enhancing Stability of Lys@C60 Crystals for Ferroelectric Property Measurement

Protein crystals exhibit soft and brittle characteristics due to their higher water content,
varying from 17.4% to 47.2% in different crystal forms [31]. To preserve their inherent
structure and prevent cracking and degradation during the measurement of ferroelectric
properties, the mechanical properties of proteins can be improved through chemical cross-
linking [32]. In this study, Lys@C60 crystals underwent cross-linking with glutaraldehyde to
enhance their stability. The cross-linked Lys@C60 crystals displayed significantly improved
stability, maintaining their morphology at room temperature without alterations in space
group symmetry and structure (Figure 1a–c). To further assess the stability of cross-
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linked Lys@C60 crystals, thermogravimetric analysis (TGA) was conducted. Figure 1d
illustrates that the weight loss of Lys@C60 crystals occurs in three distinct stages. The first
stage (0 ◦C–100 ◦C) involves the evaporation of 7% bound water in the Lys@C60 crystal.
During the second stage (100 ◦C–200 ◦C), the mass of Lys@C60 crystal remains essentially
constant, indicating that glutaraldehyde cross-linking significantly enhances the thermal
stability of the crystal, enabling it to withstand temperatures up to 200 ◦C. The third stage
(200 ◦C–700 ◦C) involves pyrolysis, resulting in an 80% mass loss for Lys@C60 crystals.
The TGA results for lysozyme crystals are essentially consistent with those of Lys@C60
crystals, suggesting that the doping of C60 does not compromise the thermal stability of
lysozyme crystals. Consequently, the stability of Lys@C60 crystals is substantially improved
after cross-linking treatment, meeting the characterization requirements for evaluating
ferroelectric performance.
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3.3. Ferroelectric Evaluation of Lys@C60 Crystals

As previously stated, lysozyme crystals with the P43212 point group exhibit non-
ferroelectric properties. In order to investigate whether C60 doping will endow ferroelec-
tricity to P43212 point group lysozyme crystals, the ferroelectric performance of Lys@C60
crystals is evaluated with piezoresponse force microscopy (PFM). PFM has evolved as a
powerful tool for measuring the conductivity and ferroelectric properties of materials at
the nanoscale. Based on the inverse piezoelectric effect, a specified voltage is applied to the
piezoelectric sample through the cantilever beam of the atomic force conductive microscope,
inducing sample deformation. During scanning of the sample surface by the atomic force
microscope probe, the deformation induced by the sample’s electric field can be detected.
Additionally, utilizing the polar scanning method, the piezoelectric force microscope can
measure the ferroelectric properties of the sample [33]. If the sample possesses ferroelectric
properties, the spontaneous polarization of the sample will change with variations in the
applied voltage, allowing the detection of the sample’s ferroelectric properties.
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In our study, a piezoelectric force microscope was employed to apply a voltage of 5 V to
the Lys@C60 crystal through a conductive probe, scanning the sample surface with an area
of (5 × 5 µm2). When a crystal is polarized, the polarity can be detected through scanning.
Figure 2a,b illustrate the absence of polarity (ferroelectric domain) in the lysozyme crystal,
consistent with the theory that the P43212 lysozyme crystal cannot spontaneously polarize.
In contrast, the Lys@C60 crystal, as anticipated, exhibited clear ferroelectric domains and
domain walls in different directions in its amplitude diagram (Figure 2c). Moreover, the
phase diagram (Figure 2d) revealed domain inversion, indicating that through C60 doping,
Lys@C60 crystals can indeed exhibit spontaneous polarization. Therefore, Lys@C60 crystals
may possess ferroelectric properties, offering promising prospects for further applications.
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To provide further confirmation of ferroelectricity, the characteristic hysteresis loop
of Lys@C60 crystals was measured using switching-spectroscopy piezoresponse force
microscopy (SS-PFM). In the presence of ferroelectricity, the spontaneous polarization
undergoes reversal under the applied field, resulting in a distinctive butterfly loop pattern.
As illustrated in Figure 3a,b, the control group exhibits negligible butterfly curves and
hysteresis loops for lysozyme crystals, aligning with the theoretical expectation that the
P43212 crystal form of lysozyme lacks a ferroelectric effect. Contrastingly, as anticipated, the
switching phase loop (Figure 3c) and butterfly-shaped amplitude (Figure 3d) for Lys@C60
clearly indicate its ferroelectric nature. Notably, the characteristic hysteresis loops display
asymmetry, suggesting the presence of internal bias within the Lys@C60 crystal. This
internal bias is hypothesized to arise from the bound water within Lys@C60 (hydration
layer). Due to its strongly bound nature, this water is resistant to the switching direction.
As corroborated by the thermogravimetric results (Figure 1d), approximately 7% bound
water exists within Lys@C60 crystals. Therefore, these findings demonstrate that C60
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doping can indeed bestow ferroelectric properties of the originally non-ferroelectric P43212
lysozyme crystal.
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Encouraged by its ferroelectric properties, Lys@C60 may be used as potential bio-
compatibility implantable devices in biomedical applications. The cytotoxicity of Lys@C60
in HEK 293 cells was assessed using the CCK-8 method. As depicted in Figure S3, the
excellent biocompatibility of Lys@C60 was observed in HEK 293 cells treated with varying
concentrations (0.1 mM, 0.2 mM, 0.3 mM, and 0.4 mM), indicating the biosafety of Lys@C60
for biomedical applications.

3.4. Explanation of Observed Ferroelectricity in Lys@C60 Crystals
3.4.1. Lowering Symmetry by C60 Doping

The emergent ferroelectricity of Lys@C60 crystals can be explained through two possi-
ble mechanisms. One is that doping C60 may lower the entire symmetry of the Lys@C60
crystal hybrid. Although the X-ray crystallography data determine the P43212 point group
of Lys@C60 crystals, the absence of a C60 electron map suggests a disordered distribution of
C60 within the lysozyme crystals (Figure 1c). This disordered C60 arrangement may lower
the overall symmetry of the Lys@C60 crystal hybrid allowing for switchable spontaneous
polarization and resulting in ferroelectricity.

3.4.2. Influence on Polarization by Emerging Conductivity

Another explanation involves C60 doping influencing the polarization of lysozyme
crystals by its emerging conductivity. Assembling C60 into electrically insulating protein
crystals has been documented to alter the charge distribution and achieve high conductance
protein–C60 hybrid [10]. Thus, the influence of C60 on the polarization of Lys@C60 crystals
can be detected by the conductivity. To assess the conductive performance of Lys@C60 crys-
tals, conductive force microscopy (c-AFM) was employed. As shown in Figure 4a, lysozyme
crystals alone exhibit electrical insulation with zero current, whereas, after C60 doping,
Lys@C60 crystals display a weak current of 200 pA, indicating electrical conductivity. This
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observation is further supported by the current diagram from the conductive atomic force
microscope. Again, the lysozyme crystal surface is electrical insulting (Figure 4b), while
most of the Lys@C60 crystal surface is not conductive, linear areas with higher conduc-
tivity are dispersed across the surface, and the measured current represents an average.
In the most conductive areas, currents can reach approximately 1000 pA (Figure 4c). The
disorder distribution of C60 within the lysozyme crystal, as indicated by the absence of
an electron map in the Lys@C60 crystal during structural analysis (Figure 1c), explains
this phenomenon. Therefore, the introduction of C60 facilitates efficient electron transport
inside the crystal, contributing to the observed ferroelectricity response.
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The assessment of C60 doping enhancing the conductivity of Lys@C60 crystals is
also indirectly supported by measuring the impedance of Lys@C60 crystals grown on
nickel foam (Figure S4). As depicted in the provided Figure S5, Lys@C60 crystals exhibit
a significant reduction in resistance compared to lysozyme crystals alone. It is crucial to
emphasize that the measured impedance primarily reflects the resistance of the nickel foam.
In reality, both Lys@C60 crystals and lysozyme crystals contribute to an overall increase
in the resistance of the nickel foam. However, Lys@C60 crystals demonstrate less resis-
tance compared to lysozyme crystals, indirectly suggesting the improved conductivity of
Lys@C60. This additional evidence strengthens the conclusion of the enhanced conductive
performance of Lys@C60 crystals resulting from C60 doping. In summary, the enhanced
conductivity induced by C60 doping is a key factor in the newfound ferroelectric properties
of Lys@C60 crystals.

4. Discussion

Ferroelectric materials, with their reorientable polarization, show great promise for
energy storage and generation, particularly in implantable or wearable biomedical applica-
tions [34]. Protein crystals, owing to their unique structure symmetry and biodegradability,
are considered ideal bio-ferroelectric materials. However, their inherent electrical insula-
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tion and fragile nature impede their application in electrical fields. This study aimed to
develop methods to improve the stability and electrical properties of protein crystals for
electro-mechanical applications.

The primary challenge in studying the electrical properties of protein crystals lies
in their poor stability. Unlike other inorganic materials, the direct preparation of protein
crystals into electrodes for electrical measurement is challenging. To overcome this issue,
cross-linking with glutaraldehyde was employed, significantly enhancing the stability
and mechanical properties of lysozyme crystals. Remarkably, even when exposed to
temperatures as high as 200 ◦C, the lysozyme crystal structure remained intact (Figure 1d).
Another significant challenge is the direct electroding of lysozyme crystals for electric-
mechanical measurements. In this study, we successfully carried out the electroding
of lysozyme crystals onto conductive substrates (ITO film and nickel foam) to enable
electrochemical performance characterization (see Figure S2). And the conductive substrate
did not affect Lys@C60 crystal preparation, allowing their use as electrodes for testing
electrical properties.

Additionally, considering the poor electrical conductivity of protein crystals, efforts
were made to enhance lysozyme crystal conductivity through C60 doping. The combined
results from direct measurements of conductivity through atomic force microscopy and
indirect measurements of resistance and current on nickel foam demonstrate that C60
doping does improve the conductivity of lysozyme crystals. The observed I-V curve of
Lys@C60 crystals does not exhibit ohmic characteristics (Figure 4a), indicating that the
doping content of C60 is low. Under low C60 doping conditions, a tunnel barrier is present
in the crystal channel. The mechanism underlying this conductivity improvement is
attributed to the disorderly arrangement of C60 within the lysozyme crystal, effectively
acting as p-type doping and forming pairs of holes and electrons. Under the influence of
an electric field, the movement of carriers within the crystal results in the generation of an
electric current. C60 doping enhancing the conductivity of lysozyme crystals pave the way
for new applications of protein crystals in the field of bioelectronics.

Surprisingly, C60 doping introduced intriguing ferroelectricity to P422 tetragonal
lysozyme crystals. The characteristic ferroelectric hysteresis loops of Lys@C60 crystals were
detected with SS-PFM (Figure 3), despite the theoretical expectation that P43212 tetragonal
lysozyme crystals lack the ability for spontaneous polarization. Two potential explanations
for the ferroelectricity of Lys@C60 crystals are proposed. First, C60 doping may lower
the overall symmetry of the Lys@C60 crystal hybrid due to disordered C60 distribution,
enabling switchable spontaneous polarization. Second, C60 doping might enhance the
conductivity of Lys@C60 crystals, influencing the electric charge distribution and changing
spontaneous polarization, resulting in ferroelectricity. The detailed mechanism warrants
further exploration. In summary, with their natural biocompatibility and newfound ferro-
electric effect, Lys@C60 crystals present a competitive alternative to traditional piezoelectric
energy harvesting systems, especially in biomedical applications where they can be utilized
as biodegradable implantable devices like pacemakers and artificial synapses.

5. Conclusions

In summary, we propose a simple C60 doping strategy to endow non-conductive
and non-ferroelectric lysozyme crystals with conductive and ferroelectric properties. Our
methodology involves enhancing the stability and electroding of Lys@C60 crystals for
electric-mechanical measurements. Results from c-AFM and SS-PMF analyses demonstrate
that C60 doping endows ferroelectricity and conductivity to tetragonal lysozyme crystals.
The increased conductivity of Lys@C60 crystals is attributed to the disorderly arrangement
of C60 within the lysozyme crystal, forming specific hole-electron pairs capable of carrying
current under an electric field. Additionally, the enhanced conductivity and reduced
symmetry contribute to the ferroelectricity of Lys@C60 crystals. Therefore, this work verifies
that C60 doping can serve as a simple yet effective strategy to impart novel ferroelectric
properties to lysozyme crystals, potentially rendering them suitable for energy storage
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and conversion to achieve biocompatible and biodegradable implantable and wearable
bioelectronics applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst14040339/s1, Figure S1: The physical properties of 32 point
groups categorized depending on their symmetry; Figure S2: The diffraction spectra of lysozyme
crystal; Figure S3: Cell viability of HEK 293 cells treated with various concentration of Lys@C60;
Figure S4: Electroding of Lys@C60 crystals. (a) the ITO electrode with Lys@C60 crystals; (b) the
Ni foam electrode with Lys@C60 crystals; Figure S5: The electrical properties of Lys@C60 crystals
growth on Ni foam. (a) the EIS of Lys@C60 crystals; (b) the I-T curve of Lys@C60 crystals; Table S1:
The diffraction data of Lys@C60 crystal and lysozyme crystals.
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