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ABSTRACT

Graphene oxide (GO) is a promising material for the construction of biological functional surfaces and
corresponding biomedical applications. The physical properties of sheets of GO are determined by its con-
ductivity, flexibility (being just a few atomic carbon layers thick), and hydrophilicity/hydrophobicity. In
order to exploiting multitask surfaces, however, controlling reliable tunability of the complex formation
with other macromolecules in aqueous environments is highly non-trivial due to the hydrophobic nature
of GO. Thus, one effective way of complicated physical process of dealing with aqueous systems of GO is
to perform the complex formation under in-situ external fields. In this paper, we report the response of
GO-sheets, complexed with spherical colloidal polystyrene particles, nafion, and long and thin DNA-
viruses (fd), in alternating electric fields, probed by means of novel experimental methods of image-
time correlation spectroscopy and small-angle dynamic light scattering. Here, the frequency-
responsive reorientations of a GO-sheet are interpreted by random orientations of particles. As results,
we have found that GO carries overall local reorientations with feedback oscillations, as well in the
GO-complexes (of a colloidal sphere polymerized polystyrene (PPs) and nafion solution). However, such
oscillations are absent, as overdamped Brownian motion, in the mixture of DNA-virus suspension (with
GO-PPs). This indicates that Brownian fluctuations of GO can be effectively stabilized, and cooperated in
the membrane-based, isotropic rod-mesh network of DNA-virus (fd) suspension. We hope then the
results are useful to foster better designs of processing GO-sheets in the controls of accessible biological

and biomedical applications.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

graphitic regions, while the graphitic domains act as small gra-
phene islands. Also, these graphitic domains illustrate quantum

The application of graphene and graphene-based materials have
been greatly interested in various research fields due to their excel-
lent properties on the linear dispersion, the mobility with a high
surface area [1-4], and used for the single-molecule gas detection
(chemical sensors), optoelectronic devices, magnetic properties,
and energy storage [5-15]. Graphene is a 0.14 nm thick layer of
carbon atoms bonded through two-dimensional sp2 hybridization.
Among graphene-based materials, graphene oxide (GO) is one of
the attractive systems in its multiple potential applications, based
on the composition of two regions: graphitic and non-graphitic
[5,16-19], where the graphitic regions are dispersed in the non-
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characteristics, mimicking photoluminescence emission originated
by the quantum confinement effect [10,20-21]. Moreover, the gra-
phitic regions are hydrophobic (apolar), while the non-graphitic
regions are hydrophilic (polar), providing amphiphilicity to GO
[22-23]. Thus, non-uniform charge distribution on the surface of
GO is commonly occurred in the mixing process of graphitic and
non-graphitic regions, which then varies the polarization effect.
Furthermore, depending on the temperature and frequency of an
alternating electric field, the redistribution of charge surrounding
of GO (with its high dielectric constant) can be accessible by appar-
ent amphiphilicity changes of the “space charge” behaviors [24].
Such amphiphilicity of GO is already well adapted in the use of liq-
uid crystal display (LCD) applications, controlled by a DC voltage,
carrying the specific motion and rotation of GO [25-29]. Although
most charged particles respond to an applied external electric field,
rarely few particle systems show response in an alternating
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electric field with some resonant frequencies, which is known as
the dynamic properties that are selectively triggered by an AC field.
Such dynamic control is essential in the case of microfluidics, in
particular, for utilizing the amphiphilicity and the surface potential
of GO in the biomedical fields. There, it is also important to inves-
tigate the properties of GO depending on the relations to the
degree of oxidation, pH of the solution, and its effective volume
in the solvent [30-31]. Thus, before using GO as a drug delivery
agent, the validity of the biomedical application with other various
pharmaceutical substances is surely left as crucial challenges, for
dealing with the interacting substances of the surface of GO via
specific amphiphilicity [32-33]. However, up to now, the motion
of GO in bulk solvents and the control of the fluidic behaviors have
not yet been fully explored due to the difficulty of either detection
or control in the bulk and confined geometries (of microfluidics).
Furthermore, the task of controlling “transport” or “cargo” delivery
requires delicate maneuvering the rotational and translational
motion of GO, with rigorously “triggered” for specific (i.e., pharma-
ceutical) elements to a certain “targeted” position. Therefore, it is
worthwhile to explore field-induced responses of GO in bulk solu-
tions and to visualize the electric polarization effect, for exploiting
the rotational motion of GO via low external electric fields.

When the system is under an external field, the particles (or col-
loids) respond either to attract or repel, depending on the interac-
tion potential. We address, here, briefly the dynamical motions,
known as “electric polarization” [34], by the modified Smolu-
chowski equation (MSE) for the average of orientations of particles.
This then implements the probability of orientation functions
relating to the results on the frequency-responsive microscopic
dynamics of GO and GO-complexes in the mean-field averages.
The systems are explored for both freely rotating graphene oxide
(GO) sheet (size: 4 pum), by the image-time correlations, and the
diluted GO-dispersed solution with other mixtures (at a low-
ionic-strength of 0.032 mM Tris/HCl buffer solution), under an
in-situ electric field small angle dynamic light scattering. As a high-
light of the interest for the feasibility of GO employed to a functional
biomaterial, GO-complex mixture is demonstrated by the DNA-
viruses (fd), and shown in the Scheme 1. The possible cooperativity
of DNA strand-loaded GO, is briefly illustrated in Scheme 1, as a
GO-complex template interacting with a target cell, where its rota-
tional force mimics a “molecular drill” in the membrane fluctua-
tions. This may bring useful impacts to other applications of GO,
for both fundamental understanding of amphiphilicity of GO, and
engineering in field-controlled narrow channel flows. Therefore,
it is our motivation, in this paper, to demonstrate the frequency
feedback responses of GO, as well in the electric polarization of
GO-complexes for their variable “transport” behaviors.

Scheme 1. A schematic of DNA strand-loaded graphene oxide (upper part) showing
its high efficacy in entering a target cell due to its rotational motion, mimicking a”
molecular” drill in the membrane (lower part) fluctuations.
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The paper is organized as follows: we introduce the experimen-
tal methods of both image- and signal-processing, with the sample
preparations, followed by the principles of electric polarization
(described by modified Smoluchowski equation). As experimental
results, the frequency responses of GO and GO-complexes are dis-
cussed: (i) First, the observation of local orientation changes of a
GO sheet (size: 4 pum) in solvent are shown, under a low-
amplitude AC (sinusoidal wave) electric field, for two distinguish-
able frequencies, at a low- (10 Hz) and a high-frequency (1 kHz),
both in the real- and Fourier space. In the absence of an electric-
field and a low-frequency, relatively free rotations of GO-sheet
are observed. On the contrary, the “restricted” orientations are
seen at a high frequency. (ii) Second, the image-time correlations
are performed (at the Fourier space) for the frequencies depicting
averaged orientational motions of the GO-sheet. (iii) Third, the
accessibility of GO- complexes with other particles (as polymer-
ized polystyrene colloidal sphere, nafion solution, and DNA-virus
suspensions) are provided for exhibiting variations of microscopic
dynamics, measured by an in-situ small angle electric-field
dynamic light scattering (SAeDLS). Finally, the conclusion is drawn
for frequency-responsive averaged orientations of GO that are dis-
cussed with both translational and rotational microscopic cooper-
ativity of GO-complex mixtures.

2. Experimental methods and sample preparation

To probe proper frequency-responsive feedbacks of both orien-
tation changes and microscopic relaxations dynamics of GO- and
GO-complexes, here, two novel experimental methods are
employed; one is the image-time correlation and the other is small
angle dynamic light scattering are, under an in-situ AC electric
field. Fig. 1(a) shows the real view of a home-made optically trans-
parent electrical cell, placed under an inverted optical microscope,
in two parallel indium-tin-oxide (ITO) glass substrates with a sep-
aration of 1 mm. The detail scheme of an in-situ eclectic cell (for
the optical microscopy) is in Fig. 1(b), with commercially available
custom-designed ITO-coated float glass (obtained from Prazisions
Glas und Optik GmbH, CEC500S) with the dimensions of
40 x 70 mm? and a thickness of 0.7 mm. The ITO layer has a high
visible-light transmission (90%) at 633 nm and a coating thickness
of 15 nm. The sample (400 pL) was loaded on the bottom plate
inside a rectangular insulating PTFE film spacer (Armbrecht and
Matthes GmbH, AR5038 and AR5038GP) with a thickness of
1 mm. The upper electrode was then gently placed on the lower
plate. Due to the capillary forces, the sample droplet adopts a cir-
cular form, whose diameter is typically 18-19 mm. The real view of
a small-angle electric-field dynamic light scattering (SAeDLS) is
shown in Fig. 1(c), where the laser beam is vertically aligned
though the sample stage in the middle (as the yellow line).

The sample is loaded inside two plates, sealed by using the PTFE
tape to avoid any evaporation of the sample and fixate the two
electrodes. All measurements were performed at the center of
the sample to ensure a homogeneous electric field. The ITO layers
were then connected to a function generator (Avtech model AV-
151G-B, 1 Hz-350 kHz, maximum 200 V, load resistance > 50
kQ) via electronic connection pins. A sinusoidally varying electric
potential was applied to the electrodes. Here, the electrode polar-
ization is taken care to treat the true bulk electric field, in the mid-
dle (see Fig. 2(a)), away from building up arbitrary charges on the
ITO glass substrates.

The measurement of collective microscopic relaxation dynam-
ics of GO- and its GO-complexes, are done by a homebuilt small
angle electric-field dynamic light scattering (SAeDLS), for both
polarized- (VV-mode) and depolarized (VH-mode) scattering. Here,
the wavelength of the He-Ne laser light is 633 nm (JDS Uniphase
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Fig. 1. (a) The experimental setup of an in-situ electrical cell under an inverted microscope and (b) detail scheme of an electro-optic cell for the microscopy, under depolarized
light. (c) A real view of the small angle electric-field dynamic light scattering (SAeDLS) setup, where the AC electric field is applied to the vertical and as the parallel direction
to the incident laser beam (indicated as the red arrow bar). Here the scattering wavevecotr is in the range of 1.8-4 pm of the bulk scattering geometries.
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Fig. 2. (a) A simple scheme of electrode polarization layer (decays from the electric potential ¢f) and the bulk electric field (of the amplitude of 10 V/mm), in the middle of
electro-optic cell thickness L (b) A brief illustration of image-time correlation spectroscopy, (c¢) Low-frequency (10 Hz)-controlled spatial-temporal images of a graphene
oxide (GO) sheet. Note that there are no shape deformations; instead, different orientations of rotational motions are present in both the absence and presence of a low-
frequency electric field. Bulk free rotations of the GO sheet (size: 4 um) in a low ionic-strength (0.032 mM) Tris/HCl buffer solution are shown. The time step is 1 s interval. (d)

The possible configurations of GO-sheet at the low-frequency responses, seen in (c).

Model 1145P), and an ALV-5000/EPP multiple tau digital real time
correlator is used. Details of the instrumentation of SAeDLS can be
found more in the Ref. [35]. Dynamic light scattering correlation
functions on suspensions reveal then thermodynamic fluctuations
of particles via averaged relaxation times.

The sample preparation are done as follows: GO sample alone
was prepared by the Brodie process [5,6], where 5.0 g graphite

(99.995% purity, Aldrich) was added to 62.5 mL fuming nitric
acid, and then, 25.0 g potassium chlorate was slowly added while
the mixture was cooled in an ice bath. After the mixture reached
room temperature, it was slowly heated again to 45 °C and main-
tained for 20 h. The mixture was then poured into 125 mL cold
distilled water and heated to 70 °C. After centrifugation at
5000 rpm, the mixture was dried overnight at 70 °C.
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Subsequently, brown graphite oxide powder was obtained. The
reaction was repeated with fuming nitric acid, and the powder
turned into yellow GO. After centrifugation, the powder was
finally dried at 70 °C. In the current experiment, GO powder
was mixed with water and redispersed in a Tris/HCl buffer solu-
tion with a low (0.032 mM) ionic strength.

For the GO-complex mixtures, three different systems are
chosen: (i) First is polymerized PS microspheres (PPs), prepared
by dispersion of purified styrene monomer, with polyvinyl-
pyrrolidone (molecular weight Mw ~ 55 Kg/mol), 2-azobisiso-
butyronitrile, and ethanol used as a stabilizer, initiator, and
dispersion medium, respectively [36]. The diameter of PPs is
1.5 um, and negatively charged, dispersed in a low ionic strength
(0.032 mM) Tris-HCl buffer. (ii) Second is nafion solution, pur-
chased from Dupont-D1021 Nafion ®, lon Power GmbH (Termi-
nalst, Mitte. 18, Level 5), as an efficient ion exchange material
that is typically used for the fuel cell and membrane technology,
containing small portion of a metallic (platinum) dispersed in
water. Then, hydrogen gas is expected to generate, acts as the
biding agent via the gas diffusion layers. However, in this work,
the nafion solution is only used for the mixture with diluted GO
(as 1:1 mixing). (iii) Third, DNA-solution is employed for an
isotropic-phase of a very low ionic strength (0.032 mM Tris/
HCl buffer) fd-virus suspension (in the concentration of
0.5 mg/ml). DNA-virus, bacteriophage fd-virus particles are
highly charged (a total charge of 9600 elementary charges), con-
sisting of a helical DNA strand, covered with about 2700 coat
proteins [37]. The length of a fd-virus particle is 880 nm, and
the core thickness is 6.8 nm. The persistence length is about
2200-2500 nm, with a relatively large Debye screening length
of 54 nm for the given ionic strength (of 0.032 mM Tris/HCl buf-
fer solution) [38].

The measurement of bare optical morphologies, is then col-
lected by using a bright-field microscope under an in-situ electric
field. Typically, a large size distribution of the GO sheets is
observed. Here, we have focused an interest of a 4 um sized GO
sheet that dispersed in the low-ionic-strength Tris/HCl buffer
solution; the freely rotating oriented GO sheet is observed, in
response to an applied external electric field in bulk. The orienta-
tion of GO-sheet changes relatively fast (within 0.5 s), exhibiting
multi-axis rotations, shown in Fig. 2(d), with different orienta-
tional configurations. A test particle (of a 1.5 um sized polymer-
ized polystyrene (PS) sphere) is seen, as a tracer, in the Tris/HCI
buffer solution. The images are obtained using an inverted micro-
scope (Carl Zeiss, Axiovert 40CFL model), under a 63X objective
lens (0.75 Korr LD Plan-Neofluar), and the region of interest
was about 143 pum x 111 pum, equipped with a CCD camera
(AxioCam Color A12-312, 1300 x 1030 pixels) in the polarization
mode along with a differential interference contrast microscope.
The brief scheme of an image-time correlation spectroscopy is
illustrated in Fig. 2(b), with the phase-contrasted images in
Fig. 2(c). Fig. 2(d) shows few examples of the possible such orien-
tation configurations of the GO-sheet, for their continuous rota-
tions in real-space.

3. Theoretical background of ensemble average of orientations
by modified smoluchoswski equations

The rotational motion of a Brownian object can be described, in
principle, by a Modified Smoluchowski equation (MSE); when the
polar or anisotropically polarizable molecules rotate in a plane
[34], with an orientational distinction function f(6,t), and an azi-
muthal angel 0 and time t (represented in Fig. 3), then the equation
of motion can be described as
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Fig. 3. The simple Euler angular presentation of the orientations of a Brownian
object in an electric field E(t).
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where I,¢, and kT corresponds to the moment of inertia, rotational
friction, and the thermal energy (in room T), respectively. If the ori-
entation potential energy of a particular object W(0), is expressed
by the composition of both permanent dipole moment y and the
induced dipole moment Aq, for an applied electric field E(t), then

P0.6) & (0. 0)
9%t I ot

W(0) = —uE(t) cos — % Ao E2(t) cos®0 )

The time-ensemble averaged orientation function is also esti-
mated by, in general, as the n-th Legendre polynomial, where
n=1,2,3,---is the integer index (but in the practice, it truncates
up to 2nd order, n = 2), as

(Pn(cos0))( / P,(cosb) f(0,t) sinodo (3)

By multiplying the n-th Legendre polynomials to the Second
Differential Equation (SDE) of the orientational distribution func-
tion (Eq. (1)), and integrating form O to 7, then it gives [34]

r (E20Y(6) + (T (6) + 1 (n+ 1) (Pa() (0)
=9() P [P W)(6) = (Prsa (W)(8)] 4)
+B(E) " [y (o) (©) + 7 (Pa2 (W))(E) — 55 (P2 ) (1)
where y(t) = (u/kT) E(t),and f(t) = (Ao/kT) E*(t).

In the case of a negligible inertia, then I =0 in Eq. (4). The

electric-polarization is proportional to the ensemble average of

(P1(u))(7), with the reduced variable as tDt, with a rotational dif-
fusion D, as

A Pa()(©) = —n(n+ 1)[1 = iG] Patw)) (1)
() G2 (Pa 2 () (T) — (Paca (W))(0) (5)
HBT) [ P2 (1) (T) — B (P () (1)

2n+1)(2n+3
Here, by taking only dominant terms in the contribution of an
electric field, then

(Pra)(c) = [7, drexp(=2 [7 [1 59T, ) {39(0)[1 ~ (Pa(u)) ()]}
= [T dvexp(=2(t = T)[1+ [7 B(e)du] {37(T)[1 = (Pa(w) ()]}
(6)

where

BO) =17 [EZ + 2EcEpcos(a't) + ;EZ 1+ cos(Zw’t))} 7)
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and the frequency is scaled as ' = w/D

9 g0 (% +p)(r-7)
T) :§ / dr’ e—Z(r—r’] ]+§ +ﬁ sin(w’r)—sin(zu’r’) *"/(T/)[] _ <P2(Ll)>(‘l,")]
v +/ﬁo sin(2a'1)— sm(Zur)
20/
(8)
where
Ao Ao, Ao
Bo="17E0 Be=7gEe  Poc =7 (2Eokc) (9)
Here, “0” indicates for the “oscillating” and “c” for “constant”
term, W1th
y(1) = K Ec+-—= K1 Eocos(w'T) = ye + Yocos(w'T) (10)
kT kT crso

The last term on the right side of Eq. (8) contains the ensemble
average of a second Legendre polynomial that is known as the elec-
tric birefringence [34], expressed as

5/ drl/ d e STy(v)e ATy ()
+5 / dv e ST (1)

(P2 (u)) (7

and the linearized form of electric polarization is as
(Pr(u)) (v) =3 [° dt e (7).

The electric polarization of the complex variable,
P(®w) = P (w) — P"(w), is then obtained by applying the Laplace
transform to Eq. (8), known as the Cole-Cole diagram [34].

Note that the reduced time T’ (above) is a dummy variable in
the decay exponent function, as a time propagator with the retar-
dation 2(t-t’). To implement these mathematical descriptions,
here, the interplay between the reduced variable of “tD7t” and
the frequency-driven effective rotational frictions, @ = w/D is
considered. Then, the diffusion constant is, conveniently, an “im
plicit” parameter in the frequency-responsive electric polarization
for ensemble average of orientations (as &'t wt). In this work, the
relations between mesoscopic frequency-response time and
microscopic relaxations are probed, respectively, by the image-
time correlation and small-angle dynamic light scatterings. As it
can be seen our results, in the following section, the “tunings” of
GO are feasible under low AC electric fields; by either “oscillating”
motion (of particles) or the “overdamped” Brownian motions of GO
in the membrane-based open rod-network (of DNA-viruses (fd)).

4. Results and discussion

4.1. Frequency-dependent orientations of the GO sheet and electric
polarizations

A freely rotating GO sheet (size: 4 pm) is observed at a low-
frequency of 10 Hz (and a field amplitude of 10 V/mm), under a
microscope, shown in Fig. 4(a), where the temporal morphology
is revealed by the “reorientation” of a GO-sheet. At a fixed time-
lapsed image, the GO-sheet may seem to be deformed, but actually
it reorients continuously with rotations. This can be seen clearly in
the supplementary data Movie A provided in Fig. 4(a).

In contrast, at a high frequency (above a few kHz), only slight
changes in the orientations of the GO-sheet are observed as the
“constrained” rotational motions in Fig. 4(b). Also, intriguingly,
the bare optical morphology of bright-field images of GO-sheet
shows a “color” effect, due to locally different refractive indices
of the GO-sheet in some configurations (see the brightfield images
in Fig. 2(c)). This originates from the slight changes in orientations,
observed as the rotational motion of a GO-sheet. Further reorienta-
tions of the GO-sheet are visualized in the real images of low-
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frequency driven morphologies, in Fig. 4(a), with the “enhanced”
phase-contrasted images, compared to the case of a high-
frequency driven orientations, in Fig. 4(b). In an increase of the fre-
quency, from 100 Hz to 1-10 kHz, noticeably “restricted” or “hin-
dered” orientations of the GO-sheet are seen in a narrower
orientation distribution configuration (at a high-frequency), result-
ing “slower” feedbacks of rotational motions. More quantification
of such averaged reorientation is determined by the image-time
correlation (for the Fourier transformed images), in the following
subsection.

4.2. Image-time correlations in Fourier transforms and frequency-
dependent feedbacks

To apply image-time correlation functions of the GO-sheet, first
Fourier transforms of the real images are obtained for depicting the
averaged orientations, at low- and high-frequency-driven bulk
electric field, shown in Fig. 5(a) and (b), respectively. Then, the
field-controlled rotations of the GO sheet are directly visualized
in the Fourier transforms, for representing the averaged orienta-
tions of frequency-dependent motions. The averaged orientations
are collected in the mesoscopic time binning of 1 s (or 1.25 s). In
Fig. 5, the time steps are increased from left to right (and top to
bottom). As observed, the repetition of orientations of the GO sheet
occurs “faster” at a low frequency (see Fig. 5(a)), on the contrary, at
a high frequency, the reorientations occur “slower” (Fig. 5(b)).
Thus, the orientation distribution of a GO-sheet, at high frequen-
cies (in the Fourier space) are not much varied in the spatial polar-
ization (in Fig. 5(b)), as compared to the “broader” distributions of
low-frequency-driven orientations for the GO sheet (Fig. 5(a)).
Such field-induced spatial electric polarization effects are briefly
illustrated at each top right-side panel.

The image-time correlation functions are used to extract the
quantitative information of “preferred” averaged orientations in
time traces, via the intensity transmitted through crossed polariz-
ers in the CCD camera images (with a pixel-pixel indices). To con-
struct an image-time correlation function, the data images have to
be reconstructed in time: First, all the time lapsed images (black/
white bmp files) ought to be converted as readable 2d Ascii files
in the time sequences. Second, the averaged grey intensity < I(t) >
is calculated in 2d matrix (i, j) pixel arrays at a given time frame t,
with the routing numbers for each raw- and column number
indices arei =0, ...,,299,and j=0, ..., 299 for t = 0, .. 299 for
the total time frames. Third, the averaged overall pixel intensity
is subtracted from an individual 2d pixel array value, and then
multiplied by the following time frame binning sequences. Finally,
the multiplication of the above intensity is then normalized by the
square of the initial time frame values, via home-made integrated
program in the Delphi (Lazarus) environment, to calculate the
image-time correlation. The very beginning of the image-time cor-
relation starts from 1 and decays in later time, for featuring the
characteristic time of changes of morphologies. The black and
white pixel intensities are different from the averaged grey pixel
intensity < I(t) >. Then, the image-time correlation function is
defined as

— < I(t) >)I(0)= < I(0) >) >
<(1(0) <1(0) >)* >

(12)

where the brackets <---> denote averaging over all CCD-camera pix-
els. Each single image in a time trace was used to construct an
image correlation function, for the region of interest, as in pixels
(by 300 x 300 pixels). The above-mentioned definition of the image
time correlation function is indicative of the CCD camera pixel
intensity correlation function, calculated from the intensity trans-
mitted through two crossed polarizers (instead of PMT (photomul-
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Fig. 4. The “enhanced” phase contrasted images for the orientations and rotations of a GO-sheet at a (a) low-frequency (of 100 Hz) and (b) a high-frequency (10 kHz)
controlled spatial-temporal images and its corresponding data movies are shown Movie A and Movie B, respectively. The field amplitude for both frequencies is as 10 V/mm,

under AC sinusoidal waveform.

tiplier) scattered intensity detection in light scattering). Here, one
should note that the time binning is also flexible to optimize, as
well as the initial time frame is chosen as mostly similar to repre-
sent the averaged motions of dynamical changes. Then it gives typ-
ically a good background of correlation, reaching to the value of 0
(as no correlation in the longer time). Also, the temporal resolution

is required as 10-50 times shorter than the repeating cycles of
dynamical events. This image-time correlation spectroscopy is orig-
inally developed by the needs of investigating the kinetics of field-
induced dynamical states of charged DNA-rods, which is well
employed in Ref. [39]. More details of the image-time correlation
spectroscopy can be found in Ref. [35]. A well-established example
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Movie C
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Movie D

Fig. 5. Fourier transforms of the orientations for (a) a low-frequency rotation (as shown in Fig. 2) and (b) a high-frequency rotation (as shown in Fig. 3). The spatial
polarization is depicted at a low- (10 Hz) and a high-frequency (1 kHz), respectively. The whole data flow is run by our home-made integrated program in the Delphi (Lazarus)
environment, for given 2d pixel arrays and total time frames. The final outcome of the image-time correlation function is show in (c¢) and (d), where the correlation function in
time is plotted with an additional axis of azimuthal angle of frequency-responsive angle, theta, 6(t) in time. Note that, after 20 s, clearly the “returning” back of orientation
occurs at low-frequency response (in c), while only decays at a high-frequency (in d) for the corresponding movie data, Movie C and Movie D, respectively.

of image-time correlations is the electric field-induced dynamical
states (with various field amplitudes) in the suspensions of charged
rod-DNA strands (fd), exhibiting a field-induced criticality and a
“decay rate” or the relaxation for the melting/formation of small
nematic domains [35,38,40]. Further applications of image-time
correlations are evaluated in different colloidal systems, as slow
dynamics of charged DNA-rods in equilibrium [41], polymerized
polystyrene dimer oscillations in isotropic-nematic coexistence
[42] and local migrations of clay particles [43]. The similar rota-

tional dynamics of nanoparticles are visualized by molecular
dynamics simulations [44,45].

In this work, we considered frequency-driven orientational
motions of a freely rotating GO sheet (size: 4 um) dispersed in a
low-ionic-strength Tris/HCl buffer solution and exposed to a bulk
electric field by image-time correlations. The characteristic fea-
tures of kinetics for the spatial averages of orientation changes
are then obtained by the image-time correlations in the Fourier
space.
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The result of image-time correlations for frequency-dependent
reorientations of the GO-sheet are shown for both low (10 Hz)-
and high-frequency (1 kHz) orientations (see the supplementary
data of Movie C and Movie D), respectively. Time-lapsed images
(bmp files) are collected of presenting the dynamical events of tex-
tures, which is converted to the 2d black/white intensity matrices
of Ascii files. The pixel size can be varied with an optimization
between total numbers of image frames and time binning. Each
time frame image intensity values are stored in an Ascii format
to calculate pixel-to-pixel correlations at different time frames,
normalized by the initial time frame. The whole data flow is run
by our home-made integrated program in the Delphi (Lazarus)
environment, and the outcome of an image-time correlation func-
tion can be seen as the readable Ascii file in the Origin file. Depend-
ing on the dynamics of system, the characteristic decay times
varies and can be fitted.

More frequent change of rotations is detected at the low fre-
quency, compared to the higher-frequency. Interesting results of
the image-time correlations are shown by the difference of
frequency-driven feedbacks, in particular, observed after 20 s (on
the right side of the region in Fig. 5 (c¢) and 5 (d)): The low-
frequency response of reorientation of a GO-sheet increases, with
returning back to an initial orientation. On the contrary, the
high-frequency driven orientation decays monotonically from the
beginning and “saturates” as the “slower” feedback (see the
Fig. 5(d) after 20 s). This supports the rotational or “flipping”
motions of the GO-sheet, which is much “hindered” at a higher fre-
quency (~1 kHz). This is due to the electroosmotic flow, compared
to the low-frequency (and the absence of an electric field) of the
freely-rotating orientations. Thus, frequent change in local orienta-
tions of GO-sheet, probed by image-time correlation, is possible for
the onset of “distinguishable” frequency-feedbacks rotations of
either “free” (at a low-frequency), or the “restricted” (at a high-
frequency). These different frequency responses of the rotations
are then demonstrated for a single GO-sheet under a low AC elec-
tric field in bulk solution (of a 32um Tris/HCl buffer), in which
agree with other general observations on the dielectric properties
of GO [24,46,47]. Thus, we can say the frequency-dependent
dielectric properties of GO are also related with the response func-
tion of a dielectric constant depending on the AC frequency, which
is described in earlier section. To brief sum up, in the low-
frequency regime, GO exhibits a high dielectric constant of the
order of ~ 10? (at room temperature), while in the high-
frequency regime (<10 kHz), it exhibits the dielectric constant of
below 10, revealing less pronounced space charge polarization.
Thus, the rotational motion of GO is influenced by such
frequency-controlled polarization effect, apparently well in the
GO sheet dispersed at the low-ionic strength bulk solution. Fur-
thermore, the low-frequency induced surface charge modification
of GO may causes additional “enhanced” rotational motion. On
the contrary, at high frequency, the response of rotational motion
is expected to be “reduced”, as indeed shown in our result, due
to the fact that the electro-osmotic flow is dominant, where the
surface charges of GO are not influenced for a large gap of the
time-retardance. Electric-field-induced polarization of the layer
of condensed ions on cylindrical colloids can be found in Ref. [48].

4.3. Frequency responsive collective modulations of GO-complex
mixtures in the in-situ small angle electric field dynamic light
scattering (SAeDLS)

Further microscopic relaxation dynamics few GO-complex mix-
tures are revealed by the frequency responsive collective motions
of GO, under an in-situ electric field small angle dynamic light scat-
tering (SAeDLS). Much diluted GO-suspension and three GO-
complex mixtures are explored for the weak-perturbations of
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electric-field modulations. The homemade small-angle in-situ elec-
tric field dynamic light scattering is built to capable probing ther-
mal fluctuations, for both polarized (VV-mode) and depolarized
(VH-mode) lights, also designed for anisotropic scattering geome-
try [35]. Here, the small scattering wavevector is unique, int terms
of the scattering wavevector corresponding to the range of submi-
cron to micron length scale, compared to smaller than that of com-
mercially available dynamic light scattering setup [35].As a
working example, the mixture of DNA-virus (fd) and polymerized
polystyrene (PPs) spheres is well explored in both the absence
and presence of an external electric field Ref. [42]. Typical range
of the scattering wavevector is used as qL ~ 1-4, where L is the par-
ticle length (in micron length). The results of SAeDLS are provided
for the comparisons GO-complexes, in the absence of electric field
(in Fig. 6), where the visible local oscillation peaks are carried out
with “non-negligible” background (at a long-time slow) in the
measured intensity auto-correlation functions. Also, there seem
to be slightly different scattering volumes, based on the decrease
of signal-to noise ratio in the scattered intensity correlation, by
an increase of the scattering wavevector (indicated as arrow bars
in Figs. 6, 7, and 9). The solid lines are the fits with a single
stretched exponent function, as the scattered electric field func-
tion, g_E(t) Aexp(—t/t) + B, where 7 is the relaxation time, and A
is the amplitude and B is the background. Since the pronounced
oscillation peaks are localized in the intensity-correlation function,
we disregard them to fit for the simplicity.

As one can see clearly, most pronounced localized oscillation
behaviors are present in the GO-PPs mixture (see the Fig. 6 (b)),
in the absence of field, which is mainly by the repulsive interac-
tions between GO- and PPs spheres, led by the preparation of PPs
particles (see Ref. [42]) that polystyrene spheres are uniformly
coated with the negatively charged polymers. In the presence of
an electric field (at a frequency of 100 Hz and a moderately low
field-amplitude of 2 V/mm), these local oscillations of GO-PPs mix-
tures become reduced, but still visible, with similar relaxations, in
the scattering amplitude fluctuations, in Fig. 7(b). However, such
localized oscillations are completely absent in the mixture of GO-
PPs-(iso) fdVs (see the Fig. 6(d)), shown as the “overdamped”
Brownian motion. Note that these enhanced oscillations of GO-
PPs are completely overdamped in the mixture of isotropic-phase
of DNA-virus (fd) suspension, even in the absence of an electric
field. This strongly supports the possibility of DNA-virus suspen-
sions that are embedded “cooperatively” well with the GO-PPs
mixture, in the open-meshwork of an isotropic phase of charged
DNA-rods (at the low ionic strength of Tris/HCI buffer solution).
Also, these overdamped motions are seen in various applied
electric-field conditions, in Fig. 7(d), for depicting the possible dis-
persion relations of GO as exhibiting to the stabilized Brownian
motion.

Qualitatively similar oscillation peaks are found in the case of
GO-nafion complex, contributing to the scattering amplitude at
long-time tail modulations (after 10 sec), in Fig. 6(c) and Fig. 7
(c). Note that the typical electric-field strengths (that we apply)
in the present study (<2 V/mm) are weak enough to induce only
a slight perturbation to the system of GO and GO-complexes, with-
out causing any indication of the electroosmotic flows. The slow
time modulations sustain the “non-vanishing” background oscilla-
tions (in the few tens of sec), in the long-time correlation function,
under a weak electric field. Fig. 8 is the residual fits for the compar-
ison of intensity auto-correlation function in the background oscil-
lations (for the suspension of a diluted GO), without- and with-an
electric field. The slow time oscillation feedback of GO itself is,
however, not negligible, at far low-frequency (in the range of
100 mHz), relating to somewhat “intrinsic” electric polarization.
Furthermore, this coincides with a high amplitude of non-
negligible oscillatory fluctuation, as slow time tails (of 10 s) in
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Fig. 6. Intensity auto correlation functions in the small-angle dynamic (polarized) light scattering, in the absence of an electric field for few small wavevectors (indicated an
arrow for the increase of wavevector q): (a) for a diluted GO-mixture, (b) GO-PPs mixture, (c) GO-Nafion mixture, and (d) GO-PPs and isotropic DNA-virus suspension.
Apparent local oscillations are shown in the time window of 10-100 ms and slower time tails, except the GO-PPs-(iso) fdVs in (d). The solid lines are the fit by a single
exponent stretched function, with neglecting the local oscillations (in which the summary of relaxation rates is listed in Table 1). The relative signal to noise ratio of a
correlation function decreases (indicated as the left vertical down arrow), in an increase of the wavevector q.

the correlation functions, under an electric-field, disregard of
longer-time duration measurements.

Table 1 is the summary of relaxation rates, obtained from the
scattered intensity auto-correlation functions (shown in Fig. 6
and Fig. 7) that are fitted by a single stretched exponent function.
The quantity is then the collective relaxations of thermal fluctua-
tions of GO-complex mixtures, for given small scattering wavevec-
tors. The apparent local oscillations are disregard here, due to their
localization at the same low-frequency (of 10-100 Hz).

Although such local oscillations can be fitted, in the case of the
drift-velocity existing for particles with a phase shift retardance
(for a scattering wavevecor q), this is left beyond the scope of this
paper. We have found that, in Table 1, much small values of the
relaxation rates, I'~ 1/7[s"!] are shown, compared to typical
relaxations of colloidal particle, both in absence and presence of
a low frequency (100 Hz) electric field. Further field-dependent
relaxation dynamics are measured, and shown in Fig. 9, for empha-

sizing the specific cooperativity (in either translation or rotation)
of GO-complexes. The results above (in Figs. 6 and 7) are per-
formed by polarized light (VV-mode) scatterings, depicting mainly
translational motions of GO. However, when the system contains
any rotational motions, there are depolarized light (VH-mode)
scattering signals that are expected to occur. Indeed, such depolar-
ized light scattering signals are detected for two particular GO-
complex mixtures; one is the GO-nafion and the other is GO-PPs-
(iso) fdVs, shown in Fig. 9(b) and 9(d), respectively. Moreover,
clearly additional rotational degrees of motions for the GO-
complex are carried out, with showing high signal-to-noise ratios
in the correlation functions, performed by depolarized (VH-
mode) light scatterings. This implies then the fact somewhat
membrane-structures (of both nafion and DNA-virus suspension)
are capable for adapting the rotational motions of GO and the
GO-complexes, under a given low AC electric field. Thus, the most
interesting result of the above is the feasibility of GO cooperativity,
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Fig. 7. The same with Fig. 6, in the case of presence of a weak electric field (of the AC field amplitude of 2 V/mm and a frequency of 100 Hz). Local oscillations are still
observed for the diluted GO, the mixture of GO-PPs and GO-Nafion (in a-c), but “overdamped” in the GO-PPs-(iso) fdVs (in d). Overall, in the presence of an electric-field, well-
dispersed correlation functions are obtained, in the case of the GO-PPs-(iso) fdVs in (d), compared to the absence of an electric field (in Fig. 6(d)).
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Fig. 8. The residual fit for the comparison of an intensity auto-correlation function, measured for the suspension of a diluted GO: (a) without electric field, and (b) with the
field amplitude of 5 V/mm and the frequency of 100 Hz. Notably well-behaved multiple oscillations are induced as the electric field response (right), compared to the absence
of a field (left).
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Fig. 9. Electric-field induced cooperativity in the polarized- (VV-mode) versus depolarized-light (VH-mode) scatterings of GO-complex mixtures: (a) Polarized light
scattering of GO-PPs mixture at q ~ 2.56 /um in the various field frequencies and amplitudes. (b) Depolarized light scattering of GO-Nafion mixture at various wavevectors,
where the arrow indicates an increase of the wavevector. (c) Polarized light scattering of GO-PPs-(iso) fdVs mixture at q ~ 2.56 /um for various field frequencies. (d)
Depolarized light scattering of GO-PPs-(iso) fdVs mixture at q ~ 1.86 /um for various field frequencies.

Table 1

Relaxation rates of GO-complex mixtures in low AC electric field @ 2 V/mm.
T [s) GO 100 Hz GO + 100 Hz GO + Nafion 100 Hz GO + PPs + DNA 100 Hz
qlum] E=0 PPs E=0 E=0

E=0

1.85 0.439 0.4191 0.1273 0.35331 1.08 0.92543 0.17863 0.1598
2.20 0.4882 0.45126 0.23093 0.92 1.56 0.8428 0.2963 0.33031
2.56 0.18391 0.2078 0.4199 0.54 1.09 0.75666 0.53787 0.53788
291 0.64063 0.31005 0.30482 0.8453 2.07 1.11 0.27752 0.27752
3.25 0.18181 0.2398 0.12891 0.47904 1.85 1.07 0.49569 0.49569
3.59 0.21145 0.45523 224 0.8377 0.6829 0.6829
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shown in both translation and rotation, by the open mesh-network of
isotropic DNA-viruses. Such uniquely “overdamped” Brownian
motions in the membrane-based environment are even distin-
guished by the GO-Nafion (that not as overdamped motion), in
Fig. 9(c) and 9(d), respectively.

5. Conclusion

In this work, we provide the frequency-dependent orientational
dynamics of GO- and GO-complexes under an influence of low AC
electric fields, by means of image-time correlation spectroscopy
and small angle dynamic light scattering. Fundamentally, different
orientation responses of frequency-controlled rotations of GO are
observed. Image-time correlations on the Fourier transformed
images have demonstrated (in spatial averages) that the rotational
dynamics of a GO-sheet is faster at a low frequency (100 Hz and in
the absence of a field), than those at a high frequency (1 kHz). The
reason for that at a high-frequency is due to the orientational
response time as too large to the apparent reorientation. On the con-
trary, at low frequencies (<100 Hz), the GO-sheets exhibit pro-
nounced reorientation and undergo broader distributions of
different orientations, resulting a large-amplitude recovery of the
image-time correlation function (as can be seen, after 20 s in Fig. 5
(c)). Such low-frequency driven feedbacks of GO are agreed well with
our observed microscopic relaxation dynamics, also supported inde-
pendently, by an in-situ electric field small angle dynamic light scat-
tering. Furthermore, localized oscillations (in the range of 10-
100 Hz), in the scattered intensity correlation functions, confirm that
the occurrence of rotational motion of GO-sheets as the consequence
of low-frequency feedbacks. Here, among the GO-complexes, the
most prominent oscillations of GO are occurred in the mixture with
polystyrene particles, due to a strong repulsive interaction between
GO and PPs sphere. Other GO-complexes (under an electric field)
reveal indications of localized oscillations (at low frequencies of the
applied electric field) with polystyrene particles and nafion solution.
However, localized oscillations are clearly absent for the GO-sheets, in
the mixture of isotropic suspension of DNA-virus and the GO-PPs, as
the overdamped Brownian motion, showing no indication of oscillations.
This supports positively that the GO is stabilized cooperatively in the
membrane-based networks (i.e. an isotropic rod-mesh network of
DNA-suspension), immobilizing their own random rotational
motion. Thus, the features of tuning ability of GO by rotational
motion and their translational mobility are useful to implement
externally field-induced GO-complexes (under a low-frequency of
10-100 Hz, in the electric field). In particular, the localized oscilla-
tions (with an “enhanced” GO-PPs mixture) and “overdamped”
motions (by the DNA-suspension with the GO-PPs mixture), can be
employed to tailor potential templates as “switchable” feedbacks of
GO. As follow-up, how the GO interpenetrates into the open DNA-
rod mesh network, as well the “interfacial” polarization of individual
GO-sheets in the phase boundaries of rod-DNA strands can be further
explored. Finally, we hope this work contributes to the potential
applications of biomedical devices based on GO-related soft tem-
plates using a low AC electric field.
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