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Dielectrophoretic properties of engineered protein
patterned colloidal particles
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This work determines the dielectrophoretic response of surface modified polystyrene
and silica colloidal particles by experimentally measuring their Clausius-Mossotti
factors. Commercial charged particles, fabricated ones coated with fibronectin, and
Janus particles that have been grafted with fibronectin on one side only were
investigated. We show that the dielectrophoretic response of such particles can be
controlled by the modification of the chemistry or the anisotropy of their surface.
Moreover, by modelling the polarizabilities of those particles, the dielectric
parameters of the particles and the grafted layer of protein can be measured. © 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.4771544]

. INTRODUCTION

Microfluidic technologies have emerged as a potentially useful tool in multiplexed cells
analysis for biological applications. Such technologies render precise positioning of hundreds of
cells in order to define interactions with their surrounding environment, allowing the monitoring
of secreted factor via perfusion devices.! Also, colloidal particles with spherical shapes and iso-
tropic surface chemical groups have been widely instigated through a wide range of topics such
as synthetic strategies, structure-property relationships, and self-assembly behaviour. Therefore,
engineered colloidal particles can be used in microfluidic devices to create local sensors for
protein-protein interactions,>* for cell targeting,*> or to organise cells on a substrate.® Those
smart colloidal particles can be particles coated with bio-molecules (as antibodies for cell-to-
particle sensing’ or fibronectin for cell adhesion®) or anisotropic particles such as Janus par-
ticles* (JPs). Contact-less handling of particle handling in a microfluidic chip with dielectropho-
resis (DEP) has proven to be powerful enough to obtain precise 3D localisation and to control
particle rotation.” ! However, DEP can be difficult to achieve for complex multi-functional
particles since their dielectric responses can be difficult to model and understand mainly
because of their unmeasured unique dielectric properties.

In this work, we propose the use of DEP to extract the dielectric properties of complex
engineered particles that has been grafted on their surface with fibronectin. We first detail theo-
retical considerations of the method we are using and then we investigate three different types
of particles. We first focus on polystyrene (PS) 400nm particles that have been surface modi-
fied with organic functions (Figure 1(bl)). Then, we analyse the influence of a fibronectin coat-
ing'? (adsorption or covalent coupling) on the surface conductances of a 1um PS particle
(Figures 1(cl) and 1(c2)). We finally investigate the DEP response of 2 types of JPs (100 nm
Au/1 um PS and 100 nm Au/1 um SiO,) that have be selectively grafted with fibronectin on one
side only as shown on Figures 1(b2) and 1(c3).

Il. THEORY: KEY ROLE OF THE CLAUSIUS-MOSSOTTI FACTOR (CMF)

The dielectrophoretic response of a particle is influenced by its surface functionalization or
by the particle anisotropy as illustrated by Figure 1(a). The CMF, whose general form is shown
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FIG. 1. Schematic representation, SEM, and fluorescence images of the investigated particles. (a) Dielectrophoretic
responses of isotropic and anisotropic particles coated with fibronectin. (b) SEM images of plain PS (bl) and Janus particles
(100 nm Au/1 um PS) (b2). (c) Fluorescence images of 1 um PS particle coated with fibronectin (adsorption (c1) or covalent
coupling (c2)) and JP ((c3) green: fluorescence stained PS particle side, red: fibronectin on Au side). The difference is size
between adsorbed (c1) and covalent coupling (c2), however, the same size, may be the difference in the scattered fluores-
cence intensity of those particles. The present work shows a much higher surface concentration of fluorescent fibrinogen in
the adsorption coupling than the one in the covalent coupling. The scale bar indicates 1 ym.

in Eq. (1), translates its relative polarizability to the medium at a given frequency according to
the complex permittivities of the particle itself (diameter a, permittivity ¢,, conductivity ¢,) and
the medium (permittivity ¢,, conductivity o¢,,). The polarization mechanism of a non-charged
particle suspended in an electric field is an ongoing research subject.'>'> More than only the
particle bulk electrical polarization effect, the double layer plays a significant role in the global
process. In particular, the Maxwell-Wagner interfacial polarisation mechanism occurs when the
two contacting phases have different conductivities and electric permittivities. The Maxwell-
Wagner model was generalized by O’Konski,'® who took the surface conductance K, (usually
expressed in nS) explicitly into account into the surface conductivity (3). This model has been
successfully used by many groups to explain the experimental observation of the frequency de-
pendent dielectric and dielectrophoretic behaviour of larger particles (greater than 250 nm) at
frequencies where the Maxwell-Wagner polarisation is dominant.'”'® Finally, taking into
account the contributions of both the diffuse and the Stern layers, the global surface conduct-
ance K; of a colloidal particle determines its dielectrophoretic response at a given medium
conductivity.
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Several methods have been proposed in literature to determine those surfaces conductance,
namely, crossover frequency direct measurement,'® electro-rotation,'® optical tweezers,” or
zeta potential measurements.'®*' The latter may provide information on the charge visible at
the end of the double layer and thus on the conductance of the diffuse part of the double layer.
If performed in low conductivity media, this diffuse part of the double layer can be
neglected'®?! and those measurements will not provide enough information to extract the mo-
bility of counterions in the Stern layer. Moreover, zeta potential measurement on Janus particles

is not possible because of their induced charge electroosmosis motion that will bias their
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response to DC field used in zeta potentials measurements. Each method, the cited method, has
its own advantages and drawbacks but none of them provides the entire Re[CMF(w)] for a
range of frequency, thus preventing a precise knowledge of particles motion (direction and
magnitude) under pure DEP regimes. We have used a method introduced by Pethig er al.***
and updated by our team>* to experimentally evaluate the CMF of any polarizable particle, thus
allowing a direct measurement of their surface conductance. Briefly, this method consists in
measuring the transient velocity of said particles placed in a microfluidic chip that presents par-
allel micro electrodes. Particles are successively submitted to electro-kinetic effects while
changing the frequency of the applied electric field. By tuning the AC frequency, particles are
first placed above the center of the electrodes by AC electroosmosis and then submitted to a
pure DEP regime in which they move from the center of the electrodes to their edges for posi-
tive dielectrophoresis (p-DEP). During this transient regime, the velocity of the particles is
recorded through a high speed camera and the value of Re[CMF(w)] for this frequency is
extracted by equalizing the drag force and the DEP force. For negative dielectrophoresis (n-
DEP), the particles are first placed at the edges of the electrodes and repelled when applying a
n-DEP frequency. After recording the repelling velocity, the value of Re[CMF(w)] for this fre-
quency is extracted in the same way as for p-DEP ones. These processes are repeated over the
entire frequency range and the Re[CMF ()] is reconstructed.

The Maxwell-Wagner model can be used to study the investigated particles because the
range of their sizes (a >250nm), the range of the frequency of the applied electric field
(f >10kHz), and the constant medium conductivity (o, = 2.107*$S /m) are in the scope of hy-
pothesis used to apply the Maxwell-Wagner interfacial relaxation model. Once the CMFs of the
investigated particles are measured, we then used their corresponding Maxwell-Wagner model
to fit their dielectric properties, namely, the surface conductance K; for an uncoated particle,
the number of protein layers for coated particles, and even the relative permittivity of
fibronectin.

lll. MATERIAL AND METHODS
A. Particle fabrication and preparation

Particles were prepared from commercially available solutions: 1 um PS, PS-COOH modi-
fied, silica (Si0,), Si0O,-COOH modified, 250 nm Au particles (BBInternational, Ltd).

Adsorption and covalent coupling of particles were performed following optimized proto-
col.'* For adsorption, a total number of particles of 65.6 x 10° part/ml were 3x centrifugated—
resuspended in a buffer solution of 1 x 2-(N-morpholino) ethanesulfonic acid (MES) whose pH
was adjusted to 7.4. Then, particles are mixed at room temperature with a 20 ug/ml protein mix
(1:1 w/v Fibronectin:fluorescent fibrinogen (Invitrogen)) for 1h. Finally, the solution was
washed to remove the unadsorbed proteins by 3x centrifugations—resuspensions in MES buf-
fered solution.

For covalent coupling, we have used a 2 steps covalent coupling in which 10 umol
sulfo-N-hydroxysuccinimide (NHS) and 2.05 umol 1-ethyl-3-(3-dimethylaminopropyl)-carbodi-
imide (EDAC) were previously added to the colloidal solution before the 20 ug/ml protein
mix.

Thioled-Au particles were obtained by mixing overnight Au particles with 0.1 M 16-mer-
capto-1-hexanedecanoic acid (MHA) and 0.9 M 11-mercapto-1-unadecanol (MuOH) in ethanol.
Those particles were then resuspended in MES buffer solutions and a 2-steps covalent coupling
procedure was applied while replacing NHS by 2.2 umol pentafluorophenol (PFP) before the
20 pg/ml protein mix.

Janus particles were prepared by metal evaporation of a 100 nm thickness of Au on a wafer
previously coated with selected particles. This process has been described in previous work."'
Depending on the side on which proteins need to be grafted, the use of different types of JPs is
required. For the coating of the dielectric (PS or Si0;) side, Janus particles are prepared with
activated carboxylate particles. For the coating of the Au side with proteins, Janus particles are
prepared with unfunctionalized particles and the Au side is thioled.
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Finally, particles were 3x centrifugated—resuspended in a low conductivity isotonic media
made of 8.5% sucrose and 0.3% dextrose in ddH,O (conductivity o, = 1074S /m and
pH=5.5). The choice of this buffer was motivated by its very low conductivity (known as
DEP-manipulating buffer) and it has been proven not to injure cells viability for couple hours
during DEP manipulation.”> Our engineered particles may likely be handled in this kind of
buffer to interact with cells.

B. Experimental determination of Re[CMF (w)]

Colloids are pushed into a microchannel by a pressure driven flow where a pair of coplanar
electrodes are linked to a remote controlled power generator. After stopping the flow, the col-
loids are first forced to be placed above the center of the active electrodes by electro-osmosis
and then the tested frequency is applied as presented in the Introduction. Once the velocity of
the particles is acquired for a given frequency, it is divided by the o parameter (6). This value
is the result of the equilibrium between the hydrodynamical drag force (4) and the DEP force
that appears during the motion period (5).

Fdrag = 67Ta77Uparta @
(Fpep) = Farag, (©)
3n
Re(w) = aU,4, whereot = ——-. (6)
(@) part azs,nV|E|2

Experiments were performed on at least 30 particles to extract statistical significant data. The
standard deviation for each point is systematically reported on the experimental graph.

An automated platform was fabricated to apply successively the frequencies (ACEO then
p-DEP) to the entire range of DEP frequencies studied (10* —7.10° Hz). The gravity-induced
particle sedimentation was not taken into account since on the time frame of our experiments
(ca. 3min per experiments), the sub- and micrometric particles (<1um) did not had time to
sediment, as it has been shown by Castellanos e al.,*® in our experimental conditions (size of
particles and electric field strength). Moreover, since our method only takes into account planar
displacement, the gravity induce flow would not affect the projected DEP coplanar force.**

C. Fits

Fits are performs with Origin8 (OriginLab). The explicit form of Re[CMF(w)] is obtained
from the original equations, such as Eq. (9), with Maxima software. All numerical variables are
replaced and only the fitting variables are maintained. The Nonlinear Multiple Variables Fitting
tool of Origin is then used on the experimental data and fitting variables are initialized at values
in the order of magnitude of the variable (e.g., K, are initialized at 1 nS). In order to strengthen
the importance of the crossover frequency, closest (n=4) neighbours to zero value have been
weighted 5 times more than the other points. By doing so, we enhance the probability of the fit-
ting curve to actually cross the zero value at the experimental frequency value. Once fitted, the
values obtained for the fitting parameters were used to plot the corresponding curve.

The crossover frequencies values were estimated from the intersection between mean and
standard deviation projections of two proximal neighbours and the Re[CMF(w)] = 0 line.

IV. RESULTS
A. Polystyrene functionalized colloids

The influence of surface functionalization was recorded on 400 nm fluorescent PS colloids
that are commercially available as a 5ml-pack (Duke) with aldehyde, carboxyl, carboxylate,
and sulfate groups on their surfaces. Particles sold by the distributor without explicit surface
treatment were also evaluated and will be further denominated as plain particles. Those widely
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FIG. 2. Re[CMF(w)] for 400 nm PS functionalized particles: Aldehyde, carboxyl, carboxylate, and sulfate. Experimental
values are represented by dots for all tested frequencies whereas fitted functions are represented in dashed lines.

used particles present carboxyl group on their surface but with a lower density than the car-
boxyl modified particles.

The CMF determination process is performed for all frequencies and plotted on Figure 2.
The general shape of PS particles is consistent for all particles: a positive values area separated
by a negative values one, both limiting the p-DEP and n-DEP regimes. The frequency at which
the values of Re[CMF(w)] change sign is known as the crossover frequency. In this range of
frequency (f <10MHz), only one crossover frequency is visible. For the studied particles pre-
senting different surface functionalization, we can spot a shift of their crossover frequencies up
to several hundreds of kHz (carboxyl: fy = 1.07%£0.06 MHz; carboxylate: f, = 1.25=0.03 MHz;
sulfate: fy = 1.37+0.03 MHz; aldehyde: fo = 1.61£0.04 MHz).

B. Particles coated with proteins

Colloidal particles can be grafted with fibronectin either by adsorption or covalent cou-
pling.'* Coupling reactions were performed on 1 um PS, SiO, plain, and carboxylated particles
according to the “optimized” procedure presented in Ref. 12. Briefly, we have performed either
adsorption or covalent coupling of fibronectin on PS or SiO, particles. While adsorption con-
sisted in “sticking” proteins on the surface of the particles, covalent coupling used a crosslinker
molecule, EDAC, to link the carboxylated groups on the surface of the particles to the terminal
amine group of the protein. CMF factors of those particles are presented in Figure 3 for both
particles.
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FIG. 3. Re[CMF(w)| experimentally determined for (a) PS and (b) SiO, functionalized particles. The symbol Ads stands
for adsorption coupling and Cov for covalent coupling method. Experimental values are represented by dots for all tested
frequencies whereas fitted functions are represented in dashed lines.
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Even if the particles all had the same size, they present shifted crossover frequencies according
to the way the proteins were grafted. Hence, for PS particles, adsorbed particles present higher ex-
perimental crossover frequencies (respectively, fo = 1.080.13 MHz and f, = 1.05%0.05 MHz for
PS-COOH and PS) than do plain ones f, = 1.05=0.03 MHz. However, carboxylated functionalized
particles with or without proteins present low experimental crossover frequencies (respectively,
Jfo =850£30kHz and fy = 870+40kHz for plain PS-COOH and PS-COOH covalently coupled
with proteins). For silica particles, a decrease in experimental crossover frequencies is observed
according to the following order: SiO,-COOH plain (fy = 870=30kHz), SiO, plain with adsorbed
proteins (fy = 630=40kHz), SiO,-COOH with adsorbed proteins (fy = 330*=40kHz), Si0,-COOH
with covalently coupled proteins (fo = 260+20kHz), and SiO, plain (fy = 230*+20kHz) without
proteins. Silica particles with positive-to-negative DEP behaviour have been observed to be strongly
depending on their size,”**’ surface charge, and solution pH>® and we refer the reader to Sec. III for
details on the experimental conditions.

C. Functionalized Au particle

Functionalized Au particle responses to DEP are also evaluated. Adsorption and covalent
coupling of fibronectin were performed on 250 nm diameter particles (BBInternational, Ltd).
For covalent coupling, a self assembled monolayer (SAM) of alkyl thiols is initially coated on
the particles. Figure 4 presents the experimental CMFs for such particles. We observe a positive
value for the plain Au particles, as expected in the range of investigated frequencies.”’ However,
the SAM of alkyl thiols seems to shield the electric field and lower the CMF values down to a
quasi-constant value of Re[CMF(w)] = 0.4 at high frequencies. When coupled with proteins, a
significant change in the CMF value can be observed. Adsorption of proteins on Au particles,
either plain or alkylated, seems to create a decrease in the CMF from high values
(Re[CMF(w)] > 0.9) to the same plateau low-value of Re[CMF(w)] = 0.4. When covalently
coupled with proteins, the CMF does not even reach the high values but reaches the plateau region
at f =200 kHz. The physical origin of those effects is further discussed in the next section.

D. Janus particles grafted on one side with proteins

Janus particles are manufactured by depositing a monolayer of PS or SiO, particles on a
glass substrate. A layer of 100nm Au is deposited by ion-beam evaporation and particles are
released by sonication in DI water.'®!'! JPs can be selectively covalently coupled with fibronectin
on one side only.'? Selective grafting of proteins requires either plain or COOH functionalized
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FIG. 4. Re[CMF(w)] experimentally determined for functionalized Au particles. Experimental values are represented by
dots for all tested frequencies whereas fitted functions are represented in dashed lines. Particles were first coated with thiols
and then with proteins according to adsorption and covalent coupling protocols.'?
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FIG. 5. Re[CMF(w)] experimentally determined for (a) PS and (b) SiO, JP particles. The symbols JP, JP-Thiol, and
JPCOOH stand, respectively, for plain JPs (PS or SiO, with 100 nm Ti/Au), JPs whom Au side has been alkylated, and JPs
that present carboxylate COOH function on their PS or SiO; side. The symbols JPProteinOn stand for JPs that have been
selectively covalently coupled with fibronectin on the specified side. Experimental values are represented by dots for all
tested frequencies whereas fitted functions are represented in dashed lines.

particles according to the selected side to graft. Once the fabrication process is completed, par-
ticles are inserted into the microfluidic chip. Quantification of the CMF is performed for plain
JPs, alkylated JPs, JPs with fibronectin on the PS or SiO, side, and JPs with fibronectin on the
Au side. Figure 5 presents the experimental CMFs. A constant positive behaviour is observed
for all JPs, which is consistent with the experiments conducted by Zhang and Zhu® for their
Au/PS JPs coated with variables thickness of thiols. For plain JPs, the values of their CMFs are
high (Re[CMF(w)] ~ 1) for low frequencies (f < 100kHz) and fall for higher frequencies
(f > 100kHz) to a plateau value of Re[CMF(w)] = 0.3. Changing the surface functionalization
of the PS side does not have a significant influence, but for SiO, JPs, the CMF values are
higher (Re[CMF(w)] ~ 1) compared to the plain ones (Re[CMF(w)] ~ 0.8) at low frequencies.
When coupled with proteins on the PS or SiO, side, JPs present a slight shift of the fall fre-
quency but the plateau values are the same (Re[CMF(w)] ~ 1 and Re[CMF(w)] = 0.3) at low
and high frequencies. On the contrary, when coupled on the Au side, either with thiols only or
thiols and proteins, a significant shift is observed at low frequencies (Re[CMF(w)] ~ 0.7) and
the plateau at high frequencies is lowered (Re[CMF(w)] < 0.2). Those behaviours show the sig-
nificant contribution of the Au side of JPs on their polarizability process. If this side is modi-
fied, a dielectric shielding of Au takes place and lowers the polarizability of the particles, as
presented in previous paragraphs.

V. DISCUSSION
A. Polystyrene functionalized colloids

The physical origin of the shifts of the crossover frequencies comes from the differences of
the surface charges density o, of those particles. g, is linked to the surface conductance via
the ion mobility, K; = o,u. Therefore, following Egs. (1) and (3), the crossover frequency of
functionalized PS particles is highly changed by the surface charge density.

Surface conductances of functionalized PS particles are extracted from the explicit form of
the real part of the CMF (Eq. (1)) fitted to the experimental values. Fitted curves are shown in
Figure 2 as plain or dashed lines and the obtained K are given in Table L.

The experimental crossover frequencies are in good agreement with the fits. It can be, how-
ever, observed that fits deviates in the curvatures around the crossover frequency, which is the

TABLE I. Experimentally determined surface conductances of 400 nm PS functionalized particles.

Aldehyde (nS) Carboxyl (nS) Carboxylate (nS) Sulfate(nS)

Ky 1.95*+0.12 1.28 =0.17 1.51+0.21 1.66 = 0.11
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FIG. 6. Core-shell model for (a): particles functionalized with proteins and (b): Au particles functionalized with thiols and
proteins.

result of overestimation of particles velocities. This clearly shows a limitation of our method
based on optical measurements of velocities. Since our fitting method is over a wide range of
experimental points, this limitation does not alter the quality of our results.

Although the surface conductances of PS coated particles have not been systematically investi-
gated, carboxylated PS particles have been studied and presented a surface conductance of 1.92 nS*'
and 1.2 nS for latex coated pa.rticles,3 233 Wwhich is in the range of our measurement.

B. Particles coated with proteins

When particles present proteins on their surface, a core-shell model on the particle-proteins
system is applied, inspired by Morgan.** The core particles are surrounded by proteins and the
medium as presented in Figure 6(a). The coated particle is modelled with several layers:

* The core particles (1, diameter a;) of polystyrene or silica with a surface conductance (2) Kj,
* the shell composed of proteins (2, total diameter a,, number of layers 7,,,),
e the medium (3, DI Water).

The CMF of the particle-protein interface is given by Eq. (9). This factor integrates the
thickness of the protein layer that is given by n.d,,;, where d,,, = 8 nm>” is the hydrodynamic
radius of fibronectin and 7, the number of protein layers. It also requires the surface conduct-
ance of the core particle (plain or carboxylated). The surface conductance of fibronectin has
been found in literature to be K ., = 4.4 nS.*® This interface gives a complex permittivity (8)
that is integrated in the final form of the core-shell CMF; given by Eq. (7).

13— ¢
RICHF(@) = Re[f 2 | v
3
- _ 713 T 2Re[CMF(w)], 5
€13 = €pro =, Where)’ 3= Rl/R37 (8)
4 17)?3 - 2R€[CMF(W)]1,3 :
& — Epr - 2K
Re[CMF(w)]l,S = %a where 8pror = 8proz‘ + iﬂy R3 = Rl + nprot~dp1'ut~ (9)
P prot

Table II shows the parameters used for the fit. The fit parameters are the number 7,,,; of protein
layers and their permittivities ¢,. The fitted plot according to those experimental results is shown in

TABLE II. Parameters used to fit the experimental Re(CMF) for PS and SiO, particles.

Particle aj (um) &1 K, (nS) dpror (NnM) K pror (nS)
PS 1 2.55 2.56 8 44
PS-COOH 1 2.55 1.51 8 44
Si0, 1 3.8 0.51 8 44
Si0,-COOH 1 3.8 1.51 8 44
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TABLE III. Extracted number of layers n,,,, of protein. “X” means the coupling method does not apply with the specified
particle.

Coupling PS PS-COOH SiO, Si0,-COOH
Npror (Adsorption) 4 27 38 12
npror (Covalent coupling) X 1 X 1
Normalized &,/ 1.99 +0.12 1.97 £0.09 2.20 +0.21 1.99 +£0.15

Figure 3 as full or dashed lines. The obtained value of layer is rounded to the lower full number as
presented in Table III. Protein relative permittivities seem to be in the same range for all experi-
ments and averages to 2.03 for all particles. This value seems to be lower compared with the typical
values reported in the literature.’” However, it is well known that the permittivity of proteins is
highly sensitive to temperature, pH, and conformation®®>? and the grafted proteins on the particles
may present a different relative permittivity than the one of a pure solution of proteins. Moreover,
our fitting method is based on the surface conductance of fibronectin measured by another and
enhancing the precision of this value by other techniques could lead to a higher degree of precision
of our measured value. It is also important to pinpoint that the relative permittivities of thick layers
were normalized by the number of layer n of proteins for consistency.

The number of protein layers adsorbed on a particle is much higher than in the covalent
coupling case. For covalent coupling, fits emphasize the creation of a monolayer of protein on
the surface of the particle.

C. Functionalized Au particle

For Au particles with proteins, a multiple core-shell model is applied as illustrated in
Figure 6(b). The model contains several layers: the Au core particle, the thiols monolayer, the
protein layers, and the medium:

¢ the Au core particle (1, diameter a;),

¢ the thiols monolayer (2, total diameter a5),

e the protein layers (3, total diameter a3, number of layers 7,,,),
e the medium (4).

The Au-thiol system is modelled in the same way as in Eq. (9), where a, = a; + 2dy;,y With
the addition of the thiol-protein interface.

Table IV shows the parameters used within the fits. The values of parameters for Au par-
ticles and the thiols are taken from the work of Zhang and Zhu® The fit parameters for the ex-
perimental CMF were the number 7,,,, of protein layers, and these values are given in Table V.
A direct relation can be seen between the decrease in the values of the CMF and the number of
protein layers on the Au particles. Either by adsorption or covalent coupling, the fewer proteins
on the particle, the lower the frequency at which the decrease appears. This may be explained
by the screening effect of the proteins on the polarization effect of the Au particle itself. At
low frequencies, the proteins seem to shield the field less whereas at high frequencies, only the
core Au is responsible for the global DEP response—the proteins do not have any polarization
effect at higher frequencies. The value 0.4 reached by all cases seems to be the value of the

TABLE IV. Parameters used to fit the experimental Re(CMF) for Au particles. “X” means the value of the parameter does
not apply with the specified layer.

Layer a (nm) e K, (nS) o (S/m)
Au 250 6.9 61.21 X
Thiol 2 2 X 10718

Protein 8 2.03 4.4 X
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TABLE V. Extracted number of layer 7,,,, of protein on Au particles. “X” means the coupling method does not apply with
the specified particle.

Coupling Au Au-alkylated
Npror (Adsorption) 11 4
npror (Covalent coupling) X

DEP response of the core Au particle shielded by the proteins. As previously presented, the
covalent coupling method seems to produce a monolayer of proteins.

D. Janus particles grafted on one side with proteins

In order to understand the behaviours of each JP, we model the JPs by the same approach
presented by Zhang and Zhu® Each side of the JP is modelled with a multiple shell model
according to its different layers. Real parts of the Clausius-Mossotti factor are then summed up
and divided by 2. For example, a JP with proteins on the Au side is modelled by summing the
contribution of a plain particle and of a multiple shell particle consisting of a plain particle, a
layer of thiols, and a multilayer of proteins.

Several JPs have been tested:

* Plain Janus particles: 100nm Au/1 um PS and 100 nm Au/1 um SiO,

* Alkylated Janus particles: thiols-Au/PS and thiols-Au/SiO,,

 Carboxylated Janus particles: Au/PS-COOH and Au/SiO,-COOH,

¢ Fibronectin (FN) covalently coupled on the dielectric side of a Janus particle: Au/PS-FN and
Au/SiO;,-FN,

* Fibronectin (FN) covalently coupled on the Au side of a Janus particle: FN-Au/PS and FN-Au/SiO,.

Figure 7 presents the several tested Janus particles and the corresponding model for calculating their

CMF. Fits are performed on the experimental curves with the fitting parameter 7,,,;, the number of

protein layers. Plots presented in Figure 5 show the fitted curves obtained with those parameters.
Au 100 nm

4 Proteins

3 Thiols
2 Au 100 n
1
2
(c)

FIG. 7. Models and expressions used to compute the CMF of Janus particles, (a) plain Janus particles, (b) Janus particles
with proteins grafted on their dielectric side (PS or Si0,), and (c) Janus particles with proteins on their Au side.

Au 100 nm

.

N|=

QQ
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TABLE VI. Extracted number of layers n,,,, of protein on JP particles.

Au/PS-COOH-Prot Prot-thiol-Au/PS Au/Si0,-COOH-Prot Prot-thiol-Au/SiO;

Hpror 1 1 1 1

The decrease of frequencies (ca. 100 kHz) and plateau values (Re[CMF(w)] =0.9 and
Re[CMF (w)] = 0.7 for low frequencies and Re[CMF(®)] = 0.4 and Re[CMF(w)] = 0.3 for high
frequencies) seem to match the behaviours of particles coated with Au and proteins as shown previ-
ously. Table VI presents the number of protein layers fitted with experimental values.

As for full particles, covalent coupling on JPs provides a monolayer of proteins on one
side only. The choice of grafting proteins on the PS/SiO, or the Au side depends on the tar-
geted application since their DEP responses can significantly change when varying the applied
frequency. Moreover, by changing the medium conductivity in which those JPs are suspended,
positive to negative responses can be foreseen (CMF for several medium conductivities are pre-
sented in Fig. 8), and this duality of behaviours is rarely observed in high conductivity media
(G > 1072S/m).

1.0 pr———

0.8 | _

0.6 _ _ —=— Proteins on PS 2e-4 S/m
1l | —e— Proteins on PS 1e-3 S/m

04 L | ——Proteins on PS 1e-2 S/m
o | —v— Proteins on PS 1e-1 S/m

—— Proteins on PS 1.38 S/m

o s s 44
g 0.2 -/ R = SOGE —=— Proteins on Au 2e-4 S/m
=3 r 1 —e— Proteins on Au 1e-3 S/m
¢ 00f | —— Proteins on Au 1e-2 S/m
I 1 —v— Proteins on Au 1e-1 S/m
-0.2 | 1 —— Proteins on Au 1.38 S/m

¥ - w 4
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FIG. 8. Real part of the Clausius-Mossotti factor of several JPs suspended in increasing media conductivities for (a): 1 um
PS/100 nm Au JPs selectively functionalized with fibronectin and (b):1 um SiO,/100 nm Au particles selectively function-
alized with thiols and proteins. An unusual behaviour is predicted in high conductivity medium a,, > 1072 S /m where JPs
could present dual p-DEP and n-DEP motion.
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VI. CONCLUSION

We have measured the real part of the CMF of surface charged particles, particles coupled
with fibronectin and JPs selectively grafted with fibronectin on one side only. For each type of
particle, we have presented single or multiple core shell models with which we fitted the exper-
imental values of the real part of the CMF in order to extract intrinsic parameters from the par-
ticle surface: Surface conductances of charged particles, fibronectin relative permittivity, and
number of protein layers grafted on the particles. We have demonstrated that a monolayer of
protein can be covalently grafted on a particle. The capacity to measure the real part of the
CMFs of complex particles will provide a solid basis to tune their DEP response in a given me-
dium (positive only, negative only, or combined) by their surface functionalization only. More-
over, this method can be extended to most polarizable objects. For example, the modulation of
the crossover frequency of JPs suspended in high conductivity medium could provide a local
sensor for cell adhesion in their high conductivity culture medium.
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