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Non‑contact micro‑manipulation tools have enabled invasion‑free studies of fragile synthetic particles 
and biological cells. Rapid electrokinetic patterning (REP) traps target particles/cells, suspended in 
an electrolyte, on an electrode surface. This entrapment is electrokinetic in nature and thus depends 
strongly on the suspension medium’s properties. REP has been well characterized for manipulating 
synthetic particles suspended in low concentration salt solutions (~ 2 mS/m). However, it is not 
studied as extensively for manipulating biological cells, which introduces an additional level of 
complexity due to their limited viability in hypotonic media. In this work, we discuss challenges posed 
by isotonic electrolytes and suggest solutions to enable REP manipulation in bio‑relevant media. 
Various formulations of isotonic media (salt and sugar‑based) are tested for their compatibility with 
REP. REP manipulation is observed in low concentration salt‑based media such as 0.1× phosphate 
buffered saline (PBS) when the device electrodes are passivated with a dielectric layer. We also show 
manipulation of murine pancreatic cancer cells suspended in a sugar‑based (8.5% w/v sucrose and 
0.3% w/v dextrose) isotonic medium. The ability to trap mammalian cells and deposit them in custom 
patterns enables high‑impact applications such as determining their biomechanical properties and 3D 
bioprinting for tissue scaffolding.

Micro-manipulation techniques such as rapid electrokinetic patterning (REP)1–3, optical tweezers (OT)4–6, 
opto-electronic tweezers (OET)7–9, dielectrophoresis (DEP)10,11, hydrodynamic  tweezers12–14 and many others 
have gained significant traction in handling micro/nanoparticles and biological cells. Mechanical microgrip-
pers based on pneumatic, electric, magnetic, thermal and many other actuation technologies have been used 
to physically capture and manipulate microparticles and biological  cells15. However, these microgrippers are 
fabricated using complex and expensive photolithography processes. Moreover, the microgrippers apply forces 
in the order of nanoNewtons or  more16. In many applications, particles and cells are prone to damage by the 
physical contact as well as the large manipulation forces of these microgrippers. This vulnerability limits their 
usage with biological cells. Careful investigation into the mechanical properties of biomolecules can reveal pre-
viously unknown bio-mechanical processes. For instance, changes in structure due to sub-picoNewton forces 
can affect the gene expression in a DNA  molecule17–19. REP manipulates target particles/cells by trapping them 
with a microfluidic vortex induced by a uniform AC electric field and localized temperature  gradients20–23. The 
electric field is introduced through parallel plate electrodes while the temperature gradient is typically created 
using a tightly focused laser  beam24,25 or resistance  heaters26,27. We have previously demonstrated that REP is 
capable of creating dynamically tunable stable traps while exerting ultra-small forces (~ femtoNewtons) on the 
trapped  particles28,29. The non-invasive nature of electrothermal vortex driven REP traps makes them useful 
in investigating the behaviors and properties of fragile biological cells. However, biological cells also require 
specialized medium with closely monitored temperature, humidity, pH,  O2 and  CO2 levels to remain viable for 
long durations of time. In the absence of favorable physiological conditions, cells can undergo cytolysis due to 
excessive endosmosis or they can shrink due to exosmosis. Most commonly used cell culture and suspension 
media contain salts (chloride and phosphates of Na and K), amino acids (such as L-glutamine), sugars (sucrose, 
dextrose, etc.), serums (such as fetal bovine serum) and many other  constituents30,31. These entities affect the 
characteristics of the electric double layer formed at the electrode and the cell surfaces, which play a central role 
in the AC electrokinetic  phenomena32. The following sections assess how different constituents of cell media 
affect the REP manipulation mechanism and how those challenges are overcome for handling mammalian cells 
. Electrochemical properties are essential in understanding the electrokinetic behavior of the medium and the 

OPEN

1School of Mechanical Engineering, Purdue University, West Lafayette, IN, USA. 2School of Electronics and 
Computer Science, University of Southampton, Southampton, UK. *email: wereley@purdue.edu

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-023-35722-3&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |         (2023) 13:9819  | https://doi.org/10.1038/s41598-023-35722-3

www.nature.com/scientificreports/

particles/cells. Table 1 summarizes the properties, that are crucial for modelling particle/cell-electrode interac-
tion, of different electrolytes used in this work. Medium c onductivity and zeta potential of 1 µm polystyrene 
particles in the respective medium are measured using a Malvern Zetasizer NanoZS90. Medium pH is measured 
using a Thermo Scientific Orion 5 Star meter.

Challenges with AC electrokinetic phenomena in bio‑relevant media. As discussed above, highly 
specific culture and suspension media that mimic the physiological conditions well are required to keep the bio-
logical cells viable. A suspension medium needs to be isotonic to prevent cell lysis due to osmosis. Salts (chloride 
and phosphates of Na and K) and sugars (sucrose, dextrose, etc.) are the most commonly used constituents for 
maintaining the osmolarity of cell suspension media. Phosphate buffered saline (PBS) is one such salt-based 
medium widely used for cell suspensions and has an electrical conductivity of ~ 1.5 S/m (1000× the ~ 2 mS/m aq. 
KCl solution typically used in REP). The electrolyte, sandwiched between two parallel plate electrodes of a REP 
chip, can be modelled as a series of capacitors and resistors as shown in Fig. 1a.

However, a high salt concentration (137 mM NaCl, 10 mM  Na2HPO4 and other salts) in PBS can increase the 
number of reactions (Faradaic and non-Faradaic processes) at the electrode surface. Processes in which charged 
ions migrate to the electrode surface but there is no charge transfer are called non-Faradaic (capacitive)33,34. 
The ions can be adsorbed or desorbed at the electrode surface but, there is no Faradaic current involved in the 
process. The adsorbed ions screen the charge of the electric double layer and decrease its thickness. Resultantly, 
the double layer capacitance is decreased significantly which in turn reduces the relaxation time constant (τ) 
of the model RC circuit. The equilibrium charge distribution in a smaller capacitor is established quickly and 
a majority of the applied voltage drops across the double layer. The electric field in the bulk of the electrolyte 
diminishes significantly which weakens the electrothermal body force driving the REP  vortex32. Additionally, 
the increased salt concentration can even collapse the diffuse layer, resulting in non-specific adhesion of the 
particles with each other and to the electrode surface.

The processes in which charged ions migrate to and from the electrode surface and undergo redox reactions 
are called Faradaic processes. These reactions are accompanied with Faradaic current due to the movement of 
ions and exchange of charges at the electrode  surface33,34. These processes of exchange or adsorption of ions can 
disrupt the double layer charge distribution, deposit reduced metal ions, generate gas bubbles due to electrolysis 
and erode electrode material at the reaction sites which limit the stability of a REP trap. Moreover, the electrical 
conductivity of a salt-based medium under electric field as strong as that used in REP (~  105 V/m), is significantly 
higher than the low-salt medium typically used in REP. This can promote concentration of the electric field at the 
location of electrical contacts with the voltage generator. The electrical potential and the electrical field are not 
uniformly distributed over the REP chip in such a case. Resultantly, the REP electrothermal vortex and trap can 
cease to exist. This is mitigated, to some extent, by connecting the copper tape contacts to opposite ends of a REP 
chip (Fig. 1b). Additionally, the Joule heating effect in low salt concentration media is assumed to be negligible 
in comparison to the temperature rise due to the optical  illumination35. However, with high salt concentrations, 

Table 1.  Electrolyte properties.

Electrolyte Conductivity (mS/m) pH Zeta potential (mV)

0.1 mM KCl 2 ± 0.05 7.10 − 65.1 ± 0.4

Sucrose (8.5%) + Dextrose (0.3%) 1.97 ± 0.01 4.23 − 28.7 ± 0.26

Sucrose (8.5%) + Dextrose (0.3%) + 2 mM GlutaMAX™ 15.6 ± 0.2 4.67 − 37 ± 0.83

0.1× PBS 181 ± 10.4 7.19 − 43.67 ± 1.69

1× PBS 1676 ± 52.6 7.45 − 10.5 ± 0.57

Figure 1.  (a) RC circuit representation of electric double layer. (b) Schematic of a REP chip.
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this source of heat can contribute to the temperature profile significantly. An overall increase in the electrolyte 
temperature can reduce the temperature gradients created by a tightly focused laser spot and diminish the elec-
trothermal body force driving the REP vortex. The increase in overall temperature is not only detrimental to 
the REP vortex but can also be harmful to biological cells if it rises above the favorable physiological conditions.

With the above-mentioned limitations, using salt-based cell media can be challenging for micro-manipulation 
tools based on the electrokinetic phenomena such as REP, DEP and OET. The following sections discuss how 
a REP chip and the operating conditions can be altered to make such electrokinetic tools viable in bio-relevant 
media. Passivation of the electrode surface, application of DC offset in the electric field and use of sugar-based 
medium are explored to enhance manipulation and trapping of biological cells.

Salt‑based media: electrode passivation. High salt concentrations in bio-relevant media, such as PBS, 
pose many challenges for electrokinetic micro-manipulation tools. The effects of electric field concentration near 
the location of the copper tape contacts (Fig. 1b) are mitigated by passivating the electrode surface with a dielec-
tric film. A thin film passivation layer acts like a resistor and a small capacitor in series with the double layer 
and the bulk medium. In one cycle of the AC electric field, as the dielectric film (capacitor) accumulates charge, 
the electric potential in the conductive electrode material reaches a uniform distribution. It also prevents any 
Faradaic currents, as charge gets accumulated in the dielectric layer and does not get transferred. This promotes 
a uniform electric field in the electrolyte even if there is a high salt concentration. A passivation layer should be 
chemically inert, adhere well to the substrate, and be stable under high electrical fields. Fabrication of dielectric 
layers often require a baking step and hence it should be able to withstand thermal stresses during heating and 
cooling processes. A silicon-dioxide  (SiO2) layer is often grown thermally on a silicon wafer or deposited on 
other substrates through the processes of chemical vapor deposition (CVD) or physical vapor deposition (PVD). 
In this work, however, a liquid spin-on-glass (SOG) is used for electrode passivation. An SOG is an oxygen-con-
taining liquid dielectric which is spin-coated on a substrate and baked to form inorganic glass passivation layer. 
The SOG layer, although, has a high resistivity (~  1015 Ω cm) and creates a significant drop in the bulk electric 
field. A voltage amplifier is used to compensate for the loss of electric field due to the SOG.

Sugar‑based media: DC offset in the electric field. Many biological applications use sugars, amino 
acids and serum-based cell media to maintain the osmolarity in contrast to salt-based  media30,31,36,37. A sucrose 
(8.5% w/v) and dextrose (0.3% w/v) solution (~ 265 mOsm/L) is made in ultrapure (18.2 MΩ cm)  water38. This 
solution has the same osmolarity as 1X PBS. Although, as it is not salt based, a passivated REP chip is not needed 
for the sugar-based medium. Adding unpolarizable sugar molecules in water reduces its overall permittivity and 
hence reduces the double layer capacitance. Resultantly, a significant REP vortex is observed only at relatively 
high applied voltages of 9–10  Vpp and 50–80 mW laser powers. As discussed in previous REP  articles39–41, par-
ticle entrapment near the electrode surface increases significantly at low field frequencies (≤ 30 kHz). However, 
particle entrapment in the sugar-based medium is not observed even at frequencies as low as 10 kHz. A DC 
offset, introduced in the electric field, is found to enable particle entrapment and manipulation in the sugar-
based medium.

Materials and methods
REP chip and apparatus. Methylsiloxane 21F (Dielectric constant = 3.9 @1 MHz, Filmtronics) is the spin-
on-glass (SOG) used in this work for passivating the ITO coverslips (18 × 18 mm, 8–12 Ω, SPI Supplies) in a REP 
chip. The coverslip is cleaned by washing in acetone, ethanol, isopropanol, and ultrapure water for 2–3 min. The 
coverslip is placed in a spin-coater and ~ 50–60 µl SOG is dispensed on it , followed by spinning at 3100 rpm 
for 15 s. The SOG layer thickness is measured to be 317 ± 19 nm using a Bruker ContourGT-K Interferometer. 
Subsequently it is baked at 80 °C, 150 °C and 250 °C for 1 min each, to dry the solvent using hotplates. Lastly, it 
is pyrolyzed in a nitrogen purged furnace (650 series Programmable Muffle Furnace, Cole-Parmer) at 425 °C for 
1 h. The temperature in the pyrolysis step was ramped up and down gradually over 10 min to avoid cracks due to 
thermal stresses. The SOG needs to be stored at room temperature for 24 h before application. It can be filtered 
using a 100–200 nm Teflon filter if any crystals are found in the container. Readers are referred to the Filmtron-
ics SOG catalog for detailed discussion on the material properties, fabrication process, and troubleshooting. 
A REP chip is assembled following the procedure presented in supplementary Sect.  S1 and as discussed by 
Mishra, Gupta and  Wereley28 using the SOG passivated ITO. A Telulex SG-100/A function generator is con-
nected with an amplifier (ADA4870ARR-EBZ, Analog Devices) to compensate for the field strength loss due to 
the SOG layer. The applied potential is measured using an Agilent DSO1012A oscilloscope. Various suspensions 
(~  107 particles/ml) of 1 µm polystyrene beads (FluoroMax microspheres, Thermo Scientific), made in 0.1 mM 
KCl, 0.1× PBS, 0.25× PBS and 1× PBS, are tested with the REP setup assembled as described above.

The connection sequence of the reference and signal terminals of the function generator, in a purely AC signal, 
is inconsequential. However, the charge distribution and polarization of the electric double layer is dependent 
on the terminals’ connection sequence in the presence of a DC offset. In order to make all the data collected 
consistent and comparable, the bottom (ITO coverslip) electrode of the REP chip is always connected to the 
reference (negative) terminal of the function generator.

Mammalian cell culture. KPC2 cells, a murine pancreatic cancer cell line, are developed from pancre-
atic adenocarcinoma (PDAC) of a genetically engineered mouse model with KRAS and p53 mutations (LSL-
KrasG12D/+ , LSL-Trp53R172H/+ , Elastasepr-CreER alleles). The cells were developed and provided by Dr. 
Stephen Konieczny’s lab at Purdue  University42,43. The cells are cultured in Roswell Park Memorial Institute 
(RPMI) 1640 medium supplemented with 5% v/v fetal bovine serum (FBS) and 100 μg/ml penicillin/strepto-
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mycin. The cells are harvested by 0.05% trypsin and 0.53 mM EDTA (Life Technologies, CA, USA)43 at around 
80% confluency. Harvested cells are maintained in an incubator at 37 °C and 5%  CO2 physiological conditions 
and suspended in the sugar-based medium (8.5% w/v sucrose and 0.3% w/v dextrose) for REP manipulation.

Cell viability assay in sugar‑based medium. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 
bromide (MTT) assay (CyQUANT™, Sigma-Aldrich, USA) was used to assess the KPC2 cell viability in the 
sugar medium. KPC2 cells were initially placed on a 96-well plate  (104 cells/well) and cultured for 24 h in the 
RPMI 1640 medium (supplemented with 5% v/v fetal bovine serum (FBS) and 100 μg/ml penicillin/streptomy-
cin). Then, the cells were washed with PBS three times and subsequently were exposed to the sugar medium for 
0, 15 min, 30 min, 1 h, 6 h, and 24 h. As a control group, the cells were exposed to just the culture medium as 
well for the same time durations. After exposure to the sugar medium, the cells were incubated with 1.2 mM 
MTT overnight (4–8 h). Afterwards, 0.1 mL isopropanol with 0.04 N HCl was added to each well and mixed 
thoroughly. Absorbance at 570 nm was measured by a BioTek Epoch plate reader (BioTek, USA). Cell viability is 
gauged as a percentage of respective control groups.

Live/dead cell staining assay. To assess the cell viability of KPC2 cells cultured on ITO coated glass sub-
strates with different surface treatments and a control substrate, each substrate is kept in a well on a 6-well plate 
and 25,000 cells are plated in each well. The cells are allowed to grow for two days, and the viability is assessed by 
staining nucleic acid using Hoechst 33,342 (Sigma-Aldrich, St. Louis, MO) and nuclei of the dead cells with pro-
pidium iodide (Sigma-Aldrich, St. Louis, MO). Nuclear fluorescence is determined with an inverted microscope 
(Olympus IX71, Japan) using a DAPI, and TRITC filter. Viable cells are quantified as total nuclei counts—dead 
cell nuclei count and normalized by the viable cells on the control substrate. The error bars in the figures show 
the standard error of the cell count. The cell viability assay of KPC2 cells is also assessed after being exposed to 
electric field (10  Vpp, 100 kHz) by counting live/dead cells by staining live cells with green fluorescence Calcein 
AM (Life Technologies, CA, USA) and PI.

Results and discussion
Salt‑based media. A suspension of 1 µm polystyrene beads in 0.1 mM KCl solution is used, first, to set 
a standard of REP trap performance in a passivated chip. An un-passivated chip shows stable particle pattern-
ing and manipulation at an applied AC field of 2–10  Vpp (~  105  Vpp/m), 10–120 kHz. However, due to the high 
resistivity of the SOG layer, the passivated chip is operated at 20  Vpp or above to observe any stable trapping. 
A REP vortex is observed with the smaller applied voltage (2–10  Vpp) but a stable trap is observed only with a 
higher field strength (> 20  Vpp, 10–50 kHz). Moreover, the SOG layer diminishes the thermal gradient created 
by the laser and hence the optical power is increased from < 20 mW (typically used for REP) to 80 mW, to form 
a substantial vortex. Figure 2 shows a circular pattern of 1 µm polystyrene particles suspended in the aq. KCl 
solution trapped using a passivated chip.

Subsequently, the particle suspension in 0.1× PBS is tested in the passivated chip. The voltage applied across 
the electrodes is increased to 24.4  Vpp in comparison to the 20  Vpp used with 0.1 mM KCl. This is justified as the 
increased salt concentration decreases the double layer capacitance and diminishes the electrothermal body force 

Figure 2.  REP trap of 1 μm particles suspended in 0.1 mM aq. KCl solution in a SOG passivated chip.
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as discussed earlier. As in the case of aq. KCl, particle trapping was observed for frequencies only in the range 
of 10–50 kHz and just a vortex is observed at higher frequencies. The presence of an additional capacitor (SOG 
layer) effects the double layer polarization on the electrode surface and hence changes the trapping characteristics. 
This observation is different from that in un-passivated REP chips which create a stable trap up to ~ 120 kHz, as 
shown in previous  works20,39,40. The effect of the field frequency in the vortex formation is studied using a particle 
image velocimetry (PIV) analysis. The frequency is varied from 50 to 800 kHz and a time-averaged velocity field 
is  computed44–46. Figures 3a,b show the time-averaged velocity field for the 100 kHz case and the effect of electric 
field frequency on the velocity field (as a representative of vortex strength), respectively.

Figure 3a shows that the velocity field in a REP vortex created by a laser spot is circular in shape and radially 
inwards. It is also observed, as expected, that the velocity magnitude is small at the trap center, increases in the 
radially outwards direction and decreases again far away from the trap center. The maximum velocity measured 
in the vortex is plotted in Fig. 3b to represent REP vortex strength. The vortex strength initially increases expo-
nentially with frequency and then approaches saturation. This is consistent with the typical behavior of bulk 
potential in an electrolyte with a dielectric layer, as the operating conditions reach the charge relaxation frequency 
of the dielectric. From Fig. 3b above, it is observed that the charge relaxation frequency for the SOG layer 
is ~ 1 MHz. The electrokinetic behavior of the vortex, given by Eq. (1) below, becomes majorly dielectric above 
the charge relaxation frequency as the second term on the right-hand-side becomes  dominant35. The Coulombic 
effects (term 1 on the right-hand-side decrease with increasing frequency and the vortex eventually changes the 
direction of its circulation. In Eq. 1, 〈fET 〉 is the time-averaged electrothermal body force driving the vortex, εm 
and σm are permittivity and electrical conductivity of the medium, α = ε−1

m

(

∂εm
∂T

)

 , β = σ−1
m

(

∂σm
∂T

)

 , T is the 
absolute temperature, E is the electric field and E∗ is its complex conjugate, and ω is the angular electric field 
frequency.

The suspensions in 0.25× and 1× PBS are also tested in the passivated chip. However, the electrothermal vortex 
is not observed even at increased applied voltages (30  Vpp), higher laser powers (~ 200 mW) and a wide range of 
frequencies (10 kHz–10 MHz). In frequencies < 1 MHz, most of the voltage is dropped across the SOG layer. The 
slightest of surface defects such as a pinhole or chipped off ITO layer buried under the passivation layer can con-
centrate the electric field and induce electrolysis. Applying a voltage more than 30  Vpp resulted in excessive bubble 
formation and local electroosmotic vortices near defects which further disrupted the REP vortex. Additionally, 
high laser powers burned holes in the electrode surface further exacerbating the bubble and vortex formation. 
Lastly, the high salt concentration decreases the thickness of the double layer on the particles as well. The electric 
double layers play a crucial role in the stability of colloidal suspensions. Reduced double layer thickness, due 
to charge screening, promotes permanent adhesion of the particles to each other and to the electrode surface. 
Hence, it is concluded that high salt concentration media are detrimental to REP trapping and manipulation.

Mammalian cell micro‑manipulation in sugar‑based media. The observations from previous sec-
tion enhance the understanding of REP patterning and manipulation in bio-relevant media. The electrokinetic 
mechanisms cease to operate in high salt concentration media while most of the biological cells are not viable in 
hypotonic media. Hence, a sugar-based isotonic medium is used to ensure cell viability as well as that the REP 

(1)�fET � =
εm

2
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2
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Figure 3.  (a) Time-averaged velocity field around a REP trap created in a passivated chip with 0.1X PBS in 
presence of a 24  Vpp 100 kHz electric field. The longest arrow corresponds to ~ 3.3 µm/s. (b) Maximum velocity 
of a REP trap in a passivated chip computed by a PIV analysis as a function of field frequency.
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vortex is not hindered significantly. Figure 4 shows the axisymmetric radially-inward velocity field of a REP 
vortex created in the sugar-based isotonic medium computed using a time-averaged PIV analysis. The vortex 
was created using a 10  Vpp–30 kHz electric field and an 80 mW laser spot. It is observed that the maximum veloc-
ity, along the plane of the electrodes, is ~ 14 µm/s which is larger than that observed in the salt-based medium 
around similar frequencies. This observation is explained by the loss in the net electric field strength and tem-
perature gradients in the latter case due to the passivation layer (SOG). Only a vortex is observed in the sugar-
based medium and particles are not trapped. Although, introducing a DC offset in the electric field is found to 
enable REP trapping in the sugar medium. However, studying the effect of the DC component on the nature of 
a REP trap is beyond the scope of this work. This work focusses on using REP for mammalian cell manipulation 
and a future article will discuss the effects of DC offset on REP traps.

The viability of the cells in the sugar medium is assessed by MTT assay. KPC2 cell growth gradually reduces 
in the sugar medium but they are relatively viable (~ 90%) up to an hour, as shown in Fig. 5a. Additionally, the 

Figure 4.  Time-averaged velocity field around a REP trap created with sugar-based isotonic medium in 
presence of a 10  Vpp–30 kHz electric field and an 80 mW laser spot. The longest arrow corresponds to ~ 14 µm/s.

Figure 5.  (a) Viability of KPC2 cells suspended in the sugar medium for different durations, presented as a 
percentage of the control group (0 h). (b) Live/dead cell viability test on ITO substrates with different surface 
treatments after two days in regular culture conditions. Cell counts were normalized by the control group. Bars: 
mean ± std. error (n = 3). (c) Cell viability after exposure to an electric field (10  Vpp, 100 kHz) presented as a 
percentage of the 0 min case. The control (red bar with E = 0) is a repetition of the 0.5 h case in panel a. Bars: 
mean ± standard deviation (n ≥ 4). *p < .05, **p < .01, ***p < .001, and n.s. indicates no statistically significant 
difference with respect to the control showing p > .05 (Student t-test).
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viability of the cells is assessed on ITO coated glass substrates with different surface treatments and a control 
substrate (glass coverslip) using a live/dead cell staining assay. ITO coverslips treated with 0.1% bovine serum 
albumin (BSA), 1% BSA, 0.2% pluronic F68 solutions and an uncoated ITO coverslip are tested for cell viability 
in addition to the control. The said solutions are coated on clean ITO coverslips, which are left to dry overnight. 
The treated substrates are gently washed with ultrapure water to remove excess solution. The surface treatments 
are performed to prevent non-specific cell adhesion to the REP electrodes during manipulation experiments. The 
normalized cell count in Fig. 5b shows that the cells are equally viable on all the substrates and surface treatments. 
Consequently, the cell viability is not affected by any surface coating procedure showing no statistical significance 
compared to control glass substrate. The viability of cells after being exposed to the electric field (10  Vpp, 100 kHz) 
is assessed as well and is presented in Fig. 5c. Even though particle trapping without a DC offset is not seen, a 
steady REP vortex is observed in the sugar-based media for a wide range of field frequencies. Hence, a 100 kHz 
field is used for the viability test to minimize non-specific cell adhesion on the electrodes. It is found that the cell 
viability under electric field decreases with time however, it is > 60% for up to 30 min of exposure. REP entrap-
ment, manipulation and deposition tasks are carried out in a time period of 0.5–1 h. Another control (red bar 
in Fig. 5c) is assessed in which the cells are exposed to the sugar media in the REP chip for 30 min but without 
any electric field. This is essentially a repeat of the case presented in Fig. 5a and it is found that the viability is 
consistent with the said case. It should be noted that the standard deviation in Fig. 5c is calculated by measuring 
cell count in 4–10 different regions in a single REP chip. Many applications use GlutaMAX™ to improve cell health 
and viability. However, the additional NaCl from the supplement results in increased non-specific cell/particle 
adhesion to the electrodes. Hence, it is concluded REP is a viable option for KPC2 cell manipulation as long as 
the sugar medium is replaced with the culture medium as soon as they are patterned and deposited minimizing 
electric field exposure to the cells during the process.

KPC2 cells are separated from the culture medium by centrifugation at 125 g for 5 min and then suspended in 
the sugar-based medium at a concentration of 2 ×  106 cells/ml. The solution is supplied in a REP chip fabricated 
using uncoated ITO substrates. The chip is subjected to an electric field of 20  Vpp (− 200 mV DC offset), 20 kHz 
and a trap is created using a 40 mW laser spot. Figure 6 and supplementary Video SV1 show the manipula-
tion of a single cell trapped using REP. A single cell is trapped and moved around permanently stuck cells and 
polystyrene tracer particles. Freely moving tracer particles, in Video SV1, are being translated towards the cell 
before being swept back into the bulk medium. This shows that the cell is indeed trapped at the center of the 
REP trap. Note that Video SV1 is sped up 4-times. Stable trapping and manipulation is observed using a laser 
spot of lesser power (40 mW) than what is used to trap polystyrene particles (50–80 mW) suspended in the 
same medium as the cells. It is observed that the cells are swept away from the electrode surface, by the REP 
vortex, into the bulk medium at higher laser powers. This is explained by the larger drag force experienced by 
the cells due to their size in comparison to polystyrene particles. Moreover, unlike polystyrene particles, cells are 
not deposited permanently on the electrode surface at low field frequency or high values of DC offset (~ 2 V). 
Although, some non-specific adhesion was observed on the electrode surface. Additionally, as discussed in our 
earlier  work28, REP entrapment in the electrode plane is purely hydrodynamic. A KPC2 cell, much larger than 
the polystyrene particles, is approximately the same size as the REP trap. While translating, it is more likely to 
lose the cell as it may fall out of the REP trap’s region of influence. Resultantly, the cells are manipulated at a 
much slower speed than 1 µm particles. In video SV1 and Fig. 6, the cell is translated over a distance of 45 µm at 
a speed of ~ 1.3 µm/s. The manipulation speed can be enhanced by increasing the laser spot size which in turn 
increases the trap size and creating steeper temperature gradients which increase hydrodynamic drag-based trap-
ping force. These observations suggest that the cell-electrode interaction is weak and they are primarily trapped 
in the potential well created by the drag force of the REP vortex and gravity. It is speculated that the double layer 
polarization of the cells is not as strong as the polystyrene particles due to their larger size (~ 20 µm). Moreover, 
unlike a dielectric particle such as a polystyrene bead, a biological cell is much more complex in its structure and 

Figure 6.  Manipulation of a KPC2 cell using REP. The panels are image frames taken from the supplementary 
Video SV1. The white arrow shows the translation of a single cell under the influence of a REP trap. 1 μm 
particles (white dots) are used as tracers for the REP vortex. Scale bar = 25 µm is common for both the panels.
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its response to an electric field. A biological cell is made of multiple layers of different materials, each of which 
has a different response to an electric field. Additional comments on modelling the cell-electrode interaction 
can be found in the supplementary Sect. S2. Further investigation is suggested to enhance patterning and 3D 
bioprinting capabilities of REP.

Conclusion
This work extends the non-invasive micromanipulation capabilities of rapid electrokinetic pattering (REP) to 
bio-relevant media and mammalian cells. It is observed that salt-based isotonic suspension media, such as PBS, 
can be detrimental to the REP vortex strength. Moreover, they can cause non-specific adhesion globally on the 
electrode surface. Some effects of the high salt concentration are mitigated by passivating the electrode surface 
with a thin dielectric layer. Although, passivation enables REP manipulation in low concentration salt-based 
media (~ 0.1× PBS), it requires the electrical field strength and the laser power to be drastically increased to do 
so. Alternatively, a sugar-based (8.5% w/v sucrose and 0.3% w/v dextrose) isotonic medium is used to avoid the 
complexity posed by salts. It is found that KPC2 murine pancreatic cancer cells are viable in the sugar medium 
for the time scales typical in REP manipulation (0.5–1 h). Additionally, they are compatible with ITO electrodes 
and various surface treatments used to prevent non-specific permanent adhesion for at least 2 days. As a result 
of the preceding investigations, single cancer-cells are successfully manipulated with REP for the first time. The 
speed of cell manipulation with REP was somewhat slower than what is typically used for polystyrene particles. 
Additionally, the cells did not get permanently deposited on the electrode surface near the trap center at low 
electric field frequencies (< 10 kHz) unlike synthetic particles. This is attributed to the dielectric behavior of 
the shell-like structure of cells which is different from the solid particles typically used in REP manipulation.

Data availability
The data generated and analyzed in this study is available from the corresponding author on reasonable request.

Received: 25 January 2023; Accepted: 23 May 2023

References
 1. Kumar, A., Williams, S. J., Chuang, H.-S., Green, N. G. & Wereley, S. T. Hybrid opto-electric manipulation in microfluidics—

Opportunities and challenges. Lab Chip 11, 2135 (2011).
 2. Williams, S. J., Kumar, A. & Wereley, S. T. Electrokinetic patterning of colloidal particles with optical landscapes. Lab Chip 8, 

1879–1882 (2008).
 3. Kumar, A., Chuang, H. S. & Wereley, S. T. Dynamic manipulation by light and electric fields: Micrometer particles to microliter 

droplets. Langmuir 26, 7656–7660 (2010).
 4. Ashkin, A., Dziedzic, J. M., Bjorkholm, J. E. & Chu, S. Observation of a single-beam gradient force optical trap for dielectric 

particles. Opt. Lett. 11, 288 (1986).
 5. Ashkin, A. & Dziedzic, J. M. Optical trapping and manipulation of viruses and bacteria. Science 235, 1517–1520 (1987).
 6. Moffitt, J. R., Chemla, Y. R., Smith, S. B. & Bustamante, C. Recent advances in optical tweezers. Annu. Rev. Biochem. 77, 205–228 

(2008).
 7. Chiou, P. Y., Ohta, A. T. & Wu, M. C. Massively parallel manipulation of single cells and microparticles using optical images. Nature 

436, 370–372 (2005).
 8. Rahman, M. A., Cheng, J., Wang, Z. & Ohta, A. T. Cooperative micromanipulation using the independent actuation of fifty micro-

robots in parallel. Sci. Rep. 7, 1–11 (2017).
 9. Ohta, A. T. et al. Motile and non-motile sperm diagnostic manipulation using optoelectronic tweezers. Lab Chip 10, 3213–3217 

(2010).
 10. Pohl, H. A. The motion and precipitation of suspensoids in divergent electric fields. J. Appl. Phys. 22, 869–871 (1951).
 11. Zhang, C., Khoshmanesh, K., Mitchell, A. & Kalantar-Zadeh, K. Dielectrophoresis for manipulation of micro/nano particles in 

microfluidic systems. Anal. Bioanal. Chem. 396, 401–420 (2010).
 12. Tanyeri, M., Ranka, M., Sittipolkul, N. & Schroeder, C. M. A microfluidic-based hydrodynamic trap: Design and implementation. 

Lab Chip 11, 1786–1794 (2011).
 13. Tanyeri, M. & Schroeder, C. M. Manipulation and confinement of single particles using fluid flow. Nano Lett. 13, 2357–2364 (2013).
 14. Shenoy, A., Rao, C. V. & Schroeder, C. M. Stokes trap for multiplexed particle manipulation and assembly using fluidics. Proc. Natl. 

Acad. Sci. U. S. A. 113, 3976–3981 (2016).
 15. Büttgenbach, S., Constantinou, I., Dietzel, A. & Leester-Schädel, M. Mechanical microgrippers. In Case Studies in Micromechatron-

ics (eds Büttgenbach, S. et al.) 145–209 (Springer, Berlin, Heidelberg, 2020).
 16. Kim, K., Liu, X., Zhang, Y. & Sun, Y. Nanonewton force-controlled manipulation of biological cells using a monolithic MEMS 

microgripper with two-axis force feedback. J. Micromech. Microeng. 18, 055013 (2008).
 17. Sikora, M., Sulkowska, J. I., Witkowski, B. S. & Cieplak, M. BSDB: The biomolecule stretching database. Nucl. Acids Res. 39, 

D443–D450 (2011).
 18. van de Laar, T. et al. Light from within: Sensing weak strains and FemtoNewton forces in single molecules. Chem 4, 269–284 (2018).
 19. Blumberg, S., Pennington, M. W. & Meiners, J. C. Do femtonewton forces affect genetic function? A review. J. Biol. Phys. 32, 73–95 

(2006).
 20. Kumar, A., Williams, S. J. & Wereley, S. T. Experiments on opto-electrically generated microfluidic vortices. Microfluid Nanofluidics 

6, 637–646 (2009).
 21. Kumar, A., Cierpka, C., Williams, S. J., Kähler, C. J. & Wereley, S. T. 3D3C velocimetry measurements of an electrothermal micro-

vortex using wavefront deformation PTV and a single camera. Microfluid Nanofluidics 10, 355–365 (2011).
 22. Ramos, A., Morgan, H., Green, N. G. & Castellanos, A. AC electrokinetics: A review of forces in microelectrode structures. J. Phys. 

D Appl. Phys. 31, 2338–2353 (1998).
 23. Ramos, A., Morgan, H., Green, N. G. & Castellanos, A. AC electric-field-induced fluid flow in microelectrodes. J. Colloid Interface 

Sci. 217, 420–422 (1999).
 24. Green, N. G., Ramos, A., González, A., Castellanos, A. & Morgan, H. Electric field induced fluid flow on microelectrodes: The 

effect of illumination. J. Phys. D Appl. Phys. 33, L13–L17 (2000).
 25. Mishra, A., Clayton, K., Velasco, V., Williams, S. J. & Wereley, S. T. Dynamic optoelectric trapping and deposition of multiwalled 

carbon nanotubes. Microsyst. Nanoeng. 2, 16005 (2016).



9

Vol.:(0123456789)

Scientific Reports |         (2023) 13:9819  | https://doi.org/10.1038/s41598-023-35722-3

www.nature.com/scientificreports/

 26. Velasco, V. & Williams, S. J. Electrokinetic concentration, patterning, and sorting of colloids with thin film heaters. J. Colloid 
Interface Sci. 394, 598–603 (2013).

 27. Williams, S. J. Enhanced electrothermal pumping with thin film resistive heaters. Electrophoresis 34, 1400–1408 (2013).
 28. Mishra, A., Gupta, K. & Wereley, S. T. Nature of trapping forces in optically induced electrothermal vortex based tweezers. Phys. 

Rev. Fluids 6, 23701 (2021).
 29. Gupta, K., Chen, Z., Williams, S. J. & Wereley, S. T. Time-resolved particle image velocimetry analysis and computational modeling 

of transient optically induced electrothermal micro vortex. Electrophoresis 42, 2483–2489 (2021).
 30. Moore, G. E. & Ulrich, K. Suspension cultures of mammalian cells: A review. J. Surg. Res. 5, 270–282 (1965).
 31. Segeritz, C. -P., Vallier, L. Cell culture: Growing cells as model systems in vitro, in Basic Science Methods for Clinical Researchers 

(eds. Morteza Jalali, Francesca Y.L. Saldanha, Mehdi Jalali) 151–172 (Academic Press, 2017).
 32. Morgan, H. & Green, N. AC Electrokinetics: Colloids and Nanoparticles (Research Studies Press Limited, 2003).
 33. Grahame, D. C. Mathematical theory of the faradaic admittance. J. Electrochem. Soc. 99, 370 (1952).
 34. Bard, A. J. & Faulkner, L. R. Electrochemical Methods: Fundamentals and Applications (Wiley, 2001).
 35. Green, N. G., Ramos, A., González, A., Castellanos, A. & Morgan, H. Electrothermally induced fluid flow on microelectrodes. J. 

Electrost. 53, 71–87 (2001).
 36. Gascoyne, P. R. C., Wang, X. B., Huang, Y. & Becker, R. F. Dielectrophoretic separation of cancer cells from blood. IEEE Trans. 

Ind. Appl. 33, 670 (1997).
 37. Cox, R. P. & Gesner, B. M. Studies on the effects of simple sugars on mammalian cells in culture and characterization of the inhibi-

tion of 3T3 fibroblasts by L-fucose. Cancer Res. 28, 1162–1172 (1968).
 38. Kunti, G., Agarwal, T., Bhattacharya, A., Maiti, T. K. & Chakraborty, S. On-chip concentration and patterning of biological cells 

using interplay of electrical and thermal fields. Anal. Chem. 92, 838–844 (2020).
 39. Williams, S. J., Kumar, A., Green, N. G. & Wereley, S. T. A simple, optically induced electrokinetic method to concentrate and 

pattern nanoparticles. Nanoscale 1, 133–137 (2009).
 40. Williams, S. J., Kumar, A., Green, N. G. & Wereley, S. T. Optically induced electrokinetic concentration and sorting of colloids. J. 

Micromech. Microeng. 20, 015022 (2010).
 41. Kumar, A. et al. Optically modulated electrokinetic manipulation and concentration of colloidal particles near an electrode surface. 

Langmuir 26, 5262–5272 (2010).
 42. Habbe, N. et al. Spontaneous induction of murine pancreatic intraepithelial neoplasia (mPanIN) by acinar cell targeting of onco-

genic Kras in adult mice. Proc. Natl. Acad. Sci. U. S. A. 105, 18913–18918 (2008).
 43. Moon, H. R. et al. An engineered pancreatic cancer model with intra-tumoral heterogeneity of driver mutations. Lab Chip 20, 

3720–3732 (2020).
 44. Gui, L. & Merzkirch, W. Generating arbitrarily sized interrogation windows for correlation-based analysis of particle image 

velocimetry recordings. Exp. Fluids 24, 66–69 (1998).
 45. Gui, L. & Wereley, S. T. A correlation-based continuous window-shift technique to reduce the peak-locking effect in digital PIV 

image evaluation. Exp. Fluids 32, 506–517 (2002).
 46. Wereley, S. T. & Gui, L. A correlation-based central difference image correction (CDIC) method and application in a four-roll mill 

flow PIV measurement. Exp. Fluids 34, 42–51 (2003).

Acknowledgements
HM and BH thank the support by grants from the National Institutes of Health (R01 CA254110, U01 CA274304 
and P30 CA023168) and National Science Foundation (MCB-2134603). The authors would like to thank Kath-
erine Clayton and Seungman Park for discussions on REP manipulation of mammalian cells.

Author contributions
K.G. designed and conducted the experiments, analyzed the data, created Figs. 1, 2, 3, 4, 6 and supplementary 
video SV1, and wrote the main text and the supplementary information. H.M. cultured the mammalian cells used 
in this work, conducted the viability tests, created Fig. 5, and contributed in writing the main text. Z.C. analyzed 
the single-shell model to discuss the cell-electrode interaction, created supplementary Fig. S1, contributed in 
writing supplementary information Sect. S1 and conducted cell viability test. B.H., N.G. and S.W. supervised 
conception of the experiments and the analyses. All authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 35722-3.

Correspondence and requests for materials should be addressed to S.T.W.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

https://doi.org/10.1038/s41598-023-35722-3
https://doi.org/10.1038/s41598-023-35722-3
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Optically induced electrothermal microfluidic tweezers in bio-relevant media
	Challenges with AC electrokinetic phenomena in bio-relevant media. 
	Salt-based media: electrode passivation. 
	Sugar-based media: DC offset in the electric field. 
	Materials and methods
	REP chip and apparatus. 
	Mammalian cell culture. 
	Cell viability assay in sugar-based medium. 
	Livedead cell staining assay. 

	Results and discussion
	Salt-based media. 
	Mammalian cell micro-manipulation in sugar-based media. 

	Conclusion
	References
	Acknowledgements


