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Abstract 

We introduce an innovative method for patterning one or multiple types of polymeric 

microparticles by electrospraying them towards a collecting surface patterned with an array 

of microelectrodes. By independently programming the electric state of each microelectrode, 

microparticles can be confined within desired regions with a high patterning contrast. The 

patterning principle and the role of the floating electrodes are discussed. Co-patterning of 

multiple types of particles on a planar surface and along the vertical direction is 

demonstrated. With the superior co-patterning capacity and the simple configuration, this 

work is expected to facilitate the development of biosensing, microscale tissue engineering 

and other microparticle-based total analysis. 
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1. Introduction 

Spatial patterning of micro/nanoscale particulate species has become increasingly popular 

due to the broad applications in chemical and biological engineering [1, 2]. For example, 

assembly of colloidal microparticles plays a crucial role in electrical resistive chemical and 

biosensors [3]; surface patterned microparticles can be used to regulate cell attachment [4] as 

well as to study the effect of topographical cues on live cells [5]. Current approaches utilize 

electrostatic force [6], physical confinement [7], capillary force [8], or dielectrophoresis [9] 

for positioning colloidal microparticles at desired spatial sites. Among these methods, 

electrostatic manipulation of particles is attractive due to the enhanced surface-to-volume 

ratio at the small scales [10-12]. For example, aerosol droplets containing small particles was 

selectively deposited on prepatterned electrodes [13, 14], where the patterning resolution can 

be enhanced by introducing ions and utilizing the “electrostatic lens” [15]. In these 

electrostatic patterning studies, surface distribution of the electric charges is often controlled 

using conductive electrodes, chemically modifying  the surface [6]; coating a layer of 

surfactant [10]; or transferring the charge from a PDMS stamp [16, 17]. The electrostatic 

interaction between the incoming particles and the charged collecting surface preferentially 

attracts the particles to the patterned regions. Patterning of multiple types of particles is 

primarily based on the difference in affinity conditions [11]. However, the complexity of 

surface modification for co-patterning increases with the number of particle type. In addition, 

the particle co-patterning along the vertical dimension is not demonstrated. This, to a certain 

extent, compromises the efficacy of electrostatic particle patterning in comprehensive 
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biochemical analyses where co-patterning of two or multiple types of particulate species is 

required. 

 

In this technical note, we demonstrate microparticle patterning by electrospraying polymer on 

a micropatterned collecting surface, where the high DC voltage bias turns the positively 

charged polymer solution into a stream of polymer droplets and drag these droplets towards 

desired regions. The electric connection states of individual microelectrodes on the collecting 

surface are programmed to spatially confine the microparticles. In particular, the floating 

electrodes are used to enhance the patterning contrast, which allow co-patterning of multiple 

types of microparticles on the planar surface or along the vertical direction. 

 

2. Patterning of A Single Type of Microparticles 

Microparticle patterning was demonstrated by using a non-toxic biodegradable polymer 

polycaprolactone (PCL) (Sigma-Aldrich, Mn=60,000). The polymer solution was prepared by 

mixing 10wt% PCL with acetone. In the electrospray process, a DC voltage bias of 20kV was 

applied while the PCL solution was pumped through a metallic capillary at a flow rate of 

0.5ml/hr. Under the electrostatic field, the PCL droplet at the capillary tip deformed into a 

conical shape. When the electrorepulsive force overcame the surface tension, a liquid jet was 

ejected, forming a stream of small and highly charged liquid droplets. The solvent in the 

droplets evaporated while the droplets flew towards the collecting surface that was positioned 

at 15cm vertical distance from the capillary tip. PCL microparticles thus formed as the 

solvent evaporated, and eventually deposited on the collecting surface consisting of an array 
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of interdigitated conductive microelectrodes. Electrospray was performed for 30 seconds 

while all the electrodes were connected to the ground. The results showed that most 

microparticles were deposited on the grounded electrode surface (Figure 1a). The particles 

density in the electrode area was significantly higher than that in the dielectric inter-electrode 

area. By taking the particle density in the ground electrode as the reference, the particle 

density in the inter-electrode area was about 31% (Figure 1c). 

 

Electrospray was also performed by dividing the microelectrodes into two electric connection 

groups. The odd numbered electrodes were grounded while the even numbered electrodes 

were floated from the ground level. After 30 second electrospray most microparticles were 

deposited on the ground electrodes, while very few particles were observed on the floating 

electrodes and the inter-electrode area (Figure 1b). The enhancement of the patterning 

contrast was also observed: the normalized particle density in the inter-electrode area reduced 

to less than 16%. The particle density on the floating electrodes was even lower (7%) (Figure 

1c). Under both conditions (with and without the floating electrodes), the particle sizes had a 

normal distribution with the peak around 3m in diameter. These results were concluded that 

the collecting substrate with microelectrodes can pattern small particles; while the floating 

electrodes can enhance the patterning contrast. This is especially important for patterning 

particles with the size of a few microns or larger where the efficacy of electrostatic focusing 

is compromised due to their relatively smaller surface-to-volume ratio comparing to that of 

nanoparticles. 
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According to previous studies, the size of liquid droplets is determined by the electrospray 

parameters, as expressed by [21]: 

  3/12FR  (1) 

where  stands for the liquid density, F stands for liquid flow rate and  stands for surface 

tension of the droplet at the capillary tip. The droplet size is dominantly controlled by the 

liquid flow rate and secondly by the applied voltage [22], while the electrode configuration 

does not affect the droplet size. Therefore, the droplet dynamics can be determined using the 

following equation [18-20]: 
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where D is the drag coefficient, E is the electric field strength, m is the droplet mass, q is 

droplet charge, d is the droplet diameter, ri,j is the distance between two droplets, t is the time, 

ui is the droplet velocity, uf is the air flow velocity, 0 is the permittivity of free space, and  is 

the air density. It is assumed that with a fast evaporating solvent the droplet size and mass are 

determined within the very beginning period after the ejection, and keep largely unchanged 

during the subsequent flight towards the collecting substrate. 

 

The spatial patterning of microparticles is due to the non-uniform electric field caused by the 

microelectrodes, which can be understood by examining the profile of the electric potential 

wells in the region close to the collecting surface. Finite element analysis showed that when 

all the microelectrodes are grounded (denoted by red block), a potential well forms above 

each microelectrode (Figure 2a). The depth of the potential well is a function of the vertical 

distance to the collecting substrate, the voltage bias, and the electrospray distance. The 
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motion of the positively charged microparticles is governed by the initial particle momentum, 

the drag force by air, and the electrostatic force applied by the potential well. For small 

particles with high surface-to-volume ratio, the electrostatic force dominates. The particles 

are thus attracted to the conductive surface of the microelectrodes where the minimal 

potential occurs. Given the voltage bias and the electrospray distance used in this case, the 

potential well depth of an electrode with 200m in width and 600m in spacing is about 5V 

on the collecting surface. When a floating electrode (denoted by green block) is positioned 

between two neighboring ground electrodes, the local electric field is altered. Because the 

floating electrode is not electrically connected, its initial potential is indefinite. The floating 

electrode experiences a capacitive coupling with the local field determined by all the adjacent 

electrodes with definite voltages. For instance, the capacitance between a coupled electrodes 

pair is given by [23]: 
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Where S and a denotes the electrode area, s is the distance between two electrodes, number 1 

and 2 denotes the ground electrode and the floating electrode respectively. The capacitance C 

between the two electrodes is defined as the ratio of electric charges on the ground electrode 

to the voltage between the two electrodes. Because there is no electrical charge transfer 

between the two electrodes in a pair, the net charge on the floating electrode is zero [24]. 

Therefore, a numerical method must be applied to integrate the Laplace equation 2 0   

with proper boundary conditions [25], where  denotes the electrical potential. The 
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equilibrium depth of the potential well in presence of the floating electrode was thus 

determined numerically, as about 8V (Figure 2b). 

 

As the figure shows, the increase of the potential well depth upon the addition of a floating 

electrode leads to a steeper sidewall of the potential well. This suggested that in presence of 

floating electrodes a positively charged microparticle may experience a larger electrostatic 

force than that without floating electrodes while at the same vertical distance from the 

collecting substrate. In other words, the floating electrodes provide an extra force to push the 

microparticles towards the ground electrodes (or away from themselves). This was further 

validated by simulating the particle trajectory in the region with a non-uniform electric field 

due to the addition of floating electrodes. A total of 100 microparticles with the size and 

velocity determined by equations (1)&(2) are uniformly distributed along the horizontal plane 

and enter the near-electrode region from the top boundary (Figure 2c) The results showed that 

the all particles were repelled by the floating electrodes and deposited on ground electrodes, 

confirming the presence of the electric potential wells. The addition of floating electrodes is 

especially useful for patterning large particles. Experiments confirmed that relatively large 

particles gathered around the ground electrodes in presence of floating electrodes (Figure 1b), 

while they widely spread on the substrate without the floating electrodes (Figure 1a). 

 

3. Co-patterning of Multiple Types of Microparticles 

One beauty of using floating electrodes is to enable programmable patterning of multiple 

types of microparticles on a single collecting substrate. Co-patterning of two types of 
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microparticles was demonstrated (Figure 3). Each electrode was individually switchable 

between the grounded state (when it served as the target of patterning) and the floating state 

(when it served to enhance the patterning contrast). In the experiment, the electrodes on the 

left and on the right were first grounded; while the electrode in the middle was floating. PCL 

microparticles Type I (mixed with the fluorescence dye Rhodamine B (Ex/Em: 

540nm/625nm)) were sprayed on the substrate for 90 seconds. Afterwards, the electrodes on 

the left and right were set to be floating; and the electrode in the middle was grounded. PCL 

microparticles Type II (mixed with the fluorescence dye Calcein blue (Ex/Em: 

370nm/435nm)) were sprayed for another 90 seconds. Microscopic observation showed that 

microparticles Type I were confined within the two electrodes on the sides, while 

microparticles Type II were confined within the middle electrode. 

 

Besides planar co-patterning, this method can also pattern multiple types of microparticles 

along the third dimension. To demonstrate this, microparticles Types II and I were first 

patterned on the left and right electrodes respectively, following the same procedure as above 

mentioned. Afterwards, microparticles Type I were patterned on the left electrode on top of 

the first layer made up of microparticles Type II. Similarly, microparticles Type II were 

patterned on the right electrode on top of the first layer made up of micropartciles Type I. The 

total thickness of the microparticle assembly on each electrode was about 85m. The vertical 

arrangement of microparticles was examined using fluorescence confocal microscopy: at the 

vertical distance of 25m from the collecting substrate, most microparticles on the left 

electrode belonged to Type II, while most microparticles on the right electrode belonged to 
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Type I. The compositions on the two electrodes changed gradually as the focal plane moved 

away from the collecting substrate vertically. At the distance of 60m away from the 

collecting substrate, the particle compositions on the two electrodes switched, as indicated by 

the color change (Figure 4). Collectively, multiple types of microparticles can be co-patterned 

on the lateral plane or along the third dimension by programming the electric connection 

states of the microelectrodes. The patterning complexity does not change drastically with the 

increasing number of the particle type, thus making it easier to perform chemical and 

biomolecular analysis with heterogeneous patterning, particularly allowing co-culturing of 

multiple types of cells to form a functional engineered tissue. 

 

4. Conclusion 

A floating electrode-assisted electrospray method for the production of micropatterns made 

up of one or more types of microparticles has been presented. This method creates a spatially 

heterogeneous electric potential field to pattern microparticles within desired regions. The 

floating electrodes increase the depth of electric potential wells and thus enhance the 

patterning contrast, allowing patterning of particles in the microscale. Moreover, 

co-patterning of two or more types of microparticles within the lateral plane as well as along 

the vertical direction is made possible by programming the electric connection states of the 

electrodes. Comparing the previous microparticle patterning technologies, temporal and 

spatial programming of the electric field presented in this technical note greatly simplifies the 

micropatterning process, especially for patterning multiple types of particles. The 

co-patterning capacity is thus extended, which is expected to facilitate microscale tissue 
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engineering and micro-total-analysis especially when multiple particulate species and/or 

biomolecular entities need to be involved. 
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Figure Captions 

Figure 1: Spatial distribution of microparticles after a 30-second electrospray. (a) All the 

electrodes were connected to the ground; (b) The electrode on the right was grounded while 

the one on the left was floating; (c) Normalized particle density in different regions of the 

collecting surface. The black bar denotes the result with the electric connection state (a). The 

shadowed bar denotes the result with the electric connection state (b). Data were recorded 

from 6 independent samples and were represented as mean±SD. **P<0.01 for a comparison 

of particles depositing in the inter-electrode region to those in the ground electrode region. 

Scale bar=500µm. 

 

Figure 2: Finite element analysis of the electric potential profile and the particle trajectory in 

the close vicinity to the micropatterned electrodes during an electrospray process. (a) Profile 

of the electric potential at the collecting surface when all the electrodes were grounded; (b) 

Profile of the electric potential at the collecting surface when floating electrodes were 

positioned between the neighboring ground electrodes. (c) Particle trajectory with the 

electrode configuration in (b), where the particle mass is estimated as 3.6
-14

kg, charge per 

particle is estimated as 3.84
-15

C. The red blocks denote the ground electrodes. The green 

blocks denote the floating electrodes. 

 

Figure 3: Fluorescence micrographs showing the programmable patterning on a planar 

collecting surface. (a) Electrodes array used for microparticle patterning; (b) When the 

electrodes on the left and right sides were grounded and the one in the middle was floating, 
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Type I particles (red) were deposited primarily on the two electrodes on the sides; (c) When 

the electrode in the middle was grounded while the two on the sides were floating, Type II 

particles (blue) were confined within the middle electrode; (d) Overlapped fluorescence 

image showing the co-patterning of the two types of microparticles. The arrows denote the 

location of floating electrodes. Scale bar=500µm. 

 

Figure 4: Fluorescence confocal micrograph shows the multilayer programmable patterning 

with two types of microparticles. (a) The electrodes used for the multilayer patterning; (b) 

(Upper panel) Fluorescence image by wide field fluorescence microscopy where emission 

throughout the entire thickness is included. (Middle panel) Overlapped confocal images from 

two emission wavelengths at a bottom layer (Z=25m) of the microparticle assembly. 

Microparticles on the left electrode primarily belonged to Type II (blue), while those on the 

right electrode primarily belonged to Type I (red). (Bottom panel) Overlapped confocal 

images from two emission wavelengths at a top layer (Z=60m) of the microparticle 

assembly. Microparticles on the left electrode primarily belonged to Type I, while those on 

the right electrode primarily belonged to Type II. Scale bar=500µm.
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