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Photolithography, soft lithography, and ink jetting have been used for automated
micropattern fabrication. However, most of the methods for microfabrication of surface
pattern are limited to the investigation of material properties of substrates with high-cost
and complex procedures. In the present study, we show a simple (single-step) yet versa-
tile and robust approach to generate biodegradable polymeric particle patterns on a sub-
strate using electrospray deposition through a mask. Various particle patterns including
patterned dots, circles, squares, and bands can be easily formed and the features of parti-
cle patterns could also be tailored using different masks and electrostatic focusing
effects. Furthermore, cell patterns can be achieved on the surface of particle patterns by
blocking the areas without particle deposition on the substrate and culturing cells on the
substrate. Polymeric particle patterns and cell patterns developed in this study could be
used in the high throughput screening of sustained release formulations, cell-based sens-
ing, and drug discovery. In addition to experimental results, an analysis of the associated
electric field is used to investigate quantitatively the nature of focusing effect. Scaling
analysis is also applied to obtain the dominate terms in electrospray deposition process.
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Introduction

The microarray and micropattern technologies have
attracted tremendous interests among researchers owing to
their wide applications in the fields of optics, biotechnology,
electronics, medical and clinical diagnosis, disease finger
printing, drug screening, targeting and evaluation, toxicity
assessment, signal transduction study, and cancer treatment
development.1–3 Microfabrication techniques including pho-

tolithography, soft lithography, and ink jetting have been
widely used for automated micropattern fabrication.2,3 The
details of surface engineering approaches to achieve micro-
pattern surfaces can be referred to the review work by Geiss-
ler and Xia.4 However, most of the methods for microfabri-
cation of surface pattern are limited to material properties of
substrates, high cost, and complex procedures. Cell pattern-
ing is also an important tool for organizing cells on trans-
ducers for cell-based sensing and cell-based drug discovery.5

In addition, controlling cellular microenvironment using
micropatterning may be used in directing cell fate for tissue
engineering applications.6 Cell patterning approaches can
also be used to study fundamentals of cell biology such as
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cell-ECM interactions and cell–cell interactions.7 Photoli-
thography is used to pattern a layer of photosensitive poly-
mer by means of light.8 However, it is limited in its applica-
tions to biotechnology because of its high cost, limited con-
trol over surface properties, indirect application to proteins
and cells, and time consuming from design to prototype.9–11

Low efficiency of substance transfer, the necessity for new
stamp for each substance deposited, and a thorough washing
of the same stamp after deposition of each substance can be
considered as major drawbacks of soft lithography method.12

Ink-jet printing pattern materials by depositing microscopic
droplets under robotic control in a programmable manner
has been used for micropattern generation of cell adhesion
materials for defined neuronal adhesion on various sub-
strates.11,12 In addition, patterning mammalian cells using
elastomeric membrane was studied.13 The main principle of
cell patterning is to engineer the surface of a substrate to
make one part cell adhesive and the other cell repulsive.

Furthermore, only few studies have reported on micropat-
terned colloid particles, which were investigated with litho-
graphically patterned electrodes,13,14 micromoulds,15 electri-
cal-field-induced colloid particle patterns,16 field-induced
layering of colloid crystals,17 stick-slip motion of single col-
loid particle lines,18 and dewetting-induced self-organization
of nanoparticles.19 Electrospray is a process in which a liq-
uid is forced through a capillary and a potential difference
of the order of kilo volts is applied between the capillary
and the collection electrode. Electrospray deposition is one
of the technologies to fabricate micropatterns and has been
used to fabricate protein pattern as biochips. Buchko et al.
fabricated microarray using electrospray deposition with a
conductive mask where deposition occurs on both mask and
substrate evenly, resulting in the loss of raw materials and
poor spot density due to lack of focusing effect.20–23

Although Morozov et al. used a dielectric mask for electro-
spray deposition, the deposition efficiency was improved
comparing to the method by Buchko et al., the interspot dis-
tance was still large (1 mm) and it was limited to the dielec-
tric mask and conductive substrate.24,25 Kim et al. used a
dielectric mask and a conductive substrate with a combina-
tion of a surface acoustic wave atomizer and electrostatic
deposition to fabricate protein chips.26 However, the major
issues as mentioned before still remained.

Electrospray deposition is also a simple and versatile
method for generating thin films in a variety of applications
including LiCoO2 films, NiCo2O4 films, ceramic thin films,
Nafion films, starch films, protein films, cellulose films, poly
(vinylidene fluoride) films, and other organic thin films.27–37

When combined with the use of a mask, a pattern of deposi-
tion substance can be formed on the substrate under the
mask, after the mask was lifted off. Morozov and Morozova
first demonstrated that electrospray deposition can be used
for a simultaneous parallel fabrication of multicomponent
arrays from different substances with dots of any form and
size ranging from millimeters to micrometers.13 Subse-
quently, immobilization of proteins in immunochemical
microarrays fabricated by electrospray deposition was devel-
oped.24 Recently, immunoassay with multicomponent protein
microarrays was fabricated by electrospray deposition.25

More recently, coelectrospraying of nanoparticle suspension
and ions, such as N2 ions or Naþ was reported to create par-

ticle arrays on a surface by modifying the applied field to
produce electrostatic lenses.38,39 Most recently, Li et al. and
Ahmad et al. examined inorganic hydroxylapatite nanocrystal
pattern formation using template-assisted electrohydrody-
namic atomization spraying and their potential biomedical
applications.21–23

In contrast, electrospray deposition has not yet been com-
monly used to fabricate polymeric particle pattern. In our
previous studies, controllable size and morphology of biode-
gradable polymeric particles were achieved by electrospray
approach.40,41 The aim of this work was to engineer the sur-
face of a substrate through the formation of polymeric parti-
cle pattern to extend the application of electrospray deposi-
tion by making use of focusing effect due to the presence of
extra electrical potential applied to the mask. The issues of
traditional electrospray deposition can be solved, such as
reducing the loss of raw materials, enhancing deposition effi-
ciency, increasing the spot density, and reducing the large
inherent interspot distance. Furthermore, the development of
living cell patterns on the surface of the substrate can be
realized. The present work would cover the following sec-
tions: first, to micropattern pluronic F127 and poly(lactic-co-
glycolic acid) (PLGA) particles on the surface of substrates
using electrospray deposition through a mask without and
with assisted electrical potential applied to the mask; second,
to micropattern PLGA particles on the surface of substrates
coated with pluronic F127 using electrospray deposition
through a mask and subsequently culture cells on the surface
of substrates to form cell patterns. Finally, to develop a
mathematical model by considering force balance and charge
conservation equations and assess the relative importance of
the various terms in these equations through scaling analysis.
The novelty of the study can be briefly described as the inte-
gration of theoretical investigation and experimental studies
to quantitatively understand the fundamentals of micropat-
tern in electrospray deposition.

Materials and Methods

Materials

Poly (D, L-lactic-co-glycolic acid) (PLGA) with L:G molar
ratio of 50:50 (MW ¼ 90,000–120,000) was purchased from
Sigma Aldrich (St. Louis, MO). Dichloromethane (DCM),
dimethylformamide (DMF), ethanol, and acetonitrile were
purchased from Tedia Company (Fairfield, OH). Pluronic
F127 was obtained from BASF company (Germany). Masks
were provided by J A Associates (Singapore). Fluorescein
diacetate (FDA) and fluorescein isothiocyanate labeled poly-
styrene (FITC-PS) nanoparticles used for living cell staining
and micropattern formation study were bought from Sigma
Aldrich (St. Louis, MO). All other materials and reagents
used were of analytical grade.

Particle pattern formation

In this study, 5% of Pluronic F127 in ethanol, 10% of
PLGA in acetonitrile, 5% of PLGA in DCM solutions, 20%
of PLGA in DMF and fluorescein isothiocyanate labeled
polystyrene (FITC-PS) nanoparticles in water and ethanol so-
lution were used for particle pattern fabrication by electro-
spray deposition through a mask, respectively. A vertical
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geometry was used for particle pattern fabrication as shown
in Figure 1A. The capillary was given a voltage (as com-
pared to the ground) of around 5.0 to 10.0 kV, which was
sufficient for the solution to reach a stable cone-jet mode for
spraying. The metal ring, given a potential difference (as
compared with the ground) of 4.0 to 8.0 kV, was used to sta-
bilize the electrospray towards the mounted glass slide. This
was necessary since the high viscosity of the polymeric solu-
tion often caused partial clogging of the needle (25 Gauge,
outer diameter: 0.41 mm), resulting in deviance in spraying
direction. The syringe pump (Stoelting, IL) was set from 0.1
to 3.0 ml/h for different samples, and the deposition distance
between the tip of the needle and the glass slide was about
2–5 cm. The particle patterns after fabrication were observed
by optical microscopy (Leica DMIL) with Nikon Digital
Camera DXM1200F.

A slightly different setup was also applied to generate
micropatterns using electrospray deposition, which is shown
in Figure 2. In this new setup, the ring was removed and an
additional electrical potential source was applied to a mask
mesh, which controlled the electrical field nearby the sub-
strate and helped to focus the deposited materials on dielec-
tric or conductive substrates. The potential difference
between mask and substrate was formed by applying certain
positive electrical potential to the conductive mask while the
dielectric substrate (glass slide) is electrically grounded.
Inversely, it can be implemented by applying negative
electrical potential to the conductive substrate while the
dielectric mask is electrically grounded. The superposition of
electric potential field can result in the focusing effect for

controlled deposition. In addition, glass slides can be used as
the target substrate for collection, which is especially impor-
tant for biotechnological applications. For the pluronic F127
coating, the substrate home-made plastic slides were
immersed in 2% pluronic F127 in water solution for 24 h
and then washed with DI water three times.

SEM imaging

The morphology of particle pattern was observed using
scanning electron microscopy (SEM), field emission scan-
ning electron microscopy (FSEM). SEM (Jeol JSM 5600LV,
Tokyo, Japan) and FSEM (Jeol JSM, Tokyo, Japan) required
an ion coating with platinum by a sputter coater (JFC-1300,
Jeol, Tokyo, Japan) for 40 s in a vacuum at a current inten-
sity of 40 mA after preparing the sample on metallic studs
with double-sided conductive tape. The accelerating voltage
ranged from 5–15 kV during scanning.

Cell patterning formation

Hep G2 cells were grown in DMEM supplemented with
10% fetal bovine serum (FBS), 1% penicillin and streptomy-
cin. Cells were transferred to micropatterned samples or con-
trols at a density of 1 � 105 cells/ml. Cells were incubated
for around 3 days, gently rinsed with culture media to
remove loosely adherent cells, and imaged under phase-con-
trast optical microscope. Living cells were stained with Fluo-
rescein Diacetate (FDA) following the standard procedures.
Subsequently, cover slips were taken out and samples were
observed by fluorescence microscope (Leica DMIL) with
Nikon Digital Camera DXM1200F using a 488-nm wave-
length filter.

Results and Discussion

Particle pattern formation

Figure 1A shows the schematic drawing of the electro-
spray deposition setup illustrating the formation of particle
patterns. In a typical electrospray procedure, pluronic F127
in ethanol or PLGA in DCM was fed through a needle. The

Figure 1. (A) A schematic of electrospray deposition
setup; (B) and (C) Schematics showing for-
mation of particle and cell patterns.

Figure 2. A schematic of modified electrospray deposi-
tion setup.

Vn, potential difference between needle tip and the sub-
strate; Vm, potential difference between mask and substrate.
The schematic of a mask shows the size of holes is 150 lm
� 150 lm.
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feeding rate of the solution was controlled by a syringe
pump. Different spray modes including dripping mode, sin-
gle cone-jet mode, and multiple-cone jet mode can be
achieved by altering the high voltage difference between the
needle and ground. In the present study, electrospray deposi-
tion was operated in the single cone-jet mode, which was
used to generate nearly monodispersed droplets. After sol-
vent evaporation from the droplets, solid polymeric particles
were formed either before or after reaching the surface of
substrate, depending on the distance of deposition. The pro-
cedures to form particle pattern and cell pattern by electro-
spray deposition of polymeric particles through a mask were
shown in Figures 1B, C. Various pluronic F127 particle pat-
terns including patterned dots, circles, squares, and bands

can be easily formed by electrospray deposition through the
use of different masks and the feature size of patterns
obtained in this study was around 30–200 lm as shown in
Figure 3. The regions of pluronic F127 seemed to shrink af-
ter coating with Pt in this SEM observation, which could be
due to the effects of coating temperature. Figure 4 shows
images of pluronic F127 particle patterns on the substrate
and pluronic F127 particles deposited on the surface of a
mask. The obtained size for pluronic F127 particles was
around 2 lm as shown in Figure 4E. Similar approach may
be used to spray other types of particle suspensions in appro-
priate solvents to generate particle patterns.

Figures 5A–G shows optical microscopy images of a
variety of PLGA particle patterns. Furthermore, it is

Figure 3. (A–D) Optical microscopy images of various pluronic F127 particle patterns; (E, F) SEM images of plur-
onic F127 pattern.

These samples were prepared with a feed rate of 0.5 ml/h for 5% (w/v) of pluronic F127 in ethanol solution. (—) scale bar: 100 lm.

Figure 4. (A, B) Optical images of pluronic F127 pattern; (C, D) SEM images of pluronic F127 particles deposited
on the surface of a mask; (E) High-magnification SEM image of (D).

These samples were prepared with a feed rate of 0.5 ml/h for 5% (w/v) of pluronic F127 in ethanol.
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demonstrated that coumarin 6-loaded biodegradable poly-
meric particle patterns can be achieved. Fluorescence mi-
croscopy images indicate the distribution of coumarin6
encapsulation inside PLGA particles (in green color) as
shown in Figures 5H, I. The encouraging results might be
extended to various types of bioactive materials/molecules
such as proteins, enzymes, and DNA fragments.42 These
materials/molecules may be loaded inside the biodegradable
particles which form the patterns, and could be used for the
screening of sustained release formulations, sensing systems,
diagnostic systems, or regulate cell fate locally. Moreover,
Roh et al. reported that multicomponent particles (biphasic
Janus particles and triphasic particles) can be obtained by
using electrospray through side-by-side dual or triple capilla-
ries.43,44 Therefore, the particle patterns with multi compo-
nents encapsulation could be achieved using a similar

approach. Figure 5L shows the fluorescent microscope image
of living cells stained with FDA, which grew on the mask
after deposition of PLGA particles. This finding suggests
that electrospray deposition could be used to engineer the
surface by coating the cell-repulsive surface with cell-adhe-
sive materials and vice versa. Figures 6A–C shows SEM
images of PLGA particle patterns prepared with a feed rate
of 3 ml/h for 5% PLGA DCM solution. The high magnifica-
tion SEM images corresponding to Figures 6A–C are shown
in Figures 6D–F. The organic solvent was partially evapo-
rated before the particles were deposited on the substrate
and therefore, the partially dried droplets collapsed and inter-
connected particles can be observed subsequently. For this
case, complete solvent evaporation can be achieved by
increasing the distance between the tip of the needle and the
substrate. Figures 6G–I shows SEM image of PLGA pattern

Figure 5. PLGA particle patterns.

(A–G) Optical microscope images of various PLGA particle patterns; (A–C) PLGA particle patterns with different deposition times: 1, 5,
10 min; (H and I): Fluorescent microscope images of coumarin6-loaded PLGA particle patterns; (J and K) SEM images of PLGA particles
deposited on the surface of a mask; (L) cell growth on the mask after PLGA particle deposition. These samples were prepared with a feed
rate of 3 ml/h for 5% PLGA DCM solution. (—) scale bar for (A–I) and (L): 200 lm. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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prepared with a feeding rate of 0.5 ml/h for 10% PLGA
acetonitrile solution and discrete particles can be found on
the substrate due to the faster acetonitrile evaporation as
compared to DCM. It can be observed from Figure 6 that
the particle size could be tailored by varying the process-
ing parameters and solution properties, and the size of
biodegradable polymeric particle ranging from 200 nm
to several tens of microns was reported in our previous
studies.40,41

For setup shown in Figure 2, the 3D electrical field calcu-
lation was used to verify the focusing effect, which was
obtained using the software COMSOL3.3 as shown in Fig-
ure 7. With an increase of the potential difference between
mask and substrate, the focusing effect can be clearly
observed. Similar focusing effect was also observed in an
inverse arrangement, where a negative high voltage was

applied to the conductive substrate and the mask dielectric
was grounded. To investigate the focusing effect experimen-
tally, 20% of PLGA in DMF solution was sprayed at the flow
rate of 0.2 ml/h under different potential differences (Vm)
between mask and substrate. No clear pattern was formed
when Vm was set zero. With increasing Vm, the deposition
pattern was clearly observed due to the electrical field focus-
ing effect. The focusing effect was also demonstrated experi-
mentally as shown in Figure 7. In addition, the focusing
effect was also observed when FITC-PS nanoparticles in
ethanol solution were deposited to form patterns as shown in
Figure 8. Interestingly, if deposition time is long enough at
the flow rate of 0.2 ml/h, the particle deposition controlled by
electric field can be self-assembled to form micropatterns
with three-dimensional microstructures such as particle-rod
as shown in Figures 9A,B. In practice, especially after

Figure 6. SEM images of PLGA particle patterns.

(A–C) Prepared with a feeding rate of 3 ml/h for 5% PLGA DCM solution; (D–F) High-magnification SEM images for the circular
regions labeled in panels A, B, and C, respectively; (G–I) Prepared with a feed rate of 0.5 ml/h for 10% PLGA acetonitrile solution; (J–L)
High-magnification SEM image of G, H, and I, respectively.
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deposition over an extended period of time, some particles
could be deposited on the surface of masks and the charges,
which particles carried could change the local electric field.
The electric field streamline could alter, possibly resulting in
dispersed particles around tree-like rod. In addition, the flow
rate could also be used to tune micropatterns with different
three-dimensional structures. The micropatterns of tree-like
branched structures were formed at the flow rat of 0.5 ml/h
(inserted picture in Figure 9B) because high liquid flow rate
produces large number of particles as to allow high possibil-
ity of particle deposition at various points such that growth
of the branched structure happens along multiple directions.
Different micropatterns could be obtained by replacing differ-
ent masks and the wall-like PLGA micropattern was obtained
as shown in Figures 9C, D. Likewise FITC-PS nanoparticles

with the size of 200 nm could be deposited to form a protrud-
ing particle cluster at the center. The stronger fluorescence in-
tensity observed at the center position rather than at the pe-
ripheral part of the deposited spot was due to the high density
of FITC-PS nanoparticles at the center position. Similar 3D
microstructure formed by nanoparticles deposition with aero-
dynamic focusing effect was reported.45

Cell pattern formation

Commonly, BSA, PEG-based surface modification materi-
als, and PEO-based tri-block polymers have been used as cell
repulsive materials.46 In the present study, pluronic F127 was
chosen as the block material to inhibit cell adhesion. After
coating hydrophobic substrate (plastic slides) with pluronic

Figure 7. Computational simulation vs. experimental patterns.

Simulated electric field stream lines with a constant voltage 7.5 kV applied to the nozzle are plotted against optical phase contrast images
of PLGA patterns under different potential differences between mask and substrate. (a) 0V, (b) 500V, and (c) 2000V. The solution used in
electro-spray is 2% PLGA in DMF.
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F127 to make the regions without particle deposition cell-re-
pulsive, cells were seeded to the particle patterns and cell
patterns could be obtained after 3-day incubation with Hep
G2 cells as shown in Figure 10. Figures 10A–C shows optical
phase contrast images of cell arrays, which were formed on
the surface of particle pattern. After FDA staining, fluores-
cence microscopy images indicate clear cell arrays in green
color as shown in Figures 10D–F, which suggest that cells
prefer to grow on the surface of PLGA particle patterns.
Also, it was observed from Figure 10E that one cluster con-
sisted of �30 cells. Cell adhesive materials, such as fibronec-
tin and collagen could be sprayed together with polymers to
enhance cell adhesive property. The cell pattern shown in
Figure 10F is about 10 times larger than Figure 10E. This
comparison illustrates the capability of controlling the length
scales of different cell patterns by the present study. Fig-
ure 10G as one of negative controls shows that the cells did
not grow on the surface of PLGA particle pattern, which could
be due to the adsorption of pluronic F127 on the surface but
grew on the region without PLGA particle deposition on the
glass slide substrate. No cell pattern formation was observed
on the surface of PLGA particle pattern (on the plastic slide
substrate) without coating of pluronic F127 or directly on the
plastic slide substrate as shown in Figures 10H, I.

Computational analysis

In addition to experimental results, a mathematical model
has been developed to analyze the associated electric field to
investigate quantitatively the nature of focusing effect.

Governing Equations. Poisson’s equation (Eq. 1) in
spherical coordinates is applied to calculate the electrical
potential field.

r2V ¼ 1

r2
@

@r
r2
@V

@r

� �
þ 1

r2 sin h
@

@h
sin h

@V

@h

� �

þ 1

r2 sin2 h

@2V

@/2
¼ �q

e0
ð1Þ

where V is the electrical potential, e0 is the electrical
permittivity of air, and q is the space charge density. The
electrical field vector, E, for spherical coordinates can then be
calculated by taking the negative gradient of the electrical
potential field as mentioned in Eq. 2.

E ¼ �rV ¼ � @V

@r
rþ 1

r

@V

@h
hþ 1

r sin h
@V

@/
u

� �
(2)

In this equation, r, h, and u are the unit vectors in r, h,
and u directions, respectively. The electrical potential is
monotonously distributed in h and u directions; hence, the
related components in Eqs. 1 and 2 can be ignored.47 There-
fore Eq. 1 can be substituted in Eq. 2 as follows to calculate
the magnitude of the electrical field,

Ej j � � @V

@r
¼ qr

3e0
(3)

To gain further insight into the electrospray deposition,
various forces exerting on a charged droplet moving through
still air, with an imposed electrical field, were examined,
including electrostatic force, gravitational and buoyancy

Figure 8. Optical phase contrast (A, C) and fluorescence microscopy (B, D) images of FITC-PS nanoparticle pat-
terns under different potential differences between mask and substrate.

(A, B) 0 V; (C, D) 2000 V. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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forces, drag force due to air resistance, columbic repulsion
force, and image force. Charges of individual droplets in a
positive-ion electrospray of pure acetonitrile near the Ray-
leigh limit of charge were measured.48 Here, the maximum
charge on the droplet generated by electrospray can be esti-
mated by Rayleigh equation:

qd ¼ 8pðe0cR3
dÞ

1=2 (4)

where qd is the charge, e0 is the electrical permittivity of
vacuum, c is the surface tension, and Rd is the radius of
droplet. The magnitude of the electric field force (FE) can be
calculated by the following equation.

FE ¼ Ej jqd (5)

The magnitude of the gravitational (Fg) and buoyancy
(FB) forces can be incorporated into each other and calcu-
lated by Eq. 6.

Fg þ FB ¼ 4

3
pR3

d qd � qfð Þg (6)

where qd is the density of droplet, qf is the density of fluid, and
g is the magnitude of the gravitational acceleration. The
magnitude of the electrical force between the droplets and the
induced charge on the conductive grounded plate (which is
named as the image force, Fim) can be calculated by the
following equation.

Fim ¼ q2

2pe0a3
r

1� r=að Þ2
h i2 (7)

Equation 7 is mentioned in spherical coordinates, where a
shows the distance between the droplet and the substrate sur-
face and r shows the droplet position in the r-direction.49

The magnitude of the columbic repulsion force vector (Fq)
can be calculated by Eq. 8.

Figure 9. (A–D) Three-dimensional PLGA particle micropattern formation.

Scale bar for the inset in (B) is 100 lm. (E) Fluorescence microscopy image of FITC-PS nanoparticles pattern. (F) SEM image illustrating
high magnified view of (E). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Fq ¼
Xn
i¼2

q � qi
4pe0

1

r2i
(8)

where ri shows the center–center distance between the droplet
of concern and surrounding droplets. The magnitude of the
drag force (FD) can be estimated by the following equation.

FD ¼ 1

2
CDðpR2

dÞqfu2t (9)

where ut is the droplet velocity due to the drag and
gravitational forces, pR2

d is the cross sectional area perpendi-
cular to the flow direction, and CD is the drag coefficient. The
velocity of droplets (�0.23 � 0.13 m/s) under the representa-
tive fabrication parameter set was determined by Phase
Doppler Particle Analyzer (TSI Inc. MN) at the position of
3 cm below the tip of nozzle, with the characteristic Reynolds
number corresponding to the Stoke’s regime (Re � 0.001–0.4).
Drag coefficient in Stock’s regime can be calculated by the
following equation.

CD ¼ 24

Re
¼ 12l

qfutRd

(10)

Therefore, Eq. 10 can be substituted in Eq. 9 and results
in the following equation.

FD ¼ 6plRdut (11)

Electrical charge on droplets can easily be represented by
space charge density using the following equation.

q ¼ q
4
3
pR3

d

(12)

where q is the space charge density. The force balance
equation for falling droplet can be developed as follows

qd
4

3
pR3

d

� �
du

dt
¼ FD þ FE þ Fg þ FB þ Fq þ Fim (13)

Figure 10. (A–C) Optical phase contrast microscopy images indicating cell pattern formation after the generation
of particle pattern on the plastic substrate incubated with Hep G2 cells for 3 days and the regions with-
out particle deposition being coated with pluronic F127; (D–F) Fluorescent microscopy images corre-
sponding to A–C (green color indicates the living cells stained with FDA); (G) PLGA particle pattern on
the glass slide with the adsorption of pluronic F127 on the surface of PLGA particle pattern; (H) PLGA
particle pattern on the plastic slide without the coating of pluronic F127; (I) plastic slide substrate with-
out particle pattern.

The particle patterns were prepared with a feed rate of 3 ml/h for 5% PLGA DCM solution. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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where u is the total velocity, which can be considered as sum
of the two velocities, the velocity of the charged droplets due
to the drag and gravitational forces, ut and the velocity of the
charged droplets due to the electrical forces, ue. Thus, Eq. 13
can be rewritten as follows

qd
4

3
pR3

d

� �
dðut þ ueÞ

dt
¼ qd

4

3
pR3

d

� �
dut
dt

þ due
dt

� �

¼ FD þ FE þ Fg þ FB þ Fq þ Fim ð14Þ

After substituting Eq. 3 to 12 in Eq. 14, it can be divided
in two separate equations as follows

qd
4

3
pR3

d

� �
dut
dt

¼ 6plRdut þ 4

3
pR3

d qd � qfð Þg (15)

qd
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3
pR3

d

� �
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dt
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q2r
3e0

þ 4

3
pR3

d

� �2 q2

4pe0

Xn
i¼2

1

r2i

þ 4

3
pR3

d

� �2 q2

2pe0a3
r

1� r=að Þ2
h i2 ð16Þ

An additional equation is needed to describe the charge
variation on the droplet. Therefore, the equation of charge
conservation can be used. The general form of this equation
can be written as.50

@q
@t

þr:J ¼ 0 (17)

In this equation, J shows the current density vector in the
unit of Cm�2s�1, which can be calculated by the following
equation.50

r:J ¼ �Dr2qþ u:rqþ bq2

e0

¼ �Dr2qþ ðut þ ueÞ:rqþ bq2

e0
ð18Þ

where u, ut, and ue are the total velocity vector, the velocity
vector of the charged droplets due to the drag and gravitational
forces and the velocity vector of the charged droplets due to
the electrical forces, respectively. In addition, D and b are the
mean charge species molecular diffusion coefficient and the
electrical charge species mobility, respectively.50 The elec-
trical charge species mobility can be calculated by the
following equation.

b ¼ ue
E

¼ K

q
(19)

where K is the electrical conductivity. Below is a list of
notable features in Eq. 18.

D!2q is the molecular diffusion term for the charged spe-
cies.

ut!q is the convection term of the charged species due to
the drag and gravitational forces.

ue!q is the convection term of the charged species due to
the electrical field.

bq2

e0
refers to the motion of the charged species due to the

repulsion of charged species of the same polarity.
Substituting Eqs 18 and 19 in Eq. 17, results in the fol-

lowing equation.

@q
@t

¼ Dr2q� ðut þ ueÞ:rq� K

e0
q (20)

Equation 20 can be rewritten as follows if the variations
in h and / directions are ignored.

@q
@t

¼ D
@2q
@r2

� ðut þ ueÞ: @q
@r

� K

e0
q (21)

Therefore, the following equations can be considered as
the governing equations in a scalar form.

qd
4

3
pR3

d

� �
dut
dt

¼ 6plRdut þ 4

3
pR3

d qd � qfð Þg (22)

qd
4

3
pR3

d

� �
due
dt

¼ 4

3
pR3

d

� �
q2r
3e0

þ 4

3
pR3

d

� �2 q2

4pe0

Xn
i¼2

1

r2i

þ 4

3
pR3

d

� �2 q2

2pe0a3
r

1� r=að Þ2
h i2 ð23Þ

@q
@t

¼ D
@2q
@r2

� ðut þ ueÞ: @q
@r

� K

e0
q (24)

Initial and Boundary Conditions. To complete the model
specification, three initial conditions and two boundary equa-
tions are required. The initial conditions for velocities and
space charge density are given by:

ut ¼ 0 at t ¼ 0 (25)

ue ¼ 0 at t ¼ 0 (26)

q ¼ 0 at t ¼ 0 (27)

The boundary conditions for space charge density are as
follows

q ¼ 6 e0cR
�3
d

� �1
2 at r ¼ Rd (28)

q ¼ 0 at r ¼ R0 (29)

The maximum charge calculated by Rayleigh Equation
(Eq. 4) is used for defining the boundary condition on the
particle surface. R0 (¼ 2Rd) is the radius of the imaginary
periphery around the droplet (Figure 11) in which the effect

Figure 11. Geometry for the scaling analysis.
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of neighboring droplets are significant. In fact, the considered
droplet is an isolated droplet when there is not any other drop-
let within the imaginary periphery. An isolated droplet does
not have any interaction with the other droplets. The sensitive
analysis for the general case R0 ¼ xRd (x [ 1), will be dis-
cussed under the ‘‘Results and Discussion’’ section.

Scaling Analysis. Scaling analysis, as described by
Krantz and Sczechowski51and Krantz52,53 is used to assess
the relative importance of the various forces in force balance
equations. The subject of scaling analysis deals with a sys-
tematic method for non-dimensionalizing a system of gov-
erning equations. The resulting dimensionless system of
equations illustrates the minimum parametric representation
(MPR) of the process. In this method, the magnitude of the
particular dimensionless variable or its derivative is bounded
between zero and more-or-less one, O(1).53 Therefore, the
values of the dimensionless groups can determine the signifi-
cance of various terms multiplying them. For instance, if a
dimensionless group is of order 0.01, O(0.01), or less, the
term that it multiplies can be ignored. Hence, by using scal-
ing analysis, one can appropriately simplify the governing
equations of a process and elucidate system behavior without
any rigorous simulation. A proper scaling analysis can
reduce the describing equations for a physical process to
their minimum parametric form, i.e., in terms of the mini-
mum number of dimensionless groups. These resulting
dimensionless groups permit assessing the relative impor-
tance of the terms in the equation.51–53,54 As the criteria
emanating from scaling analysis are not system-specific, it
permits assessing the importance of the considered terms in
general. We define the following dimensionless variables:

u�t �
ut
uts

; u�e �
ue
ues

; r� � r � rr
rs

;q� � q
qs

; t� � t

ts
(30)

where the subscripts s and r denote scale factor and reference
factor, respectively, and the superscript ‘‘*’’ refers to a
dimensionless variable. Scale factors are introduced to make
the dimensionless variables of O(1), while reference factors
are introduced to bound the dimensionless variables to be
between zero and one. Indeed, for the variables that are not
referenced to zero in the initial and boundary conditions, an
unspecified reference factor is included. These dimensionless
variables are introduced into Eqs. 22–29 to obtain the
corresponding dimensionless governing equations.

2qdR
2
d

9tsl
du�t
dt�

¼ u�t þ
2R2

d qd � qfð Þg
9luts

(31)

3qduese0
tsq2s rs

du�e
dt�

¼ q�
2

r� þ R3
d

rs
q�

2
Xn
i¼2

1

r2i
þ 2ðR3

dÞ
a3

r�q�
2

1� rs
a

� �2
r�2

h i2
(32)

e0
Kts

@q�

@t�
¼ De0

Kr2s

@2q�

@r�2
� utse0

Krs
u�t þ

uese0
Krs

u�e

� �
@q�

@r�
� q� (33)

u�t ¼ 0 at t� ¼ 0 (34)

u�e ¼ 0 at t� ¼ 0 (35)

q� ¼ 0 at t� ¼ 0 (36)

q� ¼ 6 e0cR�3
d

� �1
2

qs
at r� ¼ Rd � rr

rs
(37)

q� ¼ 0 at r� ¼ R0 � rr
rs

(38)

The radial length scale and reference factors are obtained
from the dimensionless groups in Eqs. 37 and 38

Rd � rr
rs

¼ 0 ) rr ¼ Rd (39)

R0 � rr
rs

¼ R0 � Rd

rs
¼ 1 ) rs ¼ R0 � Rd ¼ Rd (40)

Similarly, the velocity scale factors can be obtained using
the dimensionless groups in Eqs. 31 and 33.

2R2
d qd � qfð Þg
9luts

¼ 1 ) uts ¼ 2R2
d qd � qfð Þg

9l
(41)

uese0
Krs

¼ 1 ) ues ¼ KRd

e0
(42)

The scale factor for space charge density can be obtained
using Eq. 37.

6 e0cR�3
d

� �1
2

qs
¼ 1 ) qs ¼ 6 e0cR

�3
d

� �1
2 (43)

Another scale factor that should be taken into account is
the time scale. The most general time scale is the instantane-
ous time at which the process is observed; this time scale is
called ‘‘the observation time,’’ to. Clearly, 0 	 to [1 since
this scale is the actual time commencing from the inception
of the unsteady-state process.53

The mentioned scale and reference factors result in the
following set of dimensionless governing equations, which
constitute the minimum parametric representation:

2qdR
2
d

9tol
du�t
dt�

¼ u�t þ 1 (44)

qdKR
3
d

12toe0c
du�e
dt�

¼ q�
2

r� þ R2
d

Xn
i¼2

1

r2i
q�

2 þ 2 R3
d

� �
a3

r�q�
2

1� Rd

a

� �2
r�2

h i2
(45)

e0
Kto

@q�

@t�
¼ De0

KR2
d

@2q�

@r�2
� 2Rd qd � qfð Þge0

9lK
u�t þ u�e

� �
@q�

@r�
� q�

(46)

u�t ¼ 0 at t� ¼ 0 (47)

u�e ¼ 0 at t� ¼ 0 (48)

q� ¼ 0 at t� ¼ 0 (49)
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q� ¼ 1 at r� ¼ 0 (50)

q� ¼ 0 at r� ¼ 1 (51)

The mentioned dimensionless governing equations can be
used to determine the time needed to reach a steady-state.
Hence, the coefficient of the unsteady-state term in each equa-
tion should be as small as possible. For instance, for Eq. 44:

2qdR
2
d

9t0l

 1 ) t0 � 2qdR

2
d

9l
¼ qdd

2

18l
¼ tst (52)

where d is droplet diameter. The time scale represented in Eq.
52 can be defined as ‘‘the momentum response time,’’ tst. The
momentum response time shows the time required for a
particle to respond to a change in velocity due to the change in
drag and gravitational force.55

Similarly, for Eq. 45

qdKR
3
d

12t0e0c

 1 ) t0 � qdKR

3
d

12e0c
¼ tse (53)

The time scale represented in Eq. 53 can be defined as
‘‘the electrical response time,’’ tse.

‘‘The electrical response time’’ shows the time required for
a particle to respond to a change in velocity due to the change
in each type of electrical forces.55 The time scales defined in
Eqs. 52 and 53 permit us to determine the criteria for assum-
ing that the transients associated with fluid and particle inter-
action induced during start-up of the process have died out.

The last time scale can be found from Eq. 46.

e0
Kt0


 1 ) t0 � e0
K

¼ tsq (54)

The time scale in Eq. 54 is known as ‘‘the electrical relax-
ation time,’’53 tsq, which is used to define the charge relaxa-
tion time in the system.

A triangle pattern is considered for the droplets in neigh-
borhood which is shown in Figure 12. For simplicity we can
assume that there are n droplets with equal separation (d0 ¼
2R0) surrounding the particular droplet of concern.

Considering the points mentioned above, the four time-in-
dependent dimensionless groups appearing in Eqs. 45 and 46
are summarized below:

N1 ¼ R2
d

Xn
i¼2

1

r2i
¼ n

R2
d

d20
(55)

N2 ¼
2 R3

d

� �
a3

(56)

N3 ¼ De0
KR2

d

(57)

N4 ¼ 2Rd qd � qfð Þge0
9lK

(58)

It is note worthy that N1, N2, N3, and N4 are the coeffi-
cients for the columbic repulsion force term, the image force
term, the molecular diffusion term and the convection of the
charged species term due to the drag and gravitational
forces, respectively.

N1 can be related to volume fraction of the particle as dis-
persed phase in continuous phase (ad),

ad ¼ Volume of the dispersed phase

Volume of the continuous phase
¼

4
3
pR3

d
p
6
d30

¼ 8
R3
d

d30
(59)

Using Eq. 59, N1 can be rewritten as follows,

N1 ¼ n
R2
d

d20
¼ n

4
a2=3d (60)

The mentioned dimensionless groups were evaluated based
on the physical and geometrical properties of the dispersed
and continuous phases given in Table 1 and are summarized
in Table 2.

Since N1 
 1, the columbic repulsion force term in Eq.
45 can be neglected. Similarly, since N2 
 1, the image
force term in Eq. 45 has a negligible effect. In the same
way, since N3 
 1 and N4 
 1, the molecular diffusion

Figure 12. Interparticle spacing.

Table 1. Physical and Geometrical Parameters for the

Particle Deposition System

Property Value

Droplet radius (Rd) 10�6 (m)
Droplet density (qd) 1200 (kg/m3)
Air density (qf) 1.5 (kg/m3)
Air electrical conductivity (K) 0.0262 (C2 s/kg m3)
Air permittivity (e0) 8.85�10�12 (C2 s2/kg m3)
Molecular diffusivity (D) 10�5 (m2/s)
Air viscosity (l) 1.85�10�5 (kg/m s)
Gravity acceleration (g) 9.8 (m/s2)
Distance between particle

and collecting plate (a)
0.000005 (m)

Number of particles (n) 1000
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term and the convection of the charged species term due to
the drag and gravitational forces in Eq. 46 also can be
neglected.

Debye Length. Interestingly, if tsv \ tsq, the effect of the
space charge will be confined to a region-of-influence around
the particle which can be shown by dq and is equal to R0 �
Rd (known as rs). In fact, this region is a boundary layer
around the particle which is called ‘‘Debye length.’’ This
length can be obtained using the dimensionless group in Eq.
57. N3 should be set equal to one to consider the effect of
the molecular diffusion term on the charge variation.

N3 ¼ De0
Kr2s

¼ De0
Kd2q

¼ 1 ) dq ¼ ffiffiffiffiffiffiffiffiffi
Dtsq

p
(61)

It should be noted that the above analysis was performed
under the special condition R0 ¼ 2Rd as an illustration in the
scaling analysis. We have performed a separate sensitivity
analysis on the variation of x, given R0 ¼ xRd (x [ 1). The
corresponding results show that it will not make a consider-
able difference from the typical scaling analysis results if we
consider x[ 1 (data not shown).

Conclusions

In summary, we have demonstrated that a simple (single
step) yet versatile and robust approach (a combination of
top-down approach for formation of particles from bulk ma-
terial and bottom-up approach for the generation of structure
and pattern from the particles mentioned earlier) to generate
biodegradable polymeric particle micropatterns on a sub-
strate using electric field controlled electrospray deposition
through a mask. Particle size can be controlled by adjusting
processing parameters and physical properties of the solu-
tion. The features of particle patterns could be tailored using
different masks. Furthermore, cell patterns can be achieved
on the surface of particle patterns by blocking the areas
without particle deposition on the substrate and culturing
cells on the substrate. Transfected cell microarrays as a com-
plementary technique to DNA microarrays and protein
microarrays have been developed as a method for gene prod-
uct screening.56–58 In view of this, electrospray deposition
could be used to encapsulate DNA plasmids and cell adhe-
sive materials in polymeric particles. Moreover, such sys-
tems could as well serve as controlled release systems of
DNA plasmids from particles to transfect cells on the surface
of particles to form transfected cell array for future studies.
A model has been also developed to describe the particle
deposition process. Scaling analysis was used to show that
both columbic repulsion force between the particles and

image force between the particles and substrate surface can
be ignored.
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