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ABSTRACT: This paper reports the use of advanced forms of
electrohydrodynamic jet (e-jet) printing for creating micro- and
nanoscale patterns of proteins on various surfaces ranging from
ﬂat silica substrates to structured plasmonic crystals, suitable for
micro/nanoarray analysis and other applications in both
ﬂuorescent and plasmonic detection modes. The approaches
function well with diverse classes of proteins, including
streptavidin, IgG, ﬁbrinogen, and γ-globulin. Detailed study
reveals that the printing process does not adversely alter the
protein structure or function, as demonstrated in the speciﬁc case of streptavidin through measurements of its binding speciﬁcity
to biotin-modiﬁed DNA. Multinozzle printing systems enable several types of proteins (up to four currently) to be patterned on
a single substrate, in rapid fashion and with excellent control over spatial dimensions and registration. High-speed, pulsed
operational modes allow large-area printing, with narrow statistical distributions of drop size and spacing in patterns that include
millions of droplets. The process is also compatible with the structured surfaces of plasmonic crystal substrates to enable
detection without ﬂuorescence. These collective characteristics suggest potential utility of e-jet techniques in wide-ranging areas
of biotechnology, where its compatibility with various biomaterials and substrates with diﬀerent topographies and surface
chemistries, and ability to form deposits that range from thick ﬁlms to submonolayer coatings, derive from the remote,
noncontacting physical material transfer mode of operation.
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for this class of application. The e-jet printing method is similar
in an operational sense to conventional inkjet printing, in that
both rely on droplets ejected from a nozzle toolbit that scans
over a substrate of interest. Instead of thermal or acoustic
energy as the mechanism for generating these droplets, e-jet
exploits electrohydrodynamically induced ﬂows that result from
application of an electrical ﬁeld between the nozzle and
substrate. The result is an ability to achieve levels of resolution
(i.e., droplet sizes) in e-jet that are 2 orders of magnitude, or
more, better than those that are achievable by thermal or
piezoelectric inkjet. In fact, previous work demonstrates the
ability to print drops with diameters down to ∼100 nm.44 Such
capabilities in e-jet printing have been demonstrated with a
wide variety of inorganic and polymeric ink materials,45 as well
as DNA and DNA aptamers.44,46
Although e-jet printing can produce DNA microarrays44,46
and protein patterns onto hydrogel substrate for cell culture
application,47 it has not been explored for more general and
more challenging cases in biomaterials, such as proteins, whose
structural stability is much worse than DNA, for example, under
various conditions of temperatures and pH. In particular, the
high voltages (i.e., hundreds of volts) needed for e-jet could,
potentially, denature most proteins and thereby diminish their
biological functions (i.e., biorecognition) and degrade the

icroarrays are powerful and indispensable tools for
modern research in biology and medicine, principally for
multiplexed, parallel discovery and assay. Although microarrays
consisting of nucleic acids are well-developed and in widespread commercial use, protein microarrays lag far behind in
technical maturity and applications, in spite of their signiﬁcant
potential for discovery and understanding of coupling
interactions between antibody−antigen, enzyme−substrate,
receptor−ligand, aptamer−protein, and protein−protein1,2
and for use in biomarker screening.3 These diﬃculties in
realizing the required microarray platforms, in high-resolution
conﬁgurations formed at high speeds, arise mainly from the
intrinsic properties of proteins: they are far less stable than
nucleic acids. Currently, protein microarrays are typically
formed by in situ protein expression4 or by direct spatial
patterning, sometimes referred to as spotting,5−7 which can be
accomplished using techniques such as photolithography,8−12
e-beam lithography,13 microcontact printing,14−27 dip-pen
nanolithography28−33 and polymer pen lithography,34 inkjet
printing,35−38 and others that use tools such as the contact
printing arrayer.39 Although these methods oﬀer many
important capabilities, each has some subset of disadvantages
in speed, resolution, area coverage, substrate compatibility,
convenience in use, cost of operation, and versatility. As a
result, there is room for additional work on strategies for ﬁne
patterning of proteins and related biomaterials. Here, we
explore advanced, nanoscale implementations of electrohydrodynamic jet (e-jet or EHD jet40−43) printing techniques
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printing resolution and ﬁdelity as well. Herein we report e-jet
printing of several diﬀerent proteins onto various solid
substrate surfaces, over large areas and at high speeds (1 in.
by 1 in. area, with millions of droplets in ∼15 min) by
employing a high-speed pulsed printing technique.48 Wide
ranging patterns, including those that embed multiple classes of
protein in a single printing sequence, can be achieved, with
excellent control over the large area spatial uniformity, as well
as the statistical distributions in drop size and spacing, with
dimensions in the submicrometer regime. The mode of physical
mass transfer also allows use of substrates with substantial
surface roughness and texture, thereby creating the potential for
plasmonic and nonﬂuorescent modes of detection, as illustrated
for speciﬁc cases reported here. Binding assays exploiting these
capabilities demonstrate that one of the key biological
functions, i.e., biorecognition, in the printed proteins is
retained.

axis stage, i.e., x, y, and z axes, and the two tilting axes
(Aerotech, Pittsburgh, PA, U.S.A.). Coordinated control of the
entire system was achieved using LabVIEW programs. Proteins
with ﬂuorophores (streptavidin−ﬂuorescein and streptavidin−
Cy5) were directly printed onto on a SiO2-deposited silicon
wafer if no further incubations were needed since they could be
directly imaged by ﬂuorescence microscopy. For protein
functional arrays (streptavidin/biotin DNA recognition and
antibody array applications), since incubation and washing
steps are necessary, proteins were printed onto an epoxy-silanetreated surface to facilitate strong binding. For epoxy surface
modiﬁcation, an epoxy silane coupling agent was dissolved in
an ethanol solution containing 5% water (v/v, pH 5) with
stirring to a ﬁnal concentration of 2% (v/v). Reactive silanols
were formed after 5 min of hydrolysis at room temperature.
The substrate was exposed to the silane solution at 35 °C for 14
h, then washed twice with ethanol and once with water to
remove excess silane. Finally, the organosilane-modiﬁed
substrate was cured by incubation at 110 °C for 10 min.
E-jet Printing for Multiple Protein Microarrays. The
tool in this case exploited a multinozzle printhead, with four
separate ink chambers and nozzles in a rotary arrangement. The
ﬁrst, second, third, and fourth inks were printed individually by
rotating the head. The substrate was mounted onto a
LabVIEW-controlled two-axis (x and y axes) stage and a set
of three, manually controlled axes (z and the two tilting axes in
the x or y axes). For three-component ﬂuorescent protein array
printing, 5 μM streptavidin−Cy5, 10 μM streptavidin−
ﬂuorescein, and 4 μM goat antirabbit IgG−Alexa 546 in buﬀer
containing 25 mM potassium phosphate (pH 6.9) and 50 mM
NaCl with 40% (v/v) glycerol and 0.05% (v/v) Tween 20 were
used. For four-component ﬂuorescent protein array printing, 5
μM each of mCherry, streptavidin−ﬂuorescein, and streptavidin−Cy5 and 4 μM donkey antimouse IgG−Alexa 350 in buﬀer
containing 25 mM potassium phosphate (pH 6.9) and 50 mM
NaCl with 40% (v/v) glycerol and 0.05% (v/v) Tween 20 were
used.
Biotin−DNA Incubation for Streptavidin Arrays. For
studies of streptavidin−biotin recognition in printed arrays, 5
μM streptavidin−ﬂuorescein in buﬀer containing 25 mM
potassium phosphate (pH 6.9) and 50 mM NaCl with 40%
(v/v) glycerol and 0.05% Tween 20 (v/v) was printed on an
epoxy-silane-modiﬁed SiO2/Si surface. A target DNA solution
labeled with both Alexa 546 and biotin was then applied to the
streptavidin microarray. For the incubation step, 20 μL of 5 μM
ﬂuorophore and biotin-labeled DNA in 1× phosphate-buﬀered
saline (PBS) buﬀer and 500 mM NaCl were cast onto the
printed area and incubated for 30 min in a humidity chamber to
prevent the drying during incubation. Next, the substrate was
washed with 3−4 mL of deionized (Millipore) water to remove
the unbound DNA and extra salt solution and then dried with
air.
Secondary Antibody (Anti-IgG) Incubation for Primary Antibody (IgG) Arrays. For antibody array printing, 2
μM of each primary antibody in buﬀer containing 25 mM
potassium phosphate (pH 6.9) and 50 mM NaCl with 40% (v/
v) glycerol and 0.05% (v/v) Tween 20 was printed on an
epoxy-silane-modiﬁed SiO2 surface. Then, the IgG pattern was
passivated with 5 mg/mL bovine serum albumin (BSA)
solution in 1× PBS for 20 min, washed with deionized water
(Millipore), and dried by air. Finally, the treated pattern was
incubated with a mixture of secondary antibody for 40 min,
washed with deionized water, and dried by air.

■

EXPERIMENTAL SECTION
Materials. Alexa 546 and biotin-labeled DNA with HPLC
purity were obtained from Integrated DNA Technologies, Inc.
(Coralville, IA, USA). The sequence is 5′ biotin−ACT CAT
CTG TGA AGA GAA CCT GGG GGA GTA TTG CGG
AGG AAG GT−Alex546 3′. Streptavidin (66 kDa), puriﬁed
mouse IgG, rabbit IgG (∼150 kDa), secondary antibody
donkey antimouse IgG−Alexa 350, and goat antirabbit IgG−
Alexa 546 (∼150 kDa, 5−6 ﬂuorophore per protein) were
purchased from Invitrogen (Carlsbad, CA, U.S.A.). Streptavidin−ﬂuorescein and streptavidin−Cy5 were ordered from GE
Healthcare (Piscataway, NJ, U.S.A.). All the antibodies used
here are polyclonal. The mCherry ﬂuorescent protein was
expressed and puriﬁed in the lab. Silicon wafers were purchased
from WRS Materials (Spring City, PA, U.S.A.). The e-jet
nozzles were obtained from World Precision Instruments
(Sarasota, FL, U.S.A.) and then coated with Ti/Au. As a
reagent to ﬂuorinate the nozzles, 1H,1H,2H,2H-perﬂuorodecane-1-thiol, was purchased from Fluorous Technologies Inc.
(Pittsburgh, PA, U.S.A.). Glass microscope slides were ordered
from Fisher Scientiﬁc (Pittsburgh, PA, U.S.A.). Poly(dimethylsiloxane) (PDMS, Sylgard 184) was obtained from
Ellsworth Adhesives (Germantown, WI, U.S.A.). Norland
optical adhesive 73 (NOA 73) was purchased from Norland
Products (Cranbury, NJ, U.S.A.). Fibrinogen, γ-globulin from
bovine blood, 4,4′-dithiodibutyric acid, N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), 2-(N-morpholino)ethanesulfonic acid
(MES), and 3-glycidoxypropyltrimethoxysilane (epoxy silane)
were purchased from Sigma-Aldrich (St. Louis, MO, U.S.A.).
All other chemicals were purchased from Sigma-Aldrich (St.
Louis, MO, U.S.A.) without further puriﬁcation.
Nozzle Preparation. Nozzles made of borosilicate glass
with inner diameters at the tips of 500 nm, 1, 2, or 5 μm
(TIP05TW1F-L, TIP1TW1-L, TIP2TW1-L, or TIP5TW1-L)
were sputter-coated with gold/palladium to a thickness of ∼14
nm (Desk II TSC, Denton Vacuum, Moorestown, NJ, U.S.A.),
immersed into an N,N-dimethylformamide (DMF) solution of
0.1 wt % 1H,1H,2H,2H-perﬂuorodecane-1-thiol for 10 min,
dipped in DMF for 10 s, and then dried in air.
E-jet Printing for Single-Protein Microarrays. Voltage
was applied between a metal-coated nozzle and a grounded
substrate with an ampliﬁer (Agilent Technologies, Santa Clara,
CA, U.S.A.) at a standoﬀ height of about 30 μm. The position
of the substrate relative to the nozzle was controlled by a ﬁve10013
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Fluorescence Microscope Imaging. A Zeiss Axiovert 200
M microscope was used for all imaging. DAPI, FITC,
rhodamine, and Cy5 ﬁlter channels were used for ﬂuorophores
Alexa 350, ﬂuorescein, Alexa 546, and Cy5, respectively.
Analysis of Droplet Sizes and Spacings in Patterns Ejet Printed with a 2 μm Nozzle. Fluorescence microscope
images of printed and incubated droplets were analyzed with
the software package NI Vision Assistant. To distinguish all of
the printed droplets from the background, the minimum and
maximum values in a histogram were adjusted to select pixels
having distinct regions based on a grayscale threshold value.
This process converted the original image into a binary image
comprising pixels with a common color, corresponding to the
selected droplets; other pixels correspond to the background.
The number of pixels and position of each droplet from
selected regions of the image were analyzed with the software.
The spacing between adjacent droplets was calculated from the
two distances (x and y axis direction). The calculated spacing
and area were analyzed with LabVIEW to generate histograms.
Analysis of Droplets E-jet Printed with a 500 nm
Nozzle. An atomic force microscope (AFM, MFP-3D Stand
Alone AFM, Asylum Research, Santa Barbara, CA, U.S.A.) was
used to analyze droplets printed with 500 nm nozzles. The ﬁrst
step involved ﬂattening the entire image to ﬁrst order, to
subtract eﬀects of substrate tilt. Next, three-dimensional and
cross-sectional images were created. The measured height
proﬁles were ﬁt to Gaussian forms in LabVIEW, as a way to
extract quantitative information on shapes and sizes.
Fabrication of Plasmonic Crystal Substrates. Plasmonic
crystals were fabricated with the techniques of soft nanoimprint
lithography, using methods described in detail elsewhere.49 A
PDMS stamp for this purpose was placed against a layer of
urethane prepolymer (NOA 73) cast on a glass slide. The
prepolymer was cured by passing ultraviolet light through the
stamp while in contact. Peeling the stamp away left an
embossed pattern of relief on the polymer, in a geometry
matching that of the stamp whose nanowell diameter and
center-to-center spacing were 420 and 740 nm, respectively.
Next, gold (32 nm in thickness) was deposited onto the
polyurethane surface by sputtering (AJA International) at 5
mTorr in argon. The resulting substrate was immersed in an
ethanolic solution of 33 mM 4,4′-dithiodibutyric acid for 14 h
to obtain a carboxyl-terminated self-assembled monolayer
(SAM) on the surface. Then, the substrate was rinsed with
ethanol and dried by air. After the carboxyl-terminated SAM
was activated by EDC (200 mM)/NHS (50 mM) in 50 mM
MES buﬀer solution (pH = 5.5) for 15 min, the surface was
rinsed with water and dried by air.
Optical Microscope Observation of Antibodies E-jet
Printed onto Plasmonic Crystal Surfaces. A Zeiss Axiovert
200 M microscope with a band-pass ﬁlter at 610−700 nm was
used for imaging. Fibrinogen and γ-globulin solutions were
printed on plasmonic crystals and washed with PBS buﬀer to
obtain monolayer of the printed antibodies. For normalization,
the optical micrographs of the printed and washed surfaces
were divided by images of a bare glass substrate collected with
the same band-pass ﬁlters using the software package ImageJ.
Images processed in this way were analyzed by histogram
expansion with Matlab to illustrate relative heights of the
images, i.e., the minimum and maximum values in a histogram
in which the intensities were binned into two values.

Article

RESULTS AND DISCUSSION
Figure 1a presents a schematic diagram of a single-nozzle e-jet
printer. The printing of proteins is accomplished by applying a

Figure 1. (a) Schematic diagram of an e-jet printer. Voltage applied
between a conductive nozzle, with inner diameter between 100 nm
and 30 μm, and a substrate on a translational stage aﬀects the printing.
(b) Picture of a large-area protein microarray formed by e-jet printing,
consisting of nearly 0.5 × 106 dots of streptavidin−Cy5 [5 μM in
buﬀer including 40 vol % glycerol, 0.05 vol % Tween 20, 50 mM
sodium chloride, and 25 mM potassium phosphate (pH = 6.9)]
patterned across a 1 in. square area of a ﬂuorinated SiO2 surface. The
printing time was 15 min. The inset shows a magniﬁed ﬂuorescence
microscope image of printed droplets (size = ∼2.6 μm). (c)
Fluorescence microscope image of a pattern of streptavidin−
ﬂuorescein [5 μM in buﬀer including 40 vol % glycerol, 0.05 vol%
Tween 20, 50 mM sodium chloride, and 25 mM potassium phosphate
(pH = 6.9)] printed with a 2 μm nozzle on a SiO2/Si surface modiﬁed
with an epoxy-terminated silane during continuous, programmed
motion of the stage (0.5 mm/s at 20 Hz of pulse width modulation).
The results correspond to subsequent incubation with 5 μM biotin
labeled with Alexa 546 DNA and collected at the rhodamine channel.
(d) Magniﬁed image of panel c. The diameter of the droplets is ∼4.5
μm.

voltage bias between a metal-coated glass capillary nozzle
connected to an ink chamber and a grounded substrate at a
distance of ∼30 μm between the nozzle tip and the substrate
surface. After ﬁlling the nozzle with ink, a small pressure
(between 0 and 1 psi, depending on the nozzle diameter) was
applied to the ink chamber with a regulated power supply to
prepare the system for electrohydrodynamic printing.
To demonstrate the speed, resolution, and area coverage of
e-jet printing with a single type of protein, we used streptavidin
10014
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Figure 2. (a) Statistical analysis of the sizes of 189 printed droplets shown in Figure 1d. The red line corresponds to a Gaussian curve whose mean
and standard deviation are 17.5 μm2 and 1.3 μm2 (7.3%), respectively. (b) Statistical analysis of the spacing between adjacent droplets shown in
Figure 1d. The red line corresponds to a Gaussian curve whose mean and standard deviation are 10.5 μm and 70 nm (0.7%), respectively. (c) AFM
image of streptavidin [2 μM in buﬀer including 40 vol % glycerol, 0.05 vol % Tween 20, 50 mM sodium chloride, and 25 mM potassium phosphate
(pH = 6.9)] printed on a bare silicon wafer with a 500 nm nozzle in a drop-on-demand mode (dwelling time of the stage = 0.12 s). (d) Crosssectional height proﬁle of the bottom-right droplet in panel c. The blue dots correspond to the measured height. The red line corresponds to a
Gaussian curve whose mean and standard deviation are 340 nm medium and 50 nm, respectively.

Figure 3. (a−d) Fluorescence microscope images of a peacock pattern formed using three diﬀerent ﬂuorescently labeled proteins:. (a) Streptavidin−
Cy5 [5 μM in buﬀer including 40 vol % glycerol, 0.05 vol % Tween 20, 50 mM sodium chloride, and 25 mM potassium phosphate (pH = 6.9)]
printed with a 1 μm nozzle on a ﬂuorinated SiO2 surface and collected using the Cy5 channel of the ﬂuorescence microscope. The diameters of the
printed are ∼1.1 μm. (b) Goat antirabbit IgG−Alexa 546 (4 μM) printed with a 1 μm nozzle and collected using the rhodamine channel. The
diameters of the droplets are ∼1.6 μm. (c) Streptavidin−ﬂuorescein (10 μM) printed with a 1 μm nozzle and collected using the FITC channel. The
diameters of the droplets are ∼1.9 μm. (d) A composite image generated by overlay of the other frames. (e) Similar overlay of ﬂuorescence
microscope images of a four-protein alternating array. Streptavidin−Cy5 (5 μM), donkey antimouse IgG−Alexa 350 (4 μM), mCherry (5 μM), and
ﬂuorescein−streptavidin (5 μM) in buﬀer containing 40 vol % glycerol, 0.05 vol% Tween 20, 50 mM sodium chloride, and 25 mM potassium
phosphate (pH = 6.9) were printed with 2 μm nozzles on a SiO2-coated silicon wafer. The images from left to right were collected using the Cy5
(red), DAPI (blue), rhodamine (yellow), and FITC (green) channels, respectively. The average droplet size and standard deviation are 3.4 and 0.6
μm.

Figure 1d. On the basis of Gaussian ﬁtting (in red) of the
droplet areas (Figure 2a), the mean and standard deviation in
droplet area are determined to be 17.5 μm2 and ±1.3 μm2 (or
±7.3%), respectively. Similar Gaussian ﬁtting of droplet spacing
(Figure 2b) resulted in mean and standard deviation of the
droplet spacing as 10.5 μm and ±70 nm (or ±0.7%),
respectively. These observations demonstrate the high levels
of uniformity that can be obtained in e-jet printing of proteins.
The nozzle size, along with certain other parameters
associated with printing, determine the droplet size.51 To
further explore the potential in reducing printed droplet size,
smaller-sized nozzles, such as 1 μm and 500 nm in diameter,
were tested. The resulting drop sizes are too small to evaluate
using ﬂuorescent techniques. Instead, AFM imaging was used.
An AFM image of four streptavidin droplets appears in Figure
2c. The blue dots in Figure 2d correspond to cross-sectional
data for the bottom-right droplet in Figure 2c. The measured
height of this printed pattern is ∼7 nm, which is comparable to
the characteristic size of a streptavidin molecule.52−54 The
Gaussian curve (in red) yields the average and standard
deviation of the diameter, i.e., 340 and ±50 nm, respectively.
The black arrow indicates the width corresponding to two
standard deviations (∼220 nm).
Protein microarrays require many diﬀerent types of proteins
in a single pattern. One option to achieve this objective is to
conduct printing in the modes described above multiple times
on a single substrate. Preferably, multiple nozzles could be used

as a prototype with bioconjugation capabilities. To facilitate
imaging of the printed patterns, a streptavidin labeled with the
ﬂuorophore Cy5, referred to as streptavidin−Cy5 hereafter, was
used with a nozzle of 2 μm inner diameter. Figure 1b shows a
picture of a representative pattern, in the geometry of a horse,
formed on a ﬂuorinated SiO2 surface. A magniﬁed ﬂuorescent
microscopic image in Figure 1b, collected using the Cy5
channel of the microscope through a Cy5 ﬁlter, indicates
average droplet sizes of ∼2.6 μm and separations of ∼17 μm.
The total number of printed droplets in this pattern is nearly
0.5 × 106 (493 000), formed at a frequency of 1000 droplet/s,
for a total printing time of ∼15 min.
To investigate whether the e-jet printed proteins can retain
their function, we examined the properties of patterns of
streptavidin−ﬂuorescein formed with a 2 μm diameter nozzle
on a SiO2/Si surface modiﬁed with epoxy-terminated silane.
The printed substrate was incubated with a 44-mer DNA with
biotin attached at the 5′-end and Alexa 546 ﬂuorophore at the
3′-end. Fluorescent images of the head and neck parts of the
horse (see Figure 1c and its magniﬁed image in Figure 1d),
collected using the rhodamine ﬁlter channel due to ranges of
wavelengths that are similar to those of Alexa 546,50 shows that
the printed streptavidin can bind biotin that is linked to Alexa
546 through the 44-mer DNA, and thus maintain its biological
function. The average droplet diameter is ∼4.5 μm.
To evaluate the printing uniformity quantitatively, statistical
analysis was applied to the pattern of 189 droplets shown in
10015
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Figure 4. Fluorescence microscope images of two antibody detection microarrays. Mouse IgG and rabbit IgG [each of 2 μM in buﬀer including 40
vol % glycerol, 0.05 vol% Tween 20, 50 mM sodium chloride, and 25 mM potassium phosphate (pH = 6.9)] were printed with 2 μm nozzles on a
SiO2 surface modiﬁed with epoxy-terminated silane and incubated with a mixture target solution of Alexa 350 donkey antimouse IgG and Alexa 546
goat antirabbit IgG (each of 2 μM in 1× PBS buﬀer, pH 7.4). (a) Alexa 546 signal collected using the rhodamine channel, corresponding to the
printed and incubated rabbit IgG. The diameters of the printed and incubated droplets are ∼2.5 μm. (b) Alexa 350 signal collected using the DAPI
channel, corresponding to the printed and incubated mouse IgG. The droplet diameters are ∼2.2 μm. (c) Horizontal, alternating pattern consisting
of images collected using the rhodamine and DAPI channels (i.e., panels a and b). (d) Diagonal alternating patterns. The ink and incubation
conditions here are the same those for panel c. (e) Optical microscope image of a microarray for antibody detection printed on a plasmonic crystal
substrate and washed with PBS buﬀer solution. γ-globulin and ﬁbrinogen [each of 10 μM in water including 40 vol % glycerol, 0.025 vol % Tween
20, 50 mM sodium chloride, 25 mM potassium phosphate (pH = 6.9)] printed on a plasmonic surface (whose nanohole period was 740 nm and
diameter was 440 nm) on gold/NOA 73/glass and quantitatively analyzed with Matlab program.

As shown in Figure 4a, goat antirabbit IgG−Alexa 546 bound to
the printed rabbit IgG was detected at the rhodamine channel
of the ﬂuorescence microscope, while the bound donkey
antimouse IgG−Alexa 350 was detected at DAPI channel, as
shown in Figure 4b. Figure 4c is an overlaid image taken at the
two channels. As another example, a diagonally ordered array of
the antibodies is demonstrated in Figure 4d. These results show
that the e-jet printed nonﬂuorescent primary antibodies can be
detected by incubation of the corresponding ﬂuorescently
labeled secondary antibodies. In all cases, minimal crossbinding interaction was observed, consistent with the binding
speciﬁcities between each of the two pairs of primary and
secondary antibodies, further demonstrating the retention of
protein functionality after printing.
As a ﬁnal example of versatility of the system, we show that
the physical means for mass transfer associated with droplet
printing in a technique like e-jet enables patterning on unusual
substrates, including those with substantial surface topography.
A speciﬁc advantage is the capability to print on plasmonically
active substrates that can enable optical detection without
ﬂuorescent tagging. As a demonstration, we used quasi-3D
plasmonic crystals, of the type that are easily fabricated using
the techniques of soft nanoimprint lithography, as described in
detail elsewhere.56 Such plasmonic architectures provide
exceptional sensitivity in their optical transmission characteristics to surface-bound species. Here, we e-jet printed
monolayers of two proteins (ﬁbrinogen and γ-globulin) onto
the plasmonic crystals in geometries of the letters “F” and “G”,
respectively, and then washed with a buﬀer solution. Under an
optical microscope, letters “F” and “G” were observed clearly
(Figure 4e), consistent with expectation based on the sensitivity
of these substrates. On the basis of separate measurements on
3.5 and 2.7 nm thick layers of ﬁbrinogen and γ-globulin,
respectively, prepared on a similar plasmonic crystal substrate
by a microﬂuidic device,57 we can conclude that the thickness
of the e-jet printed droplets observed here are ∼3 nm. The
height of streptavidin droplets shown in Figure 2c was ∼7 nm.
As a control, when the same two antibodies were printed onto
ﬂat gold/NOA 73/glass substrate, otherwise identical to the
plasmonic substrates, no printed dots could be observed. These
results conﬁrm the ability for plasmonic crystals to serve as

to achieve the same outcome, in an automated fashion. Here,
we show that multinozzle e-jet print heads can be used for this
purpose,55 by placing diﬀerent proteins into diﬀerent ink
chambers and nozzles. After printing one protein in one ink
chamber, the multinozzle head rotates to position the next ink
chamber above the substrate on which the previous ink was
printed. Such a process can be repeated for each ink. Our
current system allows printing of up to four diﬀerent proteins in
this manner, although other array geometries can be considered
(e.g., linear or matrix arrays of nozzles that can be addressed
individually through purely electrical, rather than mechanical,
means). As a demonstration of this system, a pattern in the
geometry of a peacock was printed with three proteins
(streptavidin−Cy5, goat antirabbit IgG−Alexa 546, and
streptavidin−ﬂuorescein) using a multinozzle printer. Images
collected at the Cy5, rhodamine, and FITC channels of the
ﬂuorescence microscope are shown in Figure 3a−c, respectively. Figure 3d corresponds to a composite image that
combines the outputs of the three channels. The printed
droplet size was ∼1.1, 1.6, and 1.9 μm for the streptavidin−
Cy5, goat antirabbit IgG−Alexa 546, and streptavidin−
ﬂuorescein, respectively. To illustrate registration ﬁdelity, four
proteins (streptavidin−Cy5, mCherry, streptavidin−ﬂuorescein,
and donkey antimouse IgG−Alexa 350) were printed in a dropon-demand mode, i.e., in which the exact positions of the
printed droplets were controlled by time-gated voltages applied
to the nozzle, in a manner coordinated with the stage motion
(see Figure 3e for overlay of four ﬂuorescent channels, with
micrometer-level registration between the diﬀerent protein
patterns). The dwell time, i.e., time that the voltage was on, for
each protein was adjusted to obtain similar sizes in the printed
droplets, e.g., the average droplet size and its standard
deviation, for each of the four proteins were 3.4 and 0.6 μm,
respectively.
A major application for protein microarrays is in antibody
detection. To demonstrate the feasibility of constructing
protein chips using the e-jet printer for immunoassays, two
nonﬂuorescent primary antibodies (mouse IgG and rabbit IgG)
were printed in the drop-on-demand mode and then incubated
with two ﬂuorescently labeled secondary antibodies (donkey
antimouse IgG−Alexa 350 and goat antirabbit IgG−Alexa 546).
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useful substrates for e-jet printing of protein patterns, due to
their nonﬂuorescent-based imaging modalities.

■

CONCLUSION
In summary, the results reported here demonstrate that the ejet printing method can pattern both single types of proteins
and multiple proteins over large areas, with high speed and
excellent uniformity in droplet size and spacing, with good
registration. The printed proteins maintain their biological
functions such as ability to bioconjugate to their substrate and
to selectively recognize antibodies. The method can be used to
print proteins on a variety of solid substrates, ranging from ﬂat
silica surfaces to structured plasmonic crystals. With improved
engineering implementations having expanded arrays of nozzles
and high-speed electronics, the e-jet printing method may have
a strong potential for wide application opportunities in printing
of advanced protein microarrays for numerous applications in
biology and medicine.
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