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Abstract

Biopatterning has been increasingly used for well-defined cellular microenvironment, patterned
surface topology, and guided biological cues; however, it meets additional challenges on
biocompatibility, temperature and chemical sensitivity and limited reagent volume. In this paper,
we target at combining the desired features from the non-contact inkjet printing and the dot-matrix
impact printing to establish a versatile multiplexed micropatterning platform, referred to as
Microfluidic Impact Printer (MI-Printer), for emerging biomedical applications. Using this
platform, we can achieve the distinct features of no cross-contamination, minute volume
manipulation with minimal dead volume, high-throughput and biocompatible printing process,
multiplexed patterning with automatic alignment, printing availability for complex medium (cell
suspension or colloidal solutions), interchangeable/disposable microfluidic cartridge design with
out-of-cleanroom microfabrication, simple printing system assembly and configuration, all highly
desirable towards biological applications. Specifically, the printing resolution of the Ml-printer
platform has been experimentally characterized and theoretically analyzed. Printed droplets with
80um in diameter have been repeatedly obtained. Furthermore, two unique features of MI-printer
platform, multiplexed printing and self-alignment printing, have been successfully experimentally
demonstrated (less than 10pum misalignment). In addition, combinatorial patterning and biological
patterning, which utilizes the multiplexed and self-alignment printing nature of the MI-printer,
have been devised to demonstrate the applicability of this robust printing technique for emerging
biomedical applications.

Introduction

Creating well-defined micro-nanoscopic patterns of biomaterials (e.g., cells, proteins,
nucleic acids, and polysaccharides) can be of particular interest for a variety of academic
and industrial applications, including composite material investigation, electronic and optic
system development, combinatorial chemistry, cell biology, tissue engineering, and medical
sciences. [1-9] Recently, biological micropatterning has been increasingly explored by
biologists, bioengineers, and medical researchers for well-defined cellular
microenvironment, patterned surface topology, and guided biological cues. [10-15] For
instance, micro/nano-patterned intracellular and extracellular protein arrays have been
widely used for the investigation of signaling pathway, ligand interactions and cellular
responses. [16-18] Well-aligned single-cell arrays have been utilized to analyze individual
cellular responses, cytoskeletal structures, and ligand-receptor interactions. [19-21]
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Moreover, printed combinatorial biomolecular libraries (e.g., peptides and oligonucleotides)
have been extended to multiplexed high-throughput screening, including cancerous
biomarker detection, drug discovery, and genomic identification. [4, 22-25] Unlike the
conventional micro-nanopatterning (e.g., for microelectronics), biopatterning methods
encounter additional challenges, such as biocompatibility, temperature and chemical
sensitivity as well as limited reagent amount.

Specifically, a number of micro-nanopatterning techniques have been developed over the
past decades with an emphasis on biological and medical uses, which can be divided into the
following categories: photolithography, screen printing, and inkjet printing.
Photolithography employs high-intensity UV light source to selectively photo-activate
biomaterials through high-precision photomasks with its resolution down to a sub-
micrometer range. Derived from photolithography and 3D printing, the light-enabled
printing technique has been developed to rapidly prototype biodegradable cellular matrixes
for medical implants, such as artificial bones and organs, in a stereo fashion. [26] However,
wet chemical processing and UV exposure step can potentially cause biomolecular
degradation (protein denaturation and aggregation) and cellular damage. Furthermore,
photolithography typically requires a high-maintenance cleanroom environment and
expensive processing equipment (e.g., spincoaters and mask aligners), which may not be
available to many biological and biomedical research laboratories. [13,27-30] Screening
printing transfers wet biological samples to the desired locations through a selectively
blocked stencil on the substrate. Limited positioning precision and fabrication complexity of
the stencil can be the major drawbacks of this type of techniques. [18, 31] In comparison
with the other patterning techniques, the inkjet-based printing offers several apparent
advantages, for instance, the non-contact nature eliminates the potential cross-contamination
from the source to the substrate, which can be highly advantageous to biological
applications. Moreover, ink-jet printing has been fully automated with ultrahigh throughput,
benefiting from its huge commercial success, which allows the design-to-printing cycle to be
completed in a computer aided design tool. [32, 33] The modern inkjet printing technology
employs either thermal expansion, piezoelectric actuator, or a combination to drive the
printing fluid. [33-35] For example, inkjet printing systems have been devised to create 3D
artificial organs through layer-by-layer deposition of multiple cell types and matrix materials
together. [36, 37] The goal is to establish branched vasculature tissues surrounded by
supporting matrixes at a sub-millimeter resolution. [6, 36—-38] Moreover, biomolecules, such
as proteins and DNA, can be co-located on various solid supports through inkjet printing for
high-throughput screening, multiplexed bio-sensing and immunoassaying. [39-41]
However, the standardized ink cartridge of the inkjet printing requires at least milliliter
volume of samples to initiate the printing process, which is unsuitable for research with
scarce biological samples. [34,35] In addition, the cross contamination and limited
multiplexibility of the ink cartridge can be additional concerns for applying inkjet printing to
biological research. On the other hand, the thermal expansion approach is incompatible with
most of the biological reagents, while the piezoelectric actuator can be difficult and costly to
integrate with a customized cartridge.

As a preceding technology to the mainstream inkjet printing, impact printing (also known as
dot-matrix printing) utilizes an array of electromagnetically actuated pins to strike ink-
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soaked color ribbons onto the printing substrate. Once the contact is made between the
ribbon and the substrate under the striking pressure applied by the pin, a minute color dot
will display on the substrate. Although it has been almost abandoned industrially, for the
noisy operation, low printing speed, limited color options and low graphic resolution [42,
43], several intriguing features make it potentially attractive to custom bio-printing
applications. Specifically, it includes a highly adaptive and efficient electromechanical
design (i.e., striking pins with several millimeter travel distance), a multiplexed pin matrix
control (e.g., offering up to 24 independently actuatable elements with simple control
circuitry, compared with 3- or 4-independent cartridges in the inkjets), and low-cost
interchangeable ribbon rolls (e.qg., the separable actuator and ink units, unlike the integrated
piezoelectric drive design), in addition to its simple operations without any chemical or
thermal treatment. [44]

In this paper, we target at combining the desired features from the non-contact inkjet
printing and the dot-matrix impact printing to establish a versatile multiplexed
micropatterning platform, referred to as Microfluidic Impact Printer (MI-Printer), for
emerging microfluidic and biological applications. [45] In particular, the MI-printer is
comprised of a conventional impact matrix head, an interchangeable microfluidic cartridge
set with multiplexed ink channels, and a programmable traveling stage holding the printing
substrates. Using the MI-printer platform, we can achieve the following distinct features,
which are highly desirable for printing or patterning biological objects. First of all, the
modular design of the MI-printer ensures no direct contact among the printer head, the liquid
inks, and the targeted substrate, which avoid the cross-contamination among different
chemical/biological reagents. Secondly, the highly customized cartridge set allows adapting
to a wide range of aqueous and non-aqueous fluids with an extremely small loading volume
(as little as 0.6pL) and an optimized dead volume (less than 0.05uL), which can be highly
attractive and economic to the academic researchers. It can also be utilized to print complex
fluids, for instance, cell suspensions and colloidal solutions. Moreover, the microfluidic
cartridge is built on a low-cost polymer (i.e., polydimethylsiloxane or PDMS) with an easily
interchangeable and disposable design. The fabrication of the cartridge only requires a
single-layer lithography using laser micromachining and plasma bonding [46, 47]. In
addition, the dot-matrix printer head can host up to 24 independently programmable pins,
which can be extended to control and printing of 24 different inks simultaneously.
Importantly, in the MI-printer, both printer head and travel stage as well as their computer
control module can be adopted from the existing dot-matrix printers with minor alternations
on the controlling circuitry, which makes the entire system easy to assemble and configure.
Table 1 compares the MI-printing system with the existing biopatterning techniques. In
brief, the MI-printing platform offers a versatile, high-throughput, low-cost micropatterning
solution, which is highly desired for microfluidic and biofluidic research, by simply
reconfiguring an obsolete printing technology. Fig. 1 illustrates a prototype of the MI-printer
system with the printer head adopted from a dot-matrix printer.
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Experimental Methods

MI-printer system

As aforementioned, the MI-printer consists of a dot-matrix printer head, a traveling stage,
and a microfluidic cartridge set. As illustrated in Fig. 2a, a microfluidic cartridge set is fixed
on the dot-matrix printer head (Panasonic KX-P1150) by a simple fitting structure, and the
whole printer head is mechanically attached to a multi-axis traveling stage (Sherline, CNC
2000) for rapid motion and accurate positioning. In order to establish the fully automatic
printing process, the interfacial circuits and firmware (Linux EMC2) have been modified to
control the printer head and motion stage simultaneously. In brief, we use EMC2 program to
control planar motion (in both x- and y-axes) of the traveling stage, while the other two axial
controls (with 4 parallel data lines) are employed to control the driving circuitry of up to 8
electromagnetic pins.

Microfluidic cartridge

As a key component of the non-contact printing, the microfluidic cartridge includes
multiplexed channels with matched printing nozzles to the pin matrix. As shown in Fig. 2b,
it is structured by stacking five layers of PDMS from the top to the bottom: an alignment/
fitting structure to the printer head, a spacer, a deformable membrane which is contact with
the pins during the printing process, a microchannel layer, and finally, the nozzle arrays. The
alignment/fitting layer allows the microfluidic cartridge is easily fitted and aligned to the
dot-matrix printer head while the space determines the overall deformation caused by the
striking pins. As the mechanically induced deformation increases, the hydrostatic pressure
elevates accordingly inside the microchannel, and thus, induces flow motion towards the
nozzle. As the geometry of the orifices tapers, the flow accelerates along the nozzle and
shoots out as a droplet at the nozzle opening, which will be deposited onto the target
substrate. Fig. 3a compares the different operation principles among inkjet and Ml printing.
As can be seen, the thermal inkjet printing uses micro-bubble expansion caused by the
electrical heating element to drive discrete droplets out of the nozzle opening, while the
piezoelectric-actuated printer utilizes the channel deformation caused by the piezoelectric
element to generate droplets from the nozzle. Whereas, the proposed MI-printing process,
which inherits the dot matrix printing mechanism, is enabled by the pin-induced membrane
deformation.

Laser micromachining technique has been used as the primary means to fabricate the
multilayer PDMS-based microfluidic cartridge. Specifically, the fabrication process starts at
layout design of each structural layer in the graphic design software (i.e., CoreIDRAW).
Following the structural design, PDMS pre-polymer is prepared at a mixing ratio of the base
to curing agents at 10:1 weight ratio (SYLGARD 184, Dow Corning), which can be either
casted on petri dishes or spun on glass slides based on the thickness requirement for each
layer. The PDMS film is then thermally cured at 80°C for 2 hours. Subsequently, a
computer-controlled CO,-laser engraver with focusing optics (Universal Laser Systems,
VersalLaser 2.30) is used to photo-etch the microfluidic network design on the PDMS layer,
followed by the standard oxygen plasma treatment (at 90W for 30 seconds, Diener
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electronic). Bonding between different PDMS structural layers is subsequently carried out
for cartridge assembly. [48]

Printing characterization

Planar PDMS substrates are used as the calibration surface for characterization of the printed
aqueous droplets (e.g., the sizes and shapes), given the low surface energy preferred in
analyzing the droplet geometry and preventing adjacent cross-contamination. The aqueous-
based solution is typically subject to evaporation under the MI printing, due to the large
surface-to-volume ratio of the droplets. Therefore, dimethyl sulfoxide (DMSO) has been
introduced to the printing solutions for the reduced evaporation. [49] Three color dyes
(bromophenol blue, methyl green, and phenol red) are respectively added to the aqueous
solutions for easy observation. The aqueous mixtures are at the mixing ratio of 5%:47.5%:
47.5% wt, Color Dye: DMSQO: deionized water for the calibration test and measurement. For
each printing parameter, an array of identical droplets (with more than 36 elements) is
deposited onto the PDMS surface, among which six droplets are arbitrarily selected and
measured. The diameter of the droplets and misalignment of the printed array are measured
under a standard optical microscope. For characterization of printing speed, the MI-printer
unit is driven by tunable frequency driving waveforms, which are generated by a standard
function generator (33220A, Agilent).

Sample preparation

In this report, we have demonstrated the MI printing can be applied to various biological
fluids, including protein solutions, cell suspensions, and agarose gel matrix. Specifically,
Protein solutions with fluorescent labels are prepared by diluting the original protein-
fluorophore conjugates (BSA-FITC, BSA-TR, and streptavidin-MB) in DMSO solution
(50%: 50% wt, DMSQO: DI water) to a concentration of 0.1mg/ml for the following bio-
printing experiments. Printed cell suspension (U937 human monocyte cell line, 1x10%/ml for
original cell density) is prepared by mixing 0.2ml of the original cell suspension with 0.2ml
DMSO solution. Agarose gel sample is prepared by mixing 0.1g of agarose powder in 10ml
DI water at 42°C. Prior to sample loading, microfluidic cartridges are sterilized in a 70%
ethanol solution for 20 minutes. Subsequently, the samples (fluorescent proteins, cells and
agarose gel) are injected successively into the sterilized microfluidic cartridges by a 1ml
syringe and printed onto hydrophobic PDMS substrates by the impact printing head. The
printing results are recorded by a high-resolution boom stereo microscope (EMZ5-V15,
Omano) and a fluorescent microscope (Axiovert 200M, Carl Zeiss).

Result and discussion

Printing process

MI printing process utilizes the kinetic energy from a moving pin, driven by an
electromagnetic actuator, to strike on an elastic membrane above the microfluidic channel
with an aligned nozzle. Upon the stroke, the deformed membrane displaces the fluid inside
both the horizontal microchannel and the vertical nozzle, from which an ejection of a small
droplet volume is resulted. Fig. 3b illustrates a simplified fluidic circuit model to describe
the printing process with key controlling parameters. Essentially, the fluid dynamic inside
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the microchannel can be modeled as a displaced flow (of volume V) caused by the pin
movement-induced membrane deformation. The displaced flow moves towards either the
nozzle openings or the adjacent connecting channel, of which the flow resistances are R,
and R, respectively. Subsequently, the extra volume fluid entering the nozzle opening (Vy,)
accelerates along the tapered geometry and is ejected into a discrete droplet. According to
this description, Eq. 1 expresses such a simple relationship between the printing droplet
volume and the geometric parameters of the microfluidic channel and the nozzle opening:
R. R. 3rld*

V,~ e =2 SAH Eq1
R.+R, P a

‘fn: —_— =
R, 7 64twh3

where Sis the tip area of the pin, AH is pin-induced membrane deflection, |, w, and h
represent the channel length, width, and height, respectively, whereas d and t indicate the
nozzle diameter and length.

Moreover, we have further derived the printed droplet shape on the surface by considering
the surface energy of the substrate and surface tension of the fluid. Eq. 2 links the diameter
of the printed droplet (D) to the ejected volume (V) and the liquid contact angle (6) and N
indicates the number of the ejections:

N-V, 1/3 d4/3
D=( 40 1 ) =f(0)g(L, Syt:w)Nl/S—AHl/g Eq. 2
3sin30 §7T60t0 h

where f(0) is a function of liquid contact angle and g (L, S t, w) stands for a geometrical
factor derived from the dimensions of the microfluidic cartridge (the detailed derivation can
be found in ESI). Based on the importance and controllability in the theoretical model of the
MI printing, three design parameters have been selected for further characterization of the
printing process, i.e., the nozzle diameter (d), the channel height (h), and the pin-induced
membrane deflection (V). The relationship between each parameter and the printed droplet
size has been experimentally measured and theoretically analyzed.

Parameter characterization

Nozzle diameter

As predicted by Eq. 1, the nozzle dimension plays a dominant role (4™ power) in
determining the printed droplet volume. The diameters of printed droplets have been
experimentally evaluated by varying the nozzle size, arranging from 100 to 280um, while
the other design parameters of the microfluidic cartridge keep unaltered. Fig. 4a summarizes
the measurement results of the printed droplet with theoretical analysis. As expected, the
printed droplet diameter exhibits a 4/37 power dependence on the nozzle size, which is in a
general agreement with the theoretical predictions, given the droplet diameter following a
cubic root of the droplet volume in Eg. 2. Importantly, under our cartridge design, we intend
to incorporate a higher resistance in the nozzle head than that of the microchannel (e.g., 15
times higher), leading to a reduced volume to be ejected (similar to a current divider in the
circuitry). On the other hand, the further reducing the nozzle size could result in drastic
increase in the nozzle resistance, a 4™ power dependence according to Poiseuville’s law, and
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eventually could prevent the ink solution to be ejected due to the surface tension [50]. In
addition, the upper limit of the nozzle boundary is fixed by the width of microchannels.

Channel height

Moreover, as the second most influential design parameter, the channel height can be
inversely proportional to the printed resolution as predicted by the model. Measurements on
the printed droplets are varied with the channel heights, ranging from 170 to 640um. Fig. 4b
illustrates such an inversely linear relationship in both experimental measurements and
theoretically analyses. Practically, the channel height can be controlled through the thickness
of the microfluidic layer for ink loading. Higher profile ink channels with lower flow
resistance (and thereby a lower RJ/R,, ratio) would be preferred to generate finer dots in the
MI printing. In the channel of 640um in height, aqueous droplets of around 100pm in
diameter can be repetitively printed.

Pin-induced deflection: As shown in the model, the pin-induced membrane deflection causes
the overall fluidic displacement in the microchannel (Vp), which is directly proportional to
the printed droplet volume (V). Fig. 4c compares the printing resolutions from various
deflections on the PDMS membranes, arranging from 70 to 440um. The trend of the
experimental measurements clearly indicates that the printed droplet size follows the
theoretical predictions, in which the droplet diameter is related to the 1/3rd power of the
membrane deflection. However, the maximal membrane deflection is limited by the fixed
travel distance (up to 800um) of the electromagnetically driven pins.

Printing speed and precision characterization

Under the current automated configuration, the MI-printing speed is set at 100 ejections per
minute, which can be facilitated by altering the frequency of the driving waveform to a
higher value (up to 200 Hz). The positioning precision of the Miprinter system is primarily
provided by the mechanical tolerance of the computer-controlled traveling stage, which
offers high alignment precision (less than 40 mm misalignment at a motion speed of 300
mm min~1, which is consistent with the commercially available printing platforms) without
any additional calibration. [51]

Bio-Patterning Demonstrations

Multiplexed Printing

The trend of contemporary biological and medical research has highlighted the significance
of high-throughput patterning of multiplexed biological and/or molecular objects for the
quantitative investigation on cellular behaviors and responses within specific
microenvironments at a single- or sub-cellular scale. [52-54] The Ml-printer provides a
facile means to establish such a complex multiplexed array patterns. In particular, we have
devised a multi-channel microfluidic cartridge loaded with 5 different colored solutions,
enabling simultaneous printing of five different reagents or biological objects, as illustrated
in Fig. 5a. Each microchannel contains a volume of 0.6pL, which can be self-primed due to
the hydrophilic nature inside. The nozzle is located at the end of the microchannel, which
permits most loaded agents can be printed/ejected with an extremely low dead volume. As
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characterized in Fig. 4, the ejected droplet size is dependent on the microchannel and nozzle
dimensions, for a droplet of 250pL, the current micro-cartridge design can produce more
than 2000 droplets with each loading. As indicated before, this minute load volume is one of
the key advantages of the MI printing setup, which only requires a minimal volume to
perform the printing function. This feature can be highly desirable for small-scale research
and development and biological/biochemical prototyping where the reagents are typically
limited and expensive. For large-scale droplet generation and extended printing applications,
we can easily expand our loading reservoirs to store extra volume of inks.

As the proof-of-concept experiment, multiple colored aqueous solutions are used as the inks
for the calibration tests. Fig. 5b shows that various monocolor and multicolor droplet arrays
have been printed on the planar PDMS substrates accordingly. Besides the multiplexed
droplet microarray generation, multiplexed printing of the MI-printer can be also used to
create complex droplet-based micropatterns for potential applications of tissue engineering
and regenerative medicine. [5, 6, 36-38] Fig. 5¢ shows several multiplexed micropatterned
images (including our lab logo, smiley and sad faces, and Tetris blocks) generated by the
MI-printer.

Combinatorial Printing with Self-Alignment

Unlike the conventional printing process, quantitative biological studies usually require
multiple additive steps of biological reagents to achieve the analytical aims. Thus, it is
crucial to ensure each chemical cue can be precisely deposited on the desired spot. This can
be achieved by using a manual microscopic alignment approach, which is lengthy and
tedious with inherent inaccuracy of operation. [32] In our MI-printing method, we have
implemented a wetting contrast-enabled self-alignment strategy, in addition to computer-
programmed precise movements of the automated traveling stage. In the self-alignment
process, we first deposit hydrophilic aqueous droplet as the positioning anchor, followed by
the consecutive aqueous printings. As a common matrix for cell culture, agarose gel is
intrinsically hydrophilic and can be self-primed. [55] When deposited onto the chemically
inert PDMS substrate, the agarose droplet retain its spherical shape. During the following
printing steps, the ejected aqueous droplets, once in contact with the substrate, will
autonomously move under the high wetting contrast towards the agrarose patterns. Fig. 6¢
illustrates formation of a multicolor droplet array on a pre-defined aqueous array using the
self-alignment approach. As can be seen, comparing the droplet printing results, the printing
alignment (less than 10um misalignment) has been evidentially approved.

Enabled by the multiplexed printing using wettability alignment, the MI-printing can be
extended to build a large array of combinatorial mixtures of cellular and molecular
substances. As illustrated in Fig. 6b, a four-color combinatorial array (of Red, Green, Blue
and Yellow) has been created on the planar PDMS substrate. Exhaustive combinations (of
256 = 4x4x4x4) among four colored solutions have been represented in the printed 16x16
array. In order to generate a four-color exhaustive combinatorial array, four printing cycles
with distinguished orders are needed. The first printing cycle is successively delivering
quadruple sequences of each color (e.g. RRRR GGGG BBBB YYYY) in the parallel
direction while the second printing cycle is delivering quadruple groups of four-color
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sequence (e.g. RGBY RGBY RGBY RGBY) in the parallel direction. These two printing
cycles are repeated in the vertical direction for the third and fourth printing cycles. (Fig. 6b)
In such a fashion, a combinatorial library with exhaustive combinations of 256 (= 4x4x4x4)
elements from the four colored solutions can be represented in the printed 16x16 array.
Different color droplets have been successively deposited for each micro-mixture at the
identical location. As can be seen, the color hue of each mixture dot is determined by the
number of different color droplets printed. For example, the combination of RYGB
represents one droplets of red dye, one droplet of yellow dye, one droplet of green dye and
one droplet of yellow dye are sequentially deposited at the same spot.

Biomolecular and Cellular Printing

Following the proof-of-concept printing of multiplexed and combinatorial micropatterns
using colored aqueous fluids, we extend the MI-printing platform to the biochemical and
biological samples. Here, we will use fluorescent protein solutions and cell suspension as the
printing inks. In particular, three fluorescent proteins (BSA-FITC, BSA-TR, and
streptavidin-MB) are dissolved in a pre-mixed water-DMSO solution (note: DMSO is added
to reduce the water evaporation [49]). These ink solutions are loaded into the microfluidic
cartridge, respectively. Using the programmable printing stage, a multiplexed protein
microarray can be established, as shown in Fig. 7a. Because of the low energy of PDMS
substrate and non-contact nature of the printing process, no cross-contamination has been
observed among adjacent printing droplets. Facile formation of micropatterned biomolecule
arrays can be of extended use for embedding biological cues in cellular microenvironment
[57] and defining molecular probes for high-throughput screening [58].

Furthermore, we can employ the MI-printing to build a living cell array in a high-throughput
manner. Prior to the cellular printing, a sterilization step using 70% ethanol for 20-minute
ultrasonication is applied to the microfluidic cartridge [59], followed by sample injection
(color dye solutions, monocyte suspensions and agarose gel) into each channels of the
sterilized microfluidic cartridge. A biomimic four-color combinatorial array is first created
by previous combinatorial patterning protocol. Each colored combination indicates one
distinguished complex biological microenvironment. Subsequently, identical droplets of
monocyte suspension are printed on each combination spot through unique automatic
alignment process, followed by transferring the patterned polycarbonate membrane onto the
agarose gel with cell culture medium to form a transwell-like droplet-based cellular array for
long-term cell culture and manipulation. [60,61] Fig. 7b illustrates the proposed scheme of
the transwell-like droplet-based cellular array with potential use for pharmaceutical cell
assays.58,60,62 The nutrition and ionic molecules in the droplets and the agarose gel can be
exchanged through the nanoporous polycarbonate membrane (200 nm in diameter of
nanopores). Fig.7c and 7d illustrates the cellular printing results on the polycarbonate
membrane created by the MI-printer. The high-magnification photo in Fig. 7d shows
monocytes presented in the biomimic microenvironment. The number of the monocytes in
an individual droplet can be controlled by the printed droplet volume, which can be
precisely controlled by the key geometric parameters of the MI-printer, as shown in the
section of parameter characterization. Moreover, the MI-printing technique shows no
appreciable adverse effect on cell viability during the patterning process due to the
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biocompatible material (PDMS) and non-contact process of the printing platform. Thus,
these cellular printing results clearly demonstrate the potential of the MI-printer platform as
a convenient and powerful tool for the investigation in cellular responses to the complex
(and combinatorial) biological responses, which can be of potential benefit to medicinal
chemistry, drug screening, analysis of cellular processes and intercellular communication,
and regeneration of tissues and organs. [21, 36, 58] It is worth noting that DMSO at high
concentration (greater than 10 vol%) may potentially cause protein denaturation and
cytotoxic effects. [63, 64] As an alternative, various biocompatible hydrogels, such as
Matrigel, polyethylene glycol (PEG) hydrogel, and agarose gel, can be adopted as the non-
evaporative reagent to the microfluidic impact printing platform to prevent dehydration with
minimal bio- or cytotoxicity.

Conclusion

In this paper, we have developed a versatile multiplexed micropatterning platform, referred
to as microfluidic impact printer (MI-printer) that combines ink-jet printing and dot-matrix
printing for advanced biological patterning applications. Compare to conventional
biopatterning process, the MI-printer platform achieves several distinct features, including
(a) no cross-contamination enabled by the non-contact nature of the Ml printing technique;
(b) minute volume manipulation with minimal dead volume achieved by the microfluidic
cartridge design; (c) multiplexed printing with self-alignment nature (less than 10um
misalignment); (d) biocompatible printing without any thermal or chemical treatments; ()
patterning availability for complex medium (cell suspensions or colloidal solution); (f)
interchangeable/disposable microfluidic cartridge design with simple microfabrication
process; (g) high throughput printing enabled by the pin numbers of the dot-matrix printer
head (up to 24 pins); (h) easy assembly and configuration of the Ml printer using existing
dot-matrix printer head, traveling stage, computer and minor-alternated controlling circuits.
In summary, the novel MI-printer system offers a simple, low-cost and powerful solution for
high-throughput, large-scale, out-of-cleanroom biological patterning, which can be widely
employed in drug discovery, biosensing, regenerative medicine, and combinatorial
chemistry.
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Fig. 1.
Prototype of MI-printer system (inset: prototype of microfluidic cartridge).
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(a) Nlustration of MI-printer system with computer control and interface circuit; (b)

Ilustration of the microfluidic cartridge.
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(a) Comparison among various printing principles including inkjet and Mlprinting; (b)
Illustration of the principle of the MI-printing process.
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Characterization of printing resolution with key design parameters: (a) nozzle diameter, (b)
channel height, (c) pin-induced membrane deflection.
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Fig. 5.

(a)g Five-channel microfluidic cartridge device (scale bar: 5 mm for left, 1 mm for right); (b)
Monocolor and multicolor droplet array printed on planar substrate (scale bar: 1 mm); (c)
Multiplexed droplet-based micropatterns (MiNI logo, smiley and sad faces, and Tetris
blocks, scale bar: 1 mm).
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Fig. 6.

(a) Multicolor printing on pre-defined agarose array using a self alignment approach (scale
bar: 1 mm); (b) four-color combinatorial printing on the planar PDMS substrate (scale bar: 1

mm).
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Fig. 7.
(a) Multiplexed fluorescent protein droplet array (scale bar: 0.1 mm); (b) Scheme of cellular

printing for long-term cell culture and manipulation; (c) Cellular printing on the
polycarbonate porous membrane (scale bar: 0.1 mm); (d) U937 monocytes in the printed
droplet (scale bar: 0.1 mm).
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Comparison among different biopatterning processes including MI-printing system

Patterning
techniques

Advantages

Disadvantages

Photolithography

1 High lithographic resolution (down to
submicrometer)

2 Precise positioning and alignment

1 Non-biocompatible process (UV
exposure and chemical treatment)

2 Required high-maintenance
cleanroom environment

Screening printing

1 Simple operation process
2 Ultrahigh throughput

3 Large scale printing capacity

1 Limited positioning precision

2 Fabrication complexity of the
stencils

3 Potential cross-contamination
caused by the contact nature

Inkjet printing

Non-contact nature
No cross-contamination

Ultrahigh throughput

A W N P

Automatic process

1 Non-biocompatible process (for
thermal expansion)

2 Limited integratability with
customized cartridges (for
piezoelectric drive)

3 Limited cartridge capacity (3 or 4
inks)

4 Required large volume fluid
injection (milliliters)

Microfluidic impact printing

1 No cross-contamination
2 Self-alignment

3 Sub-microliter loading with a minimal dead
volume

4 Handling of complex media
5 Extensive multiplexability (up to 24 inks)

6 Biocompatible operations without chemical and
thermal treatment

7 Interchangeable/disposable microfluidic
cartridge design

8 High-throughput printing (up to 200 Hz)
9 Simple fabrication, assembly, and configuration

10 Low cost

Lab Chip. Author manuscript; available in PMC 2015 September 10.




