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ABSTRACT 

Microcontact printing ( CP) is a soft lithographic technique based on transferring an ink material 

from a stamp on to a substrate through physical contact to produce features at the micrometer scale. 

Compared to other surface-patterning techniques, CP is known for ease of use, low cost, high 

reliability, and high versatility. It is being used across diverse fields of scientific and engineering 

research, and holds potential to be useful for large-scale manufacturing. My doctoral research is 

focused on the development of CP techniques for fabricating functional micropatterns and 

microparticles for biomedical applications. Polyelectrolyte Specifically, my work consists of the 

following four projects. 

First, I developed a method based on CP of polyelectrolyte for surface micropatternng. The 

method is featured by the use of an unmodified poly(dimethyl siloxane) (PDMS) stamp to print 

polyelectrolytes on a substrate coated with a monolayer of poly(ethylene glycol) (PEG)-silane. 

The method is applicable to various polyelectrolytes including poly(allylamine hydrochloride) 

(PAH), branched and linear poly(ethylene imine) (PEI), poly-L-lysine (PLL), 

poly(diallyldimethylammonium chloride) (PDAC), chitosan, double stranded DNA, and 

poly(sodium 4-styrene sulfonate) (PSS). The printed polyelectrolyte structures, which include 

monolayer, bilayer, and stretched molecular bundles, are stable in aqueous solutions and have been 

used for micropatterning quantum dot nanoparticles, DNA, proteins, and live cells. 

Second, I utilized a novel polyelectrolyte ink material for CP. The ink material is poly(4-

aminostyrene) (PAS) which can be converted to aryldiazonium salt and exhibits pH-dependent 

hydrophobicity. I demonstrated that PAS could be microcontact printed using an unmodified 

PDMS stamp, and the printed PAS could be diazotized to further micropattern biomolecules 

including DNA and protein and nanomaterials including single-walled carbon nanotubes and gold 

nanoparticles. I also revealed that the diazotized PAS could be used to enable CP of a metallic 

structure on a carbon surface. Third, the hydrophobic nature of PAS at the neutral pH allowed the 

microcontact-printed PAS-based polyelectrolyte multilayer to be used as masks for wet etching. 

In addition, I used this technique to produce highly engineered microparticles.  

Third, while investigating the diazonium chemistry of PAS, I developed a novel paper indicator 

for sensing nitrite The paper indicator is featured by using three different modalities including 
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colorimetric assay, Raman spectroscopy, and electron paramagnetic resonance spectroscopy. This 

method is simple and inexpensive, and promises to have wider applicability than the existing paper 

indicators for nitrite sensing. 

Lastly, I developed a novel CP technique for functionalizing and assembling live cells by 

integrating CP of polymeric biomaterials with the use of a temperature-sensitive water-soluble 

sacrificial layer. It can not only functionalize live cells with microscopic polyelectrolyte and 

thermoplastic structures of various sizes and shapes, but also to assemble the cells into 

macroscopic stripes and sheets. The technique is also applicable to multiple types of cells, 

including human leukemic cells, mouse embryonic stem cells and human mesenchymal stem cells 

in the forms of single cells and cell aggregates. In addition, the technique can be used with 

biodegradable and biocompatible polyelectrolytes and thermoplastic. Compared with the 

conventional methods, this technique is inexpensive, easy to use, highly versatile and potentially 

useful for diverse biomedical applications, such as drug delivery, cellular therapies and tissue 

engineering. 



1 

 

CHAPTER ONE 

INTRODUCTION 

1.1 Microfabrication for Biomedical Applications 

Methods for producing structures at the micrometer level can be categorized into two groups: 

bottom-up synthesis and top-down fabrication. Bottom-up synthesis relies on assembling smaller 

building blocks into larger entities. While it can generate microstructures with various materials, 

in large quantities, and at a low cost, it is generally incapable of producing microstructures with 

highly uniform sizes, nonspherical shapes and complex structures. In contrast, the top-down 

fabrication is associated with high cost and low yield, but it can precisely control the geometry, 

components and internal structure of microstructures. Microfabrication was originally developed 

to manufacture integrated circuits,1-3 but it is finding increasing applications in other fields 

including biomedical science and engineering.4-9 Among numerous types of microfabricated 

structures for biomedical applications are micropatterns and microparticles are important.8,10-13 

Microcontact printing ( CP) is a microfabrication technique that has been used to produce 

micropatterns and microparticles. It possesses a unique set of advantages for these applications 

compared to other methods. The goal of this dissertation research is to develop novel CP 

techniques for fabricating micropatterns and microparticles for biomedical applications. This 

Chapter reviews first micropatterns and microparticles for biomedical applications, then the major 

microfabrication techniques for preparing the micropatterns and microparticles, and finally the key 

techniques that are integrated with CP in this dissertation research. 

1.1.1 Micropatterns 

Micropatterns are micrometer-sized surface structures with different physical, chemical, 

mechanical, biological, and/or topological properties. Micropatterns are being used for various 

biomedical applications. For example, Lenhert et al. developed a novel drug-screening method 

based on creating micropatterns of phospholipid multilayers and drugs with dip-pen lithography.14 

Irvine et al. generated microarrays of B cells and T cells respectively for sensitive detection of 

peptide and monitoring of the interactions between the T and B cells.15 Similarly, Rubner et al. 

micropatterned a bioactive polyelectrolyte multilayer and used it to create lymphocyte 
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microarrays.16 Biopolymer and protein micropatterns were used to study cell adhesion, spreading, 

migration and differentiation.1,17-19 A dual biopolymer micropattern was used to screen surfaces 

for macrophage adhesion.20,21 Micropatterns of extracellular martrix could induce estrogenic 

lineage commitment of human mesenchymal stem cells (hMSCs) via control of cell shape.22 

Protein micropatterns were used to regulate neuron polarity and outgrowth.23-25 In addition, 

micropatterns of DNA form the basis of DNA microarray technology, which allows high-

throughput genetic analysis for gene discovery, disease diagnosis, drug delivery and toxicological 

research. A wide variety of techniques has been used to fabricate micropatterns.26-29  

1.1.2 Microparticles 

Microparticles produced by microfabrication have been utilized for a variety of biomedical 

applications including drug delivery,30 intracellular imaging,31 magnetic resonance imaging 

(MRI),32 cancer treatment33, immunotherapy,21,34 and bioanalysis35. For instance, Ferrari et al. used 

photolithography to fabricate mesoporous silicon microparticles loaded with contrast agents for 

MRI36 and therapeutic agents for cancer treatment.37 Rubner et al. produced functional 

polyelectrolyte multilayer microparticles carrying magnetic nanoparticles or infrared species 

which can bind to lymphocytes for potential in vivo tracking.38 Mitragotri et al. demonstrated a 

method to fabricate cell-based drug delivery devices by incorporating a temperature sensitive 

polymer into multilayers. Cellular backpacks containing drugs were assembled with cells such as 

macrophages and monocytes for targeted drug delivery and control release.39,40 DeSimone’s group 

developed a technique called Particle Replication In Non-wetting Templates (PRINT)31,41,42 for 

fabricating micro/nanoparticles. In this method, a unique liquid fluoropolymer was poured on the 

surface of master template and photocrosslinked to generate a precise mold having micron or 

nanometer scale cavities. The cavities were used as molds to produce particles from a liquid 

precursor. This method allows production particles with well-controlled size (nanometer to 

micron), various shapes (spheres, cylinders, disks, etc.), different structural materials (hydrogel, 

biodegradable polymers, titanium, tin oxide, etc.), a variety of cargo materials (therapeutics, 

proteins, oligonucleotides and imaging contrast agents), and versatile surface chemistries 

(antibodies and poly(ethylene glycol) (PEG)). The particles were used as drug-delivery vehicles 

for cancer treatment. The abovementioned methods for fabricating microparticles are generally 

limited by the need for expensive facilities, the use of harsh processing conditions, and the 
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complicated process.6,32,43,44 To overcome these drawbacks, Hansford’s group used soft 

lithography, which is relatively simple and inexpensive, to produce thermoplastic and hydrogel 

microparticles for drug delivery.13,30,45,46 Our group recently extended this method to produce 

microparticles with polyelectrolytes, thermoplastics and nanoparticles.47-49 

1.2 Major Microfabrication Techniques 

1.2.1 Photolithography 

Photolithography is featured by transferring a pattern of a photomask to a photo-sensitive substrate 

by shining light to the substrate through the photomask. It consists of the following steps: coating 

a substrate with a thin film of photoresist, exposing the film to light through a photomask, and 

removing photoresist at either the exposed and unexposed area. For biomedical applications, the 

photoresist micropatterns can be translated into micropatterns of other materials such as 

biomolecules on various substrates. This approach has also been used to fabricate particles with 

high aspect ratios by using various materials including silicon,50 thermoplastic51 and 

biomaterials.52 However, this approach generally suffers from the need for cleanroom-based 

facilities, which are expensive and/or inaccessible for many researchers. Moreover, its batch-based 

production process renders it apparently inferior to the roll-to-roll process for continuous 

manufacturing. 

1.2.2 Microfluidics  

Microfluidic technology is able to manipulate liquid flow at the micrometer scale. Considerable 

efforts have been invested to the use of this technology to produce functional surface micropatterns 

and particles. For example, Desai et al. used microfluidic to pattern three-dimensional biopolymer 

matrices to improve cellular pattern integrity and to provide microscale control over cellular 

microenvironments.53 Sope et al. fabricated DNA microarrays onto poly(methyl methacrylate) 

with microfluidic and ultraviolet for the detection of low-abundant point mutations.54 Regarding 

particle fabrication, there are two microfluidic approaches depending on the number of liquid 

phases involved in the fabrication process: oil-in water emulsion and one phase fabrication. In the 

oil-in-water emulsion method, more than two streams of liquid precursors in different channels 

were brought together at a T-junction and particles were formed by physical and chemical 
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interactions between different components.55 This flow focusing method has been used to fabricate 

monodispersed solid and gel particles in spherical and non-spherical shapes.56 Also, Janus 

microparticles were fabricated by controlling the number of phases in the microchannels.57 Dolye 

et al. developed the one-phase approach by integrating microfluidics and photolithography for 

producing microparticles for bioanalysis.35,58 While the microfluidic technology offer unique 

capabilities for surface micropatterning and particle fabrication, it is concerned with high cost and 

low yield with respect to its potential for large-scale manufacturing. 

1.2.3 Dip-Pen Nanolithography and derivatives 

Dip-Pen Nanolithography (DPN) was developed Mirkin’s group in 1λλλ.59 This technique relies 

on using an atomic force microscope (AFM) tip to “write” pattern directly on different substrates 

with a variety of materials including polymers, colloidal nanoparticles, small organic molecules, 

biomolecules and bacteria.60-62 It allows sub-50 nm surface patterning. Mirkin’s group later 

developed multiple derivatives of DPN including Polymer Pen Lithography, Beam Pen 

Lithography.61,62 This group of techniques have been used for various biomedical applications.63-

66 However, they are time-consuming, and require use of specialized facilities and inks with special 

properties.. 

1.2.4 Nanoimprint lithography  

Nanoimprint lithography (NIL) is based on replicating nanometer-sized topological surface 

features of a mold.67 It is a mechanical replication process in which the surface reliefs of the mold 

are embossed into a resist layer on a substrate. There are several types of NIL, Thermoplastic NIL 

and photo NIL are two prominent ones. Thermoplastic NIL performed under a high temperature 

in order to melt a thermoplastic substrate so that it can be embossed by mold through mechanical 

pressing. In photo NIL, the mold is pressed against a liquid precursor, which is solidified typically 

by UV radiation.68,69 NIL has been used to fabricate biomedical devices for tissue engineering and 

drug delivery.70 However, the biomedical applications of NIL is limited by the high cost and 

complexity of this technology.  
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1.2.5 Soft lithography 

Soft lithography relies on the use an elastomeric stamp for transferring the pattern from the stamp 

to a substrate. Polydimethylsiloxane (PDMS) is the most commonly used material for preparing 

the stamp due to its low cost, chemical inertness, transparency, biocompatibility as well as 

mechanical flexibility.1,71 The stamp is typically prepared by casting the liquid precursor of PDMS 

on a master with topological surface features fabricated by photolithography. Soft lithography is 

featured by ease of use and low cost compared to the other major microfabrication techniques and 

it has been extensively used in various fields science and engineering. Soft lithography can be 

divided into many techniques represented by micromolding and CP. 1,13,71 

Micromolding. Micromolding includes two methods: microtransfer molding (MTM) and 

micromolding in capillaries. In MTM, a liquid precursor is applied onto a PDMS stamp to fill out 

the recessed surface features and then solidified. The solid microstructure is transferred from the 

stamp onto a substrate via physical contact.72 This method can generate structures that are from a 

few micrometers to a hundred micrometers. Hydrogel microstructures have been produced by 

MTM for tissue engineering. Micromolding in capillaries relies on placing a stamp with 

continuous channel-like surface features on surface, filling the features with a low-viscosity liquid 

precursor driven by capillary effect, curing the liquid precursor, and removing the stamp.73 

Micromolding in capillaries has been used to pattern UV-sensitive polymers such as polyacrylates 

and macromolecules such as immunoglobulins.46,74,75 However, these methods have only been 

used to produce microstructures using UV-curable or chemically crosslinkable materials such as 

thermoplastics and thermosets.  

Microcontact printing. CP was invented by Kumar and Whitesides in 1993,1,2,71 Since then, this 

technique has evolved significantly with numerous derivative versions being developed. However, 

the original µCP still dominates in terms of popularity. As schematic showed in Figure 1.1, the 

original CP typically consists of two consecutive stepsμ inking and printing. First, a PDMS stamp 

is coated with a thin layer of material known as ink. Second, the coated ink is transferred from the 

stamp surface onto a substrate by conformal contact.1,2,71µCP is characterized by low cost, mild 

operating conditions, ease of use and high versatility. It thus has been used to pattern a wide variety 

of materials, including biomolecules,76-79 colloidal crystals,80,81 thermoplastics82 and 
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polyelectrolytes,83-85 metal86,87 and semiconductor nanoparticles.88,89 In addition to 

micropatterning, CP has been used to fabricate particles. Guan et al. used CP to fabricate 

polymeric microparticles for drug delivery. Isolated polymeric structures with different 2D shapes 

were first fabricated on micropillars or in microwells of a PDMS stamp.13,46 The polymeric 

structures were then printed onto a substrate covered by a water-soluble sacrificial layer. Particles 

were released by adding water to dissolve the sacrificial layer. Using this method, biodegradable 

and biocompatible polymers including poly(lactic-co-glycolic acid) (PLGA), DNA, poly(l-lysine) 

(PLL), chitosan were applied in the particle fabrication.48,49  

 

1.3 Techniques Integrated with Microcontact Printing  

The simpleness of µCP allows it to be easily integrated with many different techniques. Two 

prominent ones with respect to biomedical applications are self-assembled monolayer (SAM) and 

layer-by-layer (LbL) assembly.   

1.3.1 Self-assembled monolayers  

A SAM is a single layer of molecules adsorbed to a surface from a solution or gas phase.  The 

adsorbed molecules organize spontaneously into crystalline structures (Figure 1.2). The molecules 

that create SAMs typically consist of a head group, which has a higher affinity for the surface than 

            

Figure 1.1. Schematic representation of the process of the original µCP. 
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those of the non-specifically absorbed materials. Consequently, the head groups can displace the 

absorbed organic molecules.90,91  The most extensively studied class of SAMs is derived from the 

adsorption of alkanethiols on gold, silver, copper, etc.92-94 Besides, silane-based molecules, such 

as tricholorsilane and tetramethylsilane, can react with hydroxyl group on a substrate.91 The 

thickness of a SAM is typically 1-3 nm which is determined by the atomic composition of the 

SAM. This characteristic makes it possible to precisely control the surface structures at the scale 

of 0.1 nm. SAMs can be fabricated into patterns with micron or submicron dimensions in the plane 

of surface by patterning using photolithography, soft lithography, dip-pen lithography, etc.44,95 

SAMs on metal or glass substrate have been widely used in studies of cell and protein patterning. 

By integrating with µCP, SAMs enable selective immobilization of proteins and cells on 

substrate.96 Patterned SAMs is generated by printing either hydrophobic alkanetthiolates or 

alkylsilane onto a substrate. The remaining areas of bare substrate are coated with a second 

hydrophilic molecules to generate a bioinert SAM surrounding hydrophobic areas. SAMs of PEG- 

silane are extensively used as an antifouling coating for surface micropatterning.97,98 Proteins can 

be adsorbed to the hydrophobic regions to create patterned proteins for cell attachment. This 

method has been used to study the effect of cell spreading, cell-cell interactions and cell 

behaviors.99-101 

 

            

Figure 1.2. Schematic representation of a SAM. 
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1.3.2 Layer-by-layer assembly 

LbL assembly is characterized by sequential deposition of different materials on a substrate to 

form a multilayered structure.102-104  R. K. Iler first implemented this technique for colloidal 

particle fabrication in 1966.105  The most representative materials utilized in LbL assembly are 

polyelectrolytes. Polyelectrolytes, which constitute a versatile group of water-soluble polymers, 

are commonly used as templates for micropatterning various functional agents and live 

cells.88,106,107 Polyelectrolytes are water-soluble polymers containing electrolyte side groups. By 

depositing alternating layer of oppositely charged polyelectrolytes, a multilayer thin film can be 

built (Figure 1.3). While the electrostatic interaction is mainly responsible for the assembly of 

multilayer thin film, secondary interactions especially hydrogen bonding can also play a critical 

role and may enable unique applications.108  Since this technique is inexpensive, requires typically 

mild operating conditions, and allows precise control of thickness of the multilayer, LbL assembly 

has been widely used for various biomedical applications including biomolecules micropatterning, 

tissue engineering and drug delivery.109-111  

 

 

Figure 1.3. Schematic representation of layer-by-layer assembly. 
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LbL assembly has been combined with CP to generate functional microstructures. Hammond et 

al. combined SAMs and polyelectrolytes LbL assembly to produce composite colloidal structures 

on a surface. 83,112-114 Later, they developed the polymer-on-polymer stamping technique to pattern 

polyelectrolytes. The patterned polyelectrolytes were also used as a template to direct patterning 

of charged particles. Our group developed a novel method based on integrating LbL assembly and 

µCP to fabricate microparticles (Figure 1.4). First, polyelectrolyte multilayers are deposited on 

PDMS stamp surface. Second, multilayers on relief surface of PDMS are printed on a water soluble 

poly(vinyl alcohol) (PVA) based sacrificial layer. At last, printed ordered multilayers 

microstructures are released from surface by dissolving PVA. This method allows production of 

microparticles with monodispersed sizes, arbitrary lateral shapes, a well-defined multilayered 

structure, complex structures, an arrayed pattern, and a versatile composition. The particle can be 

attached to the live cells. Moreover, microparticles for unidirectional drug release to single cells 

and tracking cells based on Raman scattering respectively were developed by our group.47,48,115 

 

 

 

 

Figure 1.4. Schematic representation of fabricating polyelectrolytes multilayer microparticles. 



10 

 

CHAPTER TWO 

MICROCONTACT PRINTING OF POLYELECTROLYTES ON PEG 

USING AN UNMODIFIED PDMS STAMP FOR MICROPATTERNING 

NANOPARTICLES, DNA, PROTEINS AND CELLS 

Reproduced by permission of The Royal Society of Chemistry 

2.1 Introduction  

µCP is a major method for patterning polyelectrolytes and predominantly uses stamps made of 

PDMS.116 Initially, the hydrophobic surface of a PDMS stamp was typically transformed to 

hydrophilic, so that it could be wetted by aqueous polyelectrolyte solutions.83,117,118 Alternatively, 

the stamp surface was modified to become highly charged, so that polyelectrolytes carrying the 

opposite charge could adhere to the surface by electrostatic attraction.119 Various polyelectrolytes 

such as poly(ethylene imine) (PEI),117 poly(diallyldimethylammonium chloride) (PDAC),83 

polylysine,118 and DNA119 were printed by these approaches. It was later discovered that 

unmodified PDMS stamps allowed µCP of monolayers of oligonucleotides,120 poly(allylamine 

hydrochloride) (PAH),84 and poly(sodium 4-styrene sulfonate) (PSS),121 multilayers of 

polyelectrolytes,113  and stretched molecular bundles of long DNA.10  Use of the unmodified 

PDMS stamps not only simplifies the µCP process, but also permits easy transfer of the 

polyelectrolytes from the stamp to the substrate due to relative weak ink-stamp interactions. 

However, application of this method has been limited to the a few aforementioned polyelectrolytes.  

On the other hand, creating a micropattern consisting of a PEG-silane SAM with other materials 

typically requires multiple processing steps, harsh conditions such as plasma etching, and 

expensive photolithography facilities.44,122,123 We introduced a new µCP method based on printing 

polyelectrolytes directly on a PEG-silane SAM using an unmodified PDMS stamp. The method is 

simple, convenient, and inexpensive, and has been used to print monolayers of PAH, PLL, linear 

PEI, branched PEI, chitosan, and PDAC, bilayer of PAH and PSS, and stretched molecular bundles 

of DNA on a PEG-silane SAMs on glass or polystyrene surface. We also demonstrated that the 

printed structures can be used to micropattern nanoparticles, DNA, proteins, and live cells. 
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2.2 Experimental Section  

2.2.1 Materials  

Sylgard 184 PDMS kit was purchased from Dow Corning. PSS (Mw:100,000 Da), PDAC (Mw: 

200,000 Da), branched PEI (Mw: 25,000 Da), linear PEI, (Mw: 25, 000 Da), chitosan, poly-L-

lysine (PLL) solution (0.1% w/v in water), dansyl chloride, and DNA from salmon testes were 

purchased from Sigma-Aldrich. PAH (Mw:15,000 Da), glass slides, polystyrene Petri dishes, 

toluene, glutaraldehyde aqueous solution, rhodamine-B isothiocyanate (RITC) and fluorescein 

isothiocyanate (FITC) were purchased from VWR, ([Hydroxy(polyethyleneoxy)propyl] triethoxy 

silane, Mw: 500-550 Da, 8-12 ethylene oxide repeat units as reported by the manufacturer) was 

purchased from Gelest (Morrisville, PA, USA). -DNA was purchased from New England Biolabs. 

Fluorescein-labelled biotin was purchased from Biotium (Hayward, CA, USA). Rhodamine-

labelled neutravidin and YOYO-1 dye was purchased from Invitrogen. Suspension of thioglycolic 

acid-capped cadmium telluride quantum dots in water was a gift from Ken Knappenberger at 

Department of Chemistry and Biochemistry in the Florida State University. K562 cell line was 

obtained from American Type Tissue Culture Collection (ATCC, Rockville, MD, USA). 

2.2.2 Fabrication of PDMS stamps  

PDMS stamps were prepared using soft lithography.71 Briefly, silicon masters with photoresist 

microfeatures were produced by the standard photolithography. PDMS resin and curing agent were 

cast on the masters at 10:1 weight ratio and incubated at 37 °C for 24 hr. The cured PDMS resin 

was peeled off from the master and cut into 1.5 cm × 1.5 cm pieces as stamps. Stamps with three 

types of surface features were used in this work: (1) a hexagonal lattice of 10 µm circular pillars 

with 30 µm centre-to-centre distance and 5 µm height, (2) 3 µm-wide straight ridges with 6 µm 

edge-to-edge distance and 3.4 µm height, and (3) a square lattice of 5 µm circular microwells with 

10 µm centre-to-centre distance and 4 µm depth. 

2.2.3 Preparation of PEG-silane SAMs on glass and polystyrene  

PEG-silane SAM on glass was prepared through the following steps: (1) Glass slides were 

sonicated in deionized (DI) water and ethanol consecutively for 10 min each and dried under a 

nitrogen stream. (2) The slides were exposed to oxygen plasma in a PDC-32G plasma cleaner 
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(Harrick Plasma, Ithaca, NY, USA) for 3 min at 500 mTorr and high radio frequency (RF) level. 

(3) The slides were immersed in 1% v/v PEG-silane solution in toluene for 24 hr at room 

temperature. (4) The slides were washed with copious amount of ethanol and water consecutively 

and dried under a nitrogen stream. This procedure was also used to prepare PEG-silane SAMs on 

a silicon (Si) wafer with an oxidized surface (SiO2). PEG-silane SAM on polystyrene was prepared 

through the following steps: (1) Polystyrene Petri dishes were cut into plates of ~2 cm wide. (2) 

The plates were exposed to oxygen plasma for 3 min at 500 mTorr and high RF level. (3) The 

plates were then immersed in 1% v/v PEG-silane solution in water for 24 hr at room temperature. 

(4) The plates were washed with copious amounts of ethanol and water consecutively and dried 

under a nitrogen stream. 

2.2.4 Fluorescence labelling of polyelectrolytes 

Salmon DNA and -DNA were labelled with YOYO-1 at dye-to-base pair ratios of 1:30 and 1:10 

respectively. PAH, liner PEI, branched PEI, chitosan were labelled with RITC by allowing the 

polyelectrolytes to react with trace amount of RITC in water for 24 hr at room temperature. PLL 

was labelled with FITC under the same condition. 

2.2.5 Microcontact printing (µCP) 

µCP of PAH, linear PEI, branched PEI, PLL, chitosan, PDAC. The aqueous solutions of 

polyelectrolytes used for µCP were 0.5 wt% PAH-RITC (pH=10), 0.2 wt% branched PEI-RITC 

(pH=10), 0.2 wt% linear PEI-RITC (pH=8), 0.1 wt% chitosan-RITC (pH=6), 0.1 wt% PLL-FITC 

(pH=7), and unlabeled 0.5 wt% PAH (pH=10), 0.2 wt% branched PEI (pH=10), 0.2 wt% linear 

PEI (pH=8), 0.1 wt% chitosan in water (pH=6), 0.1 wt% PLL (pH=7), and 0.5 wt% PDAC (pH=7). 

The process of µCP of PAH, linear PEI, branched PEI, PLL, chitosan, and PDAC on the PEG-

silane SAMs is shown in Figure 2. 1. It consists of the following steps: (1) Immersed an unmodified 

PDMS stamp in a solution of polyelectrolyte for 10 min. (2) Took the stamp out; washed it briefly 

with DI water and dried it under a nitrogen stream. (3) Placed the stamp on the substrate; 

maintained the contact for 1 min and peeled it off. 
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To prepare PSS/PAH bilayer on a stamp, the same procedure as printing PAH was used except 

adding a step of immersing the stamp in 0.5 wt% PSS aqueous solution (pH=8) for 10 min and 

washing it with DI water after coating the stamp with PAH and washing it with DI water. A method 

developed by Guan and Lee was used to generate stretched molecular bundles of -DNA on the 5 

µm-microwell stamp. The stamp bearing the stretched DNA bundles was placed on a PEG-silane 

SAM on glass and the contact was maintained for 1 min.  

2.2.6 Staining printed polyelectrolytes with dansyl chloride 

A slide bearing the printed polyelectrolyte was immersed in 0.5 wt% dansyl chloride in acetone 

for 1 hr at room temperature. The slide was then washed with acetone and then sonicated in DI 

water for 10 min to remove unbound dansyl chloride. The slide was dried under a nitrogen stream 

before being imaged. 

                           

Figure 2.1. Schematic representation of µCP of polyelectrolytes on a self-assembled monolayer 

SAM of PEG silane using an unmodified PDMS stamp for micropatterning nanoparticles, DNA, 

proteins, and live cells. 
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2.2.7 Stability evaluation of printed polyelectrolytes 

A slide bearing the printed polyelectrolyte was soaked in phosphate buffered saline (PBS) for three 

days (72 hr) at room temperature. The slide was dried under a nitrogen stream before being imaged. 

2.2.8 Cell culture 

K562 cells were cultured in RPMI 1640 medium supplemented with 10% (v/v) cosmic calf serum, 

100 units/mL of penicillin, and 100 µg/mL streptomycin at 37°C and 5% CO2. 

2.2.9 Micropatterning of quantum dots, DNA, proteins, and cells 

Quantum dots. A PEG-silane-coated glass slide printed with PDAC dots was immersed in the 

suspension of quantum dots for 1 hr at room temperature. The slides were washed with DI water 

to remove unbound quantum dots. The slide was dried under a nitrogen stream before being imaged. 

DNA. A PEG-silane-coated glass slide printed with PAH dots was immersed in 0.5 µg/mL solution 

of salmon DNA labelled with YOYO-1 dye for 2 hr at room temperature. The slides were then 

washed with DI water. The slide was dried under a nitrogen stream before being imaged. 

Proteins. A PEG-silane-coated glass slide printed with PAH dots was immersed in 10 wt% aqueous 

glutaraldehyde solution for 4 hr and washed with copious amount of DI water. The slide was then 

covered with 100 µL 1 mg/mL rhodamine-labelled neutravidin for 3 hr at room temperature and 

washed with DI water. Finally, the slide was covered with 100 µL 1 mg/mL fluorescein-labeled 

biotin solution in PBS for 3 hr at room temperature and washed with DI water. The slide was dried 

under a nitrogen stream before being imaged. 

Cells. 200 µL K562 cell suspended in PBS at concentration of 106 cells/mL was applied onto a 

substrate and incubated for 1 hr at 37°C and 5% CO2. After incubation, the glass slide was gently 

washed with PBS to remove unbound cells. 

2.2.10 Viability assessment of arrayed cells  

A cell array on a glass slide was kept in the medium at 37°C and 5% CO2. After 24 hr, the medium 

was removed and the slide was washed with PBS. 200 µl solution of acridine orange (0.75 µM) 



15 

 

and propidium iodide (75 µM) in PBS was added on the cell array and incubated for 10 min at 

room temperature. 

2.2.11 Characterization  

Contact angle measurement. Contact angles of water were measured in air by the sessile-drop 

method using a KSV CAM 200 instrument.  Each reported value was an average of three readings. 

Ellipsometry. Thickness of the PEG-silane film formed on the Si/SiO2 surface was measured with 

a Gaertner Scientific L116S autogain ellipsometer with 632.8 nm radiation fixed at a 70° incident 

angle.  

Zeta potential measurement. Zeta potential of the quantum dots in water was measured using a 

Nicomp 380/ZLS&S zeta potential/sub-micron particle sizer instrument.  

Microscopy. The optical micrographs were obtained using an inverted Nikon Ti epifluorescence 

microscope equipped with an Andor iXonEM+ 885 EMCCD camera. A Nikon UV-2A filter set 

was used for imaging dansyl chloride-stained polyelectrolytes. A Nikon B-2E/C filter set was used 

for imaging YOYO-1, FITC, and fluorescein-biotin. A Nikon G-2E/C filter set was used for 

imaging RITC, the quantum dots, and rhodamine-labelled neutravidin. Colors of the images were 

assigned through software with red to RITC and the quantum dots, and green to YOYO-1 and 

FITC. AFM images were obtained using a Veeco Dimension 3000 system operated at tapping 

mode in air. 

2.3 Results and Discussion 

The method developed in this study is characterized by direct printing of polyelectrolytes on a 

PEG-silane SAM. To establish the method, we characterized the PEG-silane SAM with a variety 

of techniques, and selected PAH as a model polyelectrolyte for a detailed evaluation of the printed 

structures and their stability in a buffered condition. We also demonstrated the versatility of the 

method by printing various structures of multiple polyelectrolytes on glass and polystyrene. Since 

understanding the mechanism is essential to further developing a new method, we discussed the 

interactions critical to this µCP method. Finally, we demonstrated applications of this method for 

micropatterning quantum dots, DNA, proteins, and live cells. 
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2.3.1 Preparation and characterization of PEG-silane coatings 

The PEG-silane SAM was prepared on glass using a protocol developed by Papra et al. with minor 

modifications.  Advancing contact angle of water on the PEG-silane SAM was measured as 41.2°, 

which is comparable to the published data.124,125 For the ease of measuring thickness using 

ellipsometry, PEG-silane SAM was prepared on a Si/SiO2 surface using the same protocol as on 

the glass slides. We assumed the PEG coatings on the two surfaces were close in thickness. The 

thickness of the PEG-silane coating on the Si/SiO2 surface was 2.7 nm. This value is comparable 

to the result obtained by Papra et al.125 indicating that a SAM was obtained. Moreover, by assuming 

the density of the PEG SAM to be 1.08 g/cm3, we calculated the grafting density of the SAM to 

be 2.8-3.2 chains/nm2.97 The surface topography of the PEG-silane-coated glass slide was also 

examined by AFM as shown in the Figure 2.2 with a root mean square (RMS) roughness of 0.17 

nm. These results indicated that a homogeneous PEG-silane SAM was formed on the glass slides. 

Similarly, we coated polystyrene surface with the PEG-silane SAM based on a method used by 

Sunkara et al.126 The contact angles of the original polystyrene surface, after plasma treatment, and 

after being coated with the PEG-silane were 84.5°, 10.6°, and 42.3°, Note that a comparable 

contact angle (40°) was observed on a Si/SiO2 substrate coated with PEG-silane also from an 

                     

Figure 2.2. AFM image of a PEG-silane SAM on glass 
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aqueous solution.127 We thus believe that a PEG-silane coating was formed on the polystyrene 

surface. The antifouling property of the PEG-silane SAMs on both glass and polystyrene was 

confirmed in the micropatterning experiments described later in this paper. 

2.3.2 µCP of PAH and stability of printed PAH 

PAH is a polycation widely used in layer-by-layer assembly. To allow easy evaluation of the 

outcome of µCP, PAH was labelled with RITC. Figure 2.3A shows an array of circular dots of 

PAH-RITC on PEG printed on glass. The array was uniform over the entire one centimeter-wide 

printing area. Although RITC-labelling offered a convenient way to evaluate the outcome of the 

printing, presence of the fluorescent patterns of RITC-labelled PAH did not indisputably proved 

that PAHs were printed because free RITC molecules in the solution might have been printed on 

the surface. We therefore employed an alternative method based on fluorescence staining with 

dansyl chloride. Dansyl chloride is a nonfluorescent molecule that becomes fluorescent when 

conjugated to a primary amine.84 Figure 2.3B shows unlabeled PAH printed on PEG that was 

stained with dansyl chloride. The presence of the pattern clearly proves that PAH was successfully 

printed on the PEG-silane SAM. Since the staining procedure included rigorous washing steps, 

this result also demonstrates the stability of the printed PAH dots. In addition to fluorescence 

microscopy, AFM was used to characterize the printed PAH. Figure 2.3C presents an AFM image 

and sectional profile of a 10 µm-wide PAH layer on PEG-silane SAM with the average thickness 

of 1.3 nm. The small thickness proves that a monolayer-like film was formed.  

Micropatterning of functional agents is commonly performed in aqueous buffers, we therefore 

evaluated the stability the printed polyelectrolytes under such a condition. Figure 2.3D shows that 

a PAH-RITC dot array clearly preserved after being soaked in PBS for 3 days. Dansyl chloride 

staining confirmed the stability of the printed structures as shown in Figure 2.3E. The AFM image 

(Figure 2.3F) further verifies the retention of a printed PAH dot but with a decreased thickness 

~0.7 nm. Based on these results, we conclude that the printed PAH on the PEG-silane SAM was 

relatively stable under buffered conditions. 
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2.3.3 µCP of lPEI, bPEI, PLL, chitosan, PDAC, PSS/PAH bilayer, and DNA  

The method introduced in this study is highly versatile with respect to the printable 

polyelectrolytes, substrate materials, and type of the printed features. In addition to PAH, the novel 

µCP method is applicable to other polyelectrolytes. Figures 2.4A and 2.4B show RITC-labelled 

linear and branched PEI dots printed on the PEG-silane SAMs, respectively. Note that both linear 

and branched PEIs are synthetic polycations commonly used for synthesizing gene delivery 

nanoparticles.128 Figure 2.4C shows a grid pattern prepared by printing PLL and chitosan on the 

PEG-silane SAM. PLL is a polypeptide routinely used as a surface modification agent for allowing 

 

Figure 2.3. µCP and stability of PAH on PEG-silane SAMs on glass. Fluorescence micrographs 

of (A) PAH- RITC dots printed on a PEG-silane SAM and (B) PAH dots printed on a PEG-

silane SAM stained by dansyl chloride. (C) AFM image (upper panel) and line profile (lower 

panel) of a PAH dot printed on a PEG-silane SAM. (D) Fluorescence micrograph of PAH-

RITC dots printed on a PEG-silane SAM after being soaked in phosphate buffered saline (PBS) 

for 3 days. (E) Fluorescence micrograph of PAH dots printed on a PEG-silane SAM after being 

soaked in PBS for 3 days and stained with dansyl chloride. (F) AFM image (upper panel) and 

line profile (lower panel) of a PAH dot printed on a PEG-silane SAM after being soaked in 

PBS for 3 days. 



19 

 

cell binding and growth. Chitosan is a semisynthetic polysaccharide extensively employed to build 

tissue engineering scaffolds and synthesize nanoparticles for drug/gene delivery and tissue 

engineering.110,129,130 Successful printing of branched PEI, linear PEI, chitosan, and PLL on the 

PEG-silane SAMs, and the stability of the printed structures were also confirmed by dansyl-

chloride staining as shown in Figure. 2.4A-2.4C. Besides the polycations, PSS, which is a 

permanent polyanion, was adsorbed on a PAH-coated unmodified PDMS stamp. As a result, a 

PSS/PAH-RITC bilayer with PSS at the bottom and the PAH on the top was printed on the PEG-

silane SAM as shown in Figure 2.4D. The printed bilayer structures remained unchanged after 

brief rinse with water. In addition to the two-dimensional (2D) circles and stripes, this method 

allowed printing of one-dimensional (1D) features. Figure 2.4E shows molecular bundles of 

stretched DNA molecules printed on the PEG-silane SAM. The molecular bundles were stable 

after a brief rinse with water. DNA is an extremely versatile polyanion that has been used as 

therapeutic agents in gene therapy as well as building blocks in nanotechnology.131 Since the 

molecular bundles were nanometer in width,10 they hold potential to be useful as templates to 

fabricate functional 1D nanostructures.7 The printed molecular bundles were stable after a brief 

rinse with water. In addition to the abovementioned polyelectrolytes, PDAC was also printed using 

this method. Since PDAC cannot be stained with RITC, FITC, or dansyl chloride due to lack of 

primary amines, quantum dots were used to stain the printed PDAC as described in the next section. 

While Figures 2.4A-2.4E demonstrate that the polyelectrolytes can be printed on a glass surface 

coated with a PEG-silane SAM, this method is applicable to a plastic substrate as demonstrated by 

printing PAH-RITC on a polystyrene surface coated with PEG-silane (Figure 2.4F). The silica 

glass and polystyrene used in this study represent two major classes of substrate materials 

employed in a variety of biomedical applications. It is likely that many other surfaces can be used 

as substrates for this method. 

2.3.4 Mechanism of µCP 

Two interactions were critical to this µCP method. One was the interaction between the stamp and 

the ink. It was responsible for the adsorption of the polyelectrolytes except DNA to the surface of 

the unmodified PDMS stamp that from the polyelectrolyte solutions. Since unmodified PDMS is 

known to be highly hydrophobic and PAH has a hydrophobic backbone, hydrophobic interaction 



20 

 

was therefore proposed to be responsible for the adsorption of PAH to unmodified PDMS.112,132 

Sylgard 184 PDMS is also known to be slightly negatively charged in aqueous solutions at pH 

above 6.4.133 The resulting low-density electrostatic attraction might thus have played a key role 

in the adsorption of the polycations including PAH, PLL, linear PEI, branched PEI, chitosan, and 

PDAC to the stamp surface. Adsorption of the polyanion PSS was achieved by allowing PSS to 

bind to PAH adsorbed to the stamp via electrostatic interaction. The stretched DNA molecular 

bundles were immobilized on the stamp by dewetting the stamp with the DNA solution.10 We 

believe that the double stranded DNA interacted with the stamp surface by van der Waals force.  

 

The other important interaction in this method was ink-substrate adhesion, which was required to 

surpass the ink-stamp adhesion in order to allow transfer of the ink from the stamp to the substrate. 

It was also responsible for retaining the printed polyelectrolytes on the substrate under the buffered 

conditions. In contrast to the covalent bonds and high-density electrostatic attraction used in the 

conventional µCP methods for printing polyelectrolytes,104 the PEG-silane SAM is well known 

for its antifouling capability. However, Tan et al. and Ma et al. discovered that proteins could be 

 

Figure 2.4. Fluorescence micrographs of (A) branched PEI-RITC dots, (B) linear PEI-RITC dots, 

(C) chitosan-RITC (red) and PLL- FITC (green) stripes, (D) PSS/PAH-RITC bilayer dots, (E) 

stretched DNA molecular bundles stained with YOYO-1 dye on PEG-silane SAMs on glass. (F) 

Fluorescence micrograph of PAH-RITC dots printed on a PEG-silane SAM on polystyrene. 
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printed on a dry PEG-thiol SAM and a dry polymer film with pendant PEG-silane chains 

respectively and the printed features were stable under buffered conditions.134,135 Moreover, 

Hammond et al. revealed that PAH bound to a PEG-silane SAM in buffers at pH 4.8.136 They 

proposed that hydrogen bonding was responsible for the adsorption. Since PAH, linear PEI, 

branched PEI, and PLL contain amine groups that can be protonated to become hydrogen bond 

donors,114 hydrogen bonding probably contribute to the adhesion of these polyelectrolytes to the 

PEG-silane SAM. This mechanism, however, does not explain binding of permanent polyions 

PDAC, PSS, and DNA to the PEG-silane SAM. We believe that van der Waals interactions 

between the printed polyelectrolytes and the PEG-silane SAMs, the unreacted hydroxyl groups on 

the glass and oxidized polystyrene surfaces, and even the underneath silicon oxide of the glass 

were responsible for this relatively strong and stable adherence between the substrates and the 

printed PDAC, PSS, and DNA. 

2.3.5 Micropatterning quantum dots, DNA, proteins, and live cells 

To demonstrate the applications of the method developed here, we patterned quantum dots, DNA, 

proteins and live cells by using the printed polyelectrolyte structures as templates. Quantum dots, 

DNA, proteins, and live cells represent diverse types of functional agents that are commonly 

micropatterned for various applications.  

Micropatterning of nanoparticles is essential to applications such as building polypeptide array.137  

Figure 2.5A shows an array of circular dots with nanoparticle quantum dots deposited on PDAC 

dots printed on a PEG-silane SAM on glass. The thioglycolic acid-capped quantum dots were 

negatively charged in PBS with zeta potential of -37 mV. Since PDAC is a permanent polycation, 

electrostatic attraction was likely responsible for the adsorption of the nanoparticles to the PDAC 

dots. The dark background indicates that the PEG-silane SAM did not allow deposition of the 

nanoparticles.  

Micropatterning DNA is the foundation of the DNA microarray technology. Tremendous efforts 

have been devoted to develop inexpensive ways for fabricating DNA microarrays. Double stranded 

salmon DNA, which is a negatively charged polyelectrolyte, was patterned similarly on a PAH 

template as shown in Figure 2.5B. This method is simple and inexpensive compared to many other 

techniques.  
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Proteins have also been patterned for numerous purposes such as building protein arrays.138  

Micropatterning of proteins was demonstrated with rhodamine-labelled neutravidin. The PAH 

monolayer on PEG-silane SAM was conjugated with glutaraldehyde, which allowed 

immobilization of the neutravidin through covalent bonding.139 Presence of the red fluorescent 

dots proved accumulation of rhodamine-labelled neutravidin on the PAH-glutaraldehyde dots but 

not on the surrounding PEG-silane SAM. Since many proteins need to maintain their three-

dimensional (3D) conformations in order to be functional. Adsorption of proteins to a surface may 

alternate their 3D conformations and result in loss of functions. Neutravidin is known for its ability 

to bind to biotin. To prove that neutravidin preserved their 3D functional structure, we used 

 

Figure 2.5. (A) Fluorescence micrograph of thioglycolic acid-coated quantum dots patterned by 

PDAC printed on a PEG-silane SAM on glass. (B) Fluorescence micrograph of YOYO-1-labled 

DNA patterned by PAH printed on a PEG-silane SAM on glass. (C) Fluorescence micrograph 

of rhodamine-labelled neutravidin (red) patterned by glutaraldehyde-activated PAH printed on 

a PEG-silane SAM on glass. Retention of the functional conformation of neutravidin was 

confirmed by the presence of the fluorescein-labelled biotin (green) on the dots. The dots 

appeared yellow due to overlay of red and green colors. Phase contrast micrographs of live K562 

cells patterned by the printed PAH dots on a PEG-silane SAM on (D) glass and (E) polystyrene 

respectively. (F) Fluorescence micrograph of an array of K562 cells stained with acridine orange 

(green) and propidium iodide (red) after 24 hr cultivation. Live cells appeared green and dead 

cells red. 
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fluorescein-labelled biotin as an indicator. Presence of the yellow dots in Figure 2.5C proved 

successful micropatterning of functioning neutravidin. The covalent immobilization approach used 

in this study for micropatterning neutravidins, in principle, allows patterning any proteins and 

peptides.  

Lives cells have been patterned for many applications such as cell-based sensing arrays. The 

printed PAH on PEG-silane on both glass and polystyrene surfaces were used to pattern live cells. 

Figures 2.5D and 2.5E clearly show single-cell arrays of live K562 cells. We believe electrostatic 

attraction was responsible for the adherence of the cells to the PAH dots because the surfaces of 

many types of mammalian cells are negatively charged due to presence of sialic acids.140 To further 

demonstrate the potential of the cell array for practical applications, we assessed viability of the 

arrayed cells by staining the cells with two fluorescence dyes, acridine orange and propidium 

iodide, after culturing the cells for 24 hr.141 Since acridine orange stained all cells and propidium 

iodide stained only dead cells, Figure 2.5F shows that most of the cells in the array remained alive 

over an extended period of time. 

2.4 Summary  

We have developed a novel µCP technique based on printing polyelectrolytes directly on a PEG-

silane SAM using unmodified PDMS stamps. Monolayer-like structures of PAH, PLL, chitosan, 

linear PEI, branched PEI and PDAC, PAH/PSS bilayer, and stretched DNA molecular bundles 

have been printed on PEG-silane SAMs on glass and polystyrene. The printed structures are stable 

under aqueous conditions and allow for micropatterning of nanoparticles, DNA, protein, and live 

cells. Due to its simplicity and effectiveness, this method holds potential to be useful in fields of 

tissue engineering and biomedical devices. 
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CHAPTER THREE 

 VERSATILE SURFACE MICROPATTERNING AND 

FUNCTIONALZATION ENABLED BY MICROCONTACT PRINTING OF 

POLY(4-AMINOSTYRENE) 

Reprinted with permission from Copyright (2014) American Chemical Society. 

3.1 Introduction 

Ink is a key element of CP. Polyelectrolytes constitute a group of inks that allows for high-

resolution printing, use of water as ink solvent, use of unmodified PDMS stamps, and producing 

structures formed by LbL assembly.112,113,142 On the other hand, aryldiazonium chemistry is a 

general means for covalently modifying and functionalizing a wide variety of technologically 

important materials including carbons (e.g. diamond,143 graphite,144 glassy carbon,145 carbon 

nanotubes,146 and graphene147), metals (e.g. gold,148 iron,149 copper150 and stainless steel151,152), 

semiconductors (e.g. silicon,153,154and germanium155), oxides (e.g. indium tin oxide156), 

biomolecules (e.g. DNA, amino acids, peptides, and proteins157,158) for diverse applications 

including biosensing,159 DNA microarrays,29 surface modification, surface protection against 

corrosion149, redox-active surfaces160 and surface enhanced Raman scattering.145,148 It is of note 

that small-molecule aryldiazonium salts have been used as CP inks,150,161 but CP of a 

polyelectrolyte aryldiazonium salt or its precursor has not been reported.  

 

 

Figure 3.1. Schematic representation of versatile surface micropatterning and functionalization 

enabled by CP of PAS. 
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We recently found that poly-4-aminostyrene (PAS), a linear polymer with aromatic amine as the 

side group, is soluble in water at an acidic pH and the aromatic amine of PAS can be converted to 

aryldiazonium salt.162 In this paper, we present our study on (1) CP of PAS, (2) micropatterning 

biomolecules and nanomaterials with the microcontact-printed PAS, (3) enabling CP of a metallic 

structure on a carbon surface, (4) using microcontact-printed PAS-based polyelectrolyte multilayer 

as a mask for wet etching, and (5) producing highly engineered microparticles (Figure 3.1). 

3.2 Experimental Section 

3.2.1 Materials 

PAS was purchased from Polysciences Inc. [molecular weight (MW): >150,000 g/mol]. HiPco 

single-walled carbon nanotubes (SWCNTs) were purchased from Unidym Inc (Sunnyvale, CA, 

USA). Highly ordered pyrolytic graphite (HOPG) was purchased from SPI Supplies (West Chester, 

PA, USA). Potassium iodide-based standard gold etchant and DNA of salmon testis were 

purchased from Sigma-Aldrich. PDMS (Sylgard 184) stamps with two types of surface features 

were used here: (1) 7 µm-diameter circular pillars in a square lattice with 20 µm in center-to-center 

distance and 3.4 µm in height and (2) ~1.6 µm-wide straight ridges with 4 µm in pitch and 1.2 µm 

in height. 

3.2.2 μCP of PAS  

A stamp was inked by immersing the stamp in a PAS solution (0.5 wt%, pH 4, containing ~100 

mM NaCl) for 10 min and then rinsed with water and dried with a nitrogen stream. Printing was 

performed by placing the PAS-inked stamp on a substrate, maintaining the contact for 1 min, and 

finally peeling the stamp off the substrate. 

3.2.3 Micropatterning DNA 

Circular PAS micropads were printed on a PEG-silane-coated glass slide, which was prepared as 

described in reference 163. The microcontact-printed PAS stripes were diazotized by immersing the 

slide in a nitrite solution (1 mg/mL) acidified by HCl (0.5 M) at 0 °C for a series of durations. 

After briefly washing the glass slide with ice-cold water, ice-cold solution of YOYO-1-stained 
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DNA (0.1 mg/mL, 100 L, dye-to-base pair ratio = 1:30) in water was immediately added on the 

slide and kept in a cold room (4 °C) for 30 min. Finally, the slide was washed with water. 

3.2.4 Co-micropatterning avidin and DNA 

PAS stripes were printed on a PEG-silane-coated glass slide and diazotized by immersing the slide 

in a nitrite solution (1 mg/mL) acidified by HCl (0.5 M) at 0 °C for 30 min. After briefly washing 

the slide with ice-cold water, ice-cold avidin solution (1 mg/mL, 100 L) was immediately added 

on the stripes and kept at 4 °C for 2 h. Next, the slide was briefly washed with water and dried 

with a nitrogen stream. A stamp with the same feature was then used to print a second array of 

PAS stripes perpendicular to the avidin stripes. The second array of PAS stripes were diazotized 

as above and used to immobilize unstained DNA (0.1 mg/mL, 100 L, 1 h incubation). After 

washing the slide with water, a solution (300 L) of biotin-fluorescein (1 mg/mL) and PI (50 

g/mL) was added on the stripes and kept at 4 °C for 1 h, followed by a wash with water. 

3.2.5 Micropatterning SWCNTs 

The SWCNT dispersion was prepared as described in references 164 and 165. PAS stripes were 

printed on a plasma-treated glass slide and diazotized as described above. Ice-cold water dispersion 

of SWCNTs (1 mL) was then added on the slide and kept at 4 °C for 2 h, followed by washing the 

slide with ethanol and water consecutively. 

3.2.6 Micropatterning gold nanoparticles (AuNPs) 

AuNPs with a mean hydrodynamic diameter of 14.0 nm was synthesized as described in reference 

166. The pH of the as-synthesized water suspension of AuNPs was adjusted to 7. PAS stripes were 

printed on a plasma-treated glass slide and diazotized as described above. The suspension of 

AuNPs (1 mL, pre-cooled at 0 °C) was added on the slide and kept at 4 °C for 2 h, followed by 

washing the slide with ethanol and water consecutively. 

3.2.7 μCP of a metallic structure on HOPG 

A 10 nm-thick gold film was sputter-coated on a microridge stamp. A featureless flat PDMS stamp 

was coated with a monolayer of PAS with the same procedure for inking the micropillar stamp as 

above. The flat stamp was brought into contact with the gold-coated microridge stamp and kept 
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for 1 min, followed by separating the stamps. Diazotization was carried out by placing the 

microridge stamp above an ice-cold acidified nitrite solution (15 mL, nitrite concentration: 1 mM, 

HCl concentration: 0.5 M) for 30 min. Then the stamp was brought into contact with a freshly 

cleaved HOPG pre-cooled on ice. A pressure (300 g/cm2) was applied on the stamp and maintained 

for 30 min followed by peeling the stamp off. The second array of gold stripes perpendicular to 

the first array was printed following the same procedure. 

3.2.8 Using microcontact-printed PAS-based multilayer as an etch mask 

μCP of the PAS/ PSS/PAS trilayer micropads was performed by soaking a micropillar stamp in 

a PAS solution (0.5 wt%, pH 4, 10 min), then a PSS solution (0.5 wt%, pH 4, 10 min), and finally 

the PAS solution again (10 min). Each soaking was followed by a brief wash of the stamp with 

water, and the final wash was followed by drying the stamp with a nitrogen stream. Next, the stamp 

was placed on a glass slide coated with a 20 nm-thick gold film on a 5 nm-thick titanium film 

deposited with a thermal evaporator. The contact was maintained for 1 min, followed by peeling 

the stamp off. Etching was performed by covering the printed area with the etchant (diluted 50 

times with water, 1 mL) for 20 min. After that, the slide was washed with water. PAH-based 

trilayer was printed and tested as described above except using solutions of PAH (0.5 wt%, pH 7) 

and PSS (0.5 wt%, pH 6). 

3.2.9 Producing highly engineered microparticles 

A (PAS/PSS)2/PAS multilayer was assembled on a micropillar stamp with the same method as for 

preparing the PAS/PSS/PAS trilayer. A 10 nm-thick gold film was sputter-coated on the stamp, 

which was then brought into contact with a poly(vinyl alcohol) (PVA)-coated glass slide and kept 

for 1 min. Diazotization was carried out as described in section of “ CP of a metallic structure on 

HOPG”. Release and functionalization of the microparticles was done by adding bovine serum 

albumin (BSA)-rhodamine-B isothiocyanate (RITC) solution (500 µL, 25 g/mL) on the slide and 

incubated for 3 h at 0 °C. 
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3.2.10 Characterization 

AFM images were obtained using a Bruker Dimension Icon operated at tapping mode in air. 

Raman spectra were obtained using a Jobin-Yvon Horiba LabRAM HR800 spectrometer equipped 

with a 785 nm diode laser. 

 

3.3 Results and Discussion 

3.3.1 μCP of PAS  

Micropatterning of biomolecules and nanomaterials relies on CP and diazotization of PAS. We 

thus first studied CP of PAS. Aqueous solution of PAS with pH set at 4 was prepared for CP of 

PAS. The brownish and clear PAS solution (Figure 3.2A) showed a strong absorbance peak at 430 

nm in the visible spectrum (Figure 3.2B). The same solution had a fluorescent emission peak at 

540 nm under 430 nm excitation (Figure 3.2C). The procedure for CP of PAS included four stepsμ 

(1) soaking an unmodified PDMS stamp in the aqueous solution of PAS, (2) rinsing the stamp with 

water and drying the stamp with a stream of nitrogen, (3) bringing the stamp into contact with a 

substrate, and (4) peeling the stamp off the substrate. By taking advantage of the autofluorescence 

of PAS, we used fluorescence microscopy to examine the printed PAS microstructures. Figure 

3.3A shows the pad-like PAS microstructures (termed micropads hereafter) on a glass slide. The 

fluorescence intensities of individual micropads were uniform across the entire printing area. 

 

Figure 3.2. Characterization of aqueous PAS solution. (A) Photograph of PAS solution (0.5 wt%, 

pH 4) in a cuvette. (B) UV-vis absorbance spectrum of the solution. (C) Fluorescence spectrum 

of the solution (Excitation wavelength: 430 nm). 
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Measurement of fluorescence intensities of 258 micropads reveals a Gaussian distribution (Figure 

3.3B). The micropads were further characterized with AFM. Figure 3.3C shows the representative 

result. The micropads all displayed smooth surface and showed the same shape and lateral size as 

the micropillars of the stamp. A thickness measurement gave 2.3  0.3 nm (mean  standard 

deviation, n = 12), suggesting that a monolayer of PAS was adsorbed to the stamp surface as in 

CP of PAH.113,137 

 

3.3.2 Micropatterning biomolecules and nanomaterials  

Micropatterning of biomolecules is essential to various techniques and assays for biomedical 

sensing and analysis. We chose DNA and a protein – avidin – to demonstrate the capability of our 

technique for micropatterning biomolecules. To micropattern DNA, the microcontact-printed PAS 

micropads were first diazotized by soaking the micropads in an acidified nitrite solution.162 The 

diazotized PAS micropads were then incubated in a solution of YOYO-1-stained DNA. Figure 

3.4A1 shows a portion of a centimeter-wide array of micropatterned DNA. Note that, under the 

same imaging conditions, the fluorescence of the diazotized micropads immobilized by DNA 

shown in Figure 3.4A1 was much brighter than that of the pristine PAS micropads (Figure 3.5A). 

This indicates that the bright fluorescence of the micropads in Figure 3.4A1 was mainly due to the 

YOYO-1-stained DNA and the contribution of the autofluorescence of PAS was negligible. 

Presumably, the covalent bonding between DNA and the aryldiazonium salt was responsible for 

 

Figure 3.3. CP of PAS. (A) Fluorescence micrograph of PAS micropads printed on a glass slide. 
(B) Distribution of fluorescence intensity of microcontact-printed PAS micropads (bars) and the 

Gaussian fit (red curve). (C) Height AFM micrograph of PAS micropads printed on a glass slide. 
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the immobilization of DNA on the diazotized PAS micropads. As a consequence, the degree of 

diazotization of the pristine PAS was expected to have a significant effect on the amount of 

immobilized DNA. To examine this point, the degree of diazotization was varied by soaking the 

PAS micropads to the acidified nitrite solution for different time durations, and its effect on the 

amount of immobilized DNA was studied. Figure 3.5B shows the result. Figure 3.4A2 summarizes 

the averaged fluorescence intensity per micropad versus soaking time. As expected, with 

increasing the soaking time, the fluorescence intensity and therefore the amount of immobilized 

DNA showed a monotonic increase initially and then reached saturation at the soaking time of ~20 

min. The saturation plateau indicates the kinetic equilibrium of diazotization reaction being 

reached. It is of note that the DNA used here was double-stranded and immobilized double-

stranded DNA has been used to prepare DNA microarrays.167 Besides DNA, we co-micropatterned 

DNA and avidin as follows. First, PAS stripes with a lateral orientation were printed on a PEG-

silane-coated glass slide and then diazotized and used to immobilize avidin. Next, vertical PAS 

stripes were printed on the same area and diazotized and used to immobilize unstained DNA. To 

visualize the immobilized DNA and avidin, the patterned area was exposed to a mixture of 

propidium iodide (PI) and biotin-fluorescein conjugate in water. Note that PI is a DNA dye and 

biotin-fluorescein specifically stains functioning avidin. Figure 3.4B shows green lateral stripes 

(characteristic emission of biotin-fluorescein) and red vertical stripes (characteristic emission of 

PI dye), proving that DNA and avidin can be co-micropatterned by this method. It should be 

emphasized that the ability of avidin to bind to biotin was not adversely affected by the 

immobilization of avidin and the second diazotization step. 

Micropatterning of nanomaterials is necessary for fabricating many useful devices such as 

SWCNTs for building flexible integrated circuits and AuNPs for preparing biosensors.168,169 We 

micropatterned these two types of nanomaterials using microcontact-printed PAS stripes by 

incubating the diazotized PAS stripes in water dispersion of SWCNTs and AuNPs respectively. 

AFM characterization of the micropatterned SWCNTs reveals an entangled network of one-

dimensional nanostructures (Figure 3.4C1). Raman spectrum further confirms the presence of 

SWCNTs on the PAS stripes (Figure 3.4C2). It is noted that the micropatterned SWCNTs 

exhibited a significantly lower intensity ratio of the G band to D band (IG/ID = 4.2) than that of 

pristine SWCNTs (IG/ID = 16.9). Since SWCNTs can be chemically grafted with aryldiazonium 

salts and the reaction leads to a reduction in IG/ID,146 the immobilization of the SWCNTs on the 
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diazotized PAS stripes and the decreased IG/ID of the micropatterned SWCNTs can probably be 

attributed to the formation of chemical bonds between the SWCNTs and the diazotized PAS.. 

Figures 3.4D1 and 3.4D2 show micropatterned AuNPs. The successful immobilization of AuNPs 

on the PAS stripes was further confirmed by UV-vis spectrum (Figure 3.4D3), which reveals the 

surface plasmon resonance (SPR) peak of gold nanoparticles at 530 nm. This value is slightly 

greater than 519 nm - the SPR peak of the as-synthesized suspension of AuNPs (Figure 3.6). The 

red shift indicates that the immobilized AuNPs were closely packed.170 

 

 

 

Figure 3.4. Micropatterning biomolecules and nanomaterials with microcontact-printed PAS. 

(A1) Fluorescence micrograph of micropatterned DNA (YOYO-1-stained, green). 

Diazotization time: 20 min. (A2) Plot of fluorescence intensity of micropatterned DNA against 

diazotization time. (B) Fluorescence micrograph of co-micropatterned lateral avidin stripes 

stained by fluorescein-biotin (green) and vertical DNA stripes stained by PI (red). (C1) Height 

AFM image of SWCNTs immobilized on diazotized PAS stripes. Inset shows a magnified 

region of the micropatterned SWCNTs. (C2) Raman spectra of the micropatterned SWCNTs 

(red) and the pristine SWCNTs (blue). The spectra were normalized against the peak intensities 

of the G bands. (D1) height AFM image of 14 nm-diameter AuNPs immobilized on diazotized 

PAS stripes printed on a glass slide. Inset shows a magnified region of the micropatterned 

AuNPs. (D2) Height profile of the line segment in (B1). (D3) UV-vis spectrum of the 

micropatterned AuNPs. 
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Figure 3.6. UV-vis extinction spectrum of as-synthesized suspension of AuNPs. 

 

Figure 3.5. Characterization of microcontact-printed PAS micropads and micropatterned DNA. 

(A) Fluorescence micrograph of microcontact-printed PAS micropads. (B) Fluorescence 

micrographs of micropatterned DNA (stained with YOYO-1) with microcontact-printed PAS. 

The PAS micropads were diazotized by soaking the slides in acidified nitrite solution for a series 

of durations as specified above each micrograph. 
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3.3.3 Enabling μCP of a metallic structure on a carbon surface 

Micro/nano-patterned metallic structures are essential components of many devices including 

integrated circuits. On the other hand, graphene promises to be a revolutionary functional material 

for diverse applications. We envision that a simple, low-cost and environment-friendly method 

allowing printing metallic micro/nanostructures on graphene would open up myriad opportunities 

for practical applications. By taking advantage of the ability of the diazotized PAS to covalently 

bond to both metals and carbons, we demonstrate CP of a gold crossbar - a model mellatic 

micro/nanostructure on HOPG - a multilayer of graphene.171 The fabrication process is 

schematically shown in Figure 3.7A and briefly described as follows. (1) A monolayer of PAS 

was adsorbed on a featureless flat PDMS stamp by soaking the stamp in the aqueous PAS solution. 

A 10 nm-thick gold film was sputter-coated on a second PDMS stamp bearing straight microridges. 

(2) Subtraction printing was performed between the two stamps to transfer the PAS layer from the 

flat stamp on to the top surface of the gold-coated microridges. Successful transfer was confirmed 

by the stripe pattern of the PAS monolayer left on the flat stamp (Figure 3.7B). (3) The microridge 

stamp was then exposed to vapor generated from the acidified nitrite solution to diazotize PAS.29 

(4) The stamp was brought into contact with a freshly cleaved HOPG surface, resulting in transfer 

of the PAS monolayer together with the gold film atop the microridges to form the printed stripes 

on the HOPG surface. (5) By repeating the above procedure, a second array of stripes was printed 

perpendicular to the previously formed one to generate a crossbar on the HOPG surface. The 

crossbar covered the entire printing area with a representative portion shown in Figure 3.7C. 

Energy-dispersive X-ray (EDX) spectroscopy (Figure 3.7D) confirmed the chemical compositions 

of the crossbar (gold) and the underlying HOPG (carbon). The crossbar structure was also imaged 

by AFM (Figure 3.7E) and the height of the Au/PAS stripes was measured as ~11.0 nm (Figure 

3.7F). It should be emphasized that the diazotized PAS played an essential role for the successful 

CP of the gold crossbar on HOPG. To prove this point, we attempted to transfer gold film to 

HOPG surface without PAS or with pristine PAS. In both cases, the gold film was not transferred 

(Figure 3.8A and 3.8B). This result suggests that the covalent bonding between aryldiazonium salt 

and HOPG and gold was responsible for gluing these two dissimilar materials together. It is of 

note that CP has been used to fabricate metallic crossbars,172,173 but our method is featured by an 

ability to print metallic structures on HOPG and probably on graphene. 
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Figure 3.7. Enabling CP of a metallic structure on a carbon surface. (A) Schematic of fabrication 

procedure. (B) Fluorescence micrograph of the flat PDMS stamp coated with PAS after 

contacting the microridge PDMS stamp coated with Au film. (C) Scanning electron micrograph 

of the Au crossbar on HOPG. (D) EDX spectra of the Au crossbar on HOPG. (E) Height AFM 

image of the Au crossbar on HOPG. (F) Height profile of the line segment in (E). 

 

Figure 3.8. Control experiments for studying CP of a gold crossbar on HOPG. (A) Height AFM 
micrograph of HOPG after bringing a microridge stamp coated with a 10 nm-thick gold film into 

contact with the HOPG surface and peeling the stamp off. (B) AFM micrograph of HOPG after 

bringing a microridge stamp coated with a 10 nm-thick gold film and a pristine PAS layer into 

contact with the HOPG surface and peeling the stamp off. 
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3.3.4 Using μCP of PAS-based polyelectrolyte multilayer as a mask for wet etching 

Wet etching is used extensively in microelectronics industry for manufacturing integrated circuits. 

Self-assembled monolayers (SAMs) of small molecules patterned by CP have been explored as 

etch masks.174 Nevertheless this type of masks is prone to pinhole defects due to the extremely 

small thickness of the SAMs. Such a problem can be alleviated by grafting a polymer-based 

multilayer on microcontact-printed SAM of alkanethiolate,175 but there is still a resolution issue 

limited by the high diffusivity of the small-molecule inks.176 In contrast, the microcontact-printed 

polyelectrolyte-based multilayer can have a much greater thickness and presumably a much lower 

pinhole density than the small-molecule SAMs. The high molecular weights of the polyelectrolytes 

and the strong electrostatic attraction between the polycation and polyanion also make the 

diffusivity of the multilayer ink much lower than that of the small-molecule inks. Lastly, given 

pKa of 4.63 for the conjugate acid of aniline, PAS is expected to be positively charged at pH 4, 

therefore allowing building a multilayer with a polyanion such as PSS through LbL assembly. Also 

given the hydrophobic nature of benzene ring and unprotonated primary amine,177,178 PAS is 

expected to be highly hydrophobic at pH 7, thus rendering the PAS-based multilayer impermeable 

to water-based etchants at this pH. We examined the hydrophobic nature of the PAS-based 

multilayer by printing a featureless PAS/PSS/PAS trilayer film on a plasma-treated glass slide with 

a flat PDMS stamp. To qualitatively assess the hydrophobicity of the film, we soaked the slide in 

water for 30 min and then pulled it out. An instantaneous dewetting of water from the 

PAS/PSS/PAS-coated slide was observed, which suggests the PAS/PSS/PAS film was 

hydrophobic. In contrast, a similarly printed PAH/PSS/PAH film retained a thin layer of water 

film upon the same soaking and pulling-out process. Note that with the pKa of 8.8 for the conjugate 

acid of PAH,179 PAH should be highly charged at pH 7.0 The hydrophobic nature of the 

PAS/PSS/PAS film was also quantitatively confirmed by the 93° stationary contact angle of water 

on the PAS/PSS/PAS-coated slide measured immediately after pulling the slide out of water 

(Figure 3.9A). After establishing the hydrophobic nature of PAS/PSS/PAS film, we used the 

microcontact-printed PAS-based trilayer as the etch mask to micropattern a gold film as 

schematically shown in Figure 4A. In brief, an array of 7 m-in-diameter micropads made of 

PAS/PSS/PAS trilayer was printed on a glass slide, which was coated by a 20 nm-thick gold film 

with a 5 nm-thick titanium film as the adhesion layer.  The micropads had a thickness of ~6.1 nm 

(Figures 3.10B and 3.10C). The slide was incubated in a diluted commercial KI/I2 gold etchant 
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(pH 7) for 20 min, resulting in generation of an array of ~26 nm-thick disks (Figures 3.10D and 

3.10E), indicating etching-away of uncovered gold and retention of gold under the PAS/PSS/PAS 

micropads. The successful use of the PAS-based mask was confirmed by the bright-field optical 

micrograph (Figure 3.10F). The importance of PAS in the mask was further proved by a contrast 

experiment, in which PAH/PSS/PAH trilayer micropads were used as a mask (Figure 3.9B). With 

the same etching conditions as above applied, the entire gold film was etched away (Figure 3.9C), 

indicating that the PAH/PSS/PAH micropads failed to protect the underlying gold film. 

 

 

Figure 3.9. (A) Phot

PAS/PSS/PAS trilayer microcontact-printed on a glass slide. The droplet was added on the slide 

immediately after the slide was pulled out of water, in which the slide had been soaked for 30 

min. (B) Height AFM image of PAH/PSS/PAH micropads microcontact-printed on a 

gold/titanium-coated glass slide and height profile of the line segment. (C) Bright-field optical 

micrograph of the slide shown in (B) after wet etching. 
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3.3.5 Producing highly engineered microparticles 

Microparticles are widely studied for various biomedical applications such as drug delivery and 

biomolecule analysis. Top-down fabrication technology allows producing highly engineered 

microparticles with tightly controlled compositions, structures and properties that cannot be 

achieved by the bottom-up methods.RW.ERROR - Unable to find reference:100 We previously developed a 

µCP-based technique to produce microparticles composed of multilayered polyelectrolytes.115 

Here we integrate this technique with CP of PAS and aryldiazonium chemistry to produce 

microparticles with an unprecedented metal-polyelectrolytes-protein structure.  The fabrication 

procedure is illustrated in Figure 3.11A. In brief, a 5-layer (PAS/PSS)2/PAS film was first coated 

onto a PDMS stamp bearing the 7 m-diameter circular pillars. A gold (Au) film of 10 nm thick 

was then sputter-coated on the stamp. Next, the (PAS/PSS)2/PAS/Au multilayer structure on the 

top of the micropillars was transferred on to a glass slide coated with a thin film of PVA. The PAS 

of the multilayer was diazotized upon exposure to vapor of an acidified nitrite solution. An aqueous 

solution of BSA labeled with RITC was added onto the slide to release the microparticles by 

dissolving the PVA film and to functionalize the microparticles with the protein through the 

 

Figure 3.10. Using PAS-based polyelectrolyte multilayer as an etch mask. (A) Schematic of 

experimental procedure. (B) Height AFM image of PAS/PSS/PAS micropads printed on a glass 

slide coated with a gold (thickness: 20 nm)/titanium film. (C) Height profile of the line segment 

in (B). (D) Height AFM image of the sample after etching. (E) Height profile of the line segment 

in (D). (F) Bright-field optical micrograph of the sample after etching. 
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acryldiazonium-based coupling reaction. The final product is a batch of microparticles composed 

a gold film, a (PAS/PSS)2/PAS multilayer and surface-grafted BSA-RITC.  

 

To characterize the morphology and dimensions of the microparticles, we printed the 

(PAS/PSS)2/PAS/Au microparticles on to a glass slide coated with a SAM of 3-mercaptopropyl 

trimethoxysilane (MPTMS). The use of MPTMS was to facilitate the transfer through forming the 

gold-thiol bonding. AFM image (Figure 3.11B) reveals uniform dimensions of the transferred 

(PAS/PSS)2/PAS/Au microparticles in both lateral and vertical directions. The thickness of the 

(PAS/PSS)2/PAS/Au structure (Figure 3.11C) was determined to be ~17.0 nm. Considering the 

gold film of 10.0 nm in thickness, we can estimate the 5-layer (PAS/PSS)2/PAS has a thickness 

of ~7.0 nm. The successful transfer of the (PAS/PSS)2/PAS/Au structures to the PVA-coated slide 

over the entire printing area was confirmed by bright-field optical microscopy (Figure 3.11D). An 

inverted fluorescence microscope was used to examine the released microparticles functionalized 

 

Figure 3.11.Producing highly engineered microparticles. (A) Schematic of fabrication procedure. 

(B) Height AFM image of (PAS/PSS)2/PAS/Au microparticles printed on a glass slide coated 

with a SAM of thiol-silane. (C) Height profile of the line segment in (C). (D) Bright-field optical 

micrograph of (PAS/PSS)2/PAS/Au microparticles printed on a PVA-coated glass slide. (E) 

Overlaid fluorescence and bright-field micrograph of released (PAS/PSS)2/PAS/Au 

microparticles functionalized with BSA-RITC (red). 
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with BSA-RITC with green light as the excitation source. The result is shown in Figure 3.11E. 

Interestingly, not all the microparticles emitted red light - the characteristic color of rhodamine-B-

labeled BSA. Instead, a good portion of the microparticles appeared black. We believe that the 

difference of the color appearance of the microparticles was caused by their facing direction with 

respect to the excitation source. When the Au side of the microparticle facing towards the 

excitation source, both excitation and emission light experienced strong absorption to cause the 

dark appearance. This absorption was not a problem for the microparticles with the Au side facing 

away from the excitation source. In such a case, the microparticles emitted the characteristic color 

of rhodamine-B and appeared red. A shape change from the original circular to polygonal was 

noticed for the released microparticles due to folding of the edges of the microparticles. 

It should be noted that CP with the unmodified PDMS stamp has been used to print thin-film 

metallic microstructures based on depositing the metal directly on an unmodified PDMS stamp.182 

In contrast, our method features use of a PAS-based polyelectrolyte multilayer to separate the 

metal layer and the stamp surface. As a consequence, there is no residual metal left on the stamp 

after printing, which makes the stamp cleaning an easy task. This is particularly desirable for 

repeated use of the stamp in an envisioned industrial setting. Moreover, our method allows facile 

fabrication of the layered asymmetrical Au-polyelectrolyte hybrid microparticles, which have 

never been reported before. Besides gold, our method is, in principle, applicable to other metals or 

alloys such as permalloy, which can render the microparticles magnetically active.183 Our method 

is also featured by an ability to functionalize the microparticles with various biomolecules and 

nanomaterials through the aryldiazonium chemistry. For example, by replacing BSA-RITC with 

another protein such as an antibody in our method, microparticles with targeting ability can be 

produced55. 

3.4 Summary 

PAS can be microcontact-printed as a monolayer or a polyelectrolyte multilayer using an 

unmodified PDMS stamp and water as the ink solvent. The microcontact-printed PAS can be 

diazotized to covalently micropattern various technologically important materials including DNA, 

proteins, SWCNTs and AuNPs. The diazotized PAS enables CP of thin-film gold microstructures 

on HOPG and likely on graphene. Moreover, the hydrophobic nature of PAS at the neutral pH 
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allows the microcontact-printed PAS-based polyelectrolyte multilayer being used as a mask for 

wet etching. In addition, highly engineered microparticles can be prepared by combining CP and 

diazotization of PAS. Overall, this work has established a novel CP platform technique that is 

inexpensive, simple and featured by the use of a single ink material to enable highly versatile 

surface micropatterning and functionalization with various potential applications. 
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CHAPTER FOUR 

A PAPER INDICATOR FOR TRIPLE-MODALITY SENSING OF NITRITE 

BASED ON COLORIMETRIC ASSAY, RAMAN SPECTROSCOPY, AND 

ELECTRON PARAMAGNETIC RESONANCE AND SPECTROSCOPY 

Reproduced by permission of The Royal Society of Chemistry 

4.1 Introduction 

PAS is a polymer with aromatic primary amine as side functional group, which can be converted 

to aryldiazonium salt in the presence of nitrous acid as described in chapter three. In order to 

investigate and demonstrate the conversion of PAS to aryldiazonium salt, we used 2-naphthol 

which can react with aryldiazonium salt to produce azo compounds of deep red color.184 This type 

of reaction underlies the widely used Griess colorimetric assay. In addition, aryldiazonium salt can 

introduce defects in SWCNTs, which can be detected readily by Raman spectroscopy as 

demonstrated in last chapter. Moreover, 2-naphthol reacts with nitrous acid to generate 

nitrosonaphthol that is a nitroso compound, and nitroso compounds can react with nitric oxide 

(NO) produced from an acidified nitrite solution to generate free radical products with EPR 

signals.185,186 According to these three unique properties, we have developed a triple-modality 

paper indicator made of a piece of regular filter paper impregnated with three components: PAS, 

2-naphthol, and individualized SWCNTs for nitrite sensing. 

Nitrite exists ubiquitously in environments, foods and biological fluids, and plays important roles 

in various biological, physiological, and food preservation processes.187-189 Sensing nitrite is of 

critical importance for understanding and controlling these processes. Many methods are available 

for detecting nitrite via diverse modalities such as colorimetric assay, Raman spectroscopy, and 

electron paramagnetic resonance (EPR) spectroscopy.185,190-193 Among the different methods, 

paper indicator-based colorimetric assay is featured by commercial availability, low cost, and ease 

of use. However, this assay, which relies on dipping the paper indicator in an analyte liquid, is 

prone to interference caused by deep colored pigments that may exist in the liquid. This limitation 

can be overcome if the paper indicator can sense nitrite without contacting the analyte liquid or by 

additional sensing modalities other than the colorimetric assay. Moreover, by acquiring data 
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through multiple sensing modalities, the risk of false positive and false negative detections can be 

mitigated.  

Use of our paper indicator for sensing nitrite was performed by hanging it over an acidified 

aqueous solution of sodium nitrite at room temperature. By knowing that acidified nitrite solution 

produces nitrous acid that tends to decompose into NO and nitrogen dioxide (NO2), and NO2 

reacts with water to produce nitrous acid,194,195 we hypothesized the process as schematically 

shown in Figure 4.1 would occur: (1) Gaseous NO2 and NO were generated from the acidified 

nitrite solution and reached the paper indicator. (2) NO2 reacted with water vapor to form nitrous 

acid in the paper indicator. (3) The nitrous acid reacted with PAS to produce aryldiazonium salt. 

It also reacted with 2-naphthol to produce nitrosonaphthol. (4) Aryldiazonium salt reacted with 2-

naphthol and SWCNTs respectively to generate products with the colorimetric and Raman signals. 

Meanwhile, nitrosonaphthol reacted with the gaseous NO to produce free radical products with the 

EPR signal. 

 

4.2 Experimental Section 

4.2.1 Materials  

PAS (Mw>150,000) was purchased from Polysciences, Inc. (Warrington, PA). 2-naphthol, sodium 

nitrite (99.999% trace metals basis), and sodium dodecylbenzene-sulfonate (SDBS) were 

purchased from Sigma-Aldrich. Filter paper (Grade 413, Qualitative) was purchased from VWR.  

 

Figure 4.1. Hypothetic sensing mechanism of the triple-modality paper indicator for detecting 

nitrite. 
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As-grown high-pressure catalytic decomposition of carbon monoxide (HiPco) SWCNTs were 

purchased from Unidym Inc. (Sunnyvale, CA, batch # R0544). Briefly, 16 mg of SWCNTs were 

sonicatedin 100 mL of 0.7 wt % SDBS/water solution by a horn sonicator (Misonixsonicator 3000, 

Frequency 20 kHz) in an ice bath. The sonication was operated at a pulse operation mode (on 10 

sec, off 30 sec) with the power level set at 45 W for 4 h. To eliminate SWCNT bundles and 

aggregates, the as-sonicated SWCNT dispersions were subject to ultracentrifugation at 200,000 g-

force for 3 hr with a MLS-50 swinging bucket rotor using anOptimaTM MAX-XP Ultracentrifuge 

(Beckman Coulter). Supernatants were collected and used for preparing the paper indicators. 

4.2.2 Preparation of paper indicators  

The procedure for preparing the paper indicators impregnated with all three component materials 

is as follows: (1) A filter paper was cut into 1 cm × 0.7 cm rectangular or 0.7 cm-diameter circular 

pieces. (2) A piece of the paper was immersed in the SWCNT dispersion, kept for 1 h, removed 

from the solution, rinsed with deionized (DI) water, and dried in air. (3) The piece of the paper 

was immersed in 1 wt% PAS aqueous solution (pH=1), kept for 5 min, removed from the solution, 

and dried in a 65°C oven. (4) The piece of paper was immersed in 15 wt% 2-naphthol in ethanol, 

kept for 2 h, removed from the solution, and dried in the 65°C oven.  

To prepare paper indicators impregnated with one component material, the corresponding step 

described above for the material was adopted. Two of the steps were combined to prepare the paper 

indicators containing two component materials. 

4.2.3 Nitrite Sensing 

50 mL acidified nitrite solution was prepared by mixing 45 mL aqueous solution of sodium nitrite 

at specified concentrations with 5 mL 0.5 M HCl solution. The solution was added into a 50 mL 

plastic centrifuge tube (VWR). A piece of paper indicator was taped onto the internal face of the 

cap of the tube. The cap was snapped on the tube and held upright for a specified period of time at 

the room temperature (~20 °C) before the paper indicator was removed for characterization. The 

distance between the paper indicator and the surface of solution was ~9 mm. 

1.5 mL acidified nitrite solution was prepared by mixing 1.3 mL aqueous solution of sodium nitrite 

at a specified concentration with 0.2 mL 0.5 M HCl solution in a 1.7 mL centrifuge tube (VWR). 
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A piece of circular paper indicator with a diameter of 0.7 cm was taped to the internal face of the 

cap of the tube. The cap was then snapped on the tube and held upright for 20 min at the room 

temperature (~20 °C) before the paper indicator was removed for characterization. The distance 

between the paper indicator and the surface of the solution was ~6 mm. 

4.2.4 Characterization 

Colorimetric assay: The paper indicators were scanned with an Epson Perfection® V200 Photo 

scanner into images. Image J program (U.S. National Institutes of Health) was used to read the red 

and green intensities of the scanned images. Data were collected from three sets of paper indicators. 

Raman spectroscopy: All Raman spectra were obtained using a Jobin-Yvon Horiba LabRAM 

HR800 800 mm focal length microRaman spectrograph. The spectrometer was equipped with a 

50× objective (Leica, NA=0.80) for precise focal positioning and a 600 gr/mm holographic grating. 

Excitation for a normal Raman studies was provided by a 785 nm laser (Toptica DL100 Diode 

laser). Signals were detected by a 1024×256 element CCD detector (Wright, Open electrode). All 

samples were analyzed in the spectral range of 100-1700 cm-1 at room temperature. Each spectrum 

was the result of three 20 sec exposures which were ensemble averaged. Three sets of paper 

indicators were measured with three points on each paper indicator being randomly chosen for the 

measurement.  

EPR spectroscopy: EPR samples were prepared by cutting the paper indicators into several small 

rectangular pieces of ~2 mm × ~3 mm in dimensions. The small pieces were loaded into a quartz 

tube, which was then inserted into a Bruker Elexsys-500 X-band spectrometer. Continuous-wave 

EPR measurements were carried out at room temperature with power of 1 mW, modulation 

frequency of 60 kHz, and modulation amplitude of 2 Gauss. Every EPR spectrum was normalized 

by dividing its amplitude by the weight of the sample. 

4.3 Results and Discussion 

4.3.1 Illustrating nitrite sensing mechanism 

To evaluate the hypothesis raised in Section 4.1, paper strips impregnated with one, two, or all of 

the three components were prepared and assessed at the 1000 µM and 100 mM nitrite 
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concentrations respectively. The detailed procedure is described in the ESI. Plain filter paper strips 

were included as controls. The result is shown in Figure. 4.2.  

As shown in column A, it is clear that only when the paper strip contained both PAS and 2-naphthol, 

it turned into red color upon exposure to the vapor generated by the acidified nitrite solution. In 

contrast, the paper strip containing either PAS or 2-naphthol appeared light yellow or light brown. 

This result suggested that the PAS was converted into aryldiazonium salt, which reacted with 2-

naphthol to form a red azo compound. The results shown in column A also indicated that the 

presence of SWCNTs did not change the color of the strips and did not participate in nor interfere 

with the reaction between 2-naphthol and PAS.  

Characteristic Raman D-band and G-band of SWCNTs were observed only in paper strips 

containing SWCNTs (column B of Figure 4.2). However, the ID/IG ratios in the strips carrying 

both PAS and SWCNTs with or without 2-naphthol were significantly higher than those absent of 

PAS. The increased ID/IG was thus attributable to the presence of PAS, suggesting that upon 

exposure to nitrous acid, the aromatic primary amines of PAS were converted to aryldiazonium 

salts, which reacted with the impregnated SWCNTs to result in increased density of defects in the 

SWCNTs and the correspondingly increased ID/IG.146,196 

Large-amplitude EPR signals were shown in all the strips impregnated with 2-naphthol after being 

exposed to the 100 mM acidified nitrite solution (column C of Figure 4.2), indicating that 2-

naphthol alone was able to generate EPR signals. This suggests that 2-naphthol reacted with nitrous 

acid to form nitrosonaphthols, which further reacted with NO to produce free radical products with 

the EPR signal. The centers of all signals were approximately 3350 Gauss and the g-factors of the 

spectra were measured as ~2.0028, suggesting that free radicals were responsible for the signals. 

It is noted that, prior to exposure to nitrite vapor, small EPR signals were observed from the strip 

that impregnated with PAS and 2-naphthol or with all three components. Moreover, all strips 

carrying 2-naphthol turned to black (column D of Figure 4.2), indicating that deep-colored 

products were produced and the colorimetric assay working at the low nitrite concentration range 

was unusable at this concentration range. SWCNTs apparently did not participate in nor interfere 

with the above reactions.  
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The above results are consistent with the hypothetical process illustrated in Figure 4.1. Moreover, 

the bottom row of Figure 4.2 reveals that colorimetric, Raman, and EPR signals were detectable 

only when all three components were present in the paper strip, suggesting that it could allow 

triple-modality detection of nitrite.  

 

4.3.2 Nitrite sensing using paper indicator containing three components 

Figure 4.3 shows results of sensing nitrite using the paper indictor containing all three components. 

It should be noted that 20 min was experimentally determined to be the optimum exposure time 

for the colorimetric assay (Figure 4.4). It was thus adopted for the triple-modality sensing.  

As shown in Figure 4.3A1, clearly the color of the paper indicators changed from light yellow to 

deep red with the increase of the nitrite concentration. The color change was quantified by 

measuring the red and green intensities of the images and calculating the red-to-green ratios, which 

 

Figure 4.2. Colorimetric, Raman, and EPR measurements of a combinatorial array of paper 

indicators exposed to vapor generated from acidified nitrite solutions. The formulations of the 

paper indicators are listed in the leftmost column. Columns A and B: scanned images and Raman 

spectra of paper indicators exposed to a 1000 µM nitrite solution. Column C: EPR spectra of 

paper indicators before (black) and after (red) being exposed to a 100 mM nitrite solution. 

Column D: scanned images of paper indicators after being exposed to a 100 mM nitrite solution. 
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increased with nitrite concentration (Figure 4.3A2). A detection range of 5 – 1000 M was 

demonstrated here. 

 

Figure 4.3B1 shows Raman spectra of the paper indicators. The characteristic D-band and G-band 

of SWCNTs were clearly visible. Moreover, the area intensity of D-band increased with nitrite 

concentration. It is known that the intensity of G-band is proportional to total amount of carbon 

nanotubes illuminated by the excitation light and D-band intensity is proportional to the density of 

defects of the SWCNTs.15 The ratio of the intensities between the D and G band (ID/IG) is 

commonly used as an index of defect density of SWCNTs. Figure 4.3B2 shows that the ID/IG of 

the paper indicators increased with nitrite concentration. The detection range was also 5 – 1000 

M. 

 

Figure 4.3. Nitrite sensing by colorimetric assay, Raman spectroscopy and EPR spectroscopy. 

(A1) Scanned images of the paper indicators exposed to vapor generated from acidified nitrite 

solutions at a series of concentrations. (A2) Quantification of color change of the paper 

indicators. Points and bars represent averages and standard deviations respectively obtained from 

3 sets of samples. (B1) Raman spectra of the paper indicators. Each Raman spectrum was 

normalized against its G band. Inset shows enlarged D bands. (B2) ID/IG ratios plotted against 

nitrite concentration. Points and bars represent averages and standard deviations respectively 

obtained from 3 sets of samples. (C1) EPR spectra of the paper indicators. The spectra were 

normalized against sample mass. (C2) Microwave absorption plotted against nitrite concentration 

at two concentration ranges: 0-1000 µM (red) and 0-200 mM (blue). 
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Figure 4.3C1 shows EPR spectra measured at different nitrite concentrations. The signals are the 

same as those in Figure 4.2 in terms of positions of the centers and values of the g-factors. EPR 

spectroscopy measures type and quantity of spins within a microwave resonator cavity. A regular 

EPR spectrum is the first derivative of microwave absorption as a function of magnetic field. 

Double integration of a spectrum yields total microwave absorption, which is proportional to the 

quantity of spins within the resonator cavity of the EPR spectrometer. The microwave absorption 

versus nitrite concentration is plotted in Figure 4.3C2, showing that the intensity of the absorption 

increased with nitrite concentration. The lower detection limit was 100 M. It should be noted in 

Figures 4.3C1 and 4.3C2 that the increase of the microwave absorption with nitrite concentration 

was much more significant within the range of 1-200 mM than that of 0-1000 µM, indicating that 

the EPR spectroscopy modality was more suitable for sensing nitrite at the high concentrations. 

Taken together, the paper indicator allowed detecting nitrite by three different modalities. The 

lower detection limit was 5 M for the colorimetric assay and Raman spectroscopy, and 100 M 

for the EPR spectroscopy. Note that the maximum contaminant level defined by the United States 

Environmental Protection Agency for nitrite ion in drinking water is 1 mg/L or 21.7 µM and human 

saliva contains approximately 10 mg/L or 217 M nitrite.197 Our paper indicator can thus be used 

with these samples. Since nitrite solutions with known concentrations were used in this study, 

Figures. 4.3A2, 4.3B2, and 4.3C2 can be employed as standard curves to quantitatively determine 

nitrite concentration of an unknown sample.  

 

Figure 4.4. Effect of exposure time on nitrite detection by colorimetric assay. (A) Scanned 

images of the paper indicators exposed to vapor generated from acidified nitrite solutions at a 

series of concentrations and exposure times. (B) Quantification of colour changes of the paper 

indicators.  
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It is worth noting that Figures 4.3A2 and 4.3B2 resemble a Langmuir adsorption isotherm but 

Figures 4.3C2 displays a seemingly linear relationship. Since loading of all three component 

materials relied on absorption of individual solutions of the materials into the paper strips, we 

assume that the amount of a loaded material was proportional to the concentration of its solution. 

By knowing that concentrations of the PAS, SWCNTs, and 2-naphthol solutions were 1 wt%, 

<0.016 wt%, and 15 wt% respectively (see details in the ESI), the amount of 2-naphthol in the 

paper strips was probably much greater than that of PAS, which was much greater than that of 

SWCNTs. It is known that a repeat unit of PAS (molecular weight = 119 g/mol) contains an 

aromatic amine, which can be converted to an aryldiazonium salt group by reacting with a nitrous 

acid molecule. Moreover, an aryldiazonium salt group can react with a 2-naphthol molecule 

(molecular weight = 144 g/mol) to form an azo bond,184 and a 2-naphthol can react with a nitrous 

acid to form a nitrosonaphthol.10 Regarding binding of the aryldiazonium salts to SWCNTs, we 

assume that the highest possible binding density allows a carbon atom (atomic weight = 12 g/mol) 

of SWCNTs to bind to no more than one aryldiazonium salt. Taken together, the above analyses 

suggest that PAS and SWCNTs were probably saturated by the vapor of the nitrite solution when 

the concentration of the solution was relatively high, e.g.,1000 M, but 2-naphthol was not 

saturated even when the nitrite concentration was much higher, e.g.,200 mM.  

Concern may also exist regarding use of a relatively large volume (50 mL) for the nitrite solutions 

in the above tests. To alleviate this concern, we have demonstrated that the colorimetric assay and 

Raman spectroscopy worked at a volume of 1.5 mL (Figure 4.5).  

The paper indicator developed by us is featured by an integration of three sensing modalities in a 

single paper strip. All three modalities rely on the detection of electromagnetic waves of different 

wavelength ranges. For the colorimetric assay, the signal was detected within the visible spectrum 

(390 - 750 nm in wavelength). For Raman spectroscopy, the excitation wavelength was 785 nm 

and scattered light was slightly longer, falling in the near infrared range. For EPR measurement, 

X-band microwave at a frequency of 9.39 gigahertz (corresponding to a wavelength of 3.19 cm) 

was used. The three electromagnetic wavelength ranges are not overlapping. This is of a significant 

advantage in eliminating the interference among different sensing modalities. Moreover, the three 

modalities do not need to be used together, meaning that each of them can be used individually or 

in combination with another one to achieve the optimum technical and economic performance. 
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This versatility is not available with the conventional paper indicators. Also of particular note is 

that the use of our paper indicator does not rely on contacting with the analyte liquid. This is 

important to avoid the contamination caused by the presence of deep-colored pigments in the liquid. 

In addition, our paper indicator technique is possibly extendable to nitrate sensing because nitrate 

can be easily converted to nitrite.187,192 With these characteristics, we believe that this triple-

modality paper indicator possesses a broader range of applicability than the conventional 

colorimetric paper indicator for nitrite sensing. 

 

Our paper indicator is also featured by simplicity and low cost with respect to sample preparation 

and raw materials. All raw materials used for preparing the paper indicator are commercially 

 

Figure 4.5. Nitrite sensing by colorimetric assay and Raman spectroscopy obtained by using a 

1.5 mL volume of the nitrite solution. (A1) Scanned images of the paper indicators exposed to 

vapor generated from acidified nitrite solutions at a series of concentrations. (A2) 

Quantification of color change of the paper indicators. Points and bars represent averages and 

standard deviations respectively obtained from 3 sets of samples. (B1) Raman spectra of the 

paper indicators. Each spectrum was normalized against its G band. Inset shows enlarged D 

bands. (B2) ID/IG ratios plotted against nitrite concentration. Points and bars represent averages 

and standard deviations respectively obtained from 3 sets of samples. 
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available and inexpensive. The procedure for preparing the paper indicator requires only a few 

steps and does not need highly specialized equipment. Concern may exist regarding the use of 

Raman and EPR spectrometers, which can be bulky and expensive. It should be noted that 

inexpensive hand-held Raman spectrometers18 (e.g., TruScan from Thermo Scientific and 

QE65000 from OceanOptics) and bench-top EPR spectrometers198 (e.g., MiniScope MS400 from 

Magnettech, Micro-ESR from Active Spectrum, and EMXmicro from Bruker) are commercially 

available. Therefore our paper indicator can be potentially used for field testing and point-of-care 

diagnosis without significant financial investment. 

4.4 Summary 

A novel paper indicator has been developed for sensing nitrite by colorimetric assay, Raman 

spectroscopy, and EPR spectroscopy with non-overlapping signal wavelength ranges through a 

non-contact means. The paper indicator was prepared by impregnating PAS, 2-naphthol and 

SWCNTs in a regular filter paper. All three ingredients were essential to realize the triple-modality 

sensing. This method is simple and inexpensive, and promises to have wider applicability than the 

existing paper indicators. 
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CHAPTER FIVE 

FACILE FUNCTIONALIZATION AND ASSEMBLY OF LIVE CELLS 

WITH MICROCONTACT PRINTED POLYMERIC BIOMATERIALS 

Copyright © 2014 Acta Materialia Inc. Published by Elsevier Ltd 

5.1 Introduction 

Live cells can be endowed with novel functions when synthetic micro/nanoparticles are loaded in 

the cells or adhere to the surface of the cells.8,199-201 For example, Chambers et al. attached 

nanoparticles to the surface of the red blood cells for prolonged intravascular drug delivery and 

blood pool imaging.202 Shapiro et al. labeled hepatocytes with iron oxide microparticles and 

demonstrated that the single labeled cells could be detected in vivo by MRI.203 Cheng et al. 

functionalized human mesenchymal stem cells (hMSCs) with patches of nanoparticles for cell-

mediated tumoritropic drug delivery.204 Cho et al. loaded immunologically, magnetically and 

optically active nanoparticles in dendritic cells for cancer immunotherapy.33 Zamaleeva et al. 

coated microalgae cells with magnetic nanoparticles and used the functionalized cells as a sensing 

element for the detection of herbicides.4 On the other hand, assembling live cells into functional 

constructs is central to tissue engineering and biomaterials are frequently employed to assist the 

assembly.205,206 Among various biomaterials used to functionalize and assemble live cells, 

microfabricated biomaterials, which are characterized by precisely controllable dimensions, shape, 

structure and composition, attract widespread interests.38,40,207,208 Of particular note is a method 

developed by Rubner and coworkers.38,40 In this method, photolithography was integrated with 

LbL assembly to produce multilayered polyelectrolyte microparticles, which can, in principle, be 

engineered to carry numerous functional materials.209 Moreover, they invented an environmentally 

sensitive sacrificial polyelectrolyte multilayer that allowed live cells to bind to stationary 

microparticles first and then the cell-microparticle complexes to be released. Though powerful, 

this method suffers from the need to use the expensive photolithography for producing every batch 

of microparticles. This method also requires the microparticles to be exposed to acetone, which 

may denature labile contents of the particles such as proteins. Furthermore, the sacrificial 

multilayer consists of at least 41 layers of polyelectrolytes prepared by LbL assembly. Since 

deposition of each layer typically takes 10 min, the entire process for preparing the multilayer 
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would take at least 410 min. This long preparation time and the complexity associated with the 

LbL assembly process are undesirable for developing a low-cost, high-throughput and robust 

manufacturing technique. 

In a different method developed by Hansford and coworkers, CP, which is a low-cost 

microfabrication technique, was integrated with a monolithic water-soluble sacrificial layer of 

PVA to produce microparticles of thermoplastics such as PLGA.13,46 Our lab recently integrated 

LbL assembly of polyelectrolytes with CP and spin-coated PVA sacrificial layer to produce 

multilayered polyelectrolyte microparticles.48,115,210 Not only is CP much cheaper than 

photolithography, but the spin-coating process is also much simpler and quicker (approximately 2 

min) than the aforementioned LbL-assembly process for preparing the sacrificial multilayer. 

However, the PVA sacrificial layer lacks the environmental sensitivity. On the other hand, Nash 

et al. demonstrated the use of a spin-coated monolithic film of poly(N-isopropylacrylamide) 

(PNIPAM) as a temperature-sensitive sacrificial layer to culture adherent cells at 37 °C and then 

release the cells as a sheet at 4 °C.211 Note that PNIPAM is a thermoresponsive polymer with an 

aqueous lower critical solution temperature around 32 °C.212 Similarly, Okano et al. printed a thin 

layer of fibronectin on a commercial temperature-responsive culture dish with CP and cultured 

two types of cells on the substrate and later released the cells as a continuous sheet.9 However, use 

of the spin-coated temperature-sensitive sacrificial layer and the microfabricated polyelectrolyte 

multilayers and thermoplastics to functionalize and assembly live cells has not been reported to 

the best of our knowledge. 

The present study reports on the development of a novel and facile method for functionalizing and 

assembling live cells with microfabricated biomaterials by integrating CP of polyelectrolyte 

multilayers and PLGA with spin coating of PNIPAM for preparing a temperature-sensitive 

sacrificial layer. This work features extensive demonstrations of the capabilities of the method by 

generating cell-biomaterial complexes consisting of microcontact-printed structures of various 

sizes, shapes and materials, and multiple types of cells including stem cells in the forms of single 

cells and cell aggregates. The following notation for the polyelectrolyte multilayer composition is 

used: A/(B/C)n, where A, B and C refer to individual layer materials respectively; A is the first 

layer applied on to the stamp and n is the number of B/C bilayers. 
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5.2 Materials and Methods 

5.2.1 Cell culture 

K562 cell line of chronic myeloid leukemia and ES-D3 cell line of mouse embryonic stem cells 

(mESCs) were obtained from American Type Tissue Culture Collection. hMSCs were obtained 

from the Tulane Center for Gene Therapy. K562 cells were cultured in RPMI 1640 medium 

supplemented with 10% (v/v) fetal bovine serum (FBS, Atlanta Biologicals, Flowery Branch, GA), 

100 units/mL of penicillin, and 100 µg/mL streptomycin at 37°C and 5% CO2. Murine ES-D3 line 

was maintained on 0.1% gelatin (Millipore) coated 6-well culture plates in a standard 5% CO2 

incubator. The expansion medium is composed of Dulbecco’s Modified Eagle’s Medium (Life 

Technologies) supplemented with 10% ESC-screened FBS (Hyclone, Logan, UT), 1 mM sodium 

pyruvate, 0.1 mM β-mercaptoethanol, 100 U/mL penicillin, 100 µg/mL streptomycin (all from 

Life Technologies), and 1000 U/mL leukemia inhibitory factor (Millipore).  The cells were seeded 

at 2-4×104 cells/cm2 and sub-cultured by trypsinization every 2-3 days. The cells were 

characterized with the expression of pluripotent markers and the ability to differentiate into the 

three germ layers (i.e. mesoderm, ectoderm and endoderm).213,214 hMSCs were expanded using 

minimum essential medium-alpha (Life Technologies) supplemented with 1% 

penicillin/streptomycin (Life Technologies) and 10% FBS (Atlanta Biologicals, Lawrenceville, 

GA) at 37°C and 5% CO2. The cells were harvested by trypsinization and the aggregates were 

formed by seeding the cells on ultra-low attachment (ULA, Corning, Lowell, MA).215 Briefly, 

hMSCs were seeded at 3,000 cells/cm2 on tissue culture plastics and cultured for 4 days at 37°C 

and 5% CO2. The cells were then trypsinized and 106 cells in 1.0 mL of growth media were seeded 

onto 10 cm2 tissue culture dishes with ULA surfaces to allow formation of the aggregates. After 

2 h of incubation, the aggregates were transferred to new ULA culture dishes and cultured for an 

additional 24 to 48 h at 37 °C and 5% CO2. 

5.2.2 Preparation of PNIPAM sacrificial layer 

As illustrated in Figure 5.1, the method started with spin-coating a thin layer of PNIPAM on a 

glass slide. A stamp coated with either a polyelectrolyte multilayer or a thin film of PLGA was 

then brought into contact with the PNIPAM layer briefly and peeled off, resulting in transfer of 

the multilayer of PLGA from the raised areas of the stamp to the PNIPAM layer. Cells were seeded 
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on the slide at 37 °C to allow immobilization of the cells to the printed biomaterials. Finally, the 

cell-biomaterial complexes were released at the room temperature. 

 

A glass slide (22 mm wide) was treated with oxygen plasma for 3 min in a Harrick plasma cleaner. 

Solution of PNIPAM (Mw 10,000-15,000 Da, Sigma-Aldrich) in ethanol (2 wt%) was spin-coated 

on the glass slide at 3,000 revolutions per min (RPM) for 30 sec and 6,000 RPM for another 30 

sec. The PNIPAM–coated slide was then placed in a vacuum desiccator in an oven set at 65 °C 

and kept for 2 h to remove residual ethanol. The slide was then stored at the room temperature and 

ready for performing CP unless otherwise noted. 

5.2.3 μCP of polyelectrolyte multilayers 

PDMS stamps were prepared as we previously described.210 Stamps with 7 types of surface 

features were used in this work: (1) 7 µm circular pillars in a square lattice with 20 µm center-to-

center distance and 3.4 µm height, (2) 2 µm circular pillars in a square lattice with 4 µm center-

to-center distance and 1 µm height, (3) an array of “F”, “S” and “U”-shaped pillars with 0.8 µm 

 

Figure 5.1. Procedure of functionalizing or assembling live cells with microcontact printed 

biomaterials using spin-coated PNIPAM as the sacrificial layer. Microparticles and single cells 

are used here as a model system. 
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depth, (4) 10 µm-wide straight ridges with 20 µm pitch and 3.2 µm height, (5) 18 µm-wide square 

pillars in a square lattice with 40 µm center-to-center distance and 8 µm height, (6) 60 µm-diameter 

circular pillars in a square lattice with 90 µm center-to-center distance and 5 µm depth, and (7) 5 

µm-diameter circular microwells in a square lattice with 10 µm center-to-center distance and 4 µm 

depth.  

Polyelectrolytes used in this study included PAH (Mw 15,000 Da), PSS (Mw100,000 Da), PDAC 

(Mw 200,000 Da), bPEI (Mw 25,000 Da), lPEI (Mw 25,000 Da), chitosan, PLL, sodium salt of 

PAA (Mw 5,100 Da), and DNA from salmon testes. PAH, bPEI, lPEI, chitosan and PLL were 

labeled with RITC or FITC. Aqueous solutions of chitosan and PLL had a concentration of 0.1 

wt%. Aqueous solutions of all other polyelectrolyte had a concentration of 0.5 wt%. The solutions 

had varying pH values as follows: PAH-RITC (pH = 6 or 10), bPEI-RITC (pH = 7), lPEI-RITC 

(pH = 8), chitosan-FITC (pH = 4), PLL-FITC (pH = 7), PDAC (pH = 7), DNA (pH = 7), PSS (pH 

= 7) and PAA (pH = 6).  

Each step of LbL assembly consisted of soaking the stamp in a polyelectrolyte solution for 10 min 

and then washing it briefly with deionized (DI) water. For PAH-RITC, the first layer was deposited 

with the solution of pH 10 and the subsequent PAH-RITC layers were deposited with the solution 

of pH 6. After depositing the last layer, the stamp was dried under a stream of nitrogen. To prepare 

the multilayers with gelatin as the first layer, a bare stamp was immersed in 0.1 wt% gelatin 

solution for one hour followed by a brief rinse with DI water. The stamp was then covered with 

100 L aqueous glutaraldehyde solution (25 wt%) and kept for 30 min followed by a brief rinse 

with DI water. Polyelectrolyte multilayers were built on the stamp following above procedure. 

Printing was performed by bringing the stamp into contact with a PNIPAM-coated slide at the 

room temperature. For the polyelectrolyte multilayers on the stamp with DNA, PAA and PSS 

respectively as the outermost layer, printing was performed on a PNIPAM-coated slide that was 

pre-treated with oxygen plasma for 10 sec. Light pressure was applied to the stamp manually to 

ensure a complete conformal contact between the stamp surface and the substrate and maintained 

for 1 min. The stamp was then peeled off from the substrate. 
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5.2.4 μCP of PLGA microparticles 

PLGA with lactide : glycolide = 75 : 25 and Mw 4,000-15,000 Da, Sigma-Aldrich) was dissolved 

in acetone to prepare a 10 wt% solution. Octadecylrhodamine B chloride (R18) was added in the 

solution at 10 g/mL. Inking of the stamp was performed by spin-coating the PLGA solution on a 

stamp at 2,000 RPM for 30 sec. The stamp was then placed on a PNIPAM-coated slide on a hot 

plate set at 50 °C, kept for 10 sec, and peeled off from the slide. 

5.2.5 Cell seeding 

Qualitative study. A PDMS film (3 mm-thick) bearing a 10 mm-wide square through hole was 

placed on a PNIPAM-coated slide to form a chamber enclosing the printed area. The assembly, 

which was placed in a plastic dish, was pre-warmed at 37 °C in an oven. Cell suspension in the 

serum-supplemented medium at 37 °C was seeded into the chamber and incubated in a cell-culture 

incubator at 37 °C and 5% CO2. The volume and concentration of the cell suspensions and 

incubation times varied among different cells. For K562 cells, 500 µL suspension (106 cells/mL) 

was seeded and incubated for 1 h. For mESCs, 200 µL suspension (106 cells/mL) was seeded and 

incubated for 2 h. For hMSC aggregates, 500 µL suspension (50 aggregates/mL) was seeded and 

incubated for 24 h. 

Quantitative study. A PDMS film (4 mm-thick) bearing a 7 mm-diameter circular through hole 

was placed on a PNIPAM-coated slide to form a chamber enclosing an array of 7 µm-diameter 

microparticles with a multilayer composition of (PAH-RITC/PSS)2/PAH-RITC. The number of 

the microparticles in the chamber was calculated to be 9.6×104. 500 µL suspension K562 cells in 

the serum-supplemented medium was seeded into the chamber at a specified cell-to-microparticle 

ratio at 37 °C and incubated for 1 h at 37 °C and 5% CO2. 

5.2.6 Release of microparticles  

The microparticles printed on a PNIPAM-coated slide were briefly exposed to water vapor at the 

room temperature. The microparticles were released immediately. 
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5.2.7 Release of Cell-biomaterial complexes 

Qualitative study. For K562 cells seeded on the 7 µm-diameter microparticles, 300 µL of the 

suspension was gently aspirated after the incubation step. Pre-warmed acridine orange in PBS (0.1 

µg/mL, 50 L, 37 °C) was added into chamber and incubated for 15 min. After that, micrographs 

of the cells bound to the arrays of the printed biomaterials were taken at the room temperature 

(20 °C) within 5 min, during which the printed biomaterials remained immobilized. Almost all 

cell-biomaterial complexes were released after 15 min. Micrographs of the released complexes 

were then taken. For mESCs, the 200 µL suspension was aspirated after the incubation step and 

200 µL pre-warmed PBS (37 °C) was added into the chamber. The cells were then stained and 

imaged as described above. For hMSC aggregates, the samples were imaged directly after the 

incubation step. 

Quantitative study. The cells were seeded at the cell-to-microparticle ratio of 1:1. For 

characterizing K562 cells bound to the printed microparticles, the above procedure was followed 

to stain the cells. Three micrographs of the cells bound to the printed microparticles were taken 

for each sample. For characterizing the released cell-microparticle complexes, the above procedure 

was followed to release the complexes except that the cells were not stained. The suspension of 

the released complexes in the chamber was transferred to a1.5 mL centrifuge tube. The chamber 

was washed with 300 L serum-supplemented medium, which was also transferred to the same 

centrifuge tube. Acridine orange in PBS (0.1 µg/mL, 50 L) was added into the chamber and 

incubated for 10 min. To count the complexes, two PDMS blocks (1 mm-thick) were sandwiched 

between two glass slides treated with oxygen plasma to create a straight channel (1 mm-high, 20 

mm-long, and 5 mm-wide). The suspension was pipetted at an opening of the channel and 

spontaneously filled the channel. The cell-microparticle complexes and unbound cells settled 

down on the lower glass slide after 5 min and three micrographs were taken for each sample. 

Numbers of the complexes in each micrograph were counted. Note that the suspension volume for 

the counted complexes was the product of the area of each micrograph and height of the channel. 

The concentration of the complexes was thus calculated and further used to calculate the total 

number of the complexes of each sample. Each experiment was performed in triplicate. 
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5.2.7 Cell viability assay 

Qualitative study. The procedure for releasing the complexes of K562 cells and 7 µm-diameter 

microparticles in the above qualitative study was followed except that the cells were not stained. 

The suspension of the cell-microparticle complexes was transferred from the chamber to a 1.5 mL 

centrifuge tube. The chamber was then washed with 300 L serum-supplemented medium, which 

was also transferred to the same centrifuge tube. The suspension of the cell-microparticle 

complexes and unbound cells was centrifuged at 34 g for 10 min and the supernatant was decanted. 

The complexes and unbound cells were re-suspended in 500 L fresh serum-supplemented 

medium and incubated for 24 h at 37 °C and 5% CO2. Calcein AM in PBS was added into the 

suspension at the final concentration of 0.2 g/mL. Fluorescence micrographs were taken 20 min 

later. 

Quantitative study. The procedure for the above qualitative cell viability assay was followed here 

expect that the complexes were cultured in 400 L fresh serum-supplemented medium. The 

number of the complexes in each sample was determined as described above. Each experiment 

was performed in triplicate. 

5.2.8 Characterization 

The optical micrographs were obtained using an inverted Nikon Ti epifluorescence microscope 

equipped with an Andor iXonEM+ 885 EMCCD camera. A Nikon B-2E/C filter set was used for 

imaging acridine orange, calcein AM and FITC. A Nikon G-2E/C filter set was used for imaging 

RITC and R18. Colors of the images were assigned through software with red to RITC and R18 

and green to FITC and calcein AM. Thickness of the spin-coated PNIPAM film was measured 

using a Gaertner Scientific L116S autogain ellipsometer with 632.8 nm radiation fixed at a 70° 

incident angle and a refractive index of 1.47 for the PNIPAM216. The PNIPAM sacrificial layers 

and microcontact-printed multilayered polyelectrolyte microparticles with a composition of (PAH-

RITC/PSS)2/PAH-RITC were also characterized with a Bruker Dimension Icon AFM operated at 

tapping mode in air. 
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5.2.9 Statistical analysis 

An unpaired Student’s t-test was used for comparison of data and a p-value < 0.05 was considered 

to be statistically significant. 

5.3 Results  

5.3.1 PNIPAM sacrificial layer 

The thickness of the spin-coated PNIPAM sacrificial layer was approximately 100 nm (97.4 nm 

measured by ellipsometry and 105 nm by AFM). The AFM result is shown in Figure 5.2. 

 

5.3.2 μCP of polyelectrolyte multilayers and PLGA on PNIPAM 

Transfer of the polyelectrolyte multilayers and PLGA from the stamp to the PNIPAM sacrificial 

layer is essential to this method. For the polyelectrolyte multilayers on the stamp, the outermost 

layer directly contacted the PNIPAM sacrificial layer during printing and was believed to affect 

the transfer. Polyelectrolyte multilayers with various outermost layer materials on the stamp were 

thus constructed and tested for CP. It is interesting to note that polycations including PAH, PDAC, 

lPEI, bPEI, chitosan and PLL allowed high-quality transfer of the multilayered polyelectrolyte 

 

Figure 5.2. AFM characterization of a PNIPAM sacrificial layer spin-coated on a glass slide. (A) 

AFM height image of an edge of a scratch of created on the PNIPAM layer using a razor blade. 

(B) Line profile of the PNIPAM layer crossed by the white line in (A). 
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microparticles on the PNIPAM sacrificial layer (Figure 5.3), but polyanions including DNA, PSS 

and PAA did not. While the underlying mechanism of this phenomenon is unknown, successful 

printing of the microparticles with the polyanions as the outermost layer was achievable by treating 

the PNIPAM sacrificial layer with oxygen plasma (Figure 5.3). It is of note that oxygen plasma 

treatment is commonly used to enhance CP of proteins on hydrophobic plastics through 

increasing the surface energy of the materials.11,25 In addition to the polyelectrolytes, it was found 

that PLGA could be printed on the PNIPAM sacrificial layer (Figure 5.4). 

 

 

Figure 5.3. CP of polyelectrolyte multilayers with various outermost polyelectrolytes including 
PAH, PLL, chitosan, PDAC, bPEI, lPEI, PSS, DNA, and PAA. A pair of fluorescence 

micrographs including a periodic array of multilayered microparticles before release and 

randomly distributed microparticles after release is shown for each type of multilayers, indicating 

that the multilayers were successfully printed on the PNIPAM sacrificial layers. For the 

multilayers with the outermost PSS, DNA and PAA layers, CP was performed on the plasma-

treated PNIPAM sacrificial layers. The multilayer composition is listed above each pair of the 

micrographs. Scale bars represent 50 m. 
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Figure 5.4. Characterization of 7 m-diameter PLGA microparticles printed on a PNIPAM-

coated glass slide. The microparticles were stained with R18 fluorescence dye. (A) Fluorescence 

micrograph of microparticles before being released. (B) Fluorescence micrograph of 

microparticles after being released. Scale bars represent 100 m. 

 

Figure 5.5. Characterization of 7 m-diameter multilayered polyelectrolyte microparticles 

printed on a PNIPAM-coated glass slide. Multilayer composition: (PAH-RITC/PSS)2/PAH-

RITC. (A) Fluorescence micrograph. (B) AFM image. (C) Line profile of the microparticle 

crossed by the white line in (B). (D) Height histogram generated from (B), revealing an average 

thickness of 3.9 nm for the microparticles. 
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5.3.3 Functionalization of K562 cells with 7 μm-diameter multilayered polyelectrolyte 

microparticles 

Multilayered polyelectrolyte microparticles with a diameter of 7 m and composition of (PAH-

RITC/PSS)2/PAH-RITC were used here to systemically characterize and validate this method. A 

typical array of the microparticles is shown in Figure 5.5. The microparticles were characterized 

by AFM, revealing a thickness of approximately 3.9 nm (Figure 5.5). Figure 5.6A shows K562 

cells immobilized on an array of the 7 m microparticles after the unbound cells were removed 

but before the microparticles were released. Since the cells had an average diameter of 17.8 m,217 

a 7 m-diameter microparticle could only be bound by one cell. Moreover, the center-to-center 

distance between the adjacent microparticles in the array was 20 m, which was larger than the 

diameter of the cells. As a result, a cell typically bound to only one microparticle. After being 

released at the room temperature, the microparticles and cells remained bound together as cell-

microparticle complexes, most of which consisted of one cell and one microparticle are shown in 

Figure 5.6B. Figure 5.6C further shows that the cells in the released complexes remained viable 

and the complexes remained unchanged in morphology for at least 24 h.  

Quantitative analysis (Figure 5.6D) reveals that array occupancy, defined as the percentage of the 

printed microparticles bound by single cells, increased with the number ratio of the seeding cells 

to the printed microparticles. At the cell-to-microparticle ratios of and 3:1 and 1:1, the array 

occupancies were 92 ± 3% (mean ± standard deviation) and 63 ± 5% respectively. In addition, we 

found that the array occupancy was 75 ± 5% when K562 cells were seeded on the 7 m-diameter 

(chitosan-RITC/PSS)2/chitosan-RITC microparticles at the cell-to-microparticle ratio of 3:1, 

indicating that the efficiency of cell functionalization was material-dependent. The number of the 

released cell-microparticle complexes per sample was also measured (Figure 5.6E). Given that 

approximately 105 cells were initially seeded per sample, around 41% of the cells formed the 

complexes. The released complexes were further cultured for 24 h and then counted using a calcein 

AM-based viability assay (Figure 5.6E). Assuming that all cells in the complexes were alive 

immediately after being released, the insignificant difference between the two numbers indicates 

that the released microparticle-cell complexes were stable and all microparticle-bound cells were 

viable over the 24 h culture. 
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5.3.4 Functionalization and assembly of K562 cells with polyelectrolyte multilayers of 

various sizes and shapes 

Figure 5.7A shows functionalization of K562 cells with 2 m-diameter microparticles. In contrast 

to one microparticle per cell for the 7 m-diameter microparticles, multiple 2 m-diameter 

microparticles bound to one cell due to the smaller microparticle size and higher array density. It 

is interesting to note that the original lattice of the printed microparticle array retained to some 

 

Figure 5.6. Functionalization of single K562 cells with multilayered polyelectrolyte 

microparticles and viability of the cells in the cell-microparticle complexes. (A) Fluorescence 

micrograph of K562 cells (green) immobilized on an array of circular microparticles of 

polyelectrolyte multilayer (red) before being released. Multilayer composition: (PAH-

RITC/PSS)2/PAH-RITC. Cells were stained with acridine orange. (B) Fluorescence micrograph 

of the cell-microparticle complexes in (A) immediately after being released. (C) Fluorescence 

micrograph of released cell-microparticle complexes after being cultured for 24 h. The cells were 

stained with calcein AM. Fluorescent cells were alive. (D) Array occupancies at different cell-

to-microparticle ratios. (E) Numbers of cell-microparticle-complexes per sample immediately 

after releasing the complexes (0 h, stained with acridine orange) and after culturing the 

complexes for 24 h (stained with calcein AM) respectively. Approximately 105 cells were seeded 

per sample at cell-to-micropa

standard deviation. 



65 

 

degree on the cells. Besides the circular microparticles, the cells were functionalized with 

microparticles with shapes of “F”, “S”, and “U”. Figure 5.7B shows a cell attached by an “F”-

shaped microparticle. In addition to the microparticles, the cells were assembled using millimeter-

long multilayered polyelectrolyte stripes with a width of 10 m (Figure 5.7C). The complexes 

assumed a beads-on-a-string morphology. 

 

 

 

 

Figure 5.7. Fluorescence micrographs of functionalization and assembly of K562 cells (green) 

with polyelectrolyte multilayers of varying sizes and shapes (red). Cells were stained with 

acridine orange. (A1) Cells immobilized on an array of 2 m-diameter microparticles before 

being released. (A2) Released cell-microparticles complexes. Note that each cell was typically 

bound by multiple microparticles. Multilayer composition: (PAH-RITC/PSS)2/PAH-RITC. 

(B1) Cells immobilized on an array of particles in the shape of “F” “S” and “U” before being 
released. (B2) A released cell bound by an “F”-shaped particle. Multilayer composition: (PAH-

RITC/PSS)2/PAH-RITC. (C1) Cells immobilized on an array of 10 m-wide stripes before 

being released. (C2) Released cells-stripe complexes. Multilayer composition: (PAH-

RITC/PSS)4/PAH-RITC. 
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5.3.5 Functionalization and assembly of stem cells 

In addition to K562, which is a nonadherent cell line derived from human chronic myeloid 

leukemia,218 this method was applied to two types of stem cells, mESCs (i.e. pluripotent stem cells) 

and hMSCs (i.e. adult stem cells). Figure 5.8A1 shows mESCs that were immobilized on an array 

of 60 m-diameter circular microparticles terminated with a gelatin layer. Each microparticle was 

typically bound by multiple mESCs. The cells remained bound to the microparticles as mESC-

 

Figure 5.8. Assembly of mouse embryonic stem cells (mESCs) and functionalization of 

aggregates of human mesenchymal stem cells (hMSCs). mESCs were stained with acridine 

orange. (A1) Fluorescence micrograph of mESCs immobilized on an array of 60 m-diameter 

microparticles (red) before being released. Multilayer composition: 

gelatin/glutaraldehyde/(PAH-RITC/PSS)4/PAH-RITC. (A2) Released mESCs-microparticle 

complexes. (B1) Fluorescence micrograph of mESCs immobilized on a millimeter-sized 

polyelectrolyte multilayer (red) containing 5 m-diameter holes before being released. 

Multilayer composition: gelatin/glutaraldehyde/(PAH-RITC/PSS)2/PAH-RITC. (B2) A portion 

of a released millimeter-sized sheet of mESCs assembled by the polyelectrolyte multilayer in 

(B1). (C1) Overlaid fluorescence and phase micrograph of an hMSC aggregate immobilized on 

an array of 7 m-diameter PLGA microparticles stained with R18 (red). (C2) A released 

aggregate functionalized with multiple PLGA microparticles. 
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microparticle complexes after being released as show in Figure 5.8A2. Besides the microparticles, 

the mESCs were also assembled on a millimeter-sized multilayered polyelectrolyte sheet prepared 

by CP. The sheet, which contained a dense array of5 m-diameter holes, was termed “mesh” here. 

Figure 5.8B1 shows mESCs immobilized on a mesh before being released. The released sheet of 

mESCs supported by the mesh is shown in Figure 5.8B2. In addition to the single K562 cells and 

mESCs functionalized and assembled so far, this method was also applied to the aggregates of 

hMSCs. Figure 5.8C1 show an hMSC aggregate immobilized on an array of 7 m-diameter PLGA 

microparticles printed on a PNIPAM sacrificial layer before being released. It is interesting to note 

that some microparticles underneath the cluster were dislocated. A released hMSC cluster 

functionalized by multiple PLGA microparticles is shown in Figure 5.8C2. 

5.3.6 Biodegradable and biocompatible polyelectrolyte multilayers 

Figure 5.9 shows the K562 cells functionalized by 18 m-wide square microparticles composed 

of DNA and chitosan. DNA is a natural polyanion existing in all nucleated human cells. Chitosan 

is a biodegradable and biocompatible polycation widely used for many biomedical applications.219 

 

 

Figure 5.9. Fluorescence micrograph of K562 cells (green) functionalized by 18 m-wide square 

microparticles (red, pointed by arrows) made of biodegradable and biocompatible 

polyelectrolytes. Multilayer composition: (chitosan-RITC/DNA)2/chitosan-RITC. 
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5.4 Discussion 

This study focuses on developing a novel method for functionalizing and assembling live cells 

with microfabricated polymeric biomaterials. The method is featured by integrating CP of 

polymeric biomaterials with a spin-coated temperature-sensitive sacrificial layer for 

functionalizing and assembling live cells. It offers significant advantages over the conventional 

methods. First, it requires performing photolithography only once to produce the master, from 

which a large number (>100) of stamps can be produced and each stamp can be used to produce 

multiple batches of microparticles or other microstructures. As a result, the overall cost of this 

technique is significantly lower. Moreover, acetone exposure is not required in forming the 

particles in this method, so the hazardous effect that may be caused by the exposure to the delicate 

components of the microparticles is avoided. In addition, preparation of the monolithic 

temperature-sensitive sacrificial layer by spin coating is much simpler and takes a much shorter 

time than the LbL assembly-based method. Although the spin-coated PNIPAM layer was baked 

in vacuum for 2 h to remove the residual solvent, a large number of samples can be baked 

simultaneously, so the average time required for preparing one sample would be short when the 

sample quantity is large. 

This method is also characterized by high versatility with respect to the type of the producible cell-

biomaterial complexes. Regarding size, the printed structures ranged from 2 m in diameter for 

the smallest microparticles to several millimeters in width for the stripes and meshes. Therefore, a 

single cell can be functionalized by either multiple microparticles or a single microparticle, or 

multiple cells can be assembled together by a single printed structure. In terms of shape, this 

method allows functionalizing live cells with microparticles with any two-dimensional (2D) 

shapes and assembling multiple cells into any 2D shapes. With respect to materials, this method 

permits versatile selections of materials in contact with the cells and on the other face of the printed 

multilayers as well as polyelectrolytes inside including the biodegradable and biocompatible 

polyelectrolytes. Moreover, any material that is usable with LbL assembly can, in principle, be 

incorporated into the microcontact-printed polyelectrolyte multilayers. This group of materials is 

extremely versatile ranging from proteins to inorganic nanoparticles, suggesting that a wide variety 

of functionalities can be integrated into the cell-biomaterial complexes. Besides polyelectrolytes, 

a thermoplastic polymer, PLGA, has been used with this method. Note that PLGA is biocompatible 
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and biodegradable biomaterial approved by the United States Food and Drug Administration for 

use in humans. Regarding cells, three different types (e.g.K562 cells, mESCs, and hMSCs) with 

varying adhesion properties and in the forms of single cells and cell aggregates have been 

functionalized and assembled by this method, which implies that this method may be applicable 

to many other types of cells as long as an appropriate cell-binding material is used for preparing 

the topmost layer of the printed microstructures. Examples of such cell-binding materials are PLL 

and immunoglobulin G antibodies, which have been printed by CP to capture cells.163,220 

With a combination of simplicity, low cost and high versatility, this method promises to have wide 

applications in the fields of cell therapy, drug delivery and tissue engineering. In an envisioned 

cell therapy, the therapeutic cells are labeled with the 2 or 7 m-diameter microparticles containing 

contrast-generating/enhancing agents to allow tracking of the cells in vivo. Note that Swiston et al. 

demonstrated functionalizing cells with microparticles carrying magnetic nanoparticles that, in 

principle, can be used for in vivo tracking with MRI.38,200,203 We also recently showed labeling 

cells with microparticles that potentially permit in vivo Raman imaging of the cells.48 Moreover, 

the embryonic and mesenchymal stem cells especially the hMSC aggregates used in this study are 

the primary candidates for stem cell therapy.221,222 In addition, the ability to produce microparticles 

with any 2D shape and a wide range of size may allow controlling cell-biomaterial interactions 

and even cellular differentiation of stem cells through a geometrical means.223,224 In another 

envisioned cell therapy, drugs are loaded in the microparticles with the cells as the carriers. Use of 

the red blood cells may allow prolonged drug release in the blood and use of the hMSCs may 

achieve tumor-specific drug delivery.225 The feasibility of the above envisioned therapies is further 

supported by our demonstration of functionalizing the cells with the biodegradable and 

biocompatible microparticles. The other types of cell-biomaterial complexes demonstrated in this 

study are particularly attractive for tissue engineering applications. For example, the complexes 

based on the 60 m-diameter microparticles and macroscopic stripes may be used as building 

blocks for constructing artificial tissues.226 Moreover, incorporation of magnetic nanoparticles into 

the microparticles or stripes would allow magnetic assembly of the functionalized cells into 

designer 3D structures as demonstrated with cell-loaded magnetic hydrogel particles.227 Similarly, 

the millimeter-sized mesh-supported cell sheet may be used to build multilayered artificial tissues 

as demonstrated by Okano and coworkers using support-free cell sheets in their cell sheet 

technology.228 In contrast to the cell sheet technology, which requires establishment of cell-to-cell 
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connections, our method needs only establishment of cell-to-mesh connections. This difference 

can lead to significantly shortened preparation time. Note that use of the mesh-supported cell 

sheets without extensive cell-to-cell connections does not preclude forming cell-to-cell 

connections after assembling multiple sheets together. Moreover, the mesh can provide mechanical 

enhancement to the cell sheet to improve ease of handling. It is worth noting that the 5 m-diameter 

holes of the mesh can allow interactions and communications between cells in different sheets in 

an artificial tissue composed of a stack of the mesh-supported cell sheets. In addition, the stiffness 

of the polyelectrolyte microparticles, stripes and meshes can, in principle, be tuned over a wide 

range,229-232 suggesting that this method may allow control of the lineage-specific differentiation 

of the assembled stem cells.233 Furthermore, differentiation control of the stem cells is potentially 

achievable by releasing growth factors from the mesh.85 Last but not least, the mesh can be 

completely made of biodegradable polyelectrolytes, so artificial tissues free of any foreign material 

can potentially be constructed using our method. 

5.5 Summary 

A novel method for functionalizing and assembling live cells has been developed. The method is 

featured by integrating CP of polymeric biomaterials with preparation of a temperature-sensitive 

sacrificial layer by spin coating. It allows immobilizing cells or cell aggregates on the printed 

biomaterials at 37 °C and releasing the cell-biomaterial complexes at the room temperature. The 

printed biomaterial can be made with any 2D shapes ranging from micrometer to millimeter in size 

and with biodegradable and biocompatible polymers. Three types of cells including a human 

cancer cell line, mESCs and hMSCs in the forms of single cells and aggregates have been 

functionalized and assembled using this method. In addition, this method is facile and inexpensive 

compared to the conventional methods. It thus holds potential for various applications including 

drug delivery, cell tracking and tissue engineering. 
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CHAPTER SIX 

CONCLUSIONS 

Various commonly used polyelectrolytes can be microcontact-printed on a surface coated with a 

monolayer of PEG-silane using water as the ink solvent and an unmodified PDMS stamp. The 

printed structures can have different forms including a monolayer, a multilayer and molecular 

bundles. The printed structures are stable under aqueous conditions and allow for micropatterning 

nanoparticles, DNA, proteins, and live cells. 

PAS can be microcontact-printed using water as the ink solvent and an unmodified PDMS stamp. 

The aromatic amines of PAS can be converted to aryldiazonium salts by acidified nitrite either 

before or after the printing. The printed PAS, after being diazotized, can be used to micropattern 

various technologically important materials including DNA, proteins, SWCNTs and AuNPs. The 

PAS on the stamp, after being diazotized, can enable CP of thin-film gold microstructures on 

highly ordered pyrolytic graphite and likely on graphene. Moreover, the hydrophobic nature of 

PAS at the neutral pH allows the microcontact-printed PAS-based polyelectrolyte multilayer being 

used as a mask for wet etching. In addition, highly engineered microparticles can be prepared by 

combining CP and diazotization of PAS.  

A novel paper indicator has been developed based on impregnating PAS, 2-naphthol and SWCNTs 

in a regular filter paper. This paper indicator allows for sensing nitrite by three distinct modalities 

including colorimetric assay, Raman spectroscopy, and EPR spectroscopy with non-overlapping 

signal wavelength ranges. This novel paper indicator may have wider applicability than the 

conventional paper indicators for nitrite sensing. 

A novel method for functionalizing and assembling live cells has been developed by integrating 

CP of polymeric biomaterials with a PNIPAM sacrificial layer. This method allows immobilizing 

cells or cell aggregates on the printed biomaterials at 37 °C and releasing the cell-biomaterial 

complexes at the room temperature. The printed biomaterials can be made with any 2D shapes 

ranging from micrometer to millimeter in size and with biodegradable and biocompatible polymers. 

Three types of cells including a human cancer cell line, mESCs and hMSCs in the forms of single 

cells and aggregates have been functionalized and assembled using this method. This method is 
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facile and inexpensive compared to the conventional methods with the similar capabilities. It 

promises to be useful for drug delivery, in vivo cell tracking and tissue engineering.  

Overall, µCP is an inexpensive, simple, highly versatile approach for micropatterning surfaces and 

fabricating microparticles. It holds potential to be further developed and used for various 

biomedical applications. 
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