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ABSTRACT

The extraordinary controllability of DNA and peptides nano/microstructure is one of
increasingly growing area in recent years, with diverse applications including sensing,
materials synthesis and drug delivery. Rolling Circle Amplification (RCA) reaction is
a good method to synthesis of DNA hydrogel which could be as a basic element to
bridge the gap between the nano-size nucleotide base pairs, micro-size DNA structure
and even macro-size complex DNA materials. In this work, we apply RCA method to
direct assembly of DNA materials in the microfluidic device and to form different
patterns with arbitrary design. And we also present the enzymatic reaction for the
formation of low molecular weight gel (LMWG) fibers in micro-device and study the
influence of different parameters such as flow rates, time reaction and amount ratio of
reactants. This study shows great potential to pattern various materials such as
nanoparticles, graphene which cannot be directed organized assembly by other
method, however, can be encapsulated by DNA or peptide with microfluidics in the
future.
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CHAPTER 1: INTRODUCTION

1.1 Microfluidics
Microfluidics, a technology based on the manipulation of fluids using channels at tens
to hundreds of micrometers scales, has great potential to influence broad range of
subject from biological analysis and physical mechanisms to chemical synthesis and
engineering technology. Microfluidics offers several useful capabilities: small amount
of samples to conduct precise fluid control; short time processing; low cost; and
separation and detection with high sensitivity analysis. For these advantages,
microfluidics technology has been used in several types of exciting applications (in
situ chemical synthesis 1, DNA microarrays2, cell culture3, cell patterning 4, cell
capture5, point of care diagnostic6, optofluidic microscope7, ect.). Indeed,
microfluidics, as a new analytical tool, has made substantial contribution to biological
and medical research in the past decade.
In addition to hundreds of useful application with microfluidics, it could also be
useful in the formation of different type of new materials due to the fluidic property in
the microchannel. The fluid phenomena that dominate liquid at submillimeter scale
are different from that happen at macroscale which could be used to induce new
materials formation.
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1.2 Rolling Circle Amplification for DNA Hydrogel
In the mid-1990s, it was discovered that short DNA primer could be continuously
elongated by some specific DNA polymerases when it annealed to a circular DNA
template which is now known as rolling circle amplification (RCA). In a typical RCA
process, the polymerase replicates nucleotides (nt) to a primer hundreds to thousands
of times and the products of RCA reaction is long ssDNA molecules (usually
hundreds of nanometers and microns in length). Unlike the most common used DNA
amplification process of polymerase chain reaction (PCR), which relies on thermal
cycling and heat-stable DNA polymerases, RCA is an isothermal enzymatic process
which can be catalyzed at a constant temperature from room temperature to 37 oC.
Moreover, RCA assays provide both high specificity and high sensitivity. An RCA
reaction can only be happened with specific hybridization between a primer and the
matching template which produce specific results. Furthermore, since RCA can be
happened in a biological environment (e.g. inside a cell) when bending one molecule
with fluorophores, it enabled targeted detection at a single molecule level. 8 Therefore,
rolling circle amplification (RCA) is a quite simple and efficient method that uses
unique DNA and RNA polymerases (e.g.Phi29 polymerase for DNA and T7 RNA
polymerase for RNA) to produce long single strand DNA (ssDNA) and RNA (Figure.
1.1).9
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Figure 1.1 Schematic illustration of principle of RCA. (A) Making a RCA circle
template by enzymatic ligation. (B) Linear RCA reaction to produce long ssDNA. (C)
Linear RCA reaction to produce long RNA. (D) Multiprimed RCA reaction to
produce multiple RCA copies from a single circle.

Shortly after the discovery of RCA reaction, it drew considerable attention as a new
method for the amplification of DNA materials. As a highly versatile DNA
amplification tool, RCA has wide spread applications, such as diagnostics10,
biosensing 11 and nanotechnology12. Additionally, RCA products with repetitive
sequence units which are complementary to the circular DNA template can be
manipulated through design of the template. By changing the template, the RCA
3

products can easily be engineered to functional DNA sequences including
DNAzymes13 and DNA aptamers14. Furthermore, RCA products can be modified with
functional moieties including antibodies, nanoparticles and fluorophores to reach
diverse properties (imaging, biorecognition and biobarcoding).15-17
Among these applications, RCA based hydrogel is one of increasingly growing area in
recent years. The RCA reaction makes the product to large size which could be as a
basic element to bridge the gap between the nano-size nucleotide base pairs,
micro-size DNA structure and even macro-size complex DNA materials. In 2012, Dr.
Dan Luo and co-workers published a paper about a novel DNA hydrogel consist of
entanglement of RCA products.18 Through elongation of DNA chains and
entanglement into a hydrogel, the new materials possess unique properties which
behave liquid-like or solid-like depending on the content of water in the products
(Figure. 1.2 a-e). For example, when out of water, the hydrogel flows freely in a
liquid-like state while remaining in a solid-like state in water. And interestingly, the
hydrogel always returns to its original shape when filling back with water regardless
of what kind of shapes it formed in the liquid-like stage. In addition, the hydrogel is
formed due to DNA entanglement which is designed by a unique combination of two
sequential processes: an RCA reaction followed by multi-primed chain amplification
(MCA), which is different from the formation of usual hydrogel with cross-linking
process. The authors supposed that the meta-property of DNA hydrogel may have
potential applications in drug delivery, cell therapy, electric switches and flexible
circuits.
4

Figure 1.2 Liquid-like and solid-like properties of RCA hydrogel. (a). Without water,
the hydrogel flows like liquid in the tube. (b). When poured into molds with different
shapes, the hydrogel adopts the shape like solid. (c-e). D-, N- and A-shaped hydrogel
behaves as solid and upon removal of water the structure collapses into liquid phase
and successfully form solid-like structure reversibly.
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1.3 Low Molecular Weight Hydrogel
Hydrogels are widely used in many applications such as drug delivery, tissue
engineering, food science, cosmetics and chemical sensing. Among various formation
of hydrogel, self-assembly of low molecular weight gelators (LMWG) into
one-dimensional nanostructures, which enables to form complicated matrix of gel, is
an effective strategy to prepare hydrogel.
The mechanism of gelation depends on multiple hierarchical self-assembly from
molecule to network. The process occurs through the following steps. First, the
molecular interaction must form the nanostructure which supports the formation of
one-dimensional fibres. The self-assembly into such one-dimensional structure is
forced by multiple non-covalent interactions such as hydrogen bonds,

stacking and

Van der Waals interactions. The supramolecular polymers referred to as fibrils.
Second, in water, the fibrils which is driven by hydrophobic interactions assembled
into nano-scale bundles referred to as fibres. Third, gelation requires the formation of
complex network structure. Therefore, the fibres entangle and branch with each other
to form solid-like network, which supports the macroscopic hydrogel. In case of
non-covalent bonding between the molecules, the gels are reversible in nature. (Figure.
1.3)
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Figure 1.3 Schematic illustration of self-assembly to LMWG. Model of small
molecule has phenyl group, hydroxyl group and carbon chains, which show possible
packing ways to form more complicated structure. Microstructure can be formed in
different ways even though the packing method may be similar. The final
macrostructure properties can be varied when different equilibrium of nanostructure
happens.19
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Peptide-based molecules are interesting candidates for gelation because they could
self-assemble with varieties of non-covalent interaction, including stacking, hydrogen
bonding and electrostatic interaction. The interaction can be occurred under many
solvent conditions leading to the formation of one dimensional supramolecular
structures. In addition, they can be easily modified with chemical and biological
substance, which could further test mechanical20, optical21 and chemical22 properties.
Both peptides and peptidomimetics have a tendency to form secondary structure
(helices and sheets) which could be stabilized by intramolecular and intermolecular
hydrogen bonds.23 α-Helices are stabilized by intramolecular hydrogen bonds, while
β-sheets are instead by intermolecular or intramolecular hydrogen bonds, depending
on the chain length and molecular structure. (Figure.1.4)
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Figure 1.4 Illustration of α-helices, β-sheets and high order structures. (a) An
α-helices with hydrogen bonding parallel to the helix axis; (b) A β-strand with
hydrogen bonds orthogonal to the direction of the chain; (c) α-helices forming higher
organized structures and hydrophobic group coming together; (d) β-strand
self-assembly into ordered structure using the formation of intermolecular hydrogen
bonds.
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1.4 Objective of the Projects
Although DNA and peptides have been studied with many applications, there are little
research about combination of DNA or peptide with microfluidics to form highly
ordered patterns in microscale. In this dissertation, two projects involved novel
patterning of DNA and peptide will be highlighted. Chapter 2 discusses the
fabrication of PDMS mold and preparation of DNA by RCA process and synthesis of
peptide by enzymatic isothermal reaction. Chapter 3 discusses results showing
formation of DNA patterns and peptide fibers in microfluidic chamber.
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CHAPTER 2: MATERIALS AND METHODS

2.1 Design and Fabrication of PDMS Pattern
In this project, we designed the microstructures of PDMS mold with software Klayout
and fabricated the device with photolithography.

2.1.1 Pattern Design and Fabrication
In order to obtain the optimal possibilities to form DNA and peptide hydrogel in our
platform, we designed various types’ patterns of microstructures mold. The standard
patterns are staggered ones. The pillars in the microstructure were arranged in
staggered patterns. The distance between pillar and pillar were 100μm ， 50μm and
20μm. (Figure. 2.1) The pillars were 20μm×20μm squares. And the height of pillar
was 20μm.

After experiments with standard patterns to get optimal parameters, we also designed
special patterns, eg. letter “D”, letter “N” and letter “A”, as arbitrary shapes to control
the flow and form the specific structures. (Figure. 2.2)
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Figure 2.1 Patterns design with different distance between pillar and pillar. The gaps
are 50μm，20μm and 10μm (from top to bottom)
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Figure 2.2 Patterns design with letters “D” “N” and “A”
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We fabricated the designed molds with commonly used methods which is called
photolithography. Photolithography is a process used in microfabrication to pattern
thin film on the substrate. In the initial trial, the silicon wafer was covered with
photoresist AZ4620 and align Cr photomasks on the substrate. Then the substrate was
exposed to UV light to develop and remove photoresist exposed to UV light. Finally,
we etched exposed oxide and remove the remaining photoresist to get the wafer we
wanted. Silanization of the mold was needed in this case to avoid sticking PDMS on
the substrate. In order to lower the cost and increase the compatibility between the
substrate and PDMS which is used in subsequent steps, we used glass wafer instead of
silicon until now. The fabrication procedure was similar to what we do using silicon
wafer.

2.1.2 PDMS Preparation and Device Fabrication
Polydimethylsiloxane (PDMS) has been the most widely used materials in
microfluidic device fabrication due to its advantages such as easy to fabrication,
transparency and economy. The protocol we used in this work was the most common
approach provided by many publications.1
The choice of PDMS for microfluidics was purchased from Fisher Scientific
(krayden), a two part system with mixing ratio of siloxane A: curing agent B = 10:1.
The curing agent as cross-linker can be added more to increase the rigidity of the
PDMS produced. In this case, we used ratio of 10:1. Upon mixing uniformly, the
PDMS must be degassed in a vacuum chamber. In order to avoid violent boiling off of
17

the gas from the PDMS, we covered plastic wrap on the container. Then the degassed
mixture of PDMS was poured over the glass wafer. After curing at a temperature of
70 ℃ for 1h in an oven, the cross-linked polymer was easily peeled away from the
wafer and cut as desired shapes.
Reservoir holes were punched through inlet and outlet for fluid access. The patterned
PDMS slab and another unpatterned PDMS slab or a clean glass slide were cleaned by
scotch tapes. Then the PDMS channels and cover slides were exposed to an oxygen
plasma for 5min. After surface treatment, the PDMS channel was then covered with
an unpatterned PDMS or a glass slides. (Figure 2.3)

Figure 2.3 Process for fabrication of PDMS microfluidic device
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2.2 Modification of PDMS Surface
In order to study the surface effect for the formation of DNA hydrogel based patterns,
we modified the PDMS to change the surface property.
Many researchers have reported that surface modification methods in preparation of
nonbiofouling coating for PDMS devices are classified into three types: surface
activation physical modification and chemical modification.
Surface activation is commonly used in cleaning and oxidization of PDMS surfaces.
Oxygen plasma, UV/ozone and corona discharges are always used for this purpose to
provide hydrophilic property for facilitating aqueous solution filling in microfluidics
channel. 2 In addition it also supplied activated silanol functional groups for
subsequent surface chemistry.3
Physical modification, relying basically on hydrophobic or electrostatic surface
interactions, is simple to apply. The most common used material for physical
adsorption is bovine serum albumin (BSA) for its easy and simple preparation.4
However, the fast denaturation over time limit the application of this approach. Some
nonionic surfactants such as Tween 205 and amphiphilic PEG-copolymers6 overcome
the difficulties for they absorb strongly on PDMS surface rendering hydrophilic and
nonionic properties, which could prevent interaction between proteins and the surface.
Covalent modification with self-assembled monolayers 7 and polymer brushes8 which
is the most complicated method could improve the surface robustness to overcome the
thermal and mechanical instabilities.
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2.3 Synthesis of DNA Materials
The RCA process requires several components e.g. (1) a circular DNA template; (2) a
short DNA primer; (3) DNA polymerase (e.g. phi29 DNA polymerase) (4) dNTPs (=
deoxynucleotide triphosphate). Most commonly, a circular DNA template is ligated by
T4 DNA ligase via template mediated enzymatic ligation for it can be happened
through the intramolecular ligation of phosphate and hydroxyl end groups. Then DNA
primer is annealed with circular ssDNA template. After hybridization, Phi29 adds
nucleotides continuously to the primer by copying the template. (Figure. 2.4) In the
typical DNA analysis, RCA process combined with molecular padlock probe to detect
the target in diagnostic genomics.

Figure 2.4 Schematic illustration of making DNA circle template via enzymatic
ligation and RCA reaction to generate long ssDNA.
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2.4 Synthesis of Peptide hydrogel
Among hundreds of peptides and peptide derivatives, only some act as good
candidates to form hydrogel. There are some general requirements needed for the
formation of a good gelator: (1) the molecules should have hydrophobic moieties,
which is commonly aromatic rings or long alkyl tails; (2) the molecules consist of a
-strand to form nanofiber; (3) the molecules should contain hydrophilic segment, as a
peptide bond or a urea hydrogen bond. Most of good candidates can gelify water or
organic solvents to form gel in low concentration. Self-organized oligomers that form
helices are bad candidates as LMWGs; while the oligomers that tend to form -sheet
structure are good candidates to shape fibres and thus as gelators.
Some authors have reported depeptides that are good gelators especially when they
contain aromatic protecting group, such as fluorenyl-9-methoxycarbonyl (Fmoc). In
this case, Fmoc-depeptides is self-assembly by hydrogen bonding and

stacking,

between electros in the aromatic rings. Fmoc-Phe-Phe is an important LMWGs.9
Gelation can be induced by either lowering the pH of an aqueous solution of
Fmoc-Phe-Phe or by addition of water to a solution of Fmoc-Phe-Phe in a solvent
such as HFIP. The Ulijin group developed a Phe-Phe-based hydrogel with pH
triggered method.10,11 In these papers, they dissolved the depeptides in purified water
and added the NaOH solution until a clear solution was obtained (pH=9). Then they
mediated the pH with concentrated HCl to take back solution to neutral pH and form a
gel. Gazit and coworkers discovered that dissolving Fmoc-Phe-Phe peptide in
1,1,1,3,3,3-hexafulora-2-propanol (HFIP) and diluting the stock solution in distilled
21

ultrapure water at a final peptide concentration of 5mg/mL resulted in the formation
of a rigid material with macroscopic characteristics of a gel.12
In addition to Fmoc-dipeptides, Fmoe-tyrosine is an interesting example of LWMG
and is a commercially available N-Protected amino acid. There are two ways to from
a hydrogel using Fmoc-tyrosine (Figure. 2.5). The first is to dephosphorylate
Fmoc-tyrosine-phosphate. The second is to adjust the pH of a solution with
Fmoc-tyrosine from high pH to lower pH. Both of the methods have been reported
and it is successful to form gels from the results.

Figure 2.5. Fmoc-tyrosine hydrogel can be formed by either enzymatic formation (left)
or by pH regulation (right).
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Fmoc-tyrosine was first reported to form hydrogel in 2004 by Yang and coworkers.13
In their work, Fmoc-(O-phosphor)-tyrosine and Na2CO3 were dissolved in alkaline
phosphate buffer to form clear solution and then gelation was achieved by the
addition of alkaline phosphatase to convert the solution into hydrogel with pH of 9.6
at 37℃ in 30min. This resulted in the initially soluble phosphate becoming insoluble
and assembling into fibres.
In the enzymatic method, the gelator is described as Fmoc-tyrosine. However, the
solution pH is above the expected pKa of terminal carboxylic acid. While the pKa is
likely to be affected by the concentration of Fmoc-tyrosine, the presence of salts and
temperature, it is likely that the gelator is the carboxylate salt of Fmoc-tyrosine in in
some examples. Hydrogel can also be prepared from Fmoc-tyrosine with pH trigger
method.14 For example, a solution of high pH is initially prepared. The Fmoc-tyrosine
was soluble by the deprotonated carboxylate group. Then unreacted samples were
removed and specific acid (eg. glucono-δ-lactone) was added into solution to lower
the pH. The self-supporting gel would be formed over a few hours.
2.5 Microfluidics Experimental Setup
During operation, Harvard Apparatus syringe pumps were used to control the flow
rates. The device was washed by nuclease free water at 2μL/min for 30 min. The
prefilling will remove all bubbles from the internal chambers and keep the chambers
wet. Next, the prepared DNA samples were flowed into the chip at 0.1μL/min for 4h
to form arbitrary patterns. The peptide samples were also infused at 0.1μL/min for
different periods (30, 45, 60 and 90min) to form ordered fibers.
23
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CHAPTER 3: RESULTS AND DISCUSSION

3.1 DNA DASH Formation
3.1.1 Protocol for DNA DASH formation
Table 1 and Table 2 show preparation of ssDNA template (2μM T2Eco) and primer
(2μM T1C). T2Eco and T1C were annealed with a ratio of 1:1 in 10× Phi29 butter at
95℃ and cooled to 20℃ at a rate of -1℃/min using a thermal cycle. Following the
annealing, 0.5μL T4 ligase and 0.5μL of 50mM ATP were added and incubated at
30 ℃ for 18h to make 500nM ligation sample(Table 3). The resultant solution was
diluted to 15nM (Table 4) and prepared for use in the following flow samples of in
situ RCA reaction (Table 5).

Materials

Amount (μL)

DI Water

44

10× Phi29 buffer

5

100μM T2 Eco

1

Table 1. Preparation of 2μM T2-Eco sample.
Materials

Amount (μL)

DI Water

44

10× Phi29 buffer

5

100μM T1C

1

Table 2. Preparation of 2μM T1C sample
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Materials

Amount (μL)

T2Eco

5

T1C

5

10× Phi29 buffer

1

ATP (50mM)

0.5

DI Water

8

T4 ligase

0.5

Table 3. Preparation of 500nM T2Eco and T1C ligation sample
Materials

Amount (μL)

DEPC Water

20.43

10× Phi29 buffer

2.27

500nM ligated sample

0.7

Table 4. Preparation of 15nM template and target.
Materials

Amount (μL)

DEPC Water

17.22

10× Phi29 buffer

2.33

dNTPs (25nM)

1.4

100× SYBR Green

0.35

Pre-ligated 15nM Target

11.7

Phi 29 polymerase (100U/μL)

2.0

Table 5. Microfluidic flow sample preparation
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3.1.2 Arbitrary Letter “D” “N” and “A” formation
In our previous experiments, DNA hydrogels have been assembly into aligned lines
with design in Figure 2.1. We report the novel method to form DNA hydrogels named
as DASH: Directly ASsembly High molecular weight materials. According to initial
trials, we designed arbitrary shapes of letter D, letter N and letter A with pillars which
could induce the flow of the DNA samples to form DASH patterns.
Figure 3.1 shows the result of formation of DNA patterns in letter “D”. Figure 3.1B
shows the fluorescent images of self-assembly of DNA materials with the sharp pillar
induced flow in the direction from right to left side. Figure 3.2 shows detailed
formation in letter “D”. Compared Figure 3.2A and 3.2B with Figure 3.2C, the DNA
DASH is easily formed at long pillar induced channel (e.g. top and down position).
Figure 3.3 and 3.4 also show that DNA DASH could form different patterns such as
“N” and “A” with arbitrary design.
In the control experiments, we design blank channel in letter “D” with no pillar and
use the same protocol to run the DNA sample. Figure3.5A shows that no DASH forms
in the blank channel and Figure 3.5B shows similar results of DNA DASH formation
in Figure 3.1.
Therefore, the DNA could form DASH patterns which is induced by the flow of
sample in long channel with assistance of sharp pillars. In order to understand the
mechanism of DASH formation, we need further study how the pillar (e.g. shapes,
sizes and spacing distances) affect the formation of DASH.
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A

B

C
Figure 3.1 DNA DASH formation in arbitrary pattern of letter “D”. Bright field,
fluorescent and merged images by optical microscope (A-C). Scale bar: 100μm
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A

B

C
Figure 3.2 High magnification images of DNA DASH formation of letter “D”.
Microscopic images at different areas of letter “D” (A-C). Scale bar: 100μm
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A

B

C
Figure 3.3 DNA DASH formation in arbitrary pattern of letter “N”. Bright field,
fluorescent and merged images by optical microscope (A-C). Scale bar: 100μm
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A

B

C
Figure 3.4 DNA DASH formation in arbitrary pattern of letter “A”. Bright field,
fluorescent and merged images by optical microscope (A-C). Scale bar: 100μm
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A

B

Figure 3.5 Control experiments of pillar function for DNA DASH formation. No DNA
DASH formed in the pattern without pillars (left A). DNA DASH formed well in the
pattern with pillars (right B). Scale bar: 100μm
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3.1.3 Effect of Surface Properties
Because physisorption is the simplest and the quickest way to modify the surface, we
choose it as our method to study the surface effect for the formation.

Pluronic is a serious of widely used surfactants for surface modification. This triblock
copolymer of poly (ethylene oxide)-poly (propylene oxide)-poly (ethylene oxide)
(PEO-PPO-PEO) could be directly coated on various of hydrophobic polymers
through surface adsorption of the hydrophobic PPO.1 Use of PEO is one of most
effective way to decrease the protein adsorption and cell adhesion due to its large
excluded volume, conFigureurational entropic repulsion, low interfacial energy and
the level of coverage.2 The large excluded volume means that the volume of PEO
surrounding is excluded to another object. The conFigureuration entropic repulsion is
the molecular repulsion from the volume occupied by the PEO and force the PEO to
go away from the most thermodynamically stable conFigureuration. Therefore,
pluronic is the best candidate for modification of PDMS substrate.

PDMS was prepared by the process in chapter 2.1.2. Solutions of surfactant Pluronic
F127 was prepared at different concentrations of 1% w/v and 3% w/v which are lower
than the critical micelle concentration. Then the surfactants were injected into the
microfluidic chamber and adsorbed onto the PDMS surface at 20℃ for 24h to ensure
maximum coverage.
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We prepared the RCA reaction with the same protocol as DNA DASH formation and
flowed into the Pluronic F127 modified PDMS microfluidic chamber. And we also
did control experiment using PDMS without modification.

The results shown in Figure 3.6 indicate that DNA DASH was not formed in the
Pluronic F127 modified device, while control experiment’s results (Figure 3.7)
showed that formation of DNA DASH was achieved with the same protocol using the
microfluidic chamber without modification.

Consequently, the surface modification of PDMS with Pluronic F127 has great
influence on the formation of DNA DASH. And we need more study on the effect of
various surfactant to show whether the PDMS or hydrophobic surface is essential to
form DNA DASH.
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Figure 3.6 Control experiments of DNA DASH formation with Pluronic F127 for
modification of PDMS surface. Bright field, fluorescent and merged images by
optical microscope. (A-C)
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B

C
Figure 3.7 Control experiments of DNA DASH formation without Pluronic F127 for
modification of PDMS surface. Bright field, fluorescent and merged images by
optical microscope. (A-C)
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3.3 Peptide Fiber-like Formation
Considering that Fmoc-tyrosine is commercially available N-protected amino acid
and the enzymatic method is the easiest way to form hydrogel for our microfluidic
system, thus, we use Fmoc-tyrosine as our candidate and phosphatase to catalyze the
reaction.

In the initial trial, we use the protocol reported by Mann group.3 1M dipotassium
hydrogen phosphate (Sigma), 50mM tris(hydroxymethyl)-aminotethane-HCl (sigma),
and 1mM magnesium chloride (Fisher Scienific) were dissolve in 100μL of water to
prepare

alkaline

buffer

with

pH=8.9.

5μM

FMOC-tyrosine-(O)-phosphate

(Nova-Biochem) and 5μM sodium carbonate (BDH) were dissolved in as-prepared
buffer.
2μL of calf intestine alkaline phosphatase (Calbiochem, 1KU) was added and the
mixture were injected to microfluidic device and incubated at 37℃ to induce gelation.
The experimental parameters are list in Table 6.

Fmoc/Buffer (μmol/mL)

5%

Fmoc/Enzyme (μmol/μL)

2.5

Flow rate (μL /min)

0.1

Running time (min)

90

Table 6. Initial parameters for the microfluidic peptide fiber formation
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In Figure 3.8, some random LMWG fibers were obviously formed in the
microfluidics channel. The fibers in different length extended in all directions and
entangled with each other in the chamber. We also enlarged the images to see the
details of the fibers between pillar and pillar. From the images shown in Figure 3.8 at
bottom, some aligned lines grew from one pillar to next pillar and possibly extended
to the long fibers with flow direction (from left to right) along the channel. In upper
left image, the fibers entangled with each other in the inlet and showed dark shadow.
We supposed that a large number of fibers were formed in the inlet of channel and
blocked the chamber which means the flow was stopped and the aligned fibers cannot
grow well in staggered pillars causing that aligned fibers did not extend to long
enough with flowing. In order to study the relation between the random fibers and
aligned lines and also remove the random ones, we attempted to stain the fibers and
did several control experiments with different parameters such as flow rates, time
difference, and ratio of reactants.
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Figure 3.8. The Microscope images of enzymatic peptide hydrogel fiber. The upper
ones are low magnification images. (left: upstream of microfluidic channel; right:
downstream of channel) The bottom ones are zoom in on the top ones.
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3.3.1 Stain the peptide fibers
We used similar parameters to enzymatically produce the peptide hydrogel in the
microfluidic chamber. After formation of LMWG fibers, we stained the product with
SYPRO ruby which is for peptide staining and ran the pump with flow rate of 0.1μL
/min for 5-10 minutes (Table 7).

Figure 3.9 shows that the bright filed images of fibers and fluorescent images of fibers
stained with SYPRO ruby. From the fluorescent image in Figure 3.9b, the fibers are
well stained by the peptide specific dye which suggests that the product are
FMOC-based peptide.

Fmoc/Buffer (μmol/mL)

5%

Fmoc/Enzyme (μmol/μL)

2.5

Flow rate (μL/min)

0.1

Running time (min)

75

Stain time (min)

5-10

Table 7. Parameters of staining of LMWG random fibers
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B

C

Figure 3.9 Fluorescent images of LMWG fibers in microfluidic devices. The bright
field, fluorescent and merged images of random fiber in microfluidic chamber (A-C).
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3.3.2 Flow rate control
In order to study the influence of flow rate to the aligned peptide fiber formation, we
kept the same parameter of other factors shown in table 8 and ran the device with flow
rate of 0.1μL/min and 0.5μL/min respectively.

In Figure 3.10, short aligned fibers are formed with the flow rate of 0.1μL/min from
running time of 30min (left A). And the fibers are grown from each pillar and extend
in flow direction. While few random fibers are produced at 0.5μL/min(right A). In left
Figure B and C, more aligned and long fibers are formed along the direction of flow
at 0.1μL/min. In right ones, the number of random fibers increases and no formation
of aligned fibers.

Therefore, the peptide could only form aligned fibers at low flow rate. And when
flowing at high rate, the aligned fibril could not attach the pillars and will be washed
out by the flow. The random fibers can be formed in high rate owing to the gelation in
long tubing and rushed into the chamber by flow.

Fmoc/Buffer (μmol/mL)

5%

Fmoc/Enzyme (μmol/μL)

5

Running time (min)

30,45 and 60

Table 8. Parameter of flow rate control experiments.
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B

C
Figure 3.10 Bright field images of LMWG fibers with different flow rates. Left
images with flow rate of 0.1μL/min and right ones with rate of 0.5μL/min. The
enzymatic reaction ran in 30min, 45min and 60min (A-C)
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3.3.3 Time control
After Figureuring out the effect of flow rate, we attempt to optimal the experiment
with time control experiments. Table 9 shows the parameter we used. We run the
device for 30 minutes and observe the result by microscope and then continue running
and repeating observation after 45 minutes and 60 minutes.

Figure 3.4 shows the results of formation of aligned fibers with different running time.
The fiber extends with time increase which is fitting for the previous results4 shown
that the peptide fibril will self-assembly to fibers and eventually entangle into gel.

From Figure 3.11 A-C, we can also find that some bubble-like substances are formed
in the upstream with the increase of time. We suppose that they are unreacted product
and go into the chamber with flow. Therefore, besides the flow rate and timing, the
concentration of FMOC-peptide and amount of enzyme will also affect the formation
of aligned fibers.

Fmoc/Buffer (μmol/mL)

2.5%

Fmoc/Enzyme (μmol/μL)

2.5

Flow rate (μL/min)

0.1

Table 9. Parameter of time control experiments.
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C

Figure 3.11 Bright field images of aligned LMWG fibers with different running time.
The enzymatic reaction ran in 30min, 45min and 60min (A-C)
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3.3.4 Concentration of FMOC control
Based on the results from previous parts, we design the experiments with optimal
parameters in different concentration (table 10). We pumped 45 minutes at 0.1μL/min
to obtain enough long aligned fibers and reduce the bubble like unreacted products.

In Figure 3.12, the bright field images show the formation of aligned fiber with
different concentration of FMOC-based peptide in buffer, 1.25%, 2.5% and 5% (A-C).
The left microscopic images show that by-products such as bubble like unreacted
product and random fibers easily form at upstream. And as the increase of
concentration, the unreacted products which are flowing into the chamber increase
until the appearance of random fiber. The right images show that aligned fibers
growing at downstream have similar length and formation even with different
concentration and there are no side reaction here. Compared upstream (Figure 3.12
left) with downstream images (Figure 3.12 right), we suppose that the aligned fibers
grow well at downstream and by-product possibly aggregate at upstream and flow no
more into downstream due to its large scale.

Fmoc/Enzyme (μmol/μL)

2.5%

Flow rate (μL/min)

0.1

Running time (min)

45

Table 10. Parameter of concentration of FMOC control experiments.
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A

B

C
Figure 3.12 Bright field images of LMWG fibers with different concentration of
FMOC in buffer. The concentration of FMOC in buffer are 1.25%, 2.5% and 5%
(A-C). The left ones are images in upstream and right ones are images in downstream.
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CHAPTER 4: CONCLUSION AND FUTURE PERSPECTIVE

RCA as efficient process to produce long nucleic acid products provides great way to
directly assembly DNA materials into several ordered shapes in microfluidics. We
name the new materials as DASH and the DASH could be formed into specific
patterns (e.g. letter “D”, “N” and “A”) which is guided by pillars designed in the
chamber. In this study, we show how pillars in chamber affect the formation of DASH
and influence of PDMS surface properties. This study shows great potential to pattern
various materials such as nanoparticles, graphene which cannot be directed organized
assembly by other method, however, can be encapsulated by DNA with microfluidics
in the future.
In addition, the aligned peptide based gel-like fibers can be formed in the microfluidic
channel with optimal of different parameters such as flow rate, timing and
concentration of reactants. However, the aligned peptide fibers cannot form arbitrary
patterns like DNA do and some byproducts flowing into the device influence the
results. Therefore, we need further study the dynamical formation of aligned peptide
fibers and by-product with time-lapse video which is helpful to remove by-products.
And we also need characterization such as SEM to study the structure of aligned
peptide fibers.
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