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Abstract 

  

 This thesis consists of two parts: (1) graft copolymer stabilized gold nanoparticles 

(AuNPs) and their biological application in chapter 1~3 and (2) chemically cleavable -

azido ether and its biological application in chapter 4~6.  

 In the first part, poly(L-lysine)-graft-poly(ethylene glycol) (PLL-g-PEG) 

copolymers that bear multiple thiol groups on the polymer backbone are used for 

exceptional ligands to stabilize AuNPs. In general, these graft copolymer ligands stabilize 

AuNPs against environments that would ordinarily lead to particle aggregation. To 

characterize the effect of copolymer structure on AuNP stability, we synthesized PLL-g-

PEGs with different backbone lengths, PEG grafting densities, and number of thiols per 

polymer chain. AuNPs were then combined with these polymer ligands, and the 

stabilities of the resulting AuNP@PLL-g-PEG particles against high temperature, 

oxidants, and competing thiol ligands were characterized using dynamic light scattering 

(DLS), visible absorption spectroscopy, and fluorescence spectrophotometry. Our 

observations indicate that thiolated PLL-g-PEG ligands (PLL-g-[PEG:SH]) combine 

thermodynamic stabilization via multiple Au-S bonds and steric stabilization by PEG 

grafts, and the best graft copolymer ligands balance these two effects. This new ligand 

system enables AuNPs to be used for solid phase polymerase chain reaction (SP-PCR) 

that requires harsh reaction conditions, such as, elevated temperature and competing thiol 

molecules. Azide functionalized PLL-g-[PEG:SH] were conjugated to oligodeoxy-

nucleotide (ODN) primers via click chemistry and bound to AuNPs to yield AuNP-

primers that successfully primed target DNA synthesis on the surface of the AuNPs 

through PCR, as demonstrated by gel electrophoresis, DLS, and fluorescent analysis. 

Moreover, the graft copolymer stabilized AuNPs were applied to rapid DNA diagnostics 

in a single PCR tube with magnetic particles through color change without any 

instrumental analysis.  

 In the second part, bioorthogonal, chemically cleavable -azido ether has been 

studied and used to develop novel degradable materials. In order to understand the 
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chemistry of the -azido ether, model molecules bearing the -azido ether were prepared. 

Hydrolytic stability of the model molecules was investigated by measuring their 

degradation rate using 
1
H-NMR, which leads to the relationship between the stability and 

chemical structures. Additionally, the cleavage kinetics of the model molecule, which 

was triggered by a couple of azide reducing reagents, was studied by 
1
H-NMR and UV-

Vis absorption spectroscopy. The kinetic studies enable us to develop mechanistic 

investigation of the chemical cleavage as well as optimal cleavage conditions. 

Furthermore, the products after the chemical cleavage of the -azido ether were 

characterized using 
1
H-NMR. The novel -azido ether was then incorporated into 

degradable polyacrylamide gel electrophoresis (PAGE), in which biological 

macromolecules, including plasmid, microRNA, and proteins, were separated 

electrophoretically and recovered from the gel matrix with the optimal cleavage 

conditions. The kinetics of the recovery was quantitatively studied using UV-Vis 

absorption spectroscopy and fluorescence spectrophotometry. Furthermore, the recovered 

biological macromolecules were analyzed to investigate biocompatibility of our system. 

We anticipate further expansion of the -azido ether to a broad range of biological 

applications based on the fundamental studies and the representative example in PAGE. 
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intensity of the intercalated SYBR green I dye of dsDNA in the recovery solution. 

Only the degradation condition (i) could liberate the plasmid DNA from the gel 

matrix completely leading to the green band disappearance (B) and max 

fluorescence intensity (C and D), as a result of gel solubilization, while other non-

degradable conditions (ii and iii) showed no change. 167 

Figure 6-6. RNA denaturating urea gel electrophoresis. (A) Gel electrophoresis (4 

%T polyacrylamide gel, 1x TBE, ~7.5 M urea) of 400nt microRNA. After 

electrophoresis, the RNA bands were visualized by UV-shadowing method to 
169 
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provide the image. (top) RNA band using a conventional 5 %C Bis polyacrylamide 

gel. (bottom) RNA band using a degradable 8 %C N3EG2 polyacrylamide gel. (B) 

Secondary denaturating urea gel electrophoresis of ssRNA ladder, original and 

isolated microRNA (400nt). After gel electrophoresis using a Bis gel, the gel was 

stained with SYBR green II solution and fluorescence image was taken under UV 

illumination. The isolated microRNA had the same migration as that of original 

microRNA, maintaining their size after degradation. The result indicated the 

degradation condition was compatible with RNA even in high temperature 

resulting in no effect on the RNA band migration. 
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Chapter 1. Gold Nanoparticles and 

Polymerase Chain Reaction 

 

1.1 Gold nanoparticles (AuNPs) 

 A nanomaterial is a material whose size is in the 1 – 100 nm range at least in one 

dimension. The size of a nanomaterial falls into a range which is larger than atoms and 

molecules other than polymers and smaller than bulk materials. As a consequence, the 

physical behaviors of nanomaterials are unique compared to those of atomic or bulk 

materials. After the conceptual beginning of nanomaterials (without using the word itself) 

by Richard Feynman’s lecture in 1959 titled “There’s Plenty of Room at the Bottom”,
1-2

 

nanomaterials have been of great interest in a wide range of research fields, including 

chemistry, physics, biology, electronics, engineering, and materials, during the last three 

decades. Due to the confined nanoscale size, nanomaterials show extraordinary optical, 

electrical, magnetic, mechanical, and catalytic properties. For example, noble metal 

nanoparticles of Au and Ag have been used as sensing probes in analytical tools and 

biodiagnostics due to their incomparably intense color as well as size dependent color 

change.
3-4

 Colloidal quantum dots consisting of semiconducting materials show excellent 

photoluminescence and tunable bandgaps, depending on their size and composition, and 

can be used in light-emitting devices
5
 and fluorescent imaging and sensing of biological 

events.
6
 Magnetic nanoparticles made of inorganic oxides have been applied in magnetic 
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separation of biological molecules
7
 and contrast agents in magnetic resonance imaging 

(MRI).
8
 Carbon nanotubes (CNT) have served as excellent reinforcers in composite 

materials providing better mechanical properties with low mass compared to glass-

fibers.
9
 Furthermore, electrical conductivity of CNT promises transparent, flexible, and 

conductive films in electronics.
10

 Nanosized structures show high catalytic activity and 

selectivity depending on their size and shape in many organic reactions.
11-12

 

  

 

Figure 1-1. The timeline of gold: major discoveries and applications related to AuNPs. 

The figure was adapted with permission from Acc. Chem. Res. 2012, 46, 650. Copyright 

2012 American Chemical Society.
13

 

  

 Among various nanomaterials, gold nanoparticles (AuNPs) are one of the most 

studied nanomaterials due to their simple preparation, novel properties, and facile 

functionalization. AuNPs have a long history based on these characteristics since the 
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ancient Roman times. AuNPs were used as color pigments in the Lycurgus cup of Roman 

glass and stained-glass windows of medieval cathedrals because of their intense red 

colors under transmitted light and dark green colors under reflected light.
14

 At one time, 

gold colloidal solution was used as “the Elixir of Life” due to its blood-red color which 

brought to mind life-essence materials.
15

 After Faraday published the first scientific 

report of a AuNP red-solution in 1857,
16

 Turkevich
17

 and Frens
18

 developed a simple 

method to prepare AuNP using sodium citrate reduction of gold ions to generate uniform 

and size-controlled AuNPs, which is still one of the standard methods for AuNPs 

synthesis. Antibodies-functionalized AuNPs have been applied as contrast agents in 

electron microscopy to label cellular macromolecules to elucidate their in vivo 

biochemical functions, which has been called immunogold labeling since 1971 by 

Taylor.
19

 In 1983, Nuzzo et al. reported evidence of fairly strong chemical bonding 

between Au and thiol (or disulfide) that contributed to facile functionalization of Au 

surface using thiol molecules. Before that time, it was believed that “Gold [was] 

recognized to be one of the least active metals in chemisorptions as evidenced by its 

inertness toward molecular oxygen.” as Nuzzo et al. commented.
20

 Later, the Au-thiol 

chemistry was applied to functionalize AuNPs with DNA by Mirkin
21

 and Alivisatos
22

 

groups in 1996. In particular, Mirkin et al. inaugurated the use of AuNPs as optical 

probes based on their extraordinary optical properties to visually detect target DNA 

without any instrumental analysis other than eye examination. Since then, AuNPs have 

played a significant role for instrument-free detection assays in analytical chemistry and 

medical diagnostics.
4
 The Mirkin group has further expanded the use of AuNPs to 
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various applications, such as, DNA detection assays using silver enhanced AuNPs,
23

 

AuNP arrays for electrical detection,
24

 and Raman-active dye labeled AuNPs for Raman 

scattering,
25

 and basic building blocks for ordered AuNP assembly.
26

 AuNPs have further 

been studied as essential materials in many other applications, including catalytic 

systems
12

 and nano-medicines,
27-28

 resulting in AuNPs as key components in 

nanomaterials. 

 This thesis deals with use of the unique properties that AuNPs bear, especially, 

optical properties and facile Au-S surface chemistry. It is investigated to integrate the 

excellent properties into a biological technology, particularly polymerase chain reaction 

(PCR), as a means of instrument-free DNA detection, which reduces analysis time and 

removes the additional tasks that are required in most current DNA detection methods. 

However, the facile Au-S chemistry needs to be improved for this purpose because PCR 

requires harsh reaction conditions like high temperatures up to 95 
o
C in which the Au-S 

chemistry is restricted. The following sections describe a short discussion on the optical 

properties and surface chemistry of AuNPs as well as polymerase chain reaction.  

 

1.1.1 Optical properties of AuNPs 

 AuNPs in the size range of 1 – 100 nm have been extensively studied due largely 

to their unique optical properties compared to bulk and atomic gold. When light interacts 

with bulk Au, it appears yellow due to a reduction of reflectivity at the blue region of the 

visible spectrum.
29

 AuNPs, on the other hand, have intense and distinctive colors, 

covering the range from red to violet depending on their size (Figure 1-2).
30-31

 This array 
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of colors is due to a phenomenon called surface plasmon resonance (SPR), which is the 

result of the collective oscillation of the free electrons being induced by an 

electromagnetic field. The incident light induces a polarization of the free electrons in the 

conduction band relative to the heavier nuclei. As a result, there is a resonance that 

correlates with the specific frequency of the incident light. A theoretical description for 

SPR of the AuNPs was reported by Mie in 1908.
31-32

 The theory predicts that there is a 

linear relationship between ln(diameter) and ln(extinction coefficient ()). As a result, the 

value of the extinction coefficient of spherical AuNPs increases from 10
5
 to 10

10
 M

-1
cm

-1
 

with respect to their size ranging from 2 to 100 nm in diameter from both theoretical 

calculation and experimental data.
33-34

 That means AuNPs are more useful as optical 

probes for bio-applications than organic dyes because the  value of AuNPs is 4 - 5 

orders of magnitude larger than that of organic dye molecules, (i.e. 1.16 x 10
5
 M

-1
cm

-1
 at 

530 nm of Rhodamine-6G). Therefore, AuNPs show promise in replacing organic optical 

tags for bio-applications as well as developing color based detection of subjects even in 

very low concentration.
4,21

 

 Another useful and interesting property of SPR is that the resonance and 

consequently AuNP colors can be readily tuned by size, shape, and distance between the 

AuNPs.
21,30,35

 For instance, the size of AuNPs affects the frequency of the SPR band such 

that it is shifted according to the diameter of AuNPs. Both Mie theory prediction and 

experimental data indicate that as the size increases from 32 to 100 nm in diameter, the 

maximum extinction of SPR (max) is shifted to longer wavelengths (525 to 569 nm),
33

 

and broadening of the SPR band occurs.
31

 As a result, the color of AuNP solution 
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changes from red to violet with the increase of the AuNP size.
36

 Another way of tuning 

the SPR band is by changing the shape of the gold from spherical particles to nanorods.
37

 

For gold nanorods, there are two λmax corresponding to the oscillation of the conduction 

electrons along the short and long axis. Accordingly, the SPR bands are affected by the 

aspect ratio: the ratio of length to width. The SPR bands also vary according to the 

interparticle distance between the AuNPs. The SPR bands are red-shifted as the distance 

decreases because of the interaction between particle surface plasmons. Based on this, 

Alivisatos et al. developed a molecular ruler using this SPR band shift depending on the 

interparticle distance to monitor the kinetics of biological events.
35

 

 In order to use the unique optical properties of the AuNPs, it is a prerequisite that 

AuNPs are stable in application conditions. This can be achieved through chemical 

modification of the AuNPs, which can also introduce various functionalities on the 

AuNPs. Below is a short overview for why stabilization is required and how AuNPs can 

be stabilized. 

 

 



Chapter 1. Gold nanoparticles and solid-phase PCR 
 

 7 

 

Figure 1-2. (Left) Optical properties of gold nanoparticles (AuNPs). AuNPs interact with 

light strongly through absorption and scattering as a result of surface plasmon resonance 

(SPR), which is the collective oscillation of the free electrons induced by an 

electromagnetic field of light. The incident light induces a polarization of the free 

electrons in the conduction band relative to the heavier nuclei, which is shown in positive 

and negative charges due to E-field. As a result, there is a resonance that correlates with 

the specific frequency of the incident light. (Right) Photographs of AuNP solutions with 

respect to the size. The color of AuNP solutions is intense even in low concentration. As 

the AuNP size increases, the color changes from red to violet. The photographs reprinted 

with permission from Acc. Chem. Res., 2008, 41 (12), 1721.
38

 Copyright 2008 American 

Chemical Society. 
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1.1.2 Surface chemistry of AuNPs 

 AuNPs have become important tools in material science and biotechnology due to 

their unique properties. In order to preserve the unique properties, AuNPs should be 

stabilized to maintain their size during the application conditions. AuNPs have high 

surface-to-volume ratio and the surface has excess free energy compared to the bulk 

because a certain portion of surface atoms interacts with the surrounding environment 

and this interaction is normally weaker than that in the bulk.
39

 Assuming AuNPs are 

spherical in shape, as the diameter of AuNPs decreases, the percentage of surface atom 

increases: 0.2% for 1000 nm, 11.5% for 100 nm, and 88% for 1.3 nm.
40

 That means 

nano-sized Au has huge amounts of surface energy, which makes nanoparticles 

eventually fuse or aggregate to reduce the surface energy.
41

 Thus, surface stabilization of 

AuNPs has been investigated to overcome the surface energy. Commonly, there are two 

methods to make a stable suspension: electrostatic repulsion and steric stabilization. 

 The first method is achieved by electrostatic repulsion by the introduction of 

charged species on the surface of AuNPs.
42

 When ionic species, including NR4
+
, PO4

-
, 

and RCO2
-
, are present on the surface, the electrical potential of ionic species produces 

repulsive forces to separate AuNPs through electrostatic repulsion. However, it often 

does not make AuNPs stable enough for biological applications because even in low salt 

concentration the electrical potential decreases so rapidly that AuNPs form aggregates. In 

contrast, steric stabilization, which uses physical barriers on the surface, makes AuNPs 

more resistant to high salt concentration.
42

 The physical barrier can be introduced using 



Chapter 1. Gold nanoparticles and solid-phase PCR 
 

 9 

stabilizing molecules, such as, small organic molecules and polymers,
43-46

 including 

DNA, protein, and synthetic polymers. 

 Electrostatic repulsion and/or steric stabilization for AuNPs have been achieved 

by anchoring surface ligands.
42

 In order to be a good surface ligand, the surface ligand 

should bind to Au strongly through the interaction between specific functional groups in 

the ligands and the Au surface. Although there are many functional groups,
47

 such as, 

phosphine, phosphine oxide, amine, and carboxylate, strong interaction between Au and 

thiol has been widely used. The evidence of strong Au-S bond was first discovered by 

Nuzzo et al. in 1983 through their adsorption study of disulfide molecules on Au 

surface.
20

 Afterwards, a homolytic Au-S bond strength is ~50 kcal/mol in a vacuum 

condition, which is fairly strong considering ~62 kcal/mol is a typical S-S homolytic 

bond strength.
40

 Later, a couple of seminal papers were released consecutively in 1996, in 

which the strong Au-S bond was adapted to stabilize AuNPs for colorimetric DNA 

detection
21

 and 3D AuNP nanoassembly.
22

 The Au-S bond has then become the most 

widely used chemistry for the anchor group of AuNP stabilizing ligands. As a result, 

many thiol functionalized macromolecules have been utilized to generate stable AuNPs, 

including natural macromolecules,
21-22,48-49

 synthetic homopolymers, in which AuNPs are 

connected by either terminal
50-58

 or side-chain
59-62

 thiols, and synthetic copolymers, 

including random,
63-64

 alternating,
65

 graft,
66-67

 and block
50,68-71

 copolymers. 

 However, the mono-thiol ligands are not always bound to the AuNPs surface 

under certain conditions, such as, high temperature
72-74

 and in the presence of competing 

thiol species
75-78

 or oxidants,
72,79-81

 in an extremely good solvent for the ligands. Based on 
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measured energy barrier values of thiolate desorption process from the Au surface (15-30 

kcal/mol),
40,82-84

 thiol ligands are thermodynamically dissociated from the AuNP surface 

at high temperature. For example, Herdt in the Taton group reported that mono-thiol 

DNA ligands on AuNPs desorbed and degraded at high temperature. Grzybowski et al. 

used the thermal desorption of mono-thiol ligands from Au surface to form fused 

AuNPs.
73,85

 In this approach, 1,8-octanedithiols crosslinked AuNPs forming spherical 

aggregates with nano-void between AuNPs, and then desorbed from the surface by 

heating the solution to form nanoporous materials. It is also reported that mono-thiol 

ligands are replaced with external thiol species via ligand exchange reaction. Mirkin et al. 

released mono-thiol DNA ligands from the AuNP surface by addition of external thiols 

like DTT through ligand exchange reaction. Moreover, Rotello et al. designed AuNP 

carriers in which mono-thiol functionalized fluorophore ligands were released from the 

AuNP surface via a glutathione-mediated exchange reaction, which is one of the most 

abundant thiol species in cytoplasm.  

 Chapter 2 in this thesis shows how stable ligands for AuNP can be achieved 

against the experimental harsh conditions, such as, high temperature, oxidants, and 

competing thiol species.
86

 It is reported that as the number of thiols in a stabilizing ligand 

increases, enhanced stability is obtained.
87-90

 For instance, Randall et al. showed that 

tridentate thiol ligand stabilized AuNPs had better thermal stability as well as resistance 

to ligand exchange reaction with competing thiol species, compared to monodentate and 

bidentate ligands.
91

 Based on this idea, multi-thiolated graft copolymers have been 

developed for the stable AuNPs. Graft copolymers have advantages compared with small 
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molecules because of their straightforward synthesis and facile control of thiol ratio in a 

graft copolymer through which an optimal thiol ratio is readily investigated. The graft 

copolymer stabilized AuNPs are designed as a support in a polymerase chain reaction 

(PCR) that is operated in high temperature. Thus, the basic principles of PCR and 

advanced PCR technique are briefly overviewed.  

 

1.2 Polymerase Chain Reaction (PCR) 

1.2.1 Basic principles 

 DNA is an essential biological molecule that contains the genetic information to 

construct every component needed for life. Consequently, detecting specific DNA, which 

means recognition of specific sequence of ATGC molecules, has impacted molecular 

biology, clinical diagnostic, forensics, and so on. Traditionally, DNA detection has been 

achieved through hybridization assays using detection of specifically designed probes 

(i.e. radioactively or fluorescently labeled probes) or distinguishing the lengths of 

hybridized dsDNA and non-hybridized ssDNA via electron microscopy.
92

 However, 

these methods have restrictions in terms of sensitivity and reproducibility, caused by the 

extremely small amounts of DNA samples. This has led to the investigation of a novel 

method to amplify the amounts of DNA samples using an enzymatic reaction called 

polymerase chain reaction (PCR).
93-94
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Figure 1-3. A schematic representation of thermal cycling PCR. Target DNA is 

amplified via successive thermal cycles of denaturation, annealing, and extension steps 

from minute amounts of DNA template to the level at which amplified DNA can be 

analyzed.  

 

 PCR has revolutionized modern molecular biology and clinical diagnostics by 

providing a practical method to amplify target DNA, theoretically, from a single copy of 

DNA. In contrast to the early hybridization assays, PCR provides a rapid, sensitive, and 

specific method for DNA detection. In a basic process, successive thermocycles are 

performed to copy the target DNA sequence from a DNA template. Each cycle 

synthesizes two copies of the target DNA from one template and the synthesized DNA 

serves as a new template for the next cycle, resulting in exponential amplification of the 

target DNA. PCR components consist of (1) DNA template, (2) a pair of forward and 

reverse primers that is oligo-deoxyribonucleotide and designed to be hybridized with a 
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specific sequence of a template, (3) a polymerase enzyme, (4) deoxyribonucleotide 

triphosphates (dNTP), and (5) reaction buffer. Each cycle consists of three steps: (1) 

denaturation, (2) annealing, and (3) extension. In the first denaturation step, the DNA 

template is unwound to generate two ssDNA templates at ~95 
o
C. During the annealing 

step, each primer is hybridized with the ssDNA templates through the double helix 

formation in the specific sequences at 40-65 
o
C. In the extension step, the polymerase 

copies complementary sequences from the ssDNA templates, usually accomplished at 72 

o
C. During this step, the polymerase catalyzes the primers’ 3’-OH attack on -phosphate 

of dNTP via two-metal ion mechanism, leading to 5’ to 3’ direction of DNA synthesis 

(Figure 1-4).
95

 As a result, the amount of target DNA is doubled through the thermocycle. 

The thermocycle is then repeated to create enough DNA to be analyzed. 

 

Figure 1-4. The two-metal ion mechanism 

of DNA polymerase.
95

 Divalent metal ions 

like Mg
2+

 are bound to polymerase enzyme 

through typically carboxylate residues. The 

3’-OH in the primer is deprotonated by the 

interaction with one of the metal ions. The 

deprotonated hydroxyl attacks the -

phosphate of the incorporated dNTP, which 

leads to covalent connection between 3’-

OH of the primer and 5’-phosphate of the 

complementary nucleotide.   
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 Historically, the basic concept of DNA amplification was already described prior 

to the development of thermocycling PCR. The Klenow fragment of E. coli DNA 

polymerase I was employed to amplify DNA; however, it needs to add fresh enzyme after 

each cycle because the Klenow fragment is not stable at the high temperature required for 

the denaturation step.
94

 Moreover, the optimal temperature for the enzymatic reaction is 

30 
o
C, which results in a broad range of DNA sizes due to non-specific interaction 

between primers and a template. Later, a thermostable DNA polymerase derived from 

Thermus aquaticus (Taq polymerase) was introduced into PCR protocols in the late 

1980s
93,96

 even if Taq polymerase was previously discovered in 1976.
97

 Thus, it is not 

necessary to add fresh enzyme after each cycle avoiding a time-consuming and tedious 

task. Furthermore, the enzymatic reaction is performed at ~70 
o
C, which leads to 

elimination of the non-specific interaction and improves sensitivity and specificity. It has 

become integrated into an automated system using a machine called PCR thermocycler, 

which contributed to a ubiquitous, versatile, and invaluable biological technique. 

 The standard methodology of PCR thermocycling was then followed by the 

development of PCR techniques: adding multiple pairs of primers for simultaneous 

amplification of multiple target DNA (multiplex PCR),
98

 modifying the concentration of 

either forward or reverse primer (asymmetric PCR),
99

 incorporating probes in PCR 

mixture which generate signal based on the amounts of amplified DNA (real-time 

PCR),
100

 shifting to a heterogeneous reaction system called solid-phase PCR (SP-PCR), 

and so on. Among them, SP-PCR will be briefly overviewed because this thesis will deal 

with PCR on AuNPs.  
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1.2.2 Solid phase PCR (SP-PCR) 

Solid phase PCR (SP-PCR) involves immobilized forward and/or reverse primers 

on a solid support. The primers are extended to have target DNA sequence through PCR 

cycles. The solid support includes a planar surface, such as, glass
101-103

 and polymer,
104-

108
 and a curved surface in micro/nano-particles of sepharose,

109
 polyacrylamide,

110
 

magnetic polystyrene beads (i.e. Dynabead),
111

 magnetic particles,
112

 silica particles,
113

 

and gold nanoparticles.
74,114-115

 The SP-PCR generates immobilized target DNA resulting 

in facile purification and separation, simple detection protocol, further manipulation, and 

promise for an automated system. As a consequence, SP-PCR has been used in many 

applications, including specific DNA detection
116

 and SNP detection,
110

 solid phase DNA 

colony construction followed by gene sequencing,
109,117

 and mRNA profiling.
118

 For 

example, a commercially available Nucleolink coated tube, which is composed of a 

thermostable polymer and can be used for EDC-amine coupling reaction for an 

immobilized primer, in microwells has been used for SP-PCR, followed by DNA 

detection.
116

 Recently developed DNA sequencing technologies, called the next 

generation sequencing, have utilized SP-PCR through which DNA colonies are 

constructed on microparticles
109,111

 or local flat surfaces
103,107

 and analyzed to elucidate 

gene sequences. 
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Figure 1-5. Representative illustration of SP-PCR and DNA detection after SP-PCR. 

Surface bound primers are amplified to have target dsDNA through SP-PCR. The dsDNA 

is denaturated to form ssDNA in which fluorescent probes or ELISA probes are 

hybridized. The presence of the target DNA is then analyzed using fluorescence or 

colorimetric ELISA assay. 

 

In spite of its potential, SP-PCR has limitations caused by its low yield and 

efficiency
113,119-120

 and need of additional instrumentation
121-122

 or subsequent tasks
104,116

 

even in target DNA detection, which is already achieved without any instrumentation 

except eye examination (Figure 1-5). It has been suggested that molecular crowding on a 

solid support could decrease the probability of duplication depending on the density of 

the grafting chain.
119

 Moreover, steric hindrance between DNA polymerase and grafting 
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chains can lower the efficiency of SP-PCR.
120

 Currently developed DNA detection assay 

using SP-PCR requires additional instrumentations to measure the fluorescence of 

hybridized probes.
122

 It is possible to eliminate additional instrumentation if immobilized 

target DNA is analyzed through color change using enzyme-linked immunosorbent assay 

(ELISA).
116

 However, this method requires additional procedures for ELISA, including 

denaturation of target DNA, hybridization of probes into target DNA, conjugation of 

enzyme to the probes, and enzymatic reaction. 

Chapter 3 of this thesis deals with a colorimetric DNA detection assay through 

SP-PCR without any additional instrumentation or any secondary reactions except 

magnetic attraction of positive target DNA within 5 min. It leads to facile and rapid 

amplified DNA detection compared to currently developed DNA detection via SP-PCR. 

To approach this goal, AuNPs are used because of their excellent optical properties 

allowing eye examination even in low concentrations, such as 1 nM. However, in order to 

incorporate AuNPs into SP-PCR, the thermal stability of the conjugate between the 

immobilized primer and the AuNP surface should be satisfied. Otherwise, the 

dissociation of primers from the solid supports may lead to low yield and non-

reproducible results. 

The thermal stability of conjugation and entire entities has been issues for other 

solid supports. Although thermally unstable conjugates or solid supports have been 

applied to SP-PCR and showed positive results,
105,112

 improving the thermal stability has 

been proven to increase SP-PCR yield as well as give reproducible results. Consequently, 

there were attempts to improve thermal stability by modifying the chemistry. For 
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example, CovaLink is a chemically modified polystyrene surface for primer 

immobilization in micro-tubes or wells through a carbodiimide coupling reaction between 

5’-phosphorylated primers and covalently connected secondary amino groups to the 

surface
123

; however, its half-life is 30 m at 94 
o
C leading to low yield and requiring 

careful handling in SP-PCR.
105

 Later, NucleoLink was invented to resolve the thermal 

instability of CovaLink, which led to a better yield (~10 fold higher S/N ratio) and 

handling, compared to CovaLink.
106

 The modification of the primer can improve the 

thermal stability as well. The interaction of the mono-biotin/streptavidin conjugate in 

biological applications has been used to connect streptavidin-coated particles and DNA. 

However, Dressman et al. reported the dissociation of mono-biotin tagged primers from 

the streptavidin-coated beads during thermal cycling although mono-biotin/streptavidin is 

a strong conjugate at room temperature.
124

 The chemical modification from mono-biotin 

to dual-biotin was performed to increase the thermal stability, which has been adapted in 

one of the next generation sequencing technologies in the market.
111,124

 

 Au surface has usually been conjugated to DNA through Au-S chemistry. 

However, it is well-known that the Au-S bond is not stable at high temperatures.
72

 It is 

easily expected that if mono-thiol conjugated AuNPs are incorporated in PCR, thermal 

instability of Au-S bond may reduce the yield and give non-reproducible results. Thus, 

there are a few reports in which mono-thiolated AuNPs are used in SP-PCR for 3D nano-

architecture
114

 and real-time monitoring of SP-PCR using surface plasmon resonance 

shift,
115

 whereas it is also reported that mono-thiolated AuNPs inhibit the SP-PCR 
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reaction.
74

 As a result, thermally stable conjugates are required to apply AuNPs in SP-

PCR for reproducible colorimetric DNA detection assay. 

 The thermally stable conjugates between AuNP and primers can be accomplished 

using multi-thiolated graft copolymer as mentioned above. In chapter 3, it is described 

how a graft copolymer is used to conjugate AuNP and primer, followed by its application 

towards the colorimetric DNA detection through SP-PCR.  

 

 

Figure 1-6. Schematic illustration of SP-PCR using oligothiol graft copolymer stabilized 

AuNPs as solid supports. Primers (red) are extended to have target DNA through SP-PCR.  

 

1.3 Overview 

 The next two chapters, 2 and 3, of this thesis deals with graft copolymer stabilized 

AuNP and its biological application in SP-PCR (Figure 1-6). 

 Chapter 2 outlines the strategy of multi-thiolated graft copolymer stabilized 

AuNPs and describes our fundamental study about stability of the AuNPs against 

experimental harsh conditions, such as, high temperature, competing thiols, and chemical 
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etchants. It also explores relationship between the stability and the ratios of thiol and 

hydrophilic graft chains like poly(ethylene glycol) (PEG) in a graft copolymer. 

 Chapter 3 investigates a practical example of the multi-thiolated graft copolymer 

stabilized AuNPs as a solid support in one of the most versatile biological technologies, 

PCR. It describes how primers are conjugated and extended through SP-PCR as well as 

our novel strategy for rapid post-PCR colorimetric DNA detection without any 

instrumentation.
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Chapter 2. Oligothiol Graft-Copolymer 

Coatings Stabilize Gold Nanoparticles 

Against Harsh Experimental Conditions
1*

 

 

2.1 Introduction 

 The stability of a nanoparticle suspension is often critically dependent on the 

structure of ligands that are bound to the nanoparticle surface.
2-3

 Surface ligands stabilize 

nanoparticle suspensions in a variety of ways—they block physical and chemical access 

to the nanoparticle surface, compatibilize the nanoparticle with solvent, sterically and/or 

electrostatically inhibit particle-particle interactions, slow the loss of surface atoms to 

solution or other particles (via Ostwald ripening), and provide functional groups for 

conjugating biological or other molecules to the particle without interfering with the 

particle surface. Because of the many roles that surface ligands play, and the different 

types of materials they are bound to, there is no single ligand structure that stabilizes all 

nanoparticles in every application. However, the most successful nanoparticle ligands do 

have some structural features in common. Good surface ligands typically have functional 

groups that bind the nanoparticle surface strongly, self-interacting (often solvophobic) 

                                                 
*
 Reproduced with permission from Jun Sung Kang and T. Andrew Taton, Langmuir 

2012, 28, 16751. Copyright 2012 American Chemical Society.
1
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segments that discourage ligand dissociation, and charged and/or polymer segments that 

provide electrostatic and steric stabilization. 

 Designing surface ligands for Au nanoparticles (AuNPs) is easier than for other 

nanoparticles because of the strong interaction between the Au surface and thiol 

functional groups.
4
 As a result, many thiol-functionalized macromolecules have been 

used to stabilize Au nanoparticle suspensions,
5
 including DNA

6-7
 and RNA,

8
 peptides

9
 

and proteins,
10

 oligo-saccharides,
11

 and synthetic homopolymers (connected to Au via 

either terminal
12-13

 or repeat-unit
14-16

 thiols) and copolymers, including random,
17

 

alternating,
18

 graft,
19

 and block
20-21

 copolymers. Among the polymers, poly(ethylene 

glycol) (PEG) chains and segments have been used extensively in biotechnological and 

biomedical applications involving AuNPs
22-23

 because of PEG’s biocompatibility, its 

solubility in a broad range of solvent conditions, and the degree of steric stabilization it 

confers to bound particles. As a result, AuNPs used in room-temperature aqueous buffers 

are very commonly passivated with thiolated PEG ligands. 

 However, we and others have found that monothiol ligands, including 

monothiolated PEGs, are not always stably bound to AuNP surfaces at high 

temperatures,
24-26

 in the presence of competing thiols
27-30

 or oxidizing agents,
24,31

 and in 

solvents where the ligand is extremely well solvated—conditions that are often 

encountered in biotechnological protocols. Nuzzo et al. measured the enthalpy of 

desorption of thiolates (as disulfides) from Au surfaces into the gas phase to be only 

Hdes = -28 kcal/mol,
32

 and others have measured even smaller Hdes (or related Tdes) 

values for solvophilic thiols desorbing into solution.
33-34

 The desorption of hydrophilic 
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polymer or biomolecular thiols into water or aqueous buffer from nanoparticle surfaces 

have small enough Hdes values that, even though stable Au-S bonds are formed at room 

temperature, the ligand-surface bonds are thermodynamically disfavored at higher 

temperature. In biological or biotechnological environments, ligands are also readily 

displaced from Au surfaces by competing thiols
35-36

 such as glutathione, mercaptoethanol 

and dithiothreitol, or by oxidation,
37-38

 and this exchange is accelerated at high 

temperatures. 

 One way to enhance the stability of solvophilic, thiol-functionalized ligands on 

Au surfaces
39

 and nanoparticles
40-43

 has been to increase the number of thiols per ligand.  

Researchers have investigated the relative stability of AuNPs passivated with ligands 

bearing two to four thiols per ligand, and have found that they are generally more stable 

to harsh experimental conditions than AuNPs protected with monothiol ligands.
41,44

 

However, to our knowledge there has been no systematic demonstration of the 

relationship between the stability of an AuNP in aqueous suspension against heat, 

corrosion and competing ligands, and the number of thiols in a hydrophilic ligand greater 

than four. 
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Figure 2-1. Schematic representation of the stabilization of AuNPs by oligothiolated 

graft copolymers. 

 

 Herein, we describe the synthesis of different thiolated poly(L-lysine)-graft-

poly(ethylene glycol) (PLL-g-PEG) copolymers and the use of these graft copolymers to 

passivate the surfaces of AuNPs (Figure 2-1). We also describe how different numbers of 

thiols in a ligand affect the thermal stability of AuNPs under harsh conditions—including 

high temperatures, competing thiols, and chemical etchants. Dynamic light scattering 

(DLS) analysis and visible absorption spectroscopy were used to monitor the kinetic 

stability of AuNP suspensions under these conditions. In addition, fluorescence 

spectrophotometry was used to characterize the desorption of the different graft 

copolymer ligands at the molecular level. KCN etching experiments were performed to 

investigate how surface coverage by graft copolymers was related to the resistance of the 

AuNP surface against chemical attack. Our results provide important guidelines for the 

design of thiolated ligands for AuNPs, and especially for those used in biotechnological 

applications,
5
 such as thermocycled PCR, that require harsh experimental conditions. 
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2.2 Experimental Methods 

2.2.1 General 

 Poly(L-lysine) trifluoroacetate (PLL11, Mn 2700, PDI 1.1; PLL34, Mn 8200, PDI 

1.05; PLL50, Mn 12100, PDI 1.04) was purchased from Alamanda Polymers, Inc. 

(Huntsville, AL). Methoxy-poly(ethylene glycol)-succinimidyl carboxymethyl (mPEG-

SCM, MW 2000), methoxy-poly(ethylene glycol)-thiol (mPEG-SH, MW 2000), and 

fluorescein poly(ethylene glycol)-succinimidyl carboxymethyl (FAM-PEG-SCM, MW 

3400) were purchased from Laysan Bio, Inc. (Arab, AL). N-succinimidyl 3-(2-

pyridyldithio)-propionate (SPDP) was purchased from ProteoChem, Inc. (Denver, CO). 

All other reagents were purchased from Aldrich (St. Louis, MO) unless otherwise noted. 

Ultrapure water was generated from a Milli-Q water purification system (Millipore Inc.; 

Billerica, MA, R > 10 MΩ·cm). PD-10 desalting columns were purchased from GE 

Healthcare (Pittsburgh, PA). 
1
H NMR spectra were recorded on a Varian Unity (500 

MHz) using solvent peaks as internal standards. Visible absorption spectra were obtained 

on a Hewlett-Packard 8453 UV-Vis spectrophotometer. Gel permeation chromatography 

(GPC) was conducted on an Agilent 1100 HPLC system (Santa Clara, CA) equipped with 

two Waters HT4 Styragel columns (7.8 × 300 mm, 10 µm bead size, Milford, MA) in 

series, and a refractive index detector (G1362A, Santa Clara, CA). GPC experiments 

were performed using DMF (0.1 M LiBr) as the eluent with a flow rate of 0.4 mL/min at 

50 °C. GPC data was calibrated using linear PEG standards (Agilent Tech., Santa Clara, 

CA). When GPC traces showed multiple peaks, the traces were deconvoluted by 
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assuming multiple polymer populations, and each peak was separately analyzed by fitting 

to an independent Gaussian lineshape.
45

 Transmission electron microscopy (TEM) 

images were obtained on a JEOL 1210 electron microscope equipped with a Gatan video 

camera and a Gatan Multiscan CCD camera (1024×1024 pixels). One drop of 

nanoparticle solution was placed on copper grid (formvar/carbon, 300 mesh, Electron 

Microscopy Science) and air-dried. All images were obtained at an operating voltage of 

120 kV. 

 

2.2.2 Synthesis 

 Synthesis of PLL11-g-PEGx. PLL11 (100 mg) and N,N-diisopropylethylamine 

(100 µL) were dissolved in DMSO (2.3 mL) in a 4 mL polypropylene (PP) vial, and the 

solution was stirred until the polymer was completely dissolved. Aliquots of this solution 

were transferred into separate 4 mL PP vials. With stirring, different concentrations of 

mPEG-succinimidyl carboxymethyl (mPEG-SCM, MW 2000) in DMSO (150 µL) were 

then added dropwise to each aliquot (Table 2-1). After reaction overnight, each solution 

was dialyzed against water using a 2000 Da molecular weight cut-off (MWCO) 

membrane for 1 d, and then lyophilized to obtain product as a white powder. The 

resulting polymers were characterized by 
1
H NMR (D2O) and GPC. Both methods 

indicated that the polymer product contained a small amount (< 10 wt%) of mPEG-

COOH, presumably due to hydrolysis of mPEG-SCM, that could not be removed by 

purification; this impurity was retained in subsequent experimental steps. We refer to the 
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product graft copolymers as PLL11-g-PEGx, where x represents the fraction of PLL 

lysines converted to PEG, as measured by NMR. 

Table 2-1. Synthesis of PLL11-g-[PEGx:SHy]. 

 PLL11-g-PEGx synthesis                     PLL11-g-[PEGx:PDP] synthesis 

xa 
PLL11 mPEG-SCM xb 

(NMR) 

PLL11-g-PEGx SPDP 

L mol mg mol mg mg mol 

0.1 575 9.3 20.4 10.2 0.18 8.0 8.3 26.6 

0.2 460 7.4 32.6 16.3 0.22 9.3 7.3 23.4 

0.3 345 5.6 36.7 18.4 0.28 10.0 5.8 18.6 

0.4 276 4.4 39.1 19.6 0.32 11.5 5.6 17.9 

0.5 230 3.7 40.7 20.4 0.37 13.0 4.5 14.4 

0.6 230 3.7 48.9 24.5 0.45 13.6 4.4 14.2 

0.8 184 3.0 52.1 26.1 0.60 16.6 2.6 8.3 
 

a
Expected fraction of PLL lysines converted to PEG. 

b
Measured fraction of PLL lysines 

converted to PEG of PLL11-g-PEGx by NMR.  

 

 Synthesis of PLL11-g-[PEGx:PDP]. PLL11-g-PEGx was dissolved in 1X 

phosphate-buffered saline (PBS, 60 µL) in a 1.5 mL Eppendorf tube. Excess SPDP (at 

least 1.5 equiv) in DMSO (70 µL) was added into the solution (Table 2-1). For the 

synthesis of higher graft ratios of pyridyldithiopropionate (PDP), an additional 100 µL of 

DMSO was added to dissolve the SPDP. After 10 h, the reaction mixture was dialyzed 

against water using a 2000 Da MWCO membrane for 1 d and then lyophilized. This 

yielded polymer products as white powders. Incorporation of PDP groups was confirmed 

by 
1
H NMR (D2O). 

 Synthesis of PLL11-g-[PEGx:SHy]. PLL11-g-[PEGx:PDP] (6.0 mg) was dissolved 

in 1X PBS (900 µL) in an Eppendorf tube. Then, excess dithiothreitol (DTT; 0.389 M, 

100 µL 1X PBS) was added to the solution. After 2 h, the resulting polymer was isolated 
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from small-molecule reactants with a PD-10 size exclusion column, using water as the 

eluent, according to the manufacturer’s instructions. Water was removed by 

lyophilization to yield product as a white powder, which was characterized by 
1
H NMR 

(D2O). We refer to these polymers as PLL11-g-[PEGx:SHy], where x and y represent the 

fractions of PLL lysines converted to PEG and thiol groups, respectively, as measured by 

NMR. 

 Synthesis of PLL34-g-PEGx. PLL34-g-PEGx polymers with x < 0.6 were 

synthesized as described above for PLL11-g-PEGx (Table 2-2), using PLL34 as the starting 

material. For polymers with x > 0.6, pre-formed PLL34-g-PEGx with x < 0.6 was used as a 

starting material in place of PLL34. To the solution of PLL34-g-PEGx in DMSO (150 μL) 

was added DIPEA (0.8 μL) and mPEG-SCM in DMSO (200 μL). After reaction 

overnight, the solution was dialyzed against water using a 3500 Da molecular weight cut-

off (MWCO) membrane for 1 d. Finally, the dialyzed solution was lyophilized to obtain 

product as a white powder. The product PLL34-g-PEGx was characterized by 
1
H NMR 

(D2O) and GPC. 

 Synthesis of PLL34-g-[PEGx:SHy]. PLL34-g-[PEGx:SHy] polymers were 

synthesized as described above for PLL11-g-[PEGx:SHy] (Tables 2-2 and 2-3). 
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Table 2-2. Synthesis of PLL34-g-[PEGx:SHy], where x < 0.6. 

 PLL34-g-PEGx synthesis                      PLL34-g-[PEGx:PDP] synthesis 

xa 
PLL34 mPEG-SCM xb 

(NMR) 

PLL34-g-PEGx SPDP 

L mol mg mol mg mg mol 

0.4 500 3.1 82.1 41.1 0.17 14.4 16.9 54.1 

0.6 400 2.4 98.6 49.3 0.25 15.0 10.4 33.3 

0.8 300 1.8 98.6 49.3 0.35 12.8 5.3 17.0 
 

a
Expected fraction of PLL lysines converted to PEG. 

b
Measured fraction of PLL lysines 

converted to PEG of PLL34-g-PEGx by NMR. 

 

Table 2-3. Synthesis of PLL34-g-[PEGx:SHy], where x > 0.6. 

 PLL34-g-PEGx synthesis                      PLL34-g-[PEGx:PDP] synthesis 

xa 

PLL34-g-
PEGx 

mPEG-SCM xb 
(NMR) 

PLL34-g-PEGx SPDP 

x mg mg mol mg mg mol 

0.6 0.25 37.1 38.6 19.3 0.63 21.7 3.7 12 

0.8 0.35 25.5 19.6 9.8 0.77 24.1 2.1 6.9 
 

a
Expected fraction of PLL lysines converted to PEG. 

b
Measured fraction of PLL lysines 

converted to PEG of PLL34-g-PEGx by NMR. 
c
Measured fraction of PLL lysines 

converted to PEG of PLL34-g-[PEGx:SHy] by NMR. 
d
Measured fraction of PLL lysines 

converted to thiol groups of PLL34-g-[PEGx:SHy] by NMR. 

 

 Synthesis of PLL50-g-[PEGx:SHy]. The graft copolymers were synthesized as 

described above for PLL11-g-[PEGx:SHy], except that no attempt was made to isolate or 

purify intermediate polymers PLL50-g-PEGx or PLL50-g-[PEGx:PDP] (Table 2-4). PLL50 

(30 mg) and N,N-diisopropylethylamine (30 µL) were dissolved in DMSO (0.6 mL) in a 

vial, and the solution was stirred until the polymer was completely dissolved. Aliquots of 

this solution were transferred into separate vials. While stirring, mPEG-succinimidyl 

carboxymethyl (mPEG-SCM, MW 2000) in DMSO (150 µL) was then added dropwise to 
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each aliquot. After 6 h, excess SPDP in DMSO (70 µL) was added to the aliquots. After 

the reaction overnight, the crude solution was diluted to 500 µL with DMSO. A portion 

of this solution (200 µL) was combined with excess TCEP·HCl (10 mg, 35 µmol) for 3 h. 

The resulting polymers were purified by centrifugal filtration (3000 Da MWCO) using 

D2O as solvent. This D2O solution was characterized by 
1
H NMR, and then used directly 

in subsequent experiments. 

 

Table 2-4. Synthesis of PLL50-g-[PEGx:SHy]. 

xa 
PLL50 mPEG-SCM SPDP 

L mol mg mol mg mol 

0.2 210 9.3 16.7 8.4 20.8 66.6 

0.4 210 7.4 33.3 16.7 15.6 49.9 

0.6 105 5.6 25.0 12.5 5.2 16.6 

0.8 105 4.4 33.3 16.7 2.6 8.3 
 

a
Expected fraction of PLL lysines converted to PEG. 

 

 Synthesis of fluorescein (FAM)-modified graft copolymers. PLL11-g-

[PEGx:SHy:FAM] graft copolymers were synthesized by the method described above for 

PLL11-g-[PEGx:SHy], with some modification. Before incorporating PEG grafts or thiol 

groups, PLL11 -carboxyfluorescein 

N- N,N-diisopropyl-

ethylamine (100 µL) in DMSO (1.1 mL) to modify a fraction of the polymer with 

fluorescein groups. Aliquots of this solution were then used directly as starting materials 

in reactions with mPEG-SCM as described above. The resulting solutions were loaded 

onto a PD-10 size exclusion column, using water as the eluent. Two separate fluorescent 



Chapter 2. Oligothiolated graft copolymer stabilized AuNPs 
 

 31 

fractions were collected, corresponding to fluorescein-labeled PLL-g-PEG (eluting first) 

and free fluorescein. The first fraction was combined with excess SPDP and reduced 

using DTT as described above for PLL11-g-[PEGx:SHy] to yield samples of graft 

copolymer containing a minority of fluorescein groups. Incorporation of fluorescein into 

the polymer was confirmed by 
1
H NMR. 

 Synthesis of FAM-modified PEG-SH. FAM-PEG-SH was synthesized by the 

reaction between cystamine and amine-reactive FAM-PEG-NHS. Cystamine 

dihydrochloride (2.2 mg, 9.8 µmol) was dissolved in a mixture of 1-methyl-2-

pyrrolidinone (200 µL) and N,N-diisopropylethylamine (20 µL). FAM-PEG-SCM (100 

mg, 29.4 µmol) was added, and this mixture was allowed to react overnight. The solution 

was loaded onto a PD-10 size exclusion column, using water as the eluent, and the initial 

colored fraction (~7 mL) was collected. This fraction was extracted with dichloromethane 

(3 × 20 mL). The organic extracts were combined, dried over anhydrous sodium sulfate, 

and filtered, and solvent was removed in vacuo. The remaining solids were recrystallized 

from cold ethanol. The recrystallized material was redissolved in 1X PBS (1 mL), and 

combined with DTT (0.1 mmol) overnight to reduce disulfide bonds. The reaction 

mixture was dialyzed against water using a 1000 Da MWCO membrane for 1 d and then 

lyophilized. This yielded FAM-PEG-NHS as a yellow-orange powder (11.6 mg, 17 %). 

Successful incorporation of the thiol group was confirmed by 
1
H NMR (D2O). 

 Grafting ratio determination by 
1
H NMR. The PEG grafting ratio, x—defined 

as the fraction of PLL sidechains that bear a PEG group—and the thiol grafting ratio, y—
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the fraction of PLL sidechains that are thiol-modified—were calculated from peak 

integrals (I) in the NMR spectrum, according to the equations below: 

   
            

                       
 

   
                    

                         
 

 Preparation of citrate-capped AuNPs. AuNPs were prepared by sodium citrate 

reduction of HAuCl4.
46

 All glassware was cleaned with aqua regia and all H2O used was 

ultrapure and filtered through a 0.02-μm pore nylon membrane. A roundbottom flask was 

charged with 470 mL H2O and 10 mL of 11.9 mM HAuCl4. This solution was stirred 

vigorously and refluxed. After 30 min, 20 mL of 40 mM sodium citrate was quickly 

added. As the solution was refluxing, the color of the solution changed from colorless to 

deep red within 10 min. After refluxing for 1 h, the solution was allowed to cool, and the 

AuNPs were analyzed by absorption spectroscopy, TEM and DLS; λmax = 519 nm, 

d(TEM) = 17.0 ± 1.1 nm, and dz(DLS) = 20.3 ± 0.5 nm. The amount of Au used in the 

synthesis and d(TEM) were used to calculate the particle concentration of AuNPs.
47

 

 Surface modification of AuNPs with PLL-g-[PEG:SH]. The solution of AuNPs 

was reacted with graft copolymers to modify the surface. To 20 mL of AuNP solution (1 

nM) was added excess graft copolymer (at least 1000 polymer molecules/particle) in a 20 

mL vial. After vigorous mixing at room temperature, 10 mL of the solution was 

transferred to a 15 mL screw-top vial, and the vial was heated to 90 °C in a sand bath. 

Both the room-temperature and 90 °C solutions were incubated for three days. Solutions 

were then cooled, transferred to a 15 mL centrifuge tube, and centrifuged at 8000 × g for 
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30 min. The supernatant was discarded to remove unreacted polymer, and the AuNP 

centrifugate was re-dispersed in 15 mL H2O. Centrifugation, supernatant removal, and re-

dispersion were repeated 3 times. 

 

2.2.3 Dynamic light scattering (DLS) analysis 

 The intensity (z)-averaged hydrodynamic diameter (dz) of AuNPs in solution was 

measured with a Nano ZS instrument (Malvern, Worcestershire, England). All AuNP 

samples were centrifuged briefly (3000 × g, 60 s) to remove dust. The concentration of 

PBS (1X, 10 mM) and DTT (10 mM) were adjusted by addition of 10X PBS and 100 

mM DTT solution, respectively. The diameter dz was obtained by cumulant fitting, using 

an initial decay time of up to 100 µs to obtain the best fit. 

 

2.2.4 Fluorescence experiments 

 For fluorescence experiments on polymers bound to AuNPs, the absorbance of the 

solution was adjusted to 0.1 to minimize inner-filter effects. All samples contained 1X 

PBS (pH 7.3). The temperature of each capped fluorescence cuvette was controlled in an 

oil bath. Fluorescence data were collected by a Quantamaster fluorimeter (PTI, London, 

Ontario; λex = 470 nm) using optical filters (FF01-492/SP-25 and BLP01-488R-25, 

Semrock) to eliminate scattered light. Before and after each measurement, the cuvette 

was shaken and inverted to homogenize the solution. After 6 h of measurements, AuNPs 

were etched by adding 50 µL of 10 M KCN to each sample, incubating at 90 °C for 1 h, 
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and then at room temperature overnight, in order to release all fluorophore still bound to 

the particles. The fraction of polymer dissociated from the particles over time was 

calculated by dividing fluorescence intensity at 523 nm by the final fluorescence intensity 

at 523 nm after KCN etching. 

 

2.3 Results and Discussion 

 The primary goal of this research was to evaluate thiolated PLL-PEG graft 

copolymers as stabilizing ligands for Au nanoparticles, and to determine the contributions 

of different copolymer characteristics—backbone lengths, PEG grafting densities, and 

number of thiol groups per polymer chain—on the effectiveness of the copolymer 

ligands. Non-thiolated PLL-PEG graft copolymers have been previously shown to 

passivate both monolithic
48-49

 and colloidal
50-51

 surfaces against adhesion of proteins and 

cells; a goal of this work was to translate the advantages of PLL-g-PEG copolymers to 

the passivation of AuNPs. Detailed experimental
48

 and theoretical
52-53

 studies on PLL-g-

PEG-coated surfaces are consistent with past work on the general biocompatibility of 

PEG coatings, which resist nonspecific adsorption via steric and excluded-volume 

effects.
54-55

 PLL-g-PEG has also been used to stabilize suspensions of inorganic 

nanoparticles,
56

 where the same steric and entropic effects are responsible.
2
 In all of these 

studies, PLL-g-PEG was anchored by electrostatic or covalent interactions between 

lysine side-chains on the polymer and the material surface. We found that combining 

citrate-capped Au nanoparticles with unmodified PLL-g-PEG yielded colloid that was 
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stable at room temperature, similar to previous studies performed with other PEGylated 

polyamines.
57

 But we found that the PLL-g-PEG did not significantly improve the 

nanoparticles’ stability against high temperatures or etchants, presumably because the 

interaction between the polymer lysine groups and the Au surface was not strong enough 

to ensure a dense layer under these conditions. 

 

2.3.1 Synthesis of oligothiolated graft copolymers 

 In order to strengthen the interaction between PLL-g-PEG and Au colloid 

surfaces, we incorporated thiol groups onto the PLL backbone to convert the polymer 

into a multidentate ligand for Au. This was accomplished by sequential addition of NHS-

ester-terminated PEG (mPEG-SCM) and NHS-ester-containing thiol linker (SPDP) to 

monodisperse PLL backbone starting materials, similar to the method reported by 

Kataoka and coworkers.
58

 The goal of the synthesis was to convert every lysine in the 

original PLL to either a PEG or thiol group, but we anticipated that some lysine groups 

would remain unconverted by this approach. As a result, we expected x + y ≤ 1 for 

products PLLn-g-[PEGx:SHy], accounting for incomplete conversion of lysine groups in 

the PLL starting material. 

 Prior to introducing thiol groups, intermediate PLL-g-PEGs were characterized by 

NMR and GPC to verify the grafting ratio (x) of PEG (Figure 2-2 and Table 2-5). These 

intermediate copolymers were then combined with excess SPDP to exhaustively convert 

remaining lysine groups to pyridyldithiopropionate (PDP) groups. Although the 

incorporation of PDP groups into PLL-g-[PEGx:PDP] could be verified by NMR, it was 
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impossible to calculate the degree of PDP incorporation because of band broadening in 

the NMR spectra. However, once the PDP groups were reduced to reveal thiols, grafting 

ratios in the resulting PLLn-g-[PEGx:SHy] copolymers were characterized by integration 

of the sharp peaks in their NMR spectra (Figure 2-3 and table 2-6). These results showed 

that we were only able to synthesize thiolated graft copolymers for 0.25 < x < 0.65. For x 

< 0.25, no polymer was isolated from the synthesis, presumably because addition of PDP 

groups made the polymer too hydrophobic or subject to oxidative (disulfide) 

crosslinking; and for x > 0.65, the procedure returned PLL-g-PEGx intermediates with no 

thiol groups attached, possibly due to steric crowding by the attached PEGs.
59

 

 

 
Figure 2-2. 

1
H NMR spectra of (A) PLL11-g-PEGx and (B) PLL34-g-PEGx in D2O. 
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Table 2-5. Characteristics of PLLn-g-PEGx and PLLn-g-[PEGx:SHy] 

PLLn PLLn-g-PEGx PLLn-g-[PEGx:SHy] 

 
xNMR 

Mn,NMR 

(g/mol) 

Mn,GPC 

(g/mol) 
PDIGPC x y 

PLL11 

0.18 5200 4900 1.13 0.28 0.64 

0.22 6100 6100 1.28 0.27 0.61 

0.28 7300 6500 1.24 0.32 0.60 

0.32 8100 7200 1.22 0.37 0.51 

0.37 9200 8200 1.19 0.44 0.36 

0.45 11000 8600 1.21 0.50 0.29 

0.60 14000 10000 1.19 0.58 0.21 

PLL34 

0.17 15000 20000 1.13 0.29 0.61 

0.25 20000 20000 1.11 0.31 0.67 

0.35 27000 21000 1.09 0.41 0.58 

0.63 45000 26000 1.12 0.56 0.28 

0.77 54000 28000 1.10 0.63 0.20 

PLL50 

    
0.25 0.67 

 a  
0.33 0.57 

  
0.52 0.32 

    
0.63 0.19 

a
Synthetic PLL-g-PEG intermediates were not isolated for PLL50-based copolymers. 
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Figure 2-3. (A) 
1
H NMR spectrum of PLL11-g-[PEG0.58:SH0.21] dissolved in D2O. (B) 

Closeups of 
1
H NMR spectra for PLL11-g-[PEGx:SHy], illustrating integration of PEG-

CH2-CONH- (A), lysinyl -CH2NH2- (, ', and ''), and thiopropionate -CH2CH2SH (I and 

II) protons. Grafting ratios x and y are calculated from these integrals. The spectra also 

show a peak corresponding to a small amount of PEG-CH2-COOH impurity (A'). 

 

 

 



Chapter 2. Oligothiolated graft copolymer stabilized AuNPs 
 

 39 

Table 2-6. Characteristics of AuNP@PLLn-g-[PEGx:SHy]. 

     
prepared at RT prepared at 90 °C 

PLLn x y 
thiols   

per chain 

Mn,NMR 

(g/mol) 
dz (nm) 

max  

(nm) 
dz (nm) 

max  

(nm) 

PLL11 

0.28 0.64 7.04 7900 46.81 524 35.89 527 

0.27 0.61 6.71 7700 32.96 524 33.00 526 

0.32 0.60 6.60 8700 32.51 523 33.48 526 

0.37 0.51 5.61 9700 34.28 524 35.19 524 

0.44 0.36 3.96 11000 33.20 523 36.73 524 

0.50 0.29 3.19 12000 33.10 524 36.66 524 

0.58 0.21 2.31 14000 30.98 523 33.00 523 

PLL34 

0.29 0.61 20.77 25000 31.69 523 31.98 524 

0.31 0.67 22.84 26000 31.63 522 32.71 523 

0.41 0.58 19.88 33000 31.34 522 33.61 522 

0.56 0.28 9.43 41000 31.29 521 33.48 522 

0.63 0.20 6.96 45000 30.90 521 31.55 523 

PLL50 

0.25 0.67 33.50 33000 32.96 523 36.78 522 

0.33 0.57 28.50 40000 32.47 522 36.53 523 

0.52 0.32 16.00 57000 34.67 522 38.45 523 

0.63 0.19 9.50 67000 34.26 522 36.85 522 

 

 

 

 



Chapter 2. Oligothiolated graft copolymer stabilized AuNPs 
 

 40 

2.3.2 Surface modification of AuNP with PLLn-g-[PEGx:SHy] 

 Citrate-capped Au nanoparticles were combined with PLLn-g-[PEGx:SHy] 

polymers in H2O at room temperature for 3 d to yield polymer-capped AuNPs that 

withstood cycles of centrifugal concentration and heating. No color change or 

precipitation was observed during surface modification, indicating that the oligothiol 

polymers did not aggregate the AuNPs by crosslinking. After excess copolymer was 

removed by centrifugation and redispersion in aqueous solution, the polymer-stabilized 

AuNPs were characterized by DLS analysis and visible absorption spectroscopy (Table 

2-6). The absorption spectra of all polymer-stabilized AuNP suspensions were red-shifted 

relative to that of the original, citrate-protected particles (max, AuNP-citrate = 519 nm; max 

= +2-5 nm). This shift in the surface plasmon resonance absorption of the AuNPs is 

consistent with a change in their surface dielectric, induced by surface 

functionalization.
60

 DLS was used to measure the z-averaged hydrodynamic particle 

diameter (dz) of the nanoparticles before and after polymer stabilization.
61

 In general, 

polymer functionalization consistently increased dz of the AuNPs by 10-14 nm over the 

diameter of the original particles. The grafted PEG chains on all of the PLL-PEG 

copolymers used in this study had a starting degree of polymerization of 41, and 

assuming the structural model in Figure 2-1, we estimate that these chains would extend 

from the particle-bound PLL backbone into solution between 3 nm (random coil) and 14 

nm (fully extended). The measured increases in dz are consistent with this model,
62

 

though it is difficult to draw firm structural conclusions from hydrodynamic 

measurements. Not all of the polymers tested were successful; one, PLL11-g-



Chapter 2. Oligothiolated graft copolymer stabilized AuNPs 
 

 41 

[PEG0.28:SH0.64], generated AuNP suspensions with anomalously large dz and 

polydispersity index (PDI) values. This polymer had the highest thiol functionalization 

density in the PLL11 series, and the high dz value may be due to particle crosslinking by 

multiple functional groups on the polymer. All of the other polymers tested generated 

monodisperse particle dispersions (PDI < 0.10 for PLL11 and PLL34 graft copolymers and 

0.25 for PLL50 graft copolymers). In addition, the graft copolymer stabilized AuNP 

suspensions were stable in the high ionic strength solution (1 M MgCl2) over hours at 

room temperature due to the presence of PEG layers, while citrate stabilized AuNP 

suspension aggregated even in 2 mM MgCl2 solution (Figure 2-4). 

 Previous studies have shown that ligand passivation of AuNPs can sometimes be 

improved by “annealing” the product particles at elevated temperatures.
63-64

 To test the 

effect of temperature on the synthesis of PLL-PEG-protected AuNPs, we also combined 

AuNPs and PLLn-g-[PEGx:SHy] copolymers at 90 °C for 3 d. After purification, the 

annealed particles exhibited slightly larger dz and max values than those prepared at room 

temperature, consistent with a denser degree of functionalization and a more extended 

corona of graft copolymer on the particle surface. One hypothesis of this study was that 

these characteristics would confer higher stability to the annealed, PLL-PEG-protected 

AuNPs. 
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Figure 2-4. Intensity-averaged hydrodynamic diameter (dz) of aqueous AuNP@PLL11-g-

[PEGx:SHy] and AuNP@PEG-SH particle suspensions containing 1 M MgCl2 solution 

and AuNP@citrate particle suspensions containing 2 mM MgCl2 solution, as a function 

of time, measured by DLS. 

 

2.3.3 Comparative stability of AuNP@PLL-g-[PEG:SH] 

suspensions 

 A central goal of this work was to develop AuNPs that are stable to the presence 

of the free thiols and dithiols used in biotechnology, like DTT, which typically displace 

surface ligands from the AuNP surface and cause irreversible particle aggregation.
44

 To 

test their stability, we gradually heated AuNP@PLL-g-[PEG:SH] suspensions in aqueous 

buffer to 90 °C in the presence of 10 mM DTT, and monitored the particles by DLS and 

visible absorption spectroscopy. In general, time-resolved DLS experiments (Figure 2-5) 

showed that most of the particle suspensions were stable (did not experience an increase 

in dz corresponding to aggregation) over hours. An increase in dz was observed for 

AuNPs modified with polymers containing either low or high ratios of PEG grafts to thiol 
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groups, and annealed particles were more stable than those prepared at room temperature. 

In addition, graft copolymers with shorter PLL backbones appeared to be marginally 

better at stabilizing AuNPs than longer ones. Importantly, all of the AuNP@PLL-g-

[PEG:SH] particle suspensions were far more stable to heat and DTT than AuNPs 

functionalized with monothiolated mPEG-SH molecules, which were observed to 

aggregate even before the solution reached high temperature. 

 These DLS studies were supported by visible absorbance spectroscopy 

experiments using the same solution conditions and temperature ramp to 90 °C (Figure 2-

6). Using a standard 1-cm cuvette, we observed that all of the particle suspensions 

exhibited a slow decrease in optical absorbance (~30% over 90 min) as particles adhered 

to the cuvette walls (and out of the optical path of the instrument); this is frequently 

observed for polymer- and biomolecule-stabilized AuNPs.
65

 But the max of most of these 

particle samples was not changed by heating in the presence of DTT. We did observe 

large increases in max for AuNPs modified with PLLn-g-[PEGx:SHy] copolymers with the 

lowest thiol-to-PEG ratios. These large increases in max are characteristic of aggregating 

AuNPs.
66

 

 From this data, we argue that PLL-g-[PEG:SH] graft copolymers successfully 

stabilize AuNP suspensions by a balance of steric stabilization by PEG chains and 

thermodynamic stabilization by the oligothiol polymer ligands. In principle, polymers 

with too many thiol groups might crosslink the target AuNPs, and offer insufficient steric 

shielding by PEG against agglomeration; polymers with too few thiols might not bond 

strongly enough to the particle surfaces, or even at all, if the thiolated PLL backbone 
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were occluded by too many grafted PEG chains. Our DLS and absorption spectroscopy 

experiments do not provide information on the molecular details of the polymer-particle 

interaction, but they are consistent with this hypothesis of a balance between steric and 

thermodynamic stabilization. 
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Figure 2-5. Intensity-averaged hydrodynamic diameter (dz) of aqueous AuNP@PLLn-g-

[PEGx:SHy] particle suspensions containing 10 mM DTT and 10 mM PBS (pH 7), as a 

function of time and temperature, measured by DLS. Suspensions were prepared at room 

temperature (A, C, E) or annealed at 90 °C (B, D, F) with graft copolymers made from 

PLL11 (A, B), PLL34 (C, D) or PLL50 (E, F) backbones. In each experiment, the solution 

temperature was increased stepwise from 25 °C to 90 °C as shown in the legend at the 

top. 
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Figure 2-6. (A) Absorbance at 524 nm of aqueous AuNP@PLL11-g-[PEGx:SHy] particle 

suspensions containing 10 mM DTT and 10 mM PBS (pH 7), as a function of time and 

temperature. In each experiment, the solution temperature was increased stepwise from 

25 °C to 90 °C as shown in the legend at the top. (B-D) Full absorption spectra of 

AuNP@PLL11-g-[PEGx:SHy] suspensions from (A). 
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2.3.4 Stability of AuNP-copolymer interactions 

 In order to more specifically characterize the interaction between graft 

copolymers and AuNP surfaces at the molecular level, we performed time-resolved 

fluorescence experiments on the dissociation of fluorescein-labeled PLL-g-[PEG:SH] 

from AuNPs. AuNPs are outstanding fluorescence quenchers,
67

 and so fluorescent graft 

copolymer molecules bound closely to AuNP surfaces show no observable fluorescence 

intensity.
24

 However, as the polymers desorb from the surface of the AuNPs into solution, 

their fluorescence is recovered. Thus, monitoring fluorescence intensity provides a 

proportional measure of the amount of polymer bound to and released from the AuNP 

surface.
30

 In these experiments, AuNP@PLL-g-[PEG:SH] suspensions were heated to 90 

°C, either in the presence or absence of DTT, and the fluorescence intensity of the 

suspension was monitored over time (Figure 2-7). We also performed the same 

experiments on AuNPs modified with monothiolated FAM-PEG-SH for comparison. 

Then, at the end of the experiment, the total amount of fluorophore present in each 

sample was determined by etching away the supporting AuNPs with KCN, and 

measuring the final fluorescence. In this way, the fractional fluorescence intensities 

shown in Figure 2-7 should represent the fraction of polymer dissociated from the 

particle surface over time. 

 Even in the absence of competing DTT, a substantial fraction (30%) of bound, 

monothiol FAM-PEG-SH was released from AuNPs at 90 °C within 30 min, and 100% 

of the monothiol dissociated in the presence of 1 mM DTT over the same period. By 

contrast, oligothiolated PLL-g-PEG graft copolymers showed dramatically less 
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desorption under all conditions, demonstrating stronger binding than PEG-SH. Among 

the different PLL11-g-[PEGx:SHy] polymers studied, ligand desorption was inversely 

related to the number of thiols per polymer. For example, only 20% of polymers with an 

average of 6 thiols per PLL chain (y = 0.55) dissociated from the AuNP surface at 90 °C 

over 6 h, while 60% of those with an average of 4 thiols per chain (y = 0.35) dissociated 

over the same time (Figure 2-7B). Increasing the concentration of DTT led to more rapid 

ligand dissociation, but even at high temperature and DTT concentrations, some 

oligothiolated PLL-g-PEG remained on the AuNP surface (Figure 2-7C). These results 

are consistent with a model for ligand binding in which multivalency leads to stronger 

surface interactions and resistance against ligand loss.
15,68

  

 

 

Figure 2-7. Relative fluorescence intensity of AuNP@PLL11-g-[PEGx:SHy:FAM] 

particle suspensions, incubated at 90 °C, as a function of time. Solutions contained (A) no 

DTT, (B) 1 mM DTT, and (C) 10 mM DTT.  
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2.3.5 Stability of AuNP@PLL-g-[PEG:SH] against chemical 

etching 

 The instability of ligand-protected AuNPs can often be traced to chemical 

reactions at the nanoparticle surface. As a result, AuNP suspensions can be stabilized by 

restricting physical access to nanoparticle surfaces. One general way to test this access to 

chemical attack is to observe cyanide-induced Au etching in water.
69

 Even though 

cyanide is not used in typical biotechnology protocols, it is a good proxy for other small 

molecules that react with Au surfaces, and cyanide etching of AuNPs can be easily 

monitored by absorption spectroscopy of the disappearing Au surface plasmon band.
70

 

We found that the rate of cyanide etching of AuNP@PLLn-g-[PEGx:SHy] particles 

depended upon the relative fraction of thiol groups in the copolymer (Figure 2-8). For 

example, AuNP@PLL11-g-[PEGx:SHy] particle suspensions prepared at room 

temperature lost 80% of their absorbance at max within 2 h for y < 0.5, but just 20% of 

their absorbance for y > 0.6 (Figure 2-8A). Particles made with longer PLL backbones 

were generally less stable to etching for similar grafting ratios (Figure 2-8B). All 

AuNP@PLL-g-[PEG:SH] particles were made more resistant to KCN etching by first 

annealing them at 90 °C (Figure 2-8C). All of these results point to a relationship 

between the density of thiol functionalization of the AuNP surface—achieved either by 

controlling the number of thiols per PLL-g-[PEG:SH] chain, or by thermodynamically 

annealing the modified particles—and protection against chemical attack. 
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Figure 2-8. Absorbance at 520 nm of AuNP@PLL11-g-[PEGx:SHy] suspensions exposed 

to 10 mM KCN, as a function of time. (A) AuNP@PLL11-g-[PEGx:SHy] prepared at room 

temperature; (B) AuNP@PLL34-g-[PEGx:SHy] prepared at room temperature; and (C) 

AuNP@PLL34-g-[PEGx:SHy] annealed at 90 °C.  
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2.3.6 Steric and thermodynamic stabilization in AuNP@PLL-

g-[PEG:SH] particles 

 We chose thiolated PLL-g-PEG graft copolymers as stabilizers for AuNPs 

because of the potential for combining steric stabilization of the colloidal suspension by 

PEG chains with strong ligand attachment by multiple thiol groups. This same 

combination has previously been studied for PLL-g-PEG adsorption on flat surfaces. 

Textor and co-workers have analyzed the effect of grafting ratios on PLL-g-PEGx 

adsorption on oxide surfaces, and found that the density of the protective PEG layer and 

resistance against non-specific protein adsorption was maximized at intermediate values 

of x.
48,52

 In these authors’ analysis, this represented a balance between affinity of lysine 

amines for the oxide surface on the one hand, and steric shielding by PEG on the other. 

Although stabilization of AuNP suspensions by PLL-g-[PEG:SH] copolymers is different 

from passivation of flat oxide surfaces, we argue that many of the same factors that make 

PLL-g-PEG copolymers effective coatings for oxides also apply to the success of the 

AuNP@PLL-g-[PEG:SH] materials reported here. Researchers have also shown that, if 

the ends of the grafted PEG chains in PLL-g-PEG are appropriately functionalized, it is 

possible to use PLL-g-(PEG-X) coatings as scaffolds for attaching other molecules—

including proteins and peptides, affinity tags, and small organic molecules —to inorganic 

surfaces.
71-72

 Otherwise, the unconverted lysine groups in the PLL-g-[PEG:SH] could be 

used to conjugate other molecules, even if PEG chains might shield the molecules. 

Although we have not demonstrated this for AuNPs in this report, one could imagine 
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AuNP@PLL-g-[PEG-X:SH] as a vehicle for combining the recognition properties of 

biomolecules and the unique physical properties of AuNPs into an extremely stable 

nanobioconjugate. 

 

2.4 Summary 

We have demonstrated that thiolated PLL-g-PEG graft copolymers are exceptional 

stabilizers for AuNPs, and have explored the relationship between graft copolymer 

structure and colloidal stability. In general, this study illustrates a balance between 

thermodynamic and steric factors in graft copolymer stabilization of AuNPs. On the one 

hand, having multivalent interactions between multiple thiol groups on the graft 

copolymer and the AuNP surface helps prevent ligand dissociation under extreme 

conditions, and isolates the surface from chemical attack. On the other hand, grafted PEG 

chains provide steric stabilization of the colloidal suspension, and keep AuNPs from 

aggregating. As a result, we predict that future optimization of PLL-g-[PEGx:SHy] ligands 

for biotechnological applications will involve balancing x and y. Moreover, we anticipate 

that the PLL-g-[PEG:SH]-stabilized AuNPs could be useful as nanoparticle supports in 

applications such as PCR, which require harsh experimental conditions including high 

salt concentrations, elevated temperature, and thiols that typically compete for surface 

ligands. 
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Chapter 3. Oligothiol Graft Copolymer 

Stabilized Gold Nanoparticles as Solid 

Supports in PCR 

 

3.1 Introduction 

 The polymerase chain reaction (PCR) is an indispensable technology in modern 

molecular biology and diagnostics, and has been applied to DNA cloning, genetic 

engineering, DNA sequencing, and diagnostics of infectious and genetic disease. In PCR, 

a DNA polymerase enzyme extends a short, primer oligonucleotide to complement a full-

length DNA template, and amplifies the target DNA sequence exponentially via 

temperature-controlled cycles from just a few copies of the template.
1
 The PCR 

amplicons are then typically detected by additional instrumental analysis, including 

fluorescence detection of fluorescent DNA intercalating dyes or fluorophore-labeled 

DNA probes.
2
 

 Because PCR is instrument-intensive, it has been challenging to translate PCR to 

low-cost, portable analysis of DNA sequence targets. One approach to reducing the 

impact of instrumentation on PCR has been to replace fluorescence detection with visual 

inspection methods. A variety of visible-contrast detection methods have been developed 

for post-PCR analysis of DNA amplicons, including visualization of microbead 

aggregation,
3
 colorimetric detection by association of conjugated polymers,

4
 signal 
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amplification by polymer deposition on surfaces,
5
 and a variety of colorimetric and 

reporter-deposition techniques based on metal nanoparticles. Gold nanoparticles 

(AuNPs), in particular, are attractive as visible labels for DNA detection schemes because 

of their unique physical and chemical properties. The large extinction coefficients of 

AuNPs
6
 make it possible to visually determine concentrations of AuNP-tagged DNA 

molecules in solution that are similar to those determined for fluorophore-labeled DNA 

by benchtop fluorescence instruments.
7
 On solid substrates, AuNP-labeled DNA can be 

observed directly at high surface concentrations, and autometallography at AuNP 

surfaces translates low surface concentrations of AuNP-tagged DNA into clearly visible, 

black spots.
8
 For all of these techniques, sequence-specific AuNP-DNA probes 

(analogous to the fluorescent oligonucleotide probes used in fluorescence assays) are 

relatively easy to construct from unmodified AuNPs and thiol-terminated 

oligonucleotides.
9-10

 

 Taking advantage of these properties, researchers have developed post-PCR 

colorimetric detection assays for specific DNA targets using AuNP-based sequence 

probes.
11-14

 In most of these assays, the AuNP-DNA probes were not included in the PCR 

step, and were only used after PCR amplicons were isolated from the PCR reaction. 

There have been a few reports in which AuNPs modified with thiolated oligonucleotide 

primers have been used in single-tube, solid-phase PCR.
15-19

 Other researchers,
14,20

 

however, have reported that standard PCR reactions are poisoned by including AuNP-

DNA conjugates made from thiolated oligonucleotides. We have previously reported that 

thiolated DNA does not stay bound to AuNP surfaces at the high temperatures
21-23

 or in 
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the presence of competing thiols
24-28

 that are common to PCR reactions, and this may be 

one reason why PCR reactions commonly fail with AuNP-bound primers. Monothiolated 

DNA is also known to degrade at high temperatures in the presence of AuNPs.
23,29-30

 

DNA polymerases adsorb and denature on AuNP surfaces,
31

 and this causes PCR 

enzymes to lose their activity when AuNPs are included in the PCR reaction. In principle, 

these issues might be addressed by changing the chemistry that connects oligonucleotide 

primers to the AuNP surface. Lee and coworkers have very recently reported that coating 

AuNPs with a silica shell,
32

 and then connecting DNA primers to this shell, allows the 

resulting ultra-stable AuNP-DNA conjugates to be used in single-tube colorimetric 

analysis of PCR.
14

 It is not clear, however, how much of the attached or PCR-amplified 

DNA survived this process, or how many bound primers participated in the PCR reaction. 

 We report that an alternative strategy for connecting DNA to AuNPs, using 

multivalent, oligothiolated poly(L-lysine)-graft-poly(ethylene glycol) (PLL-g-PEG) 

copolymers as extremely strong ligands for the AuNP surface, enables the resulting 

AuNP-DNA conjugates to be used directly and stably as primers in PCR reactions. In 

order to characterize the effect of AuNP surface chemistry on PCR priming, we have 

systematically investigated the relationship between AuNP-DNA conjugate structure and 

PCR conditions, and we have analyzed the AuNP-bound PCR products using gel 

electrophoresis, dynamic light scattering, and fluorescent spectrophotometry. Finally, we 

have developed a single-tube, magnetic-capture method that allows AuNP-DNA-primed 

PCR reactions to be read by visual inspection within five minutes. We hope that our 
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results may be used to develop novel DNA diagnostic assays and solid-phase DNA 

sequencing technologies using AuNPs as primer supports. 

 

3.2 Experimental Methods 

3.2.1 General 

Poly(L-lysine) trifluoroacetate (PLL11, Mn 2700) was purchased from Alamanda 

Polymers, Inc. (Huntsville, AL). Methoxy-poly(ethylene glycol)-succinimidyl 

carboxymethyl (mPEG-SCM, MW 2000) was purchased from Laysan Bio, Inc. (Arab, 

AL). N-succinimidyl 3-(2-pyridyldithio)-propionate (SPDP) was purchased from 

ProteoChem, Inc. (Denver, CO). Triethylamine (Et3N) was distilled from calcium hydride 

and methanesulfonyl chloride (MsCl) was distilled from P2O5. Oligonucleotides (ODN) 

were synthesized on an Expedite Nucleic Acid Synthesizer, using reagents from Glen 

Research (Sterling, VA). 5’-modified ODN with dibenzylcyclooctyne (DIBO) was 

synthesized as previously described. 5’-modified ODN with thiols and fluorescein were 

synthesized according to the manufacturer’s instruction (Glen Research, Sterling, VA). 

PCR reactions were conducted using AmpliTaq Gold DNA Polymerase (Applied 

Biosystems Inc., Grand Island, NY). Primers were designed to amplify nucleotides 7131-

7230 or 7131-7530 of the bacteriophage Lambda genome. SYBR Green I dye and 

Streptavidin coated magnetic beads (Dynabeads) were purchased from Invitrogen 

(Carlsbad, CA).
 
All other reagents were purchased from Aldrich (St. Louis, MO) unless 
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otherwise noted. Ultrapure water was generated from a Milli-Q water purification system 

(Millipore Inc.; Billerica, MA, R > 10 MΩ·cm). PD-10 desalting columns were 

purchased from GE Healthcare (Pittsburgh, PA). 
1
H NMR spectra were recorded on a 

Varian Unity (500 MHz) using solvent peaks as internal standards. Visible absorption 

spectra were obtained on a Hewlett-Packard 8453 UV-Vis spectrophotometer. The 

intensity (z)-averaged hydrodynamic diameter (dz) of AuNPs in solution was measured 

with a Nano ZS instrument (Malvern, Worcestershire, England). Fluorescence data were 

collected by a Quantamaster fluorimeter (PTI, London, Ontario; λex = 470 nm) using 

optical filters (FF01-492/SP-25 and BLP01-488R-25, Semrock) to eliminate scattered 

light. 

 

3.2.2 Synthesis 

 

Figure 3-1. Synthetic scheme of -amino -azido hetero functionalized PEG. 
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 Diazido PEG Synthesis. Diazido PEG was prepared from PEG diol (MW 2,000) 

according to a method similar to that described by Schwabacher et al.
33

 with the 

following modification. After PEG diol (50 g, 25 mmol) was dried by addition of 25 ml 

toluene and rotary evaporation, 120 ml of THF was added under N2, and MsCl (4.3 ml, 

56 mmol) then was added by a syringe. As the solution was cooled in an ice bath, Et3N 

(7.7 ml, 56 mmol) in 5 mL of THF was added dropwise. The ice bath was removed 1 h 

later and the solution was stirred for about 4 h. To the mixture was added 150 mL H2O, 

and the solution was cooled in an ice bath. Next, pH of the solution was adjusted to about 

8 by the addition of NaHCO3. NaN3 (3.4 g, 52 mmol) was added to the solution while the 

solution was stirred. After THF was distilled at 80°C, the mixture was refluxed for 36 h. 

The aqueous layer was extracted with ether/DCM mixture (1:1) five times, and each 

organic layer was washed with brine. The organic layer was dried over Na2SO2 and dried 

by rotary evaporation. Residual solvent was removed by evacuation. (yield : 31.5 g, 

50 %) 
1
H NMR (500 MHz, CDCl3, δ) 3.38 (t, CH2N3, J = 5.0 Hz), 3.47-3.78 (br s, 

CH2CH2O). 

 α-Amino ω-azido PEG synthesis. Reduction of diazido PEG (5 g, 2.5 mmol) in 

25 ml in THF/H2O (10:1) was done statistically by dropwise addition of 

triphenylphosphine (656 mg, 2.5 mmol) in 5 mol of THF for 24 h under N2. THF was 

distilled by rotary evaporation and 10 mL of H2O was added into the solution. The 

solution was kept at 4 °C overnight. White precipitates then were filtered. To the solution 

was added by one pellet of NaOH. The aqueous layer was extracted by CHCl3, and the 

organic layers were combined, dried over Na2SO4, and evaporated. The product was 
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purified by silica gel chromatography (DCM:methanol:NH4OH 10:1:0.1, Rf  = 0.2) to 

yield 0.95 g (19 %) after the elution of unreacted diazido PEG (Rf  = 0.5), and leaving 

diamino PEG (Rf  = ~0) in the silica gel. 
1
H NMR (500 MHz, CDCl3, δ) 2.86 (t, CH2NH2, 

J = 5.2 Hz), 3.38 (t, CH2N3, J = 5.0 Hz), 3.51 (t, CH2CH2NH2, J = 5.2 Hz), 3.47-3.78 (br 

s, CH2CH2O). 

 RP-HPLC analysis. RP-HPLC was used to confirm the purity of α-amino ω-

azido PEG because NMR analysis can not differentiate the desire product from the 

mixture of diamino and diazido PEG, according to a method similar to that described by 

Schwabacher et al. with the following modification.
33

 Diazido PEG (500 mg, 0.25 mmol) 

was reacted with TCEP·HCl (150 mg, 0.52 mmol) in H2O as a reference of diamino PEG. 

After 1 day, the pH was adjusted to about 10 by addition of 1 M NaOH. The product was 

extracted with CHCl3. The organic layers were combined, dried over Na2SO4, and 

evaporated. This product and the purified α-amino ω-azido PEG (20 mg) were reacted 

with benzyl chloroformate (28 µl and 14 μl, respectively) in 200 μL of THF and trace 

amounts of DIPEA overnight. After ninhydrin test showed negative indicating no amine 

left, the mixture was dialyzed by a 1,000 MWCO membrane in 1 L of H2O (three times) 

for 1 day. The product was analyzed by RP-HPLC (2:3 CH3CN:H2O with 0.05% 

CF3CO2H, 3 mL/min). The mixture from purified α-amino ω-azido PEG was eluted as 

one peak, while the mixture from diamino PEG showed a trace of carboxybenzylated α-

amino ω-azido PEG followed by carboxybenzylated diamino PEG. 

 NHS-ester-PEG-N3 synthesis. To the solution of di-(N-hydroxysuccinimidyl)-

suberate (552 mg, 1.5 mmol) in 16 ml of DMF/CHCl3 (1:15) was added α-amino ω-azido 
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PEG (300 mg, 0.15 mmol) in 5 ml of CHCl3 and 2 μl of DIPEA slowly by syringe (8 

ml/h) under N2. As the addition proceeded, cloud solution became clear. After stirring 

overnight, the solution was evaporated and added by small aliquot of CH2Cl2. The 

product was precipitated by addition into cold ether and filtered. The product was 

dissolved in CH2Cl2, filtered, and precipitated into cold ether (twice). The white product 

was characterized by NMR. 
1
H NMR (500 MHz, CDCl3, δ), 1.36 (m, CH2CH2CH2CONH, 

2H), 1.43 (m, CH2CH2CH2COO, 2H), 1.65 (m, CH2CH2CH2CONH, J = 7.5 Hz, 2H), 

1.75 (m, CH2CH2CH2COO, J = 7.5 Hz, 2H), 2.18 (t, CH2CH2CH2CONH, J = 7.5 Hz, 2H), 

2.60 (t, CH2CH2CH2COO, J = 7.4 Hz, 2H), 2.84 (br s, CO-CH2CH2-CO, 4H), 3.39 (t, 

CH2N3, J = 5.0 Hz, 2H), 3.45 (t, CONHCH2, J = 5.2 Hz, 2H), 3.55 (t, CONHCH2CH2O, J 

= 5.2 Hz, 2H), 3.47-3.84 (br s, CH2CH2O), 6.10 (br s, CONH, 1H). 

 PLL-g-[PEG-N3:SH] synthesis. To the solution of PLL (10 mg) in 200 μl 

DMSO and 10 μl DIPEA was added 25 mg of NHS-PEG-N3 in 500 μl THF. After 

shaking the solution for 2 h, the solution was added to 20 mg of SPDP and rinsed with 

100 μl of 1x PBS and 100 μl of DMSO. The solution was shaken vigorously overnight. 

The solution was dialyzed in 2,000 MWCO membrane tubes for 1 day in 1 L of H2O 

(three times). The product was lyophilized and redissolved in 500 μl of 1x PBS. To the 

solution was added 10 mg of DTT and shaken for 1 h. Then, the desired product was 

collected between 2 and 3 ml from PD-10 column using H2O as an eluent. After 

lyophilization, the product was characterized by NMR analysis similar to the method in 

chapter 2.
34

 The grafting ratios of PEG and SH were 0.29 and 0.53 using CH2N3 (δ = 

3.37) and CH2SH (δ = 2.75), respectively. 
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 Copper free click DNA conjugation on AuNPs. AuNPs were functionalized 

with oligonucleotide primers using oligothiol conjugated graft copolymers via copper 

free click chemistry between 5’-dibenzocyclooctyne-modified oligonucleotides and azide 

groups in the polymers.
35

 The solution of 5’-dibenzocyclooctyne-modified 

oligonucleotides (1.1 eq.) was mixed with the solution of PLL-g-[PEG-N3:SH] for 

overnight. Then, to the solution of AuNPs was added the mixture followed by stirring for 

1 h. The concentration of the mixture was brought to 10 mM phosphate buffer (0.15 M 

NaCl, pH 7.4). For annealed AuNPs after ~ 30 min, the solution in a glass vial was 

placed in a sand bath whose temperature was adjusted to ~ 90°C. The final concentration 

of NaCl and Tween20 was brought to 0.3 M and 0.01 %, respectively, 3 h later. The 

solution was incubated overnight.  To remove excess amounts of ligands, the solution 

was cooled and centrifuged in 1.5 ml tubes. The supernatant was discarded and the pellet 

was resuspended in 1.5 ml 0.01% Tween20. This was repeated three times. The solution 

was kept in 4 °C refrigerator. 

 

3.2.3 PCR conditions 

 PCR reactions were conducted using AmpliTaq Gold DNA Polymerase. Reagents 

were combined in 1X PCR buffer to target concentrations. 

 For experiments to determine whether AuNPs inhibit PCR or not, PCR samples 

contained 2.5 U/100 μL AmpliTaq Gold DNA polymerase, 2 μM of forward and reverse 

primers, 200 μM each dNTP, 1.5 mM MgCl2, 1X PCR buffer (10 mM Tris-HCl (pH 8.3) 
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and 50 mM KCl), 0.01% Tween20, 1 ng/100 μL bacteriophage Lambda DNA, and 

different concentration of AuNPs@citrate, HS-T20, HS-PEG-T20, and PLL-g-[PEG-

T20:SH] from 0 to 4 nM. The thermal cycling protocol involved initial heating at 95 °C 

for 5 min; then 30 cycles of 95 °C for 15 sec, 60 °C for 30 sec, and 72 °C for 45 sec; and 

finally 72 °C for 6 min. 

 For SP-PCR using graft copolymer stabilized AuNPs, PCR samples included 

constant concentrations of 80 nM forward primer, 5 μM reverse primer, 5 pM of 400 bp 

DNA template, 0.01 % Tween20, 1X PCR buffer (10 mM Tris-HCl (pH 8.3) and 50 mM 

KCl), and 1 nM AuNPs. The concentration of AmpliTaq Gold DNA polymerase and 

MgCl2 varied from 2.5 U/ 100 μL to 5 U/100 μL and from 1.5 mM to 4.5 mM, 

respectively. The same thermal cycling protocol was used as described above except 

number of thermal cycles, which varies from 30 to 50. 

 For colorimetric detection of SP-PCR using graft copolymer stabilized AuNPs, 

PCR samples included constant concentrations of 10 nM forward primer, 30 nM reverse 

primer, 1 ng/mL of Lambda DNA or 5 pM of 400 bp DNA template, 0.01 % Tween20, 

1X PCR buffer (10 mM Tris-HCl (pH 8.3) and 50 mM KCl), and 1 nM AuNPs (total 

volume: 50 μL). The reverse primers were 5’-biotin labeled for Dynabead conjugation, 

which led to color change with magnetic attraction. Control experiments were performed 

by excluding template or using 5’-OH normal reverse primers. The concentration of 

AmpliTaq Gold DNA polymerase and MgCl2 were 5 U / 100 μL and 4.5 mM, 

respectively. The thermal cycling protocol involved initial heating at 95 °C for 5 min; 
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then 30 cycles of 95 °C for 15 sec, 54 °C for 30 sec, and 72 °C for 75 sec; and finally 72 

°C for 6 min. 

 

3.2.4 SP-PCR characterizations 

 Agarose gel electrophoresis. PCR reactions were characterized by gel 

electrophoresis in 1.5% (PCR inhibition experiment) or 1.0% (SP-PCR experiments) 

agarose gel in 1X TBE. Wells were loaded with either 8 μL (PCR inhibition experiments) 

or 16 μL (SP-PCR experiment) of each PCR reaction, and the gel was electrophoresed for 

1 h at 100 V. Photographs of the gels were taken using a digital camera. The gels then 

were stained with 50 g/mL ethidium bromide (EtBr) for 10 min, and washed with ddH2O 

for 10 min, and imaged for EtBr fluorescence. 

 dsDNA characterization. dsDNA was characterized by DLS analysis and 

fluorescence using SYBR Green I. To extract AuNP-PCR from PCR mixture containing 

various chemicals, such as, DNA polymerase, dsDNA, primers, MgCl2, etc., the PCR 

reaction mixture was diluted with 1.5 mL of 10 mM TE (10 mM Tris, 1 mM EDTA, and 

0.01% Tween20, pH 7.5) and centrifuged at 7000 rpm (30 min). The supernatant was 

transferred into a new tube and centrifuged at 7000 rpm (30 min). After the supernatant 

was removed, all AuNP pellets were combined. This process was repeated once more 

with 10 mM TE (0.01% Tween20), twice with 1X TBE (0.01% Tween20). The 

concentration of AuNPs was determined by UV-Vis spectroscopy using the following 

equation; lnε = k lnD + a, where k = 3.32111 and a = 10.80505.
36

 The purified 
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AuNPs@dsDNA was used to determine the hydrodynamic size of the AuNPs by DLS 

analysis. The 0.1 nM of AuNP was incubated with 1X SYBR Green I and 10 mM KCN 

at 65°C (50 min) to etch the AuNPs. The fluorescent intensity was then measured and 

calibrated to standard curve to obtain the concentration of amplified dsDNA. 

 ssDNA characterization by DLS analysis and fluorescence using ODN-FAM. 

The purified AuNP@dsDNA was incubated with 1 mL of 0.1 M NaOH (0.01% 

Tween20) for 30 min. The mixture was then centrifuged at 7000 rpm (30 min). The 

supernatant was transferred into a new tube and centrifuged at 7000 rpm (30 min). After 

the supernatant was removed, all AuNP pellets were combined. This process was 

repeated once more with 0.01% Tween20, twice with 10 mM TE (0.01% Tween20). The 

concentration of AuNPs was determined by UV-Vis spectroscopy. The purified solution 

of AuNPs@ssDNA was used to determine the hydrodynamic size of AuNPs by DLS 

analysis. The solution of AuNP@ssDNA or AuNP@primer for control was then 

incubated with 20 nM of ODN-FAM in 10 mM TE (final volume 150 μL, Absorbance of 

AuNPs = 0.1 at λmax, 0.3 M NaCl, and 0.01% Tween20) overnight 50 °C using PCR 

machine after 15 sec pre-heating at 95°C. The samples were then centrifuged at 10,000 

rpm (20 min). The supernatant was transferred and centrifuged at 10,000 rpm (30 min). 

The combined AuNPs pellets were further purified by the same procedure using 10 mM 

TE (0.3 M NaCl and 0.01% Tween20) twice. The AuNPs were diluted in 10 mM TE (130 

μL, 0.3 M NaCl and 0.01% Tween20). The AuNPs hybridized ODN-FAM (100 μL) were 

then mixed with 100 mM KCN (10 μL), and the mixture was incubated at 65 
o
C for 50 m 
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to etch the AuNPs. The solutions were characterized by PTI fluorometer to measure the 

fluoresecent intensity of ODN-FAM. 

 

3.2.5 Colorimetric detection of AuNP SP-PCR 

 Streptavidin-coated Dynabeads solution (200 μL, 10 mg/mL) was mixed with 1 

mL 10 mM TE (0.01 % Tween20). After magnetic beads were settled down using a 

magnet, the supernatants were discarded. This was repeated three times more. After these 

washing, the beads were mixed with 100 μL of 10 mM TE (0.01% Tween20), which 

resulted in 20 mg/mL solution. 

 After SP-PCR using the AuNPs, the photographs of the tubes were taken using a 

digital camera and UV-Vis spectra were measured. The solutions were then mixed with 

15 μL of the washed Dynabeads solution and gently shaked for 5 min. Next, a magnet 

was placed on the bottom of the tubes to settle down the Dynabeads. The photographs of 

the tubes were taken and UV-Vis spectra were measured.  

 For waveguided optical analysis, 20 μL of the supertants from each tube was 

transferred into a 0.8 mm diameter capillary tube. The surface of the capillary tube was 

etched using commercially available glass-etching cream, which visualized the color of 

the solutions (1.2 cm etched surface, 1 cm non-etched surface, and 0.5 cm etched surface 

from the bottom). The tubes were placed in homemade dark room and white-light was 

illuminated from the top of the tubes. Photographs were then taken from the front of the 

tubes with and without a green optical filter made of green cellophane papers. 



  

 

6
6 

Table 3-1. PCR primers and probes sequences. 

Forward primer 5'- GAT GAG TTC GTG TCC GTA CAA CTG G - 3' 

Monothiol forward primer 5'- HS -(C6) - GAT GAG TTC GTG TCC GTA CAA CTG G - 3' 

Monothiol forward primer 5'- HS -(C6) - TTT TTT TTG ATG AGT TCG TGT CCG TAC AAC TGG - 3' 

DIBO tagged forward primer 5'- DIBO - GAT GAG TTC GTG TCC GTA CAA CTG G - 3' 

Reverse primer (400bp) 5'- CCC GGC AGC ACA AAT GCC ACA GGT T -3' 

Reverse primer (100bp) 5’- AGA CGG GCA ATC AGT TCA TCT TTC G –3’ 

Biotin tagged reverse primer 
(400bp) 

5'- biotin - CCC GGC AGC ACA AAT GCC ACA GGT T -3' 

Complementary FAM-ODN 5'- FAM - C CCG GCA GCA CAA ATG CCA C - 3' 

Noncomplementary FAM-ODN 5'- FAM - GG TTA TCG AAA TCA GCC ACA - 3' 

 

C
h

a
p

te
r 3

. O
lig

o
th

io
l g

ra
ft c

o
p
o

ly
m

e
r s

ta
b
iliz

e
d
 A

u
N

P
s
 fo

r S
P

-P
C

R
 



Chapter 3. Oligothiol graft copolymer stabilized AuNPs for SP-PCR 
 

 67 

3.3 Results and Discussion 

3.3.1 ODN functionalized AuNPs using oligothiol graft 

copolymer stabilizing ligands 

 The main goal of this study was to explore the relationship between multivalency 

of DNA surface ligands attached to AuNPs and the stability and utility of those ligands in 

PCR reactions. Previous work has shown that increasing ligand valency improves the 

stability of ligand-capped nanoparticles in general,
37

 and of AuNP-DNA conjugates in 

particular.
27,38

 Towards this aim, researchers have synthesized di- and tri-thiol modifier 

reagents for use in solid-phase oligonucleotide (ODN) synthesis, and then combined the 

resulting oligothiolated ODNs with AuNPs to form stable AuNP-ODN conjugates. We 

have previously attempted to use these conjugates in PCR reactions without success. In 

principle, this problem might be solved by attaching ODNs to AuNP surfaces via even 

more thiol groups. This hypothesis follows from our recent report that AuNPs survived 

harsh experimental conditions similar to those found in PCR when they were passivated 

with PLL-g-PEG graft copolymer ligands containing many thiols per polymer chain.
34

 To 

apply these polymers to AuNP-ODN construction, we attached the copolymer ligands to 

ODN molecules via a strain-promoted, copper-free “click” chemistry method we reported 

recently (Figure 3-2),
35

 to yield oligonucleotide-copolymer conjugates. PLL-g-PEG 

polymers containing both azide and thiol functional groups (PLL-g-[PEG-N3:SH]) were 

prepared by sequentially combining monodisperse poly(L-lysine) trifluoroacetate (PLL11, 

Mn 2700, PDI 1.1) with an azido-PEG-NHS ester (Mn 2000) and a protected thiol-NHS 
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ester (SPDP) in controlled ratios, followed by deprotection of the thiol groups. These 

azide-functionalized polymers were then combined with a 5’-dibenzocyclooctyne 

(DIBO)-modified ODN to yield multi-thiolated, oligonucleotide-grafted PLL. These 

polymers were then incubated for 3 d with 15-nm diameter, citrate-modified AuNPs to 

yield AuNP-DNA conjugates. Our previous work on graft-copolymer-modified AuNPs 

showed that particle suspensions were more stable if particles were incubated with 

polymer at 90 °C;
34

 in this work, we formed AuNP-DNA conjugates at both room 

temperature and at 90 °C, in order to perform the same analysis. The hypothesis of this 

study was that polymer-oligonucleotide constructs would remain more strongly attached 

to AuNPs during PCR reactions than oligonucleotides bound by just one or a few thiol 

groups. To help make this comparison, we also synthesized AuNPs modified with 5’-

monothiolated oligonucleotides using previously reported methods. 
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Figure 3-2. Schematic representation of AuNPs coated with ODN functionalized 

oligothiol graft copolymer.  
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3.3.2 PCR inhibition experiments 

 One requirement of the use of AuNP-ODN conjugates in PCR reactions is that 

they do not inhibit (or “poison”) the PCR reaction. Storhoff and coworkers reported that 

DNA-modified AuNPs can inhibit PCR even when the bound DNA is not directly 

involved in the PCR reaction.
20

 To test whether the AuNPs inhibited PCR through 

thermal cycles, AuNPs stabilized by T20 ODNs conjugated through either widely used 

mono-thiols or the graft copolymers were included in PCR. Figure 3-3 illustrated the 

mono-thiolated ODN (HS-T20) stabilized AuNPs inhibited the amplification reaction 

during PCR even in the low concentration of the AuNPs (0.2 nM). It showed more 

migration of AuNPs bands in gel electrophoresis than PCR negative AuNPs and the 

absence of target DNA bands in the ethidium bromide (EtBr) staining gel image. When 

PEG layers were incorporated between thiols and ODNs, complete inhibition was 

observed above 1 nM of AuNPs (Figure 3-3). When the inhibition occurred, the AuNPs 

band showed more migration similar to the HS-T20 stabilized AuNPs. In contrast, multi-

thiolated graft copolymers stabilized AuNPs had no effect on the PCR results even in the 

high concentration (4 nM). As a result, the positive DNA bands in EtBr staining gel 

image was observed as well as no migration changes of AuNPs bands before and after 

PCR (Figure 3-3). The Alivisatos group reported that further migration of DNA 

functionalized AuNPs resulted from lower DNA density on AuNPs.
39-40

  The faster 

migration from electrophoresis analysis suggested that mono-thiolated ODNs could be 

degraded or desorbed from surface of AuNPs during thermal PCR cycles and 

polymerases interacted with AuNP surfaces, which completely inhibited extension and 
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amplification of DNA. Although introduction of PEG layers could reduce the PCR 

inhibition below 1 nM of AuNPs, which might be come from thermodynamically 

unfavored desorption of PEG layer to the water at elevated temperature,
41

 the results 

suggested that AuNPs stabilized with mono-thiolated ODN was not suitable for 

colorimetric detection assays that required a certain concentration of AuNPs at which the 

color of solution should be distinguished by naked eyes. 

 

 

Figure 3-3. Agarose gel electrophoresis images of PCR inhibition experiments. After 

PCR was performed containing different concentrations of AuNPs that were stabilized by 

HS-T20, HS-PEG-T20, or PLL-g-[PEG-T20: SH], the PCR products were analyzed aragose 

gel electrophoresis. Top: Visible images corresponding to AuNP red-bands stabilized 

with (Left) HS-T20, (Middle) HS-PEG-T20, or (Right) PLL-g-[PEG-T20:SH]. Bottom: 

Fluorescence images corresponding to ethdium bromide staining 400bp DNA bands for 

AuNPs stabilized with (Left) HS-T20, (Middle) HS-PEG-T20, or (Right) PLL-g-[PEG-

T20:SH]. From left to right lanes, the concentration of AuNPs increases (0.2, 0.4, 1, 2, and 

4 nM). In no PCR lanes, AuNPs were not performed for PCR as negative control. 
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3.3.3 Solid phase PCR on AuNPs 

 There have been a few reports of incorporation AuNPs into PCR mixture
14,42-43

 as 

well as reports of using AuNP bound oligodeoxyribonucleotides (ODNs) as primers in 

PCR, which is called solid phase PCR (SP-PCR). This strategy has been attracted 

because they offer not only simple and rapid colorimetric detection without post-PCR 

instrumentation, but also further subsequent applications using immobilized amplicons. 

Particularly, immobilized amplicons via SP-PCR have been exploited for DNA cloning, 

high-throughput DNA sequencing, and protein identification and become popular and 

powerful tools for biotechnology.
44-48

  The SP-PCR on AuNPs have more advantages 

than other solid-phases, including a microbead,
44,46

 a flat surface,
49

 and a microtiter 

plate,
50

 due to features of AuNPs. The unique optical properties of AuNPs can be used as 

optical tags for bio-physics study using interparticle distance dependent plasmonic band 

shifts.
51-52

 In addition, nano-sized characteristics yield larger curvature on surface that 

can provide more space and employ denser genes on the unit surface area than micro-size 

particles or flat surfaces.
53

 Moreover, it may solve the limitation of SP-PCR caused by 

steric masking of primers to polymerases.
54-56

 In addition, nano-sized materials have 

more diffusive characteristic in the solution than microbead or flat surface, resulting in 

more efficient amplification via enzymatic reaction.
57

 Nonetheless, there are few reports 

in which AuNPs are used as solid-phase for PCR because of the imcompatibility of 

widely used AuNP-monothiolated DNA conjugates in PCR conditions, which leads to 

degradation and desorption of the DNA
23,29-30

 as well as the loss of DNA polymerase 

activity,
31

 as mentioned before.  
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 We believed that our graft copolymer stabilized AuNPs could overcome these 

problems and be successfully used as supports for PCR. In addition, the graft copolymer 

stabilized AuNPs did not affect on DNA polymerase activity from the PCR inhibition 

experiments, resulting in the target DNA synthesis. Therefore, we performed SP-PCR 

using the graft copolymer stabilized AuNPs on which forward primers were immobilized. 

It is reported that the efficiency of SP-PCR depends on the concentration of initial DNA 

template.
58

 As a result, SP-PCR frequently uses simultaneous amplification of the target 

DNA in the liquid phase and the solid phase.
46,59

 The amplified target DNA in the liquid 

phase increases the concentration of the DNA templates, which improves the efficiency 

of SP-PCR. We also included unbound forward primers in the PCR mixture for this 

strategy. 

 Thoughout SP-PCR, primers bound to AuNP surface are extended by DNA 

polymerase to have target DNA sequences without changing AuNP properties. As a 

result, AuNP amplicons should not only show intact AuNP optical properties (red color), 

but also have larger hydrodynamic size than that of AuNP-primers. Gel electrophoresis 

migration length was used to study the size change before and after SP-PCR.
39-40

 In 

addition, complementary characterization of the size change was performed using DLS, 

because the migration in gel electrophoresis is related to both size and charge of AuNP 

amplicons. We used DLS for this characterization because DLS analysis is related to the 

hydrodynamic size of suspensions, not the charge in most cases.
60-61

 Furthermore, 

amplified double strand DNA (dsDNA) from positive SP-PCR was quantified using 

fluorescent DNA intercalating dyes, which have fluorescence in the presence of 
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dsDNAs.
62

 To avoid false indication that would be caused by the hybridization between 

the immobilized primers and the amplified single strand DNA (ssDNA) in the liquid 

phase, the dsDNA bound to AuNPs was denaturated by basic solution, and the resulting 

ssDNA on AuNP surfaces was analyzed. We used DLS based size change from the stiff 

dsDNA to the flexible ssDNA for this purpose. Moreover, to know whether target DNA 

was amplified on the AuNP surfaces, we used complementary ODN probes bearing 

fluorophores and characterized the fluorescence of the hybridized complementary ODN 

probes (Figure 3-4). 
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Figure 3-4. Schematic illustration of AuNP-ssDNA characterization using fluorophore 

tagged complementary ODN probes. dsDNA on the AuNP-amplicons is denaturated by 

basic solution, resulting in immobilized ssDNA. FAM-ODN probes containing 

complementary sequence to the immobilized ssDNA are mixed with the AuNP-ssDNA. 

When the FAM-ODNs are hybridized, the fluorescence is quenched due to FRET by 

AuNPs. After purification of the solution to remove excees amount of free FAM-ODNs, 

the AuNPs are etched to turn on the fluorescence that is measured by a fluorometer. 
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Figure 3-5. Schematic demonstrations of AuNPs stabilized by different types of thiol 

primers; Au@HS-ODN. monothiol primer, Au@HS-T8-ODN. monothiol T8 primers, 

Au@HS-PEG-ODN. monothiol PEGylated primers, and Au@PLL-g-[PEG-ODN:SH]. 

oligothiol graft copolymers conjugated with primers 

 

 We performed SP-PCR on AuNPs (1 nM) surfaces that were attached to different 

types of thiol primers, including monothiol primers (Au@HS-ODN), monothiol T8 

primers (Au@HS-T8-ODN) in which T8 spacers had similar molecular weight (2,400 g 

mol
-1

) to that of PEG layer (2,000 g mol
-1

), monothiol PEGylated primers (Au@HS-

PEG-ODN) and oligothiol graft copolymers conjugated with primers (Au@PLL-g-[PEG-

ODN:SH]) (Figure 3-5). The PCR amplicons were analyzed by gel electrophoresis to 

characterize the target DNA amplification in the liquid phase and the solid phase (Figure 

3-6A). Electrophoretic patterns of the red AuNP bands showed all monothiol stabilized 

AuNPs had more migration after SP-PCR. In addition, these AuNPs did not produce the 
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target DNA in the liquid phase from the EtBr staining image. In contrast, Au@PLL-g-

[PEG-ODN:SH] not only showed a different electrophoretic pattern after PCR, that is, 

less migration AuNP bands, but also produced the target DNA in the EtBr staining image. 

These results indicate that only Au@PLL-g-[PEG-ODN:SH] yielded the positive SP-

PCR in both liquid phase and solid phase because the less migration of AuNP bands is an 

evidence of the denser DNA layers on the AuNPs, which is similar to the previous PCR 

inhibition experiments. Compared to the previous PCR inhibition experiments, the 

incorporation of PEG layer in monothiol ODNs (Au@HS-PEG-ODN) resulted in the 

negative PCR result even in 1 nM of AuNPs, at which concentration partial target DNAs 

were amplified in the previous PCR inhibition experiments. We believed that the primer 

directed the DNA polymerase located proximal to the surface of AuNPs. As a result, the 

DNA polymerase interacted with the AuNPs surface, was deactivated, and led to 

complete PCR inhibition. 

 The AuNP-amplicons were further characterized by size change and fluorescent 

DNA intercalating dyes (SYBR green I) (Figure 3-6B). Intensity-averaged hydrodynamic 

diameter (dz) of AuNP-amplicons was measured using DLS after removal of excess PCR 

reagents that might cause false results. The purified AuNP-amplicons showed consistent 

results from DLS analysis. All monothiol stabilized AuNPs did not show any distinct size 

change after SP-PCR, whereas Au@PLL-g-[PEG-ODN:SH] provided significant 

increase of dz from 49 to 80~115 nm in a diameter, depending on PCR conditions 

(discussed later). Similarly, the amounts of immobilized dsDNA, quantified using SYBR 

green I that has green fluorescence in the presence of dsDNA after AuNPs etching, 
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significantly increased only in the case of Au@PLL-g-[PEG-ODN:SH]. These 

observations suggested that monothiol ligands were not suitable under PCR conditions. 

 

Figure 3-6. (A) Agarose gel electrophoresis images of bright field (Left) and EtBr 

staining (Right) of AuNP-amplicons after 30 thermal PCR cycles with 4.5 mM of MgCl2 

and 0.025 U/L of DNA polymerase. Top legends include AuNP solid supports with 

different types of primers. (B) Fluorescence intensity of the intercalated SYBR green I 

with the amplified dsDNA on the AuNPs and intensity-averaged hydrodynamic size (dz) 

of the AuNP-amplicons before and after SP-PCR varying the concentration of MaCl2 (1.5 

and 4.5 mM) and DNA polymerase (0.025 to 0.050 U/L). 

 

 PCR efficiency relies on the concentrations of MgCl2 and DNA polymerase.
1,63

 

Thus, the concentrations of MgCl2 and DNA polymerase varied from 1.5 mM to 4.5 mM 

and 0.025 U/L to 0.050 U/L, respectively, to optimize PCR conditions (Figure 3-6B). 

Similar to the previous SP-PCR, all monothiol stabilized AuNPs resulted in the negative 

SP-PCR due to little change of the fluorescent intensity and the size. On the other hand, 
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Au@PLL-g-[PEG-ODN:SH] yieled increasing amounts of the immobilized dsDNA as 

the concentration of polymerase MgCl2 and DNA polymerase increased. For example, 

the amount of the immobilized dsDNA increased by 2.3 times more when the 

concentration of MgCl2 was tripled from 1.5 to 4.5 mM, based on the fluorescence 

intensity of intercalated SYBR green I dyes. Doubling the concentration of DNA 

polymerase (0.025 to 0.050 U/L) produced 1.5 times higher fluorescent intensity with 

constant concentration of MgCl2 (4.5 mM). DLS analysis also showed consistent results; 

the size of AuNP-amplicons was increased from 81 to 102 nm with three times more 

concentration of  MgCl2, and 102 to 115 nm with doubled amounts of DNA polymerase.  

 Furthermore, increasing the number of thermal cycles produced more 

immobilized target dsDNA. For instance, with 4.5 mM MgCl2 and 0.050 U/L DNA 

polymerase, 50 of thermal cycles produced 28.1 strands of the immobilized dsDNA per 

one AuNP and larger AuNPs (dz 138 nm, Figure 3-7C), whereas 30 of thermal cycles 

generated 11.5 strands and 115 nm of dz. Moreover, when the template length decreased 

from 400 bp to 100 bp (30 cycles, 4.5 mM MgCl2, and 0.050 U/L DNA polymerase), 

the number of the immobilized target dsDNA increased from 11.5 to 36.4 using SYBR 

green I quantification method, presumably, because the smaller size of the target DNA 

led to less crowding on the solid surface. By the way, the smaller size of 100 bp showed 

further migration in gel electrophoresis and smaller dz (92.4 nm) by DLS (Figure 3-7A 

and C). 
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Figure 3-7. (A) Agarose gel electrophoretic patterns of the AuNP-amplicons after SP-

PCR using different length of templates: 400 bp (left lane) and 100 bp (right lane). The 

middle lane included Au@PLL-g-[PEG-ODN:SH] without SP-PCR for comparison. (B) 

Fluorescent intensity of complementary (black solid line) and non-complementary (red 

dot line) FAM-ODNs that were incubated with the denaturated AuNP-amplicons, after 

AuNP etching with KCN. (C) Size change of AuNP-amplicons depending on target DNA 

size and number of thermal cycles, measured by DLS. 

 

 In order to know whether these results come from the positive SP-PCR rather than 

the false characterization, which might be caused by the hybridization between the 

forward immobilized primers and the reverse target ssDNA, we characterized the 

immobilized ssDNA after denaturation of the immobilized dsDNA. First, we used DLS to 

monitor the size change, because ssDNA has a flexible conformation that leads to 
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decrease of dz, compared to a stiff dsDNA.
64

 The size of AuNP-amplicons decreased 

from 118.9 to 80.5 nm for the 400 bp target DNA and 92.4 to 73.6 nm for the 100 bp 

target DNA (Figure 3-7C). These values were still larger than that of Au@PLL-g-[PEG-

ODN:SH] (49.5 nm), suggesting primer extension on the AuNP surface rather than 

hybridization between the immobilized primers and the reverse ssDNA. Furthermore, in 

order to determine the presence of proper sequences, either complementary or non-

complementary fluorescein modified ODN probes (FAM-ODN) were incubated with the 

immobilized ssDNA (Figure 3-4). The complementary ODN-FAM resulted in much 

higher fluorescent intensity due to sequence specific hybridization, whereas the non-

complementary FAM-ODN showed negligible fluorescence, which indicated the proper 

target sequence amplification through SP-PCR (Figure 3-7B). 

 

3.3.4 Digitalized DNA diagnostic assay through SP-PCR 

 Next, we developed a rapid and facile DNA diagnostic assay through the color 

change of AuNP-amplicons from red to colorless in a single PCR tube. First, we tried to 

use hybridization between the immobilized ssDNA of AuNP-amplicons, which were 

generated through the denaturation and purification steps of the immobilized dsDNA as 

discussed before, and the complementary ODN tethered to magnetic nanoparticles. 

However, the hybridization was slow and it required additional efforts for the 

denaturation and purification steps. Instead, we designed a novel system in which faster 

DNA detection could be achieved without any additional efforts other than simple mixing 
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of magnetic beads, followed by magnetic attraction (Figure 3-8A). We chosen a 

conjugation reaction between streptavidin-biotin because its reaction rate is faster (kb = 

10
6
~10

7
 M

-1
s

-1
)
65

 than that of DNA-DNA hybridization (kb = 10
4
~10

5
 M

-1
s

-1
).

66
 For this 

purpose, the reverse primers are tagged with biotin groups that lead to biotin tagged 

AuNP-amplicons thoughout SP-PCR. After SP-PCR, the PCR mixture is mixed with 

streptavidin-coated magnetic beads to capture biotin tagged AuNP-amplicons using the 

magnetic beads. As a result, when a magnet is placed on the bottom of the PCR tube, the 

AuNP-amplicons-magentic beads are settled down, generating disappearance of red color 

in the solution. In contrast, if target DNA templates are not present in the SP-PCR 

mixture, there is no extension of the bound primers as well as no biotin tagging on the 

AuNPs. Thus, magnetic attraction does not induce any color change in the SP-PCR 

solution.  

 As the proof-of-concept, we performed SP-PCR containing 1 nM of AuNP-

primers and 30 nM of biotin tagged reverse primers whose concentration was reduced 

compared to the previous SP-PCR conditions because higher concentrations require more 

amounts of streptavidin-coated magnetic beads. After SP-PCR with and without target 

DNA, the AuNP-amplicons were mixed with the magnetic beads for five minutes in 

which any purification of the AuNP-amplicons was not performed. When the target DNA 

was present the color of the solution disappeared after magnetic attraction, whereas when 

the target DNA was absent the color was retained as red (Figure 3-8B). These 

observations indicated that the color change came from the streptavidin-biotin 

conjugation as a consequence of positive SP-PCR. The magnetic beads can be included 
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before SP-PCR at the cap and stayed on the cap by the surface tension of the solution, or 

can be added after PCR. If the magnetic beads were included prior to SP-PCR, capturing 

biotinylated AuNP-amplicons showed less efficiency, presumably, because of the partial 

denaturation of streptavidin at high temperature.
67

 Nonetheless, the color change was 

clear enough for the colorimetric detection by eye examination. 

 Furthermore, when normal reverse primers (5’-OH) were replaced for biotin 

tagged primers, the magnetic attraction did not induce color change, meaning that the 

color change solely relies on streptavidin-biotin conjugation rather than non-specific 

absorption of AuNP-amplicons to the magnetic beads. This control experiment also 

confirmed that the chelation of ssDNA via magnesium ion bridges did not occur during 

the conjugation. For further characterization, the supernatant was discarded and the 

pellets were washed, followed by addition of denaturation basic solution. The conjugated 

AuNP-amplicons with the magnetic beads were recovered due to the denaturation of 

double helix, recovering red color (Figure 3-8B). It also proved that SP-PCR led to 

enzymatic synthesis of the target dsDNA on AuNP surface.  

 Next, we enhanced the color of the solution using waveguided optical analysis. 

The small volume of the solution (20 μL) was placed in capillary tubes (0.8 mm 

diameter) whose glass surfaces were etched to scatter the light and visualize color of the 

scattered light. When light goes through the capillary tube from top to bottom, the 

increase of light path length provides more extinction of light, resulting in enhanced red 

color compared to light illumination at right angle to the capillary tubes (Figure 3-8C). 

Moreover, the color was readily translated into digitalized signals (0 and 1), using a green 
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optical filter that removed red color. As a result, the positive SP-PCR generated green 

color for 1 signal, whereas the negative SP-PCR did not show any color for 0 signal 

(Figure 3-8C). The digitalized AuNP-PCR could be extended to a massive and rapid 

DNA diagnostic assay if automated systems were developed by reading 1 and 0 signals 

for positive and negative of target DNA presence, respectively. 
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Figure 3-8. (A) Schematic diagram of colorimetric detection of SP-PCR on AuNPs. 

When target DNA exists, AuNP-amplicons are tagged with biotin thoughout SP-PCR. 

The biotin tagged AuNP-amplicons are then captured by streptavidin-coated magnetic 

beads. When magnetic field applied, the captured AuNPs are settled down, providing 

color change from red to colorless. On the other hand, if the target sequence is absent, 

AuNPs do not have biotin tags, resulting in the retention of red color. (B) Experimental 

results of (A). The presence of target DNA in SP-PCR mixture induced color change 
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from red to colorless, which was distinguishable by eye examination. On the other hand, 

the red color was retained when target DNA was not present in SP-PCR conditions. (C) 

Photographs of AuNP-amplicons in capillary tubes after magnetic attraction in (B). (Top) 

Light was illuminated at right angle to the tubes. (Middle) Waveguided light illumination 

was used through capillary tube from top to bottom. (Bottom) Digitalized images of 

waveguided light color using green optical filter. Negative SP-PCR showed dark for 0 

signal, whereas positive SP-PCR had green color for 1 signal. 
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3.4 Summary 

 We described solid phase PCR using immobilized primers on AuNPs, and 

investigated primer extension and amplification using different types of ligands. The 

positive SP-PCR was achieved and characterized when thermally stabilized AuNPs by 

oligothiol graft copolymers. In addition, the stabilized AuNPs were used to develop a 

facile and rapid DNA diagnostic assay based on color change without any additional 

analysis other than eye examination. It should be noted that the virtue of this assay is that 

it requires a few minutes for DNA diagnosis without any tedious or expensive 

instrumental analysis and a skilled technician. Moreover, we developed a cheap process 

for digitalized data extraction from the AuNP SP-PCR, which might be applied to an 

automated massive DNA diagnostic platform. The stable AuNPs for PCR could be 

expanded to other PCR based technologies, including DNA mapping, single-nucleotide 

polymorphism analysis, and generic disease diagnostics. Furthermore, the nano-sized 

AuNP amplicons could be one of the promising SP-PCR solid substrates for the next 

generation DNA sequencing platforms using hybridization sequencing method. It should 

be noted that AuNP amplicons may offer an alternative approach to reduce the DNA 

translocation speed for currently developed nanopore based a DNA sequencing 

technology. 
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Chapter 4. Bioorthogonal, Chemically 

Cleavable -Azido Ether. 

 

4.1 Degradable material and cleavable linker 

 Degradable material is a material that disintegrates under certain conditions, 

including environmental conditions, light illumination, and specific chemical triggers, 

with a reasonable and demonstrable timescale.
1
 Scientific and technological demand for 

degradable materials has increased to improve human life by preserving our 

environment
2
 and health.

3-4
 As a consequence, degradable materials have played an 

important role as eco-friend biodegradable plastics that can minimize damage to our 

environment,
2
 degradable biological media for analytical and fundamental studies to 

understand biological functions,
5-6

 and biocompatible and healing materials for 

biomedical applications.
3,7

 Degradable materials can be made from inorganic and organic 

materials based on natural origin or man-made synthetic sources. There are many 

degradable inorganic materials, such as, porous calcium phosphates,
8
 silica,

9
 metal-

organic frameworks,
10

 and organic materials based on natural sources like gelatin.
11

 This 

thesis mainly focuses on degradable organic materials from synthetic polymers, 

especially, in biological applications. 

 The degradation mechanism of synthetic polymeric materials solely depends on 

the chemical characteristics of the cleavable linker that makes up the material. In other 
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words, the cleavable linker determines what conditions act as cues to disintegrate the 

material.
12

 For example, because an ester functional group can be hydrolyzed to acid and 

alcohol, degradable materials composed of esters decompose in the presence of water.
7,13

 

Likewise, a hydrogel having a disulfide crosslinker can be dissolved by the addition of 

mild reducing reagents like thiol species to break the disulfide crosslinker.
14

 

 The cues to trigger cleavage can be categorized based on where they exist; inside 

an organism or outside the body; endogenous sources (water,
7,13

 enzyme,
15

 and 

biologically abundant chemicals
12

) and exogenous sources (light
6,16

 and biologically rare 

chemicals
12,17-21

). In addition, the interaction between a cleavable linker and its triggers 

varies in terms of reaction conditions and cleavage kinetics. Both the origin of triggers 

and the cleavage interactions determine applications of cleavable linkers and degradable 

materials. For instance, water is the most abundant source in our bodies and ester 

hydrolysis is very slow in the absence of a catalyst.
13

 Consequently, ester linkers have 

been incorporated into biodegradable fixation devices, including resorbable pins, screws, 

and plates, which need slow degradation until the defect is healed.
7
 Light labile linkers 

have been utilized to make 3D-patterns in a hydrogel
22

 or manipulate physical strength of 

a hydrogel
6,23

 because light can penetrate a transparent media to trigger the cleavage of 

the linker. 

 Many degradable materials have been developed to degrade based on the 

endogenous sources in biological applications. Although these materials have advantages 

like natural degradation without injecting triggers, they often have disadvantages in terms 

of degradation control after implementation, especially, in in vivo applications. On the 
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other hand, degradable materials that degrade on exposure to exogenous sources can have 

benefits in terms of degradation control after implementation by manipulating the 

external triggers. Thus, it is possible to make a specific pattern by post-degradation 

control using exogenous light source within demonstrable timescale.
23

 However, 

degrading materials by exogenous chemical triggers have not been well-developed. We 

believe that the materials which degrade by exogenous chemical triggers would be 

suitable for various applications, such as, a degradable polymeric network for cell-culture 

media and a degradable polymer for biomedical devices and drug delivery. 

 The rest of this thesis deals with the investigation of a linker that can be cleaved 

by exogenous chemicals, a degradable polymeric material comprised of the linker, and its 

application to biological technology. The chemistry of the degradable material is based 

on the -azido ether functional group and its cleavage triggers, such as, phosphine and 

dithiol.  It will be shown how stable the cleavable linker is without the cleavage triggers 

and how rapid the cleavage reaction occurs in the presence of the triggers. Next, the -

azido ether is incorporated into a crosslinked polymeric network of a polyacrylamide 

hydrogel that is one of the most widely used supports in gel electrophoresis.
24

 The 

degradation of hydrogel with the cleavage triggers will be explored to show how an 

exogenous chemically cleavable linker can be associated with biological technology. This 

chapter gives a brief background about cleavable linkers and their applications, followed 

by polyacrylamide gel electrophoresis. 
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Figure 4-1. Cleavable linkers in biological applications. (Top) Linkers that can be 

cleaved by endogenous sources, such as, water, enzyme and biologically abundant 

chemicals. (Bottom) Linkers that can be cleaved by exogenous sources, such as, light and 

biologically rare chemicals. 
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4.2 Cleavable linkers and its applications 

4.2.1 Cleavage by endogenous source 

 Hydrolytic cleavage. One of the widely used cleavable linkers by endogenous 

triggers involves a hydrolytic mechanism; water attacks the cleavable linker to break the 

bond with or without a catalyst.  

 Ester is a representative linker that is cleaved through hydrolysis. The cleavage 

reaction rate is too slow without a catalyst like a base. In in vitro applications, it has been 

utilized in solid-phase biological molecule synthesis in peptides and nucleic acids. 

Merrifield first chemically synthesized a peptide chain via stepwise additions of an amino 

acid monomer to a chain on a crosslinked polystyrene resin and removed the synthesized 

peptide from the resin using base catalyzed hydrolysis of an ester linker, which brought a 

Nobel Prize award to him.
25

 Later, nucleic acids were chemically synthesized via a 

similar concept using ester cleavage from a controlled pore glass support.
26

 This linker 

has become a standard cleavable linker in the solid-phase synthesis until now. In in vivo 

applications, the ester has played an essential role with its slow reaction rate
13

 in 

biodegradable polymers, such as, poly(lactic acid) (PLA), poly-glycolic acid (PGA), 

poly-caprolactone (PCL), polyhydroxylalkanoate (PHA), and their copolymers.
2-3,7

 For 

example, PLA has been studied as a suitable bioadsorbable material for a fixation device 

being a replacement for a metallic device because of its long retention of strength, 

biocompatibility, and slow biodegradability, which promise no secondary surgery after 

fixation.
7
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 In contrast to slow hydrolysis of ester in the absence of base catalyst, acid 

catalyzed rapid hydrolysis has been utilized in various linkers, such as, p-alkoxybenzyl 

alcohol,
27

 silyl ether,
28

 orthoester,
29

 acetal,
30-31

 ketal,
32

 hydrazone,
33

 and so on.
12,34

 

Similar to the ester, the acid catalyzed hydrolysis was applied to solid-phase synthesis for 

in vitro biological molecule synthesis through the cleavage of p-alkoxybenzyl alcohol 

developed by Wang.
27

 On the other hand, the acid-labile linkers have been actively 

studied for a pH responsive drug delivery system. Because there are pH gradients in in 

vivo system (i.e. tumors: pH 5.7 to 7.8), pH sensitive biomaterials containing acidic labile 

cleavable linkers have been investigated for drug delivery to tumors.
31,34

 For example, 

Griset et al. showed that the anticancer drug, paclitaxel, was released effectively and 

inhibited the growth of LLC tumors in C57B1/6 mice by acidic catalyzed cleavage of 

acetal groups, which induced hydrophobic to hydrophilic transformation, swelled 

crosslinked nanoparticles, and released the drugs.
31

 

 Enzymes mediated cleavage. Because enzymatic cleavage is highly selective and 

efficient to a specific peptide sequence and is performed under mild conditions, enzymes 

have been integrated into cleavable linkers in in vitro and in vivo applications.
4,12,15,35-37

 

For in vitro applications, a specific peptide sequence like ENLYFQG was used as a 

cleavable linker, which could be cleaved by a tobacco etch virus protease (TEV). Speers 

et al. developed a probe containing the ENLYFQG sequence and cleaved the sequence by 

TEV to analyze samples by mass spec and identify the sites where the probe recognized 

the protein.
35

 For in vivo applications, enzymatic cleavable linkers were incorporated into 

a degradable hydrogel in which growth factors were released by enzymatic cleavage to 
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regenerate tissues in rats.
37

 Moreover, dendrimeric nanoparticles containing PLGLAG 

cleavable linkers were used to image fluorescence Cy5 and Gd-DOTA MRI probes for 

tumors in animals, in which matrix metalloproteinase (MMP) cleaved the sequence 

during the tumor invasion and metastasis process.
38

  

 Chemically triggered cleavage. Chemicals that are biologically abundant can be 

a source to trigger cleavage. One of the most studied endogenous chemical triggers is a 

thiol because it is biocompatible and often associated with disease,
39

 which has been used 

to design a targeted imaging agent
40

 and drug delivery system.
41

 Although there are a few 

linkers (i.e. nitrobenzenesulfonamide
42

 and thiolphenylester
43

) that can be broken by the 

thiol trigger, a disulfide bridge has been widely explored; because it is naturally occurring 

to reserve a protein structure indicating biocompatibility; its synthesis is simple; and its 

cleavage is rapid in mild conditions.
12,44

 As a result, the disulfide has been utilized as a 

linker for catch-and-release regents to analyze proteins in in vitro application.
45

 

Moreover, small interfering RNA (siRNA) was conjugated with cholesterol via a 

disulfide linker to deliver the siRNA to cells in the brain and show efficient gene 

knockdown using animal subjects.
46

 Nonetheless, the disulfide linker is often restricted 

due to its instability. Since the cleavage occurs through rapid thiol exchange reaction,
44

 

biologically abundant thiols (i.e. cysteine amino acid) can lead to non-specific cleavage.
12
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4.2.2 Cleavage by exogenous source 

 Cleavage can be triggered by exogenous sources, such as, light illumination and 

chemicals. These linkers have benefits compared to the endogenous triggered linkers 

because its cleavage can be controllable by changing exposure time and concentration of 

triggers.  

 Light driven cleavage. Light driven cleavage has been extensively used in many 

applications, such as, organic synthesis, photolithography, coating industry, and photo-

switching.
16,47

 Recently, these photolabile linkers have been incorporated into biological 

applications because of their excellent temporal and spatial control. For example, Luo et 

al. created biochemical channels in a photodegradable hydrogel by UV-light illumination 

with spatial control to cleave the photolabile linkers and generate reactive sulphydryl 

groups in which biological molecules were conjugated to the channels.
22

 Later, Anseth 

group incorporated a nitobenzyl ether crosslinker, which was cleaved under 365 nm light, 

into a hydrogel.
6,23

 The hydrogel was used for an in vitro cell encapsulation platform and 

its properties were tuned by photo-cleavage. Vivero-Escoto et al. used photolabile groups 

to change surface charges from positive to negative to induce the release of anticancer 

drugs inside of human cells.
48

 Nonetheless, use of photo-cleavable linker is often limited 

because of potential damage to biological components
49

 and the penetration depth of 

light.
50-51

 We believe that these facts presumably are the reason why there are only a few 

reports about the use of photolabile linkers inside a living organism: transparent zebrafish 

embryos in which photolabile protecting groups were released by light illumination to 

control concentration of biological components,
52-53

 and bioluminescence imaging in 
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living mice through photo-cleavage by nanoparticle guided photon upconversion from 

near-IR to UV to overcome the issue of penetration depth.
51

 

 Chemically triggered cleavage. There are a few linkers that can be cleaved by 

exogenous chemical triggers in biological applications, including 1,2-diol and sodium 

periodate (NaIO4) trigger,
17

 azo and sodium dithionite (Na2S2O4) trigger,
18,54

 and azide 

and reducing reagents (phosphines or dithiols) in Staudinger ligation
19

 and -azido 

ether.
20-21,55-58

 Because NaIO4 can damage biological molecules like RNA
59

 and Na2S2O4 

is decomposed in physiological conditions,
60

 1,2-diol and azo linkers are not used in 

living organism. On the other hand, the azide reduction can be used for in vitro and in 

vivo applications because its chemical reaction is biocompatible and bioorthogonal. 

 The azide reduction chemistry has initiated “bioorthogonal chemistry”, which 

means “a chemical reaction that neither interacts with nor interferes with a biological 

system”,
61-62

 because azide is a non-naturally occurring functional group and the 

concentration of its triggers are too low for the azide reduction.
63

 As a result, the azide 

reduction has played an important role in in vitro and in vivo bioconjugation methods 

through Staudinger ligation. Although the main purpose of Staudinger ligation is to 

connect two entities through an amide bond, there is one example, to the best of my 

knowledge, in which Bertozzi group expanded the Staudinger ligation to cleave a 

quencher moiety and turn on fluorophore for live cell imaging.
19

 However, nowadays, the 

Staudinger ligation has been replaced with azide-alkyne click chemistry due to its slow 

reaction rate.
61,64
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 Chemical triggered cleavage of -azido ether has been utilized in DNA 

sequencing technology
20

 and DNA detection platform,
21,55-58

 and played an essential role 

in the next generation sequencing technology in the market.
65

 For example, in the DNA 

sequencing technology, a fluorophore/-azido ether/DNA monomer was incorporated 

into a polymerase enzymatic reaction. The fluorescence color of the hybridized DNA 

monomer into DNA template was detected to determine DNA sequence. -Azido ether 

was then chemically cleaved by reaction with TCEP at 60 
o
C to generate reactive –OH 

group for the next reacton. This cycle was repeated until the DNA sequence reading was 

completed.
20

 The same -azido ether chemistry was used for complementary DNA 

detection by the Kool group.
21

 In this case, when a quencher bearing -azido ether and 

phosphine functionalized DNA were hybridized with a template DNA, -azido ether was 

located proximal to the phosphine group and cleaved to turn-on fluorescence, which 

resulted in complementary DNA detection.  

 In contrast to the Staudinger ligation, the cleavage kinetics of the -azido ether 

chemistry has not been studied yet. Although its cleavage mechanism is similar to that of 

the Staudinger ligation,
64

 the different chemical structure of -azido ether, which bears 

electronegative O adjacent to azido group, could lead to faster reaction rate. Moreover, 

because its chemistry is bioorthogonal the -azido ether chemistry can hold a promise for 

a novel means of degrading materials without changing biological systems and with 

excellent control by addition of chemical triggers. This thesis will show the chemistry of 

-azido ether and its cleavage to find out optimized cleavage conditions. Also, its 
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integration into a degradable material will be shown using a polyacrylamide hydrogel as 

the first step toward various in vitro and in vivo applications. 

 

4.3 Polyacrylamide gel electrophoresis (PAGE) 

4.3.1 Basic principles 

 After the discovery of electrophoresis in biological molecules by Tiselius in 

1937,
66

 electrophoresis has played essential roles as one of the most ubiquitous, versatile, 

and powerful tools in biological technology. Historically, the incorporation of starch gel 

matrix into the electrophoresis initiated a gel electrophoresis by Smithies in 1955.
67

 In 

1959, Raymond and Weintraub used a commercial gel matrix called Cyanogum 41 that 

was crosslinked polyacrylamide (PAAm) gel and showed electrophoretic patterns of 

serum albumin and hemoglobin.
68

 After this seminal report, PAAm gel has become one 

of the ideal matrixes for the electrophoresis and developed many gel electrophoresis 

methods, such as, DNA/RNA PAGE,
69

 IEF PAGE,
70

 SDS-PAGE,
71

 and 2D-PAGE.
72

 

 Polyacrylamide (PAAm) gel is synthesized by a free radical polymerization of 

acrylamide monomers and crosslinker called Bis (N,N’-methylene bisacrylamide) using 

APS/TEMED catalyst system in aqueous solution. PAAm gel has served an ideal matrix 

in gel electrophoresis because of its inertness to biological samples and stains, stability to 

pH and a wide range of ionic strengths, charge-free supports, transparency, and strength 

to be thin gels.
68,73-74

 More importantly, PAAm is a synthetic matrix allowing 
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reproducibility, various pore sizes by changing concentration of monomers and 

crosslinker, and additional functionality by modification of crosslinkers
5
 or 

copolymerization with chemically modified acrylamide monomers.
75-76

 

 Biological samples of interests migrate through pores in PAAm gel under applied 

electric potential based on their charge, size, and shape.
73-74

 Varying the concentration of 

monomers and crosslinkers changes the pore size that determines the degree of the 

migration retardation. Velocity of the samples is then simply determined by the balance 

between the electrophoretic migrating force and the retardation caused by molecular 

sieving effect. As a result, biological molecules are separated based on their own 

electrophoretic migration velocity. When biological molecules have the same charge-to-

mass ratio (i.e. nucleic acid, SDS-denatured proteins), the migration distance solely relies 

on the size (or mass), leaving an arranged band of biological molecules with respect to 

the size. On the other hand, intact proteins are often separated by electrophoretic 

migration and show their own band depending on their intrinsic charge, size, and shape. 

The band is then used to analyze the biological molecules
5,77

; molecular weight, 

composition, biological function, and so on. After gel electrophoresis is performed, the 

recovery of biological molecules is frequently employed to obtain more information 

about the biological system
5
; for example, an intact protein for functional assay,

78
 an 

extremely pure protein sample for protein crystallization,
79

 a nucleic acid-protein 

complex for fundamental study of a biological assembly,
80

 and a pure RNA template for 

protein synthesis.
81
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Figure 4-2. Schematic illustration of polyacrylamide (PAAm) gel electrophoresis 

(PAGE). The PAAm gel is synthesized by a radical polymerization reaction of 

acrylamides and crosslinkers using APS/TEMED system. The biological molecules are 

loaded on the top of the gel and electrophoretically migrated by electric potential. The 

biological molecules are then separated depending on charge, size, and shape. Separated 

biological molecules in the gel matrix are frequently recovered for further analysis. 
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4.3.2 Recovery of biological molecules 

The recovery of biological interests out of the crosslinked PAAm gel usually 

includes a passive extraction and an electroelution method.
5
 The passive extraction is 

based on simple diffusion of the interests and can be thus improved by crushing gel or 

mechanical homogenization.
82

 The electroelution method applies electric field to elute 

the interests electrophoretically using an additional device and a dialysis tubing as a 

physical barrier to preserve the interests in a reservoir.
83

 Each method has advantages and 

disadvantages. Because the passive extraction only relies on the diffusion of the gigantic 

molecules through polymeric networks, yield is frequently low and it requires time-

consuming process, which often leads to loss of biological activity.
74,84-85

 The 

electroelution may afford better yield; however, it requires a tedious routine work using 

additional instrumentation.
5
 

On the other hand, there is an alternative method in which the gel matrix is 

solubilized through gel degradation, leading to free biological molecules in the solution. 

The first attempt based on this idea was to cleave the amide bonds using 30% hydrogen 

peroxide at 50 
o
C.

86
 As a consequence, Young could dissolve the gel matrix and 

measured methionine-
35

S radioactivity of entrapped proteins. However, this method also 

dissolves the biological molecules resulting in incurable damage to any kinds of proteins 

as well as nucleic acids.
87

 

Instead, chemical modification can be utilized to solubilize the gel matrix.
5,88-89

 

Chemical modification of a crosslinker promises gel degradation by proper chemical 

treatment, which makes biological molecules free in the solution. If the Bis crosslinker is 
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replaced with a cleavable linker, the gel can be degraded and solubilized under its 

degradation condition (Figure 4-3). Based on this idea, there were attempts to incorporate 

a cleavable functional groups into the crosslinker, including 1,2-diol,
89-93

 ester,
94-97

 

acetal,
84-85

 and disulfide.
98-101

  

 

 

Figure 4-3. Molecular structure of a cleavable crosslinker for a degradable 

polyacrylamide gel (Right) and its degradation condition (Left). The cleavage reaction is 

carried out in the red colored functional groups. 

 

The crosslinker functionalized 1,2-diol had been used to separate various proteins 

by the degradable PAGE and recovered by oxidative cleavage of the 1,2-diol using 2% 

periodic acid. However, the cleavage requires harsh conditions that are not compatible 

with most biological molecules resulting in irreversible loss of bioactivity (i.e. oxidation 
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of -hydroxy, -oxo, -amino, and thiol).
102-103

 Hydrolysable ester was replaced with the 

Bis to separate RNA
96

 or proteins.
94-95,97

 The gel bands containing the biological 

molecules were then solubilized by addition of strong basic solution like 1 M NaOH or 

NH4OH. However, the degradation conditions were so harsh that only quantification of 

biological molecules in the solubilized gel was achieved without preserving their 

molecular structures. 

Later, Hansen first introduced a disulfide crosslinker (N,N’-bisacrylylcystamine, 

BAC) as a substitute for the Bis. As a result, mild conditions for the gel degradation (1-

2% -mercaptoethanol) can be used to solubilize the gel in physiological environments. 

Consequently, preparative amounts of intact RNA,
98

 DNA fragments,
99

 histones,
100

 and 

pyridine nucleotide-linked dehydrogenases
101

  were recovered after the gel degradation. 

However, no more reports have been followed, presumably, because of a tedious, 

laborious, and non-reproducible preparation.
104

 First, BAC is not soluble at room 

temperature in concentration above 1% because of its hydrophobicity leading to 

inconsistent gel concentration.
104

 Second, it is noted that the BAC needs careful pH 

control because of its instability under alkaline conditions.
105

 Third, the BAC shows a 

lower reactivity in radical copolymerization reaction being inhomogeneous matrix that 

might cause insufficient physical and molecular sieving properties.
88

 Fourth, the BAC is 

not applicable to urea denaturating gel, which is one of widely used supports for RNA 

PAGE, because of the deleterious effect of urea.
104

 Next, more importantly, a disulfide 

may be cleaved by radical species to provide thiyl radical (S·)
106

 that can react with vinyl 

groups to form a non-cleavable covalent bond. As a result, Hansen reported that insoluble 
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BAC gel was prepared due to the undesired crosslinking from reaction between S· and 

acrylamide monomer.
104

 In order to overcome the crosslinking toward a degradable BAC 

gel, it should increase temperature (40 
o
C) and TEMED concentration.

100,104
 

Recently, Kwon developed another candidate as a cleavable linker for degradable 

PAGE. Acidic labile ketal is used to replace the Bis to recover mouse IgG1 protein
85

 and 

nucleic acids
84

 without loss of biological activity. It seems that its preparation procedure 

follows a standard procedure for the Bis gel indicating no detrimental effect on the 

gelation, which is critical problem in the BAC. However, the applications are limited to 

acidic stable biological molecules because gel degradation still requires acidic condition 

(pH 3 - 5), implying that the recovery of biological molecules using degradation gel 

technique needs improvement that can be achieved by incorporating physiological and 

biocompatible cleavable linker. 

In order to overcome the limitations in the current degradable PAGE system, we 

incorporated -azido ether functionality into the degradable PAGE. Because it would be 

expected that the gel synthesis does not require any specific handling, which is necessary 

for BAC, as well as its cleavage condition can be conducted in physiological and 

biocompatible conditions, biological molecules can be electrophoretically separated in 

the gel matrix and recovered under gel degradation conditions without losing their 

activity. 
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4.4 Overview 

 The rest of this thesis describes the chemistry of -azido ether linker that could be 

one of the best candidates as a bioorthogonal, chemically cleavable linker as well as its 

practical example in a biological technology. 

 Chapter 5 explores our fundamental study of -azido ether chemistry as a 

cleavable linker. It demonstrates how stable -azido ether functionalized molecules are 

against hydrolytic degradation depending on the chemical structure. In addition, it 

provides how fast its cleavage is completed by chemical triggers varying pH of the 

aqueous solutions, which is then used to propose a cleavage mechanism. 

 Chapter 6 shows a proof-of-concept study in which -azido ether plays as an 

essential linker to develop a degradable material. The -azido ether linker is incorporated 

in a degradable hydrogel support in PAGE technology. As a result, biological molecules 

are electrophoretically separated, recovered by chemical triggers, and isolated without 

loss of their structure and properties.  
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Chapter 5. Bioorthogonal, Chemically 

Cleavable -Azido Ether; Stability and 

Cleavage Kinetics Study 

 

5.1 Introduction 

 A cleavable linker is a covalent chemical bond through which two entities are 

connected and separated under a specific condition required to trigger the cleavage of the 

chemical bond.
1
 Cleavable linkers have become more indispensible tools in a broad range 

of applications; a degradable material towards an environment friendly biodegradable 

plastic
2
; a solubilizable polymeric network to experimentally elucidate the efficiency of 

crosslinking
3
; solid-phase synthesis in which desired molecules are synthesized via 

successive reactions and liberated from a solid support
4-6

; proteomics and DNA 

sequencing to identify specific biological targets incorporated with the cleavable 

linkers
1,7

; and a microchip in which a cleavable linker produces a specific pattern 

associated with photolithography.
8-9

 

 Chemical characteristics of cleavable linkers determine their applications vice 

versa. For example, hydrolytic cleavage of polyester linkers has been developed for 

making biodegradable plastics that degrade in soil.
10

 In photolithography, a light-driven 

cleavage has been developed as an acid generator for positive and negative photoresists.
11
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The reduction-driven cleavage of a coordination bond between Pt(IV) and ligands inside 

cells has opened novel drug delivery systems, in which a cisplatin drug is released at a 

specific target.
12-13

  

  Recent progress in molecular and medical biology has relied on the chemistry of 

cleavable linkers. However, not all cleavable linkers have been utilized in molecular and 

medical biology because a suitable cleavable linker often requires biocompatibility, high 

efficiency even in a low concentration, facile purification, and a mild cleavage 

condition.
1
 In order to perform a specific function using a cleavable linker, the linker 

should be compatible with the biological system. As the abundance of biological 

components is often low, the cleavage reaction should have a high yield to achieve a 

proper function.
14

 Facile and rapid isolation of excess reagents and by-products promise 

successful results from a complicated biological system. In certain cases, experimental 

harsh conditions for cleavage has generated nonselective release of biological 

components and damaged them, causing problems during analysis.
15

   

 The cleavage of biologically applicable linkers can be initiated by endogenous or 

exogenous triggers. The ester,
16

 peptide,
17-18

 acetal,
19

 and disulfide linkers,
20

 have been 

developed for in vitro and in vivo applications in which the cleavage are triggered using 

endogenous sources, including water,
21

 enzyme,
22

 pH,
23

 and biological entities.
24

 For 

example, in vitro applications involve cleavable linkers, such as, a safety-catch-release 

linker in a solid phase synthesis
4-5

 and protein tagging,
25

 a crosslinker in a polymeric 

network for 3D cell culture,
26

 and so on. A degradable material
27-28

 or targeted cleavage 

system
29-30

 has been adopted those linkers for in vivo applications.  
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 On the other hand, cleavable linkers whose cleavage is triggered by exogenous 

source, including light
31

 and a chemical trigger,
15,32

 have also been investigated. Those 

linkers have often advantages over the former linkers in terms of cleavage control. Once 

the former linkers are incorporated in a cleavable system, frequently, there is little room 

to control their cleavage, especially in in vivo applications. However, post-cleavage 

control can be achieved using the latter linkers by controlling concentration and duration 

of exogenous source. For example, a specific pattern of hydrogel was constructed by the 

spatiotemporal cleavage control using exogenous light.
33

  

 Among existing linkers cleaved by the exogenous sources, chemically triggered 

cleavable linkers have more advantages. Although light triggered cleavable linkers have a 

benefit in terms of spatial control,
34

 light may damage biological components
35

 and its 

applications are often limited due to the penetration depth of light.
36

 In contrast, 

chemically cleavable linkers can be developed without damaging biological components 

and losing cleavage control because of physical obstacles. Moreover, because the 

chemically cleavable linker should be inert to biological system until triggers approach it, 

its reaction can be considered as bioorthogonal chemistry, “a chemical reaction that 

neither interacts with nor interferes with a biological system”, which has played an 

essential role in recent chemical biology.
14,37

 

 There are only a few systems reported for the bioorthogonal, chemically cleavable 

linkers; azo-linker,
15,32

 Staudinger ligation,
38

 and -azido ether.
39-40

 Among them, -

azido ether has gained our attention as a cleavable linker. The azo-linker can be cleaved 

by a sodium dithionite; however, the chemical trigger is unstable under physiological 



Chapter 5. Stability and cleavage kinetics of -azido ether 
 

 109 

conditions being limited to in vitro applications so far.
41

 Although the Staudinger ligation 

was successfully utilized to cleave a quencher to provide fluorescent signal for imaging,
38

 

the relative slow kinetics for the Staudinger ligation restricted its expansion toward a 

broad range of applications.
42

 In contrast, -azido ether has already been developed as an 

indispensible chemistry for the next generation DNA sequencing platform in the 

market,
43

 implying it as one of the most promising candidates.  

 Although the -azido ether is likely to be an ideal linker for a bioorthogonal, 

chemically cleavable linker, the chemistry behind its design and function is not fully 

understood. As a consequence, a certain drawback related to the aqueous stability of -

azido ether has been reported but not addressed.
44

 In addition, if we refer that its cleavage 

affords similar mechanistic steps to those of the Staudinger ligation (azido reduction), its 

reaction kinetics still needs investigation.
42

 As a result, herein, we have explored the 

stability in aqueous solution and its cleavage kinetics with chemical triggers. The stability 

was studied using model -azido ether chemicals to investigate how a chemical structure 

affects on the stability. The kinetics of reductive cleavage with chemical triggers, such as, 

a dithiol and a phosphine, were also studied under different experimental conditions. The 

kinetics was then used to study the cleavage mechanism with which the cleavage system 

could be improved to be a suitable system for a broad range of applications. Furthermore, 

the products from the cleavage were examined to understand its biocompatibility through 

the entire cleavage reaction. 
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5.2 Experimental Methods 

5.2.1 General 

TCEP was purchased from Thermo Fisher Scientific, Inc. (Rockford, IL) and 

deuterated NMR solvents were purchased from Cambridge Isotope Laboratories, Inc. 

(Andover, MA). DHLA was synthesized from -lipoic acid.
45

 The primary and 

secondary azide analogs were synthesized using the published procedure
46-47

 and their 

identity and purity were determined using 
1
H NMR. All other reagents were purchased 

from Aldrich (St. Louis, MO) unless otherwise noted. Ultrapure water was generated 

from a Milli-Q water purification system (Millipore Inc.; Billerica, MA, R > 10 MΩ•cm). 

Visible absorption spectra were obtained on a Hewlett-Packard 8453 UV-Vis 

spectrophotometer (Palo Alto, CA). 
1
H NMR spectra were recorded on a Varian Unity 

(300 MHz or 500 MHz) using solvent peaks for general characterization. High resolution 

mass spectrometry was performed using an Bruker BioTOF II instrument with PEG 

(poly(ethylene glycol) as internal standard. Samples were prepared using methanol as the 

carrier solvent and filtered through a PTFE (0.45 m) syringe filter before injection. 

Calibration and analysis was performed using mMass open source mass spectrometry 

tool.
48
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5.2.2 Synthesis 

 

Figure 5-1. Synthetic scheme of -azido ether 1, azido-2-methoxy-1-(2-

methoxyethoxy)ethane. 

  

 (1,3-Dioxolan-2-yl)methyl benzoate synthesis (7).  The compound was prepared 

according to the method similar to that described by Parrish et al. with the following 

modification.
49

 Benzoic acid (6 g, 49 mmol), 2-chloromethyl- 1,3-dioxolane (3 g, 24.5 

mmol), and potassium carbonate (5 g, 36.75 mmol) were dissolved in 500 mL DMF and 

stirred at 130 C for 120 h. The mixture was then cooled and DMF was removed through 

vacuum distillation. Insoluble precipitates were dissolved in water and the aqueous layer 

was extracted using ethyl acetate and washed with 5% LiCl solution. Organic layer was 

dried over Na2SO4 and concentrated under reduced pressure to yield 3.6 g (70%). 
1
H 

NMR (300 MHz, CDCl3, δ): 8.07 (m, 2H), 7.57 (m, 1H), 7.44 (m, 2H), 5.29 (t, 1H, J = 

3.9 Hz), 4.38 (d, 2H, J = 4.0 Hz), 4.00 (m, 4H) 

 2-Azido-2-(2-hydroxyethoxy)ethyl benzoate synthesis (8). The (1,3-dioxolan-2-

yl)methyl benzoate (5 g, 24 mmol) was mixed with ZnCl2 (0.5 g, 3.4 mmol) under 
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nitrogen atmosphere for 15 min. Trimethyl silyl azide (TMS-N3) (4.2 g, 36 mmol) was 

added to the mixture and the reaction was stirred for 24 h. Reaction mixture was 

neutralized with saturated aq. NaHCO3, stirred overnight, and extracted with 

dichloromethane (DCM). Organic layer was dried over Na2SO4 and concentrated under 

reduced pressure to yield 5.4 g (90%) of a yellowish liquid product. 
1
H NMR (500 MHz, 

CDCl3, δ): 8.06 (d, 2H, J = 7.8 Hz), 7.59 (m, 1H), 7.46 (m, 2H), 4.85 (dd, 1H, J = 4.88 

Hz, 5.37 Hz), 4.48 (t, 2H, J = 4.9 Hz), 4.00 (m, 1H), 3.82 (m, 3H), 3.74 (m, 1H), 2.1 (br 

s, 1H). 
13

C NMR (125 MHz, CDCl3, δ) 166.22, 133.67, 130.01, 128.73, 89.51, 71.33, 

65.04, 61.85. HRMS - ESI (m/z): [M + Na]
+
 calculated for C11H13N3O4, 274.0798; 

observed, 274.0799. 

 Azido-2-methoxy-1-(2-methoxyethoxy)ethane (1). The compound was prepared 

according to the method similar to that described by Johnstone et al. with the following 

modification.
50

 Powdered potassium hydroxide (85%, 8.5 g, 0.129 mol) was dissolved in 

25 mL DMSO for 10 min and 2-azido-2-(2-hydroxyethoxy)ethyl benzoate (3.2 g, 13 

mmol) was added to the mixture. Immediately, iodomethane (9.1 g, 64 mmol) was added. 

The mixture was stirred overnight and was dissolved in water. The aqueous layer was 

extracted with DCM. The combined organic layers were washed with water and brine. 

The organic layer was dried over Na2SO4 and concentrated under reduced pressure. The 

product was purified by silica gel column chromatography (ethyl acetate:hexanes = 1:2) 

to yield 1.59 g (70.6%) of a colorless liquid product. 
1
H NMR (500 MHz, CDCl3, δ): 4.62 

(t, 1H, J = 1.07 Hz), 3.91 (m, 1H), 3.73 (m, 1H), 3.59 (m, 3H), 3.53 (m, 1H), 3.41 (s, 

3H), 3.37 (s, 3H). 
13
C NMR (125 MHz, CDCl3, δ) 90.61, 73.60, 71.76, 68.77, 59.67, 
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59.25. HRMS - ESI (m/z): [M + Na]
 +

 calculated for C6H13N3O3, 198.0849; observed, 

198.0850.  

 

 

Figure 5-2. Synthetic scheme of -azido ether 2, 2-azido-2-(2-hydroxythoxy)ethyl 

phthalimide. 

 

 Phthalimido(1,3-dioxolan-2-yl)methane (9). Potassium phthalimide (50 g, 0.27 

mol) was suspended in DMF (400 mL) and 2-chloromethyl-1,3-dioxolane (25 g, 0.2 mol) 

was added to the mixture under constant stirring. The temperature of the mixture was 

increased to 140 C and was stirred for 48 h under nitrogen atmosphere. The mixture was 

then cooled to room temperature and poured on to 400 mL of cold water. The resulting 

precipitate was filtered and washed with ethanol. The precipitate was purified by 

recrystallization from ethanol to yield 43 g of white needle like crystals (92 %). 
1
H NMR 

(500 MHz, CDCl3, δ) 7.82 (dd, J = 3.1, 5.4 Hz, 2H), 7.69 (dd, J = 3.1, 5.4 Hz, 2H), 5.21 

(t, J = 4.8 Hz, 1H), 3.93 (m, 4H), 3.83 (d, J = 4.7 Hz, 2H). 
13

C NMR (125 MHz, CDCl3, 
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δ) 168.11, 134.13, 132.10, 123.50, 100.76, 65.09, 40.22. HRMS - ESI (m/z): [M + Na]
+
 

calcd for C12H11NO4, 256.0580; observed, 256.0572. 

 2-Azido-2-(2-hydroxythoxy)ethyl phthalimide (2). The compound was 

synthesized as described above for 2-azido-2-(2-hydroxyethoxy)ethyl benzoate synthesis. 

To phthalimido(1,3-dioxolan-2-yl)methane (47 g, 0.2 mol), TMS-N3 (70 g, 0.6 mol) was 

added  anhydrous ZnCl2 (0.04 mol, 5.5 g). The mixture was stirred overnight followed by 

addition of NaHCO3 solution. After 2 h stirring, the products were extracted with DCM 

and the organic layer was dried over Na2SO4 and concentrated. The product was obtained 

as a white precipitate with 48 g (89%). 
1
H NMR (500 MHz, CDCl3, δ)  7.86 (dd, J = 3.1, 

5.4 Hz, 2H), 7.74 (dd, J = 3.0, 5.5 Hz, 2H), 4.81 (t, J = 6.0 Hz, 1H), 3.93 (dd, J = 1.8, 5.4 

Hz, 2H), 3.91 (m, 1H), 3.75 (m, 2H), 3.66 (m, 1H). 
13

C NMR (125 MHz, CDCl3, δ) 

168.13, 134.50, 131.92, 123.78, 89.06, 71.13, 61.72, 40.63. HRMS - ESI (m/z): [M + 

Na]
+
 calculated for C12H12N4O4, 299.0751; observed, 299.0743. 

 

 

Figure 5-3. Synthetic scheme of -azido ether 3, 2-(3-phthalimido(1-azidopropoxy))-

ethanol. 
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 2-(3-Phthalimido(1-azidopropoxy))ethanol (3). The compound was synthesized 

as described above for 2-azido-2-(2-hydroxyethoxy)ethyl phthalimide, where the 2-(2-

bromoethyl)1,3-dioxolane was used as the starting material.  
1
H NMR (500 MHz, CDCl3, 

δ)  7.84 (dd, J = 3.4, 5.4 Hz, 2H), 7.72 (dd, J = 2.9, 5.4 Hz, 2H), 4.50 (dd, J = 5.4, 6.8 Hz, 

1H), 3.89 (m, 2H), 3.82 (m, 1H), 3.74 (m, 2H), 3.61 (m, 1H), 2.63 (br s, 1H), 2.13 (m, 

2H). 
13
C NMR (125 MHz, CDCl3, δ) 168.57, 134.36, 132.07, 123.57, 90.71, 71.02, 

61.76, 33.97, 33.69. HRMS - ESI (m/z): [M + Na]
+
 calcd for C13H14N4O4, 313.0907; 

observed, 313.0931. 

 

5.2.3 Stability studies against hydrolytic degradation 

For the stability studies, 50 mM of each chemicals were dissolved in D2O 

(buffered pD 3.59, 7.00 and 10.19) and 1:1 of D2O:DMF-d7 for compound 1 and 

compound 2 and 3, respectively. DSS (4,4-dimethyl-4-silapentane-1-sulfonic acid, 10 

mM) was used as an internal reference.
51

 The concentration of the compounds was 

monitored using 
1
H NMR, and the plot of ln([concentration]) versus time was fitted to 

obtain the rate constant of hydrolysis. The area under the methyl proton peaks of DSS at 

0 ppm was used as the reference concentration. Integration area under the peaks arising 

from one of the methylene protons of 1 at 3.839 to 3.776 ppm was used for concentration 

of compound 1. For compound 2, integration area under the peaks of methine proton 

attached to the carbon bearing the azide, from 5.037 to 4.898 ppm, was used to calculate 

the concentration. For compound 3, integration area under the peaks arising from the 
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methylene protons alpha position to the azide bearing carbon, from 2.206 to 2.030 ppm, 

was used to calculate the concentration. 

 

5.2.4 Kinetic studies of cleavage using DHLA triggers by UV-

Vis spectroscopy 

For pH dependent experiments, phosphate (pH 6-8 and 11-13), 

tris(hydroxymethyl)aminomethane (Tris pH 7-9), borate (pH 8-10), N-cyclohexyl-3-

aminopropanesulfonic acid (CAPS pH 11), carbonate (pH 9-11) and NaOH (pH 13) were 

used to prepare buffered solutions. Stock solutions (200 mM) of azide compounds were 

prepared by dissolving azide chemicals in water, and then the solutions were degassed by 

blowing N2 gas. DHLA stock solution (40 mM) was freshly prepared by dissolving 

DHLA into 40 mM of NaOH solution, and then degassed by blowing N2 gas. Kinetic 

studies were initiated by addition of 500 uL azide solution into 1.5 mL mixture of 500 uL 

DHLA and 1 mL buffer (200 mM) solution in a UV-Vis cuvette. Immediately, the 

solutions were mixed and UV-Vis spectra were recorded at 25
o
C. (final concentration : 

[DHLA] = 10 mM, [azide chemical] = 50 mM and [buffer components] = 100 mM) 

Absorption values at 350 nm were used to calculate the concentration of lipoic acid (LA) 

( = 102.65 M
-1

 cm
-1

) using Beer’s law. Background correction, presumably, due to the 

oxidation of DHLA, was done by subtracting the initial concentration of LA at 1.4 s. The 

concentration versus time curves for appearance of LA were fitted to second order 

integrated rate law equation having different initial concentration of reactants
52

: 



Chapter 5. Stability and cleavage kinetics of -azido ether 
 

 117 

    
      

      
  

   

     
               

where a and b are initial concentrations of DHLA and azide species, respectively, and x is 

concentration of LA. Linear curves were fitted to obtain slopes that were used to 

calculate second order kinetic constants (k) up to ~50% conversion of DHLA. 

For pseudo first order analyses, 2 mM DHLA was mixed with 10, 40, 50, 60, and 

90 mM α-azido ether 1 at pH 9.90 and the rate constants were calculated under conditions 

where b >> a, (b - a) = b and (b - x) = b in equation 1, resulting in the following 

equation:  

    
 

   
  

 

     
     

The rate constants were then plotted against the concentration of 1 to identify the 

order of dependence on [1]. To identify the kinetic order of dependence on DHLA, 

different concentrations of DHLA, from 1 mM to 5 mM, were reacted with 50 mM azide 

compound 1 at pH 9.90. The initial rates were obtained from the [LA] vs time curves 

(Δ[LA]/Δt) and then plotted against [DHLA]o to identify the order of dependence on 

[DHLA]. 
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5.2.5 Kinetic studies of cleavage using TCEP triggers by 
1
H-

NMR 

Because TCEP oxide did not show distinct absorption peaks from that of TCEP, 

1
H-NMR was used to study kinetic of cleavage. Buffer solutions and TCEP stock 

solutions were prepared in D2O and lyophilized to minimize the amounts of exchangeable 

protons content and interference of data analysis from these protons. NMR samples were 

prepared by mixture of 100 µL of 200 mM TCEP stock solution (with 4 equivalents of 

NaOD to neutralize TCEP), 500 µL of 200 mM buffer, 100 µL of 100 mM DSS (with 

one equivalent of NaOD) and 200 µL D2O in an NMR tube. For cleavage kinetic studies, 

100 µL of 200 mM -azido ether compound 1 was added to the NMR tube. (Final 

concentration: -azido ether compound 1 = 20 mM, TCEP = 20 mM, DSS = 10 mM, and 

buffer component = 100 mM) Immediately, 
1
H-NMR spectra were recorded at different 

time intervals. From NMR, the area under peaks arising from the methylene protons were 

used to calculate the concentrations of TCEP and TCEP=O. For TCEP=O, area under the 

peak from 2.19 to 2.06 ppm was used. For mechanistic analysis, NMR peaks arising from 

intermediates appeared in a region overlapping the peaks from TCEP and TCEP=O. The 

area of the intermediates was obtained by subtraction entire integration area from the 

integration area of methylene of TCEP or TCEP=O in isolated peaks. The areas then 

were used to calculate the concentrations of the intermediates. Two intermediates, I1 and 

I2 were observed. For I1, area under the peaks from 2.47 to 2.32 ppm was used to 

calculate the concentration. For I2, area under the peaks from 2.63 to 2.47 ppm was used.  
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5.2.6 Kinetic studies of cleavage using DHLA triggers by 
1
H-

NMR 

A similar protocol of TCEP analysis was used for DHLA analysis. The only 

difference being the amount of NaOD used was one equivalent instead of four. From 

NMR, the area under peaks arising from methylene protons alpha to the terminal 

thiol/thioether from 2.71 to 2.55 ppm and from 3.29 to 3.13 ppm were used to calculate 

the concentrations of DHLA and LA respectively. For mechanistic analysis, area under 

the peaks arising from the protons of methoxy group of the -azido ether from 3.44 to 

3.42 ppm and from 3.37 to 3.35 ppm was used to calculate the concentrations of 

intermediates.  

 

5.2.7 Kinetic analysis 

To analyze the data obtained from the kinetic studies, the plot of concentration 

versus time was fitted to the following equations to obtain second order rate constants for 

the consumption of reactant and formation of product: 

 

 
     

 

  
          

    
   

  

        
          

where x and x0 are concentrations of TCEP or DHLA at time t and 0, respectively, and y 

is concentration of TCEP=O or LA at time t. 
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5.2.8 pKa values of DHLA and TCEP 

Proton NMR spectra at different pD were recorded to obtain the pKa value. 

Chemical shifts of proton as a function of pD were fitted to obtain the pKa values using 

nonlinear least-squares equation
53

: 

              
          

             
 

where δ(obs) is experimental chemical shift, δ(P) and δ(U) represent the chemical shift 

corresponding to protonated and unprotonated states, respectively, and n is a Hill constant 

reflecting the number of proton binding sites – it is fixed as one. 

 

5.3 Results and Discussion 

5.3.1 Stability against hydrolysis 

For the practical applications of cleavable linkers, especially in biological 

applications, they need to be stable in their application conditions before cleavage is 

triggered. For -azido ether, Jencks et al. reported that the -azido ether degraded via 

ionization to form oxocarbenium ions, followed by hydrolysis in aqueous solution 

(Figure 5-4).
44

 Jencks et al. noted that pseudo first order rate constants ranged from 10
-4

 

to 10
-2

 s
-1

corresponding to less than 2 h of half life, indicating impractical use as a 

cleavable linkers. However, the -azido ether has been currently involved in several 

biological technologies, such as, the next generation DNA sequencing technology in the 
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market (Illumina Genome Analyzer)
39,43

 and DNA detection platform,
40,54-56

 requiring 

longer half life. To solve this paradox, we have explored what factors make the stability 

different based on chemical structure. 

 

 

Figure 5-4. Mechanism of -azido ether degradation via oxocarbenium intermediate in 

aqueous solution.
44

 

 

The stability of -azido ether chemicals relies on the stability of oxocarbenium 

ion intermediates that are governed by the nature of the substituents. For example, if the 

oxocarbenium ion is destabilized by electronegative atoms like O or N at the gamma 

position of the azido ether group, the formation of oxocarbenium ion would be forbidden 

resulting in slower degradation of -azido ether chemicals. Such substituent effects have 

also been observed for the hydrolysis of acetals that proceeds through the formation of 

the same oxocarbenium intermediate.
57

 Based on this fact, we synthesized several model 

chemicals varying atoms at the gamma position and studied their stability using 
1
H-NMR 

(Figure 5-5 chemical 1-3). The degradation rate constants of each model chemical were 

obtained from fitting the plot of ln[-azido ether] versus time (Figure 5-6). As expected, 

-azido ether bearing electronegative atoms (O and N) at the gamma position showed 1.1 

x 10
-8

 s
-1

 (1) and 2.8 x 10
-9

 s
-1

 (2) of first order rate constants, respectively, that had 

values one or two order lower than that of -azido ether having C atom at the gamma 
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position, 1.0 x 10
-7

 s
-1

(3). That means incorporating electronegative atoms instead of C at 

the gamma position can significantly improve the stability from 76 d to 7.7 yr in terms of 

half life. 

 

 

Figure 5-5. Azide chemicals used to study hydrolytic stability (1-4) and reductive 

cleavage of -azido ether (1) and its analogous (5 and 6).   

 

In addition, the stability of oxocarbenium ion intermediate is affected by 

hyperconjugation effects at the alpha position of the azido ether group. When a methyl 

group was placed in the alpha position instead of a proton, the degradation rate increased 

dramatically to 5.7 x 10
-4

 s
-1

 (chemical 4 in Figure 5-5) as reported by Jencks et al.
44

 

because the oxocarbenium ion intermediate was stabilized by hyperconjugation of the 

methyl group. Similar experimental results were reported from the acetal hydrolysis.
57

 In 

the acetal hydrolysis, hyperconjugation significantly increased the hydrolysis rate of the 

acetal group due to the stabilization of oxocarbenium ion intermediate.  
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Figure 5-6. Hydrolytic stability of -azido ether chemicals measured by 
1
H-NMR. The 

degradation rate was obtained by fitting the data of ln([-azido ether]) versus time using 

the first order rate equation. Chemical 1 was dissolved in several buffered solutions (pD 

3.59, 7.00 and 10.19), which showed similar behavior. Here, pH 7.00 data was included. 

Chemical 2 and 3 were dissolved in 1:1 of D2O and DMF-d7 because of solubility.  

 

Therefore, the stability of -azido ether chemicals is able to be improved through 

the modification of chemical structure by introducing electronegative atoms at the 

gamma position as well as a proton at the alpha position. As a result, the degradation 

without triggers can be minimized up to several years of half life, which allows the -

azido ether chemicals to be suitable for practical applications. Furthermore, any 

significant difference in degradation was not observed in slightly acidic and basic 

conditions through the study of pH effect on the stability of -azido ether chemicals 

varying the pD of NMR solution to 3.59 and 10.19 containing -azido ether 1. It suggests 
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that the -azido ether could be used in any buffered solution for storage maintaining its 

stability and have benefits for applications performed at various pH. 

 

5.3.2 Cleavage of -azido ether using biocompatible triggers  

To cleave the -azido ether, the azide group should be reduced to amine resulting 

in rapid hydrolysis as well as cleavage. The reduction of azide has been well-established 

in the field of synthetic chemistry and recently biological chemistry; for instance, 

Staudinger reduction to introduce amine
58-59

 and Staudinger ligation to chemically link 

two molecules,
60-61

 which has already been incorporated into in vivo bioconjugation.
62-63

 

Particularly, Staudinger ligation has been of great interest because the reactions involving 

an azide group are considered as bioorthogonal chemistry.
14,37

 Thus, incorporating azide 

into cleavable linkers has advantages in terms of bioorthogonality, which gives rise to 

controlled cleavage by external chemicals, compared to other cleavable linkers,
1
 such as, 

hydrolytic cleavable ester, enzymatic cleavable peptide linker, and disulfide cleaved by 

bio-abundant monothiols,
64

 which might be limited due to unwanted cleavage in 

biological systems. The cleavage of -azido ether can also have an advantage in 

controlled cleavage for in vivo applications, which might be difficult for photocleavable 

o-nitrobenzyl ether
31

 because light does not penetrate tissues or skins beyond a couple of 

hundred micrometers.
36

 Moreover, azide reduction has benefits with respect to another 

bioorthogonal cleavable azo linker
32

 because the trigger for the -azido ether is stable 

under physiological conditions. It should be noted that -azido ether can be developed as 
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a novel and versatile cleavable linker in various biological fields from in vitro to in vivo 

applications with controllable and bioorthogonal characteristics. 

Although the use of azide reduction would be superior to other cleavable linkers, 

especially for in vivo applications, the reduction has not been widely used nowadays 

because the slow kinetic of azide reduction has been a challenge to be solved.
42

 In 

contrast, -azido ether has been getting attention for biological technologies as a 

cleavable linker as mentioned before.
39-40

 However, the reduction conditions in those 

biological technologies were somehow different from ordinary conditions; in the DNA 

sequencing technology, the azide reduction was performed at high temperature like 60 


C,

39
 and in the DNA detection assays, the reduction was accelerated owing to rapid 

DNA hybridization approaching -azido ether proximal to triggers.
40

 These facts 

prompted us to study the cleavage kinetics to determine the actual rate of cleavage in 

aqueous solutions. Also, we expected an improved rate compared to typical Staudinger 

ligation because the electronegative O atom might affect the reduction rate. 

Thus, the next step in understanding cleavage kinetics was to study the 

experimental conditions required for an efficient cleavage in the presence of suitable 

triggers. It is known that the azide can be reduced by biocompatible triggers including 

dithiols or phosphines. For instance, dithiothreitol (dithiol) and triarylphosphines were 

used previously to reduce azides in pharmaceutical compounds
65-66

 and reactants of 

Staudinger ligation,
60-61

 respectively. Therefore, in our study, dihydrolipoic acid (DHLA), 

which is a dithiol chemical, and TCEP, which is a phosphine chemical, were chosen as 

triggers. We chose DHLA as a trigger because it is a naturally occurring antioxidant, and 
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is known to be biocompatible.
67

 TCEP was studied as well because it is water soluble and 

biocompatible.
68

 

  

Cleavage of -azido ether using DHLA triggers 

DHLA is oxidized to form lipoic acid (LA) during the azide reduction. Because 

LA is a cyclic disulfide that absorbs light at 334 nm,
69

 and no interference occurs in this 

absorption peak from azides and cleaved products, the kinetics of the reaction between 1 

and DHLA was studied by monitoring the formation of LA using UV-Vis spectroscopy. 

The hydrolysis of α-amino ether after the reduction of the azide is expected to be 

spontaneous. Consequently, the formation of LA could be considered as an indication for 

completion of the reductive cleavage reaction.  

 

 

Figure 5-7. Reaction between DHLA and -azido ether 1 to determine order 

dependences of DHLA and -azido ether on cleavage, measured by UV-Vis 

spectroscopy using LA absorption peak at 334 nm. Left: Initial rate (dx/dt) of LA 

formation versus different initial concentration of DHLA with excess -azido ether 1. 

Right: Plot of pseudo first order rate constants versus concentration of -azido ether 1. 
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It was reported that azide reduction using dithiols like DTT followed second order 

kinetics with first order dependences on both the azides and DTT.
66,70

 Likewise, DHLA 

can reduce azide with first order dependences on both the -azido ether and DHLA. As 

the concentration of DHLA increased from 1 to 5 mM with constant 50 mM of 1, the 

initial rate showed a linear relationship with respect to the concentration of DHLA 

indicating a first order reaction of DHLA. Under pseudo first order reaction conditions 

where 2 mM DHLA was reacted with excess concentration of 1 ranging from 10 to 90 

mM, a linear curve was obtained indicating a first order reaction of -azido ether. 

For the reduction reaction, we observed that the rate of reduction was changed 

dependent on pH similar to previous report,
71

 i.e. the higher the pH, the faster the 

reduction. The same pH dependence of reaction rate was also reported in several 

reactions involving thiol or dithiol molecules, such as, thiol exchange reaction,
72

 thiol 

oxidation by hydrogen peroxide,
73

 and DHLA and flavin reaction.
74

 Thus, we assumed 

that active reactants using dithiols in the reduction would be deprotonated, thiolated 

DHLA because the reaction required bases. Next, to study the influence of pH on the 

reductive cleavage, the reaction between 1 and DHLA was performed in buffered 

solutions of different pH. The concentration versus time curves for the formation of LA 

were fitted to second order integrated rate equation and the values of the rate constants 

(k) were calculated. The variation of the rate constant with pH was plotted as shown in 

Figure 5-8. The second order kinetic constant relied on the pH of the solutions; 2~7  10
-4

 

at lower pH like 6 or 7, abruptly increased from 0.04 M
-1

s
-1

 at pH 9 to 0.22 M
-1

s
-1

 at pH 

10.6, leveled off up to pH 12.3, and decreased to 0.06 M
-1

s
-1

 at pH 13.  
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To understand the origin of the dependence of k on pH, we have obtained the 

NMR titration curve of DHLA, which has often been used to determine the pKa value of 

chemicals.
53

 The behavior of the NMR titration curve was similar to that of the k curve 

with respect to pH (or pD) below pH 13 (Figure 5-8). For example, a chemical shift of 

methylene and methine protons in DHLA next to thiol group was abruptly decreased as 

pD increased at around pD 9.8, which had a pKa value of DHLA from NMR titration 

curves. That clearly indicated the reductive cleavage of -azido ether involved 

deprotonated, thiolated DHLA, as we assumed. Although k values decrease at high pH (> 

13), which is highly basic, the obtained k value under slightly basic conditions, for 

instance 0.1 M
-1

s
-1

 at pH 9.5, indicates -azido ether and DHLA can be applied to some 

bio-materials. In addition, the results suggest that if dithiols would be chemically 

modified to lower pKa value, the -azido ether linkers could play an essential role in 

degradable bio-materials with relevant cleavage rate. 

Furthermore, we compared the reduction rate of -azido ether with that of 

typically used azido groups that have hydrocarbon at the alpha position to investigate the 

effect of electronegative O on the rate. Model compounds 5 and 6 were synthesized and 

their reduction by DHLA was studied (Figure 5-8). The reduction of all three compounds 

showed similar pH dependences; the higher the k values, the higher the pH (< 13). 

Primary and secondary azide analogs, 5 and 6, showed no significant difference in the 

reduction rates, ranging from 3  10
-4

 M
-1

s
-1

 to 0.05 M
-1

s
-1

. The highest observed second 

order rate constants were 0.059 M
–1

s
–1 

and 0.046 M
–1

s
–1

 for 5 and 6, respectively, that 

were about four times slower than the k value of -azido ether reduction. We believe that 
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the increased reactivity of -azido ethers could be a result of the presence of the 

electronegative O, making azido more eletrophilic and facilitating the attack of 

deprotonated DHLA on the azido groups.  

 

 

Figure 5-8. Plot of second order rate constant (k) versus pH for the reaction between 50 

mM azido compounds (-azido ether 1, primary azido 5 and secondary azido 6) and 10 

mM DHLA in buffered aqueous solutions, measured by UV-Vis spectroscopy. Chemical 

shift of methine proton of DHLA and its NMR titration curve dependent on pD were 

included.  

 

The reactions were then analyzed using 
1
H NMR spectroscopy to verify the 

results obtained from UV-Vis experiments. Kinetic profiles were constructed from an 

equimolar reaction between 1 and DHLA (Figure 5-9). The concentration of DHLA 

decreased while the concentration of LA increased exponentially. The sum of both 

DHLA and LA remained as constant, indicating no other intermediate of dithiol triggers 

were formed during the reduction. The results were fitted using second order rate 
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equations to obtain rate constants (k) as 0.22 and 0.32 M
–1

s
–1

 at pD 9.67 and 10.19, 

respectively, which were consistent with the results from UV-Vis experiments.  

 

 

Figure 5-9. Kinetic profiles of DHLA and LA concentration with respect to time for the 

reaction between -azido ether 1 and DHLA, measured by 
1
H-NMR at pH 9.67 (left) and 

10.19 (right). The sum of DHLA and LA concentration remained as constant. The plots 

were converted to 1/concentration and fitted using second order rate equation to obtain 

kinetic constants (k). 

  

 In addition to kinetic studies, mechanistic investigation was conducted for the 

reaction between 1 and DHLA. Based on earlier reports
70-71

 on the reduction of azides by 

thiols, the hypothesized mechanism for the cleavage of α-azido ethers using DHLA is 

shown in Figure 5-10. After deprotonated, thiolate DHLA attacks azido, azido is reduced 

by releasing nitrogen and DHLA is oxidized through the intramolecular cyclization to 

form disulfide bond. The -amino ether is then hydrolyzed to cause cleavage. In the 

NMR analysis, proton peaks arising from the methoxy groups of 1 and the intermediates 
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arising from its reaction with DHLA were used to follow the formation of intermediates. 

Only one intermediate, presumably -amino ether, was observed and there were no 

indications of any deviations from the suggested mechanism. Moreover, the decrease in 

the reaction rates at high pH (> 13) could be explained by the suggested mechanism. The 

formation of -amino ether should involve the protonation step of N that could become 

difficult as the pH of the solution increases. It would lead to the observed decrease in 

reaction rate at higher pH (> 13). 

 

 

Figure 5-10. Suggested mechanism for the reductive cleavage of -azido ether using 

DHLA trigger. 

 

Cleavage of -azido ether using TCEP triggers 

Although DHLA is effective to trigger the reductive cleavage of -azido ethers, 

the cleavage might not have practical significance for most biological applications 

because its rate is slow near neutral pH (kDHLA = ~7 x 10
-4

 M
-1

s
-1

), likewise, in 

physiological conditions. It might be improved using chemically tailored dithiol triggers 
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that have a pKa value close to neutral or acidic pH.
75-77

 However, it requires additional 

synthesis to investigate. Instead, we have tried to use commercially available reducing 

reagents, which are better reducing agents for azide than DHLA. As mentioned, 

phosphines can reduce azide even in neutral pH. Among phosphines, tris(2-

carboxyethyl)phosphine (TCEP) is chosen as a trigger because it has been a widely 

utilized reducing reagent to cleave disulfide bonds in many biological applications as a 

replacement for dithiols and is highly water soluble as well as resistant to oxidation.
68,78

 

However, TCEP and TCEP=O, which is a product of the reduction reaction, do not have 

interpretable absorption bands in the UV-Vis spectrum. As a result, the cleavage kinetics 

of -azido ether reduction with TCEP has been studied using 
1
H NMR analysis rather 

than UV-Vis spectroscopy, monitored by the consumption of TCEP and formation of 

TCEP=O in buffered solutions of different pDs. 

First, we fitted kinetic profiles of TCEP disappearance during an equimolar 

reaction between 1 and TCEP using a second order rate equation to obtain the second 

order rate constant (kTCEP). Similar to DHLA results, the rates relied on the pD; the lower 

the pD, the lower the kinetic constant value (Figure 5-11). Also, its behavior resembled 

the NMR titration curve, similar to DHLA results, indicating the pKa value of TCEP 

affected the reductive cleavage of -azido ether. For example, the rate constant (kTCEP) 

values increased from 0.04 M
-1

s
-1

 at pD 6.5 to ~0.28 M
-1

s
-1

 above pD 9, while the 

chemical shift of the methylene proton in TCEP decreased from 2.4 ppm at pD 6.5 to 

~1.7 ppm above pD 9 due to deprotonation of P at its pKa value (7.7). This fact indicated 

that the initial step in the reaction mechanism would be the lone pair electrons on P attack 
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the azide group as well. Most importantly, when the TCEP trigger was used for the azide 

reduction instead of DHLA, the rate was improved ~200 times from 4 x 10
-4

 M
-1

s
-1

 to 7 x 

10
-2

 M
-1

s
-1

 at pH ~7 because of the trigger’s pKa shift from 10.0 to 7.7. The rate constant 

was decreased at high pD (>~11), which might imply a rate determining step shift, 

observed in the DHLA trigger. 

 

 

Figure 5-11. Plot of second order rate constant and chemical shift versus pH or pD for 

the reaction between -azido ether 1 and TCEP or DHLA. For TCEP, the rate constant 

was obtained from TCEP consumption, measured by 
1
H-NMR. For DHLA, the rate 

constant was obtained from the formation of LA, measured by UV-Vis spectrometry. The 

NMR titration curve was constructed from the proton chemical shift of methylene protons 

next to the P atom for TCEP and methine proton for DHLA, measured by 
1
H-NMR. The 

arrow indicates that the trigger’s pKa value shifts from 10 to 7.7, which also causes the 

rate constant curve to shift, improving the rate constant value at neutral pH (or pD). 
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 In contrast to the second order rate of TCEP consumption, TCEP=O formation 

showed different kinetic profiles as pD increased (Figure 5-12). Its behavior changed 

from an exponential to a linear relationship between concentration and time, implying a 

second order reaction and zero order reaction, respectively. For example, exponential 

dependence was observed when pD was below 9 (Figure 5-12 A and B) while TCEP=O 

formation became a linear dependence when pD was above 9 (Figure 5-12 C-E). That 

meant at lower or netural pD -azido ether and TCEP reactions determined the entire 

reaction of TCEP=O formation while at higher pD consecutive reactions through 

intermediate I1 could occur to form TCEP=O, implying the rate determining step was 

shifted. As a result, the second order rate constants (k
2

TCEP=O) at lower pD showed 

comparative values to kTCEP ranging from 0.15 to 0.50 M
-1

s
-1

 as well as a similar trend to 

kTCEP, increasing pD led to higher k values along with pKa. Above pD 9, zero order rate 

constants (k
0

TCEP=O) gradually decreased from 2.1 x 10
-5

 to 1.3 x 10
-5

 M s
-1

 with respect to 

pD of solutions. Moreover, another parallel reaction pathway was observed even if this 

pathway did not affect the TCEP=O formation significantly within the measured 

timescale (1200 s). The parallel pathway went through minor intermediate I2 because 

only 7 ~ 23% of I2 was produced compared to the initial TCEP concentration at ~1200 s 

or at the time where major intermediate I1 reached the maximum concentration. 
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Figure 5-12. (A-E) Plot of kinetic profiles of TCEP, TCEP=O, intermediate I1 and I2 

versus time for and eqimolar reaction between a-azido ether 1 and TCEP in buffered 

solutions of pD (A) 6.88, (B) 8.07, (C) 9.67, (D) 10.74, and (E) 11.13, measured by H-

NMR spectroscopy. Exponential disappearance of TCEP was observed in every pD 

solutions. But, the TCEP=O formation followed exponential appearance at lower pD, and 

shifted then to linear dependence at higher pD with respect to the time. (F) Second order 

rate constants (k
2

TCEP=O M
-1

s
-1

) at lower pD from exponential disappearance of TCEP=O, 

resulting from A-B and zero order rate constants (k
0

TCEP=O M s
-1

) at higher pD from linear 

dependence of TCEP=O, resulting from C-E. 



Chapter 5. Stability and cleavage kinetics of -azido ether 
 

 136 

 Although a zero order reaction has not been reported for TCEP=O formation in 

the azide reduction by phosphines, to the best of our knowledge, we proposed a 

mechanism to understand these observations as shown in Figure 5-13, based on our 

results as well as previous reports
79-81

 on the reduction of azides by phosphines and 

hydrolysis of iminophosphoranes in aqueous solutions. Because TCEP consumption 

showed a second order reaction and pD dependence, deprotonated TCEP should react 

with azide to form a phosphazide intermediate. After nitrogen was evolved immediately 

to form iminophosphoranes (I), I was protonated to provide intermediate I1. I1 was then 

transformed into I1’ by reaction with water. Next, after the equilibrium step of 

protonation of I1’, TCEP=O and -amino ether were produced and -amino ether would 

be cleaved via hydrolysis. 

 Typically, Staudinger reduction
82-83

 or ligation
42

 followed a second order reaction 

because the rate determining step (RDS) was phosphines’ attack on azides. In -azido 

ether reduction, at low pH (or pD, < 9) it would follow the same RDS, providing 

exponential dependence of TCEP=O formation. However, at high pH (or pD, > 9) the 

zero order rate of TCEP=O formation indicated that RDS should occur after the reaction 

between -azido ether and TCEP.
84

 In addition, the zero order behavior was observed 

above a certain pD, suggesting RDS had to involve protons. Based on these facts, 

although the provenance of the intermediate was uncertain, we proposed that RDS might 

be the protonation step of intermediate I1’ at higher pD. Because the concentration of 

protons was maintained by the buffered solutions and the concentration of protons was 
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much less than that of I1’ above the certain pD, the rate of TCEP=O formation solely 

relied on the concentration of protons. It provided zero order to both -azido ether and 

TCEP as well as decreasing the rate constant with increasing pD. Our results also 

suggested that the presence of free protons was essential to provide TCEP=O formation 

and cleavage of -azido ether. 

 

 

Figure 5-13. Proposed mechanism of the major reaction pathway for the reaction 

between -azido ether 1 and phosphines in aqueous solutions.  

 

 In addition, a parallel reaction pathway through intermediate I2 was observed 

irrespective of the pDs of the reaction even if it was minor (7 – 23 %). The concentration 
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of I2 increased without any relationship with I1, supported by the fact that concentration 

of I2 leveled off while I1 was converted to TCEP=O when almost all of TCEP was 

consumed in pD 10.74 at ~1000 s (Figure 5-12D). In addition, I2 eventually was 

converted to TCEP=O after 1 d in NMR. The minor pathway did not exist in the 

reduction of secondary azido chemical 6, implying electronegative O could play an 

important role for the minor pathway. Based on these observations, although the identity 

of intermediate I2 needs more investigation, we proposed the minor pathway involved the 

cleavage of C-O bond before TCEP=O formation as shown in Figure 5-14. 

 

 
Figure 5-14. Proposed mechanism of minor reaction pathway for the reaction between -

azido ether 1 and phosphines in aqueous solutions. Water (top) or lone pair electrons on 

N (bottom) might provide intermediate I2 that was eventually converted to TCEP=O. 
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5.3.3 Cleavage products of -azido ether using triggers 

 The reductive kinetics of -azido ether has showed that it can be applied to 

degradable biomaterials with relevant cleavage time scales when appropriate triggers 

were used depending on the reaction conditions. Along with kinetics, it is also important 

to study the products of the reductive cleavage because they would determine the 

biocompatibility of the system. Although reactants are known as biocompatible, the 

products of -azido ether have not been investigated but just been hypothesized as 

alcohols and aldehydes until now.
39-40

 Here, we studied the products comparing H-NMR 

of -azido ether 1 reduced by TCEP and its model compound. 

 The azide of 1 is reduced to an amine, followed by alcohol release and imine 

formation that was hydrolyzed to aldehyde (Figure 5-15A). As a result, in the NMR 

spectrum of cleavage products 2-methoxy ethanol was observed with two sets of triplet 

peaks of methylenes (ii) at 3.56 and 3.71 ppm and a singlet methoxy peak (i) at 3.38 ppm 

(Figure 5-15B). However, another expected product, aldehyde, was not observed. Instead, 

2-methoxyethane-1,1-diol, hydrated form of aldehyde, was observed at neutral pD. The 

hydrated form of aldehyde is also found in other aldehyde molecules, such as, 

glutaldehyde
85-86

 and aliphatic aldehyde.
87

 The hydrated form was verified by comparing 

the NMR obtained after the reductive cleavage of 1 to that of the model compounds, 2-

methoxyethane-1,1-diol, which was generated in the NMR solution after deprotection of 

commercially available 1,1,2-trimethoxy ethane under acidic condition (Figure 5-15B). In 

the NMR spectrum, there were peaks corresponding to triplet methine (a), doublet 
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methlyene (b), and singlet methyl (c) at 5.16, 3.43, and 3.39 ppm, respectively. The 

adehyde was decomposed into unknown chemicals as pD increased above 9 due to the 

observations of the disappearance of the triplet methine peak (a), which needs further 

investigation for identification. 

 Based on the reports using -azido ether cleavable linkers in biological 

technologies,
39-40

 the cleavage products could be biocompatible. Although aldehyde 

functional groups can interact with amines to form imines, the imines are generally 

hydrolyzed in aqueous solution to form carbonyl groups, especially, in aliphatic 

aldehyde.
37,88

 In addition, aldehydes have been believed to be bioorthogonal functional 

groups.
37

 Consequently, aldehydes were used for selective bioconjugation linkers through 

oximes or hydrazones without significantly changing the functions of biological 

molecules, suggesting aldehyde is one of the biocompatible functional groups. These 

facts may imply biocompatibility of cleavage products from -azido ether reduction. 
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Figure 5-15. (A) Expected products from -azido ether 1 reductive cleavage. (B) 
1
H-

NMR spectra of cleavage products from the reaction between -azido ether 1 and TCEP 

in different pD (10.19, 9.67, and 7.00) buffered NMR solutions. The alcohol product was 

supported by the appearance of methoxy (i, singlet) protons at 3.38 ppm and methylene 

(ii, triplet) protons at 3.56 and 3.71 ppm. Hydrated aldehyde was formed after the 

reaction, supported by the peaks corresponding to triplet methine (a), doublet methlyene 

(b), and singlet methyl (c) at 5.16, 3.43, and 3.39 ppm, respectively, at neutral pD. The 

hydrated aldehyde was decomposed as the pD of the solution increased, supported by the 

decrease of those peaks (a, b, and c). 
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5.4 Summary 

 We have studied the characteristics of a novel cleavable -azido ether linker and 

its reductive cleavage in aqueous solutions using UV-Vis and NMR spectroscopy. The 

hydrolytic stability of the -azido ether functionalized molecules can be improved up to 

several years of half life by introduction of electronegative atoms (O or N) at the gamma 

position and a proton at the alpha position. Nucleophilic attack of deprotonated dithiol or 

phosphine triggers can initiate the cleavage of -azido ether, resulting from pH 

dependence reaction rate. Although the results of the cleavage rate at neutral pH, which is 

the most important value for biological applications, were not maximum values when 

DHLA and TCEP were used as triggers, it could be improved by manipulating the pKa 

value of triggers through chemical modifications
75-77

 up to ~0.2 M
–1

s
–1

. That means a 

pseudo first order half life of -azido ether would reach to ~ 1 h when 1 mM trigger is 

used, suggesting -azido ether can be developed as cleavable linkers for many in vitro 

and in vivo biological applications. For example, cleavable linkers can be incorporated 

into a degradable hydrogel matrix for in vitro applications, including cell cuture and gel 

electrophoresis. Such linkers are also developed in in vivo degradable materials, such as, 

drug delivery systems, tissue regeneration scaffolds, degradable sutures, and degradable 

bioadhesives.  In these applications, it would be anticipated to obtain a unique external 

control over the cleavage and stability due to bioorthogonal properties of -azido ether 

and its triggers. This is unique compared to currently available systems because -azido 
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ethers would be devoid of interference from environmental sources as they do not react 

with endogenous reducing agents.  
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Chapter 6. Degradable Polyacrylamide Gel 

Electrophoresis Using Cleavable -Azido 

Ether for Efficient and Facile Recovery of 

Biological Molecules 

 

6.1 Introduction 

A crosslinked polymeric network is a structure in which polymers are connected 

through covalent or physical crosslinking. The polymeric network has been remarkably 

used in various applications, such as, stimuli-responsive particles or gels,
1
 novel hybrid 

materials,
2-3

 and protective outer layers.
4-6

 The development of the polymeric networks in 

aqueous media has brought crosslinked hydrophilic polymeric networks called hydrogels, 

which contain substantial amounts of water in its network.
7
 Many natural

8
 and synthetic

9-

10
 polymers can be used to construct networks and their properties, such as, mechanical 

strength, viscoelasticity, and pore size, can be manipulated,
11-14

 because of which they 

have become exceptional tools in numerous biological applications; a scaffold to mimic 

artificial extra-cellular matrix for 3D cell culture and tissue engineering,
15

 a cargo to 

deliver toxic drugs or genes into a cell without side-effects,
16

 and an inert matrix for the 

separation of biological molecules to analyze biological components and functions.
17

 The 

hydrogel has historically been a part of a well-developed and ubiquitous biological 
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technique, called gel electrophoresis.
18

 The hydrogel serves as an inert matrix for the 

electrophoretic separation of biological molecules depending on their migration length.  

Based on this technique numerous biological mysteries have been deciphered
19-20

; for 

example, protein molecular weight, subunit composition, protein-protein interaction and 

amino acid sequence in conjunction with mass spectrometry have been conducted; size of 

a nucleic acid and its fragments, its sequence information, and nucleic acid-protein 

interaction have also been analyzed. 

The gel matrix for the electrophoresis can be synthesized using physical or 

chemical crosslinking in an agarose
21

 or a polyacrylamide (PAAm)
22

 gel, respectively. In 

common, the agarose gel has a larger pore size being suitable for larger biological 

molecules like DNA, while the PAAm gel has been used for mainly proteins due to its 

smaller pore size. However, nucleic acids are often analyzed using PAAm gels when high 

resolving power is required, leading to extremely pure molecules.
23

 In gel 

electrophoresis, gigantic biological molecules are separated by charge, size, and shape.
24

 

The separated biological molecules are then frequently recovered for in-depth analysis,
20

 

such as, activity study,
25

 a protein crystallization,
26

 biological assembly study,
27

 and a 

template for a biological reaction.
28

 

Current methods for the recovery, including passive extraction and electroelution, 

often have limitations due to low yield and more effort using additional 

instrumentation.
20,29-31

 Therefore, it is necessary to develop a better solution. There is a 

chemical solution to improve the recovery without any instrumentation. Chemical 

modification of a crosslinker promises gel degradation by chemical treatment, which 
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makes biological molecules free in the solution, leading to a more efficient and facile 

recovery.
29-30

 Based on this idea, there were attempts to incorporate cleavable functional 

groups into the crosslinker, including 1,2-diol,
32-33

 ester,
34-37

 acetal,
29-30

 and disulfide.
38-41

 

However, almost all cases require harsh cleavage conditions (i.e. 2% periodic acid, 1M 

NaOH, or pH < 5 acidic solution) that lead to irreversible damage to biological 

molecules. Although disulfide may be suitable as the cleavable linker because of mild 

cleavage condition (2% -mercaptoethanol), the gelation requires careful temperature 

control to prevent C-S link formation due to a thiyl radical (RS·) in the radical 

polymerization of PAAm.
39

 

We have developed an -azido ether cleavable linker that is a bioorthogonal, 

chemically cleavable in mild cleavage conditions as well as having relevant cleavage 

timescale as described in the previous chapter. As a result, we replaced the Bis with a 

crosslinker containing -azido ether (N3EG2), synthesized a degradable PAAm gel for 

gel electrophoresis, and recovered biological molecules by gel degradation after 

polyacrylamide gel electrophoresis (PAGE) as shown in Figure 6-1. Because our -azido 

ether can be cleaved using mild and biocompatible conditions, we believe that the 

degradable PAGE using the -azido ether functionality could improve upon the existing 

methods. Here, we showed a proof-of-concept for the recovery of biological molecules 

using the degradable PAGE synthesized from acrylamide and -azido ether crosslinker. 

The recovery profiles of model biological macromolecules (proteins and DNA) from the 

PAAm gel matrix were obtained by measuring fluorescence or absorption to investigate 

how fast biological molecules were recovered. Furthermore, microRNA model molecules 
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were recovered and isolated through the degradable PAGE, and electrophoresed again to 

verify the success of the degradable PAGE. 

 

 

Figure 6-1. A schematic illustration of a degradable polyacrylamide gel electrophoresis 

(PAGE) using a -azido ether crosslinker (N3EG2). A polyacrylamide gel (PAAm) was 

synthesized through a radical polymerization of acrylamide monomers and N3EG2 

crosslinkers using APS/TEMED initiation system in aqueous solution. After biological 

molecules, such as, proteins, DNA, and RNA, are loaded on the top of the PAAm gel, the 

biological molecules are separated by gel electrophoresis. The gel containing the 

biological molecules is excised and embedded molecules are recovered from the gel in 

mild, biocompatible degradation conditions (TCEP solution). 
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6.2 Experimental Methods 

6.2.1 General 

TCEP was purchased from Thermo Fisher Scientific, Inc. (Rockford, IL) and 

deuterated NMR solvents were purchased from Cambridge Isotope Laboratories, Inc. 

(Andover, MA). DNA and RNA ladder were purchased from New England BioLabs, Inc. 

(Ipswich, MA). SYBR Green I and II dyes were purchased from Invitrogen (Carlsbad, 

CA). B-phycoerythrin fluorescent protein (B-PE, 240 kDa, ex 490-560 nm, em 575 nm) 

was purchased from Enzo Life Sciences (Farmingdale, NY). All other reagents were 

purchased from Aldrich (St. Louis, MO) unless otherwise noted. Tetramethylethylene-

diamine (TEMED) was purified using distillation after refluxing in the presence of 

sodium for 2 h. Ammonium persulfate (APS) was recrystallized from water/EtOH 

mixture (30 g in 50/60 mL) by chilling the solution in a salt/ice bath. A GFP encoded 

plasmid was grown with shaking overnight at 37 
o
C

42
 and the plasmid was purified using 

a QIAprep spin miniprep kit according to the manufacturer’s manual (Qiagen, 

Germantown, MD). MicroRNA (400 nt) was synthesized according to the procedure 

similar to that described by Seelig.
28

 Acryamide solution (40 %) and ethidium bromide 

solution were purchased from Bio-rad (Hercules, CA). SequaGel Sequencing system kit 

for 7.5 M urea denaturated PAGE was purchased from National Diagnostics 

(Mississauga, ON). Ultrapure water was generated from a Milli-Q water purification 

system (Millipore Inc.; Billerica, MA, R > 10 MΩ•cm). UV-Visible absorption spectra 

were obtained on a Hewlett-Packard 8453 UV-Vis spectrophotometer (Palo Alto, CA) or 
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a Nanodrop 2000C (Thermo Scientific, Wilmington, DE). PD-10 desalting columns were 

purchased from GE Healthcare (Pittsburgh, PA). 
1
H NMR spectra were recorded on a 

Varian Unity (500 MHz) using a solvent peak as an internal standard. 

 

6.2.2 Synthesis 

 

Figure 6-2. Synthetic scheme for -azido ether crosslinker, N3EG2. 

 

 N-(2-(2-Phthalimido(1-azidoethoxy))ethyl)phthalimide (3). Phthalimido(1,3-

dioxolan-2-yl)methane (1, 44 g, 0.16 mol) was dissolved in dichloromethane (500 mL) 

and placed under nitrogen flow for 15 min on an ice bath. Pyridine (20 mL, 0.25 mol) and 

methanesulfonyl chloride (20 mL, 0.25 mol) were added slowly under constant stirring. 
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After stirring for 15 min, a nitrogen balloon was affixed and the mixture was allowed to 

warm room temperature, and stirring was maintained overnight. After this period, water 

(500 mL) was added to the reaction mixture and stirred for 2 h to remove any unreacted 

pyridine. The aqueous layer was removed and the organic layer was washed thrice with 

saturated aqueous sodium bicarbonate solution (500 mL) and once with brine (500 mL). 

The organic layer was dried with sodium sulfate and concentrated under reduced pressure 

to produce yellow oil in quantitative yield. The yellow oil (2, 55 g, 0.16 mol) was 

dissolved in dimethylformamide (500 mL). Potassium phthalimide was added, and the 

mixture was heated to 75 
o
C and stirred overnight under nitrogen atmosphere. The 

reaction mixture was cooled to room temperature and poured on to cold water resulting in 

a white precipitate. The precipitate was filtered and washed with ethanol. The product 

was purified by recrystallization from DMF/water solvent mixture to result in white 

granular crystals (51 g, 78 % yield). 
1
H NMR (500 MHz, CDCl3, δ) 7.78 (m, 4H, Ar-H), 

7.70 (m, 4H, Ar-H), 4.81 (t, 1H, J = 6.2 Hz, CHN3), 4.07 (m, 1H, OCH2), 3.94 (m, 1H, 

OCH2), 3.83-3.92 (m, 4H, OCH2 and NCH2) 

 2-(2-Aminoethoxy)-2-azidoethanamine (4). N-(2-(2-Phthalimido(1-azido-

ethoxy))ethyl)phthalimide (3, 25 g, 62 mmol) was suspended in 0.3 M methanolic 

hydrazine (150 mL) and refluxed for 2 h. Aqueous hydrochloric acid (5 %, 100 mL) was 

then added to the solution resulting in the formation of a white precipitate. This 

suspension was then refluxed for 12 h. Insoluble components were filtered off after 

acidifying the mixture and the aqueous solution was washed twice with DCM (50 mL). 

Solid KOH was added to the aqueous solution to make the solution basic (pH > 10). The 
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basic solution was then extracted with DCM. The organic layers were combined, dried 

using sodium sulfate and concentrated under vacuum to produce a yellow oil (5.5 g, 61 

%). 
1
H NMR (500 MHz, CDCl3, δ) 4.43 (t, J = 5.3 Hz, 1H, CHN3), 3.86 (m, 1H, OCH2), 

3.59 (m, 1H, OCH2), 2.94 (m, 4H, NCH2), 1.37 (s, 4H, NH2). 

 N-(2-(2-acrylamido-1-azidoethoxy)ethyl)acrylamide – N3EG2. The crosslinker 

(N3EG2) was prepared according to the method similar to that described by Delgado et al. 

with the following modification.
43

 2-(2-Aminoethoxy)-2-azidoethanamine (4, 2.23 g, 

15.4 mmol) in 60 mL acetonitrile was slowly added dropwise to a solution of acryloyl 

chloride (1.4 mL, 17.2 mmol) in 90 mL acetonitrile in an ice bath under nitrogen, 

resulting in the formation of yellow precipitates. The reaction mixture was warmed to 

room temperature and stirred overnight. The precipitates were filtered and washed with 

warm acetonitrile. The filtrates were stabilized by addition of 0.1 mL MEHQ (methyl 

ether hydroquinone, 10 mg / 1 mL methanol). The solution was concentrated to a few mL 

and remaining salts were removed by short (~2 cm) silica gel filtration using ethyl acetate 

washing. The solution was concentrated and the product was purified by silica gel 

column chromatography using ethyl acetate as eluents (Rf = 0.43, 634.5 mg, 29 %). The 

product N3EG2 was dissolved in degassed water with trace amounts of MEHQ and stored 

at -20 
o
C. 

1
H NMR (500 MHz, CDCl3, δ) 6.33 (m, 2H, CH2=CH), 6.17 (m, 2H, 

CH2=CH), 6.13-6.05 (br, 2H, CONH), 5.70 (m, 2H, CH2=CH), 4.64 (t, J = 5.3 Hz, 1H, 

CHN3), 3.93 (m, 1H, OCH2), 3.71 (m, 3H, OCH2CH2), 3.49 (m, 2H, NCH2). 
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6.2.3 Polyacrylamide gel electrophoresis 

Degradable polyacrylamide gel using the N3EG2 was prepared according to the general 

protocols for conventionally available non-degradable polyacrylamide gel using the Bis 

crosslinker The degree of monomers and crosslinkers was regulated by parameters; the 

percentage of total monomers including crosslinkers (%T) and the crosslinker percentage 

(%C) according to the equations, 

    
                                

            
         

    
                

                                
          

The gelation was initiated by a radical polymerization from TEMED (0.1 %) and APS (1 

%) system and continued for about 1 - 2 h. Before samples were loaded, pre-

electrophoresis was conducted for 15 – 30 min.  

 Native protein PAGE. Conventionally developed polyacrylamide gels (37.5:1 

gel) were used for native protein PAGE. For comparison to the conventional gel, the mol 

ratio of a N3EG2 crosslinker was adjusted to that of the conventional gel. Gels were 

prepared from 10/4.3 (%T/%C) of total monomers and N3EG2 crosslinkers for the 

degradable PAGE and 10/2.6 (%T/%C) of total monomers and Bis crosslinkers for a 

control experiment in Tris·Cl buffers (pH 8.8 for a separating gel and pH 6.8 for a 

stacking gel). Gel electrophoresis was performed under the Tris-glycine (25 mM Tris and 

192 mM glycine, pH 8.3) native running buffer. Samples were prepared by diluting B-PE 

and ferritin in 1x Tris/glycerol loading buffer (62.5 mM Tris and 10 % glycerol, pH 6.8). 

After the pre-electrophoresis at 120 V, samples were added to wells (30 L of 0.8 mg/mL 
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B-PE or 2 mg/mL ferritin). The electrophoresis was then performed for 2 h at 120 V. 

Because the proteins had pink (B-PE) and brown (ferritin) colors, without a staining step 

the migrated protein bands were carefully excised using a razor. The proteins in the 

excised bands were used for the recovery study. 

 Native DNA PAGE. The native DNA PAGE was performed using a similar 

method as described above for the native protein PAGE with modifications. Gels were 

prepared from 5/5 (%T/%C) of total monomers and N3EG2 crosslinkers for the 

degradable PAGE and 5/3.6 (%T/%C) of total monomers and Bis crosslinkers for the 

control experiment in 1x TBE buffers (Tris-borate-EDTA pH 8.0, 89 mM Tris, 89 mM 

borate, and 2 mM EDTA). Gel electrophoresis was performed under 1x TBE buffer. 

Samples were prepared by diluting 1kb DNA ladder and GFP plasmid in 1x DNA loading 

buffer (5 % glycerol). After the pre-electrophoresis at 100 V, samples were added to 

wells (6 L of 417 g/mL 1kb DNA ladder or 15 L of 37.5 g/mL GFP plasmid). The 

electrophoresis was then performed for 1 h 40 m at 100 V. Next, the gels were stained 

using ethidium bromide solution (0.5 g/mL) or 1x SYBR green I solution. The ethidium 

bromide stained gel were imaged using a Bio-Rad Molecular Imager FX. The migrated 

green fluorescent DNA bands from SYBR green I staining were carefully excised using a 

razor under UV light illumination, which were used for the recovery study. 

 Denaturating urea RNA PAGE. The denaturating urea PAGE was performed 

for RNA sample using a similar method as described above for the native DNA PAGE 

with modifications. Conventional gels were prepared from 4/5 (%T/%C) of total 

monomers and Bis crosslinker using denaturating 7.5 M urea SequaGel kits in 1x TBE 
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buffers. Degradable urea gels were prepared from 4/8 (%T/%C) of total monomers and 

N3EG2 crosslinker using denaturating 7.4 M urea gel in 1x TBE buffers. Gel 

electrophoresis was performed under 1x TBE buffer. RNA sample was prepared by 

diluting microRNA in 1x loading buffer (1.2 g/L, 3 % ficoll). After the pre-

electrophoresis at 20 W for 30 m, 4 or 12 L of microRNA samples were added to wells. 

The electrophoresis was then performed for 1 h at 150 V. Next, the microRNA bands 

were visualized by UV-shadowing method
44

 and carefully excised using a razor under 

UV light illumination on a silica plate. The excised gels were stored at -70 
o
C. 

 

6.2.4 Recovery of biological molecules 

 The biological molecules were recovered from the N3EG2 gels into the solution by 

degradation through reductive cleavage of N3EG2 crosslinker. The degradation of N3EG2 

gels was performed using TCEP/TE solution (condition i). The recovery profiles of 

biological molecules were measured by fluorescence (B-PE and DNA) or UV-Vis 

(ferritin) spectrophotometry. For controls, recovery profiles of degradable N3EG2 and 

non-degradable Bis gels were obtained using TE solution (condition ii) and TCEP/TE 

solution (condition iii), respectively. 

 Proteins recovery. The excised N3EG2 band of the B-PE protein were placed in a 

capped fluorescence cuvette and 3 mL of 10 mM TCEP/TE for the degradation sample (i) 

or 10 mM TE for the control sample (ii) were then added to the cuvette (pH 8.0). In 

addition, the Bis band of the B-PE protein was mixed with 10 mM TCEP/TE for control 
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sample (iii). The samples were then incubated at room temperature. Fluorescence data of 

solutions, where the gels were settled down on the bottom of the cuvette, were collected 

by a Quantamaster fluorimeter (PTI, London, Ontario; λex = 475 nm) using an excitation 

optical filter (FF01-492/SP-25, Semrock) to eliminate scattered light. Along with 

fluorescence data collection, fluorescence images of the gels in a 24-well plate were 

taken using a digital camera with bench-top UV-lamp illumination. After overnight 

incubation, the degradable gel (i) was not solubilized, leaving swelled gel without B-PE 

pink color in the gel. The B-PE protein was then isolated physically from the gel matrix 

and further purified by a PD-10 desalting column, in which each fraction (1 mL) was 

measured by a fluorimeter.  

Ferritin samples were prepared the methods similar to that described in B-PE 

protein samples. Instead of fluorescence collection, UV-Vis absorption data of solutions, 

where gels were settled down on the bottom of the cuvette, were collected by HP 8453 

UV-Vis spectrophotometer. After 24 h incubation, the brown band was disappeared. The 

ferritin protein was then isolated physically from the gel matrix and further purified by a 

PD-10 desalting column, in which each fraction was measured by UV-Vis 

spectrophotometer. 

 DNA recovery.  The GFP plasmid band was handled similar to the method 

described in B-PE protein sample handling with modification. The solution contained 1x 

SYBR green I dye to quantify the DNA using fluorescence intensity of intercalated 

SYBR green I
45

. The temperatures of the cuvette were controlled in a water bath at 37 
o
C 

and ~50 
o
C. Fluorescence data of solutions, where gels were settled down on the bottom 
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of the cuvette, were collected by the PTI fluorimeter (λex = 470 nm) using optical filters 

(FF01-492/SP-25 and BLP01-488R-25, Semrock) to eliminate scattered light. At each 

time of fluorescence measurement, the green fluorescence from DNA was imaged by a 

digital camera with bench-top UV-lamp.   

 MicroRNA recovery. MicroRNA was recovered by degradation of N3EG2 gel 

using TCEP solution and then isolated from the solution using TRI reagent extraction, 

followed by Qiagen RNeasy MinElute Cleanup Kit or LiCl precipitation
46

. For the 

extraction method, a gel was placed in a 1.5 mL tube, crushed using a plastic pipette tip, 

and then added 400 L of 10 mM TCEP/TE buffer (pH 7.0). The tube was incubated at 

80 
o
C for ~ 1 h with occasionally vortex. After completely degradation of the N3EG2 gels, 

700 L of TRI reagent and 140 L of chloroform were added. After vortex, the tube was 

centrifuged and the top layer was transferred into a new tube. The solution was mixed 

with 400 L of ethanol and purified using Qiagen RNeasy MinElute Cleanup Kit 

according to the manufacturer’s manual without addition of RLT buffer. The isolated 

microRNA was quantified by Nanodrop 2000C (Thermo Scientific, Wilmington, DE). 

For the LiCl precipitation, five N3EG2 gels were placed in a 1.5 mL tube, crushed 

using a plastic pipette tip, and then added 500 L of 20 mM TCEP/TE buffer (pH 7.0). 

The tube was incubated at 80 
o
C for ~ 1 h with occasionally vortex. After completely 

degradation of the N3EG2 gels, 500 L of 8 M LiCl was added and the solution was then 

incubated at -20 
o
C for 45 m. Next, the solution was centrifuged at 4 

o
C for 15 m and 

supernatant was discarded carefully. MicroRNA was then washed with 400 L of 70 % 

EtOH using centrifugation and supernatant removal. After a white pellet of microRNA 
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was dried for 5 m, the microRNA was dissolved in 20 L H2O. The isolated microRNA 

was quantified by Nanodrop 2000C (Thermo Scientific, Wilmington, DE). The isolated 

microRNA was further analyzed using conventional Bis PAGE with a RNA ladder. After 

the electrophoretic separation, microRNA was stained using 1x SYBR green II dye and 

imaged by C-80 Epi-illumination UV Darkroom (UVP, LLC, Upland, CA).
47

 

 

6.2.5 Expected degradation fraction of N3EG2 

 The degradation fraction of N3EG2 can be theoretically calculated using a mixed 

second order rate equation developed by Micheau et al..
48

 When the concentration of 

reactants (A and B) is different and a second order rate constant (k) is known, the fraction 

of B, which is lower amounts in reactants, can follow the equation; 

  
 

  
   

 

               
         

                  

In our experiment, TCEP concentration corresponds to A0 due to excess amount used. 

The concentration of N3EG2 can be estimated from a gel size and a volume of TCEP 

solution. The gel size was assumed as 1 x 1 x 0.1 cm, resulting in 0.1 mL of volume. 
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6.3 Results and Discussion 

6.3.1 Synthesis 

Acrylamide groups were simply introduced into a crosslinker by reacting between 

acryloyl chlorides and an amine functionalized -azido ether. The amine functionalized 

-azido ether was initially synthesized through a benzoate protected -azido ether 

followed by basic deprotection and Gabriel synthesis using a mesylate as an alternative to 

a halide
49

 (Figure 6-3). However, the chemicals involved in this reaction scheme were a 

liquid being difficult for purification via recrystallization. Moreover, ring formation 

occurred during the deprotection of benzoate group lowering yield and purity. In contrast, 

when a phthalimide protected amine was used instead of a benzoate protected alcohol, 

developed by Ramasubramanian in Taton group, solid compounds were formed resulting 

in better yield and facile purification method via recrystallization. In the step of the 

N3EG2 crosslinker synthesis (acrylamide formation), a diamine -azido ether was used as 

base, similar to procedure reported previously,
43

 rather than use of additional bases like a 

triethylamine.
50

 When the triethylamine was included in the reaction, there were always 

more unknown byproducts produced, leading to difficult purification and lower yield, 

compared to the developed procedure. The N3EG2 crosslinker was stabilized with BHT or 

MEHQ radical inhibitor to prevent from air polymerization during storage. 
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Figure 6-3. Initially designed synthetic scheme for a N3EG2 crosslinker through a 

benzoate protected -azido ether. 

 

6.3.2 Degradable polyacrylamide (PAAm) gelation 

From the literature, it was reported that an azido group could react with an olefin 

to form a cycloaddition product.
51-52

 As a consequence, there were a few reports in which 

an azide in a controlled radical polymerization reacted with an electron poor olefin, such 

as, an acrylate or an acrylamide monomer to produce cycloaddition products.
53-55

 

However, this cycloaddition reaction became negligible when the reaction was performed 

below 50 
o
C.

53,56
 The well-controlled polymerization was obtained at 30 

o
C or room 

temperature using azide functionalized methacrylate
53,56

 or N-isopropylacrylamide
57

 

monomers without any side reaction. In addition, an acrylamide monomer showed a 

lower reactivity for the cycloaddition than an acrylate monomer due to more electron 
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deficient double bond characteristics of the acrylate monomer, indicating that a 

successful radical polymerization could be achieved using the acrylamide monomers.
55

 

Moreover, Young in the Taton group has synthesized a degradable hydrogel using -

azido ether functionalized macromers and showed its degradation by chemical triggers.
58

 

Therefore, the degradable PAAm gel was prepared by a radical polymerization of 

acrylamide monomers and the N3EG2 crosslinker using a catalyst-redox system of 

peroxide-amine (APS-TEMED) in aqueous solution, which is one of the widely used 

systems in PAGE.
24

 Tertiary amines like TEMED were frequently used in the radical 

polymerization to accelerate a free radical formation from peroxides even in room 

temperature.
59-60

  Although it seemed that the efficiency of N3EG2 crosslinker in the 

radical polymerization was little bit lower than that of Bis because the duration of gel 

casting needed more time than conventional Bis, a transparent N3EG2 functionalized 

PAAm gel was obtained after 1 h or more gelation, having similar appearance to that of 

the conventional PAAm gel. For the comparison to the conventional Bis gel, the molar 

ratio of a monomer to a crosslinker (N3EG2 or Bis) was adjusted. It should be noted that 

the gel can be casted without any detrimental effect, which was reported in the gel casted 

from a disulfide crosslinker due to the formation of RS· radical.
39

 

 

6.3.3 Degradable native protein PAGE 

The degradable native PAGE for protein recovery was performed to investigate 

how efficient and fast gigantic proteins were recovered from the gel into solution. The gel 
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concentration was adjusted to that of conventionally developed materials, 2.6 %C of Bis 

crosslinker (16.9 mM). For the comparison of recovered proteins out of the degradable 

gel, the same molarity of N3EG2 crosslinker was used to cast the degradable gel, leading 

to 4.3 %C of N3EG2. B-phycoerythrin fluorescent protein (240 kDa, pI ~4.2–4.4)
61-62

 and 

ferritin (440 kDa, pI ~4.5)
63-64

 were chosen as model proteins because they are 

commercially developed as biomarkers in a native protein ladder, more importantly, and 

have a color band giving facile visualization and tracking. During the native protein 

PAGE, B-PE bands were moved further than ferritin, mainly due to larger size of ferritin. 

After the electrophoretic separation, each protein was recovered out of the gel matrix by 

reductive cleavage of -azido ether using 10 mM TCEP solution and the amounts of 

recovered protein were monitored. 

The recovery profile of B-PE from the degradable N3EG2 gel with TCEP (i) was 

measured using fluorescence intensity in the solution. For control samples, the 

degradable N3EG2 gel and the conventional, non-degradable Bis gel were prepared and 

incubated in non-degradable (without TCEP, ii) and degradable (with TCEP, iii) solution, 

respectively. The B-PE was recovered from the gel gradually in all conditions, i - iii. But, 

the recovery of B-PE was faster in the degradable N3EG2 gel with the TCEP trigger (i), 

compared to control samples (ii and iii) as shown in Figure 6-4A. For example, the 

recovery amounts of B-PE using condition i was 1.5 and 1.7 times higher than that of 

condition ii and iii, respectively. The recovery profile of B-PE in the condition i was 

almost leveled off at 5 h and reached to maximum at 8 h, suggesting quantitative 

recovery of B-PE.  
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Consistent results were obtained from fluorescence images although these did not 

give quantitative results (Figure 6-4C). As incubation time increased, the fluorescence 

intensity became fainted and disappeared at 8 h in the degradable N3EG2 gel with the 

TCEP trigger (i), similar to the results from the recovery profile. For the N3EG2 gel 

without the TCEP (ii), although the fluorescence intensity became weaker with increasing 

incubation time, the fluorescence intensity was always relatively stronger than that of 

condition i as well as the fluorescence band was observed even at 17 h. On the other 

hand, the fluorescence intensity of iii was always the most intense over the entire 

experimental timescale.  

We believed that the cleavage of N3EG2 led to degradation of the gel, leading to 

larger pores in the matrix through which more proteins diffused out. It caused the most 

increase fluorescence of the recovery profile (Figure 6-4A) and the most fainted pink 

band in the gel (Figure 6-4C) in the condition i. The result from the condition ii showed 

faster recovery compared to iii, presumably, due to longer and hydrophilic N3EG2 that 

absorbed more water. It caused the extended matrix to have larger pore sizes than that of 

the Bis gel. The observations indicated that when the degradable gel in the presence of 

the trigger (i) was used, faster and quantitative recovery of protein could be obtained, 

although the gel was not solublized within the experimental timescale.  

In fact, non-solubilization resulted in efficient and facile isolation of B-PE from 

the gel matrix physically. Furthermore, small molecules like TCEP=O (oxidized TCEP 

by-products) were excluded using a desalting column in 1 - 3 mL elution volume (Figure 

6-4D). It should be noted that the results might show that the degradable condition (i) 
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would be biocompatible because the fluorescence of B-PE did not change during the 

entire experiments.  

Next, ferritin, which is a bigger protein, was used for recovery because it was 

expected to have slower diffusion and lower recovery yield. Similar to the results of B-

PE, the recovery rate of ferritin in condition i was 1.7 and 3.0 times faster than that of the 

condition ii and iii, respectively (Figure 6-4B). After 24 h incubation, ferritin was still 

embedded in the gel in both of ii and iii while all ferritin was recovered in condition i 

because no more color band was left in the gel. Ferritin was further isolated from the gel 

matrix and small molecules using a desalting column with quantitative recovery yield 

(Figure 6-4D). The results show that if the N3EG2 gel and degradation condition (i) are 

applied in PAGE any gigantic proteins can be electrophoretically separated, recovered, 

and purified with improved yield that could not be obtained using the conventional 

PAGE. 

It is possible to expect theoretical fraction of -azido ether remaining in the gel 

with respect to time under the degradation condition using a mixed second order rate 

equation. Because a general excised gel size was 0.1 x 1 x 1 cm and 2 mL of 10 mM 

TCEP solution was added, the concentration of N3EG2 became 8 M. The second order 

rate constant was obtained from the previous chapter as ~0.2 M
-1

s
-1

 at pH 8 in TCEP 

case. From the calculation, 31 % and 3.4 % of N3EG2 were left in the gel at 10 and 30 m, 

respectively. That might promise solubilization of the N3EG2 gel within 1 h under 

experimental conditions. However, the N3EG2 gel was not solubilized within the 

experimental condition (~24 h). It suggests that because the expected calculation was 
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based on the homogeneous reaction between -azido ether molecule and TCEP in 

aqueous solution, its exertion to heterogeneous system was not applicable. In order to be 

more accurate expectation, heterogeneous reaction conditions need to be considered. 

 

 

Figure 6-4. Protein recovery after PAGE. (A) Recovery profiles of a B-PE protein and 

(B) a ferritin from a degradable N3EG2 gel with a TCEP trigger solution (black square, i), 

a degradable N3EG2 gel without a TCEP trigger (red circle, ii), and a non-degradable Bis 

gel with a TCEP trigger (blue triangle, iii), measured by a fluorescence 

spectrophotometer (ex 475 nm and em 570 nm) and a UV-Vis spectrophotometer 

(absorbance at 400 nm), respectively. (C) Fluorescent images during B-PE recovery. A 

pink band indicated the embedded B-PE in the gel matrix. (D) Isolation of the recovered 

proteins from the degradable N3EG2 gel matrix and small molecules like TCEP and 

TCEP=O using a PD-10 desalting column. The concentration of isolated proteins, B-PE 

and ferritin, at each fraction (1 mL) were measured by a fluorescence (ex 475 nm and 

em 570 nm) and a UV-Vis spectrophotometer (absorbance at 400 nm), respectively. 
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6.3.4 Degradable PAGE for a nucleic acid 

Next, a nucleic acid was separated and recovered from the degradable N3EG2 gel. 

Although a nucleic acid is commonly separated by the electrophoresis of an agarose gel 

that has larger pore size than a PAAm gel, a PAAm gel is often utilized to obtain an 

extremely pure nucleic acid using its better resolution and more sensitive detection 

methods
23,30

. In addition, using a larger biological molecule than a protein allows us to 

study the efficiency of the biocompatible, degradable N3EG2 gel for the recovery. As a 

result, nucleic acids, such as, a plasmid (4343 bp, 2638 kDa) and microRNA (400 nt, 128 

kDa), were electrophoretically separated and recovered. 

Because the plasmid had a larger size than the previous proteins, it was required 

that the gel concentration decreased to 5 %T. After the plasmid and DNA ladder were 

loaded into either of 5 %C (N3EG2) or 3.6 %C (Bis) gel, the DNA was separated 

electrophoretically. When the DNA bands were visualized using ethdium bromide 

fluorescence, separated DNA bands were observed for both N3EG2 and Bis gels 

according to a basepair (or size) in Figure 6-5A because DNA separation in the gel 

electrophoresis relied on the basepair (or size). In addition, another gel was prepared and 

stained with SYBR green I dye that has green fluorescence by intercalating into double 

strand DNA
45

. The green fluorescence band of plasmid was then cut and the plasmid 

DNA embedded in the gel matrix was recovered using the same method as above in the 

protein recovery except incubation temperature. Because DNA is relatively stable at a 

higher temperature, the gels were incubated at 37 and 50 
o
C to investigate temperature 
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effect on the recovery rate. The recovery rate was then measured by monitoring green 

fluorescence intensity with respect to the time. 

From the recovery profiles (Figure 6-5C and D), it was observed that no plasmid 

DNA was liberated from the gel matrix under the non-degradable conditions, ii 

(degradable N3EG2 gel without TCEP trigger) and iii (non-degradable Bis gel with TCEP 

trigger) at both 37 and 55 
o
C. However, when the degradation of N3EG2 gel was triggered 

using TCEP at 37 
o
C, recovery of the plasmid DNA began at 3 h, followed by abrupt 

increase after 4 h, and completed at 6 h in which the gel was solubilized and quantitative 

recovery was obtained. The recovery rate was improved at elevated temperature 50 
o
C, 

based on the fact that recovery completion and gel solubilization were achieved at ~2.5 h. 

The results were also verified by fluorescence images of the embedded plasmid DNA 

(Figure 6-5B). In the images, the recovery of the plasmid DNA led to the disappearance 

of the green fluorescence band at 6.5 h at 37 
o
C in the degradation condition i only while 

the green fluorescence band was persisted in other non-degradation conditions (ii and iii). 

The results suggested that the recovery of large biological molecules like the plasmid 

DNA was completely restricted using the conventional Bis gel. But, when the degradable 

N3EG2 gel was replaced for the Bis gel any size of gigantic biological molecules could be 

recovered from the gel matrix using TCEP trigger. Moreover, the recovery time could be 

significantly reduced by increasing the temperature. 
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Figure 6-5. (A) Gel electrophoresis (5 %T / 5 %C N3EG2 polyacrylamide gel, 1x TBE) 

of a 1 kb DNA ladder and a plasmid DNA. After electrophoresis, the DNA bands were 

stained with ethidium bromide solution and then scanned to provide the image. (B) Green 

fluorescence images of intercalated SYBR green I into DNA under UV light illumination 

with respect to the time. Green fluorescence indicated an embedded plasmid DNA band 

in the gels. Recovery profiles of a plasmid DNA out of the gels incubated at 37 
o
C (C) 

and 50 
o
C (C), measured by a fluorescence intensity of the intercalated SYBR green I dye 

of dsDNA in the recovery solution. Only the degradation condition (i) could liberate the 

plasmid DNA from the gel matrix completely leading to the green band disappearance 

(B) and max fluorescence intensity (C and D), as a result of gel solubilization, while 

other non-degradable conditions (ii and iii) showed no change. 
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Micro RNA (microRNA) was also recovered using a similar method. Because 

RNA is single strand which might cause secondary structures leading to false 

separation
65

, denaturating gel electrophoresis was performed using concentrated urea 

(~7.5 M). In addition, pre-electrophoresis was conducted to warm electrophoresis system 

to aid denaturation of RNA. After microRNA (400 nt) was electrophoretically separated, 

the microRNA band was simply excised using UV-shadowing method
44

 (Figure 6-6A), 

followed by gel degradation using TCEP in pH 7.0 buffer to prevent hydrolysis of RNA. 

In order to reduce the recovery time, the gel was crushed and temperature was elevated to 

80 
o
C which is frequently conducted in crush-and-soak method for recovery of small 

RNA
46

. As a result, the gel was solubilized within ~1 h that was faster than what was 

observed previously when the recovery was performed at 50 
o
C. Next, the microRNA 

was isolated from the solubilized gel and other small components using either of TRI 

reagent extraction (guanidine thiocyanate/phenol/ chloroform), followed by a Qiagen 

purification kit or LiCl precipitation method, which is frequently used in microRNA 

purification
46

, to afford 21-47 % yield.  

The isolated microRNA was further analyzed by a secondary PAGE to verify 

compatibility of degradation condition to microRNA. After the secondary gel 

electrophoresis, the same migration bands of microRNA before and after gel degradation 

were obtained as shown in Figure 6-6B. It indicated that the microRNA was inert under 

the degradation condition (10 mM TCEP, pH 7.0, 80 
o
C) being no structural change and 

hydrolysis even if the RNA is chemically unstable relative to DNA.  
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Figure 6-6. RNA denaturating urea gel electrophoresis. (A) Gel electrophoresis (4 %T 

polyacrylamide gel, 1x TBE, ~7.5 M urea) of 400nt microRNA. After electrophoresis, 

the RNA bands were visualized by UV-shadowing method to provide the image. (top) 

RNA band using a conventional 5 %C Bis polyacrylamide gel. (bottom) RNA band using 

a degradable 8 %C N3EG2 polyacrylamide gel. (B) Secondary denaturating urea gel 

electrophoresis of ssRNA ladder, original and isolated microRNA (400nt). After gel 

electrophoresis using a Bis gel, the gel was stained with SYBR green II solution and 

fluorescence image was taken under UV illumination. The isolated microRNA had the 

same migration as that of original microRNA, maintaining their size after degradation. 

The result indicated the degradation condition was compatible with RNA even in high 

temperature resulting in no effect on the RNA band migration. 
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6.4 Summary 

 We have demonstrated that the degradable PAGE using a bioorthogonal, 

chemically cleavable -azido ether crosslinker (N3EG2) replaced for a Bis crosslinker is a 

chemical alternative to current methods for recovery of biological molecules, such as, 

protein, DNA, and RNA. Under the mild and biocompatible degradation conditions using 

TCEP trigger, the N3EG2 was cleaved making bigger pore size or solubilizing the entire 

gel matrix. As a result, the biological macromolecules were recovered rapidly and 

efficiently through simple diffusion compared to conventional methods. The degradation 

can be manipulated by elevating temperature to reduce degradation time. Although more 

optimization would be performed to improve the system, we anticipate that the 

degradable PAGE could be a versatile and universal tool for an efficient and facile 

recovery of biological molecules. In addition, the result has verified the proof-of-concept 

of incorporation of the bioorthogonal, chemically cleavable -azido ether into a 

degradable hydrogel. As a result, we believe that the -azido ether can be expanded to 

novel degradable biomaterials for in vivo applications, such as, drug delivery, bio-

adhesive, and tissue regeneration scaffolds.  
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Chapter 7. Concluding Remarks 

 This thesis describes our efforts to develop novel nano/bio-materials and their 

biological applications. It demonstrates how chemistry can improve properties of 

nano/bio-materials that have been incorporated into biological technologies. As a result, 

the improved properties give benefits to the biological technologies. We anticipate that 

the developed chemistry in this thesis would provide tools for technological advance in 

biological applications.  

 Particularly, oligothiol stabilized AuNPs were prepared using the advantages of 

graft copolymer with thermally and chemically resistant AuNPs. The graft copolymer 

stabilized AuNPs were then integrated into a biological technology, SP-PCR, for rapid 

colorimetric post-PCR analysis to improve the current analytical method by excluding 

instrumental needs and removing subsequent analysis for target DNA detection. 

Although this thesis deals with only colorimetric target DNA detection, the graft 

copolymer stabilized AuNPs with SP-PCR would be further expanded into advanced 

PCR technologies; SNP detection using a sequence-specific restriction enzyme
1
; 

multiplex SP-PCR using AuNP-primer libraries composed of various sizes and shapes
2
 

that lead to simultaneous, automated target DNA detection through various methods
3
; and 

mobilized gene colonies that can be sequenced by a hybridization sequencing method or 

a currently being developed nanopore method.
4
 

 The bioorthgonal, chemically cleavable -azido ether has also been studied as a 

essential part of degradable materials. The fundamental studies of the -azido ether were 
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performed to elucidate its stability and cleavage kinetics, which gave the ways to improve 

its performance in degradable materials. A representative example of chemically 

degradable materials was also demonstrated by incorporating the -azido ether into a 

polyacrylamide gel, which is an essential matrix in a biological technology, PAGE. 

Although the degradable gel showed the efficient and facile recovery of biological 

molecules through the chemical cleavage of the -azido ether, it would become improved 

by further investigations: a simple preparation that can be achieved using a radical 

reaction of azide with benzyl ether,
5
 development of triggers bearing low pKa,

6-7
 and 

catalytic cleavage of azide through visible-light-induced azide reduction.
8
 Afterwards, the 

-azido ether would hold a promise for novel cleavable linkers in degradable materials 

by chemical and/or light triggered degradation. Furthermore, it would be possible to use 

the -azido ether as dual-functional groups in which ligation and cleavage reactions 

occur through Staudinger ligation and azide reduction, respectively.
9-10

 

 In conclusion, we anticipate that these efforts on surface functionalization of 

AuNPs with graft copolymers bearing oligothiols and the novel -azido ether 

functionality with controllable chemical cleavage open a broad range of biological 

applications. As a consequence, we hope that these approaches would play an important 

role in advanced biomaterials as well as biotechnologies. 
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