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摘要 

本研究合成並純化有機高分子材料「聚丙二醇－二腺嘌呤」，並以核磁共振、

質譜儀與凝膠滲透層析法確立其結構。掃描式與穿透式電子顯微鏡，以及動態雷

射光散射技術顯示聚丙二醇－二腺嘌呤溶於水中會形成奈米顆粒，其平均粒徑約

為 100奈米。聚丙二醇－二腺嘌呤的臨界微胞濃度(CMC)以芘(pyrene)的螢光光譜

決定，其結果為8 × 10−2 mg/mL。最低臨界溶解溫度(LCST)係以紫外光／可見光

光譜儀測定，結果發現聚丙二醇－二腺嘌呤的最低臨界溶解溫度會隨其在水中濃

度變化，且其在濃度越高時變化幅度越小。此材料最低臨界溶解溫度範圍涵蓋人

體體溫。初步的藥物載入與釋放實驗顯示，此材料有很好的藥物包覆率與最低臨

界溶解溫度附近快速的藥物釋放表現，有潛力作為標靶藥物傳輸之載體。 
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Abstract 

The polymer PPG-bis-adenine was synthesized and purified, and the chemical 

structure was characterized by NMR, mass spectroscopy, and chromatography. 

Scanning electron microscopy, transmission electron microscopy and dynamic light 

scattering showed the existence of nanoparticles formed by PPG-bis-adenine, and the 

mean diameter of nanoparticles was determined to be about 100 nm in aqueous solution. 

The critical aggregation concentration was determined using pyrene fluorescent 

emission and was determined to be around 8 × 10−2 mg/mL. The LCST behavior is 

studied using UV/Visible spectrophotometer. It is found that the LCST is 

concentration-dependent, and the variation of LCST is less significant at higher 

concentrations. The LCST range covers human body temperature. Preliminary drug 

loading and release experiments revealed good entrapment efficiency and instant release 

of drug at LCST phase change, showing potential of PPG-bis-adenine as a targeted drug 

carrier. 
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Chapter 1. Introduction 

Targeted drug delivery has been an active research topic in the past decades. The 

advantage of targeted drug delivery includes less side effects and higher bioavailability, 

which are especially desirable in cancer treatment. There have been many methods 

dedicated to targeted delivery of cancer drugs, which exploit the unique 

microenvironment like higher temperature and lower pH of tumor cells. With “smart” 

materials which respond to temperature, pH, and other stimuli, cancer drugs can be 

protected and transported to target cells, then released by the microenvironmental 

stimulus of target cells. However, most of these stimuli-responsive copolymers have 

complex structures, have to be synthesized through many steps, and the precise degree 

of polymerization is hard to control. In this study, we utilized the flexibility of 

supramolecular chemistry to synthesize a temperature-responsive material, 

poly(propylene glycol)-bis-adenine (PPG-bis-adenine). PPG-bis-adenine has a simple 

structure and is easy to synthesize. It can self-assemble into nanoparticles above its 

lower critical solution temperature (LCST), and the nanoparticles disassemble above 

LCST. This makes PPG-bis-adenine a good candidate of drug carrier for controlled 

release. We studied its physical properties and explored its performance in drug loading 

and release. 
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Chapter 2. Literature Review 

2.1 Supramolecular Chemistry 

Supramolecular chemistry is concerned with non-covalent interactions between 

molecules, such as hydrogen bonding, van der Waals force, metal-ligand coordination, 

π-π interaction, π-cation interaction and electrostatic force. Usually these interactions 

are not as strong as covalent bonds, so supramolecular structures are more flexible and 

constitutionally dynamic. When exposed to external stimuli like temperature or pressure 

change, these structures may change their shape and constitution accordingly, by 

destruction and reestablishment of non-covalent interactions, yet they are strong enough 

to form stable macrostructures [1]. The versatility of these non-covalent interactions 

offer many tools for chemical, biological, and engineering researches. 

Supramolecular chemistry is closely related to self-organization, a process in 

which simple units form complex structures spontaneously. There are lots of examples 

of self-assembled macromolecules in biological systems. The basic structure of cell 

membranes is the lipid bilayer, amphiphilic lipids with hydrophobic tails enclosed 

between hydrophilic parts. These lipids are held together by van der Waals force and 

hydrogen bonding with each other and with proteins within the bilayer [2]. DNA double 

helices are stabilized by hydrogen bonding and π-π interaction between nucleobases, 
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and the precise base pairing between nucleobases is the key to genetic information 

storage [3]. Secondary and higher order structures of proteins also rely on 

intermolecular interactions, and these higher structures are indispensable for enzymes 

and structural proteins to function [4]. 

Biological supramolecular structures have inspired scientists to make synthetic 

macromolecules connected by non-covalent bonds. Traditionally, molecule synthesis 

involves stepwise linking and breaking of covalent bonds, but this approach becomes 

impractical for molecules of larger molecular weight; polymerization is the main 

strategy instead. For even complex molecules, non-covalent interactions have been 

incorporated in the synthesis processes [4], and the definition of “molecule” has been 

expanded to include non-covalent linkages. Some researchers demonstrated the 

synthesis of aggregate formed by hydrogen bonding between melamine and cyanuric 

acid [5], some used metal-ligand coordination to make geometrical macrocyclic 

structures [6, 7]. Hydrogen bonding and metal-ligand coordination have also been used 

in the bottom-up construction of nanostructures and devices [8-12]. Supramolecular 

chemistry has bridged the size gap between bottom-up processes like traditional organic 

synthesis, and top-down processes like photolithography [13]. 

Non-covalent interactions have also been exploited by scientists to mimic 

molecular recognition found in biological systems, as in the specific receptor-target and 
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enzyme-substrate relationship. Some metal-organic coordination frameworks possess 

porous structure and were utilized in specialized catalysis [14], such as chiral-specific 

catalysis [15], which can be used for chiral separation. Crown ethers and calixarenes 

were designed to selectively bind to specific ions using metal-ligand and π-cation 

interactions, particularly alkali-metal ions, heavy metals, and ammonium in amino acids 

[16-19]. Hydrogen bonding between melamine and cyanuric acid was used for the 

detection of melamine illegally added to milk [20]. 

2.2 Controlled Drug Release 

2.2.1 The improvement of solubility for low-solubility drugs 

Many drugs are insoluble in water. The insolubility reduces the bioavailability of 

drugs, and makes it hard to control the dosage [21]. One classification of drugs is 

according to the permeability and solubility. If the drug belongs to the class of high 

permeability and low solubility, the bioavailability can be improved by raising the 

solubility [22]. To solve this problem, some researchers use lipid excipient to carry 

insoluble drugs [23]; some use solid dispersions in soluble carriers to aid the transport 

of drugs [21, 24]; some use nanoparticles to improve bioavailability of the drugs [25, 

26]. 
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2.2.2 Targeted delivery of drugs 

Most drugs are transported via the circulatory system, hence possible to affect 

every cell in the body, causing undesirable side effects. This is an especially important 

issue in cancer therapy. Targeted delivery aims to release the drugs precisely at specified 

targets with appropriate dosage and time, that is, controlled release. 

The main strategy to controlled release is to develop stimuli-responsive materials 

as drug carriers. These “smart” materials have the characteristic that release of drugs 

will only be triggered by target-specific microenvironmental conditions, such as 

temperature, pH, pressure, light, ionic strength, or functional groups. Different kinds of 

systems such as polyelectrolyte multilayers [27-29], mesoporous silica nanoparticles 

[30-32], and block copolymers [33-35] have been used. 

For cancer treatment, tumor microenvironment has been exploited for targeted 

delivery of drugs. Tumor cells have higher temperatures than normal body cells, so 

temperature-sensitive nanoparticles may be used to release the drug once arrived at 

tumor cells [36]. Also, tumor cells use glycolysis to obtain extra energy, causing a 

lower-pH environment [37]; pH-sensitive nanoparticles are suited in this situation. 
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2.3 Polymeric Nanoparticles 

2.3.1 Hydrophobic Interaction 

Hydrogen bonding plays an important role in aqueous systems. When solute 

molecules get into water, the water molecules will reorganize to solvate the solute 

molecules, and this involves breaking and formation of hydrogen bonding and also the 

creation of solvent-solute interface, depending on the polarity of the solute [38]. 

If the solute is nonpolar, then the introduction of solute molecule into water will 

reduce the number of hydrogen bonding between water molecules and produce an 

interface between water and solute molecules, the interfacial energy being 

approximately equal to that of water-vapor interface, so the solute molecule may be 

treated as a cavity in the aqueous solution [39]. The entropic and enthalpic changes on 

solvation determine the final configuration of the solutes in water. 

The effect of nonpolar solutes to reduce water-water hydrogen bonding is mainly 

entropic, and this makes solute-water interaction less favorable than water-water 

interaction, so the interaction between nonpolar solutes themselves tends to be stronger 

in aqueous environments. This is referred to as “hydrophobic interaction” [40]. 

2.3.2 Shapes of aggregation of Amphiphilic Molecules 

Amphiphilic molecules, which have both hydrophobic and hydrophilic parts, tend 
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to aggregate in water. Hydrophobic parts of amphiphilic molecules are pulled together 

by the hydrophobic interaction, while hydrophilic parts are drawn by water molecules 

and tend to separate from each other, the overall effect being that to shield hydrophobic 

parts from water molecules by hydrophilic parts, and the surface formed by hydrophilic 

parts are stretched to attain minimum surface energy. The geometry of amphiphilic 

molecules determines the morphology of their aggregates. Israelachvili defined a 

dimensionless packing parameter and showed that different values of packing parameter 

lead to different shapes of aggregates, like spherical micelle, cylindrical micelle, bilayer, 

vesicle, and inverted micelle (Figure 2-1) [41, 42]. 
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Figure 2-1  Relationship between critical packing parameter and shapes of aggregation 

of amphiphilic molecules 

2.3.3 Amphiphilic Copolymers 

Amphiphilic block and graft copolymers are commonly used to make 

nanoparticles. Like low-molecular-weight amphiphiles, they form spherical micelles, 

rod-like micelles, bilayers and vesicles (also called polymersomes). In addition, triblock 

copolymers can form core-shell spheres, Janus spheres, Janus cylinders, Janus vesicles, 

and many other structures [43]. By manipulating the length, the composition, and the 
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topology of the blocks, we can control the shape and other properties of polymeric 

nanoparticles. 

2.3.4 Temperature-sensitive Copolymers as Carriers for Targeted 

Delivery 

Poly(N-isopropylacrylamide) (PNIPAAm) has been much studied for its 

temperature-dependent solubility in water. PNIPAAm exhibits a lower critical solution 

temperature (LCST) around 32℃. Below the LCST, PNIPAAm is soluble in water, but 

above the LCST, it becomes hydrophobic and is separated from water. This is due to the 

temperature-dependent strength of hydrogen bonding between PNIPAAm and water 

molecules [44]. The general phase diagram of a system exhibiting LCST is shown in 

Figure 2-2 [45]. In Figure 2-2, ϕ refers to polymer volume fraction, and T refers to 

temperature. 

 

Figure 2-2  Phase diagram of a system exhibiting lower critical solution temperature 
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The temperature-dependent behavior of PNIPAAm has been utilized to make 

temperature-sensitive nanoparticles [46-49]. These nanoparticles are formed by 

copolymers which consist of one block of PNIPAAm, which is temperature-sensitive, 

and other blocks which are hydrophobic but not temperature-sensitive. They are 

amphiphilic below a certain temperature (the LCST), but become hydrophobic and 

insoluble above LCST. Below LCST, the amphiphilic nature of these copolymers leads 

to formation of self-assembled vesicles, micelles, and other shapes of nanoparticles; 

above LCST, they will phase-separate from water, and the nanoparticles will 

disassemble. The assembly and disassembly of temperature-responsive nanoparticles, 

which can be controlled by temperature variation, has been used in controlled release of 

drugs, particularly in cancer treatment. 

There exists other polymers that exhibit LCST. For example, phase behavior and 

the influence of salts on poly(N-vinylpyrrolidone) and other pyrrolidone-based 

polymers have been studied [50, 51]. Copolymers based on poly(N-vinylcaprolactam) 

have been synthesized and characterized [52, 53]. 

LCST of polymers may be concentration-dependent. The LCST of the polymer 

PNIPAAm is relatively concentration-independent; other polymers exhibit concentration 

dependence, but the dependency is more significant in lower concentrations. 
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2.3.5 Drug loading and release 

Drugs may be loaded into nanoparticles by various methods. For vesicle 

nanoparticles, one can use the nanoprecipitation method for water-soluble drugs [54], or 

use electrospraying for low aqueous solubility drugs [55]. Drugs may also be loaded 

simply by mixing the nanoparticle molecules with drugs [56-58]. Separation of 

unloaded drugs from drug-loaded nanoparticles can be achieved by centrifugation or 

dialysis. 

Drug release profile varies according to the release mechanism of nanoparticles. 

For insoluble spherical nanoparticles, Higuchi proposed a model based on Fick’s first 

law of diffusion [59]. For temperature-responsive nanoparticles, this model may be 

inappropriate. Most drug release experiments were done using dialysis, microfiltration 

or ultrafiltration to separate released drugs from nanoparticles [54-58]. 

To estimate the performance of nanoparticles in drug delivery, one can use the 

“drug entrapment” (also called “entrapment efficiency”) defined as the ratio of the mass 

of drug entrapped in nanoparticles to the mass of total (free and entrapped) drug in 

solution [54, 60]. 

2.4 Poly(propylene glycol) 

Poly(propylene glycol) (PPG), also called poly(propylene oxide) (PPO), is a 
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polyether (Figure 2-3). It is soluble in water below about 15℃ and become less soluble 

in higher temperatures [61]. Shorter-chain PPGs has higher solubility in water than 

longer-chain PPGs [62]. That is, shorter-chain PPGs are more hydrophilic than 

longer-chain ones. Shorter-chain PPGs exhibit LCST, which is utilized as the 

temperature-responsive part of the material PPG-bis-adenine. 

Figure 2-3  Structure of Poly(propylene glycol) 

 

2.5 Nucleobases 

The structures of the four nucleobases which occur in DNA are shown in Figure 

2-5. The DNA double helices are stabilized by hydrogen bonding between the 

nucleobases (adenine, guanine, cytosine, and thymine) and π-π interaction between 

layers of nucleobases. The adenine-thymine and guanine-cytosine pairing by hydrogen 

bonding are especially strong, and this is the basis of storage of genetic information in 

DNA. Nevertheless, other modes of hydrogen bonding between nucleobases are 

possible, though less strong (Figure 2-4). 
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Figure 2-4  Various modes of hydrogen bonding between nucleobases 
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Chapter 3. Materials and Methods 

3.1 Synthesis of PPG-bis-adenine 

3.1.1 The Addition Reaction 

Poly(propylene glycol) 800 diacrylate (8.33 g), adenine (3.55 g), 

N,N-dimethylformamide (DMF) (120 mL), and potassium tert-butoxide (0.09 g) were 

added into a bottle, in that order. The mixture was stirred and kept at 70℃ and allowed 

to react for 7 days. Small amount of potassium tert-butoxide (catalyst) were added every 

day to ensure complete conversion. The reaction for the synthesis was as shown in 

Figure 3-1, and its mechanism is analogous to the Michael addition. 

After 7 days of reaction, DMF was removed from the bottle by vacuum 

distillation. The residue contains the product, Poly(Propylene glycol)-bis-adenine 

(PPG-bis-adenine), and unreacted adenine. 200 mL dichloromethane was added into the 

bottle to dissolve the residue. The solution was filtered, the filtrate collected, and the 

Figure 2-5  Structures of nucleobases which occur in DNA 
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filtrate was evaporated to get the product. The product was purified twice more by 

dissolution in dichloromethane followed by filtration and evaporation. 

 

 

3.1.2 Purification by Column Chromatography 

PPG hydrophilicity increases with decreased chain length, so only molecules with 

shorter PPG section have the desired temperature-responsive property. Column 

chromatography was employed as follows for the separation of shorter-chain molecules 

from longer-chain molecules. Silica gel was used as the adsorbent for column 

chromatography. Silica gel was packed into a column and was pre-loaded by n-hexane. 

Figure 3-1  The reaction for the synthesis of PPG-bis-adenine 
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PPG-bis-adenine was firstly eluted by dichloromethane to get longer-chain molecules, 

and then by methanol to wash the shorter-chain molecules out, both eluents were 

collected. After rotary evaporation, only the part eluted by methanol had some 

yellowish solid left in the bottle. The solid was collected and washed by diethyl ether 

twice and stored for subsequent use. 

3.2 Nuclear Magnetic Resonance (NMR) 

1
H NMR was taken by Bruker Avance DMX 500MHz FT-NMR at room 

temperature. The sample was prepared as follows. 45 mg of solid PPG-bis-adenine was 

filled into an NMR tube, and CDCl3 was added to dissolve the solid. After dissolution of 

PPG-bis-adenine, CDCl3 was added to the height of 4 cm (the total volume of CDCl3 

used was about 0.8 mL). Peak and integration analysis of the spectrum was done using 

ACD/NMR Processor. 

3.3 Gel Permeation Chromatography (GPC) 

GPC of PPG-bis-adenine and PPG 800 diacrylate were performed on Waters 

system, with the temperature set at 35℃. Samples were dissolved in tetrahydrofuran 

(THF), the concentration being 2 mg/mL for both PPG-bis-adenine and PPG 800 

diacrylate. The mobile phase for GPC was THF. Samples were filtered through 0.20-μm 

hydrophilic PTFE filters before injection. The elution time was 40 minutes. Polystyrene 
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with molecular weights 387000, 43700, 6520, and 1010 g/mol were used for calibration. 

Analysis was performed on Empower Pro software provided by Waters. 

3.4 Elemental Analysis 

Elemental analysis was performed on an Elementar Vario EL cube. This 

instrument was for N, C, S, and H analysis. 2-3 mg of PPG 800 diacrylate and 

PPG-bis-adenine, respectively, were used as sample. The precision of the instrument is 

±0.2%. Samples were oxidized to form nitrogen oxides, water, carbon dioxide, and 

sulfur dioxide, followed by reduction of nitrogen oxides to nitrogen gas, and separation 

of the gases produced in the instrument. The detector then detected the weight 

percentages of nitrogen, hydrogen, carbon, and sulfur. The whole reaction process and 

analysis were controlled by computer. 

3.5 Mass Spectroscopy (MALDI-TOF-TOF) 

MALDI-TOF-TOF of PPG-bis-adenine and PPG 800 diacrylate were performed 

on a Bruker system. The matrix used was 2,5-dihydroxybenzoic acid (DHB) for both 

samples. The matrix was ionized first in the instrument, then the charge was transferred 

to the sample. The indirect charge transfer reduces the rate of decomposition of 

polymeric samples. The sample flew through a magnetic field, and each molecule in the 

sample was separated according to its mass-to-charge ratio. The detector then detected 
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the relative intensity of each mass-to-charge value, and the result was outputted to a 

computer. 

3.6 Critical Micelle Concentration (CMC) determination by 

pyrene fluorescence 

Pyrene is a non-polar compound, and its fluorescence is sensitive to the 

environment it experiences. The spectra of pyrene fluorescence are different in different 

solvents. This difference is prominent between non-polar and polar solvents. In 

particular, the ratio of emission intensity of the third peak to that of the first peak (“peak 

III to peak I ratio”) between 360 nm and 400 nm under 339-nm excitation is larger in 

less polar solvents [63-65]. This behavior has been utilized in determination of CMC of 

surfactants [66, 67]. Because the structure of aggregation is not clear yet, it is better to 

call “critical aggregation concentration”, but we will use the more common term 

“critical micelle concentration” whether the nanoparticles are micelles or not. When 

there is no micelle (or other forms of aggregation) in the solution, pyrene experiences an 

aqueous environment, and the vibronic fine structure of its fluorescent emission spectra 

reveals polar characteristics. When the concentration of PPG-bis-adenine is above CMC, 

pyrene would move into non-polar area of the micelles (or other forms of aggregation), 

and the vibronic fine structure of its spectra shows non-polar characteristics. 
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Pyrene (3.6 × 10−3 g) was dissolved in 20 mL acetone to serve as the stock 

solution. To each of 10 vials was added 40 μL of pyrene stock solution, and the 

solutions were allowed to evaporate, leaving solid pyrene in the 10 vials. 

 

Table 3-1  Sample Concentrations for CMC determination 

No. of sample Concentration (mg/mL) 

1 100.0 

2 10−0.5 

3 10−1.0 

4 10−1.5 

5 10−2.0 

6 10−2.5 

7 10−3.0 

8 10−3.5 

9 10−4.0 

10 10−4.5 

 

Table 3-1 shows the concentrations of the samples used in the determination of 

CMC. The samples were prepared as follows. Firstly, 13.1 mg of PPG-bis-adenine was 
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dissolved in 13.1 mL DI water to get sample no. 1. Sample no. 1 was diluted by DI 

water to get sample no. 2. Samples no. 3, 5, 7, and 9 were obtained by successive 

dilution from sample no. 1. Similarly, samples no. 4, 6, 8, and 10 were obtained by 

successive dilution from sample no. 2. 

Pyrene fluorescence spectra were recorded by a Cary Eclipse Varian fluorescence 

spectrophotometer. The excitation wavelength was 339 nm, and emission spectra 

between 363.50 nm and 400.00 nm were recorded, the data interval was 0.5 nm. 

Excitation slit of 10 nm and emission slit of 2.5 nm were used, and the photomultiplier 

tube voltage was set to 680 V. Savitzky-Golay smoothing was employed to smooth the 

data. The filter size of Savitzky-Golay was 5. 

The “peak III to peak I” ratio was plotted against the logarithm of concentration of 

PPG-bis-adenine solution. The CMC was determined to be the point from which the 

ratio begins to increase. 

3.7 Lower Critical Solution Temperature (LCST) 

determination by UV/Visible spectrophotometry 

Aqueous solution of PPG-bis-adenine exhibits LCST. Below LCST, the solution is 

transparent, but it becomes cloudy above LCST (Figure 3-2). This corresponds to the 

change in transmittance of light. With a preliminary scan, we chose the wavelength with 
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highest transmittance below LCST as the basis of measurement, which is at 800 nm. 

5 mg/mL of PPG-bis-adenine DI-water solution was prepared, and successively 

diluted by DI water to obtain 4, 3, 2, and 1 mg/mL solutions. Samples were filtered 

through 0.45-μm hydrophilic PTFE filters before measurement. Transmittances of 800 

nm light at different temperatures were recorded using a Jasco V-650 spectrophotometer. 

For each concentration, the measurement temperature was fixed at a level well below 

LCST, then the temperature was increased 2℃ at a time and the transmittance of the 

sample was measured at the new temperature. Each sample was equilibrated for 2 

minutes before measurement after the temperature was changed. The temperature was 

increased until the transmittance goes to almost zero and does not change very much 

with temperature. LCST was determined as the temperature at which trasnsmittance 

equals 50%. 
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3.8 Mean diameter measurement by Dynamic Light Scattering 

(DLS) 

5 mg/mL of PPG-bis-adenine DI-water solution was prepared, and successively 

diluted by DI water to obtain 4, 3, 2, and 1 mg/mL solutions. The mean diameters of 

nanoparticles of each concentration were measured using a Malvern Zetasizer Nano ZS. 

Each sample was filtered through a 0.45-μm hydrophilic PTFE filter before 

measurement. For each concentration, measurements were taken at various temperatures, 

Figure 3-2  Color of solution below (left) and above (right) LCST 
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from well below LCST to above LCST. The temperature was increased 2℃ at a time. 

After each temperature variation, there was a 10 minutes equilibration before mean 

diameter measurement. For each measurement, there were 8 runs, each run lasted 5 

seconds. The mean and standard deviation of each measurement were obtained using 

the best 4 runs (in terms of quality automatically judged by the Zetasizer software) 

determined by the computer software. 

3.9 Zeta potential measurement 

DI-water solution of PPG-bis-adenine with concentration 5 mg/mL was prepared. 

The solution was diluted by DI water to obtain 4, 3, 2, and 1 mg/mL solutions. All five 

samples were filtered through 0.45-μm hydrophilic PTFE filters. Samples were 

measured using a Malvern Zetasizer Nano ZS with attenuator set to 10. Each sample 

was measured 5 times, each time with 12~20 runs. Each run lasted 3 seconds. The best 

50% runs (in terms of quality automatically judged by the Zetasizer software) were 

chosen as valid data for mean and standard deviation calculation. 

3.10 Scanning Electron Microscopy (SEM) 

1 mg/mL of PPG-bis-adenine DI-water solution was prepared, and then 

successively diluted by DI water to obtain 0.1, 0.01, and 0.001 mg/mL solutions. Each 

sample was dropped onto a 1 cm × 1 cm silicon wafer, then spin-coated for 1 minute 
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at 4000 rpm. The spin-coated wafers were dried in vacuum for 24 hours. Platinum was 

sputtered onto the samples by a sputtering system for 10 minutes before SEM 

observation. 

The SEM images were taken by FEI company’s Nova NanoSEM 230 system. 

3.11 Cryogenic Transmission Electron Microscopy (cryo-TEM) 

Cryogenic transmission electron microscopy (cryo-TEM) is a technique that can 

retain the aqueous environment of samples by instant freezing. 

1 mg/mL DI-water solution of PPG-bis-adenine was prepared and filtered through 

a 0.45-μm hydrophilic PTFE filter to serve as the sample. Copper grid with a layer of 

carbon covered on it was used to hold the sample solution. There was an array of holes 

on the carbon film (this is called a holey carbon film).  

The sample preparation was done by a machine with the following procedure. The 

copper grid was placed in a chamber with 100% relative humidity to prevent 

evaporation of solution nanofilm (see below) on the copper grid. One droplet of sample 

solution was transferred onto the grid under room temperature, then pressed by a filter 

paper to remove most of the solution, leaving only a hundred-nanometer-thin film of 

solution on the grid. Then the copper grid was plunged into liquid ethane to instantly 

freeze the solution nanofilm. 
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The sample was kept in liquid ethane, and the container of liquid ethane was 

cooled by liquid nitrogen. The sample was kept one day for temperature equilibrium, 

and then transferred to the chamber of TEM for observation. 

3.12 Drug Loading and Release 

Pyrene was used as the model drug for loading and release experiment. 40 μL of 

Pyrene stock solution (1.8× 10−4 g/mL acetone) was added into a vial, and acetone 

was allowed to evaporate, leaving solid pyrene in the vial. 10 mL of 3 mg/mL 

PPG-bis-adenine DI-water solution was added into the vial so that the final 

concentration of pyrene was 7.2 × 10−4 mg/mL. This concentration of pyrene will be 

referred to as 6× concentration in drug loading and release experiment of this study 

(so that 1×  concentration = 1.2 × 10−4  mg/mL). Two methods of loading were 

compared: 

1. The above-mentioned 6× pyrene solution was kept at 20℃ (which is under 

the LCST of 3 mg/mL PPG-bis-adenine solution, 38℃) for 24 hours. 

2. The above-mentioned 6×  pyrene solution was raised to 90℃  for 30 

minutes, then cooled down under room temperature to 20℃ for 24 hours. 

After drug loading, the solutions for both methods of loading were 

ultracentrifuged under 90000 rpm (average g-force 502135) for 30 minutes. The 
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supernatant (containing unloaded pyrene) was sampled for determination of pyrene 

concentration. The intensity of the first peak (at 373 nm) of fluorescent emission spectra 

under 339-nm excitation was used to calibrate the concentration of pyrene in DI-water 

solution containing 3 mg/mL PPG-bis-adenine. 

For drug release experiment, the intensity of the first peak (at 373 nm) of 

fluorescent emission spectra under 339-nm excitation was used as an indicator of 

concentration variation. 6×  pyrene in DI-water solution containing 3 mg/mL 

PPG-bis-adenine was prepared as in the loading experiment, and pyrene was loaded into 

PPG-bis-adenine nanoparticles using the first method in the loading experiment 

(temperature kept under LCST). The initial fluorescent emission intensity at 20℃ was 

recorded. The solution was then heated to 50 ℃  (above LCST), causing the 

nanoparticles to disassemble and release pyrene. After heating, the solution was cooled 

down under room temperature. During the cooling process, the temperature crossed 

LCST again, and the nanoparticles reassembled and reloaded pyrene. The emission 

intensity was recorded every 4 seconds during the cooling process. 

The fluorescent emission intensity was measured using Cary Eclipse Varian 

fluorescence spectrophotometer as in the CMC determination experiment. 
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Chapter 4. Results and Discussion 

4.1 Structure Characterization 

4.1.1 NMR Spectroscopy 

The 
1
H NMR of PPG-bis-adenine is shown in Figure 4-1. Each class of hydrogen 

in the molecular structure was labelled in the figure, and the corresponding peaks in the 

spectra were indicated. The peaks in the spectra and the molecular structure are in good 

correspondence. The integration values of the peaks agree with the relative abundance 

of each class of hydrogen in the structure, indicating that the sample has the desired 

structure. 

4.1.2 Mass spectroscopy & GPC 

The theoretical molecular weight of PPG 800 diacrylate (the reactant) and 

PPG-bis-adenine (the product) of various degrees of polymerization are shown in Table 

4-1. Due to some fragmentation, the dominant peaks in the spectrum do not correspond 

to the mass of the whole molecules. Rather, most of the peaks correspond to molecular 

weight after removal of two water molecules. Comparison of the MALDI-TOF mass 

spectrum of the reactant (PPG 800 diacrylate) and purified product (PPG-bis-adenine) 

(Figure 4-2) reveals that the average degree of polymerization of PPG decreased from 
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12 to about 7 after product purification. 

From the data obtained by GPC (Figure 4-3), we can see that the mean molecular 

weight of purified PPG-bis-adenine is less than that of PPG 800 diacrylate, in 

agreement with the result of mass spectroscopy. The polydispersity of PPG-bis-adenine 

is seen to be less than that of PPG 800 diacrylate, indicating that the purity of the 

product was increased after the purification process. 
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Figure 4-1  
1
H NMR spectroscopy of PPG-bis-adenine in CDCl3 
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Figure 4-2  Mass spectrum of (a) PPG 800 diacrylate (reactant) and (b) PPG-bis-adenine (product) 
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Table 4-1  Molecular weight of PPG 800 diacrylate and PPG-bis-adenine of various 

degrees of polymerization 

PPG 800 diacrylate PPG-bis-adenine 

Degree 

of 

polymerization 

Molecular 

Weight 

(g/mol) 

Minus 

2*H2O 

(g/mol) 

Degree 

of 

polymerization 

Molecular 

weight 

(g/mol) 

Minus 

2*H2O 

(g/mol) 

1 184.186  148.665 1 454.466  418.945 

2 242.264  206.743 2 512.544  477.023 

3 300.342  264.821 3 570.622  535.101 

4 358.420  322.899 4 628.700  593.179 

5 416.498  380.977 5 686.778  651.257 

6 474.576  439.055 6 744.856  709.335 

7 532.654  497.133 7 802.934  767.413 

8 590.732  555.211 8 861.012  825.491 

9 648.810  613.289 9 919.090  883.569 

10 706.888  671.367 10 977.168  941.647 

11 764.966  729.445 11 1035.246  999.725 

12 823.044  787.523 12 1093.324  1057.803 

13 881.122  845.601 13 1151.402  1115.881 

14 939.200  903.679 14 1209.480  1173.959 

15 997.278  961.757 15 1267.558  1232.037 

16 1055.356  1019.835 16 1325.636  1290.115 

17 1113.434  1077.913 17 1383.714  1348.193 

18 1171.512  1135.991 18 1441.792  1406.271 

19 1229.590  1194.069 19 1499.870  1464.349 
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Figure 4-3  GPC chromatogram of PPG 800 diacrylate and PPG-bis-adenine 
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4.1.3 Elemental analysis 

The molecular formula of PPG diacrylate is C3n+6H6n+6On+3, and the molecular 

formula of PPG-bis-adenine is C3n+16H6n+16On+3N10, where n is the number of monomer 

units of PPG. Theoretical atomic compositions are shown in Table 4-2, where 𝑛 stands 

for the degree of polymerization. Figure 4-4 shows the composition of carbon and 

hydrogen of PPG diacrylate as a function of degree of polymerization, calculated from 

the formulas in Table 4-2. Figure 4-5 shows the composition of carbon and hydrogen of 

PPG-bis-adenine as a function of degree of polymerization, also calculated from the 

formulas in Table 4-2. 

The result of elemental analysis is shown in Table 4-3. The compositions of 

carbon, hydrogen, and nitrogen are quite consistent with theoretical calculations, 

considering the error that may be caused by imcomplete reaction of the samples. 

 

Table 4-2  Theoretical atomic compositions of the reactant and the product 

 C H O N 

PPG di- 

acrylate 

(3𝑛 + 6) ∙ 12.01

58.078𝑛 + 126.108
 

(6𝑛 + 6) ∙ 1.008

58.078𝑛 + 126.108
 

(𝑛 + 3) ∙ 16.00

58.078𝑛 + 126.108
 0 

PPG- 

bis- 

adenine 

(3𝑛 + 16) ∙ 12.01

58.078𝑛 + 396.388
 

(6𝑛 + 16) ∙ 1.008

58.078𝑛 + 396.388
 

(𝑛 + 3) ∙ 16.00

58.078𝑛 + 396.388
 

10 ∙ 14.01

58.078𝑛 + 396.388
 

 

Table 4-3  Elemental analysis of the reactant and the product 

 N (%) C (%) H (%) 

PPG 800 diacrylate 0.109667 62.52833 8.826667 

PPG-bis-adenine 11.698 57.061 7.907333 
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 Figure 4-4  Theoretical carbon and hydrogen composition of PPG diacrylate as a 

function of degree of polymerization 
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Figure 4-5  Theoretical carbon and hydrogen composition of PPG diacrylate as a 

function of degree of polymerization 
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4.2 Evidence of Nanoparticles 

4.2.1 Dynamic light scattering 

Temperature variation of mean diameter of PPG-bis-adenine nanoparticles for 1, 2, 

3, 4, and 5 mg/mL solutions are shown in Figure 4-6 to Figure 4-10, respectively. Note 

that there is a marked change of mean diameter with temperature for each concentration. 

This change corresponds to the phase change around LCST. Below LCST, the mean 

diameter of PPG-bis-adenine nanoparticles is seen to be around 100 nm for all 5 

concentrations, and does not change very much with temperature. 

4.2.2 Scanning Electron Microscopy 

The SEM image of 1 mg/mL and 0.1 mg/mL PPG-bis-adenine aqueous solution is 

shown in Figure 4-11 and Figure 4-12, respectively. The larger particles are 

aggregations of several smaller particles, while the smaller ones should be single 

particles. The nanoparticles are seen to be roughly spherical but irregular. The diameter 

of the smaller particles is about 30 nm, which is smaller than the mean diameter 

measured by DLS. This is because the sample of SEM was dried before observation. 

The drying process caused the nanoparticles to shrink. For 0.01 and 0.001 mg/mL 

solutions, nanoparticles were not found. This indicates non-existence or very low 

nanoparticle density under these concentrations. 
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Figure 4-6  Variation of mean diameter of PPG-bis-adenine nanoparticles with 

temperature under 1 mg/mL 
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Figure 4-7  Variation of mean diameter of PPG-bis-adenine nanoparticles with 

temperature under 2 mg/mL 
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Figure 4-8  Variation of mean diameter of PPG-bis-adenine nanoparticles with 

temperature under 3 mg/mL 
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Figure 4-9  Variation of mean diameter of PPG-bis-adenine nanoparticles with 

temperature under 4 mg/mL 
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Figure 4-10  Variation of mean diameter of PPG-bis-adenine nanoparticles with 

temperature under 5 mg/mL 

 

 

  

Figure 4-11  SEM image of nanoparticles of PPG-bis-adenine under 1 mg/mL 
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Figure 4-12  SEM image of nanoparticles of PPG-bis-adenine under 0.1 mg/mL 

 

 
Figure 4-13  Cryo-TEM image of PPG-bis-adenine nanoparticles under 1 mg/mL 
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4.2.3 Cryo-TEM 

Figure 4-13 shows the cryo-TEM image of PPG-bis-adenine nanoparticles under 1 

mg/mL. The white lines are artifacts produced by focusing. The black lines should be 

boundaries of nanoparticles. As observed in SEM images, the nanoparticles are roughly 

spherical but irregular. The diameter of these nanoparticles is seen to be around 100 nm, 

which agrees with the result obtained in DLS. This is reasonable, since cryo-TEM 

samples retain the state when the nanoparticles were in water. 

 

4.2.4 Zeta potential 

Zeta potential of 5 different concentrations of PPG-bis-adenine aqueous solution 

is shown in Figure 4-14. The zeta potential is around -30 mV, indicating that the 

nanoparticles would only aggregate slightly. 
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Figure 4-14  Zeta potential of nanoparticles of various concentrations of 

PPG-bis-adenine aqueous solution 

 

4.2.5 CMC determination 

The fluorescent emission spectra of pyrene in different concentration of 

PPG-bis-adenine solutions are shown in Figure 4-15. The intensity is normalized to 1 at 

peak I for all spectra. The blue line represents the spectrum of the lowest concentration, 

and the red line represents the spectrum of the highest concentration, and the spectra of 

other concentrations are colored in a gradient manner. At lower concentrations, there is 

no micelle in the solution, and the pyrene is in aqueous (polar) environment. The spectra 

in aqueous environment have three peaks between 365 and 385 nm, and the ratio of the 
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intensity of the third peak to that of the first peak are around 0.56. 

Figure 4-15  Fluorescent emission of pyrene in different concentrations of 

PPG-bis-adenine solution. The intensity is normalized according to peak I. 

 

At higher concentrations, micelles form in the solution, and pyrene (a non-polar 

compound) would move into non-polar area of the micelles, experiencing non-polar 

environment. The three peaks shift to higher wavelength when the concentration 

increases and the ratio of the intensity of the third peak to that of the first peak also 

increases from 0.56 to about 0.73. 
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We can use the “peak III to peak I” ratio to determine the CMC. Figure 4-16 

shows the plot of “peak III to peak I ratio” versus the logarithm of concentration. The 

CMC is estimated to be at the intersection of the two linear regression lines, which is 

about 8 × 10−2 mg/mL. It should be pointed out that the estimation is somewhat 

subjective, because the starting point of the increase of slope may be chosen differently. 

Nevertheless, the CMC determined by this method should be in the range of 0.01 to 0.1 

mg/mL, according to the data points of Figure 4-16. There is also a possibility that the 

actual CMC is lower than estimated here, because there might be too few micelles in the 

solution for all pyrene molecules to enter when the concentration is just slightly above 

CMC. 

 

Figure 4-16  CMC determination by the variation of “peak III to peak I” ratio  
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4.3 The LCST behavior 

4.3.1 LCST determination by UV/Vis spectrophotometry 

The aqueous solution of PPG-bis-adenine is transparent below LCST. When the 

temperature is raised above LCST, PPG-bis-adenine becomes insoluble in water, and 

phase-separates from water to form a cloudy emulsion (Figure 4-20). The change in 

transmittance is utilized to determine the LCST, and the result is shown in Figure 4-18. 

The LCST is determined to be the temperature at which the transmittance equals 50%. 

The LCST of 5, 4, 3, 2, and 1 mg/mL solutions are about 32, 35, 38, 42, and 57℃, 

respectively (Figure 4-18). The LCST decreases with increasing concentration, and the 

variation of LCST with temperature becomes smaller when the concentration is higher. 

Also, the transition of transmittance becomes sharper with increasing concentration. The 

concentration dependence implies that the LCST of PPG-bis-adenine can be adjusted 

easily without modification of chain length. 

4.3.2 Mean diameter change around LCST 

DLS measurement reveals that the mean diameter of nanoparticles of 

PPG-bis-adenine changes drastically around LCST (Figure 4-19). The mean diameter of 

the nanoparticles are all around 100 nm below LCST, but are at the order of 1000 nm 

above LCST.  
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Figure 4-17  LCST determination by transmittance at 800 nm 

Figure 4-18  Concentration dependence of LCST of PPG-bis-adenine 
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Figure 4-19  Mean diameter variation with temperature across LCST 

 

 

Figure 4-20  Color change of PPG-bis-adenine solution across LCST  
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4.4 Drug loading and release 

The concentration of pyrene in the ultracentrifugation supernatant of the two drug 

loading methods was found to be 0.753 and 0.883 times, respectively, of the reference 

concentration 1.2 × 10−4 mg/mL. The drug entrapment was found to be 87.5% for the 

first method and 85.3% for the second method, respectively (Figure 4-21). The drug 

entrapment was almost the same for the two methods, meaning that pyrene could be 

easily loaded into PPG-bis-adenine nanoparticles simply by mixing them. 

 

Figure 4-21  Calibration curve for pyrene concentration in drug loading experiment 

 

For the release part, the initial pyrene fluorescent emission intensity was 772 

(Figure 4-22, the bold horizontal line). After heating to 50℃, the intensity dropped 
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down to 521 immediately, signifying instant release of pyrene. During the cooling 

process, nanoparticles formed again, and pyrene was reloaded into the nanoparticles, 

which is evident in Figure 4-22, in which the intensity increases back to near the initial 

intensity. 

 

Figure 4-22  Pyrene fluorescent emission intensity change during the release-reload 

process 
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Chapter 5. Conclusions and Future work 

In this study, we have synthesized and characterized the temperature-sensitive 

material PPG-bis-adenine. Dynamic light scattering, CMC determination, and 

microscopic images provided the evidence of the existence of nanoparticles, and the 

mean diameter of the nanoparticles is about 100 nm in aqueous environment under 

LCST. It exhibits concentration-dependent LCST, whose range covers the body 

temperature, meaning that the LCST may be adjusted and has the potential to be applied 

to targeted delivery of cancer drugs. The preliminary drug loading and release 

experiment showed good entrapment efficiency and instant release at LCST phase 

change, revealing potential of PPG-bis-adenine as a targeted drug carrier. However, the 

inner structure of these nanoparticles is yet unclear. The role of hydrogen bonding 

among adenine moieties and water molecules may be the key to its LCST and drug 

loading and release behavior. 2D NMR techniques like COSY and NOSEY are needed 

to explore the effect of hydrogen bonding, and small angle x-ray scattering and atomic 

force microscopy could be employed to further clarify the mechanism of nanoparticle 

formation and drug entrapment. 
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