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1.1  Polymeric biomaterials 

A considerable endeavor has been taken on the development of biomaterials for 

biomedical applications in recent years. The term “biomaterials” normally refers to 

materials intended to interact with biological systems for therapeutic or diagnostic 

purposes [1, 2]. Biomaterials can be synthetic or natural materials. Synthetic polymers 

have been widely used in biomedical applications and expanded into new fields of 

biological engineering. 

The use of synthetic polymers in biomedical applications can be tracked back to 

the beginning of polymer science. Almost every early synthetic polymer has been 

explored in surgical or therapeutic applications. In the early 1940s, nylon was used as a 

suture followed by poly(methyl methacrylate) (PMMA), polyvinyl chloride (PVC), 

Dacron polyester and other polymers in surgical uses [3]. In the 1950s, Drahoslaw and 

Wichterle proposed and synthesized a new biomaterial by copolymerizing 2-

hydroxyethyl methacrylate (HEMA) with ethylene dimethacrylate (EDMA) for 

applications in ophthalmology [4]. Otto Wichterle developed the first polymer-based 

contact lenses via a spin casting process [5, 6]. In the meantime, the study of 

biocompatibility of polymeric materials began to attract researchers’ attention [7-9]. 

Polymer materials were further modified to expand their applications in biomedical 

engineering [7-9].  

In this thesis, monomers of methacrylic acid (MAA) and 2-dimethylamino ethyl 

methacrylate (DMAEMA) were used to synthesize polymer nanomaterials for study in 

biomedical applications. MAA has been used to synthesize biomaterials with other 

monomers to enhance biocompatibility of polymers [10]. In addition, its stimuli-

http://www.chemblink.com/products/2867-47-2.htm
http://www.chemblink.com/products/2867-47-2.htm
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responsive property has aroused great interest as well, which could be applied to 

drug/protein delivery [11-13]. DMAEMA containing polymers are also widely used in 

biomedical engineering because of their antibacterial and stimuli-responsive bioactive 

properties [14]. These polymers can be used as biocidal surfaces in medical devices and 

tissue engineering [14-19]. Since polymers containing DMAEMA have stimuli-

responsive properties, they have been studied and applied to areas of tissue engineering, 

drug delivery and biosensor [14, 20, 21].   

 

1.2  Polymers for antifouling surfaces   

In clinical applications, implanted devices prevent self-healing and cause 

inflammation [22]. The use of implanted biomedical devices is limited because of poor 

control of immunological responses. Surface modification of devices is one acceptable 

way to suppress the foreign body reaction and promote wound healing [23]. For long-

term uses, biomaterials need to be engineered to help the body regenerate new tissue and 

start self-healing process.  

Figure 1.1 illustrates bacteria adherence and accumulation on an implanted 

material. Accumulation of bacteria and proteins can lead to inflammation and failure of 

implants. Surface modification with nonfouling coating can inhibit this foreign body 

reaction and allow the implanted devices to function normally.  

Nonfouling materials have been studied since the 1960s. Merrill and co-workers 

intended to identify anti-thrombogenic materials and examined hydrophilic and 

hydrophobic polymers in detail [24-27]. They discovered that poly(ethylene glycol) (PEG) 
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could be an excellent antifouling biomaterial by resisting protein adsorption [28]. Since 

then, PEG has been widely used to create antifouling surfaces [29]. For long-term 

applications, however, degradation and loss of antifouling properties are caused by 

oxidation damage and enzymatic cleavage of PEG chains.  

 

Figure 1.1 Bacteria accumulation on implanted devices (A) and bacteria resistance 

after surface modification with nonfouling coating (B). 

 

To design a nonfouling surface, both chemical and structural properties need to be 

considered, including electrical neutrality and hydrophilicity [30, 31]. Zwitterionic 
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polymers and homogenously arranged polyampholytes have been considerably 

investigated as potential nonfouling materials [32, 33]. Jiang’s group developed 

zwitterionic poly(sulfobetaine methacrylate) (PSBMA) and poly(carboxylbetaine 

methacrylate) (PCBMA) brushes to resist non-specific protein adsorption and bacteria 

accumulation [34, 35]. Although these zwitterionic polymers demonstrated excellent 

nonfouling ability, zwitterionic PCBMA polymer became partially protonated at low pH, 

which in turn compensated the electrostatic neutrality and resulted in protein adsorption 

[36]. 

 

1.3  Polymers for bone tissue engineering 

For tissue regeneration, one of the best approaches is to replace the damaged tissue 

with materials that have similar chemical composition and micro-structure as three 

dimensional (3D) extracellular matrixes (ECM). To design scaffolds for bone tissue 

engineering, it is essential to understand the hierarchical structure of natural bone, which 

was studied by Weiner [37]. Figure 1.2 illustrates the hierarchical structure of bone 

composed of mineralized nanofibrils, which is the lowest level of the bone structure. 

 

Figure 1.2 The hierarchical levels of bone structure [37]. 
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Polymeric materials have been considered as excellent substrates for mineralization. 

They are capable of inducing the nuclei of apatite due to the functional groups, such as –

COOH, -OH, and HPO4, which play a similar role as surface functional groups in 

collagens [38]. Considerable research has been conducted on mineralization of fibrils and 

fabrication of 3D scaffolds [39, 40]. Self-assembled peptide-amphiphile nanofibers were 

synthesized and mineralized. The polymer nanofibers were able to promote oriented 

crystals [41]. Similarly, surface modified ethylene-vinyl alcohol copolymer (EVOH) 

fibers were investigated, and apatite deposited EVOH fibers were obtained [42]. Besides 

the two-dimensional fibers, 3D scaffolds were fabricated to obtain mineralized scaffolds, 

such as poly(ɛ-caprolactone) (PCL) fibrous structure [43], mineral content electrospun 

scaffolds [44], and porous polymer/ceramic composite scaffolds [45]. However, both the 

array structure of fibrils and the orientation of hydroxyapatite are two keys to activate the 

regenerative process [46]. Neither synthetic polymer fibers nor the reported mineralized 

scaffolds are an effective matrix for bone regeneration. The fabrication of 3D structural 

scaffolds with the capability of promoting oriented growth of apatite still needs further 

investigation. 

 

1.4   Initiated chemical vapor deposition (iCVD) 

Initiated chemical vapor deposition (iCVD) is a vapor based free radical 

polymerization process. Prior to reaction, monomers and initiator are vaporized. The 

gases are then delivered into a reactor. Initiator is decomposed by temperature around 

250 °C into radicals and subsequently reacts with monomers to produce oligomers. As 

the molecules grow, they deposit onto substrates and generate free radical sites. 
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Polymerization propagation then takes place on the substrates to form polymer coatings. 

The technique allows polymerization and surface modification to be completed in a 

single step [47]. The solid polymer films have uniform thickness, and it is possible to 

control the thickness during the iCVD process [48]. In addition, iCVD can be utilized on 

materials regardless of the morphology and dimension of the surface [49]. Thus, 

nanoscale structure can be fabricated using iCVD. 

 

1.5   Scope of thesis 

Chapters II through IV are structured as journal articles, and therefore each chapter 

can be read as an independent research article. Each chapter contains sections including 

abstract, introduction, experimental, results, discussion and conclusion sections. Thus, the 

introduction of this thesis is intended to provide the general background and information. 

Chapter II reports novel polyampholytes of poly(methacrylic acid-co-2-

dimethylamino ethyl methacrylate-co-ethylene glycol diacrylate) synthesized via iCVD. 

These polyampholytes were subjected to bacteria adhesion and accumulation tests to 

examine their nonfouling capabilities. 

Chapter III reports the antimicrobial effects of positively charged surfaces 

fabricated by iCVD. Copolymers of poly(2-dimethylamino ethyl methacrylate-co-

ethylene glycol diacrylate) with different chemical compositions were subjected to 

bacteria adhesion and biofilm formation tests to investigate the effect of positive charges 

on antimicrobial effects. 
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Chapter IV presents the fabrication of aligned polymeric nanotubes via a hybrid 

process of iCVD and template removal. Porous membranes were used as the templates 

for the deposition of poly(methacrylic acid-co-ethylene glycol diacylate). The biomimetic 

mineralization of nanotubes was conducted to obtain apatite/nanotube composites with 

structure resembling that of the natural bone. 

Chapter V is the conclusion related to previous chapters along with the 

suggestions for further work. 
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Abstract 

Antifouling surfaces were achieved using polyampholytes of poly (methacrylic 

acid-co-2-dimethylamino ethyl methacrylate-co-ethylene glycol diacrylate) (PMDE) 

synthesized via initiated chemical vapor deposition (iCVD) without further treatment. 

The ratio of cationic methacrylic acid (MAA) units to anionic 2-dimethylamino ethyl 

methacrylate (DMAEMA) units was varied in the polyampholyte composition. The 

coatings were subjected to bacteria adhesion and accumulation tests at pH 5-7. Results 

showed that the polymer surfaces highly resisted bacteria adhesion and inhibited biofilm 

growth. This may be attributed to two mechanisms: charge dominated resistance at higher 

pH around 7 and zwitterionic-property dominated resistance at lower pH around 5. The 

iCVD synthesis of ampholytic polymer coatings provides a promising nonfouling 

approach for biomedical applications. 
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2.1   Introduction 

Failure of implants such as protheses and sensors due to bacteria accumulation has 

attracted much attention in recent years. Therefore, permanent bacteria-killing surfaces 

have been developed using various methods, such as atom radical transfer polymerization 

[1-3], surface derivation [4], UV-introduced graft copolymerization [5] and initiated 

chemical vapor deposition [6]. Although bacteria-killing purpose was achieved, the 

adsorbed dead bacteria could still lead to invalidation of antibacterial coatings. To resolve 

this problem, a switchable biocompatible polymer surface was reported, which had both 

self-sterilizing and nonfouling capabilities [7]. However, the surface needed to be 

immersed in a strong basic solution (pH 10) to release the adsorbed dead bacteria.  

Another approach is to create an antifouling thin film that resists bacteria adhesion. 

Several materials were reported effective to resist bacteria and applicable to biosensors 

[8], medical implants [9] and drug-delivery carriers [10]. Among these materials, 

poly(ethylene glycol) (PEG) is the most wildly used antifouling material [11]. However, 

for long term applications, oxidation damage and enzymatic cleavage of PEG chains 

result in degradation of chains and loss of antifouling properties [12-14]. Zwitterionic 

polymers have been considered as another candidate for antifouling applications [15]. 

Polyphosphobetaine and polysulfobetaine coatings were synthesized and the capabilities 

of bacteria resistance were demonstrated [16]. Atom transfer radical polymerization 

(ATRP) was used to synthesize thin films of poly (sulfobetaine methacrylate) (PSBMA) 

and poly (carboxylbetaine methacrylate) (PCBMA), which inhibited bacteria adhesion, 

biofilm formation and protein adsorption [17, 18, 40-43]. ICVD of poly(2-dimethylamino 

ethyl methacrylate-co-ethylene glycol dimethacrylate) combined with 1,3-propane 
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sultone surface treatment was used to fabricate a zwitterionic film, which was resistant to 

bacteria adhesion as well [19].  

The high resistance to bacteria/protein adsorption is attributed to the surface 

hydration introduced by electric forces between water molecules and surface functional 

groups on antifouling coatings [20-22]. Polyampholytes, containing cationic and anionic 

groups, which also can effectively introduce surface hydration, have potential antifouling 

capability. However, not much research has focused on antifouling properties of 

polyampholytes. A series of polyampholytes with homogenously mixed charge were 

synthesized and their high protein resistance was reported [23]. Another nonfouling 

polyampholyte was synthesized via ATRP from an ion-pair comonomer with biomimetic 

adhesive groups, but the amount of cationic and anionic moieties had to be exactly 1:1 

[24]. Heterogeneous charged ampholytic polymer has barely been investigated for its 

antifouling functionality.  

Current approaches in preparing antifouling materials include ATRP [17, 18, 24], 

self-assembled monolayers (SAMs) [25, 26] and solution polymerization, solvent 

evaporation [27], and initiated chemical vapor deposition (iCVD) [19]. Among these 

methods, iCVD has many advantages over the others, such as high conformality, easy 

control of thickness, no requirement of surface functionality and no use of solvents [19]. 

In addition, iCVD technique is performed at low operating pressures and temperatures 

under an all-dry environment, making it promising for surface modification [28]. So far, 

the synthesis of nonfouling polyampholytic coatings has not been reported using a vapor-

based method. 
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In this study, polymers containing opposite charges from 2-dimethylamino ethyl 

methacrylate (DMAEMA) and methacrylic acid (MAA) were synthesized using iCVD. 

The nonfouling properties of ampholytic polymers were studied for the first time. The 

ratios of cationic groups to anionic groups were varied and ethylene glycol diacrylate 

(EGDA) was used as cross-linker to improve polymer stability. The polymer 

compositions were characterized using Fourier Transform Infrared (FTIR). The 

examinations of antifouling capabilities of polyampholytes for short-term and long-term 

applications were conducted. Escherichia coli (E. coli) were used to test both bacteria 

adhesion and accumulation. 

 

2.2   Experimental 

2.2.1 Materials 

EGDA (90%), DMAEMA (98%), MAA (99%), and tert-butyl peroxide (TBP) 

(98%) were all purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO) and 

directly employed without further purification. Silicon wafers were purchased from 

MEMC Electronic Materials (St. Peters, MO). Plastic microscopy slides with the size of 

60mm×24mm were purchased from Electron Microscopy Science (Hatfield, PA). Glass 

slides and plastic slides were cleaned using 70% ethanol before vapor deposition and, 

together with silicon wafers, were used as planar substrates during hydrogel coating 

deposition.  

2.2.2 Synthesis 



16 
 

All iCVD depositions of polyampholyte films were carried out in a custom built 

reactor (Sharon Vacuum) as previously described [6, 29]. The reactor, which covered 

with a quartz plate, was 25 cm in diameter. It was equipped with parallel Nichrome 

filament array (Ni80/Cr20, Goodfellow) 2.5 cm above the deposition stage, which was 

maintained a certain temperature using water cooling. The temperatures of the filaments 

and stage were measured using thermocouples (Omega, Type K) attached to them. 

During iCVD deposition, the initiator was fed at room temperature, while the EGDA, 

MAA and DMAEMA monomers were heated to 60 °C, 45 °C and 55 °C in glass jars, 

respectively. The vapor was delivered through mass flow controllers (MKS Instruments, 

model 1479A, 1150 and 1153) and mixed in the reactor. The flow rate of initiator TBP 

was set constant at 0.4 sccm, while the flow rates of EGDA, MAA and DMAEMA were 

varied to obtain polymer coatings with different compositions. In order to enhance the 

stability of polymer coatings and effective components on the surface, hybrid grafting 

was deployed and proceeded as the following three stages. The feeding rates and 

controlled thickness of poly(methacrylic acid-co-2-dimethylamino ethyl methacrylate-co-

ethylene glycol diacrylate) (PMDE), poly(methacrylic acid-co- ethylene glycol diacrylate) 

(PME) and poly(2-dimethylamino ethyl methacrylate-co-ethylene glycol diacrylate) 

(PDE) coatings in each stage are listed in Table 2.1. PMDE-1 and PMDE-2 were two 

polyampholyte coatings, which contained MAA, DMAEMA and EGDA. PME was 

negatively charged coating containing MAA and EGDA, while PDE was positively 

charged coating consisting of DMAEMA and EGDA. The filaments were resistively 

heated to 220 °C and the temperature of the stage was kept at 38-45 °C during deposition. 

The pressure inside the vacuum chamber was maintained at 0.25 Torr during the 
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deposition by a throttling butterfly valve (MKS, Type 253B). The growth of the polymer 

coatings on the reference surface of a Si wafer was monitored real time using in-situ 

interferometry with a 633 nm He-Ne laser (JDS Uniphase). Glass slides and plastic slides 

were both used as substrate materials. 

 

Table 2.1 Deposition conditions of PMDE, PME, and PDE coatings. 

  Flow rate/sccm Thickness/nm 

  M   DM EM  E D   

 MDE-1 

 tage Ι 

 tage ΙΙ 

 tage ΙΙΙ 

0 

0.83 

0.83 

0 

1.66 

1.66 

0.83 

0.83 

0 

100 

900 

100 

 MDE-2 

 tage Ι 

 tage ΙΙ 

 tage ΙΙΙ 

0 

1.66 

1.66 

0 

0.83 

0.83 

0.83 

0.83 

0 

100 

900 

100 

 ME 

 tage Ι 

 tage ΙΙ 

 tage ΙΙΙ 

0 

2.03 

2.03 

0 

0 

0 

0.66 

0.66 

0 

100 

900 

100 

 DE 

 tage Ι 

 tage ΙΙ 

 tage ΙΙΙ 

0 

0 

0 

0 

2.03 

2.03 

0.66 

0.66 

0 

100 

900 

100 
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After deposition, the polyampholyte coatings were characterized using Fourier 

Transform Infrared (FTIR). The spectra of the polyampholyte coatings were collected by 

a Nicolet 6700 spectrometer using a DTGS detector under the transmission mode at 4 cm
-

1
 resolution.  

2.2.3 Swelling test 

To investigate the swelling degree, the water uptake of each polyampholyte 

coatings at different pH was measured. The thickness of the polymer coatings was 

approximately 1.1 µm. Before the tests, each polymer coating was soaked in deionized 

water for 5 min to remove grafted and uncrosslinked component. The weight of the dry-

state polymer coating was measured by subtracting the substrate weight before deposition 

from the coated substrate weight. In each swelling test, a polyampholyte coating was 

immersed in NaH2PO4/Na2HPO4 buffer solution at a certain pH (pH 3, 4, 5, 6, 7, and 8) 

over a certain period of time (3 min, 6 min and 1 hr). After removing the coating out of 

solution, a wetted filter paper was used to remove the excess water on the coating surface. 

Then the weight of the hydrated coating was measured. For each coating composition, at 

least four measurements were taken in different pH buffer solutions. Swelling degree was 

calculated as SD= (W-W0)/W0, where W is the hydrated coating weight and W0 is the dry-

state coating weight. 

2.2.4 Bacteria adhesion tests 

Recombinant E. coli bacteria expressing green fluorescent protein (GFP) was used 

to investigate the nonfouling properties. A single colony of recombinant E. coli was 

inoculated into Luria-Bertani (LB) medium mixed with ampicillin and cultured overnight 
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at 37 °C. The bacteria solution was diluted to a bacteria concentration of 10
7
 cells/ml 

with PBS solutions of different pH values (pH 5, 6, 7). Prior to the test, polyampholyte 

coatings were soaked in deionized water to remove any uncrosslinked component. 

Afterward, each sample (24mm×20mm) was immersed in 15 ml of 10
7
 cells/ml bacteria 

suspensions and incubated at 37 °C for 1 hr. The samples were then taken out and washed 

with phosphate buffered saline (PBS) solution three times and observed under an 

Olymp s B 51 epifl orescence microscope  sing a green filter (excitation/emission 440–

480 nm/515–540 nm). For the quantitative analysis, ten images were taken for each 

sample and analyzed using Image J software. 

2.2.5 Bacteria viability tests 

Samples were removed and washed with PBS solution three times after 1-hr 

incubation in bacteria suspension. Afterward, they were placed in ampicillin containing 

LB medium and cultured under 37 °C for 24 hr. Samples were washed three times and 

obser ed  nder an Olymp s B 51 epifl orescence microscope. 

 

2.3 Results and discussion 

2.3.1 Characterization of polyampholytes 

The spectra of four polyampholyte coatings are illustrated in Figure 2.1. The 

spectra of polyampholytes (PMDE-1 and PMDE-2) show the characteristic peaks of 

MAA and DMAEMA. The broad peaks at 3430 cm
-1

 corresponded to carboxyl (-COOH) 

groups of MAA, while the C=O stretching absorption from all of three monomers 

(EGDA, MAA, and DMAEMA) centered in the range from 1735 to 1725 cm
-1

. 
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Compared with the spectra of PME and PDE, the spectra of two polyampholytes had new 

peaks at 1570 cm
-1

, which indicated the intermolecular interaction between the amino 

group and the carboxyl group [30]. 

 

Figure 2.1 FTIR spectra of vapor-deposited PMDE-1, PMDE-2, PME and PDE 

films. 

 

The quantification of polymer composition was calculated using FTIR analysis. 

FTIR spectra of PMDE-1, PMDE-2, PME, PDE, PEGDA, PMAA and PDMAEMA were 

normalized to the thickness of each coating. The decoupling of peaks was carried out 

using the Peak Resolve tool in Omnic software, and the peak areas of the C=O stretching 
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in MAA at 1702 cm
-1

, in DMAEMA at 1728 cm
-1

 and in EGDA at 1735 cm
-1

 were 

measured. According to the Beer-Lambert Law, the absorbance peak area of the C=O 

stretching was proportional to unit concentration and the corresponding absorption 

coefficient. Verified by previous studies on other acrylic copolymers [31], the assumption 

was made that the adsorption coefficients of the C=O stretching were the same in the 

PMDE, PME, and PDE as in PMAA and PDMAEMA homopolymers, respectively. The 

mole concentration of each component in each copolymer (C) to the component in its 

corresponding homopolymer (C
*
) can be calculated using: C/C*=AC=O/A

*
C=O, where 

AC=O and A
*

C=O are the peak area of the C=O absorption in the spectra of copolymer and 

homopolymer, respectively. Thus, mole concentration of each component (C) can be 

calculated as: C= C*•AC=O/A
*
C=O. Since mole concentration can be derived from the 

molecular mass of monomer (M) and density (ρ), C equals ρ•AC=O/M•A
*

C=O. The molar 

ratio of MAA units to DMAEMA units in each polymer coating nMAA : nDMAEMA is equal 

to CMAA : CDMAEMA and can be calculated under the assumption of equal density in each 

coating: 

nMAA : nDMAEMA = 
         

             
  : 

            

                   
   

The nMAA/nDMAEMA of PMDE-1 and PMDE-2was was calculated to be 0.22 and 0.31, 

respectively.  It was noted that the amount of MAA in polyampholytes is less than 

DMAEMA even at high feeding ratio of MAA to DMAEMA.  

2.3.2 Degree of swelling 
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It is believed that zwitterionic polymers have good nonfouling capabilities due to 

their charge neutrality and surface hydration via hydrogen bonding introduced by 

electrostatic effect [15]. At the isoelectric point (pI) of ampholytic polymer, it exhibits 

the same electrostatic property as zwitterionic polymer and the electrostatic forces lead to 

minimal swelling by electric attraction between positive and negative moieties. 

Based on the physical behavior of polyampholytic coatings at different pH, a series 

of pH-dependent swelling tests were done on the polyampholytes (PMDE-1 and PMDE-2) 

and polyelectrolytes (PME and PDE). Figure 2.2 shows the swelling degree of each 

polymer in buffer solution for 1 hr. The swelling degree of PDE film decreased with the 

increase of pH, while that of PME film increased slightly as pH increased. The minimal 

swelling degree of both polyampholytes was at around pH 5, which indicated the range of 

pI of the synthesized polyampolytes. At pH higher than pH 5, the swelling degree of 

polyampholytes increased as pH increased, while at pH lower than pH 5, DS of 

polyampholytes decreased as pH increased. The minor difference of composition did not 

influence the trend of swelling, and the pI of polyampholytes, which contained fewer 

anionic units, was below pH 7. More steady ionization of MAA than DMAEMA may be 

the reason [32]. The higher swelling degree of PMDE-1 than PMDE-2 was attributed to 

composition difference: there were more DMAEMA units relative to MAA units in 

PMDE-1 than PMDE-2 [33, 34]. 

The polyelectrolytes are considered to have high swelling degree because of the 

strong repulsion between same charged groups in molecules. It was evident in Figure 2.2, 

however, that the swelling degree of polyelectrolytes was much lower than 

polyampholytes at pH 3 to 8, even around the pI of polyampholytes.  
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Figure 2.2 The swelling degree of PMDE-1, PMDE-2, PME and PDE coatings at 

different pH. 

 

The swelling degree, in terms of surface hydration, is considered as one factor in 

bacteria adhesion tests. Therefore, two different substrates coated with the same coatings 

of PMDE-2 were used to study the influence of nonfouling behavior with different 

swelling degree. As seen in Figure 2.3, the swelling degree of PMDE-2 on the plastic 

plate immersed for 1 hr was lower than that on the glass slide immersed for 3 min, except 

at pH 5. This is because the glass surface is more hydrophilic than the plastic surface, 

which allows water molecules to penetrate the polymer coating more easily. Hence, it is 

logically concluded that during the 1-hr bacteria adhesion tests, the swelling degree of 

polymer coating on the glass should be higher than that on the plastic. The tests of short-

term bacteria adhesion were taken on both PMDE-2 deposited substrates in 10
7
 cells/ml E. 

coli solutions at pH 7. There is no obvious difference in bacteria resistance exhibited by 
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images in Figure 2.3, which suggests that the surface hydration degree is not the major 

factor influencing the nonfouling properties of polyampholyte coatings in this study. In 

other words, the hydration degree of polyampholytes coated on plastic plates is high 

enough to inhibit bacteria adhesion. In the following bacteria adhesion studies, plastic 

plates were chosen as substrates due to the fact that polymer coatings were more stable 

on the plastic plates. 

 

Figure 2.3 The swelling degree of PMDE-2 coatings vapor-deposited on two 

different substrates (plastic plates and glass slides) after immersed 1 hr and 3 min in 

buffer solutions at different pH, respectively. The images of bacteria adhesion show 

bacteria adhesion at pH7. 

 

2.3.3 Short-term bacteria adhesion studies 

Short-term bacteria adhesion tests at pH 7 were undertaken on the surfaces of 

PMDE-1, PMDE-2, PME, PDE coatings and control plastic plates for 1 hr. The reduction 

of bacteria adhesion was calculated as: Reduction=(Ncontrol-Npolymer)/Ncontrol×100%, where 
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Ncontrol  and Npolymer were the number of adhered bacteria on the control plates and on the 

polymer coating. Bacteria reductions, exhibited quantitatively as the reduction of bacteria 

adhesion relative to control, are shown in Figure 2.4. More than 99% of bacteria on the 

polyampholytes and about 94% of bacteria on the PME surface were reduced at pH 7, 

while there were more bacteria adhering to the surfaces of PDE than control plates. 

 

Figure 2.4 The reduction of bacteria adhesion on the polymeric surfaces after 1-hr 

incubation in E. coli solutions at pH 7. 

 

To study the pH dependence effect of polyampholytes on bacteria resistance, all 

polymer films were subjected to the short term bacteria adhesion test at pH 5, 6, and 7. 

As shown in Figure 2.5, the bacteria reductions of PME and PDE increase with the 

increase of pH values. More than 99% bacteria were reduced on the polyampholytes 

regardless of the change of pH values and the lines of two polyampholytes in Figure 2.5 

were overlapped. For PME and PDE coatings, the trend of bacteria reduction was surface 
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charge dependent. MAA can ionize to be negatively charged when pH is higher than the 

pKa at 5.35 and protonate to be less negative at lower pH; while DMAEMA can 

protonate to hold positive charge when pH is lower than its pKb at 8.00 and deprotonate 

at higher pH [35, 36]. Most bacteria, either Gram-positive or Gram-negative bacteria, 

have negatively charged surfaces [37]. In this study, E. coli with negatively charged 

surface was used for all tests. Therefore, at higher pH, such as pH 7, repulsive force 

between negative surfaces of PME coating and E. coli led to the higher reduction, while 

at lower pH, such as pH 5, the attractive force between positive surfaces of PDE and E. 

coli led to the negative reduction. As to polyampholytes, their performance on resistance 

to bacteria adhesion was not pH-dependent. This can be attributed not only to the surface 

charge effects, but also to the “zwitterionic property” (electric neutrality) at pI. At pH 

higher than the pI, polyampholytes are negatively charged since MAA units in the 

polymer highly ionize to be negative and DMAEMA units deprotonate to be less positive; 

this can be named “charge dominated resistance” (CDR). At pH around the pI, 

polyampholytes perform as zwitterionic polymers; this can be named “zwitterionic-

property dominated resistance” ( D ). Th s  the combination of CDR and ZDR effects 

resulted in high resistance to bacteria adhesion and wider pH range for polyampholytes, 

which enhances their nonfouling performance. This resolves the problem that 

zwitterionic polymers have [38]. Zwitterionic polymers maintain electric neutrality at 

around pH 7. When pH is decreased, they become partially protonated, which in turn 

compensates the electrostatic neutrality at low pH and therefore resulting in bacteria 

absorption. 
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Figure 2.5 The reduction of E. coli bacteria adhesion at pH 5, 6 and 7 on the 

surfaces of PMDE-1, PMDE-2, PME and PDE coatings. 

 

2.3.4 Long-term bacteria viability 

Long-term bacteria accumulation tests in ampicillin containing LB media were 

performed on the surfaces of PMDE-1, PMDE-2, PME, and PDE. Figure 2.6B shows the 

representative qualitative images of accumulated E. coli on the abo e materials’ s rfaces. 

No biofilm accumulation was observed on the surfaces of both PMDE-1 and PMDE-2 

over 24-hr period, while biofilm of E. coli formed on the surfaces of PME, PDE, and 

control plates. Compared with the qualitative images of 1-hr bacteria adhesion on PMDE-

1, PMDE-2, PME, PDE and control plates surfaces (Figure 2.6), after 24-hr incubation 

rapid growth of bacteria on PME, PDE and control plate surfaces was observed, while the 

surfaces of PMDE-1 and PMDE-2 were still clean. The excellent performance of PMDE-

1 and PMDE-2 on drastic reduction of the accumulation of E. coli is due to their ability to 
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resist bacteria adhesion. The bacteria adhesion experiments showed that fewer E. coli 

were adhering to PMDE-1 and PMDE-2 surfaces than two polyelectrolytes. The 

nonfouling capability is still effective to discourage the biofilm formation on 

polyampholytes. The bacteria accumulation of E. coli on PME and control plate was 

proportional to the amount of adhesion of E. coli in short-term test. From the 

fluorescence microscopy, it was visibly observed that there was less growth of biofilm on 

the PDE than on the control. The phenomenon that PDE exhibited the highest bacteria 

attachment in 1-hr study while less biofilm growth in the 24-hr study was consistent with 

the concl sion in  ottenbos’s st dy that positi ely charged s rface may impede the 

growth of bacteria due to its strong electrostatic attraction of organisms though it is 

adhesive to bacteria [39]. 

 

 

Figure 2.6 Bacteria adhesion at pH 7 after 1-hr and 24-hr incubation. 
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2.4 Conclusion 

PMDE polyampholyte synthesized via iCVD can be an alternate nonfouling 

coating for biomedical applications. From the swelling tests, these polyampholytes 

exhibited electroneutral properties as zwitterionic polymer at pI of pH 5. Polyampholytes 

were subjected to the bacteria adhesion and accumulation tests. The results showed that 

more than 99% of bacteria adhesion was reduced on the polyampholytic surfaces at pH 7. 

The bacteria resistance of polyampholytes was pH independent. Synthesized 

polyampholytes coating effectively discouraged biofilm formation after 24-hr incubation. 
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CHAPTER III 
 

 

ANTIFOULING EFFECTS OF POSITIVELY CHARGED SURFACES 
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Abstract 

Bacteria adhesion and accumulation on biomedical device surfaces cause infection 

problems. Among polymeric biomaterial surfaces, positively charged surfaces are 

believed to be effective in promoting bacteria adhesion. Herein, a study on the antifouling 

effects of positively charged surfaces was carried out. Copolymers poly(2-dimethylamino 

ethyl methacrylate-co-ethylene glycol diacrylate) (PDE) synthesized via iCVD were used 

as positively charged surfaces with different amounts of cationic moieties. Adhesion and 

growth of Escherichia coli on the surfaces were investigated. The results showed that the 

highest amount of bacteria adhered to PDE-3 surfaces, which had highest density of 

positive charges, while further bacteria growth was suppressed.  
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3.1   Introduction 

Infection of implanted biomedical devices caused by adhesion and accumulation of 

bacteria is still a problem for clinical medicine [1]. 5%-15% patients are affected by 

hospital infections and it causes $ 35.7 billion to $ 45 billion medical costs each year in 

the United States [9]. In spite of the advantages in design of biomedical devices, 

including prostheses, orthopedic implants, artificial hearts and so forth, there are no 

solutions for the infection problem other than removal of the devices. The initiation of 

infection is bacteria adhesion on the surfaces of biomaterials, followed by bacteria 

growth and biofilm formation, which cause the failure of biomedical devices. As is 

known, most bacteria are carrying net negatively charged surfaces [2], hence, the 

adhesion of bacteria is promoted on the positively charged surfaces due to electric 

attraction. This is consistent with the observation in the previous chapter as well. 

However, the infection is mainly caused by the biofilm formation following initial 

adhesion [3]. Bart Gottenbos et al reported that adhesion of Gram-negative bacteria was 

rapid on a positively charged surface, but further growth was inhibited [4]. The same 

observation was published by Harkes et al for Escherichia coli [5]. 

In this chapter, an investigation on interaction of Gram-negative bacteria and 

positively charged surfaces of poly (2-dimethylamino ethyl methacrylate-co-ethylene 

glycol diacrylate) (PDE) was conducted. E. coli was used as the model bacteria. The ratio 

of ethylene glycol diacrylate (EGDA) to 2-dimethylamino ethyl methacrylate 

(DMAEMA) was varied to fabricate surfaces with different densities of positive moieties. 
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3.2   Experimental 

3.2.1 Materials 

EGDA (90%), DMAEMA (98%) and tert-butyl peroxide (TBP) (98%) were 

purchased from Sigma-Aldrich Chemical Co. and used as received. Plastic microscopy 

slides of 60mm×24mm in size were purchased from Electron Microscopy Science, and 

cleaned with 70% ethanol before vapor deposition and adhesion tests. Silicon wafers 

were purchased from MEMC Electronic Materials, together with plastic plates, were used 

as the planar substrates. 

3.2.2 Synthesis 

As previously described, a custom built reactor (Sharon Vacuum) was used to 

perform all iCVD deposition of hydrogel [6]. During iCVD deposition, the initiator TBP 

was used at room temperature, while the EGDA and DMAEMA monomers were 

vaporized at 60 °C and 55 °C in glass jars, respectively. The vapors were pumped into the 

reactor through mass flow controllers (MKS Instruments, model 1479A and 1153) and 

were mixed in the vacuum chamber. The flow rate of TBP was 0.4 sccm. To synthesize 

polymer coatings with different compositions, the flow rates of EGDA and DMAEMA 

monomers were varied. Hybrid grafting was used to enhance effective components on the 

surface. The flow rates and coating thickness are listed in Table 3.1. Interferometry with 

a 633 nm He-Ne laser (JDS Uniphase) was used to monitor the polymer deposition 

process.  
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After deposition, the characterization of the polymer coatings was conducted using 

Fourier Transform Infrared (FTIR). The spectra of the polymer coatings were collected 

by a Nicolet 6700 spectrometer. 

 

Table 3.1 Deposition conditions of PDE coatings. 

 

 

 

 

 

 

 

 

 

 

3.2.3 Bacteria adhesion tests 

A single colony of recombinant E. coli that expressed green fluorescent protein 

(GFP) was inoculated into Luria-Bertani (LB) medium and cultured overnight at 37 °C. 

The bacteria solution was diluted to a concentration of 10
7
 cells/ml with phosphate 

  Flow rate/sccm 

Thickness/nm 

  E D  DM EM  

 DE-1 

 tage Ι 

 tage ΙΙ 

 tage ΙΙΙ 

0.06 

0.06 

0 

0 

0.18 

0.18 

100 

900 

100 

 DE-2 

 tage Ι 

 tage ΙΙ 

 tage ΙΙΙ 

0.06 

0.06 

0 

0 

0.30 

0.30 

100 

900 

100 

 DE-3 

 tage Ι 

 tage ΙΙ 

 tage ΙΙΙ 

0.06 

0.06 

0 

0 

0.60 

0.60 

100 

900 

100 
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buffered saline (PBS) solutions of different pH values (pH 5, 6, 7). Before test, polymer 

coatings were soaked in deionized water for 5 min to remove the uncrosslinked 

component. Each polymer sample (24mm×20mm) was immersed in 15ml of 10
7
 cells/ml 

bacteria suspension of different pH and incubated at 37 °C for 1 hr. The samples were 

removed and washed with bacteria free PBS solution three times. An Olympus BX51 

epifl orescence microscope with a green filter (excitation/emission 440–480 nm/515–540 

nm) was used to observe bacteria adhesion. To perform the quantitative analysis, 10 

images were taken for each sample. 

3.2.4 Bacteria growth tests 

After being incubated in bacteria suspension for 1 hr and washed three times with 

PBS solution, polymer coatings were placed into ampicillin containing LB medium with 

different pH (pH 5, 6 and 7) and cultured at 37 °C for 24 hr. Samples were washed three 

time times with PBS solution and obser ed  nder an Olymp s B 51 epifl orescence 

microscope  sing a green filter. 

 

3.3   Results and discussion 

3.3.1 Synthesis of PDE coatings 

PDE polymer coatings with different densities of positive charges were synthesized 

through initiated chemical vapor deposition (iCVD). FTIR spectra of synthesized 

polymers are shown in Figure 3.1. Desired functional groups were well preserved during 

deposition. The characteristic peaks of DMAEMA at 2823 and 2774 cm
-1

 were assigned 

to the C-H stretching in the –N(CH3)2 groups. In the range from 1735 cm
-1

 to 1725 cm
-1

, 
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the strong absorption peaks were attributed to the C=O stretching absorption from both 

DMAEMA and EGDA moieties. In the spectra of PDMAEMA and PEGDA coatings, the 

peaks of C=O stretching in DMAEMA and EGDA located at 1729 cm
-1

 and 1735 cm
-1

, 

respectively [6]. The enlargements of absorption from carbonyl groups in the PDE 

hydrogels are shown in Figure 3.2. From PDE-1 to PDE-3, the C=O stretching absorption 

peak gradually shifts from 1733 cm
-1

 to 1731 cm
-1

, which suggests an increase of the 

DMAEMA content in the PDE. In addition, the increase of absorption at 2823 cm
-1 

and 

2774 cm
-1 

indicates an increase of the DMAEMA moieties in PDE as well. 

 

Figure 3.1 FTIR spectra of vapor-deposited PDE-1, PDE-2, and PDE-3 coatings. 
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Figure 3.2 The enlarged region of FTIR spectra of carbonyl groups in PDE-1, PDE-

2, and PDE-3. 

 

The compositions of PDE coatings were quantified. As reported previously [7, 8], 

normalization to the film thickness was first carried out on the FTIR spectra of the PDE, 

PEGDA, and PDMAEMA films. The peak area ratio of 1729 cm
-1

 (AC=O
’
) to 2774 cm

-1
 

(AN-C-H
’
) in the PDMAEMA was calculated as X= AC=O

’
/ AN-C-H

’
. In the spectra of 

copolymer, the peak areas of the C=O stretching and N-C-H stretching were measured 

and denoted as AC=O and AN-C-H. It is assumed that the absorption coefficient of each 

group is the same in the both homopolymer and copolymer. AC=O(DMAEMA)=X•AN-C-H can 

be used to calculate the peak area of C=O stretching from DMAEMA units in the 

copolymer. Therefore, the area of the C=O stretching from EGDA in the copolymer can 

be determined using: AC=O(EGDA)=AC=O-X•AN-C-H. The variation of the absorption 
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coefficient of the C=O stretching in DMAEMA and EGDA should be taken into 

consideration. 

At the same coating thickness, by comparing the C=O stretching absorbance in 

the spectra of PDMAEMA (AC=O(PDMAEMA)) and PEGDA (AC=O(PEGDA)), the disparity can 

be observed. Under an assumption of equal density of the two homopolymers, the molar 

concentration ration of the C=O groups in PDMAEMA and PEGDA can be determined 

as MEGDA/2MDMAMEMA, where MEGDA and MDMAEMA are the molecular mass of EGDA and 

DMAEMA units, respectively. A factor of 2 represents two C=O groups in each EGDA 

unit. Therefore, the absorption coefficient ratio of C=O stretching absorbance from 

PDMAEMA and PEGDA (R) can be calculated and denoted as: 

  
                     

                
                                                (1) 

According to the Beer-Lambert equation, the molar concentration and absorption 

coefficient of the corresponding unit are in proportion to the peak area of a specific 

vibration mode. Thus, equation (2) can be used to calculate the molar ratios of EGDA to 

DMAEMA in copolymers: 

  
                

         
                                                        (2) 

Since there are two C=O groups in ach EGDA unit, a factor of 2 was introduced. 

Table 3.2 lists the calculated molar ratios. 
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 Table 3.2 The molar ratio of EGDA to DMAEMA in copolymers. 

 

3.3.2 Short-term bacteria adhesion studies 

Bacteria adhesion tests at different pH (pH 5, 6 and 7) were carried out on each 

copolymer surface. Figure 3.3 exhibits the bacteria adhesion on each coating relative to 

control after being subjected to bacteria suspension (10
7
 cells/ml) over 1 hr 

Adhesion=(NPDE-Ncontrol)/Ncontrol was used to calculate bacteria adhesion, where NPDE and 

Ncontrol was the number of bacteria adhered to PDE coating and control surface.  

It was obvious that PDE-3 was capable of adsorbing the highest amount of bacteria 

at all pH tested. The adhesion of PDE-3 was highest (1.5) at pH 5, due to the highest 

degree of ionization of DMAEMA components. As to PDE-2 coating, it was obvious that 

bacteria adhesion was the highest level at pH 5, and drastically decreased as the pH 

increased to pH 6. At pH 5 and 7, PDE-1 showed low bacteria adhesion compared with 

other hydrogel coatings. However, when it was immersed in the bacteria suspension at 

pH 6, the bacteria adhesion increased to 0.44, which showed an opposite trend to the 

other two polymer surfaces. Regardless of bacteria adhesion of PDE-1 at pH 6, the 

amount of adhering bacteria on the copolymers was in accordance with the assumption of 

more initial bacteria adhering on the surface with higher density of positive charges. The 

promotion of bacteria adhesion by positive charges was consistent with the observations 

in previous research [4, 5]. 

 ydrogel  DE-1  DE-2  DE-3 

Feeding ratio (E D :DM EM ) 1:3 1:5 1:10 

Molar ratio (E D :DM EM ) (r) 0.86 0.41 0.14 
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Figure 3.3 The bacteria adhesion at pH 5, 6 and 7 on the surfaces of PDE-1, PDE-2 

and PDE-3 coatings. 

 

3.3.3 Long-term bacteria viability studies 

Long-term bacteria accumulation tests in ampicillin containing LB media were 

performed on the surfaces of PDE-1, PDE-2, PDE-3 and control plates after 1-hr 

incubation in E. coli solution (10
7
 cells/ml) at different pH. Figure 3.4 exhibited the 

representative qualitative images of accumulated E. coli on the tested surfaces. On the 

uncoated control surfaces, the accumulations of biofilm at different pH were obvious and 

covered more than 50% of photographed areas. Compared the polymer coatings with 

control plate, less biofilm was observed on polymer coatings at pH 5, 6 and 7. The 

images exhibited that the biofilm formation on copolymers at different pH were of no 

significant difference. According to the 1-hr adhesion study, the bacteria adhesion on the 

PDE-3 coating was the highest. However, the lower level of further growth of bacteria 
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indicated an inhibition of bacteria growth on the positively charged surface. This is also 

consistent with the study in the chapter Ⅱ. 

 

Figure 3.4 The images of the biofilm accumulation on each polymer coating at pH 5, 

6 and 7. 

 

Initial bacteria adhesion is considered as an essential factor causing the infection of 

implanted devices. However, the subsequent growth on the biomaterial surfaces has not 

been given much attention. In chapter Ⅱ, it was observed that bacteria adhesion was 

discouraged by negatively charged surfaces PME, while promoted by positively charged 

surfaces PDE. For the further growth, the strong electrostatic attraction of organisms 

inhibits the growth of Gram-negative bacteria on the positively charged surface. 

  

3.4   Conclusion 
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Positively charged copolymer surfaces were designed with different densities of 

cationic moieties in order to investigate the antifouling effects on bacteria adhesion and 

accumulation. It was shown that the highest amount of initial bacteria adhering to the 

PDE-3 surface, which had the highest density of positive charge, while the PDE-3 

inhibited further growth of bacteria. This study was consistent with the observation from 

previous test in chapter Ⅱ.  
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CHAPTER IV 
 

 

BIOMIMETIC GROWTH OF HYDROXYAPATITE ON ALIGNED 

POLYMER NANOTUBES 
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Abstract 

Mineralization of hydroxyapatite (HA) on filamentous materials has been 

investigated for the development of scaffolds for bone tissue engineering to mimick the 

mineralized collagen fibrils in natural bone. However, fabrication of bone tissue 

engineering scaffolds with assembled, three-dimensional nanostructure reminiscent of 

mineralized collagen has been a challenge. We report a novel method in synthesizing 

mineralized polymer nanotubes with an aligned nanostructure. The aligned nanotubes 

have functional groups that promote apatite nucleation on the sidewalls, resulting in 

biomimetic growth of HA crystal and the formation of mineralized nanofibrils. The c-

axis of the HA crystal was found to be parallel to the long axis of the polymer nanotube. 

The hybrid nanofibrils with preferentially oriented crystals resembling the natural bone 

structure are promising for applications in bone tissue engineering.  



47 
 

4.1   Introduction 

Hydroxyapatite (HA) with the formula Ca10(PO4)6(OH)2 is a mineral form of 

calcium phosphate and a major component of natural bone, which consists of complex 

organizations with multiple levels of hierarchy [1, 2]. Based on the knowledge of bone 

structure, two factors are vital to activate effective bone regeneration [3]. One is the 

oriented apatite along the collagen fibrils [1, 3]. The other is the mimesis of three 

dimensional (3D) structures to fibril arrays of natural bone [1, 3]. Therefore, biomimetic 

mineralization, from the lowest level of hybrid HA/fibril composites to 3D structure of 

scaffolds, has been considerably investigated for bone regeneration in recent years.  

To mimic mineralized fibrils, a variety of fibrous materials, including natural 

fibrils and synthetic macromolecules, has been studied on biomineralization. Fibrils from 

nature demonstrate superior capabilities of crystal induction. It was reported that oriented 

apatite crystal layers formed after 6-day mineralization of turkey tendon [4]. Similarly, 

type I collagen extracted from equine tendon was subjected to calcium ion containing 

solution to obtain mineralized collagen for the study of the role of collagen during apatite 

nucleation [5, 6]. Spider silk fibroin was also a candidate to induce the apatite nuclei that 

growing along a preferential orientation due to the favorable orientation of protein 

nanocrystals of silk [7]. In addition to natural materials, synthetic fibers exhibited 

mineralizable abilities as well. Mineralization of self-assembled peptide-amphiphile 

nanofibers was studied and the results showed oriented growth of apatite crystals [8]. 

Surface modified ethylene-vinyl alcohol copolymer (EVOH) fibers were subjected to 

simulated body fluid (SBF) incubation, and apatite deposited EVOH fibers were obtained 
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[9].  Although mineralized fibrils with oriented apatite were obtained, it was difficult to 

arrange these fibrils into 3D structure. 

At the three dimensional level, mineralization of synthetic polymer scaffolds has 

been widely studied. Several techniques have been used to manufacture 3D polymeric 

scaffolds for biomimetic mineralization, including electrospinning [10, 11], solvent 

casting and salt leaching [12], gas foaming and particulate leaching [13], and thermally 

induced phase separation technique [14]. All these polymeric scaffolds exhibited the 

capability of mineralization. However, the structures of these polymer scaffolds were not 

similar to natural bone structure, which consisted of fibril arrays in regular pattern. 

Besides, oriented apatite crystals were not obtained on the surfaces of scaffolds.  

The disadvantages of mineralized fibrils and scaffolds imply that they are not 

effective to activate the regenerative process. Therefore, a scaffold with the structure of 

regular fibril array with oriented growth of apatite is necessary. To fabricate such scaffold, 

templating of porous membrane combine with initiated chemical vapor deposition (iCVD) 

takes advantage due to the capability of obtaining conformal polymer coatings. As long 

as templates are fine enough, it is possible to synthesize polymeric scaffold with desired 

structure. 

We hereby report the synthesis of 3D filamentous scaffold using iCVD. 

Biomineralization of these aligned polymer nanotubes were studied. Mineralized 

poly(methacrylic acid-co-ethylene glycol diacetate) (P(MAA-co-EGDA)) scaffold with 

aligned nanotubes were synthesized using supersaturated HA solutions and revised 
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simulated body fluid (rSBF). Morphologies and crystallinity of the apatite crystals were 

investigated. 

 

4.2   Experimental 

4.2.1 Materials and methods 

Ethylene glycol diacetate (EGDA) (90%), methacrylic acid MAA (99%), and tert-

butyl peroxide (TBP) (98%) were purchased from Sigma-Aldrich and were used as 

received. Silicon wafers were purchased from MEMC Electronic Materials and used as 

planar substrates during iCVD deposition. Polycarbonate (PC) membranes (Nuclepore) 

with pores of around 400 nm in radius and thickness of 10 µm were purchased from 

Fisher Scientific and used as the template for nanotubes fabrication. Hydroxyapatite (HA) 

was purchased from Sigma-Aldrich and used without further purification. 

4.2.2 Synthesis of polymer nanotubes 

The iCVD deposition was implemented in a custom built reactor (Sharon Vacuum) 

as previously reported [15, 16]. During deposition, the initiator was evaporated and fed at 

room temperature, while the EGDA and MAA monomers were heated up to 60 °C and 

45 °C, respectively. The vapors were pumped into the reactor through mass flow 

controllers (MKS Instruments, model 1479A and 1150) and mixed in the reactor. The 

flow rates of EGDA and MAA were 0.08 sccm and 0.24 sccm, respectively. The relative 

growth of polymer coatings was monitored on a reference Si wafer using in-situ 

interferometry. After iCVD coating on the PC membrane template, polymer nanotubes 
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were obtained by dissolving the template in chloroform. The schematics of polymer 

nanotube synthesis are shown in Figure 4.1.  

 

Figure 4.1 Schematics of the nanotube synthesis and the mineralization. 

 

4.2.3 Biomimetic mineralization 

Supersaturated HA solution ([Ca
2+

] = 4mM) was prepared following the reported 

protocol [17]. 2.5 g HA powder was dissolved in 250 mL 100 mM HCl solution, 

followed by the addition of deionized water to form 500 mL 50 mM stock solution with 

pH=2. Subsequently 0.2 mol NaCl was dissolved in 80 mL of 50 mM stock solution to 

increase the stability of HA solution. The pH value of the solution was adjusted to 7.0 

using a 0.05 M KOH solution. Finally, the solution was made up to 1 L of HA solution 

using deionized water. 

iCVD  

PC Template 

Mineralization 
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Revised simulated body fluid (rSBF) was prepared by subsequently adding 211.5 

mM NaCl, 4.5 mM KCl, 1.5 mM K2HPO4, HCl (1 M), 3.75 mM CaCl2 and 0.75 mM 

Na2SO4 into deionized water. The pH was adjusted to 6.4 using Tris. The ionic 

concentration and ionic strength of human body fluid, and Mg
2+

 and HCO
3-

 free rSBF are 

listed in the Table 4.1. 

 Table 4.1 Ionic concentration and ionic strength of human blood and rSBF 

 

The polymer nanotubes were immersed in mineral solutions and incubated at 37 °C 

for different periods of time (1 week, 2 weeks and 3 weeks). The incubation solutions 

were refreshed every two days to keep calcium ions at same level. After being removed 

out of the solutions, polymer nanotubes were washed with deionized water for three times 

and dried overnight at room temperature. 

4.2.4 Characterization 

Fourier Transform Infrared (FTIR) was used to analyze the chemical structure of 

mineralized nanotubes collected on a silicon wafer. FTIR was conducted on a Nicolet 

6700 spectrometer with DTGS detector under the transmission mode. For x-ray 

diffraction analysis (XRD), mineralized nanotubes were collected on a PMMA specimen 

holder and analyzed using a Bruker D8 Advance model (Bruker, U.S.). The operating 

Ion 

conc. 

(mM) 

 a
+
 K

+
  a

2+
 Mg

2+
   O3

-
  l

-
   O4

2-
  O4

2-
 

Ionic 

strength 

Blood 

plasma 
142 5 2.5 1.5 27 103 1 0.5 149.5 

r BF 213 7.5 3.75 0 0 263 1.5 0.75 253.75 
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voltage and current were set at 40 kV and 40 mA, respectively. Morphologies of the 

mineralized nanotubes were observed using a FEI Quanta 600F scanning electron 

microscope (SEM) (FEI, Japan). 

Transmission electron microscopy (TEM) and selected area electron diffraction 

(SAED) were carried out to study the orientation of HA crystals. The mineralized 

nanotubes were ultrasonically separated for 1 min. Afterwards the nanotube suspension 

was transferred to a copper grid for TEM. A JEOL JEM-2100 TEM was performed at 

200kV. The elemental analysis was performed using the Evex Nanoanalysis energy 

dispersive x-ray spectroscopy (EDS). 

 

4.3   Results 

4.3.1 Synthesis of polymer nanotubes 

Polycarbonate (PC) membranes with 400 nm pore size were used as a template to 

synthesize the P(MAA-co-EGDA) nanotubes. PC membranes were mounted on the glass 

slides and put in the reactor. The vapors of MAA and EGDA were delivered to the 

reactor to start the polymerization. Thin films were conformally deposited inside the PC 

membranes pores. P(MAA-co-EGDA) nanotubes were then obtained by dissolving the 

PC membrane in chloroform. Figure 4.2 shows the FTIR spectra of the PC template, a 

P(MAA-co-EGDA) coated template, the P(MAA-co-EGDA) nanotubes, and the 

corresponding P(MAA-co-EGDA) coating. In the spectrum of the coated template, the 

broad peak above 3000 cm
-1

 was attributed to the adsorption of –COOH groups in MAA, 
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while the adsorption from 1700 cm
-1 

to 1735 cm
-1

 was assigned to the stretching of C=O 

groups from both EGDA and MAA moieties. 

 

Figure 4.2 FTIR spectra of PC template, P(MAA-co-EGDA) coated template, 

P(MAA-co-EGDA) nanotubes, and P(MAA-co-EGDA) coating. 

 

Four P(MAA-co-EGDA) copolymers with different compositions were synthesized 

and denoted by C1, C2, C3 and C4. The compositions of P(MAA-co-EGDA) copolymers 

(C1-C4) were quantified using FTIR analysis. Prior to the analysis, FTIR spectra of 

PMAA, PEGDA and P(MAA-co-EGDA) copolymer coatings were normalized to the 

coating thickness. The Peak Resolve tool in Omnic Software was used to decouple peaks, 

and subsequently the peak areas of the C=O stretching in MAA at 1702 cm
-1

 and in 

EGDA at 1735 cm
-1

 were measured. Based on the Beer-Lambert Law, at the same 

coating thickness, the absorbance peak area of C=O was proportional to the concentration 

of the unit and the corresponding absorption coefficient. According to previous work on 
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other acrylic copolymers [18], it is assumed that the absorption coefficients of the C=O 

adsorption are the same in the P(MAA-co-EGDA) copolymers as in PMAA and PEGDA 

homopolymers, respectively. The ratio of the EGDA mole concentration in P(MAA-co-

EGDA) (CEGDA) to the EGDA mole concentration in PEGDA (C
*

EGDA) can be calculated 

using: CEGDA/C
*

EGDA=AC=O(EGDA)/A
*

C=O(EGDA), where AC=O(EGDA) and A
*

C=O(EGDA) are the 

peak areas of the C=O absorption in the spectra of copolymer and homopolymer, 

respectively. Similarly, the ratio of the MAA mole concentration in copolymer (CMAA) to 

the MAA mole concentration in PMAA (C
*

MAA) can be calculated as: 

CMAA/C
*
MAA=AC=O(MAA)/A

*
C=O(MAA), where AC=O(MAA) and A

*
C=O(MAA) are the peak areas of 

the C=O absorption in the spectra of copolymer and homopolymer, respectively. Putting 

two equations together, we can get: 

    

     
 

                   
      

 

                   
     

  

Since mole concentration can be derived from the molecular mass and the density, 

C
*

EGDA/C
*
MAA is equal to MMAA/MEGDA under the assumption of equal density in PMAA 

and PEGDA coatings where MMAA and MEGDA are the molecular mass of the MAA and 

EGDA repeating units, respectively. The molar ratio of MAA units to EGDA units in 

each copolymer coating nMAA/nEGDA is equal to CMAA/CEGDA and can be calculated using 

the equation: 

n   

n    
 

                   
 𝑀    

                   
 𝑀   

 

The crosslinking degree (CD%) was calculated as the mole fraction of crosslinked 

monomer units: CD%=2/(nMAA/nEGDA+2) 100%. There is a factor of 2 due to each 
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EGDA unit has two C=O double bounds. The calculated nMAA/nEGDA molar ratio of four 

P(MAA-co-EGDA) nanotubes was summarized in Table 4.2. 

Table 4.2 The compositions and diameters of P(MAA-co-EGDA) tubes. 

 

SEM image (Figure 4.3 left) shows the cross section of the C4 polymer nanotubes 

after dissolving the template. Regardless of the damage during sample preparation, it is 

noted that nanotubes were well-aligned and in good shape after being subjected to 

dissolving treatment and sample preparation for SEM. The lengths of nanotubes were 10 

µm, which matched with the original pore depth indicating conformed coating across the 

pores; and mean radiuses were around 400 nm. TEM image was taken after nanotube 

isolation (Figure 4.3 right). The parallel dark lines were the walls of a nanotube and the 

wall thickness was uniform. It was obvious that both outer and inner surfaces of walls 

were smooth and clean. Templating PC membrane combined with CVD of the insoluble 

polymer P(MAA-co-EGDA) successfully fabricated nanotubes with ultrathin walls (~45 

nm thickness). 

 opolymer nM  /nE D   rosslinking degree (%) 
Diameter of template pore 

(µm) 

 1 2.32 46.3 1 

 2 1.50 57.1 1 

 3 0.88 69.4 1 

 4 0.87 69.7 0.4 
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Figure 4.3 The SEM image of the synthesized P(MAA-co-EGDA) nanotubes (left) 

and the TEM image of a single polymer nanotube (right). 

 

4.3.2 Formation of polymer nanotubes 

Mechanical rigidity of polymer nanotubes, which is directly associated with 

crosslinking degree (CD%) of copolymers, is a concern for maintaining the proposed 

structure during the mineralization and cell culture process. Herein, four P(MAA-co-

EGDA) tubes (C1-C4) with different diameter and CD% were subjected to mineralization 

for 3 weeks. After HA mineralization, morphologies of the four tubes were shown in 

Figure 4.4. It was obvious that C1 tubes with the CD% of 46.3 completely collapsed and 

lost their tubular structures. They folded layer by layer like soft thin films. With the CD% 

of 57.1, C2 tubes collapsed as well, but their original tubular shape still could be 

distinguished individually. Increasing CD% to 69.4, C3 tubes maintained original tubular 

structure. At the same CD% but with the nanotube diameter of 400 nm, C4 nanotubes 

exhibited high mechanical rigidity and precise nanostructure. Therefore, in the following 

experiments, C4 nanotubes were chosen as the substrate for following study. 
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Figure 4.4 The cross section view of mineralized C1, C2, C3, and C4 tubes. 

 

4.3.3 Mineralization of polymer nanotubes  

4.3.3.1 Supersaturated HA solution 

During the HA mineralization process, initial evidence of nuclei induction and 

crystal formation on the nanotubes was obtained using FTIR (Figure 4.5). New peaks 

appeared as incubation time prolonged. In the spectrum of 2-week incubated nanotubes, 

strong P-O peaks at: 1111cm
-1

 and 1025 cm
-1

 were attributed to the υ3 mode of P-O; a 

peak at 960 cm
-1

 was assigned to the υ1 P-O stretching mode; and the peaks at 560 cm
-1

 

and 600 cm
-1 

were assigned to the υ4 mode of P-O. In addition, a sharp peak at 3567cm
-1

 

was attributed to the O-H stretching mode in HA [19]. These new peaks suggested the 

formation of hydroxyapatite on the surface of nanotubes after 2-week mineralization. In 

addition, the peaks at 560 cm
-1

 and 600 cm
-1

 indicated that apatite may be crystalline. As 
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to the nanotubes incubated for one week, although no obvious peaks ranging from 900 

cm
-1

 to 1100 cm
-1

 appeared, there were two small peaks at 550 cm
-1 

and 601 cm
-1

 

indicating the beginning of crystal formation. Significant new peaks at 1557 cm
-1

, which 

may be attributed to ionization of –COOH into –COO
-
 or combination of –COO

- 
and 

Ca
2+

 [20], showed up in both spectra, while broad peaks from hydrogen bonds between –

COOH groups in MAA units ranging from 3000 cm
-1

 to 3400 cm
-1

 were absent in both 

spectra. This suggested that calcium ions induction was achieved by ionization of the 

carboxyl groups. 

 

Figure 4.5 FTIR spectra of C4 nanotubes incubated in supersaturated HA solution 

at different period of time. Peaks of apatite are denoted by *. 

 

XRD was taken on 2-week incubated nanotubes (Figure 4.6). Intense characteristic 

diffraction peaks of crystalline apatite were detected at 26º, 31.7º, 32.2º and 53.5º (2θ) 
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corresponding to (002), (211), (112) and (004) planes of apatite. The XRD results further 

verify that crystalline apatite formed on the polymer nanotubes. 

 

Figure 4.6 XRD spectrum of mineralized C4 nanotubes after 2-week incubation. 

 

SEM images illustrate the change of outer wall morphologies of nanotubes during 

apatite growth. Before incubation, outer walls of nanotubes were smooth (Figure 4.7A). 

After 1-week incubation, the roughness increased, which indicated crystal growth on the 

surface (Figure 4.7B). Figure 4.7C shows more obvious film-like crystals homogeneously 

covering the entire surfaces of nanotubes after 2-week incubation. 
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Figure 4.7 SEM images of C4 nanotubes A) before incubation, B) after 1-week 

incubation, C) after 2-week incubation in supersaturated HA solution. 

 

Selected area electron diffraction (SAED) of the sample incubated two weeks was 

conducted to analyze the crystal orientation on the polymer nanotubes. Figure 4.8A 

shows the TEM micrograph of a section of a nanotube incubated two weeks. Compared 

with the SEM image (Figure 4.7C), fewer crystals remained on the nanotube surface, 

possibly due to the fact that crystals shed off from the surface during the ultrasonic 

preparation. There were still thin crystal layers left. SAED pattern of spots (Figure 4.8B) 

suggests the covering apatite was crystalline, which was consistent with the XRD and 

FTIR results. The presence of diffraction spots assigned to (002) and (004) planes, were 

detected. Surprisingly, the SAED patterns of apatite were spots, which was the 

characteristic pattern of monocrystalline apatite. This observation suggested preferential 

orientation of crystals on the nanotubes. In addition, the regular pattern revealed a single 

crystal which is consistent with results reported by other researchers [21, 22]. In Fig 4.8B, 

direction of double-headed arrow in (002) diffraction pattern indicated c axis direction of 

apatite crystal, which was parallel to the long axis of the nanotube. To examine crystal 

orientation, the SAED of the crystal was also taken by tilting it at an angle of 30° along 
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the direction perpendicular to the c axis. The preferential orientation of apatite with c axis 

parallel to long axis was stressed by the absence of spots indicating (002) and (004) 

planes and the presence of the spots from (102) plane (Figure 4.8C). 

 

Figure 4.8 (A) The TEM micrograph of a C4 nanotube incubated in HA solution 2 

weeks. (B) SAED pattern of the C4 nanotubes in A. (C) SEAD pattern of the same 

nanotube with a tilting angle of 30°. (D) The TEM micrograph of an apatite crystal 

shed off from the C4 nanotubes. (D) SAED pattern of the apatite. (F) EDS spectra of 

the mineralized C4 nanotubes. 

 

Since the loss of some crystals occurred during ultrasonic separation, the pieces of 

shed off crystals were also investigated. The TEM image is shown in the Figure 4.8D. 

The length of the piece was 338 nm and the width was 102 nm. Since the average of 

nanotube radius was measured 317±54nm and an arc-shape presented at the right end of 

the crystal piece, it was determined that the crystal shed off from one of nanotubes and 
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the long axis of the small piece was parallel to the length direction and the long axis of 

nanotubes. SAED pattern of the crystal piece exhibited the crystallinity, and the spots 

corresponded to (002), (004) and (211) planes. Similarly, the double-headed arrow on the 

Figure 4.8E revealed the c axis, which was parallel to the long axis of the crystal and 

nanotubes. In addition, white arrows in TEM image (Fig 4.8D) exhibited parallel crystal 

plates. Energy dispersive X-ray spectroscopy (EDS) (Figure 4.8F) reveals Ca/P ratio of 

1.50, which was similar to Ca/P ratio in natural bone [23, 24]. 

4.3.3.2 Revised SBF (rSBF) 

Similarly, the C4 nanotubes were also incubated in revised SBF (rSBF) solutions to 

process biomineralization. From FTIR spectra, it was noted that there was continuous 

growth of apatite on the surface of nanotubes (Figure 4.9). After 1-week incubation, 

although no obvious P-O absorption peaks were shown in the spectrum, a peak at 1557 

cm
-1

 indicating the interaction between –COO
- 
and Ca

2+
 was present [20]. The absence of 

peaks ranging from 3400 cm
-1

 to 3000 cm
-1

 was also consistent with COOH ionization. 

Induction of calcium ions by –COO
-
 occurred as long as the samples were immersed in 

the solutions. After two-week incubation, a weak peak centering at 1109 cm
-1 

was 

attributed to the υ3 mode of P-O. A sharp small peak at 3568 cm
-1

 was from the O-H 

stretching mode of HA. After three-week incubation, peaks from the υ3 mode of P-O at 

1108 cm
-1

 and 1037 cm
-1

, and the υ4 mode of P-O at 550 cm
-1

 were observed. 
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Figure 4.9 FTIR spectra of C4 nanotubes incubated in rSBF solution at different 

period of time. Peaks of apatite are denoted by *. 

 

It was obvious that the amount of crystals was accumulated as incubation time 

extended (Figure 4.10). After 1-week incubation, topographies of nanotube surfaces were 

still as smooth as untreated tubes, while the roughness increased after 2-week incubation. 

Through 3-week incubation, a large amount of globule-like crystals growing on the 

surface was observed, which corresponded to the significant peak in FTIR spectrum. 

Isolated nanotubes were observed under TEM to study their crystallinity as well. 

The nanotubes incubated 3 weeks were selected. From Figure 4.11A, it was evident that 

there were a large amount of crystals growing on the internal wall of the nanotube, while 

it was hardly observed crystals on the outer wall, which was covered by many globule-

like crystals from SEM observation before ultrasonic treatment. This implied that the 

violent ultrasonic isolation caused the loss of apatite crystal. The SAED pattern (Figure 
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4.11B) of the sample showed that the crystals on the surface were apatite, and diffraction 

spots corresponded to the (002), (004) and (211) planes. 

 

Figure 4.10 SEM images of mineralized C4 nanotubes A) after 1-week incubation, B) 

2-week incubation, and C) 3-week incubation in rSBF solution. 

 

 

Figure 4.11 (A) The TEM micrograph of C4 nanotubes incubated in rSBF solution 3 

weeks. (B) SAED pattern of selected area of the same polymer nanotubes. 

 

4.4   Discussion 

4.4.1 Mineralization from supersaturated HA solution 

Surfaces containing negatively charged groups, such as –HPO4 and –COOH groups, 

promote nucleation by establishing local ion supersaturation [25, 26]. In this study, 

copolymer P(MAA-co-EGDA) can induce the apatite nuclei, because it contains carboxyl 
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groups (-COOH), which can ionize into carboxylate (-COO
-
). The mineralized nanotubes 

confirmed that the –COOH containing surfaces were capable of nucleating 

hydroxyapatite. The surprising detection was the preferential orientation of apatite 

crystals from supersaturated HA solution. The c-axis of apatite crystal is co-aligned with 

the long axis of polymer nanotubes. Therefore, formation of crystals was not random, but 

controlled and oriented. Although exact control mechanisms are not clearly known, 

formation of oriented apatite crystals have been conducted and reported on natural 

collagen fibers [1, 4, 3], silk fibroin [7], synthetic polymer fibers [8, 27] and 

bacteriophage fibrils [28], which are of densely packed structure and specifically 

arranged functional groups. The orientation control may be achieved by specific 

stereochemical arrangement of acidic groups that promote nucleation of apatite in a 

particular way driven by an epitaxial mechanism [25, 29, 30].  

Synthetic polymer fibrils are promising for biomimetic mineralization study. 

Although oriented nuclei have been obtained by using assembled peptide-amphiphile 

nanofibers, two dimensional (2D) nanofibers did not fulfill the 3D structure requirement 

for bone regeneration [8]. So far, a great number of efforts have been made on fabrication 

of a 3D polymer matrix and a variety of techniques have been applied. To the best of our 

knowledge, mineralization of 3D polymeric scaffolds has not achieved oriented apatite on 

their surfaces. In this study, the 3D aligned nanotubes were fabricated using iCVD. Since 

the c axis of apatite is parallel to the long axis of collagen in natural bone, mineralized 

nanotubes obtained in this study are promising for bone tissue engineering. Furthermore, 

the structure of the pre-aligned nanotubes resembles parallel fibril array in natural bone. 

Therefore, they may be able to activate the regenerative process.  
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4.4.2 Influence of rSBF on crystal growth  

More factors influence the nucleation of apatite from SBF than supersaturated HA 

solution. Since Mg
2+

 and HCO3
-
 have been reported as inhibitors of crystal growth [31], 

in this study rSBF was prepared without these two ions.  

From the FTIR spectra (Figure 4.5 and Figure 4.9), the speed of crystal growth was 

slower in rSBF than HA solution. One possible reason is a higher concentration of Ca
2+

 

(4 mM) in HA solution. The other reason may be higher ionic strength of rSBF (Table 

4.1), which makes the Ca-P solution stable and delays the precipitation of Ca-P in 

solution [32]. In other words, Na
+
 contributes to high ionic strength and keeps 

supersaturation of Ca
2+

 in the solution, which allows Ca-P to nucleate on the substrate 

surface over a relatively longer time. Compared with the morphology of crystals obtained 

from HA solution (Figure 4.7C and Fig 4.10A), more globule crystals on the inner wall 

and outer wall may be attributed to more nuclei from rSBF due to its higher ionic strength. 

As to crystal orientation, it was random and crystals were polycrystalline rather than 

monocrystalline. There are more components in rSBF, such as SO4
2-

 and K
+
, can disturb 

crystal lattice formation. Further study is needed on influence of each component on 

crystal structure.  

 

4.5   Conclusion  

In this study, aligned P(MAA-co-EGDA) nanotubes with 3D structure were 

fabricated using iCVD followed by dissolving of the template. Mineralized nanotubes 

were obtained by incubating in supersaturated HA solution and rSBF. Apatite crystals 
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from HA solution were monocrystalline and had oriented growth.  C-axes of crystals 

were parallel to long axes of nanotubes. Crystals with Ca/P ratio of 1.5 are similar to 

natural bone. Since there are more factors influencing the crystal structure using rSBF, 

the crystals were polycrystalline and had no preferential orientation.  
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CHAPTER V 
 

 

CONCLUSION AND SUGGESTIONS 
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5.1   Conclusion 

In this thesis, novel polymeric biomaterials have been developed for antifouling 

application and bone tissue engineering, and their properties were verified. In order to 

study individual applications, two kinds of polymers were synthesized. For nonfouling 

surfaces, ampholytic polymer poly(methacrylic acid-co-2-dimethylamino ethyl 

methacrylate-co-ethylene glycol diacrylate) (PMDE) with both cationic and anionic 

moieties was synthesized. Bacteria resistance was achieved at pH 5, 6 and 7. Besides, the 

influence of positive charges on nonfouling properties was studied. For resemblance of 

bone tissue, copolymer poly(methacrylic acid-co-ethylene glycol diacrylate) (P(MAA-co-

EGDA)) was deposited on a porous template to fabricate aligned nanotubes. Their 

capabilities of apatite induction have been verified. Both materials were synthesized 

through initiated chemical vapor deposition (iCVD), which provides an ideal 

methodology for fabrication of conformal coatings on nanoscaled substrates.  

5.1.1 Nonfouling coatings of PMDE  

Polyampholytes of PMDE, containing unequal amounts of cationic 2-

dimethylamino ethyl methacrylate (DMAEMA) and anionic methacrylic acid (MAA) 

monomers, were synthesized via iCVD. From the swelling tests, isoelectric points (pI) of 

the synthesized polyampholytes were at around pH 5. Polyampholytes were subjected to 

the bacteria adhesion and accumulation tests for 1 hr and 24 hr. In the 1-hr bacteria 

adhesion study, more than 99% of bacteria were reduced on the polyampholyte coatings 

at pH 7; while no biofilm was observed in the 24-hr accumulation study. The influence of 

pH on the nonfouling properties was also investigated. Synthesized polyampholyte 
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coatings effectively discouraged both bacteria adhesion and biofilm accumulation at pH 5, 

6 and 7.  

5.1.2 Antifouling effects of positively charged surfaces 

Poly(2-dimethylamino ethyl methacrylate-co-ethylene glycol diacrylate) (PDE) 

coatings with different densities of cationic units were used to investigate antifouling 

effects of positive charges on bacteria adhesion and accumulation. It is proven that the 

higher the density of positive charge was on the surface, the more bacteria adhered in the 

1-hr bacteria adhesion study. In addition, positively charged surface inhibited biofilm 

formation in the 24-hr bacteria accumulation study.  

5.1.3 Biomimetic mineralization of aligned nanotubes 

Three dimensional (3D) structure nanotubes were successfully fabricated through 

vapor based deposition. These nanotubes were composed of ethylene glycol diacrylate 

(EGDA) and methacrylic acid (MAA), which was effective to induce apatite nuclei. After 

being incubated in supersaturated hydroxyapatite (HA) solution and revised simulated 

body fluid (rSBF) for a certain period of time (1 week, 2 weeks and 3 weeks), 

mineralized nanotubes were obtained. C-axis of the mineralized apatite from HA solution 

was parallel to long axis of the nanotube, while polycrystalline apatite crystals were 

obtained from rSBF. 

  

5.2   Suggestions for future study 

In this thesis, a new avenue has been opened for development of novel polymeric 

biomaterials for biomedical uses. Novel polyampholytic polymers and aligned nanotubes 
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have achieved bacteria resistance and mineralization, respectively. However, from a 

scientific perspective, improvement and further study should be implemented to verify 

their properties for in vivo applications. 

First, nonfouling capability can be influenced by a variety of chemical and 

structural factors, including thickness of film [1], electric neutrality on the surface [2] and 

surface wettability [3]. The examination of influence of thickness on nonfouling 

properties of polyampholytes should be further conducted. In addition, the chemical 

structures of ampholytic polymers are still unknown due to the similarity of monomers in 

the backbone. If the structure can be detected, it is easy to extrapolate the mechanism of 

the vapor-based polymerization of oppositely charged moieties. Moreover, the 

cytotoxicity of the polyampholytes should be investigated. 

Second, as to bone regeneration, a study is needed to verify the relationship 

between apatite orientation and chemical structure of polymer. The relationship  can 

direct and make mimesis of bone tissue more conveniently via vapor-based deposition as 

long as a fine template available. The effect of polymer on growth of osteoblast should be 

taken into consideration as well. 

Third, it is worth mentioning the multifunctional properties of synthesized 

polymers in this thesis. One possibility is that polyampholytes may be used to fabricate 

nanotubes for mineralization as well. It is reported that both -COOH and –NH2 groups 

are capable of inducing nuclei [4]. Since cationic and anionic monomers interact during 

deposition, they may form an oriented arrangement of these groups. Also, it is more 

similar to the amino acid which is the component of collagen. Hence, formation of 
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oriented growth of apatite crystal may be controllable and accelerated. This can be a 

direction for further study. Besides, according to previous study, antibacterial coatings of 

fluoridated hydroxyapatite were obtained for percutaneous implants [5]. Therefore, the 

mineralized nanotubes can also be utilized as antimicrobial materials. Further 

investigation of mineralized polymers can be conducted on antimicrobial properties. 
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supersaturated HA solution was preferentially oriented with the c-axis parallel to the long 
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