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Abstract: 

Protein adsorption is a serious issue that affects a wide range of biomaterial applications. 

Hydrophilic polymer coatings, such as zwitterion polymers and polyethylene oxide (PEO), can 

inhibit protein adsorption at the material-blood interface. In addition, PEO is widely viewed as a 

golden standard, though the mechanism is not fully defined. Hemodialysis is traditional solution 

to treat patients with chronic kidney disease (CKD); however, metabolites with protein-bound 

property are difficult to be removed by this method. Besides, effect of small molecules on 

polymer remains ignored and unexplored. We applied quartz crystal microbalance with 

dissipation (QCM-D) to monitor the surface modified by PEO when introducing small molecules 

into the system. Ellipsometer, X-ray photoelectron spectroscopy (XPS), water contact angle and 

liquid chromatography mass-spectrometry (LC-MS) are also used to explore the potential of 

PEO to store the small metabolites. The results of QCM-D work showed HSA adsorption on 

HO-PEO film was affected by small molecules. The introduction of IS may modify the PEO film 

to decrease albumin adsorption. MS work showed the PEO film adsorbs these. This may indicate 

that the PEO film adsorbs a large variety of metabolites, which may have a direct impact on how 

proteins adsorb.    
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1. Introduction: 

Biofouling is a serious issue and causes problems in a host of industries from maritime vessels 

through to medical implants. Inert surfaces that resist the adsorption of molecules are considered 

vital to combatting biofouling. Despite 60+ years of research, no non-fouling surfaces have been 

identified. Protein adsorption remains the major barrier in the clinical adoption of materials as it 

is directly responsible for a host of deleterious effects like thrombosis and inflammation. Even 

though the adsorption of proteins has been studied at length, few have investigated the 

importance of the adsorption of small molecules that are commonly found in the blood, like 

metabolites. Thus, the effect of metabolites on non-fouling polymer films remains ill-defined. 

The interaction of water at the material interface seems crucial to the success of low-fouling 

polymers. Polyethylene oxide (PEO) and polymers that incorporate zwitterions are two well-

known hydrophilic polymers that resist protein adsorption at the solution-material interface. 

Zwitterion polymers imbue the surface with antifouling capabilities through the interactions with 

water and the zwitterion bond of the polymer [1, 2, 3]. Furthermore, protein adsorption and 

desorption may be affected through manipulating the charge of the film through altering solution 

pH. Despite the advantages of zwitterion polymers, their low reproducibility, pH sensitivity, 

surface density, and cost hinder their widespread adoption [3, 4]. In comparison, PEO is a 

hydrophilic polymer that is also hygroscopic via its high degree of hydrogen bonding. Compared 

to other low-fouling polymers, PEO has several inherent advantages, including having a tunable 

graft density and a low cost of production. Thus, PEO has attracted a lot of attention and is 

commonly considered the gold standard for low-fouling materials. The basic properties of PEO 

such as chemical structure [5], hydrogen bonding [6], growth mode [7], and stability [8] has been 

extensively studied. There are many papers that have investigated PEO’s limits in inhibiting 

protein fouling under various conditions. These papers developed PEO as a versatile material 

such as PEO-involved copolymers [9-18], PEO as coating on nanoparticles [19-21], different 

conformations of PEO [22-24] and derivatives of PEO [25, 26]. Moreover, many have reported 

that PEO is a good additive to increase the antifouling ability of material [27-31].  

 



2 

 

Many mechanisms responsible for reduced protein adsorption have been postulated, including 

chain density, chain length and hydration state. Single-chain mean-field (SCMF) theory is used 

to explain the anti-fouling ability of short chain of PEO, which claimed chain density plays more 

significant role than chain length [32]. Monte Carlo et al. reported that helical chain can interact 

with water and, thus, lead to better resistance to protein adsorption [33]. Howorka and his team 

applied thermodynamics to explain the resistance [34]. Jiang and his team investigated linear and 

loop conformation of PEO and their relationship to antifouling ability on polydopamine surface 

[23]. Interestingly, loop conformation showed better protein resistance in the result. Jin et al. 

demonstrated that chain density has higher significance than chain length under the same 

conformation to fibrinogen adsorption [35]. Thromann’s team suggested the conformation of 

PEG takes a key role to affect antifouling ability where transition from mushroom to brush can 

further enhance the protein resistance of the film [36]. Kingshott and his team also reported 

tuning chain density and the effect on cell adsorption [37]. Yang et al. demonstrated hydration 

state of different polymer and found water content plays an important role to protein resistance 

[38]. Unsworth et al. reported that distal group effect becomes significant when chain density 

beyond a critical value [39]. They claimed there is an optimal chain density for PEO film to 

resist protein adsorption [39-42]. Moreover, rearrangement of water on the surface and chain 

mobility were used to explain this idea [43].  

Hydration is an important concept that scientists use to explain anti-fouling ability. A theory 

including disordered bulk water and oriented water at the interface of the surface explained that 

the repulsion between protein and layer is mainly due to mismatch of the hydrogen bond 

reported by Besseling et al [44]. This theory was then extended further by Whiteside et al. and 

concluded four properties that non-fouling layer owns: not hydrophobic, with hydrogen bond 

acceptors, without hydrogen bond donors, and electrically neutral [45]. In addition, Jia and his 

group reported the relation between many polymers and their non-fouling ability with water 

content [46]. They divided the water in polymer layer into two parts, inner part, and outer part, 

and suggested that water inside polymer layer may not affect protein adsorption for some 

polymers. Moreover, there is a negative correlation between water content and protein adsorption 

for PEG though the chain density is low and not enough to form brush on the surface. 

Furthermore, Yarovsky and his team reported that poly (2-oxazoline) (POX) may be the next 
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generation of anti-fouling polymer through computational simulation where the results showed 

short hydrophobic chains and long hydrophilic chains in a polymer can lead to competition 

between water and protein when they approach the surface. As a result of it, this kind of polymer 

has better non-fouling ability [26]. Though there are many exceptions, the above concepts 

provide strong background knowledge in this field for further anti-fouling ability investigation.  

In contrast to hydration theory, there are few papers discussing about small molecules adsorption 

and their effect on the polymer layer [47, 48]. Prapainop et al. reported a new technique that 

nanoparticles modified by small metabolites can induce a folding event of protein which lead to 

better cell-specific result [49]. Chetwynd et al. reviewed papers about metabolite corona and 

suggested that fingerprint of metabolite corona may have similarity with protein corona 

fingerprint (Figure 1-1) [50]. Protein and metabolites can interact with each other and result in 

different type of adsorption mode on surfaces. Peter et al. reported two polymers ,poly (L-

lysine)-graft-poly (ethylene glycol) (PLL-g-PEG) and PLL-g-PEG modified by Arg-Gly-AsP 

(RGD) (PLL-g-PEG-RGD), combined with small molecule, epigallocatechin-gallate (EGCg), 

and the effect of small molecule binding to cell adhesion and protein resistance [51]. The result 

showed cell adhesion induced by RGD is affected by adsorption of EGCg while the hydrogen 

bond formed between EGCg, and PEG also attribute to lower cell adhesion shown in Figure 1-2. 

All the above articles introduce an undeveloped and incredible idea that binding of small 

molecules may influence anti-fouling ability. 

 

Figure 1- 1The different modes of protein and small metabolites adsorption [50]. a) Protein 

adsorption on bare surface b) Protein-protein interactions after protein adsorption on the surface 
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c) Small metabolites adsorb on the bare surface d) Metabolite-metabolite interactions after 

metabolites adsorption on the surface e) Protein-metabolite interactions after protein modified 

surface f) Protein-metabolite interactions after metabolite modified surface g) Complex 

interactions between proteins and metabolites. 

Figure 1- 2 Proposed mechanism of cell 

adhere on the PPR surface [51]. a) Cell 

can spread on the PPR surface by 

contact to RGD part b) The RGD 

segments are hindered, and the cell 

adhesion is affected and cannot spread 

out like a) 

Chronic kidney disease (CKD) causes high mortality every year even with sophisticated modern 

medical systems. Uremic toxins accumulate in the blood of CKD patients. Based on their 

properties, uremic toxins can be divided into three groups, water soluble small molecules, middle 

molecules and protein-bound small molecules [52]. Because of the protein-bound property, the 

third type of uremic toxins are very difficult to remove using traditional membrane hemodialysis 

techniques. Indoxyl sulfate (IS) and p-cresol sulfate (PCS) are two well-known protein-bound 

uremic toxins. IS is the final product of tryptophan metabolism and is suggested to affect renal 

disease [53]. PCS can be traced to the metabolism of L-tyrosine or L-phenylalanine [54] and also 

contributes to renal diseases.  

PEO is the gold standard of protein resistance material, however, it may lose its antifouling 

ability after being placed into complex milieu, such as milk and blood which largely hinders its 

medical applications. In addition, Leckband et al. reported that PEO may lose its resistance to 

protein adsorption under a certain condition [55, 56]. According to their conclusion, increased 

temperature can lower the energy barrier of protein adsorption on PEO layer. Moreover, PEO 

loses its protein resistance after breakdown of its conformation with force. Based on two-state 

theory, then the protein can attach on the inner part of PEO which is protein attractive part. This 

kind of conformation collapse can last for hours which highly depends on PEO molecular weight 

and temperature. On the other hand, most papers focused on the adsorption of macromolecules, 
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such as proteins, while few papers have been published on the effect of small molecules on PEO 

properties [49-51]. There are no papers detailing the interactions between small molecules and 

PEO thin films. It is our hypothesis that these small molecules may affect properties of polymer 

films leading to decrease or increase in their ability to resist fouling. To investigate this, we 

formed PEO thin films on gold surfaces. These PEO modified surfaces were incubated in 

solutions containing uremic toxins (individual or complex mixtures) which mimicked the blood 

of CKD patients. Toxin adsorption was evaluated using quartz crystal microbalance with 

dissipation (QCM-D) and Liquid chromatography-mass spectrometry (LC-MS). Furthermore, the 

effect of toxin adsorption to these PEO films on albumin adsorption was evaluated using QCM-

D techniques as well. It is thought that understanding how small molecule adsorption occurs will 

provide further insight into how low-fouling films fail and spur the field to develop novel 

approaches that will yield truly non-fouling substrates.   

 

2. Theory: 

2.1 QCM-D 

Quartz microbalance crystal with dissipation (QCM-D) was applied by many articles for 

analyzing the surface interaction [57-60]. QCM is an equipment based on piezoelectric principle, 

which can transfer the loading weight into signal with very high sensitivity, i.e., ng/cm2. 

Dissipation is the energy loss per resonance which can offer the properties of the layer adsorb on 

the sensor. Because the samples for QCM-D do not need complicated processing and label to 

achieve high sensitivity, QCM-D are widely used in many fields, such as food industry. To 

further increase the sensitivity, high fundamental frequency QCM (HFF-QCM) was invented 

[61-63]. However, HFF-QCM sensors are very fragile and more complicated than low frequency 

QCM. The cost of it is also higher, thus HFF-QCM is not common as low frequency QCM. With 

QCM-D, researchers are able to explore extremely low mass adsorption, in our case, small toxin 

adsorption. In addition, it is able to monitor the film property difference after introduction of 

solution. Thus, QCM-D is usually combined with other equipment to achieve more 

comprehensive realize of the surface [64-66]. 
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2.1.1 Basic operation principle: 

QCM-D is based upon a piezoelectric design where changes in the resonance signal of a quartz 

crystal can be monitored as its mass changes. The resonance of the quartz crystal will be lower as 

increasing the mass based on Sauerbrey equation [57, 67]. The piezoelectric effect was found by 

a French scientist, René Just Haüy, which stated that a quartz begins to vibrate after being put into 

an AC electric field. As a standing wave, resonance of quartz can be excited to higher harmonics 

or overtones (eq. (2.1.1)). For measurement, the asymmetric motion of quartz is needed which 

limits the overtones to be odd, e.g., 1, 3, 5, 7… The equation below is used to describe the 

standing wave in QCM, where n is overtone, λ0 is the wavelength or can be converted into 

fundamental frequency by v = f λ and d is the thickness of sensor. From the equation, higher 

frequency is obtained as increasing overtone when d is constant: 

𝑛𝜆0

2
= 𝑑 … eq. (2.1.1) 

The measurement starts with comparison of the amplitude and phase voltage between the circuit 

that contains the crystal and a reference circuit of known impedance [68]. Then the voltages are 

represented by a complex equation (Figure 2.1.1-1 and eq. (2.1.2)):  

𝑌(𝑓) = 𝐺(𝑓) + 𝑖𝐵(𝑓) … eq. (2.1.2) 

Figure 2.1.1- 1 Operation principle of BluQCM. (a) By comparison of circuit including known 

impedance and the circuit with QCM sensor, the result can be transferred into phase voltage and 

amplitude of voltage. (b) After calibration, the two parameters from comparison are converted to 

equation with parameter G and B. (c) Resonance frequency, F, and frequency bandwidth, Γ, are 

obtained after final modeling.  
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G is real number part in the fit while B is imagery part. F is the resonance frequency and Γ is 

related to dissipation. With this complex representation, the results can be fitted by another two 

equations and consequently provide frequency which is the measurement frequency, f [69]. And 

the bandwidth (Γ) of the frequency signal can be related to dissipation with the following 

equation: 

𝐷 =
2𝛤

𝑓
 … eq. (2.1.3) 

D is dissipation and f is the frequency from the result of fitting equations. 

 

2.1.2 Sauerbrey equation: 

The Sauerbrey equation can be used to translate the QCM data. The frequency signal from QCM 

data can be converted into surface density by the following equation[59]: 

𝛥𝑓 = −
𝑛

𝐶
𝑚 = −

𝑛

𝐶
𝜌ℎ … eq. (2.1.4) 

𝐶 ∝ (
1

𝑓0
2) … eq. (2.1.5) 

In which, Δf is the frequency difference between each stage of experiment, n represents 

overtones, C is the mass sensitivity constant, m is the adsorbed mass that can be divided into 

product of ρ and h which are adsorbed density and thickness, respectively. The mass sensitivity 

constant, C, only depends on fundamental frequency and the properties of the crystal.  

The overtone of the crystal has only odd excitation numbers, that is 1, 3, 5, n, with different 

overtones, the fundamental frequency can be excited to higher frequency, i.e., f3 = 30 MHz when 

f0 =10 MHz and n = 3. At higher overtones the penetration depth of the shear wave is smaller, in 

other words, the measurement will be closer to the middle of the crystal (Figure 2.1.2-1). At 

higher frequencies, the mass sensitivity increases (eq. (2.1.5)), where C is the sensitivity constant 

and f0 is the fundamental frequency. [59, 70], it should be noted that data from different 

overtones are more important than just mass loading. With data from different overtones, the 
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adsorbed mass properties can be calculated when the adsorbed mass is not rigid. This also 

highlights a major limitation of the Sauerbrey equation, viz., it can only be applied to 

measurements in air or a rigid adsorbed mass because the viscosity of liquid can decrease the 

observed frequency. 

 

Figure 2.1.2- 1 Description of QCM 

measurement. a) Deformation of QCM 

sensor during resonance b) Standing wave 

propagating through the sensor  

 

 

2.1.3 Energy dissipation measurement: 

Dissipation can be very important in QCM-D work because it can offer properties of the 

adsorbed mass [58, 59]. When the acoustic shear wave penetrates the crystal, it inevitably 

decreases during the process. The simple concept is that if the media is rigid, the energy loss 

during the transportation will be smaller otherwise higher when the adsorbed mass is not rigid or 

it is thick enough. It is also important that overtones can be another mark for verification of the 

adsorbed mass properties, i.e., the frequency shift (Δf) from different overtones will be 

significantly distinct from each other when the adsorbed mass is not rigid. When the adsorbed 

film is thick enough or viscoelastic, Sauerbrey equation cannot be applied for the mass density 

and thickness measurement because of the imprecision of the frequency shift. With energy 

dissipation measurement, the failure of Sauerbrey equation of viscoelastic or thick adsorbed 

mass can be solved. 

2.1.4 Small-load approximation (SLA): 

When the adsorbed film is not rigid, the resulting adsorbed mass calculated using the Sauerbrey 

equation may be underestimated due to the acoustic wave being dampened in the viscoelastic 
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media [59]. Because of that, the data should be fitted with different models. Voigt-Kelvin model 

[71, 72] is the most common model that can be applied on viscoelastic film in QCM work. 

However, the model assumes that the real part of storage modulus, G’, is frequency-independent 

which only fits for some materials and gives a limitation of this model (Figure 2.1.4-1) [66].  

Figure 2.1.4- 1 Viscoelastic media 

rheological spectra. Relationship of 

storage modulus (G’, black line), loss 

modulus (G’’, red line) and product of 

angular frequency (ω) and temperature 

dependent factor (αT) for long-chain 

linear polystyrene butadiene. [66] 

 

The black line in the circle is the assumption from Voigt-Kevin model, in which G’ is an 

independent factor. Because of the assumption, data interpretation by Voigt-Kevin model is only 

valid in this range. A model named ‘’small-load approximation’’ is presented by Reviakine et al. 

[66] which involved measurable parameters from different overtones can give more precise 

adsorption amount and is shown below: 

𝛥𝑓𝑛 ≈ −
𝑛

𝐶
𝑚𝑓 (1 − 𝑛𝜔𝐹𝜌𝑙𝜂𝑙 (

𝐺𝑓
′′

𝜌𝑓(𝐺𝑓
′2+𝐺𝑓

′′2)
)) = −

𝑛

𝐶
𝑚𝑓(1 − 𝑛𝜔𝐹𝜌𝑙𝜂𝑙 (

𝐽𝑓
′

𝜌𝑓
)) … eq. (2.1.6) 

𝛥𝛤𝑛 ≈
𝑛

𝐶
𝑚𝑓𝑛𝜔𝐹𝜌𝑙𝜂𝑙 (

𝐺𝑓
′

𝜌𝑓(𝐺𝑓
′2+𝐺𝑓

′′2)
) =

𝑛

𝐶
𝑚𝑓𝑛𝜔𝐹𝜌𝑙𝜂𝑙(

𝐽𝑓
′

𝜌𝑓
) … eq. (2.1.7) 

Where Δfn and ΔΓn are the frequency shift and bandwidth difference of the frequency at n 

overtone, n is overtone and C is the mass sensitivity constant, mf is the mass of the adsorbed 

film, and ρl and ηl are the density and viscosity of the liquid, respectively. ωF is the angular 

fundamental resonance frequency and can be shown: ωF = 2πfF where fF is the fundamental 

resonance frequency. G is the complex shear modulus which can be represented as G = G’ + iG’’ 

where G’ is the real part and G’’ is the imaginary part. J = J’ – iJ’’ = G-1 where J’ and J’’ are the 

elastic and viscous components of the frequency-dependent compliance of the adsorbed film.  
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The equations above are too complicated and can be simplified as following when the 

penetration depth, δ = (2ηl/ (2πnfFρl))
0.5 (in water at 5 MHz, at n=1, δ ≈ 250 nm), is thicker than 

the adsorbed film and the film is stiffer than the environment liquid [73]: 

𝛥𝛤𝑛

𝑓𝑛
= −(

𝜌𝑙

𝜌𝑓
)𝑛𝜔𝐹𝜂𝑙𝐽𝐹

′  … eq. (2.1.8) 

From the above equation, it is easier to get JF’ and put it back to the original equations which can 

provide mf, mass of the adsorbed film. 

 

2.2. X-ray photoelectron spectroscopy (XPS): 

2.2.1 Basic principle of XPS: 

XPS is a common surface analysis technique developed for years [74] offering chemical 

composition information of the sample for research and industries [75]. The result of XPS shows 

peaks in a range of binding energy which can be converted into elemental information about the 

surface. This measurement is mainly based on Einstein photoelectric effect, which describes the 

electrons in elements can be excited by absorbing photons with specific energy level. The 

maximum analysis depth, 10 nm, is a big limitation for XPS. In addition, steady signal and 

contamination avoiding highly depends on vacuum extent, thus high vacuum is needed during 

measurement, though there is low vacuum XPS technology published recently [76]. The relation 

between photon energy and the binding energy can be presented with the following equation [77, 

78]: 

ℎ𝜈 − 𝐸𝑘 = 𝐸𝑏 … eq. (2.2.1) 

where the hν is the energy of the photons and Eb is the binding energy of the element. Once the 

energy of photons is higher than the binding energy, the residual of the energy is transferred into 

kinetic energy, Ek. The photoelectric effect is shown as Figure 2.2.1-1.  
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Figure 2.2.1- 1 Photoelectric effect. Electrons 

with kinetic energy (Ek) are emitted from the 

surface after the photons with enough energy 

are irradiated to the surface. 

 

 

2.2.2 Similar techniques: 

In XPS, x-ray is irradiated to the sample and then the photoelectrons are detected and measured. 

Besides of photoelectrons, auger electrons may also be generated during the process. When the 

electron is excited from the core level of the atom, the electron located at higher energy level 

falls down to fill the holes created by the excited electrons [79]. Because of the energy difference 

between these two electrons, another x-ray is emitted which may be absorbed by the third 

electron and excites it. The third electron ejected from the atom is named Auger electron, which 

can be transferred to surface information as well (Figure 2.2.2-1). 

 

Figure 2.2.2- 1 Auger analysis principle. Auger 

electron is generated when the electron absorbs 

the energy released from the process that high-

energy level electron falls back to fill the hole 

at low-energy level. 
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Instead of using x-ray, electron beam can be easily operated and focus, thus techniques using 

electron beam usually has higher intensity than XPS. Electron energy loss spectroscopy (EELS) 

and energy-dispersive x-ray (EDX) are two well-known measurement techniques. They are 

similar to XPS, need high vacuum to avoid contamination and steady signal while the difference 

is the sample using in EELS should be very thin for the electron beam to penetrate [80]. EELS is 

usually a compensated measurement equipment mounted in transmission electron microscopy 

(TEM). The electron beam loses energy by collision when penetrating and the loss energy can 

offer information of the sample. Different from EELS, EDX measures the x-ray emitted from 

high-energy level electron falling to the lower-energy core level hole [81]. In other words, except 

for EELS which needs penetration of electron beam, EDX and AES can happen when either 

electron beam or x-ray is irradiated to the surface (Figure 2.2.2-2).  

 

Figure 2.2.2- 2 Similar equipment to Auger. 

Summarize the relation of Auger electron, 

energy disperse x-ray and photoelectron and 

the corresponding measurement equipment. 

Photoelectron is ejected from atom after 

absorbing enough energy of photon. The hole 

produced from the photoelectric effect is filled 

by high-energy level electron and thus the 

energy between two electrons is released, 

which is energy-dispersive x-ray. If energy-dispersive x-ray is absorbed by another electron and 

excites it, the final electron ejected from the atom is called Auger electron. 

X-ray absorption spectroscopy (XAS) is another technique similar to XPS which also applies x-

ray during measurement. XAS needs higher and intense energy, 2.0-20 kev, to see the absorption 

edge of the elements (Figure 2.2.2-3) [82]. The adsorption edge in XAS can be referred to the 

binding energy in XPS. Compared to XAS, XPS uses lower x-ray to excite electrons and is less 

sensitive.  
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Figure 2.2.2- 3 Example of XAS result. The 

abrupt absorption signal is called as 

absorption edge which is unique to each 

element like binding energy in XPS [82]. 

 

 

 

 

 

2.3 Ellipsometer: 

2.3.1 Effect of surfaces on polarized light: 

An ellipsometer is optical equipment that can be used to measure the thickness and optical 

properties of thin films through light reflection or transmission at the surface. Reflection happens 

when light is emitted from a media to another media. A transparent media does not absorb light, 

and its refractive index is defined as n. On the other hand, most media are not transparent and 

absorb some part of light when light pass through, in this case, we use complex refractive index 

to describe its behavior when interacting with light [83, 84], N ≡ n-ik, where k is the extinction 

coefficient. When light is emitted into a different media, the speed of it will change as well as the 

angle between the incident light and normal line which can be described by Snell’s law, 

𝑁𝑖𝑠𝑖𝑛𝜃𝑖 = 𝑁𝑡𝑠𝑖𝑛𝜃𝑡 … eq. (2.3.1) 

where Ni and Nt are the complex refractive index of incident media and transmission media, 

respectively. θi and θt are the angle of incident or transmission light. Light emission can be 

divided into p- and s- polarized which differ from their oscillation direction in electric field 

(Figure 2.3.1-1). When light is irradiated to the sample and constructive or destructive 
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interference may happen due to different phase and amplitude change of p- and s- polarization 

upon reflection.  

 

Figure 2.3.1- 1 Two polarized wave in light. Incident 

light can be divided into two p- and s- polarization 

based on their oscillation direction. 

 

 

 

Fresnel equations show the amplitude of transmission or reflection coefficients for each 

polarized wave in light, 

𝑟𝑝 ≡
𝐸𝑟𝑝

𝐸𝑖𝑝
=

(𝑛𝑡𝑐𝑜𝑠𝜃𝑖−𝑛𝑖𝑐𝑜𝑠𝜃𝑡)

(𝑛𝑡𝑐𝑜𝑠𝜃𝑖+𝑛𝑖𝑐𝑜𝑠𝜃𝑡)
 … eq. (2.3.2) 

𝑟𝑠 ≡
𝐸𝑟𝑠

𝐸𝑖𝑠
=

(𝑛𝑖𝑐𝑜𝑠𝜃𝑖−𝑛𝑡𝑐𝑜𝑠𝜃𝑡)

(𝑛𝑖𝑐𝑜𝑠𝜃𝑖+𝑛𝑡𝑐𝑜𝑠𝜃𝑡)
 … eq. (2.3.3) 

𝑡𝑝 ≡
𝐸𝑡𝑝

𝐸𝑖𝑝
=

(2𝑛𝑖𝑐𝑜𝑠𝜃𝑖)

(𝑛𝑡𝑐𝑜𝑠𝜃𝑖+𝑛𝑖𝑐𝑜𝑠𝜃𝑡)
 … eq. (2.3.4) 

𝑡𝑠 ≡
𝐸𝑡𝑠

𝐸𝑖𝑠
=

(2𝑛𝑖𝑐𝑜𝑠𝜃𝑖)

(𝑛𝑖𝑐𝑜𝑠𝜃𝑖+𝑛𝑡𝑐𝑜𝑠𝜃𝑡)
 … eq. (2.3.5) 

where rp, rs, tp and ts are the amplitude reflection and transmission coefficient for p- and s- 

polarization respectively. E with subscripts are the electric field of each polarized of reflection or 

transmission while n is the refractive index of reflection or transmission media. And θ with 

subscript is the angle of incident angle or transmission angle.  
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2.3.2 Measurement principle of Ellipsometer: 

The thickness and optical properties of layers can be obtained by difference between light 

reflection or transmission. The amplitude and phase of p- and s- polarizations are varied after 

light reflection which can be measured by ellipsometer for calculation. In ellipsometer system, 

amplitude ratio and phase difference are represented as ψ and Δ respectively, where ψ is related 

to refractive index n, while Δ is related to extinction coefficient k. Both ψ and Δ can be obtained 

from ellipsometer by applying Fresnel equations: 

𝜌 ≡ 𝑡𝑎𝑛𝜓𝑒(𝑖𝛥) ≡
𝑟𝑝

𝑟𝑠
 … eq. (2.3.6) 

The above equation can be used to light reflection for s- and p- polarization, while the below 

equation is used for transmission case. 

𝜌 ≡ 𝑡𝑎𝑛𝜓𝑒(𝑖𝛥) ≡
𝑡𝑝

𝑡𝑠
 … eq. (2.3.7) 

By introduction of the definition rp and rs, the equations above can be revised as following[83]: 

𝜌 ≡ 𝑡𝑎𝑛𝜓𝑒(𝑖𝛥) ≡
𝑟𝑝

𝑟𝑠
≡

(
𝐸𝑟𝑝

𝐸𝑖𝑝
)

(
𝐸𝑟𝑠
𝐸𝑖𝑠

)
 … eq. (2.3.8) 

where Eip = Eis, so 

𝜌 ≡ 𝑡𝑎𝑛𝜓𝑒(𝑖𝛥) ≡ (
𝐸𝑟𝑝

𝐸𝑟𝑠
) … eq. (2.3.9) 

ψ and Δ vary largely with layer thickness and optical constants while ψ and Δ can be transferred 

into them through measurement of intensity of light reflection by simulation and calibration. 
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2.4 Water contact angle Theory 

Surface properties play a significant role in antifouling materials. Water contact angles are a 

common and easy method to evaluate the surface energy. In short, contact angle is the angle of 

the water sphere on a surface. The smaller the angle is, the more hydrophilic the surface is. 

Young’s equation is used to describe the relation between force on the surface. (Figure 2.4-1 a 

and eq. (2.4.1).). 

ϒ𝑙−𝑣𝑐𝑜𝑠𝜃 = ϒ𝑠−𝑣 − ϒ𝑙−𝑠 … eq. (2.4.1) 

Where θ is the contact angel. ϒ, ϒ’ and ϒ’’ are surface tension of liquid and vapor, vapor and 

solid and liquid and solid respectively. In addition to water contact angle, receding angle and 

advancing angle are also general methods to know the surface property. Receding angle is the 

angle between the water droplet and surface before the edge of water droplet decreases when the 

water droplet is pulled out (Figure 2.4-1 c). In comparison, advancing angle is the angle before 

the edge of water droplet extends when water droplet becomes bigger (Figure 2.4-1 b).  

Figure 2.4- 1 Different contact angle measurements. 

a) Each force in Young’s equation. ϒs-v, ϒl-s and ϒl-v 

are the surface tension of solid and air, liquid and 

solid and liquid and vapor respectively.  

 

 

The contact angle may be different when the surface is not flat and/or homogeneous. Wenzel’s 

model and Cassie-Baxter model can be applied under this condition. There are three assumptions 

in Wenzel’s model, the surface is rough but chemically homogeneous, local contact angle is 

given by Young’s equation and the drop size is larger than the roughness. Based on these, the 

new contact angle given by Wenzel’s model is shown in eq. (2.4.2) and Figure 2.4-2. Where r is 

a constant used to describe the calibrate the effect from roughness and θ is the local contact angle 

from Young’s equation. And θ’ is the new contact angle from Wenzel’s model. 
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𝑐𝑜𝑠𝜃′ = 𝑟𝑐𝑜𝑠𝜃 … eq. (2.4.2) 

𝑟 = 𝐴(𝑟𝑒𝑎𝑙)/𝐴(𝑠𝑚𝑜𝑜𝑡ℎ) … eq. (2.4.3) 

 

Figure 2.4- 2 Wenzel’s model. The roughness increases 

the contact area between liquid and the surface. θ’ is 

influenced by the roughness.  

A is the area of rough surface or smooth surface. Compared with Wenzel’s model, Cassie-Baxter 

model introduce chemically inhomogeneous to the surface which shown in eq. (2.4.4) and Figure 

2.4-3.  

𝑐𝑜𝑠𝜃′′ = 𝑓′𝑐𝑜𝑠𝜃𝑦 + 𝑓𝑐𝑜𝑠𝜃𝑔 … eq. (2.4.4) 

𝑓′ + 𝑓 = 1 … eq. (2.4.5) 

Figure 2.4- 3 Cassie-Baxter model. θ’’ is influenced by 

chemical inhomogeneity on the surface. 

 

 

Where f and f’ are the fraction of each chemically different area. θg and θy are the contact angles 

of different chemical area. θ’’ is the contact angle from Cassie-Baxter model. Bringing 

roughness to the system, there will be two different cases, one is hydrophilic surface and the 

other is hydrophobic surface. When the surface is hydrophilic, the equation is shown in eq. 

(2.4.6) and Figure 2.4-4. 

𝑐𝑜𝑠𝜃′′ = (1 − 𝑓) + 𝑓𝑐𝑜𝑠𝜃𝑔 … eq. (2.4.6) 
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Figure 2.4- 4 Hydrophilic example of Cassie-

Baxter model. Green and yellow regions represent 

different chemical compositions. Though the 

roughness part is filled by water, θ’’ still increases. 

 

Because the surface is hydrophilic, one contact angle is 0o which leads to cos θy =1. The 

hydrophilic case of Cassie-Baxter model is very similar to Wenzel’s model; however, it should 

be noticed that the new contact angle from Cassie-Baxter model will never become zero because 

f is not zero. For the hydrophobic case, the equation is shown in eq. (2.4.7) and Figure 2.4-5. 

𝑐𝑜𝑠𝜃′′ = −(1 − 𝑓) + 𝑓𝑐𝑜𝑠𝜃𝑔 … eq. (2.4.7) 

 

Figure 2.4- 5 Hydrophobic example of Cassie-

Baxter model. Due to hydrophobic property of 

yellow area, air pocket exists in the roughness 

which make the contact angle elevate. 

 

Due to the hydrophobic surface, the contact angle in the pocket is 180o which leads to cos θy= -1. 

From the above two cases, surface with inhomogeneity and roughness always becomes more 

hydrophobic.  

 

3. Material and methods: 

Thiolation of poly (ethylene glycol) monomethyl ether (mPEG) was synthesized thorough 

esterification. 30 ml toluene (Sigma-Aldrich, USA) as solvent was added into three-neck bottle 

where one side was stopped by glass stopper and a thermometer was fix at the other side for 

temperature monitoring (Figure 3-1). A reflux system filled with toluene was connected at the 
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middle of the three-neck bottle. Thus, the water from the esterification can be replaced by 

toluene and push the reaction forward to product side while the system was preheated to 85oC. 3 

g mPEG was then added into the system and followed by addition of 0.37 ml mercaptoacetic 

acid (Sigma-Aldrich, USA). Three drops of sulfuric acid (Scientific Fisher, USA) were added 

into the system which then was heated to 110 oC in oil bath for 2 hrs. After the reacted product 

cooled down, the thiolated PEO was collected after precipitation in icy ether (Fisher scientific, 

USA) and dried in the oven overnight. The dried PEO product were then dissolved into 30 ml 

dichloromethane (DCM) (Sigma-aldrich, USA) and the solution was added into separatory 

funnel. Then 10 ml of 10% sodium bicarbonate, NaHCO3 (Sigma-Aldrich, USA), solution was 

added into the funnel. The funnel was shaken to mix the two solution and stood still for 30 

minutes to let the solution separated. The lower part of the solution was collected, and 20 ml 

DCM was added into the funnel to repeat the above steps three times. NaSO4 (Sigma-Aldrich, 

USA) was added into the collected solution to remove water. The NaSO4 solid was removed by 

filter and the solution was then transferred into rotary evaporator to get rid of most of the DCM 

for 30 minutes. The thiolated-PEO was collected by filter after adding icy ether into the rest of 

the solution. The product was dried in the oven overnight 

and characterized with NMR by dissolving in chloroform-

d (Sigma-Aldrich, USA). 

Thiol-terminated PEO-OH was purchase from 

Biochempeg Scientific Inc (USA). Both types of PEO 

solution were prepared at 5 mM with phosphate-buffered 

saline (PBS). IS and human serum albumin (HSA) were 

purchased from Sigma-Aldrich (USA) and their 

solution were prepared at 0.0445 mg/ml and 0.25 

mg/ml in PBS, respectively. 

Double-sided polished Si wafer (UniversityWafer, Inc., USA) coated with a 6 nm Cr adhesive 

layer and a 6 nm Au layer on both sides was used in uremic mass spectroscopy work. The wafer 

was diced into 0.5 x 0.5 cm2 small chips and cleaned with exposure of UV light for 5 min, 

immersion into base piranha solution (1:1:5 volume ratio of 30 % hydrogen peroxide (Sigma-

Aldrich, USA), 30% ammonia hydroxide (Sigma-Aldrich, USA) and MilliQ water) at 75 oC for 5 

Figure 3- 1 Experimental 

configuration of thiolation reaction. 
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min, rinsed with a mixture solution (1:1 volume ratio of ethanol (Scientific Fisher, USA) and 

MilliQ water), dried by inert gas flow and final exposure of UV light for 5 min. Water contact 

angle, ellipsometer and x-ray photoelectron spectroscopy were applied before and after thiolated-

PEO modified on the surface to characterized the surface property change. The clean small chips 

were incubated in thiolated-PEO solution overnight to obtain a fully covered film and then 

transferred into PBS solution followed by sonicated for 3 min to get rid of unbound PEO 

molecules. After dried by inert gas, the chips were incubated in uremic toxin for three different 

time periods, 10, 30 and 60 min. Then the droplets on the surface were cautiously removed by 

slight touch between the edge of chips and the uremic toxin solution. The chips were incubated 

in pure methanol (Sigma-Aldrich, USA) overnight to release the toxin in the film. The chips 

were removed and the solutions were sent for LC-MS analysis. The volume of methanol for 

incubation should be controlled as close to the solution volume require of mass spectroscopy as 

possible to avoid diluting the concentration of toxins. The whole process of toxin incubation 

work is shown in Figure 3-2.  

 

Figure 3- 2 Experimental steps in LC-MS work. Au chips were incubated in 5 mM PEO solution. 

After rinse, the chips were transferred into toxin solutions and incubated for 10, 30 and 60 

minutes. The extraction of toxin was done by incubation in methanol overnight and the methanol 

solutions were then sent to LC-MS for analysis. T = 37 oC 

BluQCM QSD (Biologic, France) was applied to monitor the interaction between HSA, IS and 

the PEO film. The AT-cut QCM-D sensors (Biologic, France) with fundamental frequency of 10 
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MHz were cleaned as the same protocol of small chips. QCM-D data was collected at 3rd 

overtone, temperature controlled at 37 ± 0.05 oC by and flowrate of 50 ul/min. PBS solution was 

injected for 1 hr to achieve baseline in frequency shift (Δf) and dissipation (ΔD). PEO solution 

was injected for 40 min followed by PBS rinse for 1hr. Then, IS solution was injected for 20 min 

followed by PBS rinse for 20 min. IS injection step can be skipped in the control group. HSA 

solution was injected for 20 min and the surface was rinsed with PBS rinse for 20 min. All the 

QCM-D results are shown at overtone = 3 in result and discussion part.  
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Hypothesis: 

Polyethylene oxide has been proved to have anti-fouling ability for years. Despite there is no 

consistent agreement with the principle of its protein resistance, it is believed that chain density, 

chain length, distant group and hydration state play important roles, especially the chain density 

and hydration state. Though it is deemed as the golden standard to resist protein adsorption, PEO 

still fails when it is put into a relatively complex environment. In addition, there are few papers 

mention the interactions between small molecules and the non-fouling polymers, e.g., small 

metabolites, let alone to say the influence they cause in complicated milieu. My hypothesis is 

these small metabolites are the main reason causing PEO lose its protein resistance due to their 

adsorption may change the properties of the polymer film. For example, small molecules like 

sulfate ion with strong hydrated property may adsorb to the polymer and compete water 

molecules with the polymer lead to dehydration of the polymer. Thus, the hydration state of the 

polymer decreases as well as the rigidity of the film. Consequently, the polymer loses its non-

fouling ability because of lower hydration state. The principal concept of this thesis is to 

investigate the effect of the small molecules adsorbed onto PEO film and which on protein 

adsorption. 
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4. Results and Discussion: 

4.1  Synthesis of thiolated polyethylene oxide (PEO): 

Polyethylene oxide was reacted with mercaptoacetic acid through esterification [85, 86] while 

the thiolated-PEO product was dissolved in chloroform-D and characterized using NMR (Figure 

4.1-1). Meanwhile, virgin reactant, mPEG, was also characterized by NMR and compared with 

the product.  

The characterization result of mPEG is shown in Figure 4.1-1. From the result, the singlet peak 

near 3.4 ppm is assigned to the methyl group at one end of mPEG (proton b). The triplet peak 

around 3.6 ppm is assigned to hydroxyl group at the other end of mPEG (proton c). The huge 

peak ranged from 3.6 to 3.8 is assigned to the main chain of the polymer, the ethylene oxide 

group (proton a).  

 

 

Figure 4.1- 1 NMR result of mPEG. Peak a is the main ethylene backbone. Peak b is the methyl 

group at the end of one side. Peak b is the hydroxyl group at the other end. Peak position is 

shown in Figure 4.1-1. 

The characterization result of thiolated-PEO is shown in Figure 4.1-2 and its corresponding 

chemical formulae is shown in Figure 4.1-2. The peak at around 4.3 is the proton from 

methylene group which is in the ethylene oxide main chain and bonded to ester oxygen (proton 
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c). The peak ranged from 3.5 ~ 3.9 ppm indicates protons in the main chain of PEO (proton d). 

The singlet peak located at 3.4 is assigned to the methyl group at one end of PEO (proton e). 

Because the peak at 3.4 ppm also includes proton from unreacted PEO, its intensity can be a 

representative of product and unreacted reactant in the calculation of yield. The signal in the 

range of 3.3 ~ 3.4 ppm represents the protons from methyl group originally in mercaptoacetic 

acid (proton b) which is apparent and only present in the thiolated product and thus can be 

deemed as a sign whether the reaction is successful or not. The peak around 2 ppm is attributed 

from the proton in the thiol end-group from the other of the thiolated-PEO (proton a).  

 

 

Figure 4.1- 2 NMR result of thiolated PEO. Peak a is the thiol group on one end. Peak b is the 

methylene group from mercaptoacetic acid. Peak c is methylene group near ester group. Peak d 

is the main backbone of PEO. Peak e is the methyl group on the other end. Peak position is 

shown in inset. 

 

The yield ratio was obtained by the ratio between peak at 4.3 (proton c) and peak at 3.4 (proton 

e). The proton c signal represents the product and is divided by the proton e intensity which 

includes thiolated-PEO and unreacted PEO. It is noteworthy that the ratio should be divided by 

2/3 when calculating the yield because signal of proton c is from two protons and signal of 

proton e is from three protons. The ratio was 1/1.65 in the characterization result and thus the 

yield is around 91%. 
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4.2 Ideal surface formation: 

4.2.1 Surface Coverage - Ellipsometer: 

Silicon wafers are used in mass spectroscopy work, and which are cleaned through piranha 

protocol to remove the surface contamination. Then the wafers are followed by chromium and 

gold coating with 6 nm thickness for each layer. After dicing into small chips (0.5x0.5 cm2), the 

surface of them is characterized by ellipsometer and contact angle to record the data for 

comparison with later PEO modified surface.  

From Table 4.2.1-1, results of ellipsometer showed that the surface of small chips were coated 

with Cr and Au with thickness near 6 nm. In addition, thickness of PEO layer was also measured 

with Cauchy layer model where A, B and C were set as 1.45, 0.02 and 0.0 respectively. The 

simulation result of the PEO layer showed that the thickness was 3.22 nm with 0.65 nm as 

standard deviation.  

Table 4.2.1- 1 Ellipsometer results of PEO-modified surface and bare gold. Data are present as 

average ± SD (n ≥ 4). 

Sample Cr Au PEO 

Small chips 5.95 ± 0.27 5.65 ± 0.21 3.22 ± 0.65 

 

Moreover, with thickness of PEO layer, it can be used to calculate the chain density on the 

surface. There are two methods that can give the result of chain density, Lorentz-Lorentz relation 

[85] and the method Sofia reported [46]. 

Lorentz-Lorentz relation applied refractive index (n) which can also be measured by ellipsometer 

and the adsorbed amount per area (μ) was calculated as follow: 

ꭒ = 𝑑𝜌𝑜 = (
0.1𝑀𝑤𝑑

𝐴
)(

𝑛2−1

𝑛2+2
) … eq. (4.3.1) 

where d and ρo are the thickness and density of the film respectively. Mw is the molecular weight 

and A is the molar refractivity of the PEO. A can be calculated from atom groups and molar 
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refractivity of atoms [87]. With the calculation result of μ, the chain density (σ) was obtained 

from the following equation: 

𝜎 =
(𝑁𝑎ꭒ10

−20)

𝑀𝑤
 … eq. (4.3.2) 

where Na is the Avogadro’s number, 6*1023.  

In contrast to Lorentz-Lorentz relation, Sofia equation applies average distance (L) between each 

chain instead of refractive index. The equation calculates distance between each chain, and 

which can be converted into chain density (σ): 

𝐿 = (
𝑀𝑤

𝜌𝑑𝑁𝑎
)0.5 … eq. (4.3.3) 

where Mw is the molecular weight and ρ is the density of the film while d is the thickness of the 

film and Na is Avogadro’s number. Molecular weight is 824 for the synthesized thiolated-PEO 

while density of the film is around 1.0 g/cm2 and the thickness is measured by ellipsometer. With 

the information, the distance between each chain (L) can be calculated as 0.65. Then L is 

converted into chain density (σ) by the following equation: 

𝜎 =
1

𝐿2
 … eq. (4.3.4) 

With distance between each chain, the chain density can be calculated as 1.24 chain/nm2. This 

result proves that the PEO film on the small chips’ surface are in the brush conformation while 

the mushroom conformation has lower chain density as 0.04 chain/nm2.  

 

4.2.2 Effect of PEGylation on Contact Angle: 

Contact angle can offer information about the surface, where a small contact angle represents 

higher hydrophilicity. The static and advancing contact angle of bare gold are both high, 72o and 

63o, respectively, while the receding contact angle is smaller, 30.2o. After modification with end-

tethered PEO the contact angle largely decreased from 72o to 40o and advancing angle decreased 
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from 63o to 46.8o while the receding angle decreased from 30.2o to 17.9o. Data from Table 4.2.2-

1 shows that the Au surface were modified using thiolated-PEO. 

 Table 4.2.2- 1 Water contact angle of bare gold and thiol-PEO modified surface. Data are 

presented as average ± SD (n ≥ 6). 

Surface Contact angle Advancing angle Receding angle 

Bare gold 72.02 ± 7.25 63.0 ± 2.2 30.2 ± 2.2 

Thiol-PEO-modified 39.95 ± 6.64 46.8 ± 5.2 17.9 ± 3.3 

 

4.2.3 X-ray photoelectron spectroscopy (XPS): 

In addition to ellipsometer and contact angle, XPS was applied to analyzed to surface elemental 

composition. Moreover, the result was also used to compare the difference in elemental 

composition after thiolated-PEO modification. Furthermore, C1s high resolution scan on the 

surface was used to calculate the ratio of C-O bond and C-C bond which can further confirm 

PEO chemisorption because C-O bond is the main part in PEO. The results of XPS are 

summarized in Table 4.2.3-1.  

From the result of scan of bare gold, gold has 53.7% elemental composition on the surface which 

is commonly found for bare gold. On the other hand, there were some contaminations indicated 

by oxygen and carbon components which may be contributed by the dust or atmosphere 

contaminants. Gold has 53.7% elemental composition on the surface which is reasonable for bare 

gold. By comparison with bare gold, results of thiolated-PEO showed gold component is 

decreased significantly after chemisorption from 53.7% to 11.8%. In contrast, carbon component 

and oxygen component are largely increased because oxygen and carbon are main atoms in PEO. 

Moreover, sulfur component also proves that the surface was modified by thiolated-PEO. The 

calculated C/O ratio is 1.9 and close to the theoretical value 2 which indicates the surface is 

covered by PEO film. 
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Table 4.2.3- 1 Atomic composition of bare gold and PEO-modified surface. Data are presented 

as average ± SD (n ≥ 4). 

Surface Au (84 eV) C (285 eV) O (532 eV) S (162 eV) C/O 

theory 

C/O 

actual 

Bare gold 53.7 35.0 11.3 Not detected  3.1 

PEO-modified 11.8 ± 0.3 56.5 ± 0.1 30.2 ± 0.3 1.5 ± 0.1 2 1.9 

 

From the C1s high resolution scan, the C-C component (285 eV) is measured as 75% and C-O 

component (286.5 eV) is much smaller than C-C component. In contrast, result of C1s high 

resolution scan after chemisorption showed that the component of C-O (286.5 eV) strongly 

increases from 25.4% to 59.1% while the component of C-C decreases much. In addition, 

contribution of C=O component (288.5 eV) also indicates the modification of PEO. The high-

resolution results are shown in Figure 4.2.3-1. 

 Figure 4.2.3- 1. XPS result 

of bare and PEO modified 

Au. C1s high resolution scan 

of bare and PEO-modified 

Au.  (a) shows that high ratio 

of C-C component (285 eV) 

on the surface which may 

mainly come from dust and 

atmosphere contaminants. 

(b) C-O component (286.5 

eV) largely increases and 

C=O component (288.5 eV) both attribute to the fact that chemisorption of PEO is on the 

surface. 
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4.2.4 Mass spectroscopy: 

The above results offer evidence that the surfaces are modified with PEO. Complex solution 

composed of a hundred of small metabolites was made for PEO layer incubation. Mass 

spectroscopy was used as an analysis tool scanning the PEO film modified on the golden surface 

to investigate the metabolites adsorption. The PEO surfaces were incubated with three different 

solvents, methanol, PBS, and acetonitrile, to extract the toxins adsorb on PEO films and the 

results are shown in Table 4.2.4-1. Mass analysis showed that there were 90 types of toxins 

detected in methanol, 57 types of toxins in PBS and 22 types of toxins in acetonitrile 

respectively. The undetected toxins may be due to three reasons, they did not adsorb onto the 

PEO layer, the amount of toxins adsorb was not enough to be detected by the system, and the 

toxins adsorbed but were not released during incubation. From the QCM-D experiments, it is 

obvious that PEO can reduce adsorption of small molecule. For the second reason, the 

concentration of these toxins may be diluted too much during incubation and lead to signal loss 

in the Mass machine. In addition, the difference in number of detected toxins between each 

solvent indicated that the small molecules have different affinity toward the solvents. 

Table 4.2.4- 1 Different adsorption number of toxins by three solvents. 

Extraction solvents Adsorbed toxin species 

Methanol 90 

PBS 57 

Acetonitrile 22 

 

Besides of varied number for the solvents, the extraction results showed different tendencies for 

each incubation time. It is instinctive to understand that adsorption amount increases as 

increment of incubation time, however, which does not fit most adsorbed toxins. In contrast, 

decreased adsorption amount as incubation time fits more toxins. In addition, non-specific 

tendency is the third adsorption mode. As Table 4.2.4-2 showed, result of putrescine showed 

adsorption increased, adsorption of lactic acid decreased, and adsorption of leucine had no 

specific tendency as increment of incubation time. The latter two tendencies may be attributed to 
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competition and replacement between each toxin during incubation. Some adsorbed toxins may 

be replaced by other toxins with higher affinity and thus lead to small or non-specific adsorption 

amount tendency. 

Table 4.2.4- 2 Three different adsorption tendencies during incubation with PBS extraction.  

Sample Putrescine (μM) Lactic acid (μM) Leucine (μM) 

PBS (10 min) 0.196 30.7518916 1.13 

PBS (30 min) 0.2 29.9416279 3.18 

PBS-60 (1 hr) 0.237 11.0946973 2.81 

 

Because there were a hundred toxins in the complex solution, it was not easy to figure out what 

properties of toxins affect their adsorption and replacement reaction. In addition, these 

metabolites may have interactions between each other [50]. To investigate the key factors of 

adsorption, we also compare the signal of most concentrated toxins and the toxins with lowest 

concentration in the complex solution as shown in Figure 4.2.4-1 and Figure 4.2.4-2. It is evident 

that the concentration of toxins in the complex solution do not directly correspond to adsorption 

of toxin and adsorption amount. In addition, putrescine is the only toxin extracted by PBS. 

Figure 4.2.4- 1 The most concentrated toxins in complex solution. Kynurenic acid and uric acid 

have high concentration but do not have high adsorption amount. 
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Figure 4.2.4- 2 The toxins with lowest concentration in the complex solution. The low 

concentration did not influence adsorption of these toxins. Moreover, putrescine was the only 

toxin extracted using PBS.  

 

Besides, it should be noticed that isomer toxins had different adsorption amount as shown in 

Table 4.2.4-3. Adsorption amount of hydroxyproline differed with isomer and even the 

adsorption tendency was different. In contrast to hydroxyproline, isomer of leucine showed more 

apparent adsorption amount difference. Leucine was detected in PBS extraction for three 

incubation time while isoleucine was only detected in 10 minutes incubation which was very 

small compared to leucine. The result may imply isomers can be divided or distinguished 

through extraction from the polymer film. 

Table 4.2.4- 3 Result of two different isomers extracted by PBS solvent. 

Sample cis-Hydroxyproline 

(μM) 

trans-Hydroxyproline 

(μM) 

Leucine 

(μM) 

Isoleucine 

(μM) 

PBS (10 min) 0.191 0.183 1.13 0.122 

PBS (30 min) 0.169 0.15 3.18 < LOD 

PBS (1 hr) 0.115 0.164 2.81 < LOD 
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On the other hand, the results showed physiological charge may play a role in adsorption by 

comparison of the most intense signal of toxins despite there were some exceptions. 

Furthermore, there were 14 species of toxins undetected in Mass results. Most of the undetected 

toxins are hydrophilic, acidic, small solubility in water and have aromatic structure. However, 

many adsorbed toxins also have similar properties, it needs further experiments to ensure the 

exact factors. Interestingly, IS was in the list while IS was proven to adsorb on PEO film in 

QCM-D experiment which also contributes to the idea that competition and replacement reaction 

between toxins.  

Despite the Mass spectroscopy analysis was a preliminary experiment, we found that toxins may 

have different affinity to the extraction solvent, there may be replacement and competition 

between each toxin, the extraction process may have the ability to distinguish isomer of toxins, 

and physiological charge may play a role in adsorption part. Finally, it was proven that small 

metabolites adsorption on polymer film.  

 

4.3 Protein adsorption results: 

4.3.1 Dissipation of each experiment: 

Dissipation can reflect the energy loss during the acoustic wave propagation. Furthermore, 

criterion of the validation of Sauerbrey equation relies on low dissipation and low ∆fn/n between 

different overtones. The dissipation results are illustrated in Table 4.3.1-1. In all experimental 

conditions, the values of dissipation are similar and close to zero. Though values in the group of 

hydroxyl end-group PEO with IS and HSA introduction distributed from 5.21 to 7.16, they are 

still near to zero. In addition, ∆fn/n curves for each overtone are low shown in Figure iii-2. 

Therefore, the Sauerbrey equation can be used for the analysis of the experimental data (eq. 

2.1.4). 
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Table 4.3.1- 1 Dissipation data for experiments, average ± SD (n ≥ 3) at overtone = 3. 

Surface PEO type D of PEO (E-6) D of Small molecule 

(E-6) 

D of HSA 

(E-6) 

Bare Au + IS   0.12 ± 0.08  

Bare Au + HSA    3 ± 0.35 

PEO + IS + 

HSA 

HO-PEO 5.21 ± 0.57 5.91 ± 0.55  7.16 ± 0.72 

PEO + IS + 

HSA 

HO-PEO Overnight (set at 

0 after rinse) 

0.035 2.42 

PEO + skatole + 

HSA 

CH3-PEO 3.11 ± 1.5 3.36 ± 1.25  4.48 ± 1.26 

PEO + skatole + 

HSA 

CH3-PEO Overnight (set at 

0 after rinse) 

-0.15 1.13 

 

4.3.2 HSA adsorption on Bare gold and PEO film: 

HSA is a common protein used to study protein adsorption [13, 60, 64] and testing the anti-

fouling ability of surfaces and is used herein as the standard protein for all QCM-D experiments. 

The adsorbed amount onto bare gold surface is tested and the frequency shift result yielded an 

adsorbed amount of 496 ± 49 ng/cm2. HSA adsorption on PEO film is tested with two different 

end-groups on PEO: hydroxyl group and methoxy group. For investigation of the distal group 

effect on the anti-fouling ability after adsorption of IS. We first tested the adsorption amount of 

HSA on PEO film and the results of hydroxyl end-group PEO are shown in Table 4.3.2-1.  

From Table 4.3.2-4, the HSA adsorption amount is largely decreased compared to data of 

adsorption on bare gold. The PEO adsorption was 915 ± 49 ng/cm2 while the HSA adsorption 

was 255 ± 7.0 ng/cm2. The result provides information that the PEO film resist the protein 

adsorption though the antifouling ability is not significant. 

Table 4.3.2- 1 HSA protein adsorption on HO-PEO modified gold surface at overtone = 3. 
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Exp. PEO type PEO adsorption (ng/cm2) HSA adsorption (ng/cm2) 

Au + PEO + HSA  

HO-PEO 

880 260 

Au + PEO + HSA 950 250 

Au + PEO + HSA overnight 30 

 

Results for HSA adsorption on PEO with methoxy end-group were shown in Table 4.3.2-2. The 

amount of PEO adsorption was 285 ± 85 ng/cm2 while the adsorption amount of HSA was 170 ± 

28 ng/cm2, Table 4.3.2-4. The PEO adsorption results are variable and lower than article record 

[36, 88], however, the PEO film still presented anti-fouling property to protein adsorption 

compared to data of adsorption on bare gold. Moreover, the PEO adsorption amounts were 

smaller than PEO with hydroxyl end-group. Though the PEO adsorption amount was smaller, the 

amount of HSA adsorption was smaller than hydroxyl end-group PEO. 

Table 4.3.2- 2 HSA protein adsorption on CH3-PEO modified gold surface at overtone = 3. 

Exp. PEO type PEO adsorption (ng/cm2) HSA adsorption (ng/cm2) 

Au + PEO + HSA  

 

CH3-PEO 

200 190 

Au + PEO + HSA 370 150 

Au + PEO + HSA overnight 196.5 

 

By comparison the adsorption plot of methoxy end-group and hydroxyl end-group PEO, 

hydroxyl end-group PEO showed unsatisfactory adsorption behavior which is shown in Figure 

4.3.2-1. The slope of HO-PEO is large and does not achieve a plateau like methoxy end-group 

PEO does. This may indicate that HO-PEO-SH did not form a compact film on the surface and 

needed more time to achieve. 
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Figure 4.3.2- 1 Adsorption plot of HO-PEO and CH3-PEO. The frequency shift of methoxy end-

group PEO achieved plateau in 40 minutes while hydroxyl end-group PEO did not.  (The blue 

line is frequency shift, and the orange line is baseline.) 

To investigate this, the QCM sensor was incubated with hydroxyl end-group PEO solution 

overnight at 37oC. The result is shown in Figure 4.3.2-2. It is obvious that PEO adsorption line 

achieve plateau in 20 minutes. In addition, the HSA adsorption amount was reduced to 30.0 

ng/cm2 (Table 4.3.2-2). Comparison of bare gold and two types of PEO film is shown in Table 

4.3.2-4. 

 

Figure 4.3.2- 2 Adsorption of HO-PEO after 

overnight incubation. The frequency shift of 

HO-PEO adsorption achieved plateau in 20 

minutes after overnight incubation. (The blue 

line is frequency shift, and the orange line is 

baseline.) 
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Table 4.3.2- 3 HSA adsorption on bare gold and PEO modified surface. The data are average + 

SD (n ≥ 3) at overtone = 3. 

Sample PEO type PEO (ng/cm2) HSA (ng/cm2) 

Au + HSA   496.6 ± 49.07 

PEO + HSA HO-PEO 915 ± 49.49 255 ± 7.07 

PEO + HSA HO-PEO Overnight 30.0 

PEO + HSA CH3-PEO 285 ± 85.0 170 ± 28.28 

PEO + HSA CH3-PEO Overnight 196.5 

 

From Table 4.3.2-3, the adsorption amount on bare gold is high compared with PEO modified 

surface. On the other hand, the surface may not be fully covered in HO-PEO which contributes 

to the relatively high protein adsorption [88]. In addition, HSA adsorption is varied with different 

end-groups which results from the covered extent of each PEO and/or the hydrophilicity 

difference between each end-group when protein molecules approach. For overnight experiment, 

the result may prove the hydroxyl end-group PEO film is more compact to repel protein 

adsorption than film grow in 40 minutes. In comparison, overnight incubation was also tested 

with CH3-PEO, and the result showed that relatively high protein adsorption in CH3-PEO case 

was not due to insufficient incubation time (Table 4.3.2-3). 

 

4.3.3 Indoxyl sulfate (IS) adsorption on bare gold surface: 

Adsorption of IS on bare gold was tested and the results are shown in Table 4.3.4-1. From the 

results, the IS adsorption was 36.2 ± 5.3 ng/cm2 and which indicated that IS could adsorb onto 

bare gold without removing by PBS rinse. It is obvious the adsorption amount of IS decreased 

much due to the PEO film on the surface. In addition, the data of IS adsorption showed negative 

adsorption amount, thus high fundamental frequency (HFF) QCM-D was adopted for further 

investigation.  
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4.3.4 HSA adsorption on IS modified PEO surface: 

From the results above, it can be concluded that the IS adsorption amount is affected by the PEO 

film significantly. HSA adsorption experiments after IS modification were done with two types 

of PEO, hydroxyl end-group and methoxy end-group. The results were summarized in Table 

4.3.4-1. From the results, the adsorption amount of HO-PEO was 819.3 ± 47.93 ng/cm2 while the 

IS adsorption amount was 10 ± 11.53 ng/cm2, as the above section. In addition, the average of 

HSA adsorption (11 ± 11.75 ng/cm2) was very small compared to the bare gold surface and even 

the virgin PEO film. This surprising result will be discussed later in section 4.3.7. For overnight 

incubation case, the HSA adsorption is higher than other groups. It is suggested that the space 

between each PEO chain of overnight incubation case is smaller and thus the adsorption of IS 

decreases. As a result of it, the ‘inhibitor effect’ from IS decreases (Table 4.3.4-1). 

The results of methoxy end-group PEO are also shown in Table 4.3.4-1. The IS adsorption 

amount of methoxy end-group PEO is as small as the result of hydroxyl end-group PEO. 

Different from hydroxyl end-group PEO, PEO with methoxy end-group had lower adsorption 

amount of PEO and but higher adsorption of HSA. Importantly, the HSA adsorption seems not 

be affected by IS adsorption as much as the result of hydroxyl end-group PEO. 

Binding of IS is highest on bare gold and reduced by PEO layer which is similar as protein 

adsorption (Table 4.3.4-1). This can be attributed to barrier established by PEO layer. In 

addition, it seems that IS binding were small in both types of PEO modified surface while IS 

adsorption amount is close to the detection limit of QCM-D for both types of PEO. Interestingly, 

results of HSA adsorption are quite different for PEO layer modified by IS in comparison with 

virgin PEO. HSA adsorption amount is higher for hydroxyl end-group PEO than methoxy end-

group PEO except for the overnight incubation case. Moreover, HSA adsorption is lower for 

both types of PEO after IS modified which is decreased significantly hydroxyl end-group PEO 

from 255 ng/cm2 to 11 ng/cm2. The result confirms the hypothesis that adsorption of small 

molecules influences the protein adsorption. IS behaved like an inhibitor in the experiments for 

hydroxyl end-group PEO. For methoxy end-group PEO, this phenomenon is not obvious which 

may be due to end-group property difference.  
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Table 4.3.4- 1 Adsorption of IS and HSA protein two types of PEO film. Data are presented as 

average + SD (n ≥ 3) at overtone = 3. 

 PEO type PEO (ng/cm2) IS (ng/cm2) HSA (ng/cm2) 

Au + IS   36.2 ± 5.3  

PEO + IS + HSA HO-PEO 819.33 ± 47.93 10 ± 11.53 11 ± 11.75 

PEO + IS + HSA HO-PEO Overnight -11 72 

PEO + IS + HSA CH3-PEO 297.5 ± 126.44 -12.25 ± 20.56 245.41 ± 91.58 

PEO + IS + HSA CH3-PEO Overnight 22 187 

 

4.3.5 HSA adsorption on IS modified Hydroxyl end-group PEO film 

through HFF-QCM: 

In low frequency QCM measurement, it seems IS modification effect is more significant on 

hydroxyl end-group PEO, however, the adsorption amount of IS on both of hydroxyl end-group 

and methoxy end-group are very small. Consequently, HFF-QCM was applied for better 

measurement resolution and further investigation of the IS adsorption amount and its effect on 

hydroxyl end-group PEO. Hydroxyl end-group PEO was used as target because its significant 

reduction of HSA adsorption. The results are shown in Table 4.3.5-1. PEO adsorption in HFF 

experiments were 210 and 140 ng/cm2 respectively. IS adsorption amount was 17.5 ng/cm2 and 

close to the results from low frequency QCM. HSA adsorptions were 16.5 ng/cm2 for IS 

modified PEO film and 50 ng/cm2 for virgin PEO film respectively. From the result, IS 

molecules were proved to adsorb onto PEO layer with small adsorption amount. On the other 

hand, interestingly, HSA adsorption on the IS modified PEO was also smaller than on the virgin 

PEO film. This may confirm the ‘inhibitor effect’ of IS adsorption to HSA adsorption. 

Table 4.3.5- 1 HSA adsorption experiment with HFF-QCM. 

 PEO type PEO (ng/cm2) IS (ng/cm2) HSA (ng/cm2) 

HFF-PEO + HSA HO-PEO 140  50 

HFF-PEO + IS + HSA HO-PEO 210 17.5 16.5 



39 

 

 

4.3.6 HSA adsorption after small molecules modified thin films: 

Based on the above experiments, the protein adsorption amount decreased after IS modified on 

PEO film and this effect was more significant on hydroxyl end-group PEO. The reason might be 

the negative charge of the IS molecules buried in the film. In order to investigate the reason, 

analogue of IS, skatole, was applied in further experiments. Skatole has similar chemical 

structure as IS but without charge (Figure 4.3.6-1). 

 

Figure 4.3.6- 1 Indoxyl sulfate and 

skatole. The sulfate group in indoxyl 

sulfate is replaced by methyl group in 

skatole.  

 

 

Results of skatole adsorption experiments are shown in Table 4.3.6-1 while the comparison of IS 

adsorption is shown in Table 4.3.6-2. In Table 4.3.6-1, adsorption amount of skatole and HSA 

varies with adsorption amount of HO-PEO. Because the skatole adsorption was lower for higher 

PEO adsorption case, it is proposed that skatole can exclude the water inside PEO film. More 

water was excluded from higher adsorbed PEO film, as a result, the HSA adsorption was higher 

due to loss of hydration. It is noteworthy that skatole adsorption also decreased HSA adsorption 

in hydroxyl end-group PEO. In addition, the water exclusions behavior after introducing skatole 

molecules was only found in hydroxyl end-group PEO (Figure 4.3.6-2). On the other hand, IS 

cases showed lower HSA adsorption than skatole cases (Table 4.3.6-2). The results may indicate 

there is a ‘zwitterion-liked’ structure in the PEO film brought from IS adsorbed. However, this 

‘zwitterion-liked’ structure may be weakened after overnight incubation because more compact 

hydroxyl end-group PEO film formed. Thus, HSA adsorption in overnight case did not decrease 
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as much as low-incubation time hydroxyl end-group PEO did. Besides, hydrophobic interaction 

between skatole molecule and PEO chains may contribute the lower HSA adsorption in hydroxyl 

end-group PEO case. In comparison, skatole was also applied in methoxy end-group PEO for 

testing. Unlike hydroxyl end-group PEO, the result showed that the HSA adsorption was not 

affected by skatole adsorption on the film (Table 4.3.6-2) which may be attributed to relatively 

compact structure of methoxy end-group PEO film (Figure 4.3.2-1). 

Figure 4.3.6- 2 Water exclusions by 

skatole molecule. This large frequency 

shift only shows up in HO-PEO 

experiments which may indicate the 

relatively strong interaction between 

skatole and HO-PEO chain. 

 

Table 4.3.6- 1 Skatole and HSA adsorption on HO-PEO film at overtone = 3. 

Exp. PEO type PEO (ng/cm2) Small molecule 

(ng/cm2) 

HSA (ng/cm2) 

PEO + skatole + HSA HO-PEO 711.5 -3 20.25 

PEO + skatole + HSA HO-PEO 815.0 -15 58 

 

4.3.7 Simple mechanism and conclusion: 

PEO film was proved to reduce HSA and IS adsorption in our experiments. The mechanism of 

protein resistance was elaborated by many papers [38, 43, 89]. Though there were many different 

explanations, hydration state was relatively acceptable reason for the non-fouling ability of PEO. 

However, there were papers claimed that anti-fouling ability of PEO can breakdown by force or 

increased temperature [55, 56]. In contrast, our results showed that IS adsorption can be reduced 

by PEO film but further increase anti-fouling ability of PEO film. The inhibitor-like behavior of 

IS was confirmed again through HFF-QCM-D experiments. This result is similar as the paper 
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published by Peter et al, the binding of EGCg small molecules can decrease cell adhesion 

through hindering the binding site and increasing the rigidity of the polymer film [51]. In 

addition, nanoparticles modified by small molecules can also induce a different absorbing mode 

to the target cell reported by Prapainop et al. [49].  

 

Table 4.3.6- 2 Adsorption of skatole and HSA on two types of PEO film at overtone = 3. 

 

As our knowledge, buried charging IS molecules in PEO film may be the reason of this 

phenomena. The mixing molecules may express as polyelectrolytes because negative charge IS 

molecules adsorbed in the thin film and positive ions in PBS solution also absorbed into the film 

in order to neutralize the charge. These negative and positive charges may act as those ions in 

zwitterion polymer and thus enhance the hydrophilicity of the whole system. 

As two-state theory mentions [56], the PEO film can be divided into hydrophobic and 

hydrophilic parts. The hydrophobic part is in the inner part of the film while the hydrophilic part 

Exp. PEO type PEO (ng/cm2) Small molecule 

(ng/cm2) 

HSA (ng/cm2) 

PEO + IS + HSA HO-PEO 819.33 ± 47.93 10 ± 11.53 11 ± 11.75 

PEO + IS + HSA HO-PEO Overnight -11 72 

PEO + IS + HSA CH3-PEO 297.5 ± 126.44 -12.3 ± 20.6 245.4 ± 91.6 

PEO + IS + HSA CH3-PEO Overnight 22 187 

PEO + skatole + 

HSA 

HO-PEO 763.25 ± 51.75 -9 ± 8.5 39.1 ± 26.7 

PEO + skatole + 

HSA 

HO-PEO Overnight 17 44 

PEO + skatole + 

HSA 

CH3-PEO 258 8 231.5 

PEO + skatole + 

HSA 

CH3-PEO Overnight -6 200 
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is the outer part. And the theory states that proteins are attracted by the inner part but repelled by 

the outer part. However, the multi-charged film structure may enhance the anti-fouling ability of 

both the inner and outer part and thus cause decreased HSA adsorption. Furthermore, the more 

hydrophobic inner part may be filled by nonpolar skatole and thus enhance the stability of the 

PEO chains. As a result, HSA molecules were repelled either by the complex charge structure 

caused from IS molecules or stronger hydrophobic interaction of the inner part of PEO film. The 

concept is shown in Figure 4.3.7-1. Importantly, either ‘zwitterion-liked’ structure or stronger 

hydrophobic interaction may be due to uncompact structure of PEO. Both effects are 

significantly strong in low incubation time hydroxyl end-group PEO case but very weak or even 

disappear in overnight incubation and methoxy end-group PEO case.   

 

Figure 4.3.7- 1 Proposed mechanism of small molecules on PEO film. Based on two-state theory, 

four cases in our experiments were plotted. Case A shows the PEO film with smaller chain 

density that can attract proteins (HSA). Case B is the PEO film grow overnight, and which leads 

to more compact film with better antifouling ability. Case C is the PEO film with ‘zwitterion-

liked’ structure due to IS adsorption, and which enhance the hydrophilicity of inner and outer 

part to repel proteins. Case D shows that the space between PEO chains filled with skatole 

molecules, and which leads to lower protein adsorption. 

Though IS effect on PEO film was developed in our experiments, most of the uremic toxin 

effects remain unknown and undeveloped. In addition, our experiments and knowledge are not 

enough to give a comprehensive mechanism of inhibitor behavior of IS. Moreover, the corona of 
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the uremic toxin of CKD patients may lead to totally different result compared to individual 

small metabolite. The small metabolites and their effect on the anti-fouling polymers worth more 

attention and further investigation at future and which can definitely help us establish more 

holistic understanding and medical support of CKD. 

 

5. Conclusion: 

Thiolated-PEO with methoxy end-group was synthesis by esterification reaction and 

characterized by NMR. PEO film modified on gold surface was confirmed by QCM. The non-

fouling ability of PEO film was shown by QCM through introduction of HSA protein to the PEO 

film. Interestingly, IS modified PEO film had better antifouling ability which may be due to the 

‘zwitterion-liked’ structure. In addition, analogues of IS, i.e., skatole, were applied to further 

confirm the special interaction between small molecules and PEO chains. Despite lack of 

nonpolar properties, skatole experiment indicates hydrophobic interactions may also contribute 

to less protein adsorption result. Besides, QCM work proved that small molecules can be buried 

in PEO film instead of removal by PBS rinse. 

PEO film on gold surface was further confirmed by XPS, water contact angle and ellipsometer. 

MS work results indicate that PEO film has the potential to be a way of storage to keep small 

uremic toxins. Methanol is the best solvent to extract these buried toxins from PEO film. 

Intriguingly, PEO film may be able to distinguish isomer chemicals. In addition, competitive 

adsorption and other interactions between each toxin was proved. Consequently, the adsorption 

amount of toxins does not increase as increment incubation time. Last but not the least, 

concentration of the toxins is not the main factor to affect adsorption amount. 

6. Future work: 

The effect of small molecule modification on protein adsorption on polymer film was first 

investigated in this work. Though only two molecules were applied, it was a good beginning in 

this field. The potential of PEO film as a material to capture or store uremic toxins in CKD 

patients’ blood was also developed. The future work can be extended the PEO to other type of 
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polymer and investigation the interactions between the small molecules and the polymer. In 

addition, HSA can be changed to other proteins to figure out the influence of shape and charge 

difference. It is exciting to find different adsorption amount in PEO film between isomer 

chemicals. PEO as a promising antifouling material was proved to potentially have plentiful 

functions by combining with small molecules. The interactions between small molecules and 

polymers will be a profound step in medical field at future. 
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Appendices: 

i: PBS solution recipe 

10x PBS solution was made by dissolving of 80 g sodium chloride (Sigma-Aldrich, USA), 

2 g potassium chloride (Sigma-Aldrich, USA), 14.4 g disodium phosphate anhydrous 

(Scientific Fisher, USA), and 2.4 g potassium dihydrogen phosphate (Scientific Fisher, 

USA) in 1 L MilliQ water and 1x PBS was made by dilution of 10x PBS to ten times. All 

the salts used in making PBS solution were purchased from Sigma-Aldrich (USA). Both 

the solution can be stored under room temperature. It should be noted that pH value of 1x 

PBS and 10x PBS are different, around 7.4 and 6.9 respectively. 

 

ii: Washing protocol for QCM sensors and small chips 

Sensors and chips were first put under UV exposure to clean the surface for 5 minutes. 

Then, they were transferred into washing solution (Mixture of ammonia hydroxide (30% 

NH4OH), hydrogen peroxide (30% H2O2) and MilliQ water was made at the volumetric 

ratio 1 : 1 : 5) at 75oC for 5 minutes. It is noted that sensors may float above the washing 

solution and thus decrease the efficiency of cleaning. To avoid such situation, a small glass 

stopper was put on the sensor. The surface was then rinsed with mixture solution of 

alcohol and MilliQ water at the volumetric ratio of 1 : 1. The surface were dried by inert 

gas and put under UV exposure for 5 minutes.  

 

iii: QCM-D experiment 

Sweep 

Before the QCM-D experiment is begun, it is very important to run a sweep process. The 

sweep can give a first view and inspection of the condition of the sensor, shown in Figure 

iii-1. In Figure iii-1, susceptance and conductance are two parameters measured from 

calibration result of phase and amplitude voltage. With the figure of these two parameters, 

condition of the sensor can be clarified. A beginning sweep was run without changing 
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anything for looking for the correct parameters. The middle point between two extrema of 

plot A was set to be the new central frequency. It is recommended to choose parameter A 

as reference instead of parameter B which has more misunderstanding noise peaks. The 

points and span were set to be 1000 and 5.0 kHz respectively while value of step would be 

automatically set to 5.0 Hz after the above two numbers were set. Normally, the shape 

should be clean, flat, and symmetrical like Figure iii-1. In addition, the intensity of plot a 

should be higher than 10 in air or the sensor may be contaminated, damaged or misplaced.  

Figure iii- 1 Sweeping result of the sensor. The plot can give a brief view of the condition of the 

sensor. 

Disturbance 

The flowrate of the QCM experiment was controlled by QSD-FCU. The maximum volume of 

flow per time is largely limited to the volume of the syringe mounted in the FCU. QCM is an 

equipment used to measure the loading on the sensor, it is inherited that signal would be different 

during transition of the syringe, shown in Figure iii-2. In Figure iii-2, it is clear that a noise-liked 

peak showed up in both frequency shift and dissipation change regularly. This disturbance signal 

does not influence the result of experiment but affect reading. To decrease showing frequency of 

the disturbance, it is suggested either increase the volume of the syringe or decrease the flowrate. 

In addition, the minimum flowrate is fixed with the volume of syringe, i.e., 5% of the maximum 

volume of the syringe per minute.  

 



55 

 

Figure iii- 2 Disturbance signal in an experiment. Orange dash line was the baseline, blue line 

was the frequency shift and red line represent the dissipation change. The experiment is 

introduction of HSA into skatole-modified PEO film. The experiment condition was under 37 oC 

and flowrate was fixed at 50 ul/min. It is clear that disturbance signal showed up regularly. 

On the other hand, the strength and length of the disturbance are affected by the flowrate 

strongly. The strength of the disturbance peak was enhanced after the flowrate was double, 

shown in Figure iii-3. The length of the disturbance signal highly depends on the flowrate of 

ejection. The higher the flowrate of ejection, the shorter the length will be, cases do not show 

here. 
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Figure iii- 3 The different disturbance signal reflected from different flowrate. The orange dash 

line was baseline, the black line is the syringe loaded volume and the blue line represented the 

frequency shift. It is apparent that the disturbance peak B was times higher than peak A when the 

flowrate was double near 11000s. 

Detail of QCM experiment 

Before QCM-D experiment, the main solvent, PBS solution, should be degassed to avoid bubbles 

generating in the cell when running experiments. The PBS solution was heated up to 40 oC and 

connected with a Y-shaped tube and the other side of the tube was connected with MilliQ water 

in case there is evaporation during degassing. And the above combination should be put into a 

sonicate machine for temperature control and sonication. It is noteworthy that the degassing 

solution should not directly be connected to the pump, instead, there was a water trap set by 

molecular sieves between the pump and the degassing solution to avoid breaking pump due to 

enter of water. Before and after the degassing, volume of the PBS should be measured to ensure 

the salt concentration is consistent. If the volume is smaller, addition of degas MilliQ water 

should be done. All the experimental solutions were transferred into test tubes wrapped with 

small amount of cotton and a small piece of aluminum foil to reduce the temperature difference 

between solution and the QCM cell. The test tubes were placed in temperature control in front of 

the cell and capped with silicone stoppers and a small piece of paraffin to avoid dust 

contamination and evaporation. It should be noticed that the flow tube connects the cell and 

solution should be as shorter as possible to reduce the heat loss during solution transportation. 

Moreover, the flow tube between the cell and test tube was cleaned by MilliQ water before put 

into the test tube to remove the dust. 

The experiments were run under 37 oC and flowrate was set to be 50 and 1500 ul/min for 

injection and disposal respectively. There were bumps showing up for a period of time because 

of the limited volume of syringe. To decrease amplitude of the bump and reduce its numbers, the 

injection rate was set to be small and the disposal rate was set to be times bigger than injection 

rate. It should be noted that temperature was set to 37oC for at least 30 minutes before 

measurement and solution injection in order to stabilize the signal because QCM-D signal is very 

sensitive to temperature difference and which can decrease production of bubbles during 

experiment. The working mode of the experiment was set to high-resolution mode and data 
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average was set to 20 due to better stability and quality of long-term measurement. PBS solution 

was injected into the cell for 1 hr before the next addition of chemicals due to stability of signal 

under wet measurement. Flow was begun after 1 hr and the baseline (Δf0) was set when Δf is 

stable under PBS flow. Δf and ΔD are recorded after every rinse for calculating to the surface 

density of each chemical and analyzing the surface properties of the PEO thin film. After the 

baseline was set, PEO injection was begun for around 40 minutes until the signal arrived plateau 

and then followed by PBS rinse about one hour, depends on signal stability, to get Δf1 which 

represented the mass amount of PEO adsorption on the surface. Indoxyl sulfate solution was 

injected for 20 minutes after PBS rinse and followed by PBS rinse again for 20 minutes. HSA 

solution was injected for 20 minutes after the rinse. PBS rinse was conducted after HSA injection 

to get Δf3 which gave HSA adsorption amount.  

iv: Gold coating chips 

Gold coating chips were made from 150 mm silicon wafer with boron doped and (1,1,1) 

orientation. The blank wafer was washed by piranha solution for 15 minutes in cleanroom to get 

rid of surface contamination and dried by nitrogen flow. The wafer was then coated with 6 nm Cr 

as an adhesive layer and followed by 6 nm Au coating. Before dicing, the thickness of coatings 

of the wafer were analyzed by ellipsometer from 60o ~ 75o. The wafer was then diced into 0.5 x 

0.5 cm2 small chips. 

 

v: Uremic toxin adsorption experiment on small chips 

The small Au-coated chips from appendix iv were washed with cleaning protocol from appendix 

ii, transferred into 5 mM PEO solution and incubated overnight at room temperature. The chips 

were rinsed with PBS solution and put into centrifuge tubes filled with uremic solution at 37 oC 

for three different time periods, 10 minutes, 30 minutes and 1 hour. Chips were analyzed by 

ellipsometer, XPS and water contact angle before and after PEO modification. For each time 

point, solution rest on the chip surface was removed through touching the edge of the chips to 

corresponding incubation solution, that is toxin solution. It should be noted that a thin water film 

on the surface is acceptable because of the hydrophilicity of PEO film. After drying process, for 

each time point, the chips were incubated in methanol at 37 oC overnight. It was noteworthy that 
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volume of incubation solvent should be controlled as lower as possible because dilution of the 

toxins may cause signal loss during LC-MS analysis. 

 


