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 During the past decades, plasmonic sensors have been explored extensively due to 

their ultra-sensitivity and emerged as a new generation of analytical tools. Two of the 

most widely used and studied plasmonic sensors are surface enhanced Raman scattering 

(SERS) sensors and surface plasmon resonance (SPR) sensors, which are focused in this 

dissertation. SERS is a phenomenon which can significantly magnify the Raman signals 

of the molecules adsorbed on a nanostructured metal surface for up to millions of folds 

and have led to the detections of single molecules. SERS can also provide chemical 

fingerprints representing vibrational or rotational transitions specific to the molecular 

structure to identify the analyte. The SPR optical sensor can enable the direct observation 
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of molecular interaction in real-time and offer the benefits of rapid, sensitive and label-

free detection of chemical and biological species. Based on these advantages such as 

ultra-sensitivity and molecular specificity, both of the sensors have already been used for 

a variety of applications ranging from chemical and biological sensing, environmental 

monitoring to diagnostics. 

 However, reliable biosensing in complex biological media based on these two 

advanced plasmonic sensors is still very challenging due to several reasons. For example, 

SERS is a near-field effect; the enhancement effect decreases exponentially with 

increasing distance from the surface. A bare SERS-active surface lacks selectivity; 

anything adsorbed onto the surface can be detected. In the complex media, the 

background noise from interfering species could mask the signals from target analytes. In 

addition, nonspecific adsorption from the complex media could impede the adsorption of 

target analytes to SERS-active substrate surfaces. Thus, a method which can amplify the 

detection signals over unwanted background is highly desirable and it is also essential to 

introduce nonfouling modifications to protect the SERS-active surface from nonspecific 

adsorption. For an SPR sensor, the specificity of the SPR sensor is totally dependent on 

the biomolecular recognition species employed while the sensitivity depends on the 

amount of nonspecific binding. Thereby, the surface chemistry which can not only 

effectively resist nonspecific protein adsorption but also provides abundant sites for the 

ligand immobilization is desired. 

 In this dissertation, we discuss the design and selection of probe molecules on the 

SERS surface for specific detection and signal amplification of target analytes with small 

Raman activity or no activity such as fructose or hydrogen ion. In addition, to overcome 
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the protein fouling problem, we introduce a zwitterionic nonfouling surface modification 

to the SERS sensor. We design and synthesize a zwitterionic short thiol, which contains a 

carboxybetaine head group resisting the protein adsorption effectively. The CBT 

possesses a small Raman activity generating negligible background noise even with high 

packing density. To future improve the nonfouling property of the modification, we also 

introduce the zwitterionic poly(carboxybetaine acrylamide) (pCBAA) polymer brush on 

the SERS surface via surface-initiated atom transfer radical polymerization (SI-ATRP). 

This modification enables the SERS detection of several therapeutic drugs directly in the 

human undiluted plasma. For the SPR sensor, we develop a facile and stable nonfouling 

coating method based on the zwitterionic hydrogel. The hydrogel coating demonstrate 

ultra-low fouling property from the undiluted blood serum and high antibody loading 

capacity due to the three-dimensional structure. At last, we also propose a new method to 

detect the anti-PEG antibody in blood sample based on the PEG coated SPR sensor. The 

surface chemistry is studied and optimized to achieve an extremely low limit of detection 

showing better sensitivity compared with traditional ELISA detection methods. 

 By tailoring and tuning the surface chemistry, we explore and expand the 

applications of the plasmonic sensor in complex media. On the one hand, we introduce 

the attracting and probing molecules to enhance the detection signals. And on the other 

hand, we modify the zwitterionic nonfouling materials on the surface of sensors to 

decrease the background noise and interference. With the improved signal/noise ratio, the 

sensitivity of sensors can be dramatically increased. 
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Chapter 1 Introduction 

 Blue sky, white clouds, red sunset and even the black letters printed here all 

depend on the interaction between light and molecules which can reveal fundamental 

information regarding these molecules. When the amount of molecules decreases, it 

becomes more challenging to observe their interactions with light. Fortunately, with the 

help of enhancing media such as metals, light-molecule interactions can be improved. For 

example, Raman spectroscopy and optical absorbance can be enhanced by the 

introduction of metal interfaces [1]. The enhancement is primarily from an 

electromagnetic contribution, which originates from the interaction of light with the free 

conduction electrons on a metal surface [2]. This creates surface plasmon polaritons 

(SPPs) which significantly increase the electromagnetic field. The study of light-metal 

interaction is known as plasmonics, which has attracted a lot of attention due to its 

potential applications in optical devices, catalysis, medicine as well as sensors [2-4]. 

Recently, the plasmonic sensors have been explored extensively due to their ultra-

sensitivity and emerged as a new generation of analytical tools. 

 Among the plasmonic sensors, two of the most widely used and studied sensors 

are surface enhanced Raman scattering (SERS) sensors and surface plasmon resonance 

(SPR) sensors. SERS is a phenomenon which can significantly magnify the Raman 

signals of the molecules adsorbed on a nanostructured metal surface for up to millions of 

folds [5]. The enhancement is due to the extremely high local electromagnetic fields that 

arise from localized surface plasmon resonance (LSPR), and it has led to the detection of 

single molecules. Meanwhile, the resulting SERS spectrum consists of bands 

corresponding to vibrational or rotational transitions specific to the molecular structure, 
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and thereby providing chemical fingerprints to identify the analyte (Figure 1a). Based on 

the ultra-sensitivity and molecular specificity, SERS have already be used for a variety of 

applications ranging from chemical and biological sensing, environmental monitoring to 

diagnostics. SPR is based on the propagating SPPs excited on thin metal films using 

grating or prism couplers [6]. Changes in the refractive index above the metal induced by 

a binding event shifts the plasmon resonance condition, which can be detected as 

intensity, wavelength, or angle shifts in sensing applications (Figure 1b). The SPR  

(a) Schematic illustration of SERS substrate and typical SERS spectrum. (b) Schematic 

illustration of SPR biosensor and typical SPR sensorgram. 

 

Figure 1.1 Schematic illustrations of SERS and SPR 
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sensor can enable the direct observation of molecular interaction in real-time and offer 

the benefits of rapid, sensitive and label-free detection of chemical and biological species 

with potential applications in numerous important areas.  

 However, reliable biosensing in complex biological media based on these two 

advanced plasmonic sensors is still very challenging due to several reasons. For the SERS 

plasmonic sensor, one limitation is that SERS is a near-field effect [7]. The enhancement 

effect decreases exponentially with increasing distance from the surface. Meanwhile, a 

bare SERS-active surface lacks selectivity; anything adsorbed onto the surface can be 

detected. When the SERS sensor is exposed to complex media, there are huge amounts of 

interfering species in the media which can nonspecifically adsorb onto the SERS-active 

surface, thus generating background noise and masking the signals of the target analytes. 

In addition, the nonspecific adsorption of biomacromolecules such as proteins on the 

SERS active surface can also inhibit the adsorption of analytes onto the surface, thereby 

ruining the sensor. The situations worsen when the target analytes have relatively small 

or no Raman activities. A method which can amplify the detection signals over unwanted 

background is highly desirable and it is also essential to introduce nonfouling 

modifications to protect the SERS-active surface from nonspecific adsorption. Thus the 

tailoring of specific and multifunctional surface chemistry on the SERS sensor is 

necessary and it is one of the objectives of this dissertation. 

 In this dissertation, we discuss how to achieve the specific recognition and signal 

amplification of target analytes with small or no Raman activity using SERS. We propose 

a solution to immobilize a probe molecule on the SERS surface, which can specifically 

respond to the target molecule. In Chapter 2, we study the SERS detection of fructose, 
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which is a monosaccharide related with abnormal diabetes and obesity usually showing 

very weak Raman activity. To enable the detection, we select 4-mercaptophenylboronic 

acid (4-MPBA) as a probe molecule. The molecule of 4-MPBA possesses three key 

functions: molecule recognition and reversible binding of the analyte via the boronic acid 

group, amplification of SERS signals by the phenyl group, and immobilization on the 

surface of SERS-active substrates via the thiol group. The symmetry breaking of the 4-

MPBA molecule upon fructose binding leads to the change of area ratio between totally 

symmetric 8a ring mode and nontotally symmetric 8b ring mode, which enables the 

detection. The limit of detection of 0.05 mM fructose in PBS and undiluted artificial 

urine is achieved. In Chapter 3, we investigate the usage of 4-mercaptobenzoic acid (4-

MBA), which contains a carboxylic acid functional group on a thiophenol, for pH SERS 

sensing. We carefully study the influences of cations and the complexity of detecting 

solutions on the responses of 4-MBA SERS spectra to pH variations. Based on reliably 

generated calibration curves, we use the 4-MBA modified SERS substrates to image the 

extracellular pH (pHe) distribution of live cells. From our results, localized pHe is 

detected and mapped showing good spatial resolution and pH sensitivity showing pHe 

domains in live cells. These two examples demonstrate the strategy for the design and 

selection of probe molecules on the SERS sensor to achieve the specific detection and 

signal amplification.  

 Despite successful detections using these probes, suppressions of sensitivity and 

accuracy in complex media are observed in comparison to the results obtained in simple 

buffered solutions. Due to the aforementioned reasons, nonspecific adsorption from the 

complex media can impede the analytes from attaching to the SERS-active surface. In 
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Chapter 4, we first introduce the zwitterionic nonfouling materials to the SERS surface. 

We design and synthesize a short zwitterionic thiol, N,N-dimethyl-cysteamine-

carboxybetaine (CBT), and use it to modify SERS-active substrate surfaces. The 

carboxybetaine head group of CBT can bind water strongly and effectively resist protein 

adsorption. CBT also has a remarkably small Raman cross section. Thus when CBT is 

modified on the SERS-active surface, it does not generate any strong background signals. 

When CBT is mixed with probe molecules, due to the sharp difference between their 

intrinsic Raman activities, CBT can hide its own signal even though it dominates the 

surface demonstrating excellent nonfouling performance. The nonfouling property and 

invisibility in SERS spectra make CBT a stealth surface modification. However, CBT is a 

short thiol, which cannot withstand real-world complex media such as undiluted human 

blood plasma or serum. To further improve the nonfouling performance, in Chapter 5, we 

modify the SERS surface with zwitterionic polymer brush poly(carboxybetaine 

acrylamide) (pCBAA), a state-of-art nonfouling coating. The pCBAA is coated on the 

SERS-active surface via surface-initiated atom transfer radical polymerization (SI-ATRP), 

rendering the coating with high packing density showing undetected protein adsorption 

from the undiluted blood plasma. The probe molecules are also mixed inside the pCBAA 

coating to enable the specific detection. In addition, several drug molecules with strong 

Raman activity are directly detected by the pCBAA-coated SERS optofluidic system 

through the partitioning process demonstrating the potential of this technique to be used 

for real-time therapeutic drug monitoring.  

 Besides the SERS sensor, appropriate surface chemistry is also needed for the 

SPR plasmonic sensor. The specificity of the SPR sensor is totally dependent on the 
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biomolecular recognition species employed while the sensitivity will depend on the 

amount of nonspecific binding. In Chapter 6, we discuss a novel high antibody-loading, 

ultra-low fouling coating based on a thickness-controllable zwitterionic hydrogel thin 

film for SPR sensor. The coating is a hydrogel composed of CBAA monomer crosslinked 

with newly designed carboxybetaine diacrylamide crosslinker (CBAAX) showing 

exceptional good nonfouling property (< 5ng/cm2 from undiluted blood plasma). The gel 

coating is a three-dimensional matrix, providing a large number of sites for ligand 

immobilization. The optimizations of nonfouling performance and antibody 

immobilization of the gel coating is studied by varying the crosslinking density. In 

Chapter 7, for the detection of anti-PEG antibodies in the blood, we also investigate the 

specific surface chemistry for the SPR sensor. With the selected surface modifications, 

the limit of detection of anti-PEG antibodies can be 10 ng/mL, which is even lower than 

the traditional ELISA test. This developed technology could be used for study the 

occurrence of pre-existing anti-PEG antibodies in the general population. 

 To introduce specific probe molecules on the SERS sensor or to increase the 

antibody loading on the SPR sensor, the purposes are the same aiming at enhancing 

detection specificity and signals. To introduce the zwitterionic nonfouling coatings to 

these sensors is to reduce the nonspecific adsorption from the background thus 

diminishing the noise. Combining these multifunctional modifications, we can increase 

the signal/noise ratio, thereby dramatically improving the sensitivity of the sensors. 
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Chapter 2 Sensitive and Fast Detection of Fructose in Complex Media 

via Symmetry Breaking and Signal Amplification Using SERS 

 A new strategy is proposed to sensitively and rapidly detect analytes with weak 

Raman signals in complex media using surface-enhanced Raman spectroscopy (SERS) 

via detecting the SERS signal changes of the immobilized probe molecules on SERS-

active substrates upon binding of the analytes. In this work, 4-mercaptophenylboronic 

acid (4-MPBA) was selected as the probe molecule which was immobilized on the gold 

surface of a quasi-3D plasmonic nanostructure array (Q3D-PNA) SERS substrate to 

detect fructose. The molecule of 4-MPBA possesses three key functions: molecule 

recognition and reversible binding of the analyte via the boronic acid group, 

amplification of SERS signals by the phenyl group and thus shielding of the background 

noise of complex media, and immobilization on the surface of SERS-active substrates via 

the thiol group. Most importantly, the symmetry breaking of the 4-MPBA molecule upon 

fructose binding leads to the change of area ratio between totally symmetric 8a ring mode 

and nontotally symmetric 8b ring mode, which enables the detection. The detection 

curves were obtained in PBS and in undiluted artificial urine at clinically relevant 

concentrations and the limit of detection of 0.05 mM was achieved. 

2.1 Introduction 

 In past decades, surface-enhanced Raman spectroscopy (SERS) has become a 

powerful analytical and sensing tool for applications in many areas ranging from 

biomedical diagnostics [8-11], environmental monitoring [12, 13], to chemical and 

biological sensing [7, 14-19], SERS offers the benefits of molecular specificity directly 
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related to the vibrational modes of analytes and ultra-sensitivity due to electromagnetic 

and chemical enhancement [20, 21]. However, there is a great challenge for SERS 

detection of small molecules in complex media due to the fact that: (1) SERS is a near-

field effect. The extremely strong local electric fields, so-called hot spots, in the vicinity 

of the plasmonic nanostructures decay significantly beyond 2-3 nm from the metal 

surfaces [5, 22], Therefore, Raman signals can be greatly enhanced only when target 

analytes adsorb on the hot spots of SERS substrates. (2) Even for high surface-affinity 

analytes, the weak SERS signals of analytes with small intrinsic Raman scattering cross-

section could be buried by background noise from nonspecific adsorption and interfering 

environment. The signals of interferences may cover or overlap with those of analytes, 

making the feature peaks of target analytes indiscernible. 

 Sugar detection using SERS in complex media encounters the same dilemma due 

to small Raman activity and low surface affinity of sugar molecules as well as high 

background noise from complex media. It was reported that saccharides such as glucose 

cannot be detected even in aqueous solution if a bare gold or silver SERS substrate was 

used [23, 24]. Van Duyne and co-workers developed a promising approach to address 

this problem by modifying the SERS substrate surfaces with a mixed self-assembled 

monolayer (SAM) to promote glucose partitioning to the surface [25]. Quantitative 

glucose detection was demonstrated by analysing glucose SERS signals from the 

subtracted SERS spectra of glucose solutions from the SAM background. This method 

was also applied for in vivo detection of glucose [26]. However, the SERS signals of 

glucose are weak due to its small Raman activity and a distance from the metal surface 

mediated by mixed SAM. Thus, the detection sensitivity is limited. To enhance detection 
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sensitivity, a strategy was developed by conjugating sugar molecules with those 

molecules having large Raman activity, or so-called SERS tags [27]. The SERS signals 

of the tags rather sugar molecules were detected. The complexity of the conjugation 

process and the specific design only for glycomic analysis make this method not a 

general approach. Therefore, to enable sensitive detection of small molecules in complex 

media using SERS, it is highly desirable to develop new detection platforms which not 

only promote the adsorptions of target analytes on the surface of SERS-active substrates 

but also amplify detection signals. 

 Fructose, a simple monosaccharide, is an important dietary source of 

carbohydrates, also involved in the pathogenesis of diabetic complications and may play 

a role in epidemic of obesity [28-30]. Sensitive and fast fructose detection especially in 

complex media can benefit the study and diagnostic of diabetic symptoms and be applied 

to food industry. Boronic acid has been known for reversibly binding to 1, 2- or 1, 3-diols 

[31] and has been used for the development of different kinds of sugar sensors [32-34]. 

Fructose not only has the highest binding constant to phenylboronic acid over other 

simple sugars but also can bind to boronic acid at neutral pH [35]. Fructose sensors base 

on gold electrodes, microcantilevers and photonic crystals utilizing the molecular 

recognition of boronic acid have been developed [36-38]. However, the high limit of 

detection and long detection time limit their clinical applications.  

 In this work, we report a method to sensitively and rapidly detect fructose in 

undiluted artificial urine by monitoring SERS spectral changes upon fructose binding to a 

pre-formed 4-mercaptophenylboronic acid (4-MPBA) SAM on a gold quasi-3D 

plasmonic nanostructure array (Q3D-PNA) SERS substrate. As shown in Figure 2.1a, 
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the probe molecule 4-MPBA contains three key functional groups: a boronic acid group 

that reversibly binds fructose; a benzene ring that amplifies the SERS signal upon 

fructose binding and thus shields the noise from complex media; and lastly a thiol group 

that immobilizes the probe molecule to the gold surface forming a well-packed SAM. We 

deliberately choose a structurally symmetric phenylboronic acid as the probe molecule 

because the binding of fructose breaks the nearly C2v structural symmetry of 4-MPBA to 

Cs, leading to significant changes of the SERS peaks related to the totally symmetric (8a) 

and nontotally symmetric (8b) vibrational modes of the benzene ring due to the 

Herzberg-Teller contribution [39]. The extra chemical enhancement resulted from the 

charge transfer effect of thiol conjugated benzene of 4-MPBA provides strong and 

reproducible SERS signals, which can effectively shield the noises from complex media 

(e.g., undiluted artificial urine), proteins (e.g., bovine serum albumin (BSA)), and even 

strong Raman active dye molecules (e.g., Rhodamine 6G (R6G)). Selectivity was 

investigated by comparing the sensor’s fructose response to the response invoked by 

glucose, mannose, or sucrose. Fructose detection was demonstrated in PBS buffer and 

undiluted artificial urine with a clinically relevant concentration range under 

physiological pH conditions.  

2.2 Experimental Section 

2.2.1 Materials 

 4-mercaptophenylboronic acid (> 90%), 3-mercaptophenylboronic acid (> 95%), 

benzenethiol (> 98%), 1-octanethiol (> 98.5%), D-(−)-fructose (> 99%), D-(+)-glucose (> 

99.5%), D-(+)-mannose (> 99%), sucrose (> 99%), Rhodamine 6G (> 99%), phosphate 

buffered saline packet (PBS, pH 7.4 and ionic strength 150 mM) and albumin from 
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bovine serum were purchased from Sigma-Aldrich. High-purity deionized (DI) water was 

obtained with a Millipore water system. An artificial urine matrix was prepared according 

to the recipe provided in the previous studies [40] which was consisted of 55 mM sodium 

chloride, 67 mM potassium chloride, 2.6 mM calcium sulfate, 3.2 mM magnesium sulfate, 

29.6 mM sodium sulfate, 19.8 mM sodium dihydrogen phosphate, 310 mM urea, and 9.8 

mM creatinine. 

2.2.2 Fabrication of gold Q3D-PNA SERS substrates 

 Gold Q3D-PNAs (50 μm × 50 μm) with a square grid of 400 nm diameter and 

100 nm spacing were fabricated by electron beam lithography (EBL, JEOL JBX-6300FS). 

A layer of 300 nm-thick poly(methyl methacrylate) (PMMA) photoresist was spin-coated 

on a 4” silicon wafer and exposed to an electron beam. A total of 280 arrays were 

fabricated on the silicon wafer, arranged as 2 x 2 arrays per cm2. Nanoholes were 

generated after development in 1:3 methyl isobutyl ketone/isopropanol (MIBK/IPA) 

PMMA developer for 70 s, followed by an IPA rinse and a post-bake at 95Ԩ for 30 min. 

Finally, the Au Q3D-PNAs were prepared by thermally evaporating a 50 nm Au (99.99%) 

film over the PMMA surface using thermal evaporator (Edwards, Auto 306). Scanning 

electron microscope (SEM, FEI Sirion) and tapping mode atomic force microscope 

(AFM, DI MultiMode with Nanoscope IVa controller) were used to characterize the 

dimensions of the nanostructures. 

2.2.3 Surface modification of Q3D-PNA SERS substrates 

 4-MPBA, 3-MPBA, benzenethiol or 1-octanethiol SAMs were formed on the 

surface of a gold Q3D-PNA SERS substrate by soaking an UV ozone-cleaned substrate 

in a 0.1 mM 4-MPBA, 3-MPBA, benzenethiol or 1-octanethiol aqueous solution with 5 v.% 
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of ethanol for 12 h, followed by rinsing with deionized water and blowing dry in a stream 

of nitrogen.  

2.2.4 Measurements of SERS and Raman spectra 

 Raman spectroscopy was carried out on a Renishaw InVia Raman spectroscope 

connected to a Leica DMLM upright microscope. A 50x (N.A. = 0.8) objective was used 

to focus a 785 nm laser on a Q3D-PNA or a neat sample and to collect the 180° scattered 

light from the sample surface. A surface modified SERS substrate was submersed in PBS 

solution in a custom-made container and a cover glass was carefully placed over the top 

to avoid air bubbles. SERS spectra were acquired in wet conditions. Spectral resolution 

of 1.1 cm-1 can be achieved and spectra ranging from 400 to 2600 cm-1 were collected. 

SERS spectra were taken continuously with laser power of 1 mW after the objective lens, 

CCD exposure time of 10 s, and single accumulation. Raman spectra were taken from the 

powder of neat materials with the laser power of 48 mW after the objective lens, CCD 

exposure time of 30 s, and single accumulation. All spectra were baseline corrected by 

fitting the raw spectrum to a fourth-order polynomial and then subtracted. The baseline 

corrected spectra were normalized with respect to the peak at 1075 cm-1 for 4-MPBA 

modified samples. 

2.2.5 Detection of fructose in PBS and in undiluted artificial urine 

 The 4-MPBA SAM modified Q3D-PNA SERS substrate was placed in a custom-

made container to take SERS spectra under wet conditions. A volume of 150 μL PBS 

solution or undiluted artificial urine spiked with concentrations of fructose from 0.02 to 

10 mM was added on the SERS substrate surface carefully. Then the container was 

covered with a piece of microscope cover glass. The SERS spectra were collected at 0, 5, 
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10, 20, 30 and 40 min after adding each fructose solution. For the detection curve 

measurements in PBS and undiluted artificial urine, SERS spectra were collected after 

immersion in each concentration solution for 10 min. Three replicates were measured for 

each concentration or at each time and the error bar stands for the standard deviation.  

2.3 Results and Discussion 

2.3.1 Q3D-PNA SERS substrates 

 SERS substrates are critical to sensitive and reproducible detections. Here, we use 

gold Q3D-PNAs developed in our group as substrates. As shown in Figure 2.1a, the 

Q3D-PNA is composed of physically separated gold thin films with subwavelength 

nanoholes on the top and gold nanodiscs at the bottom of the wells. Unlike clusters of 

gold or silver nanoparticles, Q3D-PNAs are fabricated via electron beam lithography [41] 

or soft lithography [42] with excellent tunable plasmonic and optical properties as well as 

reproducible SERS signals for detection of a variety of analytes, from small molecules to 

large microorganisms [43].  

 The Q3D-PNA SERS substrate used in this work is a piece of ~1 cm x 1 cm 

silicon chip with 2 x 2 patterns of Q3D-PNA with 50 μm x 50 μm for each pattern and 

200 μm apart between each pattern. The lateral and vertical dimensions of the Q3D-PNA 

are confirmed by SEM and AFM shown in Figure 2.1b,c, respectively. Strong SERS 

signals of 4-MPBA SAM in PBS buffer solution were obtained (Figure 2.2) and the 

spectra were highly reproducible taken at different positions on one pattern or on 

different patterns. The strong signals and the high reproducibility enable the sensitive and 

robust detections.  
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2.3.2 Fructose detection via symmetry breaking of 4-MPBA SAMs on Q3D-PNA 

SERS substrates 

 Prior to taking the SERS spectra of fructose binding to 4-MPBA SAMs on gold 

Q3D-PNA SERS substrates, the SERS spectrum of 4-MPBA SAM on a Q3D-PNA SERS 

substrate in PBS (pH 7.4) and the normal Raman spectrum of 4-MPBA neat powder were 

taken first, which are shown in Figure 2.2. The wavenumbers and the assignments of 

Raman and SERS vibrational modes of 4-MPBA are given in Table 2.1. The notable 

spectral changes of these two spectra are due to the formation of a well packed and 

orientated 4-MPBA SAM on the gold Q3D-PNA surface and the surface selection rules 

of SERS. The absence of the SH stretching mode at 2561 cm-1 and the in-plane bending 

mode of CSH at 907 cm-1 indicate that 4-MPBA adsorbs dissociatively as the thiolate and 

forms a gold-sulfur bond as illustrated in Figure 2.2. The in-plane benzene ring breathing 

mode (1) coupled with the CS stretching mode is shifted downward from 1092 to 1075 

cm-1 and greatly enhanced, indicating a head-on close to the vertical orientation of 4-

MPBA on the surface, which is similar to the benzenethiol SAM [44, 45]. The totally 

symmetric 8a mode is shifted downward from 1595 to 1587 cm-1 and slightly enhanced. 

A small shoulder appears at 1574 cm-1, which is related to the nontotally symmetric 8b 

mode. The retained strong intensity of the 8a mode indicates that the nearly C2v symmetry 

of 4-MPBA is not disrupted while forming a SAM on the SERS substrate. Due to the 

para-substitution by -SH and -B(OH)2 as well as the formation of SAM via the S-Au 

bond, some peaks in the range of 1300-1050 cm-1 related to the in-plane movement of the 

ring carbons and substituents are enhanced. Also amplified are some peaks in the range 

of 850-620 cm-1 related to the CH wag vibration and ring out-of-plane vibrations [46]. 
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The peaks at 1283, 1187, 694, 614, 473, and 420 cm-1 are attributed to these effects. 

Aforementioned ring modes demonstrate higher intensity while the peaks of BO 

stretching (1310, 1345 and 1370 cm-1) are diminished. This indicates that the charge 

transfer of thiol-conjugated benzene contributes to extra enhancement [47].  

 It is well known that boronic acid binds with fructose at neutral pH and the 

binding changes the boronic acid from the uncharged trigonal form to the anionic 

tetrahedral form, resulting in the symmetry breaking from pseudo C2v to Cs as shown in 

the illustration of Figure 2.2 [35]. To evaluate the influence of fructose binding on the 

SERS spectrum, the PBS solution with 10 mM fructose was added on a 4-MPBA SAM 

modified Q3D-PNA substrate. The SERS spectrum was taken after 1 h immersion to 

ensure the binding reach equilibrium. The SERS spectra of 4-MPBA in PBS and in 10 

mM fructose PBS solution are normalized to the peak at 1075 cm-1 since this peak is the 

strongest one and remains almost unchanged before and after fructose binding. An 

obvious relative intensity change of 8a (1587 cm-1) and 8b (1574 cm-1) modes was 

observed with a significantly decrease of the 8a mode and an increase of the 8b mode. 

The intensities of the 19a (1487 cm-1) and 19b (1472 cm-1) modes varied in a similar 

trend. These are mainly due to the change of the symmetry of a 4-MPBA molecule from 

nearly C2v to Cs because of forming fructose-4-MPBA ester upon fructose binding [39, 

48]. Other changes were also observed. The increase of the peaks at 420, 694, 1000, and 

1024 cm-1 related to the 7a, 6a, 12 and 18a modes, respectively, suggests the possible 

reorientation [44] or charge redistribution of the benzene ring.  

 The critical roles played by the boronic acid functional group as well as the 

symmetry of the probe molecule in the detection of fructose were further verified by two 
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control experiments. In one control experiment, gold Q3D-PNA SERS substrates were 

modified with benzenethiol SAMs. As shown in Figure 2.3, there is no difference 

between the SERS spectra of benzenethiol SAM in PBS and in 10 mM fructose PBS 

solution, indicating that boronic acid functional group is essential for detecting fructose 

via forming the ester. In the second control experiment, the necessity of the C2v symmetry 

of the probe molecule 4-MPBA was verified by forming Cs symmetric 3-MPBA SAMs 

on Q3D-PNA SERS substrates. As shown in Figure 2.4, the SERS spectrum of 3-MPBA 

SAM in PBS solution shows dramatically different 8a and 8b ring modes as those of 4-

MPBA SAM in PBS. Because of the Cs symmetry of 3-MPBA SAM, the 8a and 8b ring 

modes split into two distinct peaks at 1555 and 1575 cm-1, respectively, with the intensity 

of the 8b mode stronger than that of the 8a mode. The SERS spectrum taken on the 3-

MPBA SAM modified Q3D-PNA substrate immersed in a10 mM fructose PBS solution 

for 1 h shows an almost identical spectrum as that in PBS. Unlike C2v symmetric 4-

MPBA, binding of fructose to 3-MPBA does not change the symmetry of 3-MPBA 

molecule, and thereby, makes no significant difference to the SERS spectrum. 

2.3.3 Quantitative detection of fructose and the limit of detection in PBS 

 Since the symmetry breaking of 4-MPBA after fructose binding leads to a 

significant spectral change of the 8a and 8b ring modes, monitoring the variation of the 

area ratio of these two peaks upon fructose binding can provide a fast and quantitative 

detection of fructose. The SERS spectra of 4-MPBA upon fructose binding as a function 

of time were first acquired. Figure 2.5a shows the SERS spectra of the 8a and 8b peaks 

of 4-MPBA modified Q3D-PNA substrates in PBS and after immersing in10 mM 

fructose PBS solution for 5, 10, 20, 30 and 40 min, respectively. Clearly, the intensity of 
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the 8a mode at 1587 cm-1 decreases while the 8b mode at 1574 cm-1 increases over the 

time. To obtain the area ratio, two peaks were deconvoluted by assuming each peak has a 

Lorentzian shape and by fixing the peak position and the full widths at half maxima 

(FWHM). Figure 2.5b summarises the variation of the average area ratio of the 8a and 

8b peaks for the concentration of fructose in the range of 0.05 to 10 mM as a function of 

time. Higher fructose concentrations result in more area ratio change and faster reaching 

of binding equilibriums. The variation of the area ratio caused by different fructose 

concentrations could even be detected less than 5 min. In this work, the detection curves 

were measured by taking the SERS spectra of each concentration at a fixed time, i.e., in 

10 min immersion to ensure quick yet quantitative measurement. Figure 2.6a shows the 

SERS spectra of the 8a and 8b peaks of 4-MPBA modified Q3D-PNA substrates 

immersed in the fructose PBS solutions with the concentrations from 0.02 to 10 mM for 

10 min. The decrease of the 8a mode and the increase of the 8b are clearly shown as the 

fructose concentration is increased. The detection curve of fructose in PBS is shown in 

Figure 2.6b, where the average area ratio of the peaks at 1574 to 1587 cm-1 taken after 

immersion for 10 min is plotted as a function of the fructose concentration. The inset of 

Figure 2.6b shows a linear relationship for the physiologically relevant concentrations 

ranging from 0.02 to 0.5 mM. Therefore, this method provides a fast and sensitive 

detection of fructose that could be of interest for the study and diagnostic of diabetic 

symptoms [48]. The limit of detection (LOD) was determined according to the definition 

of the concentration of fructose for which the average area ratio is equal to the sum of the 

average area ratio for 0 mM fructose plus 3 times its standard deviation. The LOD of 0.05 

mM was obtained for fructose in PBS. Comparing to other biosensors which also utilized 
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the boronic acid–diol binding to detect fructose, our results showed about one order of 

magnitude lower LOD, indicating better sensitivity. For example, a microcantilever-

based biosensor modified with 4-MPBA was used to detect fructose. A linear detection 

range of 2-25 mM and a LOD of 2 mM were reported [36]. An electrochemical-based 

biosensor using a 4-MPBA modified gold electrode showed a LOD of 3 mM in detection 

of fructose [38].  

2.3.4 Selective detection of fructose over other simple sugars 

 The binding kinetics of simple sugars to phenylboronic acid has been investigated 

in solution phase [35]. The association constants (Keq) of fructose, mannose, glucose, and 

sucrose to phenylboronic acid at pH 7.4 were determined to be 160, 13, 4.6, and 0.67 M-1, 

respectively. The very high association constant of fructose to phenylboronic acid could 

be used for selective detection of fructose in the presence of other simple sugars. The 

selective detection of fructose over other simple sugars using 4-MPBA SAM modified 

SERS substrates was demonstrated by immersion of the substrates in PBS solutions with 

10 mM fructose, mannose, glucose, and sucrose, respectively. The SERS spectra were 

collected after 1h immersion in sugar solutions to allow slower binding occur. The 

average area ratio of the peaks at1574 to 1587 cm-1 was calculated and the difference of 

the average area ratios between each sugar solution and PBS were plotted in Figure 2.7. 

In consistent with the association constant of each sugar to phenylboronic acid in solution, 

the binding of sugar to 4-MPBA SAM follows the same trend as shown in Figure 2.7. 

While a very small change was observed for 10 mM mannose PBS solution, there were 

no detectable changes for both 10 mM glucose and sucrose PBS solutions. Therefore, the 
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selective detection of fructose in the presence of other simple sugars can be achieved by 

conducting the experiment in neutral pH solutions. 

2.3.5 Effective shielding of background noises in complex media 

 The fructose level in serum and daily urinary excretion has been used as a 

biomarker for monitoring sugar consumption and potential diabetic complications. 

Therefore, we evaluated the sensing capability of our platform in the detection of fructose 

in complex media. The undiluted artificial urine was selected. In a control experiment, we 

immersed a bare Q3D-PNA SERS substrate in undiluted artificial urine. Figure 2.8 

shows the SERS spectrum of undiluted artificial urine, which is similar to the spectrum 

reported before [49, 50], indicating nonspecific adsorptions of urea and creatinine in the 

artificial urine to the gold surface. However, when a 4-MPBA modified Q3D-PNA SERS 

substrate was used, the SERS spectrum exhibits no changes compared to that taken in 

PBS (Figure 2.9). We also immersed a 4-MPBA modified Q3D-PNA SERS substrate in 

1 mg/ml BSA solution and acquired the SERS spectrum. As shown in Figure 2.9, the 

SERS spectrum of 4-MPBA SAM is completely unaffected even though a strong BSA 

adsorption (148 ± 16 ng/cm2) to the 4-MPBA SAM surface was detected by an SPR 

biosensor. All these experiments demonstrated that despite strong nonspecific adsorptions 

on the surfaces of 4-MPBA modified Q3D-PNA SERS substrates, the strong SERS 

signals of 4-MPBA SAMs are not influenced and can effectively shield the background 

noise. This is mainly because the Raman scattering cross-section of benzene ring is much 

larger than that of the urine media and the protein. Meanwhile, the benzene ring is in the 

close proximity to the SERS-active surface because of forming a SAM. An extra 

chemical enhancement could be induced by the excitation of a resonance arising from the 
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charge-transfer between the metal surface and the adsorbate. It has been reported that 

thiolated linkers with conjugated π-electrons allow more efficient electron transfer and 

molecular orbital overlapping between metal surface than saturated alkanethiols [51]. 

 To further evaluate the effectiveness of the 4-MPBA modified Q3D-PNA SERS 

substrates in shielding the background noises, a solution containing R6G, a dye molecule 

with a large Raman scattering cross-section, was used to serve as a test medium. 10-5 M 

R6G solution is supposed to show very strong SERS signals on a bare gold SERS 

substrate [52]. However, the SERS spectrum taken from the 4-MPBA SAM modified 

Q3D-PNA substrate immersed in the same concentration of R6G solution (Figure 2.9) 

shows very weak R6G peaks, of which the wavenumbers are labeled. All the peaks 

related to 4-MPBA SAM are not influenced. Therefore, the extremely strong SERS 

signals of the 4-MPBA SAM can effectively shield the background noises which make 4-

MPBA an excellent probe molecule for detecting fructose in complex media using SERS. 

2.3.6 Fructose detection in undiluted artificial urine 

 The detection curve of fructose in undiluted artificial urine was measured by 

taking the spectra of 4-MPBA SAM modified SERS substrates submersed in the urine 

spiked with different concentrations of fructose (0.02-0.5 mM) after 10 min. The average 

area ratio of the peaks at 1574 to 1587 cm-1 as a function of the fructose concentration is 

shown in Figure 2.10. The smaller area ratio in urine at each concentration compared to 

the corresponding ratio in PBS could be due to the partially blocked boronic acid 

functional groups by nonspecific adsorptions. Nonetheless, the same limit of detection of 

0.05 mM in undiluted artificial urine was achieved as that in PBS. Since the detection of 

fructose is enabled by monitoring the SERS signal change of the probe molecule upon 
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binding of the analyte rather than the direct detection of the SERS signal of the analyte 

itself, this method not only ensures the detection specificity, considering the SERS signal 

of the probe molecule only change upon the binding of the target analyte in the complex 

media, but also greatly improves the detection sensitivity, benefiting from the signal 

amplification of the probe molecule. This method takes the advantage of greater chemical 

enhancement of the probe molecule than the fouling molecules and thereby, the 

background noise of complex media can be effectively shielded. 

2.4 Conclusions 

 In summary, we described a method for sensitive and fast fructose detection in 

undiluted artificial urine by monitoring SERS spectral changes of 4-MPBA probe 

molecules upon fructose binding which breaks the structural symmetry of the probe 

molecules. The greater chemical enhancement of the probe molecules not only improves 

the detection sensitivity but also amplifies the SERS signal that effectively shields the 

background noise in complex media. The limit of detection of 0.05 mM fructose in PBS 

and undiluted artificial urine was achieved and a linear response was shown in the range 

of clinically relevant concentrations. The idea of using a probe molecule with the 

functions to recognize analytes and to amplify signals can be adopted as a general 

strategy for detection of analytes with weak Raman scattering in complex media using 

SERS. 

 

 

 



22 
 

2.5 Tables 

Table 2.1 Raman and SERS vibrational frequencies for 4-MPBA 

Raman 
Neat Powder (cm-1) 

SERS 
SAM (cm-1) 

Assignmentsa 

 420 7a; βCCC + νCS 

 473 16b; γCCC + βOBO 

 614 6b; βCCC + βOBO 

631  νCS 

 694 6a; βCCC + νCS 

722 728 4b; γCCC 

757 754 11; γCH 

803  10a; γCH 

907  βCSH 

1006 1000 12; βCCC 

1027 1024 18a; βCH 

1092 1075 1; βCCC + νCS 

1107 1106 15; βCH 

1187 1187 9a; βCH + βBOH 

 1283 3; βCH + βBOH 

1310,1345,1370  νBO 

 1472b 19b; νCC 

 1487 19a; νCC 

 1574b 8b; νCC 

1595 1587 8a; νCC 

2561  νSH 
a
 ν; stretching, β; in plane bending, γ; out of plane bending 

b 8b and 19b nontotally symmetric ring-stretching vibrational modes increase while 8a 

and 19a totally symmetric ring-stretching vibrational modes decrease in SERS spectra of 

4-MPBA after fructose binding due to Herzberg-Teller contributions.  
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2.6 Figures 

 

Figure 2.1 Scheme and characterizations of Q3D-PNA 

(a) Schematic illustration of 4-MPBA on a gold Q3D-PNA for sensitive and fast 

detection of fructose using SERS. (b) The top-view SEM image of a Q3D-PNA showing 

the diameter of ∼400 nm. (c) The 2 μm × 1 μm AFM image of a Q3D-PNA and a line 

profile showing the depth of ∼300 nm. 
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Figure 2.2 SERS and Raman spectra of 4-MPBA and SERS spectrum of 4-MPBA-
fructose 

(Black) Normal Raman spectrum of 4-MPBA neat powders along with the molecular 

structure of 4-MPBA. The λex = 785 nm, Plaser = 48 mW, and t = 30 s. (Blue) SERS 

spectrum of 4-MPBA SAM on a Q3D-PNA in PBS along with the illustration of 4-

MPBA SAM on Au with the pseudo C2v molecular structure. (Red) SERS spectrum of 

fructose binding to 4-MPBA SAM on a Q3D-PNA in PBS with 10 mM fructose taken 

after 1 h immersion. The illustration shows the symmetry breaking of 4-MPBA from 

pseudo C2v to Cs upon fructose binding. The λex = 785 nm, Plaser = 1 mW, and t = 10 s. 

Two SERS spectra were normalized to the peak at 1075 cm-1. 
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Figure 2.3 SERS spectra of benzenethiol with and without fructose  

SERS spectra of benzenethiol SAMs on Q3D-PNA SERS substrates in PBS (black) and 

in PBS with 10 mM fructose after immersion for 1 h (green). There is no difference 

between two spectra, indicating that the boronic acid functional group is necessary for 

specific binding of fructose. Two SERS spectra were normalized to the peak at 1075 cm-1. 

The λex = 785 nm, Plaser = 1 mW, and t = 10 s. 
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Figure 2.4 Control experiments with 3-MPBA 

SERS spectra of 3-MPBA SAMs on Q3D-PNA SERS substrates in PBS (black) and in 

10 mM fructose PBS solution after immersion for 1 h (red). There is no significant 

difference between two spectra, indicating that the C2v symmetry of the probe molecule is 

necessary for detecting fructose via symmetry breaking of the probe molecule upon 

fructose binding. Two SERS spectra were normalized to the peak at 997 cm-1. The λex = 

785 nm, Plaser = 1 mW, and t = 10 s. 
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Figure 2.5 SERS spectra of the 8a and 8b modes of 4-MPBA SAMs upon the 
interaction with fructose 

(a) The SERS spectra of the 8a and 8b modes of 4-MPBA SAMs upon the interaction 

with 10 mM fructose in PBS at different immersion times. The λex = 785 nm, Plaser = 1 

mW, and t = 10 s. The spectra were normalized to the peak at 1075 cm-1. (b) The 

viariation of the average area ratio of the peaks at 1574 to 1587 cm-1 for each 

concentration of fructose in PBS as a function of time.  
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Figure 2.6 Quantitative detection of fructose 

(a) The SERS spectra of the 8a and 8b modes of 4-MPBA SAMs in fructose PBS 

solutions with the concentrations of 0.02 – 10 mM after immersion for 10 min. The λex = 

785 nm, Plaser = 1 mW, and t = 10 s. The spectra were normalized to the peak at 1075 cm-

1. (b) The fructose detection curve in PBS by plotting the average area ratio of the peaks 

at 1574 to 1587 cm-1 as a function of the fructose concentration after immersion for 10 

min. Inset: a linear relationship for the physiologically relevant concentrations.  
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Figure 2.7 Interactions with other sugars 

The difference of the average area ratios of the peaks at 1574 to 1587 cm-1 between 

immersed in each10 mM sugar solution and PBS for 1 h. The sugar solutions are 10 mM 

fructose, mannose, glucose, and sucrose in PBS, respectively. Δ (A1574/A1587) = 

A1574/A1587 (sugar) - A1574/A1587 (PBS) 
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Figure 2.8 SERS spectrum of undiluted artificial urine 

SERS spectrum of undiluted artificial urine on a bare gold Q3D-PNA SERS substrate. 

The labeled peak at 1000 cm-1 corresponds to the symmetrical C-N stretch of urea. The 

λex = 785 nm, Plaser = 1 mW, and t = 30 s. 
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Figure 2.9 SERS spectra of 4-MPBA immersed in undiluted artificial urine, BSA 
solution, R6G solution, and PBS 

The SERS spectra of 4-MPBA SAM modified Q3D-PNA SERS substrates immersed in 

undiluted artificial urine, 1 mg/ml BSA solution, 10-5 M R6G solution, and PBS. The 

labeled peaks belong to R6G. The λex = 785 nm, Plaser = 1 mW, and t = 10 s. The spectra 

were normalized to the peak at 1075 cm-1. 
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Figure 2.10 Fructose detection curve in undiluted artificial urine 

The fructose detection curve in undiluted artificial urine by plotting the average area ratio 

of the peaks at 1574 to 1587 cm-1 as a function of the fructose concentration after 

immersion in each concentration solution for10 min. 
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Chapter 3 Functionalized Plasmonic Nanostructure Arrays for Direct 

and Accurate Mapping Extracellular pH of Living Cells in Complex 

Media Using SERS 

 The extracellular pH (pHe) of living cells is one of the major factors that influence 

cell behaviors including cycle progression, migration, and proliferation, as well as 

metastasis and invasion of tumor cells. Thus, accurate sensing and mapping of the pHe is 

still a critical yet challenging task in the study of pHe-dependent cell behaviors. In this 

work, we present a method to map pHe of living cells based on surface-enhanced Raman 

spectroscopy (SERS). We immobilized a pH probe molecule, 4-mercaptobenzoic acid (4-

MBA), on a gold quasi three-dimensional plasmonic nanostructure array (Q3D-PNA) to 

enable an exceptionally sensitive and reproducible pH measurement. We prudentially 

investigated the influences of cations and complexity of detecting solutions on the 

responses of 4-MBA SERS spectra to pH variations to ensure the accuracy. Herein, a 

normal cell line (NIH/3T3) and a tumor cell line (HepG2) were cultured on the 4-MBA 

modified SERS substrates. Localized pHe was detected and mapped with good spatial 

resolution and pH sensitivity showing pHe domains on both cells. Moreover, the averaged 

pHe of tumor cells was shown to be more acidic compared with that of normal cells. 

3.1 Introduction 

 The extracellular pH (pHe) plays a critical role in the function and metabolism of 

cells. The molecular processes involved in cell cycle progression, proliferation, and 

differentiation are all influenced by the extracellular acidity [53]. In addition, the pHe of 

tumor cells is suggested to be more acidic than the normal cells. Tumor cells can secrete 
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protons (H+) through ion exchangers on the plasma membrane acidifying their 

extracellular environment, which is related with the tumor cells’ adhesion, malignant 

transformation, and metastasis [54]. Meanwhile, the pH gradient across the membrane 

affects the response of tumors to various treatments such as chemotherapy, radiotherapy 

and hyperthermia. The effects of pHe on immune functions have also been reported [55]. 

Thus, an accurate method to measure the extracellular pH is highly desirable. More 

challenges are posted in mapping the pHe distributions of single living cells with good 

spatial resolution and pH sensitivity.  

 Glass or fiber optic pH microelectrodes were used to determine the pHe of animal 

and human tumors [56]. However, these invasive techniques are not suitable for the 

mapping of pHe on a single living cell because the diameters of the electrodes are larger 

than those of cells. Tumor pHe can be mapped noninvasively by magnetic resonance 

spectroscopic imaging [57, 58]. However, the mapping is usually conducted on a larger 

region of tumor tissue, and the spatial resolution is too low to be applied for the study of 

single living cells. Fluorescence-based pH probes provide excellent spatial resolution, but 

most have been designed to detect the intracellular pH [59]. Recently, several fluorescent 

pHe indicators were developed based on the linked membrane protein or lipid-DNA for 

cell-surface anchoring [60]. However, whether the probe can be anchored uniformly on 

the membrane without forming domains is questionable and the process is complex. 

Furthermore, the fluorophores are prone to bleaching under repeated and intense 

illuminations.  

 Raman microspectroscopy is a rapid, noninvasive, and label-free technique that 

can be used to analyze and image cells with local molecular specificity. Surface-
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enhanced Raman spectroscopy (SERS) can magnify the Raman signals of molecules or 

species in the proximity of the surfaces of plasmonic nanostructures a million fold, 

rendering ultra-sensitivity [61]. The pH sensing based on SERS has been explored before 

[62-66]. Several groups have demonstrated that the pH of solutions and living cells can 

be detected by using gold or silver nanoparticles functionalized with 4-mercaptobenzoic 

acid (4-MBA), a probe molecule with a pH dependent SERS spectrum. Since the 

functionalized nanoparticles were taken up by the cells, intracellular pH (pHi) rather than 

pHe were measured. In addition, due to the clustering of nanoparticles and uncontrolled 

uptake process, it is difficult to obtain reproducible and accurate pH measurement and 

mapping. In contrast, using a two-dimensional SERS-active surface instead of 

nanoparticles can prevent cell uptake, enabling the measurement and mapping of pHe of 

cells. 

 Herein, we immobilized 4-MBA on a gold quasi three-dimensional plasmonic 

nanostructure array (Q3D-PNA) to map the local pHe of single living cells using SERS 

(Figure 3.1). The 4-MBA functionalized Q3D-PNA SERS substrates demonstrated good 

sensitivity and reproducibility across the entire nanopatterned area for the pH 

measurement, which are essential for SERS pHe mapping of single living cells. The 

influence of cations in detecting solutions on the responses of 4-MBA SERS spectra to 

pH variations were investigated and the calibration curves were established to ensure the 

detection and mapping accuracy in complex media such as cell culture media. As a proof 

of concept, a normal cell line (NIH/3T3) and a tumor cell line (HepG2) were cultured on 

the 4-MBA modified Q3D-PNA SERS substrates. The values of local pHe of living cells 
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were detected and mapped with high spatial resolution and pH sensitivity. The tumor 

cells displayed more acidic averaged pHe. 

3.2 Experimental Section 

3.2.1 Materials 

 4-Mercaptobenzoic acid (4-MBA, 99%), phosphate buffered saline packet (PBS, 

pH 7.4 and ionic strength 150 mM), sodium chloride (NaCl, 99%), potassium chloride 

(KCl, 99%), potassium phosphate dibasic (K2HPO4, 98%), HEPES (C8H18N2O4S, 99.5%), 

calcium chloride (CaCl2, 97%), magnesium chloride (MgCl2, 98%), sodium phosphate 

dibasic (Na2HPO4, 99%), and citric acid (C6H8O7, 99%) were purchased from Sigma-

Aldrich (St. Louis, MO). High-purity deionized (DI) water was obtained with a Millipore 

water system. Gibco® Dulbecco's modified eagle medium (DMEM, high glucose, 

GlutaMAX™ Supplement) and fetal bovine serum (FBS) were purchased from Life 

Technologies (Grand Island, NY). 

3.2.2 Fabrication and surface modification of gold Q3D-PNA SERS substrates 

 Gold Q3D-PNAs (50 μm × 50 μm) with a square grid of 400 nm diameter and 

100 nm spacing were fabricated by electron beam lithography (EBL) following the same 

method reported previously [67, 68]. Scanning electron microscope (SEM, FEI Sirion) 

and tapping mode atomic force microscope (AFM, DI MultiMode with Nanoscope Iva 

controller) were used to characterize the dimensions of the nanostructures. The 4-MBA 

self-assemble monolyaer (SAM) was formed on the surface of the Q3D-PNA SERS 

substrate by soaking an UV ozone-cleaned substrate in a 0.1 mM 4-MBA in ethanol for 

12 h, followed by rinsing with ethanol, deionized (DI) water and blowing dry in a stream 

of nitrogen.  
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3.2.3 Generation of pH calibration curves 

 The pH calibration curves were generated from different solutions including, 

intracellular mimic (IC: 5 mM NaCl; 120 mM KCl; 10 mM K2HPO4; 25 mM HEPES; 

0.15 mM CaCl2; 5 mM MgCl2; pH adjusted with KOH and HCl), cell culture medium 

(CM: DMEM with additional 25 mM HEPES and 10% fetal bovine serum; pH adjusted 

with NaOH and HCl), PBS (10 mM Na2HPO4; 1.8 mM KH2PO4; 138 mM NaCl; 2.7 mM 

KCl; pH adjusted with NaOH and HCl), DI water (pH adjusted with NaOH and HCl) and 

phosphate citrate buffer (PC: mixing aqueous solutions of Na2HPO4 (200 mM) and citric 

acid (100 mM) with different volume ratios for desired pH).  

 Raman spectroscopy was carried out on a Renishaw InVia Raman spectroscope 

connected to a Leica DMLM upright microscope. A 50×/N.A. = 0.8 objective was used 

to focus a 785 nm laser on a Q3D-PNA, and to collect the 180° scattered light from the 

sample surface. The 4-MBA modified SERS substrates were submersed in different 

solutions in a custom-made container and covered with a glass slide on the top to take 

SERS spectra in a wet condition. The laser power was set at 1 mW and the exposure time 

was 10 s. Spectral resolution of 1.1 cm-1 can be achieved and spectra ranging from 400 to 

1800 cm-1 were collected. The pH calibration curves were generated by plotting the 

relative intensities of the νCOO- mode to the benzene ring ν8a mode as a function of pH. 

3.2.4 Cell seeding on the Q3D-PNA SERS substrates 

 Prior to cell culture, the 4-MBA modified Q3D-PNA SERS substrates were 

sterilized by soaking and rinsing with copious amounts of ethanol. Two sterilized SERS 

substrates each with 4 of 50 μm × 50 μm Q3D-PNA patterns were attached to custom-

made Teflon holders and then they were placed in two petri dishes. To them, NIH/3T3 
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and HepG2 cells (ATCC, Manassas, VA) were plated separately in each at about 4 × 104 

cells/mL in DMEM with additional 25 mM HEPES and 10% FBS in a 5% CO2 incubator 

at 37 °C for 24 h.  

3.2.5 Optical imaging and SERS mapping of pHe of living cells 

 The optical images of NIH/3T3 and HepG2 after 24 h incubation on the 4-MBA 

modified Q3D-PNA SERS substrates were taken using 10×/N.A. = 0.3 and 50×/N.A. = 

0.8 lenses. The Teflon holders with SERS substrates and cultured cells were taken out of 

the petri dishes after 24 h incubation. A cover glass was carefully put over the top 

opening of the Teflon holder. The optical and Raman images were taken directly from 

these samples by impinging the light or laser through the cover glass and focsing on the 

sample surface.  

 The bright field and dark field images of cells on the Q3D-PNA patterns were 

taken with the 50×/N.A. = 0.8 lens. The SERS spectra of NIH/3T3 and HepG2 cells were 

taken using the Renishaw InVia confocal Raman microspectrocope in the mapping mode 

with 1 mW laser power, 10 s exposure time and spectral range from 1300 to 1800 cm-1 

using a 50×/N.A. = 0.8 objective with a pinhole to focus the beam to a ~2 m diameter 

spot. The mapping area was a square of 50 μm × 50 μm covering the Q3D-PNA pattern 

and the step size was 2 m in both x- and y-direction. 

3.3 Results and Discussion 

3.3.1 High reproducibility of Q3D-PNA SERS substrates 

 The SERS substrate for mapping pHe of single live cells is critical because it has 

to be stable, sensitive, spatially uniform and reproducible. In this work, we used the gold 

Q3D-PNA SERS substrate, which is composed of physically separated subwavelength 
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gold nanodiscs at the bottom and a gold thin film with nanoholes on the top (Figure 3.1). 

Q3D-PNAs were designed using finite-difference time-domain (FDTD) electromagnetic 

simulations and fabricated via EBL, which have demonstrated excellent tunable 

plasmonic and optical properties as well as strong and reproducible SERS signals [67, 69]. 

Figure 3.2a shows the SERS spectrum of 4-MBA SAM formed on the Q3D-PNA in PBS 

at pH 7.4. The peak assignments are summarized in Table 3.1. Figure 3.2b shows the 

contour of 32 SERS spectra of 4-MBA collected from the same chip at 32 different 

locations. The high reproducibility indicates an exceptional uniformity of the substrate, 

which is crucial for SERS mapping in order to yield a complete and meaningful spectral 

map. 

3.3.2 pH response of 4-MBA modified Q3D-PNA SERS substrates in PBS 

 To measure pH response, a 4-MBA modified Q3D-PNA SERS substrate was 

immersed in PBS with the pH being adjusted from ~4.0 to ~9.0. Figure 3.3a shows the 

SERS spectra in the window of 1300-1800 cm-1, which is the range with the most 

prominent spectral changes as a function of pH. All the spectra are normalized at the 

intense peak at 1586 cm-1, assigned as the aromatic ring breathing mode (ν8a). The peak 

at ~1420 cm-1, which belongs to the symmetric COO- stretching mode (νCOO-), increases 

with the increasing of pH. A larger increase was observed for the pH greater than ~6.5 

because of the deprotonation of more carboxyl groups (Figure 3.3b). The peak also 

redshifts with the increasing of pH suggesting that some 4-MBA molecules may still be 

involved in hydrogen bonding in addition to the possible interaction between COO- 

groups and the ring hydrogens. It was also noticed that the shoulder at ~1690 cm-1 due to 

the symmetric C=O stretching mode decreases with the increasing of pH (Figure 3.3a). 
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The inverse behaviors of these two peaks were observed in the previous reports [62-66]. 

Because of the sensitive response to solution pH, the intensity of the νCOO- peak will be 

used as the pH indicator in this work.  

3.3.3 Interferences from cations and calibrations in different solutions 

 However, the νCOO- peak of 4-MBA not only responds to the variation of 

solution pH due to protonation/deprotonation, but also changes with the presence of 

cations in solution due to chelation. This effect has been used to detect heavy metal ions 

using SERS by monitoring the shift and intensity change of the νCOO- peak [70]. In this 

work, mapping pHe of living cells using SERS would be conducted in situ in cell culture 

media after 24 h incubation. Na+ and K+ are the major cations in cell culture media and 

they have a reverse concentration gradient across the cell membrane to maintain the 

resting potential [71]. A small amount of divalent cations Ca2+ and Mg2+ are also present 

in most of the cell culture media. Cells maintain relative high concentrations of Mg2+ but 

pump Ca2+ out [72]. Thus, we studied the potential interferences of these four types of 

cations (Na+, K+, Ca2+ and Mg2+) on the SERS peak of νCOO- by adding them one at a 

time to the pure deionized (DI) water while keeping a constant pH of 7.0 in order to 

evaluate the cation effect. Figure 3.4a shows the SERS spectra in the window of 1350-

1500 cm-1 of these solutions and DI water. Adding 10 mM Na+ or K+ in DI water does not 

induce any spectral change of the νCOO- peak. The presence of 10 mM Ca2+ causes the 

νCOO- peak to redshift about 6 cm-1 and to slightly decrease peak intensity. By adding 10 

mM Mg2+, the peak also shows a shift of about 8 cm-1 to high wavenumber and a 

relatively large intensity increase. The SERS spectral changes imply the variations of 

polarizability of COO- induced by the chelation of different cations. The divalent cations 
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exhibit more influences on the νCOO- peak comparing with the monovalent cations 

because of their higher binding affinities to the carboxylate group [73]. Since the relative 

intensity of the νCOO- peak to the benzene ring v8a peak is used to detect pH, the 

intensity change of the νCOO- peak with the presence of cations, especially divalent 

cations, does affect the detection accuracy of this method. In addition, the detection could 

also be affected by the ionic strength of a solution due to the formation of an electrical 

double layer that affects the diffusion of protons and other cations. Therefore, it is 

necessary to measure the pH calibration curves under the real detection conditions.  

 We investigated the pH response of the νCOO- peak in different solutions 

including, intracellular mimic (IC), cell culture medium (CM), PBS, DI water and 

phosphate citrate buffer (PC). Figure 3.4b shows the relative intensities of the νCOO- 

mode to the benzene ring ν8a mode as a function of pH in aforementioned solutions, and 

the error bars correspond to the standard deviation of five replicates. Notably, the 

calibration curves of different solutions are not identical. At the same pH, the relative 

intensities of the peaks of νCOO- over v8a from the intracellular mimic and cell culture 

medium are much higher than those from the other solutions because of the presence of 

divalent ions (5 mM Mg2+ and 0.15 mM Ca2+) in intracellular mimic and the complexity 

of the cell culture medium. Clearly, errors would be introduced in the measurements of 

pHi or pHe if they are simply based on the calibration curve built from a buffer solution 

but in fact that 4-MBA modified SERS substrates are surrounded by complex biological 

media. Since we would culture the cells on the SERS substrates and map the pHe in situ 

in the cell culture medium after incubation, we generated the pH calibration curve for the 

cell culture medium. Remarkably, the calibration curve of the cell culture medium shows 
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a steeper slope between pH 7.0 and 7.6, offering a resolution of about 0.1 pH units across 

this range, which is also the ideal range of pHe, A similar pH sensitivity was reported 

with 4-MBA modified gold-nanoshells [63]. This pH sensitivity is essential in order to 

distinguish the pH differences of the microenvironment outside the living cell membranes. 

3.3.4 Mapping extracellular pH of living normal and cancer cells in cell culture 

media 

 To demonstrate the capability of 4-MBA modified Q3D-PNA SERS substrates in 

the detection and mapping of the pHe distribution of single living cells, NIH/3T3 and 

HepG2 cells were cultured directly on the SERS substrates that were placed in each of 

the two petri dishes in the cell culture medium for 24 h. A control set was run in parallel 

by just adding the cell culture medium. After incubation, the optical images and the pHe 

SERS mapping of the cells were taken in situ using the Renishaw Raman 

microspectroscopy system. The first row of Figure 3.5a shows the 10X optical images of 

NIH/3T3, HepG2 and the control set on the SERS substrates in bright field. All the cells 

were well grown and attached to the SERS substrate. The dark squares in the middle are 

the Q3D-PNAs. The images in the second and third rows are the 50X optical images in 

bright field and dark field, respectively. The shapes of cell bodies are blurry in the bright 

field images due to the use of the reflective optical microscope mode, while they are 

clearer in the dark field images confirming the well attached cells on the Q3D-PNAs.  

 The pHe distributions of living cells were mapped out by generating the 2D SERS 

images of local pH values, which were determined from the calibration curve of the cell 

culture medium in Figure 3.4b. The forth row in Figure 3.5a shows the SERS pH 

images of the Q3D-PNA area (50 μm x 50 μm) with the NIH/3T3 and HepG2 samples, 
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corresponding to the optical images shown in the second and the third rows. The control 

set of the cell culture medium was only measured in the center area of the Q3D-PNA, and 

a uniform pH distribution around 7.5-7.6 was observed. Clearly, the areas of no cells in 

the SERS pH images of the NIH/3T3 and HepG2 samples display the similar pH range 

(green color) as that in the control set. The areas where cells attached show lower pH 

than the area of the cell culture medium only. The pHe distributions and microdomains at 

the plasma membrane of both NIH/3T3 and HepG2 cells are shown by color contrast in 

the pHe SERS images. The different pHe values of the cell membranes are believed to be 

related to the Na+/H+ exchangers such as NHE1 distributed in cell membranes that 

extrude the excess protons outside of the cell [74]. Increased expression and activity of 

these Na+/H+ exchangers are observed in tumor cells. And the more acidic 

microenvironment outside the tumor cells is also due to their more glycolytic phenotype. 

Figure 3.5b shows histograms of the pHe of NIH/3T3 and HepG2. The averaged pHe of 

the tumor cells HepG2 (pH 7.29 ± 0.06) is more acidic than that of the normal NIH/3T3 

cells (pH 7.43 ± 0.10) shown in Figure 3.5c. This mapping technique can be used to 

study the cells adhesion and migration regulated by pHe. 

3.4 Conclusions 

 In summary, based on the excellent uniformity and reproducibility of Q3D-PNA 

SERS substrates and the pH calibration curve achieved in the cell culture medium, the 

pHe distributions of living cells were mapped out by using 4-MBA modified SERS 

substrates. This technique can be used for the differentiation between normal and tumor 

cells. Moreover, it will benefit the study of metabolisms and functions of living cells as 

well as transmembrane drug delivery ruled by the extracellular acidity. 
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3.5 Tables 

Table 3.1 The assignment of SERS vibrational frequencies for 4-MBA 

4-MBA 

SERS (cm-1) Assignmentsa 

524 Si + νCS 

696 βOCO +νCS 

722 ν4b 

850 βCOO
-

1014 ν13 

1074 ν1 

1141 ν15 

1181 ν9a 

1420 νCOO
-

1482 ν19a 

1589 ν8a 

1690 νC=O 

                                              a
 ν, stretching; β, in plane bending 
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3.6 Figures 

 

 

Figure 3.1 Schematic illustration of mapping pHe of a single living cell cultured on a 
4-MBA modified Q3D-PNA SERS substrate in the culture media. 
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Figure 3.2 SERS spectrum of 4-MBA and reproducibility test 

(a) SERS spectrum of 4-MBA in PBS (pH 7.4). The λex = 785 nm, Plaser = 1 mW, and t = 

10 s. (b) SERS contour of 32 spectra of 4-MBA collected from different spots on one 

Q3D-PNA SERS substrate. 

 

 

 

 

 

 

 

 

 

 

 

 

 



47 
 

 

Figure 3.3 SERS spectra of 4-MBA responding to pH changes 

(a) SERS spectra of 4-MBA modified Q3D-PNA substrates in PBS with pH from ~4.0 to 

~9.0. (b) A close-look of the intensity of the νCOO- mode at ∼1420 cm−1 varies with pH 

due to its degree of protonation/deprotonation.  
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Figure 3.4 Influence of cations on pH detections 

(a) The peak of the νCOO- mode at ∼1420 cm−1 varies with the presence of 10 mM 

different cations in DI water at pH 7.0. (b) The pH calibration curves for different 

detection solutions made by plotting the relative intensities of the νCOO- to the benzene 

ring ν8a mode as a function of pH. 
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Figure 3.5 Optical images and pHe SERS mapping of NIH/3T3 and HepG2 cells 

(a) Optical images and pHe SERS mapping of NIH/3T3 and HepG2 cells cultured on the 

4-MBA modified Q3D-PNA SERS substrates in the CM. The control was the 4-MBA 

modified Q3D-PNA in the CM only. (b) Histogram of the pHe of NIH/3T3 and HepG2 

cells. (c) Averaged pHe of NIH/3T3 and HepG2 cells (collected from 5 cells, independent 

t-test, P < 0.0001). 
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Chapter 4 Stealth Surface Modification of Surface-Enhanced Raman 

Scattering Substrates for Sensitive and Accurate Detection in Protein 

Solutions 

 Reliable surface-enhanced Raman scattering (SERS) based biosensing in complex 

media is impeded by nonspecific protein adsorptions. Because of the near-field effect of 

SERS, it is challenging to modify SERS-active substrates using conventional nonfouling 

materials without introducing interference from their SERS signals. Herein, we report a 

stealth surface modification strategy for sensitive, specific and accurate detection of 

fructose in protein solutions using SERS by forming a mixed self-assembled monolayer 

(SAM). The SAM consists of a short zwitterionic thiol, N,N-Dimethyl-cysteamine-

carboxybetaine (CBT), and a fructose probe 4-mercaptophenylboronic acid (4-MPBA). 

The specifically designed and synthesized CBT not only resists protein fouling 

effectively, but also has very weak Raman activity compared to 4-MPBA. Thus, the CBT 

SAM provides a stealth surface modification to SERS-active substrates. The surface 

compositions of mixed SAMs were investigated using x-ray photoelectron spectroscopy 

(XPS) and SERS, and their nonfouling properties were studied with a surface plasmon 

resonance (SPR) biosensor. The mixed SAM with a surface composition of 94% CBT 

demonstrated a very low bovine serum albumin (BSA) adsorption (~3 ng/cm2), and 

moreover, only the 4-MPBA signal appeared in the SERS spectrum. Using this surface-

modified SERS-active substrate, quantification of fructose over clinically relevant 

concentrations (0.01-1 mM) was achieved. Partial least squares regression (PLS) analysis 

showed that the detection sensitivity and accuracy were maintained for the measurements 

in 1 mg/mL BSA solutions. This stealth surface modification strategy provides a novel 
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route to introduce nonfouling property to SERS-active substrates for SERS biosensing in 

complex media. 

4.1 Introduction 

 Biosensing based on surface-enhanced Raman scattering (SERS) platforms has 

made tremendous progress due to the advances of controllable colloidal metallic 

nanoparticle synthesis, precise nanofabrication and surface modification techniques [75-

77]. The extremely high sensitivity has been realized by well controlled metallic 

nanoparticle size, shape and distance, as well as different two-dimensional and three-

dimensional plasmonic nanostructures [78]. The detection specificity can be obtained 

from the vibrational modes of the target molecule directly adsorbed on SERS-active 

substrate surfaces, or via Raman reporters and probes. The high sensitivity and molecular 

specificity of SERS have led to an enormous amount of biosensing applications, such as 

the detection of small biomolecules [16, 79], DNA strands [8, 80, 81], proteins [82], 

microorganisms [43, 83, 84], and cancer cells [85]. Nevertheless, reliable biosensing 

based on SERS platforms in complex biological media is still challenging due to 

interfering species and nonspecific adsorption of proteins [86]. Background noise from 

interfering species could mask the signals from target analytes because a bare SERS-

active surface lacks of selectivity. Nonspecific adsorption of proteins could impede the 

adsorption of target analytes to SERS-active substrate surfaces. 

 In order to promote target analytes to SERS substrate surfaces and thus to reduce 

interferences, several surface modification methods have been developed. By forming 

mixed self-assembled monolayers (SAMs) of alkane or benzyl thiols on SERS-active 

substrates, small molecules such as glucose and 3,4-methylenedioxymethamphetamine 
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(MDMA) partition to the mixed SAM layer, and thus enabled the detections [25, 87]. 

Instead of physical attractions, thiolated aptamers have been used to modify SERS 

substrates to recognize and bind analytes [88, 89]. Then, the SERS detection was 

accomplished by measuring either the SERS signals of the Raman label conjugated to the 

analyte vasopressin [88] or the SERS signals of the analyte ricin [89]. Recognition 

between antibody-antigen has also been employed for SERS biosensing [90, 91]. In these 

studies, molecules with thiolated phenyl ring or dithiolated multiple phenyl rings were 

used as probes or reporters to detect the antigens. In fact, surface modifications based on 

molecules of benzenethiol with different functional groups, which serve as probe 

molecules, have attracted more attention recently [92-95]. They can form SAMs on 

SERS-active substrates, creating strong and reproducible SERS signals. Density 

functional theory (DFT) calculations showed that the probes with benzenethiol structure 

on SERS-active substrates exhibit a large intrinsic Raman activity due to the chemical 

enhancement mechanism [96]. This offers a great advantage since the detection of 

analytes is achieved by monitoring the SERS spectral changes of the probe molecules 

upon interactions with targeted analytes. The strong SERS signals of phenyl rings can 

amplify the detection signals over other interferences. For example, 4-mercaptobenzoic 

acid (4-MBA) was used to functionalize gold or silver nanoparticles for intracellular pH 

sensing because the SERS spectrum of 4-MBA changes in response to the interaction 

between the carboxyl group and protons [92, 93]. A specially designed peptide receptor 

conjugated with thiophenol group was modified on silver nanoparticles; quantitative 

detection of an oncogenic protein in cell extracts was accomplished by monitoring the 

SERS spectral changes due to the reorientation of the phenyl ring [94]. Our group 
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recently reported the using of 4-mercaptophenylboronic acid (4-MPBA) for quantitative 

and selective detection of fructose in artificial urine also based on observing the relative 

SERS intensity changes of the totally and nontotally symmetric ring vibrational modes 

due to the symmetry breaking upon fructose binding to the boronic acid group [95].  

 Despite the successful detections using these surface modifications, a suppression 

of sensitivity and accuracy in complex media was observed in comparison to the results 

obtained in simple buffer solutions [94, 95, 97]. It was found that nonspecific adsorbed 

proteins from the complex media formed a dense layer prohibiting the diffusion and 

recognition of target molecules. Thus, a nonfouling modification with high surface 

coverage is desired to resist the nonspecific protein adsorption in order to maintain the 

detecting sensitivity and accuracy, as well as to prolong the stability and lifetime of the 

SERS-active substrates. However, SERS is a near-field effect and is most sensitive to the 

first monolayer of molecules on the SERS-active substrate surfaces [98]. If the SERS-

active substrate surface is occupied by the nonfouling modification, signals of the 

modification may dominate the spectrum as an overwhelming background that could 

cover or overlap with the signals from target molecules. Therefore, surface modification 

of SERS-active substrates pose a great challenge to produce the capabilities to resist 

fouling without introducing unwanted signals, and also can respond to the interactions of 

immobilized probe molecules to target molecules for sensitive, specific and accurate 

SERS detection in complex media. 

 To tackle this challenge, we developed a stealth surface modification approach by 

modifying SERS-active substrate surfaces with a mixed SAM, containing molecules with 

dramatically different intrinsic Raman activities. Selective detection and signal 



54 
 

amplification are achieved by the molecule with strong Raman activity, while nonfouling 

properties are achieved by the molecule with weak Raman activity. In this work, we 

designed and synthesized a short zwitterionic thiol, N,N-Dimethyl-cysteamine-

carboxybetaine (CBT), and used it to modify SERS-active substrate surfaces. This 

modification provided the surface with nonfouling properties because the carboxybetaine 

head group can bind water strongly and resist protein adsorption [99, 100]. CBT is 

expected to have a remarkably small Raman cross-section as a small aliphatic molecule 

[101]. As a proof of concept, we formed 4-MPBA and CBT mixed SAMs on gold quasi-

three-dimensional plasmonic nanostructure arrays (Q3D-PNAs) [43, 95] to detect 

fructose in protein solutions as illustrated in Figure 4.1a. The surface composition of two 

components is critical for maximizing the nonfouling properties without reducing the 

sensitivity, specificity and accuracy of SERS sensing. Therefore, the mixed SAMs with 

different compositions were studied using SERS and X-ray photoelectron spectroscopy 

(XPS). Their nonfouling performances were assessed by a surface plasmon resonance 

(SPR) biosensor. An optimized ratio of CBT to 4-MPBA was determined, and used to 

modify the Q3D-PNAs. Detections of fructose with the concentrations in the clinically 

relevant range were conducted in PBS buffers and BSA solutions. Partial least squares 

regression (PLS) analysis was applied and the results showed that the sensitivity and 

accuracy were maintained for the detections in BSA solutions. The resistance to protein 

adsorption and the invisibility of its own SERS signal make CBT a viable option for the 

stealth surface modification of SERS-active substrates. 
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4.2 Experimental Section 

4.2.1 Materials 

 4-mercaptophenylboronic acid, D-(−)-fructose, phosphate buffered saline packet 

(PBS, pH 7.4 and ionic strength 150 mM) and albumin from bovine serum were 

purchased from Sigma-Aldrich (St. Louis, MO). Dithiothreitol, triethylamine, acrylic acid, 

and cysteamine dihydrochloride were purchased from TCI America (Portland, OR). 

Diethyl ether and anhydrous methanol were purchased from J. T. Baker (Center Valley, 

PA). High-purity deionized (DI) water was obtained with a Millipore water purifier 

system. 

4.2.2 Synthesis of N,N-Dimethyl-cysteamine-carboxybetaine  

 N,N, N’,N’-Tetramethyl-cystamine-di-carboxybetaine (CBT disulfide) (2). 

Bis(2-dimethylaminoethyl) disulfide dihydrochloride 1 (10.1 g, 35.9 mmol) and 

triethylamine (10.0 mL, 71.7 mmol) were dissolved in anhydrous methanol (100 mL) and 

the solution was stirred at room temperature for 30 min. Acrylic acid (48.3 mL, 710 

mmol) and hydroquinone (500 mg, 4.54 mmol) were then added to the mixture, which 

was stirred at 50 °C for 18 h. The solution was concentrated on the rotovap to a syrupy 

consistency. Diethyl ether (500 mL) was added to the viscous residue resulting in a 

suspension that was stirred at room temperature for 12 h. The precipitate was filtered on a 

Buchner funnel, washed with cold ether and dried under high vacuum to afford the pure 

product as a fine white powder (11.6 g, 32.9 mmol). Yield: 92%. 1H NMR (300 MHz, D-

2O) δ (ppm): 3.60 (t, 4H, J = 7.6 Hz), 3.56 (t, 4H, J = 7.6 Hz), 3.07 (t, 4H, J = 4.7 Hz), 

3.03 (s, 12H), 2.85 (t, 4H, J = 7.5 Hz). 
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 N,N-Dimethyl-cysteamine-carboxybetaine (CBT) (3). CB-thiol disulfide 3 

(3.20 g, 9.08 mmol) was dissolved in anhydrous methanol (50.0 mL). Dithiothreitol (1. 

47 g, 9.53 mmol) was added to the solution and the mixture was stirred at room 

temperature for 12 h. The solution was concentrated on the rotovap to remove about 90% 

of methanol and diethyl ether (150 mL) was added to the residue, resulting in a 

suspension. After stirring in ether for 12 h, the precipitate was filtered out on a Buchner 

funnel, washed with ether and dried under high vacuum to afford the pure product as a 

white powder (1.37 g, 7.72 mmol). Yield: 85%. 1H NMR (300 MHz, D2O) δ (ppm): 3.51 

(t, 2H, J = 6.4 Hz), 3.49 (t, 2H, J = 6.4 Hz), 2.97 (s, 6H), 2.82 (m, 4H). 13C NMR (75 

MHz, D2O) δ (ppm): 174.4, 67.3, 60.8, 51.9, 29.1, 17.8. 

4.2.3 Fabrication and surface modification of gold Q3D-PNA SERS substrates 

 Gold Q3D-PNA SERS substrates are composed of physically separated gold thin 

films with subwavelength nanoholes on the top and gold nanodiscs at the bottom of the 

wells as illustrated in Figure 4.1b. They were fabricated via electron beam lithography 

(EBL) following the same method reported previously [95]. Ellipsometery (J.A. Woollam, 

α-SE) was used to measure the thickness of PMMA and gold coatings, and the 

dimensions of the Q3D-PNA were confirmed by scanning electron microscope (SEM, 

FEI Sirion) shown in Figure 4.1c. Pure CBT, pure 4-MPBA, and 4-MPBA/CBT mixed 

SAMs were formed on the surface of a gold Q3D-PNA SERS substrates by soaking UV 

ozone-cleaned substrates in a 1 mM pure CBT, 1 mM pure 4-MPBA or 1 mM 4-

MPBA/CBT (molar ratio: 10/90 and 1/99) absolute ethanol solution for 12 h, followed by 

rinsing with ethanol and deionized (DI) water and blowing dry in a stream of nitrogen. 
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4.2.4 Analysis of SAMs using XPS 

 The pure CBT, pure 4-MPBA and 4-MPBA/CBT mixed SAMs were 

characterized using X-ray photoelectron spectroscopy (XPS) on a Kratos Axis Ultra XPS 

instrument using monochromated Al Kα radiation (1486.6 eV). Survey spectra and detail 

scans of C 1s, N 1s, B 1s, and S 2p were acquired using a pass energy of 150 eV. High-

resolution spectra of C 1s and S 2p were acquired using a pass energy of 50 eV. Spectra 

were collected with the analyzer at 55° with respect to the surface normal of the sample. 

Typical pressure in the chamber during spectral acquisition was 10-9 Torr. Three spots on 

two or more replicates sample were analyzed. Computer aided surface analysis (CasaXPS) 

software was used to calculate compositions from the peak areas. 

4.2.5 Nonfouling assessment using an SPR biosensor 

 A four-channel custom-built SPR sensor was used to measure the protein 

adsorptions on the surfaces of gold SPR chips modified with different SAMs. The pure 

CBT, pure 4-MPBA and 4-MPBA/CBT mixed SAMs were formed on UV ozone-cleaned 

gold SPR chips following the same aforementioned method. The modified SPR chips 

were rinsed with ethanol, DI water, dried by nitrogen, and then mounted on the SPR 

device. The temperature controller was set to 25 ± 0.01°C. Protein adsorption was 

measured by sequentially flowing PBS, 1 mg/mL BSA in PBS, and PBS over the SAM 

surface each for 10 min at 40 μL/min flow rate by a peristaltic pump. The wavelength 

shift between the baselines before protein injection and after rinsing with PBS was used 

to quantify the total amount of protein adsorbed. A reference channel containing a PBS 

flow was used for each chip to correct for baseline drift. A 1 nm wavelength shift from 
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the SPR at 750 nm represents a surface coverage of 17 ng/cm2 adsorbed proteins. The 

detection limit for the SPR sensor is 0.3 ng/cm2. 

4.2.6 Detection of fructose in PBS and BSA solutions using SERS 

 A Renishaw InVia Raman spectroscope connected to a Leica DMLM upright 

microscope was used to collect SERS spectra. A 785 nm laser was used as an excitation 

laser, which was focused on a Q3D-PNA using a 50x (N.A. = 0.8) objective and the laser 

power of 1 mW. A spectral resolution of 1.1 cm-1 can be achieved, and spectra were 

collected in the range of 400 to 1700 cm-1. The Q3D-PNA SERS substrates modified by 

pure CBT SAM, pure 4-MPBA SAM, or 4-MPBA/CBT mixed SAM were placed in a 

custom-made Teflon container, a volume of 150 L PBS solution was added, and then a 

piece of microscope cover glass was placed on top of the container carefully to avoid 

forming bubbles. SERS spectra of 4-MPBA SAM and 4-MPBA/CBT mixed SAM were 

taken with CCD exposure time of 10 s and a single accumulation while those of CBT 

SAM with 10 accumulations to increase the signal/noise ratio. To detect fructose in PBS 

or proteins solutions, after placing a SERS substrate modified with 4-MPBA/CBT mixed 

SAM in the Teflon holder, a volume of 150 μL PBS solution or 1 mg/mL BSA solution 

spiked with concentrations of fructose (0.01, 0.05, 0.10, 0.16, 0.23, 0.29, 0.35, 0.41, 0.47, 

0.54, 0.61, 0.68, 0.75, 0.83, 0.90, and 0.99 mM) was added on the surface carefully. Then 

the container was covered with a piece of microscope cover glass. The SERS spectra 

were collected after immersion in each concentration solution for 20 min with CCD 

exposure time of 10 s and a single accumulation. Three replicates were measured for each 

concentration. 
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4.2.7 Chemometrics method 

 All SERS spectral data processing was performed using the Unscrambler® X 

(CAMO Software, Oslo, Norway) software package [102]. Prior to analysis, all spectra 

were baseline corrected by fitting the raw spectrum to a fourth-order polynomial and then 

subtracted. The baseline corrected spectra were normalized with respect to the peak at 

1075 cm-1 for 4-MPBA SAM and 4-MPBA/CBT SAM modified samples followed by 

taking the Savitzky–Golay 1st derivative (5 points, 2nd degree). Then data analysis was 

conducted using partial least squares (PLS) method with leave-one-out, cross validation 

for evaluating the effectiveness of SERS technique in predicting different fructose 

concentrations (0-1 mM) in PBS buffer [103]. This analysis used one sample as the 

validation set and the remaining samples as the training set. The process was repeated for 

all samples (i.e. 51 samples). The root mean squared error of prediction (RMSEP) was 

used to judge the accuracy of predictions. It was calculated from the cross validation data 

as RMSEP=ට
ଵ

ହଵ
∑ ሺ݊݋݅ݐܿ݅݀݁ݎ݌ െ ሻଶହଵ݁ܿ݊݁ݎ݂݁݁ݎ  

 For both of the pure 4-MPBA SAM and 4-MPBA/CBT mixed SAM modified 

SERS sensors, their PLS calibration models were built in PBS buffer. Then, the models 

were used for the prediction of different known concentrations of fructose in BSA 

solution after immersion of the modified sensors in BSA solution (1 mg/mL) for 4 h to 

evaluate the potential influence of protein fouling.  
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4.3 Results and Discussion 

4.3.1 SERS spectra of pure and mixed SAMs  

 The short zwitterionic thiol, CBT, was designed to have a carboxybetaine head 

group, in which both cationic and anionic groups are on the same molecule. Due to the 

electrostatically induced hydration, it can be highly resistant to nonspecific protein 

adsorption. There is a short spacer between the thiol and carboxybetaine group so that 

CBT and 4-MPBA can form a mixed SAM with similar height. The reaction route for the 

synthesis of CBT is presented in Figure 4.2. 

 The pure CBT SAM was formed on the gold surface of a Q3D-PNA SERS 

substrate. The SERS spectrum of the CBT SAM in PBS is shown in Figure 4.3 (bottom 

purple line). Because of the small Raman scattering cross-section, the measurement was 

achieved by collecting the spectrum with 10 accumulations to improve the signal-to-noise 

ratio. Characteristic peaks are observed from both the quaternary amine and carboxyl 

acid groups of CBT. The strong peaks at 756 and 1079 cm-1 are attributed to the 

symmetric and anti-symmetric stretching vibration of the quaternary amine group (C4N+), 

respectively [104, 105]. The stretching modes of the carboxyl acid group (COO-) are 

illustrated at 1360 and 1585 cm-1 [104, 106]. In addition, the CS stretching mode at 672 

cm-1 and the in-plane bending mode of CS-Au at 847 cm-1 indicate that CBT adsorbs 

dissociatively as thiolate and forms a gold-sulfur bond [44]. The assignments of each 

peak are given in Table 4.1. 

 Since CBT will serve as the nonfouling background while 4-MPBA will be used 

as a fructose reporter, the ratio of 4-MPBA to CBT of the mixed SAM is crucial in order 

to maximize the detection sensitivity while minimizing protein fouling. We modified the 
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Q3D-PNA SERS substrates with 4-MPBA/CBT mixed SAMs using the molar ratios of 

10/90 and 1/99 for 4-MPBA/CBT in bulk solutions. Figure 4.3 shows the SERS spectra 

of these two mixed 4-MPBA/CBT SAMs in PBS on Q3D-PNA SERS substrates. For 

comparison, the SERS spectra of the pure 4-MPBA SAM and pure CBT SAM are also 

shown in Figure 4.3. The SERS spectrum of pure 4-MPBA SAM is the same as we 

reported before [95]. The signal of a pure CBT SAM is about 170-fold lower than that of 

a pure 4-MPBA SAM. 4-MPBA has a larger Raman cross-section than CBT from the 

benzene ring. In addition, thiolated linkers with conjugated π-electrons such as 4-MPBA 

allow more efficient electron transfer and molecular orbital overlapping, inducing a 

higher chemical enhancement factor over alkanethiols such as CBT [51]. The sharp 

difference between their intrinsic SERS activity ensures the possibility to increase the 

ratio of CBT in the 4-MPBA/CBT mixed SAM to provide a nonfouling modification 

while the SERS signals of CBT are still invisible. Indeed, as can be seen in Figure 4.3, 

the enlarged spectra of two mixed SAMs are very similar to that of the pure 4-MPBA 

SAM. The absolute intensities of characteristic peaks of 4-MPBA are decreased with a 

decreasing molar ratio of 4-MPBA to CBT in the bulk solution. No peaks of CBT are 

observed even in the enlarged spectrum of the mixed 4-MPBA/CBT (1/99) SAM. We 

noticed that with an increase in the ratio of CBT to 4-MPBA, the relative intensity ratio 

of the shoulder at 1065 cm-1 and the peak at 1075 cm-1 is increased, while that of the 

shoulder at 1574 cm-1 and the peak at 1587 cm-1 is decreased. This indicates a possible 

ring reorientation of 4-MPBA with the incorporation of CBT.  

 It is known that the ratio of two components forming a SAM on a surface is 

different from that in the bulk solution. We estimated the surface ratio of 4-MPBA/CBT 
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by taking the ratio of the absolute intensity of the peak at 1075 cm-1. We assumed that the 

surface coverage of pure 4-MPBA and 4-MPBA/CBT mixed SAMs is the same and that 

one CBT molecule replaces one 4-MPBA molecule on the SERS substrate surface. In this 

way, the decrease of the intensity of peak at 1075 cm-1 is directly due to the reducing 

number of 4-MPBA molecules on the surface. Based on this assumption, we obtained the 

surface ratios of 4-MPBA/CBT of mixed SAMs are 31/69 and 6/94 corresponding to the 

molar ratio of 10/90 and 1/99 in the bulk solutions, respectively. The higher fraction of 4-

MPBA molecules in the SAMs may be attributed to the stronger - interactions between 

phenol rings which make 4-MPBA SAMs more stable than the SAMs formed by the 

short alkanethiol [45]. 

4.3.2 XPS investigation of pure and mixed SAMs 

 The pure CBT SAM, pure 4-MPBA SAM and 4-MPBA/CBT mixed SAMs were 

further characterized using the surface sensitive technique XPS. Figure 4.4 shows the 

XPS high-resolution spectra of carbon (C 1s) and the detailed spectra of boron (B 1s) and 

nitrogen (N 1s) of the SAMs. The C 1s spectrum of the pure CBT SAM has two major 

peaks centered at 285.5 and 289.1 eV, corresponding to the carbon atom bonded to a 

nitrogen atom (C-N) or another carbon atom (C-C) and the carbon atom in the 

carboxylate group (O-C=O), respectively [107]. A small peak at 286.8 eV corresponding 

to the electron-deficient carbon atom bonded to a sulphur atom (C-S) was also fitted to 

the C 1s spectrum. The N 1s spectrum of the pure CBT SAM shows a peak at the binding 

energy of 402.3 eV [107]. The high-resolution spectrum of S 2p of the pure CBT SAM 

shown in Figure 4.5 can be fitted to one state of sulphur species at the surface with an S 

2p3/2 binding energy at 162.0 eV, indicating sulphur atoms are bound to the surface. The 
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C 1s, N 1s and S 2p spectra show that a well-packed monolayer of CBT is formed on the 

gold surface. The C 1s photoelectron peak of the pure 4-MPBA SAM is centred at 284.2 

eV with a very small shoulder at 286.8 eV, corresponding to the carbon atoms of the 

aromatic ring (C=C) and the carbon atom bonded to sulphur atom (C-S), respectively, 

which are consistent with the spectrum reported before [108]. The B 1s spectrum of the 

pure 4-MPBA shows a peak at the binding energy of 191.2 eV. The high resolution C 1s 

spectra of the two 4-MPBA/CBT (10/90 and 1/99) mixed SAMs exhibit the characteristic 

peaks of both 4-MPBA and CBT but the intensities vary with the ratio of two 

components. The characteristic peak of the 4-MPBA SAM at ~284.2 eV decreases 

significantly to a tiny shoulder for the 4-MPBA/CBT (1/99) mixed SAM. The XPS detail 

spectra of B 1s and N 1s also show the same trend with the ratio of two components. 

There is almost no detectable B 1s peak but a strong N 1s peak for the 4-MPBA/CBT 

(1/99) mixed SAM. The XPS results clearly show that CBT occupies most of the surface 

for the 4-MPBA/CBT (1/99) mixed SAM. We calculated the ratio of the two components 

on the surface using the high resolution C 1s spectrum with the C=C peak for 4-MPBA 

and the /C-N and C-C peaks for CBT. The area ratio of the C=C peak to the he C-N and 

C-C peaks is 5/95, which is in a good agreement with the estimation from the SERS 

spectrum.  

4.3.3 Nonfouling evaluation of mixed 4-MPBA/CBT SAMs 

 The nonspecific protein adsorption on different SAM modified gold surfaces were 

measured using an SPR biosensor. The pure CBT, pure 4-MPBA and 4-MPBA/CBT 

mixed SAMs were tested with a single protein – bovine serum albumin (BSA) solution (1 

mg/mL) because BSA has been commonly used to block surfaces due to its high affinity 
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to many surfaces. The typical SPR sensorgrams are shown in Figure 4.6. The pure CBT 

SAM shows a nonfouling property with the BSA adsorption of 2.2 ± 0.8 ng/cm2. In 

contrast, the pure 4-MPBA SAM exhibits a strong BSA adsorption of 148.4 ± 16.5 

ng/cm2. For the 4-MPBA/CBT mixed SAMs, Figure 4.6 shows that the mixed SAM 

formed by the ratio of 4-MPBA/CBT of 10/90 in the bulk solution can significantly 

reduce the BSA adsorption to 27.1 ± 8.8 ng/cm2. With further increasing CBT in 4-

MPBA/CBT mixed SAM to 1/99, the BSA adsorption is reduced to 3.0 ± 0.6 ng/cm2, 

which is similar to the amount on the surface of the pure CBT SAM. Therefore, the 4-

MPBA/CBT (1/99) mixed SAM is sufficient enough to resist protein adsorption, which 

was selected for the investigation of detecting fructose in protein solutions.  

4.3.4 4-MPBA/CBT mixed SAM modified SERS-active substrates for fructose 

detection 

 As shown in Figure 4.3, although the absolute SERS intensities of 4-MPBA in 4-

MPBA/CBT mixed SAMs are decreased with the increasing of CBT ratio, the spectra are 

still dominated by the 4-MPBA signal. In our previous study, we demonstrated that the 

pure 4-MPBA SAM modified Q3D-PNA SERS substrate can sensitively and specifically 

detect fructose in artificial urine [95]. The symmetry breaking of 4-MPBA upon fructose 

binding leads to the change of area ratio between totally symmetric 8a ring mode (1574 

cm-1) and nontotally symmetric 8b ring mode (1587 cm-1), which enables the detection. 

In this work, we first tested how the SERS signals of 4-MPBA change upon the binding 

of fructose to the 4-MPBA/CBT (1/99) mixed SAM modified Q3D-PNA SERS substrate. 

We immersed a 4-MPBA/CBT (1/99) mixed SAM modified Q3D-PNA SERS substrate 

in 1 mM fructose PBS solution for 1 h to ensure binding equilibrium and then took the 
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SERS spectrum. Figure 4.7 shows the SERS spectrum of 4-MPBA/CBT (1/99) mixed 

SAM after fructose binding. For comparison, the SERS spectrum taken from the 4-

MPBA/CBT (1/99) mixed SAM in PBS is also shown Figure 4.7. Several spectral 

changes are observed between the two spectra. The peak of 8a (1587 cm-1), a totally 

symmetric mode, significantly decreased while the peak of 8b (1574 cm-1), a nontotally 

symmetric mode increased. The peaks of the 19a (1487 cm-1) and 19b (1472 cm-1) modes 

varied in a similar trend. All these changes indicate that the symmetry of a 4-MPBA 

molecule is changed from nearly C2v to Cs because of forming fructose-4-MPBA ester 

upon fructose binding [48]. The other changes of the peaks at 420, 1000, 1024, and 1065 

cm-1 related to the 7a + vCS, 12, 18a, and vCS modes, respectively, suggesting the possible 

reorientation and charge redistribution of the benzene ring. The results show that even 

with a very small amount of 4-MPBA molecules (5-6%) on the Q3D-PNA SERS 

substrate for the 4-MPBA/CBT (1/99) mixed SAM, the variation of the SERS spectrum 

of 4-MPBA upon fructose binding is still very obvious. Therefore, the 4-MPBA/CBT 

(1/99) mixed SAM modified Q3D-PNA SERS substrate exhibits both excellent 

nonfouling properties and capability to detect fructose.  

4.3.5 Quantitative detection of fructose in PBS 

 Figure 4.8a shows the SERS spectra of the 4-MPBA/CBT (1/99) mixed SAM 

modified Q3D-PNA SERS substrates immersed in a series of concentrations of fructose 

from 0.01 to 1 mM, which is in the clinically relevant range [28, 109]. The spectrum of 

each concentration was taken after immersion for 20 min to ensure quick yet quantitative 

measurement. Clearly, higher fructose concentration resulted in more obvious spectral 

changes. Figure 4.8a shows the Raman shift range of 950-1650 cm-1, which contains the 
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most distinct spectral changes. To completely extract and quantify the spectral 

information related to fructose concentrations, multivariate data analysis of PLS 

regression was applied for the evaluation. The PLS calibration model for fructose 

detection using the 4-MPBA/CBT (1/99) mixed SAM modified surfaces in PBS was 

obtained using spectra of 51 samples ranging from 0 to 1 mM. Each spectrum was pre-

processed by normalizing the intensity to the 1075 cm-1 peak and then taking the 

Savitzky–Golay 1st derivative (5 points, 2nd degree). The PLS factors were derived from 

the spectra from 950 to 1650 cm-1. Figure 4.8b shows the first and second factors for 

PLS calibration. They are all related with the spectral changes of 4-MPBA upon fructose 

binding including the symmetry breaking and ring’s reorientation. Figure 4.8c shows the 

root mean squared error of cross-validation (RMSECV) as a function of loading factors, 

which indicates 4 loading factors work well to minimize the RMSECV, and meanwhile, 

describe the accuracy of the model itself. A satisfactory calibration was achieved using 

just four factors to avoid over-modelling data. Figure 4.8d shows the PLS result that a 

linear plot of predicted concentration versus actual concentration with R2 = 0.99 

generated by applying a leave-one-out cross-validated calibration model. The formal root 

mean squared error of prediction (RMSEP) is 0.018 mM, representing the accuracy of 

predicted concentration.  

4.3.6 Accurate fructose detection in BSA solution 

 In order to evaluate the accuracy of the fructose detection in BSA solution with 

the 4-MPBA/CBT (1/99) mixed SAM modified Q3D-PNA SERS substrates, we 

immersed the modified substrate in a 1 mg/mL BSA solution at 4°C for 4 h and then the 

substrate was immersed in a 1 mg/mL BSA solution spiked with a series concentrations 
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of fructose from 0.05 to 0.9 mM. The SERS spectra were taken after immersion for 20 

min for each concentration and then to validate the predicted concentrations based on the 

PLS calibration model. The validation used 9 data points. The predicted concentrations 

were obtained from the PLS calibration model built upon the results in PBS. Figure 4.9a 

shows the plot of the predicted concentrations versus the actual concentrations for the 

fructose detection in BSA solution after BSA blocking using the 4-MPBA/CBT (1/99) 

mixed SAM modified SERS substrate. Almost all the data points lie near the prefect 

prediction diagonal and the RMSEP is 0.02 mM. This result indicates that the 4-

MPBA/CBT (1/99) mixed SAM modified Q3D-PNA SERS substrates maintain the 

detection accuracy and sensitivity as in PBS even after the substrates are immersed in 

BSA solution and the measurements are carried out at the presence of BSA in solution. 

This is because a 4-MPBA/CBT (1/99) mixed SAM highly resists protein fouling as 

demonstrated by the SPR measurement. In contrast, the detection accuracy is lost if the 

SERS substrates are modified by a pure 4-MPBA SAM. To quantitatively demonstrate 

this, we first built the PLS model for the pure 4-MPBA SAM modified surface using the 

SERS spectra of different concentrations of fructose in PBS as we did for the 4-

MPBA/CBT (1/99) mixed SAM. We then took the SERS spectra of different 

concentrations of fructose in 1 mg/mL BSA solution after the BSA blocking as 

aforementioned. Figure 4.9b shows that all the predicted concentrations are smaller than 

the actual ones, with a RMSEP = 0.23 mM. Apparently, a protein fouling layer was 

formed on the pure 4-MPBA SAM modified SERS substrate during the blocking step as 

well as the subsequent detection step. The protein fouling layer inhibits the diffusion of 
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fructose from the solution to the surface to bind with 4-MPBA and thereby suppresses the 

sensitivity and accuracy of the fructose detection.  

4.4 Conclusions 

 In this work we demonstrated a stealth surface modification strategy for sensitive 

and accurate detection of fructose in protein solutions using SERS by modifying the 

SERS substrate with a mixed SAM of 4-MPBA and CBT. For the mixed SAM formed 

with a solution molar ratio of 1/99 of 4-MPBA and CBT, the surface exhibits excellent 

nonfouling properties with BSA adsorption around 3 ng/cm2 measured by an SPR 

biosensor. Albeit the surface is occupied by approximately 94% of CBT for this mixed 

SAM, only 4-MPBA signals appear in the SERS spectrum because of the dramatic 

difference between their intrinsic Raman activities. The nonfouling property and 

invisibility in SERS spectra make CBT a stealth surface modification. The detections of 

fructose in protein solution over clinically relevant concentration range (0.01–1 mM) 

were carried out using the SERS substrates modified with this 4-MPBA/CBT (1/99) 

mixed SAM and a RMSEP of 0.018 mM was demonstrated by applying PLS regression 

analysis. The detection sensitivity and accuracy were maintained in compared to the 

detections conducted in PBS. The concept of the stealth surface modification of SERS 

substrates could be adopted as a general strategy to introduce new functionalities to 

SERS substrates, while avoiding competition between the SERS signals of the target 

analyte and the surface modification.  
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4.5 Tables 

Table 4.1 SERS vibrational frequencies for 4-MPBA and CBT 

4-MPBA CBT 

SERS (cm-1) Assignmentsa SERS (cm-1) Assignmentsa 

420 7a; βCCC + νCS 455 γNC 

473 16b; γCCC + βOBO 520 Si 

614 6b; βCCC + βOBO 672 νCS 

694 6a; βCCC + νCS 756 νC4N
+ 

728 4b; γCCC 847 βCSAu 

754 11; γCH 891 νCCOO
- +νCC 

1000 12; βCCC 935 βHCH 

1024 18a; βCH 1079 νC4N
+ 

1065 νCS 1132 βCH3 

1075 1; βCCC 1246 γCH2 

1187 9a; βCH + βBOH 1365 νCOO
- 

1283 3; βCH + βBOH 1448 γCH3 

1472b 19b; νCC 1585 νCOO
- 

1487 19a; νCC   

1574b 8b; νCC   

1587 8a; νCC   
 

a
 ν; stretching, β; in plane bending, γ; out of plane bending 

b 8b and 19b nontotally symmetric ring-stretching vibrational modes increase while 8a 

and 19a totally symmetric ring-stretching vibrational modes decrease in SERS spectra of 

4-MPBA after fructose binding due to Herzberg-Teller contributions. 
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4.6 Figures 

 

Figure 4.1 Schematic illustration of mixed SAM of 4-MPBA and CBT on a gold 
Q3D-PNA SERS-active surface for fructose detection 

(a) Schematic illustration of mixed SAM of 4-MPBA and CBT on a gold Q3D-PNA 

SERS-active surface for fructose detection with the presence of proteins. (b) A 3D 

illustration of the Q3D-PNA composed of a separated gold thin film with nanoholes on 

top and gold nanodisks at the bottom of wells. (c) The top-view SEM image of a Q3D-

PNA showing the diameter of ~400 nm. 
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Figure 4.2 Scheme of the reaction route for the synthesis of CBT 
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Figure 4.3 SERS spectra of pure 4-MPBA, 4-MPBA/CBT mixed SAMs and pure 
CBT on Q3D-PNAs in PBS 

The mixed SAMs were formed with molar ratios 10/90 and 1/99 for 4-MPBA/CBT bulk 

solutions. The λex = 785 nm, Plaser = 1 mW, and t = 10 s. 
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Figure 4.4 XPS studies 

The XPS high-resolution C1s, detailed N 1s and B 1s spectra of pure 4-MPBA SAM, 4-

MPBA/CBT (10/90 and 1/99) mixed SAMs and pure CBT SAM formed on gold surfaces. 
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Figure 4.5 High-resolution XPS spectrum of the S 2p region of pure CBT SAM 

The peaks were fit using S 2p3/2 and 2p1/2 with a 2:1 area ratio and a splitting of 1.2 eV. 

Only the binding energy of S 2p3/2 at 162.0 eV for the surface bounded sulfur was 

obtained, indicating that a good CBT SAM was formed.  
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Figure 4.6 SPR tests of the mixed SAMs 

Typical SPR sensorgram of pure 4-MPBA SAM, 4-MPBA/CBT (10/90 and 1/99) mixed 

SAMs and pure CBT SAM on gold surfaces when exposed to 1mg/mL bovine serum 

albumin (BSA) solution.  
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Figure 4.7 Fructose detection with the mixed SAM 

SERS spectra of 4-MPBA/CBT (1/99) mixed SAM on a Q3D-PNA in PBS (blue) and in 

PBS with 1 mM of fructose taken after 1 h of immersion (green). The inset illustration 

shows the symmetry breaking of 4-MPBA upon fructose binding. The λex = 785 nm, Plaser 

= 1 mW, and t = 10 s. 
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Figure 4.8 PLS analysis 

(a) SERS spectra of 4-MPBA/CBT (1/99) mixed SAM in fructose PBS solutions with the 

fructose concentrations of 0.01-1 mM after immersion for 20 min. The λex = 785 nm, 

Plaser = 1 mW, and t = 10 s. (b) First two calibration factors used to produce PLS 

predictions. (c) The root mean squared error of cross-validation (RMSECV) as a function 

of number of loading factors used in the PLS algorithm. (d) Plot of PLS predicted 

fructose concentrations versus reference fructose concentrations using 4 loading factors. 
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Figure 4.9 Detection in BSA solutions 

(a) and (b) The plots of predicted fructose concentrations versus reference fructose 

concentrations on a 4-MPBA/CBT (1/99) mixed SAM and a pure 4-MPBA SAM 

modified SERS substrates, respectively, after immersed in the solution of 1 mg/mL BSA 

in PBS. 
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Chapter 5 Hierarchical Zwitterionic Modification of a SERS Substrate 

Enables Real-Time Drug Monitoring in Blood Plasma 

In this chapter, we mainly discuss the surface enhanced Raman scattering (SERS) 

applications in real-world complex media such as undiluted human blood plasma. First, 

we reveal that the unmodified bare SERS sensors cannot survive in the blood plasma due 

to the nonspecific adsorption. To overcome this problem, we modify the SERS surface 

with zwitterionic polymer brush poly(carboxybetaine acrylamide) (pCBAA), a state-of-

art nonfouling coating. The pCBAA is coated on the SERS-active surface via surface-

initiated atom transfer radical polymerization (SI-ATRP), rendering the coating with high 

packing density showing undetected protein adsorption from the undiluted blood plasma 

thus protecting the SERS-active surface. Several drug molecules with strong Raman 

activity are directly detected by the pCBAA-coated SERS optofluidic system through the 

partitioning process demonstrating the potential of this technique to be used for real-time 

therapeutic drug monitoring. 

5.1 Introduction 

 Blood plasma and serum hold the most valuable biochemical information for 

clinical diagnostics, but remain notoriously difficult to analyze without extensive 

processing. Rapid or real-time analyte detection in blood is particularly critical to 

therapeutic drug monitoring (TDM), which quantitatively measures the blood 

concentration of medications with a narrow therapeutic range [110]. TDM is currently a 

logistically complex and expensive process, and techniques to accurately monitor plasma 

drug concentrations in real time could dramatically simplify TDM and expand its reach. 
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Surface-enhanced Raman scattering (SERS) is one of the most sensitive 

spectroscopic techniques available, and this ultrasensitivity combined with its label-free 

molecular specificity promise to make SERS a prominent player in next-generation 

diagnostics [7, 86, 111]. SERS can be adapted to a wide range of detection targets, from 

small organic biomolecules and drugs to proteins, nucleic acids, cells and 

microorganisms [8, 11, 14]. Therapeutic drugs are typically excellent candidates for 

SERS detection, as ~95% of marketed drugs contain a conjugated ring system (such as a 

benzene ring)[112], which tend to produce the relatively large Raman scattering cross 

sections necessary for high sensitivity. To date, several drugs have been directly 

identified in saliva and urine using SERS, but blood samples require separation and 

chromatographic purification before SERS detection [113-116]. The Raman scattering 

enhancement seen in SERS decreases sharply when analytes are too far from a SERS-

active surface [47, 75]. In blood, the wide assortment of small molecules (e.g. metabolites, 

carbohydrates, lipids and nucleotides) and plasma proteins compete with target analytes 

to bind the metallic SERS substrate [117, 118]. This competing adsorption, known as 

fouling, blocks analytes from reaching SERS-active substrate “hot spots” and generates 

substantial background noise, strongly reducing assay sensitivity and specificity. 

Analytes with weak affinity to SERS substrates or with small intrinsic Raman cross 

sections present further difficulties. To solve the apparently contradictory challenges of 

resisting nonspecific fouling while permitting or even promoting the diffusion of target 

analytes to SERS-active substrates, creative new surface chemistry modification 

approaches are necessary.  
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Here, we present such an approach by functionalizing the SERS optofluidic 

system (shown in Figure 5.1a) with a hierarchical zwitterionic modification. This 

modification contains two layers: a self-assembled monolayer (SAM) of “attracting” or 

“probing” functional thiols closest to the SERS-active substrate to physically attract 

analytes with weak surface affinity or chemically amplify the signals of analytes with 

small Raman activity, and a second layer of nonfouling zwitterionic poly(carboxybetaine 

acrylamide) (pCBAA) grafted via surface-initiated atom transfer radical polymerization 

(SI-ATRP) to protect the “hot spots” from the barrage of proteins in whole blood plasma 

that would typically limit detection sensitivity (Figure 5.1b). We used this system to 

quantify the dynamic concentration of anticancer drug doxorubicin (DOX) in undiluted 

human blood plasma, and demonstrated continuous real-time monitoring of the free DOX 

concentration with high sensitivity and accuracy alongside a rapid response time. The 

hierarchical modification also enabled detection of several TDM-requiring drugs as well 

as blood fructose and pH. As this surface chemistry is widely applicable to many analytes, 

this strategy provides a generalized platform for real-world SERS-based biosensing 

directly and continuously in complex media. 

5.2 Experimental Section 

5.2.1 Materials 

 Rhodamine 6G (R6G, 99%), doxorubicin hydrochloride (DOX, 98.0-102.0%), 

amitriptyline hydrochloride (AH, pharmaceutical secondary standard), carbamazepine 

(CARB, pharmaceutical secondary standard), phenytoin (PHEN, pharmaceutical 

secondary standard), 3-mercaptopropionic acid (3MA, ≥99%), 1-propanethiol (C3, 99%), 

1-undecanethiol (C11, 98%), 4-mercaptobenzoic acid (4-MBA, 99%), 4-



82 
 

mercaptophenylboronic acid (4-MPBA, 90%), D-(−)-fructose (≥99%), phosphate 

buffered saline packet (PBS, pH 7.4 and ionic strength 150 mM), copper(I) bromide 

(CuBr, 99.999%), copper(II) bromide (CuBr2, 99.999%), 1,1,4,7,10,10-

hexamethyltriethylenetetramine (HMTETA, 97%) were purchased from Sigma-Aldrich 

(St. Louis, MO). The OEG-terminated thiol (HS(CH2)11(OCH2)4OH) was purchased from 

ProChimia (Poland). The doxorubicinol hydrochloride (DOXol, ≥90%) was purchased 

from Toronto Research Chemicals (Canada). Ethanol (200 Proof) was purchased from 

Decon Laboratories (King of Prussia, PA). Pooled human plasma (in sodium heparin, 

mixed gender) was purchased from Biochemed Services (Winchester, VA). High-purity 

deionized (DI) water was obtained with a Millipore water purification system with a 

minimum resistivity of 18.2 MΩ cm.  

5.2.2 Fabrication of SERS substrates and integration of the optofluidic system 

 Quasi-3D gold plasmonic nanostructure arrays (Q3D-PNAs) SERS substrates [41] 

with high sensitivity and reproducibility were used in this work. The SERS substrates are 

composed of physically separated gold thin films with subwavelength nanoholes on the 

top and gold nanodiscs at the bottom as illustrated in Figure 5.1a. They were fabricated 

via electron beam lithography (EBL) following the same procedure reported previously 

[95]. On a 4-inch wafer, 70 pieces of SERS substrates, each with 4 of 50 μm x 50 μm 

Q3D-PNAs, were made to ensure high reproducibility from pattern to pattern and 

substrate to substrate. Ellipsometery (J.A. Woollam, α-SE) was used to measure the 

thickness of poly(methyl methacrylate) (PMMA) and gold coatings. The dimensions of 

the Q3D-PNA were characterized using scanning electron microscopy (SEM, FEI Sirion). 
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The substrate was attached to a custom-made Teflon flow cell (1.2 cm × 1.2 cm × 1.5 

mm) sealed with a glass cover. A peristaltic pump was used to deliver liquid samples.  

5.2.3 Preparation of hierarchical pCBAA films on SERS substrates or SPR chips 

 The SI-ATRP initiator, mercaptoundecyl bromoisobutyrate and carboxybetaine 

acrylamide (CBAA) monomer were synthesized as described previously [119]. SAMs of 

the ATRP initiator on UV-ozone cleaned SERS substrates and SPR chips were formed by 

soaking bare substrates or chips overnight in 1 mM initiator solution in pure ethanol. 

Upon removal, the chips were rinsed with ethanol, DI water, ethanol, and then dried and 

placed in a custom glass tube reactor under nitrogen atmosphere. CuBr (7.17 mg) and 

CuBr2 (2.79 mg) along with a stir bar were placed in separate small test tubes, and 182.64 

mg of CBAA monomer and a stir bar were placed in a large test tube. All three test tubes 

were sealed with a rubber septum and deoxygenated by eight repetitions of a strong 

vacuum followed by nitrogen back fill. Afterward, 4 mL and 2 mL of deoxygenated water 

was added to the CBAA monomer and copper catalyst tubes, respectively. While stirring, 

30 μL of HMTETA was added to the copper catalyst solution and stirred for 30 min for 

ligand complexation. Then, 160 µL of the copper catalyst solution was transferred to the 

4 mL CBAA monomer solution. After stirring for five minutes, the entire CBAA 

monomer solution was transferred to the SERS or SPR chips contained in a tube reactor 

to initiate polymerization. Reaction time was 30 min, and a ~50 nm film (measured by 

ellipsometry) was successfully grown on SERS and SPR chips. The modified chips were 

rinsed with DI water and stored in PBS before SERS or SPR testing. The mixed SAMs 

were formed on the gold surface of SERS and SPR chips by immersing the chips in 

different compositions of 1 mM mixed thiols stock solutions in ethanol.  
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5.2.4 Measurement of protein adsorption using SPR sensor 

 A four-channel SPR sensor was applied to measure the nonspecific protein 

adsorption from human plasma on the surfaces of SPR chips modified with hierarchical 

pCBAA films. The temperature controller was set to 25 ± 0.01°C. Protein adsorption was 

measured by sequentially flowing PBS, 100% human plasma, and PBS over the modified 

surface each for 10 min at 40 μL/min flow rate by a peristaltic pump. The wavelength 

shift between the baselines before protein injection and after rinsing with PBS was used 

to quantify the total amount of protein adsorbed. A reference channel containing a PBS 

flow was used for each chip to correct for baseline drift. A 1 nm wavelength shift from 

the SPR at 750 nm represents a surface coverage of 17 ng/cm2 adsorbed proteins. 

5.2.5 Detection of drugs and small molecules using SERS optofluidic system 

 Raman spectroscopy was carried out on a Renishaw InVia Raman spectroscope 

connected to a Leica DMLM upright microscope. A 50×/N.A. = 0.8 objective was used 

to focus a 785 nm laser on Q3D-PNAs, and to collect the 180° scattered light from the 

sample surface. The laser power was set at 1 mW. A spectral resolution of 1.1 cm-1 was 

achieved and spectra ranging from 400 to 1800 cm-1 were collected with an exposure 

time of 10 or 30 s and one or three accumulations. The flow rate was 40 μL/min. 

5.2.6 Study of OEG and C11 SAM modified SERS optofluidic systems 

 The OEG thiol (HS(CH2)11(OCH2)4OH) and 1-Undecanethiol (HS(CH2)10CH3 

C11 thiol) SAMs were formed on UV-ozone cleaned SERS substrates and SPR chips by 

soaking bare substrates or chips overnight in a 1 mM solution containing the 

corresponding thiol in pure ethanol. Using the same SERS optofluidic system used in 

other tests, four solutions were pumped over the OEG SAM or C11 SAM-modified SERS 
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substrates in succession: 1) saline buffer (PBS); 2) plasma; 3) PBS again; and 4) plasma 

spiked with 1 μM R6G. Each solution was circulated for 10 min, and SERS spectra were 

continuously collected. The nonspecific protein adsorption from undiluted plasma onto 

OEG and C11 SAMs were measured by an SPR sensor. 

5.2.7 Determination of free DOX in plasma using ultrafiltration 

 A range of DOX concentrations (0.5, 1, 2, 4 and 8 µM) were investigated to 

determine the plasma binding parameters. Experiments for each concentration were run 

in triplicate and results were expressed as the mean ± standard deviation. To establish a 

standard curve, plasma ultrafiltrate (UF) control matrix was prepared from human plasma 

using an Amicon ultra-centrifugal filter device (10 kDa) centrifuged at 2000× g RCF for 

30 min. UF calibration standards were prepared by adding 30 µL of working standards 

into 270 µL of control UF to provide final DOX concentrations in UF ranging from 0.2 to 

4 µM; then, 90 µL of 1 ng/mL DOX was added as an internal standard (IS) to a 30 µL 

aliquot of each UF standard for analysis. Sciex 400Qtrap LC-MS/MS system with Turbo 

IonSpray (Applied Biosystems) operating in positive ion mode was adopted for 

compound detection. DOX working solution was mixed with human plasma for final 

concentrations from 0.5 to 8 µM (the same samples as those used for SERS detection). 

After 1 h incubation, 1 mL portions of human plasma solutions supplemented with 

various concentrations of DOX were placed in ultra-centrifugal filter, and ultrafiltrate 

containing free DOX was obtained by subjecting the system to centrifugation at 2000 × g 

RCF for 30 min. Analytical recovery of DOX in this system was about 95%. A 100 µL 

aliquot of the ultrafiltrate containing free DOX was subjected to LC-MS analysis and the 

concentration of free drug was determined based on the standard curve. The percentage 
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of free DOX in plasma was determined as follows: F/T × 100, where F denotes the free-

drug concentration determined in the ultrafiltration and T is the total drug concentration. 

5.2.8 Estimation of surface composition of mixed SAMs based on SERS spectral 

intensities 

 It is known that the final surface composition ratio of two components forming a 

SAM differs from their ratio in the SAM-forming bulk solution. We first estimated the 

surface ratio of initiator:3MA by taking the ratio of the absolute intensities of the 935 cm-

1 peak, which is attributed solely to 3MA. We assumed equivalent total surface coverage 

of pure 3MA and initiator/3MA mixed SAMs, and that one initiator molecule provides 

surface coverage equivalent to one 3MA molecule on the SERS substrate. In this way, a 

change in the peak intensity at 935 cm-1 is directly attributed to a change in the number of 

3MA molecules on the surface. On the basis of this assumption, we deduced that the 

initiator:3MA surface ratio in mixed SAMs was 92:8, corresponding to a molar ratio of 

80:20 in the bulk solution. The higher fraction of initiator molecules in the SAMs may be 

due to stronger interactions between their longer alkane chains, which make initiator 

SAMs more stable than those formed from the short alkanethiol. Similarly, the surface 

ratio of initiator:C3 in mixed SAMs was 95:5, corresponding to a molar ratio of 90:10 in 

bulk solutions, based on the peak intensities at 892 cm-1. 

5.2.9 Estimation of surface composition of mixed SAMs based on ellipsometry film 

thicknesses 

 Surface compositions of mixed SAMs were also estimated from the film 

thicknesses measured by ellipsometry. The thicknesses of the single-component initiator 

SAM, 3MA SAM, and C3 SAM as well as the mixed initiator/3MA and initiator/C3 



87 
 

SAMs were determined using ellipsometry, (Model alpha-SE, J.A. Woollam, Lincoln, 

NE) in a 380–900 nm wavelength range at an incidence angle of 70°. The results were 

fitted to Cauchy model. Three locations on each sample were analyzed. To determine the 

molar ratio of initiator/short thiol (3MA or C3) on the surface, we assumed that the 

measured ellipsometric thickness of a mixed SAM, dmixed, is directly related to the surface 

composition through the equation: dmixed = χintiator dinitator + χshort thiol dshort thiol, where χintiator 

and χshort thiol are the mole fractions of initiator and short thiol in the mixed SAM, 

respectively, and χintiator + χshort thiol = 1; dinitator and dshort thiol are the thicknesses of single-

component initiator SAM and short thiol SAM measured by ellipsometry, respectively. 

This assumption requires the refraction indices of pure and mixed SAMs to be the same. 

5.2.10 Estimation of surface composition of mixed SAMs based on XPS analysis 

 The initiator/3MA and initiator/C3 mixed SAMs were additionally characterized 

using X-ray photoelectron spectroscopy (XPS) on an Axis Ultra XPS instrument (Kratos) 

using monochromated Al Kα radiation (1486.6 eV). Survey spectra and detail scans of Br 

3p, S 2p, C 1s, O 1s and Au 4f were acquired using a pass energy of 150 eV. Spectra 

were collected with the analyzer at 55° with respect to the surface normal to the sample. 

Typical pressure in the chamber during spectral acquisition was 10-9 Torr. Three spots on 

two or more replicate samples were analyzed. Computer aided surface analysis (CasaXPS) 

software was used to calculate compositions from the peak areas. To determine the molar 

ratio of initiator/short thiol in the mixed SAM, we used the Br/S elemental ratio. In a 

single-component initiator SAM, the ideal Br/S elemental ratio is 1. In the mixed SAM, 

the Br/S ratio is diluted after mixing with the short thiol, which only contains elemental S 
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but no Br. The C/S ratio was also used to calculate the surface composition of 

initiator/short thiol in the mixed SAM. 

5.3 Results and Discussion 

5.3.1 The necessity of zwitterionic modification 

 Zwitterionic materials such as poly(carboxybetaine) (pCB) have been used for a 

wide range of medical and engineering applications [120-123]. These superhydrophilic 

polymers demonstrate exceptionally low fouling and high long-term stability in complex 

physiological fluids. To demonstrate the necessity of zwitterionic modification on a 

SERS substrate encountering complex media, we selected rhodamine 6G (R6G) as a 

model analyte; R6G is a widely-used dye with a large Raman cross section [52]. In this 

and all other experiments presented here, we used whole, undiluted human blood plasma. 

Using a SERS optofluidic system, four solutions were pumped over bare gold and 

pCBAA-modified SERS substrates in succession: 1) saline buffer (PBS); 2) plasma; 3) 

PBS again; and 4) plasma spiked with 1 μM R6G. Each solution was circulated for 10 

min, and SERS spectra were continuously acquired. On the bare gold surface, spectra 

remained constant after 8 min of plasma exposure, and a representative spectrum is 

shown in Figure 5.2a. The SERS spectrum of plasma is complex and displayed several 

characteristic peaks similar to those found in previous reports [117, 124]; detailed 

assignments are summarized in Table 5.1. Notably, the spectrum remained unchanged 

when PBS was subsequently delivered (step 3) in an attempt to rinse the substrate 

(Figure 5.2a), suggesting that plasma proteins had fouled the bare gold surface and were 

difficult to remove. When we finally flowed R6G-spiked plasma over the substrate, the 

same spectrum still remained—despite the dye’s large Raman scattering cross-section, 
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the previous fouling completely blocked its signals (Figure 5.2a). Comparatively, R6G at 

the same concentration exhibited extremely strong SERS signals on a clean, un-fouled 

SERS substrate.  

 The blue spectrum shown in Figure 5.2b is the baseline SERS signal of the 

pCBAA-modified surface in PBS. The spectrum is very similar to that of a 1-

undecanethiol SAM, as most of the peaks come from the alkane-based ATRP initiators 

[24]. The signal from pCBAA itself is minimal, since pCBAA is an aliphatic polymer and 

is separated from the gold surface by about 2.2 nm. Peak assignments are listed in Table 

5.2. In contrast to the rapid and irreversible spectral changes seen when an unmodified 

gold surface was exposed to plasma, SERS signals from the pCBAA-modified surface 

remained constant when switching from PBS to plasma (red spectrum in Figure 5.2b). 

This suggested that nonspecific adsorption was reduced to an undetectable level. Strong 

new signals appeared when we flowed R6G-spiked plasma over the surface (Figure 5.2b, 

green). When baseline peaks were subtracted, the final spectrum (Figure 5.2b, purple) 

clearly showed the characteristic R6G peaks. 

 The optofluidic system allowed us to monitor molecular adsorption onto the 

SERS-active surface in real time. We used the amide I vibrational band at 1649 cm-1 to 

track protein adsorption from plasma [125], and the C-C stretching band at 1508 cm-1 to 

monitor R6G. Figure 5.2c shows the intensity change of these peaks over time from 

alternating buffer and plasma solutions. To further quantify protein adsorption on bare 

and pCBAA-modified surfaces, we used an SPR biosensor. SPR sensorgrams revealed 

dense protein coverage on the bare surface (452 ng/cm2) while only 0.3 ng/cm2 was seen 

on the pCBAA-modified surface (Figure 5.2d). The heavy protein fouling from plasma 
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ruined the unmodified SERS sensor, while pCBAA modification effectively protected the 

SERS sensor. 

 Gold surfaces are often modified with oligo(ethylene glycol) (OEG)-based SAMs, 

which can effectively resist fouling from single protein solutions [126]. To compare the 

zwitterionic modification strategy reported here with OEG modification, we modified a 

SERS sensor with an OEG thiol (HS(CH2)11(OCH2)4OH) SAM and challenged it with 

human blood plasma. The OEG-modified sensor failed to detect the spiked R6G after 

flowing undiluted plasma (Figure 5.3a), and 111 ng/cm2 of protein fouling was 

confirmed using an SPR sensor (Figure 5.3c). Both SERS and SPR results indicate that 

this short OEG SAM was insufficient to protect the SERS sensor from complex media. 

We conducted another comparison experiment by modifying the SERS substrate with a 

more hydrophobic SAM, 1-Undecanethiol (HS(CH2)10CH3, C11 thiol). Again, no R6G 

could be detected after flowing plasma (Figure 5.3b), and even more protein fouling 

(263 ng/cm2) was found on this C11 SAM-modified surface (Figure 5.3c). 

5.3.2 Real-time quantitative monitoring of doxorubicin in undiluted human plasma 

 Continuous TDM can afford clinicians the opportunity to tailor therapeutic 

windows to individual patients, optimizing a drug’s beneficial effects while minimizing 

side effects. Ferguson et al. developed a real-time drug tracking system based on unique 

aptamers that must be designed for each drug [127]. In comparison, SERS-based 

biosensing is label-free; if sensor fouling is mitigated, a SERS optofluidic system could 

be directly used for real-time TDM. We next aimed to use our pCBAA-modified SERS 

optofluidic platform to detect the popular chemotherapeutic agent doxorubicin (DOX) in 

plasma, as it exhibits significant pharmacokinetic variability [128]. DOX binds to plasma 
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proteins in the bloodstream, rendering the protein-bound DOX inactive. When this DOX-

containing plasma is analyzed with a pCBAA-modified SERS sensor, we hypothesize 

that the polymer brush prevents these inactive DOX-protein complexes from reaching the 

SERS-active substrate—this enables measurement of only the active DOX concentration, 

which is of the most interest [129].  

 We added 20 μM DOX to plasma and flowed it through our pCBAA-modified 

detection system. The steady-state SERS spectrum was recorded (Figure 5.4a, purple), 

and the baseline plasma spectrum (Figure 5.4a, red) subtracted to derive the pure DOX 

spectrum (Figure 5.4a, blue), which matches those reported by other researchers [130]. 

Next, we recorded the SERS spectra of protein-free human plasma ultrafiltrate (UF) 

spiked with DOX over the clinically relevant concentration range of 0.05 – 10 μM; these 

subtracted DOX spectra are displayed in Figure 5.4b. As expected, the intensities of 

characteristic DOX peaks increased with concentration. The DOX peak at 442 cm-1 in the 

subtracted spectrum is attributed to C-C-O and C=O in-plane deformation. The 520 cm-1 

peak in the raw spectrum arises from Si in the SERS substrate, and was used as an 

internal standard Figure 5.5. The relative magnitudes of peaks at 442 cm-1 (in the 

subtracted spectra) to 520 cm-1 (in the raw spectra) were selected to generate a detection 

curve illustrated in Figure 5.4c, with a linear dynamic range between 0.05 to 2 μM 

shown inset. 

 Reversibility is an important characteristic for a viable sensor, and determines the 

sensor response time to changes in analyte concentration. To test the reversibility of our 

pCBAA-modified SERS sensor, we injected DOX-spiked plasma (20 μM) at t = 0 and 

switched to pure plasma at t = 250 s. SERS spectra were continuously collected with a 30 
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s integration time, and the relative intensity of I442/I520 over time was plotted (Figure 

5.4d). Clearly, DOX detection is reversible with exponential response constants of 43 and 

95 s for partitioning and departitioning, respectively. With requisite parameters in hand, 

we conducted a model TDM experiment. SERS spectra were collected over 3 hours as 

plasma flowed over the pCBAA-modified sensor; every 30 min, we alternated the inlet 

stream between pure and DOX-spiked plasma, the latter with DOX concentrations of 0.5, 

1, 2, 4, and 8 μM. Based on the calibration curve generated in plasma UF, we plotted the 

DOX concentration detected in plasma (red points in Figure 5.4e) compared with each 

spiked concentration. Of particular interest, all measured concentrations were less than 

spiked concentrations, indicating only free DOX was detected while protein-DOX 

complexes were blocked by the pCBAA brush as hypothesized. This is an important 

advantage of this platform, and reinforces the importance of TDM to personalized dosing. 

Our results indicate that about 23-33% of DOX molecules added to plasma remain 

unbound to proteins (Figure 5.6) and thereby pharmacologically active. To corroborate 

this drug-protein binding ratio, we also ultrafiltered the plasma samples immediately after 

SERS detection and quantified the free DOX with liquid chromatography–mass 

spectrometry (LC-MS) (see Supporting Methods). Using this method, 34-37% of DOX 

was calculated to be unbound (Figure 5.6), and the LC-MS-quantified concentrations are 

also plotted in Figure 5.4e (purple dashed line). Results from both analytical methods are 

similar to those reported in medical literature (about 29%)[131]. In addition, we found 

our system able to distinguish DOX from its metabolite doxorubicinol (DOXol), which 

shows a new characteristic peak at 1340 cm-1 (Figure 5.4f). In these experiments, we 

flowed varying molar ratios of DOXol/DOX with a combined concentration of 2 μM and 
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collected SERS spectra (Figure 5.4f). The relative intensities of the 1340 cm-1 and 1407 

cm-1 peaks illustrate a linear relationship as a function of DOXol/DOX ratio (Figure 

5.4g), indicating a multiplex detection capacity. Overall, we demonstrated the TDM 

capability of a pCBAA-modified SERS-active substrate when combined with a 

microfluidic system, and successfully monitored the active level of DOX in plasma 

quantitatively and in real time.  

5.3.3 Hierarchical zwitterionic modification incorporating “attracting” thiols 

 Both R6G and DOX were able to diffuse through the nonfouling pCBAA brush 

and penetrate or partition into the initiator SAM [132, 133]. However, some analytes are 

unable to partition into this SAM due to polar functional groups or low surface affinity, 

and thus are undetectable by a system simply modified with a pCBAA brush. We 

selected three drugs that match this description and are prime candidates for TDM—

tricyclic antidepressant amitriptyline hydrochloride (AH) and anti-seizure medications 

carbamazepine (CARB), and phenytoin (PHEN) [134, 135].  

To attract and concentrate these analytes closer to the SERS-active surface, we 

introduced shorter thiols with a functional terminal group mixed with the initiator 

forming the first layer. PCBAA brushes were then grafted from the initiator to form the 

second nonfouling layer. We selected 3-mercaptopropionic acid (3MA) and 1-

propanethiol (C3) to form mixed SAMs with the initiator, to enable electrostatic and 

hydrophobic interactions with drug molecules, respectively. An optimized ratio of 

attracting (3MA or C3) to initiator thiols in the SAM was critical to maximize sensitivity 

while maintaining a sufficient initiator (and thus pCBAA) density to strongly repel 

proteins. We generated a library of SAM-coated gold chips with varied ratios, targeting 
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0%, 5%, 10%, 20%, 40%, or 100% of 3MA or C3 with the balance initiators. Then, we 

polymerized pCBAA brushes from each chip and evaluated fouling from undiluted 

plasma using an SPR sensor. Excellent nonfouling behavior (< 5 ng/cm2 adsorbed 

proteins) was maintained when up to 20% of 3MA or 10% of C3 attracting thiols were 

incorporated (Figure 5.7a, c). The SERS spectrum resulting from the optimized mixed 

3MA SAM (after pCBAA polymerization) is shown in Figure 5.7b (purple). As expected, 

it contains peaks similar to those observed from each modification alone (also shown in 

Figure 5.7b, with 3MA in red and initiator/pCBAA in blue). As 3MA has a larger Raman 

cross section than the ATRP initiator, it produces stronger SERS peaks. By comparing 

the absolute intensities of the 3MA peaks in mixed and pure SAMs, we determined the 

final incorporated surface content of 3MA was 8%, with 92% initiator. We repeated this 

process for the optimized C3-containing mixed SAM and found the final C3 content to be 

5% with the balance initiator; relevant SERS spectra are shown in Figure 5.7d. X-ray 

photoelectron spectroscopy (XPS) and ellipsometry were further used to analyze the 

mixed SAMs, and both confirmed similar surface compositions as summarized in Tables 

5.3 and 5.4. 

After optimizing the hierarchical mixed SAM chemistries incorporating 

“attracting” molecules, we used these modified SERS substrates to analyze plasma spiked 

with 20 μM of one of the three selected drugs (AH, CARB, or PHEN) to evaluate their 

TDM potential. The hierarchical nonfouling surface containing 3MA (which is negatively 

charged) was applied to attract and detect positively charged AH and CARB, and the 

resulting SERS spectra are shown in Figure 5.8a and b, respectively. Owing to the 

combined benefits of nonfouling pCBAA and electrostatic attraction from the mixed 
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SAM, each of these drugs was clearly detected in undiluted plasma. Accordingly, Figure 

5.8c shows the SERS spectrum of PHEN detected with the hierarchical surface 

containing C3. The hydrophobic pockets created by C3 in the mixed SAM base layer 

may enhance PHEN detection by promoting surface partitioning. We also explored the 

limits of detection (LOD) achieved by our system for each of these three drugs in PBS. 

As shown in Figure 5.9a and b, the LOD was found to be 0.5 μM for CARB and 1 μM 

for PHEN, far below their clinically relevant ranges (20 – 50 μM for CARB and 40 – 80 

μM for PHEN) [136]. The LOD for AH was 0.05 μM (Figure 5.9c), which is at the high 

end of its typical therapeutic window (0.04 – 0.05 μM) [136]. This suggests our SERS 

system could be useful for monitoring AH toxicity and overdose. In general, by mixing 

different “attracting” molecules, this platform can be tailored to analytes with a broad 

range of physical and chemical properties. 

5.3.4 Hierarchical zwitterionic modification incorporating “probing” reporters 

 Some analytes in blood have relatively small intrinsic Raman cross sections, 

making them difficult to detect with SERS directly. These include monosaccharides such 

as glucose and fructose, while protons or metal cations lack Raman activity completely 

[95, 137]. To detect these analytes indirectly, probe molecules or Raman reporters have 

been developed. These probes are immobilized on SERS-active substrates to produce a 

specific response upon interaction with corresponding analytes, and they can even 

amplify detection signals. Detecting small fluctuations in blood pH is one important 

application of SERS probes, as these changes can influence how drugs bind to plasma 

proteins and thus impact their pharmacologically active concentration [138]. Likewise, 

the detection of monosaccharides in undiluted plasma is important for metabolic studies 
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and diabetes treatment. Similar to our hierarchical chemistries incorporating “attracting” 

thiols into the SAM, we designed mixed SAMs containing “probing” thiols for these 

diagnostic applications. 

We chose probe molecules 4-mercaptobenzoic acid (4MBA) and 4-

mercaptophenylboronic acid (4MPBA) for these surface modifications to detect blood pH 

and fructose in plasma, respectively. As with the other hierarchical chemistries, we 

optimized the SAM ratios of each probe and initiators and found that 5% of 4MBA or 

4MPBA along with 95% initiator produced the best combination of signal strength and 

nonfouling after pCBAA was grafted. Figure 5.10a shows the SERS spectra observed in 

response to plasma pH changes (from 6.8 to 7.4), using the hierarchically modified sensor 

incorporating 4MBA. Due to its extremely large Raman cross section, 4MBA was 

responsible for all SERS signals, even though it comprised only 5% of the mixed SAM. 

All spectra were normalized to the peak at 1080 cm-1 (ν1 mode of benzene ring). The 

peak at 1420 cm-1, attributed to the symmetric COO-1 stretching mode (νCOO-1), 

increased concurrently with pH due to the deprotonation of 4MBA carboxyl groups [139]. 

By tracking the intensity change of the 1420 cm-1 peak, we were able to achieve pH 

detection in plasma with 0.1 pH unit resolution. Diminished pH sensitivity has been 

previously reported for SERS sensors modified solely with 4MBA, even in simple 

protein solutions [97]—the nonfouling pCBAA hierarchical modification we demonstrate 

here comparatively achieves robust and reliable pH detection in undiluted plasma with 

the same Raman reporter. 

In a similar fashion, we detected fructose in plasma using a hierarchical 

modification incorporating 4MPBA. The boronic acid head groups in 4MPBA can 
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specifically bind to fructose, which breaks the symmetry of the probe molecule and 

induces ring reorientation and corresponding spectral changes. Our group has previously 

investigated fructose detection with 4MPBA-modified SERS sensors, in which we used 

mixed SAMs containing 4MPBA and short zwitterionic thiols to monitor fructose in 

single protein solutions [140]. Presently, we demonstrate that fructose detection directly 

in plasma is possible using a hierarchical surface chemistry—the zwitterionic pCBAA 

brush is key to this advance, as it provides the best available protection from protein 

fouling. Figure 5.10b clearly shows the relative intensity change of the peaks at 1574 and 

1586 cm-1 (attributed to the 8a and 8b modes of the 4MPBA benzene ring) as fructose 

binds to the boronic acid moiety and breaks the probe’s symmetry. Plasma was 

supplemented with 5 mM fructose for this detection experiment. 

5.4 Conclusions 

 In complex, real-world media like undiluted blood plasma, bare gold SERS 

sensors cannot survive. Nonspecific protein fouling rapidly and irreversibly blocks “hot 

spots” on SERS-active substrates, nullifying the label-free sensitivity. To overcome this 

problem, we have introduced a novel modification to SERS-active substrate surfaces: a 

zwitterionic pCBAA brush coating grafted via SI-ATRP and designed to resist blood 

protein adsorption and protect the SERS sensor. Using this pCBAA-modified SERS 

substrate and an integrated optofluidic system, we demonstrated rapid, reliable, and 

continuous doxorubicin monitoring in undiluted human plasma. We further tailored the 

surface chemistry of the first layer by forming mixed SAMs containing functional thiols 

alongside the initiators required for polymer grafting. The additional electrostatic or 

hydrophobic interactions provided by these functional thiols allowed the attraction and 
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detection of a typical antidepressant and two anticonvulsant drugs in undiluted plasma. 

Similarly, we used mixed SAMs featuring Raman reporter probes to further extend the 

detection applications of this nonfouling hierarchical platform. The incorporation of these 

probe molecules enables SERS detection of more challenging analytes in undiluted 

plasma—whether they have weak SERS activity such as fructose or even no Raman 

activity at all such as the protons defining blood pH. Altogether, these hierarchical 

chemistries unified by nonfouling pCBAA have the potential to establish SERS 

optofluidic systems for real-time therapeutic drug monitoring in undiluted blood. While 

the complexity and the cost of SERS sensor fabrication and surface modification need to 

be considered, we believe more simple and cost-effective processes will be developed 

with advances in nanotechnology and polymer chemistry. This hierarchical modification 

approach allows the first-layer functionality to be tuned for the best selectivity, while 

preserving the second zwitterionic polymer brush layer to effectively circumvent protein 

adsorption from complex media. This strategy could be widely adopted for a variety of 

biosensing applications. 
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5.5 Tables 

Table 5.1 SERS vibrational frequencies for 100% human blood plasma 

Peak position (cm-1) Vibrational mode a Assignments  

482 ν(S-S) L-Arginine 

578  Ascorbic acid or cholesterol  

631 β (C-C) Uric acid 

724 β(C-H) Hypoxanthine or adenine 

754 β(C-H) Adenine 

838 ν(C-C-O) L-Serine 

881 ν(C-C) Uric acid 

955 ν(C-C) Hypoxanthine or adenine 

1036 ν(C-N) Uric acid 

1138 ν(C-N) Uric acid 

1325 ν(C-H) Nucleic acid bases 

1360 β(CH3) Adenine 

1445 β(CH2) Collagen, phospholipids 

1580 β(C=C) Phenylalanine 

1649 ν(C=O) Amide I 
a
 ν; stretching, β; bending 
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Table 5.2 SERS vibrational frequencies for pCBAA modification 

Peak position (cm-1) Vibrational mode a 

520 Si 

638 ν(C-S)G 

710 ν(C-S)T 

764 β(C-H) 

864 CH2 rock 

881 CH3 rock 

1066 ν(C-C)T 

1112 ν(C-C)T 

1244 ν(C-C)t 

1441 β(CH2) 

1649 Amide I 
                    a

 ν; stretching, β; bending 
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Table 5.3 Film thickness of pure and mixed SAMs measured by ellipsometry and 
the molar ratio of mixed SAMs estimated from the film thicknesses.   

 
Initiator 

(I) 
3MA C3 

I/3MA 
(90/10)a 

I/3MA 
(80/20)a 

I/C3 
(90/10)a 

I/C3 
(80/20)a 

Thickness 
(Å) 

22.4 ± 
0.7 

10.4 ± 
0.5 

9.3 ± 
0.3 

21.4 ± 
0.3 

21.0 ± 
0.4 

21.5 ± 
0.2 

20.4 ± 
0.5 

Surface 
Ratiob 

   92/8 89/11 93/7 85/15 

aThe molar ratio of initiator/short thiol in bulk solutions prepared to form mixed SAMs. 
bThe molar ratio of initiator/short thiol in mixed SAMs, calculated from the ellipsometric 
thicknesses. 
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Table 5.4 Elemental composition and surface ratio of mixed SAMs analyzed by XPS. 

 Elemental Composition (%) Surface Ratio 

 Br 3p S 2p C 1s O 1s Au 4f Method b Method c

I/3MA 
(80/20)

a 
2.4 ± 0.3 2.7 ± 0.2 

38.4 ± 
1.4 

5.6 ± 0.3
50.9 ± 

2.1 
90/10 93/7 

I/C3 
(90/10)

a 
2.5 ± 0.2 2.7 ± 0.3 

39.0 ± 
2.2 

5.1 ± 0.5
50.6 ± 

1.7 
93/7 95/5 

aThe molar ratio of initiator/short thiol in bulk solutions prepared for forming mixed 
SAMs. 
bThe ratio of initiator/short thiol in mixed SAMs, calculated based on the Br/S elemental 
ratio.  
cThe ratio of initiator/short thiol in mixed SAMs, calculated based on the C/S elemental 
ratio.  
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5.6 Figures 

 

Figure 5.1 Schematic of Q3D-PNAs SERS optofluidic system and hierarchical 
zwitterionic surface modifications 

a, Schematic of SERS optofluidic system incorporating a Q3D-PNAs SERS substrate to 

provide fingerprint spectra of analytes and quantitative, real-time monitoring. b, 

Schematic of hierarchical pCBAA-based zwitterionic nonfouling modification on the 

SERS-active surface. Top: Mixed SAM containing initiators and “attracting” molecules, 

which have terminal functional groups that physically attract analytes to the surface for 

direct SERS detection. Bottom: Mixed SAM containing initiators and “probing” 

molecules (Raman reporters), which have functional groups that chemically interact with 

analytes to facilitate indirect analyte detection by monitoring changes in the SERS 

spectra of the probes.  
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Figure 5.2 PCBAA surface modification enabling SERS detection in undiluted 
human blood plasma. 

a, SERS spectra acquired with the unmodified SERS optofluidic system. From top to 

bottom, spectra shown were recorded after flowing undiluted plasma, PBS, and plasma 

spiked with 1 μM R6G each for 10 min. b, SERS spectra acquired with the pCBAA-

modified SERS optofluidic system. From top to bottom, spectra shown were recorded 

after flowing PBS, undiluted plasma, and plasma containing 1 μM R6G each for 10 min, 

along with the subtracted spectrum from the last two. λex = 785 nm, Plaser = 1 mW, and t = 

30 s with 3 accumulations. c, Monitoring plasma protein adsorption and detecting R6G in 

plasma with the unmodified and pCBAA-modified SERS optofluidic system. Peak 

intensity of the amide I at 1649 cm-1 for protein and the C-C stretching at 1508 cm-1 for 

R6G were recorded as a function of time as PBS, plasma, PBS, and R6G-spiked plasma 
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were flowed sequentially. d, Typical SPR sensorgram of protein adsorption from 

undiluted plasma on a bare gold and pCBAA-modified gold surface, showing protein 

adsorption of 452 and 0.3 ng/cm2, respectively. 
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Figure 5.3 OEG SAM and C11 SAM modified SERS sensors challenged with 
undiluted human blood plasma  

a,b, SERS spectra acquired with the OEG SAM-modified and C11 SAM-modified SERS 

optofluidic systems. From top to bottom, spectra shown were recorded after flowing PBS, 

undiluted plasma, and plasma containing 1 μM R6G each for 10 min, along with the 

subtracted spectrum from the last two. λex = 785 nm, Plaser = 1 mW, and t = 30 s with 3 

accumulations. c, Protein adsorption from undiluted plasma on OEG SAM and C11 

SAM-modified gold surfaces, measured by an SPR biosensor. The error bar represent the 

standard deviation of three replicates. 
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Figure 5.4 Real-time quantitative monitoring of doxorubicin in undiluted human 
plasma using the pCBAA-modified SERS optofluidic system 

a, SERS spectra of undiluted plasma spiked with 20 M DOX, plasma, and the 

subtracted spectrum . λex = 785 nm, Plaser = 1 mW, and t = 30 s with 3 accumulations. b, 

Subtracted SERS spectra of DOX in plasma UF control at concentrations ranging from 

0.05 to 10 μM. c, DOX detection curve generated by plotting the average intensity ratio 

of the peaks at 442 and 520 cm−1 as a function of the DOX concentration. Inset: a linear 

relationship was found for the physiologically relevant concentrations. The error bar 

stands for standard deviation of three replicates. d, Partitioning and departitioning of 20 

μM DOX in plasma on a pCBAA-modified SERS-active surface. λex = 785 nm, Plaser = 1 

mW, and t = 10 s with 1 accumulation. The 1/e time constants were calculated to be 43 s 

for partitioning and 95 s for departitioning. e, In vitro real-time monitoring of DOX in 

undiluted human plasma (red) relative to spiked concentrations (blue) over the course of 
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3 h. The free DOX concentrations in plasma (red dots) were determined from the 

calibration curve in (c). The free DOX concentrations in ultrafiltrated plasma (purple 

dashed line) were measured using LC-MS. f, SERS spectra of pure DOXol and DOX and 

DOXol/DOX mixtures. g, Average intensity ratios of the peaks at 1349 and 1407 cm−1 as 

a function of the DOXol/DOX ratios. The error bar stands for standard deviation of three 

replicates. 
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Figure 5.5 SERS spectra of DOX in plasma with different concentrations 

SERS spectra of DOX in plasma UF control at concentrations ranging from 0.05 to 10 

μM. λex = 785 nm, Plaser = 1 mW, and t = 30 s with 3 accumulations. 
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Figure 5.6 Free DOX percentages in plasma measured by ultrafiltration and SERS 
methods 

Error bars represent the standard deviation of three replicates. 
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Figure 5.7 Optimizations of mixed SAM compositions 

a, Protein adsorption from human blood plasma on hierarchical pCBAA modified gold 

surfaces as a function of 3MA ratio (in stock solution) measured by SPR, showing that 

the excellent nonfouling property (< 5 ng/cm2) can be maintained down to an 80/20 

initiator/3MA ratio in stock solution. b, SERS spectra of a pure 3MA SAM, a 

hierarchical pCBAA film with the SAM layer of initiator/3MA (80/20, in stock solution) 

and a pCBAA film grafted from a pure initiator SAM. Based on the absolute intensities 

of the peak at 935 cm-1 from the pure 3MA SAM (red line) and initiator/3MA mixed 

SAM (purple line), the ratio of initiator/3MA mixed SAM is 92/8 on the SERS surface. c, 

Protein adsorption from human blood plasma on hierarchical pCBAA modified gold 

surfaces as a function of C3 ratio (in stock solution) measured by SPR, showing that the 
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excellent nonfouling property (< 5 ng/cm2) can be maintained down to a 90/10 

initiator/C3 ratio in stock solution. d, SERS spectra of a pure C3 SAM, a hierarchical 

pCBAA film with an initiator/C3 SAM layer (90/10, in stock solution) and a pCBAA 

film grafted from a pure initiator SAM. Based on the absolute peak intensities at 892 cm-1 

from the pure C3 SAM (yellow line) and initiator/C3 mixed SAM (green line), the ratio 

of initiator:C3 in the mixed SAM is 95/5 on the SERS surface. The error bars in a and c 

represent standard deviations of three replicates. 
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Figure 5.8 Hierarchical pCBAA surface modification to attract analytes and enable 
drug detection in undiluted human plasma 

a, b, SERS spectra of 20 μM AH and 20 μM CARB spiked in undiluted plasma (green 

and olive), plasma (blue), and subtracted spectra (orange and yellow) acquired with the 

SERS optofluidic system hierarchically modified with pCBAA brushes grafted on the 

mixed SAM of 3MA and initiator (20:80). c, SERS spectra of 20 μM PHEN spiked in 

undiluted plasma, plasma, and subtracted spectrum acquired with the SERS optofluidic 

system hierarchically modified with pCBAA brushes grafted on the mixed SAM of C3 

and initiator (10:90). λex = 785 nm, Plaser = 1 mW, and t = 30 s with 3 accumulations. 
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Figure 5.9 Limit of detection (LOD) experiments for CARB (a), PHEN (b) and AH 
(c), using the hierarchical pCBAA-modified SERS optofluidic system 
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Figure 5.10 Hierarchical pCBAA surface modification with probing molecules to 
enable pH and fructose detection in undiluted human plasma 

a, SERS spectra of 4MBA responding to pH-adjusted undiluted human plasma flowed 

over the hierarchically modified substrate with pCBAA grafted on the mixed SAM of 

4MBA and initiator (5:95). b, SERS spectra of 4MPBA responding to undiluted human 

plasma and plasma spiked with 5 mM fructose, flowed over the hierarchically modified 

substrate with pCBAA grafted on the mixed SAM of 4MPBA and initiator (5:95). λex = 

785 nm, Plaser = 1 mW, and t = 30 s with a single accumulation. 
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Chapter 6 Ultra-Low Fouling and High Antibody Loading Zwitterionic 

Hydrogel Coatings for Sensing and Detection in Complex Media 

 For surface-based diagnostic devices to achieve reliable biomarker detection in 

complex media such as blood, preventing nonspecific protein adsorption and 

incorporating high loading of biorecognition elements are paramount. In this work, a 

novel method to produce nonfouling zwitterionic hydrogel coatings was developed to 

achieve these goals. Poly(carboxybetaine acrylamide) (pCBAA) hydrogel thin films 

(CBHTFs) prepared with a carboxybetaine diacrylamide crosslinker (CBAAX) were 

coated on gold and silicon dioxide surfaces via a simple spin coating process. The 

thickness of CBHTFs could be precisely controlled between 15 and 150 nm by varying 

the crosslinker concentration, and the films demonstrated excellent long-term stability. 

Protein adsorption from undiluted human blood serum onto the CBHTFs was measured 

with surface plasmon resonance (SPR). Hydrogel thin films greater than 20 nm exhibited 

ultra-low fouling (<5 ng/cm2). In addition, the CBHTFs were capable of high antibody 

functionalization for specific biomarker detection without compromising their nonfouling 

performance. This strategy provides a facile method to modify SPR biosensor chips with 

an advanced nonfouling material, and can be potentially expanded to a variety of 

implantable medical devices and diagnostic biosensors. 

6.1 Introduction 

 Avoiding nonspecific protein adsorption is critical in numerous fields. Biosensors, 

implanted medical devices, drug delivery systems and ship hulls all benefit tremendously 

from nonfouling surface chemistries [141-144]. Many materials have been reported to 
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reduce protein fouling, but key challenges remain. Although poly(ethylene glycol) (PEG) 

and its derivatives are the most widely used nonfouling materials, they are susceptible to 

oxidative damage over long-term use, difficult to directly functionalize with 

biomolecules for biosensing applications, and have limited nonfouling capabilities in 

complex, real-world media such as undiluted blood plasma and serum [145, 146]. 

Zwitterionic materials such as phosphorylcholine (PC), sulfobetaine (SB) and 

carboxybetaine (CB) are attractive alternatives and have seen increasing investigation 

[120, 140, 147-149]. Poly(carboxybetaine) materials, including poly(carboxybetaine 

methacrylate) (pCBMA) and poly(carboxybetaine acrylamide) (pCBAA), are particularly 

interesting. They exhibit ultra-low fouling properties (i.e., <5 ng/cm2 of nonspecific 

protein binding) in 100% blood plasma and serum [150, 151]. In addition, abundant 

carboxylic acid groups make antibody functionalization to pCB straightforward via 

amino coupling chemistries [152]. These materials have proven useful for cancer 

diagnosis in whole blood [152, 153]. 

 Typical methods of coating pCB on surfaces can be classified into two categories: 

“graft-from” and “graft-to”. In the “graft-from” approach, initiators are first immobilized 

on a substrate and a polymerization method such as atom transfer radical polymerization 

(ATRP) is used to grow polymer chains from the surface-bound initiators [120]. The 

“graft-to” method involves direct attachment of zwitterionic polymers—containing 

adhesive groups such as DOPA or thiols—onto the target surface [154, 155]. While the 

“graft-from” technique is an excellent strategy to achieve a high packing density and 

controlled film thickness, “graft-to” is a more convenient coating process. However, the 

“graft-from” ATRP often requires oxygen-free conditions while the “graft-to” surface-
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adhesive polymers require extensive coating optimization. In addition, these quasi-2D 

coatings with high surface packing densities have limited space for subsequent protein 

immobilization [156]. Thus, new facile strategies to achieve nonfouling coatings with 

high protein loadings are highly desirable.  

 Hydrogel coatings are simple and convenient to attain, and several studies have 

examined their usage for protein resistance and biosensor functionalization [157-163]. 

The aforementioned PEG is regularly used to generate hydrogels for biomedical 

applications via photo-initiated crosslinking. Although PEG hydrogels resist protein 

adsorption, they fall short of achieving ultra-low protein adsorption from undiluted blood 

plasma or serum [164-166]. Polysaccharide-based materials such as dextran have also 

been reported to form hydrogel coatings on biosensors through a number of different 

methods, but these coatings could not stand with undiluted blood plasma or serum [167, 

168]. A zwitterionic hydrogel film containing phosphorylcholine (PC) groups has been 

investigated for its swelling properties, but its tolerance to complex media has not been 

reported [169-171]. Fully zwitterionic hydrogels assembled from a CB monomer and a 

CB-based crosslinker exhibit many unique qualities—they have been demonstrated to 

resist nonspecific protein adsorption in undiluted whole blood [172], to prevent the 

foreign-body reaction to implanted materials [173], and to restrain the differentiation of 

mesenchymal stem cells [121]. In addition, the three-dimensional (3D) structure of the 

gel matrix provides many sites amenable to ligand immobilization for the specific 

detection of biomolecules. These virtues suggest that a pCB-based hydrogel coating may 

be up to the challenge of resisting protein fouling from complex, real-world media and 

providing abundant functional groups for the subsequent immobilization of molecular 
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bio-recognition elements while maintaining coating stability and simplicity. To the best 

of our knowledge, a simple hydrogel coating resisting nonspecific protein adsorption 

from undiluted blood serum has not been reported. 

 In this work, we develop a nonfouling, wholly zwitterionic coating based on a 

pCBAA hydrogel thin film (CBHTF). As shown in Scheme 6.1, a new zwitterionic CB-

based diacrylamide crosslinker (CBAAX) was synthesized for this work. The hydrogel 

thin films were formed by spin-coating a stock solution containing monomer, crosslinker, 

and photoinitiator onto a hydrophilic, self-assembled monolayer (SAM)-modified gold 

surface, followed by ultraviolet (UV) light irradiation. The thicknesses of CBHTFs could 

be controlled by varying the crosslinker concentration, and the coatings displayed great 

stability. Optimized formulations of CBHTFs demonstrate ultra-low fouling (<5 ng/cm2) 

from 100% human blood serum as measured by surface plasmon resonance (SPR), which 

has not been previously reported for a hydrogel coating. The CBHTF coating also 

performed well on a SiO2-modified SPR sensor, indicating its capability for general use. 

CBHTF-coated SPR sensor chips could further be functionalized with antibodies for 

specific biomarker detection via the simple 1-ethyl-3-(3-dimethylaminopropyl)-

carbodiimide/N-hydroxysuccinimide (EDC/NHS) coupling chemistry, which benefits 

from abundant carboxylic acid groups in the 3D CBHTF matrix. Antibody 

immobilization and biomarker detection levels were also optimized by controlling the 

crosslinking density. 
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6.2 Experimental Section 

6.2.1 Materials 

 CBAA monomers were synthesized following a previously published method 

[123]. Acryloyl chloride, acetonitrile, tert-Butyl bromoacetate, dichloromethane (DCM), 

2-Hydroxy-2-methylpropiophenone (HMPP), 11-Mercapto-1-undecanol (C11OH), 1-

Decanethiol (C11), 12-Mercaptododecanoic acid (C11COOH) and phosphate-buffered 

saline (PBS) were purchased from Sigma Aldrich (St. Louis, MO). 2,2'-Diamino-N-

methyldiethylamine and N,N-Diisopropylethylamine (DIPEA), and trifluoroacetic acid 

(TFA) were purchased from TCI (Portland, OR). Ethanol was purchased from Decon 

Labs (King of Prussia, PA). Sodium acetate anhydrous was purchased from Fluka 

(subsidiary of Sigma Aldrich, St. Louis, MO). EDC and NHS were purchased from Acros 

Organics (Geel, Belgium). Pooled human serum was purchased from Biochemed 

Services (Winchester, VA). Human thyroid stimulating hormone (TSH) antibody and 

antigen were from Thermo Scientific (Waltham, MA). The buffers including 150 mM 

phosphate buffered saline (PBS) at pH 7.4, 10 mM sodium acetate buffer (SA) at pH 5, 

10 mM boric acid (BA) with 300 mM NaCl at pH 9, 10 mM glycine (GLY) at pH 4 and 

10 mM HEPES at pH 7.5 were prepared for biomolecular conjugation and bioassay. The 

pH values were adjusted with HCl or NaOH, and buffers were degassed prior to use. All 

water used was purified to 18.2 MΩ with a Millipore water purification system (Billerica, 

MA).   

6.2.2 Synthesis of carboxybetaine diacrylamide crosslinker 

 A synthesis schematic of the CBAAX is shown in Scheme 6.2. A solution of 

acryloyl chloride (5.3 mL, 65.1 mmol) in 20 mL DCM was added dropwise to a solution 
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of 2,2'-Diamino-N-methyldiethylamine (4 mL, 31.0 mmol) and DIPEA (11,9 mL, 68.3 

mmol) in 50 mL DCM at 0℃ over a 30 min period. The reaction mixture was allowed to 

warm to room temperature and stirred for two hours. The reaction was then washed with 

(2 x 25 mL) water. The aqueous layer was re-extracted with DCM (3 x 75 mL). The 

combined organic layers were dried using sodium sulfate, filtered, and concentrated in 

vacuo to leave a residue which was further purified by column chromatography to give 

compound 2 (5.2 gm) in 75.3% yield. 1H NMR (300 MHz, D2O) δ 6.02 – 5.97 (m, 4H), 

5.56 – 5.51 (m, 2H), 3.14 (t, J = 6.7 Hz, 4H), 2.37 (t, J = 6.7 Hz, 4H), 2.07 (s, 3H). 

 Compound 2 (3.2 gm, 10.5 mmol) was dissolved in 20 mL acetonitrile and tert-

butylbromoacetate (4.2 mL, 31.6 mmol) was added to it. The reaction contents were 

stirred for 18 hours at 65oC until TLC showed complete consumption of the starting 

material. The reaction mixture was concentrated to dryness in vacuo and further purified 

by column chromatography to give compound 3 (4.3 gm) in 72.6% yield. 1H NMR (300 

MHz, DMSO-d6) δ 6.31 – 6.08 (m, 4H), 5.67 (dd, J1 = J2 = 2.4 Hz, 2H), 4.48 (s, 2H), 

3.75 – 3.54 (m, 8H), 3.29 (s, 3H), 1.45 (s, 9H). 

 Compound 3 (2.0 gm, 4.7 mmol) was dissolved in 15 mL DCM and 15 mL TFA 

was added. The reaction contents were stirred overnight at room temperature. After 

complete hydrolysis, the reaction mixture was concentrated in vacuo and co-evaporated 

with DCM (3 x 15 mL). The resulting residual mixture was further dissolved in 15 mL 

methanol and 4 mg IRN-78 resin was added to it for complete neutralization. The residue 

was dissolved in water and lyophilized to give compound 4 in 84.1% yield. 1H NMR 

(300 MHz, DMSO-d6) δ 6.31 – 6.05 (m, 4H), 5.63 (dd, J1 = J2 = 2.4 Hz, 2H), 3.70 (s, 2H), 

3.69 – 3.50 (m, 8H), 3.21 (s, 3H). 
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6.2.3 Preparation of CB hydrogel solution and coating on SPR sensor chips 

 Monomer solutions were prepared in DI water, at a concentration of 9% by 

weight. The crosslinker CBAAX was added to these solutions in quantities ranging from 

0.5 to 20% (molar percent of monomer). A 2.5% (molar percent of monomer) solution of 

photoinitiator HMPP was then added, and complete solutions were sonicated before spin-

coating. The SPR sensor chips were produced by coating a glass slide with a 2 nm 

titanium film followed by a 50 nm gold film using an electron beam evaporator. The gold 

SPR chips were cleaned and modified with different SAMs by soaking the chips in 

ethanol solutions containing specified thiols (1 mM) overnight. The chips were then 

rinsed with DI water and ethanol and dried in a stream of filtered air. The prepared 

monomer solutions were spin-coated on the cleaned chips at 3000 rpm for 50 s. The spin-

coated film was dried with filtered air and the chips were exposed to UV light (6 W; 302 

nm with 280 nm cutoff filter) for 120 min to commence polymerization. After UV 

crosslinking, the hydrogel-coated substrates were immersed in PBS solution for 3 days to 

allow the hydrogel films to fully swell and remove unreacted reagents. The same CBHTF 

coating process was conducted on the SiO2-modified SPR chips. Before spin-coating, the 

SiO2 surface was washed by immersion in piranha solution for 15 mins followed by 

ammonium hydroxide solution for 15 mins to generate hydroxyl groups. The chips were 

then washed with DI water and dried with filtered air. The CBHTF was directly coated on 

the SiO2 surface without SAM modification. 

6.2.4 Film thickness and film stability analysis 

 The thickness of CBHTFs were determined using an ellipsometer, (Model alpha-

SE, J.A. Woollam, Lincoln, NE) using a 380–900 nm wavelength range at an incidence 
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angle of 70°. The results were fitted to a Cauchy model. Four locations on each sample 

were analyzed to ensure uniformity of the hydrogel films. The stability of CBHTFs was 

studied by monitoring changes in thickness after immersion in PBS solution and shaking 

for 12 hrs, 24 hrs, 3 days and 30 days. Before each thickness measurement, CBHTF-

modified chips were rinsed with DI water and dried with filtered air. All the thicknesses 

were measured under dry condition unless otherwise specified. 

6.2.5 Nonspecific protein adsorption, antibody immobilization, and antigen 

detection  

 Nonspecific protein adsorption, antibody immobilization, and antigen detection 

were monitored using a custom-built four-channel SPR sensor as described previously 

[174]. To measure protein adsorption, undiluted human serum was injected (10 min, 40 

μL/min) and the wavelength shift between PBS baselines was converted to a surface 

coverage. Anti-TSH was immobilized by first injecting 10 mM SA (pH 5), followed by 

EDC/NHS (0.2 M/0.05 M in water) for 7 min at 30 μL/min. Then, anti-TSH (50 μg/mL 

in 10 mM HEPES pH 7.5) was injected (20 min, 20 μL/min) followed by deactivation 

with 10 mM BA (pH 9) for 10 min, then 10 mM GLY (pH 4) and SA for 10 min, all at 30 

μL/min. Immobilization was calculated as the difference between SA baselines before 

Anti-TSH injection and after deactivation. TSH antigen binding was then monitored by 

first injecting PBS and then antigen (1 μg/mL in PBS at 40 μL/min) following by PBS. 

6.2.6 Statistical methods 

 Statistical analysis was performed using Excel. Mean values with standard 

deviation are reported and all experiments were performed in triplicate. The error bars 

correspond to the standard deviation 
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6.3 Results and Discussion 

6.3.1 Synthesis of CBAAX and selection of SAM modification on gold chips 

 Crosslinker selection plays an important role in the nonfouling performance of 

zwitterionic hydrogels [175]. Zwitterionic materials repel nonspecific protein adsorption 

through strong binding to water via electrostatically induced hydration. However, 

traditional crosslinkers such as widely-used N,N’-methylenebis(acrylamide) (MBAA) are 

only moderately water soluble (not more than 10%). They can degrade the nonfouling 

performance and mechanical strength of the hydrogel system. To overcome this problem, 

we have synthesized a CBAAX (Scheme 6.2) for improved solubility, homogeneity, 

mechanical properties and compatibility with CBAA monomer to form CBAA-based 

zwitterionic hydrogel coatings. 

 CBHTF coatings were deposited by spin-coating aqueous hydrogel solutions onto 

gold chips, followed by photoinitiated polymerization. Notably, we found CBHTF 

uniformity to be related to the hydrophilicity of a chip surface. Grains and particles were 

observed in the CBHTF after initial coating on a cleaned bare gold SPR chip. Therefore, 

further chips were modified with one of several SAMs, including C11COOH, C11OH, and 

C11, to alter surface hydrophilicity and form a smoother film. CBHTFs could be 

successfully coated on C11COOH and C11OH SAM-modified gold chips with relatively 

good uniformity, while they could not be formed on the C11 SAM-modified chip used as 

a negative control. Table 6.1 shows the water surface contact angles of different SAM-

modified gold chips for their hydrophilicities. The hydrophobic C11 SAM-modified 

substrate presented a 78.3º contact angle, and strongly repelled the attachment of the 

aqueous hydrogel solution as expected. The carboxyl tail groups present in the C11COOH 



125 
 

SAM resulted in a very low contact angle (~5º), even compared with that of the C11OH 

SAM (~16º). On this C11COOH SAM, the CBHTF demonstrated the best uniformity, 

greatest film thickness and best nonfouling performance. We hypothesize that the fouling 

resistance of CBHTFs is highly dependent on their surface uniformity, and thus 

hydrophilic pre-modification of gold chips is necessary for optimal performance. Due to 

the excellent uniformity of films grown on C11COOH SAM-modified chips, we selected 

this SAM for subsequent experiments to optimize nonfouling and test antibody 

immobilization. 

6.3.2 Control of CBHTF thickness and stability test 

 The thickness of CBHTFs could be precisely controlled by varying the CBAAX 

concentration in the stock hydrogel solution. The CBAA monomer concentration was 

fixed at 9 wt%, and the CBAAX crosslinker was added in ratios from 0 to 20 mol% of 

the CBAA monomer. As shown in Figure 6.1a, CBHTF thickness increases with an 

increased crosslinker ratio because of enhanced accumulation of the 3D polymer network. 

The film thickness in the absence of crosslinker was only 12 nm. In the presence of 

CBAAX, well-controlled film thicknesses ranging from ~15 to ~40 nm could be attained 

with CBAAX ratios ranging from 0.5% to 6%, and ~90 to ~150 nm thicker films were 

achieved with higher CBAAX ratios between 10 and 20%. Film thicknesses showed 

higher variations when 20% CBAAX was used, as the reaction was more difficult to 

control under this high crosslinker ratio. These two film thickness regions are both 

desirable for different coating applications.  

 Figure 6.1b shows the stability of CBHTFs immersed in PBS for different 

periods of time. The thickness of CBHTFs containing 20% CBAAX only decreased 
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slightly after immersion for 30 days, from 145 nm to 142 nm. Meanwhile, CBHTFs 

formulated with 3% and 6% CBAAX showed even better stability, with no obvious 

change in film thickness. However, the thickness of the CBAA polymer brush film 

grafted without CBAAX crosslinker decreased from 12 nm to 1 nm over one month. 

These results emphasize how important crosslinker selection is to achieve stable films. 

With CBAAX incorporation, robust and well-controlled CBHTF coatings were achieved 

using this simple coating method.  

6.3.3 Protein resistance test in human blood serum 

 To challenge CBHTFs with complex media, we used an SPR sensor to measure 

protein adsorption from undiluted human blood serum onto CBHTFs of varying 

thicknesses coated on C11COOH-modified gold chips. Figure 6.2 shows this protein 

adsorption from 100% serum as a function of CBHTF thickness. High fouling (~40-70 

ng/cm2) was seen at a CBHTF thickness of less than 20 nm. However, when the CBHTF 

thickness was over 25 nm, protein adsorption dropped to an ultra-low fouling level (<10 

ng/cm2). The lowest fouling observed was less than 5 ng/cm2 at a film thickness of 29.7 

nm. The maximum film thickness tested was around 45 nm since the SPR detection 

sensitivity drops exponentially when away from the surface. The higher level of protein 

adsorption seen onto 45-nm-thick CBHTFs was attributed to a reduced film uniformity 

compared with those of lower thicknesses. For pCB brush coatings, a high packing 

density of zwitterionic moieties is the key to achieving strong hydration and effective 

nonfouling performance. For CBHTFs, the crosslinking density plays an important role in 

surface nonfouling properties. Utilizing higher concentrations of CBAAX (> 2%) 

allowed us to increase both the film thickness and the degree of crosslinking in a 
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controlled fashion. To test CBHTF performance on a different hydrophilic surface other 

than COOH SAM, we modified chips with SiO2 before hydrogel coating and serum 

challenge. Figure 6.3 shows a typical SPR sensorgram of protein adsorption from 

undiluted blood serum on these SiO2-modifed chips coated with a 27.2 nm-thick CBHTF. 

Less than 5 ng/cm2 of protein adsorption was seen for these chips as well, validating the 

broad applicability of this coating method. For both types of modified chips, optimizing 

the crosslinking density is a key to achieving ultra-low fouling. 

6.3.4 Surface functionalization and detection  

 It has been demonstrated previously that zwitterionic pCB-based coatings possess 

abundant functionalizable groups that enable antibody immobilization via NHS/EDC 

amino-coupling chemistries, and that these coated surfaces can maintain an ultra-low 

fouling background before and after antibody functionalization [27]. However, these pCB 

coatings are typically grafted via ATRP, and are quasi-two-dimensional (2D) films 

intrinsically limited to a maximum ligand immobilization capacity of a monomer (∼250 

ng/cm2). In contrast, the CBHTFs developed in this work comprise a 3D matrix with CB 

moieties on each monomer and crosslinker unit, enhancing the functionalization capacity 

well beyond that of 2D films. 

To study the antibody immobilization capacity of CBHTFs, we functionalized the 

films with antibodies against human thyroid stimulating hormone (anti-TSH). Antigen 

binding and nonspecific protein from undiluted human serum were investigated using 

SPR. Figure 6.4 shows a typical SPR sensorgram of the overall process, i.e., surface 

activation, antibody immobilization, surface deactivation and antigen detection as 

conducted on a CBHTF with 4% CBAAX content as described in the experimental 
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section. Using SPR, we systematically investigated the influence of crosslinking density 

(i.e., the CBAAX ratio) on antibody loading capacity and antigen detection. As shown in 

Figure 6.5, the optimal antibody loading was around 693 ng/cm2 at a CBHTF thickness 

of ~28 nm containing 3% CBAAX, a threefold higher loading capacity than that of 2D 

pCB films previously reported [156]. We also measured the wet thickness of the optimal 

CBHTF; it had swelled from ~28 nm to ~63 nm, indicating its 3D structure. Notably, the 

loading capacity decreased to 411 ng/cm2 in a thicker ~40 nm film. The higher 

crosslinker content rendered the gel network denser, inhibiting the diffusion of antibodies 

to binding sites. The antigen (i.e., TSH) binding capacity in the optimized ~28 nm film 

was 68.5 ng/cm2, corresponding to a calculated bioactivity ratio of 0.71. We also tested 

the nonspecific fouling resistance of the optimized CBHTF after antibody immobilization, 

and found it to remain under 5 ng/cm2 from undiluted serum.  

In this work, the most important factor to achieve ultra-low fouling and high 

antibody loading was the crosslinker ratio. Once the crosslinker ratio was above 2%, the 

CBHTFs demonstrated good stability and showed relatively low protein adsorption due 

to the higher crosslinking density. However, the optimized crosslinker ratio for maximum 

antibody loading was in the middle of the range, as higher crosslinker content could make 

the CBHTF too dense and inhibit antibodies from diffusing in. These results indicate that 

control over the architecture of zwitterionic hydrogel thin films is the key to their unique 

capacity for ultra-low nonspecific protein adsorption with high ligand loading.  

6.4 Conclusions 

 In summary, we have developed a facile approach to realize ultra-low fouling and 

high ligand loading with a highly-crosslinked, purely zwitterionic, carboxybetaine thin 



129 
 

film hydrogel (CBHTF) coating platform. The CBHTF on a hydrophilic surface 

demonstrated long-term stability. By varying the crosslinker content in the spin-coated 

hydrogel solution, the thickness of CBHTFs could be precisely controlled from 15~150 

nm. Optimized CBHTFs exhibited ultra-low nonspecific protein adsorption below 5 

ng/cm2, and their 3D architecture allowed antibody loading to reach 693 ng/cm2. This 

facile coating technique was also demonstrated to be directly applicable to an alternative 

hydrophilic substrate modified with SiO2, indicating that its potentials for broad 

diagnostic applications. 
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6.5 Tables 

Table 6.1 The selection of hydrophilic SAM modification on the gold SPR chips 

 

 
  SAM on gold chip 

Bare gold  C11OH C11COOH C11 

 
Contact 

Angle (o) 

 
25.6 ± 2.2 

 
 

15.7 ± 1.3 
 

5.2 ± 1.9 
 

78.3 ± 3.6 

 
Thickness 

(nm) 

 
22.3 ± 3.5 

 
 

26.1 ± 2.2 
 

29.7 ± 1.7 
 

1.2 ± 0.8 

       
Serum Fouling 

(ng/cm2) 
 

17.8 ± 4.3 
 

 
9.4 ± 3.7 

 
3.5 ± 1.3 

 
̶ 
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6.5 Schemes 

 
Scheme 6.1 Overview of the coating process to generate CBHTFs on the surface of 
SPR chips 
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Scheme 6.2 Chemical synthesis of carboxybetaine diacrylamide (CBAAX) 

(a) DIEA, Acryloyl chloride, DCM, 75% (b) BrCH2CO2tBu, CH3CN, 60oC, 73% (c) 

TFA:DCM 1:1, (d) MeOH, IRN-78 resin hydrolysis 84% 
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6.6 Figures 

 

Figure 6.1 Thickness control and stability test 

 (a) Thickness control of the CBHTFs by tuning the concentration of CBAAX 

crosslinker. The content of CBAAX is presented in a relative percentage to monomer. (b) 

Film stability of the CBHTFs in the PBS solution for over 30 days. The error bars 

correspond to the standard deviation of three replicates. 
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Figure 6.2 Optimization of nonfouling performance 

Protein adsorption on CBTHFs from 100% human blood serum as the function of 

CBAAX ratio measured by SPR sensor. The error bars correspond to the standard 

deviation of three replicates. 
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Figure 6.3 CBHTF coated on SiO2 

Typical SPR sensorgram for the fouling test on the CBHTF (thickness = 27.2 nm) 

modified SiO2 surface in contact with undiluted human serum.  
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Figure 6.4 Typical SPR sensorgram for anti-TSH immobilization on CBTHF and 
followed with TSH antigen detection 
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Figure 6.5 Antibody loading, antigen response, and nonfouling properties of 
CBTHFs as the function of CBAAX crosslinker ratio 

The error bars correspond to the standard deviation of three replicates. 
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Chapter 7 Rapid and Sensitive Detection of Anti-PEG in Blood Serum 

Based on SPR Sensor  

 On the on the contrary to a generally accepted assumption that PEG is non-

immunogenic and non-antigenic, large numbers of studies report that uricase, ovalbumin, 

and some other PEGylated agents can elicit antibody against PEG (anti-PEG). The 

generation of anti-PEG has been shown to be related to the limitation of efficacy and 

reduction of tolerance of several therapeutic agents. Of major importance is the recent 

finding of a 22 - 25% occurrence of anti-PEG in general population. Thus a facile, rapid, 

sensitive and reliable technique to detect the anti-PEG is highly desired. In this work, we 

have developed a PEG modified surface plasmon resonance (SPR) biosensors for the 

anti-PEG detection. By optimization of the surface chemistry, we can achieve the anti-

PEG quantitative sensing directly from diluted blood serum within 40 min showing better 

sensitivity compared with traditional ELISA method. The limit of detection can be down 

to 10 ng/mL and both IgM and IgG isotypes can be differentiated by this method. The 

development of this technology will lead the successful study of pre-existing anti-PEG 

generated in healthy individuals, and can also be used to pre-screen and monitor the anti-

PEG level in the patients who receive the treatment with PEGylated compound. 

7.1 Introduction 

 Polyethylene glycol (PEG) is the most widely used conjugated polymer in the 

pharmaceutical industry to manipulate the pharmacokinetics of therapeutic and diagnostic 

agents [176, 177]. The attachment of conjugated PEG (PEGylation) to biomedicines such 

as recombinant proteins and peptides, extends theirs circulation time, reduces the toxicity, 
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immunogenicity and antigenicity while improving the therapeutic efficacy. PEG has also 

been covalently attached to other therapeutic agents including oligonucleotides, small 

organic molecules as well as phospholipids. As reviewed by Garay [178], at least 12 

therapeutic PEGylated agents have been approved by FDA, such as PEG-asparaginase for 

leukemia and lymphoma, PEG-interferon for chronic hepatitis C virus, PEG-uricase for 

chronic gout and PEG-adenosine deaminase for immunodeficiency syndrome.  

 Nevertheless, in contrast to the accepted general assumption that PEG is non-

immunogenic and non-antigenic, an emerging number of studies demonstrate that the 

immune system can elicit antibody formation specifically against PEG (anti-PEG) both in 

animals or humans [179]. The generation of anti-PEG can accelerate the clearance of 

PEGylated therapeutics thus reducing the therapeutic efficacy. For instance, the rapid 

clearance of PEG-asparaginase has been observed for a subgroup of the pediatric patient 

treated for acute lymphoblastic leukemia, associated with the presence of anti-PEG [180]. 

Recent clinical investigations of PEG-uricase in refractory chronic gout patients 

unequivocally showed that anti-PEG antibodies correlate with a reduction in drug 

effectiveness [181]. Moreover, a recent finding has demonstrated that a 22%-25% 

occurrence of anti-PEG with both IgG and IgM in healthy blood donors [178]. It might 

due to the humans’ greater exposure to PEG or PEG containing compounds in cosmetics, 

processed foods, pharmaceuticals, and industrial manufacturing. Thus to study the ratio 

and distribution of pre-existing anti-PEG generated in healthy individuals, and also to 

pre-screen and monitor the anti-PEG level in the patients who will receive the treatment 

with PEGylated compound, a facile, rapid, sensitive and reliable technique to detect the 

anti-PEG is highly desired. 



140 
 

 There are a variety of methods have been reported for anti-PEG detection such as 

serology, flow cytometry, Western blotting and enzyme-linked immunosorbent assays 

(ELISA) [182-184]. However, most of them have complicated process requiring skilled 

labor and are time-consuming. For example, the serology method is based on the passive 

agglutination of PEG-coated red blood cells. The cytometry requires the using of PEG-

modified pellet and florescent-labeled immunoglobulins. The ELISA method can provide 

better sensitivity but contains multiple steps. And for quantification, a calibration 

standard is needed for each time. 

 To overcome these shortcomings, we propose a novel method simultaneously 

with high sensitivity, simple operation process, rapid detection time and capability for 

antibody isotype/subclass differentiation by using a surface plasmon resonance (SPR) 

sensor. SPR is a powerful technique to monitor label-free biomolecular interactions and 

biomolecule/surface interactions in liquids with detection limits as low as nanogram 

levels. In this work, we modified PEG based materials on the SPR sensor chips. The PEG 

modification is originally nonfouling, which can resist the nonspecific adsorption from 

diluted blood serum thus diminishing the background noise. If there are anti-PEGs 

existing in the blood sample, when they are flowed through the surface of PEG modified 

SPR chip, they can specifically bind to the PEG moieties illustrating strong signal in the 

SPR sensorgram. We studied the performances of different PEG based modifications, 

including grafted polymer brush (poly(ethylene glycol) methyl ether methacrylate, 

PEGMA), linear polymer (methoxyl PEG thiol, mPEG) and short hydrocarbon thiol(2-(2-

{2-[2-(1-mercaptoundec-11-yloxy)-ethoxy]-ethoxy} -ethoxy)-ethanol, EG4). The mPEG, 

which can readily be coated on the SPR gold chips, demonstrated best sensitivity. The 
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quantitative anti-PEG detection could be achieved within 40 mins with simple steps. The 

limit of detection could be as low as 10 ng/mL. By using secondary antibody, we could 

also distinguish the IgG and IgM generation in the whole anti-PEGs.  

7.2 Experimental Section 

7.2.1 Materials 

 Recombinant uricase from Candida sp. and all chemicals were purchased from 

Sigma-Aldrich unless otherwise noted and were used as received. Methoxy polyethylene 

glycol succinimidyl carbonate (mPEG-NHS, 10kDa, 95%), and mPEG (5kDa, 95%) were 

obtained from Nanocs. EG4 was purchased from ProChimia.  

7.2.2 Protein conjugation 

 Uricase-PEG conjugates were prepared in 50 mM HEPES buffer (pH 8.5), with 

uricase concentration at 1 mg/mL and mPEG-NHS concentration at 10 mg/mL. The 

reaction was stirred at 4 °C overnight. Then the conjugates were concentrated and washed 

extensively with PBS, pH 7.4, using a 300-kDa molecular weight cutoff centrifugal filter. 

The protein residue activity was measured by a commercially available uricase activity 

kit (Life Technologies). 

7.2.3 In vivo anti-PEG generation and sample preparation 

 To generate the anti-PEG and collect the blood sample. The PEGylated uricase 

was injected in Spraque–Dawley rats (male, body weight 74–100 g). Each sample has 

three duplicates to generate statistical significance. All animal experiments adhered to 

federal guidelines and were approved by the University of Washington Institutional 

Animal Care and Use Committee. For the intravenous (IV) immunization, the PEGylated 

uricase was administered into the rat via tail vein injection at the dose of 25 U/kg body 
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weight. Blood samples were collected from the tail vein 5 weeks after the injection. For 

the subcutaneous (SC) immunization, the rats were injected subcutaneously on the back 

with the immunogens on days 0, 14, and 21. The first immunization was in Freund’s 

complete adjuvant. Subsequent immunizations were in Freund’s incomplete adjuvant. 

Blood was collected prior to immunization (prebleed) and 5 weeks after the first 

immunization. All the sera were prepared from each bleed by centrifugation and were 

kept frozen at until use. 

7.2.4 ELISA 

 The antigens used in direct ELISAs consisted of BSA-PEG conjugates (for 

detection of anti-PEG antibody). BSA-PEG conjugates were made following the same 

procedure as uricase-PEG samples. For ELISA experiments, 100 μL antigen solution (10 

μg/mL of protein concentration) prepared in 0.1 M sodium carbonate buffer, pH 10.5, 

was used to coat each well of the 96-well plates. During coating procedure, plates were 

incubated at 4 °C overnight. After removing antigen solutions, the plates were washed 

five times using PBS (PBS 7.4) and then filled with blocking buffer (1% BSA solution in 

0.1 M Tris buffer, pH 8.0). It is important to avoid using any buffer that contains PEG-

like detergents, e.g., Tween 20 and Tween 80. After incubation at room temperature for 1 

h, blocking buffer was removed, and all wells were washed with PBS for another five 

times. Serial dilutions of rat sera in PBS containing 1% BSA were added to the plates 

(100 μL/well), which were incubated for 1 h at 37 °C. The plates were then washed five 

times with PBS. Goat anti-rat IgM or IgG conjugated to HRP (Bethyl Laboratories) was 

used as the secondary antibody for detection of IgM and IgG. After adding the secondary 

antibody, plates were incubated at room temperature for 1 h and then washed five times 
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using PBS before the addition of 100 μL/well HRP substrate 3,3′,5,5′-

tetramethylbenzidine (TMB; Bethyl Laboratories). The plates were shaken for 15 min, 

and 100 μL stop solution (0.2 M H2SO4) was added to each well. Absorbance at 450 

(signal) and 570 nm (background) was recorded by a microplate reader. Prebleeding sera 

were used as negative control for all ELISA detections. Commercially available rat anti-

PEG antibodies were used as positive control for anti-PEG detections. The positive signal 

was defined as absorbance significantly larger than corresponding negative control. 

7.2.5 SPR detection of anti-PEG 

 PEGMA polymer brushes were grafted onto gold SPR sensor chips following 

previously published methods [185]. Brush thickness was measured by a spectroscopic 

ellipsometry (Sentech SE-850). The mPEG and EG4 were modified on the gold SPR 

chips by immersing the UV-ozone cleaned chips in the corresponding thiol ethanol 

solution (1 mg/mL for mPEG, and 1 mM). A custom-built SPR sensor was used in this 

study. All experiments were done following the sequence of flowing PBS for 10 min, 

1:20 diluted serum in PBS for 15 min, and PBS for 15 min at flow rate of 30 μL/min. For 

the experiment of IgG and IgM differentiation, goat anti-rat IgM or IgG (10 μg/mL) was 

injected continuously after anti-PEG detection for 15 min, followed by PBS for 15 min. 

For the SPR sensor used in the study, a 1 nm SPR wavelength shift represents a surface 

coverage of ∼17 ng/cm2 for proteins. Detection limit for the SPR sensor used in this work 

is 0.3 ng/cm2. 
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7.3 Results and Discussion 

7.3.1 Antibody production  

 In this work, we directly conducted the anti-PEG detection from the blood 

samples collected from in vivo animal studies to prove that our technology can be 

directly applied for the real-world application. We selected the Spraque–Dawley rat as 

the animal model and immunized anti-PEG by injecting the PEG-Uricase intravenously 

and subcutaneously (Figure 7.1a). We investigated both of the IV and SC immunizations 

because they can induce different amounts and compositions of anti-PEG (IgG or IgM). 

After the generation of anti-PEG and the collection of the blood serum which contains the 

anti-PEG. We used the SPR sensor coated with different PEG modifications to achieve 

the detection (Figure 7.1b).  

7.3.2 Selection of surface chemistry 

 PEG based materials are most widely used nonfouling or stealth materials which 

can resist the nonspecific protein adsorptions. Herein, the PEG would be coated on the 

SPR sensors not only as the antigen for the specific anti-PEG binding but also as the 

nonfouling modification to reduce the background noise from the blood serum sample. 

Thereby, as shown in Figure 7.2a,b,c, we studies three different types of PEG 

modification on the SPR sensors include PEGMA polymer brush, mPEG linear polymer, 

and EG4 short thiol forming self-assembled monolayers (SAM). A sample IV immunized 

blood serum sample was diluted for 20 times by PBS and injected through the SPR 

sensors coated with these three modifications. And we also flowed a control serum which 

was collected before the IV injection. Figure 7.2c,d,e show the SPR sensorgrams of with 

the three modifications respectively. On the PEGMA modified sensor, the anti-PEG 
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adsorption is around 40 ng/cm2 and there is no adsorption from the control sample. On 

the mPEG coated sensor, it shows ~ 98 ng/cm2 anti-PEG adsorption from the immunized 

sample and only 0.3 ng/cm2 from the control. While the EG4 SAM cannot effectively 

resist the nonspecific protein adsorption from the serum, showing similar results from 

both the immunized serum and control serum. Based on these results, mPEG was the best 

modification demonstrating highest sensitivity while eliminating the background noise 

and it is selected for the further detections and studies. 

7.3.3 Determination of anti-PEG titer 

 An antibody titer is a measurement of how much antibody in the sample that 

recognizes a particular epitope, expressed as the inverse of the greatest dilution that still 

gives a positive result. ELISA is a common means of determining antibody titers. In this 

study, for the IV immunized samples, the ELISA anti-PEG titers was measured as 3200 

(result is not shown here). To compare with ELISA, the same IV serum containing anti-

PEG was diluted for 20, 200, 1000 and 5000 times with PBS and the diluted samples 

were detected with mPEG modified SPR sensors. Figure 7.3a demonstrates the SPR 

sensorgrams, and the anti-PEG was detected in all these samples which indicate that the 

anti-PEG titles for SPR is 5000. Figure 7.3b summarizes the antibody adsorptions with 

different dilution factors. In addition, we also conducted the detections by pausing 

method, which means to stop the blood serum sample for 1hr inside the SPR detection 

chambers to increase the binding time. It mimics the ELISA method to increase the 

reaction time to get better sensitivity. However, we didn’t observe any significant 

improvement comparing with the dynamic flowing method and the results are also 

summarized in Figure 7.3b. 
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7.3.4 Differentiation of IgG and IgM  

 We successfully achieved the sensitive and rapid anti-PEG detection from blood 

serum by using mPEG modified SPR sensor. But the results shown before are the total 

amounts of the anti-PEGs and they are composed of different isotypes (mostly IgG and 

IgM). To further differentiate the IgG and IgM levels in the whole anti-PEGs, we 

continued flow the anti-IgG and anti-IgM after the binding of anti-PEGs. Figure 7.4a,b 

illustrates the SPR sensorgrams of anti-PEG detections and followed IgG and IgM 

classifications for both the IV and SC samples. For the IV samples, most of the 

antibodies are composed of IgM and IgG only shows very small response. While the SC 

samples shows huge amount of total anti-PEGs and the amount of IgG and IgM are all 

higher than the IV samples. The exact amounts of adsorption are listed in the Figure 7.4c. 

These experiments demonstrate that our method can effectively classify the isotype of the 

detected antibodies, which provides essential information for a lot of clinical studies and 

applications.  

7.3.5 Calibration for quantitative detection 

 By using our method, we measure the total mass amount of anti-PEG binding to 

the PEG polymers coated on SPR surface. If we want to the exact concentration of the 

anti-PEG in the blood samples, we also need to do a simple calibration for the SRP 

sensor, which is to determine the relationship between the anti-PEG concentrations to the 

SPR wavelength shifts. To do the calibration, we detected the solutions spiked with 

different concentrations of anti-PEG IgM ranging from 1 ng/mL to 100 μg/mL. As shown 

in Figure 7.5a, the SPR illustrates different response to different concentrations of anti-

PEG. When the concentration is higher than 20 μg/mL, a saturation of adsorption is 
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observed. Figure 7.5b demonstrates the sensorgrams detecting the concentrations from 

1ng/mL to 100 ng/mL. Obvious responses are shown for both 10 and 100 ng/mL while 

there is no detection of 1 ng/mL. Thus the limit of detection of the mPEG coated SPR 

method is 10 ng/mL, which is 10 times lower than the reported ELISA method. The 

calibration curve is shown in Figure 7.5c by plotting the wavelength shift as a function of 

anti-PEG concentration. A linear dynamic range is achieved between 0 to 10 μg/mL as 

illustrated in Figure 7.5d. Based on the generated calibration curve, we can calculate the 

real anti-PEG concentrations of IV and SC samples. The anti-PEG concentration is about 

113 μg/mL for IV immunized blood serum, and 226 μg/mL for SC injection. 

7.4 Conclusions  

 In conclusion, we have developed a simple, rapid, sensitive and reliable technique 

of direct anti-PEG detection in blood samples. To proof the capability of our method, we 

produced anti-PEG antibodies by injecting PEG-uricase in animal model and we 

collected the blood serum samples for detection. By coating the mPEG on the SPR sensor, 

we could reach 5000 as the antibody titer (3200 for ELISA method). The total antibodies 

could also be classified as IgG and IgM separately and quantitatively. The limit of 

detection of this technique is 10 ng/mL, which is suitable for the clinical relevant using.  
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7.5 Figures 

 

Figure 7.1 Anti-PEG detection by using the PEG coated SPR biosensor 

 (a) Schematic illustration of PEG-Uricase and the immunization study by IV and SC 

injection. (b) Schematic illustration of anti-PEG detection by using the PEG coated SPR 

biosensor.  

 

 

 

 

 



149 
 

 

Figure 7.2 Selection of surface chemistry 

(a) (b) (c) Schematic illustration PEG based surface modification on the gold SPR sensor 

including PEGMA polymer brush, mPEG thiol linear polymer and EG4 SAM, 

respectively. (e) (f) (g) Typical SPR sensorgrams of anti-PEG binding to the three 

different PEG based modification on SPR chips. 
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Figure 7.3 SPR detection of anti-PEG with different dilution factors 

(a) SPR sensorgrams of anti-PEG adsorption of the IV blood serum with different 

dilution factors. (b) Summary of the antibody adsorption with and without pause process.  
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Figure 7.4 IgG/IgM differentiation 

(a) SPR sensorgram of anti-PEG detection and IgG/IgM differentiation of blood serum 

for IV injection. (b) SPR sensorgram of anti-PEG detection and IgG/IgM differentiation 

of blood serum for SC injection. (c) Summary of IgG and IgM generations in the IV and 

SC immunization study.  
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Figure 7.5 Quantification of anti-PEG 

(a) (b) SPR sensorgrams of monoclonal anti-PEG IgM detection with different 

concentrations ranging from 1 ng/mL to 100 μg/mL in PBS. (c) Anti-PEG detection 

calibration curve based on the wavelength shift as a function of the concentration. (d) A 

linear dynamic range is shown with the concentrations ranging from 0 to 10 μg/mL.  
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Chapter 8 Conclusions  

 This dissertation explores and investigates the multifunctional surface chemistry 

for SERS and SPR plasmonic biosensing in complex media. The strategy and design of 

probe molecules for specific detection and signal amplification for SERS sensing are 

described. The introduction of effective zwitterionic nonfouling modification on the 

SERS sensor is discussed. In addition, a facile nonfouling/high antibody loading coating 

method is developed for the SPR sensor. Specific surface chemistry for the anti-PEG 

detection by SPR is demonstrated. 

 The first part of the dissertation (Chapter 2 and 3) discusses how to detect the 

analytes with small Raman activity or no Raman activity by using SERS. A solution is to 

immobilize a probe molecule for specific binding and signal amplification. In Chapter 2, 

we describe a method for sensitive and fast fructose detection in undiluted artificial urine 

by monitoring SERS spectral changes of 4-MPBA probe molecules upon fructose 

binding which breaks the structural symmetry of the probe molecules. The greater 

chemical enhancement of the probe molecules not only improves the detection sensitivity 

but also amplifies the SERS signal that effectively shields the background noise in 

complex media. The limit of detection of 0.05 mM fructose in PBS and undiluted 

artificial urine is achieved.  

 In Chapter 3, we immobilize 4-MBA on a gold SERS substrate to map the local 

pHe of single living cells. The 4-MBA functionalized SERS substrate demonstrates good 

sensitivity and reproducibility. The influence of cations in detecting solutions on the 

responses of 4-MBA SERS spectra to pH variations is investigated and the calibration 

curves are established to ensure the detection and mapping accuracy in complex media 
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such as cell culture media. As a proof of concept, a normal cell line (NIH/3T3) and a 

tumor cell line (HepG2) are cultured on the 4-MBA modified SERS substrates. The 

values of local pHe of living cells are detected and mapped with high spatial resolution 

and pH sensitivity. The tumor cells display more acidic averaged pHe. 

 The second part of the dissertation (Chapter 4 and 5) explores the strategy to 

introduce zwitterionic nonfouling modification on the SERS sensors to enable the 

detection in complex media. In Chapter 4, we design and synthesize a special zwitterionic 

short thiol CBT and introduce it to SERS sensor. The CBT can effectively resist 

nonspecific adsorption from protein solutions and it possesses very weak Raman activity. 

This makes it be capable of hiding its own signal in the SERS spectrum, which may 

cover or overlap with the signal of the analyst. To further increase the nonfouling 

performance of the modification on SERS, we graft zwitterionic pCBAA polymer brush 

on the SERS surface via SI-ATRP. The densely packed polymer film can resist the 

protein adsorption from real-world complex media such as undiluted blood plasma. 

Without the nonfouling modification, bare gold SERS sensor cannot survive in blood 

plasma. An anti-cancer drug Doxorubicin is quantitatively detected by the pCBAA 

modified SERS optofluidic system directly in the human plasma. And we also apply our 

system for the real-time monitoring of several therapeutic drugs.  

 The third part of the dissertation (Chapter 6 and 7) investigates specific surface 

chemistry on SPR for different applications. In Chapter 6, we present a novel and facile 

approach to develop an ultra-low fouling and high antibody loading coating platform 

based on zwitterionic CBTHF composed of highly crosslinked hydrogel with whole CB 

moieties. The CBTHF with controlled crosslinking density and thickness shows long-
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term stability. On the optimized CBHTFs, the protein fouling levels from undiluted blood 

serum are lower than 5 ng/cm2 and antibody loading can reach 693 ng/cm2, which cannot 

be achieved by traditional one layer nonfouling coatings. And in Chapter 7, we show a 

simple, rapid, sensitive and reliable technique of direct anti-PEG antibodies detection in 

blood samples. By coating the mPEG on the SPR sensor, we can quantitatively detect the 

anti-PEG from in vivo blood samples with 10 ng/mL limit of detection. The total 

antibodies could also be classified as IgG and IgM separately. 

 In summary, we propose the method to use probe molecule on SERS to detect the 

analytes with small Raman activity or no Raman activity. Based on the probe strategy, we 

select 4-MPBA for fructose sensing and 4-MBA for pHe imaging using SERS. This 

strategy can easily be tuned for other applications by changing the functional group on 

the probe molecule. We also introduce zwitterionic nonfouling materials on SERS 

sensors enabling the SERS detection in the complex media. The zwitterionic short thiol 

CBT can effectively resist the nonspecific adsorption form single protein solutions. And 

the zwitterionic pCBAA modification contributes to the therapeutic drug monitoring in 

blood plasma. The zwitterionic materials possess small Raman activity and can be used 

as general protection coatings for SERS biosensing in the complex media. The 

zwitterionic CBTHF shows high antibody loading capacity and ultra-low fouling property, 

which is a novel and facile approach for surface coating of SPR sensors. This surface 

modification method illustrates great potentials for broad diagnostic applications. We 

also develop a simple but robust surface chemistry for anti-PEG detection. This reliable 

technique can be used to study the occurrence of pre-existing anti-PEG in the general 

population and help the patients to monitor the anti-PEG level in blood. 
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