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ABSTRACT  

In this paper, we tested the hypothesis that there is an increased sensitivity for detecting 
and measuring disease biomarkers (such as human cardiac troponin I, cTnI) by a decrease 
of nonspecific adsorption in diluted self assembled monolayers (SAMs) on planar 
sputtered gold films. Combining grazing angle Fourier-transform infrared spectroscopy 
(FT-IR) and antibody-antigen-antibody (sandwich) fluorescence-based immunoassay, we 
examined  the relationship of sensitivity, specificity of detection of cTnI and the level of 
nonspecific protein adsorption in the following SAMs: pure MHA (16-
mercaptohexadecanoic acid, 1 mM, with head COO-, x=1.0), a mixed SAM comprising 
MHA (0.1 mM) and UDT (1-undecane thiol,  0.9 mM, with hydrophobic head CH3, 
x=0.1UDT), and a mixed SAM comprising MHA (0.1 mM) and MUD (11-mercapto-1-
undecanol, 0.9 mM, with hydrophilic head OH, x=0.1MUD). Our data revealed that 
nonspecific binding to SAMs is favoured in the following order: CH3 > COO- > OH, 
consistent with previous studies. Compared with pure SAMs, diluting MHA SAMs with 
MUD increases the sensitivity of cTnI, whereas diluted MHA SAMs with UDT has the 
same sensitivity of detection of cTnI, suggesting it is the nature of the second diluting 
thiol that plays an important role on the amount of adsorbed protein on the surface. We 
obtained a 10-fold increase in the limit of detection of cTnI to 10 ng mL-1 using x=0.1MUD 
due to a decrease of nonspecific binding. Further, specific binding between the antigen 
cTnI and its antibody is unaltered on pure and diluted SAMs.   
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1. INTRODUCTION 

The development of surfaces resisting nonspecific protein adsorption has been an 
important subject for many biological and medical applications. Investigation of protein 
(disease biomarker) interactions in model systems such as enzyme linked immunosorbent 
assay (ELISA: antibody-antigen-antibody sandwich) are based on the specific interaction 
between protein in the bulk solution and capture probes attached to various types of 



surfaces. In most cases, sensitivity is limited by the nonspecific adsorption of proteins, 
depending on the biophysical and chemical properties of the adsorbed surface. For 
ELISA, ~15% of measured response was estimated to be attributed to nonspecific 
protein/surface interactions[1]. Therefore, reducing non-specific adsorption is of 
paramount importance in immunosensor development.   

Gold surfaces are commonly used substrates for the formation of well-ordered 
self-assembled monolayers (SAMs) and for most previous studies of protein adsorption, 
molecular recognition, and chemical and biological sensing. Alkanethiolates on gold, a 
well-established and widely studied SAM, forms densely packed, positionally 
constrained, and crystalline-like films in a very reproducible manner[2-5].  Although this 
high degree of order is important for certain applications, increasing attention is being 
given to mixed SAMs containing a diluted surface-active headgroup[6]. Greater control 
over the structure of the SAMs is afforded by coadsorption of two or more thiols that 
differ in the nature of the head group, tail group or the length of the hydrocarbon chain. 
Mixed SAMs generally have one thiolate with a functional headgroup at a low mole 
fraction and a second “spacer” thiolate at a high mole fraction[7]. Carboxylic acids are 
frequently chosen to be the functional headgroup because of their ability to bind to 
primary amines on the lysine residues of proteins to form stable amide bonds.   

Close packed probe molecules are non-optimal for binding proteins due to 
molecular crowding resulting in steric hindrance[8]. In addition, irregular packing of 
primary antibodies in a sandwich-type assay bound to the SAM on the gold surface can 
prevent access to remaining active sites for the blocking agent following the analyte step 
and thus increase non-specific binding. Due to these factors, diluting the first thiol 
bearing the functional headgroups with a second thiol is useful in order to reduce the 
packing density of the probes, to prevent denaturation, minimize steric hindrance and 
thus improve the bioactivity of an immobilized protein[9-15].   

Our objective in this work was to investigate whether there is an increased 
sensitivity for detecting and measuring disease biomarkers (such as human cardiac 
troponin I, cTnI) by a decrease of nonspecific adsorption in diluted SAMs. cTnI is a 
protein subunit of cardiac troponin complex. During the myocardial damage process, the 
troponin complex is broken up, and cTnI is released into the bloodstream. Because of this 
high tissue specificity and related sensitivity, cTnI has become a cornerstone in the 
diagnosis of myocardial infarction[16]. Early detection of the protein marker cTnI in 
patients with acute coronary syndromes can predict the risk of death[17].  Most cTnI 
assays are currently based on the conventional ELISA and have a detection limit of ~1 
ng/ml. Highly sensitive and selective diagnostic assays have been achieved based on self-
assembled monolayers, with a detection of one to seven orders of magnitude lower than 
those detected by ELISA[18-21].  Previous studies have examined how different types of 
functional groups can affect the amount of adsorbed protein at surfaces. This study 
examines how different surface coverage and the nature of the diluting SAMs of 
functional groups can affect adsorbed proteins on the surface, taking the cTnI sandwich 
as a model system.  A schematic of the assay configuration is shown in Figure 1.  
 

 

 

 



2. EXPERIMENTAL DETAILS 

 2.1 Materials.  

1-undecane thiol (UDT), 11-mercapto-1-undecanol (MUD), 16-mercaptohexadecanoic 
acid (MHA), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), N-
hydroxysuccinimide (NHS), bovine serum albumin (BSA), and anhydrous ethanol were 
purchased from Sigma/Aldrich, USA. Phosphate buffered saline (PBS, pH 7.4) was used 
as the working medium (Sigma). Human cardiac troponin I (cTnI, #30-AT43), goat anti-
cTnI (capture antibody for forming functional surface assembly, #70-TG004), mouse 
anti-cTnI (detection antibody, #10-T79B), mouse anti-skeletal muscle troponin I (anti-
sTnI; #10R-T126A) were purchased from Fitzgerald Industries International, Inc (MA, 
USA). IR 680 (IRdye 680LT conjugated goat anti-mouse IgG) was purchased from the 
Li-cor Biosciences, Nebraska, USA). Unless otherwise stated, all chemicals used in this 
study were of analytical grade.  
 

2.2 Functional Surface Assembly.  

The Au substrates were prepared on silicon wafers by sputtering of 50-Å Cr and 
1000-Å Au. The Au surfaces were immersed in the different thiols for 7 days: 1) solution 
of MHA (1 mM, with head-group COOH) alone, 2) mixed solution of MHA (0.1 mM) 
and UDT (0.9 mM, with head-group CH3), and 3) mixed solution of MHA (0.1 mM) and 
MUD (0.9 mM, with head-group OH). In this study, we named these varied SAMs: pure 
MHA (x=1.0), a mixed SAM comprising MHA and UDT with a ratio of 1:9 (x=0.1UDT), a 
mixed SAM comprising MHA and MUD with a ration of 1:9 (x=0.1MUD). After SAM 
formation, the resulting samples were washed with ethanol, distilled water and dried 
under nitrogen. In general, the ratio of the concentration of the two components in a 
mixed monolayer may be not the same as in solution but reflects the relative solubility of 
the components in solution and the interactions between the tail groups in the 
monolayers[22], but was assumed close to the solution composition in the present study, 
a reasonable assumption for these very similar molecules[23]. Activated esters of the 
carboxy terminii on MHA were subsequently formed by adding 100 mM EDC and 50 
mM NHS in distilled water to SAMs for 1 h, followed by a wash with PBS. A 20 µg/ml 
solution of goat anti-cTnI in PBS was then added for 1 h to form an amide bond between 
the primary amine on anti-cTnI and the activated esters of the carboxy termini on MHA, 
followed by washingwith PBS to rinse out the unbound excess anti-cTnI. 
 
2.3 Apparatus 

The XPS measurements were performed on an AXIS ULTRA spectrometer 
(Kratos Analytical Ltd. UK). The base pressure in the analytical chamber was lower than 
2 × 10-7 Pa. The resolution function of the instrument for Al-mono source, hybrid lens 
mode is 0.7 eV for Au 4f peaks. Monochromated Al Ka (hν=1486.6 eV) was used at a 
power of 210 Watts. Fixed analyser transmission (FAT) mode was applied. The analysis 
spot was 700 × 400 µm. Change neutralization was not required. All survey scans 
spanned from 1100 to 0 eV binding energy and were collected with analyzer pass energy 
(PE) of 160 eV with a step of 0.35 eV. For the high-resolution spectra, the pass-energy 
was 20 eV with a step of 0.1 eV.  

Grazing angle Fourier-transform infrared spectroscopy (FT-IR) was performed at 
using a Thermo Nicolet 8700 infrared spectrometer via reflectance using IR light incident 



at 85-86.5°. Spectra are the result of 1024 scans. A blank gold substrate spectrum, 
scanned under identical conditions, was used for background subtraction. The 
fluorescence signal was detected by using a Zeiss upright epi-fluorescence microscope 
(Axioskop 2 mot plus, Germany). A mercury arc lamp was used as the light source with 
the appropriate set of filters for the dyeexcitation and emission wavelengths. A Zeiss 12-
bit cooled CCD camera (AxioCam MRc5, Germany) operated with Auxiovision software 
was used to acquire images at an exposure time of 2 s. 
     

2.4 Antibody-Antigen-Antibody Immobilization and Fluorescent Detection Principle 

and Data Processing.  

After binding with goat anti-cTnI, remaining active sites on the functional SAM 
were then blocked with 1% bovine serum albumin (BSA), followed by washing with PBS 
to rinse out the unbound excess BSA. This BSA step aims at blocking fractions of the 
surface that are not covered with anti-cTnI to prevent non-specific binding to the 
monolayer. Since cTnI will not bind to a BSA layer and BSA does not associate with 
anti-cTnI, the blocking step is expected to ensure cTnI immobilization strictly to anti-
cTnI.  Subsequently, various concentrations of cTnI were added for 1 hour, followed by 
washing with PBS to rinse out the unbound cTnI. Detection antibody mouse anti-cTnI 
was then added for 1 hour and followed by washing with PBS to rinse out the unbound 
anti-cTnI. Finally, fluorescent IR680 was added for one hour incubation and followed by 
washing with PBS to rinse out the unbound IR680. The amount of fluorescence signal is 
dependent on the amount of mouse anti-cTnI-IR680 bound on cTnI, thus the 
concentration of cTnI bound to goat anti-cTnI in the functional SAMs. In control 
experiments (cTnI=0), all steps were identical, except that the cTnI incubation step was 
replaced with PBS. The intensity of fluorescence over the whole surface of each slide 
was analyzed with histogram by Image-Pro Plus (Media Cybernetics, Silver Spring, MD, 
USA). The mean fluorescence intensity in each slide was a raw number, without 
subtracting the mean intensity obtained for the control. Data are displayed as mean ± 
SEM, and Sigmaplot 11 (Systat software, San Jose, CA) is used for statistics analysis. T-
test and one way ANOVA are used to compare two groups and multiple groups for 
significant differences, respectively, with p<0.05 as a significant difference.    
 

3. RESULTS AND DISCUSSION 

 

3.1 XPS characterization of gold surfaces 

 XPS technique has been used to analyze the chemical composition of the material 
surfaces before and after chemical modifications to evaluate the nature of the chemical 
bonding occurring on the surface. The XPS survey scans (Figure 2A) detected gold for 
all Au surfaces examined, with the Au4f peaks appeared at 83.8 eV and 87.6 eV. After 
formation of SAM onto Au, S2p peaks were observed at 161.8 eV and 163.2 eV for a 
SAM-Au (Figure 2B), while no S2p peak is observed in the survey spectra of blank Au-
silicon. This binding energy is characteristic to the chemical state of the S2p3/2 in the 
gold–thiol bond, consistent with previously published result[24]. Thus, the above result 
indicates that MHA was chemisorbed on Au-silicon through Au–S bonding and so the –
COOH groups are exposed at the surface side in the SAMs[25].  
 



3.2 FT-IR characterization of gold surfaces.  

Each step of the surface modification process could be monitored by p-polarized 
grazing angle FT-IR. There are two characteristic diagnostic peaks, with one occurring at 
1500-1850 cm–1 and the other at 2800-3000 cm–1. We first examined the IR spectra of the 
various SAMs (x=1.0, x=0.1UDT, x=0.1MUD) at 2800-3000 cm–1. There are two features 
around 2850 and 2940 cm-1 for x=1.0 and x=0.1UDT, assigned to the CH2 symmetric and 
CH2 asymmetric modes from the carbon backbone, respectively. The IR spectrum shows 
that there are four vibrational modes around 2855, 2875, 2940, 2960 cm-1 for x=0.1MUD. 
They are assigned to the CH2 symmetric stretch, CH3 symmetric stretch, CH2 asymmetric 
stretch, and CH3 asymmetric stretch modes, respectively. The peaks at 2850 and 2940 
cm-1 were no difference among diluted SAMs (x=0.1MUD or x=0.1UDT), but higher in x=1 
SAMs.  

We then focus the IR spectra on the C=O stretching region (1500-1850 cm-1, 
Figure 3) of the spectrum, since this region is most diagnostic for the changes that occur 
during activation of the carboxylic acid group and formation of the amide bond[23]. The 
IR spectrum (Fig. 3a) obtained from all three SAMs shows the peak around 1740 cm-1, 
which is related to the COOH moieties. The peaks were no difference between x=0.1MUD 
or x=0.1UDT SAMs, but ~60% higher in x=1 than x=0.1MUD or x=0.1UDT SAMs. This is 
consistent with a previous report[23]. Reaction with EDC and NHS produced a SAM 
with characteristic peaks at 1815, 1750, and 1700 cm–1, which are responsible for the 
carbonyl stretch modes in the COO-NHS ester moiety. These peaks were no difference 
between x=0.1MUD or x=0.1UDT SAMs, but ~25% higher in x =1 than x=0.1MUD or 
x=0.1UDT SAMs (Fig. 3b). These results suggest that successful formation of the ester 
intermediate depends on the accessibility of the terminal carboxylate groups. Steric 
packing of these acid groups in pure SAMs can limit the rate and capacity of intermediate 
formation, with partial conversion (~50%) of accessible acid groups occurring only after 
first reaction cycle[26]. After anti-cTnI immobilization new amide bands appeared 
around 1670 and 1550 cm-1 (amide I and amide II), indicating the existence of anti-cTnI 
on the surface (Fig. 3c). We assign the band at 1550 cm-1 to the two NH bends, the band 
at 1670 cm-1 to the two amide C=O stretches in the coupled ligand, and the band at 1730 
cm-1 to the C=O stretch of residual carboxylic acid groups in MHA. These results were 
similar to that of previous studies[23, 26], suggesting formation of functional SAMs. 
Whereas the peak of two amide bands was not different among all SAMS, the band at 
1730 cm-1 was smaller in both diluted SAMs than non-diluted SAMs. Moreover, 1 of 4 
SAMs in x=0.1UDT, and 2 of 4 SAMs in x=0.1MUD had no detective band at 1730 cm-1, 
indicating less residual carboxylic acid groups in diluted MHA. Further incubation with 
BSA (1%, Fig. 3d) after anti-cTnI revealed that x=1 SAMs had a ~20% increase in the 
peak of the primary amide band at 1670 cm-1, 30% decrease in the band at 1730 cm-1. 
Further incubation with BSA after anti-cTnI revealed that diluted SAMs had a ~5% 
increase at 1670 cm-1, 50% decrease in the band at 1730 cm-1.  
 

3.3 Fluorescence detection of cTnI.  

First, we compared nonspecific binding capability in varied SAMs without 
NHS/EDC activation by measuring fluorescent labelling (Figure 4). Without 
pretreatment of BSA, fluorescent labelling by incubation of IR680 had readings of 
210±29, 288±26, 101±12 for x=1, x=0.1UDT, x=0.1MUD, respectively. After BSA 



incubation, fluorescent labelling by incubation of IR680 was 42, 27, ~0 for x=1, 
x=0.1UDT, x=0.1MUD, respectively. These results were consistent with previous studies of 
the nonspecific binding of IgG and BSA to gold surfaces. The surface concentration of 
IgG and BSA molecules adsorbed on the SAMs revealed that nonspecific binding to 
SAMs is favoured in the following order: CH3 > COO-> NH3

+> OH > ethylene 
glycol[27-29]. Prime & Whitesides (1991) showed that surfaces resisting adsorption of 
proteins exhibited four common molecular-level features: hydrophilic, electrically 
neutral, hydrogen bond acceptors, and not hydrogen bond donors[30].  For example, less 
bound water molecules around chains and lower chain flexibility, the lack of any 
hydrogen-bonding capability due to its nonpolar nature are major factors for protein 
adsorption on the CH3-SAM surface[31]. These results indicated the least amount of 
nonspecific binding of anti-IgG to x=0.1MUD SAMs. Most importantly, BSA fully 
occupied the nonspecific binding sites of x=0.1MUD SAMs, thus, BSA completely 
blocked nonspecific binding of fluorescent anti-IgG to x=0.1MUD. BSA has 60 surface 
lysine groups that can have electrostatic interactions with negatively charged moieties. 
BSA can be conjugated to other proteins and peptides utilizing the large number of 
surface lysine residues of BSA as a scaffold for chemical attachment[32-34]. 

 Secondly, after NHS/EDC activation, we compared fluorescent labelling by 
directly adding IR680 to various SAMs (Figure 5). Without pretreatment of BSA, 
fluorescent labelling capacity by incubation of IR680 was 1313±88, 1258±79, 1189±76 
for x=1, x=0.1UDT, x=0.1MUD SAMs, respectively. There was no significant difference 
among them, suggesting two opposite possibilities: 1) similar amount of COO-NHS 
binding sites, 2) greater number of COO-NHS binding sites in pure SAMs, but with low 
binding efficacy. Our FT-IR data supported the second possibility, as evidenced by the 
fact that the peaks of COO-NHS ester moiety were higher in x=1 than x=0.1 SAMs. But 
more residual carboxylic acid groups were found after anti-cTnI or BSA incubation in 
x=1 than x=0.1 SAMs. Only a fraction of COO-NHS binding sites form the covalent 
amino binding because IR680 is a huge molecule. The layer containing the highest 
amount of COO-NHS ester was the least efficient in terms of fluorescent IR680 binding 
capacity.  

After incubation of BSA, fluorescent labelling by incubation of IR680 was 
186±15, 101±13, 55±12, for x=1, x=0.1UDT, x=0.1MUD, respectively. The smaller the 
number, the fewer non-specific binding sites left for IR680. These results suggested that 
x=0.1MUD had most physical nonspecific and chemical specific binding sites bound by 
BSA. As discussed above, this result is consistent with previous studies of the surface 
concentration of IgG and BSA molecules adsorbed on the SAMs[29]. The kinetics of the 
binding curves for the adsorption of the proteins are described in terms of multiple states 
of absorbed proteins that involve multipoint hydrophobic, electrostatic, hydrogen bond, 
and amide bond interactions for the different surfaces and protein lateral interactions 
caused by the unfolding of adsorbed proteins. Further testing of diluted MHA in MUD 
(1:50; x=0.02MUD) found that fluorescence count was ~350, and after BSA blocking, the  
count was ~20, suggesting a similar favoured ratio as that observed in x=0.1MUD. Steric 
effects are reduced when the reactive site is tethered to a molecular component of a 
mixed SAM that is longer than those comprising the surrounding organic 
background[23]. 



Next, the fluorescent images were taken after the goat anti-cTnI, BSA, cTnI (5-
100 ng/ml), mouse anti-cTnI, and fluorescent IR680 steps (Figure 6). For the negative 
control samples, all the same steps were taken excepting replacement of cTnI by PBS. 
For x=1 SAMs, the control fluorescence count was 310±80, whereas cTnI (100 ng/ml) 
was detected with a fluorescent number of 705±117 (p<0.01, n=5). However, the cTnI 
(50 ng/ml) was not detected (485±78, p>0.05, n=5). For x=0.1UDT SAMs, the control 
reading was at 282±51, whereas cTnI (100 ng/ml) was detected with a fluorescent 
number of 672±91 (p<0.01, n=5). However, the cTnI (50 ng/ml) was not detected 
(414±73, p>0.05, n=5). For x=0.1MUD SAMs, the control fluorescence was at 92±15, 
whereas cTnI (10, 50, 100 ng/ml, n=5 each) was detected with a fluorescent number of 
201±34 (p<0.05), 479±84 (p<0.001), 603±88 (p<0.001), respectively. For x=0.1MUD, 
cTnI (5 ng/ml, n=5) had a fluorescent number of 132±23, not significantly different from 
the control (p>0.05). These results combined with FT-IR observation suggested that the 
sensitivity of the optimum sensor surface may not correspond to the highest density of 
immobilized antibody, consistent with the conclusion of previous studies[35, 36]. 

Compared with pure MHA SAMs, diluted MHA SAMs with MUD (hydrophilic 
head) increases the sensitivity of cTnI, whereas diluted MHA SAMs with UDT 
(hydrophobic head) does not have a different sensitivity to cTnI. Our results further 
demonstrated it is the nature of the second thiol that plays an important role on the 
amount of adsorbed protein at surface. ~10 times of increased detection of cTnI using 
x=0.1MUD is due to a decrease of nonspecific binding, whereas binding capacity at high 
concentration of cTnI (100 ng/ml) was no different among the varied SAMs. Note that 
the lowest detection level of 10 ng/ml cTnI with fluorescent labelling in this study is 
much higher than that detected by commercial ELISA kits and nano biosensors. It is 
probably due to the following: 1) limitation of fluorescent detection by IR680; 2) all the 
process steps including forming functional anti-cTnI SAMs, cTnI, anti-cTnI, fluorescent 
IR680 need thoroughly shaking to fully react and thoroughly washout. Because of the 
nature of flat surface and expensive chemicals, all these reactions were carried on the still 
surface without thoroughly shaking; 3) most importantly, we did not employ the 
amplification step (outside the scope of this study). 

Even though the number of active sites is significantly decreased in the diluted 
mixed monolayer method, therefore potentially limiting sensitivities, we found the lower 
limit of detection and reproducibility of the assay to actually improve due to the reduction 
of non-specific binding.  The increased acidity of the diluted carboxylic acid groups and   
better control over the availability and orientation of epitopes may also play a role.   A 
downside to mixed monolayers is the possibility of deleterious phase segregation 
between the two components of the binary SAM resulting in individual domains 
comprised purely of one component, which eliminates some of the advantages of using 
mixed monolayers[37].  Phase segregation is maximum when the two components differ 
greatly in chain-length, are present in the the monolayer adsorption solution in 
comparable concentrations and when the head-groups corresponding to the two 
components are most unlike each other (e.g. hydrophobic and hydrophilic headgroups).  
Even in such extreme cases[38-41], domain sizes of only ~15 nm2 have been observed, 
which is comparable to the size of the proteins used (antitroponin and troponin)[42].  
Using scanning probe microscopy, Weiss and colleagues observed nanoscale phase 
separation in mixed SAMs of CH3(CH2)15SH and CH3O2C(CH2)15SH with domain sizes 



less than 2.5 nm in diameter[43].  Since the headgroups in the two components used by 
us are both hydrophilic, the concentration of the surface-active component is only 10% of 
the overall mixture, and because the difference in chain length is only 5 carbon atoms, we 
expect domains to be significantly smaller than proteins in our binary SAMs.  While 
employing components with alkyl chains of equal or very similar lengths is helpful 
toward achieving a perfectly random mixed monolayer, minimizing phase segregation is 
not the only objective.  Another objective is to minimize biofouling and for this purpose, 
embedding a longer chain surface-active component in a shorter chain non-fouling 
background has been shown to be effective[44], which our results strongly support.   
 

3.4 Antigen recognition  

It is well known that proteins and antibodies adsorbed on a surface may lose part 
of their bioactivity due to conformational changes and/or nonoptimal orientation and 
distribution on the surface[29, 35, 45].  One study[46] indicated that at higher probe 
densities, functional SAMs are unable to discriminate between its specific antibody and 
non-specific antibodies, and only diluted SAMs with lower surface coverage prevent 
nonspecific binding between an antigen and its antibody. A survey of structure-property 
relationships of surfaces revealed those nonadsorbing thiolates, which resisted the 
adsorption of proteins, were hydrophilic and electrically neutral and contained groups 
that were hydrogen-bond acceptors but not hydrogen-bond donors[47, 48].  This raised an 
issue of great importance: whether specific binding between an antigen and its antibody 
depended on the surface coverage. In this study, we tested a molecule with a similar 
structure of anti-cTnI, anti-skeletal muscle troponin I (anti-sTnI) in both x=1 and 
x=0.1MUD SAMs with all identical steps, except that in the detection step, anti-cTnI (20 
µg/ml) was replaced by anti-sTnI (20 µg/ml) or PBS only (Figure 7). In x=1 SAMs, the 
fluorescent labelling by anti-sTnI was 287±71, no different from 310±80 in PBS control 
(p>0.05), significantly smaller than 705±117 in samples with a detection anti-cTnI 
(p<0.01). In x=0.1MUD SAMs, the fluorescent labelling by anti-sTnI was 116±38, no 
different from 92±15 in PBS control (p>0.05), significantly smaller than 672±91 in 
samples with a detection anti-cTnI (p<0.01). These results suggest that cTnI specifically 
binds only to detection anti-cTnI, and not to anti-sTnI whether pure (x=1) or diluted 
(x=0.1MUD) MHA SAMs are used. Specific binding between the cTnI and its antibody is 
unaltered on pure and mixed SAMs.   
 
 

4. CONCLUSIONS 

This study has proved that different surface coverage and the nature of the 
diluting SAMs can affect the amount of adsorbed protein at surface, taking the cTnI 
sandwich as a model system. For mixed SAMs having one thiolate with a functional 
headgroup (like a carboxylic acid) at a low mole fraction and second thiolate at a high 
mole fraction, the nature of the second thiol decides the amount of adsorbed protein at 
surface. Compared with pure MHA SAMs, diluted MHA SAMs with MUD (hydrophilic 
head) increases the sensitivity of detection of cTnI, whereas diluted MHA SAMs with 
UDT (hydrophobic head) does not change the sensitivity of detection of cTnI. Increased 
detection of cTnI is due to decreased nonspecific adsorption. Specific binding between 
the antigen cTnI and its antibody is unaltered on pure and diluted SAMs. 



  The principle of increased recognition of cTnI by decrease of nonspecific 
adsorption in mixed SAMs diluted by a second thiol with a hydrophilic head-group could 
be used for enhanced detection of other important disease biomarkers. Although these 
studies were performed using immunolabeling, the strategy of enhanced detection of 
proteins in diluted SAMs with second thiol with hydrophilic head should also be useful in 
conjunction with other analytical techniques.  
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Figure Captions 

 

Figure 1 Schematic of the diluted mixed monolayer approach toward reducing steric 
hindrance and non-specific binding in troponin assays 
 
Figure 2 Survey XPS spectra of the gold surfaces after formation of MHA SAM on gold. 
Au4f peaks appeared at 83.8 eV and 87.6 eV (A); while S2p peaks were observed at 
161.8 eV and 163.2 eV for a SAM-Au (B). The S2p peaks were not observed from bare 
gold. 
 

Figure 3 The IR spectra of the various SAMs used in this study with a focus on the C=O 
stretching region (1500-1850 cm-1) of the spectrum. Each step of the gold surface 
modification process could be monitored by p-polarized grazing angle FT-IR. 
Characteristic diagnostic peaks occurred between 1500 cm–1 and 1850 cm–1. FT-IR 
spectra obtained for MHA SAMs on x=1, x=0.1UDT, x=0.1MUD, prior to (a), post (b) 
activation of the carboxylic acid group, followed by formation of the amide bond 
between the primary amine on anti-cTnI  and the activated esters of the carboxy termini 
on MHA (c), and further BSA incubation (d). 
 
Figure 4 Nonspecific binding capability in varied SAMs without NHS/EDC activation 
by measuring fluorescent labelling by directly adding IR680 to activated SAMs without 
or after BSA incubation. NSp>0.05: no significant difference between two compared 
groups; *p<0.05, **p<0.01, ***p<0.001: significant difference between two compared 
groups. Each data point is 4 samples. 
 
Figure 5 Binding capability in varied SAMs after NHS/EDC activation by measuring 
fluorescent labelling. Fluorescent labelling by directly adding IR680 to activated SAMs 
without or after BSA incubation. There is no significant difference in binding capabilities 
of IR680 to varied SAMs. *p<0.05, **p<0.01: significant difference between compared 
groups. Each data point is 4 samples. 
 
Figure 6 Detection of cardiac troponin I (cTnI) in varied SAMs by measuring fluorescent 
labelling. Representative fluorescent images were taken after the goat anti-cTnI (20 
µg/ml), BSA, cTnI (10-100 ng/ml), mouse anti-cTnI (20 µg/ml), and fluorescent IR680 
immunoassay for MHA SAMs on x=1 (A), x=0.1UDT (B), x=0.1MUD (C). Negative control 
(cTnI=0) was taken all the same steps except of replacement of cTnI by PBS. Each image 
is 0.7 cm X 0.7 cm. D) Populartion data. NSp>0.05: no significant difference compared 
with their own control; *p<0.05, **p<0.01, ***p<0.001: significant difference compared 
with their own control. Each data point is 5 samples. 
 
Figure 7 Binding specificity of cardiac troponin I (cTnI) in varied anti-cTnI functional 
SAMs by measuring fluorescent labelling. The fluorescent images were taken after the 
goat anti-cTnI (20 µg/ml), BSA, cTnI (100 ng/ml), mouse anti-cTnI (20 µg/ml) or anti-
sTnI (20 µg/ml) or PBS only, and fluorescent IR680 immunoassay. NSp>0.05: no 
significant difference between two compared groups; **p<0.01, ***p<0.001: significant 
difference between two compared groups. Each data point is 5 samples. 



List of Figures 
 

Figure 1 

 
 

 

 

 

Figure 2 

 

Binding Energy (eV)

8184879093

In
te

ns
it

y
(C

P
S

)

0

10000

20000

30000

40000

Binding Energy (eV)

158160162164166168170172

In
te

ns
ity

(C
PS

)

4500

4550

4600

4650

4700

4750

4800

A Au4f B S2p

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Figure 3 

 

 

155017001850

x=1                       x=0.1                   x=0.1UDT UMD

155017001850 155017001850

1748

1733

1663

1550

1789
1821

Wavelength (cm )-1

a

b

c

d

------------------------------------

------------------------------------

------------------------------------

1733
------------------------------------

0.001

0.002

0

R
elative Intensity

(arbitary U
nits)

 
 

 

 

Figure 4 
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Figure 5 
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Figure 6 

 

B

A CTnI = 0 10 ng/ml 50 ng/ml 100 ng/ml

C

D

0

200

400

600

800

1000 x=1 x=0.1UDT x=0.1MUD

**

NS

**

*

NS

NS

0       50     100               0        50     100               0       5       10      50     100 
cTnI [ng/ml]

***
***

N
or

m
al

iz
ed

F
lu

or
es

ce
nc

e
In

te
ns

it
y

 



 
 

Figure 7 
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