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1. Abstract 

      We studied the effects of layer thickness and grafting density of 

poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC) thin layers as specific ligands for 

the highly sensitive binding of C-reactive protein (CRP).  PMPC layer thickness was 

controlled by surface-initiated activators generated by electron transfer for atom transfer 

radical polymerization (AGET ATRP).  PMPC grafting density was controlled by utilizing 

mixed self-assembled monolayers with different incorporation ratios of the 

bis[2-(2-bromoisobutyryloxy)undecyl] disulfide ATRP initiator, as modulated by altering 

the feed molar ratio with (11-mercaptoundecyl)tetra(ethylene glycol).  X-ray 

photoelectron spectroscopy and ellipsometry measurements were used to characterize the 

modified surfaces.  PMPC grafting densities were estimated from polymer thickness and 

the molecular weight obtained from sacrificial initiator during surface-initiated AGET 

ATRP.  The effects of thickness and grafting density of the obtained PMPC layers on CRP 
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binding performance were investigated using surface plasmon resonance employing a 10 

mM Tris-HCl running buffer containing 140 mM NaCl and 2 mM CaCl2 (pH 7.4).  

Furthermore, the non-specific binding properties of the obtained layers were investigated 

using human serum albumin (HSA) as a reference protein.  The PMPC layer which has 

4.6 nm of thickness and 1.27 chains/nm
2
 of grafting density showed highly sensitive CRP 

detection (limit of detection: 4.4 ng/mL) with low non-specific HSA adsorption, which was 

improved 10 times than our previous report of 50 ng/mL.  

 

2. Introduction 

     Proteins play important roles in vital functions and are involved in various disease 

pathogeneses.  Protein recognition materials with highly sensitive and selective detection 

abilities are therefore expected to help reveal these pathogeneses and assist in clinical 

diagnosis. 

 The C-reactive protein (CRP) is well-known as a biomarker for inflammatory 

diseases and organ damage, suddenly increasing in concentration in the blood when these 

issues develop.
1-7

  Conventionally, CRP detection in clinical diagnosis is carried out by 

immune nephelometry and latex agglutination.
8, 9

  However, these methods are limited to a 
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threshold of 0.3 µg/mL.  Recently, highly sensitive CRP detection for concentrations 

below 0.15 µg/mL has been developed for the early diagnosis of cardiovascular disease, 

cancer prediction, and inflammation in infants, who usually show much lower CRP levels 

than adults.
10-13

  In addition, we have reported highly sensitive CRP detection with an 

anti-CRP immobilized substrate utilizing surface plasmon resonance (SPR) and 

reflectometric interference spectroscopy, with a limit of detection (LOD) of 50 ng/mL 

having been achieved.
14-16

  Although using antibody recognition elements enables highly 

sensitive and selective detection of target proteins, the production and purification of the 

antibodies are complex and expensive.  In addition, antibodies readily denature due to 

inherent instability.  Therefore, alternative artificial materials that can be easily and 

inexpensively manufactured would be advantageous for clinical CRP detection.   

Specific ligands for target proteins are attractive alternative recognition elements 

because they are usually easy and inexpensive to produce and have the potential to bind to a 

well-defined pocket inside the target protein.  The phosphorylcholine (PC) moiety in 

particular is known to accomplish specific binding via calcium ion coordination to CRP; 

the dissociation constant (KD) of this binding is 6×10
-5

 M.
17-22

  Poly 

(2-methacryloyloxyethyl phosphorylcholine) (PMPC), which was originally developed by 
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Ishihara and coworkers, has proven particularly popular; in fact, it has been determined that 

materials such as nanoparticles and layers can detect CRP with a sensitivity comparable to 

antibodies.
23-27

 This activity results from the fact that PMPC shows not only specific 

interaction toward CRP but also low non-specific adsorption to other proteins present in 

blood due to the high hydrophilicity of the surface.  In our previous work, we successfully 

synthesized gold nanoparticles coated in PMPC, which could detect CRP at LODs of about 

50 ng/mL by using localized SPR (LSPR).
27

 

The most important factor in attaining high sensitivity with this system is the 

accessibility of CRP toward the specific PC moieties; because the PC groups exist on the 

side chains of the polymer, the polymer grafting density is of particular importance.  

PMPC thickness also plays an important role, because the signaling ability of both SPR and 

LSPR decreases exponentially as CRP binding occurs farther and farther from the gold 

surface.  However, there are no previous reports on the effects of PMPC density and 

thickness with respect to CRP binding behavior. 

Therefore, in this study, we investigated these effects by using PMPC thin layers 

with different thicknesses and grafting densities.  The layers were fabricated by 

surface-initiated activators generated by electron transfer for atom transfer radical 
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polymerization (AGET ATRP)
 27-36

, where the properties were modulated by changing 

polymerization time and initiator density at the surface (scheme 1).  A mixed 

self-assembled monolayer (SAM) was employed, using varying amounts of 

bis[2-(2-bromoisobutyryloxy)undecyl] disulfide and (11-mercaptoundecyl)tetra(ethylene 

glycol) as the ATRP initiator and regulator of the initiator density on the gold substrates, 

respectively.  Grafting density was investigated by polymers obtained from water-soluble 

sacrificial initiator during surface-initiated AGET ATRP.
37

  Characterization of thickness 

and roughness of each SAM and PMPC thin layer was carried out by ellipsometry 

measurements.  CRP binding behavior was investigated by SPR using a 10 mM Tris-HCl 

buffer containing 140 mM NaCl and 2 mM CaCl2.  Non-specific protein binding 

properties were also investigated with SPR using human serum albumin (HSA) as a 

reference protein.  Overall, we attempted to demonstrate that the highly sensitive CRP 

detection by SPR through determination of the LOD with various PMPC substrates having 

different grafting density and thickness.  This research will help to construct 

protein-sensing synthetic materials with higher sensitivity. 
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Scheme 1. Fabrication and CRP binding behavior of various PMPC thin layers with distinct 

surface polymer density by surface-initiated AGET ATRP.  The chemical structures of 

ATRP initiator disulfide molecule (a), regulator thiol molecule (c), and MPC (c) were 

described. 

 

3. Experimental Section 

3-1. Preparation of self-assembled monolayer (SAM) 

Typical procedure is follows.   Gold-coated SPR sensor chips and gold substrate 

for XPS and ellipsometry measurements were rinsed with ethanol and distilled water, then 

cleaned by UV-O3 treatment (20 min).  The cleaned substrates were immediately 

immersed in an ethanol solution of 1 mM (total concentration) consisting of 
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bis[2-(2-bromoisobutyryloxy)undecyl] disulfide:  (11-mercaptoundecyl)tetra(ethylene 

glycol) = 1: 0, 1: 1, 1: 20 (mol%) for 24 h at 30 ºC.  Afterwards, the SAM formed gold 

substrates were thoroughly washed with ethanol and distilled water, dried in a stream of 

nitrogen, and stored under vacuum pressure and light interception. 

3-2. Preparation of PMPC thin layers by surface-initiated AGET ATRP 

Typical procedure of preparation of PMPC thin layers by SI-AGET ATRP is 

follows.  MPC (50 mM), CuBr2 (1 mM), and Me6TREN (1 mM) were dissolved in water.  

Each SAM-formed SPR sensor chips were fixed in a Teflon cell and submerged in this 

pre-polymer solution so that only one surface of the sensor chip was exposed to the solution.  

SAMs-formed gold substrates for XPS and ellipsometry measurements were also 

submerged in the solution without any fix.  They were then thoroughly purged by vacuum 

pressure then flushed with nitrogen gas for more than 10 min.  Another aqueous solution 

containing of ascorbic acid was added via syringe to this solution (final concentration was 

0.5 mM).   The solution was degassed additionally, and polymerization was induced in a 

water bath at 40 ºC.  Polymerization was stopped by exposing to air, and then the 

substrates were washed with pure water and submerged in 1 M EDTA-4Na aqueous 

solution for 24 h to remove Cu (II) ions remaining in the polymeric thin layers.  After that, 
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obtained PMPC substrates were washed with distilled water and stored in the distilled water 

at 4 ºC before all measurements. 

3-3. SPR measurement 

Binding experiments for each polymeric layer were performed at 25°C.  CRP 

(0-100 ng/mL) and HSA (0-100 ng/mL and 1 mg/mL) each dissolved in 10 mM Tris-HCl 

buffer pH 7.4 containing 140 mM NaCl and 2 mM CaCl2, were used for these experiments.  

Flow rate was 20 µL/min and injection volume was 20 µL.   Regeneration solutions were 

selected appropriately from several candidates (supporting information). The amounts of 

bound protein were calculated from the signal intensity (resonance units, RU) at 150 sec. 

after protein injection finished, when the RU value reached an asymptotic steady value.  

All binding experiments were repeated three times.   Binding isotherms were drawn using 

∆RU values for each protein concentration.  

 

4. Results and Discussion 

4-1．．．．SAM formation on gold substrate 

      Changing the ratio of the ATRP initiator bis[2-(2-bromoisobutyryloxy)undecyl] 

disulfide to the initiator density regulator (11-mercaptoundecyl)tetra(ethylene glycol) on 
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gold substrates allows us to prepare PMPC thin layers with various polymer densities.  We 

have prepared three kinds of SAMs bearing different ATRP initiator densities by immersing 

the gold substrates in an ethanol solution of the aforementioned chemicals in order to 

investigate the effect of PMPC grafting density on CRP binding; feed molar ratios of 1: 0 

(SAM A), 1: 1 (SAM B), and 1: 20 (SAM C), respectively, were used.  Each sample was 

characterized by XPS and ellipsometry measurements. 

 Figure 1 shows the XPS spectra of the S 2p (a), Br 3d (b), C 1s (c), and O 1s (d) 

levels before and after immersion.  The S 2p peak, which was not observed in the bare 

substrate, appeared clearly in all SAMs (Figure 1a).  The peak apex was observed at 

around 162 eV, indicating that the S group had chemically bonded to the gold substrate.  

Moreover, as shown in Figure 1b, the Br 3d peak centered at around 68 eV was observed 

more clearly after immersion for SAM A; note that this peak was not clearly observed for 

SAMs B or C because the intensity of the Au 5p satellite peak centered at 74 eV 

overwhelmed it.  However, SAMs B and C do not only show C-C (centered at around 285 

eV) and C=O (centered at around 288 eV) peaks derived from the undecyl and ATRP 

initiator groups, but also demonstrate a notable C-O peak centered at around 286.5 eV due 

to the presence of the tetra ethylene glycol (TEG) groups of the regulator; this peak is much 
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clearer for these samples than it is for SAM A (Figure S1a).  Likewise, the O 1s spectra 

also showed the presence of a C-O peak (centered at around 533.5 eV); again, SAMs B and 

C showed this more clearly than SAM A (Figure S1b). 

 Table S1 shows the peak area ratios of the C-C, C-O, and C=O bond elements for 

SAMs A, B and C, as calculated by MultiPak software.  The area ratio of the C-O bonds 

derived from the TEG groups increased from 17.9% for SAM A to 41.2% for SAM B and 

45.5% for SAM C, and the area ratio of the C=O bonds derived from the ATRP initiator 

tends to decrease from 9.0% for SAM A and 9.1 % for SAM B to 6.7 % for SAM C, 

suggesting the increase in regulator incorporation and the decrease in ATRP initiator, 

respectively, however, these are not accurately corresponding to initial ratio.  It is because 

that the formation process of mixed SAM with disulfide molecules is a dynamic 

equilibrium that favors formation of the most energetically stable SAM regardless the feed 

molar ratio of disulfide molecules to thiol molecules.
38-40

  In general, molecules with 

hydrophobic head group such as ATRP initiator tend to assemble preferentially for 

molecules with hydrophilic head group such as TEG group.
41

  Therefore, C-O bonds 

derived from the TEG groups did not increase significantly and C=O bonds derived from 

the initiator groups did not decrease significantly even in the case of 1:20 incorporation 
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ratio.   

 Furthermore, we carried out ellipsometry experiments for all SAM-modified gold 

substrates, and investigated optical thickness and roughness.  Each SAM thickness was 

calculated to be 1.0 ± 1 nm for SAM A, 2.1 ± 0.4 nm for SAM B, and 1.9 ± 0.6 nm for 

SAM C by fitting analysis using assuming refractive index n = 1.5 for each SAM.  

Although the relatively large deviation seems to be caused by the periodic measurements of 

ellipsometer due to a lot of measurements points (75 points) and large measurement area of 

2 mm × 2 mm, these values are in agreement with previous reports, again suggesting 

successful formation.
36, 42, 43

  Here, ψ-∆ simulation curve as shown in Figure S3 describes 

the shifts of both ψ and ∆ with increase in layer thickness on the gold substrate, whose 

refractive index is assumed as 1.5.  Figure S3 shows ∆ value decreases linearly with 

increase in layer thickness below 50 nm although ψ value do not significantly change, 

meaning that the variation of ∆ values in ∆ value mapping graph (25 points in 2×2 mm 

mapping area, as shown in Figure S4) is considered as linear change of layer thickness and 

available for the investigation of layer roughness.  We prepared PMPC layers on all SAMs 

thrice by same procedures, and measured ∆ values for all samples.  No significant 

variation was observed for the bare gold substrate, indicating a flat surface, while SAM 
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surface roughness was more pronounced (Figure S4).  These results indicate that 

SAM-modified gold substrates were successfully prepared. 

Figure 1. XPS spectra of S 2p (a), Br 3d (b), C 1s (c) and O 1s (d) before (i) and after immersing in each 

ethanol solution containing the thiols mixture (ii) SAM A, (iii) SAM B, and (iv) SAM C.  

 

4-2. Surface-initiated AGET ATRP for preparation of PMPC thin layers 

We prepared PMPC thin layers with different thicknesses and grafting densities by 

reacting the SAM bromine groups through surface-initiated AGET ATRP in water at 40 °C.  

We first characterized the PMPC layer grafted from SAM A by XPS and ellipsometry 

measurements.  The N 1s and P 2p peaks, which were not observed before polymerization, 

appeared clearly afterward for all polymerization times (Figure 2a,b).  The peak maximum 
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in the N 1s spectrum was observed at around 401 eV, corresponding to quaternary amine 

groups; this indicates successful PMPC layer formation by surface-initiated AGET ATRP.  

In addition, both peak area ratios N 1s/Au 4f and P 2p/Au 4f were larger after 3 h than 1 h 

of polymerization (Figure 3a), suggesting an increased number of MPC units over time.  

Ellipsometry  studies yielded dried PMPC layer thicknesses of 3.4 and 4.6 nm for 1h and 3h 

polymerization on SAM A , respectively, based on a fitting analysis assuming n = 1.5 

(Figure S5a); these results suggest thickness increase with polymerization time. 

Next, we investigated the properties of the PMPC thin layers prepared from SAMs 

B and C.  XPS data suggested successful grafting from SAM B given the clearly observed 

N 1s and P 2p peaks derived from the PC groups after polymerization as shown in Figure 

S2a,b.  On the other hand, PMPC thin layers on SAM C have slightly P 2p peak although 

N 1s peak was tiny because of the inherent weak intensity of N 1s peak as shown in Figure 

S2 a, b, and c, suggesting the successful grafting PMPC layer on SAM C.  In addition, as 

shown in Figure 3b, both peak area ratios N 1s/Au 4f and P 2p/Au 4f increased with 

increasing of the ATRP initiator incorporation ratio, suggesting an increased number of 

PMPC chains per unit area. 

Ellipsometry studies yielded the thickness and surface roughness of dried PMPC 
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layers.  The dried thicknesses of PMPC layers obtained for 3h polymerization on SAM A, 

B, and C were calculated to be 4.6 nm ± 0.5, 2.1 nm ± 0.3, and 1.9 nm ± 0.9, respectively 

as shown in Figure S5b.  The thicknesses of PMPC on SAM B and SAM C seem to be not 

significant increase compared to each SAM thickness, although XPS data supported the 

successful polymerization on each SAM.  It is likely that the polymer chains in these 

samples are not perpendicular but rather laying on the substrate surface.  The standard 

deviation of PMPC on SAM A and B in the measurement was less than 0.5 nm as shown in 

Figure S5b, indicating the synthesis reproducibility was good.  In the case of PMPC on 

SAM C, the standard deviation was slightly larger (0.9 nm) than those on SAM A and B, 

but the value was not large.  Therefore, the reproducibility of these PMPC layers was 

confirmed in this study.  Moreover, the ∆ mapping data shown in Figure S6 show 

differences in surface roughness due to variable incorporation of the ATRP initiator, and 

suggest that the PMPC layer on SAM C had the roughest surface.  In addition, the surface 

roughness of PMPC layer on SAM C was larger compared to SAM C as shown in Figure 

S4d, S6c, suggesting that PMPC layer was again presumed successful grafting from SAM 

C. 

In order to estimate the grafting densities directly, we measured the molecular 
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weight of PMPC chains produced from additional free sacrificial water-soluble initiators to 

reacting solution during polymerization for 3h, and then the grafting densities were 

calculated according to previous works.
37

 (see Supporting Information)  It is widely 

recognized that the molecular weight of free polymer chains produced from free initiator in 

the solution is well accordance to that of grafted polymer chains during surface-initiated 

ATRP.
37, 44

  As shown in Table S2, we successfully prepared monodisperse PMPC whose 

number average molecular weights (Mn) were calculated to be 2581 (Mw/Mn= 1.10) for 3h 

PMPC on SAM A, 2644 (Mw/Mn = 1.12) for 3h PMPC on SAM B, and 2688 (Mw/Mn = 

1.13) for 3h PMPC on SAM C.  The grafting densities of PMPC layers prepared on SAM 

A, B, and C were calculated to be 1.27, 0.56 and 0.48 chains/nm
2
, respectively.  These 

results suggested that the PMPC layer prepared on SAM A was concentrated polymer brush, 

whereas that on SAM B and C seems to be sparse brush.  In surface-initiated ATRP, the 

densities of introduced initiators on SAM A, B, and C were related to the grafted polymer 

densities estimated to be 1.27, 0.56, and 0.48 chains/nm
2
, respectively, suggesting the 

number of ATRP initiator on SAM A was larger than that of SAM B and C.  These results 

further confirm the successful synthesis of PMPC thin layers different in grafting density, 

surface roughness, and thickness by modulating of the ratio of installed ATRP initiator.   
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Figure 2. XPS spectra of N 1s (a) and P 2p (b) of PMPC layers obtained at 1 and 3 h 

polymerization on SAM A. 
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Figure 3.  Comparison of the both peak area ratios (N 1s/Au 4f) and (P 2p/Au 4f) of PMPC 

layers obtained at 1 and 3 h polymerization time on SAM A (a) and obtained at 3h 

polymerization time on SAMs A, B, and C (b) derived from XPS measurements.  

 

4-3. Comparison of CRP binding behavior in two different PMPC thicknesses  

SPR measurements were used to evaluate the binding activity of CRP to the 

PMPC thin layers and to compare the CRP binding behavior in two different thicknesses 

with nanometer order such as 3.4 and 4.6 nm.  CRP concentrations of 0, 5, 10, 20, 40, 80, 

and 100 ng/mL were tested at 25 °C using a 10 mM Tris-HCl running buffer (pH 7.4) 

containing 140 mM NaCl and 2 mM CaCl2.  Binding at each CRP concentration was 

measured 150 sec after injection, at which point RU signal was saturated.  Figure 4 shows 

that both of PMPC layers have CRP binding ability, and the thinner dried PMPC layers 

with 3.4 nm showed larger ∆RU signals for all CRP injection concentrations compared to 

PMPC layer with 4.6 nm. In general, grafted polymer densities were essentially same in all 

polymerization time when the same density of installed initiator on the surface due to 

grafting from polymerization mechanism, and then the both PMPC layers on SAM A were 

relatively concentrated polymer brush calculated to be 1.27 chains/nm
2
.
45  

Moreover, the 
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modification of concentrated polymer brash by surface-initiated ATRP generally resulted in 

the depression of non-specific binding of proteins.
46

  Therefore, we do not consider no 

significant non-specific binding happened, and it is likely that the thinness of PMPC layer 

enhanced the CRP binding sensitivity due to surface plasmon resonance mechanism.  

However, the binding behavior was not proportional to CRP concentrations and 

reproducibility was low.  One possible reason is that slightly non-specific binding of CRP 

via hydrophobic interaction with SAM layer occurred due to thinness of the PMPC layer.  

On the other hand, those layers obtained after 3 h of polymerization with 4.6 nm 

of thickness showed the most accurate CRP detection as CRP concentrations increased, 

with an LOD of around 4.4 ng/mL which was calculated by 3σ (σ is standard deviation of 

RU signal at 5 ng/mL of CRP injection concentration.).  The sensitivity of this system is 

therefore ten times larger than our previous report of 50 ng/mL.
14-16

  These results 

suggested that the thickness difference affected the CRP binding behavior via SPR 

measurement, and in this study, PMPC layer with 4.6 nm of thickness showed the sensitive 

and accurate detection for CRP.  
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Figure 4.  Binding isotherms of CRP towards PMPC thin layers obtained at 1 and 3 h 

polymerization on SAM A derived from SPR measurements for investigation of the 

dependency of CRP binding behavior on PMPC thin layer thickness. 
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2
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2
) were prepared in order 

to investigate the effect of PMPC density on CRP binding behavior.  As shown in Figure 5, 

Layers with 0.56 chains/nm
2
 prepared from SAM B showed larger binding signals than 

those based on SAM A with 1.27 chains/nm
2
, which likely results from the increased PC 
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density of PMPC layer prepared on SAM B than that on SAM A, leading to production of 

voids between polymer main chains and improvement of accessibility.
47
  However, the 

binding error was again fairly large, resulting that we cannot estimate LOD value in this 

detective concentration.  On the other hand, ∆RU of CRP toward the PMPC layer obtained 

after 3 h of polymerization on SAM C was the lowest because it had a lower number of 

PMPC chains, meaning that the number of CRP binding sites decreased.  As such, PMPC 

grafting density is also an important factor in CRP sensing, suggesting the potential to 

improve detective sensitivity by optimization of grafting density.  From point of LOD, the 

PMPC layer on SAM A shows most sensitive detection of CRP. 

 

Figure 5. Binding isotherms of CRP towards PMPC thin layers based on SAMs A, B, and C 

for investigation of the dependency of CRP binding behavior on PMPC thin layer grafting  
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density. 

 

4-5. Effects of HSA non-specific binding on polymer density and thickness 

        It is very important to reduce non-specific binding toward PMPC sensors in order 

to achieve specific detection in real samples, such as blood serum.  We selected HSA as a 

reference protein because it accounts for 60% of serum protein and might accidentally 

adsorb on some polymer layers, leading to low CRP detection sensitivity. 

 First, we investigated non-specific adsorption at an HSA concentration below 100 

ng/mL for PMPC layer obtained after 3 h of polymerization on SAM A; recall that these 

showed the highest LOD.  Overall, no non-specific binding was observed (Figure S7), 

suggesting the PMPC layer has a possibility to specifically detect CRP.  Next, we 

investigated the effects of graft density and thickness by testing all PMPC layers at HSA 

concentrations of 1 mg/mL.  As shown in Figure 6 (a), binding of HSA on PMPC that had 

been polymerized for 3 h from the surfaces of SAMs B and C was 7.6 and 15 times larger 

than that for the corresponding SAM A sample, respectively.  This difference is likely the 

result of variable grafting density and surface roughness - protein binding is generally 

greater as PMPC chain concentration decreases, as this leads to rougher and more 
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hydrophobic surfaces.
48, 49

  In this way, high PMPC density prevents non-specific binding 

while still allowing for binding of the target protein. 

 On the other hand, there was no significant difference in HSA binding in two 

thicknesses for HSA concentrations of 1 mg/mL, as the PMPC layers that had been 

polymerized for both 1 and 3 h on SAM A gave relatively concentrated brush.  These 

results suggest that HSA non-specific binding is mainly affected by PMPC grafting density 

and surface roughness with concentrated surfaces being preferred. 

 Figure 6. The Comparison of grafting density (a) and thickness (b) on HSA non-specific 

binding at 1 mg/mL towards PMPC thin layers. 
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We developed highly sensitive CRP nanosensors utilizing SPR of PMPC thin 

layers grafted from gold substrate, whose phosphorylcholine side chains works as specific 

ligands to detect CRP.  To obtain PMPC thin layers with different polymer grafting density, 

we prepared three kinds of SAMs with different incorporation ratios of the 

bis[2-(2-bromoisobutyryloxy)undecyl] disulfide ATRP initiator by modulating the feed 

ratio of the compound with an (11-mercaptoundecyl)tetra(ethylene glycol) regulator in 

ethanol solution.  The PMPC layers were then grown off the produced SAMs by a 

surface-initiated AGET ATRP lasting 1 or 3 h.  XPS and ellipsometry studies revealed that 

the obtained layers had different chemical composition, surface roughness, and thickness 

from each other depending on the polymerization time and the ATRP initiator feed ratio.  

Moreover, the obtained PMPC layers had three different grafting densities depending on the 

installed ATRP initiator ratios.  CRP binding properties were significantly affected by 

surface roughness and grafting density.  While reproducibility was low, the layers with 

rougher surface and 0.56 chains/nm
2
 of grafting density prepared on SAM B showed the 

largest binding of CRP by SPR, which was attributed to the greater accessibility of the PC 

moieties on the PMPC side chains.  More importantly, we successfully achieved a high 

detection limit of 4.4 ng/mL for the PMPC layer grafted from SAM A; the layer had a 
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thickness of 4.6 nm and 1.27 chains/nm
2
 of grafting density, which improved the sensitivity 

to more than 10 times compared to our previously reported value of 50 ng/mL utilizing 

immobilized PMPC nanomaterials.  This level of sensitivity is sufficient for use in early 

CRP detection.  Moreover, HSA non-specific binding experiments indicated that grafting 

density and surface roughness significantly affect non-specific binding compared to 

thickness.  The PMPC layer on SAM A that had a thickness of 4.6 nm and 1.27 

chains/nm
2
 of grafting density showed the lowest non-specific binding. 

Overall, these experiments suggest that the more detail optimization of layer 

thickness, PMPC grafting density, and surface roughness can together allow for high 

selectivity and sub-nanomolar CRP detection.  We believe this work will significantly 

contribute to the fabrication of CRP sensors for the early clinical diagnosis of inflammation, 

coronary heart disease, and cancer. 
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