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1. Experimental section 22 

1.1. Materials 23 

Silver trifluoroacetate (CF3COOAg), poly(vinylpyrrolidone) (PVP; Mn=55,000), sodium 24 

hydrosulfide (NaSH), ethylene glycol (EG),  glycidyl methacrylate (GMA), azobisisobutyronitrile 25 

(AIBN), and methanol were purchased from Sigma-Aldrich. Human plasma fibrinogen (fraction 26 

I), primary monoclonal antibody, and secondary monoclonal antibody were purchased from Sigma 27 

Chemical Co, USA. [2-(methacryloy loxy)ethyl]-dimethyl-(3-sulfopropyl)-ammonium hydroxide 28 

(sulfobetaine methacrylate, SBMA) was purchased from Monomer-Polymer & Dajac 29 

Laboratories, Inc., USA. Ultra-pure water (≈10 MΩ·cm) was used as a solvent in the experiments.  30 

1.2. Synthesis of Ag nanocubes 31 

The synthesis of size-controlled Ag NCs was conducted via the modified polyol process1. EG 32 

and NaSH with analytical-grade purity were used as the starting materials without further 33 

purification. Typically, 5 mL of EG was added into a 100-mL round-bottom flask and heated under 34 

magnetic stirring in a 160 °C oil bath for 1 h. Next, 0.06 mL of 3 mM NaSH solution was rapidly 35 

injected into the heated EG with continuous heating for 10 min.  To this mixture solution, 0.5 mL 36 

of HCl solution (3 mM) was added rapidly under vigorous stirring. After 2 min, 1.25 mL of PVP 37 

(20 mg/mL in EG) solution was injected into the heated reaction solution, followed by the addition 38 

of 0.4 mL of CF3COOAg (282 mM in EG) solution. The solution mixture was heated and stirred 39 

until a color change became evident. Subsequently, the reaction was stopped by placing the 40 

reaction flask in an ice-water bath. The solution was removed and brought to room temperature, 41 

and then washed five times using water and acetone to remove impurities and used for further 42 

studies. Finally, the as-prepared Ag NCs were stored at under 4 °C for further use. The morphology 43 
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and optical properties of the as prepared Ag NCs were characterized using FESEM, HR-FETEM 44 

and UV-Vis spectrophotometry.  45 

1.3. Synthesis of poly(GMA-co-SBMA) copolymers 46 

The copolymer poly(GMA-co-SBMA) was synthesized according to the reported procedure as 47 

follows2. GMA and SBMA monomers at a molar ratio of 20:80 were dissolved in methanol and 48 

water to form a 1 M solution under continuous stirring. The obtained mixture solution was purged 49 

through N2 gas for 15 min. To this mixture solution, the weight content of 1% eq. of AIBN was 50 

then added rapidly under vigorous stirring for another 15 min. Then the reaction mixture solution 51 

was stirred for 6 h at 60 °C. The resulting solution was cooled to 4 °C for longer than 3 h (Scheme 52 

S1).  After polymerization, a white precipitate was found in the reacted solution; which was filtered 53 

and dried; then the resulting copolymer was purified by dissolving in water and precipitate in 54 

methanol for three times. The copolymer was dried in a freezer using a lyophilizer; the copolymer 55 

poly(GMA-co-SBMA)  was obtained as white powder and was stored at 4 °C until use.  56 

Scheme S1 Reaction scheme for poly(GMA-co-SBMA). 57 

The molecular weight of poly(GMA-co-SBMA) was determined using aqueous gel-permeation 58 

chromatography (GPC; Viscotek GPCmax Module, USA). The GMA/SBMA molar ratio was 59 

calculated according to the relative 1H NMR peak area of the epoxide side group of the GMA 60 

segments and the (CH3)2N+ proton resonance of the SBMA segments. The details are discussed in 61 



4 
 

our previous paper2. Poly(SBMA) provides anti-fouling for a bio-target-attached surface due to its 62 

strong surface hydration barrier. Poly(GMA) facilitates grafting via reactive chemisorption (i.e., 63 

covalent bond formation), which increases the stability and coverage of zwitterionic copolymers 64 

on the biomaterial surface.  65 

1.4. Platelet-rich plasma adhesion and adsorption  66 

The poly(GMA-co-SBMA)-grafted MIM substrates were placed in individual wells of a 24-well 67 

tissue culture plate. To each well was added 1000 μL of PBS for 2 h at 37 °C. PRP was obtained 68 

from a healthy volunteer. The platelet concentration was determined using a microscope (NIKON 69 

TS 100F). The poly(GMA-co-SBMA)-grafted MIM substrate surfaces and 800 μL of PRP was 70 

added to each well, which was then incubated for 2 h at 37 °C. The prepared substrates were rinsed 71 

twice with 1000 μL of PBS and immersed into 2.5% glutaraldehyde of PBS for 48 h at 4 °C to fix 72 

the adhered platelets. The adhesion of PRP to substrates was observed using CLSM, with images 73 

taken at a 200× magnification from 6 sites on each sample.  74 

The fouling level for PRP was evaluated using the ELISA. The detailed procedure is explained 75 

elsewhere2-3. The poly(GMA-co-SBMA)-grafted MIM substrates were placed in individual wells 76 

of a 24-well tissue culture plate. To each well was added 1000 μL of PBS for 1 h at 37 °C; each 77 

well was then soaked in PRP solution (500 μL). The prepared substrates were rinsed twice with 78 

1000 μL of PBS and then incubated in bovine serum albumin for 2 h at 37 °C to block the areas 79 

unoccupied by protein. Furthermore, the poly(GMA-co-SBMA)-grafted MIM substrates were 80 

rinsed with PBS and changed to a new plate and incubated in  PBS (1000 μL) solution with a 81 

primary monoclonal antibody that reacted with the fibrinogen for 2 h at 37 °C. The poly(GMA-82 

co-SBMA)-grafted MIM substrates were subsequently incubated with the secondary monoclonal 83 

antibody, horseradish-peroxidase-conjugated immunoglobulins, for 1 h at 37 °C. After the removal 84 
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of the unbonded reagent from GS(0,1,5,10, 15)-MIM substrates and transfer to clean wells, 0.5 85 

mg/mL of 3,3’,5’,5’-tetramethylbenzidine solution was added to the wells, which were incubated 86 

for 8 min. Then, 500 μL of mmol/mL H2SO4 solution was added to each well. The plate was finally 87 

read using a microplate reader at an absorbance of 450 nm. PRP adsorption on the poly(GMA-co-88 

SBMA)-grafted MIM substrates was normalized with respect to that on the virgin substrate as a 89 

reference. These measurements were carried out six times for each substrate (n = 6). 90 

2. Formation of poly(GMA-co-SBMA) grafted onto MIM substrate surface 91 

 92 

 93 

 94 

 95 

 96 

 97 

 98 

 99 

 100 

Figure S1 (a) FESEM image of as-synthesized Ag NCs. Inset figure shows UV absorbance 101 

spectrum of as-synthesized Ag NC solution. (b) HR-TEM image of as-prepared Ag NCs, (c) their 102 

overall size distribution histogram, and (d) lattice image. 103 
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Ag NCs were synthesized via the polyol method1. The as-synthesized Ag NCs exhibited plasmon 104 

resonance at 455 nm, suggesting that they were dispersed in the aqueous solution without 105 

aggregation. This observation confirms that the as-synthesized Ag NCs were mostly of nanometer 106 

size. The Ag NCs were uniformly shaped cubes with a mean edge length of 70 nm, as shown in 107 

Figure S1. Furthermore, a crystalline Ag lattice perfectly formed with a lattice spacing of 0.225 108 

nm, which fits with the face-centered cubic plane4. 109 

 110 

 111 

 112 

 113 

 114 

 115 

 116 

Figure S2 FESEM images of as-fabricated poly(GMA-co-SBMA) of various concentrations 117 

grafted onto MIM substrates (a) GS0-MIM, (b) GS1-MIM, (c) GS5-MIM, (d) GS10-MIM, and (e) 118 

GS15-MIM. Bottom row shows marked positions in FESEM images enlarged to confirm 119 

connection between two adjacent NCs via poly(GMA-co-SBMA) graft (scale bar: 100 nm).  (f) 120 

HR-FETEM image of poly(GMA-co-SBMA) grafted between two adjacent NCs. (g) AFM 121 

topography of as-fabricated poly(GMA-co-SBMA) grafted samples.  122 

 123 

 124 

 125 

 126 
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 127 

 128 

 129 

 130 

 131 

 132 

 133 

 134 

 135 

 136 

 137 

Figure S3 AFM line profiles of as-fabricated poly(GMA-co-SBMA) of various concentrations 138 

grafted onto MIM substrates (a) GS0-MIM, (b) GS1-MIM, (c) GS5-MIM, (d) GS10-MIM, and (e) 139 

GS15-MIM. Inset AFM topography images show measured area of line profile.  140 

Table S1 Contact angle, roughness, intercube distance, and SPR shift of as-fabricated copolymer 141 

MIM substrates. 142 

Sample Contact angle  

(◦) 

Roughness  

(nm) 

Intercube distance  

(nm) 

SPR shift  

(nm) 

Water PBS 

GS0-MIM 45.46 36.64 24.6 58 584 

GS1-MIM 14.82 10.92 21.3 24 599 

GS5-MIM 14.16 11.56 22.1 49 616 

GS10-MIM 20.56 14.78 22.8 56 582 

GS15-MIM 21.70 18.74 21.0 73 582 
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 143 

 144 

 145 

 146 

 147 

 148 

 149 

 150 

 151 

 152 

Figure S4 (a) Roughness of as-fabricated poly(GMA-co-SBMA) with various concentrations 153 

grafted onto MIM substrates (GS0-MIM , GS1-MIM, GS5-MIM, GS10-MIM, and GS15-MIM). 154 

The poly(GMA-co-SBMA)-grafted sample surface roughness was lower than that of the sample 155 

without a copolymer surface, which confirmed copolymer grafting, as shown in Table S1. AFM 156 

topography of (b) GS5-MIM and (c) corresponding AFM line profile at many positions. Marked 157 

area was significantly varied (denoted V) in poly(GMA-co-SBMA) grafted between two adjacent 158 

NCs.  159 

 160 

 161 

 162 

 163 

 164 

 165 

 166 
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3. Plasmonic enhancement from MIM substrate surface 167 

 168 

 169 

 170 

 171 

 172 

 173 

 174 

 175 

 176 

 177 

Figure S5 (a) Scattering spectra  and (b) enhancement factor (inset shows local field distributions) 178 

for Ag NCs atop Ag film calculated using commercial software COMSOL. (c) Local EM field 179 

distributions for face-to-face adjacent NCs calculated using commercial software COMSOL. 180 

COMSOL was used to calculate the surface plasmon resonance (SPR) shift and local field 181 

distributions on the MIM surface. Our previous simulation results showed that the strong 182 

plasmonic effect has confined in the gaps between the Ag NCs and Ag film5-6. In Figure S5(a),  183 

Ag NCs with edge lengths of  70 nm were placed on Ag film with gaps of 2, 3, 4, and 5 nm, 184 

respectively. Figure S5(a) shows the calculated scattering spectrum of the MIM substrate with 185 

gaps of 2, 3, 4, and 5 nm, respectively. The strong SPR peaks at 775, 671, 614, and 570 nm for 186 

samples with different gaps show that plasmonic coupling of NCs was related to the dielectric 187 

constant of the surrounding environment7. The EF decreased with increasing gap width in the MIM 188 

geometry, which is consistent with the intensity in the simulated absorption spectra, as shown in 189 

Figure S5(b). Therefore, the spacer plays a very important role in the MIM substrate. The strong 190 
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local field distributed at the corners of the NCs is shown in the inset of Figure S5(b). In our 191 

experiments, a 2-nm gap width was chosen for the investigation of the shape effect of NCs for 192 

further studies.  193 

 194 

 195 

 196 

 197 

 198 

Figure S6 Relation between intercube distance and SPR shift of copolymer-grafted MIM 199 

substrates. 200 

4. Anti-fouling studies of poly(GMA-co-SBMA)-grafted MIM substrate surface 201 

 202 

 203 

 204 

 205 

 206 

 207 

 208 

 209 

 210 

Figure S7 Contact angle images of (a) water and (b) PBS for all samples. (c) Water solution rapidly 211 

diffused on poly(GMA-co-SBMA)-grafted MIM substrate surface as compared with GS0-MIM 212 
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surface. Water solution on copolymer-grafted surface required shorter time to reach equilibrium 213 

compared to that obtained without a copolymer-grafted surface due to hydrophilic surface. 214 

5. Distinguishing surface hydration in poly(GMA-co-SBMA)-grafted MIM substrate surface 215 

 216 

 217 

 218 

 219 

 220 

Figure S8 AFM topography images of (a) non-hydrated and (b) surface hydrated conditions of 221 

copolymer-grafted MIM substrate surface.  222 

 223 

 224 

 225 

 226 

 227 

 228 

 229 

 230 

 231 

Figure S9 HR-FETEM images of (a, b) copolymer and (c) EDS mapping from marked area in (a). 232 

Different contrast regions indicate ionic crosslinks at surface, which were confirmed by EDS 233 

mapping. 234 
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 235 

 236 

 237 

 238 

 239 

 240 

 241 

 242 

Figure S10 Ag NCs on Ag film substrate examined at Raman laser wavelength of 633 nm.  243 

Table S2 Raman assignment of copolymer-grafted MIM substrate surface 244 

*For all conditions 245 

 246 

 247 

 248 

Raman shift (cm-1) Assignment 

Non-hydrated Surface hydrated Dehydrated 

 1600-1800*  H-C=O, O-C=O 

stretching 

1605  1601 O-C=O stretching 

1563 1576   

1518    

 1400-1500*  CH2 bending 

1369 1360 1370 O-C=O stretching 

1336 1337 1314  

1281 1269 1289 S=O, -SO3 

stretching 

1152 1174 1187 -SO3 stretching 

  1154  

1074 1072 1100 -SO3 stretching 

  1097  

1034 1034 1028 C4N+ stretching 
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Table S3 Raman assignment of MIM substrate surface 249 

 250 

 251 

 252 

 253 

 254 

 255 

 256 

 257 

 258 

 259 

6. Detection of MG in complex biosystem 260 

Figure S11 Raman-active peaks of 5×10−6 M MG in Ag NC solution and on Ag NCs on Ag film 261 

substrate examined at Raman laser wavelengths of 633 and 785 nm (a). Raman-active peaks of 262 

Raman shift (cm-1) Assignment 

1710, 1668, 1599 C=O stretching 

1599 N-C=O stretching 

1538 C-N 

1489 C-N 

1402 CH2 bending 

1325 CH2 wagging 

1264 CH2 sissor, C-N stretch 

1160 CH2 twisting 

937 CH2 rocking 

835 C-C ring 

731 T-CS stretching 

650 G-CS stretching 

626 G-CS stretching 

241 Ag-S stretching 
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5×10−6 M MG in PBS solution on GS5-MIM samples obtained at Raman laser wavelength of 633 263 

nm. Relative Raman intensity versus 1 to 10 SERS hot-spot area (i.e., sampling positions) and each 264 

spot five continues Raman measurement from substrates examined by a Raman laser wavelength 265 

of 633 nm (b). Color distribution of Raman intensity (ISERS- 1618 cm-1) from 10 SERS hot-spot 266 

area (i.e., sampling positions) and each spot five continues Raman measurement under 633 nm 267 

Raman laser (c).  268 

Figure S11 shows Raman spectra of MG with a concentration of 5×10−6 M MG in Ag NC 269 

solution and on Ag NCs on an Ag film sample determined at laser wavelengths of 633 and 785 270 

nm. The most intense Raman shifts from the characteristic peaks of MG (Isers) usually appeared at 271 

1618 cm-1, which are assigned to the ring C-C stretching modes. Ag NC solution and Ag NCs on 272 

Ag film samples exhibited higher Isers values under a laser wavelength of 633 nm compared to 273 

those for a laser wavelength of 785 nm. The energy for a Raman laser wavelength of 633 nm 274 

matches the substrate plasmonic band, enhancing Raman scattering. To study the SERS hot-spot 275 

distribution on GS5-MIM substrate, Raman spectra of MG upon the GS5-MIM substrate exhibited 276 

greatly enhanced without significant difference in multiple SERS hot-spot area, as shown in 277 

Figure S11 (b) and (c).   278 

The SERS signal for the GS0-MIM (i.e., without copolymer) with PRP evaluated at Raman laser 279 

633 nm, as shown in Figure S12(a). The average SERS peaks of PRP appeared at 1028, 1158, 280 

1174, 1201, 1451, and 1600 cm-1. These SERS spectra from PRP components such as lipids, 281 

nucleic acids, and protein. PRP on poly(GMA-co-SBMA)-grafted MIM substrate was examined 282 

using a laser wavelength of 633 nm. We observed a very weak Raman signal from PRP on the 283 

substrate due to non-specific adsorption, as shown in Figure S12(a). To verify other types of 284 

molecule SERS detection on poly(GMA-co-SBMA)-grafted MIM substrate, Raman spectra of  285 
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aminothiophenol (ATP) (10-5 to 10-9 M, PRP solution) on GS5-MIM substrate was examined at 286 

laser wavelength of 633 nm, as shown Figure S12 (b).  The strong SERS characteristic peaks of 287 

4-ATP appeared at 1080 cm-1, which was assigned to the C-S stretching of ATP. The results 288 

indicates that the ATP molecule can be chemically adsorbed on copolymer grafted surface due to 289 

chemisorption of the thiol group and enhance the SERS signal.   290 

 291 

Figure S12 PRP solution on poly(GMA-co-SBMA)-grafted MIM substrates surface examined at 292 

Raman laser wavelength of 633 nm (a). Raman-active peaks of ATP (10-5 to 10-9 M) in PRP 293 

solution on GS5-MIM samples obtained at Raman laser wavelength of 633 nm. 294 

 295 

 296 

 297 

 298 

 299 

 300 

 301 

 302 
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Figure S13 (a-e) Raman-active peaks of 5×10−6 M MG in PBS solution on poly(GMA-co-SBMA)-303 

grafted MIM substrates examined at laser wavelength of 633 nm at various times.  304 

 305 

Figure S14 (a-e) Raman-active peaks of 5×10−6 M MG in PRP solution on poly(GMA-co-SBMA)-306 

grafted MIM substrates examined at laser wavelength of 633 nm at various times. 307 



17 
 

 308 

 309 

 310 

 311 

 312 

 313 

 314 

 315 

 316 

 317 

 318 

 319 

Figure S15 Raman-active peaks of MG at various concentrations in (a, b) PBS and (c, d) PRP 320 

solutions on GS0-MIM and GS5-MIM substrates examined at Raman laser wavelength of 633 nm. 321 

MG at various concentrations in PBS and PRP solutions on GS0-MIM and GS5-MIM substrates 322 

was tested. In Figure S15, the most intense Raman shifts from the characteristic peak of MG in 323 

PBS or PRP solution on GS0-MIM and GS5-MIM samples appeared at 1618 cm-1. The GS5-MIM 324 

sample SERS effect was enhanced compared to that of GS0-MIM, as shown in Figure S16.  The 325 

copolymer grafted between two intra-NC surfaces can change the local field effect and enhance 326 

SERS signals. 327 
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 Figure S16 MG SERS peak at 1618 cm−1 used as index for relative Raman intensities for various 328 

samples and concentrations of MG in PBS (a) or PRP (b) solution. 329 

 330 

 331 

 332 

 333 

 334 

 335 

 336 

 337 

 338 

 339 

Figure S17 (a) Concentration of PRP solution measured using bioflow method. (b, c) Raman-340 

active peaks of MG molecules at various concentrations in PRP solution at various concentrations 341 

on GS5-MIM substrate examined at Raman laser wavelength of 633 nm. 342 
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Various concentrations of PRP ((i) 748,560, (ii) 223,280, and (iii) 137,280 cells/µL) were 343 

obtained via the bioflow method, as shown in Figure S17. In this work, we applied a higher 344 

concentration of PPR for Raman analysis. Further work is necessary on low-concentration target 345 

molecule (i.e., different MG concentrations) detection in various stock solutions of PPR using 346 

GS5-MIM substrates, as shown in Figure S17. The Raman characteristic peaks of MG at 1618 347 

cm-1 exhibited different enhancements for different concentrations. GS5-MIM exhibited the 348 

highest SERS effect at low concentration of MG in PRP solution at various concentrations. 349 

Poly(GMA-co-SBMA) connected adjacent NCs, lowering the detection limit. The SERS process 350 

is stimulated by electromagnetic and chemical effects, which are induced by the sharp corners of 351 

NCs, nano gaps between NCs, and metal surface and copolymer dipole-dipole interactions with 352 

the target molecule.  353 

Table S4 Raman assignment of MG on copolymer-grafted MIM substrate 354 

 355 

 356 

 357 

 358 

 359 

 360 

 361 

 362 

 363 

Raman shift (cm-1) Assignment 

1615 Ring C-C stretching 

1487 Ring C-C stretching 

1448 Ring C-C stretching 

1366 N-phenyl stretching 

1292 Ring C-C stretching 

1215 Ring C-C stretching 

1175 Ring C-H bending 

989 Ring skeletal vibration 

937 Ring skeletal vibration 

913 Ring skeletal vibration 

802 C-H out-of-plane ring bending vibrations 



20 
 

7. Removal of MG from copolymer-grafted MIM substrate 364 

 365 

 366 

 367 

 368 

 369 

 370 

 371 

 372 

Figure S18 (a) Schematic illustrations of experimental MG removal from GS5-MIM substrate 373 

under time-dependent hydration process. (b) Time-dependent hydrated MG peak at 1618 cm−1 was 374 

used as index for relative Raman intensities with respect to hydration time. (c) UV-Vis 375 

characterization of time-dependent MG solution removal from GS5-MIM substrate surface. 376 

We applied a simple hydration method for restructuring the poly(GMA-co-SBMA)-grafted 377 

surface. The as-fabricated GS5-MIM(10nm) substrate showed SPR bands at 350 and 450 nm, 378 

respectively. The plasmonic resonance was reduced due to the geometry of the bottom Ag layer 379 

compared to that of the GS5-MIM substrate. The MG molecules absorbed on the GS5-MIM(10nm) 380 

substrate surface had a strong  SPR intensity and then dramatically decreased SPR intesity with 381 

respect to the hydration time, as shown in Figure 19(a). The details of the desorption calculation 382 

are shown in Figure 19(b).  The MG-adsorbed GS-MIM substrate immersed in water solution was 383 

examined using UV-Vis absorbance. The MG desorption (%) was calculated using: 384 

𝐷𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 (%) =  
Concentration of dye desorbed (mM)

Concentration of dye adsorbed (mM)
 𝑋 100   (1)    385 

The removal efficiency (%R) of MG in aqueous solution was calculated using: 386 
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𝑅(%) =
𝐶𝑜−𝐶𝑒

𝐶𝑜
 𝑥 100         (2)    387 

where C0 and Ce are the concentration of the initial MG solution and that after treatment for a 388 

certain period time, respectively.  389 

 390 

 391 

Figure S19 (a) UV absorbance spectrum of time-dependent hydration-processed poly(GMA-co-392 

SBMA)-grafted surface. (b) Comparison of adsorbance and desorption (%) from poly(GMA-co-393 

SBMA)-grafted surface under hydration process. Illustrations of possible removal process of 394 

adsorbed MG molecules from poly(GMA-co-SBMA)-grafted MIM sample via hydration process  395 

(4 cycles with time interval of 15 min). 396 

 397 

 398 

 399 

 400 

 401 

 402 

 403 

 404 

 405 

 406 

 407 
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