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Figure S1. (a) SEM micrograph showing the lysis of E. coli O157:H7 cell wall. (b) High magnification SEM 
micrograph. 
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Figure S2. SEM micrographs showing (a)‒(c) S. aureus and (d)‒(f) E. coli O157:H7 adhesion on hydrophobic 
substrates (i.e., 1-octanethiol) with a negative zeta potential as a function of time (10 s, 1,000 s, and 100,000 s). 
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Figure S3. SEM micrographs showing (a)‒(c) S. aureus and (d)‒(f) E. coli O157:H7 adhesion on hydrophobic 
substrates (i.e., 1-octadecanethiol) with a negative zeta potential as a function of time (10 s, 1,000 s, and 100,000 s).
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1. Secondary ion mass spectrometry (SIMS) analysis of coating layer. Fig. S4 shows the 

negative secondary ion mass spectra of 1-octadecanethiol adsorbed on gold (Au)-coated glass 

slides. The ion peaks at m/z 33 (SH-), 57 (C2HS-), and 229 (AuS-) originated from the 1-

octadecanethiol. Carbon-based cluster ions, Cn
- and CnH-, (1 ≤ n ≤ 10) are fragmentations from 

both 1-octadecanethiol and C60 projectiles. All other SIMS spectra of linear-chain thiols are similar 

to those of 1-octadecanethiol adsorbed on gold surfaces. 

To estimate the surface coverage of 1-octadecanethiol, a statistical method based on 

coincidence counting was used1. The relevant co-emitted secondary ions (SIs) are quantified with 

a correlation coefficient, Q, which is defined by: 

ܳ, ൌ ∑ ∑ ܲሺ௫ಲ௫ಳሻ௫ಳ௫ಲݔݔ ∑ ܲሺ௫ಲሻݔ ∑ ⁄ܲሺ௫ಳሻ௫ಳ௫ಲݔ  (S1) 

 
Figure S4. SIMS mass spectra of 1-octadecanethiol surfaces. 
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where xA and xB are the numbers of SIs simultaneously detected for species A and B, respectively; 

P(xAxB) is the probability distribution of the number of ions A and B that were detected 

simultaneously, and P(xA) and P(xB) are the probability distributions of separately detected ions A 

and B, respectively. The two types of co-emitted ions, A and B, originating from the same 

compound (in the present case, both emitted from fluorine segments) are assumed to have a 

correlation coefficient (QA,B) of the unity. QA,B is expressed as follows: 

ܳ, ൌ
ಲ,ಳ
ಲൈಳ

ൌ 1 (S2) 

where YA,B is the coincidental yield of simultaneously detected ions A and B; and YA and YB are the 

SI yields of detected ions A and B, respectively. The QA,B of the ions is equal to 1 when they 

originate from the same compound. Moreover, the coincidental yield YA,B is defined as follows: 

ܻ, ൌ
ேಲ,ಳ
ே

 (S3) 

where Ne is the effective number of impacts on a specific specimen and NA,B is the number of co-

emitted ions A and B in their coincidental mass spectrum. Using Equations S1 to S4, Ne is obtained 

as follows: 

ܰ ൌ
ேಲൈேಳ
ேಲ,ಳ

  (S4) 

where NA and NB are the peak areas of ions A and B, respectively. The fractional coverage of 

specimens (K) on the surface area is given by: 

ܭ ൌ
ே
ேబ
ൈ 100% (S5) 

where N0 is the total number of impacts. The effective number of impacts on a specimen (Ne) does 

not depend on the ionization probabilities and detection efficiencies of ions A and B. Thus, for 

surface objects that are larger than the emission volume; the fractional coverage can be calculated 

using the coincidental process2,3.  

The thiol-related ions SH-, C2HS-, and AuS- at m/z 33, 57 and 229, respectively, were chosen 

to calculate the surface coverage of coating on gold surfaces, K (%) using Equations from S3 to 

S5. Table S1 shows the surface coverage of linear-chain thiols used in this study. 
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Table S1. The surface coverage of coating layer on gold surfaces. 

Sample Surface coverage of thiol 

2-aminoethanethiol hydrochloride (‒C2NH2) 93 ± 5% 

16-mercaptohexadecanoic acid (‒C15COOH) 92 ± 5% 

1-octanethiol (‒C7CH3) 95 ± 3% 

1-decanethiol (‒C9CH3) 92 ± 7% 

1-octadecanethiol (‒C17CH3) 93 ± 6% 
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2. Theory. For many colloidal systems (e.g., bacterial suspension) having repulsive interactions 

with a substrate, the particle adhesion (e.g., adsorption and deposition) process is first-order, which 

can be modelled as: 

݈݁ܿ݅ݐݎܽܲ  ݁ݐܽݎݐݏܾݑܵ ⟶ ݈݁ܿ݅ݐݎܽܲ •  (S6)                                  ݁ݐܽݎݐݏܾݑܵ

ௗே

ௗ௧
ൌ ݇݊ܮሺܰሻ                                                              (S7) 

where N is the surface concentration of particles (number of particles/m2), nb is the bulk 

concentration of particles (number of particles/m3), t is time (s), L(N)=1‒N/N0 is the Langmuir 

blocking function, N0 is the saturation surface concentration, and k is the adsorption rate constant 

(m/s). The solution of the differential equation describes an exponential dependence between the 

surface concentration and time: 

ܰ ൌ ܰሺ1 െ ݁
ି
ೖ	ൈ	್
ಿబ

௧
ሻ                                                        (S8) 

the adsorption constant, k, is strongly dependent upon the energetics between the adhering particles 

and the substrates, and also flow velocity and geometry when the suspending medium is not 

quiescent.  

For colloidal adhesion processes with diffusion-dominant characteristics, which generally 

occurs when the total interaction between colloids and the substrate is attractive, the number of 

adhering colloids has a square root dependence on time, t4,5: 

ܰ ൌ 2ቀ
ಮ௧

గ
ቁ
ଵ/ଶ

݊                                                           (S9) 

where D∞ is the constant diffusion coefficient in the suspension. 

The interactions between bacteria and a substrate are often modeled by the DLVO theory, 

which assumes the superimposition of the van der Waals interactions and double-layer electrostatic 

interactions6. Depending upon the surface characteristics of the substrate and the concentration of 

electrolyte, the DLVO potential energy diagram can show: (i) a shallow secondary minimum at 

long distances, an energy barrier at intermediate distances, and a deep primary minimum at short 

distances; (ii) a shallow primary minimum at short distances, which is followed by a strong 

repulsive barrier at intermediate distances; or (iii) a deep primary minimum only at short distances. 

For some cases, additional corrections, which are important at short ranges, such as acid-base 

interactions7, hydration interactions8, and hydrophobic interactions9 have been included in the total 
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energy considerations. However, the kinetic processes are generally governed by the energy barrier 

occurring at intermediate distances, which is weakly influenced by short-range interactions. As 

such, it is not unreasonable to neglect these short-range interactions while modeling the kinetics 

of initial stages of bacterial adhesion. 

For cases where the electrostatic interactions are short-ranged in comparison to the size of 

bacterium, and electrolytes are monovalent, the double-layer energy between a bacterium and flat 

substrate with different charge densities can be expressed as follows10,11: 

ܧ ൌ εεߨ64 ቀ
ಳ்


ቁ
ଶ
ܴ ቂtanh	ሺ

టభ
బ

ସಳ்
ሻtanh	ሺ

టమ
బ

ସಳ்
ሻቃ ݁ି                             (S10) 

where R is the radius of bacterium, 1/κ is the Debye length (m), and h is the separation between 

the bacterium and surface. 

For the geometry of a spherical bacterium near a flat substrate, the non-retarded van der Waals 

interactions can be described in terms of the Hamaker constant, AH
12,13: 

௩ௗ௪ܧ ൌ െ
ಹ

ቂ
ோ




ோ

ଶோା
 ݈݊ ቀ



ଶோା
ቁቃ                                           (S11) 

where AH is the Hamaker constant, which typically ranges between 10-21 and 10-20 J for organic 

molecules in water14,15. The non-retarded Hamaker constant can be predicted either by the Lifshitz 

theory using the dielectric constants and refractive indexes of the materials and dispersing media16 

or from the measured surface tension of bacteria and the minimum equilibrium distance between 

two molecules, which is 0.165 nm17.  

Bacterial adhesion process involves not only substrate-bacteria interactions but also bacteria-

bacteria interactions. DLVO interactions between a bacterium and a bacterium can be obtained by 

the multiplying DLVO interactions between a planar substrate and a bacterium with the Derjaguin 

factor18. However, another critical issue that must be considered here is bacterial deformations due 

to the domination of attractive van der Waals interactions over repulsive double-layer forces at 

short distances19. In this case, the non-retarded van der Waals interaction energy between a wall 

and a truncated sphere with a deformation (indentation depth), δ can be expressed as20,21: 

௩ௗ௪_ௗܧ ൌ െ
ಹோ


ቀ
ଵ

௫


ఋ

௫మ
ቁ                                                    (S12) 

where x is the distance between the most deformed point of the truncated sphere and the wall. In 

addition, it is essential to consider elastic energy that must be spent to change in the shape of the 
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bacteria, which is roughly equal to22: 

௦ܧ ൌ
଼

ଵହ
ߜܴ√∗ܧ

ఱ
మ                                                          (S13) 

where E* is the reduced Young’s modulus and R the particle radius. Our high-resolution images 

revealed that the mean contact diameter due to the bacterial adhesion is 232.6 ± 25.4 nm for S. 

aureus (Fig. S5), corresponding to 18.5 ± 4.0 nm indentation depth via the Cord theorem. This 

value is comparable with the deformation of S. aureus on glass measured by Busscher and co-

workers22. The reduced elastic modulus of S. aureus is ~47 kPa22. 

Overall, our modified DLVO model for the energetics of bacterial approach to a substrate 

includes three terms: double-layer interactions, van der Waals interactions, and elastic deformation 

energy. Since when deformations start to occur, the distance between bacteria and surfaces is small; 

double-layer interactions are much weaker than van der Waals interactions. Hence, the standard 

(non-deformed) electrostatic double-layer interactions can be used in the calculation of the total 

energy: 

௧௧ܧ	 ൌ ௩ௗ௪_ௗܧ  ܧ   ௦                                              (S14)ܧ
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Figure S5. SEM micrographs of deformed S. aureus (a) during bacterial division and (b) upon adhesive contact with 
each other. The shape of contact curvature is used to distinguish these two phenomena 
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3. Estimation of interaction parameters. The effective electrolyte concentration of bacterial 

suspension was estimated from the electrical conductivity values, which were found to be 7.4 ± 

0.4 × 10-4 S/m and 4.9 ± 0.3 × 10-4 S/m for S. aureus and E. coli, respectively. As the equivalent 

molar conductivity of most cations and anions lies in the range of 5 to 15 mS·m2·mol-1, we assumed 

that the suspension has an average molar conductivity of 10 mS·m2·mol-1 and contains mostly 

monovalent ions23. This assumption yields an electrolyte (1:1) concentration of 3.7 × 10-5 M and 

2.5 × 10-5 M for S. aureus and E. coli, respectively. 

The Debye length (m) was calculated using the following expression12: 

݄ݐ݃݊݁ܮ	݁ݕܾ݁ܦ ൌ ଵିߢ ൌ ቀ∑
ఘಮమ

మ

ఌబఌೝಳ்
 ቁ

ିଵ/ଶ
 (S15) 

where κ-1 is Debye length, ε0 is the permeability of free space (8.85 × 10-12 F·m-1), εr is the relative 

permeability of the buffer solution (78.4), kB is the Boltzmann constant (1.38 × 10-23 J·K-1), T is 

the temperature of the buffer (K), e is the elementary charge (1.6 × 10-19 C), ߩஶ is the number 

density of ions of valency z for ith ion. The corresponding decay length was 5.0 × 10-8 m and 

6.1×10-8 m for S. aureus and E. coli suspension, respectively. 

For the interaction between material 1 (bacteria) and material 3 (substrate) across material 2 

(water), the non-retarded Hamaker constant given by the Lifshitz theory is approximately16:  

ு,ଵଶଷܣ ൌ
ଷ

ସ
݇ܶ ቀ

ఢభିఢమ
ఢభାఢమ

ቁ ቀ
ఢయିఢమ
ఢయାఢమ

ቁ 
ଷ௩
଼√ଶ

ሺభ
మିమ

మሻሺయ
మିమ

మሻ

ට൫భ
మାమ

మ൯ට൫య
మାమ

మ൯ሺට൫భ
మାమ

మ൯ାට൫య
మାమ

మ൯ሻ
  (S16) 

where the first term (v = 0) represents the permanent dipole and dipole-induced dipole interactions, 

and the second (v > 0) represents the London (dispersion) interactions. εi and ni are the static 

dielectric constants and refractive indexes of the materials, respectively. ve is the frequency of the 

lowest electron transition (~3 × 1015 s-1). Using Equation S16, we estimated the Hamaker constant 

to in the range of 6.3 to 9.0 × 10-22 J depending on the substrate chemistry (Table S2). 
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Table S2. Dielectric and refractive index values used in estimating Hamaker constant for S. aureus/substrate and S. 
aureus/S. aureus systems23–28. 

Material ε n Hamaker constant (×10-21 J) 

Material 1 (Particle) Bacteria 18 1.380 · 

Material 2 (Medium) Water 78 1.330 · 

Material 3 (Coating) ‒C2NH2 2.1 1.435 3.3 

Material 3 (Coating) ‒C15COOH 2.2 1.481 3.9 

Material 3 (Coating) ‒C7CH3 2.1 1.452 3.5 

Material 3 (Coating) ‒C9CH3 2.1 1.459 3.6 

Material 3 (Coating) ‒C17CH3 2.1 1.464 3.6 

Material 3 (Particle) Bacteria 18 1.380 1.9 

kT (J) = 4.11 × 10-21; ve (s-1) = 3.00 × 1015; h (J·s) = 6.63 × 10-34 

  



 

S13 
 

4. Screening of antimicrobial activity. The antibiotic characteristics of thiol-coated substrates 

were investigated to determine whether bacterial adhesion and antimicrobial activity acted in 

concert or not for the model substrates selected. Bacterial suspensions of S. aureus and E. coli 

O157:H7 were grown in contact with thiol-coated substrates for 24 h at room temperature. 

Bacterial suspensions grown without substrates were treated as negative controls for each 

pathogen. The numbers of bacteria remaining in suspension following incubation was assessed by 

pour plate method. Each condition was replicated four times. 
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Figure S6. Fluorescence micrographs of the EPS (light green) and adhered cells (bright green). Calcofluor white dye 
was used to visualize the EPS produced by (a) S. aureus and (b) E. coli O157:H7. Upper insets: high magnification 
SEM micrographs of the EPS produced by S. aureus and E. coli O157:H7, respectively (scale bar, 3 μm). 
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Figure S7. SEM micrographs of multilayered (a) S. aureus and (b) E. coli O157:H7 adhesion on bare gold surfaces 
by droplet inoculation method (no rinsing).  
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Figure S8. After specified incubation times, unbound (suspended cells) and loosely adsorbed bacteria on the surfaces 
were removed by rinsing 4 times with sterile distilled water. SEM micrographs of aliquots after (a),(c) 1 time rinsing 
and (b),(d) 4 times rinsing collected from the samples inoculated with S. aureus (top) and E. coli O157:H7 (bottom).  
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Figure S9. The disk-diffusion agar method tests of the bare copper, bare gold, and 2-aminoethanethiol hydrochloride-
coated gold surfaces placed on the agar plate inoculated with S. aureus (top) and E. coli O157:H7 (bottom). Plate 
results indicate bacterial growth/no growth after 24 h on the (a),(d) bare copper, (b),(e) bare gold, and (c),(f) 2-
aminoethanethiol hydrochloride-coated gold surfaces. 
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