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ABSTRACT 15 

This work focuses on preparation of silver nanoparticles (AgNP) covered with cationic 16 

carbosilane dendrons and poly(ethylene glycol) (PEG). It is well known that AgNP and 17 

cationic carbosilane dendritic systems present antibacterial properties. On the other hand, 18 

PEG ligand provides antifouling properties and improved biocompatibility. Hence, 19 

combination of both ligands, carbosilane dendrons and PEG, on the AgNP surface can be a 20 

way to improve antibacterial capacity of AgNP. The new family of heterofunctionalized 21 

AgNP has been directly synthesized using silver precursor and cationic carbosilane dendrons 22 

and PEG ligands containing a thiol moiety. AgNP were characterized by TEM, TGA, UV, 
1
H 23 

NMR, DLS, Z potential, XRD. The antibacterial capacity of these systems was evaluated 24 

against E. coli and S. aureus. The results confirmed the influence of both silver core and 25 

cationic carbosilane dendrons on the activity of these systems. The behaviour obtained for 26 

PEGylated systems were slightly lower than for non-PEGylated AgNP. However, hemolysis 27 

assays demonstrated that this decrease was compensated for by the greater biocompatibility. 28 

To more completely characterize the improvements of PEGylation on dendronized AgNP, one 29 

non-PEGylated and one PEGylated AgNP were tested for resistance in a planktonic state. 30 

Both AgNPs barely affected the minimum inhibitory concentration (MIC) whereas reference 31 

antibiotics generated significant resistance. In addition, relevant improvement in biofilm 32 

inhibition was achieved by dendronized AgNP after PEGylation.  33 

Keywords: silver nanoparticle, PEG, carbosilane dendron, antibacterial, antifouling 34 

  35 
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INTRODUCTION 36 

The emergence of resistant microorganism to multiple antibiotics constitutes one of the 37 

major worldwide health concerns (Ciorba, et al., 2015; WHO, 2018). The recklessness and 38 

lack of control with antibiotic administration have caused microorganism adaptation and 39 

development of new defense mechanisms (Douafer, et al., 2019; Ventola, 2015; Zaman, et al., 40 

2017). Another important factor that contributes to bacterial resistance is their ability to form 41 

biofilms. In nature, bacteria are usually arranged in complex microorganism communities, as 42 

a result of irreversible adhesion of planktonic cells to living or inert substrates (Singh, et al., 43 

2017). Due to the high resistance of bacteria in biofilms, their impact on life is of great 44 

relevance. Formation of biofilms as a survival mechanism of human pathogenic bacteria 45 

results in chronic diseases with complicated treatments and represents approximately 65% of 46 

human infectious diseases caused by bacteria (Jamal, et al., 2018). Consequently, the 47 

development of new antibacterial agents with non-specific action mechanisms that are able to 48 

avoid resistance and microorganism adhesion to surfaces, has gained significant momentum 49 

(Coates, et al., 2002; Qayyum and Khan, 2016). 50 

Due to its high activity against a broad range of microorganisms, silver based compounds 51 

are currently the most widely used commercially available antimicrobial agents (Chaloupka, 52 

et al., 2010; Sim, et al., 2018). Unlike common drugs, silver nanoparticles (AgNP) present 53 

many action mechanisms, which make it more difficult to develop resistance. The 54 

antibacterial activity of AgNP is related with their ability to release silver ions (Ag
+
) (Jung, et 55 

al., 2008; Morones, et al., 2005; Xiu, et al., 2012), but also to surface oxidation and 56 

interaction with biological macromolecules. Through diffusion or endocytosis, AgNP can 57 

enter the cell, causing mitochondrial dysfunction, which generates reactive oxygen species 58 

(ROS), damaging proteins and nucleic acids, thereby inhibiting cell proliferation (Gopinath, et 59 

al., 2010). AgNP can also interact directly with membrane proteins and activate a number of 60 
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metabolic pathways involved in transport and respiration, altering ATP production and 61 

membrane permeability (McShan, et al., 2014; Prabhu and Poulose, 2012). AgNP aggregation 62 

is a determining factor in the toxicity and activity of these systems. This is because the 63 

activity is enhanced for dispersed AgNP when compared to aggregated AgNP. In the former 64 

case, Ag
+
 release is favorable allowing it to make contact with its target (Li and Lenhart, 65 

2012). Aggregation of AgNP can be controlled by the presence of stabilizing agents like 66 

surfactants and polymers (Li, et al., 2012).  67 

Polycationic macromolecules represent a different type of system extensively studied as 68 

antimicrobial agents (Huang, et al., 2016). Cationic multivalence is responsible for their 69 

activity since they are able to interact with negatively charged bacterial membranes (Chen, et 70 

al., 2019; Gottenbos, et al., 2001). These multicationic systems remove divalent cations 71 

embedded in membrane structures, inducing its destabilization and subsequent bacterial cell 72 

lysis (Clifton, et al., 2015). Dendritic molecules are one type of polycationic macromolecules 73 

that have shown such high antimicrobial activity (Tülü and Ertürk, 2012). Their well-defined 74 

size, monodispersity and the multivalence of their surface offers several advantages over 75 

traditional polymers (Lee, et al., 2005; Tomalia and Fréchet, 2002). Among dendritic 76 

molecules, dendrons are cone-shaped macromolecules with similar properties to dendrimers 77 

but with an extra reactive moiety at the focal point (Newkome, et al., 2001). Reactivity of 78 

focal point allows for more complex structures such as dendronized nanoparticles, 79 

transferring dendritic properties to them (Peña-González, et al., 2016; Peña-González, et al., 80 

2017). Cationic carbosilane dendrimers and dendrons have proven to be good antimicrobial 81 

agents due to the difference between hydrophilic and hydrophobic parts; cationic peripheral 82 

groups and carbosilane framework respectively. While cationic groups modify membrane 83 

permeability, the hydrophobic skeleton allows penetration into the phospholipid bilayer 84 
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causing membrane disintegration (Fuentes-Paniagua, et al., 2016; Heredero-Bermejo, et al., 85 

2018).  86 

Recently, we have reported the antibacterial and antifungi properties of silver based NPs 87 

functionalized with ammonium terminated dendrons (Peña-González, Pedziwiatr-Werbicka, 88 

Martín-Pérez, Szewczyk, Copa-Patiño, Soliveri, Pérez-Serrano, Gómez, Bryszewska, 89 

Sánchez-Nieves and de la Mata, 2017). Microbiologic assays corroborated the relevance of 90 

the silver core in contrast with an innocuous gold core, since AgNP are more effective as 91 

antibacterial agents than their analogous AuNPs. The antibacterial properties of AgNP are due 92 

to the previously mentioned capacity to release silver cations in contact with air and also due 93 

to the presence of cationic dendrons. 94 

In spite of the numerous advantages offered by AgNP, these systems could experience 95 

problems concerning toxicity. In this sense, it is well known that polyethyleneglycol (PEG) is 96 

one of the most commonly used “stealth” polymer to improve the efficiency and 97 

biocompatibility of drugs and nanosystems (Amoozgar and Yeo, 2012; Kalaycı, et al., 2010). 98 

It has been demonstrated that PEGylation of NPs can reduce their hemotoxic properties and 99 

increase the circulation time. This is due to hydrophilic nature of PEG that creates a hydrated 100 

cloud, preventing interaction between neighboring NPs and/or blood components (Suk, et al., 101 

2016). On the other hand, the antifouling properties of PEG (Jeon, et al., 1991) are employed 102 

to reduce protein adsorption and, consequently, bacterial adhesion and biofilm generation 103 

(Banerjee, et al., 2011; Cheng, et al., 2007; Lowe, et al., 2015; Mukherjee, et al., 2019; Xu 104 

and Siedlecki, 2017; Yu, et al., 2019). 105 

Accordingly, herein we report synthesis and characterization of heterofunctionalized 106 

AgNP covered with cationic carbosilane dendrons, with antibacterial properties, and PEG 107 

ligands, with antifouling properties. Their ability as antibacterial systems has been evaluated 108 

and resistance studies have also been carried out, comparing the results with fully 109 
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dendronized AgNP. Finally, the effect of selected nonPEGylated and PEGylated AgNP on 110 

biofilm formation has been tested. 111 

 112 

RESULTS AND DISCUSSION 113 

Synthesis of nanoparticles 114 

For simplicity, the following nomenclature will be used to name dendrons described in 115 

this work: XGnYm, where ‘X’ represents the functional groups present at the focal point, ‘Gn’, 116 

represent the carbosilane dendron generation, ‘Y’ denotes nature of peripheral groups and 117 

“m” the number of these groups.  118 

The carbosilane dendrons used for the synthesis of AgNP, HSGn(S-NMe3
+
)m (n = 1, m = 2 119 

(I); n = 2, m = 4 (II); n = 3, m = 8 (III)), were previously described (see Figure S1 for full 120 

structure) (Peña-González, et al., 2017), and the PEG fragment 121 

CH3O(CH2CH2O)nCH2CH2SH (HS-PEG, Mn = 800) was obtained from commercial sources. 122 

The synthetic procedure used for preparation of heterofunctionalized AgNP is similar to that 123 

previously described to obtain homofunctionalized AgNP (1-3Ag) (Peña-González, 124 

Pedziwiatr-Werbicka, Martín-Pérez, Szewczyk, Copa-Patiño, Soliveri, Pérez-Serrano, 125 

Gómez, Bryszewska, Sánchez-Nieves and de la Mata, 2017). 126 

 127 

SCHEME 1 128 

 129 

The new AgNP were easily synthesized in water by direct reaction of AgNO3 with a 130 

mixture of both thiol derivatives, dendrons I-III and HS-PEG, and the reducing agent NaBH4 131 

(Scheme 1). With the aim to evaluate influence of both ligands on AgNP properties, three 132 

different dendron/HS-PEG ratios were used (3/1, 1/1, 1/3). The following nomenclature was 133 

employed to name AgNP described in this work: NxAg, where number ‘N’ represents the 134 
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carbosilane dendron generation, and the ‘x’ letter represents the dendron/HS-PEG ratio (a = 135 

3/1, b = 1/1, c = 1/3) used. Homofunctionalized AgNP follows the same nomenclature 136 

without the ‘x’ descriptor: NAg. Heterofunctionalized AgNP (1a-cAg, 2a-cAg, 3a-cAg) were 137 

obtained in high yield as black solids that can be dispersed in water and characterized by 138 

nuclear magnetic resonance (
1
H-NMR), ultraviolet spectroscopy (UV-VIS), 139 

thermogravimetric analysis (TGA), transmission electron microscopy (TEM), dynamic light 140 

scattering (DLS) and zeta potential (ZP) (see Table 1).  141 

Figure 1 shows TEM images and size distribution of first generation heterofunctionalized 142 

AgNP (1a-cAg). The corresponding images for higher generation NP are collected in the 143 

Supporting Information (Figures S2-S7). The size of the AgNP (TEM) was independent of 144 

generation or dendron/HS-PEG ratio, presenting diameters from 2 to 4 nm in all cases. These 145 

systems were stable, maintaining their size and shape for almost 12 months under inert 146 

atmosphere. According to the stabilizing capacity of PEG ligand (Díaz-Cruz, et al., 2016; Li 147 

and Lenhart, 2012; Popa, et al., 2007), stability of PEGylated AgNP was higher than that of 148 

non-PEGylated 1-3Ag, whose sizes and shapes changed after 3 months (Peña-González, 149 

Pedziwiatr-Werbicka, Martín-Pérez, Szewczyk, Copa-Patiño, Soliveri, Pérez-Serrano, 150 

Gómez, Bryszewska, Sánchez-Nieves and de la Mata, 2017). 151 

The hydrodynamic diameters (dz) of AgNP were measured by DLS, obtaining values from 152 

16 to 40 nm. The higher diameters obtained by DLS, compared with those obtained by TEM, 153 

are due to the differences between both techniques. Whereas TEM only measures the metallic 154 

core, DLS includes dendron cover and solvent layer at the interface. The polydispersity (PDI) 155 

and the diameter obtained by DLS (dz) can be used to calculate a theoretical diameter value 156 

(Cdn = dz/(1+Q)
5
); where Q correspond with PDI) (Cho, et al., 2014; Hanus and Ploehn, 1999; 157 

Peña-González, Pedziwiatr-Werbicka, Martín-Pérez, Szewczyk, Copa-Patiño, Soliveri, Pérez-158 

Serrano, Gómez, Bryszewska, Sánchez-Nieves and de la Mata, 2017). These Cdn values were 159 
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closer to those measured by TEM (Table 1). UV spectra also confirmed AgNP formation 160 

through the observation of the band corresponding to the surface plasmon resonance, which 161 

was detected at ca. 440 nm for all NP. 162 

 163 

FIGURE 1 164 

 165 

The functionalization of AgNP was also followed by 
1
H-NMR spectroscopy (Figures S8-166 

S16), in spite of extremely broad signals. The resonances corresponding to dendrons and PEG 167 

ligands on 1-3,a-cAg were observed at similar chemical shifts than the resonances of starting 168 

dendrons (I-III) and the HS-PEG compound. The only significant difference was the 169 

disappearance of the methylene groups CH2SAg, corresponding with the focal point of the 170 

dendron and PEG derivative, due to proximity to the AgNP surface. 
1
H-NMR spectroscopy 171 

also allowed calculation of final dendron/PEG molar ratio on AgNP. This was done by 172 

integration of the signals of the external methoxide group of the PEG fragment and the methyl 173 

groups of trimethylammonium peripheral moieties of dendrons (Table 1). The experimental 174 

dendron/PEG content observed by 
1
H-NMR was clearly dependent on the initial 175 

dendron/PEG ratio and dendron generation. The molar ratio found in the case of 1a-cAg, 176 

functionalized with first generation dendrons, showed an easier entrance of PEG ligands on 177 

AgNP surface than of carbosilane dendrons. In these cases, the observed dendron/PEG ratio 178 

was smaller than the theoretical ratio. However, for higher generations, the entrance of HS-179 

PEG was hindered, especially in third generation AgNP (3a-cAg). For these AgNP, the final 180 

dendron/PEG ratios were higher than those theoretically expected from initial ratios. 181 

X-ray diffraction (XRD) of selected AgNPs were done (2aAg and 2cAg, Figure S18). The 182 

pattern obtained supports the crystalline nature of these AgNP, with peaks corresponding to 183 

the 111, 200, 220, and 311 crystallographic planes of the face-centered cubic silver crystals. 184 
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These data matched with files 00-004-0783 (2aAg) and 01-087-0717 (2cAg) from the 185 

database Joint Committee on Powder Diffraction Standards (JCPDS).  186 

 187 
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AgNP 
Molar ratio 

%Lb dn
c dz

d Cdn
e PDIf ZPg 

HSGn(S-NMe3
+)m:HS-PEG 

 
Theoretical Obtaineda  

     
1Ag - - 53.6 1.7 39.3 7.20 0.404 32.3 

1aAg 3:1 1:1 59.8 2.3 21.17 6.34 0.273 23.2 
1bAg 1:1 1:2.4 64.3 4.1 21.72 7.17 0.248 22.5 
1cAg 1:3 1:4.7 68.5 2.6 28.45 2.82 0.587 10.5 

2Ag - - 66.7 3.0 40.01 8.26 0.371 35.3 
2aAg 3:1 5:1 74.2 2.5 16.44 9.06 0.126 26.4 
2bAg 1:1 1.7:1 72.6 4.0 20.97 4.5 0.360 19.9 
2cAg 1:3 1:2.2 73.6 2.0 16.53 4.42 0.301 12.6 

3Ag - - 85.8 3.9 180.0 14.3 0.659 53.0 
3aAg 3:1 6.7:1 81.4 2.9 17.89 5.96 0.246 31.8 
3bAg 1:1 2:1 74.3 4.9 18.04 5.05 0.290 22.5 
3cAg 1:3 1:1.5 75.8 3.0 17.17 4.43 0.311 26.2 

PEGAg - - 72.5 7.5  128.4 7.20 0.779 -1.2 

 

Table 1. Selected data of AgNP. a) Molar ratio obtained by RMN. b) % Organic matter obtained by TGA, corresponding with dendron and 

PEG coating. c) Diameter (dn, nm) obtained by TEM. d) Diameter (dz. nm) obtained by DLS. e) Diameter calculated (Cdn, nm): Cdn= dz/(1+Q)
5
; 

Q corresponds with PDI, (Hanus and Ploehn, 1999). f) Polydispersity index (PDI) obtained by DLS. g) Zeta potencial (mV). 1-3Ag were 

previously described (Peña-González, Pedziwiatr-Werbicka, Martín-Pérez, Szewczyk, Copa-Patiño, Soliveri, Pérez-Serrano, Gómez, 

Bryszewska, Sánchez-Nieves and de la Mata, 2017). 
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Antibacterial activity 

Heterofunctionalized cationic/PEG AgNP (1a-cAg. 2a-cAg. 3a-cAg) were tested as 

antibacterial agents. Their activity was compared with those observed for analogous AgNP 

homofunctionalized with cationic dendrons (1-3Ag) or PEG ligands (PEGAg). S. aureus and 

E. coli were chosen as models of Gram-positive and Gram-negative bacteria, respectively. 

Table 2 summarizes minimum inhibitory concentration (MIC) and minimum bactericidal 

concentration (MBC) values.  

  E. coli 

 

S. aureus 

  MIC MBC   MIC MBC 

1Ag 4 8   4 4 

1aAg 8 8 

 

8 8 

1bAg 16 16 

 

16 32 

1cAg 32 32   32 32 

2Ag 4 8 

 

4 8 

2aAg 8 16 

 

4 8 

2bAg 16 16 

 

4 8 

2cAg 32 16   8 16 

3Ag 16 16 

 

4 4 

3aAg 16 16 

 

4 4 

3bAg 16 16 

 

4 4 

3cAg 16 16   8 16 

PEGAg 256 256  256 512 

Table 2. Antibacterial activity of homo and heterofunctionalized AgNP. Minimum 

inhibitory (MIC) and bactericidal concentrations (MBC) are in ppm (mg·L
-1

).  
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Analysis of the data for each generation showed a general trend: the antibacterial activity 

of AgNP diminishes with higher PEG content, with 1Ag being the most active. This trend was 

not observed for third generation AgNP (3(a-c)Ag), probably because the PEG chain is not 

long enough to project beyond the cationic dendron surface. Thus, cationic groups would be 

exposed equally, regardless of dendron/PEG ratio. 

An improvement in activity by increasing the dendritic generation was not observed. Only 

AgNP functionalized with first generation dendrons showed a slight decrease in activity 

against S. aureus, compared with AgNP functionalized with second and third generation 

dendrons. First generation AgNP proved to be good candidates as antibacterial agents, since 

first generation dendrons are the easiest and cheapest to synthesize. 

 

FIGURE 2 

 

On the other hand, homofunctionalized AgNP with HS-PEG (PEGAg) were synthesized 

and their behavior against bacteria was assessed. PEGAg presented rather low activity against 

both E. coli and S. aureus (MIC = 256 ppm). Hence, this datum confirms that biocidal 

capacity is due to the cooperative effect of the silver core and cationic dendrons. 

Nanoparticles of low active metals such as gold covered with the same cationic dendrons 

were also barely active (Peña-González, Pedziwiatr-Werbicka, Martín-Pérez, Szewczyk, 

Copa-Patiño, Soliveri, Pérez-Serrano, Gómez, Bryszewska, Sánchez-Nieves and de la Mata, 

2017). 

It is important to note that the bactericidal properties of AgNP is related to their ability to 

release silver cations in aerobic conditions (Xiu, Zhang, Puppala, Colvin and Alvarez, 2012). 

This process could be the reason for higher activity of AgNP covered with smaller dendrons, 

which enables silver cation release (Peña-González, Pedziwiatr-Werbicka, Martín-Pérez, 
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Szewczyk, Copa-Patiño, Soliveri, Pérez-Serrano, Gómez, Bryszewska, Sánchez-Nieves and 

de la Mata, 2017). For the purpose of checking Ag
+
 release from AgNP, 1bAg was selected as 

model to study. On the first day after purification of these systems, a stock AgNP solution 

(360 ppm) was prepared and stored under inert atmosphere. 10 mL of this solution was 

collected, bubbled with an oxygen flow, to favor Ag
+
 release, and ultrafiltrated (MWCO = 

1000 Da). Then, the silver content was analyzed by ICP. This process was repeated after 2, 3, 

6 and 12 weeks. Results revealed minimum Ag
+
 ions released for all of the samples. 

Moreover, the antibacterial capacity of solutions treated as above were analyzed and were not 

affected during this time. These results reveal the high stability for these systems if they are 

stored under inert atmosphere (Figures S18-S19). 

 

Biocompatibility 

In regard to the use of these nanoparticles as antibacterial agents, preliminary 

biocompatibility studies were carried out. Hemolysis was determined by measuring the free 

hemoglobin content after erythrocytes incubation with AgNP for 2 h. in different 

concentrations. Table 3 summarizes the concentration of AgNP when 50% hemolysis is 

observed (H50) (Figure 3) and the percentage of the hemolysis at the MBC for the two 

different types of bacteria evaluated (S. aureus, Figure 4a; E. coli, Figure 4b). 

 

H50
a
 (ppm) 

S. aureus  E. coli 

MBC %H(MBC)
b 

MBC %H(MBC)
b 

1Ag 16 8 2  8 2.0 

1aAg 29.7 8 3.6  8 3.6 

1bAg 511 32 0.9  16 0.7 

1cAg 428 64 6.7  32 0.5 

2Ag 7 4 31.3  8 71.2 
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2aAg 12 4 21.0  16 61.5 

2bAg 15 8 30.5  16 50.3 

2cAg 21 16 35.3  16 35.3 

3Ag 6 8 56.8  16 91.2 

3aAg 10 4 30.4  16 72.8 

3bAg 9 4 27.8  16 65.7 

3cAg 9 4 33.5  16 74.8 

PEGAg >1024 256 20.6  256 20.6 

 

Table 3. Hemolytic activity of AgNP. a) Concentration of AgNP when 50% hemolysis is 

reached. b) Percentage of hemolysis at the MBC.  

The data showed lower values of H50 for non-PEGylated 1-3Ag with respect to 

PEGylated (1-3,a-cAg). This result demonstrates that biocompatibility of these systems is 

favored by PEGylation. The PEGylation effect was considerably more remarkable for first 

generation nanoparticles, with 1bAg and 1cAg being significantly less toxic than 1aAg and 

non-PEGylated 1Ag, with H50 values of 512, 428, 29, and 16 ppm, respectivley. The 

biocompatibility of the second generation was slightly enhanced when PEG proportion was 

higher, whereas the PEGylation of third generation AgNP did not present major 

improvements. These results are in agreement with the assessment done for the effect of 

PEGylation on antibacterial activity, the higher size of third generation dendron cover PEG 

chains avoiding their exposure. 

 

FIGURE 3 

 

FIGURE 4 
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Hemolysis percentage at MBC was calculated in order to know the selectivity of these 

systems and the possibility to be used as biocides (Table 3, Figure 4). Striking results were 

found for all AgNP functionalized with first generation dendrons, with hemolysis being lower 

than 10% at this concentration. This value was even below 1% for PEGylated 1bAg. 

However, for AgNP decorated with second generation dendrons, the hemolysis at the MBC 

was clearly higher. In general, the activity of AgNP against S. aureus was higher than against 

E. coli. Thus, the percentages of hemolysis reached at the MBC in S. aureus were below 50%, 

except for non-PEGylated 3Ag, whereas for E. coli were above 50%. 

Hence, taking into account antibacterial acitivity, toxicity, and synthetic cost, non-

PEGylated 1Ag and PEGylated 1bAg were selected as the best candidate for further 

antibacterial studies. 

Bacterial resistance studies  

Antibiotic resistant bacteria are a main worldwide concern (Alanis, 2005). Therefore, we 

assessed the ability of 1Ag and 1bAg to induce bacterial resistance. Commercial antibiotics 

such as erythromycin or penicillin (PenVK), active against S. aureus, and gentamycine or 

tetracycline, active against E. coli, were also included in this study with the aim of 

establishing a comparison with our systems. These assays were carried out through the daily 

assessment of the MIC during 15 cycles, using a subculture arising from the MIC determined 

in the previous cycle. Comparisons between MIC obtained on the last day (MIC15) and that 

obtained on the first day (MIC1) allowed for the determination of the evolution of the 

inhibitory capacity of the tested compounds (Figure 5). 

 

FIGURE 5 
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While commercial antibiotics employed here induced high resistance on S. aureus 

(MIC15/MIC1 > 1000), AgNP (1bAg, 1Ag) did not generate bacterial resistance (MIC15/MIC1 

= 2). Regarding E. coli, commercial drugs had a lesser tendency to generate bacterial 

resistance than in S. aureus (MIC15/MIC1 = 16). However, this value was still higher than that 

obtained for heterofunctionalized 1bAg (MIC15/MIC1 = 4) and homofunctionalized 1Ag 

(MIC15/MIC1 = 1). These results are in accordance with a non-specific action mechanism of 

AgNP covered with cationic dendrons. 

Inhibition of S. aureus biofilm formation assays 

One of the main goal of heterofunctionalization of cationic AgNP with PEG ligands was 

to endow these systems with antifouling capacity (Michel, et al., 2005). With this in mind, the 

ability to prevent or minimize biofilm formation of S. aureus of selected PEGylated and not-

PEGylated AgNP (1bAg, 1Ag) was carried out. Results showed that both AgNP totally 

inhibited the growth of biofilms at concentrations above MIC values, although below these 

concentrations biofilm formation was not inhibited. Nevertheless, unlike homofunctionalized 

cationic AgNP (1Ag) that did not present any effect below MIC, PEGylated AgNP (1bAg) 

reduced this formation at all tested concentrations below MIC up to 40% (Figure 6).  

 

FIGURE 6 

 

CONCLUSIONS 

Direct reaction of different thiol derivatives with a silver salt is a suitable procedure for 

synthesis of heterofunctinalized AgNP. With this approach a new family of AgNP 

functionalized with cationic carbosilane dendrons, with antibacterial properties, and PEG 

chains, demonstrating biocompatibility and with antiadherent properties, was obtained. A 

dependence on dendron/PEG ratio and dendritic generation on the functionalization degree 
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was clearly observed. The PEG entrance on AgNP surface was easier when first generation 

dendrons were used. Although the antibacterial activity of heterofunctionalized AgNP, with 

cationic dendrons and PEG, is slightly below that of homofunctionalized AgNP with cationic 

dendrons, this reduction is compensated for by the greater biocompatibility of these systems. 

In the particular case of 1bAg, hemolysis was reduced to only 1% at the MBC. Due to the 

successful results achieved for 1bAg, this AgNP and its analogous non-PEGylated 1Ag were 

selected to study bacterial resistance and biofilm formation. None of these AgNP generated 

resistance against S. aureus and only 1bAg produced a slight resistance against E.coli, due to 

the nonspecific mechanism of systems. In addition, the capacity to avoid biofilm formation 

was evaluated with of 1bAg and 1Ag, concluding that PEGylation improves inhibition of 

biofilm formation with respect to homofunctionalized systems, in accordance with the anti-

adhesive capacity of PEG. Therefore, heterofunctionalization of AgNP with cationic dendrons 

and PEG ligands can be considered an attractive tool in the search for new treatments against 

bacterial infections. 

 

MATERIALS AND METHODS 

General considerations 

All reactions were carried out under inert atmosphere and solvents were purified from 

appropriate drying agents when necessary. Unless otherwise stated, reagents were obtained 

from commercial sources and used as received. Compounds HSGn(S-NMe3Cl)m (where n = 1, 

m = 2; n = 2, m = 4; n = 3, m = 8) were synthesized as published (Peña-González, Pedziwiatr-

Werbicka, Shcharbin, Guerrero-Beltrán, Abashkin, Loznikova, Jiménez, Muñoz-Fernández, 

Bryszewska, Gómez, Sánchez-Nieves and de la Mata, 2017). Thiol-ene reactions were carried 

out employing a HPK 125W Mercury Lamp from Heraeus Noblelight with maximum energy 

at 365 nm, in normal glassware under inert atmosphere. NMR spectra were recorded on a 
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Varian Unity VXR-300 (300.13 (
1
H). Chemical shifts (δ) are given in ppm. 

1
H resonances 

were measured relative to solvent peaks considering TMS = 0 ppm. UV-vis absorption was 

measured with a Perkin-Elmer Lambda 18 spectrophotometer. The spectra were recorded by 

measuring dilute samples in a quartz cell with a path length of 1 cm. The silver content of 

filtered solutions were determined by ICP (Inductive Coupling Plasma) using an ICP Optical 

Emission Spectrometer Varian 720-ES at 328.068 nm. The detection limit is below 10 ppb. 

The X-ray diffraction data collection (XRD) was done using a Malvern Panalalytical 

Empyrean, using Cu-Kα radiation source from 5º to 90º (2θ). 

Synthesis of compounds 

A description of the synthesis of first generation AgNP with equal HSG1(S-NMe3Cl)/HS-

PEG ratio (1bAg) is as follows. The procedures and data of all compounds can be found in 

the Supporting Information.  

AgNP@(SG1(S-NMe3Cl)2@PEG (1/1) (1bAg). An aqueous solution (24 mL, 12.5 mM) of 

a mixture containing compounds HSG1(S-NMe3Cl)2 (0.15 mmol. 74.6 mg) and HS-PEG Mn 

= 1000 (0.15 mmol, 120 mg) was added dropwise to an aqueous solution of AgNO3 (10 mL, 

30 mM, 0.3 mmol, 50.9 mg). Afterwards, a solution of NaBH4 in water (7.5 mL, 200 mM, 1.5 

mmol, 56.7 mg) was added dropwise and the mixture was stirred 4 h at room temperature. 

Then, nanoparticles formed in this reaction were purified by dialysis (MWCO 10 kDa, 

yielding 1bAg (74.7 mg).  

Data for 1bAg: NMR (D2O): 
1
H NMR: δ 0.06 (SiCH3), 0.60 (SCH2CH2CH2CH2Si), 0.90 

(SiCH2CH2S), 1.40 (SCH2CH2CH2CH2Si), 1.78 (SCH2CH2CH2CH2Si), 2.74 (SiCH2CH2S), 

2.97 (SCH2CH2N), 3.10 (NCH3), 3.50 (SCH2CH2N). Reagents molar ratio HSG1(S-

NMe3Cl)2/HS-PEG = 1/1. Calc. molar ratio (NMR) HSG1(S-NMe3Cl)2/HS-PEG = 1/1. TGA 

(%): Ag, 35.7; L, 64.3. SPR (UV-vis): 447.3 nm. Zeta Potential (mV): 22.5. DLS (nm): 21.7. 

Mean diameter of silver core (TEM) = 4.1 nm. 
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Hemolytic studies  

2 mL of defibrinated sheep blood (RBC) were centrifuged at 800 g for 10 min. The 

supernatant is eliminated and the pellet (RBC) is washed three times with phosphate buffer 

saline (PBS. pH 7.4; NaCl 137 mM, KCl 2.7 mM, Na2HPO4 10 mM and KH2PO4 1.8 mM) 

and resuspended in 2 mL of PBS. A 1:50 dilution of this RBC solution in PBS was done and 

incubated for 15 minutes at 37ºC. AgNP solutions were prepared in the range of 2.5 to 5120 

ppm. 20 μL of each solutions and 180 μL of RBC incubated solution were added to 

Eppendorf tubes, obtaining solutions ten times less concentrated (0.25 to 1024 ppm). These 

solutions were incubated for 2 hours. Subsequently, tubes were centrifuged (15 min at 800 g) 

and the supernant was transferred to 96 well tray microplates. Hemolysis (Hx) was monitored 

by measuring the hemoglobin release by the absorbance at 540 nm. Controls of all 

concentrations were done by adding 20 μL of nanoparticles and 180 μL of PBS (Hx0). 100% 

hemolysis (H100) was achieved by adding of 20 μL of Triton X100 at 20% solution to 180 μL 

of RBC. As 0% hemolysis (H0) control value was used the absorbance of the supernant of 20 

μL of PBS and 180 μL RBC solution. The percentage of hemolysis was calculated as [(Hx – 

Hxo)/(H100 – H0)]. The AgNP concentrations required to cause 50% hemolysis (H50) was 

calculated by interpolation between the closest points. HMBC corresponds to the percentage of 

hemolysis at MBC concentration. 

Antibacterial activity 

Bacterial strains. Escherichia Coli (CECT 515, Gram-negative), Staphylococcus aureus 

(CECT 240, Gram-positive) were obtained from the Spanish Type Culture Collection 

(CECT). The rest of the resistant strains were generated in the resistance induction assays 

carried out in this work. 

MIC and MBC. The minimal inhibitory concentration (MIC) of the products was 

measured in 96-well tray microplates by microdilution tray preparations following the 
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international standard methods ISO 20776-1. Solutions of the products were prepared in the 

range of 0.25 to 1024 ppm adding 100 μL of one of these solutions to each well: 100 μL of 

double concentration Mueller Hinton (Scharlau. ref. 02-136) and 5 μL of a bacteria 

suspension of 2 x 10
7
 CFU ml

-1
. Microplates were incubated at 37 ºC for 20 h using an ultra-

microplate reader ELX808iu (Bio Tek Instrument), considering the MIC the minimal 

concentration for which no turbidity was observed. The minimal bactericidal concentration 

(MBC) was calculated by inoculating Petri dishes containing Muller-Hinton agar with 5 μL of 

the sample used for MIC assessment. Samples were tested as droplets on the plates. Microbial 

growth on plates was monitored after 24 h of incubation at 37ºC. The MBC was determined 

as the minimal concentration at which no growth was detected. 

Induction of resistances. Initial MIC values (MIC1) were determined for E. coli CECT 

515 and S. aureus CECT 240 as described above. MIC values were monitored daily for 15 

days as follows. The first day MIC was calculated as described above (MICn). Then, for next 

day, 100 μL were taken from the well treated at the concentration below MIC. This 

suspension was incubated and adjusted to 2 x 10
7
 CFU mL

-1
. Then, the protocol to calculate 

MIC was done again (MICn+1). This procedure was repeated for 15 days (MIC15). The relative 

MIC value (MIC15/MIC1) was determined by calculating the ratio of the MIC obtained for the 

15
th

 subculture (MIC15) to MIC obtained for the first culture (MIC1). 

Biofilm formation and quantification assay. The biofilm formation of S. aureus CECT 

240 was established in microtiter plates (96 wells, NUNC). From Petri dish where S. aureus 

was growing, 10 CFU (colony forming unit) was used to inoculate 4 mL of commercial 

trypticase soy broth (TSB) supplemented with 0.4% glucose and 0.3% yeast extract. Then, it 

was kept for 3 h at 37 
0
C in a bath with shaking (110 rpm) for obtaining a pre-inoculum with a 

value of absorbance at 625 nm of 0.6–0.9 units. Culture was then diluted 1:100 in fresh TSB 

medium supplemented, and 200 mL was dispensed into each well of the NUNC microtiter 
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plates. After 20 h of incubation at 37 
0
C in static, the absorbance at 630 nm was measured in 

an ultra-microplate reader (Biotek, ELx 808). Moreover, in the microtiter plates where the 

solution of the wells were retired, the biofilm formed was stained with 200 mL of 10% crystal 

violet, rinsed three times with 200 mL of commercial phosphate buffered saline (PBS) and air 

dried. The crystal violet-stained biofilm formation was quantified by solubilizing the crystal 

violet with 200 mL 33% acetic acid solution. This solution was added to wells in a new 

microtiter plate and the absorbance at 630 nm was measured in the microplate reader.  

Pre-biofilm treatment. The ability of 1bAg and 1Ag compounds to inhibit the biofilm 

formation of S. aureus was analyzed. Solutions of the products were prepared in the range of 

0.0625 to 1024 ppm adding to each well 100 mL of one of these solutions, 100 mL of S. 

aureus inoculum done in double concentration commercial TSB. Microplates were incubated 

at 37ºC for 20 h in static. The planktonic and sessile cells, and the amount of biofilm formed 

were measured as explained above.  

 

SUPPLEMENTARY DATA 

Full experimental data, dendrons structures, TEM images and size distribution, 
1
H-NMR 

spectra of all AgNP and Ag
+ 

release graphic can be found in Supplementary Information.  
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Scheme 1. Synthesis of heterofunctionalized AgNP (n=1, m=2 (1a-cAg); n=2, m=4 (2a-

cAg); n=3, m=8 (3a-cAg)). The full structure of dendrons can be seen in Figure S1. 

 

Figure 1. TEM image and size distribution histogram associated to a) 1aAg, b) 1bAg and 

c) 1cAg. 

 

Figure 2. MBC plots of synthesized AgNP with different dendritic generation and 

HSGn(S-NMe3
+
)m/HS-PEG ratios against S. aureus (A) and E. coli (B). 

 

Figure 3. Concentration of 50% hemolysis (H50) for homofunctionalized and 

heterofunctionalized AgNP. 

 

Figure 4. Hemolysis percentage at MBC. a) Staphylococcus aureus. b) Escherichia coli. 

 

Figure 5. Induction resistance tests of 1Ag and 1bAg in S. aureus (a) and E. coli (b) after 

15 survival cycles in the presence of antibacterial agents. MIC15/MIC1 is the ratio obtained 

from the 15
th

 subculture (MIC15) and the 1
st
 subculture (MIC1). 

 

Figure 6. Inhibition of S. aureus biofilm formation with 1bAg (blue) and 1Ag (red) 

calculated from pre-biofilm treatment assay.  

 




