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Abstract 18 
 19 
We report the synthesis of cationic dendrons (1st and 2nd generations) with pendant alkyl 20 
chains of varying lengths (C8, C12, C14), which are classified as cationic molecular 21 
umbrellas. In each case, the dendron surface moieties were functionalized with guanidine 22 
groups, which are fully protonated in aqueous media of pH 7.4, lending cationic character 23 
to the solute. We found that these compounds are potent membrane-disrupting 24 
antibacterial agents with dose-dependent hemolytic activities. Confocal microscopy 25 
confirmed the permeabilization of E. coli and S. aureus cell membranes. A pyrene 26 
emission assay confirms that the dendrons are unimolecularly solvated at the 27 
concentrations relevant to their antibacterial activity, although they do aggregate at higher 28 
concentrations in aqueous buffer. Most importantly, when we compare the activity of 29 
these guanidinium-functionalized umbrellas to our previously published data on 30 
ammonium-functionalized analogues, we found no significant benefits to guanidinium 31 
relative to the ammoniums. The antibacterial activities are similar in all cases tested, and 32 
the highest selectivity index was found in the ammonium series, which stands in contrast 33 
to many other classes of antibacterial agents for which guanidinylation is typically 34 
associated with enhanced activity and selectivity. 35 
 36 
  37 



The alarming rise of antibiotic drug-resistant bacterial infections worldwide has 38 
generated much interest in alternative methods to stem the spread of harmful pathogens 39 
in the community and in the clinic.1 A broad range of antimicrobial synthetic polymer 40 
chemistries, which were developed as inexpensive and synthetically scalable mimics of 41 
host defense peptides (HDPs), have shown potentially promising antibacterial activity and 42 
biocompatibility, both in vitro and in vivo.2,3 The mechanism of antibacterial activity is 43 
putatively membrane disruption, although immunomodulatory effects may also play a 44 
role.4 Perhaps the most widely recognized molecular design principle for these materials 45 
is the concept of amphiphilic balance – judiciously optimized composition of cationic 46 
charge (which mediates electrostatic attraction to anionic lipids that are abundant in 47 
bacterial cell membranes) and hydrophobicity (which facilitates insertion into and 48 
disruption of the lipid bilayer).5 In this context, designing macromolecules with controlled 49 
spatial arrangement of these two elements remains a challenge at the forefront of the 50 
field. The notion of “facial amphiphilicity” argues that cationic charge and hydrophobicity 51 
ought to be predisposed to occupy opposite faces of the molecule, since the lipid bilayer 52 
is an approximately planar interface, at least locally, with anionic groups on one side and 53 
hydrophobic tails on the other.6 Many different approaches have been pursued in this 54 
vein, from random copolymers with conformational freedom to side chains containing 55 
facially-amphiphilic pendant units.7–10 Our own group recently developed the first example 56 
of a cationic “molecular umbrella” in which a long alkyl chain is attached to a dendron with 57 
cationic terminal groups.11 In that first attempt, we identified a lead composition with 58 
potent antibacterial activity in the low μg/mL concentration range and more than 1300-59 
fold cell-type selectivity for bacteria versus mammalian cell membrane disruption. 60 

The chemical structure of the cationic groups is known to be a major determinant 61 
of antibacterial and hemolytic activities in random copolymers.12,13 A popular choice for 62 
the cationic moiety is a protonated primary ammonium, which is mostly cationic in neutral 63 
aqueous media by virtue of protonation.14 Primary ammoniums, which are selected 64 
because they mimic Lysine residues that are abundant in HDPs, often show better cell-65 
type selectivity when directly compared to the more conventional choice of quaternary 66 
ammonium salt (QAS) groups.15 Furthermore, guanidinium moieties are also a popular 67 
choice, because they mimic Arginine residues also found in HDPs and are known to bind 68 
more strongly to phospholipid headgroups via a combination of Coulombic attraction and 69 
bidentate hydrogen bonding interactions.16–19 These examples in the literature have 70 
shown enhancement of antibacterial activity in direct comparison between ammonium- 71 
and guanidium-functionalized, although comparable20,21 or reduction22 of antimicrobials 72 
were reported after the guanidinylation of certain HDP-mimetic structures. Thus, we 73 
questioned whether converting our ammonium-functionalized cationic molecular 74 
umbrellas (described above) to guanidinium variants could further enhance their already 75 
outstanding activity. 76 

Guanidinium-functionalized cationic molecular umbrellas were prepared by minor 77 
modifications to our previously published route (Scheme 1).11 Detailed procedures and 78 
characterization data are provided in the ESI. Briefly, β-alanine was guanidinylated using 79 
diBoc-protected S-methylisothiourea in methanol with K2CO3 and 4-80 
dimethylaminopyridine (DMAP). Dendrons of 2,2-bis(hydroxymethyl)propionic acid (bis-81 
MPA) containing pendant hydroxyl surface groups, as well as a long hydrophobic chain 82 
attached to the core, were then coupled to the Boc-protected guanidino propanoic acid 83 



via standard N,N’-dicyclohexylcarbodiimide (DCC)/ DMAP chemistry, and finally were 84 
deprotected with neat trifluoroacetic acid (TFA). Synthesis of the variants containing C8, 85 
C10, and C14 hydrophobic handles was successful for the 1st and 2nd generation dendrons. 86 
Attempts to functionalize the 3rd generation examples led to less than quantitative surface 87 
group conversion, which stalled at less than ~6 out of 8 functionalized surface groups in 88 
the best case. Moreover, these samples contained an intractable impurity that was 89 
challenging to remove. Presumably, the difficulty can be ascribed to the bulkiness of the 90 
doubly Boc-protected guanidine group, which crowds out the remaining unreacted -OH 91 
moieties presented on the dendron surface. Thus, we proceeded to characterize the 1st 92 
and 2nd generation dendrons as an initial screen. As our main goal of this work was to 93 
directly compare dendrons that only differ in terms of the source of cationic charge 94 
(guanidium versus ammonium), the question of how to obtain the 3rd generation dendron 95 
was considered unnecessary to that end, and was thus relegated such effort to our future 96 
work. The chemical structure of the 2nd generation dendrons with cationic guanidinium 97 
groups is given in Scheme 1.  98 
 99 

 100 
Scheme 1. Chemical structure of the G2 amphiphilic cationic molecular umbrellas that display guanidinium 101 
groups on the dendron surface and a long alkyl chain as the hydrophobic tail component. 102 

 103 
Compounds in this work are denoted as CnGx where n is the number of carbons in 104 

the linear alkyl chain and x is the generation number of the dendron. For example, C14G2 105 
is the 2nd generation dendron attached to a -C14H29 alkyl chain. The antimicrobial and 106 
hemolytic activities, along with characterization data, of all compounds in this study are 107 
listed in Table 1. 108 
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Table 1. Antibacterial (Minimum Inhibitory Concentration, MIC) and Hemolytic Activity (Hemolytic 115 
Concentration 50%, HC50), and critical micelle concentrations (CMC), for the Guanidine-Functionalized 116 
Cationic Molecular Umbrellas.  117 

Cmpd. Gen. Cn MW 
(g/mol) 

MIC (μg/mL) HC50 (μg/mL) CMC 
(μg/mL) E. colia S. aureusb RBCc 

C8G1 
G1 

8 701 250 500 438 >10,000 
C10G1 10 729 62.5 62.5 279 9640 
C14G1 14 785 7.8 7.8 23 1170 
C8G2 

G2 
8 1387 1000 250 1553 >10,000 

C10G2 10 1415 62.5 62.5 327 1633 
C14G2 14 1471 7.8 7.8 117 201 

a E. coli strain ATCC 25922 118 
b S. aureus strain ATCC 25923  119 
c Sheep red blood cells (RBC) obtained from MP biomedicals 120 
 121 

The antibacterial activities observed in the 1st generation dendron series, for which 122 
each compound contains just two protonated (cationic) guanidinium groups, are well in 123 
line with expectations based on the amphiphilic balance framework. While the C8G1 124 
compound showed weak activity (Minimum Inhibitory Concentration (MIC) values of 250 125 
and 500 μg/mL for E. coli and S. aureus, respectively), increasing the hydrophobicity 126 
monotonically enhances antimicrobial potency. For example, as the alkyl chain length 127 
increased to C10 chains, the antibacterial activity is enhanced (MIC 62.5 μg/mL for both 128 
strains) and further increasing to C14 results in potent antimicrobial activity (MIC 7.8 129 
μg/mL). Hemolytic activities against sheep red blood cells (RBC, MP Biomedicals) follow 130 
a similar trend, with hemolysis observed at lower concentrations for the more hydrophobic 131 
compounds. In Table 1, we list the Hemolytic Concentration 50% (HC50) values, which 132 
are widely considered the characteristic hemolytic concentrations (although some authors 133 
express a preference for the more conservative Hemolytic Concentration 10% (HC10) 134 
values). We include the entire hemolysis dose-response curves and curve fits to the 135 
modified Hill equation, in the ESI document so that any characteristic value one prefers 136 
may be extracted. In terms of selectivity between bacterial cells and RBCs, the 1st 137 
generation series is categorized as biocidal because the antibacterial and hemolytic 138 
activities are of similar magnitude in each case. In the 2nd generation series, for which 139 
four cationic guanidinium groups are displayed on each dendron, the trends for 140 
antibacterial activity are nearly the same as the 1st generation, but the hemolytic activities 141 
are less severe. The compound C14G2 displayed the highest selectivity index in the series, 142 
albeit a relatively modest value (HC50/MIC = 15).  143 

Analysis of aggregation in aqueous media was performed using a pyrene emission 144 
assay in the same manner as previously described.11 Here, we define the critical micelle 145 
concentration (CMC) as the inflection point on the sigmoidal dose-response curves of I1/I3 146 
versus dendron concentration. Two observations are clear in the dataset. First, as 147 
expected, increasing hydrophobicity leads to aggregation in aqueous media at lower 148 
concentrations. Second, we also find in all cases that the CMC is higher than both the 149 
MIC and HC50 values for a given example compound. Thus, we suggest that the active 150 
species is indeed individually solvated at the concentrations required to exert membrane 151 



activity, rather than an aggregate or micelle assembled from these cationic surfactant 152 
molecules in solution. Plots are given in the ESI. 153 

Confocal laser scanning microscopy was performed on E. coli and S. aureus 154 
treated with C14G2 at concentrations of 1× and 4× MIC with SYTO-9 and Propidium 155 
Iodide (PI) staining. The green SYTO9 stains all cells and the red PI only emits red when 156 
the membrane barrier function has been compromised. We find that untreated control E. 157 
coli sample shows the bacterial cells with smooth rod-like shape stained extensively with 158 
the green SYTO9, but with no significant red PI staining, indicative of all live cells (Figure 159 
1, A and B). In contrast, treated E. coli cells showed a diminished green emission intensity 160 
with concomitant bright red emission, indicative of cell membrane permeabilization 161 
(Figure 1, C and D). 162 

 163 

164 
Figure 1. Confocal laser scanning microscopy images of (A, B) E. coli in PBS and (C, D) E. coli 165 
exposed to C14G2 at 32 μg/mL and (E) Scanning Electron Microscopy (SEM) images of E. coli 166 
exposed to C14G2 at 32 μg/mL compared to (inset) E. coli alone, both after fixation. 167 

 168 
To further corroborate the notion of a membrane disruption mechanism with higher 169 

resolution images we also examined fixed E. coli cells by Scanning Electron Microscopy 170 
(SEM) as shown in Figure 1E. The untreated control sample (inset in Figure 1E) reveals 171 
the expected intact rod-shaped morphology of the E. coli cell. In contrast, the E. coli 172 
suspension incubated with 32 μg/mL of C14G2 shows gross disruption of cell shape, which 173 
is consistent with a direct mode of action against bacterial membranes.  174 

Finally, we sought to directly compare the guanidinium-functionalized dendrons in 175 
this work to the previously described ammonium-functionalized dendrons11 of our recent 176 
paper. Importantly, these structures are chemically identical except for the identity of the 177 
cationic group. To that end, we prepared a log-log plot of MIC versus HC50 with guidelines 178 
to represent regions of constant selectivity index (SI, HC50/MIC). From these data, we do 179 
not observe a clear or universal preference for ammonium or guanidinium surface groups 180 
on these cationic molecular umbrella type dendrons, at least for dendron generations 1 181 
and 2. Although the trends are generally similar in both cases, there are some instances 182 
where the identity of the cationic charge appears to have a pronounced impact. For 183 
example, in the case of C10G2, the SI is nearly an order of magnitude higher when the 184 



cationic groups are ammonium instead of guanidinium groups. In contrast, C8G1 and C8G2 185 
both showed better SI for guanidinium, relative to ammonium groups, by about a factor 186 
of 3. 187 

 188 
 189 

 190 
Figure 2. (A) Log-log Ashby plot of hemolytic activity against sheep red blood cells versus antimicrobial 191 
activity against E. coli and (B) bar chart of selectivity index, HC50/MIC, for the 1st and 2nd generation 192 
dendrons as a function of the chemical structure of their cationic charges. 193 
 194 

In conclusion, this structure-activity relationship study revealed certain examples 195 
of biological activity in cationic molecular umbrellas that depends somewhat on the 196 
identity of the cationic groups (ammonium vs. guanidinium). However, guanidinylation of 197 
amines does not appear to universally enhance antibacterial activity or cell-type selectivity 198 
in the cationic umbrella design platform explored here. Indeed, another study from our 199 
laboratory, regarding the activity of photodynamic antibacterial oligothiophenes, also 200 
found that guanidinylation had only modest effects on activity.21 Although much literature 201 
has been devoted to the development of guanidinium-rich antibacterial polymers as a 202 
method to enhance activity relative to ammonium-rich analogues, we have found that the 203 
effect is not necessarily universal. Overall, the highest cell-type selectivity in this small 204 
library screening effort was identified as C10G2 with ammonium groups displayed on the 205 
dendron surface. In consideration of the contradictory effects of guanidinylation in other 206 
polymer systems, we suggest that such difference may result from the specific polymer 207 
structures. For molecular umbrellas, more effort will be focused on the structure-208 
antibacterial behavior to better understand the difference in ammonium vs guanidinium 209 
functionalization in future investigations. Based on the available literature regarding 210 
synthetic mimics of cell-penetrating peptides,23 these guanidinium containing molecular 211 
umbrellas should also be evaluated for their cytotoxicity and cell transfection efficiencies 212 
in future studies. 213 
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