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5 ABSTRACT: We synthesized a combinatorial library of dendrons
6 that display a cluster of cationic charges juxtaposed with a
7 hydrophobic alkyl chain, using the so-called “molecular umbrella”
8 design approach. Systematically tuning the generation number and
9 alkyl chain length enabled a detailed study of the structure−activity
10 relationships in terms of both hydrophobic content and number of
11 cationic charges. These discrete, unimolecular compounds display
12 rapid and broad-spectrum bactericidal activity comparable to the
13 activity of antibacterial peptides. Micellization was examined by
14 pyrene emission and dynamic light scattering, which revealed that
15 monomeric, individually solvated dendrons are present in aqueous
16 media. The antibacterial mechanism of action is putatively driven by the membrane-disrupting nature of these cationic surfactants,
17 which we confirmed by enzymatic assays on E. coli cells. The hemolytic activity of these dendritic macromolecules is sensitively
18 dependent on the dendron generation and the alkyl chain length. Via structural optimization of these two key design features, we
19 identified a leading candidate with potent broad-spectrum antibacterial activity (4−8 μg/mL) combined with outstanding
20 hemocompatibility (up to 5000 μg/mL). This selected compound is >1000-fold more active against bacteria as compared to red
21 blood cells, which represents one of the highest selectivity index values ever reported for a membrane-disrupting antibacterial agent.
22 Thus, the leading candidate from this initial library screen holds great potential for future applications as a nontoxic, degradable
23 disinfectant.
24 KEYWORDS: antibacterial, dendrimer, hemolytic, cytotoxic, biocidal, biomembrane

25 ■ INTRODUCTION

26 Precise control of macromolecular structure has attracted
27 increasingly focused attention in polymer chemistry and
28 materials science.1−6 In contrast to naturally occurring proteins
29 that possess exquisite control of sequence, stereochemistry,
30 and programmed secondary structures, conventional synthetic
31 polymers are typically poorly defined, heterogeneous mixtures.
32 Accordingly, near-perfect control of sequence, tacticity,
33 dispersity, and chain branching have long been the most
34 intensely sought-after visions in polymer chemistry, both
35 historically7,8 and at present.9−12

36 Host defense peptides (HDPs) act as components of the
37 innate immune system in multicellular organisms.13 These
38 cationic and amphiphilic structures exert rapid and broad-
39 spectrum antibacterial activity, either by direct membrane
40 disruption and/or immunomodulary mechanism(s), without
41 harming host cells and without readily inducing antibiotic
42 resistance.14,15 Synthetic oligomers and polymers have been
43 widely shown to mimic the activity of HDPs by recapitulating
44 the basic physiochemical features that are common to this class
45 of peptides: cationic charge, amphiphilicity, and relatively short
46 chain length.16−19 Remarkably, even synthetic random

47copolymers with broad chain length dispersity and composi-
48tional dispersity are able to recapitulate the basic membrane-
49disrupting features of precisely structured HDPs.20−24 Even
50still, strong arguments have been made in favor of precisely
51controlled macromolecular structures to precisely control
52antibacterial activity and toxicity.25−28

53One of the most intensely discussed topics regarding rational
54design of HDP-mimetic antibacterial polymers is how best to
55spatially arrange the cationic and hydrophobic groups within
56the macromolecular architecture. HDPs tend to segregate their
57cationic residues and hydrophobic residues into distinct
58clustered regions of their secondary structures, often projected
59onto opposites “faces” of the structure.29 This so-called
60“facially amphiphilic” design putatively facilitates localization
61at the lipid−water interface in anionic bacterial membranes.
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62 Molecular design strategies used to mimic such HDP
63 structures include the so-called “same-center”30−32 and “differ-
64 ent-center” approaches,33−35 as well as polymerization of
65 facially amphiphilic monomer units36 and side-chain function-
66 alization of polymers with facially amphiphilic pendant groups

s1 67 (Scheme 1).37 Each of these approaches has generated

68 examples of formulations with potent antibacterial activity,
69 and with varying levels of toxicity to human cells. In this work,
70 we envisioned utilizing so-called “molecular umbrella”38,39

71 amphiphiles, which display multivalent functionality on one

72face of a structure and pendant cargo centrally ensconced on
73the other. We hypothesized that such architectures could be
74exploited to facilitate bacterial membrane disruption. Specif-
75ically, we hypothesized that such structures might favor
76conformations in solution that conceal the hydrophobicity of
77the macromolecule beneath an array of cationic charges. Upon
78electrostatically driven binding to anionic bacterial membranes,
79the masked hydrophobic groups could then be inserted into
80the hydrophobic membrane core as a stealth payload. To that
81end, we targeted the design of cationic molecular umbrella
82amphiphiles that display dendritic multivalent cationic charge
83(as reversibly protonated primary amine groups) attached to a
84linear hydrophobic alkyl chain.
85Dendrimers, and fragments thereof known as “dendrons”,
86are hyperbranched macromolecules featuring a high density of
87functional groups per unit volume40 (compared to linear
88polymers) and a high degree of structural precision/uniformity
89(compared to hyperbranched polymers). As such, dendrimers
90have been widely utilized in biomedical applications as
91multivalent carriers for host−guest complexing agents,41

92drugs,42,43 and vaccines.44,45 In cases where the functional
93groups on the dendrimer surface bear cationic charge, typically
94as quaternary ammonium salt (QAS) groups, these macro-
95molecules are known to exert potent antibacterial activity at
96higher generations (G5 and above).46−48 Prior examples also
97highlight the challenges associated with scalability and purity of
98antibacterial dendrimers, because the requirements of high
99generation number necessitate costly and laborious stepwise
100synthesis combined with difficulties in minimizing structural
101defects.49 Recent examples have shown significant progress
102with grafting linear antibacterial polymers onto a lower-
103generation dendrimer core.50,51 To best of our knowledge, only

Scheme 1. Suite of Facially Amphiphilic (FA) Molecular
Design Paradigms in Synthetic Mimics of HDPs Includes
Same-Center, Different-Center, FA Backbone Units, and
Pendant FA Units; In This Work, We Propose Molecular
Umbrellas As a New Approach to Antibacterial Cationic
Amphiphiles

Scheme 2. Synthesis of a Combinatorial Library of Cationic Molecular Umbrellasa

aConditions: (i) (CnH2n+1)−OH, DCC, DMAP, DCM, 0 °C; (ii) DOWEX-50W, MeOH, 50 °C; (iii) DCC, DMAP, DCM, 0 °C; (iv) Boc-β-
alanine, DCC, DMAP, DCM, 0 °C; (v) TFA, neat, rt. TFA counter ions are omitted for clarity. All experimental procedures, purification
procedures, and characterization data are given in detail in the Supporting Information.
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104 one prior study has explored facially amphiphilic antibacterial
105 Janus dendrimers, which showed great promise.52

106 In this work, we sought to combine the concept of a
107 molecular umbrella design platform and the advantages of
108 precision dendron structures, with the goal of achieving potent
109 antibacterial activity and high hemocompatibility at earlier
110 generations (up to G3). We hypothesized that cationic
111 dendrons directly bound to long hydrophobic alkyl chains
112 would give rise to the desired combination of amphiphilic and
113 multivalent structures. We chose to study dendrons composed
114 of the unit 2,2′-bis(hydroxymethyl)propionic acid (bis-MPA)
115 for reasons of synthetic accessibility and because of their
116 structural resemblance to the widely studied antibacterial
117 polymethacrylates.24 We targeted protonated primary amines
118 (−NH3

+) as the source of cationic charge instead of the more
119 commonly employed quaternary ammonium salts (e.g.,
120 −N(CH3)3

+), because the former have shown better cell-
121 type selectivity in polymethacrylate systems.35 Moreover, by
122 systematically tuning the salient structural parameters (den-
123 dron generation number, alkyl chain length), we sought to
124 precisely optimize the amphiphilic balance with the goal of
125 enhancing efficacy at lower generation numbers than
126 previously achieved with higher dendrimers. In this first
127 exploratory library, with just 18 examples, we successfully
128 identified a prime candidate for further study, which exhibits
129 rapid and broad-spectrum antibacterial activity at low
130 concentration (1−10 μg/mL) and is largely nonhemolytic
131 even at very high concentrations (up to 5000 μg/mL). Thus,
132 we report that a design platform focused on cationic molecular
133 umbrella-like amphiphiles appears to be a good strategy to
134 rapidly identify promising antibacterial agents.

135 ■ RESULTS AND DISCUSSION

136 Dendron Synthesis and Characterization. We em-
137 ployed a divergent growth approach to build a combinatorial
138 library of cationic dendrons with centrally attched alkyl tails,
139 which we classify as “molecular umbrella” type amphiphiles.
140 These compounds are designed to mimic the salient

141physiochemical features of host defense peptides and to bias
142the conformation of the macromolecules to encourage the
143formation of spatially segregated amphiphilic structures.
144Briefly, dendrons were synthesized by the repetitive con-
145densation of a difunctional alcohol with acetonide-protected
146(2,2-bis(hydroxymethyl)propionic acid (bis-MPA), followed
147by deprotection of the acetonide group, according to
148precedent.53 After building these polyesters to the desired
149dendron generation, we converted the alcohol functional
150groups of the dendron surface into primary amines by coupling
151to Boc-protected β-alanine, followed by TFA deprotection,
152which ultimately yielded the desired polycationic target
153 s2structures (Scheme 2). In all steps, yields were consistently
154good to excellent. All intermediates and target compounds
155exhibited 13C and 1H NMR spectra in accordance with the
156proposed structures. Final product identity and purity was also
157confirmed by MALDI, which showed a single peak at the
158expected m/z (page S-94 in the Supporting Information).
159Nomenclature. Our targeted library encompasses bis-MPA
160dendrons of the first, second, and third generations (displaying
161two, four, and eight cationic ammonium surface groups,
162respectively), each with one of six different pendant alkyl
163chains (ranging from C2H5 to C14H29) for a total of 18
164compounds. The nomenclature used in this report is CnGx,
165where n refers to the alkyl chain length and x to the dendron
166generation. For example, the third-generation dendron with an
167octyl chain is named C8G3. An example 1H NMR spectrum for
168 f1C8G3 is shown (Figure 1).
169Potentiometic Titration. Because these dendrons contain
170primary amines that are cationic by virtue of reversible
171protonation, it is necessary to delineate the pH range over
172which they remain largely or entirely protonated.35 The extent
173of ionization for dendrons from each generation in aqueous
174media was assessed by potentiometric titration with 1N NaOH
175in 150 mM saline solution under a nitrogen blanket. Whereas
176the pKa of the amine group in the small molecule β-alanine is
177about 10.3, the dendrons in this work containing β-alanine
178surface functionality have a pKa that is somewhat suppressed

Figure 1. 1H NMR spectra of C8G3 in DMSO with peak assignments. Characterization of all intermediates and final compounds are given in the
Supporting Information.
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179 due to Columbic repulsion between proximal cationic charges.
180 For each dendron generation in this work, the pKa values are in
181 the range of 9.1−9.2. Thus, at the pH of the assay conditions
182 described below (pH 7.4) approximately 98% of the amine
183 groups should be present in the protonated ammonium salt
184 form. It is well-known in the literature that cationic bis-MPA
185 dendrimers chemically degrade in aqueous solution in a
186 temperature- and pH-dependent manner.54,55 Thus, we
187 conducted further control experiments to verify that these
188 compounds are stable in the storage conditions and the assay
189 conditions tested here. We found that storage of the dendrons
190 at 4 °C in an aq. stock solution of pH 4 for 2 weeks led to no
191 discernible changes in the structure of the dendrons by NMR
192 (see page S-100 in the Supporting Information). Also, no
193 chemical change was noted by NMR when the dendrimers are
194 incubated at 37 °C for 1 h at pH 7 (see page S-101 in the
195 Supporting Information), which reflects the assay conditions
196 used to test antibacterial and hemolytic activity (vide infra).
197 Micellization. It has been previously shown that supra-
198 molecular self-assembly is an important consideration in
199 membrane-disrupting antibacterial agents.56 Because the
200 dendrons in this work are amphiphilic, one expects them to
201 micellize in aqueous media above some critical micelle
202 concentration (CMC). We examined the aggregation of
203 these amphiphilic dendrons by a pyrene eximer emission

f2 204 assay (Figure 2A). In this method, serial dilutions of each

205 dendron were dissolved in pyrene-saturated PBS and
206 equilibrated overnight at room temperature on a 96-well
207 microplate. Fluorescence emission was then recorded at λ =
208 373 (I1) and 384 nm (I3) with excitation at λ = 334 nm for
209 each well. The ratio of emission intensities (I1/I3) is commonly
210 used to detect the chemical microenvironment of pyrene.57 In
211 aqueous solution, the ratio is about 2.3, whereas in hexanes, it
212 is about 0.8. When mixed with amphiphilic dendrons in
213 aqueous media, we expect that pyrene will partition into the
214 hydrophobic core of any micelles that form above the CMC.
215 Thus, observation of a trend in I1/I3 values approaching the
216 value of 0.8 is strong evidence of self-assembled structures that
217 possess a nonpolar core. To estimate the CMC, we first
218 performed curve-fitting with a sigmoidal function and then
219 took the intersection of the two tangent lines at the limit of low
220 concentration and at the inflection point. By this method, the
221 pyrene assay gives a CMC of 23 μg/mL for C14G3. Indeed, the
222 molecular umbrella type dendrons appear to assemble into
223 such micellar structures at high concentrations, provided that

224the alkyl chain tail is sufficiently long. For example, in the G1
225series (contains a + 2 cationic charge), the dendron with the
226shortest alkyl chain, C2G1, did not show any evidence of
227pyrene partitioning up to the highest concentration tested (5
228mg/mL). As the alkyl chain was elongated to butyl and hexyl,
229the G1-series dendrons showed weak evidence of micellization
230beginning around 5 mg/mL. For longer alkyl chains (C8−C14),
231G1 dendrons exhibit a typical sigmoidal dose−response curve
232with a characteristic CMC, which decreases with increasing
233alkyl chain length, as expected. For the G2 series, no evidence
234of micellization is observed for C2−C6 chains, and only weak
235evidence is seen for C8 at 5 mg/mL. The more hydrophobic
236examples showed micellization at about 1 mg/mL for C10G2
237and 20 μg/mL for C14G2. Finally, in the third generation (G3)
238series, only the example with the longest alkyl tail (C14G3)
239showed any evidence of stable aggregates based on pyrene
240emission (Figure 2A). G3 dendrons with all shorter alkyl
241chains showed no distinct sigmoidal curve, suggesting that
242pyrene was not portioning into a nonpolar environment, and
243thus no stable micelles existed.
244Dynamic light scattering (DLS) was used to examine the
245size distribution of the aggregates formed in aqueous buffer by
246C14G3 (Figure 2B). Scattering intensity as a function of time
247was strong and erratic for solutions of C14G3 in PBS at
248concentrations ranging from 250 to 25 μg/mL, which generate
249autocorrelation functions g2(t) of high quality and good
250reproducibility (see the Supporting Information). Below 25
251μg/mL, the intensity trace and g2(t) were both weak, which
252suggests that stable micelles are not formed. This cutoff agrees
253very well with the CMC by pyrene emission, 23 μg/mL. The
254dendron C14G3 showed micelles with a number-average
255particle size of 241 ± 50 nm at 250 μg/mL. When diluted
256to 50 and 25 μg/mL, the particle size decreases monotonically
257to 107 ± 18 and 91 ± 6 nm, respectively. Below the
258characteristic aggregation concentration found in the pyrene
259emission assay (e.g., at 12.5 μg/mL or lower), light scattering
260was weak and the size distributions were not reproducible,
261suggesting that the compounds are individually solvated in
262water under these dilute conditions. Importantly, the
263antibacterial activity of C14G3 is observed in the concentration
264range of 1−10 μg/mL range (vide infra). This finding suggests
265that the species is unimolecularly solvated in aqueous solution
266at the biologically active concentration. Further, one may
267interpret this result to mean that the unimolecular compound
268(not a micelle thereof) is the biologically active species.
269However, it is also possible that dendrons may assemble into
270aggregated structures upon binding to the biomembrane
271interface, as observed previously for AMPs.58

272Antibacterial Activity. Each of the cationic molecular
273umbrellas in the library was initially screened for inhibitory
274activity against E. coli and S. aureus in nutrient-rich growth
275media by a turbidity-based, high-throughput assay in 96-well
276microplate format. The minimum inhibitory concentration
277(MIC) is defined as the lowest concentration of dendron in
278solution that completely prevents the growth of bacteria in
279standard incubation conditions (5 × 105 CFU/mL, MH broth,
28037 °C, 18 h). Whereas the MIC reflects the inhibition of
281bacterial cell growth, it does not directly prove that bacteria are
282irreversibly inactivated (i.e., “killed”). Thus, we also tested the
283minimal bactericidal concentration (MBC). In all cases, the
284MBC is equal to MIC or 2 × MIC, which demonstrates that
285the dendrons are in fact bactericidal and not merely
286bacteriostatic (see the Supporting Information).

Figure 2. (A) pyrene fluoroesence assay with C14G3 to estimate
critical micelle concentration (CMC) (B) size distribution of C14G3
micelles in PBS by dynamic light scattering (DLS). Combined, these
data indicate a CMC of ∼23 μg/mL.
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287 The antibacterial activity of these dendrons is strongly
288 dependent the length of the pendant alkyl chain (hydro-
289 phobicity), as expected from the literature,34,35,59 whereas the
290 dependence on generation (number of cationic charges) is far

t1f3 291 less pronounced (Table 1, Figure 3A, B). In general, as the
292 hydrophobicity increases, the antibacterial activity of the
293 dendrons monotonically increases against both representative
294 Gram−negative and Gram−positive bacterial strains. In the G1

295series, the dendrons bearing C2, C4, and C6 tails were inactive
296(MIC > 1 mg/mL); C8G1 was weakly active (250 μg/mL);
297C10G1 was moderately active (31 μg/mL) and only the most
298hydrophobic member of the series, C14G1, showed potent
299activity (4 μg/mL). Similarly, for the G2 and G3 series, shorter
300alkyl chains of C2−C6 failed to confer sufficient hydrophobicity
301and thus gave inactive or only weakly active dendrons. In
302contrast, the G2 and G3 dendrons with the longest alkyl chains

Table 1. Antibacterial and Hemolytic Activities of Cationic Molecular Umbrellas

MIC (μg/mL) HC50 (μg/mL) HC50/MIC

compd. gen. Cn MW (g/mol) E. coli S. aureus sheep RBC E. coli S. aureus

C2G1 G1 2 532 >1000 >1000 >5000
C4G1 4 560 >1000 >1000 >5000
C6G1 6 589 >1000 >1000 >5000
C8G1 8 617 250 500 1514 6.1 3.0
C10G1 10 645 31.25 31.25 79.6 2.5 2.5
C14G1 14 700 3.9 3.9 10.1 2.6 2.6
C2G2 G2 2 1135 >1000 >1000 >5000
C4G2 4 1163 >1000 >1000 >5000
C6G2 6 1191 >1000 >1000 >5000
C8G2 8 1219 >1000 250 >5000 >20
C10G2 10 1247 62.5 31.25 2500 40 80
C14G2 14 1303 3.9 1.95 63 16.1 32.2
C2G3 G3 2 2340 >1000 >1000 >5000
C4G3 4 2368 >1000 >1000 >5000
C6G3 6 2396 500 >1000 >5000 >10 -
C8G3 8 2424 125 62.5 >5000 >40 80
C10G3 10 2452 31.25 7.8 >5000 >160 >640
C14G3 14 2508 7.8 3.9 ∼ 5000 ∼ 640 ∼ 1280

Figure 3. Semilog plots of MIC against (A) E. coli and (B) S. aureus, (C) HC50 against red blood cells, and (D) the selectivity index, HC50/MIC as
a function of alkyl chain length in each dendron generation. The “>” symbols indicate that the assay gave an activity that is greater than the data
points as shown.
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303 (C14) also gave potent antibacterial activity comparable to
304 C14G1. Although the antibacterial activities of these dendrons
305 did not appear to depend very sensitively on generation
306 number, the hemolytic activities were extremely sensitive to
307 the dendron generation (Table 1, Figure 3C).
308 Hemolysis. The membrane-disrupting toxicity to mamma-
309 lian cells was assessed by a standard hemolysis assay using a
310 suspension of sheep red blood cells (1% v/v, PBS, pH 7.4). As
311 a positive control, the surfactant Triton-X 100 was used to fully
312 lyse the RBCs. As a negative control, PBS alone with no
313 compound was used to detect any background hemoglobin
314 leakage. In accordance with prior work35,59 on a broad range of
315 antibacterial polymers, the most pronounced effects is an
316 increase in hemolytic toxicity as a function of increasing
317 hydrophobic character, across all samples in all three
318 generations of dendron. Unlike the antibacterial activity, the
319 hemolysis is sensitively dependent on dendrimer generation.
320 For the dendrons with C10 alkyl tails, we find that the G1
321 compound is the most hemolytic (HC50 = 80 μg/mL), G2 is
322 weakly hemolytic (HC50 = 2500 μg/mL), and G3 is totally
323 nonhemolytic (HC50 > 5000 μg/mL). Thus, we find that the
324 number of cationic charges has a profound effect on the
325 hemolysis at a fixed length of hydrophobic alkyl chain. Since
326 the hemolysis is widely understood to depend mostly on the
327 overall hydrophobicity of the compounds, the simplest
328 interpretation of these results is that higher generations have
329 lower overall global hydrophobicity relative to the lower
330 generations, even at a fixed alkyl chain length.
331 Remarkably, the hemolytic activity of the third generation
332 G3-series of dendrons was extremely weak. These G3
333 dendrons bearing a wide range of alkyl tail chains (from C2
334 to C10) induced almost no hemolysis relative to background
335 even up to the highest concentration tested (5000 μg/mL) and
336 thus HC50 could not be determined. Only the G3 dendron
337 with the longest alkyl chain, C14G3, showed any evidence of
338 hemolysis, with about ∼50% hemoglobin release at 5000 μg/
339 mL. It was not possible to extract an exact value for the HC50
340 of this dendron, since curve-fitting is unreliable for the
341 incomplete dose−response curve. Qualitatively, one may
342 reasonably estimate that the HC50 of C14G3 is approximately
343 equal to 5000 μg/mL. Since this dendron is a potent
344 antibacterial agent (MIC = 7.8 and 3.9 μg/mL against E. coli
345 and S. aureus, respectively), the lack of hemolytic toxicity
346 implies exceptionally high cell-type selectivity for the putatively
347 membrane-disrupting activity. We hypothesized that the
348 precision molecular umbrella design of these antibacterial
349 agents would endow them with a high propensity for
350 localization at bacterial membranes, along with a high degree
351 of cell-type selectivity. The selectively is often expressed as a
352 ratio, HC50/MIC. The best example in this small, targeted
353 library of just 18 compounds gave HC50/MIC ∼ 1280, which
354 is one of the highest such values ever reported, to the best of
355 our knowledge. Thus, we find that the cationic molecular
356 umbrella approach is indeed a fruitful design paradigm for
357 rapid identification of optimally HDP-mimetic compounds.
358 Whereas the data in Table 1 and Figure 3 present activity in
359 mass-dosage units (μg/mL), it is often also instructive to
360 convert these data into μM units, the latter of which reflect the
361 activity of individual molecules. Because the MW of the
362 compounds in our library varies over a range of about 500 to
363 2500 g/mol, differences in activity expressed as μg/mL versus
364 μM may be nontrivial. Nonetheless, plotting the data in molar
365 units does not appear to substantially influence the overarching

366conclusions from this work: even when normalized to activity
367per mole, the dendrons show stronger antibacterial activity as a
368function of increasing alkyl chain length and are relatively less
369sensitive to generation number (see page S-88 in the
370Supporting Information). It is especially noteworthy to
371emphasize that the selectivity index HC50/MIC is by definition
372unaffected by the choice of units. Because the most important
373outcome of this initial screening effort was the identification of
374a compound with especially high selectivity index, the choice of
375units is considered immaterial.
376Bactericidal Kinetics. We also investigated the rate of
377bactericidal action against E. coli for the leading candidate
378compound from our initial screen, the third generation
379 f4dendron with a 14-carbon alkyl tail, C14G3 (Figure 4A). We

380incubated E. coli cultures (3 × 105 CFU/mL) in nutrient-rich
381Muller-Hinton (MH) broth at 37 °C for 2 h, in the presence
382and absence of C14G3 at a concentration of 2 × MIC (16 μg/
383mL). The positive control sample, E. coli alone in MH, showed
384the expected growth curve as a function of time, ultimately
385reaching 3 × 106 CFU/mL after 2 h. In stark contrast, the
386number of viable E. coli cells in suspension decreases
387immediately and precipitously in the presence of C14G3.
388Within the first 30 min, the viable E. coli concentration
389undergoes about a 2-log reduction (99.7% killing). After 1 and
3902 h incubation, 3.8 and 4.5-log reductions (99.9985 and
39199.9997% killing) were observed, respectively. Thus, we
392conclude that this dendron is rapidly bactericidal under these
393solution-based conditions. Importantly, it appears that the rate
394of bactericidal action is more rapid than the rate at which these
395polyester bis-MPA type dendrons typically degrade by
396hydrolysis (37 °C, pH 7).54,55 Therefore, it is reasonable to
397envision applications in which some formulation of the
398dendrons disinfects materials rapidly and then degrades to
399nontoxic byproducts on a slower time scale.
400Broad Spectrum. Our initial screening tested activity
401against just two representative microoganisms, Gram-negative
402E. coli and Gram-positive S. aureus. Upon identification of the
403leading candidate, C14G3, this compound was selected for more
404detailed testing against a broader panel of bacterial strains
405(Figure 4B). In general, it would appear that C14G3 shows no
406particular Gram-selectivity and is rather a potent broad-
407spectrum antibacterial agent with the ability to inactivate
408notoriously pathogenic microorganisms implicated in infec-
409tious diseases, including methicillin-resistant S. aureus (MRSA)
410and A. baumannii.

Figure 4. (A) Bactericidal kinetics and (B) activity against a broad-
spectrum of Gram-positive and -negative strains.
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411 Cytotoxicity. Activity against HeLa cells was assessed by
412 monitoring metabolic activity (using a CellTiter Blue assay kit)
413 in Dulbecco’s modified Eagle’s medium (DMEM) following 24

f5 414 h incubation at 37 °C in vitro (Figure 5). We selected HeLa

415 cells, which are cancerous and replicate more rapidly than
416 primary cells, because they are a standard cell line widely used
417 in the drug delivery field. Here, toxicity is internally referenced
418 to a negative control (PBS) and a positive toxic control (the
419 surfactant CTAB). Serial 2-fold dilutions of dendron were
420 prepared from a stock solution, starting from 250 μg/mL in the
421 96-well microplate. As the positive toxicity control for 100%
422 cell death, we employed the cationic surfactant molecule
423 cetyltrimethylammonium bromide (CTAB), which is known to

424fully lyse HeLa cells. In this assay condition, CTAB exhibited a
425classical sigmoidal dose−response curve with an LC50 of 3.5
426μg/mL, consistent with a highly cytotoxic substance. In
427comparison, C14G2 is cytotoxic (LC50 = 32 μg/mL), C14G3
428is moderately cytotoxic (LC50 = 85 μg/mL) and C2G3 is
429completely nontoxic up to the highest concentration tested
430(LC50 > 250 μg/mL). When comparing these results to the
431HC50 data, it is important to recognize that the hemolysis assay
432only probes membrane disruption, whereas HeLa cells may
433undergo myriad mechanism(s) of cell death detectable by the
434metabolic assay. Although the LC50 values differ numerically
435from the HC50 results, they do follow the same general trend:
436C2G3 is nontoxic, C14G3 is moderately toxic, and C14G2 is the
437most toxic.
438Interestingly, the dose−response curve for the most
439hydrophobic third generation dendron, C14G3, undergoes a
440very sharp transition from nontoxic at 62.5 μg/mL to
441completely toxic at the next dilution, 125 μg/mL. Although
442the mechanism underpinning this unusually sharp transition is
443not entirely clear at present, one may speculate that the active
444toxic species at 125 μg/mL (above the CMC) represents the
445compound in the micellar form, whereas the individually
446solvated species are nontoxic, vide supra. It is well-known in
447the literature that polycationic nanoparticles, including
448PAMAM dendrimers of higher generation (G7, G8), are
449toxic to human cancer cells in vitro by a mechanism involving
450membrane translocation and apoptosis.60 Although outside the
451scope of this work, one may speculate that the self-assembled
452micelles of the C14G3 dendron exert their cytotoxicity by a
453related mechanism.
454E. coli Membrane Permeabilization. Encouraged by the
455outstanding antibacterial performance and hemocompatibility
456displayed by the lead compound C14G3, we further endeavored
457to study the mechanism of action. Because this compound was

Figure 5. Cytotoxicity against HeLa cells.

Figure 6. Leakage from E. coli (A−C) outer and (D−F) inner membranes induced by selected representative dendrons (A, D) C14G2, (B, E)
C14G3, and (C, F) C2G3. For the OM leakage case, background permeabilization (in the absence of dendrons) is not trivial, as indicated by the red
empty circles. The positive control for complete OM lysis, polymyxin B, gave a max absorbance value at 484 nm of 0.178 at 90 min. The positive
control for IM lysis, CTAB, gave a max absorbance at 420 nm of 0.921 at 90 min.
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458 specifically designed to mimic the direct membrane disruption
459 activity inherent to antimicrobial peptides, we first examined its
460 ability to induce leakage across the inner and outer membranes
461 (OM/IM) of E. coli cells.61

462 To measure the extent of the membrane permeabilization
463 for E. coli outer (OM) and inner membranes (IMs), two
464 independent enzymatic assays were employed in parallel.
465 Nitrocefin is used to probe OM permeability as a substrate for
466 the periplasmic enzyme β-lactamase; the IM integrity is probed
467 by the cytoplasmic enzyme β-galactosidase, which is activated
468 to react with ortho-nitrophenyl-β-galactoside (ONPG).62

469 Typically, these enzymes and their substrates are not readily
470 able to cross the membrane barrier. When the membrane
471 integrity is compromised, however, the substrates are more
472 readily able to access the enzyme, which leads to more rapid
473 formation of the products. The formation of product is tracked
474 by measuring the absorbance via UV/vis spectroscopy in 96-
475 well microplate format.
476 We find that representative examples from the library of
477 cationic dendrons in this work indeed exert membrane-lytic
478 activity against the E. coli membranes. We selected C2G3
479 (inactive), C14G2 (biocidal), and C14G3 (selectively bacter-
480 icidal) as model compounds for these assays. All three
481 compounds permeabilize the OM in a time- and dose-
482 dependent manner as compared to the background leakage

f6 483 signal (Figure 6). The C14G2 dendron lyses the OM more
484 rapidly and at lower threshold concentrations compared to
485 C14G3, which in turn lyses the OM faster than C2G3. The latter
486 dendron, which contains the shortest alkyl chain, only slightly
487 enhances OM permeability relative to baseline. In terms of the
488 IM permeability, it appears that C2G3 (inactive) exerts almost
489 no discernible effect compared to the background signal even
490 at the highest concentration tested (250 μg/mL) over 90 min.
491 On the other hand, both C14G2 (biocidal) and C14G3
492 (selectively bactericidal) strongly enhance the IM permeability.
493 The most potent antibacterial in this library C14G2 shows rapid
494 IM lysis at high concentrations (250 μg/mL) and gradual lysis
495 at lower concentration (15.6 μg/mL). The most selective
496 antibacterial compound in this library, C14G3, shows slower IM
497 permeabilization relative to its second-generation counterpart
498 with the same alkyl tail length at high concentration (250 μg/
499 mL) and very gradual permeabilization at lower concentrations
500 (down to 31 μg/mL). Thus, the correlation between
501 membrane permeabilization activity and the observed differ-
502 ences in MIC values strongly suggest that membrane
503 disruption is indeed a primary mode of direct action for
504 these bactericidal agents.
505 Confocal Microscopy. We further examined the effect of
506 the dendron C14G3 on bacterial cell viability and morphology
507 using confocal laser scanning microscopy with a commercially
508 available LIVE/DEAD staining kit. The stains are SYTO9
509 (green channel), which stains living E. coli and S. aureus cells,
510 and propidium iodide (red channel), which emits strongly only
511 upon intercalation into cytoplasmic DNA.63 In control images
512 of bacteria alone, with no dendron added, the SYTO-9 channel
513 emits brightly and with high contrast, revealing the character-

f7 514 istic rod-shaped E. coli (Figure 7A, B) and spherical S. aureus
515 cell morphologies (Figure 7E, F). Because PI is normally not
516 membrane permeable, the live control cell images show no
517 discernible red emission. Combined, these data show that the
518 bacteria in the control conditions remain viable. Upon
519 treatment with the cationic dendron (at a concentration of 4
520 × MIC, 32 μg/mL), however, the emission in the green

521channel is substantially displaced and the PI stain in the red
522channel appears with high contrast for both E. coli and S.
523aureus, suggesting that all cells visible in the image have been
524effectively killed by these antibacterial agents (Figure 7C, D, G,
525H). These findings lend further support to the notion that
526C14G3 kills bacterial cells directly and by a mechanism that is
527most likely dependent on membrane disruption.
528Interestingly, the PI-stained E. coli cells treated with C14-G3
529appear to have a somewhat abnormal morphology upon close
530examination (see the Supporting Information for full-scale
531image). In each case, the images revealed a distorted cell shape
532compared to the smooth rod-shaped control cells. The root
533cause for this observation is unclear at present, but one may
534speculate that the process involves polar localization of anionic
535phospholipids such as cardiolipin (CL).64 Indeed, recent

Figure 7. Confocal images of (A−D) E. coli and (E-H) S. aureus in
the presence and absence of C14G3 at 4 × MIC. The green channel
(SYTO9) indicates live cells and the red channel (PI) indicates dead
cells.
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536 biophysical studies have shown that protein binding to CL is
537 driven by electrostatic attraction combined with hydrophobic
538 effects.65 G. C. L. Wong and co-workers have shown that
539 induction of negative Gaussian curvature in bacterial
540 membrane bilayers is a powerful predictor of membrane-
541 disrupting antibacterial activity.66−68 Given the unique
542 architecture of the molecular umbrellas in this work, one
543 may reasonably speculate that C14G3 is well-suited for selective
544 disruption of anionic phospholipid bilayers, perhaps via
545 generation of negative Gaussian curvature. Future mechanistic
546 studies that aim to elucidate the role of lipids in the membrane
547 binding, curvature, and disruption activity of these dendrons
548 are therefore warranted.

549 ■ CONCLUSIONS
550 We developed the first combinatorial library of cationic
551 molecular umbrella amphiphiles that display multivalent
552 cationic charge on one face of the molecule and a centrally
553 ensconced hydrophobic tail. The modular synthetic approach
554 enabled facile access to a series of dendrons with precise and
555 independently controlled cationic charge and hydrophobicity.
556 In general, elongation of the hydrophobic alkyl chain
557 monotonically enhances antibacterial activity in the first-,
558 second-, and third-generation dendron series. Whereas the
559 antibacterial activity had only weak dependence on generation
560 number, the hemolytic activity was markedly sensitive to
561 generation. All of the first-generation dendrons are categorized
562 as biocidal agents with very little cell-type selectivity. The G2
563 series showed improved selectivity and the G3 series yielded an
564 example compound with extremely high selectivity index value
565 (HC50/MIC = 1250). This remarkable outcome can be
566 attributed to the precision design and synthesis of macro-
567 molecules that mimic not only the basic features of HDP
568 composition, but also the segregated or clustered arrangement
569 of cationic charge and hydrophobicity. We propose that the
570 molecular umbrella design effectively promotes interfacial
571 localization of the dendrons on bacterial biomembranes and
572 subsequent membrane disruption. The most selective com-
573 pound from our library screen, a third-generation dendron
574 bearing eight cationic groups and a 14-carbon alkyl chain, was
575 carried forward for more in-depth studies. The compound is a
576 rapid and broad-spectrum bactericidal agent, which efficiently
577 permeabilized E. coli cell inner and outer membranes in a time-
578 and dose-dependent manner. The results presented here
579 highlight the utility of a molecular design principle that is
580 focused on the propensity of macromolecules to adopt
581 conformations that favor selective interaction with bacterial
582 biomembranes.

583 ■ EXPERIMENTAL METHODS
584 Materials. Reagents and reactants were purchased commercially
585 and used as received without further purification unless otherwise
586 noted. 2,2′-bis(hydroxymethyl)propionic acid (bis-MPA), 2,2-dime-
587 thoxypropane, p-toluenesulfonic monohydrate, β-alanine, di-tert-butyl
588 dicarbonate (Boc anhydride), N,N′-dicyclohexylcarbodiimide (DCC),
589 4-dimethylaminopyridine (DMAP), ethanol, 1-butanol, 1-hexanol, 1-
590 octanol, 1-decanol, 1-tetradecanol, and DOWEX-50WX2 gels were
591 purchased from Sigma-Aldrich. Solvents acetone, CH2Cl2 (both
592 regular and anhydrous), methanol, ethyl acetate, hexane and dioxane
593 were also provided by Sigma-Aldrich. HCl (37%) and NH4OH (25%)
594 were obtained from Fisher. Silica gel (Sigma) for column
595 chromatography was used to purify the products, during which
596 thin-layer chromatography was performed on IB2-F J.T. Baker silica
597 gel TLC (Germany) to track the process of purification. Phosphate-

598buffered saline (PBS) tablets, pyrene, and deuterated solvent were
599obtained from Sigma. Standard 1 N HCl and NaOH solution were
600purchased from Fisher. Bacterial strains S. aureus (ATCC25923). E.
601coli (ATCC 25922), methicillin-resistant S. aureus (MRSA, ATCC
60233591), Acinetobacter baumannii (A. baumannii ATCC 17978),
603Pseudomonas aeruginosa (P. aeruginosa, ATCC 27853), Enterococcus
604faecalis (E. faecalis, ATCC 29212) were tested. Mueller Hinton (MH),
605tryptic soy, and brain heart infusion broth and agar were purchased
606from BD. Sterile PBS were prepared by dissolving one PBS tablet
607(Sigma) into 200 mL of water. The above growth media were
608sterilized by autoclaving at 121 °C for 20 min, stored at 4 °C, and
609used within 1 month. Sheep red blood cells (RBC) (10% suspension)
610were provided by MP Biomedicals, stored at 4 °C, and used before
611expiration. Live/dead Baclight stain was purchased from Thermo
612Fisher and prepared according to the instruction manual.
613Nuclear Magnetic Resonance (NMR). 1H NMR spectra were
614performed on a Varian 500 MHz NMR at 25 °C and chemical shifts
615(δ) were reported in parts per million (ppm). The spectra were
616referenced to residual solvent signals (CDCl3 (δ = 7.26 ppm) and
617DMSO-d6 (δ = 2.50 ppm)). Spectra are expressed as chemical shifts,
618multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m =
619multiplet and/or multiple resonances, br = broad) and integration.
620

13C NMR spectra were performed on a Bruker 600 MHz NMR also at
62125 °C. The spectra were referenced to residual solvent signals (CDCl3
622(δ 77.0) and DMSO-d6 (δ 39.51), and expressed as chemical shifts
623Pyrene Emission. Fluorescence spectroscopy of pyrene was
624measured on a Molecular Devices SpectraMax M2 multimode
625microplate spectrophotometer. A series of serial 2-fold dilutions of
626dendron solution, rangin from from 50 mg/mL to 39.1 μg/mL, were
627prepared in water. Ten microliters of the above dilutions was added to
628each well of a black 96-well plate and 90 μL of the pyrene-saturated
629PBS solution was then added to each well and thoroughly mixed. The
630final compound concentration on the microplate thus ranges from 5
631mg/mL down to 3.9 μg/mL. The fluorescence emission from each
632well was measured, with excitation wavelength set at 334 nm and
633emission at 373 (I1) and 384 nm (I3) recorded. The quotient of I1/I3
634was plotted against the concentration of the dendrons in a semilog
635plot and curve-fitting was done with the empirical Hill equation.
636Dynamic Light Scattering (DLS). DLS was performed on an
637Anton Paar Litesizer 500 instrument operating at 90° geometry. PBS
638buffer filtered through a 1 um glass fiber syringe was used for the
639preparation of solutions. A stock solution of C14G3 at 5 mg/mL in
640PBS was prepared with vortexing at 1500 rpm for 5 min. Solutions at
6410.25, 0.05, 0.025, and 0.0125 mg/mL were prepared by successive
642dilutions and were vortexed for an additional 5 min. The samples were
643loaded in PS cuvettes and measured at 20 °C. The CONTIN
644algorithm was employed for the analysis of the autocorrelation
645function.
646Potentiometric Titration. The pH of the dendron solution
647during titration was monitored by a Mettler Toledo SevenCompact
648pH meter. Dendron (15 mg) was dissolved in 150 mM NaCl solution
649(15 mL). The solution was purged with nitrogen for 15 min and
650maintained through the titration to avoid the influence of dissolved
651CO2. Standard 1N NaOH solution (2 μL aliquots) were then inject
652via glass microsyringe to the solution with vigorous stirring and the
653pH was measured after stabilization for 2 min. The titration continued
654until pH reached 9.5 to avoid hydrolysis of the dendrons. Back
655titration was performed with the addition of standard 1 N HCl
656solution (2 μL) until the pH reached ≤7.5. The pH was plotted
657against the degree of ionization of the amine groups α according to
658the following equation:
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]
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660General Procedures for the Synthesis of Dendrons. The
661dendrons with hydroxyl surface groups were synthesized according to
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662 the route in Scheme 1. Acetonide bis-MPA69 and Boc-β-alanine70

663 were prepared according to previously reported procedures. For the
664 synthesis of poly(bis-MPA) dendron cores, generally, to each 1 equiv.
665 of hydroxyl group (either alcohol or poly(bis-MPA) dendrons), 1.2
666 equiv. of acetonide bis-MPA, and 0.2 equiv. of 4-dimethylaminopyr-
667 idine (DMAP) were mixed in dry CH2Cl2; 1.2 equiv. of DCC was
668 dissolved in CH2Cl2 and added dropwise into the above solution
669 submerged in ice bath. After stirring at room temperature overnight,
670 the crude product was concentrated and purified through column
671 chromatography. The deprotection of acetonide group was conducted
672 using DOWEX-50WX2 gels in methanol at 50 °C overnight. The
673 product was obtained by filtration of the gels and evaporation of
674 methanol. The attachment of Boc-β-alanine to the peripheral hydroxy
675 groups used the same protocol as the acetonide bis-MPA. The
676 deprotection of the Boc groups was conducted by dissolving 0.5 g
677 dendrons in 5 mL of TFA and stirred at room temperature for 1 h.
678 After evaporation and lyophilization, the final product was achieved.
679 Detailed synthesis processes and characterizations of each dendron
680 are presented in the Supporting Information.
681 Minimum Inhibitory Concentration (MIC). Stock solutions (20
682 mg/mL) were prepared by dissolving each dendron in Milli-Q water.
683 Then, 2-fold serial dilutions were conducted to cover the range of
684 concentration from 10 mg/mL to 0.25 μg/mL. Bacteria were first
685 streaked on MH agar plates and incubated at 37 °C overnight. One
686 colony was picked and inoculated in 10 mL of MH broth and
687 incubated at 37 °C on a shaker at 500 rpm overnight. The overnight
688 culture was diluted using MH broth until OD600 reached 0.1 and
689 incubated for another 90 min to reach mid log phase. The culture at
690 mid log phase was then diluted again using MH broth until OD600 was
691 0.1 (∼5 × 107 CFU/mL for E. coli and ∼6 × 107 CFU/mL for S.
692 aureus). The culture was diluted by a factor of 1 × 102 to afford the
693 density of E. coli at around 5 × 105 CFU/mL and S. aureus at 6 × 105

694 CFU/mL. Ten microliters of the dilutions of dendron solutions were
695 added into 96-well plates, and then 90 μL of the final culture was
696 added and mixed. The 96-well plates were sealed with parafilm and
697 incubated at 37 °C overnight. The lowest concentration of the
698 dendron solution that inhibit visual growth of bacteria is the
699 minimum inhibitory concentration. All tests were performed three
700 times in triplicate.
701 Hemolysis Assay. Ten percent sheep RBC suspension was
702 centrifuged (2000 rpm, 5 min) and washed with PBS three times. The
703 washed RBCs were resuspended in 10 mL PBS to reach 1% RBC
704 suspension. To each well of the round-bottom 96-well plate, 10 μL of
705 the dendron solutions were added. To the wells of positive control
706 was added 10 μL 0.1% v/v Triton X solution, and to the negative
707 control wells was added 10 μL of PBS. Ninety microliters of the 1%
708 RBC suspension in PBS was then mixed with the dendron solution.
709 The 96-well plate was sealed with parafilm and incubated at 37 °C for
710 1 h agitated at 200 rpm to avoid the deposit of RBCs. After
711 incubation, the plate was centrifuged at 1000 rpm for 10 min. Ten
712 microliters of supernatant of each well was transferred into a flat-
713 bottom 96-well plate and diluted with 90 μL of PBS. The absorbance
714 of each well was measured at 415 nm. The percentage of hemolysis
715 (H) was calculated using the equation below:

=
−
−

H(%)
OD (Dendron) OD (PBS)
OD (TritonX) OD (PBS)

100%415 415

415 415716 (2)

717 HC50 was calculated as the concentration of dendrons causing 50%
718 hemolysis by fitting the data with function

=
+ [ ]

H
1

1 HC
C Gn x

n
50

719 (3)

720 where HC50 and n are the curve-fitting variables that represent the
721 characteristic hemolytic concentration and the Hill coefficient
722 (indicative of the steepness of the dose−response transition). All
723 tests were performed three times in triplicate.
724 Confocal Microscopy. A suspension of S. aureus or E. coli at mid
725 log phase was obtained through the same procedure described in MIC

726assay. The bacteria were washed with PBS three times, resuspended in
727PBS and adjusted to OD600 = 0.1. Two C14G3 aqueous solutions were
728prepared with concentrations respectively at 320 and 160 μg/mL.
729Forty microliters of the 320 μg/mL dendron solution was added into
7303.6 mL E. coli suspension to reach the final concentration of dendron
731at 32 μg/mL (4 × MIC). Similarly, 40 μL of the 160 μg/mL dendron
732solution was added into 3.6 mL of S. aureus suspension. The
733suspensions were incubated at 37 °C agitated at 500 rpm for 3 h.
734Bacteria were pelleted at 2000 rpm for 10 min and resuspended in
735100 μL of PBS. The above suspension was stained with Live/Dead
736Baclight Stain according to the instruction manual. Five μL of the
737stained suspension was trapped between a glass slide and coverslip
738and observed under a Zeiss LSM 510 Meta laser scanning confocal
739microscope. SYTO9 was excited using Argon laser (488 nm) and its
740emission at 510−540 nm was recorded. Propidium iodide was excited
741using HeNe1 laser (543 nm) and emission at 620−650 nm was
742recorded. Images were taken in 1024 × 1024 pixel format.
743Bactericidal Kinetics. Two 4.5 mL E. coli suspensions at mid log
744phase with ∼5E5 CFU/mL density were prepared according to the
745same procedure described in MIC assay. Fifty microliters of 160 μg/
746mL G3-β-alanine TFA was respectively added to the one of the 4.5
747mL E. coli suspension to reach the final dendron concentration at 16
748μg/mL (2 × MIC). In another suspension was added 50 μL water as
749control. For every 5−10 min, an aliquot of 100 μL of suspension was
750taken out, serially diluted (10-fold), and spread on MH agar plates.
751The plates were incubated overnight and the colonies were counted to
752plot the CFU of bacteria against time.
753Cytotoxicity. Cytotoxicity of dendrons was evaluated in HeLa
754cells as assayed by CellTiter-Blue reagent from Promega. In this assay,
755active cellular metabolism is measured by the enzymatic conversion of
756Resarzurin to Resorufin (florescent at 590 nm). HeLa cells were
757seeded into a 96-well flat bottom cell culture plate at 100,000 cells per
758well and grown for 24 h in 180 μL of DMEM 10% FBS, 1% Pen/
759Strep, 1% L-Glut. After 24 h, cells were exposed to various
760concentrations of dendrons (C2G3, C14G2, and C14G3) beginning at
761250 μg/mL final concentration and serially diluted in water 2-fold to
762∼2 μg/mL. As a positive control for cytotoxicity, CTAB reagent was
763used at 0.3% (completely cytotoxic) and also serially diluted 2-fold to
7640.0002% final concentration. Addition of 20 μL of water was used as a
765negative control. Plates were incubated in a standard CO2 incubator
7665% CO2 37 °C for 24 h. Following 24 h of incubation with dendrons,
76720 μL of CellTiter-Blue reagent was added directly to plate, mixed
768and incubated at 37 °C for 2 h and analyzed on Synergy HT
769florescent plate reader with Ex. λ = 485 nm, Em. λ = 590 nm. All three
770dendron samples were tested in triplicate, CTAB was performed in
771duplicate.
772E. coli Outer Membrane Permeabilization Assay. A single
773colony of E. coli D31 was transferred into LB broth containing 100
774μg/mL ampicillin (LB-Amp) followed by incubation at 37°C with
775shaking for 18 h. The overnight culture was diluted 1:250 in fresh LB-
776Amp. The diluted culture was placed in a shaking incubator set at
77737°C until OD600 of the culture reached 0.2−0.6. At this point, the
778culture was centrifuged at 2500 rpm for 15 min in a benchtop clinical
779centrifuge. The supernatant was discarded and the pellet was
780resuspended in PBS to achieve a bacterial cell density of 2 × 108

781CFU/ml. The nitrocefin stock solution was prepared dissolving 1 mg
782of nitrocefin in 100 μL DMSO, which was subsequently diluted to 2.0
783mL with PBS to achieve a final stock concentration of 500 μg/mL.
784Nitrocefin solution was covered in aluminum foil and stored at 4°C
785before dispensing into plates. Solutions were dispensed into a 96 well
786plate in the subsequent order: 10 μL of polymer or control molecule
787with serial dilutions in water starting from 250 μg/mL final
788concentration in the well, 80 μL of E. coli suspension, and 10 μL of
789500 μg/mL nitrocefin. Following the addition of nitrocefin to the
790wells, the absorbance was immediately recorded at 486 nm and was
791recorded every 5 min over the next 90 min with shaking between
792readings.
793E. coli Inner Membrane Permeabilization Assay. A single
794colony of E. coli D31 was transferred into 3 mL of LB broth. The
795overnight culture was diluted 1:250 in 20 mL of LB containing 100

ACS Applied Materials & Interfaces www.acsami.org Forum Article

https://dx.doi.org/10.1021/acsami.9b19076
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

J



796 μL of 100 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) to
797 induce expression of the galactosidase gene. The diluted culture was
798 placed in a shaking incubator set at 37°C until OD600 of the culture
799 reached ∼0.2. The following solutions were transferred into each well
800 of a 96 well plate in the order listed: 56 μL of Z-buffer, 10 μL of
801 serially diluted polymers starting from 250 μg/mL, 19 μL of E. coli
802 culture, and 15 μL of 4 mg/mL o-nitrophenyl-β-galactoside (ONPG)
803 in Z-buffer. Immediately after ONPG addition, absorbance was
804 recorded at 420 nm every 5 min for 90 min with shaking in between
805 readings.
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