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ABSTRACT

We utilized a templated ring-opening metathesis (TROM) strategy to synthesize a series of 
precision macrocyclic olefins, each containing two, three or four repeating units of a cyclooctene 
with pendant carboxylic acid side chains. The structures were confirmed by a combination of 
NMR spectroscopy, MALDI, and MALDI ms/ms fragmentation studies. In accordance with 
previous work, we found that cyclooctene monomers covalently tethered to precision 
oligo(thiophene)s yield exclusively macrocyclic products when subjected to the Grubbs 3rd 
generation catalyst in highly dilute solution (10-4

 M in DCM, 0 °C). Upon hydrolytic liberation 
of the daughter oligo(olefin) product, further derivatization with cationic groups confers 
antibacterial and hemolytic activities. We compare the biological activity of these precision 
macrocycles to that of a polydisperse sample prepared by direct ROM in the absence of a 
template. Surprisingly, the relatively ill-defined, disperse mixture of oligomeric species exerted 
biological activity comparable to that of the precision oligomeric macrocycles, suggesting a 
remarkable degree of tolerance for heterogeneity. These findings provide nuance to the structure-
activity relationships understood thus far for AMPs and their mimics, especially in the context of 
relatively underexplored macrocyclic compounds.
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INTRODUCTION

Precision synthesis of macromolecules is a long sought-after target in the chemical sciences; 

exquisite control of sequence, stereochemistry, and chain length dispersity of macromolecules 

remain outstanding challenges at the forefront of the field,1-12 with the ultimate goal to rival or 

exceed the sophisticated structure and function of naturally-occurring biomacromolecules. 

Antimicrobial peptides (AMPs) are a diverse class of biomacromolecules with no particular 

conserved sequence or secondary structural motif.13-17 The putatively membrane-disrupting 

antibacterial activity depends mainly on physiochemical attributes such as cationic charge, 

hydrophobicity, and short chain length.18-20 Since the activity is dominated by such physical 

properties, the stereochemistry plays no role in their bioactivity.21 As a result, synthetic 

polymers/oligomers with imperfect control of sequence, stereochemistry, and dispersity have 

successfully mimicked the physiochemical attributes of AMPs with potent antibacterial activity 

and minimal toxicity to human cells, despite their inherent chemical heterogeneity.22-29 These 

findings appear to suggest that imperfection in synthetic macromolecules is irrelevant to their 

antibacterial efficacy. On the other hand, it is known that the sequence and dispersity of polymer 

chains does affect their physiochemical properties, and in turn, thus may impact their biological 

activity. Indeed, a few studies have shown pronounced sequence effects in synthetic 

antimicrobial polymers and oligomers.30-32 To our knowledge, the role of chain length dispersity 

in antibacterial activity has only been directly measured in one study on linear oligomers33 and 

has never been studied for cyclic antibacterial agents of any kind. 

Cyclic AMPs represent a particularly interesting subset of the class,34-37 although they 

represent only a small minority of AMPs. Biophysical experiments and MD simulations have 

suggested that the antimicrobial cyclic peptide BPC194 has enhanced activity, relative to the 
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linear variant, due to stronger membrane binding and deeper membrane penetration.38 Polymyxin 

B is a notable example of a cyclic cationic/amphiphilic peptide that is clinically used as an 

antibiotic drug.39 Interestingly, Polymyxin B is a mixture composed of subtly different 

polymyxin-type species.40 Despite their toxicity, polymyxins are still used clinically as 

antibiotics “of last resort”.41 In contrast to the wealth of literature on linear antibacterial peptides, 

polymers and oligomers, synthetic mimicry of cyclic antibacterial peptides is currently restricted 

to just a few known examples.42-43

During the course of our research on template-controlled polymerization, we recently 

discovered a serendipitous method to prepare macrocyclic olefins of defined size.44 In this 

template strategy, cyclooctene (COE) monomers are covalently bound to a discrete, 

monodisperse olio(thiophene) “template” and are then subjected to templated ring-opening 

metathesis (TROM) with the Grubbs catalyst in dilute solution. The cyclooctene monomers are 

fully converted to exclusively macrocyclic products with no intra-template metathesis. Then, the 

cyclic “daughter” oligo(olefin)s are cleaved from the “parent” template via hydrolysis to yield a 

functional macrocyclic product.

Here, we sought to utilize the recently developed TROM technology to generate 

functionalized macrocycles that mimic the structure and activity of cyclic AMPs. We 

successfully prepared a series of olefin macrocycles containing 8×n carbon atoms in the ring 

(with n = 2, 3, and 4) and a carboxylic acid functional group handle attached to each repeat unit. 

Then, we functionalized these side chains with cationic ammonium groups to yield biologically 

active macrocycles. The cationic and amphiphilic nature of these compounds gave rise to 

antibacterial activity in the 16-32 μg/mL range, which is typical of a reasonably active 

antibacterial agent.22 Interestingly, however, the biological activity appears to be largely 
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independent of ring size in the range of n = 2, 3, and 4 (macrocycles containing 16, 24, and 32 

carbons in the ring). Moreover, an ill-defined heterogeneous mixture of oligomers (with ring size 

dispersity and linear contaminants) also showed approximately the same antibacterial potency as 

its individual, unimolecular components. These results show that the present system is rather 

insensitive to ring size dispersity, with potentially important implications for the scalable and 

affordable synthesis of AMP-mimetic oligomers and polymers with some inherent and 

unavoidable degree of chain length dispersity.

RESULTS AND DISCUSSION 

Oligomer Synthesis. We prepared a series of oligo(thiophene) templates bearing cycloctene 

monomers covalently attached to the side chains via ester linkages (denoted as Cn where n = 2, 3, 

or 4 in Figure 1A), following our previously reported iterative convergent/divergent Stille 

coupling approach.44 The details of the synthesis and characterization for these thiophene 

oligomers and their cyclooctene-functionalized derivatives are given in the supporting 

information. Each of the monomer-loaded templates was subjected to templated ring-opening 

metathesis (TROM). To a dilute solution of Cn (1.5×10-4 M, DCM, 0 °C), the Grubbs 3rd 

generation catalyst (G3) was injected with vigorous stirring. In each case, the catalyst:template 

ratio was 1:1 such that the catalyst:monomer ratio was 1:n. After 1 h, analysis by 1H NMR 

confirmed that the conversion of cyclooctene monomer to oligomeric product was nearly 

quantitative. The MALDI spectra showed a single peak with no evidence of intra-template 

metathesis, i.e. “cross-linking”, which suggests that the synthetic molecular translation of 

template to daughter occurred with high fidelity. The isolated TROM product, with oligo(olefin) 

bound to oligo(thiophene) in a ladder-type architecture, is denoted as PCn where n = 2, 3, or 4. 

Subsequently, the PCn substance is hydrolyzed and the resulting daughter oligo(olefin) is 
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isolated for further derivatization with Boc-protected aminoethanol. The final step is Boc 

deprotection in TFA to afford the target structures: cationic and amphiphilic macrocycles each 

containing precisely n cationic ammonium groups.

Figure 1. (A) Synthesis of macrocyclic olefins by templated ring-opening metathesis (TROM), hydrolytic liberation 
of the daughter oligomer, and subsequent functionalization of the daughter to give cationic, amphiphilic 
macrocycles of defined size. (B) Non-templated control reactions for synthesis of the monomeric compound A1 and 
the disperse mixture poly(An) as control samples for comparison.

We also prepared control samples for comparison (Figure 1B). The “monomer” A1 was 

prepared by direct functionalization of the cyclooctene. A heterogeneous mixture of oligomers 

poly(A1) was prepared by treating Boc-protected A1 with G3 in the same conditions as used for 

TROM (1.5×10-4 M in DCM, 0 °C, monomer:catalyst = 3:1) but without any template to control 

the metathesis reactions. Due to the high catalyst loading and dilute conditions, we expected to 

obtain mostly very short cyclic oligomers of comparable size to the pure compounds A2, A3, and 
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A4. Indeed, upon TFA deprotection, the resultant sample poly(A1) is a disperse mixture of 

cationic and amphiphilic oligomers, as confirmed by mass spectroscopy.

Figure 2. MALDI spectra of (A) C3 and (B) PC3 and their respective ms/ms fragmentation patterns (insets).

The MALDI data for each Cn and PCn exhibit a single sharp peak at the expected mass, e.g. 

C3 and PC3 are shown in Figure 2. The raw data for all examples in the study are given in the 

supporting information. Quantitative conversion was confirmed by 1H NMR, in each case, and 

there was no evidence of any intra-template metathesis (no peak in MALDI at [M]×2) under 

these previously optimized conditions. Importantly, for each value of n, the exact mass before 

and after TROM appear at the same value of m/z in the MALDI despite full monomer 

conversion. This observation suggests that the PCn products are exclusively macrocyclic and 

thus contain none of the usual styrenic end groups that are typically expected in the case of 

conventional ROMP with G3. Compelling evidence to support this hypothesis was gleaned from 
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MALDI ms/ms fragmentation. The monomer-loaded template C3, for example, fragments via 

multiple McLafferty rearrangements to produce peaks corresponding to the molecular ion minus 

one, two, and three cyclooctene monomers (Figure 2A, inset). In contrast, the fragmentation 

pattern for PC3 shows only one such McLafferty fragmentation peak, corresponding to the 

molecular ion minus all three equivalents of monomer (Figure 2B, inset). The lack of any 

fragments corresponding to loss of just one or two cyclooctene (COE) monomers is clearly 

consistent with the proposed macrocyclic product structure.  This result is in agreement with our 

previous TROM study. It was initially surprising that a macrocyclic daughter olefin should form 

in this manner because it must require the ruthenium-bound ω terminus to cross onto the styrenic 

α terminus, the latter of which is normally considered metathesis-inert. However, the proximity 

of these groups on the template and the presence of weakly coordinating ester groups might alter 

reactivity in unanticipated ways. Further, all steps in the TROM process are reversible in 

principle, but the only step in which the catalyst is detached from the template, whereupon it may 

diffuse away in dilute solution, is the final RCM step. Thus, even if not thermodynamically 

favored, this ring-closed product may be a kinetically-trapped state.44 Regardless of the 

mechanism, however, we obtained exclusively macrocyclic products, in all cases, 

unambiguously.

Following hydrolytic liberation of the carboxylic acid-functional daughter oligo(olefin)s DCn 

from the parent oligo(thiophene)s Xn, we then endeavored to functionalize these discrete 

macrocycles with Boc-protected amino ethyl alcohol via standard carbodiimide coupling 

methods. Finally, deprotection in neat TFA yielded the cationic and amphiphilic macrocyclic 

target compounds, An (n = 2, 3, and 4). For each case, the products are exclusively cyclic, 

discrete, monodisperse compounds. A single major peak for each of these cyclic oligomers 
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appears at the expected m/z value in mass spectra (Figure 3A) and the 1H and 13C NMR spectra 

are in accord with the proposed structures (supporting information). In each case, the An 

molecular ions were observed with one amino group protonated and the remainder as neutral 

amines.  Thus, the TROM process enables access to discrete macrocyclic compounds of defined 

ring size (16, 24, and 32 carbons) with pendant functional groups in the side chains. The primary 

amine groups, which are largely protonated at physiological pH, combined with the hydrophobic 

all-carbon backbone of the macrocycles, are expected to endow these molecules with 

antibacterial activity.

Figure 3. ESI HRMS for (A) the monomer A1 and the discrete macrocyclic compounds An (n = 2, 3, 4) obtained by 
the TROM process, compared to (B) the disperse mixture of cyclic and linear oligomers formed by non-templated 
ROM. The * denotes a peak at 307 m/z, which is likely a fragment of the plasticizer DIDP, a commonly observed 
contaminant in mass spectroscopy.

Examination of poly(A1) by ESI ms revealed that the mixture contains macrocyclic A1, A2 

(major) and A3 as well as the linear variants of A2 and A3 with styrenic (+104 m/z) end groups 

derived from the G3 catalyst (Figure 3B). Interestingly, the dimer A2 is predominately cyclic 
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with only a minor linear peak; but the trimer A3 conversely showed a preference for the linear 

product over the cyclic analog. Whereas the mechanism is unclear at present, it is reasonable to 

speculate that the back-biting metathesis reaction required to produce a cyclic oligomer is 

sensitive to chain length, perhaps because of the steric factors that dictate chain conformations in 

dilute solution.

We examined the chemical stability of the daughter oligomers in aqueous solution (see ESI 

Figure S38), since 2-aminoethyl esters may undergo pH-dependent isomerization to the 

corresponding hydroxyethyl amides. These compounds are stable in neutral aqueous buffers 

(PBS pH 7.4) at 37 °C for 24 hours, but they isomerize in basic conditions (aq. K2CO3, pH 10). 

Thus, in the assay conditions studied here, the daughter oligomers appear to be chemically 

unaltered.

Biological Activity. With our cationic and amphiphilic macrocyclic oligomers in hand, we 

proceeded to evaluate their antibacterial and hemolytic activities in vitro (Figure 4). Antibacterial 

activity is reported as the minimum inhibitory concentration (MIC), i.e. the lowest concentration 

of compound, among a series of serial two-fold dilutions, which completely inhibits the growth 

of E. coli in nutrient-rich media (with a starting inoculum of 106 CFU/mL). The MIC values are 

determined based on the optical turbidity of the media at each concentration (OD600 < 0.01 for all 

concentrations at or above MIC). It is important to note that lower values of MIC imply a more 

potent antibacterial activity. The characteristic hemolytic concentration (HC50) is defined as the 

concentration of compound that induces 50% release of hemoglobin from red blood cells in 

phosphate-buffered saline solution. Lower HC50 values are associated with toxic compounds. 
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Here, we show the HC50 values extracted from curve fitting to the Hill equation whereas the full 

dose-response data and their corresponding curve fits are given in the ESI (Figure S32).

The small molecule monomer A1, which contains a single cationic ammonium group 

attached to one hydrophobic cyclooctene unit, was relatively inactive against both bacteria and 

red blood cells. The MIC value (500 μg/mL) and HC50 value (520 μg/mL) of A1 indicate that this 

compound is not a very potent antibacterial agent and is rather non-hemolytic. However, when 

the number of cationic and amphiphilic repeat units in the macrocycle is increased by a single 

unit, there is a dramatic enhancement of both antibacterial and hemolytic potency. The dimer A2 

exerted both good antibacterial activity (MIC = 16 μg/mL), typical of an AMP, but with 

comparably strong hemolytic toxicity (HC50 = 43 μg/mL). The ratio of HC50/MIC is a commonly 

used metric to assess the cell-type selectivity of a putatively membrane-disrupting antibacterial 

agent. For the case of A2, this value is a modest factor of 2.7×, which is considered weak 

selectivity. Thus, the compound is categorized as a biocidal agent that almost indiscriminately 

lyses both bacterial and mammalian cell membranes. Surprisingly, the compounds A3 (MIC = 21 

μg/mL, HC50 = 60 μg/mL) and A4 (MIC = 20 μg/mL, HC50 = 95 μg/mL) showed rather similar 

biocidal activity as compared to A2. In all cases, the MIC and HC50 are on the same order of 

magnitude. The tetramer A4 is just slightly more cell-type selective (HC50/MIC ~ 4.8) relative to 

the dimer, and both are categorically biocidal agents. 

Note that the MIC values indicate the inhibition of growth, but do not prove that cells were 

killed. Thus, we also checked the minimum bactericidal concentration (MBC) by withdrawing an 

aliquot from the microplate at the MIC and streaking onto MH agar. In each case, the MBC was 

either equal to the MIC, or just one dilution higher, which confirms that these compounds are 

indeed bactericidal and not solely bacteriostatic in vitro.
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Figure 4. MIC against E. coli and HC50 against red blood cells for the macrocylic compounds in this study, 
expressed in units of (A) μg/mL and (B) μM. The discrete compounds (A1, A2, A3, and A4) are directly compared to 
two heterogeneous mixtures: the equimolar mixture of A2, A3, and A4 (the “artificially” disperse sample) as well as 
poly(A1) obtained via non-templated ROM of Boc-A1 in dilute solution. The poly(A1) sample contains a mixture of 
A1, A2, A3 as well as the linear analogs of A2 and A3 with styrene end groups. Data are the average of 3 trials 
performed in triplicate (n =9). Error bars represent the standard deviation.

We reported antibacterial and hemolytic activity above in units of μg/mL concentration 

(Figure 4A). Since these compounds substantially differ in molecular weight, it is also 

informative to express these activities in units of μM, which is more indicative of the inherent 

activity of individual molecules as opposed to the mass-based μg/mL units. When the data are 

plotted in units of μM (Figure 4B), the similarity in activity becomes even more pronounced. The 

HC50 values for each An compound from n = 2−4 are all in the narrow range of 59−76 μM, 
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which suggests nearly identical activity per individual molecule. The MIC values for these same 

three compounds are also nearly identical, within the narrow range of 16−26 μM. It is apparent 

that the macrocycles, with n = 2 − 4, all exhibit antibacterial and hemolytic activity that is 

largely independent of ring size, contrary to our expectations. 

It is rather atypical in the field of AMP-mimetic oligomers to find that the biological activity 

does not depend on the degree of oligomerization. To shed light on these unexpected results, we 

carried out the same bioassays for the control sample poly(A1), a disperse mixture of cyclic and 

linear oligomers of varying chain length. Remarkably, this ill-defined heterogeneous population 

exerts antibacterial and hemolytic activities (MIC = 31 μg/mL, HC50 = 148 μg/mL) that are only 

slightly less active than the discrete, unimolecular compounds prepared by the TROM method. 

Given this outcome, we then prepared an artificially disperse sample by mixing solutions of A2, 

A3 and A4 in 1:1:1 equimolar ratios. This well-defined sample has the same number-average 

molecular weight as A3 (Mn = 933.6 g/mol) but the mixture has some dispersity (Đ = 1.07). This 

sample exerted biological activity (MICmix = 16 μg/mL, HC50,mix = 55 μg/mL) almost identical to 

that of A3. 

We find that the antibacterial and hemolytic activities of the 1:1:1 defined mixture are well 

predicted by the inverse average (Ruess average) of the individual component activities, as in 

equation (1). 

, (1)
1

MICmix

 1
MICReuss


fi

MICi

  1/ 3
MICA2

 1/ 3
MICA3

 1/ 3
MICA4

where MICi is the MIC value of the ith component in the mixture and fi is the molar fraction of 

that component. The reason for using an inverse averaging technique is that the activity of the 

compound is inversely related to the MIC value. For example, a hypothetical 1:1 mixture of X, a 

potent antibacterial (MICX = 1 μg/mL), with Y, an inactive substance (MICY = 1000 μg/mL), 
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would have activity approximately ½ as potent as pure X (MICX/Y,mix ≈ 2 μg/mL). In other words, 

the inactive Y dilutes the potent activity of X by a factor of 2. The simple average of MIC values 

would incorrectly predict an MIC of ~500 μg/mL, on the other hand.

The summation for the case of our equimolar, three-component mixture is given in equation 

(1), above. When the MIC values for A2, A3, and A4 are entered, this averaging technique returns 

a predicted MICmix value of 19 μg/mL, which is very close to the experimental value of 16 

μg/mL. The same method predicts an HC50,mix of 59 μg/mL, which is very close to the 

experimental value of 55 μg/mL. It is not straightforward to calculate the average for poly(A1) 

because this sample contains linear oligomers of unknown activity in their pure form. If one 

performs the calculation ignoring the presence of these linear contaminants, the resulting 

prediction is off by a factor of 3, which might imply that the styrene-containing linear 

components of the mixture do have a significant impact on the activity of the disperse sample.

The extent to which chain length dispersity plays a role in the antibacterial and hemolytic 

activities of AMPs, and their mimics, has not been firmly established in the literature. AMPs are 

diverse in sequence and secondary structure, but share common physiochemical characteristics: 

cationic charge, hydrophobicity and relatively short chain length. Whereas AMPs are typically 

monodisperse, the vast majority of synthetic polymers made to mimic their physiochemical 

characteristics possess chain length dispersity. Even the most controlled methods of synthetic 

polymerization, which can give Đ < 1.1, still give rise to populations that contain a broad range 

of chain lengths as compared to unimolecular peptides. Nevertheless, these synthetic methods 

have yielded numerous examples of polymers with MIC and HC50 values that rival or surpass the 

efficacy of AMPs, even in cases with Đ as high as 1.5 for polymethacrylates.45 In addition, the 

clinically used drug polymyxin B (a cyclic, cationic, amphiphilic peptide) is a mixture of 
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biomolecules with subtle structural differences. These findings would seem to indirectly suggest 

that dispersity is not universally a key determinant of antibacterial activity. 

In a recent study on photodynamic antibacterial oligo(thiophene)s, we did a direct 

comparison which clearly showed that dispersity plays a significant role in determining the 

antibacterial and hemolytic activities.33 Here, we find that dispersity plays almost no role as an 

activity determinant. Although these results might seem contradictory, in both cases the activity 

obeyed the Reuss average of the components (lower-bound rule of mixtures). The generalizable 

principle is thus: if a heterogeneous mixture is composed of individual components that have 

similar activity, then dispersity will play little or no role in dictating the activity of the mixture. 

Conversely, if a mixture is composed of individual components that have dramatically different 

activity, then dispersity will play a key role in dictating the activity of the mixture. The 

compounds in the present study fall into the former category, whereas the compounds studied 

previously fell into the latter category. The extent to which dispersity “matters” in the design of 

antibacterial agents will therefore depend on whether the individual components within the 

mixture each possess similar or distinct activities as compared to one another. If it is confirmed 

that the sub-populations within a disperse mixture have similar activity individually, then some 

extent of dispersity will likely be tolerated in that particular system. In such cases, one may 

confidently proceed to utilize a more scalable and affordable method of synthesis that does not 

require perfectly homogeneous macromolecular structure.

Confocal Microscopy. The MIC value of an antibacterial agent demonstrates activity in terms of 

inhibition of growth, but does not strictly show cell death. In order to probe the bactericidal 

activity of the macrocyclic oligomers in this study, we employed a LIVE/DEAD stain assay. 
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This procedure involves a green dye (SYTO9) that stains both live and dead E. coli cells and a 

red dye (propidium iodide, PI), which only emits upon intercalation with DNA inside the 

bacterial cell.  PI staining implies that the cells have permeabilized membranes, since healthy 

cell membranes are PI-impermeable. Still, it is important to emphasize that PI staining does not 

prove that the cause of death was membrane permeabilization per se. It is possible that cells 

could perish by some other mechanism and then lose their membrane integrity as a byproduct of 

cell death rather than a root cause. The details of the antibacterial mechanism exerted by these 

compounds remain to be explored in depth. Given their cationic and amphiphilic structure, 

however, the simplest explanation for the bactericidal activity observed here is that the 

surfactant-like molecules permeabilize bacteria cell membranes, which ultimately leads to cell 

death.

The control E. coli sample in PBS, with no antibacterial agent present, showed only emission 

from the green channel with no detectable red signal (Figure 5A-C). When exposed to either A2 

or A4, on the other hand, the cells emit strongly in the red, consistent with PI-staining and thus 

indicative of cell death. The overlaid images (Figure 5 F and I) show a high degree of overlap 

between the green and red signals, such that the majority of E. coli cells appear yellow in color. 

Taken together, these observations are all consistent with the notion that A2 and A4 indeed kill 

bacteria cells, in addition to their ability to inhibit growth.
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Figure 5. LIVE/DEAD stained E. coli in the absence of antibacterial agents (A-C) and in the presence of A2 (D-F) 
and A4 (G-I) at a concentration of 2×MIC. The green channel is STYO9 (A,D,G), which stains both live and dead 
bacteria, the red channel is propidium iodide (PI), which only emits when intercalated to DNA inside the bacteria 
cells (B,E,H) and the third column contains an overlay of the first two.

Interestingly, there are subtle differences in the appearance of E. coli cells exposed to A2 

versus A4. In Figure 5D, it is clear that each E. coli cell is individually-suspended in the 

planktonic state with A2 present. The red channel shows that each of these cells has been 

permeabilized, but the cells still retain their characteristic size and shape. In contrast, Figure 5H 

reveals that the cells treated with A4 are more clustered into an aggregated state. Between the 

individual cells, it is clear that some diffuse green emission is present. The cells do not all retain 

their characteristic size and shape, with some green-stained material apparently lacking the 

familiar cellular structure altogether. These observations may be the result of cellular debris 
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produced by surfactant-like lysis of the bacterial membranes or aggregates of A4 with some 

cellular components. Although the MIC and HC50 values of these two compounds are very 

similar, it would appear that the details of their interactions with bacterial cells are not identical. 

From these images, it seems that A4 works by a mechanism that involves aggregation of cells 

and surfactant-like lysis whereas A2 exerts its effect on cells individually in solution. The latter 

mechanism is considered more desirable because gross membrane lysis can release toxic 

substances and lead to sepsis.

CONCLUSIONS

We reported the first synthesis of several novel, well-defined macrocyclic olefins bearing 

cationic ammonium side chains, by elaboration of our previously reported templated ring-

opening metathesis (TROM) method. The success of the synthetic approach was rigorously 

confirmed by a combination of MALDI, ms/ms, and ESI HRMS with 1H and 13C NMR 

spectroscopy. In each case, exclusively cyclic products are formed, which was not predicted a 

priori based on established knowledge of G3 reactivity. We ascribe this unusual catalyst 

behavior to the local immobilization and proximity of multiple monomer units on a rigid 

template molecule dissolved in very highly dilute solution. Upon hydrolytic removal of the 

daughter olefin from the parent template molecule, we isolated and functionalized these 

precision macrocycles. Installation of primary amine groups, which are cationic by virtue of 

protonation at physiological pH, in the side chains endows these cyclic compounds with 

antibacterial and hemolytic activity. Surprisingly, we found that the ring size (in the range of 16-

32 carbons) did not significantly impact the observed activity. Moreover, a heterogeneous 

mixture of oligomeric species also showed quite similar results. Thus, in this particular system, 
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we find that the dispersity of molecular size is not a key determinant of biological activity, in 

stark contrast to previous findings. These seemingly contradictory results are unified, however, 

by the understanding that disperse populations will exhibit activity as predicted by the Reuss 

average of the MIC (or HC50) values for the individual components within the mixture. Thus, a 

disperse sample that is composed of molecules with similar activity was correctly predicted to 

display the same activity as the pure components. On the other hand, if there exist 

subpopulations with substantially different activity, then dispersity is expected to play a key role 

as a determinant of biological activity. In that light, the extent to which antibacterial 

polymers/oligomers can tolerate dispersity without compromising activity is likely to vary across 

different classes of materials. The question as to whether a discrete, unimolecular compound 

(well defined but more labor intensive and costly) is inherently better than a disperse population 

(less perfectly defined but more scalable and cost-effective) will require judicious consideration 

of individual components.

EXPERIMENTAL METHODS

General Synthetic Procedures. Synthesis of oligo(thiophene) templates and TROM were 

done according to our previous report.44 Information on reagents and instrumentation, detailed 

experimental procedures, and all characterization data are given in the Supporting Information. 

General protocols of synthesizing cyclic AMP-mimic oligomers are described below. 

Hydrolysis. Excess potassium hydroxide (1M in H2O) was added into template molecules 

DMF solution and stirred vigorously at 55 °C for 48 hours. The solvent was removed under 

vacuum and the residue was subjected to 10mL 1M KOH and 10ml ethyl acetate. The water 

phase was collected and 1M HCl solution was added until pH > 7. The solution was diluted with 
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ethyl acetate and washed with water. Organic layer was dried over sodium sulfate, filtered, and 

concentrated under reduced pressure. The product was obtained without further purification.

Esterification. In an oven-dried Schlenk flask, the cyclooctene monomer with carboxylic acid 

group (1 equiv) and N-(tert-Butoxycarbonyl)ethanolamine (1.5 equiv) were dissolved in 

anhydrous DCM under nitrogen and DMAP (0.1 equiv) was added in one portion. The solution 

was cooled to 0 °C and stirred for 10 min before injection of neat DIC (2 equiv). The reaction 

mixture was allowed to warm to room temperature and stirred overnight. The organic layer was 

concentrated under reduced pressure. The crude product was purified by silica gel 

chromatography.

BOC Deprotection. Excess TFA solution was added to the product and stirred for 1 hour. 

Then TFA was evaporated and the residue was washed with diethyl ether three times to yield 

pure product.

Antibacterial assays. The in vitro minimum inhibition concentration (MIC) of cyclic 

antimicrobials was assessed. Oligomer stock solutions were prepared in 50% DMSO-50% of 

0.01% acetic acid-deionized H2O with 2-fold serial dilutions of the stock, starting from 5 mg/ml 

to 0.15 g/ml. A single colony of Escherichia coli ATCC 25922 was inoculated in Muller-

Hinton (MH) broth at 37 C in shaking incubator overnight. The turbid dilution was diluted to 

OD600 = 0.1 (measured by Molecular Devices SpectraMax M2), regrown for 90 min to 

midlogarithmic phase (OD600 = 0.5 – 0.6) in MH broth. It was diluted to OD600 = 0.001 in MH 

broth, corresponding to 5 x 105 cfu/ml based upon colony counting on MH agar plates. The 

bacterial suspension (90 l) was mixed with each polymer concentration (10 l) in a sterile 96-

well round-bottom polypropylene microplate (Chemglass #229590) and wrapped with parafilm. 

The microplate was incubated for 16 hours at 37 C. MIC was defined as the lowest 
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concentration of polymer, which inhibits visible cell growth. Each compound was tested three 

times in triplicate. Final MIC values were determined by the average MIC of multiple tests. As a 

negative control, stock solution of DMSO in 0.01% acetic acid-deionized H2O was prepared in 

microplates with 2-fold serial dilutions, starting from 5% (v/v) and tested as oligomers. 

Hemolysis assays. Hemolytic activity of cyclic antimicrobials was determined by 

hemoglobin release assay using the same oligomer stock solutions for MIC assays. 1 ml of 10% 

(v/v) suspension of sheep red blood cells (MP Biomedicals) was centrifuged at 2000 rpm for 3 

min and washed with PBS of pH 7.4. The RBCs were washed with PBS two more times. The 

resulting stock was diluted 10-fold in PBS to provide 1% (v/v) RBC assay stock. In a sterile 96-

well round-bottom polypropylene microplate, 90 l of 1% (v/v) RBC assay stock was mixed 

with 10 l of each of the oligomer dilution. PBS is used as a negative control. Triton X-100 was 

used as a positive control 0.1% (v/v) for complete lysis. Microplate was wrapped with parafilm, 

secured in orbital shaker at 37 C and incubated at 200 rpm for 60 min. The microplate was 

centrifuged at 1000 rpm for 10 min. In another sterile microplate, 10 L of supernatant was 

diluted in 90 l PBS. The absorbance at 415 nm was recorded using a microplate reader. 

Hemolysis was plotted as a function of polymer concentration and the hemolysis fraction. HC50 

was described as the polymer concentration causing 50% hemolysis relative to the positive 

control. This value was estimated by the fitting to the Hill equation,  H([P]) = 1/(1+(HC50/[P])n) 

where H is the hemolysis fraction (H = [OD415(polymer) - OD415(buffer)] / [OD415(TritonX) - 

OD415(buffer)]), [P] is the oligomer concentration, n and HC50 are variable parameters for curve 

fitting. Each compound was tested three times in triplicate. The % hemolysis values from each 

trial were averaged and then the HC50 was calculated from the curve fitting.
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Confocal Microscopy. A single colony of Escherichia coli ATCC 25922 was inoculated in 

Muller-Hinton broth at 37 C in shaking incubator overnight. The turbid suspension was diluted 

to OD600 = 0.1, regrown for 90 min to mid-logarithmic phase (OD600 = 0.5 – 0.6) in MH broth. 

Resulting suspension was centrifuged at 2000 rpm for 5 min and the supernatant was carefully 

discarded by pipetting. Collected bacteria in centrifuge tube were resuspended in PBS of pH 7.4. 

The bacterial suspension was diluted to OD600 = 0.1 (5x107 cells/ml) in PBS. Compound 

solution (200 g/ml in 2% (v/v) DMSO-PBS) was added into 4 ml of bacterial suspension to 

provide the final concentration of 40 g/ml (~2×MIC). Suspension was incubated at 37 C for 

180. After incubation, cells were stained with BacLightTM Bacterial Viability Kit L-7007 (equal 

volumes of Component A and Component B) and incubated at room temperature for 15 min in 

dark. 5 l of dyed bacterial suspension was placed on NuncTM glass bottom dish (Thermo Fisher 

Scientific) and covered with glass cover slip. Cells were visualized under laser scanning confocal 

microscopy using Argon and HeNe1 lasers. SYTO9 (green dye) stain both live and dead cells, 

but PI (red dye) stains just dead cells. Same procedure above was applied for negative control 

with E. coli (final concentration of DMSO in PBS: 0.4%).
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