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Cationic polymers have been identified as a promising type of antibacterial molecules, 
whose bioactivity can be tuned through structural modulation. Recent studies suggest 
that the placement of the cationic groups close to the core of the polymeric architec-
ture rather than on appended side chains might improve both their bioactivity and 
selectivity for bacterial cells over mammalian cells. However, antibacterial main-chain 
cationic polymers are typically synthesized via polycondensations, which do not afford 
precise and uniform molecular design. Therefore, accessing main-chain cationic polymers 
with high degrees of molecular tunability hinges upon the development of controlled 
polymerizations tolerating cationic motifs (or cation progenitors) near the propagating 
species. Herein, we report the synthesis and ring-opening metathesis polymerization 
(ROMP) of N-methylpyridinium-fused norbornene monomers. The identification of 
reaction conditions leading to a well-controlled ROMP enabled structural diversifica-
tion of the main-chain cationic polymers and a study of their bioactivity. This family of 
polyelectrolytes was found to be active against both Gram-negative (Escherichia coli) and 
Gram-positive (Methicillin-resistant Staphylococcus aureus) bacteria with minimal inhib-
itory concentrations as low as 25 µg/mL. Additionally, the molar mass of the polymers 
was found to impact their hemolytic activity with cationic polymers of smaller degrees 
of polymerization showing increased selectivity for bacteria over human red blood cells.

ROMP | antibacterial | cationic polymers | controlled polymerization

Antibiotic-resistant bacteria, such as methicillin-resistant Staphylococcus aureus (MRSA), 
are a rapidly growing threat to public health (1). Without the identification of new anti-
biotics, common injuries and minor infections may once again prove lethal (2, 3). Synthetic 
cationic polymers have emerged as an effective class of antibacterial agents (4–9). Unlike 
antibiotics that target intercellular functions, cationic polymers primarily interact with 
the surface of the lipid membranes of Gram-negative and Gram-positive bacteria, which 
leads to physical damage to the cell (4, 10–12). This unique mechanism has been shown 
to be less likely to induce antibiotic resistance (13). While the precise relationships between 
bactericidal activity and polymer architecture remain unclear (4–9), a careful balance of 
cationic and hydrophobic motifs is required. Similar to host defense peptides (14), cationic 
groups allow electrostatic interactions with the negatively charged membranes of bacteria 
while hydrophobic segments facilitate insertion and disruption of the membranes (4, 5, 9).  
To this end, the location of the cationic group vis-à-vis the main chain has been identified 
as a key parameter (5, 9).

Cationic heads are often located on the side chains to facilitate monomer synthesis and 
polymerization. For example, several examples of monomers for reversible-deactivation rad-
ical polymerization (RDRP) or ring-opening metathesis polymerization (ROMP) have been 
synthesized with cations or cation progenitors distal to the reactive alkene group (15–26). 
Of note, cations are often introduced in a postpolymerization step through deprotection 
followed by protonation or alkylation of a Lewis basic site (15, 16, 18–22, 24, 25). These 
monomers have permitted the precise preparation of polymers containing various cationic 
motifs separated from the backbone and the investigation of their bioactivity (Fig. 1A). 
Interestingly, a recent study by Mao and Yan directly compared the activity between 
main-chain cationic placement vs. that of a side chain; the former exhibited a drastically 
improved antibacterial activity as well as a lower hemolytic activity, both of which are crucial 
for therapeutic applications (Fig. 1B) (27). A similar finding was reported by Perrier and 
coworkers with star polymers, which exhibited lower levels of undesired aggregation of red 
blood cells when cation motifs were shifted from the arms to the core (28). Finally, Noonan 
and Palermo demonstrated that shorter cationic side chains that placed the charges closer 
to the backbone led to faster bactericidal kinetics (26). While placing cations along the 
polymer backbone represents a promising structural design, this strategy also provides an 
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exciting synthetic challenge: Installation of main-chain cation com-
ponents in antibacterial macromolecules has thus far mostly been 
achieved through polycondensations (27, 29–42), which limits 
modulation of the polymer architecture. The development of suit-
able monomers for the precise synthesis of main-chain cationic 

polymers would therefore permit exhaustive structure–activity rela-
tionship studies through the variation of structural parameters 
including comonomer composition and molar mass distribution, 
which impact antibacterial activity (43–48). Additionally, the ability 
to manufacture nanomaterials with a narrow size distribution is 
considered a critical quality attribute by the US Food and Drug 
Administration to ensure batch-to-batch reproducibility (49). Last 
but not least, the development of the precise syntheses of cationic 
polymers represents an opportunity to identify materials for other 
disruptive technologies. For example, the search of alkaline-stable 
anion exchange membranes for fuel cells has driven the design of a 
variety of cationic polymers (50–56), including cation-functionalized 
polyethylene copolymers prepared via ROMP of imidazolium-fused 
trans-cyclooctene derivatives (53, 54).

Herein, we report the ROMP of two pyridinium-fused nor-
bornene monomers synthesized via cycloaddition of cyclopenta-
diene and pyridyne derivatives followed by nitrogen alkylation 
(Fig. 1C). These monomers were designed to embed the cationic 
pyridiniums directly onto the polymer main chain rather than 
onto flexible pendent groups. Optimization of the ROMP process 
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Fig.  1. (A) Examples of side-chain cationic polymer backbones afforded 
through controlled polymerization. (B) Cation placement on backbone 
increases bactericidal activity; MIC: minimal inhibitory concentration. (C) ROMP 
of N-methylpyridinium-fused norbornene monomers.
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Table 1. ROMP of 1-H+ and 1-tBu+ with catalysts Ru-1–3

Entry* 1+ Ru Solvent† Temperature (°C) Time (h) Conv (%) Mn
theo (kg/mol) Mn

exp (kg/mol)† Đ†

1 1-H+ Ru-1 EtOH/DCM 23 24 13 n.d. n.d. n.d.

2 1-H+ Ru-1 TFE/DCM 23 24 7 n.d. n.d. n.d.

3 1-H+ Ru-1 EtOH/DCM 60 24 47 n.d. n.d. n.d.

4 1-H+ Ru-2 EtOH/DCM 60 5 >99 12.5 24.0 3.00

5 1-H+ Ru-3 EtOH 60 3.5 >99 12.5 23.5 1.33

6 1-tBu+ Ru-1 EtOH/DCM 60 24 40 n.d. n.d. n.d.

7 1-tBu+ Ru-2 EtOH/DCM 60 5 >99 14.7 15.0 1.62

8 1-tBu+ Ru-3 EtOH 60 3.5 >99 14.7 24.1 1.28
*Monomer (1-H+ or 1-tBu+, 65 µmol) was polymerized by Ru catalysts (1.6 µmol).
†Mn and Đ values were determined by SEC (TFE eluent) using PMMA standards (RI detection).
EtOH/DCM or TFE/DCM = 10:1. n.d. = not determined.
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allowed the synthesis of polymers with living characteristics 
including predictable molar masses and functionalizable chain 
ends amenable to the preparation of block copolymers. Notably, 
postpolymerization functionalization is not required to install the 
positive charge of the N-methylpyridinium subunits, which is also 
independent of the pH of the media. These main-chain cationic 
polymers were found to be active against both Gram-negative 
Escherichia coli K12 MG1655 (E. coli) and the Gram-positive 
clinical isolate methicillin-resistant Staphylococcus aureus 
IDRL-6169 (MRSA) bacteria. The effects of molar mass and pol-
ymer composition on activity and selectivity were probed and will 
serve to further optimize the therapeutic index of this family of 
antibacterial cationic polymers.

Results and Discussion

Synthesis and ROMP of N-methylpyridinium-Fused Norbornene 
Monomers. We recently reported the expedient synthesis of 
monomers 1-H and 1-tBu from 2,3-pyridyne derivatives. While 
monomer 1-H was found to resist productive ROMP potentially 
because of catalyst poisoning, the more sterically hindered 1-tBu 
underwent successful controlled polymerization using Ru-1 
(57). We hypothesized that neutral poly(1-tBu) could serve as a 
platform for the preparation of main-chain cationic polymers via 
alkylation of the repeating pyridine nitrogen. Unfortunately, direct 
methylation of poly(1-tBu) with highly reactive MeOTf only led 
to partial alkylation, presumably due to premature precipitation 
in solvents compatible with the neutral macromolecules including 
dichloromethane (DCM) and dichloroethane (DCE) (Fig. 2 and 
SI  Appendix, Scheme  S4). The order of the synthetic sequence 
was modified to circumvent the challenges of postpolymerization 
functionalization of poly(1-tBu). This alternative strategy would 
provide the additional advantage of preventing deleterious 
coordination from the Lewis basic nitrogen during the ROMP 
process, thereby allowing the use of nonbulky monomers including 
derivatives of 1-H. Methylation of 1-H and 1-tBu with MeOTf 
was found to proceed in 95 and 90% yield, respectively, to afford 
cationic monomers 1-H+ and 1-tBu+ (Fig. 2).

The poor solubility profile of monomers 1-H+ and 1-tBu+ in 
polar, aprotic solvents typically used with Ru-1,2 complicated the 
identification of suitable ROMP conditions. To achieve a controlled 
process with high conversions, solvent mixtures were screened 
(Table 1). Slow polymerization of 1-H+ with Ru-1 was observed 
when a (10:1) mixture of ethanol (EtOH) and DCM was used 
(Table 1, entry 1). Trifluoroethanol (TFE) has been shown to be a 
suitable solvent for the ROMP of cationic monomers (58); however, 
this substitution did not facilitate the polymerization of 1-H+ 
(Table 1, entry 2). Increasing the temperature to 60 °C improved 
the conversion to 47% after 24 h using Ru-1 (Table 1, entry 3). 
When Ru-2 was used in lieu of Ru-1, full conversion of 1-H+ was 
observed in 5 h (Table 1, entry 4). However, size-exclusion chroma-
tography (SEC) analysis of poly(1-H+) using TFE as the eluent 
revealed a broad molar mass distribution (Đ = 3.00; SI Appendix, 
Fig. S1), which could be the result of undesired chain transfers. To 
obviate the need of a solvent mixture ensuring catalyst and monomer 
dissolution, we turned our attention to Ru-3 (AquaMet), a Hoveyda- 
Grubbs-type Ru carbene containing an ammonium-functionalized 
NHC ligand originally developed for ROMP in aqueous media (59). 
Pleasingly, polymerization of 1-H+ in EtOH at 60 °C with Ru-3 led 
to full monomer consumption in 3.5 h, and poly(1-H+) was char-
acterized by a molar mass distribution with significantly narrower 
dispersity (Đ = 1.33; Table 1, entry 5). While the experimental molar 
mass was found to be higher than the expected value, this can be 

potentially ascribed to repulsive interactions of the repeating cations 
causing a larger hydrodynamic radius in TFE relative to the poly  
(methyl methacrylate) (PMMA) standards (54, 60). Similar discrep-
ancies between experimental and theoretical molar mass (Mn) values 
have been reported for other ROMP polymers containing polar 
functional groups (24, 25). Of note, only fluorinated solvent such 
as TFE or hexafluoroisopropanol were suitable eluents for SEC anal-
ysis of these cationic polymers. Interestingly, similar results were 
observed with the ROMP of 1-tBu+ despite the presence of a 
tert-butyl substituent rendering the monomer less hydrophilic than 
1-H+. Lower conversion was observed with Ru-1 compared to Ru-2 
(Table 1, entries 6 and 7), while Ru-3 provided both >99% conver-
sion and narrow dispersity (Đ = 1.28; Table 1, entry 8). In situ NMR 
analysis using d6-EtOD as the solvent revealed a complete initiation 
of Ru-3 within 4 min (SI Appendix, Fig. S5) suggesting that the rate 
of initiation (ki) is high enough relative to the rate of propagation 
(kp) to ensure that the degree of polymerization is dictated by the 
initial feed ratio (61). Careful analysis of 1H and 13C NMR spectra, 
in combination with COSY, HSQC, and HMBC experiments 
[SI Appendix, Figs. S18–S23 for poly(1-H+) and SI Appendix, 
Figs. S24–S29 for poly(1-tBu+)] suggests that these cationic poly-
mers likely exhibit regio irregularities from concurrent head-to-head 
or head-to-tail pathways. However, cis/trans olefin stereochemistry 
and various tacticities could also contribute to the complexity of the 
NMR spectra.

Fig. 3. Polymerization of 1+ with Ru-3 ([1+]:[Ru-3] = 40:1): (A) Mn
exp of poly(1-H+) 

(red squares) and Đ (black triangles) vs. conversion; (B) Mn
exp of poly(1-tBu+) 

(blue circles) and Đ (black triangles) vs. conversion.

http://www.pnas.org/lookup/doi/10.1073/pnas.2311396120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2311396120#supplementary-materials
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http://www.pnas.org/lookup/doi/10.1073/pnas.2311396120#supplementary-materials
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Thermal Properties of Polymers Poly(1-H+) and Poly(1-tBu+). 
In order to gain some insight into the thermal properties of these 
main-chain cationic polymers, thermogravimetric analysis (TGA) 
and differential scanning calorimetry (DSC) were performed. 
Poly(1+) was shown to exhibit high thermal stability by TGA 
with a temperature of decomposition measured at 5% weight loss, 
Td = 346 °C for poly(1-H+) and Td = 301 °C for poly(1-tBu+) 
(SI Appendix, Fig. S3). DSC revealed glass transition temperatures 
(Tg) of 170 °C for poly(1-H+) and 183 °C for poly(1-tBu+), which 
confirmed the stiffness of the backbone of these main-chain cationic 
polymers (SI Appendix, Fig. S4). The rigidity of the main chain likely 
imparts limited conformational freedom to the fused-pyridinium 
motifs in contrast to cationic groups appended on polymer side 
chains (15–26). Crystallization or melting transitions were not 
observed by DSC for either polymer suggesting a mostly amor
phous behavior. Notably, poly(1-tBu+) exhibited Td and Tg values 
higher than those of the neutral variant poly(1-tBu) (Td = 281 °C,  
Tg = 157 °C) (57).

Investigation of the Kinetics of the ROMP of Monomers 1-H+ 
and 1-tBu+. The propagation kinetics were investigated for both 
1-H+ and 1-tBu+. Despite the aforementioned overestimation of 
molar masses measured by SEC, Mn was found to grow linearly 
with the conversion of both monomers, and dispersity values 
remained below 1.3 throughout the ROMP (Fig. 3).

While complicated by the polycationic nature of poly(1+), 
MALDI-TOF mass spectrometry of a poly(1-tBu+) 10-mer con-
firmed a degree of polymerization (DP) close to our target 
(SI Appendix, Fig. S2). Polymers of predictable molar masses were 
synthesized through the variation of monomer-to-initiator ratios 
(Fig. 4 A and B), and the difference between experimental and 
theoretical Mn values was found to be linear (Fig. 4 C and D).

To thoroughly characterize the livingness of the polymerization, 
the rate of propagation of the ROMP of monomers 1-H+ and 1-tBu+ 
catalyzed by Ru-3 was studied via 1H NMR in d4-MeOD. Plotting 
ln([M]0/[M]t) as a function of time revealed a linear fit and kp

app 
values of 0.0766 min–1 (R2 = 0.998) and 0.0325 min–1 (R2 = 0.994) 
for 1-H+ and 1-tBu+, respectively, based on Eqs. 1 and 2:

	 [1]

	 [2]

where [M] is the concentration of 1+ at time t, kp
app the apparent 

propagation rate constant, kp the propagation rate constant, and 
[C] the concentration of Ru-3 at time t. The measured linear 
relation between ln([M]0/[M]t) and time confirmed the first-order 
dependence in concentration of 1-H+ and 1-tBu+, as expected for 
a living chain-growth process (Fig. 5 A and B).

− d [M]

dt
= k

app
p [M],

k
app
p = kp[C],

Fig. 4. SEC traces of different DPs of (A) poly(1-H+) and (B) poly(1-tBu+). Dependence of the Mn of (C) poly(1-H+) on the [1-H+]:[Ru-3] ratio and (D) poly(1-tBu+) 
on the [1-tBu+]:[Ru-3] ratio.

http://www.pnas.org/lookup/doi/10.1073/pnas.2311396120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2311396120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2311396120#supplementary-materials
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Synthesis of Random and Block Copolymers with Monomers 1-H+ 
and 1-tBu+. The livingness of the optimized ROMP process was 
confirmed through chain extension of poly(1-tBu+) with 1-H+ (ratio 
of 1-tBu+:1-H+:Ru-3 = 10:10:1), which provided evidence that the 
propagating chain ends are preserved after monomer depletion. 
Full conversion of the second monomer, 1-H+, was observed by 
1H NMR alongside a shift of the SEC trace corresponding to 
the following polymers (SI Appendix, Fig. S6): For poly(1-tBu+), 
Mn = 9.2 kg/mol, Đ = 1.20 and for poly(1-tBu+)-b-(1-H+), Mn = 
11.0 kg/mol, Đ = 1.33. A single diffusion coefficient observed by 
DOSY NMR (SI Appendix, Fig. S33) confirmed the efficient chain 
extension of poly(1-tBu+). This strategy allowed us to prepare block 
copolymer poly(1-tBu+)-b-(1-H+) with two segments of differing 
hydrophobicity and steric bulk around the cationic group.

To probe the importance of sequence of the repeating cations, a 
random copolymer was also targeted. Copolymerization of 1-H+ and 
1-tBu+ yielded poly(1-H+)-r-(1-tBu+) (Mn = 11.4 kg/mol, Đ = 1.37).  
A simultaneous and almost quantitative incorporation of both 
monomers was observed over 3.5 h via 1H NMR at 60 °C in 
d6-EtOD (SI Appendix, Fig. S8 and Table S2), while the molar 
mass distribution of the resulting random copolymer remained 
narrow and monomodal (SI Appendix, Fig. S7).

Antibacterial Susceptibility with Homopolymers Determined by 
Disk Diffusion Assays. The first investigations into the antibacterial 
activity of poly(1-H+) and poly(1-tBu+) with a DP of 20 were 

conducted using disk diffusion assays. This method provides a 
rapid assessment for antibacterial susceptibility rather than a 
quantitative determination of a minimal inhibitory concentration 
(MIC) (62–64). Gram-negative E. coli K12 and Gram-positive 
MRSA were selected as laboratory-standard and clinically relevant 
strains (respectively) to assess the antibacterial activity of poly(1+). 
Disk diffusion assays were conducted by pipetting dilutions of 
cationic polymers onto filter disks that were incubated on bacteria-
inoculated agar plates. While both monomers and poly(1-H+) 
were found to be soluble in water, poly(1-tBu+) and copolymers 
poly(1-tBu+)-b-(1-H+) and poly(1-H+)-r-(1-tBu+) were not and 
required the use of a polar organic cosolvent. Dimethyl sulfoxide 
(DMSO) was selected for this study because of its low toxicity to 
cells, in contrast to most organic solvents (65), and its successful 
use in prior disk diffusion assays for antibacterial susceptibility 
testing (66). In parallel to testing the cationic polymers, a control 
disk, that was only exposed to the relevant solvent used (i.e., water 
or DMSO without polymers) was also tested.

Poly(1-H+)20 dissolved in water showed antibacterial activity as 
a zone of inhibition (ZOI) at a concentration of 1,600 µg/mL for 
both bacteria as indicated by yellow arrows in Fig. 6A. When 
DMSO was used to dissolve poly(1-H+)20, the concentration 
needed to inhibit growth of E. coli was similar to that of the 
aqueous solution, while the lowest concentration with a ZOI for 
MRSA was 800 µg/mL (Fig. 6B). Notably, control disks (contain-
ing water or DMSO) exhibited no ZOI. The difference in inhib-
itory concentrations for poly(1-H+)20 dissolved in water and in 
DMSO may be caused by the differences in the diffusion of the 
cationic polymer and solvent along the hydrophilic agar plate. 
Meanwhile, tert-butyl substituted poly(1-tBu+)20 dissolved in 
DMSO exhibited a ZOI at a concentration of 1,600 µg/mL 
against E. coli, and 400 µg/mL against MRSA (Fig. 6C). Of note, 
monomers 1-H+ and 1-tBu+ did not exhibit inhibitory activity 
against either bacterium at the concentrations screened for disk 
diffusion assays (SI Appendix, Fig. S10 A–D). These results indi-
cate the importance of the polycationic structure for antibacterial 
activity.

Antibacterial Susceptibility with Copolymers Determined by  
Disk Diffusion Assays. The antibacterial activity of block and 
random copolymers, poly(1-tBu+)10-b-(1-H+)10 and poly(1-H+)10-r- 
(1-tBu+)10, respectively, was determined to explore the effect 
of varying the steric bulk and hydrophobicity surrounding the 
pyridinium group. Block copolymer poly(1-tBu+)10-b-(1-H+)10 
showed ZOIs at 3,200 µg/mL for both bacteria (Fig. 6D), while 
random copolymer poly(1-H+)10-r-(1-tBu+)10 exhibited MIC 
values of 6,400 and 3,200 µg/mL for E. coli and MRSA, respectively 
(Fig. 6E). The difference in lowest concentrations necessary for 
a ZOI against E. coli between the copolymers suggests that the 
spatial arrangement of repeating units bearing hydrophobic groups 
nearby the pyridinium is important to the bactericidal activity of 
the macromolecules.

MIC Determination by Broth Microdilution Assays. Since the 
disk diffusion assays suggested that both poly(1-H+) and poly  
(1-tBu+) exhibited antibacterial activity against E. coli and MRSA, 
broth microdilution assays were conducted to determine the 
MIC values of these polymers. This method provides quantitative 
MICs since the disk diffusion assay cannot quantify the amount 
of the antibacterial agent that diffuses along the agar surface 
(63). In addition to investigating the effect of chemical structure 
on the antibacterial activity of poly(1-H+) and (1-tBu+), the 
influence of the length of the polymers was also studied. While 
beyond the scope of this study to identify the exact mechanism 

Fig. 5. Determination of the rate of propagation of (A) 1-H+ (kp
app = 0.0766 

min−1, R2 = 0.998) and (B) 1-tBu+ (kp
app = 0.0325 min−1, R2 = 0.994).

http://www.pnas.org/lookup/doi/10.1073/pnas.2311396120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2311396120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2311396120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2311396120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2311396120#supplementary-materials
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of bacterial inactivation, we note that some studies have shown 
that higher molar mass polymers with more cationic charges 
inactivate and disrupt bacterial cell membranes via surface 
contact (67–69). This is in contrast to other compounds that 

have to permeate into the cell membrane in order to inactivate 
the bacteria; in this case, higher molar mass polymers might 
exhibit poorer diffusion into the cell membrane, thus reducing 
their antibacterial efficacy (70).

Fig. 6. Disk diffusion assays against E. coli and MRSA (with yellow arrows indicating lowest concentration in which a ZOI is observed) for (A) poly(1-H+)20 dissolved 
in water, (B) poly(1-H+)20 dissolved in DMSO, (C) poly(1-tBu+)20 dissolved in DMSO, (D) poly(1-tBu+)10-b-(1-H+)10 dissolved in DMSO, and (E) poly(1-H+)10-r-(1-tBu+)10 
dissolved in DMSO. The polymer concentration tested (µg/mL) is provided along the outside edge of the petri dish. Control samples containing relevant solvent 
but no cationic polymers (indicated by a white box) were also tested and exhibited no ZOIs.



PNAS  2023  Vol. 120  No. 51  e2311396120� https://doi.org/10.1073/pnas.2311396120   7 of 10

Polymers with shorter chain length [DP = 10; poly(1+)10] and 
longer chain length [DP = 40; poly(1+)40] were compared to 
poly(1+)20 that was studied in the disk diffusion assays. An MIC 
value of 50 µg/mL against both E. coli and MRSA was measured 
for all tested poly(1-H+) independent of their DP (Table 2). This 
MIC is markedly lower than the concentrations needed for bacte-
rial inhibition in the disk diffusion assays. Notably, inconsistencies 
between disk diffusion and broth dilution evaluations have been 
reported and attributed to the ability of the polymer to diffuse 
from the filter disk and interact with bacteria-loaded, agar plate 
(71–73). To rule out a potential bactericidal effect of Ru impurities 
trapped in the polymer which are common in polymers synthesized 
via ROMP (74), the amount of residual Ru was measured by 
inductively coupled plasma mass spectrometry (ICP-MS). The Ru 
content was found to track with the initial feed ratios of monomer 
to catalyst and therefore to be higher in polymers with lower DPs 
(SI Appendix, Table S3). This finding suggests that Ru traces do 
not play a major role in the bioactivity of poly(1+), which was 
found to be unaffected by changes in polymer length.

A similar study was conducted with tert-butyl substituted 
poly(1-tBu+), as well as copolymers poly(1-tBu+)10-b-(1-H+)10 
and poly(1-H+)10-r-(1-tBu+)10. However, because of the poor 
water solubility of these polymers, all samples were first dissolved 
in DMSO prior to dilution with Mueller Hinton Broth (MHB), 
which afforded MHB/polymer solutions with 5% DMSO con-
tent. Though high concentrations of organic solvents are gener-
ally incompatible with the growth of bacteria, low concentrations 
of DMSO (5%) are known not to inhibit the growth of E. coli 
or MRSA (71, 75). This was further confirmed by monitoring 
the bacterial growth curves of growth controls run with 5% 
DMSO in MHB (SI Appendix, Fig. S10 E and F). For this sec-
ond series of cationic polymers, the broth microdilution assays 
were also found to be more sensitive to polymer concentrations 
than the disk diffusion assays. The MIC of poly(1-tBu+)20 and 
poly(1-tBu+)40 was 50 µg/mL for both bacteria (Table 2). 
Interestingly, the MIC of poly(1-tBu+)10 differed for E. coli  
(25 µg/mL) and MRSA (50 µg/mL). Similar to poly(1-tBu+)10, 
the block copolymer poly(1-tBu+)10-b-(1-H+)10 also resulted in 
MIC values of 25 and 50 µg/mL for E. coli and MRSA, respec-
tively, whereas the random copolymer poly(1-H+)10-r-(1-tBu+)10 
had an MIC value of 50 µg/mL for both bacteria. Differences 
in MIC values observed with Gram-negative and Gram-positive 
bacteria in the presence of antibacterial polymers are common 
and are typically ascribed to the specific outer membrane of each 
strain, which has been reported to impact the ability of bioactive 

compounds to diffuse into and/or interact with cellular mem-
branes (70, 76, 77).

Cationic polymers with MIC values for E. coli or MRSA ranging 
from as low as 2 µg/mL to >1000 µg/mL (no activity) have been 
reported in the literature (4, 5, 78). The measured MIC values are 
therefore promising for the future implementation of structure–
activity relationship studies owing to the modularity of the syn-
thetic route and the livingness of the ROMP process. Additionally, 
highly bactericidal cationic polymers may poorly discriminate 
between mammalian and bacterial cells (26), which prompted us 
to investigate the hemolytic activity of poly(1-H+) and poly(1-tBu+).

Table 2. Comparison of the MIC, HC50, and selectivity 
values of various homo- and copolymers

Sample
MIC (µg/mL)

HC50 (µg/mL)
Selectivity*

E. coli MRSA E. coli MRSA

poly(1-H+)10 50 50 220 4.5 4.5

poly(1-H+)20 50 50 160 3.3 3.3

poly(1-H+)40 50 50 100 1.9 1.9

poly(1-tBu+)10 25 50 740 30 15

poly(1-tBu+)20 50 50 210 4.3 4.3

poly(1-tBu+)40 50 50 200 4.0 4.0

poly(1-tBu+)10-b-
(1-H+)10

25 50 150 5.8 2.9

poly(1-H+)10-r-
(1-tBu+)10

50 50 130 2.6 2.6

*Selectivity is calculated as HC50/MIC.

Fig. 7. Hemolytic activity of (A) poly(1-H+), (B) poly(1-tBu+), and (C) copolymers 
poly(1-tBu+)10-b-(1-H+)10 and poly(1-H+)10-r-(1-tBu+)10 against RBCs as a function 
of polymer concentration in RBC solution. Polymers of DP values of 20 or 40 
were screened to maximum concentrations of 400 µg/mL due to their limited 
solubility in a majority phosphate-buffered saline (PBS) solution.

http://www.pnas.org/lookup/doi/10.1073/pnas.2311396120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2311396120#supplementary-materials
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Determination of the Selectivity of Poly(1-H+) and Poly(1-tBu+) 
via Hemolysis Assays. A major structural factor impacting the 
antibacterial and hemolytic activities is the amphiphilicity of the 
polymer. Hydrophobic groups facilitate the insertion and disruption 
of a bacterial cell membrane, however excess hydrophobic motifs 
often lead to increased lysis of red blood cells (RBCs) (4). The 
hemolytic activity of all synthesized polymers against human RBCs 
was assessed through a hemoglobin release assay. The amount of 
hemolysis, H, was plotted as a function of polymer concentration 
for each synthesized macromolecule and fitted using Eq. 3 (Fig. 7):

	 [3]

where [P] is the polymer concentration, and HC50 (defined as the 
concentration of a polymer sample that results in 50% lysis of 
RBCs) and n are variable parameters. The HC50 value for each 
sample was calculated by fitting the data with Eq. 3. The selectivity 
of poly(1-H+) and poly(1-tBu+) for bacterial cells over mammalian 
cells was subsequently determined using the ratio of HC50/MIC 
(Table 2).

Unsubstituted poly(1-H+) achieved a highest HC50 at a polymer 
concentration of 220 µg/mL for poly(1-H+)10 (Table 2). As the DP 
of poly(1-H+) increased from a 10-mer to 20-mer and 40-mer, the 
HC50 values became significantly smaller. This suggests that, while 
the molar mass of poly(1-H+) had little effect on antibacterial activ-
ity, it played a role on hemolytic activity, and therefore on the 
selectivity of the materials for bacterial cells. A similar trend was 
observed for poly(1-tBu+), even though the tert-butyl substituted 
polymer had a significantly higher HC50 value for poly(1-tBu+)10 
at 740 µg/mL. This sample resulted in the highest selectivity of 
poly(1-tBu+) against both E. coli and MRSA. A t test confirmed 
that there was no significant difference in the hemolytic data from 
poly(1-tBu+)20 and poly(1-tBu+)40 [t(18) = −0.080, P = 0.937, 
SI Appendix]. Interestingly, the polymers with the lowest HC50 
values (DP =10) contained the highest content of residual Ru 
(SI Appendix, Table S3). This observation aligns with our current 
hypothesis that Ru traces are not major contributors of the meas-
ured bioactivity of poly(1+). Copolymers poly(1-tBu+)10-b-(1-H+)10 
and poly(1-H+)10-r-(1-tBu+)10 that had a total DP of 20 cationic 
repeat units each were found to be both more toxic to RBCs than 
poly(1-H+)20 and poly(1-tBu+)20 homopolymers, with HC50 values 
of 150 and 130 µg/mL, respectively. Notably, no significant statis-
tical differences between the hemolytic activities of the block and 
random copolymers were observed [t(18) = 0.225, P = 0.824]. 
Overall, the shortest cationic polymer of the more hydrophobic 
tert-butyl series, poly(1-tBu+)10, exhibited the best selectivity for 
both strains of bacteria (30 for E. coli and 15 for MRSA). This 
finding will guide the synthesis of polymers based on the 
pyridinium-fused polynorbornene scaffold with optimized bacte-
ricidal activity and selectivity.

Conclusion

In summary, we developed a controlled synthesis of main-chain cat-
ionic polymers via ROMP of pyridinium-fused norbornene mono-
mers in EtOH using Ru-3. This precise process delivered 
macromolecules with tunable molar masses and cationic motifs inde-
pendent of the media pH without the need of postpolymerization 
modifications. The resulting polymers, poly(1-H+) and poly(1-tBu+), 
demonstrated antibacterial activity against both Gram-negative  
E. coli and Gram-positive MRSA. Owing to the livingness of the 
optimized ROMP process, modification of the polymeric structure 

was performed through manipulation of the monomer-to-initiator 
ratio, random copolymerization, as well as synthesis of block copol-
ymers via chain extension. In particular, the hydrophobicity around 
the cationic group was modulated through the addition of a lipophilic 
tert-butyl substituent on the pyridinium core. These modifications 
afforded MIC as low as 25 µg/mL against E. coli and 50 µg/mL against 
MRSA for poly(1-tBu+)10. Stark differences in hemolytic activities 
were measured across the pool of synthesized main-chain cationic 
polymers, which allowed the improvement of the selectivity value for 
bacterial cells over RBCs. In particular, shorter polymer chains 
(DP = 10) led to decreased hemolysis but maintained high bactericidal 
activity. Of note, the N-methylpyridinium-fused norbornene mon-
omers did not inhibit bacterial growth, which demonstrated the 
importance of the polymeric architecture on the bioactivity. This 
study emphasizes the importance of complete structural control in 
the optimization of the bioactivity and selectivity of antibacterial pol-
ymers, including the location of the cations within the macromolecu-
lar structure (28).

Methods

See SI Appendix for the Materials, Analytical, Monomer Synthesis, Polymerization 
Screening Procedures, Kinetics Study, and Copolymer Synthesis subsections.

ROMP of 1+ Catalyzed by Ru-3 Targeting Various DPs. In a nitrogen-filled 
glovebox, Ru-3 was weighed into a 1-dram vial. The vial was hermetically 
sealed with a cap and electrical tape and then removed from the glovebox. 
Outside of the glovebox, EtOH (20 µL) was added to the vial to obtain a homo-
geneous solution of Ru-3. In a flame-dried 1-dram vial equipped with a stir 
bar was added monomer 1-H+ or 1-tBu+ (0.10 mmol) under nitrogen, followed 
by EtOH (100 µL). An aliquot of the Ru-3 stock solution (10 µL, 1 equiv, see 
SI  Appendix, Table  S1 for specific amounts) was transferred to the solution 
of monomer 1-H+ or 1-tBu+ under nitrogen. The vial was then placed into a 
preheated oil bath at 60 °C, and the mixture was stirred for 3.5 h. Upon cooling 
to room temperature, ethyl vinyl ether (20 µL) was added, and the mixture was 
stirred for an additional 30 min. The crude mixture was diluted with d4-MeOD 
(~1 mL), an aliquot (~200 µL) was removed and further diluted with d4-MeOD 
(~400 µL). The diluted aliquot was used to determine monomer conversion 
via 1H NMR spectroscopy. The polymer in the remaining solution was precip-
itated by addition of Et2O, and the solid was isolated by centrifugation and 
decantation. The resulting material was dried under high vacuum at 70  °C. 
The material was then diluted to ~1.5 mg/mL with a solution of CF3CO2Na in 
TFE (C = 0.02 M) and analyzed by SEC.

Antibacterial Susceptibility Using Disk Diffusion Assays. Disk diffusion 
assays were conducted based on a previously published method (62) and Clinical 
and Laboratory Standard Institute (CLSI) guidelines (79). Whatman filter paper 
(Grade 3) was punched into 6 mm diameter disks using a hole puncher and 
sterilized via autoclave (80). Stock solutions of poly(1-H+)20 were made by dis-
solving the sample in either sterile DI water or DMSO, while stock solutions of 
poly(1-tBu+)20 were made by dissolving the sample in DMSO. Twofold serial 
dilutions were made by diluting the stock solution with its respective solvent. 
Test samples were prepared by pipetting 20 µL of a polymer dilution onto a filter 
disk, whereas the controls were loaded with 20 µL of solvent (no polymer). E. coli 
and MRSA were incubated in MHB at 37 °C with shaking (250 rpm) for 4 to 6 h 
until their logarithmic growth phase was reached in accordance with standards 
set by the CLSI. The liquid cultures of bacteria were diluted to an optical density 
(λ = 600 nm) of 0.1, which was approximately 108 CFU/mL and 107 CFU/mL, for 
E. coli and MRSA, respectively. Using a sterile cotton swab (Tifanso, Guangzhou, 
China), the bacterial suspension was streaked in three panes across the Mueller 
Hinton Agar plate (21 g/L MHB and 17 g/L agar in DI water autoclaved for 15 min 
at 120 °C). Agar plates were prepared using standard techniques and divided into 
six partitions for one control and five polymer dilutions (81). Inoculated disks 
were placed within each partition using flame-sterilized forceps. Agar plates 
containing samples were incubated for 16 h at 37 °C before the detection of a 
ZOI was used to determine the antibacterial susceptibility of a given polymer 
concentration.

H =
1

1 +

(

HC50

[P]

)n
,

http://www.pnas.org/lookup/doi/10.1073/pnas.2311396120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2311396120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2311396120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2311396120#supplementary-materials
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MIC Determination by Microdilution Assays. Standardized broth microdilu-
tion protocols were followed for the needs of each of the different polymers (71, 81).  
For aqueous-soluble antibacterial agents—poly(1-H+)—stock solutions were serial 
diluted with MHB in a 1:9 ratio before serial diluting the solutions twofold with 
MHB in 10 columns of a polypropylene 96-well plate. Each well contained a final 
volume of 50 µL of polymer solution. The bacteria suspension was diluted to a 
concentration of 106 CFU/mL before inoculating each well with 50 µL of bacteria. 
For non-aqueous-soluble antibacterial agents that require DMSO—poly(1-tBu+), 
poly(1-tBu+)-b-(1-H+), and poly(1-H+)-r-(1-tBu+)—the polymers were dissolved 
in DMSO before diluting with MHB in a 1:9 ratio. In the well plate, stock solutions 
were serial diluted twofold in the first column with MHB followed by a serial 
twofold dilution with 5% DMSO in MHB in subsequent columns.

The last two columns of the well plate contained a growth control of bacteria 
inoculated in MHB and a sterile control of MHB without bacteria. The well plates 
were incubated (37 °C) in a BioTek Synergy HTX Multimode microplate reader 
for 16 h with continuous orbital shaking. The absorbance at λ = 600 nm was 
measured every 20 min. The MIC was determined as the lowest concentration 
that prevented the growth of bacteria.

Hemolysis Assays Using Human RBCs. Human RBCs were centrifuged 
(Eppendorf 5424 centrifuge) for 5 min at 1,500 rpm. The RBC pellet obtained was 
resuspended in PBS, and this procedure was repeated three times to remove the 
plasma and buffy coat. The 50% suspension of erythrocytes was diluted 20-fold 
in PBS to afford a 2.5% RBC suspension. All polymers were dissolved in DMSO at 
an initial concentration of 64,000 µg/mL, and each sample was serially diluted 
twofold to achieve the desired concentrations of polymer in DMSO.

Aliquots (10 µL) of each polymer dilution were added to a 96-well plate. To 
each well was added 90 µL of PBS and 100 µL of the 2.5% RBC suspension gen-
erating a total volume of 200 µL of a 1.25% suspension of cells with polymers at 
the desired concentration. The plates were incubated at 37 °C for 30 min. After the 
solutions from each well were centrifuged for 5 min at 1,500 rpm, 20 µL aliquots 
of the supernatants were transferred to a new 96-well plate and were diluted with 
80 µL of PBS. The absorbance of hemoglobin present in the sample of each well 
was measured at 450 nm using a GlowMax-Multi+ plate reader. By incubating 

the RBC with 0.1% Triton X-100, 100% hemolysis data (positive control) were 
obtained. Background hemolysis (negative control) was evaluated by incubating 
the RBCs in 5% DMSO in PBS. All experiments were done in triplicate.

Hemolysis (H) for each sample was determined using Eq. 4:

	 [4]

where OD450(S) is the optical density of the treated sample, OD450(–) is the optical 
density of the negative control, and OD450(+) is the optical density of the posi-
tive control. The data for the hemolysis assays are summarized in SI Appendix, 
Table S3. The hemolytic activity of monomers 1-H+ and 1-tBu+ was evaluated 
using the same protocol (SI Appendix, Fig. S11).

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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