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Abstract 

The one-pot synthesis of antimicrobial bottle brush copolymers is presented. RAFT polymerization is 

used for production of the polymeric backbone, as well as for the grafts, which were installed using a 

grafting from approach. A combination of N-iso propyl acrylamide and a Boc protected primary amine-

containing acrylamide was used in different composition. After deprotection polymers featuring 

different charge densities were obtained in both, linear and bottle brush topology. Antimicrobial 

activity was tested against three clinically relevant bacteria strains and growth inhibition was 

significantly increased in bottle brush copolymers. Blood compatibility investigations revealed strong 

hemagglutination for linear copolymers and pronounced hemolysis for bottle brush copolymers. 

However, one bottle brush copolymer with a 50% charge density strong antibacterial activity and 

negligible blood toxicity resulting in selectivity values as high as 320. Membrane models were used to 

probe the mechanism of shown polymers, which was found to be based on membrane disruption. The 

trends from biology are accurately reflected in model systems indicating that differences in lipid 

composition are responsible for selectivity. However, bottle brush copolymers were found to possess 

increased cytotoxicity against HEK cells when compared with linear analogues. The introduced 

synthetic platform enables screening of further parameters associated to bottle brush copolymers, 

which might lead to even better activity profiles. 

 

Introduction 

Antimicrobial resistance (AMR) is an increasingly serious problem to our society and the World 

Health Organization asserted it to one of humanities top 10 global public health threats.1 The 

non-therapeutic and overuse of antibiotics leads to an increasing number of bacteria which 

are resistant against these drugs.2, 3 Through the loss of effective antibiotics, also many 

advantages of modern medicine are in jeopardy, as resistant bacteria endanger immune 

compromised patients among others.4, 5 



One possible solution for this problem are antimicrobial polymers (AP)s.6, 7 These 

macromolecules are able to kill bacteria through interaction with the cellular membrane of 

the microorganism.8-10  A typical AP possesses cationic and hydrophobic building blocks. The 

cationic units interact with the negatively charged lipid bilayer of the bacterial cell envelop 

through electrostatic interactions. Upon binding to the cell, the hydrophobic component of 

the AP inserts itself into the membrane causing disruption and cell death.11, 12  

Because of the non-specific nature of this interaction between the polymer and the bilayer, 

the development of a resistances against APs is far less likely when compared to common 

antibiotics.7, 13 Here, small genetic adaptions are usually sufficient to develop a resistance,14 

e.g. via efflux pumps 15 or target alteration.16 However, these strategies are inefficient against 

APs, and it was shown that cultivating bacteria in the presence of sub-lethal concentrations of 

APs does not result in a change of the minimum inhibitory concentration (MIC).7, 17 

Different parameters can influence the antimicrobial activity and toxicity of APs. Common 

factors to regulate the selectivity of antimicrobial materials are for example the amphiphilic 

balance,18-21 or the used type of cations. 19, 22-25 In addition, the polymer topology is an 

important factor which influences the properties of APs. 

Antimicrobial macromolecules can be designed to have different structures, such as block7, 17, 

26, 27, star shaped28, 29 or bottle brush copolymers.30, 31 Our previous work has shown that an 

APs with a bottle brush architecture possess lower blood toxicity, and a higher antibacterial 

activity, compared to linear polymers with the same composition.30  

However, the previously used strategy to first synthesize side chains featuring norbornene 

functionalities via reversible addition-fragmentation chain-transfer (RAFT) polymerization, 

and subsequently produce bottle brushes via a grafting-through approach, by polymerizing 

the norbornene groups with ring-opening metathesis polymerization (ROMP) had certain 

disadvantages. It was difficult to control parameters like side chains length, the length of the 

bottle brushes, and also the grafting density could not be varied in a straightforward way. 

For this reason, a new route to synthesize antimicrobial bottle brushes was developed within 

this contribution, enabling straightforward access to structural variation in an easy process. 

To produce bottle brush copolymers with controlled backbone and side chain length, RAFT 

polymerization was used for both polymerization steps. This polymerization technique was 

chosen because it is a versatile and robust method to synthesis highly functional polymers in 

a controlled manner.7, 32-34 To overcome previous limitation a grafting-from approach was 

used to synthesis antimicrobial bottle brushes. (Scheme 1)  



 

Scheme 1: Schematic representation of the one-pot synthesis of antimicrobial bottle brushes 

via an all-RAFT polymerization strategy, as well as the proposed interaction with bacterial 

cellular membranes 

By the use of a grafting-from strategy it is possible to vary side chains length and length of the 

polymeric backbone independent of each other.33, 35, 36 It was shown that it is possible to 

synthesis complex bottle brush architectures via a combination of grafting-from and RAFT 

polymerization.33 

The general strategy, which was used in this report is the synthesis of a polymeric backbone 

in a first polymerization step, followed by the functionalization of this polymer with chain-

transfer agents (CTA)s to obtain a polyCTA. In a second RAFT polymerization, grafted side 

chains are generated by a grafting-from method. Here, cationic and hydrophobic units were 

introduced into the side polymer to produce polymeric bottle brushes which are antimicrobial 

active.  

To achieve a beneficial amphiphilic balance N-isopropyl acrylamide (NIPAM) and N-

tertbutoxycarbonyl-amino ethyl acrylamide (BocAEAM) were used, where NIPAM acts as the 

hydrophobic part which enables membrane disruption, and BocAEAM after deprotection 

possesses primary amine groups, which can interact with the cellular membrane of bacteria. 

To develop a method to synthesize antimicrobial bottle brushes as easy and modular as 

possible, a one-pot approach via RAFT polymerization, where only the final polymer needs to 

be purified via precipitation before deprotection was pursued.  

In addition, the positive influence of the bottle brush architecture for applications as 

therapeutical antimicrobial agents should be shown. Therefore, the materials demand low 

cytotoxicity, in particular against red blood cells combined with high antimicrobial activity. As 

shown before, the structure of APs influences their performance. 17, 28, 30 To have a closer look 



to this parameter the antimicrobial activity and hemotoxicity of bottle brush copolymers, as 

well as their interaction with artificial membrane models will be compared to linear statistical 

copolymers, which mimic the side chains of the tested bottle brushes.  

 

Results and Discussion 

To create a synthetic strategy where different parameters like side chain length, grafting 

density or the composition of the side chains can be easily varied a grafting-from methodology 

in a one-pot approach was chosen. This strategy gives advantages like simple reaction 

conditions, no purification between reaction steps while respective polymerization reactions 

are still controlled. 

To produce bottle brush copolymers using the one-pot strategy outlined in Scheme 1, the first 

step was to synthesize the polymeric backbone. Therefore, 2-Hydroxyethylacrylamide (HEAm) 

was selected, because the hydroxy group of the monomer gives the opportunity to 

functionalize the backbone with a CTA in a subsequent reaction step to produce a PolyCTA. 

Dimethylformamide (DMF) was found to be ideal as a solvent, as it is able to dissolve all educts 

and products during the one-pot procedure.  

Trithiocarbonates are typical CTAs for RAFT polymerizations, often featuring an R-group 

containing a carboxylic acid function.37, 38 However, such a CTA would lead to side reaction 

while coupling the CTA to the polymeric backbone via an esterification reaction to obtain a 

PolyCTA. To avoid inadvertent coupling, an amine was coupled to propanoic acid butly trithio 

carbonate (PABTC) to deactivate the carboxylic acid (Scheme S1). Through this reaction butyl 

(1-(butyl amino)-1-oxopropan-2-yl) carbonotrithioate (Amid-PABTC) was synthesized, a CTA 

which is able to control polymerization of the backbone while being inactive in esterification 

reactions. The success of this coupling was determined via 1H-NMR spectroscopy (Figure S1). 

Using Amid-PABTC as CTA in a RAFT-polymerization process, a well-defined pHEAm could be 

obtained with a dispersity of 1.41 (Figure 1). The polymerization was performed using 4,4'-

Azobis(4-cyanopentanoic acid) (ACVA) as an initiator at 85 °C for 4 h, and conversion was 

found to be quantitative (96%). Purification was not necessary, which is an important 

prerequisite for the outlined strategy. As mentioned before a Steglich-like esterification with 

1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC-HCl) and 4-

Dimethylaminopyridine (DMAP) as coupling reagents was used to connect, the carboxylic 

group of PABTC with the hydroxy group of pHEAm backbone. While PABTC was used in an 

excess to ensure quantitative functionalization, non-consumed CTA can be left in the reaction 

mixture as it can be used as a shuttle CTA.39 The use of a shuttle CTA is necessary as 

synthesizing bottle brushes via the grafting-from approach from a linear backbone with high 

density of bound CTA functionalities can lead to undesired coupling reactions, when the CTA 

is bound via its R-group. In addition, the active radicals are often trapped within their 

individual polymer bottle brush and cannot efficiently be transferred between brushes, 

limiting molecular weight control. More importantly, driving the reaction to high conversions 

will lead to brush-brush coupling, severely increasing dispersity.  Through the use of a shuttle 

CTA these problems can be overcome, as radicals are transferred between brushes and 

bimolecular termination does not necessarily lead to brush-brush coupling, as first described 



by Müller and coworkers.39-41 Beside its positive influence on polymerization control, the use 

of a shuttle CTA has the advantage that simultaneously linear polymer chains are produced, 

which mimic the side chains of the bottle brushes, and can be analyzed separately, thus giving 

an impression of the molecular weight distribution of grafted chains.33 To analyze the different 

intermediate steps 1H-NMR and size exclusion chromatography (SEC) was used. In 1H-NMR 

spectroscopy, the success of backbone functionalization can be seen by the disappearance of 

the signal of the CH2-group (at 3.58 ppm) which is adjacent to hydroxyl group (Figure 1). This 

indicates near quantitative functionalization of monomer units and a high grafting density. In 

addition, SEC analysis shows promising results for the functionalization step, as a PolyCTA was 

produced with a monomodal SEC curve and a dispersity of 1.38. Also, a clear shift to higher 

molar mass can be seen in comparison to polymeric backbone.  

 

Figure 1: Comparison between pHEAm backbone and PolyCTA. A) 1H-NMR spectra (solvent 

was D2O and CDCl3) Black mark: Illustrating disappearance of the signal of CH2 group which 

was next to hydroxy group within the polymeric backbone to demonstrate the success of 

PABTC functionalization. B) SEC curves (Eluent was NMP at 60 °C, using a poly(styrene) 

calibration).  

With the synthesized PolyCTA it was possible to graft side chains directly from the backbone 

and therefore to vary properties like side chain length or composition. To probe this ability, 

bottle brush copolymers were synthesized using only NIPAM and later with statistical 

pNIPAM-stat-BocAEAM copolymer side chains, using ACVA at 85 °C for 4 h. To prove that it is 

possible to vary side chain length three bottle brushes were synthesized with pNIPAM side 

chains and a degree of polymerization (DP) of 10, 20 or 30 respectively. As it can be seen in 

the SEC graphs (Figure 2) a clear increase in molar mass can be identified with increasing side 

chain length. While the curves are monomodal and the dispersity is below 1.25.  



 

Figure 2: SEC traces of bottle brush copolymers and linear polymers featuring pNIPAM side 

chains with different graft lengths. THF was used as an eluent and a PS calibration was used. 

The next step was to synthesize antimicrobial bottle brushes using the produced polyCTA. As 

the amphiphilic balance is the most important parameter in the design of antimicrobial 

polymers, various comonomer ratios were targeted. To limit the number of samples, side 

chain length was kept constant to DP 20. Therefore, statistical copolymer side chains were 

targeted with different ratios of BocAEAM and NIPAM (BB-series). To optimize antimicrobial 

activity and toxicity the composition was varied between 20 % to 70 % of cationic subunits. 

NIPAM was used as hydrophobic comonomer, with a comparable low hydrophobicity and 

mimicking the structure of the amino acid leucine. Previous studies have shown that NIPAM 

is well suited for such applications due to the resulting low toxicity.7, 30 RAFT polymerization 

was performed using ACVA as initiator at a temperature of 85 °C for 4 h achieving near 

quantitative conversion (> 95 %) in each case. 

 

After this polymerization step the linear chains can be separated from the bottle brush via a 

simple precipitation, as linear chains can be solubilized in cold diethyl ether while bottle brush 

copolymers are insoluble in this medium. After deprotection of cationic units using 

trifluoroacetic acid (TFA) the final antimicrobial bottle brushes were obtained. Success of the 

deprotection reaction was verified via 1H-NMR spectra by disappearance of the methyl signal, 

which is associated with Boc protection group (Figure S2). The overall process was well-

controlled resulting in low dispersed brush copolymers and linear chains (Table 1). 

 Table 1: Analytical Data of Bottle Brush Copolymers 

 

   
Ratio 

(NIPAM:BocAEAm) 

before 

deprotection[a]  

after deprotection  

      
PEG calibr.[b] MALLS calibr. [b] 

Sample Conversion 

(%) 

Graft 

DP[c]  

theor. measured Mn 

(g mol-1) 

Ð Mn 

(g mol-1) 

Ð Mn 

(g mol-1) 

Ð 



[a] In THF using a PS-calibration.  

[b] The Eluent was water with 0.1 M NaCl and 0.3 V% formic acid using a PEG-calibration or MALLS calibration. 

[c] Determined via 1H-NMR in CDCl3 

While it was easy to separate bottle brush copolymers from the residual reaction solution, the 

purification of respective linear chains (OPL-series) from DMF proved to be difficult. Data from 
1 H-NMR and SEC analysis of OPL directly from reaction solution are still presented in Table 1 

as definition of shuttle chains is indicative of grafted side chains in bottle brushes. However, 

for later biological tests a separate set of linear chains was produced separately in a different 

solvent (dioxane, L-series). Comparison of respective data on molecular weight and 

composition before deprotection shows a high degree of similarity. (Figure S3, Table S1&2). 

The composition of synthesized copolymers was determined by 1H-NMR spectroscopy 

comparing the signals of the Boc protection group (BocAEAm) with the methyl signal of NIPAM 

(Figure S2). The obtained monomer ratios match closely with the feed ratios of the 

polymerization indicating successful copolymerization reactions. The composition of BB and 

OPL were determined from the crude reaction solution and are therefore identical. Data 

obtained from the L-series are comparable with minor deviations. 

Also, after deprotection 1H-NMR spectra were recorded to probe if monomer ratios match 

with previous data. Therefore, the signals of the two alkyl groups between the secondary 

amine and the ammonium group was compared with the methyl signals of NIPAM.  It could 

be seen that also after deprotection the ratios are comparable between the L- and the BB- 

series and are nearly identical to the measured values which were obtain before deprotection 

step with marginal deviations (Table S3).  

Initial analysis of molecular weight distribution of protected copolymers was performed from 

reaction solution of protected polymers using THF as eluent (Figure S4). While the targeted 

graft length was held constant, linear chains show a small increase in Mn with increasing 

Bottle brush copoylmers 

BB 20 93 14 80:20 79:21 30,500 1.16 43,500 1.17 524,300 2.47 

BB 30 95 14 70:30 71:29 31,600 1.16 50,800 1.20 180,900 1.01 

BB 40 96 13 60:40 62:38 36,400 1.18 57,300 1.23 173,300 1.02 

BB 50 97 17 50:50 53:47 18,400 1.15 43,900 1.22 102,500 2.14 

BB 60 95 16 40:60 43:57 21,500 1.14 44,800 1.22 125,200 1.28 

BB 70 97 19 30:70 32:68 26,200 1.14 47,400 1.18 166,900 1.02 

Linear chains (from one pot approach)        

OPL 20 93 14 80:20 79:21 2,000 1.12 - -   

OPL 30 95 14 70:30 71:29 2,300 1.11 - -   

OPL 40 96 13 60:40 62:38 2,400 1.11 - -   

OPL 50 97 17 50:50 53:47 2,400 1.13 - -   

OPL 60 95 16 40:60 43:57 2,500 1.13 - -   

OPL 70 97 19 30:70 32:68 2,700 1.07 - -   

Linear chains (synthesized separately) 

L 20 98 18 80:20 78:22 2,200 1.13 2,200 1.34   

L 30 96 18 70:30 67:33 2,300 1.13 2,600 1.36   

L 40 97 19 60:40 58:42 2,600 1.09 3,500 1.28   

L 50 96 20 50:50 50:50 2,600 1.12 3,800 1.21   

L 60 95 18 40:60 39:61 3,500 1.30 4,300 1.19   

L 70 95 18 30:70 33:67 3,600 1.29 5,000 1.16   



content of BocAEAm, a trend that has been observed before.30 Still, all values are in the same 

range and dispersity is low (< 1.2). As expected, respective bottle brush copolymers show 

significantly increased molecular weight. Here, no obvious trend regarding the molecular 

weight can be observed. It should however be noted that measurements were calibrated with 

a linear standard (poly(styrene)) which does not accurately reflect the grafted nature of the 

BB-series. Also, comparison between OPL and L series shows a high degree of similarity 

(Figure S3). 

Because the counterion can influence the properties of bottle brushes42 it was necessary to 

exchange the TFA counterion by a chloride ion. Therefore, aqueous solutions of bottle brush 

copolymers were prepared, and dialyzed against sodium chloride solution (0.1 M), a diluted 

aqueous solution of HCl (pH = 4), and finally deionized water (3.7·10-4 mol L-1) via ultra-

filtration (10kDa MWCO). During this process all residual small molecules and linear chains 

were washed out. Acidification was necessary, as otherwise primary amine groups could react 

with the terminal trithiocarbonate groups and create thiol functionalities via aminolysis, which 

in turn could lead to gelation under presence of oxygen. When comparing SEC curves of the 

bottle brushes which were measured directly after the exchange of counterion and SEC curves 

which were recorded one month later, it can be seen that cross linking was suppressed 

effectively (Figure S5). 

To exchange counterion within the L-series ion exchange resin beads (AmberLite® HPR4800 

Cl) were used. Hence, the linear polymers were dissolved in water (31.5 mol L-1) and filtered 

through the resin. Afterwards the solvent was removed under reduced pressure. 

After deprotection it was possible to analyze copolymers using an aqueous SEC setup. The 

acidic eluent (0.3V % formic acid and 0.1M NaCl) was ideally suited for cationic polymers. The 

SEC curves of the deprotected bottle brushes and linear chains are shown in Figure 3. 

Obtained curves are unimodal, indicating the absence of unwanted side reactions (e.g., 

aminolysis) during deprotection and purification. As linear chains produced during bottle 

brush synthesis were not purified, deprotection and SEC analysis was not attempted. 

Deprotected bottle brush copolymers show excellent definition, comparable to values 

obtained before deprotection. Again, the molecular weight is similar for all members of the 

BB-series. Linear chains showed increased dispersities, which could however be associated to 

the PEG calibration that might not accurately reflect chain in lower size regime. The unimodal 

nature of the curves indicates absence of chain coupling during deprotection (Figure 3). Also 

here, monomer ratio seems to influence hydrodynamic behavior significantly for linear chains, 

as indicated by increasing molecular weight within the series. Overall, cationic bottle brush 

copolymers could be synthesized in a one-pot procedure in high definition.   



 

Figure 3: Comparison of SEC curves of bottle brush and statistical copolymers with varying 

composition. The eluent was water with 0.1M NaCl + 0.3 V% formic acid and a PEG calibration 

was used. 

To test antimicrobial activity of the produced polymers and investigate the influence of 

polymer topology and composition, the minimum inhibitory concentration (MIC) against 

gram-negative and gram-positive bacteria was determined (Figure 4, Table 2, Figure S6). As 

gram negative strains Escherichia coli (E. coli) and Pseudomonas aeruginosa (P. aeruginosa) 

were used and a methicillin and oxacillin resistant strain of Staphylococcus aureus (MRSA) as 

a gram-positive example. Using MRSA it can be shown that the synthesized polymers are 

effective against bacteria which have developed resistances to conventional antibiotics. E. coli 

was chosen as it represents a common strain in hospitals (for example in catheter infection), 

and  P. aeruginosa as it was listed 2017 by the WHO as one critical pathogens were research 

and development of new antibiotics needed.43  

 

Figure 4: Comparison of MIC values of different antimicrobial polymers against three bacterial 

strains depending on their polymer architecture.  

 

 

 

 



Table 2: Biological activity and hemocompatibility of bottle brush and linear copolymers. 

Topology 

Cationic 

comonomer 

content  

(%) 

MIC 

(µg mL-1) 

Hemocompatibility 

(µg mL-1) 
Selectivity[d] IC50  

(µg 

mL-1) EC[a] PA[a] MRSA Hc10
 cH

[c]
 EC[a] PA[a] MRSA 

BB-series 

20 520 1024 >1024 < 40 > 5120 < 0.08 < 0.04 < 0.04 35 

30 128 128 128 < 40 > 5120 < 0.31 < 0.31 < 0.31 56 

40 16 32 64 80 > 5120 5 2.5 1.25 62 

50 16 64 64 > 5120 > 5120 > 320 > 80 > 80 151 

60 16 32 32 640 5120 40 20 20 22 

30 32 32 32 640 > 5120 20 20 20 20 

L-series 

20 256 >1024 >1024 640 320 1.25 < 0.31 < 0.31 >1000 

30 64 1024 >1024 1280 320 10 0.63 < 0.63 >1000 

40 16 1024 >1024 2560 160 10 0.16 < 0.16 >1000 

50 32 512 >1024 2560 320 10 0.63 < 0.31 >1000 

60 32 128 256 640 320 10 2.5 1.25 420 

70 32 64 64 1280 160 5 2.5 2.5 392 

[a] EC = E. coli and PA = P. aeruginosa. [b] Hc10 is minimum concentration with less than 10 % 

hemolysis. [c] cH is minimum concentration were polymer induced aggregation of red blood 

cells as observed visually. [d] Selectivity: lowest value among Hc10 and cH divided by MIC value 

of respective bacteria. 

 

MIC tests revealed a distinct difference between the two investigated topologies. While both 

polymer types were active against E. coli, the other two bacteria strains were only efficiently 

inhibited by bottle brush copolymers with MIC values as low as 32 µg mL-1. Linear copolymers 

were only reaching lower inhibition concentrations at high charge densities with a minimum 

of 64 µg mL-1. The tested bottle brush copolymers on the other hand showed a pronounced 

growth inhibition of all tested bacteria at all charge densities except 20%. In general, 

antimicrobial activity increased with increasing content of cationic subunits. Similar effects 

were also observed in previous studies.17, 30  

The positive effect of multivalent presentation in a bottle brush architecture is remarkable as 

it was previously reported that an increase in molar mass leads to a decreased antimicrobial 

activity, especially against gram positive bacteria due to their thicker peptidoglycan layer (cell 

wall) that was reported to “sieve” out larger macromolecules before they reach the 

membrane.44 However, here it is shown that the presented bottle brushes not only show 

comparable antimicrobial activity against gram negative and gram positive bacteria, they also 

vastly outperform their linear counterparts, while possessing a molecular weight which is 

approximately 100 fold increased. It should be noted that compared to linear copolymers, 

bottle brushes are rather compact, showing a decreased hydrodynamic volume for respective 

molecular weights. We could also demonstrate that membrane interaction is more efficient 

for such a multivalent presentation of APs,45 which, ignoring discrimination by cell wall sieving, 

fits with the observed decreased MIC values. Overall, bottle brushes show a remarkable broad 



band activity against all strains tested, whereas their linear counterparts lack activity for two 

important strains. 

Another important parameter is the compatibility with mammalian cells. Red blood cells 

(RBCs) are used for this purpose frequently, as they represent the first object an injected 

polymer would face. To test hemocompatibility hemolysis (Hc10) and hemagglutination (cH) 

tests were performed (Figure 5, S7, S8). The results show distinct differences between bottle 

brush and linear copolymers. In the tested concentration range (between 40 µg mL-1 and 

5120 µg mL-1) no hemagglutination was observed for bottle brushes while the linear chains 

led to aggregation of RBCs even at relatively low concentrations around 320 µg mL-1. This is in 

agreement with our previous work where we could demonstrate that the confined nature of 

side chains in a bottle brush and the limited degrees of freedom, preventing cross linking 

between liposomes.45 In contrast, the linear chains perform better comparing the results of 

hemolysis tests. This effect was expected as multivalence and confinement of bottle brushes 

leads to increasing membrane activity as also obvious for bacterial cells. In our tests, higher 

charge densities correlate with lowered hemolytic activity. This impact can be explained by 

the correlation between hydrophobicity and RBC lysis. 12, 20, 46-48 The best results were 

achieved for bottle brush BB50, as this was the only polymer which led neither to hemolysis 

nor hemagglutination in the tested concentration range.  

 

Figure 5: Comparison of hemolysis (Hc10; square, solid) and hemagglutination (cH; dot, dashed) 

values of different antimicrobial polymers depending on their architecture and cationic 

comonomer ratio. 

Through determination of blood toxicity and MIC it was possible to calculate the selectivity of 

investigated copolymers (Figure 6) using equation 1 which is a useful benchmark for 

antimicrobial materials. 

 

For the calculation the lowest value of either Hc10 or cH was used to reflect the lowest 

concentration of blood toxicity.  

(1) 



 

Figure 6: Comparison of selectivity against E. coli, MRSA or P. aeruginosa of different 

antimicrobial polymers depending on their cationic comonomer ratio and architecture. 

 

Considering selectivity, the remarkable improvement of performance when transitioning from 

a linear to a bottle brush architecture becomes apparent. While linear copolymers show very 

low values owing to their limited antibacterial activity in combination with their pronounced 

hemagglutination, bottle brush copolymers above a cationic charge content of 50% show high 

selectivity values. In particular BB50, with a selectivity around 80 for MRSA and P. Aeruginosa 

as well as around 320 for E. coli is a promising candidate. Here the combination of membrane 

activity and the absence of hemotoxicity leads to a pronounced selection of bacterial 

membranes for tested strains including resistant Staphylococcus aureus. 

To verify that the shown antibacterial activity is a result of the desired membrane-lytic 

mechanism we further investigated the performance of the synthesized materials using 

liposomes, that mimic the composition of different membranes. As such we produced large 

unilamellar vesicle (LUV)s based on three different phospholipid mixtures representing RBC, 

E. coli and Staphylococcus aureus (SA) respectively. These vesicles were loaded with calcein in 

a concentration which shows a reduced fluorescence due to self-quenching effects. Upon 

membrane disruption the concentration of the dye decreases resulting in an increase in 

fluorescence signal.[50] These constructs were incubated with L50 and BB50, since this 

composition showed the best results in terms of selectivity. The results (Figure 7) reflect the 

biological data accurately in a qualitative way. Polymers showed membrane permeabilization 

for both E. coli and SA mimicking LUVs indicating that the cell toxicity is indeed based on 

membrane disruption. Comparing EC50 values between the two polymers also reflects the 

trend found in MIC values. While there is little difference between the activity of both polymer 

for E. coli, liposomes mimicking SA are disrupted by BB50 at much lower concentrations 

compared to L50, which accurately resembles the trend from real bacteria. For RBC mimics no 

significant dye release was detected within the tested concentration range. This also reflects 

the findings from hemolysis tests where neither L50 nor BB50 showed a pronounced 

hemolytic activity. The measurements confirm the membrane activity of herein presented 

polymers and indicate that the selectivity and activity profile is a function of the varying lipid 

composition of membranes from different cell types. 



 

 

Figure 7: Dye leakage studies of BB50 and L50 in combination with LUVs mimicking E. Coli, S. 

Aureus, and RBC respectively using time resolved fluorescence spectroscopy using an 

excitation wavelength of 490 nm and an emission wavelength of 525 nm. Dashed arrows 

indicate addition of polymer at the beginning of each measurement and Triton X at the end. 

Measurements are normalized to initial fluorescence (0%) and fluorescence after complete 

release via surfactant addition (100%). EC50 values were determined using a Hill fit using Origin 

software. 



 

A further analysis which is often overlooked in reports dealing with antimicrobial polymers is 

the cytotoxicity against mammalian cells other than RBCs. However, blood compatibility in 

such polymers is not necessarily indicating absence of cytotoxicity in general, as shown for 

linear copolymers, where high charge densities lead to decreased compatibility with human 

cell lines.13 To probe our systems we used an MTS assay on HEK cells, which were incubated 

with various polymer concentrations for 48 h. Cell viability reflects the compatibility of cells 

with the respective macromolecules (Figure 8). Here, linear copolymers are significantly more 

biocompatible with IC50 values above the highest tested concentration (1000 µg mL-1) with 

only two exceptions at high charge densities. Bottle brushes mostly show IC50 values below 

100 µg mL-1 with one exception: BB50. The bottle brush copolymer, which also displays highest 

selectivity values is also tolerated best by HEK cells under the conditions of the assay. As such 

the trend regarding toxicity as a function of charge density is similar to hemolysis, but adverse 

effects are much more pronounced for HEK cells. Microscopic pictures indicate cell lysis under 

toxic conditions strongly suggesting a membrane lysis responsible for cell death (Figure S10). 

An interesting finding in this regard is the correlation with cationic charge density leading to 

increased toxicity at high positive charges. This indicates that hydrophobic units might not be 

as essential for the mode of action of the present polymers. Indeed, the group of Chan-Park 

described very successful antimicrobial polymers without hydrophobic subunits.49, 50 Boyer 

and coworkers reported an increase in cytocompatibility with the introduction of hydrophilic 

comonomers in ternary polymers.51 As such, this strategy might also be worth investigating 

for polymers possessing a bottle brush architecture. 

 

Figure 8: Cytotoxicity of antimicrobial polymer possessing a linear or a bottle brush topology, 

as determined using HEK cells. Cell viability was measured after 48 h incubation with the 

respective macromolecule at varying concentration using an MTS assay. Measurements were 

normalized using viability values from untreated cells (100%). Concentration dependent 

viability values (as a result of triplicates of triplicates) can be found in Figure S9 and IC50 values 

were determined using a nonlinear fit with variable slope using Prism software. 

Conclusion 

In summary, we introduced a new, straight froward way to produce antimicrobial bottle brush 

copolymers in a one-pot procedure using RAFT polymerization as the sole tool for synthesis of 

macromolecules. Briefly, polymer featuring hydroxy units in the side chain were functionalized 



with CTA molecules and linear antimicrobial building blocks were grafted via RAFT 

polymerization. Brush synthesis was highly controlled, which in part is attributed to the shuttle 

approach, producing linear chain alongside grafted structures. Linear polymers can easily be 

separated from the bottle brush copolymers via precipitation and linear (L-series), as well as 

brush (BB-series) copolymers were activated via removal of Boc protection groups. To 

investigate the influence of charge density on the biological activity, polymer with various 

cationic comonomer contents (20-70%) were produced. 

Screening of polymers against three clinically relevant bacteria strains showed a drastic 

increase in activity for bottle brush structures for both gram-positive and gram-negative 

bacteria. This is remarkable as literature suggests that especially in the case of gram-positive 

bacteria, the thick cell wall protects the membrane from polymers when their molecular 

weight is too high. Blood compatibility gave mixed results as linear chains were highly 

hemagglutinating, whereas brushes showed hemolysis as main mechanism for toxicity. A 

bottle brush copolymer with a content of cationic comonomer of 50% (BB50) however was 

exceptionally hemo-compatible resulting in selectivity values up to 320 for E. Coli and 80 for 

MRSA and P. Aeruginosa. This trend regarding membrane selectivity was also confirmed 

artificial membrane model in the form of vesicles. 

These excellent results are relativized by a significant incompatibility of polymers of the BB-

series with HEK cells, an effect that wasn’t detected for linear copolymers. However, also here 

BB50 showed the highest biocompatibility among bottle brushes. This study further highlights 

the importance of polymer topology in the context of antimicrobial polymers and how the 

biological activity of such polymers can be modulated via changes in architecture. The 

developed synthetic protocol enables us to probe the parameter space of bottle brush 

copolymers further, for instance in terms of brush length, side chain length, grafting density 

among others. Also, the introduction of a third monomer type implementing hydrophilic 

subunits will be investigated in the future. 
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