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Polymers are options as antimicrobials for skin protection, antifouling surfaces, and fabrics. 
Here we analyzed the interaction of polymers based on poly(methacrylate) (PMMA) and 
poly((dimethylamino ethyl) methacrylate) (PDMAEMA) with model membranes and bacteria. We 
used the homopolymers PMMA, PDMAEMA, and the diblock copolymer(s) prepared with different 
PMMAm:PDMAEMAn ratios (m/n). The interactions of PDMAEMA and PMMAm‑b‑PDMAEMAn 
with large unilamellar vesicles (LUVs) prepared with phosphatidylcholine and phosphatidylglycerol 
at different pHs, were analyzed by nuclear magnetic resonance (NMR), dynamic light 
scattering, and zeta potential. These polymers promoted LUVs leakage of a fluorescent probe 
(5,6-carboxyfluorescein) localized exclusively in the internal aqueous compartment. Interestingly, 
all copolymers exhibit a bell-shaped pH dependence for the polymer-induced LUVs leakage. The 
interaction of the positively charged polymers and the pH effect was also demonstrated using giant 
unilamellar vesicles. These copolymers inhibited bacterial growth in the micromolar range and 
can be used to prevent bacterial growth on surfaces.
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Introduction

Antimicrobial polymeric materials (APMs) are options 
to prepare antifouling surfaces, antimicrobial fabrics, and 
decontamination systems.1,2 As polymeric materials can be 
immobilized on surfaces or particles, their antimicrobial 
properties only depend on cell membrane interactions, with 
no internalization. Depending on the application, these 
properties, and low mammalian toxicity, make polymers 
more functional than small molecules such as antibiotics.3,4

The most common APMs consist of cationic polymers 
with permanent or pH-dependent charges.5 The antibacterial 
activity of APMs depends on coulombic interactions with 
the negatively charged membranes of Gram-negative and 
Gram-positive bacteria.6 Negatively charged phospholipids 

in the cell wall of Gram-positive bacteria, such as teichoic 
and lipoteichoic acids, and many others negatively charged 
on the outer membrane of Gram-negative bacteria, are the 
primary targets for such interactions.7 Liposomes bearing 
negatively charged lipids have proven a valuable model 
to study interactions that play a fundamental role in the 
antibacterial effects. In negatively charged liposomes, 
following initial electrostatic interactions, a hydrophobic-
dependent membrane penetration of the antimicrobial 
agent occurs.8

APMs bound to the bacterial surface change cell 
permeability and produce inner K+ loss and bacteriostasis.5-7 
Fungi and enveloped viruses are also susceptible to cationic 
polymers by mechanisms that depend on coulombic 
interactions at the cell surface.9 Metal chelation and 
hydrophobic interactions have also been invoked to play 
roles in the antimicrobial effects of polymers, mainly when 
the coulombic result is weak.10 
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Many factors are related to the polymer’s capacity to 
kill bacteria and other microbes: the polymer or copolymer 
nature (that reflects on properties like charge density 
and hydrophilicity)11,12 and molecular weight.13 Such 
parameters may also be essential to the material toxicity 
towards mammalian cells. For instance, the hydrophilic/
hydrophobic balance is crucial in mammalian toxicity 
related to APMs.14 Tailoring these and other parameters 
constitutes a road to better antimicrobial polymers, yielding 
higher efficiency to kill or inhibit microbes’ growth and 
low human toxicity.15

Reversible Deactivation Radical Polymerization (RDRP) 
comprises many synthetic techniques that control the 
polymer characteristics, including some crucial for obtaining 
efficient antimicrobial material.16 Reversible Addition-
Fragmentation Chain Transfer Polymerization  (RAFT) 
generates polymers with characteristics planned from many 
monomers.17,18 As molecular weights, chain shapes, and 
composition of polymers can be tailored, RAFT has been 
used to obtain APMs.19,20 All the polymeric materials used 
in this work were synthesized using RAFT. 

Here, poly((dimethylamino ethyl) methacrylate), 
PDMAEMA, and poly(methyl methacrylate), PMMA, as 
well as the block copolymers (PMMA-b-PDMAEMA) 
(Scheme 1), were studied to verify their ability to bind 
to large unilamellar vesicles (LUVs) prepared with 
phosphatidylcholine (PC) and 1-palmitoyl-2-oleoyl-
sn‑glycero-3-phospho-(1-rac-glycerol), PG, at different 
molar ratios (PG:PC). Adding a hydrophobic PMMA 
chain to the PDMAEMA block opened another possibility 
of interaction with the vesicles, possibly increasing its 
binding through the insertion of the hydrophobic part of 
the polymer in the bilayer interface, improving the leakage 
efficiency, as well as its microbicidal effectiveness against 
microorganisms. 

This work aimed to understand how the interaction of 
the polymeric materials with the lipid surfaces depends 
on the charge of the LUVs prepared with different PC:PG 
ratios and polymer properties such as the hydrophilic/
hydrophobic balance and average molar mass.21 The values 
of the pKa of the amino group of DMAEMA are in the 8.4 
to 8.6 range22,23 but, in the polymer, the ammonium groups 
dissociate24 between pH 6 and 8 due to the interplay of the 
groups in the chain, as described for confined polymers of 
PDMAEMA.22 

The interaction of the different polymers with the LUVs 
was studied following the leakage of fluorescent probe 
5,6-carboxyfluoresceine, CF, incorporated in the aqueous 
compartment of the vesicles and by measuring the change 
in the LUVs charge and aggregation. This interaction 
was also studied by nuclear magnetic resonance (NMR) 

spectroscopy, and its effectivity, and pH dependence, on the 
vesicle, or bilayer, was directly visualized in giant vesicles 
using optical microscopy. 

Experimental

Materials

Egg phosphatidylcholine, PC, was extracted from 
egg yolk and purified as described.25 The sodium 
salt of 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
(1‑rac-glycerol), PG, was obtained from Avanti polar 
lipids (Alabaster, AL, USA). Sephadex G-25 medium, 
dichloromethane, methanol, hydrofluoric acid solution 
(40%), hydrochloric acid (37%), polydocanol, 2-amino-
2‑(hydroxymethyl)propane-1,3‑diol (Tris), 2-(N-morpholino)
ethanesulfonic acid (MES), 4-(2-hydroxyethyl)-1-
piperazine ethanesulfonic acid (HEPES), N-cyclohexyl-
3‑aminopropanesulfonic acid (CAPS)  and boric acid were 
from Sigma-Aldrich (St.  Louis, Mo, USA). Polyvinyl 
alcohol (PVA), with a molar mass of 45,000 Da, was from 
Merck Co (Darmstadt, Germany). Polycarbonate membranes 
(100 nm pore diameter) (Nucleopore, Track-Etch Membrane 
filters) used for vesicle preparation by extrusion were from 
Whatman-GE Healthcare (Waukesha, WI, USA). 

5(6)-Carboxyfluorescein (CF) from Sigma-Aldrich 
(St. Louis, USA) was purified as described.26,27 The solution 
of the sodium salt of CF was lyophilized and maintained 
at 8 ºC until use.

Fluorescence measurements were performed in a Hitachi 
F-7000, Tokyo, Japan, spectrofluorometer in a quartz cell of 
2.5 mL, 1 cm optical path. The absorption measurements 
were done in a Hitachi U 2000 spectrophotometer (Tokyo, 
Japan). The hydrodynamic diameter, the electrophoretic 
mobility, and zeta potential were measured in a Zetasizer 
Nano 317 apparatus (Worcestershire, UK).

Polymers and copolymers

P M M A 5 0,  P D M A E M A 2 6 5,  a n d  c o p o l y m e r s 
PMMA94‑b‑PDMAEMA88, PMMA50-b-PDMAEMA269, 

Scheme 1. General structure of the copolymers PMMAm-b-PDMAEMAn. 
All copolymers start with a cumyl and end with the dithiobenzoate group 
due to the synthesis method (RAFT).
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and PMMA48-b-PDMAEMA324 (Scheme 1) were synthesized 
via RAFT as described previously.28 Briefly, the copolymers 
were obtained via a two-steps RAFT procedure: the 
PMMA blocks were synthesized first, using cumyl 
dithibenzoate  (CDB) as the chain transfer agent (CTA), 
benzoyl peroxide (BPO) as initiator and methyl methacrylate 
passed through an alumina column for inhibitor removal. 
The CDB/BPO ratio was three or above in all cases, and 
the reaction temperature was from 70 to 80 °C. Typically, 
roughly 50% conversion was reached. The homopolymer was 
then purified by precipitation in methanol after solubilization 
in tetrahydrofuran (THF) (three times) and subsequently used 
as macroCTA in a batch copolymerization with DMAEMA 
as monomer and BPO as initiator. Copolymerizations lasted 
around 24 h. The copolymers were purified by solubilization 
in THF and precipitation in hexane (three times). In-depth 
characterization data, including proton NMR and gel 
permeation chromatography (GPC), can be found in our 
previous work.28 Table 1 summarizes the characteristics of 
the polymers used here. All copolymers start with a cumyl 
and end with the dithiobenzoate group, which is very small 
compared with the polymer molecular weight and should not 
interfere with the main properties of the polymers.

Methods

Phospholipid concentration determination
The phospholipid concentration of the vesicle pool 

was determined from inorganic phosphate analysis using 
the method of Rouser et al.,29 adapted by Manzini et al.27

Polymer solutions
Polymer(s) and copolymer(s) concentrated stock 

solutions were prepared in methanol. Stock solutions 
were used to prepare all buffered polymer solutions (< 5% 
methanol) to avoid solvent interference in the experiments. 

Preparation of the large unilamellar vesicles (LUVs) with CF
LUVs were prepared using dichloromethane 

concentrated stock solutions of PC and PG (9 mg mL‑1), 

mixed at the proportion desired in a test tube. The solvent 
was eliminated with an N2 flux, rotating the tube until a 
thin lipid film was obtained. The tubes were maintained 
in a desiccator linked to a vacuum pump for 1 h to 
eliminate residual solvent. A solution of CF 50 mM in 
10 mM Tris-HCl buffer, pH 8.1, was added to the lipid 
film-containing tube, and the tube was vortexed until 
complete film detachment. This suspension is known 
to contain multilamellar lipid vesicles, MLVs. Large 
unilamellar vesicles (LUVs) of similar sizes were obtained 
by passing the MLVs suspension (×11) through two 
stacked polycarbonate membranes of 100 nm at room 
temperature, using a LiposoFast extruder (Avestin Inc., 
Ottawa, Canada).30 

For preparing CF-loaded LUVs, the lipid films were 
hydrated with 0.5 mL of 50 mM CF sodium salt in 10 mM 
Tris-HCl buffer, pH 8.1, yielding a final lipid concentration 
of 17 mM. External CF was removed by passing the 
LUVs (ca. 0.5 mL) through a Sephadex-G 25 column 
(0.8 × 20 cm), eluted with 10 mM Tris-HCl buffer pH 8.1 and 
300 mM NaCl to maintain the osmolarity of the CF solution.27 
The Sephadex-G25 column was previously saturated 
with sonicated vesicles, with the same lipid composition 
as the LUVs, and eluted with 10 mM Tris/HCl, pH 8,  
300 mM NaCl. LUVs were collected in 2 mL at the void 
volume, and the pool was maintained in an ice bath until use. 

Measurement of the CF leakage from LUVs by fluorescence
The CF fluorescence in the internal aqueous 

compartment of the vesicles, at the concentration used in 
these experiments, was quenched. To determine the effect 
of the copolymers in the CF leakage from the LUVs, an 
aliquot of 90 µL of CF-containing LUVs was added to the 
fluorescence cell containing buffer (the final volume in each 
experiment was 2 mL). The fluorescence was determined 
at λem = 520 nm (λexc = 490 nm) as a function of time. After 
100 s, the polymer or copolymer was added to the cuvette 
under constant stirring using a magnetic bar. The final 
percentages of methanol, from the polymer solution, in 
these experiments were all less than 5%. Adding methanol, 

Table 1. Characteristics of the polymeric materials used in this work

Polymer Mn × 10-3 / (g mol-1) Mw/Mn PDMAEMA mass fractiona

PMMA50-b-PDMAEMA269 46.5 1.26 0.89

PMMA48-b-PDMAEMA324 56.0 1.19 0.91

PMMA94-b-PDMAEMA88 23.3 1.10 0.60

PMMA50 4.98 1.21 0

PDMAEMA265 41.6 2.55 1.00
aPDMAEMA mass fraction: (average units of PDMAEMA × molecular mass of DMAEMA)/(average units of PMMA × molecular mass of MMA + 
average units of PDMAEMA × molecular mass of DMAEMA). Mn: number average molar mass; Mw: weight average molar mass. PMMA: poly(methyl 
methacrylate); PDMAEMA: poly((dimethylamino ethyl) methacrylate).
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at this percentage, to the vesicles, without polymer, did not 
affect the vesicle permeability. Fluorescence was measured, 
at 25 ºC, for 450 s, then 30 µL of an aqueous solution 
of polydocanol 10% v/v were added to attain complete 
permeabilization of the LUVs, obtaining the fluorescence 
maximum.

The percentage of leakage in each kinetic run was 
calculated using equation 1: 

	 (1) 

where Io was the initial fluorescence intensity before polymer 
addition, It was the fluorescence after polymer addition at 
time t, and Itot was the total fluorescence after polydocanol 
addition. All experiments were done in duplicate and the 
maximum difference between runs was 10%.

Measurement of polymer-induced CF leakage at different 
pHs

The effect of the protonation of the polymer amino 
groups on LUVs permeabilization was studied using LUVs 
containing different PC:PG molar ratios. The LUVs were 
prepared using 0.5 mL of 50 mM CF in 10 mM Tris/HCl, 
pH 8. LUVs containing CF were applied into the Sephadex 
column and eluted with a buffer containing 10 mM Tris/HCl,  
pH 8, and 300 mM NaCl, as described before. LUVs 
eluted in the void volume of Sephadex were collected, 
and the phospholipid concentration of the vesicle pool 
was determined before use. To study the effect of pH on 
the kinetics of CF leakage, an aliquot of 90 µL of LUVs 
containing CF collected in the previous step was added to 
the cuvette containing 2 mL of 10 mM buffer prepared at 
different pHs and 300 mM NaCl to maintain the osmolarity. 
The external pH was changed only when the kinetic assay 
was performed in the fluorimeter. The fluorescence of 
CF was determined at λem = 520 nm (λexc = 490 nm) as a 
function of time at 25 ºC. The kinetic assay consisted of 
an initial 100 s reading of the fluorescence of CF, polymer 
addition, and its kinetic monitored for 400 s. After that 
time, 30 µL of 10% (v/v) polydocanol were added to obtain 
the complete leakage of LUVs, corresponding to 100% 
CF leakage. The following buffers (10 mM) contained 
300  mM  NaCl: (i) MES pH 6.0; (ii)  HEPES  pH  7.0; 
(iii) HEPES pH 7.5; (iv) Tris/HCl pH 8.0; (v) Tris/HCl, 
pH 8.5; (vi) borate, pH 9.0; (vii) CAPS, pH 10.0. 

Determination of hydrodynamic diameter (Dh), electrophoretic 
mobility (UE), and zeta potential (ζ)

LUV hydrodynamic diameter (Dh) and electrophoretic 
mobility were measured in a Zetasizer Nano apparatus with 

a 633 nm laser (Malvern, Worcestershire, UK). The zeta 
potential (ζ) is given by equations 2 and 3 applying the 
Smoluchowski theory, and electrophoretic mobility (UE) 
was calculated using Henry’s, Smoluchovski approximation 
(equations 2 and 3). 

UE = 2Ɛζf(ka)/3η	 (2)
ζ =  ηUE /Ɛ	 (3)

where UE: electrophoretic mobility; ζ: zeta potential; 
Ɛ: dielectric constant; f(ka): Henry function; η: viscosity.

The LUVs Dh, ζ, and UE were determined at 25 °C in 
a quartz cuvette. The buffer was previously filtered using 
a 0.22 µm diameter pore Millipore membrane. The values 
of Dh and UE were the average of three measurements 
of the same sample. For Dh and UE measurements, 
20 µL of 25 mM LUVs solution were added to 1 mL of  
10 mM Tris/HF pH 8.5 buffer. With a final lipid concentration 
of 0.5 mM, interparticle interactions are irrelevant since 
the vesicle concentration is in the nanomolar range.31 The 
values of Dh are all number averaged.

After initial measurements of Dh and UE of the LUVs, 
aliquots of the polymers were added to the samples from a 
stock solution generally containing 6 × 10-6 M, depending 
on the polymer, prepared in 10 mM Tris/HF, pH 8.5, buffer. 
Additional measurements were performed to determine 
the surface’s particle size and electrical potential effects. 
Volumes ranging from 5 to 200 µL of copolymer solution 
were added to 1 mL of buffer containing LUVs. The 
following parameters of the DLS were used: water as a 
dispersant, refraction index of 1.33, viscosity of 0.792 cP, 
dielectric constant of 76.8, and 25 ºC.

Giant unilamellar vesicles (GUVs)
For GUVs preparation, 100 μL of 5% (p/v) polyvinyl 

alcohol (PVA) solution was spread over a glass slide to 
form a thin film.32 The glass slide was maintained at 70 ºC 
for 15 min in an oven. After drying the PVA solution, 
10 μL of 2 mg mL-1 (2.5 mM) of phospholipids dissolved 
in CHCl3 were spread over the PVA layer. The residual 
solvent was removed with a stream of N2. A Teflon frame 
was added over the glass slide, and another glass slide was 
placed over the Teflon frame to form a chamber sealed with 
paper clips. The chamber was filled with 1 mL of a buffer 
solution containing 200 mM sucrose and 100 mM NaCl 
and maintained for 20 min at room temperature. The 
observation chamber was filled with 80 μL of a copolymer 
solution with a defined concentration prepared in the same 
pH of the internal buffer, with 100 mM NaCl, as used to 
grow the GUVs and containing 200 mM glucose. Different 
GUVs preparations were done using buffers of various 
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pHs. In all cases, the pH of the buffers inside and outside 
was equal. The buffers (10 mM) were: MES, pH 6.0;  
Tris/HCl, pH 8.5 and CAPS, pH 10.0. Then, 20 μL of GUVs 
suspension was added to the observation chamber, and the 
GUVs were observed in an inverted Zeiss Axiovert 200 
(Jena, Germany) microscope equipped with phase contrast 
20×, 40×, and 63× objectives. Image acquisition with a 
Zeiss AxioCam HSm digital camera (Jena, Germany) was 
started immediately.

1H NMR studies of the effect of pH on the structure of 
PMMA48-b-PDMAEMA324 and its interaction with LUVs of 
PC:PG 90:10

The interaction of PMMA48-b-PDMAEMA324 with 
LUVs was analyzed by 1H NMR. The NMR experiments 
were performed using a Bruker Avance III spectrometer 
(Billerica, Massachusetts, USA), operating at 500 MHz 
(1H frequency). NMR samples with a total volume of 
0.5 mL were conditioned in a 5 mm NMR tube, and NMR 
experiments were recorded at 25 ºC. The stock solutions 
of PMMA48-b-PDMAEMA324 (2 mM) were prepared in 
methanol-d4, 99.8%, and the LUVs (PC:PG 90:10) were 
2 mM in total lipid prepared in the adequate buffer. The 
NMR buffers were sodium phosphate 10 mM for the pHs 
6.2, 7.0, and 8.1 and sodium borate 10 mM for pH 10, 
supplemented with 10% (v/v) D2O. The spectra of PMMA48-
b-PDMAEMA324 in CDCl3 were previously acquired, and 
the 1H assignments were transferred from previously 
published data.28 Proton one-dimensional NMR spectra 
were derived from the 1st increment of nuclear Overhauser 
effect spectroscopy (NOESY) experiments recorded with 
1H 90o pulses of 8 µs, using water pre-saturation and 
NOE mixing time of 120 ms. A total of 2048 points were 
acquired in a spectral window of 6000 Hz, corresponding 
to a resolution of approximately 3 Hz per point. The NMR 
spectra were processed using Bruker Topspin software and 
aligned to the residual water line.

Evaluation of antimicrobial activity
Antimicrobial activities of copolymers were 

evaluated by determining their minimum inhibitory 
concentrations  (MIC)33 against strains of Gram-negative 
(Escherichia coli) and Gram-positive (Bacillus subtilis) 
bacteria. The bacteria were initially grown on an agar 
plate. Next, a single colony was picked and inoculated 
in 5 mL of Mueller-Hinton broth (MHB) and incubated 
overnight at 37 °C with shaking at 200 rpm. Then the 
sample was diluted 50 times in MHB and incubated until 
optical density (OD) 0.4 at 600 nm (108 colony forming 
units (CFU) mL-1). A 1:250 dilution in broth provides the 
bacteria suspension working solution (106 CFU mL-1). Stock 

solutions of the copolymers were prepared in methanol. For 
the broth microdilution method, 10 μL of each copolymer 
stock solution and 90 μL of broth were placed in the first 
well of the line in a 96-well round-bottom microplate, all 
other wells in the line were filled with 50 μL of broth, and 
then serial dilutions 1:2 were performed. For each polymer, 
the experiments with each bacterium were repeated six 
times. In one line, 10 μL of methanol were added to check 
the solvent contribution to the antimicrobial activity. Fifty 
microliters of bacterial suspension were added to each well, 
yielding a final concentration of approximately 5 × 105 CFU 
mL-1. A well without an antimicrobial agent containing only 
bacteria was used as a positive growth control, and only 
sterile MHB as a negative control. After 18 h of incubation 
at 37 °C, the MIC was visually determined from the lowest 
concentration of copolymer at which no bacterial growth 
was observed. To differentiate whether the copolymer had 
bactericidal or bacteriostatic activity and to determine the 
minimum bactericidal concentrations (MBCs), 5 µL of the 
well in which no bacterial growth was observed was dripped 
onto a copolymer free agar plate to assess bacterial growth.34

Results and Discussion

Leakage of 5(6)-carboxyfluorescein (CF)-containing LUV’s 
induced by PMMA and PDMAEMA 

The effect of PDMAEMA265 concentrations, 
[PDMAEMA265], on the percentage of CF leakage 
(CF %Leak) from LUVs with 100% PG, as a function of 
time, is shown in Figure 1. The baseline of CF %Leak was 
low and stable for 100 s, indicating that CF did not leak 
from LUVs spontaneously. After adding PDMAEMA265, the 
fluorescence increased with time, indicating CF leak from 
the LUVs. The extent of the CF leak strongly depended on 
polymer concentration (Figure 1A). Polydocanol was added 
(after 400 s) to obtain 100% of the CF Leak. In Figure1B, 
the CF %Leak from LUVs of 100% PG, after 200 s, was 
plotted as a function of [PDMAEMA265]. The curve of 
CF %Leak vs. [PDMAEMA265] increased non-linearly, 
showing saturation at about 60% at the highest copolymer 
concentration. As a LUV of an average diameter of 100 nm 
(see below) is composed of ca. 105 lipid molecules,31 it 
was clear that, even with a significant excess of positively 
charged groups, more than one polymer molecule was 
necessary to induce vesicle leakage.

CF leakage from LUVs induced by [PDMAEMA265] 
depended on the molar ratio of PC:PG (Figure 1C). As a 
limit, the polymer did not induce CF leak from LUVs with 
100% of zwitterionic PC, and as the PG:PC ratio increased, 
the increase in polymer activity was evident (Figure 1C). In 
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Figure 1D, the CF %Leak, after 200 s, obtained from data 
of Figure 1C, was plotted as a function of the percentage 
of PG, at [PDMAEMA265] of 2.1 × 10-6 M. The CF %Leak 
increased with the percentage of PG reaching a maximum 
of 30% with LUVs of 50% PC:PG, decreasing with further 
increase of the percentage of PG. These results indicate that 
the copolymer efficiency depends on charge density in the 
LUVs bilayer under these conditions. However, at 100% 
PG, a further increase in the CF %Leak was observed. 

The positively charged PDMAEMA265, when added 
to negatively charged LUVs, led to CF leakage. The 
hydrophobic PMMA50, at concentrations up to 1 × 10-4 M, 
under the same conditions used for PDMAEMA265 
experiments (Figure 1), did not induce CF leak (data not 
shown). Even if PMMA50 interacts with PC-LUVs, this 
interaction does not modify the bilayer enough to cause 
LUVs leakage.

To verify if the hydrophobic portion of PMMA linked 
to the PDMAEMA polymer increased its interaction 
with the LUVs, we used three copolymers with the 
following compositions: PMMA94-b-PDMAEMA88, 
PMMA50‑b‑PDMAEMA269, and PMMA48-b‑PDMAEMA324, 
Table 1. The synthesis and characterization of these 
copolymers were described previously.24

The effect of PMMA50-b-PDMAEMA269 on CF Leak 
from LUVs was analyzed by modifying the composition of 
LUVs and the copolymer concentration (Figure 2). 

PMMA50-b-PDMAEMA269 increased the CF %Leak 
from LUVs with 100% PG. The leakage depended on 
copolymer concentration (Figure 2A). Figure 2B plots the 
%Leak of LUVs as a function of copolymer concentrations 
after 200 s (data from Figure 2A). The CF %Leak 
depended almost linearly on the copolymer concentration. 
PMMA50‑b-PDMAEMA269 induces CF %Leak of LUVs of 
different PC:PG molar ratios (Figures 2C and 2D), and a 
maximum effect was observed at 50% PC:PG. A decrease 
of the CF %Leak occurred at higher PG percentages, but 
above 80% PG, the leak percentage increased.

Increasing the percentage of PG in the LUVs also led 
to a rise in CF %Leak (Figure 2C). From 10 to 20% PG, 
almost no leak was observed, but as the percentage of 
PG increased, a maximum of CF %Leak was observed at 
50% PG. A decrease of the CF %Leak with a minimum 
at 80% PG was observed, followed by another increase at 
100% PG (Figure 2D). This profile (Figure 2D) was like 
that with [PDMAEMA265], but the decrease of CF %Leak 
after the peak was not as sharp as that observed with 
[PDMAEMA265]. 

Figure 1. Effect of [PDMAEMA265] on CF %Leak of LUVs with different PC:PG molar ratios. (A) Effect of different [PDMAEMA265] on CF %Leak of LUVs 
with 100% PG, as a function of time. (B) Effect of [PDMAEMA265] on CF %Leak from LUVs with 100% PG after 200 s. (C) Effect of the [PDMAEMA265] 
on CF %Leak from LUVs with different PC:PG ratios after 200 s. (D) Effect of percentage of PG on CF %Leak of LUVs at [PDMAEMA265] = 2.1 × 10-6 M. 
All experiments were performed in 10 mM Tris/HCl, pH 8.1, 300 mM NaCl buffer. The final concentration of LUVs lipids was 1.44 × 10-4 M.
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The effect of PMMA50-b-PDMAEMA269 on the leakage 
kinetics profile with PG-LUVs was like that observed with 
PDMAEMA265, but the maximum CF %Leak, as a function 
of %PG in the LUVs (Figure 2D), was higher, reaching 
80% while for [PDMAEMA265] the maximum leak at 
LUVs 50:50 was 40% (Figure 1 D). In Figure 2D, it is also 
observed that above 80% PG, there is another increase in 
the CF Leak, indicating that at a high amount of PG, there is 
no difference between both polymers’ efficiency. Increasing 
the hydrophobicity of the copolymer at moderate PG:PC 
ratios improved interaction with the bilayer, provoking a 
more effective destabilization of the LUVs.

Wi th  PMMA 94-b -PDMAEMA 88,  where  the 
PMMA:PDMAEMA ratio is close to 1, the decrease in the 
relative percentage of the positive charge of the copolymer, 
when compared with PMMA50-b-PDMAEMA269 and 
PDMAEMA265, led to different leak profiles (compare 
Figures 1, 2, and 3). The differences in the kinetics of 
the leak profiles and the concentrations producing the 
maximum CF leak with the three copolymers indicated 
that the hydrophobic/hydrophilic ratio in their composition 
led to alterations in the detailed interactions of the polymer 
with the bilayer. 

Effect of pH on the copolymer’s leakage of CF from LUVs

The typical pH range where the PDMAEMA amino 
groups dissociate is between 6 and 8. This extended 
pH range is due to the dissociation of the amino groups 
occurring at lower pH than that of the monomeric 
form.22 The average ammonium pKa decreases from 8.4 
in the DMAEMA monomer to ca. 7.4 in the polymer 
(PDMAEMA). This pKa decrease can be attributed to 
both charge repulsion by the ammonium units and the 
local hydroxide concentration near the positively charged 
copolymer chain.35 Above pH 9, virtually all the amino 
groups of the polymers containing PMAEDMA269 are 
dissociated, and the molecule is essentially neutral.

The optimal growth of different microorganisms is pH 
dependent.36 The neutrophile microorganisms live at pHs 
ranging from 5.5 to 8.5, but others can live at extreme pH 
conditions, such as acidophiles (pH 1 to 6) and alkaliphiles 
(pH 7.5-11.5). Thus, it is crucial to determine the interaction 
and efficiency of the polymers as a function of pH, also 
considering that microorganism growth can change the 
local pH due to their metabolic activity. To determine the 
effect of the polymer charge on the disruption of LUVs 

Figure 2. Effect of PMMA50-b-PDMAEMA269 on CF %Leak from LUVs with different PC:PG ratios. (A) Effect of [PMMA50-b-PDMAEMA269] on 
CF %Leak of LUVs with 100% PG, as a function of time. (B) Effect of [PMMA50-b-PDMAEMA269] on CF %Leak from LUVs with 100% PG after 200 s. 
(C) Effect of the [PMMA50-b-PDMAEMA269] on CF Leak of LUVs with different PC:PG ratios. (D) Effect of percentage of PG on CF %Leak of LUVs 
at [PMMA50-b-PDMAEMA269] = 7 × 10-6 M. All experiments were performed in 10 mM Tris/HCl, pH 8.1, 300 mM NaCl, buffer. The final concentration 
of LUVs lipids was 1.5 × 10-4 M.
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with different PC:PG ratios, the CF %Leak from LUVs 
was studied at several pH’s, at fixed polymer concentration 
(Figure 4). It should be noted that the solubility of CF, as 
well as the fluorescence,37,38 decreases below pH 8 due to the 
protonation of the carboxylate groups. To circumvent this 
problem, we prepared the LUVs containing CF 50 mM in 
10 mM Tris/HCl, pH 8, and the external CF was eliminated 
through the Sephadex G25 using 10 mM Tris/HCl,  
pH 8 containing 300 mM NaCl. The kinetics of CF leak 
of LUVs induced by polymers were determined with 
different external buffers, all at 10 mM and different pH’s, 
maintaining the ionic strength with 300 mM NaCl. The 
experiments were initiated by adding the LUV’s, with 
an internal pH of 8.0, to the buffers at different pHs. As 
the ionic strength of the internal and external buffers was 
equal, and the kinetics were fast, the pH differences did 
not affect LUV’s stability, demonstrated by the low and 
stable fluorescence at the beginning of the experiment. The 
fluorescence only changes after the polymer addition. The 
final fluorescence was different as a function of the buffer 
pH. Between pHs 6 and 8, it varies by a factor of two, as 
demonstrated by Milo et al.38 As the leak percentage of 
CF is relative to the total solution fluorescence after LUV 
disruption by the addition of detergent, the absolute values 
of fluorescence of each experiment are not relevant, and the 

effect of the pH on the polymer activity can be measured. 
The CF leakage from LUVs at different external pH, and 
fixed polymer concentration, was strongly pH dependent 
(Figure 4).

After 400 s of polymer addition (see Experimental 
section), the effect of PDMAEMA269 on the CF %Leak 
from LUVs between pHs 6 and 8 was ca. 10% for LUVs 
with percentage of PG from 10 to 100% (Figure 4a). Above 
pH 8.0, the CF %Leak increased, reaching a maximum 
between pH’s 8.0 and 9.5, depending on the ratio PC:PG, 
and decreasing again, to about 10 to 20%, at pH 10.0. The 
maximum CF %Leak depended on polymer structure, 
concentration, and the PG:PC ratio of the LUVs. For all 
polymers, except for PMMA and LUVs of 100% PC, the pH 
dependency of the CF %Leak was bell-shaped (Figure 4). 

Interestingly, for all polymers, the pH effect on leakage 
was maximum between pH 8.0 and 9.5 and depended on the 
PC:PG ratio. This pH range coincides with the amino group 
dissociation region, indicating that the charge is essential to 
produce LUVs leakage. However, the neutrality of part of 
the dissociated amino group was fundamental to obtaining 
a more efficient interaction of the polymers with the bilayer 
leading to a higher leakage efficiency. The importance of the 
relationship between polymer charge and hydrophobicity is 
an essential part of both antimicrobial properties. 

Figure 3. Effect of PMMA94-b-PDMAEMA88 on CF leakage from LUVs with different PC:PG ratios in 10 mM Tris/HCl, pH 8.1, 300 mM NaCl, buffer. 
(A) Effect of [PMMA94-b-PDMAEMA88] on %Leak of CF of LUVs with 100% PG, as a function of time. (B) Effect of [PMMA94-b-PDMAEMA88] on %Leak 
of CF from LUVs with 100% PG, after 200 s. (C) Effect of the [PMMA94-b-PDMAEMA88] on CF leak of LUVs with different PC:PG ratios. (D) Effect 
of percentage of PG on CF leak of LUVs at [PMMA94-b-PDMAEMA88] = 57 µM. In all experiments, the concentration of LUVs lipids was 1.17 × 10-4 M.
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With negatively charged vesicles, the protonated 
ammonium groups of the copolymers remained attached 
to the vesicles, and significant leakage occurred. Increasing 
the pH above 8, part of the ammonium groups dissociates, 
and the efficiency in the leakage increased to a maximum. 
Partial ammonium dissociation may lead to further 
interactions with the bilayer while maintaining the 
electrostatic component. But the leakage rate decreased 
significantly when the electrostatic part of the polymer 
binding to PG-containing LUVs was lost at a higher pH 
by the full deprotonation of the PDMAEMA ammonium 
groups. The data in Figure 4 shows that the effect of the 
polymers on the LUVs leakage is maximum at pH’s where 
the polymer is only partially protonated. 

Dynamic light scattering Dh and electrophoretic mobility (UE)

The effect of polymer-LUVs binding was monitored 
by measuring the hydrodynamic diameter, Dh, and 

electrophoretic mobility (UE) of the LUVs as a function 
of the polymer concentration in Tris/HF buffer, 0.01M 
pH 8.5. The effect of PMMA50-b-PDMAEMA269, 
PMMA48-b-PDMAEMA324, PMMA94-b-PDMAEMA88, 
and PMAEDMA265 on Dh and EM of PC:PG (50:50) 
LUVs were determined (Figures 5 and S1, Supplementary 
Information (SI) section). For all copolymers, an increase 
in the LUVs Dh was observed with a simultaneous decrease 
in the UE, indicating aggregation and charge neutralization. 
Polymer binding to LUVs reduced electrophoretic mobility, 
dependent not only on the polymer charge but also on the 
presence of a hydrophobic region of the copolymer. Figure 5 
illustrates the behavior for PMMA48-b-PDMAEMA324. 
The results for all other copolymers are similar, and the 
figures are in the SI section. For PMAEDMA265, the EM 
of the LUVs increased at polymer concentrations above 
2.5  ×  10-7  M reaching zero, indicating LUVs binding, 
while Dh did not vary significantly until that polymer 
concentration (SI section).

Figure 4. Effect of pH on the CF %Leak from LUVs prepared with different PC:PG ratios at a fixed concentration of (a) [PDMAEMA]269 and  
(b) PMMA94-b-PDMAEMA90. The PC:PG ratios are in the legend inside the figure. The baseline of CF %Leak was followed for 100 s, then the 
polymer was added, and after 400 s the polydocanol was added to obtain the maximum fluorescence. The concentrations of the polymers were 
[PDMAEMA]298 = 6.7 × 10-8 M and [PMMA94-b-PDMAEMA98] = 6.5 × 10-8 M, and the concentration of LUV lipids was 1.6 × 10-4 M. The internal buffer 
of the LUV was 0.01 M Tris-HCl, pH 8.5. As described in the Experimental section, the external buffers contain 300 mM NaCl. 

Figure 5. Effect of PMMA48-b-PDMAEMA324 concentration on the diameter (a) and electrophoretic mobility (b) of LUVs of PC:PG (50:50) in Tris/HF 
buffer, 0.01 M pH 8.5. The concentration of LUVs lipids was 8 × 10-4 M.
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Effect of PMMA48-b-PDMAEMA324 on the structure of giant 
unilamellar vesicles, GUVs, at pH 6.0, 8.5, and 10.0 with 
100 mM NaCl

The effect of the polymers on GUVs of PC:PG 50:50 
allowed us to obtain information about the mechanisms 
involved in the permeabilization of the vesicles. The impact 
of all the polymers on GUVs was observed with vesicles 
prepared without and with 100 mM NaCl. The buffers in 
the inner GUV compartment contained 0.2 M sucrose; the 
external solution was 0.2 M in glucose. The effect of the 
polymers on GUVs was fast in the absence of salt. Here we 
only present the results of the copolymer addition on the 
GUVs prepared with 100 mM NaCl to allow comparison 
with the data on polymer-induced CF leak (see above). The 
pH was identical in the inner compartment and external 
solution in these experiments. The buffers (0.01 M) were 
MES pH 6.0, Tris/HCl pH 8.5, and CAPS pH 10.0 with 
100 mM NaCl. Figure 6 shows representative images 
of the effect of PMMA48-b-PDMAEMA324 on GUVs of 
PC:PG  50:50, as a function of time, at different pH’s. 
Initially, the intact GUVs were observed due to the typical 
optical contrast due to the sucrose/glucose asymmetry 
across the membrane. Then, the copolymers induced 
vesicle burst, and this effect was more evident at lower 
pHs. Figure 6a shows an example of vesicles bursting at 
pH 6. A pore opens suddenly, and the vesicle collapses, 
indicating increased membrane tension. Similar patterns 
were observed for the other copolymers at the same pH (not 
shown). Figure 6b shows that vesicle collapse occurred at 
pH 8.5. No effects are observed at pH 10 (Figure 6c) when 
the copolymer ammonium groups deprotonate, confirming 
the data of polymer-induced CF leakage. Similar results 
were obtained with the other copolymers (data not shown).

NMR studies of the interaction of the copolymer 
PMMA48‑b‑PDMAEMA324 with PC:PG vesicles (LUVs)

T h e  1H  N M R  s p e c t r a  o f  t h e  c o p o l y m e r 
PMMA48‑b‑PDMAEMA324 and LUVs of PC:PG 50:50‑were 
obtained in 10 mM phosphate buffer, pH 8.2 (Figure 7). 
The spectrum of PC:PG LUVs was consistent with the 
literature,39 and presented peaks in the range from 0.6 to 
1.2 ppm and from 3.1 to 3.5 ppm (Figure 7). The spectrum 
of the copolymer shows peaks at 2.1 and 2.5 corresponding 
to the hydrogens of the dimethyl-ammonium group 
(labeled “a” and “b”, respectively) and a peak at 3.8 ppm 
(labeled “d”) corresponding to CH2-O within the side 
chain of PDMAEMA.19 Those peaks are well isolated 
compared to the NMR signals from PC:PG LUVs and 
were used as reporters to inspect changes induced on the 

PMMA48‑b‑PDMAEMA324 spectrum upon adding PC:PG 
LUVs.

The addition of LUVs to PMMA48-b-PDMAEMA324 
induced significant changes in the positions and intensities 
of the DMAEMA dimethyl-ammonium and CH2-O NMR 
signals (Figure 7 labeled “a”, “b”, and “d”). The peaks 
from the copolymers were slightly shifted ca. 0.05 ppm 
downfield upon the presence of LUVs. Their line width 
significantly broadened, as indicated by the decrease 
in the overall peak intensity (Figure 7, bottom). The 
chemical shift changes and line broadening were consistent 
LUVs‑copolymer interactions. 

The effect of the concentration of LUVs of PC:PG 90:10 
on PMMA48-b-PDMAEMA324 at pH 8.2 was investigated 
by comparing the 1D 1H NMR spectrum of the copolymer 
at 5.8 mg mL-1 recorded in the presence of two different 
LUVs concentrations: 2 and 6 mM at pH 8.2. Adding 
2 or 6 mM of PC:PG 90:10 LUVs resulted in the same 
PMMA48‑b‑PDMAEMA324 copolymer’s 1D 1H NMR 
spectrum (data not shown), indicating that the copolymer 
is already wholly bound in the presence of 2 mM LUVs. 

The effect of the pH on the binding of LUVs of PC: PG 
90:10 with PMMA48-b-PDMAEMA324 at pH 6.2, 8.2, and 
10.0 was studied. The NMR spectra of the copolymer in 
the absence and presence of 2 mM LUVs of PC:PG 90:1 
was acquired (Figure 8). Overall, the peaks corresponding 

Figure 6. Effect of 5.4 × 10-9 M PMMA48-b-PDMAEMA324 on GUVs 
composed of PC:PG 50:50 in (a) 0.01 M MES pH 6.0, 100 mM NaCl; 
(b) 0.01 M Tris/HCl, pH 8.5, 100 mM NaCl; (c) CAPS 0.01 M, pH 10.0 
buffer, 100 mM NaCl. Internal and external pH’s are the same. The inner 
GUV solution contains 0.2 M sucrose and the outer solution 0.2 M glucose. 
The scale bars represent 10 µm.
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to the copolymer’s protons were shifted downfield upon the 
presence of LUVs at lower pH, such as 6.2 and 8.2, showing 
clear evidence of binding at these two pHs. Interestingly, 
more significant chemical shifts were observed at pH 6.2 
compared to the same experiment performed at pH 8.2. 
However, a more substantial change in peak intensity 

(broadening) was observed at pH 8.2 than at pH 6.2, 
revealing a stronger interaction of the copolymer with 
the LUVs at pH 8.2 compared to pH 6.2. At pH 10.0, the 
spectrum of the copolymer in the presence and absence 
of LUVs was very similar, with no significant changes in 
peak intensities and chemical shifts. Thus, the NMR data 
suggests that at higher pH values, such as pH 10, weaker 
interaction is observed compared to lower pH’s.

Antimicrobial activity of the polymers

Except for PMMA, all other copolymers evaluated 
showed antimicrobial activity (Table 2). PMMA50 did not 
cause membrane permeabilization in the CF leak assay, nor 
any antimicrobial activity was detected.

The methanol used to solubilize the copolymers 
did not affect the evaluation since bacterial growth 
was observed in the control using only methanol. The 
minimum bacterial concentration (MBC) values were 
the same as the MIC values since bacterial growth was 
observed after transferring the contents of the microplate 
well where the bacteria grew to an agar plate. Thus, these 
copolymers can be considered to have bactericidal activity. 
The activity was more significant, with lower MIC values, 
against Gram-positive bacteria than for Gram-negative 
bacteria.

An increase in the PDMAEMA fraction in the 
copolymer led to a decrease in the MIC value. This 
observation is related to the correlation observed in CF 

Figure 7. Effect of LUVs of PC:PG 50:50 on the 1H NMR spectrum of 0.1 mM PMMA48-b-PDMAEMA324 in 0.01 M phosphate buffer, pH 8.2. The 
figures correspond to PMMA48-b-PDMAEMA324 (5.8 mg mL-1) (upper) and PC:PG 50:50, 2 mM (middle). The bottom figure corresponds to the mixture 
of PMMA48-b-PDMAEMA324 (5.8 mg mL-1) and LUVs of PC:PG 50:50 (2 mM). 

Figure 8. 1H NMR spectra of PMMA48-b-PDMAEMA324 at different 
pHs: (a) pH 6.2, (b) pH 8.2, and (c) pH 10. PMMA48-b-PDMAEMA324 
concentration was 5.8 mg mL-1 in all experiments, and the concentration 
of LUVs of PC:PG 90:10 was 2 mM in lipids. The continuous line 
corresponds to the copolymer alone, and the dashed line spectrum to the 
copolymer with the PC:PG LUVs at different pHs, given in the figures.
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leakage, where a more significant amount of PDMAEMA 
increases CF leakage, that is, more disturbance in the 
membrane. 

C o n s i d e r i n g  t h e  d a t a  d i s p e r s i o n ,  o n l y 
PMMA48‑b‑PDMAEMA324 showed a similar MIC to that 
of PDMAEMA265 homopolymer. Therefore, the PMMA 
block’s presence somehow hindered the polymeric 
antibacterial effect of the material in that case, suggesting 
that the PDMAEMA block was the essential feature for 
antimicrobial activity. To sort out the impact of each 
block, a specific PDMAEMA content in mass may be 
calculated, considering the PDMAEMA block contribution 
to the total molar mass of the polymeric material. 
PMMA50‑b‑PDMAEMA269 presents 0.89 in mass fraction 
(see Table 1) of PDMAEMA; PMMA48-b-PDMAEM324, 
0.91 and PMMA94-b-PDMAEMA88, 0.60. Correcting the 
MIC value for both microorganisms using those factors, 
they are still within mean ± standard deviation of those 
for PDMAEMA269, so it is not possible to say that the 
antibacterial activity was improved or decreased by the 
addition of a PMMA block to PDMAEMA. To better 
compare the MIC values, the values in mg mL-1 (not 
molarity) were considered here.

However, it must be considered that the composition of 
the Mueller Hinton broth, used in the determination of MIC, 
is complex, consisting of several protein extracts that can 
interact with the polymers. Despite this potential inhibitory 
factor, these polymers showed significant antimicrobial 
activity, providing an excellent perspective for their use as 
antibacterial agents.

The trend of the LUV disruption test (Figure 4) was 
different from that observed in the MIC experiments. 
PMMA94-b-PDMAEMA88 was the most effective as a LUV 
disruptor, mainly if the concentration is considered (not 
molarity, because this is the one with significantly lower 
molar mass). The antibacterial activity is more complex 
than the process of LUV permeabilization, so even though 
direct membrane interaction must be involved in bacteria 
inhibition, other phenomena must be in place.

Conclusions

Copolymers of PMMAn-b-PDMAEMAm induced 
membrane disruption with leakage of the internal PC:PG 
vesicle content, which was strongly pH-dependent. 
LUVs-copolymer interaction may lead to vesicle 
aggregation, depending on the ratio between the copolymer 
concentration and the PC:PG ratio in the vesicles. We also 
demonstrated the interaction of polymers with GUVs at 
different pH’s using microscopy. 

The pH was essential for the interaction of these 
copolymers with PC:PG LUVs and GUVs because the 
positive charge of the polymers is a necessary force 
that leads to the initial binding to the bilayer of PC:PG 
vesicles. A hydrophobic region in the copolymer facilitates 
the interaction with the vesicles. This effect can also be 
observed at pHs where part of the PDMAEMA moiety 
is partially uncharged. At pH 6.2, the copolymer is fully 
charged, and vesicle-polymer interaction was demonstrated 
(see NMR results, higher chemical shift perturbation 
observed for peaks from copolymers Figure 8). Chemical 
shift perturbations and significant intensity decrease are 
observed at pH 8.2. This latter effect can be explained by 
the presence of both hydrophobic and positively charged 
groups in the copolymer, contributing to optimal interaction 
with PC:PG LUVs and, thus, as observed in the NMR and 
leakage assays, respectively (Figures 7 and 4). The most 
significant leakage was observed at pH 8.2 compared to 
pH 6.2. The optimal balance between hydrophobic and 
positively charged groups in the copolymer at this pH 
possibly enhances its interactions with LUVs. The polymer 
PMMA50 alone did not induce LUVs leakage, but it does 
not mean that it does not bind to the LUVs. 

NMR also showed the interaction between the polymers 
and LUVs. The polymers’ PDMAEMA amino groups 
interact with the PG’s charged phosphate groups. The pH 
increase significantly affects the interaction, and a maximum 
effect at pH near 8.5, where only part of the amino groups of 
the copolymers are dissociated. The neutralization of part of 

Table 2. MIC of copolymers against Escherichia coli (E.c.) and Bacillus subtilis (B.s.)

Copolymer
MIC / µM MIC / (mg mL-1)

E.c. B.s. E.c. B.s.

PMMA50-b- PDMAEMA269 12 ± 9 1 ± 0.5 0.5 ± 0.4 0.05 ± 0.02

PMMA48-b-PDMAEMA324 3 ± 1 0.6 ± 0.6 0.2 ± 0.1 0.03 ± 0.03

PMMA94-b-PDMAEMA88 103 ± 34 11 ± 5 2.4 ± 0.8 0.25 ± 0.11

PDMAEMA265 3 ± 1 1.0 ± 0.6 0.12 ± 0.05 0.04 ± 0.02

PMMA50 nd nd nd nd

nd: antimicrobial activity was not detected until 240 µM (1.2 mg mL-1); MIC: minimum inhibitory concentration; PMMA: poly(methacrylate); 
PDMAEMA: poly((dimethylamino ethyl) methacrylate).
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the amino groups of the copolymer decreases the electrostatic 
interaction of the polymer with PC:PG LUVs but increases 
the hydrophobicity of the polymer facilitating the permeation 
through the bilayer. The complete dissociation of the amino 
groups, near pH 10, almost eliminates the interaction of the 
polymers with PC:PG LUVs.

These pH-sensitive PMMAn-b-PDMAEMAm polymers 
showed significant antimicrobial activity against E. coli 
and B. subtilis. The pH dependence observed in the model 
systems is relevant,40 since different mammalian organs 
also present different local pH (an opportunity to target the 
antimicrobial action) and bacteria are known to modify the 
acidity of the environment, and adequate polymer surface 
deposition can provide maximum antimicrobial activity 
triggered by the pH. 

Supplementary Information

Supplementary data are available free of charge at  
http://jbcs.sbq.org.br as PDF file.
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