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Supplementary Information

Sl 1. Experimental section:

Sl 1.1. Materials: Decylamine (99%, Aldrich), epichlorohydrin (99%,ekdk), piperazine
(99+%, Aldrich) and poly(ethylene imine) (99%, Sigrmldrich) were used as received. Mili
Q water was used as solvent for all the reacti®ias. determination of the antimicrobial
activity, amphiphilic compounds and amphiphilic yjokrs were tested against the Gram
negative bacterigEscherichia coli (ATCC 23716 andATCC25922) andPseudomonas
aeruginosa (ATCC 27853) and the Gram positive bacte®taphylococcus aureus (ATCC

6538) andStaphylococcus epidermidis (ATCC 12228).
S11.2. Measurements:

Sl 1.2.a. NMR : *H NMR and**C NMR spectra were recorded on a Bruker DPX-400 FT-
NMR spectrometer at 400 and 100 MHz, respectivieguterium oxide (BO) and deuterated

methanol (CROD) were used as solvents.

Sl 1.2.b. SEC:Size exclusion chromatography analyses (SEC) waneed out using water
(containing 0.1 M NaCl, 0.1% TFA, 0.01% NgMs eluting solvent at 30 with a flow rate
of 1 mL/min using a high pressure liquid chromaggdry pump (Agilent 1100) and refractive
index detector (Wyatt, Optilab DSP). Three columithh PSS Novema gel were applied. The
length of each column was 300 mm, the diameter&8uasn, the diameter of the gel particles
was 10 um and the nominal pore widths were 30, 30@03000 A. Calibration was achieved

using Pullulan standards



Sl 1.2.c. Dynamic light scattering (DLS) and Zeta &ential: The particle size was
determined using both (i) commercial laser lighatsering spectrometer (ALV/DLS/SLS-
5000) equipped with an ALV-5000/EPP multiple digtiene correlator and laser goniometry
system ALV/CGS-8F S/N 025 with a helium-neon lg&émiphase 1145P, an output power of
22 mW and a wavelength of 632.8 nm) as a light@@and (ii) Malvern Zetasizer ZS. The
same size was determined by ALV/DLS/SLS-5000, withscattering angle of 90and
Malvern Zetasizer Zs, which supports the accurdap@se measurements. Zeta poterital
was measured using Malvern Zetasizer ZS. For rigyptthe final particle size, three batches
were prepared and from each batch, samples wersuneghthree times. Average size and
error margin were determined. The error margingHerparticle diameter were + 3 nm, and

for the zeta potential £ 5 mV, respectively.

Sl 1.2.d. Static light scattering (SLS)SLS studies were performed using SLS instruments
(Fica Goniometer) at a wavelength of 632.8 nm. Sempvere measured at different
scattering angles between®4Q40, at an interval of 2 Each time three measurements were
taken. Six different concentrations (between 3 nhgénd 0.08 mg/mL) of each sample were
measured to determine the radius of gyratiog) (Ring the Berry plot (dn/dc values given in

Table SI 7 were used).

Sl 1.2.f. Cryo-TEM: Cryogenic TEM samples were prepared by plunge iingeaf agueous
dispersion (1 mg/ mL) using a vitrobot system. Befthat, solutions were filtered with a 200
nm mesh size PET membrane and dropped on a lacéy gitl. The TEM grid was
hydrophilized in a plasma oven for 45 seconds leefmgse. Cryo-TEM micrographs were
taken on a Carl Zeiss Libra 120 Microscope (Obenko¢ Germany) at -170 °C. The electron

beam accelerating voltage was set at 120 kV.



Sl 1.2.f. Cryo-SEM: Cryo-SEM images were taken using a Hitachi S-486lal femission
scanning electron microscope (FESEM) operatingak¥ and 2-10 QA current. Samples for
cryo-SEM were placed on a small tube and plungeélquid nitrogen for freezing. The

images were obtained after partly sublimation efghrface.

S| 1.2.g. AFM: The surface topology of polymer coated surface stadied using an atomic
force microscopy (Nanoscope Ill). The tapping modaging was performed with standard

silicon cantilevers (Nano world, NCH-W point probe)

Sl 1.3. Synthesis:

Sl 1.3.a. Bifunctional coupler and hydrophobic coufer: The bifunctional coupler and the

hydrophobic coupler were synthesized as reportditeand characterized similatly
SI 1.3.b. Synthesis of multifunctional PEI (PEIHY:.£C% 55 nanogel:

Step 1: To a solution of PAI (1 g, 23 mmol repeating unit) in distilled wat&0(mL), the
solution of the hydrophobic coupler (1.12 g, 2.8Nai) in distilled water (10 mL) was added.
The solution was stirred (stirring rate 1000 rpior) 15 hours at 9€ and then cooled down to

room temperature. The solution contains the hydvbpdally modified PER.

Step 2: To the solution containing hydrophobicatigdified PEI2 (as prepared in step 1), a
solution of the bifunctional coupler (0.78 g, 28mol) in distilled water (3 mL) was added.
The solution was stirred for 3 hours af@Qstirring rate 1000 rpm) and then cooled down to
room temperature. After cooling, the solution watered using a normal filter paper to
remove small amounts of large aggregates. Thetaesusolution contains multifunctional
PEI 3 - PEI-H%,5C%,5 All other multifunctional PEls were prepared usititge same

procedure. The starting materials are given inet&sl1.:



Table Sl 1 Starting materials for preparing multifunctio®dt| nanogels:

Multifunctional PEI | PEI (g) [mmol r.u.*] | Hydrophobic coupler Bifunctional coupler,
(9) [mmol] (9) [mmol]

PEIHy%,,C¥5 1[23.2] 0.9 [2.3] 0.95 [3.5]

PEIHy %, C% 55 1[23.2] 1.12 [2.87] 0.78 [2.87]

PEIHy%,5C%0 1[23.2] 1.37 [3.5] 0.62 [2.3]

*r.u. = repeating unit

Sl 1.4. Molecular coatings:Silicon cantilevers were coated via spincoatingi@sin aqueous
solution of PEIHy 1, 4C%, 5 (concentration = 0.05 mg/mL) at room temperature dried

thereafter. The coated surface was analyzed by AFM.
Sl 1. 5. Biological studies:
Sl 1. 5.a. Antimicrobial tests of polymer solutions

The antibacterial activity of the amphiphilic polgmns in solution was determined by
measuring the minimum inhibitory concentration (MI@sing different test bacteria.
Suspensions of strains with known colony formingtu(CFU; 2x16 CFU/mL) were

incubated at 37°C in nutrient solutions (Muellentdn Broth, MHB) with different

concentrations of the polymer samples. The polysaenples were solubilized in bidistilled
water and added to the nutrient solution at a esrisatio of 1:10. The growth of the bacteria
was followed during the incubation over 20 h by memg the optical density at 612 nm
every 30 min and 1000 s shaking at 100 rpm perecwél 30 min by using a microplate

reader/incubator. The minimal inhibitory concentmat (MIC) corresponds to the



concentration of the test substance at which 1088aation of the growth of the inoculated

bacteria was observed by comparison with contnolpgas without test substance.
Sl 1. 5.b. Hemolytic activity test:

The hemolytic activity was assessed as follows. blumrythrocytes (red blood cells (RBC),
0, Rh positive; citrate blood) were obtained bytdgargation (3000 rpm, 10 min) to remove
plasma, washed 3 times in PBS and diluted in PB8btain a stock solution 2.6x3MmL
RBC. 250 pL of the stock solution was pipetted irgolutions of defined polymer
concentration in PBS up to 500 pL; the final amoohRBC being 1,3x10RBC/mL. The
RBC were exposed for 60 min at 37 °C, thereaftatrdaged (4000 rpm, 10 min) and the
absorption of the supernatant was determined atrdi4dn a 96 well plate. As reference
solutions (i) PBS for determining spontaneous hgsisland (ii) 0.5 % Triton X-100 for
100 % hemolysis (positive control) were used. Hemsisl was plotted as a function of
polymer concentration and the hemolytic activityswiefined as the polymer concentration
that causes 50 % hemolysis of human RBC relativehéopositive control (H§) and in
comparison to that H{g was given as the polymer concentration that cali8&s hemolysis

of human RBC.



S| 2. Characterization of the modified PEIs:

S1 2.1. NMR of PEIHy%, %, 5

'H NMR (D,O + MeOD [1:2], 400MHz):§ = 4.80 (m, H), 4.60 & 4.13 (m, B, 3.9 — 3.3
(H3, H°, H°, H'), 3.2 - 2.1 (M, H°, H, HE, H°, 1Y, H2, HE, H® H'® H), 1.8 — 1.1 (H,

H® HY, H°, 2L H?, H*, H?%), 0.85 (H°) ppm.

Table Sl 2: Expected and calculated molar ratio of hydrophdlilelO chain) to cationic

(azetidinium group) groups within the multifunctampolymers:

Polymer

hydrophobic/cationic

molar ratio (expected)

hydrophobic/cationic

molar ratio (calculated)

PEIHY1(C%5 1:1.5 1:1.48
PEIHY" 12 C% 55 1:1 1: 0.98
PEIHY15C% 15:1 15:1

The ratio of hydrophobic/cationic groups was catedl using the integration ratio of the

protons ab = 4.15 ppm () ands = 0.8 ppm (H") (see Figure SI 1B).

Sl 2.2. SEC:The molecular weight of the newly prepared polynweas determined by SEC

using water as eluting solvent and compared wighstarting non-functionalized PEI.
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Table SI 3: M, values for the starting material and multifuncbREIls

Polymer My

PEI 24600 (reported 25000 by Sigma Aldrich)
PEIHY1(C%5 27900

PEIHY"2 £C™12 5 26900

PEIHY'15C% 24200

Sl 3. Characterization of the nanogels:
Sl 3.1. NMR studies:

For full conversion of hydrophobic and azetidiniewupler the expected integration ratio of
the protons A: H'! in PEI-Hy', C%,5was 4: 3. In deuterated water the ratio: Hi!* was
found to be 4: 0.9 (Figure 2A); in deuterated wated deuterated methanol (1:2) the ratio
was found to be 4: 2.9 (Figure 2B)is indicates that when the multifunctional polymes
in pure water the alkyl chains aggregate and thleps®ed core does not show signals in the
'H NMR. However, when deuterated methanol is adtiedcore shell structure opens and

molecular solutions are observed.
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Figure SI 1: *H NMR analysis of the multifunctional PEI (for PB4, £C% 55 —proving the

core-shell structure (* and # indicates the solym#ks [water and methanol respectively]).

S| 3.2. Cryo- SEM images of the PCNGs:

PEIHyY,,C%, 5 PEIHy;;,5C125

{

D1 1 GRV-D 4.7mm %22 O SE(M) 4/16/2014 DWI 1.0kV-D 4 7mm x18 0k SE:MIIAVIEJ{‘E'H g

Figure SI 2: Cryo-SEM images of PEIMyC1s, PEIHY'1,4C 5 and PEIH$:sC g

showing the morphology of the soft nanopatrticles:

8



Sl 3.3. Dynamic light scattering (DLS) studies:
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Figure Sl 3: Results of DLS measurementswater at T = 25°C for the starting material

(PEI) and multifunctional PEls, showing the formoatiof particles, with low dispersity: (A)

intensity average distribution, (B) number averdgribution.

Table SI 4: DLS measurements: Determination of the particlamditer at different

concentrations in water at T = 25°C.

(error mardiameter = + 3 nm, PDI = £0.02)

Polymer PEIHY"1oC% 5 PEIHY'12:C*125 PEIHY"15C%o
concentration diameter (nm) [PDI] | diameter (nm) [PDI] | diameter (nm) [PDI]
(mg/ mL)

2 167 [0.17] 198 [0.20] 230 [0.19]

1.5 165 [0.17] 194 [0.20] 225 [0.17]

1 160 [0.16] 190 [0.21] 220 [0.18]

0.8 162 [0.17] 186 [0.22] 217 [0.16]

0.5 155 [0.18] 194 [0.19] 217 [0.18]

0.2 153 [0.22] 185 [0.18] 216 [0.18]

0.02 151 [0.19] 186 [0.21] 214 [0.18]




Table SI 5: DLS measurements: Determination of the partictergiter in water at T = 25°C
after increasing storage time (polymer concentmatiol mg/mL): stability of the PCNGs.

(error margin: diameter = + 3 nm, PDI = +0.02)

Time (days) Diameter (nm) [PDI] (PEIFy £C*1, o)
1 192 [0.21]
15 190 [0.18]
60 190 [0.21]
120 192 [0.20]

Table Sl 6: Determination of the particle diameter in watefTat 25°C and different salt
(NaCl) concentrations (polymer concentration = 1/mig: effect on the stability of the

PCNGs at different salt concentratigerror margin: diameter = £ 3 nm, PDI = £0.02)

NaCl Concentration (wt%) Diameter (nm) [PDI] (PEf$tC¥125)
0 182 [0.20]
3 182 [0.21]
5 186 [0.18]
10 190 [0.19]
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Figure SI 4: CONTIN plots (DLS) in water at T = 25°C for PEIMy{C%,5 at different

scattering angle.
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Sl 3.4. Static Light Scattering
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Figure SI 5: Berry plots for different polymer samples: (Solvent: Water, T = 25°C).
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Table SI 7: Values of dn/dc in water for different polymers.

Polymer Temperature (C) dn/dc (ml/ g)
PEIHY1(C%5 25 0.208
PEIHY" 15 C% 55 25 0.211
PEIHY15C% 25 0.218
PEIHY" 15 C% 55 50 0.204

Sl 4. Temperature dependent studies: (error margindiameter = £ 3 nm, PDI = + 0.02)
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Figure Sl 6: Effect of temperature on the size and zeta patkotiPCNG in water: (A) size
vs. temperature plot, (B) size distribution vs. pemature plot, (C) zeta potential vs.
temperature plot, (D) reversible size change atediht temperatures (heating/ cooling

cycles).
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SI 5. Biological studies:

Table SI 8: Antimicrobial activity (MIC: lowest polymer conceation resulting in 100 %

growth inhibition during 20 h) and hemolytic activof the cationic nanogels:

Polymer MIC 100(p1g/mL) HCso
E.coli P.aeruginosa Saureus Sepidermidis (ug/mL)
(ATCC 25922) (ATCC 27853) (ATCC6538) (ATCC 12228)
PEIHy %C%5 20 200 7 3 90
PEIHy 125C%55 20 200 7 2 100
PEI Hydlscazlo 10 200 5 2 70
Unmodified PEI 400 70 20 3 1000

Sl 6. Calculation of the hydrodynamic radius of sigle PEIHy%;, £C®, s molecule at 25C

in water:

The hydrodynamic radius of the PCNG,(F95 nm.

No of molecules associates to form a PCNg¢N2271

Hydrodynamic radius of single PEIfly £C%, 5 chain (R): [ (95 /2271}% = 7.2 nm

This value correlates to the hydrodynamic radiushef water soluble non modified PEI
(starting material), R= 4 (+ 1) nm. The small increase in the hydrodyitaradius is due to
mainly the hydrophobic and cationic functionalimati This value is very close to the values
reported for the hydrodynamic radius of modifiechgée polymer PEI chains, with

comparable hydrophobic and cationic building bloéks
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S| 7. Calculation of the density of the PCNG at 2& (PEIHy %, %, 9):
The hydrodynamic radius of the PCNG,Yf5 nm = 95 x 18 dm.
Molecular weight of the aggregates = 61,100,100pl.

Weight of a single PCNG (M) = [61,100,000 /6.0230%%] g.

Volume of a single PCNG (V) = 4#8(95 x 10%)3 dn?’

Density of the PCNG (D) = M/V = 0.354 g /dm 0.0354 g / L.

Sl 8. Earlier reported modified PEI (from reference 41 and 42), used as reference for

comparing antimicrobial properties of the current polymers:
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Figure Sl 7: Chemical structure of earlier reported modified $Ekference 41 and 42 from

the main manuscript).
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