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Abstract
Rendering established antibiotics by derivatization or formulation is a promising way to 
quickly obtain higher active antibiotics and to address antibiotic resistant bacterial strains. The 
antibiotic ciprofloxacin (CIP) conjugated with amphiphilic blockcopoly(2-oxazoline)s (POx) 
shows greatly enhanced antimicrobial activity, reduces resistance formation, and is active 
against CIP-resistant bacterial cells with overexpressed efflux pumps. In order to design CIP 
conjugates with comparable performance, but higher biocompatibility, the hydrophobic POx-
block was substituted by a modified α-Tocopherol (VitE), which is predominantly referred 
to as vitamin E. Modification of VitE with 4-bromomethylbenzoyl bromide leads to a highly 
active initiator for POx synthesis. Using this initiator for the living cationic polymerization 
of 2-methyl-2-oxazoline leads to fully end-group functionalized PMOx. Conjugation of these 
polymers with CIP results in non-cytotoxic conjugates with improved CIP activity. These VitE-
PMOx-EDA-xCIP conjugates enter E. coli cells via their efflux pumps. In case of E. coli with 
overexpressed efflux pumps (typical for resistant bacteria), the molar activity of the novel CIP 
conjugates is up to 100 times higher than free CIP, indicating potential of polymer conjugation 
with antibiotics to overcome bacterial resistances.
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Introduction

Bacterial resistance to antibiotics1 and other 
biocides2 is an increasing healthcare problem 
of the 21st century.3,4 Since the development of 
novel antibiotics has almost stopped due to 
several reasons,5 the modification and formula-
tion of existing antibiotics is recently in focus 
of research.6,7 Among these developments, pol-
ymer antibiotic conjugates (PAC) have the 
potential to alter the properties of antibiotics 
regarding solubility, toxicity, activity, selectiv-
ity, and improvements regarding overcoming 
existing bacterial resistance and delayed resist-
ance formation.8–10 Most PACs in the literature 
are designed to deliver antibiotics toward the 
infection side or into bacterial cells.11 To this 

end, they are commonly attached to the back-
bone of polymers using functional side groups 
to form cleavable bonds.12,13 Often, this con-
struct is not killing bacteria, but the release is 
realized by an external trigger.14,15 Alternatively, 
the antibiotic can be attached onto the end 
group of a polymer, for example, PEG.16,17 This 
allows the antibiotic to be active by reaching its 
target at the bacterial cell or within a biofilm. 
The polymer tail can then either protect the 
antibiotic, help it enter the bacterial cell or can 
offer the possibility of triggering the activity of 
the conjugate by changing the shape of the pol-
ymer, for example, induced by temperature.18

Another polymer that is well suited for end 
group attachment of drugs is poly (2-oxazoline) 
(POx).19–22 We have previously shown that the 
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conjugation of antibiotics with POx have great 
potential to improve the performance of the 
first. While penicillin conjugated to POx 
becomes resistant against penicillinase degra-
dation,23 conjugation of ciprofloxacin (CIP) to 
POx24 slows the formation of bacterial resist-
ance against these PACs.25 Varying the structure 
of POx toward amphiphilic block copolymer 
structures, greatly activates the conjugated CIP 
by up to a factor of 20.26,27 Downside of these 
amphiphilic CIP-PACs is the strong influence 
of the conjugated POx on solubility, hemolytic 
effect on blood cells and cell toxic properties. 
Depending on the compositions of the block 
copolymers, the highly active amphiphilic CIP-
POx conjugates are either lowly soluble and 
thus cytotoxic toward stem cells at higher con-
centrations or well soluble, but somewhat lytic 
to blood cells. This is critical for a potential for-
mulation of such conjugates. Therefore, we 
looked for a less toxic hydrophobic function 
that allows to obtain similarly activated CIP-
POx conjugates with improved solubility and 
cell compatibility.

A promising hydrophobic moiety that is 
highly biocompatible is the α-Tocopherol, 
which was discovered by Evans and Bishop in 
1922 and is as well as seven other similar com-
pounds referred to as vitamin E.28 The conjuga-
tion of α-Tocopherol (VitE) with polymers not 
only leads to improved drug delivery proper-
ties, but can also contribute to better antimicro-
bial activity of the polymers.29 For example, 
polycationic polymers have shown improved 
antimicrobial activity against various bacterial 
strains after conjugation with vitamin E.29

In the present work VitE is used as hydro-
phobic moiety to improve the performance of 
polymer CIP conjugates with POx.

Results and discussion

The end group modification of POx with bioac-
tive, antimicrobial30 and/or enzyme inhibiting31 
or binding32,33 functions has been established in 
our group by either rendering the initiator34,35 of 
the polymerization or the end group.36 In order to 
substitute the hydrophobic block in amphiphilic 

POx-CIP-conjugates with the potentially less 
toxic α-Tocopherol (VitE), the vitamin was ren-
dered into an initiator for the cationic ring-open-
ing polymerization of 2-oxazolines. To this end, 
VitE was modified with 4-(bromomethyl)ben-
zoyl bromide (BMB) according to a literature 
protocol.29 1H-NMR analysis and ESI-MS 
(Supplemental Figures S1 and S2) verify the 
nature and purity of the targeted compound. The 
structure of the final conjugates of VitE-PMOx-
EDA with xCIP is shown on one example in 
Figure 1.

First, it was explored whether the novel ini-
tiator affords a living polymerization of 
2-methyl-2-oxazoline (MOx). To this end, it 
was reacted with MOx in a molar ratio of 1:30 
in deuterated acetonitrile at 110°C. Samples 
were taken at regular intervals and analyzed by 
1H-NMR spectroscopy determining the ratio of 
MOx in free form and as repeating unit in the 
formed poly(2-methyl-2-oxazoline) (PMOx). 
As seen in Figure 2, where ln(cM,0/cM) is plotted 
against reaction time, the reaction follows 
pseudo-first order kinetics over the whole reac-
tion time until over 99% conversion, which is 
typical for living polymerizations. The calcu-
lated propagation rate constant kp of the polym-
erization is calculated to 0.44 M−1 min−1.

In order to conjugate the polymer with CIP, 
the macromolecule was first terminated with 
ethylene diamine (EDA) after completing 
polymerization. All signals in the 1H NMR 
spectrum of this polymer can be assigned to the 
expected polymer structure, indicating that 
polymer chains were successfully started with 
VitE-BMB and functionalized with EDA. The 
analysis of the obtained 1H-NMR spectrum 
results in a degree of polymerization of 30 
using the signal of the BMB group as refer-
ence. This is the exact ratio of molar monomer/
initiator suggesting quantitative conversion 
without chain transfer reaction or undesired 
termination. The degree of functionalization 
with EDA was calculated to 97% with respect 
to the BMB group.

In order to get support the near perfect struc-
ture of the targeted polymer with full starting 
and end group modification, a MALDI-TOF 
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Figure 2.  Plot of the determined ln(cM,0/cM) 
values against the reaction time t to determine 
the reaction rate constant of the polymerization 
of MOx initiated with VitE-BMB in deuterated 
acetonitrile at 110°C. The conversion rate p of 
MOx was determined by 1H-NMR spectroscopic 
evaluation by using the integral of MOx units 
in the polymer and the integral of free MOx to 
calculate cM0/cM. Concentration of the initiator was 
57 mmol/L.

Figure 1.  Synthesis route toward VitE-PMOx-EDA-xCIP.

spectrum was recorded. As shown in Figure 3, 
only two generations are found in the mass 
spectrum of the polymer. Both have the mass of 
MOx as repeating unit (85.4 g/mol) and have a 
maximum mass of about 3600 g/mol, which is 

close to the mass calculated from the 1H-NMR 
spectrum (3200 g/mol). Closer inspection of the 
individual molecular weights reveals, that one 
generation can be assigned to the target poly-
mer structure with a potassium counter ion and 
the other generation represents that of the target 
structure with a proton counter ion. No chain 
transfer products or incompletely terminated 
polymer chains are found in the mass spectrum, 
indicating that the product is exclusively the 
target structure.

A series of PMOx with different molecular 
weight using BMB as initiator and EDA as ter-
mination reagent was prepared and subsequently 
conjugated with CIP. The analytical data col-
lected in Table 1 suggest nearly full conversion 
with EDA in all cases and conjugation with CIP 
of more than 90% in most cases.

The prepared CIP conjugates have a varying 
hydrophilic/hydrophobic balance. It was explored, 
how this affects the ability to form aggregates. 
TEM images of dried aqueous solutions of highly 
concentrated VitE-PMOx-EDA-xCIP conjugates 
with different PMOx chain lengths depicted in 
Figure 4 show that conjugates with the highest 
hydrophobic content form worm-like micelles. 
Increasing the hydrophilic content results in 
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spherical micelles of some 10 nm in diameter. 
Further increasing the length of the PMOx chains 
leads to the formation of rather undefined larger 
aggregates (see Figure 4(d)). The critical aggrega-
tion concentration CAC of the water-dissolved 
VitE-PMOx-EDA-xCIP conjugates with higher 
hydrophobic content was found to be as low as 
3.1 × 10−5 mol/L for the PMOx11 derivative and 
9.5 × 10−5 mol/L for the PMOx31 derivative. The 

CAC values of the conjugates with the larger 
hydrophilic PMOx chain (PMOx56) increase dra-
matically to 2.2 × 10−2 mol/L. This seems to indi-
cate that the latter conjugates are majorly stabilized 
in water by unimolecular micelles, which form 
aggregates composed of more polymer chains 
only at higher concentrations.

The antibacterial activity of the amphiphi-
lic PACs against several clinically relevant 

Figure 3.  MALDI-TOF of the polymer VitE-PMOx30-EDA.

Table 1.  Analytical data of VitE-BMB derived CIP PACs characterized by 1H-NMR spectroscopy (the 
1H-NMR spectra of the xCIP conjugates are provided in the Supplemental Figures S3 to S6).

PAC Mn,NMR
a (g/mol) FNMR

b (%)

VitE-PMOx10-EDA 1500 98
VitE-PMOx22-EDA 2300 97
VitE-PMOx30-EDA 3200 97
VitE-PMOx56-EDA 5200 99
VitE-PMOx90-EDA 8300 98
VitE-PMOx11-EDA-xCIP 2100 83
VitE-PMOx23-EDA-xCIP 3100 90
VitE-PMOx31-EDA-xCIP 3800 94
VitE-PMOx56-EDA-xCIP 5900 97
VitE-PMOx90-EDA-xCIP 8700 90

aDegree of polymerization determined by 1H-NMR spectroscopy via comparison of the respective signals caused by the 
initiating group and the signals caused by the protons of the polymer backbone.
bDegree of functionalization determined by 1H-NMR spectroscopy via comparison of the respective signals caused by 
the initiating and the terminal CIP groups.
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infectious and pathogenic bacterial strains 
(Staphylococcus aureus (S.a.), Escherichia 
coli (E.c.), Klebsiella pneumoniae (K.p.), 
Pseudomonas aeruginosa (P.a.)) was deter-
mined using the minimal inhibitory concentra-
tion (MIC99) test. The MIC value in our setup 
corresponds to the concentration at which 99% 
of the bacteria are inhibited in their growth. 
This value is compared to the MIC value of 
CIP. The respective EDA-terminated polymers 

show no antimicrobial activity against any of 
the microbial strains (MIC >500 µg/mL in all 
cases).

The VitE-PMOx-EDA-xCIP conjugates 
exhibit high antimicrobial activity against all 
bacterial strains tested (Figure 5). They behave 
similarly to the previously reported amphiphilic 
block copolymer POx-xCIP conjugates and 
much better than the respective hydrophilic 
PMOx-xCIP-conjugate, showing that the VitE 

Figure 4.  Transmission electron microscopy (TEM) images of the VitE-PMOx-EDA-xCIP conjugates with 
11 (a), 23 (b), 31 (c), and 90 (d) repeating units in the polymer. The conjugates were dissolved in water  
(1 wt%), dropped onto the TEM grids and stained with ruthenium chloride.
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unit perfectly takes over the role of the hydro-
phobic POx-Block. Looking at the molecular 
weight dependence of the conjugates on the 
antibacterial activity using S. aureus as an exam-
ple reveals that all PACs with a degree of polym-
erization between 11 and 31 have similar MIC 
values (Figure 6). A further increase of this 
chain length to 56 repeating units and higher 
leads to a strong decrease in antibacterial activ-
ity. This correlates with the CAC of the PACs. 
While conjugates with a shorter PMOx chain 
form micelles at very low concentrations, the 
CAC of PMOx chains with a degree of 56 leads 

to a more than 100-fold increase in CAC indi-
cating that this PAC does not form multi-chain 
micelles at concentrations around the MIC. This 
suggests that the formation of micelles is an 
important prerequisite for the high antibacterial 
activity of PACs or at least that strong hydro-
phobic interactions are required.

One feature of the amphiphilic block 
copolymer POx-xCIPs is that the polymer 
chain enables the conjugates to enter the bac-
terial cells through the AcrAB-TolC efflux 
pumps of E. coli cells and inhibit the CIP tar-
get—topoisomerase IV—to kill the bacterial 
cells. Figure 7 shows the effect of these efflux 
pumps on CIP and VitE-PMOx31-EDA-xCIP 
in comparison to the amphiphilic PMOx28-b-
PHptOx3-EDA-xCIP (PHptOx = poly(2-hep-
tyl-2-oxazoline)) against E. coli wild-type 
cells and mutants with deactivated (JW0453) 
or overexpressed AcrAB-TolC efflux pumps 
(JW5503).

VitE-PMOx31-EDA-xCIP shows good activ-
ity against JW0453 but becomes more active as 
more efflux pumps are expressed. This behav-
ior is exactly the opposite of that observed for 
CIP, but is consistent with the behavior of the 
previously reported amphiphilic block copoly-
mer PACs.26 The conjugate shows 50 times less 

Figure 5.  MIC values of CIP (white), checkered: 
VitE-PMOx11-EDA-xCIP, dotted: VitE-PMOx23-
EDA-xCIP, striped: VitE-PMOx31-EDA-xCIP, 
waved: VitE-PMOx56-EDA-xCIP, black: VitE-
PMOx90-EDA-xCIP.
Values are expressed as mean ± SD (n = 3). The numerical 
MIC values are provided in the Supplemental Tables 1 
and 2).

Figure 6.  Degree of polymerization (number of 
repeating units in the polymer chain) against the 
MICS. aureus value (µg/mL) for VitE-PMOx11-EDA-
xCIP, VitE-PMOx23-EDA-xCIP, VitE-PMOx31-EDA-
xCIP, VitE-PMOx56-EDA-xCIP, VitE-PMOx90-EDA-
xCIP.
Values are expressed as mean ± SD (n = 3).

Figure 7.  Antimicrobial activity of CIP, PMOx28-
b-PHptOx3-EDA-xCIP, and VitE-PMOx31-EDA-
xCIP (checkered) against E. coli ATCC 8739 and 
its mutants, JW0453 without AcrAB-TolC efflux 
pumps and JW5503 with overexpressed AcrAB-
TolC efflux pumps. The MIC-values of CIP (white) 
and PMOx28-b-PHptOx3-EDA-xCIP (striped) are 
reproduced from a previous study.26

All measurements were performed at least in triplicate. 
Values are expressed as mean ± SD (n = 3). PHptOx: 
poly(2-heptyl-2-oxazoline).
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activity against E. coli JW0453 bacteria without 
efflux pumps than CIP. In contrast, it is 170 
times more active than CIP against the bacteria 
with overexpressed efflux pumps and up to 14 
times better active compared to PMOx28-b-
PHptOx3-EDA-xCIP.26 Thus, the VitE end 
group is even improving the ability of the 
respective CIP PAC to enter E. coli cells via 
their efflux pumps compared to the previously 
reported amphiphilic CIP PACs.

Since efflux pump overexpression is one of 
the major resistance mechanisms of bacterial 
cells to CIP, there is a possibility that VitE-
PMOx31-EDA-xCIP may have an even lower 
potential to induce bacterial resistance than the 
previously reported amphiphilic CIP PACs. The 
development of bacterial resistance to VitE-
PMOx31-EDA-xCIP was determined using a 
modified MIC assay. The test was performed by 
growing bacterial cells at the highest possible 
antibiotic concentration (half the MIC) collect 
them after 24 h and use these cells for the inocu-
lation of the next MIC test. This procedure was 
repeated for at least 18 days or until MIC levels 
exceeded 512 times the initial MIC on day 1. S. 
aureus and E. coli were selected as representa-
tive Gram-positive and Gram-negative test bac-
teria. The results are shown in comparison to 
those of CIP (Figure 8).

As seen in Figure 8, after 8–10 days, S. 
aureus and E. coli have built up resistance to 

CIP. After this time almost no resistance was 
formed by both bacterial strains against the 
PAC. A notable resistance formed after 14 days 
of stressing the bacteria with the PAC. Thus, the 
binding of CIP to PMOx with a VitE end group 
greatly slows down resistance formation of the 
typical and clinical relevant bacterial strains S. 
aureus and E. coli.

Another important potential of a PAC is that 
is does not necessarily induce resistance for the 
respective free antibiotic. As shown previously, 
simple mutation of the target site does not 
induce resistance against CIP, but to some 
extent resistance to the CIP conjugates.25,26 
Thus S. aureus cells resistant to the PAC were 
nearly fully susceptible to the free antibiotic. To 
investigate, if the here presented VitE-PMOx-
EDA-xCIP PAC shows a similar effect, the 
cross-resistances were explored by determining 
the MIC value of all formed bacterial strains for 
CIP and the CIP-PAC VitE-PMOx31-EDA-
xCIP. As seen in Figure 9, the resistance forma-
tion against CIP also leads to a decreased 
susceptibility toward the CIP-PAC and vice 
versa. However, in all cases the cross-refer-
ences induced by one compound are only par-
tially deactivating the other. For example, the 
resistance of E. coli built up against CIP results 
in an MIC value of some 300 µmol/L.

Having established that the VitE group is 
capable of strongly activating CIP conjugated 

Figure 8.  Development of resistance of bacterial cells against free CIP (spheres) and VitE-PMOx31-EDA-
xCIP (squares) and for (a) S. aureus and (b) E. coli, respectively. The MIC/MIC (day 1) values are indicating 
the increased MIC value of the respective bacteria after being treated at MIC/2 in growth medium for 24 h 
at 37°C.
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to PMOx, similar to conjugates composed of 
amphiphilic block copolymer POx-CIP, the 
effect of this hydrophobic group on the lytic 
activity toward blood cells was explored. In 
contrast to the hydrophobic POx chains in the 
block copolymer PACs, it was expected that the 
VitE function is not membrane-active due to its 
branched structure. The blood cell lysis test 
confirmed this expectation. All VitE-based 
PACs did not destroy erythrocytes (less than 
1-% lysis) even at concentration as high as 
20,000 µg/mL. This means that by using VitE 
instead of hydrophobic poly(2-oxazoline) 
blocks in POx-CIP conjugates, the cell lytic 
activity is diminished.

The cytotoxicity of the PACs was tested on 
rat alveolar macrophages (AM) (NR8383) 
using the AlamarBlue assay. Macrophages are 
effector cells of the innate immune system 
and play an important role in the clearance of 
pathogens.37

In all cases, the cell viability exceeds 80%, 
indicating that even at such a high concentra-
tion as 200 µg/mL the PACs do not induce cyto-
toxicity in NR8383 after 24 h of incubation 
(Figure 10).

Conclusions

Goal of this work was to replace the hydropho-
bic block of highly active amphiphilic block 
copolymer conjugates of ciprofloxacin (CIP) 
and poly(2-oxazoline) POx. This was achieved 
by introducing a novel initiator for the cationic 
ring-opening polymerization of 2-oxazolines 
based on α-Tocopherol (VitE). The initiator 
was used to prepare a series of poly(2-methyl-
2-oxazoline) (PMOx)-conjugates with VitE at 
the start and CIP at the end. These micelle-
forming amphiphilic PACs exhibit the high 
antibacterial activity known from previously 
reported amphiphilic block copolymer CIP con-
jugates. In contrast to the latter they are well 
soluble in water, do not cause cell lysis of eryth-
rocytes even at concentrations as high as 
20,000 µg/mL, and are not cytotoxic to mac-
rophages. Additionally, these VitE-PMOx-
EDA-xCIP conjugates show a strong tendency 
to enter Gram-negative E. coli cells via their 
efflux pumps, which leads to greatly increased 
activity against E. coli cells with overexpressed 
efflux pumps. The VitE-PMOx-EDA-xCIP con-
jugates are more than 100 times more active 

Figure 9.  Cross-testing matrix with MIC values of CIP and the conjugate VitE-PMOx31-EDA-xCIP for the 
wild strains (black) and resistant bacterial cells (striped).
Values are expressed as mean ± SD (n = 3).
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against such cells compared to the antibiotic 
CIP, while the latter is more than 100 times 
more active than the respective conjugate in 
case of E. coli cells with suppressed efflux 
pumps. This in combination to the fact that the 
formation of bacterial resistance against the CIP 
conjugates is greatly delayed makes the novel 
conjugates an interesting candidate for a next 
generation antibiotic.

Materials and methods

Materials

The reactions, purifications and polymerizations 
were carried out under an inert atmosphere. The 
distillation of acetonitrile (Fisher Scientific) was 
carried out from diphosphorus pentoxide (VWR), 
then from potassium carbonate (VWR), and 
stored over 3 Å molecular sieves. The water con-
tent was determined by Karl Fischer titration 
(<0.5 ppm). 2-Methyl-2-oxazoline (MOx, 
ACROS) and Trimethylamine (ACROS) was 
distilled under reduced pressure from calcium 
hydride (ACROS). Ethylene diamine (EDA; Alfa 
Aesar) was distilled under reduced pressure. 

Dichloromethane (DCM; Fisher Scientific) was 
dried overnight over calcium chloride and subse-
quently stored over 3 Å molecular sieves. 
Methanol (Fisher Scientific), diethyl ether (Fisher 
Scientific), ethyl acetate (Fisher Scientific), α-
Tocopherol (TCI), 4-(bromomethyl)benzoyl bro-
mide (BMB, TCI) were used without further 
purification. α,α′-Dichloro-p-xylene (TCI) was 
recrystallized in chloroform. Ciprofloxacin 
(ACROS), dithranol (Sigma-Aldrich), acetic acid 
(Merck), sodium hydrogen carbonate (Merck), 
sodium chloride (Fisher Scientific), sodium dihy-
drogen phosphate dihydrate (Merck), sodium cit-
rate (Sigma-Aldrich), citric acid mono-hydrate 
(Sigma-Aldrich), glucose monohydrate (Sigma-
Aldrich), sodium hydroxide (VWR), hydrochlo-
ric acid (VWR), glycerol (ACROS), triton X-100 
(ACROS) and nutrient broth (Roth) were used 
without further purification. The bacterial strains 
Escherichia coli (Gram-negative, ATCC 25922), 
Klebsiella pneumoniae (Gram-negative, ATCC 
13883), Pseudomonas aeruginosa (Gram-
negative, ATCC 17423), and Staphylococcus 
aureus (Gram-positive, ATCC 25323) were pro-
vided by the German Resource Center for 
Biological Material (DSMZ). E. coli ATCC 8739, 

Figure 10.  AlamarBlue assay with NR8383 cells treated with white: cells, gray: AgAc 10 µg/mL, black: 
AgAc 5 µg/mL, black checkered: blank, dotted: VitE-PMOx31-EDA, striped: VitE-PMOx56-EDA, waved: VitE-
PMOx11-EDA-xCIP, checkered: VitE-PMOx31-EDA-xCIP, cross-strip: VitE-PMOx56-EDA-xCIP in RMPI/FCS 
for 24 h.
Values are expressed as mean ± SD (n = 3–4).
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E. coli JW0453 and E. coli JW5503 were obtained 
from the Keio collection.

Measurements
1H-NMR spectra were recorded in deuterated 
solvents (CDCl3) using FT-appliances of Varian 
type Inova 500 (500 MHz) or FT-appliances of 
Bruker, types DPX-300 (300 MHz), DRX-400 
(400 MHz), DRX-500 (500 MHz). The residual 
protons of the not fully deuterated solvents 
served as an internal standard.

The ESI-MS measurements were performed 
on a LTQ Orbitrap XL (Thermo) mass spec-
trometer. The polymer samples were dissolved 
in ethanol at a concentration of 100 µmol/mL. 
Nominal nitrogen back pressure and ESI volt-
age were adapted to the respective analyte, 
varying between 0.4 and 1.4 psi and 1.8 kV, 
respectively. The profile mass spectra were 
obtained as full scan data in positive mode by 
accumulation of 2 μ scans in the mass range 
m/z 50–2000 with a resolution of 100,000. The 
measurement accuracy was <5 ppm (<1 ppm 
internal log).

The matrix-assisted laser-desorption-ioniza-
tion time-of-flight (MALDI-TOF) was meas-
ured on an Autoflex of the Firma Bruker. The 
laser was a nitrogen laser with a wavelength of 
337.1 nm. The measure control was managed 
by the FlexControl software. The analysis of 
the measured spectra was carried out by the 
software FlexAnalysis. For the sample prepara-
tion the dried droplet method was used. The 
samples (10 mg/mL) and the universal matrix 
dithranol (10 mg/mL) were dissolved in chloro-
form. Subsequently, 50 µL were taken from 
each of the two solutions and mixed separately. 
After adding acetic acid, a total of 1 µL of the 
sample solution-universal matrix mix was 
dropped onto the sample disk. After evapora-
tion of the solvent, 1 µL of the sample solution-
universal matrix mix was again dropped onto 
the sample disk. This procedure was repeated 
several times. After evaporation of the chloro-
form, the sample was measured.

The calculation of the theoretical molecular 
masses was performed by using the following 

isotopes: 12C = 12.000 g/mol, 16O = 15.995 g/mol−1, 
14N = 14.003 g/mol, 1H = 1.008 g/mol, 79Br =  
78.918 g/mol, 1H+ = 1.0072766 g/mol, and 
K = 38.9637 g/mol.

Transmission electron micrographs were 
acquired on an Talos F200X microscope operat-
ing at an accelerating voltage of 200 kV. The 
polymer samples were dissolved with 1 wt% in 
distilled water and dropped on carbon-coated 
copper grids allowing the solvent to evaporate. 
A staining solution was prepared as follows. 
0.2 g of ruthenium chloride hydrate and 10 mL 
(5 wt%) sodium hypochlorite were dissolved in 
100 mL distilled deionized water. The grids 
with the polymeric sample were incubated with 
three droplets of staining solution. After 20 min, 
the samples were analyzed by transmission 
electron microscopy (TEM).

Fluorescence spectroscopy for CAC deter-
mination. A methanol solution of the fluores-
cent dye pyrene (0.1 mM) was used for CAC 
determination. In aqueous solution, a dilution 
series of the PAC of interest was prepared, 
halving the concentration with each step. Then, 
10 µL of the pyrene-MeOH solution was added. 
The dilution series was examined by fluores-
cence spectroscopy (f-2700 from Hitachi at 
25°C, excitation wavelength of 310 nm) and 
the emission intensities at I1 = 373 nm and 
I3 = 383 nm were measured.38 The onset of the 
change of the ratio of I1/I3 was considered the 
CAC value.39

Initiator synthesis

In a 250 mL round bottom flask, 5.4 g 
(19.3 mmol, 1 equiv) of 4-(bromomethyl)ben-
zoyl bromide was dissolved in 50 mL of dry 
DCM. In a new glass tube, 8.7 mL vitamin E 
(8.3 g, 19.3 mmol, 1 equiv) and 3 mL triethyl-
amine (21.6 mmol, 1.12 equiv) were dissolved 
in 50 mL dry DCM.29 The 50 mL VitE–TEA–
DCM solution was then added to the 4-(bromo-
methyl)benzoyl bromide—DCM solution over 
30 min and stirred at room temperature for 18 h. 
The product was purified by column chroma-
tography with the running medium heptane:ethyl 
acetate (96%:4%).
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1H NMR (500 MHz, Chlorofom-d) δ 
ppm = 0.84–0.95 (m, 12 H) 1.07–1.21 (m, 5 H) 
1.22–1.37 (m, 14 H) 1.38–1.47 (m, 3 H) 1.53–
1.67 (m, 2 H) 1.76–1.91 (m, 2 H) 2.00–2.12 (m, 
6 H) 2.12–2.21 (m, 3 H) 2.60–2.69 (m, 2 H) 
4.56 (s, 2 H) 7.54–7.61 (m, 2 H) 8.23–8.30 (m, 
2 H).

General procedure for the 
polymerization

The starting concentration of the monomer was 
varied to set the desired degree of polymerization 
DPset according to [initiator] = [monomer]·DPset − 1. 
For example, the initiator VitE-4-(bromomethyl)
benzoyl bromide (0.63 g, 1 mmol, 1 equiv) was 
dissolved in acetonitrile (15 mL) at room tempera-
ture, and the monomer 2-methyl-2-oxazoline was 
added (2.55 g, 30 mmol, 30 equiv) to the solution. 
The polymerization was carried out in a CEM 
Discover synthetic microwave. The reaction tem-
perature was monitored with a vertically focused 
IR temperature sensor. The vessels were heated to 
110°C for 4 h in order to use the power (150 W) 
with magnetic stirring. Performance was reduced 
to a base level after the desired temperature was 
reached while maintaining the target temperature. 
The vessels were cooled by compressed air shocks 
during the polymerization to maintain the set tem-
perature. To terminate the living polymer chains, a 
10-fold molar excess (based on the initiator molar-
ity) of ethylene diamine was added and heated at 
45°C for 72 h. The polymer was then precipitated 
in diethyl ether and dialyzed in MeOH using ben-
zoylated cellulose membranes (1000 MWCO). 
The water was removed by reduced pressure, and 
the products were obtained as white solids in 
yields of 69%−93%.

VitE-PMOx30-EDA 1H NMR (400 MHz, 
chloroform-d) δ ppm = 0.73–0.87 (m, 12 H) 
0.97–1.14 (m, 5 H) 1.14–1.29 (m, 14 H) 1.29–
1.42 (m, 3 H) 1.49 (dt, J = 13.35, 6.60 Hz, 2 H) 
1.79 (s, 2 H) 1.88–1.98 (m, 6 H) 1.99–2.19 (m, 
80 H) 2.58 (t, J = 6.56 Hz, 2 H) 2.62–2.85 (m, 6 
H) 3.23–3.84 (m, 105 H) 4.76 (s, 2 H) 7.49 (d, 
J = 8.54 Hz, 2 H) 8.18 (d, J = 8.24 Hz, 2 H).

7-(4-(4-(Chloromethyl)benzyl)
piperazin-1-yl)-1-cyclopropyl-6-
fluoro-4-oxo-1,4 dihydroquino-line-3-
carboxylic acid (xCIP-Spacer)

The xCIP spacer was synthesized according to 
literature by reacting CIP with α,α′-dichloro-
p-xylol.24 Briefly, α,α′-Dichloro-p-xylene 
(875 mg, 5.00 mmol, 5 equiv) and NaHCO3 
(168 mg, 2 mmol, 2 equiv) were dissolved in a 
mixture of N,N-dimethylformamide and 
MeCN (1:1, 4 mL). Ciprofloxacin (331 mg, 
1.00 mmol, 1 equiv) was added to the solution 
at room temperature. The reaction mixture was 
stirred at 80°C for 24 h and the product was 
precipitated in Et2O and purified by column 
chromatography (SiO2; CH2Cl2:MeOH = 20:1).

General procedure of xCIP-linking

The synthesis of the xCIP-Linking with poly-
mers was carried out according to the litera-
ture.24 Briefly, xCIP (93.8 mg, 0.2 mmol, 
2 equiv) and NaHCO3 (16.8 mg, 0.2 mmol, 
2 equiv) were suspended in a mixture of N,N-
dimethylformamide and acetonitrile (1:1, 
4 mL). One equivalent of the respective EDA 
terminated polymer was added to the suspen-
sion at room temperature. The reaction mix-
ture was stirred at 80°C for 24 h. The product 
was precipitated in Et2O, dried, re-dissolved 
in water and dialyzed against water in mem-
branes of Roth (ZelluTrans) with a molecular 
cut-off of 2000 g/mol.

Minimal inhibitory concentration, 
resistance-test, cross-test and 
hemocompatibility-test

The investigation of the antimicrobial activity, 
resistance, and the cross-test hemocompatibil-
ity of the polymer-antibiotic-conjugates was 
carried out according to the literature.24 The 
hemocompatibility-test (HC50) was slightly 
adopted. Thereby, the absorbance at 541 nm 
(<0.12) of the nearly colorless solution 
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obtained after 1 h of incubation at 37°C of the 
blood cells in the buffer followed by centrifuga-
tion was taken as negative control and was sub-
tracted from all measured absorbance values. 
The positive control was obtained by treating 
the blood cells with 2 µL Triton X for 1 h. The 
absorbance of the supernatant was 26.68 ± 5.88 
(calculated from the determined absorbance of 
a diluted sample). This value was considered as 
100% lysis.

Cell culture

Cell experiments were performed with the cell 
line NR8383 (rat alveolar macrophages; LGC 
Standards GmbH, Wesel, Germany). Cells cul-
tivation was carried out in Ham’s F-12 medium 
with 15% fetal calf serum (FCS; GIBCO; 
Invitrogen, Karlsruhe, Germany) in 175 cm2 
cell culture flasks (BD Falcon; Becton 
Dickinson GmbH, Heidelberg, Germany) at 
standard cell culture conditions (humidified 
atmosphere, 37°C, 5% CO2). The NR8383 cells 
were partly adherent and partly non-adherent, 
with a ratio between adherent and non-adherent 
cells about 1:1. For cell experiments, adherent 
cells were detached from the cell culture flasks 
with a TPP cell scraper (TPP Techno Plastic 
Products AG, Trasadingen, Switzerland), com-
bined with non-adherent cells and seeded into 
24-well cell culture plates (BD Falcon) at a cell 
concentration of 5 × 105 cells/mL.

AlamarBlue assay

After exposure to polymer antibiotic conjugates 
for 24 h, the cell metabolic activity of NR8383 
was analyzed by the AlamarBlue assay. 
Therefore, cells were incubated with the 
AlamarBlue reagent (1 + 10 in Ham’s F-12/15% 
FCS) for 2 h under cell culture conditions. 
Subsequently, fluorescence intensity was ana-
lyzed at 590 nm using a microplate reader 
(FLUOstar Optima; BMG LABTECH GmbH, 
Ortenberg, Germany). The fluorescence inten-
sity of the cell culture incubated without addi-
tives was found to be 25,400 ± 3491 (negative 

control). After treating NR8383 cells with 5 µg/
mL silver acetate (24 h, toxic conditions), the 
fluorescence intensity drops below 1000 (posi-
tive control). The data are expressed as the 
mean ± standard deviation (SD) of at least three 
independent experiments and given as percent-
age of the untreated cells cultured in Ham’s 
F-12/15% FCS without additives.
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