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A B S T R A C T   

Drugs that form self-assembled supramolecular structures to be most-active is a promising way of creating new 
highly specific and active pharmaceuticals. Controlling the activity of bioactive supramolecular structures such 
as drug-loaded micelles is possible by both core/shell and inter-assembly cross-linking. However, if the flexibility 
of the assembly is mandatory for the activity cross-linking is not feasible. Thus, such structures cannot be 
manipulated in their activity. 

The present study demonstrates a novel concept to control the activity of not drug-releasing, non-cross-linked 
bioactive superstructures. This is achieved by formation of nanostructured nanoparticles derived by non-covalent 
inter-assembly cross-linking of the superstructures. This is shown on the example of amphiphilic diblock- 
copolymers conjugated with the antibiotic ciprofloxacin (CIP). These polymer-antibiotic conjugates form 
worm micelles, which greatly activate the conjugated antibiotic without releasing it. Non-covalent inter-as
sembly cross-linking of these CIP-worm-micelles with amphiphilic triblock copolymers terminated with lipase- 
cleavable esters leads to nanostructured nanoparticles that resemble cross-linked worm micelles and show an 
up to 135-fold lower activity than the free worm micelles. The activity of the worm-micelles can be fully 
recovered by cleaving the end groups of the polymeric cross-linker with lipase.   

1. Introduction 

A recent branch of modern drug design are constructs with drugs that 
are embedded into a supramolecular structure. This often self-organized 
structure, such as spherical [1] or worm micelles [2,3], liposomes [4,5], 
and polymersomes [6–9] can act as target-selective carrier for a drug or 
a sensing agent. This way, the active compound is hidden from the im
mune system and is concentrated at the target side, which minimizes 
side effects and increases activity or sensitivity. Thereby, the drug can 
either be attached to the nanostructure by a cleavable bond or can be 
simply inserted. Besides carrying, directing and protecting a drug, the 
latter can be released upon external and internal triggers, such as tem
perature [10], light [11], ultrasound [12], pH or enzymes [13]. 

Typical rather fragile nanostructures such as polymer micelles [14] 
that simply act as drug-delivery vehicles can be stabilized by core- or 
shell-cross-linking, which also allows control of the drug uptake by the 
cell [15,16]. Numerous self-organized and cross-linked micelles with 
different shapes [3] and release-profiles caused by either cleavable co
valent or non-covalent cross-linking [14] enacted by various stimuli are 

known [8,17]. This has been applied for many different drug applica
tions, including biocides and antibiotics [18,19]. The activity control of 
antibiotics is particularly important, because it minimizes the contact 
time with the immune system reducing the risk of allergic reactions, 
lowers the bacterial resistance formation, and diminishes cytotoxicity in 
some cases, e.g. for amphotericin B [20]. Further, the enzymatically 
triggered release can be induced by bacterial enzymes that are formed 
by bacterial strains or are at least more present at the infection site, such 
as hyaluronidase [21] or phosphatase [22]. 

Also inter-assembly cross-linking of supramolecular structures is 
known to control drug uptake by cells [23]. However, this is only 
possible in a reversible manner, if the micelles are already core- or shell- 
cross-linked. Bioactive superstructures that do not release drugs and act 
due to folding and unfolding this superstructure, e.g. multivalent 
enzyme inhibitors [24], will be deactivated by common cross-linking 
strategies. 

Another way of controlling the activity of a drug is to diminish its 
activity by derivatizing it to create a non-active, non-toxic version, e.g., 
by blocking functional groups or by binding the drug to a polymer 
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[25,26]. Cleaving this group reactivates the drug. In both cases, the drug 
can be locally activated by cleaving the bond between the drug and the 
deactivating group, usually chemically or, in more recent work, enzy
matically [27–29]. Again, this approach will not work for non-cross- 
linked supramolecular assemblies as discussed above, because chemi
cal alteration will destroy them. Thus, chemical modification is also not 
a feasible way of controlling the activity of non-cross-linked self-orga
nized bioactive assemblies. 

Here, we present the first example of controlling the activity of a non- 
cross-linked bioactive superstructure. This has been achieved by the 
formation of a non-bioactive assembly with telechelic triblock co
polymers which gel the worm-like micelles formed by amphiphilic block 
copolymer ciprofloxacin (CIP) conjugates without destroying their su
perstructure. This assembly is highly stable in complex media and can be 
specifically disrupted by enzymatically manipulating the non-active 
polymer. This fully reactivates the antibacterial activity of the worm- 
micelles. The presented approach is a concept-driven study and not 
directed towards a specific infection scenario. The investigated S. aureus 
cells, although clinically relevant, serve as model system. 

2. Results and discussion 

The present study aims towards a way of non-covalent cross-linking 
of pharmaceutically active self-assembled supramolecular structures. 
We chose amphiphilic polymer-antibiotic conjugate (PAC) micelles for 
employing this strategy. PACs often show a higher antibacterial activity 
[30], greater efficacy against biofilms [31] and more stability [32]. 
Particularly, the conjugation of antibiotics, such as penicillin [33] and 
ciprofloxacin [34], with poly(2-oxazoline)s (POx) has been reported as 
promising approach to form active PACs with slower bacterial resistance 
formation and the potential to overcome common resistance mecha
nisms [35]. More recently, it was demonstrated that the conjugation of 
CIP with amphiphilic POx-diblock copolymers results in great activation 
of the antibiotic. Moreover, these amphiphilic PACs form micelles that 
seem to enter the bacterial cells via their efflux pumps, particularly if 
they form spherical or worm micelles [36]. The worm micelles carry the 
antibiotic inside. Intrinsic cross-linking would deactivate them, because 
the permanently bound drug will not reach its target, the gyrase, 

anymore. The strategy to control the activity of these micelles was to 
extrinsically cross-link them into a larger superstructure, because the 
larger aggregates will not be capable of entering the bacterial cells 
through their efflux-pump entrances anymore (see Fig. 1). Since the 
deactivation needs to be reversible and should not interfere with the 
non-cross-linked superstructure of the amphiphilic PACs, we chose 
amphiphilic multiblockcopolymers with hydrophobic outer blocks as 
cross-linker. Such polymers are known to form hydrogels and microgels 
and we propose that the worm micelles will be incorporated into these 
gels without destruction of their nanostructure upon nanoprecipitation 
[37–40]. In order to be able to inverse the structure formation, we chose 
to introduce the outer hydrophobic blocks as lipase-cleavable units. The 
cross-linked micelles should be dissolved upon cleaving these groups, 
releasing the active CIP worm micelles (see Fig. 1). As illustrated in 
Fig. 1, the concept of this study is based on the presumption that the 
worm micelle PACs with CIP enter bacterial cells via the pores, e.g. 
efflux pumps, on the surface. If cross-linked, this worm micelles are to 
large and inflexible to enter the cells anymore, deactivating them. 
Cleaving this cross-link will then fully recover their activity. In order to 
cleave the cross-links, the rather ubiquetous lipase is used as model 
enzyme to show the feasibility of the new concept. 

To find the best suited non-covalent cross-linker for the POx-CIP 
micelles, a series of POx with two cleavable ester end groups was syn
thesized. The end groups were varied in hydrophobicity using octanoate 
and oleate, respectively. The polymer backbone was varyied from hy
drophilic poly-2-methyl-oxazoline (PMOx) to amphiphilic tri
blockcopolymers containing hydrophobic blocks, such as (PHeptOx) or 
poly-2-phenyl-oxazoline (PPhOx) in the middle. According to their 1H 
NMR spectra, all polymers show a narrow size distribution and have an 
end group functionality of >96% in all cases. (for analytical data see 
supplemetary Table S1). 

The resulting copolymers were then codissolved with the worm 
micelle forming highly active CIP conjugate Me-PMOx15-b-PHeptOx16- 
EDA-xCIP in ethanol in a 1:1 M ratio (mol/mol) and then added to 
thorouhgly stirred water. A successful formation of larger aggregates is 
initially judged by a visible precipitation. As seen in Table 1, the tele
chelic homopolymers did not aggregate with the worm micelles, while 
all end-group-esterified triblockcopolymers rendered the mixture 

Fig. 1. Illustration of the general concept of controlling the activity of cross-linked, antibacterial worm micelles based on CIP-based antibiotic polymer conjugates 
(PAC) on a bacterial surface. The worm micelles are inactive in its cross-linked state and can be released and activated by the cross-linker cleaving enzyme lipase. The 
activated worm micelles enter the bacterial cell via their efflux pumps and kill the cell from within. 
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cloudy. The isolated water-insoluble solids were analyzed by TEM. As 
seen in Fig. 2a, the end-group-esterified triblockcopolymer C8-PMOx10- 
b-PPhOx40-b-PMOx10-C8 alone precipitates as sphere without recogniz
able structure. 

The same is true for all other end-group-esterified triblockcopol
ymers (see supplements, Fig. S11). The nanoprecipitation of the CIP 
conjugate results in rod or worm micelles (see Fig. 2b). Addition of 
triblockcopolymer with a PHeptOx as middle block to the CIP conjugate 
leads to particles without ordered structure surrounded by somehow 
bend elongated worm micelles (see Figs. 2c). This structural change of 
the coprecipitate suggests that the triblockcopolymer and the diblock
copolymer of the CIP conjugate somewhat mix and form a new structure 
as known from numerous other studies on the structures derived by 
mixed blockcopolymers [41–43]. The aggregates with the tri
blockcopolymers that have PPhOx as middle block seem the contain the 
unchanged worm micelles in all cases, indicating that the different 
polymers do not mix and thus, the triblockcopolymer can act as cross- 
linker only (see Figs. 2d-i). The TEM images in Fig. 2 d-i also show 
that the way of cross-linking depends on the structure of the copreci
pitated triblockcopolymer. Short polymers such as C8-PMOx5-b-PPhOx9- 
b-PMOx5-C8 and C8-PMOx10-b-PPhOx10-b-PMOx10-C8 appear to elon
gate the CIP worm micelles into loose, fiber-like structures (see Figs. 2d 
and e). Increasing the length of the triblockcopolymers seems to increase 
the number of cross-links, which leads to a more dense structure of the 
precipitate. For example, the triblockcopolymer C8-PMOx17-b-PPhOx20- 
b-PMOx17-C8 forms a fiberous networks with the CIP conjugate that 
resembles loosely cross-linked worm micelles. Also the hydrophilic/ 
hydrophobic balance of the triblockcopolymers influences the structure 
afforded by nanocoprecipitation with the CIP-conjugate. The tri
blockcopolymers with a longer hydrophobic middle block C8-PMOx10-b- 
PPhOx20-b-PMOx10-C8 and C8-PMOx10-b-PPhOx40-b-PMOx10-C8 afford 
nanostructured particles, which resemble densly cross-linked worm 
micelles. The structural motive of the wool-cluster-like aggregates with 
C8-PMOx10-b-PPhOx20-b-PMOx10-C8 and Me-PMOx15-b-PHeptOx16- 
EDA-xCIP seen in the TEM image was confirmed by SAXS measurement 
of the dried and swollen aggregates (Fig. S12). The dried aggregates 
show a strong correlation peak with a d value of 11.3 nm, which can be 

translated as distance between the micelles. Swelling the aggregates in 
water results in a stronger correlation peak, which is shifted to 12.7 nm. 
It confirms that the swollen aggregates have most likely the same or
dered structure as in dried form, which indicates the high stability of this 
supramolecular structure. According to the SAXS measurement, a water 
uptake of 42% can be estimated for the cross-linked worm micelles. The 
proposed association mechanism of the cross-linked micelles based on 
the structures found in the TEM images is shown in Fig. 3. Thereby, only 
the end-groups of the triblockcopolymers act as cross-linking groups for 
the worm micelles, while the PPhOx middle block does not interact with 
them. This is why the micelles keep their shape even in cross-linked 
state. 

The composition of the cross-linked micelles was determined via the 
[1]HNMR spectra of the precipitates dissolved in chloroform (Table 1, 
Fig. S4–8). The detailed description of this calculation is provided in the 
experimental part (nanoprecipitation method). According to this, the 
triblockcopolymers and the CIP-conjugate do not precipitate in the same 
ratio (1:1 mol/mol) as applied in the stock solution. The precipitates 
contain only 27 to 39 mol% of the CIP conjugate (see Table 1). This is 
somewhat expected, because the large spheres formed by the triblock 
copolymers will be easily centrifuged off, while the worm micelles 
originating from the CIP conjugate cannot be isolated this way and 
therefore not fully cross-linked worm micelles will be lost upon purifi
cation. In order to investigate if the composition and the yield of the 
cross-linked micelles can be influenced by varying the composition in 
the stock solution, PMOx10-b-PPhOx20-b-PMOx10-C8 and Me-PMOx15-b- 
PHeptOx16-EDA-xCIP were nanoprecipitated with an ethanolic solution 
containing the polymers in a 2:1 and a 1:2 M ratio, respectively (cf. 1H 
NMR spectra in Figs. S9–10). The first experiment resulted in a precip
itate that contains only 29 mol% of the CIP conjugate. This drop from 
37.5 mol% for the precipitate derived from the solution with 1:1 mol 
triblock copolymer/mol CIP conjugate ratio can be explained by the 
high excess of the triblock copolymer. Rather surprisingly, the precipi
tate from the solution with 1:2 mol triblock copolymer/mol CIP conju
gate ratio was found to contain 39 mol% of the CIP-conjugate, which is 
close to that obtained by the 1:1 ratio. 

To explore, if the formed aggregates truly deactivate the CIP worm 
micelles, the minimal inhibitory concentration (MIC) against the bac
terium Staphylococcus aureus (S. aureus) was determined by dispersing 
the cross-linked micelles in a bacterial growth medium, inoculating it 
with the bacterial cells (105 cells per mL), incubating overnight at 37 ◦C, 
and photometrically detecting the lowest concentration, which prevents 
the growth of the bacterial cells to at least 99%. As seen in Fig. 4, the 
aggregate of Me-PMOx15-b-PHeptOx16-EDA-xCIP with C8-PMOx10-b- 
PPhOx20-b-PMOx10-C8 shows the highest deactivation of 135 compared 
to the free conjugate. The deactivation of the CIP-conjugate by the tri
block copolymers with a lower PPhOx content or a shorter chain length 
is less pronounced, which is most likely due to the lower stability of the 
aggregates. The same is true for the triblock copolymer C8-PMOx13-b- 
PHeptOx26-b-PMOx13-C8. This can be explained by the possibility of the 
two polymers to mix and thus form mixed micelles, which are not 
forming a stable aggregate and are thus available at the surface of the 
bacterial cells. The stability of the conjugates was tested in the highly 
complex bacterial growth medium, which contains several buffer salts, 
peptides and proteins. To this end, a dilution series of the aggregates Me- 
PMOx15-b-PHeptOx16-EDA-xCIP with C8-PMOx10-b-PPhOx20-b- 
PMOx10-C8 in the bacterial growth medium was prepared for the MIC- 
test, left for 12 h at 37 ◦C, and was then inoculated with S. aureus 
cells. The resulting MIC was found to be the same as that obtained by 
directly inoculating the solution with the bacterial cells, clearly indi
cating that the suspended aggregates are stable in this complex mixture. 

Next, it was explored, if the cross-linking concept only works for 
worm micelles. A similar CIP-conjugate - Me-PMOx22-b-PHeptOx8-EDA- 
xCIP - forms sperical micelles due to the molar ratio of PHeptOx/PMOx 
(see Fig. 5a). The MIC value of this conjugate against S. aureus is 0.12 
μmol⋅L− 1 (0.4 μg⋅mL− 1). This conjugate was nanoprecipitated with C8- 

Table 1 
Yields of isolated aggregates after nanoprecipitation, contents of the CIP con
jugate within the aggregates, MIC-values and On-Off-Factors as MIC (CIP con
jugate in aggregate)/MIC (free CIP conjugate). The MIC values in Table 1 are 
expressed as mean ± SD (n = 3–4).  

Polymer Isolated 
Yield [%] 

CIPconjugate 
[mol%]a 

MICS.a. 

[μg⋅mL− 1] 
On-Off- 
FactorS.a. 

C8-PMOx36-C8 –    
C18-PMOx36-C18 –    
C8-PMOx13-b- 

PHeptOx26-b- 
PMOx13-C8 

30 n.d.b 7 ± 2 1–2 

C8-PMOx5-b- 
PPhOx9-b- 
PMOx5-C8 

10 39 6 ± 2 1–2 

C8-PMOx10-b- 
PPhOx10-b- 
PMOx10-C8 

15 36.7 16 ± 3 5 

C8-PMOx17-b- 
PPhOx20-b- 
PMOx17-C8 

55 25.9 102 ± 19 14 

C8-PMOx10-b- 
PPhOx20-b- 
PMOx10-C8 

63 37.5 527 ± 25 135 

C8-PMOx10-b- 
PPhOx40-b- 
PMOx10-C8 

62 39 88 ± 13 24  

a Mol% of Me-PMOx15-b-PHeptOx16-EDA-xCIP in the isolated aggregate 
determined by 1H NMR spectroscopy (cf. spectra shown in Figs. S4–8 in the 
supplementary information and see determination in the experimental part). 

b Not detectable from the respective 1H NMR spectrum. 
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PMOx10-b-PPhOx20-b-PMOx10-C8 from an ethanolic solution containing 
a 1:1 (mol/mol) ratio of the two polymers. As seen in Fig. 5b, the formed 
aggregate is obviously composed of cross-linked spherical micelles, 
which shows that the concept works for spherical micelles as well and 
also that the triblockcopolymer only acts as cross-linker and does not 
influence the structure of the CIP-conjugates. The aggregate also shows a 
diminished antibacterial activity against S. aureus of the CIP-conjugate 
by a factor of 42. 

The concept is based on the idea that the structure of the aggregates 

is majorly stabilized by the hydrophobic end groups of the cross-linking 
triblockcopolymer. Thus cleaving these groups might reverse the cross- 
linking process. To investigate this, the cleavage of the ester functions 
from the triblockcopolymers was investigated first. The esterified tri
blocopolymers were nanoprecipitated in water, isolated by centrifuga
tion and suspended in aqueous NaOH (0.03 M). The cloudy suspension 
was stirred at room temperature and cleared after 2 h in all cases, except 
for C8-PMOx10-b-PPhOx40-b-PMOx10-C8, which did not turn clear even 
after 7d. According to the 1H NMR the isolated polymers showed no 

Fig. 2. TEM measurements of structures formed by nanoprecipitation from ethanol to water. a: C8-PMOx10-b-PPhOx40-b-PMOx10-C8, b: Me-PMOx15-b-PHeptOx16- 
EDA-xCIP. Precipitates with Me-PMOx15-b-PHeptOx16-EDA-xCIP: c: C8-PMOx13-b-HeptOx26-b-PMOx13-C8, d: C8-PMOx5-b-PPhOx9-b-PMOx5-C8, e: C8-PMOx10-b- 
PPhOx10-b-PMOx10-C8, f: C8-PMOx17-b-PPhOx20-b-PMOx17-C8, g: C8-PMOx10-b-PPhOx20-b-PMOx10-C8, h: C8-PMOx10-b-PPhOx40-b-PMOx10-C8, i: C8-PMOx10-b- 
PPhOx20-b-PMOx10-C8. Precipitation was performed from an ethanolic solution of the polymers and polymer mixtures in an excess of water. Samples were stained 
with Ruthenium chloride. 
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ester groups after reaching this clearing point (Fig. S2). The same pro
tocol was applied for the cross-linked micelles. In case of the cross-linked 
system, the hydrolysis is slower and the clearing point is reached after 

8–12 h. The solution was then neutralized with hydrochloric acid, dried 
under air flow and subjected to the MIC-test against S. aureus. It was 
found that the disruption of the aggregates caused by cleaving the ester 

Fig. 3. Schematic representation of the macromolecular crosslinking between triblock copolymers and a worm micelle forming PAC. Interaction between the triblock 
copolymer C8-PMOx10-b-PPhOx20-b-PMOx10-C8 and Me-PMOx15-b-PHeptOx16-EDA-xCIP. The magnification illustrates how only the hydrophobic alkyl chains of both 
polymers overlap in the core of the structure. We presume that cleaving the (pink) end groups will diminish all interactions between the polymers and “free” the 
worm micelles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. On-off ratio of the cross-linked conjugate Me-PMOx15-b-PHeptOx16-EDA-xCIP with different triblock copolymers. C8-PMOx5-b-PPhOx10-b-PMOx5-C8 (dotted), 
C8-PMOx10-b-PPhOx10-b-PMOx10-C8 (striped), C8-PMOx17-b-PPhOx20-b-PMOx17-C8 (checkered), C8-PMOx10-b-PPhOx20-b-PMOx10-C8 (white) and C8-PMOx10-b- 
PPhOx40-b-PMOx10-C8 (waved) and the MIC-values of CIP (black). Values in Fig. 4 are expressed as mean ± SD (n = 3–4). The on-off ratio is defined as MIC value of 
the CIP conjugate in the aggregate divided by MIC of the free CIP conjugate. The MIC of the free CIP conjugate against S. aureus is 0.4 μmol⋅L− 1 (1.5 μg⋅mL− 1) 
determined with the same protocol used of all tests given in the experimental part. All other polymers with and without octanoate end groups show no antibacterial 
activity against S. aureus.(no activity measured up to 500 μg⋅mL− 1). 
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end groups of the triblocopolymer results in full activation of the CIP 
conjugate. As shown in the TEM image in Fig. 6b, the hydrolysis of the 
coprecipitates results in coexisting spherical micelles formed by the 
triblockcopolymer without ester end groups (Fig. 6a) and the free worm 
micelles formed by the CIP conjugate. 

Dynamic light scattering of the solutions confirmed the full disrup
tion of the aggregates after reaching the clearing point (see Fig. S13). It 
was now explored, if this result can also be achieved when catalyzing the 
ester cleavage by the enzyme lipase. After adding lipase in an activity 
typical for human blood at neutral pH to the cross-linked micelle sus
pensions, it took at least 18 h to reach the clearing point. Again, the full 
antibacterial activity of the respective CIP conjugate against S. aureus 
was found in the cleared solutions. In order to get insights into the ki
netics of this process, the CIP conjugate cross-linked by C8-PMOx10-b- 
PPhOx20-b-PMOx10-C8 was treated with the same amount of lipase for 
different periods of time and the mixture was then subjected to the MIC- 
test against S. aureus. When applied to the MIC-test, the conjugate and 
also the lipase are highly diluted. Thus we presume that no significant 

further ester cleavage will occur during the determination of the MIC. 
The obtained MICS.aureus values show that the CIP conjugate activation 
occurs very quickly at the beginning of the reaction. The MICS.aureus after 
2 h is 12 μg⋅mL− 1 indicating that already to 33% of the CIP conjugate is 
released. The MICS.aureus increases to 4 μg⋅mL− 1 after 18 h. This value is 
that of the free CIP conjugate in such a mixture, indicating that practi
cally all worm micelles are released after this time. Thus, a typical lipase 
concentration in the human body might be suitable to fully re-activate 
the worm micelles from their cross-linked aggregates. 

3. Conclusion 

It could be demonstrated in this study that a bioactive, self-organized 
supramolecular structure can be controlled in its bioactivity by non- 
covalent cross-linking with suited amphiphilic multiblockcopolmers 
via nanoprecipitation. This method is efficient and does not destroy the 
supramolecular structure. The cross-links can be cleaved with lipase, 
which leads to releasing the active superstructure. This is clearly 

Fig. 5. TEM images of spherical micelles and the crosslinking of these with a triblock copolymer. a: spherical micelles consisting of Me-PMOx22-b-PHeptOx8-EDA- 
xCIP formed by nanoprecipitation and b: the aggregates consisting of triblock copolymer C8-PMOx10-b-PPhOx20-b-PMOx10-C8 and CIP conjugate Me-PMOx22-b- 
PHeptOx8-EDA-xCIP. 

Fig. 6. TEM measurements of the fully NaOH-hydrolysed nanoprecipitate of the triblock copolymer C8-PMOx10-b-PPhOx20-b-PMOx10-C8 (a) of the fully NaOH- 
hydrolysed triblock copolymer C8-PMOx10-b-PPhOx20-b-PMOx10-C8 nanoprecipitated with Me-PMOx15-b-PHeptOx16-EDA-xCIP in a 1:1 ratio (b). 
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different from other enzyme-induced biocide and antibiotic releasing 
systems, which relesase low molecular weight compounds, peptides or 
polymers, but not superstructures, from covalently or non-covalently 
nanoparticles or gels [13]. The cross-linking multiblockcopolymers 
need to be perfectly balanced in their composition and structure to be 
effective. The presented concept will be transferrred to other drugs, such 
as chemostatica or specific, complex enzyme inhibitors in future work. 

4. Materials and methods 

Materials. The reactions, purifications and polymerisations were 
carried out under an inert atmosphere. Acetonitrile (Fisher Scientific) 
was distilled from diphosphorus pentoxide (VWR), then from potassium 
carbonate (VWR), and stored over 3 Å molecular sieves. The water 
content was determined by Karl Fischer titration (<0.5 ppm). The 
initiator trans-1,4-dibromo-2-butene (DBB) was purchased from Acros 
Organics and recrystallized from dry chloroform two times, dried in 
atmosphere at 25 ◦C, and stored under argon atmosphere. 2-Methyl-2- 
oxazoline (MOx, ACROS) and 2-phenyl-2-oxazoline (PhOx, Sigma- 
Aldrich) were distilled under reduced pressure from calcium hydride 
(ACROS). 2-Heptyl-2-oxazoline (HeptOx) was synthesized according to 
literature [44]. Lipase from Aspergillus niger (187 U/g) was purchased 
from Sigma-Aldrich. The bacterial strain Staphylococcus aureus (gram- 
positive, ATCC 25323) was provided by the German Resource Center for 
Biological Material (DSMZ). 

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. 

Transmission electron micrographs were acquired on an Talos F200X 
microscope operating at an accelerating voltage of 200 kV. The polymer 
samples were dissolved in distilled water (1 wt%) 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). 

SAXS measurements were performed on the Bruker NANOSTAR in
strument using a VANTEC-2000 detector and an IμS microfocus source 
(Incoatec GmbH) with a Cu anode (wavelength λ = 0.154 nm) and in
tegrated Montel optics. Calibration was performed with a silver 
behenate standard and the distance between the samples and the de
tector was 107 cm. All measurements were performed at room tem
perature and under vacuum. Samples were filled both dry and swollen 
into fused silica capillaries, which were sealed at both ends. The SAXS 
measurements were each recorded over one hour, followed by azimuthal 
integration to obtain the scattered intensities as a function of the 
magnitude of the scattering vector q = 4πsin(θ)/λ (2θ = diffraction 
angle). 

The SAXS measurements were needed to determine the swelling 
properties of the polymer particles. The polymer particles were 
measured on the SAXS in the dry state and in the swollen state. The 
water content of the swollen particles was calculated according to Wil
helm et al. [45] 

Dynamic light scattering (DLS) measurements were performed on a 
Malvern Zetasizer Nano S (ZEN 1600) in water at 25 ◦C with polymer 
concentrations varying from 0.5 to 10 wt%. The distribution curve was 
calculated with a CONTIN fit for random distribution. 

Nanoprecipitation method. 9.5 mg of the polymer-antibiotic conjugate 
(PAC) and the equimolar amount of cross-linker polymer were dissolved 
in 0.4 mL ethanol. The method was also performed with the only the 
cross-linker polymers and the PAC, respectively. The whole ethanolic 
solution was added to 2.4 mL of very fast stirring deionized water 
contained in a snap cap within 10 s using a syringe and the mixture was 

stirred for 2 h. The precipitate was isolated upon centrifugation 
(HERMLE Z300) at 6000 rpm for 10 min and the solid was washed with 
distilled water three times. The solid was then dried in atmosphere 
(Isolated yield from the nanoprecipitation of Me-PMOx15-b-PHeptOx16- 
EDA-xCIP and C8-PMOx10-b-PPhOx20-b-PMOx10-C8: 63%, all yields are 
given in Table 1). The composition of the nanoprecipitates was deter
mined from the 1H NMR spectra shown in the supplementary Figs. S4- 
S8. To this end the integrals of the two starter protons of the tri
blockcopolymers at 5.35 ppm (A1 = 2, reference) that of all CH3 groups 
in both polymers (end groups of the triblockcopolymer and heptyl side 
chain of the CIP conjugate) at 0.88 ppm (A2) were used. The latter signal 
is then composed of 6 protons for 1 mol of the triblockcopolymer and 
48⋅x for x mol of the CIP conjugate. The molar content of the CIP con
jugate was calculated as follows: mol% (CIP conjugate) = x/(1 + x)⋅100 
with x = (A2–6)/48. 

End group hydrolysis of the ABA triblock copolymers. 10 mg of the cross- 
linked PAC obtained be nanoprecipitation was suspended in 2 mL of 
aqueous 0.03 M NaOH and stirred at 37 ◦C. The hydrolysis success is 
evaluated optically or by means of the DLS measurement. After reaching 
the clearing point, the solution was neutralized with 0.1 M hydrochloric 
acid and subjected to the MIC-test. The same experiment was performed 
with and aqueous lipase solution (2 mg⋅mL− 1). Here, the solution was 
subjected to the MIC-test without neutralizing. 

Synthesis of 2-R-2-oxazolines, 7-(4-(4-(Chloromethyl)benzyl)piperazin- 
1-yl)-1-cyclopropyl-6-fluoro-4-oxo-1,4 dihydroquino-line-3-carboxylic acid 
(xCIP-Spacer), General Procedure for the Polymerization of amphiphilic 
Polymers and General Procedure of xCIP-Linking. The syntheses were 
carried out according to literature [34,46]. 

Preparation of Poly(2-methyloxazoline)-block-poly(2-phenyloxazoline)- 
block-poly(2-methyloxazoline) ABA-Triblock Copolymers. Under argon, a 
mixture of 316.5 mg (1.48 mmol, 1 equiv) of DBB and PhOx (4.4 g, 29.6 
mmol, 20 equiv) or HeptOx (5 g, 29.6 mmol, 20 equiv) was dissolved in 
15 mL of dry MeCN. The mixture was heated at 160 ◦C for 5 h (PPhOx) or 
at 130 ◦C for 2 h (PHeptOx) in a microwave reactor. If a homopolymer is 
required, the termination of the polymer is initiated at this point, 
otherwise the further instructions for the second monomer and the 
subsequent termination follow. After cooling to 50 ◦C, MOx (2.44 g, 
28.77 mmol, 20 equiv) was added and then the mixture was heated at 
100 ◦C for 2 h. The living polymer solution was terminated with 0.47 mL 
(426 mg, 2.96 mmol, 2 equiv.) of caprylic acid or 0.94 mL (836.1 mg, 
2.96 mmol, 2 equiv.) oleic acid and 0.56 mL (421 mg, 3.26 mmol, 2.2 
equiv) N,N-diisopropylethylamine and heated at 50 ◦C for 72 h. Finally, 
the mixture was purified by dialysis in methanol for 4 h and the purified 
polymers were obtained in yields of 90–93%. 

C8-PMOx10-b-PEPOx10-b-PMOx10-C8 
1H NMR (400 MHz, chlor

oform‑d) δ = ppm 0.81 (s, 3H) 1.21 (br. s., 8H) 1.48–1.59 (m, 2H) 
1.74–2.14 (m, 20H) 2.16–2.29 (m, 2H) 2.63–3.91 (m, 38H) 4.04–4.23 
(m, 4H) 5.07–5.54 (m, 2H) 6.71–7.81 (m, 5H). 

Minimal Inhibitory Concentration (MIC). The investigation of the 
antimicrobial activity of samples was carried out according a varied 
protocol from the literature [47]. A stock solution of S. aureus (Gram- 
positive, strain ATCC 25323) was prepared from a stock pellet (from 
DSMZ, see the Materials section) in a standard I nutrient broth (NB, 
Merck, 50 mL) at pH 7.38. After incubation at 37 ◦C for 12 h, the sample 
was diluted with NB to 109 cells per mL. A sample of the CIP conjugate or 
the co-nanoprecipitated CIP conjugate and triblockcopolymer (20.0 mg) 
was dissolved or suspended in NB (4.00 mL), and a dilution series was 
prepared with halved concentrations in every following sample. Every 
sample was inoculated with the bacterial solution (20 μL, 109 cells per 
mL) to afford a concentration of 107 cells per mL and incubated at 37 ◦C 
for another 12 h. Then, 100 μL of a 2,3,5-triphenyltetrazolium chloride 
(TCC, Sigma)-solution in water (1 mg mL− 1) was added. After further 3 h 
of incubation, the samples with the highest concentration that showed 
no coloration were considered as MIC value. Control measurement with 
NB inoculated with different concentrations of S. aureus cells incubated 
with TCC showed that a cell concentration of 106 cells per mL already 
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results in a clearly visible red coloration. Thus, the reduction of the 
S. aureus cells at the MIC value is at least 99%. 

Statistical Analysis. All values were expressed as mean ± standard 
deviation (SD). The results were analyzed statistically using a one-way 
ANOVA, followed by a Tukey post-hoc test. In all cases, the signifi
cance was set at p ≤ 0.05. Statistical analysis was carried out using 
OriginPro 2020b Software. 
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