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ABSTRACT: A Passerini three-component polymerization was per-

formed for the synthesis of amphiphilic star-shaped block copolymers i )E,‘.
with hydrophobic cores and hydrophilic coronae. The degree of poly- :
merization of the hydrophobic core was varied from S to 10 repeating
units, and the side chain ends were conjugated by performing a
Passerini-3CR with PEG-isocyanide and PEG-aldehyde (950 g/mol).
The resulting amphiphilic star-shaped block copolymers contained
thioether groups, which could be oxidized to sulfones in order to
further tune the polarity of the polymer chains. The ability of the
amphiphilic copolymers to act as unimolecular micellar encapsulants
was tested with the water-insoluble dye Orange II, the water-soluble
dye Para Red and the macrolide antibiotic azithromycin. The results
showed that the new copolymers were able to retain drug cargo at pH
levels corresponding to circulating blood and selectively release therapeutically effective doses of antibiotic as measured by bac-
terial cell kill. The polymers were also well-tolerated by differentiated THP-1 macrophages in the absence of encapsulated drugs.

Drug release controlled by pH:
pH 7: < 20% after 24 hours
pH 5: 100% after 2 hours

pH 5

B INTRODUCTION

multicomponent reactions, due to their efficiency, modular nature,

Multicomponent reactions are popular, well-established, and
highly efficient reactions, due to their high atom economy, the
easy synthesis Frotocols, and finally, the large achievable struc-
tural variation.”> Multicomponent reactions combine three or
more starting materials to form a single product under usually
very mild conditions in a one-pot procedure.”* One of the
most established multicomponent reactions is the Passerini-
three component reaction (Passerini-3CR), discovered by Mario
Passerini in 1921, which to date has been mainly employed in
medicinal and combinatorial chemistry.” The Passerini-3CR
combines a carboxylic acid, an oxo component (aldehyde or
ketone) and an isocyanide to synthesize an a-acyloxycarbox-
amide.” The use of monomers having two functional groups
(e.g, AA + BB or AB monomers) in a Passerini-3CR can lead
to the formation of pol7ymers, which was investigated for the
first time by Meier et al.” By using this addition polymerization,
which follows a classic step-growth polymerization mechanism,
polyesters and polyamides with functional side chains, depend-
ing on the monomer combinations, can be obtained.” An impor-
tant advantage of this multicomponent polymerization technique
is the highly flexible choice of side chains and thus the adjustment
of the properties of the obtained polymers.

The topic of well-defined polymer synthesis and their
applications is of high interest and can be performed via
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and the simple reaction conditions. Star-shaped polymers,
which can be defined as polymers having a defined number
of arms (and accordingly end groups) covalently bound to a
defined organic center molecule,'”"" are an important class of
highly defined macromolecules, which can, for instance, be used
as unimolecular micelles for applications as catalysts or as hosts
for low molecular weight organic guest molecules.'” Interest-
ingly, unimolecular micelles can retain good stability under
extreme environmental changes and consequently, are consid-
ered more stable than the conventional supramolecular micelles."
For example, Shen et al. developed an aliphatic polyester
derived dendrimer by performing thiol/acrylate click reactions
and esterifications, followed by a final PEGylation."> The
obtained water-soluble biocompatible unimolecular micelles
were able to encapsulate and release hydrophobic anticancer
drugs. Furthermore, Pang et al. synthesized a 21-arm star-like
copolymer with hydrophilic poly(acrylicacid) blocks and
hydrophobic polystyrene core by performing a sequential
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ATRP of t-butyl acrylate and styrene and 21Br-f-CD as
macroinitiator.> They showed how the unimolecular micelle’s
size could be tuned by controlling the molecular weight of each
block of the star-like copolymer. Recently, the group of Meier
developed a versatile new approach to synthesize amphiphilic
star-shaped block copolymers, controlling their molecular weight
and with 100% end group fidelity in a straightforward fashion
using the Passerini-3CR. * Furthermore, the encapsulation of
water-insoluble and water-soluble guest molecules, as well as
the phase transfer of these multifunctional materials from water
to an organic phase, were investigated."’

Within this work, we extend this encapsulation study by varying
the polarity of the core of the star-shaped block copolymers as
well as the number of arms of these unimolecular micelles, and
utilize the resultant materials to encapsulate and release an
antimicrobial agent, azithromycin. We could thus unambigu-
ously demonstrate that a matching of the polarity of the guest
molecule with the core of our unimolecular micelles leads to
improved encapsulation, thus significantly enhancing the under-
standing of the studied system and unimolecular micelles in
general. Polymer syntheses were performed via the Passerini-
3CR and by using different isocyanides and core molecules
within the Passerini-3CR, as well as oxidizing the sulfides to
sulfones in the backbone of the polymers. Thus, the polarity as
well as the architecture of the resulting star-shaped polymers
were adjusted. As exemplars for the ability of these polymers to
encapsulate a variety of active molecules, Orange II, Para Red,
and azithromycin were incorporated as guest molecules in
formulations with the Passerini-3CR polymers. The data from
encapsulation and release experiments clearly suggested the
investigated unimolecular micelles showed promise as potential
drug delivery systems, due to their good drug loading capacities
and controlled release properties. In addition, as Passerini-3CR
polymers are biodegradable polyesters, these results imply that
developed materials of this class may find widespread future use
as active carrier and release agents in a range of biomedical
applications.

B EXPERIMENTAL SECTION

Materials and Methods. The following chemicals were used as
received: 10-Undecenal (>90%, Aldrich), 3-mercaptopropionic acid
(>99%, Aldrich), 2,2-dimethoxy-2-phenylacetophenone (DMPA, 99%,
Aldrich), tert-butyl isocyanide (98%, Aldrich), benzyl isocyanide (98%,
Aldrich), tert-butyl 2-isocyanoacetate (98%, Aldrich), trimesic acid
(95%, Aldrich), O-methyl-O’-[2-(6-0xocaproylamino)ethyl]-
polyethylene glycol 2000, (PEG aldehyde 2000, Aldrich),
11-aminoundecanoic acid (97%, Aldrich), methanol (99%, Aldrich),
thionyl chloride (97%, Aldrich), trimethyl orthoformate (99%,
Aldrich), diisopropyl amine (99%, Aldrich), phosphorus(V) oxy-
chloride (99%, Aldrich), 1,5,7-triazabicyclo[4.4.0]dec-S-ene (TBD,
98%, Aldrich), poly(ethylene glycol) methyl ether 750 (Methoxy PEG
750, Aldrich), poly(ethylene glycol) methyl ether thiol 800 (PEG thiol
800, Aldrich), Orange II sodium salt (85% dye content, Aldrich), Para
Red (95% dye content, Aldrich), Reichardt’s dye (90%, Aldrich),
3-chloroperbenzoic acid (mCPBA, 77%, Aldrich), hydrogen peroxide
solution (30% in water, Aldrich), methyl isocyanoacetate (95%,
Aldrich), 3,3,5,5-tetracarboxydiphenylmethane (95%, Aldrich), silica
gel 60 (0.035—0.070, Aldrich), chloroform-d (CDCl;, 99.8 atom-% D,
euriso-top ), methanol-d, (99,8 atom-% D, euriso-top), CellTiter-Fluor
Cell Viability Assay (Promega, Madison WI), azithromycin (PHR1088,
Aldrich), Tween 20 (P1379, Aldrich), Dulbecco’s Phosphate Buffered
Saline, PBS (Aldrich), citric acid (C-3674, Aldrich), Phorbol
12-myristate 13-acetate (PMA; 99%, Aldrich), penicillin/streptomycin
(Aldrich), L-glutamine (Aldrich), THP-1 human cells were purchased
from ATCC in frozen form (Manassas, VI, U.S.A.), RPMI-1640 media

and fetal bovine serum were obtained from Life Technologies
(Carlsbad, CA, U.S.A.). All solvents used were of technical grade.

Synthesis of Amphiphilic Three-Armed Star-Shaped Block
Copolymers. Part I: Synthesis of Star-Shaped Homopolymers P1,
P2, and P3. The AB-type monomer 3, containing a carboxylic acid
and an aldehyde end group, was synthesized via a thiol—ene reaction,
using 10-undecenal 1 and 3-mercaptopropionic acid 2 (Supporting
Information (SI), page 5).'* By using ratios of 15:1 and 30:1 of
monomer 3 and a trifunctional carboxylic acid as an irreversible chain
transfer agent 4 (ICTA) and an excess of tert-butyl isocyanide §, star-
shaped polymers P1 and P2 with a degree of polymerization of 5 and
10 per arm (i.e., S and 10 repeating units per arm) were prepared. The
use of methyl isocyanoacetate 6 as isocyanide component under the
same conditions led to polymer P3.

Part IlIl: P1, P2, and P3 Homopolymers Functionalization to
Amphiphilic Star-Shaped Block Copolymers P4, P5, and P6. The
end groups of the star-shaped homopolymers P1, P2, and P3 were
functionalized by a further Passerini-3CR using a PEG isocyanide
7 and a PEG aldehyde 8. The reactant PEG isocyanide 7 was prepared
by end-group modification of methoxy PEG 17 via a transesterification
with isocyanide 16. The three-step synthesis of isocyanide 16 starting
from amine 10 is known in literature. First, methyl ester 12 is obtained
and afterward formamide 14 is formed, which is finally converted to
isocyanide 16 (SI, Scheme S1).'® The PEG aldehyde 8 was synthe-
sized via a thiol—ene reaction of 10-undecenal 1 with a commercially
available PEG thiol 18 (SI, Scheme S2).

Part Ill: Oxidation of P4 and P6 Star-Shaped Block Copolymers
to P7 and P8. The sulfur containing backbones of the star-shaped
block copolymers P4 and P6 were oxidized using two different
procedures to obtain star-shaped polymers P7 and P8 with a higher
polarity. In the first procedure, 3-chloroperbenzoic acid (mCPBA) was
used as oxidizing agent at room temperature. In a more sustainable
way, hydrogen peroxide was used at a higher temperature of 60 °C
(SL pages 11—13).

Synthesis of Amphiphilic Four-Armed Star-Shaped Block
Copolymers. Using a different four-armed ICTA (3,3'S,S'-
tetracarboxydiphenylmethane 9) via the same method described in
the previous Part I and Part II, four-armed star-shaped homopolymers
P9—P12 with different number of repeating units, four-armed star-
shaped homopolymer P13 with more polar side chains and func-
tionalized, amphiphilic four-armed star-shaped copolymer P14 were
synthesized (SI, pages 13—16).

Characterization of the Unimolecularity of the Star-Shaped
Block Copolymers via DLS. Dynamic light scattering (DLS) of the
star-shaped block copolymers P6, P7, P8, and P14 was measured and
compared in a concentration of 1.0 mg/mL in water and DCM to
confirm the unimolecularity and to exclude the formation of aggregates
(SI, Figures S24—S27).

Polarity Characterization and Dye Encapsulation Tests of
Three-Armed Star-Shaped Polymers. Part I: Octanol-Water
Partition Coefficient. The octanol—water partition coefficients (P) of
the reduced and oxidized star-shaped copolymers P4, P6, P7, and P8
and two dyes (Orange II and Para Red) were determined. The octanol—
water partition coefficient (P) directly correlates with the polarity of the
chemical substrates. An easy and fast method to obtain the polarity
of a substance is the indirect determination of partition coeflicients
from chromatographic retention data, using the reverse phase HPLC
(RP-HPLC) method."” Therefore, octanol was displaced by a mixture
of methanol and water (70:30) as eluent."® The HPLC system was
calibrated with different substances of known P."” To determine the
dead time of the column, which is defined as the time needed for a
compound not interacting with the stationary phase while passing the
column (t,), thiourea was chosen. By using £, and ¢ (retention time of
the polymers), the capacity factor k, which is described as the retention
of a substance, can be calculated and is defined as followed:

_t—t
tO

k
The linear relation between k and the octanol—water partition
coefficient enabled the experimental value of P to be easily determined.
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Scheme 1. Synthesis of AB-Type Monomer 3 and Subsequent Polymerization Using Different Ratios of AB-Type Monomer
3 and Trifunctional ICTA 4 and Different Isocyanides $ and 6 To Obtain Star-Shaped Homopolymers P1, P2, and P3
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Part II: Orange Il and Para Red Encapsulations Determined by
UV/Vis Measurements. An excess of 10 molecules Orange II per star-
shaped polymer molecule (5.00 mg) was added to 5.00 mL DCM, in
which it is not soluble. After addition of the star-shaped polymer, the
dye was encapsulated and dissolved in DCM (i.e., within the core of
the star-shaped block copolymer). Afterward, the nonencapsulated dye
molecules were filtered off and the UV/vis absorption of the resultant
orange solution was carried out. The test was performed with the
reduced and oxidized three-armed star-shaped block copolymers P4,
P6, P7, and P8. The same preparation and measurement was repeated
using water-insoluble Para Red as dye in water.

Part Ill: Reichardt’s Dye Solvatochromism Tests. The Reichardt’s
dye was encapsulated (one molecule per star-shaped polymer) in
5.00 mL DCM, the UV/vis absorption was measured, using 5.00 mg of
the reduced and oxidized three-armed star-shaped block copolymers
P4, P6, P7, and P8 and the wavelength maxima were compared.

Comparison of the Encapsulation Behavior of Four-Armed
and Three-Armed Star-Shaped Polymers. Orange II was added to
10.0 mL of a water/DCM biphasic system. Orange II was soluble in
the water phase, but not in the DCM phase. After addition of four-
armed star-shaped block copolymer P14 and shaking, the dye was
encapsulated and phase-transferred to the DCM phase. In both phases,
the absorption was measured separately using UV/vis and compared
to previously obtained results of amphiphilic three-armed star-shaped
block copolymer P4."*

Drug Loading and Encapsulation Efficiency. A 100 mg/mL
solution of star-shaped block copolymers in THF was mixed with a
100 mg/mL solution of azithromycin in THF, molecular ratio of 1:10,
and introduced into 10 volumes of deionized water under vigorous
stirring. The organic solvent was removed using a rotary evaporator
and the solution was centrifuged for 5 min at 14000 rpm. The super-
natant containing the azithromycin loaded star-shaped block copolymers
micelles was removed and freeze-dried, whereas the unloaded water-
insoluble azithromycin was collected, solubilized in ACN/water solution
(1:1) and quantified by UV/vis spectrophotometry at 210 nm>’
referring to a standard calibration curve (SI, Figure S28). The total
amount of drug was determined by preparing in parallel a polymer free
sample with an equal content of azithromycin. The amount of loaded
drug was calculated by difference. The estimation of drug loading and
encapsulation efficiency are mentioned in the SI, page 32.

In Vitro Drug Release Study. Drug release studies were
performed in phosphate-buffered saline (PBS with 0.1% Tween 20)
at pH 7.4 (blood pH)*" and citrate phosphate buffer (0.1 M citric acid,
02 M Na,HPO, and 0.1% Tween 20)** at pH 5 (lysosome pH).
A sample (5 mg) of azithromycin loaded and freeze-dried P14 micelles
(see drug loading and encapsulation efficiency paragraph) were
dispersed in 0.5 mL of release media and the solution was placed in a
dialysis device (Slide-A-Lyzer mini dialysis device, 3.5 K MWCO,

Thermo Scientific). The micellar solution was dialyzed against 1.5 mL
of release media at 37 °C and samples (0.2 mL) were taken at
appropriate time points and replaced with 0.2 mL of fresh medium.>
The collected samples were diluted with the same volume of ACN and
the released azithromycin was quantified by UV/vis spectrophotom-
etry at 210 nm referring to a standard calibration curve (SI, Figure S28).
The cumulative release (%) was defined based on the concentration of
azithromycin calculated in the samples collected at different time points
and considering the initial amount of encapsulated drug into the micelles.

Cell Culture. THP-1 cells (a human monocytic cell line) were
cultured in RPMI 1640 media supplemented with 10% fetal bovine
serum, 5% penicillin/streptomycin and 5% L-glutamine. To differ-
entiate the monocytes to macrophages, cells were treated with 50 ng/mL
of PMA, which is dissolved in medium, for 24 h at 37 °C, 5% CO,.**
Cells were differentiated at 7.5 X 10° THP-1 cells/mL/well in 96-well
tissue cultured-treated polystyrene plates (Corning Life Sciences).

Viability Assay. CellTiter-Fluor cell viability Assay was performed
to determine the cytotoxicity”® of P14 against macrophage differentiated
cells following the protocol provided by the vendor (Promega, Madison
WI). Cells were treated for 72 h with different concentrations of P14.
The procedure is mentioned in the SI, pages 33—34.

Bacterial Susceptibility Assay. To evaluate the bacteriostatic
activity of azithromycin loaded unimolecular P14 micelles, free, or
encapsulated azithromycin were tested at drug concentrations of 0.1, 1,
10, and 100 ug/mL against Staphyloccocus aureus SH1000 cultures.
Bacteria were grown overnight in tryptic soy broth (TSB Difco). The
next day, the optical density (ODg,) of the culture was adjusted to
0.01 in fresh TSB and 200 uL aliquots of the culture supplemented
with antibiotic were loaded in wells of a microtiter plate. As controls,
untreated wells, and wells supplemented with solvent or polymer, were
set. Bacterial growth was monitored for 24 h at 37 °C using a 96-well
plate TECAN Genios Pro spectrophotometer (Tecan, U.K.). The
minimum inhibitory concentration (MIC) was defined as the anti-
biotic concentration where no visible bacterial growth was observed or
the OD600 was <10% compared to the untreated control after 24 h of
antibiotic exposure.

Cellular Uptake Study. Oregon-green loaded P14 unimolecular
micelles were prepared by mixing 0.1 mL of a 100 mg/mL P14 solu-
tion in THF with 0.03 mL of a 28 mg/mL solution of Oregon-green in
DMSO, molecular ratio of 1:3, and introduced into 10 volumes of
deionized water under vigorous stirring. The solution was purified by
dialysis for 3 days against 5 L of deionized water using a cellulose
dialysis membrane (Thermofisher, cutoff 3500) to remove the organic
solvents and the free Oregon-green. The solution was then sterilized
by filtration (0.22 pm, Millipore filters). For cellular uptake studies,
THP-1 cells (3 X 10° cells per well) were differentiated in an 8-well
glass bottom p-slide (ibidi, Germany) for 24 h at 37 °C, 5% CO,. Cell
medium was removed and cells were then treated with fresh medium
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Scheme 2. Functionalization of P1, P2, and P3 with PEG Isocyanides 7 (950 g/mol) and PEG Aldehyde 8 (950 g/mol) to
Obtain Amphiphilic Star-Shaped Block Copolymers P4, PS, and P6
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Scheme 3. Oxidation Procedures of Star-Shaped Block Copolymers P4 and P6 with mCPBA or Hydrogen Peroxide to Sulfone
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containing Oregon-green (100 pg/mL) loaded P14 unimolecular
micelles and incubated for 1 h® Cells nuclei were stained with
Hoechst 33342 dye (1 pg/mL, ThermoFisher). F-actin was stained
with Alexa Fluor 647 Phalloidin (1 pg/mL, ThermoFisher) or
alternatively the cells membrane was stained with deep red CellMask
(1 pg/mL, Life Technologies). Finally, cells were covered with PBS

and examined using a Carl Zeiss LSM 700 BW microscope. The
detailed staining protocol is mentioned in SI, pages 35—37.
B RESULTS AND DISCUSSION

Synthesis of Amphiphilic Three-Armed Star-Shaped
Block Copolymers. The synthesis of star-shaped homopolymers
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Figure 1. IR spectra (ATR) of the relevant region of reduced and
oxidized three-armed star-shaped block copolymers P4 and P7.

with controlled molar masses is based on the introduction of
a trifunctional carboxylic acid as an irreversible chain transfer
agent 4 (ICTA) in a polymerization process of an AB-type
monomer 3 (combination of carboxylic acid and aldehyde) and
an excess of isocyanide (Scheme 1).'* The ratio of ICTA 4 to
AB-type monomer 3 enables the prediction of the molar masses
of the obtained polymers comparable with the initiator to
monomer ratio in living controlled polymerization techniques.

In order to investigate the encapsulation behavior of the polymers,
two star-shaped homopolymers with different numbers of
repeating units were synthesized (S and 10 repeating units
per arm), using ratios of 15:1 and 30:1 of monomer 3 and ICT 4.
The symmetric molecular weight distributions (SI, Figure S21)
and the molecular weights obtained by 'H NMR end group
integration, which were comparable to the calculated molecular
weights (SI, Figures S2 and S3, Formula S1, and Table S1),
confirmed complete monomer conversion and the expected
degrees of polymerization. In order to change the polarity of
the star-shaped polymers in a straightforward fashion, methyl
isocyanoacetate 6 was used as isocyanide component with the
same degree of polymerization as P1, which leads to star-shaped
polymer P3, providing more polar side chains.

In order to obtain amphiphilic star-shaped block copolymers
showing unimolecular micellar behavior, P1, P2, and P3 were
post-modified applying the conditions examined in previous
studies' using a water-soluble PEG-based (polyethylene glycol)
shell (Scheme 2). Therefore, the carboxylic acid end groups of
the star-shaped homopolymers were reacted with a previously
synthesized PEG aldehyde 8 (950 g/mol) and a PEG isocyanide 7
(950 g/mol) to form a water-soluble shell owing to two PEG
chains attached to the arms, leading to amphiphilic star-shaped
block copolymers P4, PS, and P6. '"H NMR end group inte-
gration again confirmed full conversion to the desired products
(S, Figures S10—S12).

Scheme 4. Synthesis of Different Four-Armed Star-Shaped Homopolymers and the Following Functionalization to Obtain

Amphiphilic Four-Armed Star-Shaped Copolymer P14
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In comparison to common less polar thioethers, sulfones in
general show a higher polarity. Interestingly, in this case, the syn-
thesized star-shaped block copolymers have a sulfur containing
backbone and it is known that thioethers can be easily oxidized
to sulfones using oxidation reagents such as 3-chloroperbenzoic
acid (mCPBA) or hydrogen peroxide.””** Consequently, besides
the choice of the isocyanide, the polarity could be adjusted
according to the desired application by simply oxidizing the
polymers. The oxidation of P4 and P6 proceeded readily leading
to star-shaped block copolymers P7 and P8 with an increased
polarity (Scheme 3). Subsequent 'H NMR analysis of the
obtained polymers confirmed a successful oxidation of each
sulfur atom. The neighboring protons to the sulfur showed
a shift toward higher ppm values, while all the other signals
remained unchanged (SI, Figures S13 and S14).

Furthermore, IR spectra of the reduced and oxidized star-
shaped block copolymers P4 and P7 were recorded and
compared, also confirming the oxidation reaction and sulfoxide
formation (Figure 1). In principle, sulfoxides absorb at a region
of 1030—1060 cm™, while sulfones show characteristic absorp-
tions at 1120—1260 cm™" and 1300—1350 cm™". For polymer
P7 a strong absorption at 1120 cm™' and a broad intensive
band between 1270 and 1330 cm ™' were detected, in contrast
with the absorptions of the starting polymer P4. Since in the
region of sulfoxide absorption no bands were detected, an indi-
cation of full conversion to the corresponding sulfone was con-
firmed. Together with the 'H NMR results, it can be assumed
that the conversion was completely.

Synthesis of Amphiphilic Four-Armed Star-Shaped
Block Copolymers. Furthermore, it was shown that, in addition
to the variation of the polarity for the desired unimolecular
micellar behavior, the number of arms of the star-shaped poly-
mers is highly relevant. Therefore, a star-shaped polymer with
four arms was synthesized. In this case, a suitable irreversible
chain transfer agent should contain four carboxylic acid end
groups to form the four-armed star-shaped polymers. In order
to determine their length by 'H NMR spectroscopy, it was
advantageous that the irreversible chain transfer agent (ICTA)
compound used in the synthesis contained aromatic protons.
These protons did not overlap with those of the backbone, due
to their high ppm values, whereby the ratio of the protons
between the core and repeating unit could be determined exactly.
Furthermore, it was of high importance that the corresponding
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Figure 2. RP-HPLC determination of octanol—water partition coef-

ficients of reduced and oxidized three-armed star-shaped block copol-
ymers P4, P6, P7, and P8 compared with Orange II and Para Red.
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Figure 3. UV/vis spectra of the encapsulation of (A) Orange II in

DCM by reduced and oxidized star-shaped block copolymers P4, P6,

P7, and P8; (B) water insoluble Para Red in water by reduced and
oxidized star-shaped block copolymers P4, P6, P7, and P8.

ICTA had a good solubility in the corresponding solvent.
Therefore, 3,3'5,5'-tetracarboxydiphenylmethane 9 was chosen
as the most suitable ICTA. Due to the good solubility, the
reaction with the four-armed ICTA 9 was carried out in THF.
The reaction time had to be increased to 72 h (Scheme 4).
Again, by performing this reaction, it was shown that the
number of repeating units can be varied selectively and easily by
varying the ratio of ICTA 9 to AB-type monomer 3. Different
four-armed star-shaped homopolymers with five repeating units
per arm ([3]:[9], 1:5 per arm P9) and with 10, 20, and 30
repeating units per arm ([3]:[9], 1:10 P10, 1:20 P11, 1:30
P12 per arm) could be synthesized. It was also shown that the
symmetric molecular weight distribution shifts toward smaller
retention times with increasing arm length or with increasing
hydrodynamic radius, respectively (SI, Figure S22). '"H NMR
analysis of the resulting polymers P9—P12 showed an excellent
correlation of the aromatic proton signals of the ICTA and the
signals of the repeating units (SI, Figures S15—S18 and Table S2).
Additionally, it was shown that it is also possible for four-armed
star-shaped polymers to be obtained with different side groups,
dependent on the choice of the isocyanide. This was performed
in order to vary the polarity of the polymer as well, so the
reaction was tested with methyl isocyanoacetate 6 and five
repeating units per arm to finally obtain star-shaped homopolymer
P13. The functionalization with PEG isocyanide 7 and PEG
aldehyde 8 resulted in a hydrophilic shell around the hydrophobic
core, leading to amphiphilic four-armed star-shaped block
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Figure 4. Pictures (above) and UV/vis spectra (below) of the
encapsulation of Reichardt’s Dye in DCM by reduced and oxidized
star-shaped block copolymers P4, P6, P7, and P8 showing different
wavelength maxima, due to their different polarity and due to the
solvatochromism effect of the encapsulated dye.

copolymer P14. The previously synthesized star-shaped homo-
polymer P9 was used as four-armed acid component within the
Passerini reaction.

Characterization of the Unimolecularity of the Star-
Shaped Block Copolymers via DLS. The unimolecularity of
P4 and P$ was already confirmed in our previous study'* via
dynamic light scattering (DLS) measurements. Current DLS
measurements of P6, P7, P8, and P14 (SI, Figures $24—S27)
also confirmed the unimolecular behavior. The values measured
in DCM (4.2—5.6 nm), compared to values obtained in water
(7.5—8.7 nm), were again slightly lower, due to the different
swelling behavior of these polymers in the different solvents.
Furthermore, it could be shown that the diameter of the four-
armed star shaped block copolymer P14 is slightly higher
compared to the three-armed analogues.

Polarity Characterization and Dye Encapsulation
Tests of Three-Armed Star-Shaped Polymers. Thereafter,
the octanol—water partition coeflicients of the three-armed star-
shaped block copolymers P4, P6, P7, and P8 were determined
using RP-HPLC. Figure 2 shows the obtained results for P4,
P6, P7, and P8 compared to the two dyes Orange II and Para
Red. Oxidation of the star-shaped polymers increased their
polarity, as indicated by a negative value of log k of P7 and P8.
Using methyl isocyanoacetate 6 instead of tert-butyl isocyanide
§ also increased the polarity slightly. Interestingly, Para Red was
of a similar polarity as the starting polymers, and Orange II
showed a comparable polarity to the oxidized polymers. In a
further test, the encapsulation of the star-shaped block copoly-
mers P4, P6, P7, and P8, with different polarity, using water
insoluble Para Red in water and Orange 1I (insoluble in DCM)
in DCM, was investigated by UV/vis measurements (Figure 3).
The encapsulation was expected to be more efficient if the
polarity of polymers and dye were similar. It could thus be
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Figure 5. Picture (above) and UV/vis spectra (A, B) of the
encapsulation and phase transfer of Orange II from the water phase
to the DCM phase by three-armed star-shaped block copolymer P4
and four-armed star-shaped block copolymer P14 (A: absorbance of
Orange II in water, B: absorbance of Orange II in DCM).

shown that the encapsulation of the more polar Orange II was
more efficient using oxidized star-shaped block copolymers P7
and P8. On the other hand, the encapsulation of Para Red was
higher with the nonoxidized star-shaped block copolymers P4
and P6. Due to the insolubility of the dye in DCM, it was not
possible to record a calibration curve, which is why these results
are relative to each other in this case. Summarizing, this is a
clear proof that the polarity of the star-shaped polymers can be
tuned by using different polar isocyanides and by oxidizing
the polymer backbone. Furthermore, it could be shown that the
polarity of the star-shaped polymers significantly affected the
encapsulation behavior.

The same set of polymers were used again to visualize the
polarity within a solvatochromism experiment. The effect of
solvatochromism describes the ability of a chemical substrate to
change its color depending on the polarity of the solvent in
which it is dissolved.”® The Reichardt’s dye shows one of the
largest solvachromic effects with a color change over the whole
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Figure 6. Schematic representation of the star-shaped block copolymers which were used for the encapsulation tests

visible spectrum.”” The star-shaped block copolymers P4, P6,
P7, and P8 were able to encapsulate this dye and, due to the
different microenvironment within their core, the different colors
were made visible through the solvatochromism effect of the dye
(Figure 4). These visual results were confirmed by UV/vis absorp-
tion experiments, which showed different wavelength maxima, due
to the different polarity of the star-shaped block copolymers.
The higher the polarity, the lower was the wavelength maximum.

Comparison of the Encapsulation Behavior of Four-
Armed and Three-Armed Star-Shaped Polymers. Further-
more, it was shown that not only the polarity has an influence
on the encapsulation behavior, but also the number of arms.
Therefore, the dye Orange II was added to a biphasic water/
DCM system as described above (Figure S). Orange II is soluble
in water but insoluble in DCM. After adding the amphiphilic
four-armed star-shaped block copolymer P14, most of the dye
was encapsulated and phase-transferred to the organic phase.
These results were compared to previous results of amphiphilic
three-armed star-shaped block copolymer P4 in former studies."*
The phase transfer behavior was additionally investigated by a
UV/vis experiment. In both solvent phases, the absorption was
measured separately, and it could be shown that P14 could
encapsulate more dye, due to the higher number of arms. The
absorption of the dye, using P14, was higher in DCM, whereas
it was lower in the water phase as compared to the results for P4.

Drug Loading, Encapsulation Efficiency, and Drug
Release Studies. Azithromycin is a semisynthetic macrolide
antibiotic, which is extensively used in the treatment of respi-
ratory tract and skin infections.” This drug is slightly water-
soluble,*! with a similar solubility profile to many approved
active pharmaceutical ingredients, and has good bioavailability
in both oral and injectable formulations. However, for pediatric
settings, where dosing is more critical and the gap between
toxic and minimum therapeutic levels is much lower, a sustained

release formulation of azithromycin is highly desirable.”” Owing
to the widespread ex1st1ng use of polyester materials in controlled
release formulations,” we therefore were interested in the ability
of the Passerini-3CR star-shaped block copolymers to encap-
sulate the azithromycin molecule in a unimolecular micelle
formulation, and to release it under physiologically relevant
conditions. Azithromycin was here thus tested as a hydrophobic
drug model.

The azithromycin loading, encapsulation efficiency and
polymer:drug molar ratio were determined for the star-shaped
block copolymers P4, PS, P6, P7, P8, P14 (Figure 6) and
summarized in Table 1.

Table 1. Drug Loading and Encapsulation Efficiency Data of
P4, PS, P6, P7, P8, and P14°

star-shaped block drug loading encapsulation molar ratio

copolymer (wt %) + SD efficiency (%) + SD pol/Az
P4 8.0 £ 1.24 8.09 + 2.14 1:1.35
Ps 25.3 + 1.06 30.37 £ 3.24 1:5
Pé6 89 + 04 11.74 + 1.78 1:1.32
P7 17.7 £ 0.8 44.13 + 2.03 1:2.68
P8 219+ 1.3 38 +2.95 1:3.36
P14 35+ 06 42.06 + 1.2 1:6

“SD, standard deviation; Pol/Az, polymer/azithromycin.

The highest drug loading was observed for P14; this
confirmed that the encapsulation ability was affected by the
number of arms of the star-shaped block copolymer. P$ results
further confirmed how the drug encapsulation could be improved
by increasing the number of homopolymer-repeating units. P4,
P6, P7, and P8 data showed how the drug loading could be
driven, not only by the hydrophobic, but also by the hydrogen-
bonding interactions. The high drug encapsulation observed for
P7 and P8 (compared to P4 and PS, respectively) suggested
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that the sulfone groups were interacting as hydrogen bond
acceptors with the seven hydrogen bond donors of azithromycin.
In contrast, P4 and P6 showed low drug encapsulation.

The drug release profile was studied at pH 7.4 (blood pH)
and 5 (approximate lysosomal pH) and is shown in Figure 7.
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Figure 7. Analysis of azithromycin release from P14 Passerini
unimolecular micelles pH 5 lysosome mimicking and pH 7.4 blood
mimicking.

It was found that at pH 7.4 only 20% of the loaded azithromycin
was released in S h and the remaining content was retained over
3 days. It was observed that at pH S the drug was completely
released within 2 h. These results suggested that azithromycin,
as a weakly dibasic antibiotic,”* was protonated at acidic pH
and thus released faster than at pH 7.4. These studies showed
how P14 could potentially retain the loaded drug during
circulation in the bloodstream (i.e,, pH 7.4), but selectively and
completely release it inside acidified intracellular compartments
(endo/lysosomes, pH ~ S) or in regions of enhanced acidity at
infection sites. As a consequence, the acidic pH could poten-
tially trigger the drug release mimicking pH-responsive polymers,
which are attracting increasing attention. These polymers are
generally characterized by pendant groups, which become
ionized when the pH increased above their acidic dissociation
constant (pK,) leading to programmable swelling behavior.*
Synthetic polymers, such as poly(diethylaminoethyl methacry-
late) PDEAEMA and poly(acrylamide) PAAm, can be ionized
at low pH and thus behave as acidic triggered polymers.*®
Alternatively, natural polymers, such as proteins, can display a
pH-responsive behavior when the pH is far from their isoelec-
tric point.”> For example, albumin bound paclitaxel delivery
systems perform the drug release upon protein denaturation in
the acidic intracellular endosome.*

Viability, Bacterial Susceptibility Assays, and Cellular
Uptake. A CellTiter-Fluor cell viability assay was performed to
assess the effects of star-shaped block copolymer P14 in THP-1
macrophage differentiated cells over an incubation period of
72 h. Untreated cells, cells exposed to highly lytic surfactants and
polymer solutions were tested as controls. The cytotoxic effect
of nanoformulations in THP-1 differentiated macrophages was
reported to be tested in a range of concentration between 0.01
and 0.1 rng/mL,37 whereas, here, five concentrations (ranging
from 0.1 to 1 mg/ mL) of P14 were tested. The 1 mg/mL star-
shaped block copolymer P14-treated cells showed a protease
activity similar to the untreated cells. This suggested that P14
did not have any cytotoxic effect and was well-tolerated by
THP-1 differentiated macrophages (Figure 8).

The antibiotic activity of the free and encapsulated azithromycin
in P14 was assessed by performing a susceptibility assay with
the common opportunistic pathogen Staphyloccocus aureus
(Figure 9). Four concentrations of antibiotic (ranging from
0.1 to 100 pg/mL) were tested and the bacteria growth was
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Figure 8. Viability assay showing the protease activity of differentiated
THP-1 cells treated with different concentrations of P14. Untreated
control: cells untreated with P14.
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Figure 9. Effect of encapsulated Azithromycin on Staphyloccocus aureus
growth. Bacteriostatic activity of serial concentrations (100—0.1 yg/mL)
of free (Az) or P14-encapsulated Azithromycin (PAz) were assessed in
TSB cultures. Values given are averages from three different cultures +
standard deviation and correspond to the area under the curve derived
from plotting single ODg4y, measurements over time (24 h) and as
percentage of the corresponding growth obtained in the untreated
controls (set at 100%). Controls wells Az 0 ug/mL and Paz 0 ug/mL
were supplemented with solvent or only P14, respectively.

assessed by quantifying the optical density (ODgq). It was
found that the encapsulated and free azithromycin (1 pg/mL)
showed 60% of bacteria growth and at 100 ug/mL only 10%.
These results showed an antibiotic activity in accordance with
the literature, where it was reported that the breakpoint of
azithromycin for susceptibility against Staphylococcus aureus
occurs at a MIC less than or equal to 200 pg/mL.*® It was also
observed that the bacteriostatic activity of the encapsulated
drug was the same of the free drug, suggesting that the encap-
sulation did not affect the azithromycin antibiotic activity. This
assay was repeated three times with reproducible results; untreated
wells and wells supplemented with solvent or polymer were set
as controls.

Confocal laser scanning microscopy was performed in order
to assess the intracellular localization of the cargo carried by
P14 unimolecular micelles. Differentiated THP-1 macrophages
were incubated for 1 h with P14 unimolecular micelles, loaded
with Oregon-green (100 ug/mL)** (Figure 10). A Z-stack
acquisition performed with Carl Zeiss LSM 700 BW micro-
scope allowed acquiring zoom and X/Y axes sections of the
immobilized differentiated THP-1 macrophages. These images
(Figure 10A—C) showed how the green fluorescence (Oregon-
green loaded micelles) was not overlapped with the red
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Figure 10. Confocal laser scanning microscopic images of cellular uptake in macrophage differentiated THP-1 cells cultured with Oregon-green
loaded P14 unimolecular micelles. (A) Staining protocol I (SI, page 35) and (B) Staining protocol II (SI, page 35). (C) Figure B section and zoom.
Nuclei of cells were stained with Hoechst (blue fluorescence), cells membranes were stained with CellMask deep red plasma membrane stain
(red fluorescence), and F-actin was stained with Alexa Fluor 647 Phalloidin (red fluorescence).

fluorescence of the F-Actin or of the membrane and with the
blue fluorescence of the nuclei. Figure 10C clearly suggested
that the unimolecular P14 micelle was internalized by the
differentiated THP-1 macrophages and then localized in the
cytoplasm. As a consequence, the unimolecular P14 micelle was
able to deliver its cargo inside the cells.

B CONCLUSIONS

In conclusion, we have synthesized a library of amphiphilic star-
shaped block copolymers via Passerini-3CR reactions. The
polarity of the hydrophobic block was increased by oxidizing
the sulfide groups to sulfones leading to the encapsulation of
hydrophobic and hydrophilic molecules, respectively. It was
found that the encapsulation ability was not only related to the
polarity but also to the number of arms of the hydrophobic
core of the star-shaped copolymers. For the antimicrobial drug

azithromycin, the drug loading was found to be 35 mol %,
which, considering the physical properties of azithromycin are
analogous to many other active pharmaceutical ingredients,
suggests a potential biomedical application for the amphiphilic
star-shaped block copolymers presented in this study. The
polymers were found to be well tolerated by macrophages,
which are the first cells to internalize most injected formulations
and the sanctuary sites for many bacterial pathogens. Further-
more, the Passerini polymers were able to retain azithromycin
within their unimolecular micellar structure at pH levels found
in the bloodstream, but release the drug under acidic pH values
similar to those in intracellular digestive compartments. Finally,
the activity of the drug when delivered from the unimolecular
micelle formulations was fully retained in terms of bacterial
cell kill, as susceptibility assays using the common pathogen
Staphylococcus aureus showed. In conclusion, our results clearly
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suggest the investigated unimolecular micelles have potential as
easy-to-synthese, cytocompatible drug delivery systems, with
good drug loading and release properties.
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