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1. Introduction

Therapies based on RNA interference 
(RNAi) as highly specific approach for 
gene silencing offer a tremendous poten-
tial for the treatment of various diseases 
caused by pathogenic genes and their 
overexpression, for example, cancer.[1–4] 
Small interfering RNA (siRNA) enables 
a sequence-specific suppression of the 
gene expression via mRNA degradation 
pathways and thus, preventing protein 
translation.[5] Especially in the treatment 
of cancer, suppressing genes seems to be 
a powerful tool and a promising option for 
current therapeutic strategies. Processes 
of angiogenesis, proliferation, cell cycles, 
and oncoprotein synthesis are counted 
among target gene candidates and have 
been tested in early-phase clinical trials for 
RNAi-based cancer therapy.[6,7] However, 
the small negatively charged siRNA rap-
idly cleared by the kidneys or degraded by 
nucleases shows inefficient cellular inter-
nalization and cytosolic translocation.[8,9] 
Consequently, this therapeutic agent 
requires effective and suitable carriers to 

reach the target site and overcome these hurdles to unleash its 
enormous therapeutic potential. In this regard, a broad range 
of nonviral gene delivery systems[10,11] has been developed over 
the past decades, including lipid-based[12,13] or poly meric sys-
tems,[14–16] but efficient delivery of siRNA in vivo to cancerous 
tissue still remains challenging, because it requires long circu-
lation times for passive accumulation together with efficient 
cellular uptake into target cells. These critical issues of siRNA 
delivery need to be considered in the development of effective 
siRNA delivery systems for cancer therapy.

In general, cationic polymers, such as polyethylenimine,[17] 
are preferably used to complex negatively charged nucleic acids 
via electrostatic interactions and as result they form so-called 
polyplexes.[18,19] Nevertheless, due to the small dimension 
of siRNA molecules, such a polyplex is not efficiently stabi-
lized. The introduction of cross-linkers is herein imperative to 
create carrier systems with increased extracellular stability.[20] 

siRNA Carrier

RNA interference provides enormous potential for the treatment of several 
diseases, including cancer. Nevertheless, successful therapies based on 
siRNA require overcoming various challenges, such as poor pharmacokinetic 
characteristics of the small RNA molecule and inefficient cytosolic accumula-
tion. In this respect, the development of functional siRNA carrier systems is 
a major task in biomedical research. To provide such a desired system, the 
synthesis of 3-arm and 6-arm PeptoStars is aimed for. The different branched 
polypept(o)idic architectures share a stealth-like polysarcosine corona for 
efficient shielding and a multifunctional polylysine core, which can be inde-
pendently varied in size and functionality for siRNA complexation-, transport 
and intra cellular release. The special feature of star-like polypept(o)ides is in 
their uniform small size (<20 nm) and a core–shell structure, which implies 
a high stability and stealth-like properties and thus, they may combine long 
circulation times and a deep penetration of cancerous tissue. Initial toxicity 
and complement studies demonstrate well tolerated cationic PeptoStars with 
high complexation capability toward siRNA (N/P ratio up to 3:1), which can 
lead to potent RNAi for optimized systems. Here, the synthetic development 
of 3-arm and 6-arm polypept(o)idic star polymers, their modification with 
endosomolytic moieties, and first in vitro insights on RNA interference are 
reported on.
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Furthermore, the formed polyplexes often induce high disper-
sity and tend to generate large aggregates. Uniform small sizes 
and homogeneity of carrier systems are of significant impor-
tance for the application in cancer treatment to achieve excess to 
cancer cells.[21] The focus lies on the protection of siRNA from 
enzymatic degradation and renal clearance, simultaneously 
providing a deep tumor penetration by efficient diffusion of 
the carriers across the extracellular matrix (ECM) with dense 
fibrotic microenvironments.[22,23] Many studies suggested that 
the size of delivery systems correlates with their systemic and 
intratumoral distribution and that a size range of 10–30 nm is 
suitable for, on the one hand avoiding renal clearance and on 
the other hand, benefiting from the EPR effect and deep tissue 
penetration.[24–27] Moreover, a distinct disadvantage of cationic 
polymers is the interaction of the cationic complex with nega-
tively charged serum proteins and various blood components 
resulting in the activation of the innate immune system, high 
cytotoxicity and thus, limiting a systemic application. Ideally the 
carrier should combine long blood circulation (half-life ≥ 2 h), 
show target cell uptake, and efficient endosomal release.[28] All 
these hurdles emphasize the urgent requirement of carrier sys-
tems possessing multifunctionalities to address those issues by 
conquering multiple barriers all the way to its site of action.

Moreover, the current research on novel polymeric car-
rier systems has indicated that branched polymers are more 
efficient at nucleic acid delivery than equivalent linear poly-
mers.[29–32] Therefore, the already introduced PeptoStars might 
be a promising alternative for siRNA delivery.[33] PeptoStars 
consist of a polypeptidic core shielded by a hydrophilic poly-
sarcosine corona and can be thus considered as unimolecular 
micelles. The synthesis of amphiphilic polypept(o)idic arms is 
accomplished by controlled living ring opening polymerization 
(ROP) of α-amino acid N-carboxyanhydrides (NCAs) and cor-
responding N-substituted glycine N-carboxyanhydride (NNCA) 
induced by multifunctional initiator.[34] The core-first approach 
facilitates the variation of arm lengths and the number of arms 
and therefore, independent adjustment of the functional core 
and the water soluble corona is feasible. In addition, particle 
size can be precisely controlled in the range of 10–20 nm by 
adjusting the degree of polymerization.[33] Efficient complexa-
tion of nucleic acids, such as pDNA, mRNA, and siRNA, has 
been already demonstrated for cationic polypeptidic cores based 
on polylysine.[35,36] Furthermore, chemical modifications of 
the polylysine core enable the enhancement of the endosomal 
escape and thus foster cytosolic delivery. This can be realized by 
the incorporation of endosomolytic moieties like imidazoles.[37] 
The hydrophilic and nonionic polypeptoid, polysarcosine, serves 
as hydrophilic corona material and assures stealth-like proper-
ties by shielding the cationic core.[38] This shielding is essential 
to limit interactions with blood components and prevent the 
formation of aggregates. Therefore, biocompatibility and blood 
circulation time can be significantly improved. Klein et al. 
recently reported on the ability of polysarcosine to shield siRNA 
lipoplexes and analyzed the in vivo stability and biodistribution 
while Koynov and coworkers demonstrated that pSar shielded 
nanoparticle maintain their size even in human blood.[39,40]

Moreover, the unimolecular character of star polymers seems 
highly beneficial for extracellular stability and results in stable 
carrier systems without elaborated cross-linking methods. On 

the one hand, this may prevent the premature release of the 
cargo in circulation. Initiators with stimuli-responsive moie-
ties, such as disulfides, can trigger destabilization of the system 
and simultaneously, a release of the cargo in the desired envi-
ronment. We have already demonstrated the disassembly into 
the respective polymeric arms in the presence of intracellular 
glutathione concentrations.[33] Another benefit of the star-like 
architecture is the possibility to attach functional groups at the 
end of the arms. Therefore, small well-defined delivery systems 
with high amount of targeting ligands are feasible and induce 
their efficient and selective cellular uptake.

In this paper, we present the controlled synthesis of 3-arm 
and 6-arm polypept(o)ide stars, based on pLys-b-pSar arms as 
multifunctional siRNA carriers. The focus is set on a more 
detailed understanding on how the microstructure of star-
like polypept(o)ides and their core functionality influences 
RNAi efficiency in vitro. For the synthesis of these star-like 
polymers, the controlled living ROP of intensively purified 
N-ε-t-butyloxycarbonyl-l-lysine NCA and sarcosine NCA was 
employed, which enables precise control over chain length 
and results in well-defined star block copolymers.[33,41,42] For 
detailed characterization of the synthesized star-like polymers, 
1H and 13C nuclear magnetic resonance (NMR) spectroscopy, 
1H diffusion ordered spectroscopy (DOSY), size exclusion chro-
matography (SEC), multi-angle dynamic light scattering (DLS), 
zeta potential (ZP) measurements, and fluorescence correla-
tion spectroscopy (FCS) are utilized for the synthesized star-like 
poly mers. This approach enables the comprehensive evaluation 
of the nano-sized unimolecular core–shell particles toward their 
siRNA complexation capability and in vitro gene knockdown.

2. Results and Discussion

2.1. 3-Arm and 6-Arm Polypept(o)ide Stars: Controlled 
Syntheses and Characterization

The recently developed 3-arm polypept(o)ide stars, consisting 
of protected pLys(PG)-b-pSar arms, seemed to form a prom-
ising basis for the development of siRNA carrier systems.[33] In 
order to investigate the impact of branching number and core 
size on the complexation ability of siRNA, a series of 3-arm 
and 6-arm star polymers with varying functional cores and a 
hydrophilic, nonionic corona are required. The ring-opening 
polymerization (ROP) of NCAs enables the facile variation of 
adjustable block lengths by the monomer to initiator ratio M/I 
and therefore, offering a precise control over core and corona 
dimensions. For this purpose, purified initiators, bearing three 
and six primary amine functionalities, were synthesized and 
applied to the ROP of NCAs. The detailed syntheses of all 
initiators were described previously.[43] One class of initiators 
contains disulfide bonds between the core and the individual 
arms, which provide biodegradability in the intracellular reduc-
tive environment and consequently, the disassembly of the 
poly meric arms can induce the release of siRNA in the cytosol. 
The complete synthetic pathway for polypept(o)ide based 
star-like polymers is shown in Scheme 1. In the initial step, 
3-arm and 6-arm polypeptide stars were synthesized. For the 
polypeptide core block, we aimed for chain lengths from 10 up 
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to 25 units per arm. The N-ε-t-butyloxycarbonyl-l-Lysine NCA 
(Lys(Boc)NCA) is employed, since the protective groups can 
be easily cleaved under acidic conditions, while the disulfide-
containing core remains stable.[33] The polymerization of 
Lys(Boc)NCA was initiated with both types of 3-arm initiators 
as well as 6-arm initiators in absolute DMF at 0 °C to ensure a 
contemporaneous initiation and growth of the poly meric arms.

Characterizations of all polypeptide stars were conducted by 
1H NMR and HFIP SEC and the analytical data can be found 
in Table 1. Desired chain lengths were obtained and verified 
by 1H NMR with slight deviation of less than 10%. HFIP SEC 
analyses reveal monomodal molecular weight distributions 
and narrow to moderate polydispersities (Ð = 1.1 to 1.3). Inter-
estingly, butyl- and cystamine-based initiators do not seem to 
influence the controlled nature of the polymerization since 
similar molecular weights and dispersity values were observed 
for both initiator systems, as indicated by respected SEC plots 
(see Figure 1).

The polypeptide stars were dried in vacuo overnight before 
storage. Afterward, they were dried for 30 min under high 
vacuum right before usage as macroinitiator for the poly-
merization of the second block. In general, the hydrophilic 
block length was chosen to be 100 unit per arm to create a 
proper shielding corona.[35,36] In respect to create a larger poly-
sarcosine corona for enhanced shielding, 200 units per arm 
were additionally aspired for the disulfide-based 3-arm star poly-
mers. After complete monomer conversion, as verified by FTIR 
spectroscopy, the polymers were purified and analyzed by 1H 
NMR and HFIP SEC. In line with the findings of Huesmann 
et al., the polypeptide cores with degree of poly merization of 10 
and 25 for each arm displayed broader SEC elugrams, which 
can be attributed to the coexistence of peptides in random coil 

and helical conformation differing substantially in hydrody-
namic volume.[43,44]

As indicated in Figure 1, a clear shift to lower elution vol-
umes along with a distinct increase in molecular weights is 
obtained in all cases. Once again, the polypept(o)ide formation 
proceeded independently of the applied cystamine- or butyl-
based initiator and lead to desired chain length as determined 
by 1H NMR. The resulting star polymers displayed a narrow 
dispersity (Ð ≤ 1.20). PMMA equivalent molecular weights of 
up to 98 kg mol−1 and hydrodynamic radii of up to 14.1 nm 
can be achieved in case of 6-arm star polymers (see Table 1). 
1H DOSY spectra of all 3-arm and 6-arm polypept(o)ide stars 
(Figures S28–S33, Supporting Information) reveal that the sig-
nals corresponding to the pSar and pLys(Boc) blocks are visible 
as one single diffusing species, which verified the absence of 
low molecular weight polymers. These data indicate successful 
3-arm and 6-arm polypept(o)ide star formation based on amphi-
philic pLys(Boc)-b-pSar arms. The amine end groups of each 
arm were capped by acetylation with acetic anhydride to further 
increase the stealth character of polysarcosine. Apart from acet-
ylation, other polymer-analogous reaction such as labeling with 
dyes can be conducted at the polymer end group.[45]

The characterizations of the 3-arm and 6-arm polypept(o)ide 
star-like polymers by single angle DLS was performed in meth-
anol, since 3-arm systems aggregated in aqueous solution.[43] 
The 3-arm polypept(o)ide stars reveal hydrodynamic diam-
eters (Dh) from around 7 to 12 nm (see Figure 2A), whereas 
for 6-arm polypept(o)ides, Dh from 8 to 14 nm were detected. 
As expected, the small 6-arm polypept(o)ide stars ((pLys(Boc)10-
pSar100)6) show slightly decreased sizes in comparison to 
the 3-arm polypept(o)ides of equal overall chain length (see 
Table 1). This finding can be attributed to a more compact 
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Scheme 1. Synthetic pathway to 3-arm and 6-arm star polymers based on pLys(Boc)-b-pSar.
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structure induced by a higher branching architecture of 6-arm 
star polymers and are in line with similar observations for 
3-arm and 6-arm polypept(o)ide stars based on pGlu(OtBu)-b-
pSar arms. In addition, angular dependent DLS measurements 

(from 30° to 150°) were performed for the 6-arm pLys(Boc)-b-
pSar stars. Figure 2C does not display any angular dependency 
and similar hydrodynamic radii as obtained by single angle 
DLS were found.

Macromol. Biosci. 2020, 20, 1900152

Figure 1. SEC elugrams of A,B) 3-arm and C,D) 6-arm polypeptide stars and arising polypept(o)ide stars.

Table 1. Analytical data of 3-arm and 6-arm polypeptide and polypept(o)ide stars.

Polypeptide and polypept(o)ide star Xn
a) (calc.) Xn

b) (found) Mn
c) [g mol−1] Ðc) Dh

d) [nm]

SS(pLys(Boc)10)3 30 32 12 600 1.18 4.1

Butyl(pLys(Boc)10)3 30 30 10 000 1.26 3.9

SS(pLys(Boc)25)3 75 85 25 000 1.16 8.5

Butyl(pLys(Boc)25)3 75 80 22 600 1.17 7.5

SS(pLys(Boc)10)6 60 65 18 600 1.29 4.4

Butyl(pLys(Boc)10)6 60 71 20 000 1.12 4.5

SS(pLys(Boc)20)6 120 129 26 200 1.31 6.1

Butyl(pLys(Boc)20)6 120 122 26 100 1.33 5.5

SS(pLys(Boc)10-b-pSar100)3 30–300 32–283 55 900 1.15 6.9

Butyl(pLys(Boc)10-b-pSar100)3 30–300 30–286 58 100 1.14 7.6

SS(pLys(Boc)25-b-pSar100)3 75–300 85–275 78 600 1.15 10.3

Butyl(pLys(Boc)25-b-pSar100)3 75–300 80–278 79 800 1.15 10.1

SS(pLys(Boc)25-b-pSar200)3 75–600 85–529 70 600 1.30 10.9

SS(pLys(Boc)10-b-pSar100)6 60–600 65–556 81 700 1.20 9.1

Butyl(pLys(Boc)10-b-pSar100)6 60–600 71–551 78 800 1.13 8.2

SS(pLys(Boc)20-b-pSar100)6 120–600 129–545 93 200 1.24 14.0

Butyl(pLys(Boc)20-b-pSar100)6 120–600 122–548 97 800 1.14 12.1

a)Calculated degree of polymerization using Xn = [M]/[I]; b)Determined by 1H NMR in DMSO-d6; c)Determined by SEC in HFIP using PMMA standards; d)Determined by 
dynamic light scattering in methanol at 173° scattering angle.
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2.2. From Hydrophobic to Cationic PeptoStars: Characterization, 
siRNA Complexation, Core Modification, and Biodegradability

To yield the desired cationic star polymers, the synthesized 
3-arm and 6-arm polypept(o)ide stars need to be deprotected. 
This can be simply realized via the removal of the Boc pro-
tecting groups under acidic conditions, which we already dem-
onstrated.[46] The switch of polarity, from a hydrophobic to a 
cationic core, enables the complexation of small negatively 
charged molecules, for example, siRNA. Scheme 2 illustrates 
the formation of cationic 3-arm and 6-arm polypept(o)ide stars. 
A mixture of H2O and trifluoroacetic acid (TFA) (2:1) was 
applied to achieve complete deprotection within 2 h.

The successful deprotection was verified by 1H NMR spec-
troscopy and shows the absence of the respective signals of the 
Boc methyl protons at 1.35 ppm and the Boc amide proton at 
6.71 ppm (see Figure 3).

Further characterization of the cationic polypept(o)ide 
stars was performed by electrophoretic mobility measure-
ments in 10 mm aqueous NaCl solution (pH 7.4) to receive 
information about the zeta potential. The variety of 3-arm 
and 6-arm polypept(o)ide stars with different core sizes and 
a comparison among each other enable the investigation 
of polysarcosine as a shielding corona toward the cationic 

polypeptidic core. All measured zeta potentials are summa-
rized in Table 2.

In the case of cationic 3-arm polypept(o)ide stars, a distinct 
shift from zeta potentials of around 6 mV for the smaller pep-
tidic cores (30 lysine units) to 24 mV for the larger cationic 
cores (75 lysine units) with the same pSar100 was observed (see 
Figure 4A), which underlines the obvious fact that the steric 
shielding effect of a pSar corona decreases with an increase in 
core size and charge density. Much more interesting was the 
decrease in zeta potential in case of SS(pLys25-b-pSar100)3 from 
25 to 12 mV caused by SS(pLys25-b-pSar200)3. This clearly indi-
cates the shielding effect of an increased amount of polysarco-
sine on a constant cationic polylysine core.

In general, the influence of the polysarcosine corona is more 
pronounced for 6-arm star polymers (see Figure 4B), since six 
pSar chains were grafted to the cationic core. Despite of twofold 
increased peptide core with in total 120 lysine units ((pLys20-b-
pSar100)6), the observed zeta potentials were still in the range of 
21 mV. The 6-arm star polymers with a total of 60 lysine units 
showed zeta potentials of around 13 mV, which correspond to 
the cystamine-based 3-arm star (SS(pLys25-b-pSar200)3) with an 
enlarged polysarcosine corona. This leads to the conclusion 
that 6-arm star polymers contain a polysarcosine shell with dis-
tinct shielding of the cationic cores.

Macromol. Biosci. 2020, 20, 1900152

Figure 2. Single angle DLS measurements of A) 3-arm polypept(o)ides and B) 6-arm polypept(o)ides. C) Multi angle dynamic light scattering of 6-arm 
polypept(o)ide stars.
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In the following, the cationic 3-arm and 6-arm polypept(o)
ide stars were investigated toward their siRNA complexa-
tion capability. For this purpose, agarose gel electrophoresis 
experiments were performed to investigate the siRNA loading 
capacity. For each sample, 60 ng siRNA were incubated with 
increasing amounts of polypept(o)ide stars (weight-to-weight 
(w/w) ratios from 1:1 to 100:1). Figure 5A demonstrates 
the respective agarose gel of the 3-arm polypept(o)ide star, 
Butyl(pLys25-b-pSar100)3, with a full siRNA retardation at a 
w/w ratio of 10:1. All other complexation experiments of the 
3-arm and 6-arm polypept(o)ide stars can be found in Figures 
S36 and S37, Supporting Information. Unfortunately, the 
application of w/w ratios does not consider the variation of 
lysine content between different polypept(o)ide stars. For this 
reason, the weight ratios were converted to N/P ratios, with 
N for the amount of all positively charged primary amines of 
the lysine units and P for all negatively charged phosphate 

groups from siRNA. All calculated N/P ratios can be found 
in Table 2.

In general, polypept(o)ide stars with increased polylysine 
content can complex siRNA completely with decreasing N/P 
ratios. 6-arm polypept(o)ides stars show slightly better compl-
exation capabilities than 3-arm polypept(o)ide stars with sim-
ilar overall polylysine content, which can be attributed to the 
higher branched architecture. Interestingly, all siRNA-loaded 
polypept(o)ide stars were able to migrate to the cathode in the 
gel at w/w ratios of 30:1 to 100:1 (see Figure 5A and Figures S36 
and S37, Supporting Information). This fact indicates an effi-
cient shielding from the polysarcosine corona toward the pep-
tidic core with negatively charged cargo. The zeta potentials of 
siRNA-loaded polypept(o)ide stars (at w/w ratios of 30:1) were 
lower than before and close to neutral, compared to unloaded 
star polymers (see Table 2), which further sustains the rational 
for the effective shielding of the polysarcosine shell. In addition, 

Macromol. Biosci. 2020, 20, 1900152

Figure 3. Deprotection of butyl(pLys(Boc)10-b-pSar100)3 verified by 1H NMR spectroscopy.

Scheme 2. Synthetic illustration of the formation of cationic PeptoStars.
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the stability of the siRNA-loaded stars against polyanionic mole-
cules and the ability to release the cargo despite efficient steric 
shielding was explored by agarose gel electrophoresis. Herein, 
heparin (14 000 g mol−1) was chosen as a competitor for siRNA, 
since heparin is one of the most negatively charged glycosa-
minoglycan.[47] Figure 5B displays cystamine- and butyl-based 
6-arm polypept(o)ide stars at a w/w ratio of 20:1 to ensure 
complete complexation. In the presence of heparin, complete 
siRNA release was observed in all cases of polypept(o)ide stars. 
This shows that a release of the siRNA in the presence of high 
concentrations of small negatively charged molecules was still 
feasible and therefore, the synthesized star-like polymers may 
promote a gene knockdown insight cells.[47] The release, how-
ever, is enhanced in the presence of glutathione in the case of 
disulfide containing star-like polypept(o)ides.

The investigation of the hydrodynamic sizes of polypept(o) ide 
stars after siRNA loading is another very important aspect 
to receive information about the developed complexa-
tion system. For this purpose, the star samples (SS(pLys25-
b-pSar100)3, SS(pLys10-b-pSar100)6, butyl(pLys10-b-pSar100)6, 

SS(pLys20-b-pSar100)6, and butyl(pLys20-b-pSar100)6, respectively) 
were incubated with Alexa Fluor (AF) 647 labeled siRNA 
(siRNA-AF647) at respective N/P ratios for complete siRNA 
complexation. Afterward, fluorescence correlation spectros-
copy (FCS) measurements were conducted. Figure 5C and 
Table 2 summarize the obtained hydrodynamic radii of the 
siRNA-loaded polypept(o)ide stars. The hydrodynamic radius 
of 2.4 nm, corresponding to siRNA-AF647, increased to a size 
range of 6–9 nm for the different siRNA-loaded polypept(o)ide 
stars. These findings are well in line with measured hydrody-
namic sizes for the protected polypept(o)ide stars, obtained by 
DLS. As a control, the hydrodynamic radius of AF647-labeled 
butyl(pLys25-b-pSar100)3 was measured without siRNA and 
proved to be 6 nm (see Figure S35, Supporting Information). 
Labeling of this star polymer was previously performed with 
Alexa Fluor 647 NHS ester in DMF by attaching the dye to the 
peptide core. These results reveal a slight increase in size during 
siRNA complexation but clearly indicate the existence of uni-
molecular complexes with 1–5 siRNA molecules. Neither FCS 
nor DLS can detect aggregated siRNA complexes and displays 
the formation of siRNA containing star-like polypept(o)ides in 
solution. Furthermore, FCS measurements reveal the presence 
of an average of 2–3 molecules of siRNA per polypept(o)ide star.

After detailed characterization of the cationic polypept(o)ide 
stars, modification opportunities of the polypeptide core were 
investigated. Among labeling with fluorescent dyes, the func-
tional primary amine groups of the lysine residues enable 
the attachment of further relevant molecules for successful 
transfection capabilities. Several works emphasize the incor-
poration of chemical moieties providing a buffer capacity 
and the ability of protonation in the acidic endosomal envi-
ronment (“proton sponge effect”) and thus, facilitating 
endosomal escape.[48–50] Histidinylated polylysines or pLys-
b-pHis copolymers have shown to be promising candidates 
through combination of good buffering characteristics and 
siRNA complexation.[51] For this reason, the linkage of histi-
dine was realized via a peptide coupling reaction with N,N′-
diBoc-l-histidine and 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC) as well as 1-hydroxybenzotriazole (HOBt) 
as carboxyl activating agents.

Macromol. Biosci. 2020, 20, 1900152

Table 2. Characteristic data of cationic polypept(o)ide stars.

Cationic star polymer Zeta potentiala)  
[mV]

N:P ratiob) Rh
c) of siRNA loaded 
particles [nm]

SS(pLys10-b-pSar100)3 7 ± 4 9:1 3.0d)

Butyl(pLys10-b-pSar100)3 6 ± 4 9:1 3.5d)

SS(pLys25-b-pSar100)3 25 ± 4 6:1 7.0

Butyl(pLys25-b-pSar100)3 23 ± 4 6:1 6.0d)

SS(pLys25-b-pSar200)3 12 ± 4 8:1 n.d.e)

SS(pLys10-b-pSar100)6 13 ± 4 5:1 6.2

Butyl(pLys10-b-pSar100)6 14 ± 3 5:1 7.0

SS(pLys20-b-pSar100)6 22 ± 4 4:1 8.8

Butyl(pLys20-b-pSar100)6 21 ± 3 3:1 8.0

a)Determined by Zeta Sizer in 10 mm NaCl; b)Calculated from w/w ratios for com-
plete complexation determined by agarose gel electrophoresis; c)Determined 
by FCS with labeled siRNA; d)Measured by FCS without siRNA; e)n.d. = not 
determined.

Figure 4. Zeta potentials of cationic 3-arm (A) and 6-arm (B) polypept(o)ide stars (ZP = zeta potential).
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Scheme 3 displays the entire synthetic pathway to intro-
duce histidine moieties within the polylysine blocks. For the 
cystamine-based 3-arm star polymer (SS(pLys25-b-pSar100)3), 
the degree of histidinylation was set to be 20% (referred to the 
amount of lysine groups), whereas for the butyl-based 6-arm 
star polymer (butyl(pLys10-b-pSar100)6), two different degrees, 
20% and 50%, were chosen. After purification by dialysis to 
remove coupling agents and unreacted diBoc histidine, the star-
like polymers were characterized by 1H NMR and 1H DOSY to 
verify covalent attachment of histidine to the lysine block. 1H 
DOSY data (see Figures S32 and S33, Supporting Information) 
clearly demonstrate a successful linkage of diBoc-protected his-
tidines to the polymer, since all corresponding proton signals 
possess the same diffusion coefficient. Directly afterward, the 
removal of the Boc protecting groups was performed in H2O 
and TFA (1:1). 1H NMR spectroscopy as well as 1H DOSY 
displayed complete deprotection by the absent characteristic 
protective group signal at 1.33 ppm. In addition, the determina-
tion of the amount of imidazole groups per star polymer can 
be performed by comparing the signals of the aromatic imida-
zole ring protons at 6.87 and 7.62 ppm with the initiator signal. 
Scheme 3B shows a 1H DOSY spectra of the cystamine-based 
3-arm star polymer, which was modified with 16% histidine. 
The spectrum further indicates that all signals corresponding 
to the polymer backbone and the newly introduced imidazole 
groups are visible as one diffusing species and thereby, con-
firming the integrity of the modified star polymers.

The siRNA complexation capability of histidinylated star 
polymers revealed slightly higher N/P ratios in comparison to 
respective unmodified cationic star polymers in agarose gel 
electrophoreses (see Figure S38, Supporting Information). This 

finding was expected, since the imidazole groups (pKa = 6.1) 
are mainly non-charged at neutral pH and thus hydrophobic. 
Consequently, a decrease of the overall cationic charge density 
occurs.[37,52]

Prior to the biological evaluation of the cationic polypept(o)ide 
stars, the focus was set on the biodegradability of the polymeric 
carrier systems, which is significant for their long-term fate in 
vivo. In case of cystamine-based polypept(o)ide stars, previous 
works showed an efficient disassembly of the polymeric arms in 
the presence of reducing agents such as glutathione.[33] Further 
degradation of the carrier system, for instance, by enzymatic 
cleavage, appears beneficial to avoid unwanted accumulation 
and adverse reactions by design.[53–56] With this regard, 3-arm 
and 6-arm polypept(o)ide stars were exposed to proteolytic 
enzymes at 37 °C and the effects were monitored for 1 week 
via HFIP SEC. The applied protease is a mixture of endo- and 
exopeptidases isolated from the bacteria strain Streptomyces gri-
seus, which obtains a broad specificity for various peptides in 
the presence of calcium ions.[57] The SEC elugrams show in 
each case a distinct shift to lower molecular weight species after 
4 days (see Figure S34, Supporting Information). The species 
with elution volumes of around 21–20 mL correspond to the 
degraded polylysine core. Applying the polysarcosine standard 
calibration, established by Weber et al.,[58] the peak maxima 
from 17.3 to 17.2 mL can be clearly assigned to well-defined 
linear polysarcosine chains with a degree of polymerization 
of around 90, since the protease mixture lacks the ability to 
degrade N-methylated polypeptoids. However, this further 
indicates the controlled synthesis of polymeric arms with a con-
temporaneous initiation and respective growth. Proline imin-
opeptidase is supposed to cleave N-terminal sarcosine and could 
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Figure 5. Agarose gel electrophoresis of siRNA loaded 3-arm polypept(o)ide star (A) and 6-arm polypept(o)ide stars with heparin competition (B). 
FCS measurements of siRNA loaded polypept(o)ide stars (C).
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be an appropriate enzymatic alternative.[59] Nevertheless, oxi-
dative degradation of poly peptoids was previously explored by 
the Luxenhofer group[60] and linear polysarcosine chains posses 
small hydrodynamic diameters (Dh < 5 nm)[58] to enable addi-
tionally elimination from the body by renal filtration. In con-
clusion, both cystamine- and butyl-based star-like polymers are 
degradable under relevant conditions.

2.3. Biological Evaluation of Cationic PeptoStars: Cytotoxicity, 
Complement Activation, and Knockdown Potential

As a first step of biological evaluation of cationic PeptoStars, 
MTT assays were carried out in Neuro2A cells to evaluate 
the cytotoxicity of cationic 3-arm (SS/buty(pLys25-b-pSar100)3, 
SS(pLys21/pLysHis4-b-pSar100)3) and 6-arm star polymers (SS/
Buty(pLys10-b-pSar100)6, Butyl(pLys8 or 5/pLysHis2 or 5-b-pSar100)6) 

complexed with siRNA. For this purpose, star polymers were 
applied using a complexation ratio from w/w of 3:1 to 20:1 by 
using a siRNA (Inf-siGFP and Inf-siCtrl) amount of 250 ng. In 
all biological evaluations, siRNA conjugated to a pH-dependent 
lytic Inf7-peptide (Inf-siRNA) was used, since it has been shown 
to be beneficial for transfections in several cases before.[61] The 
results are summarized in Figure 6. The cytotoxicity of the 
unmodified cystamine-based 6-arm star polymer can be further 
found in the Supporting Information and is likewise the butyl-
based analogue (see Figure S39, Supporting Information).

In general, all star-like polypept(o)ides did not influence cell 
viability or only show a minor decrease at highest polymer con-
centrations tested. The exceptions are the 3-arm star polymers 
with largest pLys core at highest concentrations which revealed 
cell viabilities of about 50% at w/w 20. The higher cytotoxicity 
of 3-arm star polymers might be attributed to an insufficient 
shielding of the cationic core (ZP = 24 mV) compared to 6-arm 
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Scheme 3. A) Synthetic pathway of histidine modification for 3-arm and 6-arm polypept(o)ide stars. B) DOSY spectrum of histidine modified cysta-
mine-based 3-arm polypept(o)ide star.
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star polymers (ZP = 14 mV, see Table 2). The high amount of 
cationic lysine units may exhibit high cytotoxicity due to mem-
brane disruptive effects.[62] Differences between cystamine-
based and butyl-based polymers have not been observed. In 
addition, the cell viability in the presence of star polymers 
with histidinylated peptide cores is constantly around 80% 
independent of the polymer concentration. Nevertheless, the 
cytotoxicity is negligible at relevant w/w ratios for full siRNA 
complexation (w/w 10, see agarose gel electrophorese experi-
ments in the Supporting Information) and none of the star 
polymers reached the IC50 value for cell viability. Consequently, 
one can conclude that all star-like polypept(o)ides are well toler-
ated by Neuro2A cells in vitro.

Besides cell viability, complement activation was also inves-
tigated for cationic 3-arm and 6-arm star-like polymers. There-
fore, cystamine- and butyl-based star polymers were incubated 
with human serum for 1 h at 37 °C and the concentration of 
human complement factor 5a (C5a) was determined. As shown 
in Figure 6C, distinct increased concentrations of C5a for 
cationic star polymers (SS(pLys25-b-pSar100)3 and Butyl(pLys10-
b-pSar100)6) were absent in comparison to human serum 
itself. Once again, these results confirmed that the cationic 
polypept(o)idic architectures neither affects the toxicity nor 
complement activation and thereby, crucial requirements for 
systemic application as siRNA delivery systems are fulfilled.

In order to determine the knockdown efficiency of the syn-
thesized systems, luciferase assays were subsequently carried 
out with cationic star polymers consisting of 3-arms and 6-arms 
and the hystidinylated derivatives thereof. This study enables 
the evaluation of two different branched architectures with 
varied modifications and their impact on the corresponding 
knockdown potential. For the experiments, anti-GFP siRNA 
conjugated to Inf7-peptide (Inf-siGFP) and control siRNA 
(Inf-siCtrl), respectively, were complexed with star polymers 
at increasing polymer to siRNA weight ratio from 3:1 to 20:1 
and then applied to Neuro2a/eGFPLuc cells for 48 h.[61] The 
cells stably express an eGFP-luciferase fusion protein and 
eGFP knockdown simultaneously mediates decreased lucif-
erase activity.[63] The oligomer 454, a sequence defined lipoo-
ligoamino amide explored by Troiber, Edinger, and Wagner,[64] 
served as an overall control and demonstrated knockdown 
potential of around 70% caused by the Inf-siGFP, whereas the 
Inf-siCtrl shows a luciferase expression of almost 100%, as 
expected.

From the results of the luciferase assays, displayed in 
Figure 7, it is apparent that distinct knockdown effect of any 
star polymers is absent. The respective results of the cysta-
mine-based 6-arm star polymer can be found in Figure S40, 
Supporting Information. The Inf-siGFP-loaded 3-arm star poly-
mers (with and without histidine moieties) exclusively showed 
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Figure 6. MTT assay of cationic 3-arm (A) and 6-arm (B) polypept(o)ide stars loaded with Inf-siGFP and Inf-siCtrl. Complement activation of cystamine-
based 3-arm star and butyl-based 6-arm star (C). W/W describes the complexation ratio (polymer to siRNA).
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a gene knockdown of about 40% at highest polymer concen-
tration indicated by the decreased luciferase activity in relation 
to the respective Inf-siCtrl-loaded 3-arm star polymers (see 
Figure 7A). Nevertheless, it must be admitted that even the 
Inf-siCtrl-loaded 3-arm star polymers mediated an unexpected 
decrease of bioluminescence (around 20–50%). This might be 
attributed to the elevated toxicity (30–50%) of the 3-arm star 
polymers observed via the MTT assay at highest w/w ratios. 
The histidinylated 3-arm star polymer (SS(pLys21/pLysHis4-
b-pSar100)3) herein showed the best results with a decrease in 
cell viability of around 30% and a knockdown potential of 40%. 
Unfortunately, the cystamine- and butyl-based 6-arm star poly-
mers do not show any gene knockdown effect. High degrees of 
histidinylation (50%) at highest polymer concentration might 
demonstrate a minimal decrease of luciferase expression when 
comparing to the Inf-siCtrl (see Figure 7B). Since we expect 
that both the endosomolytic Inf7-peptide and histidinylation 
should be efficient to enforce endosomal release after suc-
cessful cellular uptake and thereby enhancing gene silencing, 

the reason for the low gene knockdown efficiency presum-
ably is not inefficient endosomal escape or release of siRNA. 
Obviously, the highly efficient steric shielding of PeptoStars by 
their pSar corona reduces cellular interaction and internaliza-
tion. Since we know that 6-arm star-like polypept(o)ides display 
reduced cellular uptake even in vitro arising from the stealth-
like properties of the pSar shell, the observed insufficient 
knockdown may be overcome by the use of ligands targeting 
cell surface receptors of the target cells. Further investigations 
toward the modification of cationic star polymers are neces-
sary to achieve a stronger luciferase knockdown and enable the 
translation to relevant disease models.

3. Conclusion

In this work, we developed multifunctional unimolecular car-
rier systems for siRNA delivery based on pLys-b-pSar star 
architectures. The controlled living ROP facilitated the precise 
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Figure 7. Luciferase assay of 3-arm stars (A) and butyl-based 6-arm stars (B). W/W describes the complexation ratio (polymer to siRNA).
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synthesis of a variety of well-defined 3-arm and 6-arm star poly-
mers consisting of different sized cationic cores and a hydro-
philic corona with efficient shielding properties. Therefore, a 
comprehensive evaluation of the impact of branching and size 
toward the complexation ability of small negatively charged 
siRNA was enabled.

Detailed size characterization by DLS and FCS confirmed 
the presence of uniform small core–shell structure revealing 
hydrodynamic diameter from 7.0 to 17.6 nm. Even complexa-
tion of siRNA led to unimolecular carrier systems without dis-
tinct size increment and the complete absence of aggregation. 
Especially, 6-arm star polymers demonstrated high complexa-
tion capabilities (N/P from 5:1 to 3:1) in combination with low 
zeta potentials and hence showing a proper shielding from 
the branched sarcosine corona toward the cationic core. In 
addition, the core-cross-linked character of the star polymers 
assures stable siRNA-loaded carrier systems with extra desta-
bilizing features in the presence of increased glutathione 
concentrations.

The functional polylysine core further enabled the facile 
modification with different degrees of histidine moieties 
for enhanced endosomal escape. Interestingly, the cationic 
polypept(o)idic stars were generally well tolerated by Neuro2A 
cells and did not induce any complement activation in human 
serum. In this regard, the developed strategy enables the syn-
thesis of multifunctional core–shell particles as siRNA carriers 
with multiple opportunities for modification. The special fea-
ture is the independent adjustment of the degree of functional 
cores as well as the charge shielding corona and simultaneously 
gaining small-sized unimolecular carrier systems. Neverthe-
less, the attachment of suitable ligands seems to be necessary 
to enhance cellular uptake and achieve successful RNAi in vitro 
and in vivo.

4. Experimental Section
Materials and Methods: Sarcosine and solvents were purchased 

from Sigma Aldrich. H-l-Lys-OH*HCl was purchased from Iris Biotech 
and H-l-Lys(Boc)-OH was purchased from Carbolutions. The dye Alexa 
Fluor 647 NHS ester was purchased from Thermo Fisher Scientific. THF 
and n-hexane were dried over Na/K prior to use. DMF was purchased 
from Acros (99.8%, Extra Dry), dried over CaH2 and molecular sieves 
(4 Å), and fractionally distilled in N2 atmosphere. Freshly distilled 
DMF was stored at −80 °C under exclusion of light. Before use, DMF 
was degassed under vacuum for at least 20 min to remove residual 
dimethylamine. Diphosgene was purchased from Alfa Aesar and used 
without further purification. 1,3,5-Benzenetricarbonyl trichloride was 
purchased from Acros. N-Boc-1,4-butanediamine was purchased from 
Sigma Aldrich and N-Boc cystamine from Chem-Impex International. 
Millipore water was prepared using a MILLI-Q Reference A+ System. 
Water was used at a resistivity of 18.2 MΩ cm−1 and total organic carbon 
of <5 ppm. 1H and 13C NMR spectra were recorded on a Bruker AV 400 
at room temperature. Spectra were calibrated using the solvent signals 
(δ = 2.500 ppm for DMSO-d6, δ = 7.260 ppm for CDCl3). The degree 
of polymerization (Xn) was calculated using 1H NMR spectroscopy by 
comparing the integrals of initiator peaks and an average of integrals of 
methyl group and α-protons for pSar, and for pLys(Boc), an average of 
polymer protons.

Infrared spectroscopy was performed on a Jasco FT/IR-4100 with an 
ATR sampling accessory (MIRacle, Pike Technologies) using 16 scans 
per measurement. IR spectra were analyzed using Spectra Manager 
2.0 (Jasco). NCA polymerization was monitored by FT-IR spectroscopy. 

Polymerization was judged to be complete when NCA associated 
carbonyl peaks at 1853 and 1786 cm−1 had vanished. Size exclusion 
chromatography (SEC) in hexafluoroisopropanol (HFIP) was performed 
with 3 g L−1 potassium trifluoroacetate at 40 °C. The columns were 
packed with modified silica (PFG columns, particle size: 7 µm, porosity: 
100 and 1000 Å). A refractive index detector (G 1362A RID, Jasco) 
and a UV/vis detector (UV-2075 Plus, JASCO) were used to detect the 
polymer. Molecular weights were calculated using calibration performed 
with PMMA standards (Polymer Standards Services GmbH). As the 
internal standard, toluene was used. Melting points were determined 
on Mettler Toledo FP62 melting point apparatus at a heating rate of 
5 °C min−1.

DLS measurements were first performed at 25 °C using a Malvern 
Zetasizer NanoZS with a 633 nm He/Ne Laser at a fixed scattering 
angle of 173°. Besides, further DLS measurements were performed 
using a Uniphase He/Ne Laser (l = 632.8 nm, 22 mW), an ALV-SP125 
Goniometer, an ALV/High QE APDAvalanche photo diode with fiber 
optical detection, an ALV 5000/E/PCI-correlator and a Lauda RC-6 
thermostat unit at 20 °C. Angular dependent measurements were 
carried out in the range 30° ≤ q ≤ 150° in typically 15° steps.

3-Arm Initiator Synthesis: The synthesis of the two trimeric amine 
initiators were adapted from literature and modified.[65]

Boc-Protected Cystamine-Based Initiator: N1,N3,N5-Tris(2-((2-
Tert-Butyloxycarbonyl-Aminoethyl)Disulfanyl)Ethyl)Benzene-1,3,5-
Tricarboxamide: N-(Tert-Butyloxycarbonyl)cystamine (116 mg, 0.46 mmol, 
3.3 eq) was weighed into a flame-dried two-neck round-bottom flask and 
dissolved in 2 mL abs. THF. Freshly distilled N,N-diisopropylethylamine 
(DIPEA) (78 µL, 0.46 mmol, 3.3 eq) was added and stirred for 15 min 
at room temperature. 1,3,5-benzenetricarbonyl trichloride (36 mg, 
0.14 mmol, 1 eq) was weighed into another flame-dried round-bottom 
flask and dissolved in 1 mL abs. THF. The trichloride solution was slowly 
added to the N-(tert-butyloxycarbonyl)cystamine mixture via syringe. The 
progress of the reaction was monitored by TLC (Rf = 0.53, EtOAc/PE 
10%). After 4 h, the solvent was evaporated in vacuo and the residue 
was dissolved in ethyl acetate. The organic phase was sequentially 
washed with milliQ water, 1 m hydrochloric acid, and saturated 
sodium bicarbonate solution. The organic phase was dried over 
magnesium sulfate and concentrated in vacuo. Purification by column 
chromatography yielded the desired product as a white foam (92.1 mg, 
0.1 mmol, 72%).

1H NMR (400 MHz, CDCl3) δ [ppm] = 1.38 (s, br, 27H, C(CH3)3), 
2.83 (t, 3JH,H = 6.40 Hz, 6H, SCH2CH2NHBoc), 2.95 (t, 3JH,H = 6.00 Hz, 
6H, SCH2CH2NHCOC), 3.45 (br, 6H, CH2NHBoc), 3.74–3.78 (m, 
6H, CH2NHCOC), 5.22 (br, 3H, NHBoc), 7.58 (br, 3H, NHCOC), 
8.27 (s, 3H,CH);

13C NMR (400 MHz, CDCl3) δ [ppm] = 28.5 (C(CH3)3), 38.1 
(SCH2CH2NHCOC), 38.3 (SCH2CH2NHBoc), 39.4 (CH2NHCOC), 
39.7 (CH2NHBoc), 79.8 (C(CH3)3), 128.7 (CH), 135.3(CCONH), 
156.2 (NHCOO), 166. 6 (CCONH).

Boc-Protected Butyl-Based Initiator: N1,N3,N5-Tris(2-(2-Tert-Butyloxycarbonyl-
Aminobutyl))Benzene-1,3,5-Tricarboxamide: N-(tert-Butyloxycarbonyl)-1,4-
butanediamine (121 µL, 0.63 mmol, 3.3 eq) was dissolved in 2 mL abs. 
dichloromethane. Freshly distilled DIPEA (107 µL, 0.63 mmol, 3.3 eq) was 
added and stirred for 15 min at room temperature. 1,3,5-benzenetricarbonyl 
trichloride (51 mg, 0.19 mmol, 1 eq) was weighed into a flame-dried 
round-bottom flask and was dissolved in 2 mL abs. dichloromethane. 
The trichloride solution was slowly added to the N-(tert-butyloxycarbonyl)-
1,4-butanediamine mixture via syringe. The progress of the reaction was 
monitored by TLC (Rf = 0.59, EtOAc/MeOH 10%). After 4 h, the solvent 
was evaporated in vacuo and the residue was dissolved in chloroform. The 
organic phase was sequentially washed with milliQ water, 1 m hydrochloric 
acid, and saturated sodium bicarbonate solution. The organic phase was 
dried over magnesium sulfate and concentrated in vacuo. 126.5 mg of the 
pure product was obtained (0.17 mmol, 92%).

1H NMR (400 MHz, CDCl3) δ [ppm] = 1.37 (s, 27H, C(CH3)3), 
1.59–1.67 (m, 12H, CH2CH2CH2CH2), 3.13–3.17 (m, 6H, CH2NHBoc), 
3.43–3.48 (m, 6H, CH2NHCO), 5.11 (t, 3JH,H = 8.00 Hz, 3H, NHBoc), 
7.63 (s, br, 3H, NHCOC), 7.93 (s, 3H,CH);
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13C NMR (400 MHz, CDCl3) δ [ppm] = 26.9 (CH2CH2CH2CH2), 
28.6 (C(CH3)3), 40.0 (CH2NHCOC), 40.5 (CH2NHBoc), 79.3 
(C(CH3)3), 128.2 (CH), 135.7 (CCONH), 156.5 (NHCOO), 167.1 
(CCONH).

Deprotection: TFA Salt of N1,N3,N5-Tris(2-((2-Aminoethyl)Disulfanyl)
Ethyl)Benzene-1,3,5-Tricarboxamide: 40 mg (0.04 mmol) of the Boc-
protected cystamine based initiator was dissolved in abs. dichloromethane 
(1 mL) and 0.5 mL TFA was added. The reaction was stirred under argon 
for 60 min and the completion of the reaction was monitored by TLC. The 
solvents were evaporated in vacuo. The TFA salt of the initiator (38 mg, 
0.04 mmol) was obtained in quantitative yields and dried under vacuum.

1H NMR (400 MHz, D2O) δ [ppm] = 3.00–3.03 (m, 12H, 
CH2CH2SSCH2CH2), 3.38 (t, 3JH,H = 8.00 Hz, 2H, CH2NHBoc), 3.78 
(t, 3JH,H = 8.00 Hz, 2H, CH2NHCO), 8.28 (s, 3H,CH).

TFA Salt of N1,N3,N5-Tris(2-(2-Aminobutyl))Benzene-1,3,5-Tricarboxamide: 
20.4 mg (0.03 mmol) of the Boc-protected butyl based initiator was 
dissolved in abs. dichloromethane (1 mL) and 0.5 mL TFA was added. 
The reaction was stirred under argon for 60 min and the completion of 
the reaction was monitored by TLC. The solvents were evaporated in 
vacuo. The TFA salt of the initiator (22.7 mg, 0.03 mmol) was obtained in 
quantitative yields and dried under vacuum.

1H NMR (400 MHz, D2O) δ [ppm] = 1.67–1.79 (m, 12H, 
CH2CH2SSCH2CH2), 3.04 (t, 3JH,H = 8.00 Hz, 2H, CH2NHBoc), 3.46 
(t, 3JH,H = 8.00 Hz, 2H, CH2NHCO), 8.24 (s, 3H,CH).

6-Arm Initiator Synthesis: Boc-Lys(Boc)-OH: The synthesis of Boc-
Lys(Boc)-OH was adapted from literature and modified.[66]

l-Lysine hydrochloride (6.1 g, 0.033 mol, 1 eq) was weighed into a 
round-bottom flask and dissolved in 80 mL H2O. NaHCO3 (8.42 g, 
0.100 mol, 3 eq) was added and the suspension was stirred and cooled 
to 0 °C. Di-tert-butylpyrocarbonate (Boc2O, 14.4 g, 0.066 mol, 2 eq) 
in 50 mL tetrahydrofuran (THF) was added dropwise over a period of 
30 min via a dropping funnel. The reaction mixture was stirred at room 
temperature for 12 h. After 12 h, the same amount of Boc2O (14.4 g, 
0.066 mol, 2 eq) was added again at 0 °C and stirred for additional 12 h. 
The completion of the reaction was monitored by TLC (Rf = 0.54, EtOAc) 
and THF was removed under reduced pressure. The aqueous layer was 
washed twice with diethyl ether, acidified to pH 4–5 using citric acid 
solution, and afterward extracted extensively with dichloromethane. The 
organic layer was washed with brine, dried over anhydrous Na2SO4, and 
concentrated in vacuo. The pure product was obtained as a white foam 
and further drying under high vacuum resulted in 9.7 g (0.028 mol, 85%) 
of a white solid.

1H NMR (400 MHz, DMSO-d6) δ [ppm] = 1.37 (m, 22H, 2x C(CH3)3, 
CH2CH2CH2CH2), 1.51–1.62 (m, 2H, CHCH2CH2), 2.87–2.89 (m, 
2H, NHCH2CH2), 3.78–3.83 (m, 1H, CHCH2CH2), 6.65–6.77 (m, 
1H, CONHCH2CH2), 6.99–7.01 (m, 1H, -CHNHCO), 12.39 (s, 1H, 
COOH).

Cystamine-Based 6-Arm Initiator: Boc-Lys(Boc)-OH (162.8 mg, 
0.47 mmol, 6 eq), together with N,N,N′,N′-tetramethyl-O-(1H-
benzotriazol-1-yl)uronium hexafluorophosphate (HBTU, 193.4 mg, 
0.51 mmol, 6.5 eq) and 1-hydroxybenzotriazole (HOBt, 68.9 mg, 
0.51 mmol, 6.5 eq) were weighed into a Schlenk flask and dissolved 
in 2 mL abs. DMF. DIPEA (132.65 µL, 0.78 mmol, 10 eq) was directly 
added and the mixture was stirred for 30 min at 0 °C. In another 
Schlenk flask, cystamine-3-arm initiator (74.8 mg, 0.078 mmol, 1 eq) 
were dissolved in 1 mL abs. DMF, DIPEA (46.4 µL, 0.273 mmol, 
3.5 eq) were added and stirred for 30 min. The di-Boc-lysine mixture 
was subsequently added to the 3-arm initiator solution and stirred at 
room temperature for 2 days. Afterward, the reaction mixture was 
poured into 0.5 m KHSO4 and extracted three times with ethyl acetate. 
The organic layers were combined and subsequently washed with H2O 
and brine. After passage through anhydrous Na2SO4, the organic layer 
was evaporated under reduced pressure. The residue was purified using 
column chromatography (Rf = 0.55, EtOAc/MeOH 1%) to yield 81.1 mg 
(0.05 mmol, 64%) of the pure product.

1H NMR (400 MHz, CD3OD) δ [ppm] = 1.25–1.51 (m, 66H, 
C(CH3)3, CH2CH2CH2CH2), 1.53–1.77 (m, 6H, CHCH2CH2), 
2.85–2.88 (m, 6H, SCH2CH2NHCOC), 2.96–3.04 (m, 12H, 

SCH2CH2NHCOCC, CH2CH2NHBoc), 3.41–3.46 (m, 6H, 
CH2NHCOC), 3.72–3.75 (m, 6H, CH2NHCOCC), 3.89–4.00 (m, 
3H, CHCH2CH2-), 8.46 (s, 3H,CH).

13C NMR (400 MHz, CD3OD) δ [ppm] = 24.24 (CHCH2CH2CH2), 
28.85 (C(CH3)3), 30.62 (CHCH2CH2CH2), 33.15 (CHCH2CH2CH2), 
38.47 (CCONHCH2CH2S), 38.51 (SCH2CH2NH), 39.55 
(SCH2CH2NHCOCH), 40.50 (CCONHCH2CH2S), 41.04 
(CH2CH2CH2NHBoc), 56.21 (COCHNH), 79.85 (C(CH3)3), 80.61 
(C(CH3)3), 130.16 (CH), 136.61 (C), 157.86 (NHCOCHNHBoc), 
158.55 (CCONH), 168.68 (NHCOOC(CH3)3), 175.47 (NHCOOC).

Butyl-Based 6-Arm Initiator: Boc-Lys(Boc)-OH (644.3 mg, 1.86 mmol, 
6 eq), together with HBTU (766.1 mg, 2.02 mmol, 6.5 eq) and HOBt 
(272.9 mg, 2.02 mmol, 6.5 eq) were weighed into a Schlenk flask 
and dissolved in 4 mL abs. DMF. DIPEA (0.53 mL, 3.1 mmol, 10 eq) 
was directly added and the mixture was stirred for 30 min at 0 °C. In 
another Schlenk flask, butyl-based 3-arm initiator (240 mg, 0.31 mmol, 
1 eq) were dissolved in 0.8 mL abs. DMF, DIPEA (0.19 mL, 1.1 mmol, 
3.5 eq) was added and stirred for 30 min. The di-Boc-lysine mixture 
was subsequently added to the 3-arm initiator solution and stirred at 
room temperature for 2 days. Afterward, the reaction mixture was 
poured into 0.5 m KHSO4 and extracted three times with ethyl acetate. 
The organic layers were combined and subsequently washed with H2O 
and brine. After passage through anhydrous Na2SO4, the organic layer 
was evaporated under reduced pressure. The residue was purified 
using column chromatography (Rf = 0.45, EtOAc/MeOH 10%) to yield 
363.4 mg (0.26 mmol, 84%) of the pure product.

1H NMR (400 MHz, CD3OD) δ [ppm] = 1.28–1.50 (m, 66H, 
C(CH3)3, CH2CH2CH2CH2), 1.54–1.76 (m, 18H, CHCH2CH2, 
NHCH2CH2CH2CH2NH), 3.00–3.04 (m, 6H, CH2CH2NHBoc), 3.18–
3.28 (m, 6H, CH2NHCOCH) 3.41–3.45 (m, 6H, CH2NHCOCC), 
3.84–3.97 (m, 3H, CHCH2CH2), 8.40 (s, 3H,CH).

13C NMR (400 MHz, CD3OD) δ [ppm] = 24.25 (CHCH2CH2CH2), 
27.67 (CH2CH2CH2CH2N), 27.83 (NHCH2CH2CH2CH2NH), 28.83 
(C(CH3)3), 30.61 (CH2CH2CH2NHBoc), 33.14 (CHCH2CH2), 
39.96 (CH2CH2NHCOCH), 40.74 (CH2CH2NHCOCC), 41.00 
(CH2CH2N), 56.31 (COCHNH), 79.83 (C(CH3)3), 80.57 
(C(CH3)3), 129.86 (CH), 136.78 (C), 175.82 (NHCOCHNHBoc), 
158.56 (CCONH), 168.61 (NHCOOC(CH3)3), 175.30 (NHCOOC).

Deprotection: TFA Salt of Cystamine-Based 6-Arm Initiator: 86 mg 
(0.05 mmol) of the Boc-protected cystamine-based 6-arm initiator was 
weighed into a round-bottom flask and dissolved in dry dichloromethane 
(1 mL). 0.5 mL TFA was subsequently added. The reaction was stirred 
under argon for 2 h and the completion of the reaction was monitored 
by TLC. The solvents were evaporated in vacuo. The TFA salt of the 
initiator (127.1 mg, 0.05 mmol) was obtained in quantitative yields and 
dried under vacuum.

1H NMR (400 MHz, D2O) δ [ppm] = 1.41–1.48 (m, 6H, 
CHCH2CH2CH2), 1.65–1.73 (m, 6H, CH2CH2CH2NH2), 1.86–1.93 
(m, 6H, CHCH2CH2), 2.83–2.94 (m, 6H, SCH2CH2NHCO), 2.95–
3.05 (m, 12H, CH2CH2NH2,CCONHCH2CH2S), 3.48–3.58 (m, 3H, 
SCH2CH2NHCO), 3.63–3.72 (m, 3H, SCH2CH2NHCO), 3.76–
3.79 (m, 6H,CCONHCH2CH2S), 3.92–3.98 (m, 3H, COCHNH2), 
8.29 (s, 3H,CH).

13C NMR (400 MHz, D2O) δ [ppm] = 21.27 (CH2CH2CH2NH2), 
26.34 (CH2CH2CH2NH2), 30.38 (CHCH2CH2), 36.24 
(SCH2CH2NHCOCH), 36.44 (SCH2CH2NHCOCC), 37.76 
(CH2CH2N), 38.87 (CH2CH2NHCOCC), 38.96 (CH2CH2NH2), 
53.04 (COCHNH), 134.97 (CH), 142.76 (C), 169.03 
(NHCOCHNH2), 169.71 (CCONH).

TFA Salt of Butyl-Based 6-Arm Initiator: 170 mg (0.12 mmol) of the 
Boc-protected butyl-based 6-arm initiator was weighed into a round-
bottom flask and dissolved in dry dichloromethane (1 mL). 0.5 mL TFA 
was subsequently added. The reaction was stirred under argon for 2 h 
and the completion of the reaction was monitored by TLC. The solvents 
were evaporated in vacuo. The TFA salt of the initiator (177.9 mg, 
0.12 mmol) was obtained in quantitative yields and dried under vacuum.

1H NMR (400 MHz, D2O) δ [ppm] = 1.38–1.46 (m, 6H, 
CHCH2CH2CH2), 1.56–1.73 (m, 18H, NHCH2CH2CH2CH2NH, 
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CH2CH2CH2NH2), 1.84–1.93 (m, 6H, CHCH2CH2), 2.93–3.01 (m, 
6H, CH2CH2NH2), 3.26–3.32 (m, 6H, CH2CH2NHCOCH), 3.40–
3.46 (m, 6H, CH2CH2NH), 3.89–3.96 (m, 3H, COCHNH2), 8.23 (s, 
3H,CH).

13C NMR (400 MHz, D2O) δ [ppm] = 21.29 (CHCH2CH2CH2), 25.72 
(NHCH2CH2CH2CH2NH), 25.82 (NHCH2CH2CH2CH2NH), 26.32 
(CH2CH2CH2NH2), 30.33 (CHCH2CH2), 38.91 (CH2CH2NH2), 
39.13 (CH2CH2NHCOCH), 39.62 (CH2CH2NHCOCC), 53.08 
(COCHNH), 128.59 (CH), 135.07 (C), 168.91 (NHCOCHNH2), 
169.33 (CCONH).

Monomer Synthesis: Sarcosine-N-Carboxyanhydride: The synthesis of 
sarcosine NCA was adapted from literature and modified.[67] Sarcosine 
(50.96 g, 572 mmol, 1 eq) was weighed into a pre-dried three neck round 
bottomed flask and dried in vacuo for 1 h. 520 mL abs. THF were added 
under a steady flow of nitrogen and diphosgene (55.2 mL, 457.6 mmol, 
0.8 eq) was added slowly via syringe. The colorless suspension was 
heated to 70 °C yielding a clear solution after 3 h of stirring. A steady 
flow of dry nitrogen was led through the solution into two gas washing 
bottles filled with aqueous sodium hydroxide solution to remove excess 
HCl and phosgene. The solvent was evaporated under reduced pressure 
yielding a brownish oil as crude reaction product. The oil was heated 
to 50 °C and dried under reduced pressure (20 mbar, then <10−1 mbar 
for 2 h) to obtain an amorphous solid. The crude reaction product was 
redissolved in 60 mL THF and precipitated with 300 mL dry n-hexane. 
The solution was cooled to −18 °C to complete precipitation and was 
filtered off under dry nitrogen atmosphere. Afterward, a stream of dry 
nitrogen was used to dry the product for 60–90 min to remove residual 
traces of THF. The next day, the product was dried in high vacuum for 2 h 
in the sublimation apparatus. Then, the crude product was sublimated 
at 80–85 °C and <1 × 10−2 mbar. The product was collected from the 
sublimation apparatus in a glove box on the same day and subsequently 
aliquoted when the melting point was above 100 °C. Colorless crystals 
were obtained (64%). mp = 103 °C,

1H NMR (300 MHz, CDCl3) δ [ppm] = 2.86 (s, 3H, NHCH3), 4.22 
(s, 2H, NHCH2CO).

N-ε-Tert-Butyloxycarbonyl-l-Lysine N-Carboxyanhydride: N-ε-Boc-
protected lysine (9.8 g, 39.8 mmol) were weighed into a three-neck flask 
and dried under vacuum for 1 h. The solid was suspended in 300 mL 
of absolute THF under a steady flow of dry nitrogen. Afterward, abs. 
trimethylsilylchloride (9.9 mL, 79.6 mmol) and abs. triethylamine (TEA, 
11.0 mL, 79.6 mmol) were added slowly via syringe. The suspension 
was stirred for 2 h followed by the addition of diphosgene (4.8 mL, 
39.8 mmol), again via syringe. The suspension was mildly refluxed for 
another 2 h. Overnight, a steady flow of dry nitrogen was led through 
the solution into two gas washing bottles filled with aqueous NaOH 
solution removing excess phosgene. The suspension was filtered under 
dry nitrogen atmosphere to remove the salts of TEA and unconverted 
amino acid. The filtrate was evaporated under reduced pressure. 
Subsequently, abs. THF was added to completely dissolve the crude 
reaction product. The solution was precipitated with absolute n-hexane 
and stored at 4 °C for 1 h. The solid was collected by filtration under 
dry nitrogen atmosphere and washed with n-hexane. The crude reaction 
product was then recrystallized twice with absolute THF/n-hexane. 
6.52 g of purified reaction product (23.9 mmol; 68% yield; colorless 
needles) were transferred into a Schlenk tube and stored at −80 °C. mp =  
138.3 °C (Lit. 134–137 °C).

1H NMR (400 MHz, DMSO-D6): δ [ppm] = 1.45–1.12 (m, 13H, 
CHCH2CH2CH2CH2NH and NHCOOC(CH3)3), 1.79–1.56 
(m, 2H, CHCH2CH2CH2CH2NH), 2.90 (q, 3J H,H = 6.03 Hz, 2H, 
CH2NHBoc), 4.42 (t, 3J H,H, 1H, = 6.35 Hz, COCHCH2), 6.95–6.34 
(br, 1H, NHBoc), 9.07 (s, 1H, NHCOOCO).

Polymer Synthesis: 3-Arm Poly(N-ε-Tert-Butyloxycarbonyl-l-Lysine) Stars, 
(pLys(Boc)n)3: All polymerizations for different chain lengths were carried 
out in the same way with both kind of 3-arm initiator. In the following, a 
typical experiment for the synthesis of Butyl(pLys(Boc)10)3 is described.

Lys(Boc)-NCA (260.5 mg, 0.96 mmol, 1 eq) were transferred under 
nitrogen counter flow into a pre-dried Schlenk-tube, equipped with 
a stir-bar and again dried in high vacuum for 30 min. Then, the NCA 

was dissolved in 2 mL of abs. DMF. At the same time, TFA salt of 
N1,N3,N5-Tris(2-(2-aminobutyl))benzene (24.4 mg, 32 µmol, 1/30 eq) 
were weighed into a pre-dried Schlenk-tube and again dried in high 
vacuum. After dissolving the initiator in 0.5 mL DMF, freshly distilled 
DIPEA (17.96 µL, 105.6 µmol, 3.3/30 eq) was added and transferred 
completely to the monomer solution via syringe. The solution was 
stirred at 0 °C and kept at a constant pressure of 1.25 bar of dry nitrogen 
via the Schlenk-line to prevent impurities from entering the reaction 
vessel while allowing CO2 to escape. Completion of the reaction was 
confirmed by IR spectroscopy (disappearance of the NCA peaks [1853 
and 1786 cm−1]). Directly after completion of the reaction, the polymer 
was precipitated in diethyl ether and centrifuged (4500 rpm at 4 °C 
for 15 min). After discarding the liquid fraction, fresh diethyl ether 
was added, and the polymer was re-suspended using sonication. The 
suspension was centrifuged again, and the procedure was repeated. The 
polymer was then dissolved in methanol and lyophilized by the addition 
of H2O to obtain a fluffy powder (197 mg, 81%). For different initiators 
and chain lengths, yields ranged from 81% to 89%.

1H NMR (400 MHz, DMSO−d6): δ [ppm] = 1.20–1.90 (br, 15nH, 
CHCH2CH2CH2CH2NH and C(CH3)3), 2.87 (s, br, 2nH, CH2NHBoc), 
3.62–4.31 (br, nH, COCHNH), 6.30–6.74 (br, nH, NHCOOC(CH3)3), 
7.70–8.23 (br, nH, COCHNH), 8.38 (s, 3H,CH(ini)), 8.69 (s, 
3H,CCONH(ini)-).

For cystamine-based 3-arm initiator:
1H NMR (400 MHz, DMSO−d6): δ [ppm] = 1.20–1.90 (br, 15nH, 

CHCH2CH2CH2CH2NH and C(CH3)3), 2.87 (s, br, 2nH, CH2NHBoc), 
3.62–4.31 (br, nH, COCHNH), 6.30–6.74 (br, nH, NHCOOC(CH3)3), 
7.70–8.23 (br, nH, COCHNH), 8.43 (s, 3H,CH(ini)), 8.91 (s, 
3H,CCONH(ini)).

6-Arm Poly(N-ε-Tert-Butyloxycarbonyl-l-Lysine) Stars, (pLys(Boc)n)6: 
All polymerizations for different chain lengths were carried out in the 
same way with both kind of 6-arm initiator. In the following, a typical 
experiment for the synthesis of Butyl(pLys(Boc)10)6 is described.

Lys(Boc)-NCA (407 mg, 1.49 mmol, 1 eq) were transferred under 
nitrogen counter flow into a pre-dried Schlenk-tube, equipped with a 
stir-bar and again dried in high vacuum for 30 min. Then, the NCA was 
dissolved in 3.5 mL of dry DMF. At the same time, TFA salt of butyl-
based 6-arm initiator (37 mg, 24.8 µmol, 1/60 eq) were weighed into a 
pre-dried Schlenk-tube and again dried in high vacuum. After dissolving 
the initiator in 0.5 mL abs. DMF, freshly distilled DIPEA (27.84 µL, 
163.68 µmol, 6.6/60 eq) was added and transferred completely to the 
monomer solution via syringe. The solution was stirred at 0 °C and kept 
at a constant pressure of 1.25 bar of dry nitrogen via the Schlenk-line to 
prevent impurities from entering the reaction vessel while allowing CO2 
to escape. Completion of the reaction was confirmed by IR spectroscopy 
(disappearance of the NCA peaks [1853 and 1786 cm−1]). Directly after 
completion of the reaction, the polymer was precipitated in diethyl 
ether and centrifuged (4500 rpm at 4 °C for 15 min). After discarding 
the liquid fraction, new diethyl ether was added, and the polymer was 
re-suspended using sonication. The suspension was centrifuged again, 
and the procedure was repeated. The polymer was then dissolved in 
methanol and lyophilized by the addition of H2O to obtain a fluffy powder 
(370.6 mg, 98%). For different initiators, yields ranged from 98% to 91%.

1H NMR (400 MHz, DMSO−d6): δ [ppm] = 1.20–1.90 (br, 15nH, 
CHCH2CH2CH2CH2NH and C(CH3)3), 2.87 (s, br, 2nH, CH2NHBoc), 
3.62–4.31 (br, nH, COCHNH), 6.30–6.74 (br, nH, NHCOOC(CH3)3), 
7.70–8.23 (br, nH,COCHNH), 8.38 (s, 3H, CH(ini)), 8.68 (s, 
3H,CCONH(ini)).

For cystamine-based 6-arm initiator:
1H NMR (400 MHz, DMSO−d6): δ [ppm] = 1.20–1.90 (br, 15nH, 

CHCH2CH2CH2CH2NH and C(CH3)3), 2.87 (s, br, 2nH, CH2NHBoc), 
3.62–4.31 (br, nH, COCHNH), 6.30–6.74 (br, nH, NHCOOC(CH3)3), 
7.70–8.23 (br, nH, COCHNH), 8.44 (s, 3H, CH(ini)), 8.93 (s, 3H, 
CCONH(ini)).

3-Arm Poly(N-ε-Tert-Butyloxycarbonyl-l-Lysine)-Polysarcosine Stars, 
(pLys(Boc)n-b-pSarm)3: The syntheses of 3-arm (pLys(Boc)n-pSarm)3 stars 
were carried out in the similar way as for (pLys(Boc)n)3 stars, using 
those as macroinitiator.



© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1900152 (15 of 17)

www.advancedsciencenews.com www.mbs-journal.de

Macromol. Biosci. 2020, 20, 1900152

In a typical experiment, Butyl(pLys(Boc)10)3 (102.2 mg, 13.4 µmol, 
1/300 eq) as macroinitiator was weighed into a flame-dried Schlenk-
flask and dried in high vacuum for 30 min. The macroinitiator was 
dissolved in 1 mL of abs. DMF and freshly distilled DIPEA (7.5 µL, 
44.2 µmol, 3,3/300 eq) was directly added. The mixture was stirred 
over night at room temperature. The next day, SarNCA (458.6 mg, 
4.02 mmol, 1 eq) was weighed into a flame-dried Schlenk-flask and 
dried in high vacuum for 30 min. Then, the NCA were dissolved 
in 3.5 mL of abs. DMF. The initiator solution was added to the 
monomer solution via syringe. The reaction mixture was stirred 
at 0 °C and kept at a constant pressure of 0.25 bar of dry nitrogen 
via the Schlenk-line. After the completion of the reaction, which was 
confirmed by IR spectroscopy, the polymer was precipitated in diethyl 
ether and centrifuged (4500 rpm at 4 °C for 15 min). After discarding 
the liquid fraction, fresh diethyl ether was added, and the polymer 
was re-suspended. The suspension was centrifuged again, and the 
procedure was repeated. The polymer was then dissolved in methanol, 
dialyzed, and afterward lyophilized to obtain 224 mg (58%) of a fluffy 
powder. For different polypeptide-star macroinitiators, yields ranged 
from 55% to 61%.

1H NMR (400 MHz, DMSO−d6): δ [ppm] = 1.10–2.20 (br, 15nH, 
CHCH2CH2CH2CH2NH and C(CH3)3), 2.72–2.93 (br, 2nH+3mH, 
CH2NHCOOC and NHCH3), 3.77–4.34 (br, nH+2mH, 
COCHNH and COCH2NCH3), 6.33–6.71 (br, nH, NHBoc), 
7.72–8.26 (br, nH, COCHNH), 8.38 (s, 3H,CH(ini)), 8.69 (s, 
3H,CCONH(ini)).

For cystamine-based 3-arm initiator:
1H NMR (400 MHz, DMSO−d6): δ [ppm] = 1.10–2.20 (br, 15nH, 

CHCH2CH2CH2CH2NH and C(CH3)3), 2.72–2.93 (br, 2nH+3mH, 
CH2NHCOOC and NHCH3), 3.77–4.34 (br, nH+2mH, COCHNH 
and COCH2NCH3), 6.33–6.71 (br, nH, NHBoc), 7.72–8.26 (br, nH, 
COCHNH), 8.43 (s, 3H,CH(ini)), 8.93 (s, 3H,CCONH(ini)).

6-Arm Poly(N-ε-Tert-Butyloxycarbonyl-l-Lysine)-Polysarcosine Stars, 
(pLys(Boc)n-b-pSar100)6: The syntheses of 6-arm (pLys(Boc)n-pSar100)6 
stars were carried out in the similar way as for (pLys(Boc)n)6 stars, using 
those as macroinitiator.

In a typical experiment, butyl(pLys(Boc)10)6 (45 mg, 2.96 µmol, 
1/600 eq) as macroinitiator was weighed into a flame-dried Schlenk-
flask and dried in high vacuum for 30 min. The macroinitiator was 
dissolved in 0.5 mL of abs. DMF and freshly distilled DIPEA (3.32 µL, 
19.54 µmol, 6,6/600 eq) was directly added. The mixture was stirred 
overnight at room temperature. The next day, SarNCA (204.9 mg, 
1.78 mmol, 1 eq) was weighed into a flame-dried Schlenk-flask and dried 
in high vacuum for 30 min. Then, the NCA were dissolved in 1.5 mL of 
abs. DMF. The initiator solution was added to the monomer solution 
via syringe. The reaction mixture was stirred at 0 °C and kept at a 
constant pressure of 0.25 bar of dry nitrogen via the Schlenk-line. After 
completion of the reaction, which was confirmed by IR spectroscopy, 
the polymer was precipitated in diethyl ether and centrifuged (4500 rpm 
at 4 °C for 15 min). After discarding the liquid fraction, fresh diethyl 
ether was added, and the polymer was re-suspended. The suspension 
was centrifuged again, and the procedure was repeated. The polymer 
was then dissolved in methanol, dialyzed, and afterward lyophilized to 
obtain 105 mg (61%) of a fluffy powder. For different polypeptide-star 
macroinitiators, yields ranged from 58% to 65%.

1H NMR (400 MHz, DMSO−d6): δ [ppm] = 1.10–2.20 (br, 15nH, 
CHCH2CH2CH2CH2NH and C(CH3)3), 2.72–2.93 (br, 2nH+3mH, 
CH2NHCOOC and NHCH3), 3.77–4.34 (br, nH+2mH, 
COCHNH and COCH2NCH3), 6.33–6.71 (br, nH, NHBoc), 
7.72–8.26 (br, nH, COCHNH), 8.38 (s, 3H,CH(ini)), 8.69 (s, 
3H,CCONH(ini)).

For cystamine-based 6-arm initiator:
1H NMR (400 MHz, DMSO−d6): δ [ppm] = 1.10–2.20 (br, 15nH, 

CHCH2CH2CH2CH2NH and C(CH3)3), 2.72–2.93 (br, 2nH+3mH, 
CH2NHCOOC and NHCH3), 3.77–4.34 (br, nH+2mH, 
COCHNH and COCH2NCH3), 6.33–6.71 (br, nH, NHBoc), 
7.72–8.26 (br, nH, COCHNH), 8.43 (s, 3H,CH(ini)), 8.93 (s, 
3H,CCONH(ini)).

End Group Modification: N-Acetyl Star Polymers, (pLys(Boc)n-b-
pSarm-Ac)3 or 6: All acetylations of polypept(o)ide stars were carried out 
in the same way.

In a typical experiment, SS(pLys(Boc)10-pSar100)6 (60 mg, 1.0 µmol, 
1 eq) was weighed into a flame-dried Schlenk-flask and dried under 
vacuum for 30 min. The polymer was dissolved in 0.5 mL abs. DMF 
and TEA (2.8 µL, 20.0 µmol, 20 eq) was added directly with a pipette 
under nitrogen counter flow. The mixture was stirred at RT for 30 min 
to activate the N-termini of the star polymer. Then, acetic anhydride 
(945 µL, 10.0 µmol, 10 eq) was added to the mixture and left to react 
at RT for 24 h. For purification, the polymer was precipitated in diethyl 
ether and centrifuged (4500 rpm at 4 °C for 15 min). The procedure was 
repeated two times. 56.5 mg (98%) of a colorless fluffy powder was 
obtained. For different star polymers and initiators, yields ranged from 
92% to 98%.

Core Modifications of Polypept(o)ide Stars: Deprotection of (pLys(Boc)n-
b-pSarm-Ac)3 or 6: All deprotections of different polypept(o)ide stars have 
been performed in the same way. In the following, a typical deprotection 
for SS(pLys(Boc)20-pSar100-Ac)6 is described.

SS(pLys(Boc)20-pSar100-Ac)6 (41 mg, 0.6 µmol, 1 eq) was dissolved 
in 500 µL H2O. During cooling in an ice bath, 250 µL TFA was added to 
the polymer solution. After stirring at RT for 2 h, the polymer solution 
was consequently dialyzed against aqueous sodium hydrogen carbonate 
solution for 1 day and H2O for additional 2 days while solvent exchange 
was frequently conducted. After lyophilization, SS(pLys20-pSar100-Ac)6 
was obtained in quantitative yields as a colorless powder.

1H NMR (400 MHz, D2O): δ [ppm] = 1.19–1.84 (br, 6nH, 
CHCH2CH2CH2CH2NH2), 2.72–3.03 (br, 2nH+3mH, CH2NH2 and 
NHCH3), 3.97–4.53 (br, nH+2mH, COCHNH and COCH2NCH3). 
8.34 (s, 3H,CH(ini)).

Initiator signal for butyl-based 6-arm star polymers: 8.33
For 3-arm star polymers:
1H NMR (400 MHz, D2O): δ [ppm] = 1.19–1.84 (br, 6nH, 

CHCH2CH2CH2CH2NH2), 2.72–3.03 (br, 2nH+3mH, CH2NH2 and 
NHCH3), 3.97–4.53 (br, nH+2mH, COCHNH and COCH2NCH3). 
Initiator signal (s, 3H,CH(ini)) for cystamine-based 3-arm stars: 8.27 and 
for butyl-based 3-arm stars: 8.23

Core Labeling of (pLys-b-pSar) Stars with Alexa Fluor 647: In a typical 
experiment, Butyl(pLys25-b-pSar100)3 (13.5 mg, 0.3 µmol, 1 eq) were 
dissolved in 0.5 mL of abs. DMF under dry nitrogen atmosphere and 
freshly distilled DIPEA (0.5 µL, 3 µmol, 10 eq) was added. 2 eq (0.6 µmol) 
of Alexa Fluor 647 NHS ester dissolved in abs. DMF were added via 
syringe. The solution was protected from light and stirred for 3 days at 
RT. After that, the labeled polymer was directly dialyzed against methanol 
and purified by Amicon Ultra Centrifugal Filters (10K) with a mixture of 
H2O and methanol (1:1) to remove unbound dye. Lyophilization yielded 
12 mg (yield: 86%) of labeled polymer as fluffy, blue solid.

Modification with N,N′-diBoc-l-Histidine: All functionalizations of 
3-arm and 6-arm (pLysn-pSarm-Ac)3 or 6 star polymers with varied 
amount of (Boc)-l-His(Boc)-OH were performed in the same way. In the 
following, the synthesis of SS(pLys21/pLys(Boc)His(Boc)4-pSar100-Ac)3 is 
described.

SS(pLys25-pSar100-Ac)3 (18.5 mg, 0.45 µmol, 1 eq) was weighed into a 
Schlenk-flask, dissolved in 0.5 mL abs. DMF and freshly distilled DIPEA 
(1.2 µL, 6.75 µmol, 15 eq) was added. In parallel, (Boc)-l-His(Boc)-
OH*benzene (2.9 mg, 6.75 µmol, 15 eq with respect to desired modified 
lysine units) was weighed into another Schlenk-flask and 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide*HCl (EDC*HCl) (1.73 mg, 9 µmol, 
20 eq) as well as HOBt (1.22 mg, 9 µmol, 20 eq) was added. After 
dissolving in 0.5 mL abs. DMF, the solution was stirred for 30 min at 
RT in the presence of freshly distilled DIPEA (1.9 µL, 11.25 µmol, 25 eq). 
The polymer and histidine solutions were combined and stirred for 
additional 3 days at RT, protected from light. The slightly yellow solution 
was subsequently dialyzed with a Spectra/Por (Roth) membrane with a 
nominal molecular weight cut-off (NMWCO) of 3500 g mol−1 against 
a mixture of MeOH/H2O (50:50) for 3 days while solvent exchange 
was frequently conducted. After lyophilization, 17.22 mg (85%) of the 
product was obtained as a colorless powder.
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1H NMR (400 MHz, DMSO−d6): δ [ppm] = 1.23–1.86 (br, 
6nH+18rH, CHCH2CH2CH2CH2NH and 2xNCOOC(CH3)3), 2.72–
2.93 (br, 2nH+3mH, CH2NHCOOC and NHCH3), 3.78–4.34 
(br, nH+2mH, COCHNH and COCH2NCH3), 6.75 (s, rH, 
CCHHisNBoc), 7.53 (s, rH, NCHHisNBoc), 8.43 (s, 3H,CH(ini)), 
8.93 (s, 3H,CCONH(ini)).

The shiftings are the same for butyl-based 6-arm star polymers.
Deprotection of N,N′-diBoc-l-Histidine Modified Polypept(o)ide Stars, 

(pLysn/pLysHisr-pSarm-Ac)3 or 6: For cleavage of Boc-groups, SS(pLys21/
pLysHis4-pSar100-Ac)3 (15 mg) was dissolved in a mixture of H2O and 
TFA (1/1) and the solution was stirred for 3 h at RT. The reaction mixture 
was subsequently dialyzed with a Spectra/Por (Roth) membrane with a 
nominal molecular weight cut-off (NMWCO) of 3500 g mol−1 against an 
aqueous solution of NaHCO3 for 1 day and afterward additional 3 days 
against H2O. Lyophilization yielded the polymer in quantitative yields as 
a colorless powder.

1H NMR (400 MHz, DMSO−d6): δ [ppm] = 1.23–1.66 (br, 6nH, 
CHCH2CH2CH2CH2NH), 2.72–2.95 (br, 2nH+3mH, CH2NHCOOC 
and NHCH3), 3.89–4.34 (br, nH+2mH, COCHNH and 
COCH2NCH3), 6.87 (s, rH, CCHHisNH), 7.62 (s, rH, 
NCHHisNH), 7.72–8.26 (br, nH, CHNH), 8.44 (s, 3H,CH(ini)), 
8.93 (s, 3H,CCONH(ini)).

For butyl-based 6-arm star polymers:
1H NMR (400 MHz, DMSO−d6): δ [ppm] = 1.23–1.66 (br, 6nH, 

CHCH2CH2CH2CH2NH), 2.72–2.95 (br, 2nH+3mH, CH2NHCOOC 
and NHCH3), 3.89–4.34 (br, nH+2mH, COCHNH and 
COCH2NCH3), 7.70 (s, rH, CCHHisNH), 7.78 (s, rH, 
NCHHisNH), 7.72–8.26 (br, nH, CHNH), 8.44 (s, 3H,CH(ini)), 
8.93 (s, 3H,CCONH(ini)).

DLS Measurements: The star polymer solution (3 mg mL−1) was 
transferred to a dust free flow box and all samples were filtered (Acrodisc 
GHP 0.2 µm) into dust free cylindrical scattering cells (Suprasil, 
20 mm diameter, Hellma, Mühlheim, Germany). For data evaluation, 
experimental intensity correlation functions were transformed into 
amplitude correlation functions applying the Siegert relation extended to 
include negative values after baseline subtraction by calculation g1(t) =  
SIGN(G2(t)) · SQRT(ABS((G2(t) − A)/A). All field correlation functions 
usually showed monomodal decays and were fitted by a sum of two 

exponentials g (t) a exp t
b

c exp( t/d)1 ( )= ⋅ − + ⋅ −  to take polydispersity into 

account. Average apparent diffusion coefficients Dapp were calculated by 
applying q2 · Dapp = (a · b−1 + c · d−1)/(a + c) resulting in an angular-
dependent diffusion coefficient Dapp or reciprocal hydrodynamic radius 
<1/Rh>app, according to formal application of Stokes Einstein law. 
By extrapolation of <1/Rh>app to q = 0 z-average hydrodynamic radii 
Rh = <1/Rh>z

−1 were obtained (uncorrected for c-dependency). For single 
angle DLS at 173°, star polymer solutions (1 mg mL−1 in PBS, methanol, 
or HFIP) were measured in triplicates. For zeta potential measurements, 
star polymer solutions (1 mg mL−1) in 10 mm aqueous NaCl were 
measured in triplicates.

Fluorescence Correlation Spectroscopy (FCS) Measurements: FCS 
measurements were performed using a commercial setup (Zeiss, 
Germany) consisting of the module ConfoCor 2 and an inverted 
microscope (Axiovert 200), equipped with a Zeiss C-Apochromat 40/1.2 
W water immersion objective. For excitation of Alexa Fluor 647-labeled 
species, a 633 nm He/Ne (helium/neon) laser was used. The collected 
fluorescence was filtered through a LP650 long pass emission filter 
before reaching an avalanche photodiode detector that enables 
single-photon counting. All measurements were performed in eight-
well polystyrene-chambered coverglass (Laboratory-Tek, Nalge Nunc 
International, Penfield, NY, USA) as a sample cell. For each sample, 
a series of ten measurements (30 s each) was performed. The time-
dependent fluctuations of the fluorescence intensity δI(t) caused by the 
diffusion of the fluorescent species through the confocal observation 
volume were recorded and analyzed by an autocorrelation function.
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As it has been shown theoretically for an ensemble of m different 
types of freely diffusing fluorescent species, G(τ) has the analytical form 
of
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Here, N is the average number of diffusing fluorescent species in 
the observation volume, τD,i is the diffusion time of the ith species, fi is 
the fraction of component i, and S is the so-called structure parameter 

S
z
r

0

0
= , where z0 and r0 represent the axial and radial dimension of the 

confocal volume, respectively. Furthermore, the diffusion time τD,i is 

related to the respective diffusion coefficient Di, through D
r

i
D i4

0
2

,τ= × .  

The experimental autocorrelation curve G(τ) was fitted yielding the 
corresponding diffusion time and subsequently, the diffusion coefficient 
of the fluorescent species. According to the Stokes–Einstein law, the 
hydrodynamic radii Rh can be calculated assuming spherical particles 

as R
k T

D
B

6h π η= ×
× × × , with T as absolute temperature, kB as Boltzmann 

constant, and η as viscosity of the solvent. Furthermore, FCS yielded 
also the fluorescent brightness (FB) of the studied species defined 
as the ratio between the detected average fluorescent intensity and 
the mean number of fluorescent species in the observation volume,  

FB
I t
N
( )= < >

. As the value of r0 depends on the characteristics of the 

specific optical setup, a calibration was performed prior to each 
measurement with Alexa Fluor 647 as reference standards with known 
diffusion coefficients. All fluorescent dye-labeled samples were dissolved 
and diluted in PBS (pH 7.4) to a concentration of c ≈ 10−8 to 10−9 mol L−1.

Agarose Gel Electrophoresis: Agarose gels (0.75 w%) were prepared 
by adding 1.2 g agarose to 160 mL Tris-borate-EDTA (TBE) buffer. The 
mixture was heated to dissolve the agarose, allowed to cool down, 
and 16 µL GelRed for DNA staining were added. For complexation 
experiments, scrambled siRNA was used purchased from IBA GmbH 
(Göttingen, Germany). Heparin sodium salt from hog intestine was 
obtained from TCI Europe. Samples were prepared in PBS buffer 
at corresponding weight-to-weight ratios and incubated at RT for 
30 min. After the addition of loading buffer, the samples were loaded 
onto the gel in TBE buffer and an electric field (120 V for 30 min) 
was applied. Visualization occurred in a dark hood under UV light 
(365 nm) and documentation was done by a DCC camera (Intas 
Scientific).

Degradation of Cationic Polypept(o)ide Stars with Protease: Polymer 
samples were first dissolved in the protease buffer, which was consisting 
of 0.01 m sodium acetate, 0.005 m calcium acetate, and revealed a pH of 
7. The protease solution with a concentration of 1 mg mL−1 was added 
to the polymers to achieve a polymer concentration of 10 mg mL−1 and 
the mixture was incubated at 20 °C on a shaker. After day 4 and day 7, 
samples were taken, directly lyophilized and subsequently analyzed by 
HFIP SEC.

Biological Evaluation: MTT Assay: The mouse neuroblastoma cells 
(Neuro2a/eGFPLuc) were cultured in DMEM low glucose medium 
(Sigma, Munich, Germany). Neuro2a/eGFPLuc cells were seeded 
into 96-well plates at a density of 5.000 cells per well. After 24 h, the 
medium was replaced with 80 µL of fresh medium. Star polymers loaded 
with siRNA (w/w ratios 1:3, 1:5, 1:10, 1:20) were diluted into 20 µL 
with HEPES buffered glucose (HBG) buffer, added to each well, and 
incubated at 37 °C for 48 h. Afterward, MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide) solution (10 µL per well, 5.0 mg 
mL−1) was added. After incubation for 2 h, the medium was removed, 
and the 96-well plates were stored at −80 °C for at least 1 h. One-
hundred microliters of DMSO per well was added to dissolve the purple 
formazan product. The optical absorbance was measured at 590 nm, 
with a reference wavelength of 630 nm, by a microplate reader (Tecan 



© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1900152 (17 of 17)

www.advancedsciencenews.com www.mbs-journal.de

Macromol. Biosci. 2020, 20, 1900152

Spectrafluor Plus, Tecan, Switzerland). The relative cell viability (%) 
related to control wells treated only with 20 µL of HBG was calculated as 
([A] test/[A] control) × 100. All experiments were performed in triplicates.

C5A Complement Activation: 2 µL of a polymer solution in PBS (1 mg 
mL−1) was incubated with 18 µL of serum for 1 h at 37 °C. Polymer-
induced activation of the complement system was assessed by applying 
the MicroVue C5a EIA kit by Quidel (San Diego, CA) according to the 
manufacturer’s protocol.

Luciferase Assay: One day prior to transfection, Neuro2a/eGFPLuc 
cells were seeded at a density of 5.000 cells per well. After 24 h at 
37 °C, the medium was replaced with 80 µL of fresh medium, 1 h 
before transfection. 20 µL of the transfection-mix was added, which 
contains siRNA loaded star polymers (w/w ratios 1:3, 1:5, 1:10, 1:20 
with 500 ng siRNA per well) and HEPES buffered glucose (HBG) 
buffer. Used siRNAs were either siRNA against eGFP for silencing the 
eGFPLuc fusion protein, or the negative control siRNA without specific 
knockdown activity. After 48 h of transfection, medium was removed, 
cells were treated with 100 µL 0,5x cell lysis buffer (25 mm Tris, pH 7.8, 
2 mm EDTA, 2 mm DTT, 10% glycerol, 1% Triton X-100), and incubated 
for 30 min at RT. Luciferase activity in 35 µL cell lysate was measured 
using a Centro LB 960 plate reader luminometer (Berthold Technologies, 
Bad Wildbad, Germany) and a luciferase-LAR buffer solution (0.25 mm 
luciferin, 20 mm glycylglycine, 1 mm MgCl2, 0.1 mm EDTA, 3.3 mm DTT, 
0.45 mm ATP, 0.2 mg mL−1 Coenzyme A, pH 8–8.5). The relative light 
units were presented as percentage of the luciferase gene expression 
obtained with buffer treated control cells.
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