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ARTICLE INFO ABSTRACT

Keywords: Miktoarm star polymers display asymmetric architectures with combinations of multiple polymeric arms of
ROP different chemical nature emanating from a shared core. Their unique structure-property relationships in
NS comparison to linear counterparts (with same molecular weight) make these architectures interesting for the
Polysarcosine . . . . . .

: design of novel polymeric species and the development of nanosized delivery systems. However, the synthesis of
PeptoMiktoStars

such structures is often demanding. Based on polypept(o)ides, we herein report on the synthesis of AA’B- and
ABC-type miktoarm star polymers by introducing a multifunctional lysine end group to a polysarcosine (pSar)
chain end, comprising orthogonal amine-protective groups. Therefore, each polymeric arm could be synthesized
separately by living ring-opening polymerization (ROP) of respective N-carboxyanhydrides (NCAs), offering high
reaction control and a resulting structure completely based on amino acids. We demonstrate the utility and
versatility of this approach by designing a small, asymmetric and big AA’B miktoarm star polymer comprising
two pSar arms with chain lengths of ~50 or ~150 in different combinations and a poly(N.-trifluoroacetate-
lysine) (pLys(TFA)) arm, as well as an ABC architecture by introducing a poly(y-benzyl-glutamate) (pGlu(OBn)).
1H NMR, including 'H DOSY experiments, as well as size-exclusion chromatography (SEC) proof the successful
and controlled synthesis of asymmetric miktoarm star polymers with precise control over degree of polymeri-

zation of the individual arms with narrow molecular weight distributions.

1. Introduction

In 1990, Mays described the first synthesis of a branched polymeric
structure comprising arms of different chemical nature sharing a central
core, which was two years later defined as “miktorarm” star polymers
(from greek piktog or miktds, engl. mixed) by Iatrou and Hadjichristidis
[1,2]. In general, these structures are classified into AxB,C, categories,
where A, B, C description displays differences from slight variations in
molecular weights to comprising totally different chemical nature of the
polymeric arms and x,y,z depict their quantity per star polymer [3-6].
Especially in the field of synthetic polymer chemistry miktoarm archi-
tectures have raised interest due to the broad variety of chemical func-
tionalities and design possibilities. But also in the field of nanomedicine
these structures provide the desirable ability to tailor carrier properties
by arm length, composition, ratios, quantity or chemical nature [5,7-9].
Commonly the synthesis of miktoarm star polymers is performed either
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by the classical arm-first and core-first synthetic approaches, where
either pre-polymerized arms are linked to a core or a multifunctional
core is used for polymerization of different arms respectively. Also solid-
phase synthetic strategies have been applied for star-shaped polymers
[10]. For biological approaches crossover techniques of core- and arm-
first method are more frequently applied, probably based on the ease
and variety of commercial available heterotelechelic polyethylene gly-
cols (PEGs), the gold-standard as hydrophilic shielding material of drug
carriers. These PEGs are simple to modify and can be used as multi-
macroinitiator or coupled to a junction of previous polymerized multi-
block structures to create miktoarm architectures [11-13]. While e.g.,
serinol- or lysine-functionalized PEGs are common macroinitators for
AB, miktoarm stars [14-17], only a few examples can be found, where
the introduced functional end group of a polymer was utilized to
perform multiple and independent polymerizations to generate indi-
vidual arms [18-20].
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However, despite the broad use of PEG, emerging evidences reveal
the necessity for an alternative shielding material in nanosized delivery
systems [21] to circumvent drawbacks including the accelerated blood
clearance (ABC) phenomenon caused by interaction with antiPEG-
antibodies [22,23], complement activation [24] or elevated cytokine
excretion as acute immune response [25]. In recent years, the poly-
peptoid pSar has evolved as a most promising PEG-alternative by pos-
sessing comparable solution properties [26], improved immunogenicity
[27], protein resistance [28], and therefore enabling the synthesis of
carrier systems with neglectable protein corona [29,30]. Therapeutic
efficiency could recently been presented for pSar-based lipid formula-
tions [25,31], polyplexes,[32,33] polymeric micelles,[32,34,35] star
polymers [36-39] and molecular polymer brushes [40,41]. All these
systems combine pSar with polypeptide segments and therefore belong
to the Polypept(o)ides [42,43]. Synthetic access to polypept(o)ides is
provided by sequential ROP of respective NCAs, enabling precise control
over chain length and size distribution under optimized reaction con-
ditions, which offers a broad range of polymer microstructures [44-47].
In terms of star polymers mainly symmetric star architectures are
described based on polypept(o)ides ranging from 3- to 8-arm structures
based on small molecule core-initiators [36-38,48,49] up to 32-arm
architectures based on lysine-dendrimer initiators [50]. The first and
only miktoarm star polymers on polypept(o)ides, so-called Pepto-
MiktoStars, were described by Schwiertz et al., presenting AsB and AB3
architectures composed of pSar and pGlu(OBn) arms [51]. All
mentioned star polymers have been synthesized by the core-first
method.

Combining the previously described modern methodology of cross-
over star synthesis with polypept(o)idic material, we herein report on
the facile synthesis of AA’B- and ABC-type miktoarm stars by intro-
ducing a multifunctional lysine end group at a pSar polymer chain with
orthogonal protective groups, enabling controlled and separate syn-
thesis of each arm by amine-initiated ROP of respective NCAs upon se-
lective amine deprotection. Thus, this method enables control over
chemical nature (in terms of polypept(o)ides), chain length and end
group functionality of each single arm and generates a polymeric star
architecture that relies 100 % on amino acid repeating units (including
the core). Therefore, we are able to present novel polymeric species,
close the gap between linear and A3B architectures and introduce a
novel synthetic route to generally access PeptoMiktoStars.

2. Experimentals

Materials, solvents and chemicals were principally purchased from
Sigma Aldrich and used as received unless stated otherwise. N,N-
Dimethylformamide (99.8 %, extra dry, over molecular sieve) was
bought from ACROS ORGANICS and handled under exclusion of light
and oxygen. Prior to use as solvent for polymerization reactions, it was
purified by multiple freeze-pumpthaw cycles to remove residual amine
impurities. Neopentylamine was purified/dried by stirring over potas-
sium hydroxide for three days, subsequential distillation into a pre-dried
Schlenk tube equipped with molecular sieve and stored at —20 °C under
light and oxygen exclusion. Trifluoracetic acid was purchased from Carl
Roth. To monitor NCA polymerization progress attenuated total reflec-
tance Fourier transformed infrared (ATR-FTIR) spectroscopy was uti-
lized, correlating progress to respective NCA carbonyl bands at 1853
em ! and 1786 cm™!. Measurements were performed at ambient tem-
perature on a FT/IR-4100 (JASCO) equipped with an ATR sampling
accessory (MIRacle TM, Pike Technologies) and spectra were visualized
as well as analyzed using Spectra Manager 2.0 software (JASCO).
Polymer analytics have been performed by 'H NMR spectroscopy,
including Diffusion Ordered Spectroscopy (DOSY) experiments, carried
out on a Bruker Avance I (AV-500 MHz) at ambient temperature and a
concentration of 15 mg/mL. MestReNova software (version 12.0.2) was
used to analyze spectra with calibration by the solvent signal [52].
Deuterated N,N-Dimethyl sulfoxide as solvent for NMR experiments was
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purchased from Deutero GmbH. Further, polymers have been analyzed
by size exclusion chromatography (SEC), in detail Gel permeation
chromatography (GPC) utilizing hexafluoroisopropanol as eluent con-
taining 3 g/L potassium trifluoroacetate. Both chemicals were bought
from Fluorochem. Measurements were carried out at 40 °C with a flow
rate of 1 mg/mL and calibrated by the toluene signals as internal stan-
dard. The column setup (PFG columns with modified silica gel, particle
size 7 um, porosity: 100 A ++ 1000 A) as well as the PSS WinGPC software
to monitor and analyze elution diagrams were purchased from PSS
Polymer Standard Service GmbH. Millipore water was obtained from a
Milli-Q A + system with resistivity of 18.2 MQ/cm and values for
organic carbon of <5 ppb. Lyophilization to isolate polymers from
aqueous solutions was performed on a VirTis BenchTop Pro Freeze Dryer
from SP Scientific Products.

2.1. Polymer synthesis

Polymeric structures derived from amine-initiated ROP of NCAs.
Respective NCA monomers from sarcosine (Sar), N-trifluoroacetyl--
lysine (Lys(TFA)) and y-benzyl-L-glutamate (Glu(OBn)) were synthe-
sized and characterized as published previously [43,53]. Polymerization
reactions were performed in purified DMF under Schlenk conditions,
light exclusion, at 0 °C and final concentrations of around 100 mg/mL.

2.2. Multifunctional Macroinitiator: (Neo)pSarse-Lys(Boc)-H

Within a pre-dried Schlenk tube, Sar-NCA (735 mg, 6.39 mmol, 50
eq) was dissolved in 6.5 mL of purified DMF and cooled down to 0 °C.
29.9 uL of neopentylamine (22.3 mg, 0.26 mmol, 2 eq) were dissolved in
1 mL purified DMF. Subsequently, 0.5 mL of the initiator stock solution
were added to the NCA. The mixture was stirred under Schlenk condi-
tions and light exclusion until complete monomer conversion, which
could be verified by IR after 24 h. After short evacuation of the Schlenk
tube, N,-Fmoc-Ng-Boc-1-lysine pentafluorophenyl ester (Fmoc-Lys(Boc)-
OPfp) (810 mg, 1.28 mmol, 10 eq) was added and the mixture was
stirred for 24 h. To increase probability for complete end group func-
tionalization, 42 mg 4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methyl-
morpholiniumtetrafluoroborate (DMTMM-BF,4) (0.13 mmol, 1 eq) were
added and the mixture stirred for another 24 h. To separate the polymer
from DMF, residual capping agents and adjuvants, the solution was
added dropwise into an excess of THF for precipitation, subsequently
centrifuged (10 min, 4500 rpm, O °C) and the supernatant was dis-
carded. The solid was resuspended in fresh solvent and the procedure
was repeated twice with THF, then again three times with diethyl ether
and finally dried under vacuum to yield 519 mg (yield: 94 %) of a
colorless powder. lH NMR (500 MHz, DMSO-dg) 8[ppm] = 7.88 (d,
2Hgmoe, CHY®), 7.73 (t, 2Hpmoc, CH®), 7.51 (m, 1Hyys, N.H), 7.41 (1,
2Hgmoc, CHY®), 7.32 (t, 2Hpmoc, CH*7), 6.77 (m, 1Hyys, NeH), 4.38-3.93
(m: 2nHSar’ CHZ) and (1HLys, C(XH) and (ZHFmoc, CHZ) and (1HFm0c; CHg):
3.00-2.73 (m, 3nHsa, CH3) and (2Hpys, N.H-CH3), 1.63-1.23 (6Hyys,
C,H-CH»-CH,-CH>), 1.36 (s, 9Hpoc, C(CH3)3), 0.86-0.82 (d, 9Hyeo, C
(CH3)3).

To remove the Fmoc-group from the functional Lys end group, the
polymer was dissolved in 4 mL of DMF and 1 mL of piperidine (20 % v/
v) was added. The mixture was stirred for 6 h. To remove formed
dibenzofulvene-piperidine side-product, the mixture was extracted with
5 mL of n-hexane four times. For precipitation of the polymeric species,
the solution was added dropwise into an excess of THF, followed by
centrifugation and discarding of the supernatant. The procedure was
repeated by resuspending the polymer two times in THF and another
three times in diethyl ether. To ensure complete separation from
piperidine, the polymer was diluted in water and dialyzed (MWCO 1
kDa) against 1 L of water for two days, followed by lyophilization to
yield a colorless fluffy solid (230 mg, yield: 48 %). 'H NMR (500 MHz,
DMSO-ds) 8 [ppm] = 6.77 (m, 1Hys, N.H), 4.38-3.93 (m, 2nHsay, CH>)
and (1Hpg, C,H), 3.00-2.73 (m, 3nHs,,, CH3) and (2Hys, NeH-CH>),
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1.63-1.23 (6Hrys, CyH-CH>-CH2-CH3), 1.36 (s, 9Hpoc, C(CH3)3),
0.86-0.82 (d, 9Hneo, C(CH3)3).

For larger macroinitiators, as basis for asymmetric and big stars,
equivalents of Sar-NCA have been adjusted to 150 and final dialysis was
performed with MWCO 3 kDa.

2.3. AA’ Macroinitiator: (Neo)pSarse-Lys-pSarss(Ac)

Previously synthesized (Neo)pSarsg-Lys(Boc)-H was used as macro-
initiator for polymerization and production of the second arm. 107 mg
(Neo)pSarse-Lys(Boc)-H (0.025 mmol, 1 eq) were weight into a pre-
dried Schlenk tube and dried under vacuum overnight, then dissolved
in 1 mL of purified DMF and cooled down to 0 °C. 141 mg Sar-NCA
(1.225 mmol, 50 eq) were also dissolved in 1.5 mL of purified DMF
and cooled down to 0 °C within a pre-dried Schlenk tube. The solutions
were combined and stirred under Schlenk conditions and light exclusion
at 0 °C. After 24 h complete monomer consumption was confirmed by
IR. Acetylation was performed to inactivate the reactive chain end.
Therefore, 83 pL DIPEA (0.49 mmol, 20 eq) were added and the mixture
was stirred for 10 min. Subsequently, 23 pL acetic anhydride (0.25
mmol, 10 eq) were added and the mixture was stirred overnight. The
solution was added dropwise into an excess of diethyl ether, followed by
centrifugation and discarding of the supernatant. The procedure was
repeated by resuspending the polymer another two times in diethyl
ether. The colorless powder was dried overnight under vacuum (192 mg,
yield: 97 %). 'H NMR (500 MHz, DMSO-ds) & [ppm] = 6.75 (m, 1Hyys,
NeH), 4.40-3.86 (m, 2nHs,; and 2mHs,, CH») and (1Hpy, C.H),
2.96-2.69 (m, 3nHs,, and 3mHs,y, CH3) and (2Hyys, N.H-CH>), 2.00 (d,
3Hpe, CH3), 1.70-1.22 (6Hyys, CqH-CHy-CHo-CHy), 1.36 (s, 9Hpoc, C
(CH3)3), 0.86-0.82 (d, 9HNeo, C(CH3)3).

To remove the Boc-protective group from the functional Lys core, the
polymer was dissolved in 4 mL of water and cooled with an ice bath
while stirring. 4 mL of TFA (50 % v/v) were added dropwise, the mixture
was stirred for 2 h and another 2 h at ambient temperature. To isolate
the polymeric species, the mixture was transferred to a dialysis bag
(MWCO 3 kDa) and dialyzed against 1 L of water for three days, fol-
lowed by lyophilization to yield a colorless fluffy solid (113 mg, yield:
60 %). "H NMR (500 MHz, DMSO-de) § [ppm] = 6.75 (m, 1Hiys, N.H),
4.40-3.86 (m, 2nHg,; and 2mHs,,, CHz) and (1Hyys, C.H), 2.96-2.69 (m,
3nHg,, and 3mHsay, CH3) and (2Hiys, N;H-CH,), 2.00 (d, 3Hac, CHa),
1.70-1.22 (6Hyys, C(H-CH2-CH,-CH3), 0.86-0.82 (d, 9Hneo, C(CH3)3).

For larger A’ pSar arms, as basis for asymmetric and big stars,
equivalents of Sar-NCA have been adjusted to 150.

2.4. AA’B miktoarm star Polymers: (Neo)pSarse-Lys(pLys(TFA)19)-
pSarssz(Ac)

Previously synthesized (Neo)pSarsg-Lys-pSarsg(Ac) was used as
macroinitiator for polymerization and production of the third arm. 100
mg of (Neo)pSarsg-Lys-pSars3(Ac) (0.013 mmol, 1 eq) were weight into
a pre-dried Schlenk tube and dried under vacuum overnight, then dis-
solved in 1 mL of purified DMF and cooled to 0 °C. 70 mg Lys(TFA)-NCA
(0.313 mmol, 25 eq) were also dissolved in 1 mL of purified DMF and
cooled down to 0 °C within a pre-dried Schlenk tube. The solutions were
combined and stirred under Schlenk conditions and light exclusion at
0 °C. After three days complete monomer conversion was confirmed by
IR and the polymer isolated by precipitation into diethyl ether, followed
by centrifugation and discarding the supernatant. The procedure was
repeated twice by resuspending the solid in diethyl ether. Finally, the
solid was dried overnight under vacuum to yield 154 mg (yield 77 %) of
a colorless solid. 'H NMR (500 MHz, DMSO-dg) & [ppm] = 9.39-9-25
(m, 11Hyys, NH), 8.41-7.67 (br, 11Hyys, NH), 4.39-3.81 (m, 2nHs,, and
2mHsay, CHs) and (11Hpys, CoH), 3.16-3.11 (br, 2lHyys, N.H-CHy),
2.96-2.72 (m, 3nHs,r and 3mHsay, CHs), 2.06-1.21 (br, 61Hyys, CaH-CHa-
CH,-CHy), 2.00 (d, 3Ha, CH3), 0.86-0.80 (d, 9HNeo, C(CH3)3).
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2.5. ABC miktoarm star Polymers: (Neo)pSarse-Lys(pGlu(OBn);5)-pLys
(TFA)16(Ac)

The synthetic procedure was identical to the previous described
AA’B-type miktoarm star polmyers besides the use of respective NCAs
and equivalents for the different arms. Starting from (Neo)pSarsg-Lys-H
as macroinitiator, 15 eq of Lys(TFA)-NCA were used for polymerization
of the second arm and later 15 eq of Glu(OBn)-NCA were used for
polymerization of the third arm. TH NMR (500 MHz, DMSO-dg) & [ppm]
= 9.37-9.27 (m, 1mHpy, N.H), 8.25-7.84 (br, 1mHyy, NgH) and
(11Hg1y, NoH), 7.32-7.18(m, 51Hgy, CH?®B"), 5.09-4.94 (m, 51Hgy,, O-
CH-Bn), 4.40-3.79 (m, 2nHsg,,, CH3) and (1mHyys, CyH) and (11Hgiy,
CoH), 3.16-3.07 (br, 2mHyy,, N.H-CH>), 2.96-2.73 (m, 3nHs,,, CHs),
2.39-2.29 (br, 21Hg,, CH2-CO0), 1.99-1.19 (br, 21Hg, CoH-CHy) and
((N6mHyys, CuH-CHy-CH,-CHy) and (3Hac, CH3), 0.86-0.80 (d, 9Hyeo, C
(CHs)s3).

3. Results and discussion

It is well established that polypeptoids, such as pSar, can be syn-
thesized by amine-initiated ROP under living conditions.[54-57]
Consequently, reactive polymer end groups allow for quantitative
functionalization by post-polymerization modifications which has
already been demonstrated for e.g. chain end quenching by acetylation,
azide-introduction or dye-conjugation by active-ester chemistry.
[31,58-60] Within this study we use neopentylamine (Neo) as initiator
for the ROP of Sar-NCA, as the tert-butyl end group allows for good *H
NMR characterizability, and functionalize the resulting pSar with Fmoc-
Lys(Boc)-OPfp by reactive-ester chemistry. As shown in Scheme 1, the
introduction of this multifunctional end groups, containing the orthog-
onal protective groups Fmoc and Boc, allows for sequential deprotection
of the Lys amines, starting from Fmoc as will be discussed later, followed
by polymerization of the respective arm again by amine-initiated ROP of
NCAs. To prevent interference of the second arm’s active chain end with
the third arm’s polymerization, we performed an acetylation (Ac) for
inactivation.

With focus to access the gap between linear AB diblock and A3B
polypept(o)ide star polymers [51] and to create the foundation for a
siRNA delivery system based on charge-matching Y-shaped polymers
[61] allowing to modulate the density of stealth-like polymers at the
polyion core polymer corona interphase, we utilized this approach for
the synthesis of AA’B PeptoMiktoStars, where B is targeted to be a pLys
segment with chain length of ~ 20. As both pSar arms (A) are synthe-
sized separately and not in parallel, they are considered to be not
identical and therefore described as AA’ instead of Ay. To present the
utility of this approach for different star polymers, we performed the
synthesis of small and big pSar-macroinitiators with chain lengths of X,
50 or 150, respectively. To verify the controlled and facile synthesis, 'H
NMR, including 11 DOSY experiments, and SEC (in HFIP) have been
conducted in parallel. As shown in Fig. 1A, all proton species of the
functionalized macroinitiator (Neo)pSar-Lys(Boc)-Fmoc can be assigned
to the 'H NMR spectrum. Integration of the distinct Neo end group
(0.82-0.86 ppm) was utilized for determination of the pSar chain length
by comparison to respective integrals of the repeating units (4.38-3,93
ppm and 3.00-2.73 ppm) and determined as X;, = 56 for the small
macroinitiator. With the limits of NMR analytics, integrals of Fmoc
(7.88 ppm, 7.73 ppm, 7.41 ppm and 7.32 ppm) and Boc (1.36 ppm)
signals indicate quantitative end group conversion. Assigning proton
signals to different diffusing species, 'H DOSY NMR verified structural
integrity, presenting initiator, Fmoc and Boc signals at the same poly-
meric diffusing species of pSar with absence of any detectable Fmoc-Lys
(Boc)-OPfp impurities that could hamper 'H NMR interpretation as well
as impairing the control of the following polymerization steps. In order
to utilize this structure as macroinitiator for polymerization of the sec-
ond arm, Fmoc protective group was removed as verified by disap-
pearance of the related signals at 7.88-7.32 ppm within the 'H NMR
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Scheme 1. Cross-over synthetic route for AA’B and ABC PeptoMiktoStars based on Lys(Boc)-Fmoc-functionalization of a pSar polymer.

(Fig. 1C) as well as the 1 DOSY spectrum (Fig. S1). Similar analytical
results are obtained for the second macroinitiator with a determined
chain length of X;, = 156 (Fig. S2). SEC experiments further revealed
controlled synthesis, demonstrating monomodal elugrams with Poisson-
like and narrow molecular weight distribution (<1.11) in all cases
(Fig. 1D).

Resistance of the polymeric backbone against Fmoc-deprotection
conditions is further revealed by SEC. While no changes in SEC elu-
grams can be observed for the bigger macroinitiator, minor elugram
alterations in the smaller one derive from end group effects (polarity,
hydrogen bonds) of the terminal amine upon Fmoc-removal. Additional
validation of the determined chain lengths was obtained by comparison
of the elution maxima to a pSar calibration[26], giving X;, = 61 and 155
for the (Neo)pSar-Lys(Boc)-Fmoc species, respectively. However, with
respect to the influence of the Lys(Boc)-Fmoc end group, 'H NMR ana-
lytics are considered to be more accurate. Synthetically, it is worth
mentioning that dialysis as work up of the latter step was necessary to
remove residual piperidine impurities. Even below the 'H NMR detec-
tion limit, we experienced appearance of a second polymeric species
upon the polymerization of the second arm without prior dialysis, most
likely due to co-initiation by piperidine traces. Importantly, the
sequence of protective group removal steps played a major role, as
control over the second arm polymerization could only be guaranteed
when Fmoc removal was performed first. Otherwise, the Fmoc group
was suspected to present insufficient stability against the liberated
amine of the Lys side chain and consequently to interfere with the
following NCA polymerization steps.

In order to firstly synthesize symmetrical AA’ precursors for the

synthesis of AA’B PeptoMiktoStars, the previous described (Neo)pSar-
Lys(Boc)-H polymers (X, = 56 and 156) were utilized as macroinitiators
for synthesis of the second arm, again by ROP of Sar-NCA, followed by
acetylation of the chain end. As revealed by SEC, constant chain growth
was observed by a clear shift of the elugrams while maintenance of
monomodal and narrow molecular weight distributions (P<1.05)
(Fig. 2A). Chain lengths of A’ were again determined by 'H NMR anal-
ysis, calculated by the growth of pSar related integrals (Xpa- = 53) and
structural integrity demonstrated by 'H DOSY experiments (Fig. S3).
Moreover, these spectra confirmed the increase of pSar signals in com-
parison to the Neo initiator signal and the acetylation (2.00 ppm). Upon
treatment with TFA/water (1:1 v/v) and subsequent dialysis, removal of
the Boc protective group (1.36 ppm) of the pSar-pSar-linking Lys was
confirmed by 'H NMR (Fig. 2C) and structural integrity as well as
resistance against reaction conditions by 'H DOSY (Fig. $4) and SEC
experiments (Fig. 2A and B). Taken together, the synthetic procedure
can nicely be tracked by comparing the different 'H NMR spectra
(Fig. 2C). Starting from (Neo)pSarse-Lys(Boc)-Fmoc with constant in-
tensity of the Neo initiator signal, first the Fmoc removal can be
observed, then increase of pSar as well as the appearance of acetyl chain
end related integrals becomes evident. Supported by SEC and 'H DOSY
analytics the synthesis of an AA’ macroinitiator (Neo)pSarse-Lys-
pSarss(Ac) can be verified. Presenting comparable analytical results,
summarized in Fig. 2B and S5, the greater macroinitiator could be
converted into a (Neo)pSar;se-Lys-pSaria3(Ac) AA’ architecture to uti-
lize for the big star variant.

To demonstrate the versatility of this approach and the high control
over every single polymerization step, we further synthesized
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Fig. 1. Characterization of A macroinitiators by A) '"H NMR analysis of (Neo)pSarse-Lys(Boc)-Fmoc including B) 'H DOSY NMR spectrum and comparison to C) 'H
NMR spectrum after Fmoc-deprotection (500 MHz, DMSO-dg). D) SEC (in HFIP) elugrams of (Neo)pSarse-Lys(Boc)-Fmoc and (Neo)pSar; se-Lys(Boc)-Fmoc before and

after Fmoc-deprotection.

asymmetric AA’ macroinitiators, comprising one small and one big pSar
arm, starting from both directions. In line with previous analytical re-
sults, complete 'H NMR, including 'H DOSY, analyses are displayed in
Figs. S6 and S7 and confirmed the controlled synthesis of (Neo)pSar;¢7-
Lys(Boc)-pSargg(Ac) and (Neo)pSarss-Lys(Boc)-pSaris4(Ac) (later used
for the asymmetric PeptoMiktoStar). As visualized by the SEC elugrams
(Fig. 3A and B), different sizes of the A macroinitiators can be observed
by a lower elution volume of the X;, = 167 variant. However, the final
AA’ architectures showed comparable elution volumes, defined by their
comparable final structure, although obtained by two different synthetic
routes (Fig. S8). Overall, all polymeric structures demonstrated Poisson-
like and narrow molecular weight distribution (B<1.08), representing
controlled synthesis without an indication of side reactions. In summary,
the previous described synthetic approach was utilized for the synthesis
of different variants of AA’ macroinitiators (small, asymmetric and big),
which can now serve as initiators for third arm’s synthesis by ROP of Lys
(TFA)-NCA aiming for X, 1ys = 20.

Upon polymerization of the third block, shifts towards lower elution
volumes in SEC elugrams were observed in comparison to the AA’ ar-
chitectures, confirming increased molecular weights and successful
chain extension (exemplary shown for asymmetric PeptoMiktoStar in
Fig. 4A). Additionally, no small molecular weight species were detected
at higher elution volumes, excluding impurity-initiated or single arm
polymerizations. Further, molecular weight distributions were kept at
low dispersity levels (P<1.14), indicating controlled synthesis (Fig. S9A
and B), although the co-existence of pLys(TFA) in different secondary

structures[62] induces in all cases a slight low molecular weight tailing.
Successful addition of the third arm under controlled polymerization
conditions is supported by 'H NMR analysis, demonstrating the
appearance of all pLys(TFA) related proton species (Fig. 4B). Distinct
signals of the pLys(TFA) side chain’s amide proton (9.39-9.25 ppm) and
the proximate CHy-group (3.16.-3.11 ppm) were utilized to calculate
pLys(TFA) chain length to be 19 (for small PeptoMiktoStar). 'H DOSY
NMR analysis finally verified structural integrity and therefore synthesis
of AA’B PeptoMiktoStars by assigning all proton species to a single
diffusing species (Fig. S10A). Same quality NMR analytics of the
asymmetric (Figs. S10B and C) and big (Fig. S10D and E) Pepto-
MiktoStars confirmed their synthesis. In line with former publications
on pSar-block-pLys(TFA) copolymers secondary structure related effects
cannot be detected in DMSO. According to the demonstrated results, we
were able to verify controlled synthesis of (Neo)pSarsg-Lys(Lys(TFA);9)-
pSarss(Ac), (Neo)pSarss-Lys(Lys(TFA)1)-pSar 34(Ac) and (Neo)pSar; s6-
Lys(Lys(TFA)24)-pSar;23(Ac) AA’B architectures by a crossover proced-
ure, introducing the miktorarm’s core by end group functionalization of
the first pSar arm, summarized in Table 1, including precursor polymers.
Deviations between theoretical and SEC-determined molecular weights
derive from the PMMA-SEC-calibration and should only be interpretated
as trends.

With the feature of control over each arm also in terms of chemical
nature, we aimed to further synthesize an ABC-type PeptoMiktoStar.
Thus, we utilized a small (Neo)pSars,-Lys(Boc)-Fmoc (P = 1.03) mac-
roinitiator to initiate ROP of Lys(TFA)-NCA for the second and of Glu
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Fig. 2. SEC (in HFIP) elugrams of AA’ macroinitiators A) (Neo)pSarse-Lys(Boc)-pSarss(Ac) and B) (Neo)pSar;se-Lys(Boc)-pSar;o3(Ac), before and after Boc-
deprotection and in comparison to their precursors. C) Development of '"H NMR spectra (500 MHz, DMSO-ds) up to AA’ macroinitiator (Neo)pSarse-Lys-
pSarss(Ac) and indicated changes (red) with constant Neoinitiator signal (green). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

(OBn)-NCA for the third arm, each targeted to have chains of 15
repeating units. SEC evaluation of the different stages (Fig. 5A) revealed
an unexpected elugram of the AB architecture as the main peak did not
shift to lower but even slightly to higher elution volumes and addi-
tionally presenting a dominant fronting. However, as this effect van-
ished upon third block addition, was not present in 'H DOSY NMR
analytics and faultless analytics were obtained for the ABC-structure, we
assumed secondary-structure formation to be responsible for it, as
already shown for pLys(TFA) polymers.[62] MALDI-TOF MS analysis
was not possible for these ABC miktoarm star polymers. The SEC elu-
gram of the ABC PeptoMiktoStar reveals a monomodal and narrow
molecular weight distributed structure (b = 1.10). Moreover, the single
block additions were monitored by 'H NMR (Fig. 5B), clearly presenting
the loss of protective group related proton species as well as the gain of
arm B- and C-related proton species within respective synthetical steps.
In addition, maintenance of precursor signals in all stages indicated
structural integrity through the full synthetic procedure. Utilizing 'H
NMR analytics and integration of the distinct Neo initiator signal, chain
lengths were determined as previously described and by distinct signals

of the benzyl protective group at 7.32-7.18 ppm (5x CH) and 5.09-4.94
ppm (CHy) for pGlu(OBn) (Fig. S11). Thus, the polymeric structure was
defined as (Neo)pSarsz-Lys(pGlu(OBn);5)-Lys(TFA);6(Ac), in line with
the desired chain lengths, further underlining the controlled polymeri-
zation. Finally, in 'H DOSY NMR spectrum, all proton species were
assigned to a single diffusing species, confirming all three arms sharing
one polymeric structure (Fig. 5C). Consequently, the successful synthesis
of the ABC-PeptoMiktoStar has been described, summarized in Table 1.

4. Conclusion

To conclude, we demonstrated a novel synthetic approach for the
versatile design of AA’B- and ABC-type PeptoMiktoStars by introducing
a Lys(Boc)-Fmoc end group with active ester chemistry to a pSar chain
end. Thus, the orthogonal protective groups enable sequential removal
and subsequent amine-initiated controlled living ROP of respective
NCAs to form miktoarm architectures, completely based on amino acid
repeating units. Separate synthesis of each arm allowed for control over
chemical nature and chain lengths and offered a wide range of design
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Table 1
Summary of analytical results of synthesized PeptoMiktoStars including precursor polymers.

Architecture Stage'! X, (calc) Xna'® Xnap' Xnp/c' M,'? [g:-mol™!] p'd
AA’B (small) A 50 56 15,700 1.03
AA’ 50 56 53 26,700 1.05
AA’B 20 56 53 19 31,500 1.11
AA’B (asym.) A 50 55 14,600 1.03
AN’ 150 55 134 34,100 1.08
AA’B 20 55 134 21 35,600 1.12
AA’B (big) A 150 156 27,500 1.11
AN’ 150 156 123 38,900 1.16
AA’B 20 156 123 24 40,200 1.14
ABC A 50 52 14,100 1.03
AB 15 52 16 17,000 1.09
ABC 15 52 16 15 24,400 1.10

[a

! respective variants before protective group removal (Fmoc or Boc).

] aimed chain length for the upcoming arm, adjusted by ratio of initiator to monomer.
[l calculated by H NMR spectra (in DMSO).

I calculated by SEC (in HFIP), related to PMMA-calibration.
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opportunities. We presented the synthesis of a small, asymmetric and big
AA’B PeptoMiktoStar with narrow molecular weight distributions,
comprising two pSar arms of X, ~ 50 and ~ 150 in different combina-
tions paired with a pLys(TFA) arm of X, ~ 20. 'H NMR analytics enabled
detailed monitoring of the synthetic procedure, SEC and 'H DOSY NMR
moreover confirmed star architectures. The high versatility of this
approach was further utilized to design an ABC PeptoMiktoStar based on
pSar, pLys(TFA) and pGlu(OBn). Therefore, we extended the current
library of polypept(o)ide-based star architectures and filled the gap
between linear polypept(o)ides and A3B PeptoMiktoStars. The described
polymeric architectures and also the approach itself will lead to novel
nanocarrier systems for drug and gene delivery.
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