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Abstract

Here we introduce a post-polymerization modification method of an a-terminal functionalized poly-
(N-methyl-glycine), also known as polysarcosine. We utilized 4-(methylthio)phenyl piperidine-4-
carboxylate as an initiator for the ring-opening polymerization of N-methyl-glycine-N-
carboxyanhydride followed by oxidation of the thioester group to yield an a-terminal reactive 4-
(methylsulfonyl)phenyl piperidine-4-carboxylate polymer. This represents an activated carboxylic
acid terminus, allowing straightforward modification with nucleophiles under mild reaction
conditions and provides the possibility to introduce a wide variety of nucleophiles as exemplified
using small molecules, fluorescent dyes and model proteins. The new initiator yielded polymers
with well-defined molar mass, low dispersity and high end-group fidelity, as observed by gel
permeation chromatography (GPC), nuclear magnetic resonance (NMR) spectroscopy and matrix-
assisted laser desorption/ionization time-of-flight (MALDI-ToF) mass spectroscopy. The introduced
method could be of great interest for bioconjugation, but requires optimization, especially for protein

conjugation.
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Introduction

Functional polymers find broad application in the biomedical field. Inter alia, research and
application in drug, protein and gene delivery systems [1-18] self-assembled polymers [19-23],
nanoreactors [24, 25], bioimaging contrast agent carriers [26], anti-biofouling coatings [13, 27-
29], sensors [30, 31], tissue engineering [32-34] requires specifically designed polymers with
suitable functionalities for appropriate bioconjugation and further biomedical application [35-
37]. Among the plethora of synthetic polymers, poly(ethylene glycol) (PEG) remains the
commercially available "gold standard "for biomedical application due to its high hydrophilicity
combined with good solubility in organic solvents [38], low toxicity [39], and stealth behavior
[40]. In addition, structural varieties such as star-PEG and a considerable diversity of end-
group functionalization [38, 41-43] are commercially available. Despite PEG being generally
regarded safe, antibodies against PEG [44-47] and some other limitations such as toxic side
products [48, 49], hypersensitivity [50, 51], vacuolization [52-54] and accumulation in the body
[40, 54, 55] were reported. Several studies reported on already pre-existing antibodies in
several patients [56, 57] during clinical trials with PEGylated therapeutic agents. Hamad et al.
demonstrate that depending on PEG concentration and molar mass, unexpected anaphylaxis
in some sensitive individual animals could occur [58] after administration with medicines
containing a high concentration of PEGylated carriers. Zhang [59] and later Zhao et al. [60]
reported on the toxic influence of PEG-modified particles. Accordingly, the search for
alternatives has been a going research topic in the chemistry community. Especially, safe
alternatives are again of particular interest in the current COVID-19 pandemic considering the
allergic reaction and/or anaphylaxis after vaccination with currently developed vaccines [61,
62]. These side effects have been associated with any of the vaccine components, including
PEG and PEG derivatives [62, 63]. Among some other polypeptides, polypeptoids, and poly(2-

oxazoline)s, have been suggested as excellent candidates to substitute PEG [23, 64-67].

Polypeptides and polypeptoids have had significant attention for biomedical application for

decades and saw an additional boost in the last few years [68-72]. The absence of hydrogen
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bonds [73, 74] in polypeptoids gives them additional advantages like better solubility in various
solvents and the formation of stable structures for broad biomedical application [68, 75, 76].
Hydrophilic polysarcosine (PSar) [23, 72] and somewhat lesser hydrophilic poly(N-ethyl-
glycine) (PNEG) [77, 78] could be potentially used in the biomedical field. PSar due to non-
toxicity [68, 79, 80], biocompatibility [64, 81], non-fouling [82-84], low (or no) cytotoxicity [68,

72, 80, 85], electroneutrality [86] is considered as promising alternative to PEG [10, 87].

PSar is most commonly prepared via nucleophilic living ring-opening polymerization (NULROP)
of N-substituted a-amino acid-N-carboxyanhydrides (NNCAs) [88, 89], which can be initiated
with a variety of nucleophiles. Most commonly, amines are employed [90-92] , but water [92],
alcohol [93-95], thiols [96] and others [70, 92, 97-100] have been reported. Notably, PSar and
other polypeptoids can also be obtained by NULROP from the more stable N-substituted a-
amino acid-N-thiocarboxyanhydrides (NNTAs) [101, 102]. Apart from determining the polymer
chain length via [M]o/[l]o, an initiator can be chosen to introduce specific functional groups in
the a-terminus of the polymers. However, it is important to consider that the introduced
functionalities must be compatible with the polymerization process. Only a few papers
introduced functional initiators for NCAs polymerization. Tao et al. reported on ROP of N-
substituted glycine N-thiocarboxyanhydride with cysteamine with a further application for thiol-
ene and thiol-yne click chemistry [103]. Later, Johann and co-workers introduced the amino-
functional trans-cyclooctenes (TCO) and 6-methyl-tetrazine (mTz) as initiators to obtain
functional polypeptoids and performed their post-polymerization modification [104]. Post-
polymerization modification (PPM) can help to overcome limitations that occur during
polymerization and introduce responsive, structural and functional properties into polymers,
which are otherwise incompatible with the polymerization process [36, 105-108]. PPM can offer
several advantages. On one hand, a variety of different functionalities can be introduced into
the side chain or termini of a polymer. On the other hand, the resulting polymer will have the
same degree of polymerization and chain length distribution as the original polymer. PPM also
allows the synthesis of polymers with functionalities that can not or only inconveniently be

introduced directly via the polymerization.



Borova et al. A transient initiator for polypeptoids post-polymerization a-functionalization via activation of thioester group

Different post-polymerization concepts like modification of polymeric active esters, anhydride,
isocyanates, oxazolones, epoxides, Michael-type addition reactions, maodification by thiol
exchange, etc., have been reported for functionalization of polymers [36]. PPM used for
bioconjugation, in particular, should offer high efficacy under mild conditions. In the last two
decades, click-chemistries have had a major impact in the field of bioconjugation [109].
Despite the preference for PPM utilizing click chemistry, the activated ester exchange reaction

still has some value.

The PPM via polymeric active esters became an attractive tool after the first introduction by
Jatzkewitz [110-112] and later picked up by Ferruti et al. [113] and Ringsdorf et al. [114]. The
reaction of activated esters with amines leads to the formation of stable amide bonds which
are of course most common in biological systems. Additionally, there is no need to use of
potentially toxic (metal) catalysts or other chemical reagents making them an attractive
material in biomedical research [115]. Apart from alkyne-azide click chemistry [116-121],
sulfur-based chemistries have been widely exploited [122-126]. Thiol moieties exhibit a
favorable low pKa [127, 128], have ability to form disulfide bonds upon oxidation [129, 130],
show a good reactivity profile [131] and are abundant in biological systems [132]. The versatility
of sulfur-based chemistry and the ease of modification makes it an attractive choice in organic
chemistry and life science [133-135]. A multitude of chemoselective reactions utilizes sulfur
chemistry [135-138] with application in many fields, including self-healing materials or drug
delivery systems [122, 139]. One particular thiol-based reagent, 4-(methylthio)phenol (4AMTP),
has been described long ago for peptide coupling, but to date, has not been investigated for
PPM bioconjugation. Johnson et al. reported on the use of 4AMTP esters as a carboxy-
protecting group during polypeptide synthesis in 1968. When 4MTP is oxidized to yield 4-
(methylsulfonyl)phenyl (4AMTO2P), it transforms a protected ester into an activated activate
ester, allowing further aminolysis and amide formation [140-142]. Chen introduced 4MTP
esters for quinoxaline antibiotic synthesis [143]. Later, Siemens applied activated 4MTP esters
during peptide solid-phase synthesis [144]. Cho also reported on the application of 4MTP

moieties as a safety-catch protecting group during peptide coupling or as an active ester that
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can act with other N-free peptide fragments to form new bonds [145]. More recently, Popovic'
et al. reported on peptide 4MTP ester synthesis suitable for peptide segment coupling or direct
amidation with peptide N-termini [146]. However, to the best of our knowledge, 4MTP has not

been utilized or suggested for any PPMs.

Here, we introduce 4-(methylthio)phenyl piperidine-4-carboxylate (4MTPPC) as a novel
functional initiator for the NULROP of NCAs, in particular N-phenyloxycarbonylsarcosine (Poc-
Sar), which forms Sar-NCA in situ [147, 148]. The oxidation of the 4MTPPC into a 4AMTO,PPC
transforms the protected carboxylic acid into an activated acid which then readily reacts with

nucleophiles (Figure 1).
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Figure 1. Post polymerization modification concept based on ring-opening polymerization of N-phenoxycarbonyl-
N-methylglycine (Poc Sar) and/or N-methylglycine-N-carboxyanhydride (Sar NCA) with 4-(methylthio)phenyl
piperidine-4-carboxylate (4MTPPC) initiator via activation of 4(methylthio)phenol (4MTP) ester group.
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Experimental Section

Materials and methods

Materials. Dichloromethane (DCM), N, N-dimethylformamide (DMF), N-methyl morpholine
(NMP), 1-(tert-butoxycarbonyl)piperidine-4-carboxylic acid (Boc-Inp-OH), trifluoroacetic acid
(TFA), 4-(dimethylamino)-pyridine (DMAP), diphenylcarbonate (DPC), 3-chloroperoxybenzoic
acid (m-CPBA ), hexane, ethyl acetate (EtOAc), ethanol (EtOH), 4-(methylthio)phenol (4AMTP),
sarcosine (Sar) was purchased from Sigma Aldrich or TCI and used without further purification.
DCM was dried over CaCl; before further use. TEA was dried over BaO and distilled before

use.

Methods. NMR spectra were recorded on a Fourier 300 (*H; 300.12 MHz), Bruker Biospin
(Rheinstetten, Germany) at 298 K. The spectra were calibrated to the signal of residual

protonated solvent (CDCls: 7.26 ppm, D20: 4.79 ppm, CDzCN: 1.94 ppm, (CD3).SO: 2.50 ppm).

Gel permeation chromatography (GPC) was performed on a Polymer Standard Service (PSS,
Mainz, Germany) system (pump mod. 1260 infinity, RI-detector mod. 1260 infinity, precolumn
GRAM 10 pM (50*8 mm)), with HFIP (containing 3g/L potassium trifluoroacetate (KTFA)) as
eluent and calibrated against PEG standards. Column was kept at 40 °C and the flow rate was
set to 0.7 mL/min. Before each measurement, samples were filtered through 0.2 ym PTFE

filters (Rotilabo, Karlsruhe).

Matrix-assisted laser desorption/ionization time-of-flight (MALDI-ToF) mass spectra were
recorded on a Daltonics autoflex Il LRF 50 or a Daltonics UltrafleXtreme (Bruker, Bremen,
Germany) using an N2 laser (A = 337 nm). All spectra were recorded in positive reflector mode.
Detection was typically set from 1000 m/z to 7000 m/z. After parameter optimization, the
instrument was calibrated with Csl; or PEG standards depending on the m/z range of the
individual sample. Samples were prepared with a-cyano-4-hydroxycinnamic acid or with
sinapinic acid as matrices, using the dried-droplet spotting technique (0.5-1.5 pyL). Exemplarily,

samples (1 g/L) were dissolved in MeOH (supplemented with 1.0 % TFA) or in MeCN. Laser
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power was set slightly above the threshold, typically at 50% - 70%. Poisson distributions were

calculated using eq 1:

P(DP)(X = k) = DT’jke(—D” 1)

The Mn, Mw were calculated using eq. 2 from peak analysis obtained from MALDI-ToF

experimental data:

_ INiM; _ IN; M} 2)
n XN; w XN; M;

where N; and M; are the abundance and mass of the i-th oligomer, respectively.

Ultraviolet-visible (UV-Vis) spectrum was taken on a Jasco V-630 spectrometer in MeOH in a
quartz cuvette (0.1 or 1.0 cm). The concentration of the dye was calculated by UV-Vis

spectroscopy in an absorption maximum of 325 nm.

The polymers were purified via dialysis. Dialysis was performed using Spectra/Por membranes
with a molecular weight cutoff (MWCO) of 1 and 10 kDa (material: cellulose acetate) obtained

from neoLab (Heidelberg, Germany) against water (Millipore).

Fast protein liquid chromatography (FPLC) was carried out on an Aktaavant (GE Healthcare,
Chalfont St. Giles, Great Britain) to analyze resulting PSar conjugates. A GL 10/300 Column
(300 mm, @ 10 mm, GE Healthcare) was packed with Superdex 75 resin under constant
pressure. The purification was conducted in 10mM TRIS buffer with 300 mM of NaCl (pH =

8.0) with a linear flow of 0.5 mL/min.

Sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) was used to analyze
protein-polymer conjugates on 12 % PAGE under non-reducing conditions, using standard
molecular biology technique. After electrophoresis gels were stained using Coomassie brilliant
blue R250. In case of RFP conjugates fluorescent bands were detected using a FluorChem Q

imaging system (Biozym).

Synthetic procedures

Monomer synthesis. Sarcosine NCA.



Borova et al. A transient initiator for polypeptoids post-polymerization a-functionalization via activation of thioester group

The Sarcosine NCA was synthesized as was described previously [149]. Sarcosine 5.00 g
(0.056 mol, 1.7 eq.) pre-dried by azeotropic distillation with toluene was placed in 250 mL dried
Schlenk flask and suspended in 90 mL of dry THF under a steady flow of argon followed by
the addition of 4.0 mL (0.033 mol, 1.0 eq.) diphosgene via syringe. The continuous flow of
argon was turned off, and the reaction mixture was heated to 66 °C. The reaction vessel was
equipped with a washing bottle containing 35 wt. % KOH solution to neutralize the developing
HCI. Stirring and heating were continued until all solid was dissolved, and the dark brown
solution was obtained (around 3.0 h). The solvent was evaporated under reduced pressure,
yielding a brownish oil as a crude product. 5.0 mL of dry petrol ether was added to the obtained
product under a steady argon flow and left in the fridge overnight to solidify. The solid was
decanted under an argon atmosphere, dried under reduced pressure, and subsequently

sublimated in vacuo (4.00 g, 80 %).
'H NMR (300 MHz; CDCls): 8 = 3.04 ppm (3 H, s, CHs-), 4.12 ppm (2 H, s, -CH,-CO-).
Synthetic of Poc-Sar.

The synthesis procedure was performed as follows [148]. Sarcosine 50 g (0.56 mol, 1.0 eq.)
was suspended in 500 mL of MeOH. KOH 31.5 g (0.56 mol, 1.0 eq.) and 23.7 g (0.56 mol, 1.0
eg.) LiCl was dissolved in 300 mL of MeOH and added to sarcosine suspension.
Diphenylcarbonat (120 g, (0.56 mol, 1.0 eqg.) was dissolved in 200 mL of THF, and the rest of
the DPC was washed with an additional 200 mL of THF. The reaction flask was left to react for
7-9 days at room temperature. Subsequently, the reaction mixture was filtered, and volatiles
was removed under reduced pressure. The residue was dissolved in 400 mL of 5 % NaHCOs3
and extracted three times with 300 mL of ethyl acetate (EtOAc). The water phase was adjusted
to pH 3-4 with concentrated HCI and extracted three times with 300 mL of EtOAc. The organic
phase was dried under Na SO, overnight. The solvent was removed under reduced pressure,
and the high viscous gel was obtained as the raw product. The yield of the obtained product is

37.6 % (44.1 g).
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IH NMR (300 MHz; CDCls): d = 3.01-3.24 ppm (3 H, s, -CHs), 4.09-4.25 ppm (2H, d, -CH.-N-
), 7.04-7.42 ppm (5 H, m, aromatic ring). *C NMR (300MHz; CDCls): & = 36.4 ppm (1C, N-
CHs), 50.81 ppm (1 C, CH2>-N-), 121.9 ppm (2C, phenol ring), 125.8 ppm (1C, phenol ring),
129.5 ppm (2C, phenol ring), 151.3 ppm (1C, phenol ring), 155.84 ppm (1C, N-C(O)-O-),

174.45 ppm (1C, C(O)-0O-).
Synthesis of 4-(methylthio)phenyl piperidine-4-carboxylate (AMTPPC)

Boc-Inp-OH (2.01 g 8.75 mmol, 2.0 eq.) was dissolved in 60 mL of chloroform and treated with
DCC (1.80 g 8.75 mmol, 2.0 eq.) for 15 min. Subsequently, 4AMTP (0.61 g 4.37 mmol 1 eq.)
was added followed by DMAP (0.107 g 0.874 mmol 0.2 eq.) and 4-methyl morpholine (0.885
g 8.75 mmol 2 eq.). The mixture was left to react at room temperature for 5.0 h. The reaction
solution was further treated with 18 mL of TFA for 30 min at room temperature to remove the
Boc protecting group. The crude product was obtained by double precipitation from cold diethyl
ether and dry dried under vacuum. (0.93 g, 3.7 mmol, 93%). The yield of the obtained product

is 93 % (0.93 g).

'H NMR (300 MHz, D;0) & = 7.42 ppm (2H, d, -CH=), 7.14 ppm (2H, d, -CH=), 3.62 — 3.33
ppm (2H, m, -CH>-), 3.33 — 3.00 ppm (1H, m, -CH3-), 2.53 ppm (3H, s, CH3-S-), 2.37 ppm (2H,
m, -CH-), 2.20 — 1.88 ppm (2H, m, -CH-). **C NMR (300MHz; CDsCN): & = 15.06 ppm (1C, -
S-CHs), 24.23 ppm (2C, -CH,- piperidine), 37.93 ppm (1 C, -CH- piperidine), 42.75 ppm (2C, -
CHzs- piperidine), 127.15 ppm (2C, -CH= aromatic ring), 127.40 ppm (2C, -CH= aromatic ring),
147.97 ppm (1 C, (O)-O-C- aromatic ring), 172.98 ppm (1C, -O-C(Q)), 136.1 ppm (1C, -S-C=

aromatic ring).

Synthesis of PSar.

The synthesis of PSar was adapted from literature [92] and [94, 95].
Polymerization of Sar-NCA.

The monomer solution was prepared in a dried Schlenk flask under an inert atmosphere by

dissolving Sar-NCA (1.47 g 13.03 mmol; 96.5 eq.) and 4MTPPC (0.034 g 0.135 mmol, 1.0 eq)
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in 5 mL of PhCN and 3 mL of MeCN. The reaction solution was stirred under an inert and dry
atmosphere at room temperature for 24 h. In the first 2.0 h, a vial was opened to reduce CO..
PSar was purified by precipitation (3x) from cold diethyl ether (re-dissolved in DCM) and

lyophilized.

Polymerization of Sar-NCA from Poc-Sar.

The same procedure was performed with Poc-Sar. Poc-Sar (0.6 g 2.87 mmol, 50 eq.) and
4AMTPPC (0.0185 g 0.074 mmol, 1.0 eq.) was dissolved in 4 mL of PhCN and 2 mL of MeCN.
After the initiator and monomer were dissolved, 0.4 mL (0.29 g 2.87 mmaol, 50 eq.) of TEA was
added, and the reaction solution was heated up to 70°C and left to react for 24h. The pure

polymer was obtained by precipitation (3x) from cold diethyl ether (re-dissolved in DCM).
Oxidation of PSar.

The oxidation of PSar was performed according to the procedure described [96]. PSar (0.142
g, 0.0596 mmol, 1.0 eq.) was dissolved in 5 mL dry DCM and cooled to 0°C in an ice bath. m-
CPBA (0.021 g 0.119 mmol, 2.0 eg.) was dissolved in 3 mL DCM, added dropwise to the
polymer solution and stirred for 3.0 - 5.0 h while warming to room temperature. The resulting
polymer was twice precipitated from cold diethyl ether and dried under vacuum with the

following dissolution in water and lyophilization to give the white powder (0.128 g, 89 %).

H NMR (300 MHz, CDCls3) & = 7.99 ppm (2H, d, -CH=), 7.32 ppm (2H, d, -CH=), 3.62 — 3.33
ppm (2H, m, -CH>-), 3.33 — 3.00 ppm (2H, m, -CH2-), 3.07 ppm (3H, s, CH3-SO>-), 2.37 ppm

(2H, m, -CH2-), 2.20 — 1.88 ppm (2H, m, -CH5-).

Functionalization of PSar.

A substitution was performed as follows. Oxidized PSar was dissolved in 5 mL DCM (or any
other suitable solvent) and stirred with 3.0 eq. of nucleophile overnight. A pure product was

obtained by precipitation from cold diethyl ether followed by dialysis and lyophilization.
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Results and discussion

Synthesis of 4AMTPPC- functionalized polysarcosine

This work presents a synthetic pathway to obtain 4MTPPC-functionalised polypeptoids via
NuLROP using a new 4MTP-functionalized initiator. As was already mentioned, the presence
of a 4MTP group in the a-position of the polymer should allow the subsequent introduction of

diverse functionalities via post-polymerization nucleophilic substitution.

Previous work by Chan et al. suggests that it is possible to initiate ROP of NCAs or NNCAs
with alcohols [94]. In their contribution, N-Butylglycine N-carboxyanhydride was employed as
a monomer. However, the authors found that phenol proved challenging for this purpose.
Nevertheless, we investigated 4-(methylthio)phenol (4MTP) to initiate the ROP of Sar-NCA
and Poc-Sar. In line with the results by Chan et al., this approach proved not satisfactory. PSar
obtained from Poc-Sar and initiated with 4MTP in PhCN had a higher molar mass than
expected from [M]o/[1]o (16.2 kg/mol vs. 3.7 kg/mol) and a broad molar mass distribution (b =
2.03). The molar mass of polymers obtained from Sar-NCA and 4MTP was also too high, and
GPC traces were bimodal. These issues may be attributed to poor initiation efficiency and/or
slow initiation. Chan et al. suggest that adjusting the type of alcohol, solvent and base can lead
to more satisfactory results, however, our strategy relies on the 4MTP moiety. Also,
polymerization in CHCIs; or MeCN did not show significant improvement. The molar masses of
the obtained PSar remain higher than expected (5.1, 5.0 and 2.1 vs. 1.6 kg/mol). The
dependence of the reaction rate on the nature of the solvent was characterized by NMR
spectroscopy. *H NMR analysis shows presence of significant amounts of diketopiperazine
dimer (12% in MeCN, 27% in PhCN and 35% in CHCIz) formed during the polymerization
(supporting information, Figure Sl 1). The presence of a variety of chains suggests that the
propagating amine is capable of attacking the ester group in the a-position of the polymer chain
end and forming a diketopiperazine dimer or higher molar mass cyclic polypeptoids (Figure 2).
The nature of solvent has a significant influence on the polymerization behavior, as evidenced

by the different amounts of formed diketopiperazine dimers found in the introduced solvents.
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In CHCIs, monomer consumption was fastest and a markedly higher proportion of cyclic dimer
was observed compared to the reactions carried out in MeCN and PhCN. MALDI-ToF mass
spectrometry of the product obtained from CHCI; confirmed low molar mass. Unfortunately,
the desired product (MTP-initiated PSar) and the macrocyclic PSar have an identical m/z ratio
and virtually the same isotope pattern, and therefore we cannot distinguish the two by mass
spectrometry (supporting information, Figure S1 and S2). The signal attributed to PSar initiated

(EtOH);N (EtOH);NHa o}L N ( l /l; T /@/

—s N —_—
o o O

s \S’©/

T

Figure 2. Hypothetic mechanism illustration the formation of cyclic dimers during polymerization with
4(methylthio)phenol.
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with 4AMTP was observed. However, the presence of low molecular weights cyclic polypeptoids
or dimers could not be determined. Interestingly, the obtained signals could also be assigned
to oxidized or partly oxidized PSar initiated with 4MTP even though any oxidation was
performed. In addition, MALDI-ToF MS data corroborate the molar mass values obtained by

GPC (supporting information, Figure S3)

Therefore, we investigated a different strategy, i.e., synthesis of an initiator that contains 4AMTP
but initiates the ROP through a more reliable nitrogen nucleophile (Figure 3a) and prevents

dimer formation at the same time.

While commonly secondary amines are not considered good nucleophiles (they are more basic

in character), piperidine and its derivatives are good nucleophiles due to cyclic restraint.

Accordingly, 4-(methylthio)phenyl piperidine-4-carboxylate (4MTPPC) was successfully
synthesized in two steps. In the first step, we performed the esterification of Boc-Inp-OH with
AMTP, followed by TFA treatment to remove the Boc group in a second step (Figure 3a). The
product was obtained as a white powder with a good yield (93 %) and satisfactory purity. *H-
NMR spectra analysis of the novel initiator in CDCl; shows the characteristic signal of the

methyl group of the thioether (2.48 ppm, blue) and aromatic protons (7.29 and 7.01 ppm) of
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4MTP, (Figure 3b). The signal attributed to the 4AMTP methyl group (signal 1, blue) is shifted

slightly to higher ppm values due to the introduced ester group. Signals 4 and 6 (blue and

green, respectively) are represented with two peaks that most likely arise from the axial and

equatorial chair conformation of the piperidine group [150, 151].
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Figure 3. a) Synthetic scheme for the synthesis of 4-(methylthio)pheny! piperidine-4-carboxylate (4AMTPPC) by
esterification of N-Boc-isonipecotic acid with 4-(methylthio)phenol. b) *H NMR (300MHz, CHCls, 297 K) spectra
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The synthesis of polysarcosine was performed by ROP of Sar-NCA monomer according to a
well-known method [148, 149]. In contrast to initiation using 4MPT initiation, this approach
proved successful. NMR spectra analysis of the resulting polymers shows significant signals
attributed to PSar initiated with 4AMTPPC initiator. GPC traces of the obtained polymer are
narrow, monomodal and are in good agreement with expected values from [M]o/[l]o data (M, =
2.9 vs. 3.3 kg/mol). We also tested this initiator using an alternative monomer for polysarcosine
synthesis. Synthesis of Sar-NCA requires the use of toxic and harmful chemicals (phosgene
or thionyl chloride). Also, the purification, handling and storage of the moisture-sensitive NCA
is challenging. To address this, Yamada introduced N-phenyloxycarbonyl amino acids for
polypeptide synthesis, which was later adopted by Doriti [147, 148] for polypeptoids. Such
monomers can be synthesized in high purity, good yield and stability and polymerized to well-

defined polypeptides/polypeptoids.

Accordingly, we initiated Poc-Sar polymerization using 4AMTPPC in PhCN at 70 °C (Figure 4).
PSar homopolymers were obtained with 30-90 % (unoptimized) yield. The yield of 30% was
observed for low molecular weight PSar and is attributed to losses in the purification
(precipitation) step. The products were analyzed with NMR spectroscopy, GPC and MALDI-

ToF mass spectrometry.
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Figure 4. 'H NMR spectrum (300 MHz, 298 K, D20) of the synthesized telechelic polysarcosine obtained by in situ

generation of N-methylglycine NCA from an activated urethane precursor in the presence of triethylamine and 4-
(methylthio)phenyl piperidine-4-carboxylate initiator.
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'H NMR spectra analysis shows the expected signals 2, 3 (at 7.41 and 7.17 ppm respectively)
and 1 (at 2.56 ppm) attributed to phenyl ring and methyl moieties of the 4AMTPPC initiator.
Additionally, the much smaller signals 2' (at 7.32 ppm), 3' (at 6.94 ppm) and 1' (at 2.48 ppm)
are attributed to 4MTP, presumably formed during polymer work-up and storage (at 8.0 °C)
(Figure 4). The GPC traces show a clear and controlled increase of the molar masses with
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Figure 5. Overview on the characterization of 4AMTPPC functionalized polymers. a) Correlation of experimentally
determined and theoretical values of molar masses of polymers with different [M]o/[lJo. b) GPC traces of the
AMTPPC-functionalised polysarcosines with different [M]o/[l]o. ¢) MALDI-ToF spectra of the resulting polysarcosines
and calculated Poisson distribution. The disperse distributions are overlaid with the respective Poisson distributions
(red curve). d) Zoom into maximum of the molar mass distribution of the [M]o/[l]o = 10, 20 and 70 and assignment
of chemical structures to respective m/z ratios.

increasing [M]o/[lJo, even though the experimental molar masses tended to be somewhat
smaller than expected (Figure 5a). They also show that the resulting polymers are essentially
monomodal and relatively narrowly distributed, resulting in low values for B (Figure 5b,

supporting information, Table 1). The elugram of PSar with [M]o/[l]o = 10 significantly overlaps
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with the system peak and residual solvent. We also assume that the particularly low yield for
PSar with DP = 10 is due to significant loss during work-up rather than due to problems with
initiation/polymerization. Optimization of this work-up for the low-molar mass PSar was outside
the scope of this contribution. Importantly, successful initiation with 4AMTPPC was further
confirmed with MALDI-ToF mass spectrometry. MALDI-ToF mass spectrometry confirms the
increase of molar mass with increasing [M]o/[lJo and also the narrow molar mass distribution
(Figure 5c¢). In all cases, the mass differences (A m/z) between individual signal distributions
reflect the molar mass of the polymer repeat unit (71.2 g/mol). In contrast to GPC, the polymer
obtained from a targeted [M]o/[l]lo = 10 shows a molar mass distribution reminiscent of a
Poisson distribution, as expected for a living polymerization. The main molar mass distribution
corresponds to protonated polymers initiated with 4AMTPPC, bearing an amine terminus.
However, M, calculated from the main distribution (a) peak intensities is somewhat smaller
than expected, with a maximum of the distribution at a degree of polymers of 7 (DPmax = 7).
The alternative subdistribution B and y can be attributed to the same polymer bearing
potassium and sodium ion doping, respectively (Figure 5d). The signals attributed to PSar with
a partly hydrolyzed a-end group carrying a sodium ion doping (¢) are observed. Additionally,
signals of low intensities (m/z = 776) can be attributed to a polymer bearing an initiator that
underwent fragmentation (Am/z = 45) during the MALDI ToF MS analysis with hydrogen ion
doping (d). This can be attributed to a loss of a MeS fragment from the MTP moiety. PSar with
a targeted [M]o/[l]o = 20 also shows signals attributed to protonated polymer bearing amine
terminus () as well as their subdistribution bearing potassium ion doping (a) (Figure 5d). The
presence of signals that can be attributed to a hydrolyzed a-terminus is also observed with
proton () potassium (y) and sodium () ion doping. Signals observed at m/z = 1363 could also
be attributed to fragmented 4MTPPC-functionalized polymer bearing sodium (d) ion doping.
PSar with higher [M]o/[I]o (n = 30) show two principal peak distributions. The attribution of the
main subdistribution (a) is unfortunately not unambiguous (Figure 5d). The broad signal could
be attributed to either a partially hydrolyzed a-terminus or a fragmented 4MTPPC a-termini

bearing potassium(a) and sodium () ion doping, respectively. The obtained signals could also
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be attributed to the desired PSar with a carbamic acid terminus. However, the latter species
seems to be improbable, considering that this rather unstable species have not been reported

before for PSar MALDI-ToF mass spectra.

Activation of the A4MTPPC-functionalised polymers and their further

functionalization

After successful polymerization of Poc-Sar with 4AMTPPC, the activation (via oxidation) of the
terminal MTP esters was performed. As was reported previously, the different reagents can be
used for oxidation. Johnson and Jacob treated N-carbobenzoxy amino acid MTP esters of
lysine, alanine, leucine, etc., with 30 % H-O- in glacial acetic acid for 12 h to obtain the
corresponding MTO,P esters [152, 153]. Still, these conditions were found to be more harsh
than needed. Ulbricht et al. found that high molecular weight PSar ([M]o/[IJo = 138) undergo
minor oxidative degradation during treatment with 50 mM (< 0.3 %) H.O, at 37 °C after 30 min
of incubation [66, 154]. Treatment with 3.0 eq. of m-chloroperoxybenzoic acid (m-CPBA) in
dioxane for 4 h was later found also to convert MTP ester into the activated form [141]. Recently

Popovic and colleagues introduced oxone as the oxidizing agent for 4AMTP activation [146]. In

_ m-CPBA _ -CPBA

Yo%bf WQ%/ by ower WQF\/}

F
0

Figure 6. Schematic illustration of the activation of 4AMTPPC-functionalised polysarcosine via oxidation with 3.0
eq. of m-chloroperoxybenzoic acid and further post-polymerization modification.

a slightly different but related approach, Wu et al. reported a very interesting PPM of
thiocarbamate derivatives of poly(2-oxazoline)s, which were also oxidized using m-CPBA to
make them amendable for nucleophilic substitution [155]. Accordingly, we chose to utilize the
same strategy to prevent polymer degradation and confirmed that the sulfone is generated

under mild conditions with 3.0 eq. m-CPBA (Figure 6).
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'H NMR spectra of the activated polymer confirm the high efficiency of the oxidation. We
observe a significant shift of the aromatic signals 2 and 3 (at 7.86 ppm and 7.46 ppm,
respectively) before and after oxidation (Figure 7a, red) due to an increased electronegativity
of the sulfonyl group. Likewise, signal 1, attributed to the methyl group next to sulfide/sulfonyl,
is shifted and overlaps with the polymer backbone after oxidation, as was verified by oxidizing

the initiator 4-MTPPC as a model compound (see supporting information, Figure S4). As the
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Figure 7. Characterization of the 4MTPPC-functionalized polysarcosine by a) *H NMR spectra (300 MHz, 297
K, D20) and b) GPC traces before (blue) and after oxidation (red).

MTP ester is prone to hydrolysis, particularly after oxidation, we also find signals that can be
attributed to a hydrolyzed terminal group. In particular, signals 2' and 3' (at 7.71 ppm and 7.13
ppm, respectively) (Figure 7a, red) are attributed to 4-(methylsulfonyl)phenol, cleaved off the
polymer via hydrolysis. The signal 1" (at 2.64 ppm) is attributed to the methyl group next to the
sulfoxide (partially oxidized MTP), even though we did not observe the other signal expected

for the partly oxidized phenyl ring.

GPC traces of the oxidized polymer remained monomodal, narrow and M, remained
essentially unchanged (Figure 7b), which indicates that polymer degradation or cross-linking
does not occur [66, 154]. It should be noted, when we increased the oxidation time up to 24 h,
GPC analysis suggests polymer degradation as evidenced by a decrease of the molar mass,
as well as the presence of the high molecular weight shoulder point on the interaction of macro

chains, ends with each other (Supporting information Figure S5).
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After successful activation to yield oxidized polysarcosine (PSaroxia), we performed nucleophilic
substitution with different low and higher molecular weight N-and S-nucleophiles. In the first
experiments, PSaroig was incubated with 3.0 eqg. of N-nucleophile (benzylamine,
neopentylamine and dansylcadaverine) overnight, showing a satisfying degree of
functionalization (Figure 8a). *H NMR spectra of PSarqiq treated with benzylamine in MeCN
shows a new signal at 7.50 ppm attributed to the phenyl ring of a-benzylamine-PSar (Figure
8a). Neopentylamine modified PSar (a-neopentylamine-PSar) shows the significant shift of the
signal 10" at 0.89 ppm (attributed to free neopentylamine) to 1.04 ppm (signal 10), confirming
the successful functionalization (Figure 8b). PPM with dansylcadaverine was performed in
DMSO under the same conditions following purification by precipitation from cold diethyl ether
(3 times) and subsequent gel filtration (LH-20 with MeOH as eluent). The *H NMR spectra of
a-dansylcadaverin-PSar shows new signals at 7.10- 8.5 ppm (signals 12-17) attributed to

aromatic moieties of dansylcadaverine (Figure 8c), while signals 9-11 were not distinguishable

10

80 70 60 50 40 30 20 1.0
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Figure 8. 'H NMR (300 MHz, 297 K, D20 and DMSO) of modification of the activated polysarcosines with
benzylamine (a), neopentylamine (b) and dansylcadaverine (c).

in the *H NMR spectra. However, we still observed signals at 7.5 - 7.8 ppm (Figure 8ab, red

frame) possibly attributed to unoxidized PSar (however, the oxidative analysis shows that
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utilized conditions are enough for complete PSar oxidation) or to the presence of the residual

alcohol.

MALDI-ToF MS data corroborates the functionalization of PSar with the low molecular weight
nucleophiles (Figure 9). In the mass spectra of the a-benzylamine-PSar , signals attributed to
the desired product featuring an amine w-terminus and sodium (y) and potassium (a) ion
doping, respectively (Figure 9a), are observed. We also observed signals that can be attributed
to oxidized PSar with proton (®) ion doping. Signals at m/z = 3711 could be attributed to the
PSar starting material that underwent fragmentation and sodium () ion doping. Signals
suggesting the presence of PSar with a hydrolyzed MTP ester and sodium ion doping (€) were

also detected.

An analysis of a-neopentylamine-PSar showed the presence of signals that can be attributed
to the product bearing proton (w), sodium (&) and potassium (a) ion doping with amine w-
termini (Figure 9b). However, we also observed signals that could be attributed to unoxidized
PSar (y) or PSaroxid bearing sodium (a) or potassium (y) ion doping with an amine w-terminus.
Signals with lower intensity can be assigned to PSar with hydrolyzed 4MTPPC-a-termini
bearing potassium (¢) ion doping. The weaker & distribution may be attributed to fragmented

PSar chains.

Successful functionalization with dansylcadaverine is evidenced by the two most intense
signals in the MS at m/z = 3668 and 3683, which can be attributed to the desired product
ionized with Na* (a) and K* (), respectively, featuring an amine w-terminus. The weaker y and
O distributions can be attributed to residual PSar and PSar.xq bearing potassium ion doping,

respectively (Figure 9c).

Additionally, the UV-Vis spectra of PSarpansyi Show a strong absorbance at 335 nm attributed
to the presence of dansylcadaverine, which was not observed in the precursor polymers
(Figure S6). Quantification of the polymer conjugated dye was in excellent correlation with

expected values, corroborating the potential to apply the proposed method for PPM.
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Figure 9. MALDI ToF mass spectra and structural assignment of m/z ratio for benzylamine (a), neopentylamine
(b) and dansylcadaverine (c) functionalized polysarcosines.

As a next step, we tested the more challenging conjugation with bio(macro)molecules such as
peptides and proteins. The activated polymer was incubated with glutathione as a model
peptide, red fluorescent protein (RFP) and bovine serum albumin (BSA) as model proteins.

The conjugation was performed in phosphate buffer solution (PBS) at pH = 8 for 4-5 h.

Glutathione (GSH) was chosen due to its antioxidant properties and the presence of two
available nucleophilic groups that can, in theory, react with the activated ester group of PSaroxid.
As expected, GPC traces of the resulting product (PSargns) after incubation demonstrate a
slight but noticeable difference between the respective elution volumes. The minor difference
in the apparent molar mass suggests that substitution occurs only with one available

nucleophilic group (Figure 10a). The presence of a new signal at 3.80 ppm in the *H NMR
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spectra also substantiates a successful reaction (Figure 10b). An overlay of the 'H NMR
spectra of PSarcrns and GHS showed that the shifting of the signals 1 and 5 depends on the

used buffer solution. After incubation in the TRIS-HCI buffer, signal 1 shifted towards lower

a) b)
b ——PSar B2 X
0.8 — PSar,,;4 HW“
T — PSarggy PBS
>
; 0.41 TRIS J
0.2 a 6
oo 5l
1500 3000 4500 6000 7500 9000 7.0
Molar mass [g/mol]
c)

4000 2000 3000 5000 2000 3000 4000 5000

3382

3339
3352
I 3366

3324

3480

3450 3480 3510 3540 3570 3330 3360 3390 3420 3450 3480 3330 3360 3390 3420 3450
miz miz miz
[+] i \
o | [Jk,,'q Na'= 3362 YO‘[JIVNTH H'= 3324¢
N Na'=3473a N H la”= a
”‘fL' ]L“ K'= 3488 uT(O t; K'= 3379 B @“ s
- LY Vegag
~ ¢ g a 8 A
s 8 4 le\’ Tu H'= 33405
i T" H'= 3395y /@, N
a4 [+]
o o L S .
U I oY Cloby
0. OH =
a4 N. . Hnm/O 45
-.s,@ o v Yonfi\’ t: K = 33660
K= 33820

"s;o"{ﬁ“*h

Figure 10. Functionalysation of activated polysarcosine with glutathione (GHS). a) HFIP GPC traces of the
protected polysarcosine (black), activated polymer (blue) and glutathione conjugated polymer. b) 'H NMR
spectra (300 MHz, 297 K, D20) of free glutathione (black) and glutathione conjugated polymer (green) in PBS
and TRIS buffer solution respectivally. ¢) MALDI-ToF mass spectra and structural assignment of m/z ratio for

glutathione functionalized polysarcosines
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ppm values and a new signal at 3.80 ppm is observed, while signal 5 appears to split into two

signals.

In contrast, incubation in PBS leads to a shift of the signals 1 and 5 to lower ppm values and

both signals appear to overlap. Such low ppm shifting can result from the hydrogen bonds in
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Figure 11. Conjugation of activated polymers with red fluorescent protein (RFP) a) FPLC traces of the PSar
conjugated with RFP (A = 280 nm). b) Visualization of PSarrrp conjugation using polyacrylamide gel
electrophoresis (PAGE). Protein molecular weight standards (M); native red fluorescent protein (RFP); reaction
mixture of PSaroxida and RFP after conjugation (PSarrrp); reaction mixture of PSaroxia and RFP after conjugation
and purification via centrifugation with centrifugal filter (pore size is 10 kg/mol) (PSar centr.R™P).

the water solution [156]. Unfortunately, signals 4 and 6 could not be unambiguously assigned
in NMR spectra, either due to low intensity or overlap with the broad and intense signal of the
polymer side chain. Important to note, the same peak shifting is observed after the reaction
between oxidized 4AMTPPC (4MPTO.PC) and GHS (Supporting information Figure S7). Signal
5 shifts completely after incubation in PBS but not TRIS-HCI, In addition, after conjugation in
TRIS-HCI, signal 6 remains largely unchanged, it essentially disappears after incubation in

PBS.

The presence of side reactions such as cyclization [157] or rapid hydrolysis of resulting
thioester bonds cannot be excluded. Mitamura et al. reported on the rapid hydrolysis of the
thioester bond in GHS conjugated products and reports the presence of a thiocarboxylic acid
and an elimination product of the thioester in mass spectra [158]. Here, MALDI-ToF mass

spectrometry was performed to confirm the successful GHS conjugation. Interestingly,
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compared to PSaroxid, the MALDI-ToF MS of PSarchs is much better resolved again gives a
clear and narrow m/z distribution. While we could not attribute signals of the fully desired GHS
conjugate PSarGHS, the most intense distribution can be attributed to a thiocarboxylic acid
fragment with a K* (a) ion doping (Figure 10c). We suppose that resulting PSarchs is not
ionized efficiently itself but rather degrades during MALDI-ToF analysis. However, also the
presence of the signals attributed to partly oxidized (€) and oxidized (&) PSar with amine w-
termini as well as partly hydrolyzed PSar bearing sodium (y) and potassium (B) ion doping is
observed (Figure 10c). The presence of the PSarqq clearly shows that the conversion is not

the complete under the chosen conditions.

Results obtained after conjugation with a red fluorescent protein (RFP) were found to be less
successful. RFP was incubated with PSar.yiq (with 1:5 ratio, respectively) in PBS (pH = 8.0) for
4 h. The resulting product (PSarrrp) was purified with a centrifugal filter and analyzed with

FPLC (Figure 11a) and PAGE techniques (Figure 11b).

Judging from FPLC traces before and after conjugation (Figure 11a), only a minor fraction of
RFP was conjugated with PSar, as evidenced by a minor shoulder at lower elution volumes.
The PSargep reaction mixture is represented with two clear signals attributed to excessed
PSarq.iq and conjugated RFP (Figure 11a, dark blue). This unexpected observation could be
related either to inferior conjugation degree or decreased PSargrrr hydrodynamic radius after
functionalization. A noticeable decrease of the second peak and increased molecular weight
shoulder after centrifugation (most molecules lower than 10.0 kg/mol were removed) are
observed (Figure 11a, blue). Side reactions could also explain the presence of the high
molecular shoulder in PSargep traces during conjugation. PAGE analysis shows that
electrophoretic patterns of RFP alone exhibit a characteristic band at ca. 25 kg/mol while the
conjugated PSargrrp before centrifugation shows three prominent bands that could be attributed
to free RFP and the desired PSarrre that appeared at lower M., which suggesting that
presence of PBS increases the migration rate of PSargep (Figure 11b). PAGE of the purified
PSarrer shows only one band at the same region that native RFP and the presence of minor

smear at higher My, was not detected (Figure 11b). We expectthat reaction conditions critically
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influence the degree of conjugation and that further improvements are needed. BSA was
selected as another model protein for conjugation due to its ready availability, robust nature,
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Figure 12. a) Water GPC traces of the bovine serum albumin conjugated polysarcosine. b) Visualization of
bovine serum albumin conjugate using sodium dodecyl sulphate—polyacrylamide gel electrophoresis (SDS-
PAGE). Protein molecular weight standards (M); native oxidized polysarcosine (PSaroxid); native bovine serum
albumin (BSA) bovine serum albumin conjugate performed at pH = 8.5 (PSarssa1) and bovine serum albumin
conjugate performed at pH = 11 (PSargsa2)

and the presence of an accessible free thiol at Cys-34 and 60 free amine groups available for
conjugation [159-161]. The conjugation method uses a large excess of PSareida (Mw = 3.5
kg/mol). The experiment was carried out for 5 h and 72 h in PBS at pH = 8.0. Subsequently,
the reaction mixture was dialyzed against water for 4 h to remove unreacted polymer before
lyophilization. GPC analysis shows a minor shift after 5 h and a significant tailing at higher
molar mass after 72 h (Figure 12a). The negligible molar mass difference between PSargsa
and native BSA suggests that the conjugation via the amine group is avoided under these pH
conditions, and only cysteine group is available for interaction. PSargsa incubated for 72 h
shows higher molecular weight tailing compared with native BSA and, also, presence of low
molecular weight tailing for signal attributed to PSaroia (Figure 12a). The presence of tailing
points that increased incubation time leads to increased side reactions with PSaroyq4 like chain
coupling or degradation and increases the degree of conjugation (Figure 12a). The SDS-PAGE

analysis of PSargsa performed after coupling in PBS at pH = 8.5 (PSargsa1) and 11 (PSargsaz)
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demonstrate a successful mere successful result. A small but distinct increase in molar mass
was found between BSA and its corresponding conjugates (PSargsai and PSargsaz),
respectively. The average molar mass was estimated to be ca. 75-80 kg/mol (supporting
information Figure Sl). Our results suggest that the degree of conjugation depends on the pH
of the reaction media (Figure 12), which is well known for the reaction of activated carboxylic
acids. The difference in band intensity points that significant excess of unreacted PSar is

present even after 24h of dialysis (membrane pore size is 10 kDA).

Conclusions

This study describes the first synthesis of a functional and activatable initiator for the living
ring-opening  polymerization of N-carboxyanhydrides. Well-defined functionalized
polysarcosines bearing this initiator can be activated via oxidation (using m-CPBA) and utilized
for post-polymerization modification with different -SH and -NHz nucleophiles of low and high
molecular weight nucleophiles, including bovine serum albumin as a model protein. Successful
functionalization was demonstrated by NMR spectroscopy, GPC, FPLC, SDS-PAGE and
MALDI-ToF spectrometry. Even though there are limitations due to occurring hydrolysis of the
functionalized group during storage and imperfect conjugation, we believe that the introduced
method is an exciting tool for the post-polymerization bioconjugation of polypeptides and

polypeptoids and could also be extended to other classes of polymers.
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