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Amphiphilic Zwitterionic Bioderived Block Copolymers from
Glutamic Acid and Cholesterol — Ability to Form
Nanoparticles and Serve as Vectors for the Delivery of

6-Mercaptopurine

Meike N. Leiske,* Christopher Kuenneth, Jonas De Breuck, Bruno G. De Geest,

and Richard Hoogenboom*

In this work, the straightforward synthesis of amphiphilic zwitterionic
bioderived block copolymers (BCPs) using glutamic acid (Glu) and cholesterol
(Chol) as building blocks are reported. The previously established
Glu-derivative NBoc-Glu-OtBu-methacrylate (NBoc-Glu-OtBu-MA) serves as
hydrophobic precursor for the zwitterionic block, while a mostly unexplored
cholesteryl-derived methacrylate monomer (Chol-MA) with increased side
chain flexibility functions as the hydrophobic block. In the first step,
NBoc-Glu-OtBu-MA is polymerized via reversible addition-fragmentation
chain-transfer (RAFT) polymerization. Afterward, the linear polymer is
chain-extended with Chol-MA, yielding P(NBoc-Glu-OtBu-MA),-b-(Chol-MA),,
BCPs with varying block ratios. After deprotection under acidic conditions,
polymers with a block weight ratio of 87:13 (Glu-OH-MA:Chol-MA) readily
assemble into polymeric nanoparticles (NPs) of a desirable size below 100 nm
diameter, making them good candidates for biomedical applications. The
experimental results are supported using computations of the partition
coefficients and machine learning models for the prediction of the polymer
densities of the different BCPs. In addition, high (up to 20 wt.%) loading of
the hydrophobic anti-cancer drug 6-mercaptopurine (6-MP) is achieved in
these NPs during the assembly process. The cytostatic activity of 6-MP NPs is
demonstrated in vitro on MDA-MB-231 breast cancer cells. These results
emphasize the potential of amphiphilic zwitterionic bioderived NPs for the
delivery of hydrophobic drugs.

1. Introduction

During the last decades, polymer
nanomedicine  has  received rising
attention.'!!"  Synthetic polymers were

used for drug delivery platforms in differ-
ent ways: i) polymer nanoparticles (NPs),
ii) stimuli-responsive polymer-drug conju-
gates, or iii) therapeutic polymers.[?! The
use of polymers is rapidly emerging, and
conjugation of drugs can help to improve
their solubility,l®! blood circulation time,*!
and tissue distribution,®! which leads to
a reduction of interaction with nontumor
cells and limit toxic side effects.
Hydrophilic non-ionic polymers
such as poly(ethylene glycol) (PEG),®
poly(cyclic imino ether)s,l”] and poly(2-
hydroxypropylmethacrylamide)®)  exhibit
low protein adsorption and prolonged
blood circulation time, and, therefore, have
gained interest to suppress unwanted in-
teractions with proteins and cells.’) While
low fouling properties are advantageous to
decrease unwanted cellular interactions,
they can also reduce the association with
the target tissue and cells, which is known
as the PEG dilemma.’™ % Interestingly,
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zwitterionic ~ polymers, can combine low fouling
characteristics!"'1?l while showing specific uptake by cancer
cells in vitro and accumulation in solid tumors in vivo.[!314
Previously, most studies have focused on polybetaines (i.e.,
carboxybetaines, sulfobetaines, or phosphobetaines).'?* % 1t is
assumed that surface proteins, such as amino acid transporters
— which are sometimes referred to as zwitterion transporters —
contribute to this specificity.'*l Recently, Sakurai and co-workers
reported on the affinity of polycarboxybetaine bottle brushes
to zwitterionic transporters on the cell surface.'* More re-
cently, amino-acid-derived zwitterionic polymers were reported
to show an even stronger affinity to cancer cells compared to
polybetaines.[1! The contribution of amino acid transporters
to the specific uptake of a-amino-acid-functionalized polymers
was demonstrated by different groups.'*> 7] In addition, their
chemical versatility allows an effortless manipulation of the
polymer structure. We have previously shown that modifica-
tions to the polymer backbone can be exploited to tailor the
properties and cell specificity of glutamic acid (Glu)-derived
polyzwitterions.'’?  Glu-functionalized ~ polymethacrylates
showed the highest specificity to MDA-MB-231 breast cancer
cells. One advantage of the previously developed Glu-derived
systems is the hydrophobic character of the NBoc-Glu-OtBu
making the derived polymers accessible for chain-extension
with hydrophobic monomers due to solubility in similar sol-
vents. In contrast, zwitterionic polybetaines are predominantly
polymerized in aqueous media.l'®! Cholesterol, which is an
important component of the lipid double layer of cells,['®] is an
established component for the formulation of stable liposomes
including the COVID-19 vaccines.['®l Previously, cholesterol-
methacrylate monomers were successfully prepared by reacting
the hydroxyl group of cholesterol with methacryloyl chloride.2!
The polymerization of the resulting cholesteryl methacrylate
mostly resulted in oligomers,[?!l potentially caused by steric hin-
drance and solubility issues. To the best of our knowledge, the
preparation of amphiphilic block copolymers (BCPs) consisting
of a hydrophobic cholesterol-derived block and a hydrophilic,
zwitterionic block has not been reported to date. However, it
seems an attractive strategy for the development of bioderived
drug delivery vectors for hydrophobic drugs.

6-mercaptopurine (6-MP), a thiol-containing nucleobase ade-
nine and guanine analog, is an anticancer drug. As antimetabo-
lite, it can be incorporated into DNA and, consequently, interferes
with DNA production and cell division.!??] To date, 6-MP is used
for the treatment of lymphoblastic leukemia and lymphoblas-
tic lymphoma,?*] however, its therapeutic efficacy is hampered
Dby its low bioavailability, short blood circulation times, and vari-
ous side effects (e.g., diarrhea, nausea, vomiting, loss of appetite,
or fatigue). To improve its performance, its insolubility in aque-
ous systems and unwanted absorption to serum proteins must
be overcome.[?*] Previously, efforts have been made to improve
the drug’s performance by the conjugation to polyethylenegly-
col (PEG)!®] or encapsulation into chitosan NPs.?*" To the best
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of our knowledge, the encapsulation of 6-MP into amphiphilic
zwitterionic polymeric transporters has not been reported.

Previously, we studied the synthesis and polymerization of
different vinylic Glu-derivatives and demonstrated specific in-
teraction of these polymers with cancer cells, compared to
non-cancerous cells, in vitro.'”’! Polymers made from a Glu-
derived methacrylate (P(Glu-OH-MA)) featured controlled poly-
merization, low side-chain hydrolysis, and high cellular speci-
ficity. Hence, we decided to use P(Glu-OH-MA) as a hydrophilic
block for the design of amphiphilic BCPs comprising cholesterol
motifs in the hydrophobic block. The synthesis of cholesteryl
methacrylates from cholesterol and methacryloyl chloride has
been previously reported.?’! However, solution polymerization of
this monomer remains challenging and often leads to oligomers
instead.?!] Therefore, we elaborated on a different approach
in the current study, aiming to design a vinylic cholesteryl
monomer, which can be (block co-)polymerized in solution in a
controlled manner.

The work in this study is supported by polymer informatics
approaches. Past efforts in the field of polymer informatics have
demonstrated the capacity of data-driven machine-learning tech-
niques to expedite discovery, design, development, and deploy-
ment of polymeric materials.[?! These techniques leverage ex-
perimental and computational data to make predictions in unex-
plored parts of the polymer chemical space and guide subsequent
experimentation.?’] The computation of the partition coefficients
and prediction of the polymer densities (using the predictors of
the Polymer Genome project),?®! which is done in this work, is
an example of the extensive capabilities and potentialities encom-
passed by polymer informatics.

Here we developed nanocarriers based on BCPs composed of a
hydrophobic, cholesterol-derived block and a hydrophilic zwitte-
rionic glutamic-acid-derived block. Therefore, we chose a mostly
unexplored cholesteryl methacrylate (Chol-MA) with enhanced
side chain flexibility and synthesized polymers via reversible
addition-fragmentation chain-transfer (RAFT) chain-extension
polymerization. To this end, we first polymerized NBoc-Glu-
OtBu via RAFT polymerization as previously established, result-
ing in monomodal distributed homopolymers, which could be
chain-extended with Chol-MA. After deprotection, the zwitteri-
onic, amphiphilic BCPs were assembled into polymeric NPs. We
also computed the partition coefficient’?’>?] and use the Polymer
Genomel?! framework to predict density and volume fractions
of each block in the BCPs. We applied the BCPs for the encap-
sulation of 6-MP and evaluated their cytostatic activity in vitro on
MDA-MB-231 breast cancer cells.

2. Results and Discussion

2.1. Synthesis and Characterization

In the first step, the Chol-MA monomer was synthesized. Previ-
ously, this monomer has been synthesized from cholesterol and
2-methacryloyloxyethyl isocyanate.*%) In this study, we decided
to react aminoethyl methacrylate hydrochloride and cholesteryl
chloroformate (Scheme S1, Supporting Information) instead to
form the carbamate bond. The formation of Chol-MA from
aminoethyl methacrylate and cholesteryl chloroformate was ver-
ified via 'H NMR analysis of the purified monomer (Figure 1A),
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Figure 1. Characterization of Chol-MA. A: "H NMR spectrum (300 MHz,
CDCl,). B: 13C (DEPT) NMR spectrum (75 MHz, CDCl;).

showing the appearance of the typical vinyl signals at § = 6.06
(H2) and 6 = 5.54 (H2’) ppm. The appearance of the NH-peak
at 6 = 4.80 ppm indicated the successful formation of the car-
bamate bond during the reaction. In addition, *C NMR spec-
troscopy (Figure 1B) confirmed the success of the reaction by a
downfield shift of the corresponding carbonyl carbon (C7) to 6 =
156.1 ppm.

BCPs were prepared via RAFT polymerization using a
monomer (M) to chain-transfer agent (CTA) ([M]/[CTA]) ratio
of 150:1 with 4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]-
pentanoic acid (CDTA) as CTA based on our earlier reports on
the polymerization of NBoc-Glu-OtBu-MA.["" This Glu-derived
monomer features a Boc-protecting group on its amine function-
ality as well as a tBu-group protecting the a-carboxylic acid, while
its y-carboxylic acid was used for the esterification with hydrox-
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yethyl methacrylate. After 20 h, a near quantitative monomer con-
version (> 95%) was confirmed by the absence of vinyl groups in
the "H NMR spectrum, yielding P(NBoc-Glu-OtBu-MA),,,-CTA.
After purification, the obtained macro-CTA was chain-extended
with Chol-MA at different [M]/[CTA] ratios (i.e., 20:1, 50:1, 75:1).
Due to the limited solubility of Chol-MA in toluene and dimethyl-
sulfoxide (DMSO), chloroform was chosen as a reaction solvent
for the chain-extension reaction (Scheme 1).

All block copolymerization reactions reached conversions of
50 — 65% of Chol-MA, yielding a small series of BCPs. Excessive
Chol-MA was removed by precipitation of the polymer in ice-cold
n-hexane. The molar mass distribution of the different polymers
was analyzed by size-exclusion chromatography (SEC) on three
different systems using N,N-dimethylformamide (DMF), tetrahx-
drofuran (THF), and CHCI, as eluents (Table 1 and Table S1,
Supporting Information Figures 2 and 4). Notably, these sol-
vents have been reported earlier as suitable solvents for choles-
terol derivatives.®!] Compared to the Glu-derived homopolymer
P(NBoc-Glu-OtBu-MA),,,, a negligible shift of the peak maxi-
mum to lower retention times was observed in DMF, even for
P(NBoc-Glu-OtBu-MA), ,,-b-P(Chol-MA),, (Figure S3A, Support-
ing Information). We attribute this to a collapse of the BCPs in
DMF, which was also indicated by the observed stagnation of the
number-average molar mass (M,) and dispersity (D) (Table 1)
as well as other indicators (i.e., asymmetry factor (A,), skewness
(a;), and kurtosis (a,)), calculated from the SEC measurements
(Table S2, Supporting Information).[3? Similar results were ob-
tained when using THF as an eluent (Figure 2B). Only SEC anal-
ysis using CHCI, as an eluent revealed an obvious shift of the
elugrams of BCPs to lower retention times compared to the Glu-
derived homopolymer (Figure 2C). (Table 2)

Deprotection of the Boc groups by previously established
conditions,”" yielded P(Glu-OH-MA), ,,-b-P(Chol-MA)_ BCPs.
Due to the limited solubility of P(Glu-OH-MA), ,, and P(Glu-OH-
MA),,o-b-P(Chol-MA),, in organic solvents, they were analyzed
via thermogravimetric analysis (TGA; Figure S4, Supporting In-
formation). We observed that the polymers degraded in differ-
ent stages. The first stage of mass loss (90 °C) was associated
with the loss of water.[**] After that, P(Glu-OH-MA),,, decom-
posed in four stages: i) 100 °C — 190 °C (24 wt.% mass loss),
ii) 190°C — 258°C (18 wt.%mass loss), iii) 258 °C — 348 °C (14
wt.%mass loss), and iv) 348°C — 500°C (23wt.%mass loss). The
first stage was presumably associated with the decarboxylation
of the free acid in the side chain akin to poly(acrylic acid),**
while the second degradation step was likely caused by anhy-
dride formation.[* During the third decomposition stage, ester
bonds were cleaved, which has been previously also shown for
cationic amino-acid-derived polymethacrylates.**! The fourth re-
gion indicated the degradation of the polymeric backbone.l*”] In
case of P(Glu-OH-MA), ,,-b-P(Chol-MA),, a similar degradation
profile was observed, however showing weight losses of i) 15, ii)
13, iii) 19, and iv) 29 wt.%, respectively. The differences were at-
tributed to the cleavage of carbamate bonds during the third stage
of decomposition[*®! as well as the degradation of cholesterol
within during the fourth region,?? indicating the presence of
Chol-MA in the deprotected BCP. In addition, Fourier-transform
infrared spectroscopy (FTIR) measurements confirmed the pres-
ence of cholesterol units (Figure S5, Supporting Information) by
the bands observed at v~ = 3390, 2775 — 3000, 1634, and 1360

© 2023 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH

85U8017 SUOWIWOD SAIIER.D 3[dedl|dde ) Aq peusenob ae e YO 8sn Jo Sajni o Akeiq1T8UIIUQ A3V UO (SUONIPUOD-PUR-SLLIBIWO A8 |Im ARe.q 1 jBulUo//SdNL) SUONIPUOD pue sWie 1 84} 88S *[£202/TT/0T] Uo ARigiauliuo A8|im ‘yineied 1we1seAlun Ag 00200£202 dIew/200T 0T/10pAL0o A8 | imAreiqijpul|uo//sdny wouy pepeojumod ‘0 ‘SE6ETZST



ADVANCED
SCIENCE NEWS

M

Chemistry ana Physics

www.advancedsciencenews.com

www.mcp-journal.de

R z
| |
N o z "
. rf o R R
oo Ho)l\/\’/ I CizHas X0 0”0 oMo 0”70 0”70
lNl Chol-MA, AIBN = AIBN, Luperox TFA KI
[ e Oy, 0 _— . HN_ _O —_— HN_ _O
AIBN CHCI, Ar Toluene, Ar RT,1h ¥
P Toluene, Ar N 70°C, %4 h o 80°C,2h L

| 70°C,20 h

Scheme 1. Synthesis of amphiphilic BCPs featuring a hydrophilic Glu-OH-MA block and a hydrophobic Chol-MA block. For simplification purposes,

Glu-OH-MA is shown in its non-ionic form.

Table 1. Characterization of polymers.

Polymer mol% mol% M, ) M, D9 M, 125
NBoc-Glu-OtBu-MA? Chol-MAP [kg mol~"] [kg mol~T] [kg mol~T]
P(NBoc-Glu-OtBu-MA) 110 100 0 209 138 303 122 375 128
P(NBoc-Glu-OtBu-MA) 49-b-P (Chol-MA) 1 93 7 233 131 30.1 130 342 137
P(NBoc-Glu-OtBu-MA)49-b-P (Chol-MA) 5, 82 18 25.1 124 310 125 39.6 127
P(NBoc-Glu-OtBu-MA)49-b-P(Chol-MA) 4o 78 22 23.8 1.51 33.8 1.20 39.5 1.27

a)

DMF supplemented with LiBr (5 g L™"); PS-calibration.

cm™!, corresponding to Chol-MA. FTIR further confirmed the
purity from trifluoroacetic acid by the absence of its characteris-
tic bands at v~ = 3250 and 1790 cm™.

2.2. 6-Mercaptopurine-loaded NPs

NPs were prepared from deprotected BCPs, via the thin-film
assembly techniquel*®! (Scheme 2). Dynamic light-scattering
(DLS) analysis indicated that, out of the three tested polymers,
only P(Glu-OH-MA),,,-b-P(Chol-MA),, formed NPs (Figures S6
and S7, Supporting Information. For this reason, all further
experiments were conducted with P(Glu-OH-MA), ,,-b-P(Chol-
MA),,.

To further understand the assembly of the designed am-
phiphilic BCPs, we used machine learning models of the Poly-

Calculated from monomer conversion obtained from "H NMR (300 MHz) in CDCly; b

)SECiin CHCl;; polystyrene (PS)-calibration; 9SECin THF; PS-calibration; 9 SEC in

mer Genome project?’> 2! to predict the densities (Figure 3A)
and volume fractions (Figure 3B) of the block copolymers.

The predictions showed larger block densities with increasing
degree of polymerisation (DP) content as reported elsewhere.!*!]
The densities of the relevant repeating units were predicted to i) p
=1.6 g cm™ for P(Glu-OH-MA),,, and ii) p=1.05t0 1.11 gcm™
for P(Chol-MA),, to P(Chol-MA),,. Based on these values, the rel-
ative volume fractions of the zwitterionic hydrophilic Glu-OH-
MA block and the hydrophobic Chol-MA block were calculated.
We found an increase in the volume fraction of the hydropho-
bic block from 18 to 43% with increasing Chol-MA content. Pre-
vious studies reported that amphiphilic BCPs with hydropho-
bic blocks of up to 50% volume fractions could form micellar,
spherical NPs.[*?l However, in our case, only the BCP with 18%
Chol-MA volume fraction formed spherical micelles. To solve
this, it was assumed that the longer Chol-MA block prevents

1.09 A: DMF 1.0 B: THF 1.09 C: CHCls
2 08+ 2> 0.8 2 0.8
[7] (72} (72}
c c c
2 ) 2
£ 061 £ 06 £ 0.6+
° el el
(] Q Q
© 4 © - [ oot
E 04 § 04 g 04
o (=} [=}
2 Zz =
0.2 0.2 0.2
0.0 : - ) 0.0+—— ; ; ) 0.0+- ; = ,
1000 10000 100000 1000000 1001 10000 100000 1000000 1000 10000 100000 1000000
-1 -1 -1
M, [g mol’] M, [g mol'] M. [g mol’]

P(NBoc-Glu-OtBu-MA), ,
P(NBoc-Glu-OtBu-MA), ,-b-P(Chol-MA),

—— P(NBoc-Glu-OtBu-MA),,,-b-P(Chol-MA),
—— P(NBoc-Glu-OtBu-MA), -b-P(Chol-MA)

Figure 2. Characterization of the molar mass distribution of P(NBoc-Glu-OtBu-MA);,o homopolymer and chain-extended P(NBoc-Glu-OtBu-MA) -
b-(Chol-MA),,, BCPs. Polymers were synthesized via RAFT polymerization. A) SEC measurements in DMF. Molar mass distribution obtained from PS
calibration. B) SEC measurements in THF. Molar mass distribution obtained from PS calibration. C: SEC measurements in CHCl;. Molar mass distri-
bution obtained from PS calibration. For elugrams see Figure S3 (Supporting Information).
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Table 2. Molar and weight ratios of Glu-OH-MA and Chol-MA repeating units in different BCPs as determined (see Table 1).

Polymer mol%?) mol%? wt.%?) wt. %% Vi) (Chol-MA) Log p9 [a.u.]
Glu-OH-MA Chol-MA Glu-OH-MA Chol-MA %]

P(Glu-OH-MA) 140 100 0 100 0 0 ~155.42

P(Glu-OH-MA),4-b-P(Chol-MA) 1, 93 7 87 13 18 ~144.28

P(Glu-OH-MA),9-b-P(Chol-MA)5, 82 18 69 31 40 ~147.87

P(Glu-OH-MA) 14-b-P(Chol-MA) 5 78 2 63 37 46 ~149.88

n.a. not available * determined from 'H NMR conversion of the monomers after RAFT polymerization;

project; 9 computed using RDKit.

the micellar-forming process because of increased hydrophobic-
ity that can be determined using the partition coefficient of the
blocks. Due to the demanding chemistry and solvability of the
amphiphilic zwitterionic polymers, standard experimental anal-
yses of the partition coefficient were not conducted. Instead, we
computed the partition coefficient of the block copolymers us-
ing the cheminformatics tool RDKit!**] which implements the
method described by Wildman and Crippen!®! (Figure 3C, D).
Interestingly, we found that BCPs with ten units of Chol-MA pos-
sessed the highest theoretical partition coefficient (log p = —145.5
a.u.) and hydrophobicity respectively, while the addition of more
Chol-MA units led to a decrease of log p, indicating a more hy-
drophilic character of the BCP despite the longer hydrophobic
blocks of 31 or 40 repeating units of Chol-MA. We attributed this
behavior to the hydrophilic groups in the side chain of Chol-MA,
thereby emphasizing the importance and interplay of all com-
ponents of the chemical structure of a polymer. This computa-
tional finding matches our experiments that only BCP with 18%
Chol-MA forms spherical micelles and, therefore, the combina-
tion of the increased volume fraction and hydrophilicity of Chol-
MA block of longer DPs are unfavorable for self-assembly of the

) {
Polymer-drug mixture in Thin-film of

unselective solvent (MeOH) polymer and drug

Hydration
_—

b computed from the density predictions from the Polymer Genome

presented BCPs. Furthermore, these computations highlight the
potential of harnessing synergies between experiments and the-
ory, and the pivotal role of data-driven machine learning mod-
els in the design and development of polymeric materials and
systems.

Owing to its ability to form NPs in aqueous medium, P(Glu-
OH-MA),,y-b-P(Chol-MA),, was selected for the encapsulation of
6-MP into NPs. To this end, 6-MP was dissolved together with the
polymer before thin-film formation, followed by the same proce-
dure as empty described above for the formation of empty NPs.
Importantly, NP solutions were absent of aggregates, suggesting
the successful encapsulation of 6-MP into polymer NPs. DLS
analysis (Figure 4, Figure S7, Supporting Information) showed
monomodal size distributions for NPs with a theoretical drug-
loading up to 15wt.%, a z-average of 75 to 80 nm in diameter, and
a rather narrow polydispersity index (PDI) of 0.2 to 0.3 (Table S2,
Supporting Information). NPs with 20 wt.% of 6-MP were slightly
bigger (z-average = 90 + 20 nm), and, although monomodal,
also featured slightly more variation in size. Consequently,
all NP formulations were found suitable for further in vitro

testing.

Drug-loaded nanoparticles\‘l
in selective solvent (DPBS)

Scheme 2. Depiction of the thin-ilm assembly of 6-MP (drug) and P(Glu-OH-MA),,-b-P(Chol-MA),, (polymer). Both, the drug, and the polymer are
dissolved in an unselective solvent (MeOH) and mixed in a small reaction vial. The vials are shaken at room temperature overnight under continuous
airflow to remove the organic solvent and form a thin film on the glass. Upon hydration with a selective solvent (Dulbecco’s phosphate buffered saline
(DPBS)), drug-loaded NPs are formed.
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Figure 3. Block density, volume fraction, and partition coefficient of block polymers. The block densities were predicted using machine learning models
of the Polymer Genome project, volume fractions were computed using the block densities predictions, and the partition coefficients were calculated
using the cheminformatics tool RDKit. A) block densities of P(Glu-OH-MA),, and P(Chol-MA) .. B) volume fractions of P(Glu-OH-MA) 149 and P(Chol-
MA),, of different block copolymers. C) chemical structures of P(Glu-OH-MA) and P(Chol-MA) highlighting the hydrophilic (red) and hydrophobic (blue)
regions of the structures. The stars in the chemical drawings of panel C indicate the endpoints of the polymer repeat unit. D) Partition coefficients (log
p) of different BCPs with P(Chol-MA) blocks of varying lengths. Arrows indicate the polymers synthesized within this study.

2.3. Cytotoxicity

We first tested the cytotoxicity of 6-MP NPs on MDA-MB-231
breast cancer cells using an MTT assay with an incubation time
of 24 h (Figure 5; Table S3, Supporting Information). Control
NPs without 6-MP did not exhibit acute cytotoxicity (cell viabil-
ity > 70%, cfr. ISO-109931*)) up to a concentration of 0.50 mg
mL?!, suggesting their suitability as a drug carrier. In contrast, 6-
MP-loaded NPs induced concentration-dependent cytotoxicity on
MDA-MB-231 breast cancer cells, showing a significant decrease
in viability down to 61 + 6% of the negative control (p < 0.0005)
at the highest tested concentration (0.50 mg mL~! polymer con-
centration). Interestingly, the drug loading did not influence the
cytotoxic activity of the 6-MP NPs.

Clearly, none of the 6-MP NPs was able to reduce the cell viabil-
ity below 60%, which suggests a lack of acute cytotoxicity caused
by the drugs whose mechanism of action is through interfer-
ence with cell proliferation and DNA synthesis.[**] In fact, un-
encapsulated 6-MP, added to MDA-MB-231 breast cancer cells
from a DMSO stock solution, only reduced the cell viability to
a minimum of 73 + 7% (p < 0.00005), which further empha-
sizes the potential resistance of MDA-MB-231 breast cancer cells
to 6-MP, which could be facilitated by the expression of multi-
ple drug resistance-associated protein (MRP4) in triple-negative
breast cancer cells, such as MDA-MB-231 cells.[*S]
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6-MP NPs were then tested in a three-day in vitro assay
to assess their potential to inhibit cell proliferation (Figure 6;
Figure S8, Tables S4 and S5, Supporting Information). Empty
NPs only slightly affected cell viability, similarly as observed in
the 24 h experiment (Figure 5A). In contrast, treatment with
6-MP NPs induced a significant decrease in cell growth (p <
0.00005) at all three tested drug loadings (i.e., 5, 10, and 20 wt.%
6-MP; polymer concentration 0.5 mg mL!; Figure 5A).

In addition, treatment with lower doses of 6-MP NPs (i.e.,
0.25 mg mL?, 0.13 mg mL!, and 0.06 mg mL"') revealed an
expectedly lower therapeutic effect. Notably, the total cell num-
ber did decrease below the starting population after 3 days of
treatment, which further highlights the absence of acute cytotox-
icity of 6-MP. In fact, as a nucleobase analog, 6-MP interferes
with the proliferation of cells, i.e., by being built into the DNA
of the new cells which derive from mitosis.??*’] In contrast to
DNA intercalating agents such as anthracycline drugs, 6-MP has
a limited effect on existing cells but rather prevents them from
proliferating.[*®]

While the results comparing NPs with varying drug loading
delivered the expected results of an increased cytostatic effect
for NPs with higher drug loading (i.e., 20 wt.%) compared to
those with less drug (i.e., 5 wt.%), we were curious about the real
benefit of the higher drug loading and thus, also compared for-
mulations with identical drug concentrations and, consequently,
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Figure 4. Intensity-weighted size-distribution of polymer NPs. NPs were
prepared from P(Glu-OH-MA)4y-b-(Chol-MA),, and 6-MP at indicated
concentrations via thin-film assembly in DPBS at room temperature. NPs
were analyzed via DLS measurements at 25 °C (5 measurements with 3
runs each). Weight percentage (wt.%) of 6-MP is relative to polymer mass
and assumes 100% drug loading efficiency. Final polymer concentration
was 1 mg mL™". A) Size and PDI of NPs shown as mean and standard de-
viation (SD). B) Normalized intensity distribution traces, shown as mean
and SD. For values, refer to Table S2 (Supporting Information).

varying polymer amounts with each other (Figure 6B and C).
Cells treated with empty NPs revealed constant proliferation (cell
population > 70% compared to the control) independent from
the polymer concentration, indicating that the effect of the poly-
mer itself can be neglected. At a drug concentration of 25 pg
mL~!, NPs with 5 wt.% 6-MP reduced the cell population to 39
+ 2% (p < 0.00005), 10 wt.% 6-MP led to a reduction to 42 +
3% (p < 0.00005), and NPs with 20 wt.% had the least effect on
the cell population, which was reduced to 56 + 6% (p < 0.005).
These results suggest that at the same drug dose, those NPs with
lower 6-MP-loading are beneficial to suppress cell proliferation.
We assume that the explanation for this phenomenon lies within
the number of NPs the cells were treated with. As DLS analysis
has shown us that NPs with different drug content are of similar
size, it can be concluded that NP solutions if varying 6-MP con-
centrations contain a similar number of NPs. It is thus concluded
that NPs with lower 6-MP-loading already contain enough 6-MP
to induce a cytotoxic effect, however, the NPs can reach a larger
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number of cells, due to the increased number of NPs present in
solution. Detailed studies on the cellular association and inter-
nalization of these NPs will be conducted as part of future stud-
ies further investigating the versatility of these systems. Our re-
sults demonstrate the suitability of NPs made from amphiphilic,
bioderived polymers for the delivery of 6-MP. Furthermore, it is
emphasized that ultrahigh drug loading is not necessary to in-
duce cytostatic effects in MDA-MB-231 breast cancer cells. Fu-
ture studies will further explore these interesting BCPs in poly-
mer drug delivery and their potential to form different kinds of
assemblies in solution.

3. Conclusion

Amphiphilic BCPs consisting of the zwitterionic hydrophilic
Glu-derived methacrylate Glu-OH-MA and the hydrophobic
cholesteryl methacrylate monomer Chol-MA were synthesized.
The Glu-derived block was synthesized via RAFT polymerization
and subsequently chain-extended with Chol-MA to yield BCPs
with different hydrophilic-hydrophobic ratios. BCPs were assem-
bled via thin-film assembly yielding polymer NPs of a diam-
eter of 75 nm depending on the computed density and vol-
ume fraction of the two blocks, as well as the computed par-
tition coefficient of the respective polymer. NPs consisted of a
hydrophobic, cholesterol-derived core and a hydrophilic zwitte-
rionic Glu-derived shell. The hydrophobic anti-cancer drug 6-
mercaptopurine could be encapsulated into NP at a drug load-
ing of up to 20 wt.%. 6-MP-loaded NPs induced cytostatic effects
on MDA-MB-231 breast cancer cells in vitro while empty NPs
were non-toxic. Our current results emphasize the suitability of
biomimetic, amino-acid-derived NPs for drug delivery applica-
tions.

4. Experimental Section

Materials:  Lauroyl peroxide (Luperox, Acros Organics), toluene
(Sigma-Aldrich), ethyl acetate (Sigma-Aldrich), n-hexane (Sigma-Aldrich),
2-hydroxyethyl methacrylate (HEMA, TCl), Boc-L-glutamic acid a-tert-butyl
ester (Sigma Aldrich), anhydrous dichloromethane (DCM, Sigma-Aldrich),
N,N-dimethylacetamide (DMAc, HPLC grade, 99.84+%), lithium chlo-
ride (LiCl, Fisher Scientific), N,N-dicyclohexylcarbodiimide (DCC, Sigma-
Aldrich), 4-dimethylamino-pyridine (DMAP, Sigma Aldrich), 4-cyano-
4-[(dodecylsulfanylthiocarbonyl)sulfanyl]-pentanoic acid (CDTA, Sigma-
Aldrich), Dulbecco’s phosphate buffered saline (DPBS, Gibco), fetal
bovine serum (FBS, Gibco), Dulbecco’s Modified Eagle Medium: Nutri-
ent Mixture F-12 (DMEM/F12, Gibco), Trypsin (Gibco), were used as re-
ceived. Deionized water was prepared with a resistivity <18.2 MQ cm
using an Arium 611 from Sartorius with the Sartopore 2 150 (0.45 +
0.2 um pore size) cartridge filter. Azobisisobutyronitrile (AIBN, Sigma-
Aldrich) was recrystallized from methanol prior to use. All other chemicals
were purchased from standard suppliers and used as received. NBoc-Glu-
OtBu-methacrylate (NBoc-Glu-OtBu-MA) was synthesized as previously
reported by the group.!'7?!

Nuclear Magnetic Resonance (NMR) Spectroscopy: 'H and '*C Distor-
sionless Enhancement by Polarization Transfer (DEPT) Nuclear Magnetic
Resonance (NMR) spectroscopy. NMR spectroscopy of all samples was
carried out using a Bruker AVANCE Il HD 300 MHz or 400 MHz spec-
trometer as indicated utilizing deuterated solvents obtained from Sigma-
Aldrich.

Size-Exclusion Chromatography (SEC): SEC was performed on three
different systems as indicated to analyze the polymer masses and disper-
sity.
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Figure 5. Cell viability of MDA-MB-231 breast cancer cells after incubation with A) various NP formulations at indicated concentrations and B) unformu-
lated 6-MP added from DMSO stock solutions for 24 h. Weight percentage (wt.%) of 6-MP is relative to polymer mass and assumes 100% drug loading
efficiency. Cell viability was determined by MTT assay. Concentrations in legends refer to polymer concentration in (A) and corresponding polymer con-
centration in (B). Cells without polymer treatment served as negative control (NC, 100% cell viability). Values shown are relative to the NC. Cells treated
with 20% DMSO served as positive control (PC, 0% cell viability, data not shown). In (B), NCs were observed from treatment of cells with DMSO, but
in the absence of 6-MP. Statistical significance was analyzed by one-way ANOVA with Tukey's test and represents significance in comparison to the NC.
In (B), the corresponding NC with the same concentration of DMSO was compared to the sample. ***p < 0.0005; **p < 0.005; *p < 0.05; ns stands for
not significant at p < 0.05. Dashed line represents the threshold for acute cytotoxicity according to 1SO-10993-5.144] Mean values and SD can be found

in Table S3 (Supporting Information).

Chloroform system: The measurements were recorded using an SDV XL
gel column (particle size = 5 um (separation range of 100-3 000 000 Da)
and a refractive index detector (1200 series, Agilent Technologies). Chloro-
form was used as the solvent and eluent with a flow rate of 0.5 mL min~".
The calibration was performed with a narrowly distributed polystyrene ho-
mopolymer (PSS calibration kit). Before measurement, the sample was
dissolved in chloroform and filtered with a 0.22 um polytetrafluoroethy-
lene (PTFE) filter. The injection volume was 20 uL. Toluene served as the
internal standard.

DMF system: The measurements were recorded using a GRAM 10 um
3000 A gel column (separation range of 5000-5 000 000 Da) and a re-
fractive index detector (1260 Infinity series, Agilent Technologies). DMF
supplemented with LiBr (5 g L™") was used as the solvent and eluent with
a flow rate of 0.5 mL min~'.The calibration was performed with a nar-
rowly distributed polystyrene homopolymer (PSS calibration kit). Before
measurement, the sample was dissolved in the eluent and filtered with
a 0.22 um polytetrafluoroethylene (PTFE) filter. The injection volume was
20 uL. Toluene served as the internal standard.

THF system: The measurements were recorded using an SDV XL gel
column (separation range of 1000-1 000 000 Da) and a refractive index
detector (1200 series, Agilent Technologies). THF was used as the solvent
and eluant with a flow rate of 0.5 mL min~". The calibration was performed
with a narrowly distributed polystyrene homopolymer (PSS calibration kit).
Before measurement, the sample was dissolved in chloroform and filtered
with a 0.22 pm polytetrafluoroethylene (PTFE) filter. The injection volume
was 20 uL. Toluene served as the internal standard.

Description of Molecular Weight Distribution (MWD) Shape by Asymmetry
Factor (A,), Skewness (a3), and Kurtosis (ay): The properties of the MWD
shape were calculated after a literature procedure.[°] A brief description
of the applied equations can be found below.

Vv, Vv,

el max — Vpeak max
= m
Vpeak max — Vel min

A Asymmetry factor; Ve max: maximum elution volume at 10% peak
height; V| min: minimum elution volume at 10% peak height; Vpea max:
elution volume of peak maximum

o = MMM, — 3IM2M,, +2M3
y =

3 @)
(MM, — M7)2
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a3: Skewness; M,,: Number average molar mass; M,,: Weight average mo-
lar mass; M,: Z average molar mass

. M, MMM, — 4M2M,M,, + 6M3M,, — 3M o)
4=
(Man - Mz,)z

a3: Kurtosis; M,;: Number average molar mass; M,,: Weight average molar
mass; M,: Z average molar mass; M, ;: Z+1 average molar mass

Thermogravimetric Analysis (TGA): Thermogravimetric analysis (TGA)
was conducted on a Mettler TGA/DSC3 using a heating rate of 10 K min~"
from 30 °C to 700 °C under a nitrogen atmosphere. The polymer samples
were placed in an aluminum oxide ceramic crucible. The weight loss was
recorded as a function of the temperature.

Lyophilization:  Lyophilization of samples was conducted using an Al-
pha 1-2 LDplus freeze-dryer from Martin Christ Gefriertrocknungsanla-
gen GmbH (Germany).

Dynamic Light Scattering (DLS): DLS was measured on a Zetasizer
Nano-ZS Malvern apparatus (Malvern Instruments Ltd) using disposable
cuvettes. The excitation light source was a He—Ne laser at 633 nm and
the intensity of the scattered light was measured at an angle of 173°. This
method measures the rate of intensity fluctuation, and the size of the par-
ticles was determined through the Stokes—Einstein equation. The concen-
tration of the polymer solution was 1 mg mL~" in DPBS in all cases.

Fourier-Transform Infrared ~Spectroscopy (FTIR): IR spectra were
recorded from solids on a Perkin Elmer Spectrum 100 FTIR spectrometer
in attenuated total reflection (ATR) mode.

Synthesis of Cholesteryl-Methacrylate (Chol-MA): In a 500 mL Schlenk
flask, 1.33 g aminoethyl methacrylate hydrochloride (8.0 x 1073 mol, 1.2
equiv.) was suspended in 100 mL anhydrous DCM under Ar atmosphere.
Subsequently, 2.8 mL NEt; (20.0 x 1073 mol, 3.0 equiv.) was added to
dissolve the starting material. Upon complete solution, the reaction mix-
ture was cooled in an ice bath. In a separate 100 mL Schlenk flask, 3.0 g
cholesteryl chloroformate (6.7 x 1073 mol, 1.0 equiv.) was dissolved in
50 mL anhydrous DCM under an argon atmosphere. This solution was
then transferred into a dropping funnel and added to the reaction mix-
ture dropwise under vigorous stirring. After that, the reaction mixture was
stirred at room temperature overnight. The solvent was removed under
reduced pressure using a rotary evaporator. After that, the product was
recrystallized from chloroform. After drying the solid in a vacuum oven,
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Figure 6. Relative in vitro cell growth of MDA-MB-231 breast cancer cells
in the presence of drug-loaded polymer NPs. The cells were treated with
100 pL of cell culture media containing 1 mM inhibitor equivalents. Media
was changed daily and supplied with compounds as indicated. Cell growth
was determined by MTT assay with initial cell seeding of 3000 cells per well.
**¥kp < 0.00005; **p < 0.0005; *p < 0.005; ns stands for not significant at
p < 0.005. Significances are relative to control and determined via one-way
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the crude product was washed with deionized water using a Biichner fun-
nel and dried in a vacuum oven to obtain the product as a white powder
(850 mg, 23%).

TH NMR (300 MHz) in CDCl;: 6 = 6.06 (1H, s, CH =C—CO—), 5.54
(H, s, CH=C—CO—), 5.31 (1H, s, —C = CH—CH2— (cholesterol)), 4.80
(0.9H, s, br, —CH2-NH—C = O—), 4.44 (1H, quint, br, —CO—O—CH—),
4.16 (2H, t, =O—CH,—CH,—), 3.4 (2H, q, br, —=CH,—CH,—NH—), 0.63 —
2.34 (m, br, CH3—C—CH,—, cholesterol) ppm.

13C NMR (75 MHz) in CDCl;: § = 167.3 (—C—CO—0—-), 156.1 (-
NH—CO—0—), 139.9 (—CH2—C=CH—), 136.2 (—CH, = C—CO—), 126.2
(CH,—C—CO—), 122.6 (—C = CH—CH,—), 74.6 (—O—CH—CH,—), 63.9
(—O—CH,—CH,—), 11.8—56.7 (—CH,—CH,-NH-, CH;—C—CH,-, Choles-
terol) ppm.

FTIR: v~ = 3390, 2775 — 3000, 1634, and 1360 (cholesterol bands).

Synthesis of P(NBoc-Glu-OtBu-MA) 49-CTA via RAFT Polymerization:
In a reaction vessel, 564 mg NBoc-Glu-OtBu-MA (1.4 X 1073 mol, 150.0
equiv.), 0.15 mg AIBN (9.1 x 1077 mol, 0.1 equiv.), and 3.4 mg CDTA (9.1
x 1076 mol, 1.0 equiv.) were dissolved in 1.0 mL toluene and sealed with a
rubber septum. The reaction mixture was deoxygenated with Ar for 30 min
and subsequently placed in a preheated heating block and stirred at 70 °C
for 24 h. The reaction was terminated by cooling to RT and purging airin. A
sample was taken to determine the conversion via '"H NMR spectroscopy
in CDCl;. The crude polymer was diluted with DCM and precipitated in
ice-cold n-hexane. After centrifugation (6000 rpm, 1 min), the supernatant
was discarded, and the polymer was dried under reduced pressure to ob-
tain the product as a yellow solid. SEC analysis can be found in Table 1.

Synthesis of P(NBoc-Glu-OtBu-MA) ;49-b-(Chol-MA) ;o-CTA via RAFT
Chain-Extension Polymerization: In a reaction vessel, 20 mg Chol-MA (3.7
x 107> mol, 20.0 equiv.), 0.06 mg AIBN (3.7 X 1077 mol, 0.2 equiv.), and
110 mg P(NBoc-Glu-OtBu-MA) 1,0-CTA (1.9 x 1076 mol, 1.0 equiv.) were
dissolved in 1.0 mL CHCl; and sealed with a rubber septum. The reaction
mixture was deoxygenated with Ar for 20 min while cooling in an ice bath
and subsequently placed in a preheated heating block and stirred at 70 °C
for 24 h. The reaction was terminated by cooling to RT and purging airin. A
sample was taken to determine the conversion via 'H NMR spectroscopy
in CDCl;. The crude polymer was precipitated in ice-cold n-hexane. After
centrifugation (6000 rpm, 1 min), the supernatant was discarded, and the
polymer was dried under reduced pressure to obtain the product as a yel-
low solid. SEC analysis can be found in Table 1 and Table S1 (Supporting
Information).

Removal of the Z-Group of P(NBoc-Glu-OtBu-MA)4-b-(Chol-MA) ;-
CTA Yielding P(NBoc-Glu-OtBu-MA) ; 40-b-(Chol-MA) ;o:  The Z-group re-
moval was conducted according to a literature procedure.l’® In a reac-
tion vessel equipped with a stirrer bar, 100 mg P(NBoc-Glu-OtBu-MA) { 4o-
b-(Chol-MA)1-CTA (1.6 X 1076 mol, 1.0 equiv.), 5.3 mg AIBN (5.2 X
107> mol, 20.0 equiv.) and 1.3 mg Luperox (1.3 x 106 mol, 2.0 equiv.) were
dissolved in 2 mLtoluene. The vessel was sealed with a rubber septum and
the reaction mixture was deoxygenated with Ar for 30 min. Subsequently,
the vial was placed in a preheated heating block and heated to 80 °C for
2.5 h under continuous stirring. After cooling to RT, 1 mL of DCM was
added and the crude mixture was precipitated in 40 mL ice-cold n-hexane,
centrifuged (6000 rpm, 1 min) and the supernatant was discarded. The
precipitation procedure was repeated thrice. The remaining solvent was
evaporated under reduced pressure to obtain the product as a white solid.

ANOVA with Tukey’s test. A) Cell growth in the presence of 6-MP-loaded
NPs of a polymer concentration of 0.5 mg mL~". Dashed line represents
the threshold for acute cytotoxicity (79% of NC) according to ISO-10993-
5.[44] B) Relative cell populations on day 3 for the drug concentration of
25 pg mL~, corresponding to 0.5 mg mL™" polymer (0 and 5 wt.% 6-
MP), 0.25 mg mL~" polymer (10 wt.%6-MP) and 0.13 mg mL~" polymer
(20 wt.% 6-MP). Significances are relative to the corresponding control.
Dashed line represents relative cell viability at day 0 (100%). C) Relative cell
populations on day 3 at either the same concentration of polymer (0.5 mg
mL~") or 6-MP (25 pg mL™"). Significances are relative to NPs with 0 wt.%
6-MP at a polymer concentration of 0.5 mg mL .
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Acidic Deprotection of P(NBoc-Glu-OtBu-MA) ; 4-b-(Chol-MA) ;, Yielding
P(Glu-OH-MA) 1 49-b-(Chol-MA) ;5:  In areaction vessel, 50 mg of P(NBoc-
Glu-OtBu-MA)49-b-(Chol-MA) ;o were dissolved in 1 mL trifluoroacetic
acid, and the reaction was stirred at room temperature for 1 h.

Subsequently, the reaction mixture was diluted with 4 mL MeOH and
the polymer was precipitated in a mixture of 40 mL ice-cold diethyl ether
and 5 mL ice-cold n-hexane. Then, the suspension was centrifuged (6
000 rpm, 1 min) and the supernatant was discarded. The polymer was
re-dissolved in diH,O and lyophilized to obtain the product as a white
powder.

The success of the deprotection of the polymer was analyzed by 'H
NMR in D, 0, showing the disappearance of the Boc, respectively tBu, sig-
nal around 6 = 1.4 ppm.

Thin-Film Assembly:  The self-assembly of block copolymers was con-
ducted by the thin-film hydration method.[*?] In a 4 mL glass vial, 1 mg
of block copolymer (and the respective amount of 6-MP) was dissolved in
1 mL of methanol. Then, the solvent was completely removed under a mild
stream of airflow while shaking (100 rpm) overnight. Subsequently, 1 mL
of DPBS was added while shaking (100 rpm) to acquire (6-MP-loaded)
polymer NPs (1 mg mL~" in DPBS). The weight percentages (wt.%) of
6-MP refer to the theoretical amount encapsulated.

Biological Evaluation—Cell Culture:  MDA-MB-231 cells were grown in
DMEM/F12 supplemented with 10% (v/v) FBS, 100 U mL~" penicillin,
and 100 ug mL~" streptomycin.

Biological Evaluation—Cell Viability: ~ Cells were cultured as described
above. For the cell viability assay, cells (10* per well) were seeded in 96-
well plates and allowed to adhere overnight. No cells were seeded in the
outer wells. The media was subsequently removed and replaced by fresh
polymer-containing media. Then, the cells were incubated at 37 °C for an
additional 24 h. After that, the media was removed, the cells were washed
with 100 uL DPBS, and then fresh media containing the thiazolyl blue tetra-
zolium bromide (MTT) (concentration: 1 mg mL™') was added (100 L
per well). Note: MTT (50 mg) was dissolved in 10 mL of sterile DPBS, fil-
trated (membrane, 0.22 um), and 1 to 5 diluted in culture medium prior
to use in this assay. After incubation for 3 h at 37 °C, 50 puL of DMSO was
added to each well and the plates were gently shaken in the dark for 1 h
to dissolve the formazan crystals. Quantification was done by measuring
the absorbance at 4 = 590 nm using a microplate reader. Untreated cells
on the same plate served as negative control (100% viability), cells treated
with 209 DMSO as positive control (0% viability), and wells without cells
as background. Experiments were performed in triplicates.

Abs. sample — Abs.background

%Cell viability = (4)

Abs.negative control — Abs.background .

Biological Evaluation—Cell Growth Inhibition Assays: Cell growth inhi-
bition assays were conducted as previously reported.l>'! The following al-
terations were made to the MTT protocol described in ref. 51. Cells were
seeded at a density of 3 x 103 cells per well. One plate was used for
each time point. Media was changed daily. After the indicated time points
(0, 1, 2, or 3 days), (polymer-containing) cell medium was removed, and
cells were gently washed with 100 uL of DPBS before the addition of fresh
medium containing the MTT reagent as described in ref. 1l and incubated
for 3 h at 37 °C. The relative cell viability was determined by Equations 5
and 6.

Cell growth = (absorbance (sample or control) — absorbance (blank))

absorbance (blank)

cell growth (sample or control day n)

Relative cell th = 6
elative coll grow cell growth (control day 0) ©)

Statistical Analysis:  All data plotted with error bars were expressed as
means with standard deviation. p-Values were generated by analyzing data
with a one-way ANOVA and Turkey test using OriginLab.

Computations: The machine learning predictors of the Polymer
Genome project were used to predict the density of the block copolymers.
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These predictors employed advanced multi-task neural networks that si-
multaneously predicted multiple polymer properties and leveraged data
correlations to enhance their accuracy. The predictors were trained and
evaluated on a large dataset containing a variety of polymer properties.
The partition coefficients of the block copolymers were computed using
the cheminformatics tool RDKit which implemented the method described
by Wildman and Crippen.
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