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Glycopeptoid nanospheres: glycosylation-induced
coacervation of poly(sarcosine)

We report that the conjugation of maltopentaose to water-
soluble homo-poly(sarcosine) induced self-association(non-
ionic coacervation) and enabled formation of monodisperse
nanospheres (nanometer-scale droplets) in water, although
homo-poly(sarcosine) did not form any aggregates. The
glycopeptoid nanosphere with both hydrophobic and
hydrophilic domain inside is interesting for potential
application as a new type of nanocarrier for drug delivery
system.
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Conjugation of maltopentaose to  water-soluble homo-
poly(sarcosine) induced self-association and formed nanospheres
(—150 nm) in water although homo-poly(sarcosine) was water-soluble
and did not form any aggregates. Fluorescent probe experiments
showed that the spheres were non-ionic glycopeptoid coacervate-like

particles with both hydrophobic and hydrophilic domains inside.

Recently there has been great interest in coacervates, which
form membraneless organelles containing proteins and RNA'?
in living systems.'® In general, a coacervate is one of the self-
associations of the macromolecule and the macromolecule-
rich phase does not form a specific structure (for example,
a vesicle, micelle, or tube). Researchers have investigated
coacervates not only in terms of fundamental polymer science
but also for biomedical applications, such as drug delivery
systems’™® and an enzymatic reaction field.***

Polyelectrolytes—which are formed mainly by ionic interac-
tions among polymer chains—are well-studied because of their
physicochemical properties,”®™* such as phase formation'"*
and the size distribution of the droplets.” In contrast to poly-
electrolyte coacervates, there are a few reports on nonionic
polymer coacervates. Nonionic elastin-analogues having repeat
VPGXG-motifs exhibit temperature dependent coacervation via
hydrophobic interactions and hydrogen bonding among amino
acids.?** Polymers inspired by elastin or tropoelastin motifs
were designed and also formed coacervates.***
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Regarding the polymer colloidal science related to coacer-
vates, double hydrophilic block copolymers [such as dextran-b-
poly(ethylene oxide), dextran-b-poly(sarcosine), and pullulan-b-
poly(ethylene oxide)] form by self-assembly in water and can
also form micrometer-sized giant vesicles in water.****” Pullulan-
b-poly(acryl amide) and pullulan-b-poly(vinyl pyrrolidone) also
form nano-sized spheres in water. Researchers explain the self-
association of such double hydrophilic block copolymers based
on polymer-polymer phase separation which is related to well-
known two-phase polymer systems, such as polysaccharides
and polyethylene glycol.

We report here a new non-ionic polymer based coacervate-
like nanosphere consisting of a glycopeptoid, maltopentaose
conjugated poly(sarcosine) (Fig. 1). Poly(sarcosine) is a water-
soluble, non-ionic peptide derivative and is suitable for
biomedical applications because it is biocompatible, biode-
gradable and stealth to our immune system.?®*** Additionally,
monodisperse and narrow molecular weight distribution pol-
y(sarcosine) was obtained via N-carboxyanhydride (NCA) poly-
merization. We previously reported that carbohydrate-
conjugated thermoresponsive peptoid (poly(N-n-propylglycine)
self-associated in water above LCST and formed a vesicular
structure.® In this study, conjugation of maltopentaose (only
five sugar monomers) to water-soluble homo-poly(sarcosine)
induced self-association, coacervation and enabled the forma-
tion of monodisperse nanospheres in water, although homo-
poly(sarcosine) did not form any aggregates. The glycopeptoid
nanosphere is interesting for potential application as a nano-
carrier for drug delivery systems. The phenomenon reported
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Fig. 1 The chemical structure of the glycopeptoid (compound [2]).
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here is also pertinent to glycosylation-induced coacervation of
water-soluble peptoids.

Schemes S1-S31 show the synthetic schemes for conjugating
maltopentaose to poly(sarcosine). We first synthesized the
peptoid segment by polymerization of sarcosine NCA.** Ben-
zylamine was injected as an initiator into 1 M sarcosine NCA
solution in N,N-dimethylformamide (DMF) in which [benzyla-
mine] : [NCA] = 10:1000 on a millimole-to-millimole basis,
and the solution was stirred under an argon atmosphere at
20 °C for 12 h. The size-exclusion chromatogram of the resulting
polymer (compound [1]) indicated a single peak with a very
narrow molecular weight distribution (Py; = 1.04; Fig. S17). The
molecular structure was confirmed by '"H-NMR spectroscopy in
MeOH-d, (Fig. S21). In the second step, we used azidoacetic acid
as a capping agent for poly(sarcosine) at the N-terminus. We
also synthesized alkyne-functionalized maltopentaose asthe
glyco-segment (Fig. S31).**** Finally, alkyne-functionalized
maltopentaose was conjugated to azide-functionalized poly(-
sarcosine) by copper-catalyzed azide-alkyne cycloaddition
(Scheme S3t). The resulting glycopeptoid (compound [2],
Fig. 1), maltopentaose conjugated poly(sarcosine), also exhibi-
ted a narrow molecular weight distribution (By; = 1.03;
Fig. S171). Additionally, the retention time of the size exclusion-
chromatography peak shifted to the high molecular weight
region, suggesting that the carbohydrate group was introduced
into the homo-poly(sarcosine). The degree of poly(sarcosine)
units in the glycopeptoid was confirmed by "H-NMR spectros-
copy in MeOH-d, to be 86 (Fig. S4t). The MALDI-TOF-MS data of
the glycopeptoid showed a peak at 7232.59 m/z, corresponding
to the calculated mass 7232.59 m/z of maltopentaose-
conjugated poly(sarcosine)gs with a sodium ion (Fig. S57).

The solvent of the methanol solution of the glycopeptoid
[maltopentaose conjugated poly(sarcosine)gs] was removed
under reduced pressure to obtain the thin polymer film. Then
water was added to the resulting film for a polymer concentra-
tion of 10.0 mg mL™". The film immediately dissolved and
a transparent solution was obtained. The solution of the gly-
copeptoid (compound [2]) was sonicated for 1, 5, and 10 min
with a bath type sonicator at 20 °C (40 kHz, 130 W). The particle
sizes of the Z-averages determined by dynamic light scattering
(DLS) were 149 nm [polydispersity index (PDI) = 0.196] after
1 min, 150 nm after 5 min (PDI = 0.181), and 150 nm after
10 min (PDI = 0.192) (Table S1f). The glycopeptoid formed
monodisperse nanospheres. On the other hand, the size of
homo-poly(sarcosine) (compound [1]) solution was 2.3 nm (PDI
= 0.494) and was probably dispersed as monomer poly(-
sarcosine) (Fig. 2a). It is noteworthy that the terminal conju-
gation of hydrophilic poly(sarcosine) to hydrophilic
maltopentaose induced changes in solution properties drasti-
cally. When the concentrations of the glycopeptoid solution
(1.0-10.0 mg mL ") were decreased, the size of the nanospheres
did not change so much though the sizes slightly decreased
with decreasing concentration (Table S2, Fig. S6f1). Trans-
mission electron microscopy (TEM) of the glycopeptoid solution
showed spherical structures and the diameters between 50 and
150 nm (Fig. 2b). The magnified TEM and cryo-TEM images
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Fig. 2 (a) Size distribution of self-assembly of maltopentaose-conju-
gated poly(sarcosine)gs (compound [2]) and homo-poly(sarcosine)
(compound [1]) in water, determined by DLS. (b) TEM image, with
negative staining using ammonium molybdenum, of a self-assembled
maltopentaose-conjugated poly(sarcosine)gg in water (10.0 mg mL™%).
(c) Magnified TEM image of an individual vesicle (10.0 mg mL™). (d)
Cryo-TEM image of self-assembled maltopentaose-b-
poly(sarcosine)ge in water (10.0 mg mL™).

have homogeneous contrast in the interior of the sphere;
a coacervate (Fig. 2c and d).

To evaluate the internal microenvironment of the nano-
spheres, we carried out fluorescence measurements using pyr-
ene as a hydrophobic probe (Fig. 3a). The intensity ratio
between the first and third peak of the pyrene fluorescence
emission spectrum is related to the micro polarity (e.g, hydro-
phobicity) around a pyrene molecule; the higher I/I; ratio
reflects the environment with more hydrophilicity. When we
applied homo-poly(sarcosine) (compound [1]) in water at 30 °C

@ homo-poly(sarcosine) ®

~ Compound [1], 10 mg/mL
11/ls =1.61
Maltopentaose conjugated
— poly(sarcosine),
Compound [2], 10mg/mL

l1/ls =1.46
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Fig. 3 (a) Fluorescence emission spectra of pyrene in homo-poly(-
sarcosine) and maltopentaose conjugated poly(sarcosine) solution at
20 °C (10.0 mg mL™%). The solution was excited at 339 nm. (b) Fluo-
rescence emission spectrum of 1,8-ANS solution (20 mM) in the
presence of glycopeptoid recorded at 20 °C (10.0 mg mL™Y). The
dispersions were excited at 350 nm. The obtained fluorescence
spectrum was fitted by Gaussian curves. The solid blue line: measured
1,8-ANS spectrum, grey dotted line: deconvoluted line and red dotted
line: the sum of grey lines.
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(10 mg mL ), the peak of the pyrene dimer was evident and the
I,/I; ratio as a parameter of the polarity was 1.61, which suggests
a quite hydrophilic environment (1.87 in water).** However, in
the presence of glycopeptoid (compound [2]) solution at 20 °C
(10.0 mg mL "), no dimer peak was evident and the I,/I5 ratio
decreased to 1.46 (same as a cyclopentanone).* The sizes and I,/
I ratios of the nanospheres did not change so much depending
on the temperature (from 10 °C to 40 °C) (Table S3, Fig. S7-S97).
Pyrene was trapped in the glycopeptoid sphere and the micro-
environment was relatively hydrophobic compared to the
homo-poly(sarcosine) solution.

For further investigation into the microenvironment, 1-ani-
linonaphthalene-8-sulfonic acid (1,8-ANS) was used as a second
probe, which is a solvatochromic fluorescence probe so that the
emission spectrum of 1,8-ANS depending on the surrounding
environment polarity i.e. hydrophobicity.*”** Fluorescence at
a wavelength beyond 500 nm was observed in polar environ-
ments, while that below 470 nm was in non-polar environ-
ments. For example, the intense emission peak top wave lengths
in water, dioxane, ethanol and n-heptane are observed at 535,
471, 464 and 400 nm, respectively.*”"** The quantum yield of 1,8-
ANS in water (broad peak of 535 nm) is quite low due to
hydration. Even in the presence of homo-poly(sarcosine), the
fluorescence emission did not change at all (broad peak of 535
nm). However, in the presence of glycopeptoid, strong emis-
sions below 470 nm were observed (200 times higher than that
in the presence of homo-poly(sarcosine) (Fig. 3b). The spectra
were deconvoluted with gaussian curves involving the peak of
the species with various polarities. The deconvoluted data were
shown by the peak top wave length corresponding to the
microenvironment of at least three micropolarities (two
hydrophobic environments: 400 and 410-420 probably exist
inside the glycopeptoid sphere, and a hydrophilic environment:
510). These data suggest that the conjugation of maltopentaose
to poly(sarcosine) partly accelerated dehydration of the peptoid
and induced self-association (i.e. coacervation) with various
domains inside.

Giant spheres were observed by just hydration of the film of
the samples without sonication. To obtain further information
about the structure of the sphere, confocal laser scanning
microscopic measurement of the giant spheres was carried out.
The film of the glycopeptoid was dissolved in water (a polymer
concentration of 10.0 mg mL ') and fluorescein (green) and/or
rhodamine 6G (red) as a hydrophilic or hydrophobic fluorescent

Fig.4 Confocal laser scanning microscopy images of glycopeptoid in
water (without sonication). Fluorescence emissions from (a) fluores-
cein and (b) rhodamine 6G; all scale bars: 10 um.
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probe, respectively, were added to the solution without sonica-
tion. The spheres with average diameters within the range of 3-
5 pm were observed by confocal laser scanning microscopy
(Fig. 4). Both probes were trapped in the sphere and emitted
fluorescence from the interior of the sphere. The images
suggest that the glycopeptoid self-associated and formed
spheres with internal domains consisting of both hydrophobic
and hydrophilic microenvironments, which are typically shown
in the coacervate. These data indicate that the glycopeptoid
formed coacervate-like spheres in water.

The effects of NaCl and urea (Table S4, Fig. S10 and S11%)
were investigated. To the thin films of the glycopeptoid in
a glass tube, NaCl or urea solutions of various concentrations
(final polymer concentrations, 10.0 mg mL™") were added and
the solution was sonicated for 1 min with a bath-type sonicator.
The sizes of the spheres did not significantly change with
increasing NaCl concentration, although in general poly-
electrolyte coacervates collapse in high-salt concentrations.”
The morphology in 4.0 M aqueous NaCl was checked by TEM
and similar spherical structures were observed in comparison
with those in water (Fig. S121). However, the sizes and sphere
count rate in DLS decreased with increasing urea concentration
(Table S4t). The TEM images of self-assemblies in 8 M aqueous
urea indicated smaller nanospheres than those in water
(Fig. S131). The nanospheres probably collapsed in the presence
of urea, a hydrogen bond inhibitor. These results suggest that
hydrogen bonding among maltopentaose or poly(sarcosine)
chains affected the formation and stability of the self-
association.

Because the nanospheres collapsed especially in the pres-
ence of urea as a hydrogen bond inhibitor, one of the driving
forces of the association (coacervation) of the glycopeptoid
could be a hydrogen bonding interaction. There are no donor
molecules for hydrogen bonding (hydrogen molecules) and only
acceptor molecules (carbonyl groups) in poly(sarcosine).
However, in carbohydrate-conjugated poly(sarcosine), the
hydrogen bonding between the OH groups of the oligosaccha-
ride and the carbonyl groups of the poly(sarcosine) chain
probably  induces intra-macromolecular  or inter-
macromolecular association of the glycopeptoids. In addition,
the association by the hydrogen bonding with the oligosac-
charides can induce the dehydration of the adjacent poly(-
sarcosine) chains. As a result, the hydrophobic domains by the
association of partly dehydrated poly(sarcosine) chains are
formed. Finally, we proposed that carbohydrate-conjugated
poly(sarcosine) self-associated by both hydrogen bonding and
hydrophobic interaction, and formed nano- or micro-spheres
(coacervates) with hydrophilic and hydrophobic micro-
domains without specific structures (Fig. S117).

Conclusions

We characterized the self-assembly of a non-ionic glycopeptoid,
maltopentaose conjugated poly(sarcosine)g, in this study. The
glycopeptide formed monodisperse coacervate-like nano-
spheres. This is a (to the best of our knowledge) new finding:
facilitating association of water-soluble poly(sarcosine) by
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introducing only a small number of sugar monomers into the
poly(sarcosine) terminus. These non-ionic nanospheres can be
used as a new type of nanocarrier because the particles were
stable even in high concentrations of NaCl; polyelectrolyte
coacervates may not be stable under physiological conditions.
This glycoconjugate hydrophilic polymer will facilitate the
design of further polymer-forming, non-ionic polymer coacer-
vates. This glycosylation-induced coacervation phenomenon is
also pertinent to testing hypotheses of modulating coacervation
in membraneless organelles.*

Conflicts of interest

There are no conflicts to declare.

References

1 E. Gomes and J. Shorter, J. Biol. Chem., 2019, 294, 7115-7127.

2 C. P. Brangwynne, P. Tompa and R. V. Pappu, Nat. Phys.,
2015, 11, 899-904.

3 S. F. Banani, H. O. Lee, A. A. Hyman and M. K. Rosen, Nat.
Rev. Mol. Cell Biol., 2017, 18, 285-298.

4 Y. Shin and C. P. Brangwynne, Science, 2017, 357.

5 M. Abbas, W. P. Lipinski, J. Wang and E. Spruijt, Chem. Soc.
Rev., 2021, 50, 3690-3705.

6 W. C. Blocher McTigue and S. L. Perry, Small, 2020, 16,
€1907671.

7 S. Barthold, S. Kletting, J. Taffner, C. de Souza Carvalho-
Wodarz, E. Lepeltier, B. Loretz and C. M. Lehr, J. Mater.
Chem. B, 2016, 4, 2377-2386.

8 Z. W. Lim, Y. Ping and A. Miserez, Bioconjugate Chem., 2018,
29, 2176-2180.

9 J. R. McDaniel, D. J. Callahan and A. Chilkoti, Adv. Drug
Delivery Rev., 2010, 62, 1456-1467.

10 A. Chilkoti, T. Christensen and J. A. MacKay, Curr. Opin.
Chem. Biol., 2006, 10, 652-657.

11 W. C. Blocher and S. L. Perry, Wiley Interdiscip. Rev.:
Nanomed. Nanobiotechnol., 2017, 9, e1442.

12 G. Xie, J. Forth, Y. Chai, P. D. Ashby, B. A. Helms and
T. P. Russell, Chem, 2019, 5, 2678-2690.

13 M. Ghasemi, S. Friedowitz and R. G. Larson, Macromolecules,
2020, 53, 6928-6945.

14 L. W. Chang, T. K. Lytle, M. Radhakrishna, J. J. Madinya,
J. Velez, C. E. Sing and S. L. Perry, Nat. Chem., 2017, 8, 1273.

15 A. M. Rumyantsev, N. E. Jackson and J. J. de Pablo, Annu. Rev.
Condens. Matter Phys., 2021, 12, 155-176.

16 G. A. Mountain and C. D. Keating, Biomacromolecules, 2020,
21, 630-640.

17 T. Lu and E. Spruijt, J. Am. Chem. Soc., 2020, 142, 2905-2914.

18 A. F. Mason, B. C. Buddingh, D. S. Williams and J. C. M. van
Hest, J. Am. Chem. Soc., 2017, 139, 17309-17312.

19 N. N. Deng and W. T. S. Huck, Angew. Chem., Int. Ed. Engl.,
2017, 56, 9736-9740.

3710 | Nanoscale Adv, 2022, 4, 3707-3710

View Article Online

Communication

20 D.W. Urry, W. D. Cunningham and T. Ohnishi, Biochemistry,
1974, 13, 609-616.

21 D. W. Urry, K. Okamoto, R. D. Harris, C. F. Hendrix and
M. M. Long, Biochemistry, 1976, 15, 4083-4089.

22 D. W. Urry, J. Phys. Chem. B, 1997, 101, 11007-11028.

23 M. Kundu, D. L. Morris, M. A. Cruz, T. Miyoshi, T. C. Leeper
and A. Joy, ACS Appl. Bio Mater., 2020, 3, 4626-4634.

24 A. Narayanan, J. R. Menefee, Q. Liu, A. Dhinojwala and
A. Joy, ACS Nano, 2020, 14, 8359-8367.

25 A. Plucinski, J. Willersinn, R. B. Lira, R. Dimova and
B. V. K. J. Schmidt, Macromol. Chem. Phys., 2020, 221.

26 T. Oh, Y. Hoshino and Y. Miura, J. Mater. Chem. B, 2020, 8,
10101-10107.

27 S. M. Brosnan, H. Schlaad and M. Antonietti, Angew. Chem.,
Int. Ed., 2015, 54, 9715-9718.

28 E. Hara, M. Ueda, C. J. Kim, A. Makino, 1. Hara, E. Ozeki and
S. Kimura, J. Pept. Sci., 2014, 20, 570-577.

29 A.S.Knight, E. Y. Zhou, M. B. Francis and R. N. Zuckermann,
Adv. Mater., 2015, 27, 5665-5691.

30 X. Tao, M.-H. Li and ]. Ling, Eur. Polym. J., 2018, 109, 26-42.

31 A. Birke, J. Ling and M. Barz, Prog. Polym. Sci., 2018, 81, 163—
208.

32 A. Makino, R. Yamahara, E. Ozeki and S. Kimura, Chem.
Lett., 2007, 36, 1220-1221.

33 Y. Okuno, T. Nishimura, Y. Sasaki and K. Akiyoshi,
Biomacromolecules, 2021, 22, 3099-3106.

34 Y. Okuno, Y. Yamazaki, H. Fukutomi, S. Kuno, M. Yasutake,
M. Sugiura, C. J. Kim, S. Kimura and H. Uji, ACS Omega,
2020, 5, 772-780.

35 T. Nishimura, Y. Sasaki and K. Akiyoshi, Adv. Mater., 2017,
29, 1800801.

36 D. C. Dong and M. A. Winnik, Can. J. Chem., 1984, 62, 2560-
2565.

37 T. B. Sinha, D. Singharoy, H. S. Das, S. Gupta and
P. K. Khatua, J. Mol. Struct., 2019, 1179, 462-468.

38 E. M. Kosower and H. Kanety, J. Am. Chem. Soc., 1983, 105,
6236-6243.

39 E. M. Kosower, H. Kanety, H. Dodiuk, G. Striker, T. Jovin,
H. Boni and D. Huppert, J. Am. Chem. Soc., 1983, 87, 2479-
2484.

40 G. W. Robinson, R. J. Robbins, G. R. Fleming, J. M. Morris,
A. E. Knight, W. Knight and R. J. S. Morrison, J. Am. Chem.
Soc., 1978, 100, 7145-7150.

41 M. Zhao, X. Xia, ]J. Mao, C. Wang, M. B. Dawadi,
D. A. Modarelli and N. S. Zacharia, Mol. Syst. Des. Eng.,
2019, 4, 110-121.

42 A. El Jundi, S. J. Buwalda, Y. Bakkour, X. Garric and
B. Nottelet, Adv. Colloid Interface Sci., 2020, 283.

43 M. L. Nosella, M. Tereshchenko, I. Pritisanac, P. A. Chong,
J. A. Toretsky, H. O. Lee and J. D. Forman-Kay, J. Am.
Chem. Soc., 2021, 143, 11520-11534.

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D2NA00218C

	Glycopeptoid nanospheres: glycosylation-induced coacervation of poly(sarcosine)Electronic supplementary information (ESI) available. See https://doi.org/10.1039/d2na00218c
	Glycopeptoid nanospheres: glycosylation-induced coacervation of poly(sarcosine)Electronic supplementary information (ESI) available. See https://doi.org/10.1039/d2na00218c
	Glycopeptoid nanospheres: glycosylation-induced coacervation of poly(sarcosine)Electronic supplementary information (ESI) available. See https://doi.org/10.1039/d2na00218c
	Glycopeptoid nanospheres: glycosylation-induced coacervation of poly(sarcosine)Electronic supplementary information (ESI) available. See https://doi.org/10.1039/d2na00218c




