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Abstract

Background: The aqueous solution behavior of thermosensitive PEG-PA block copolymers as well as secondary
structure of PA is expected to significantly change through modification of the hydrophobic PA by long chain alkyl
(C18) groups with different configurations.

Method: Oleoyl and stearoyl (C18) groups were conjugated to poly(ethylene glycol)-poly(L-alanine) (PEG-PA;
EG4sA6) diblock copolymers to compare their conjugation effect on nano-assemblies and corresponding aqueous
solution behavior of the polymers.

Results: Due to the nature of a hydrophilic PEG block and a hydrophobic PA or C18-modified PA, PEG-PA, oleoyl
group-conjugated PEG-PA (PEG-PAO), and stearoyl group-conjugated PEG-PA (PEG-PAS) block copolymers form
micelles in water. Compared with PEG-PA, the micelle size of PEG-PAO and PEG-PAS increased. Circular dichroism
and FTIR spectra of aqueous polymer solutions showed that 3 sheet content increased, whereas a helix content
decreased by C18 modification of PEG-PA. PEG-PAS showed better performance in ice crystallization inhibition than
PEG-PAQ. The sol-to-gel transition temperatures of aqueous PEG-PAQO solutions were 25-37 °C higher than those of
aqueous PEG-PA solutions, whereas aqueous PEG-PAS solutions remained as gels in the temperature range of 0—
80 °C. "H-NMR spectra indicated that the oleoy!l groups increased core mobility, whereas stearoyl groups decreased
the core mobility of the micelles in water. The difference in micromobility between PAO and PAS interfered or
promoted gelation of the aqueous polymer solutions, respectively.

Conclusions: This study suggests that a hydrophobic C18-modification of polypeptide induces a helix-to-f3 sheet
transition of the polypeptide; however, aqueous solution behaviors including ice recrystallization inhibition and
gelation are significantly affected by the nature of the hydrophobic molecule.
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Background

Oleoyl and stearoyl groups are among the most common
alky chains in the cellular membrane. Even though both
oleoyl and stearoyl groups are C18, the structural config-
urations and thus biological functions are quite different
due to the presence of a cis double bond at the middle
of the oleoyl group. The oleoyl group has a 9,10-cis kink
along the C18 alkyl chain. It is abundant in human
adipose tissue as the most common unsaturated fatty
acid ester [1, 2]. The oleoyl group increases flexibility of
the cell membrane [3]. The biological functions such as
pathogenic infection, immune competence, and mate-
rials transport across cell membranes are affected by
membrane flexibility [4]. The stearoyl group comprises
30% of animal fat. The fully saturated fatty acid ester of
the stearoyl group provides rigidity as well as stability of
the cell membrane [5].

Aqueous solutions of poly(ethylene glycol)-poly(L-ala-
nine) (PEG-PA) block copolymers were reported to ex-
hibit temperature-sensitive sol-to-gel transition in a
specific concentration range [6]. The aqueous solution
behavior of PEG-PA as well as secondary structure of
PA is expected to significantly change through modifica-
tion of the hydrophobic PA by long chain alkyl (C18)
groups with different configurations.

In this study, oleoyl and stearoyl groups were selected,
because they have different configurations, to conjugate
to the PEG-PA block copolymers. Conformational
changes of the polypeptide, and aqueous solution behav-
ior of the PEG-PA, oleoyl group-conjugated PEG-PA
(PEG-PAO), and stearoyl group-conjugated PEG-PA
(PEG-PAS) were compared. In particular, implication in
ice recrystallization inhibition (low concentration region)
and gelation behavior (high concentration region) of the
aqueous polymer solutions were compared for PEG-
PAO and PEG-PAS.

Methods

Materials

Monoamino-poly(ethylene glycol) (PEG) (M, = 2000 Da)
(Pharmicell, Korea) and N-carboxy anhydrides of L-
alanine (Onsolution, Korea) were used as received.
Oleoyl chloride and stearoyl chloride were purchased
from TCI, Japan. Potassium carbonate and anhydrous N,
N-dimethyl formamide were purchased from Sigma-
Aldrich, USA.

Polymer synthesis

PEG-PA was synthesized by the ring-opening
polymerization of the N-carboxy anhydrides of L-alanine
in the presence of monoamino-PEG [6, 7]. Polymers
were purified by fractional precipitation using diethyl
ether, and were dialyzed in water using a membrane
with a cut-off molecular weight of 1000 Da, and freeze-
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dried. The final yield was 75%. The amino end group of
PEG-PA (2000-1150) (2.30g, 0.73 mmol) reacted with
oleoyl chloride (0.437 g; 1.45 mmol) and stearoyl chlor-
ide (0.440 g; 1.45 mmol) in chloroform to prepare PEG-
PAO and PEG-PAS, respectively. The reaction mixtures
were precipitated into n-hexane, and residual solvent
was removed under vacuum. The final yield was 80%.

"H-NMR spectroscopy

'"H-NMR spectra of the polymer in CF;COOD (300
MHz NMR spectrometer, Bruker, USA) was used to de-
termine the composition of the polymers. 'H-NMR
spectra of the polymers in D,O (11.0 wt.%) were studied
as a function of temperature to investigate the molecular
mechanisms involved in sol-gel behavior.

Gel permeation chromatography

The molecular weights and molecular weight distribu-
tions of the polymers were obtained using a gel perme-
ation chromatography system (YL9112, Younglin, Korea)
with a refractive index detector. The styragel column of
HR4E (Waters, USA) was used for analysis. N,N-Di-
methyl formamide was used as an eluting solvent. PEGs
were used as molecular weight standards.

Dynamic light scattering

The apparent size of PEG-PA, PEG-PAO, PEG-PAS self-
assemblies were investigated by a dynamic light scatter-
ing instrument (Zetasizer Nano; Malvern Instruments
Inc., USA) for aqueous polymer solutions (0.01 wt.%). A
YAG DPSS-200 laser (Langen, Germany) operating at
532 nm was used as a light source.

Transmission electron microscopy

Aqueous PEG-PA, PEG-PAO, and PEG-PAS solutions
(0.01 wt.%) were placed on the 200 mesh carbon coated
copper grid. The grids were dried slowly at room
temperature for 24 h. The microscopic images were ob-
tained by JEM-2100F (JEOL) with an accelerating voltage
of 200 kV.

Circular dichroism spectroscopy

Ellipticities of the PEG-PA, PEG-PAO and PEG-PAS
aqueous solutions were obtained using a circular dichro-
ism (CD) instrument (J-810, JASCO, Japan) as a function
of concentration at 20°C to infer the secondary struc-
ture of the polypeptide. The polymer concentration
range varied over 0.0005-0.3 wt.%.

Ice recrystallization inhibition assay and cryomicroscopy

To compare ice recrystallization inhibition (IRI) activity,
each polymer solution (1.0wt.%, 10pul) in phosphate
buffered saline (PBS) was dropped using a micropipette
through a plastic tube (with a height of 1m and a
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diameter of 20 cm) onto a slide glass pre-cooled on a dry
ice-chilled aluminum plate [8, 9]. Upon impact, the drop
instantly formed a 10 mm-diameter wafer of ice crystals
on the slide glass, which was then transferred to a cryo-
stage (LTS120, Linkam Scientific Instruments Ltd., UK)
to be annealed at —-6°C for 30 min. Afterwards, the
cryomicroscopy images of the wafer were obtained using
a microscope (CX40IT, Soptop, China) equipped with a
10X lens (UIS-2, Olympus Ltd., Japan) and a digital
camera through crossed polarizers. The sizes of the ten
largest crystals from each wafer were measured using
the Image] software. The mean largest grain size was
expressed as a relative size (%) obtained from PBS solu-
tion without polymers (control).

Phase diagram

An aqueous polymer solution (0.5 mL) were placed in a
test tube having an inner diameter of 11 mm. Based on
the flow (sol) or no flow (gel) criterion, sol-to-gel transi-
tion temperature of the aqueous polymer solution was
determined by an increment of 1°C per step. Each data
point is an average of three measurements.

Dynamic mechanical analysis

Modulus of the aqueous polymer solutions (11.0 wt.%)
were studied as a function of temperature using a rhe-
ometer (Bohlin Gemini 150; Malvern, England). The
aqueous polymer solutions of PEG-PA, PEG-PAO, and
PEG-PAS were placed between parallel plates with a gap
of 0.5 mm and 20 mm in diameter. The modulus of the
aqueous polymer solution was recorded under a con-
trolled stress (4.0 dyne/cm?) with a frequency of 1.0 rad/
s as a function of temperature.

FTIR spectroscopy

The FTIR spectra (FTIR spectrophotometer FTS-800;
Varian, USA) of aqueous PEG-PA, PEG-PAO, and PEG-
PAS solutions (11.0 wt.% in D,O) were studied as a func-
tion of temperature. The aqueous polymer solutions
were equilibrated for 10 min at each temperature. The
amide I band at 1600-1700 cm™' was analyzed by the
Xpeak program [10, 11].

Statistical analysis

One-way ANOVA with Tukey tests was used for the
statistical assay for ice crystal grain size. ** indicates
p<0.01.

Results

The synthetic procedures of each polymer were pre-
sented (Fig. 1a). The 'H-NMR spectra confirmed the
synthesis of PEG-PA, PEG-PAO, and PEG-PAS. The
ethylene glycol peak of PEG at 3.8-4.2 ppm, methine
peak of PA at 4.5-4.9 ppm, and methyl peak of oleoyl
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Fig. 1 a Synthetic scheme of PEG-PA, PEG-PAO, and PEG-PAS. b H-
NMR spectra of PEG-PA, PEG-PAO, and PEG-PAS. CF3COOD was used
as an NMR solvent. m and n determined by "H-NMR, are 45 and
16, respectively

and stearoyl groups at 0.8—1.0 ppm were used to confirm
the synthesis of PEG-PAO and PEG-PAS with the
chemical structures of EGy5-Aj6-oleoyl group and EGys-
Aj¢-stearoyl group, respectively (Fig. 1b). Gel permeation
chromatograms of PEG-PA, PEG-PAO, and PEG-PAS
exhibited peaks centered at 7.9, 8.0, and 8.0 min, respect-
ively, indicating a similar hydrodynamic volume of the
polymers in N,N-dimethyl formamide even after conju-
gating long chain alkyl groups to the PEG-PA. The
polydispersity index (M,,/M,) of PEG-PA, PEG-PAO,
and PEG-PAS was 1.2, 1.1, and 1.1, respectively.
Apparent sizes of the micelles were provided by dy-
namic light scattering of aqueous PEG-PA, PEG-PAO,
and PEG-PAS solutions (0.01 wt.%), where the peak
average micelle sizes were 16, 28, and 28 nm, respect-
ively (Fig. 2a). The transmission electron microscope
images developed from their aqueous polymer solutions
(0.01 wt.%) exhibit the spherical micelle structures of
PEG-PA, PEG-PAO, and PEG-PAS (Fig. 2b). CD spectra
of the aqueous polymer solutions (0.01 wt.%) were com-
pared at 20 °C. PEG-PA exhibited the typical a helix with
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Fig. 2 a Apparent size of PEG-PA, PEG-PAQO, and PEG-PAS aqueous
solutions (0.01 wt.%) at 20 °C. b Transmission electron microscopy
images of PEG-PA, PEG-PAO, and PEG-PAS micelles developed from
their aqueous solution (0.01 wt.%). The scale bar is 100 nm. ¢ CD
spectra of PEG-PA, PEG-PAO, and PEG-PAS aqueous solutions (0.01
wt%) at 20 °C. d) CD spectra of aqueous PEG-PAO as a function of
concentration at 20 °C. The legends are concentration (wt.%) of
polymers in water

Ellipticity (mdeg)

two minima at 210 and 223 nm. A significant increase in
the magnitude of ellipticity of the polymers was notice-
able for PEG-PAO and PEG-PAS, compared with PEG-
PA (Fig. 2c). The ellipticities at 210 nm were — 25 to -
105 and - 131 mdeg for aqueous PEG-PA, PEG-PAO,
and PEG-PAS solutions, respectively. The large differ-
ences come from changes in secondary structure as well
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as aggregation of the polypeptides. As the concentration
of the polymer increased from 0.0005 to 0.3 wt.%, red
shifts of the CD spectra were observed for aqueous
PEG-PA, PEG-PAO, and PEG-PAS solutions, and the
CD spectra developed a single large band. Micelle for-
mation of the polypeptide-containing polymers leads to
the red shift in the CD spectra [10, 12]. In the case of
PEG-PAO, the band shifted to 221 nm (0.05 wt.%), 226
nm (0.1 wt.%), and 235 nm (0.3 wt.%) (Fig. 2d). PEG-PA
and PEG-PAS exhibited similar trends (Supplementary
Information: Fig. S1).

Differences in self-assemblies of PEG-PA, PEG-PAO,
and PEG-PAS were demonstrated in the ice
recrystallization inhibition (IRI) activity. Phosphate buff-
ered saline (PBS) developed ice crystals of about 100 um
in size. The addition of PEG-PAO and PEG-PAS to PBS
decreased the size of the ice crystals of the solution (1.0
wt.%) (Fig. 3a). The mean largest grain size decreased to
53 and 41% of that of the PBS (control) for PEG-PAO
and PEG-PAS solutions, respectively, indicating that
PEG-PAS are statistically (p <0.01) more effective than
PEG-PAO in IRI activity (Fig. 3b).

Significant differences were observed among aqueous
PEG-PA, PEG-PAO, and PEG-PAS solutions in sol-gel
transition behavior at high concentration region of the
polymers (Fig. 4a). Aqueous PEG-PA solutions undergo
sol-to-gel transition as the temperature increased in a
concentration range of 5.0-13.0wt.%. Aqueous PEG-
PAO solutions also showed a similar sol-to-gel transition
in a concentration range of 7.0-15.0 wt.%. However, the
transition temperatures increased by 25-37°C over the
same concentration regions. On the other hand, PEG-
PAS showed a gel phase over the same concentration
range and did not show sol-to-gel transition in the in-
vestigated temperature range of 0-80°C. Moduli of
aqueous PEG-PA, PEG-PAO, and PEG-PAS solutions
(11.0wt.%) were investigated as the temperature in-
creased (Fig. 4b). Storage modulus (G’) and loss modulus
(G”) are the elastic component and viscous component
of complex modulus, respectively. Therefore, crossing of
G’ over G” indicates sol-to-gel transition [13]. The cross-
ing point of G’ over G” was observed at 16 and 46 °C for
aqueous PEG-PA and PEG-PAO solutions, respectively.
However, G’ of PEG-PAS was greater than G” in the
same temperature range, indicating a gel phase persisted
without sol-gel transition.

In the search for a mechanism of the difference in the
molecular level, "H-NMR and FTIR spectra of aqueous
polymer solutions (11.0 wt.% in D,O) were compared at
20 and 50°C (Figs. 5 and 6). The peaks at 3.3-3.9 ppm
(PEG) and 4.2-5.0 ppm (D,0O) were sharp for PEG-PAO
(sol phase), whereas they slightly collapsed for PEG-PA
(just above sol-to-gel transition) at 20 °C. The peaks at
1.0-2.0 ppm (PA or PAO) were significantly collapsed at
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Fig. 3 Ice recrystallization inhibition effect of PEG-PAO and PEG-PAS aqueous solutions (1.0 wt.%). The microscopy images of the ice crystals (a)
and mean largest grain size (b) were compared. The scale bar is 200 um. ** on the bar graph indicates p < 0.01 in comparison with PBS

20°C due to the core-shell nature of the polymers. The
peaks corresponding to hydrophobic blocks tend to col-
lapse in the "H-NMR spectra using D,O because they
located in the core of micelles [14, 15]. In particular, the
PAO peaks (1.0-2.0 ppm) were more collapsed than the
PA peaks (1.0-2.0 ppm) at 20 °C, whereas PA peaks were
more collapsed than the PAO peaks at 50°C. On the
other hand, the PEG peak at 3.3-3.9 ppm was sharp for
PEG-PAO (sol phase), however it was collapsed for
PEG-PA (just above sol-to-gel transition) at 20 °C. The
PEG peak was collapsed for PEG-PAO (just above sol-
to-gel transition) and significantly collapsed for PEG-PA
(gel phase) at 50 °C.

The FTIR spectra of the aqueous polymer solution
(11.0wt.% in D,O) were also studied to compare
changes in secondary structures of the polypeptides. The
bands at 1620-1630 cm™ ' and 1650-1660 cm™ ' are at-
tributed to B sheet and a helix conformation of the poly-
peptide, respectively [16, 17]. As demonstrated in the
FTIR spectra, the conjugation of hydrophobic alkyl
chains of the oleoyl group or stearoyl group to PEG-PA,
the B sheet bands at 1620-1630 cm™ ' increased at both
20 and 50°C (Fig. 6 and Supplementary Information:
Fig. $2). Amide I bands in 1600-1700 cm™ ' were ana-
lyzed by Xpeak software for semi-quantitative assay of
the secondary structure [10, 11]. Xpeak analysis indi-
cated that o helix content decreased from 48% to 33—

34%, whereas the B sheet content increased from 31 to
44-45% by C18 conjugation (Table 1).

Discussion

PEG-PA was synthesized by ring-opening polymerization
of N-carboxy anhydrides of L-alanine in the presence of
monoamino-PEG [6, 7]. About two times excess amount
of oleoyl chloride and stearoyl chloride reacted with the
amino-end group of PEG-PA to prepare PEG-PAO and
PEG-PAS, respectively, which led to the polymers
without contamination of unreacted PEG-PA. "H-NMR
and GPC confirm the correct structure of PEG-PA,
PEG-PAO and PEG-PAS.

Due to the hydrophilic block (PEG) and hydrophobic
block (PA, PAO and PAS), the PEG-PA, PEG-PAOQO, and
PEG-PAS block copolymers self-assembled in water.
Micelles are expected to form in water due to the large
ratio of the hydrophilic block to hydrophobic block for
all of the PEG-PA, PEG-PAO, and PEG-PAS block co-
polymers [18]. Increases in the micelle size of PEG-PAO
and PEG-PAS in water might be the result of the in-
creased hydrophobic aggregation of the polymers in the
core of a micelle after conjugating the long alkyl chain
to PEG-PA (Fig. 2a). There might be some distortion of
the micelle structures during the air-drying process in
the transmission electron microscope measurements,
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however, the spherical shape of the micelles were clearly
observed in the images (Fig. 2b).

CD spectra of the aqueous polymer solutions sug-
gested that the P sheet content of PEG-PA increased
after conjugating the long hydrophobic alkyl chain to
PEG-PA. It is notable that the a helix-to-$ sheet transi-
tion of polypeptides could be induced by hydrophobic
modification of the polypeptide.

Ice recrystallization inhibition (IRI) activity is very im-
portant in cell storage or food industry [8, 9, 19]. IRI
activity of PEG-PA, PEG-PAO, and PEG-PAS were com-
pared. Ice crystals have rather hydrophobic surfaces and
adhesion of amphiphilic molecules tends to inhibit
growth of ice crystals [20]. Therefore, the control of
hydrophobic and hydrophilic balance is important to
regulate IRI activity. PEG-PAS are more effective than
PEG-PAO in IRI activity (Fig. 3b). PEGs on the ice crys-
tal surface interfere approaching of water molecules that

need for growth of ice crystals. The PEG population per
unit area of PEG-PAS-coated ice crystal can be higher
than that of PEG-PAO-coated ice crystal due to the lar-
ger free volume of an oleoyl group with a cis kink at 9,
10-position along C18 alky chain. Therefore, PEG-PAS
could be more effective than PEG-PAO in IRI activity.
The sol-gel transition behavior were significantly
different among aqueous PEG-PA, PEG-PAO, and PEG-
PAS solutions (Fig. 4a). The increase in sol-to-gel
transition temperature of an aqueous PEG-PAO solution
suggests that interference in the sol-to-gel transition oc-
curs by conjugation of the oleoyl group to PEG-PA even
though hydrophobicity of the polymer increases. Usually,
the sol-to-gel transition of aqueous polymer solutions is
facilitated by an increase in hydrophobicity of the poly-
mer [21-25]. On the other hand, PEG-PAS showed a gel
phase over the same concentration and temperature
ranges, indicating gel phase is stabilized for PEG-PAS.
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Based on 'H-NMR and FTIR spectra of aqueous poly-
mer solutions (11.0 wt.% in D,0O), the mechanism of the
difference in the molecular level were suggested. 'H-
NMR spectra suggested that molecular motion of PEG
significantly decreased as the temperature increased
from 20 to 50 °C, whereas oleoyl groups maintained their
molecular motion over 20-50°C. The flexibility of the
conjugated oleoyl group of PEG-PAO might be respon-
sible for interference of thermogelation of the aqueous
PEG-PAO solution, compared with the aqueous PEG-
PA solution. The aqueous PEG-PAS solutions (11.0
wt.%) remained as a gel phase and all peaks of PEG-PAS
were significantly collapsed at 20 and 50 °C. Similar to
their roles in the cell membrane, the oleoyl group with a
cis-kink at the middle of the long alkyl chain might pro-
vide fluidity or flexibility of the core with the core-shell
structure of PEG-PAO assemblies, and interferes with

thermogelation of the aqueous PEG-PAO solution.
Whereas the stearoyl group with saturated alkyl chain
might provide rigidity of the core with core-shell structure
of PEG-PAS assemblies, and facilitated gel formation of
the aqueous PEG-PAS solution. The significance of core-
softness related to sol-gel transition of the aqueous
polymer solutions was also manifested in aqueous solu-
tions of poly(ethylene glycol)-poly(L-alanine) (PEG-L-PA)
vs poly(ethylene glycol)-poly(DL-alanine) (PEG-DL-PA),
poly(L-lactic acid)-poly(ethylene glycol)-poly(L-lactic acid)
(L-PLA-PEG-L-PLA) vs poly(DL-lactic acid)-poly(ethylene
glycol)-poly(DL-lactic acid) (DL-PLA-PEG-DL-PLA), and
the stereocomplex of L-PLA-PEG-L-PLA and poly(D-lac-
tic acid)-poly(ethylene glycol)-poly(D-lactic acid) (D-PLA-
PEO-D-PLA) [26-29]. All polymers consist of hydrophilic
PEG and hydrophobic poly(alanine) or poly(lactic acid),
therefore the block copolymers formed core-shell micellar
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structure in water. However, the sol-gel transition
behavior was quite different due to the core softness of
the self-assemblies. For example, sol-to-gel transition tem-
peratures of aqueous PEG-DL-PA (1000-780) solutions
were 60-80°C in a concentration range of 16-24 wt.%,
whereas those of the aqueous PEG-L-PA (1000-780) solu-
tions were 10-40°C in a concentration range of 6-12
wt.% [26]. DL-PAs develop soft random coil structures,
whereas L-PAs develop rigid p sheet or a helix structures.

Similarly, DL-PLAs develop a soft core structures, whereas
L-PLAs and the stereocomplex of L-PLA/D-PLA devel-
oped a stiff core of the polymer self-assemblies, and thus
facilitate gelation of their aqueous solutions [27-29].

As discussed in CD spectra, a helix-to-p sheet transi-
tion by hydrophobic conjugation to the polypeptide was
noticeable in FTIR spectra. The secondary structures of
polypeptide for PEG-PA, PEG-PAO, and PEG-PAS were
basically maintained when the temperature increased

Table 1 Analysis of secondary structures of polypeptide by using Xpeak software

a helix/B sheet/ random coil

polymer a helix/B sheet/ random coil

(20°Q) (50°C)
PEG-PA 48/31/21 46/28/26
PEG-PAO 34/44/22 33/39/28
PEG-PAS 33/45/21 32/41/27

B sheet: 1625 and 1633 cm™ ', random coil: 1646 cm™ " [8, 9]
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from 20 to 50 °C except for partial decreases in P-sheet
content and increases in random coil content. The FTIR
spectra suggested that the long chain alky (C18) group
conjugated to PEG-PA significantly promoted [ sheet
structures of PA by attractive forces in water for hydro-
phobic aggregation of the chain ends. Modifications of
poly(L-alanine)-poloxamer-poly(L-alanine) (PA-PLX-PA)
by short alkyl groups including methyl, ethyl, propyl,
and butyl groups increased [-sheet content of PA
through hydrophobic interactions [30]. Contrary to
current Cl18-modifications which increased sol-to-gel
transition temperature (PEG-PAO) or eliminated of sol-
to-gel transition (PEG-PAS), the short alky group
modifications steadily decreased sol-to-gel transition
temperature of the aqueous polymer solutions as the
hydrophobicity of the polymer increased. The differences
in sol-gel transition behavior induced by the short chain
and long chain alkyl group modifications suggest that
different mechanisms such as strong hydrophobic inter-
actions and conformational degree of freedom of the
long alkyl (C18) chains as well as changes in secondary
structures of PA might be involved. The different mech-
anisms among the short alky group and long alkyl
groups are also well-known for the glass transition
temperature of polyacrylates [31]. Glass transition
temperature of polyacrylates exhibits a minimum curve
as the alky group length increases. Plasticizing effects of
short alkyl (C1-C8) groups decrease glass transition
temperature of the polyacrylates as the alkyl chain length
increases, whereas strong intermolecular interactions
among the long alkyl (C12-C16) groups overwhelm the
plasticizing effects and increase the glass transition
temperature of the polyacrylates as the alkyl chain length
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increases. Previously, we reported that the [ sheet con-
tent of the polypeptide was reduced by hydrophilic PEG
conjugation to an oligopeptide, penta-alanine (A;) [6].
As the molecular weight of PEG increased from 1000 to
2000, and 5000 Da, the P sheet content of PEG-A; de-
creased from 56% to 45 and 33%, respectively. PEG is in
a highly dynamic motion in water, which might interfere
with the unique molecular arrangements leading to p
sheet conformation of the polypeptide. Conformation of
polypeptides such as the a helix, p sheet, and random
coil plays a significant role in determining structures as
well as biological activities of the polypeptides and pro-
teins [32]. In particular, a helix-to-p sheet transition of
polypeptides is reported to be involved in Creutzfeldt-
Jakob and Alzheimer’s diseases [33, 34]. The transition
proceeds by unfolding of « helix followed by rearrange-
ments to B sheet formation, which leads to aggregation
of the polypeptides and sometimes results in precipita-
tion of the polypeptides. However, the molecular
structure that triggers o helix-to-f sheet transition of
polypeptides or proteins are yet clear. Here we suggest
that conjugating the hydrophobic group to a polypeptide
induces a helix-to- sheet transition of the polypeptide,
whereas conjugating the hydrophilic PEG to a polypep-
tide reduces P sheet content of the polypeptide.

Based on the above results, the effects of the oleoyl
group and stearoyl group conjugation to PEG-PA are
schematically presented (Fig. 7). Blue, gold, red, and dark
red curves indicate PEG, PA, oleoyl group, and stearoyl
group, respectively. First, PEG-PA, PEG-PAO, PEG-PAS
form micelles in water due to their amphiphilic nature
consisting of a hydrophilic block (PEG) and a hydropho-
bic block (PA, PAO, and PAS). C18 modification of PA

PEG-PA PEG-PAO

o H3C‘{'°\/1;‘

PEG-

PEG-

S H,etO~ iy’

Fig. 7 Schematic presentation of PEG-PA, PEG-PAQO, and PEG-PAS self-assemblies in water. Blue, gold, red, and dark red curves indicate PEG, PA,
oleoyl group, and stearoyl group, respectively. m and n are 45 and 16, respectively. C18 modification of PA induces conformational transition of
PA from a helix-to-p sheet and increases micelle size of the polymers in water. Oleoyl and stearoy! groups provide rigidity and flexibility,
respectively, of the core of the micelles. Therefore, the oleoyl group interferes with gelation, whereas the stearoyl group facilitates gelation

PEG-PAS
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not only increases aggregation tendency or micelle size
of the polymers in water but also increases [ sheet
content of the PA. On the other hand, oleoyl and stear-
oyl groups affect rigidity/flexibility of the core of the mi-
celles, thus affect the solution behavior of the polymers.

Conclusions

C18-modified PEG-PA block copolymers were synthe-
sized to investigate how the configuration difference in
C18 affects the solution behavior of PEG-PA block
copolymers. C18 modification increases the micelle size
and induced a helix-to-f sheet transition of the PA
through the increased hydrophobic aggregation of the
polypeptides. IRI activity of PEG-PAS was higher than
that of PEG-PAO. PEG-PAO with the oleoyl group in-
terfered with gelation and increased sol-to-gel transition
temperature. However, PEG-PAS with the stearoyl group
facilitated the gelation of the aqueous polymer solutions.
The large free volume of the oleoyl group with a cis kink
in the middle of the C18 chain and core flexibility of the
micelles provided by the oleoyl groups might be respon-
sible for such behavior. To conclude, the hydrophobic
modification of the PEG-PA block copolymer affects the
secondary structure of polypeptide (PA), and the solu-
tion behavior also seriously altered by the configuration
of the hydrophobic molecule.

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/540824-020-00200-8.

[ Additional file 1. ]

Authors’ contributions

Min Hee Park: Synthesis and characterization of polymers. Jinkyung Park: IRI
activity assay for aqueous polymer solutions. Hyun Jung Lee: Analysis of FTIR
spectra and secondary structures of the polypeptides. Byeongmoon Jeong:
Conceptualization and writing paper. The author(s) read and approved the
final manuscript.

Funding

This work was supported by the National Research Foundation of Korea
Grant funded by the Korean Government (2020R1A2C2007101 and
2017R1A5A1015365).

Availability of data and materials
For data requests, please contact the authors.

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors have consented to the submission of this manuscript for
publication.

Competing interests
The authors declare that they have no competing interests.

Page 10 of 11

Received: 4 November 2020 Accepted: 13 November 2020
Published online: 17 December 2020

References

1. Sun B, Luo C, Cui W, Sun J, He Z. Chemotherapy agent-unsaturated fatty
acid prodrugs and prodrug-nanoplatforms for cancer chemotherapy. J
Control Release. 2017,264:145-59.

2. Lee S, Na K Oleic acid conjugated polymeric photosensitizer for metastatic
cancer targeting in photodynamic therapy. Biomater Res. 2020,24:1.

3. Vanni S, Hirose H, Barelli H, Antonny B, Gautier R. A sub-nanometre view of
how membrane curvature and composition modulate lipid packing and
protein recruitment. Nat Commun. 2014;5:1-10.

4. Shaw DK, Wang X, Brown LJ, Chdvez ASO, Reif KE, Smith AA, Scott AJ,
McClure EE, Boradia VM, Hammond HL, Sundberg EJ, Snyder GA, Liu L,
DePonte K, Villar M, Ueti MW, Fuente JDL, Ernst RK, Pal U, Fikrig E, Pedra
JHF. Infection-derived lipids elicit an immune deficiency circuit in
arthropods. Nat Commun. 2017,8:1-13.

5. Holthuis JCM, Menon AK. Lipid landscapes and pipelines in membrane
homeostasis. Nature. 2014;510:48-57.

6. Choi YY, Jang JH, Park MH, Choi BG, Chi B, Jeong B. Block length affects
secondary structure, nanoassembly and thermosensitivity of poly(ethylene
glycol)-poly(L-alanine) block copolymers. Mater Chem. 2010;20:3416-21.

7. Hong JH, Lee HJ, Jeong B. Injectable polypeptide thermogel as a tissue
engineering system for hepatogenic differentiation of tonsil-derived
mesenchymal stem cells. ACS Appl Mater Interfaces. 2017;9:11568-76.

8. Rajan R, Hayashi F, Nagashima T, Matsumura K. Toward a molecular
understanding of the mechanism of cryopreservation by polyampholytes:
cell membrane interactions and hydrophobicity. Biomacromolecules. 2016;
17:1882-93.

9. Mitchell DE, Lovett JR, Armes SP, Gibson MI. Combining biomimetic block
copolymer worms with an ice-inhibiting polymer for the solvent-free
cryopreservation of red blood cells. Angew Chem Int Ed. 2016;55:2801-4.

10. Moon HJ, Choi BG, Park MH, Joo MK, Jeong B. Enzymatically degradable
thermogelling poly (alanine-co-leucine)-poloxamer-poly (alanine-co-leucine).
Biomacromolecules. 2011;12:1234-42.

11. Baginska K, Makowska J, Wiczk W, Kasprzykoski F, Chmurzyski L.
Conformational studies of alanine-rich peptide using CD and FTIR
spectroscopy. J Pept Sci. 2008;14:283-9.

12. Mochida Y, Cabral H, Miura Y, Albertini F, Fukushima S, Osada K, Nishiyama
N, Kataoka K. Bundled assembly of helical nanostructures in polymeric
micelles loaded with platinum drugs enhancing therapeutic efficiency
against pancreatic tumor. ACS Nano. 2014;8:6724-38.

13. Weiss RG. The past, present, and future of molecular gels. What is the
status of the field, and where is it going? J Am Chem Soc. 2014;136:
7519-30.

14.  Jeong Y, Joo MK, Bahk KH, Choi YY, Kim HT, Kim WK, Lee HJ, Sohn YS,
Jeong B. Enzymatically degradable temperature-sensitive polypeptide as a
new in-situ gelling biomaterial. J Control Release. 2009;137:25-30.

15. Loh XJ, Tan YX, Li Z, Teo LS, Goh SH, Li J. Biodegradable thermogelling poly
(ester urethane) s consisting of poly (lactic acid)-thermodynamics of
micellization and hydrolytic degradation. Biomaterials. 2008;29:2164-72.

16. Wen Y, Roudebush SL, Buckholtz GA, Goehring TR, Giannoukakis N, Gawalt
ES, Meng WS. Coassembly of amphiphilic peptide EAKT6-Il with
histidinylated analogues and implications for functionalization of 3-sheet
fibrils in vivo. Biomaterials. 2014;35:5196-205.

17. Semenyshyn R, Hentschel M, Stanglmair C, Teutsch T, Tarin C, Pacholski C,
Giessen H, Neubrech F. In vitro monitoring conformational changes of
polypeptide monolayers using infrared plasmonic nanoantennas. Nano Lett.
2019,19:1-7.

18. Hespel L, Morandi G, Grossel M, Lecamp L, Picton L, Burel F. Synthesis of
lipid-b-poly (2-isopropyl-2-oxazoline) and successive study of pH-and
thermo-sensitive mixed micelles by combination with lipid-b-poly (acrylic
acid). Polym Chem. 2014;5:4009-15.

19.  Biggs Cl, Bailey TL, Graham B, Stubbs C, Fayter A, Gibson MI. Polymer
mimics of biomacromolecular antifreezes. Nat Commun. 2017;8:1-12.

20.  Mochizuki K, Molinero V. Antifreeze glycoproteins bind reversibly to ice via
hydrophobic groups. J Am Chem Soc. 2018;140:4803-11.

21. Yu L, Zhang H, Ding J. A subtle end-group effect on macroscopic physical
gelation of triblock copolymer aqueous solutions. Angew Chem Int Ed.
2006:45:2232-5.


https://doi.org/10.1186/s40824-020-00200-8
https://doi.org/10.1186/s40824-020-00200-8

Park et al. Biomaterials Research

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

34.

(2020) 24:23

Cho IS, Park CG, Huh BK, Cho MO, Khatun Z, Li Z, Kang SW, Choy YB, Huh
KM. Thermosensitive hexanoy! glycol chitosan-based ocular delivery system
for glaucoma therapy. Acta Biomater. 2016;39:124-32.

Lee BH, Lee YM, Sohn YS, Song SC. A thermosensitive poly
(organophosphazene) gel. Macromolecules. 2002;35:3876-9.

Ye E, Chee PL, Prasad A, Fang X, Owh C, Yeo VJJ, Loh XJ. Supramolecular
soft biomaterials for biomedical applications. Mater Today. 2014;17:194-202.
Chen Y, Luan J, Shen W, Lei K, Yu L, Ding J. Injectable and thermosensitive
hydrogel containing liraglutide as a long-acting antidiabetic system. ACS
Appl Mater Interfaces. 2016,8:30703-13.

Choi YY, Joo MK, Sohn YS, Jeong B. Significance of secondary structure in
nanostructure formation and thermosensitivity of polypeptide block
copolymers. Soft Matter. 2008;4:2383-7.

Shi K, Wang YL, Qu Y, Liao JF, Chu BY, Zhang HP, Luo F, Qian ZY. Synthesis,
characterization, and application of reversible PDLLA-PEG-PDLLA copolymer
thermogels in vitro and in vivo. Sci Rep. 2016;6:1-15.

Lee HT, Lee DS. Thermoresponsive phase transitions of PLA-block-PEO-
block-PLA triblock stereo-copolymers in aqueous solution. Macromol Res.
2002;10:359-64.

Yu L, Zhang Z, Zhang H, Ding J. Biodegradability and biocompatibility of
thermoreversible hydrogels formed from mixing a sol and a precipitate of
block copolymers in water. Biomacromolecules. 2010;11:2169-78.

Kim JY, Park MH, Joo MK, Lee SY, Jeong B. End groups adjusting the
molecular nano-assembly pattern and thermal gelation of polypeptide
block copolymer aqueous solution. Macromolecules. 2009;42:3147-51.

Yu X, Huang XJ. Prediction of glass transition temperatures of polyacrylates
from the structures of motion units. J Theor Comput Chem. 2016;15:
1650011.

Wei G, Su Z, Reynolds NP, Arosio P, Hamley IW, Gazit E, Mezzenga R. Self-
assembling peptide and protein amyloids: from structure to tailored
function in nanotechnology. Chem Soc Rev. 2017;46:4661-708.

Kotler SA, Walsh P, Brender JR, Ramamoorthy A. Differences between
amyloid-B aggregation in solution and on the membrane: insights into

elucidation of the mechanistic details of Alzheimer's disease. Chem Soc Rev.

2014;43:6692-700.

Cao H, Wang Y, Gao Y, Deng X, Cong Y, Liu Y, Jiang X. Molecular design of
-sheet peptide for the multi-modal analysis of disease. Angew Chem Int
Ed. 2019,58:1626-31.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 11 of 11

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Method
	Results
	Conclusions

	Background
	Methods
	Materials
	Polymer synthesis
	1H-NMR spectroscopy
	Gel permeation chromatography
	Dynamic light scattering
	Transmission electron microscopy
	Circular dichroism spectroscopy
	Ice recrystallization inhibition assay and cryomicroscopy
	Phase diagram
	Dynamic mechanical analysis
	FTIR spectroscopy
	Statistical analysis

	Results
	Discussion
	Conclusions
	Supplementary Information
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

