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Poly(_-lysine)-block-poly(ethylene glycol)-block-poly(._-lysine) triblock
copolymers for the preparation of flower micelles and their

irreversible hydrogel formation

Abstract

Poly(, -lysine)-block-poly(ethylene glycol)-block-poly(.-lysine) (PLys-block-
PEG-block-PLys) triblock copolymers formed polyion complex (PIC) with
poly(acrylic acid) (PAAC) or sodium poly(styrenesulfonate) (PSS), leading to the
formation of flower micelle-type nanoparticles (Nano™*"¢ or Nano"*"*%) with
tens of nanometers size in water at a polymer concentration of 10 mg/mL. The
flower micelles exhibited irreversible temperature-driven sol-gel transitions at
physiological ionic strength, even at low polymer concentrations such as 40
mg/mL, making them promising candidates for injectable hydrogel applications.
Rheological studies showed that the chain length of PLys segments and the
choice of polyanions significantly impacted irreversible hydrogel formation, with
PSS being superior to PAAc for the formation. The incorporation of silica gel
nanoparticles into the PIC flower micelles also resulted in irreversible gelation
phenomena. The highest storage modulus exceeded 10 kPa after gelation, which
is sufficient for practical applications. This study demonstrates the potential of
these PIC-based hydrogels as biomaterials with tunable properties for biomedical

applications.

Keywords: injectable hydrogels, polyion complex, sol-gel transition, poly(y-
lysine)-block-PEG-block-poly(,-lysine) triblock copolymers, silica gel

nanoparticles, modulus

Impact Statements: A polyion complex-based flower micelle, formed by poly(,-
lysine)-block-PEG-block-poly( -lysine) triblock copolymers and polyanions,
shows irreversible hydrogel formation; incorporating silica enhanced its modulus

to exceeding 10 kPa, promising for biomedical applications.



Introduction

Injectable hydrogels are one of the attractive biomaterials administered into the body as
liquids and converted to gels under certain conditions. These injectable gels are used for
various applications such as tissue regeneration, local and sustainable drug delivery,
orthopedics, regenerative medicine, and cosmetic surgery [1-5]. There are various types
of injectable gels, such as ion-crosslinked gels like arginine, terminal reactive
poly(ethylene glycols) (PEGs), and fibrin gels [6-8]. Recently, it has been reported that
flower micelles were obtained using hydrophobic-hydrophilic-hydrophobic triblock
copolymers, where the hydrophilic segment composed PEG, forming gels with
increasing temperature [9-13]. These gels are in a one-liquid system, making them easy
to handle because drugs can be incorporated into the flower micelles, and it is expected
to be used in local and sustainable DDS [2,3,14-17]. Injectable gels must possess sol-
gel transition properties allowing them to remain a liquid during injection and form a
hydrogel with sufficient mechanical strength and viscosity under in vivo conditions. To
achieve this, triblock copolymers such as poly(e-caprolactone)-block-PEG-block-poly(e-
caprolactone) (PCL-block-PEG-block-PCL) were developed, and these copolymers
form hydrogels upon heating [10,11,17-19]. In these systems, hydrophobic interactions
of PEG shells, which increase with temperature, serve as driving force for hydrogel
formation, leading to the aggregation of flower micelles [20,21]. A key challenge in
injectable hydrogels formed by these flower micelles is that they often exhibit
insufficient mechanical properties, such as low toughness and viscosity, once inside the
body. For instance, hydrogels formed via hydrophobic interaction of PCL-block-PEG-
block-PCL flower micelles typically have a modulus around only 10 Pa, which may not
provide enough structural integrity to maintain their desired shape after injection.

Another limitation of flower micelle-based hydrogels is the high concentration required



for gelation. Typically, concentrations of 20wt% or higher are necessary, which

presents challenges for practical applications.

We recently reported that flower micelles, which use polyion complex (PIC)
formation as core coagulation force, can form irreversible hydrogels even at low
concentrations, and that these hydrogels exhibit higher mechanical strength than other
flower-type micelles using hydrophobic core coagulation forces. For example, flower
micelles are formed by combining a polystyrene-based triblock polymer (polyamine-
block-PEG-block-polyamine) with a polyanion such as poly(acrylic acid) (PAAc), and
PIC acts as coagulation force to form the micelle core [22-25]. Under the ionic strength
of biological environment, these flower micelles undergo gelation with increasing
temperature, achieving an elastic modulus exceeding 1 kPa. Interestingly, the hydrogel
formation was irreversible and did not revert to a flowable sol even when the
temperature was reduced. This suggests that PIC-driven flower micelle-type injectable
gels hold potential for practical application. By incorporating antioxidant properties into
this PIC-type injectable gel, we have developed a highly effective anti-tissue adhesion
agent [24]. These PIC-type flower micelles and injectable gels can also be engineered as
triblock copolymers with poly(amino acid) segments. For example, PIC flower micelles
formed by mixing poly(arginine)-block-PEG-block-poly(arginine) with a polyanion
successfully formed irreversible hydrogel within cardiac tissue when injected into a
mouse model of myocardial infarction [26]. These hydrogels were degraded by
inflammatory cells, such as macrophages, triggering a cascade of endogenous
enzymatic reactions that convert poly(arginine) to arginine, and subsequently to nitric
oxide, thereby promoting cardiovascular regeneration [26]. Thus, if injectable gels with
sufficient mechanical strength can be developed using poly(amino acid)s, they could

serve as promising matrices for local and sustained release of corresponding amino



acids, thereby enhancing biological functions. However, the underlying mechanism and

optimization of poly(amino acid)-based PIC flower micelles remain largely unexplored.

In this work, to deeply explore and optimize the performance of poly(amino acid)-
based PIC micelles, we employed poly(.-lysine)-based triblock copolymers, poly(,.-
lysine)-block-PEG-block-poly(,-lysine) (PLys-block-PEG-block-PLys), with polyanions
(Scheme 1). Herein, | -lysine (Lys) is one of the essential amino acids, and one of the
attractive targeted amino acids because it has important biological functions [27-31]. If
a bioavailable injectable gel based on PLys-block-PEG-block-PLys could be developed,
it could be used for a variety of applications, such as local Lys release materials,
combination with drug release, and wound dressings. It was confirmed that PLys-block-
PEG-block-PLys formed PIC micelles in the aqueous condition in combination with
PAAC or sodium poly(styrenesulfonate) (PSS). In these flower micelles, PEG formed
the hydrophilic outer shells, while PIC formed the core structures, with the micelle size
ranging from 10 to 46 nm. Under the micelle concentration over 40 mg/mL (~ 4wt%),
these flower micelles exhibited irreversible hydrogel formation driven by temperature at
physiological ionic strength. In this study, we have focused on fundamental
characterizations of sol-gel transitions of flower micelles, investigating the effects of
ionic strength, chain length of PLys segments, and design of polyanions. In addition, we
confirmed that when silica gel nanoparticles of 4 to 6 nm in size were mixed with
flower micelles, they formed a complex in water and hydrogels with a higher elasticity
by heating to 37 °C under physiological salt concentrations. The resulting gels exhibited
mechanical strength exceeding 10 kPa with initial micelle concentration of 40 mg/mL.
Although almost all injectable gels with the high mechanical strength (~1 kPa) typically
rely on two-liquid systems, we achieved high mechanical strength using a one-liquid

system combined with silica gel nanoparticles. In fact, our silica-supported injectable



gels exhibit a modulus approximately 10 times greater than that of the previous triblock
copolymers. Injectable hydrogels, which are especially based on poly(amino acid)
flower micelles formed by PIC interactions, exhibit great promise for a variety of
biomedical applications due to their ability to form strong and irreversible gels at low
concentrations ([polymer] = 40 mg/mL ~ 4 wt%). These injectable hydrogels will
provide localized and sustained drug release, and promote tissue regeneration, making
them highly potential candidates for practical use in fields such as cardiovascular

therapy, drug delivery, and wound dressing.

Scheme 1

Materials and Methods

Chemicals

N®-Carbobenzoxy- -lysine (H-Lys(Z)-OH; TCI, purity > 98%), triphosgene (TCI, purity
>08.0%), (1S)-(-)-a-pinene (TCI, purity > 97.0%), HO-PEG-OH (Sigma-Aldrich, M, ~
10,000), methanesulfonyl chloride (MsCI; TCI, purity > 99.0%), triethylamine (EtsN;
TCI, purity > 99.0%), chloroform (Fijifilm Wako Chemicals, purity ~ 99.0%),
isopropanol (IPA; Fijifilm Wako Chemicals, purity ~ 98%), hexane (Fijifilm Wako
Chemicals, purity ~ 95%), ammonia solution (Fijifilm Wako Chemicals, ~28 wt%),
1,2,3,4-tetrahydronaphtalene (tetralin; TCI, purity > 98.0%), a 33 wt% acetic acid
solution of hydrogen bromide (HBr in AcOH; Sigma-Aldrich), trifluoroacetic acid
(TFA; TCI, purity ~ 98.0%), poly(acrylic acid) (PAAc; Fijifilm Wako Chemicals, M, ~
25,000), and sodium poly(styrenesulfonate) (PSS; Sigma-Aldrich, M,, ~ 70,000) were
used as received. Super dehydrated tetrahydrofuran (THF; Kanto Chemicals, purity >
99.5%) and N,N-dimethylformamide (DMF; Kanto Chemicals, purity > 99.5%) were

further purified using a purification column (solvent dispensing system; glass contour;



Hansen & Co., Ltd.). The solutions of silica nanoparticles (Snowtex® XS, Snowtex®
30, Snowtex® XL, and Snowtex® ZL; Nissan Chemical Corporation) were also used as
received. The corresponding nanoparticle diameters were 4-6 nm (Snowtex® XS), 10—

15 nm (Snowtex® 30), 40-60 nm (Snowtex® XL), and 70-100 nm (Snowtex® ZL.).

Characterization of polymer materials

The number-averaged and weight-averaged molecular weights (M, and My,
respectively) and the molecular weight distribution (P) of the polymers were measured
using gel permeation chromatography (GPC) in DMF at 40 °C (flow rate: 0.40 mL/min)
on two polystyrene gel columns (TOSHO TSKgel GMHpg-M; exclusion limit:
molecular weight (MW) = 4.0 x 10°%; particle size: 5 um; pore size: N/A; 7.8 cm i.d. x
30 cm) connected to a pump (JASCO, PU-4180), refractive index (RI) detector
(JASCO, RI-2031), and UV/Vis detector (JASCO, UV-4075). The columns were
calibrated using 18 standard poly(ethylene oxide) (PEO) and poly(ethylene glycol)
(PEG) samples (Merck; M, =238-1,180,000). 'H nuclear magnetic resonance (NMR)
spectra were recorded in CDCl3 or DMSO-ds at room temperature (2223 °C) using an
AVANCE-600 NMR spectrometer (Bruker) operating at 600 MHz (*H). Dynamic light
scattering (DLS) measurements were conducted using Zetasizer Nano ZSP (Malvern)
equipped with He—Ne laser (4 = 633 nm) at 37 °C. The measurement angle was 173°,
and the data were analyzed using nonnegative least squares (NNLS) method.
Transmission electron microscopy (TEM) was conducted using a JEM-1400 (JEOL) at
an accelerating voltage of 80 kV. The samples were prepared by drop-casting aqueous
solutions of the flower micelle-type nanoparticles ([polymers] = 10 mg/mL) onto
carbon-coated grids (OKENSHOJI; ELS-C10 STEM Cul00P) and staining with a

1wt% phosphotungstic acid solution (10 pL, pH = 7.4).



Synthesis of MsO-PEG-OMs

HO-PEG-OH (27.2 g, 2.72 mmol; 1.0 eq.) was placed into a 300 mL round-bottomed
flask. Chloroform (70 mL), EtzN (3.8 mL, 27 mmol; 10 eq.), and MsClI (2.1 mL, 27
mmol; 10 eq.) were added to the flask, and the solution was stirred at room temperature
for 5 h. The product was precipitated by cold IPA (-30 °C) and collected by
centrifugation (—10 °C, 9000 rpm, 10 min). The obtained product was then solubilized
by methanol and the precipitation process was repeated three more times. Finally, a

white product was obtained and dried under reduced pressure (26.8 g, Yield 99%).

Synthesis of H,N-PEG-NH,

MsO-PEG-OMs (54.3 g, 5.43 mmol) was placed into a 2000 mL round-bottomed flask,
and an aqueous NHjs solution (380 mL) was poured into the flask. After solubilization of
MsO-PEG-OMs at 50 °C, the solution was stirred at room temperature for 4 days. The
solvent was removed by a vacuum pump, and the obtained product was solubilized by
methanol. The precipitation using IPA, which was same as the purification of MsO-
PEG-OMs, was conducted four times. A white product was finally obtained and dried

under reduced pressure (53.6 g, Yield 99%).

Synthesis of a-amino acid N-carboxyanhydride of Lys(Z) (NCA-Lys(Z))

monomer

H-Lys(Z)-OH (25.2 g, 89.9 mmol; 1.0 eq.) and triphosgene (18.2 g, 61.3 mmol; ~ 0.67
eq.) were placed into a 1000 mL round-bottomed flask. a-Pinene (36 mL, 227 mmol;
2.5 eq.) and THF (252 mL) were poured to the flask, and the heterogeneous mixture
was stirred at 50 °C for 3 h. After cooling to room temperature, the homogenous
solution was dropped into hexane and a precipitate was obtained. The precipitate was

then washed by hexane several times. After storage of the hexane solution at —30 °C



overnight, the product was collected by filtration. The product was then solubilized by
mixed solvent of THF/acetone/IPA (~ 10/10/1, v/v/v) again, and the precipitation
process was repeated two more times. Finally, a white powder was obtained and dried

under reduced pressure (16.4 g, Yield 59%).

Synthesis of poly(,-lysine(Z))-based triblock copolymers

PLys(Z)-block-PEG-block-PLys(Z) triblock copolymers (P1 — P4) were synthesized
using a syringe technique under N in a round bottomed flask with a three-way stopcock

via ring-opening polymerization. The typical procedure is described below.

P2: HoN-PEG-NH; (25.1 g, 2.51 mmol) was placed into a 500 mL round bottomed
flask. The initiator was dried using a vacuum pump for 30 min, and the flask was
purged by N,. DMF (44.8 mL), which was dried over activated molecular sieves 4A
(MS4A), was added to the flask under Ny, and the initiator was completely solubilized.
Tetralin (0.3 mL) and a 1000 mM DMF solution of NCA-Lys(Z) (70.4 mL, 70.4 mmol)
were sequentially added to the flask in this order. The solution was stirred at 45 °C for 4
days, and the reaction was quenched by lig. N,. The conversion of NCA-Lys(Z) was
determined by *H NMR using tetralin as internal standard. The product was precipitated
by hexane/cold IPA (= 1/1, v/v), and the obtained product was collected by
centrifugation (—10 °C, 9000 rpm, 10 min). The obtained product was then solubilized
by DMF and the precipitation process was repeated two more times. The product after
precipitation was dried under reduced pressure (30.5 g). Other triblock copolymers (P1,

P3, and P4) were synthesized in the same manner.



Deprotection of Z groups on PLys(Z) segments

PLys(Z)-block-PEG-block-PLys(Z) triblock copolymer (P2; 30.5 g, 33.6 mmol
(Lys(2)); 1.0 eq.) was placed into a 500 mL round-bottomed flask, and TFA (300 mL)
was poured to the flask. The solution was cooled using an ice bath, and an AcOH
solution of HBr (61 mL, 337 mmol; 10 eq.) was slowly added. The solution was stirred
with an ice bath overnight. The reaction was quenched by saturated aqueous solution of
Na,COs. The solution was dialyzed against MeOH/aq. Na,COg3 (~ 1/1, v/v) for 3 days,
and against water for 4 days (Spectra/Por® 3; molecular weight cut-off (MWCO)
3500). The inner solution was lyophilized, and PLys-block-PEG-block-PLys triblock
copolymer (P2) was obtained (19.6 g). Z groups in other triblock copolymers (P1, P3,

and P4) were deprotected in the same manner.

Preparation of the polyion complex (PIC) micelle solutions

PLys-block-PEG-block-PLys triblock copolymers were solubilized by DMSO/TFA (=
20/1, v/v; [polymer] = 5 mg/mL). Polyanions (PAAc or PSS) were solubilized by
phosphate-buffered (PB) saline ([polymer] =5 mg/mL), and each PB solution of
polyanions was slowly added to the solution of PLys-block-PEG-block-PLys triblock

copolymers. The mixture was dialyzed against water (Spectra/Por® 3; MWCO 3500).

Lys/PAAC Lys/PSS

The inner aqueous solutions of PIC micelles (Nano or Nano ) were
condensed using a centrifugal evaporator (EYELA, CVE-3100). The concentration of
the resulting solution was determined by weighing the obtained polymer after

lyophilizing 100 pL of the solution.

Viscoelastic properties characterized using a rheometer

The viscoelastic properties of PIC micelles were characterized using a rheometer

(MCR302, Anton Paar) in the same way as the previous work [20]. In this work, we



have measured shear storage and loss moduli (G”and G ) and complex viscosity ([#*])
for the characterization of gelation process and hydrogel properties. The storage and
loss moduli indicated solid and liquid properties, respectively. For example, a material
mainly shows solid properties when the storage modulus is higher than loss modulus
(G’ > G”). Furthermore, the gelation point can be determined at the cross-point where
both moduli show the same values (G’ = G”). In this work, a parallel plate with 20 mm
diameter and a gap of 0.2 mm was used. The viscoelastic properties were monitored by
changing the temperature from 15 to 45 °C at a fixed frequency of 1 Hz, and the heating
and cooling rate was set as 1 °C/min. Each aqueous solution of silica gel nanoparticles,

which was the suspension solution, was added to the aqueous solution of PIC micelles

Lys/PAAc Lys/PSS

(Nano or Nano ) right before the characterization using a rheometer, and the

solutions were mixed well by a vortex for 3 min.

Results and Discussion

1. Polymer synthesis

Amphiphilic ABA-type triblock copolymers such as poly(e-caprolactone)-block-PEG-
block-poly(e-caprolactone) form flower-type micelles under aqueous condition. PEG
chains in these flower micelles increase hydrophobicity by heating, and the flower
micelles aggregate with each other. The entropy of PEG chains of these flower micelles
is reduced because both chain ends of PEG on the surface are anchored to the core,
making PEG more sensitive to temperature changes. As the temperature rises, hydration
of PEG chains decreases, causing them to become more hydrophobic. The flower
micelles aggregate, leading to the formation of bridging [20,21]. This is the mechanism

of the hydrogel formation using flower micelles composed of amphiphilic triblock



copolymers, where PEG serves as hydrophilic polymer segment. Since this mechanism
relies solely on the aggregation of micelles caused by hydrophobization of PEG induced
by heating, these hydrogels do not exhibit high elastic moduli, and the moduli are often

around 10 Pa.

As explained above, in PIC flower micelles that form on ionic interactions, the
gelation is influenced not only by the aggregation resulting from hydrophobization of
PEG upon heating but also by changes in coagulation forces within the PIC. As the
ionic strength increases, the PIC core loosens due to electrostatic shielding effects,
causing some polymer chains to be released and exposed from the core. These exposed
chains form bridge structure, leading irreversible hydrogel formation. These factors are
key contributors to the gelation process in PIC-driven flower micelles (Scheme 1).
Here, we employed triblock copolymers based on poly(amino acid) as polycations to
investigate the formation and gelation behavior of flower micelles driven by polyion
complexes. In this work, we used PLys-block-PEG-block-PLys as a polycationic
copolymer prepared via ring-opening polymerization of NCA-Lys(Z) using a H,N-
PEG-NH; macroinitiator in DMF at 45 °C [32-34]. To investigate the effect of the
number of cations on the polycationic segments on the gel formation properties, triblock
copolymers with different degrees of polymerization (DP) of Lys units in a PLys
segment (DP(Lys)) were prepared. The targeted DP was varied from 5 to 50
(DP(LyS)target = 5(P1), 10(P2), 20(P3), and 50(P4)). In all cases, NCA-Lys(Z) was
smoothly consumed, and PLys(Z)-block-PEG-block-PLys(Z) triblock copolymers were
obtained (Table 1; Figures 1a and 1b; Figure S1; M,(GPC) = 10200 — 21300, M,,(GPC)
= 12000 — 26000, BD(GPC) = 1.07 — 1.23). All signals in *H NMR spectrum of P4 are
assigned to PLys(Z)-block-PEG-block-PLys(Z), suggesting successful synthesis of

desired triblock copolymers (Figure 1c). Other results are listed in Table 1, and their



GPC results are shown in the supplementary information (Figure S1). M, and DP(Lys)
were determined by the peak ratio between PEG and benzyl groups, and M,(NMR) =

11400 — 38100 and DP(Lys)nwr = 2.7 — 54 (Table 1, Figure 1c).
Table 1
Figure 1

The deprotection of Z groups in PLys(Z) segments was carried out using HBr in
TFA to produce triblock-based polycations (PLys-block-PEG-block-PLys) with a free
amino group as a side chain of each Lys repeating unit. The peak from benzyl protons
(peak h) in *H NMR spectra before deprotection completely disappeared after the
reaction (Figure 1d). These results supported successful synthesis of PLys-block-PEG-

block-PLys (Table 1, Figure 1d; My(NMR) = 10700 — 23700).

2. Preparation of flower micelles

Mixing an equal amount of oppositely charged polyion pairs generates water-
incompatible regions, leading to reduction in system entropy [35]. However, this
decrease in entropy is compensated by release of counterions from both charged
segments, resulting in formation of a highly stable polyion complex (PIC). Thus, the
formation of flower micelles driven by PIC force is anticipated when the
aforementioned PLys-block-PEG-block-PLys triblock copolymers are combined with
polyanions. PAAc and PSS were utilized as polyanions in this work, and each PB
solution of PAAc or PSS was added to each DMSO solution of PLys-block-PEG-block-
PLys triblock copolymers (P1-P4). After dialysis against water, the solutions were
characterized by DLS at 25 °C ([polymer ] = 10 mg/mL; Lys unit in PLys-block-

PEG-block-PLys /AAc or SS unit in polyanions = 1/1 (mol/mol)). Both PAAc and PSS



afforded nanoparticles (Nano™**° or Nano=*"%%) with P1-P4, and the volume
distributions of the hydrodynamic diameter (Dy volume) Were 10 — 46 nm (Table 1, Figure

2, Figures S2-S4).
Figure 2

For further investigation, PIC formation between PAAc and PLys-block-PEG-block-
PLys(P2) was characterized by *H NMR in D,O (Figure 2c and 2d; [polymer]iw = 5
mg/mL). While PAAc exhibited proton signals corresponding to their environments in
D,0 (Figure 2c), only signals corresponding to PEG segments were observed in the
spectrum of PLys-block-PEG-block-PLys/PAAc mixture (Figure 2d). This indicates that
both polyion chains are embedded into the solid core of flower micelles

(N ano Lys/PAAc

(P2)), with PEG forming hydrophilic shells. The absence of polyion
signals in the *H NMR spectrum can be attributed to the significantly shortened
relaxation times of the segments within the solid core, resulting from their restricted
mobility, thereby rendering the peaks undetectable. PSS and PLys-block-PEG-block-
PLys(P2) was also characterized by *H NMR in D,0, and same results were obtained

(Figure S4), indicating that PSS also afforded PIC-based flower micelles

(Nano“¥PSS(P2)) together with PLys-block-PEG-block-PLys(P2).

3. Rheological analysis of poly(lysine)-based PIC flower micelles

In developing injectable hydrogels for biomedical applications, low viscosity around
room temperature, and irreversible and rapid gelation at around body temperature are
desirable. It is also crucial to ensure that the gel maintains sufficient mechanical
strength throughout the required period after gelation. To investigate the fundamental
characteristics of flower micelles prepared in this study, rheological analysis was

performed by measuring the shear storage modulus, loss modulus (G’ and G”), and



complex viscosity ([#*]) of PIC flower micelles as a function of temperature. As
described above, the driving force for PIC formation is the decrease in system entropy
when polycations and polyanions interact with each other, and this decrease in entropy
is compensated by the release of counterions of both polycation and polyanion chains
[35]. After the PIC formation, the ionic strength of the solution is one of the important
factors for the stability of PIC. The formed PIC becomes more loosened in accordance
with the increase in the concentration of ionic species. As ionic strength rises, the
electrostatic interaction between the polycation and polyanion is shielded, weakening
the PIC core coagulation force. Consequently, some polymer chains are exposed and
released from the PIC core, and some of them act as bridge chains between flower
micelles and others exist as isolated chains [20,21]. This is the mechanism of
irreversible hydrogel formation. Therefore, it is essential to quantitatively assess the
impact of ionic strength on the stability of these PIC flower micelles. Thus, we also
investigated the effect of ionic strength on hydrogel formation using Nano™*"55(P4) by
increasing the concentration of NaCl (Figures 3a and 3b; [polymer] = 40 mg/mL; [Lys
unit] = 67 mM). Herein, the concentration of Lys units in triblock copolymers was 67
mM. Therefore, the ionic species significantly interfered with PIC core structure in the
presence of a 150 mM NaCl solution. Although the storage modulus was higher than
loss modulus in the absence of NaCl, the viscosity of Nano™*"5(P4) was low below 40
°C (~0.2 Pa s). This means that Nano™**5(P4) without electrolytes was injectable.
During heating, gelation was confirmed by the fact that the viscosity immediately
increased in accordance with increase of storage modulus, and gelation points were
respectively 25.9 and 24.7 °C under the condition of 150 and 500 mM NacCl solutions
(Table S1; heating rate = 1 °C/min). The gelation temperature decreased by increasing

the concentration of NaCl, therefore, this gelation was driven by both temperature and



ionic strength. One of the important points of this gelation was the irreversible hydrogel
formation, i.e., the storage modulus did not revert to the initial values during the cooling
process (cooling rate = 1 °C/min) and kept high values. Another key factor in the
fundamental characterization of our hydrogels is that the preparation process, including
the time-course of temperature change may influence both the irreversible hydrogel
formation and its properties. Additionally, the significant step change in storage
modulus observed between 25-30 °C and 4045 °C suggests molecular level changes.
We will continue to investigate the effects of the preparation process on the hydrogels

as well as the intermediate structures, in detail.
Figure 3

To clear the effect of DP(Lys) on irreversible hydrogel formation under
physiological condition ([NaCl] = 150 mM) ; all Nano"*"S5(P1-P4)s were similarly
characterized by a rheometer as above (Figures 3¢ and 3d). Nano™*™5(P1) and

Nan 0Lys/PSS

(P2) did not form hydrogels, confirmed by their low viscosity (< 0.1 Pas).
This might be because their coagulation forces in PLys chains were not sufficient to
form a stable PIC-core under physiological conditions. In the case of Nano"*"sS(P3)

and Nano-Y*/PsS

(P4), both their storage moduli and viscosity increased with temperature,
leading to irreversible hydrogel formation. This indicates that PLys segments require
more than ~20 units of Lys for irreversible formation. Since the hydrogel formation
process is irreversible, the preparation conditions, including the rate of temperature
change, might influenced the irreversible gelation as well as the properties, and we will

continue to investigate the effect of preparation conditions on the hydrogel formation

and properties.

The effect of polyanion on the irreversible hydrogel formation was investigated



using Nano"*"55(P4) and Nano™*""*°(P4) (Figure 4). In the case of 0 and 150 mM

NaCl solutions, Nano-s"AA¢

(P4) also showed irreversible hydrogel formation, and its
storage moduli and viscosity increased with temperature. However, Nano=*"A*¢(P4)
did not induce gelation in the case of 500 mM NaCl solution, as indicated by the fact
that the loss modulus was exceeding storage modulus again in addition to low viscosity.
This phenomenon is likely due to the weaker acidity of PAAc than PSS (pK, = 6.21
(PAAC) and 1.22 (PSS)) [36]. This unique gelation phenomenon, driven by changes in
ionic strength, has potential applications such as: when the PIC micelle solution is
delivered to a target site via a catheter, a 500 mM solution is anticipated to remain fluid
within the catheter and only form gels once released into the body, where the ionic
strength is lower. Another point was that the gelation temperature did not depend on the
concentration of NaCl, and the gelation temperature during the heating process was
approximately 27 °C in all cases, regardless of ionic strength. The exact reason for this

remains unclear, but it is believed that gelation of Nano"*"AA°

with increasing
temperature is primarily triggered by micelle aggregation due to hydrophobization of
PEG chains, rather than by core loosening caused by changes in ionic strength. It is also
important to note that the molecular weights of polyanions were not identical in this

study. We will continue to investigate the effect of polyanion molecular weight on the

hydrogel formation and properties in more detail.

Figure 4

4. Enhancement of mechanical strength using silica gel nanoparticles

While PLys-based triblock copolymers formed PIC micelles with polyanions and
exhibited irreversible hydrogel formation, the storage modulus after gelation in all

conditions was less than 1 kPa. To enable versatile applications, it is preferable to



increase the storage modulus by at least 1 kPa. To investigate the potential for
enhancing mechanical strength during the gelation process, we incorporated silica gel
nanoparticles with negatively charged surfaces into Nano"*"55(P4). Even though
enhancement of mechanical strength is not achieved, silica gel nanoparticles show great
potential as drug carriers, with clinical trials already underway in the United States.
Therefore, combining silica gel nanoparticles with flower micelles that possess
injectable gel properties could significantly expand their potential applications. In this
work, we have used four silica gel nanoparticles (Snowtex®) to study the effect of
combination of silica nanoparticles with different sizes of 4-6 nm (Snowtex® XS; ST-
XS), 10-15 nm (Snowtex® 30; ST-30), 40-60 nm (Snowtex® XL; ST-XL), and 70—
100 nm (Snowtex® ZL; ST-ZL). After incorporation of Snowtex® XS into

Nan 0Lys/PSS

(P4), its size increased to 632 nm, indicating an interaction between
Snowtex® XS and Nano™*"*5(P4), with no precipitation of the composite nanoparticles
observed during DLS measurements (Figure S5; [polymer] = 1.0 mg/mL). Other silica
nanoparticles exhibited a similar tendency toward Snowtex® XS, with the size of the
resulting aggregates ranging from 88 to 1117 nm (Figures S5 and S6). Although DLS
analyses suggested interaction between flower micelles and silica gel nanoparticles, the
internal structure of the composite nanoparticles remain unclear, requiring further
investigation. Interestingly, the storage modulus of the hybrids increased significantly
with rising temperature. For example, the composite of Nano™*">° with Snowtex® XS
(Nano"¥PSS519(p4:ST-XS)) exhibited gelation as the temperature increased, achieving a
storage modulus exceeding 10 kPa, even at such an initial silica concentration of just 56
mg/mL (Figures 5a and 5b). The storage modulus after gelation was further increased in

the presence of NaCl. This might be due to the partial disintegration of PIC-core

induced by electrostatic shielding effects, leading to the exposure of its dangling PLys



chains outside the core and formation of bridge chains with added silica nanoparticles as
illustrated in Figure S7. The formation of these bridge chains between flower micelles
and silica gel nanoparticles might increase the mechanical strength of the gels. The
gelation temperature was unaffected by the NaCl concentration in the presence of silica
gel nanoparticles, and the reasons for this remain unclear. Multiple factors must be
considered simultaneously, as the hydrophobicity of PEG increases along with the
loosening of PIC core as ionic strength rises. Additionally, the presence of silica gel
nanoparticles may further complicate the mechanism, and these combined complexities

could obscure clear distinctions in the system.

Lys/PSS \ith Snowtex® 30 was

The gelation tendency of the composite of Nano
nearly identical to that of Snowtex® XS, with both of them having relatively small
particle sizes (4-6 nm for Snowtex® XS and 10-15 nm for Snowtex® 30) (Figures 5¢
and 5d). In contrast, larger Snowtex® nanoparticles (40-60 nm for Snowtex® XL and
70-100 nm for Snowtex® ZL) exhibited different behavior. Although they formed

aggregates with Nano-¥"sS

without precipitation during DLS measurements (Figure S6,
[polymer] = 1.0 mg/mL), they did not induce gelation with increasing temperature. The
underlying mechanism remains unclear, but an appropriate combination of silica

nanoparticles with flower micelles can achieve high mechanical strength suitable for

practical applications.

Figure 5

Conclusion

We have designed and developed poy(.-lysine)-based triblock copolymers (PLys-block-
PEG-block-PLys) as a polycation to prepare flower micelles with polyanions, which

convert to hydrogel with increasing temperature. PLys-block-PEG-block-PLys formed



polyion complex (PIC) with PAAc or PSS in water, resulting in the formation of flower

Lys/PAAc Lys/PSS

micelles (Nano or Nano ). These flower micelles were around 10-46 nm
nanoparticles confirmed by DLS, and *H NMR spectra indicated that PEG formed the
hydrophilic shells and PIC formed the micelle-core in water. The PIC flower micelles
also exhibited irreversible hydrogel formation even at a low concentration (~ 40

mg/mL). This sol-gel transition of Nano"¥"5S

was a dual-responsive phenomenon,
which needed temperature and ionic strength. Notably, gelation temperature decreased
with increasing NaCl concentration. To form stable flower micelles and achieve
temperature-triggered gel formation, the PLys chain requires 20 or more repeating Lys

units. NanotY/PAAC

also formed hydrogels, but the gelation temperature was independent
of NaCl concentration, suggesting that this temperature-triggered gelation is primarily
driven by micelle aggregation due to the hydrophobization of PEG chains, rather than
by core loosening caused by changes in ionic strength. The incorporation of silica gel
nanoparticles, ranging from a few nanometers to around 15 nm in size, into Nano-¥"sS
enabled us to enhance the mechanical strength of the gel formed upon heating. The
gelation ability and mechanical strength of this composite greatly depend on the size of
silica particles. For example, when silica particles larger than 40 nm were incorporated,
gelation did not occur. In contrast, the incorporation of smaller silica gel particles
induced gelation upon heating, and the mechanical strength of the resulting gel
improved dramatically compared to the case without silica. In fact, when 4-6 nm-sized

Snowtex® XS was incorporated to NanoY¥*s*

, the storage modulus of the resulting
hydrogel exceeded 10 kPa, while the gelation temperature remained nearly unchanged,
providing sufficient mechanical strength for practical applications. Namely, we

achieved a nearly 10-fold increase in mechanical strength compared to our previous PIC

flower micelles by utilizing a one-liquid system incorporating silica gel nanoparticles.



These fundamental characterizations of irreversible hydrogel formation will contribute
to the development of injectable hydrogels capable of continuously delivering Lys, as
well as other ionic amino acids and medical drugs, using silica gel composites. Several
aspects of this work remain unresolved, requiring further investigation. Specifically, we
need to examine the impact of the preparation process on hydrogel formation and
properties, the inner structure of composite nanoparticles formed by flower micelles
with silica gel nanoparticles, and biocompatibility and cytotoxicity of this system. The
potential advantages of our injectable hydrogels for in vivo will be explored separately

in future work.

Abbreviations
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PEG: poly(ethylene glycol)
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DP: degree of polymerization
PIC: polyion complex

Nano™¥PA%C: flower micelle-type nanoparticles composed of PLys-block-PEG-block-

PLys and PAAcC

Nano™*"%S: flower micelle-type nanoparticles composed of PLys-block-PEG-block-

PLys and PSS

Nano-¥FSS/5i9: flower micelle-type nanoparticles composed of PLys-block-PEG-block-

PLys, PSS, and silica gel nanoparticles
ST-XS: Snowtex® XS

ST-30: Snowtex® 30

ST-XL: Snowtex® XL

ST-ZL: Snowtex® ZL

Lys/PSS/SiO

Nano (P4;ST-XS): flower micelle-type nanoparticles composed of PLys-block-

PEG-block-PLys(P4), PSS, and Snowtex® XS
GPC: gel permeation chromatography

NMR: nuclear magnetic resonance

DLS: dynamic light scattering

TEM: transmission electron microscope

Du.volume: Volume distribution of hydrodynamic diameter



G’: storage modulus

G””: loss modulus
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TFA: trifluoroacetic acid

DMSO: dimethyl sulfoxide
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Supplementary Materials

Supplementary data for this article can be found in the online version at XXX.

Acknowledgments

Y.K. thank the Japanese Society for the Promotion of Science (JSPS) KAKENHI for

supporting this research through Challenging Research (Exploratory) (22K19891).

Author Contributions

Y.K. performed all experiments and prepared the initial manuscript, including the
Supporting Information. Y.N. supervised the entire study and coedited the manuscript

with Y.K. Y.N. and Y.K. approved the final version of the manuscript.

Disclosure statement

The authors declare no competing financial interest.



References

[1] Bertsch P, Diba M, Mooney D J, Leeuwenburgh S C G. Self-Healing Injectable
Hydrogels for Tissue Regeneration. Chem. Rev. 2023; 123: 834-873.
doi:10.1021/acs.chemrev.2c00179

[2] Jeong B, Bae Y H, Lee D S, Kim S W. Biodegradable block copolymers as
injectable drug-delivery systems. Nature 1997; 388: 860-862. doi:10.1038/42218

[3] Hatefi A, Amsden B, Biodegradable injectable in situ forming drug delivery
systems. J. Control. Release 2002; 80: 9-28. doi:10.1016/S0168-3659(02)00008-1

[4] Wang S. Chen B, Ouyang L, Wang D, Tan J, Qiao Y, Ge S, Ruan J, Zhuang A, Liu
X, Jia R, A Novel Stimuli-Responsive Injectable Antibacterial Hydrogel to Achieve
Synergetic Photothermal/ Gene-Targeted Therapy towards Uveal Melanoma. Adv.
Sci. 2021; 8: 2004721. doi:10.1002/advs.202004721

[5] Strakosas X, Biesmans H, Abrahamsson T, Hellman K, Ejneby M S, Donahue M J,
Ekstrom P, Ek F, Savvakis M, Hjort M, Bliman D, Linares M, Lindholm C,
Stavrinidou E, Gerasimov J Y, Simon D T, Olsson R, Berggren M, Metabolite-
induced in vivo fabrication of substrate-free organic bioelectronics. Science 2023;
379: 795-802. doi:10.1126/science.abc9998

[6] Noh S M, Park M O, Shim G, Han SE, Lee H Y, Huh JH, Kim M S, Choi J J, Kim
K, Kwon I C, Kim J-S, Baek K-H, Oh Y-K, Pegylated poly-_-arginine derivatives of
chitosan for effective delivery of siRNA. J. Control. Release 2010; 145: 159-164.
doi:10.1016/j.jconrel.2010.04.005

[7] Rosenquist J, Folkesson M, Hoglund L, Pupkaite J, Hilborn J, Samanta A, An
Injectable, Shape-Retaining Collagen Hydrogel Cross-linked Using Thiol-
Maleimide Click Chemistry for Sealing Corneal Perforations. ACS Appl. Mater.

Interfaces 2023; 15: 34407-34418. doi:10.1021/acsami.3c03963



[8] Mu Z, Chen K, Yuan S, Li Y, Huang Y, Wang C, Zhang Y, Liu W, Luo W, Liang P,
Li X, Song J, Ji P, Cheng F, Wang H, Chen T, Gelatin Nanoparticle-Injectable
Platelet-Rich Fibrin Double Network Hydrogels with Local Adaptability and
Bioactivity for Enhanced Osteogenesis. Adv. Healthcare Mater. 2020; 1901469. doi:
10.1002/adhm.201901469

[9] Hong Y, Kim J-M, Jung H, Park K, Hong J, Choi S-H, Kim B-S, Facile Synthesis of
Poly(ethylene oxide)-Based Self-Healable Dynamic Triblock Copolymer Hydrogels.
Biomacromolecules 2020; 21: 4913-4922. doi:10.1021/acs.biomac.0c01140

[10] Dethe M R, Prabakaran A, Ahmed H, Agrawal M, Roy U, Alexander A, PCL-
PEG copolymer based injectable thermosensitive hydrogels. J. Control. Release
2022; 343: 217-236. doi:10.1016/j.jconrel.2022.01.035

[11] Yoshizaki Y, Horii K, Murase N, Kuzuya A, Ohya Y. Development of immune
cell delivery system using biodegradable injectable polymers for cancer
immunotherapy. Int. J. Pharm. 2024; 652; 123801.
doi:10.1016/j.ijpharm.2024.123801

[12] Ohya, YoshidaY, Kumagae T, Kuzuya A, Gelation upon the Mixing of
Amphiphilic Graft and Triblock Copolymers Containing Enantiomeric Polylactide
Segments through Stereocomplex Formation. Gels 2024; 10: 139.
doi:10.3390/gels10020139

[13]  ChenJ, LiuY, Cheng G, Guo J, Du S, QiuJ, Wang C, Li C, Yang X, Chen T,*
Chen Z, Tailored Hydrogel Delivering Niobium Carbide Boosts ROS-Scavenging
and Antimicrobial Activities for Diabetic Wound Healing. Small 2022; 18:

2201300. doi:10.1002/smll.202201300



[14] Wang Y, Bastiancich C, Newland B, Injectable local drug delivery systems for
glioblastoma: a systematic review and meta-analysis of progress to date. Biomater.
Sci. 2023; 11: 1553. doi: 10.1039/d2bm01534;

[15] LeeS,HongHK, SongJS, Jeong S I, ChungJY, Woo S J, Park K D,
Intravitreal injectable hydrogel rods with long-acting bevacizumab delivery to the
retina. Acta Biomater. 2023; 171: 273-288. doi: 10.1016/j.actbio.2023.09.025

[16] Zhou X, He X, Shi K, Yuan L, Yang Y, Liu Q, Ming Y, Yi C, Qian Z, Injectable
Thermosensitive Hydrogel Containing Erlotinib-Loaded Hollow Mesoporous Silica
Nanoparticles as a Localized Drug Delivery System for NSCLC Therapy. Adv. Sci.
2020; 7: 2001442. d0i:10.1002/advs.202001442.

[17] PhanV HG, Lee E, Maeng JH, Thambi T, KimB S, Lee D, Lee D S,
Pancreatic cancer therapy using an injectable nanobiohybrid hydrogel. RSC Adv.
2016; 6: 41644. doi:10.1039/c6ra07934h

[18] Bian Q, Guo C, Cui S, Xu G, Feng W, Accelerating bone regeneration in cranial
defects using an injectable organic-inorganic composite hydrogel. J. Mater. Chem.
B 2023; 11: 3713. doi:10.1039/d3th00332a

[19] Ohya, Yonezawa H, Moriwaki C, Murase N, Kuzuya A, A systematic study
on the effects of the structure of block copolymers of PEG and poly(e-caprolactone-
co-glycolic acid) on their temperature-responsive sol-to-gel transition behavior.
Polym. Chem. 2023; 14: 1350-1358. doi:10.1039/D2PY01574A

[20] Koga, T, Tanaka F, Motokawa, R, Koizumi, S, Winnik, F M, Theoretical
Modelling of Hierarchically Associated Structures in Hydrophobically Modified
PNIPAM Agueous Solutions on the Basis of a Neutron Scattering Study. Macromol.

Symp. 2010; 291-292: 177-185. doi: 10.1002/masy.201050521



[21] Ozaki, H, Koga, T, Theory of transient networks with a well-defined junction
structure. J. Chem. Phys. 2020; 152: 184902. d0i:10.1063/5.0003799

[22] Ishii S, Kaneko J, Nagasaki Y, Dual Stimuli-Responsive Redox-Active
Injectable Gel by Polyion Complex Based Flower Micelles for Biomedical
Applications. Macromolecules 2015; 48: 3088—-3094.
doi:10.1021/acs.macromol.5b00305

[23] Pua M L, Yoshitomi T, Chonpathompikunlert P, Hirayama A, Nagasaki Y,
Redox-active injectable gel using thermo-responsive nanoscale polyion complex
flower micelle for noninvasive treatment of local inflammation. J. Control. Release
2013; 172: 914-920. doi:10.1016/j.jconrel.2013.10.009

[24] Nakagawa H, Matsumoto Y, Matsumoto Y, Miwa Y, Nagasaki Y, Design of
high-performance anti-adhesion agent using injectable gel with an anti-oxidative
stress function. Biomaterials 2015; 69: 165-173.
doi:10.1016/j.biomaterials.2015.08.018

[25] Ishii S, Kaneko J, Nagasaki Y, Development of a long-acting, protein-loaded,
redox-active, injectable gel formed by a polyion complex for local protein
therapeutics. Biomaterials 2016; 84: 210-218.
doi:10.1016/j.biomaterials.2016.01.029

[26] ~Vong L B, Bui T Q, Tomita T, Sakamoto H, Hiramatsu Y, Nagasaki Y, Novel
angiogenesis therapeutics by redox injectable hydrogel - Regulation of local nitric
oxide generation for effective cardiovascular therapy. Biomaterials 2018; 167: 143—
152. doi:10.1016/j.biomaterials.2018.03.023

[27] Sato T, Ito Y, Nagasawa T, Lysine suppresses myofibrillar protein degradation
by regulating the autophagic-lysosomal system through phosphorylation of Akt in

C2C12 cells. SpringerPlus 2014; 3: 584. doi:10.1186/2193-1801-3-584



[28] Sato T, Muramatsu N, Ito Y, Yamamoto Y, Nagasawa T, _-Lysine Attenuates
Hepatic Steatosis in Senescence-Accelerated Mouse Prone 8 Mice J. Nutr. Sci.
Vitaminol 2018; 64: 192-199. doi:10.3177/jnsv.64.192

[29] Lansard M, Panserat S, Plagnes-Juan E, Dias K, Seiliez I, Skiba-Cassy S, L-
Leucine, L-Methionine, and L-Lysine Are Involved in the Regulation of
Intermediary Metabolism-Related Gene Expression in Rainbow Trout Hepatocytes.
J. Nutr. 2011; 141: 75-80. d0i:10.3945/jn.110.124511

[30] Flakoll P, Sharp R, Baier S, Levenhagen D, Carr C, Nissen S, Effect of -
Hydroxy-B-Methylbutyrate, Arginine, and Lysine Supplementation on Strength,
Functionality, Body Composition, and Protein Metabolism in Elderly Women.
Nutrition 2004; 20: 445-451. doi:10.1016/j.nut.2004.01.009

[31] Al-Malki A L, Suppression of acute pancreatitis by L-lysine in mice. BMC
Complement. Altern. Med. 2015; 15: 193. d0i:10.1186/512906-015-0729-x

[32] Koda Y, Nagasaki Y, Design of cysteine-based self-assembling polymer drugs
for anticancer chemotherapy. Colloid. Surf. B., Biointerfaces 2022; 220; 1129009.
doi:10.1016/j.colsurfh.2022.112909

[33] Koda Y, Nagasaki Y, Newly Designed Cysteine-Based Self-Assembling
Prodrugs for Sepsis Treatment. Pharmaceutics 2023; 15: 1775.
doi:10.3390/pharmaceutics15061775

[34]  Koda Y, Nagasaki Y, Metabolic dysfunction-associated steatohepatitis treated
by poly(ethylene glycol)-block-poly(cysteine) block copolymer-based self-
assembling antioxidant nanoparticles. J. Control. Release 2024; 370: 367—-378.

doi:10.1016/j.jconrel.2024.04.050



[35] Tsuchida E, Osada Y, The réle of the chain length in the stability of polyion
complexes. Die Makromolekulare Chemie. 1974; 175: 593-601.
doi:10.1002/macp.1974.021750220

[36] Dickhaus B N, Priefer R, Detemination of polyelectroyte pK, values using
surface-to-air tension measurements. Colloid. Surf. A., Physucichem. Eng. Aspects

2016; 488: 15-19. doi:10.1016/j.colsurfa.2015.10.015



Table 1. Synthesis of Poly(,-lysine)-Based Triblock Copolymers

Side Mn[ D ¢ Mn 7 DH,volime(PAAc) ¢ DH,volime(PSS) 7
Code DP(Ly$)arget DP(Lys)xur ¢
Chains (GPC) (GPC) (NMR) /nm /nm
Z 10200 1.18 11400 - -
P1 5 2.7
None - - 10700 40 10
zZ 15300 1.07 14100 - -
P2 10 7.7
None - - 12000 19 15
zZ 17000 1.07 20100 - =
P3 20 19
None - - 15000 20 25
Z 21300 1.23 38100 - -
P4 50 54
None - - 23700 46 43

% Targeted degree of polymerization (DP) at 90% monomer conversion: DP(LyS)arget =
0.90 x [NCA-Lys(Z)]/[H2N-PEG-NH,]. Polymerization condition: [NCA-Lys(Z)] /
[H2N-PEG-NH;] = (P1) 500/45, (P2) 500/18, (P3) 500/9, and (P4) 1000/9 mM in DMF
at 45 °C. © Number-average molecular weight (My) and distribution (D) determined by
gel permeation chromatography (GPC) in DMF ([LiBr] = 10 mM) with poly(ethylene
oxide) (PEO) standards. ¢ The observed DP (DP(Lys)nwr) Was determined using
PLys(Z)-block-PEG-block-PLys(Z) by *H NMR in DMSO-dg/TFA = 20/1 (v/v)
([polymer] = 5 mg/mL). The number-average molecular weight (M,(NMR)) was
determined by the observed DP(Lys)nwvr. © The volume-average hydrodynamic
diameter (D volume) OF PIC micelles with PAAc were determined by DLS in water at 25
°C ([polymer] = 10 mg/mL). " The volume-average hydrodynamic diameter (D volume)
of PIC micelles with PSS were determined by DLS in water at 25 °C ([polymer] = 10

mg/mL).



(a) Polymer Synthesis of PLys-Based Triblock Copolymers
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Scheme 1. (a) Synthesis of Poly(, -lysine) (PLys)-Based Triblock Copolymers via Ring-
Opening Polymerization, and (b) Design of Polyion Complex (PIC) Flower Micelle

(Nano"Y¥™*¢ or Nano™*"5%)-Based Hydrogels as Injectable Gels
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Figure 1. (a) Time-conversion of NCA-Lys(Z) and (b) GPC curves for synthesizing
PLys(Z)-block-PEG-block-PLys(Z)(P4) triblock copolymers in DMF at 45 °C
(condition: [NCA-Lys(Z)] / [HoN-PEG-NH,] = 1000 / 9.0 mM). *H NMR spectra (600
MHZz) of (c) PLys(Z)-block-PEG-block-PLys(Z)(P4), and (d) PLys-block-PEG-block-
PLys(P4) in DMSO-dg/TFA = 20/1 (v/v) at 25 °C ([polymer] = 5 mg/mL, § = 2.50 ppm
(DMSO0)).



(a) DLS: Nano!ysPAAc(p2) (b) TEM: NanolysPAAc(P2)
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Figure 2. (a) Volume distribution of hydrodynamic diameter and (b) a TEM image of
Nano"*PA4¢(P2) in water at 25 °C ([polymer] = 10 mg/mL, Lys unit in PLys-block-
PEG-block-PLys(P2) / AAc unit in poly (acrylic acid) (PAAc) = 1/ 1 (mol/mol)). *H
NMR spectra (600 MHz) of (c) PAAc and (d) Nano™¥"24¢(P2) ([polymer] = 5.0
mg/mL, ¢ = 4.79 ppm (HOD)).



(a) Moduli: Effect of NaCl
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Figure 3. Effects of (a, b) the ionic strength and (c, d) DP(Lys) on (a, c) the storage

(G’; filled marks, solid lines) and loss (G ”; opened marks, dashed lines) moduli, and (b,

d) the complex viscosity of Nano™*"*3(a and b, P4; ¢ and d, P1-P4) ([polymers] = 40

mg/mL in water; Monomer unit ratio, Lys unit in PLys-block-PEG-block-PLys /

styrenesulfonate unit in sodium poly(styrenesulfonate) (PSS) = 1/ 1 (mol/mol), heating



and cooling rate = 1 °C/min). Condition: (a, b) [NaCl] = (black circles) 0, (red squares)
150, and (blue triangles) 500 mM. (c, d) [NaCl] = 150 mM, and (black circles) P1, (blue

triangles) P2, (green rhombus) P3, and (red squares) P4. The picture in (d) showed the

Lys/PSS

irreversible gelation of Nano (P3) after cooling to room temperature.
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Figure 4. Effects of (a, b) the polyanions and (c, d) the acylated amphiphilic
copolymers on (a, c) the storage (G; filled marks, solid lines) and loss (G ”; opened
marks, dashed lines) moduli, and (b, d) the complex viscosity of Nano"¥F°¥aon_pased
hydrogels (PAAc or PSS) ([polymers] = 40 mg/mL in water; Monomer unit ratio, Lys
unit in PLys-block-PEG-block-PLys(P4) / anion unit in polyanions = 1/ 1 (mol/mol);
heating and cooling rate = 1 °C/min). Condition: [NaCl] = (black circles) 0, (red
squares, blue triangles) 150, and (green rhombus) 500 mM.
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(d) Viscosity: Effect of Silica Size
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Figure 5. Effects of the size of silica gel nanoparticles on (a) the storage (G ’; filled

marks, solid lines) and loss (G ”’; opened marks, dashed lines) moduli, and (b) the

complex viscosity of Nano-¥PsS/51

(P4)([polymers] = 40 mg/mL in water; Monomer

unit ratio, Lys unit in PLys-block-PEG-block-PLys(P4) / styrenesulfonate unit in PSS =
1/1 (mol/mol); [NaCl] = (a and b, black circle) 0, (a and b, red square; ¢ and d) 150, and



(a and b, blue triangle) 500 mM, [silica gel nanoparticles] = 56 mg/mL; heating and
cooling rate = 1 °C/min). (c, d) The nanoparticle sizes were (Snowtex® XS; red
squares) 4-6 nm, (Snowtex® 30, black circle) 10-15 nm, (Snowtex® XL, blue
triangles) 40-60 nm, and (Snowtex® ZL, green rhombus) 70-100 nm.
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Graphical Abstractl



Impact Statements
A polyion complex-based flower micelle, formed by poly(, -lysine)-block-PEG-block-
poly(.-lysine) triblock copolymers and polyanions, shows irreversible hydrogel

formation; incorporating silica enhanced its modulus to exceeding 10 kPa, promising

for biomedical applications.



