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Abstract

A chemically reactive hybrid diblock polypeptide gelator poly(ethylene glycol)-block-poly(o.-
allylglycine) (PEG-b-PDLAG) is an exceptional material, due to the characteristics of thermo-
reversible organogel formation driven by the combination of a hydrophilic polymer chain linked to
a racemic oligomeric homopeptide segment in a range of organic solvents. One-dimensional
stacking of the block copolymers is demonstrated by ATR-FTIR spectroscopy, wide-angle X-ray
scattering to be driven by the supramolecular assembly of B-sheets in peptide blocks to afford
well-defined fiber-like structures, resulting in gelation. These supramolecular interactions are
sufficiently strong to achieve ultra low critical gelation concentrations (ca. 0.1 wt%) in N,N-
dimethylformamide (DMF), dimethyl sulfoxide (DMSO) and methanol. The critical gel transition
temperature was directly proportional to the polymer concentration, so that at low concentrations,
thermoreversibility of gelation was observed. Dynamic mechanical analysis studies were
employed to determine the organogel mechanical properties, having storage moduli of ca. 15.1
kPa at room temperature.

Introduction

Polypeptide-based materials have attracted significant attention for the development of
biodegradable, stimuli-responsive materials.1=> The supramolecular hierarchical assemblies
of peptides have precisely defined structures from molecular through to nanometer and
micrometer length scales, with high degrees of structural complexity, which could not be
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easily obtained from non-peptide polymers or low-molecular-weight amphiphiles.6.7
Depending on the amino acids used and the degrees of polymerization obtained,
polypeptides can adopt various secondary structures, such as random coils, a-helices and/or
[3-sheets. While most work has focused on polypeptides composed of natural amino acids,
recent attention has been devoted increasingly to the self-assembly behaviors of hybrid
polymer structures of varying compositions and structures, and including non-natural,
functional synthetic polypeptides under diverse conditions.8

Supramolecular interactions between polypeptide segments® have been utilized for the self
assembly of peptide-based diblock copolymers into stimuli-responsive vesicles,>10:11
micelles,12-15 hydrogels16-18 and organogels.1%-22 Organogels made from polypeptides
have potential applications as responsive materials in oil recovery, sensing,
electrochemistry, drug delivery and as templates for the fabrication of nanostructures.23-25
Peptide-based organogelators have been studied by many groups, leading to a variety of
interesting organogels with special mechanical and physical properties,28 where gel
formation is typically driven by hydrophobic interactions among chain segments having
selective peptide sequences and is also facilitated by the co-block segment, e.g. PEG,
exhibiting thermally responsive insolubility to physically crosslink initially assembled
micelles into a gel.1® The gelation mechanisms are different based on the different chemical
composition of polypeptides.16:27 The secondary structures of polypeptides, and their
stacking interactions, have been suggested as driving forces for gel formation, and are
controlled by the compositions and sequences of the component amino acids. Valine,
isoleucine and alanine have been reported as crucial for gelation in certain sequences of
polypeptides, by aiding in the formation of -sheets that are further capable of organizing
into lamellar-stacking regions.28:2% Polypeptide-based organogelators remain limited,
primarily, to certain sequences of natural amino acids. Typically, the synthesis of
organogelators with special sequences has required several steps of solid phase synthesis
and has experienced difficulty with scaled-up production. Compared to traditional solid
phase synthesis, ring opening polymerization (ROP) of N-carboxyanhydrides (NCA)
provides a more effective and facile method for the preparation of high molecular weight
polypeptides.30:31

Herein, we report a new type of chemically reactive, thermo-reversible organogel formed by
a hybrid diblock polypeptide gelator poly(ethylene glycol)-block-poly(c.-allylglycine) (PEG-
b-PDLAG). The diblock polymer contains a rigid peptide motif composed of racemic
synthetic homopolypeptide and a flexible PEG coil. Although PEG-b-PDLAG has been
synthesized previously and studied for its chemical transformation via thiol—ene reactions,32
a tendency toward gelation was not described. Typically, when polypeptides have been
prepared by NCA ROP and shown a tendency toward gelation, experimental conditions
were then altered to allow for isolation of the polymers and subsequent gelation studies in
water.”:33 We, however, found the gel formation in organic solvent in situ to be of interest,
especially as this work appears to be the first example of an organogelator formed from a
hybrid diblock racemic synthetic polypeptide. The mechanism of gelation is discussed. The
critical gelation concentration was as low as 0.1 wt%, which is much lower than most
organogelators made from natural or synthetic amino acids. Further, the organogel showed
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thermoresponsive properties: Above a certain temperature, the gel transformed to solution,
and when cooled down, it returned to gel. The thermoresponsive sol-gel transition was
reversible and reproducible, providing potential development of these materials as sensors
and drug delivery vehicles.

Experimental section

Materials

N,N-Dimethylformamide (DMF), diethyl ether, dichloromethane (DCM), tetrahydrofuran
(THF), dimethyl sulfoxide (DMSO), o.-allylglycine, alpha-pinene, triphosgene and methanol
were purchased from Sigma-Aldrich Company (USA). mPEG45-NH, (M, = 2000 g mol™1),
MPEG11,-NH, (M,, = 5000 g mol~1) were purchased from Rapp Polymere (Germany). All
other chemicals were used without further purification, unless otherwise noted.

Instrumentation

1H and 13C NMR spectra were recorded on a Varian 300 Inova spectrometer. Chemical
shifts were referenced to solvent resonance signals. IR spectra were recorded on an IR
Prestige 21 system (Shimadzu Corp., Japan) and analyzed using IRsolution v. 1.40 software.

N,N-Dimethylformamide-based gel permeation chromatography (DMF GPC) was conducted
on a Waters Chromatography, Inc. (Milford, MA) system equipped with an isocratic pump
model 1515, a differential refractometer model 2414 and a two-column set of Styragel HR 4
and HR 4E 5 mm DMF 7.8 x 300 mm columns. The system was equilibrated at 70 °C in
pre-filtered DMF containing 0.05 M LiBr, which served as polymer solvent and eluent (flow
rate set to 1.00 mL min~1). Polymer solutions were prepared at concentrations of ca. 3 mg
mL~1 and an injection volume of 0.2 mL was used. Data collection and analysis was
performed with Empower Pro software. The system was calibrated with poly(ethylene
glycol) standards (Polymer Laboratories, Amherst, MA) ranging from 615 to 442 800 Da.

Glass transition temperatures (Tg) were measured by differential scanning calorimetry on a
Mettler-Toledo DSC822® (Mettler-Toledo, Inc., Columbus, OH), with a heating rate of 10
°C min~L. Measurements were analyzed using Mettler-Toledo STAR® v. 7.01 software. The
Tg was taken as the midpoint of the inflection tangent, upon the third heating scan.
Thermogravimetric analysis was performed under N, atmosphere using a Mettler-Toledo
model TGA/SDTA851¢, with a heating rate of 5 °C min~1. Measurements were analyzed by
using Mettler-Toledo STAR® v. 7.01 software.

Transmission electron microscopy (TEM) images were collected on a JEOL1200EX
operating at 100 kV and micrographs were recorded at calibrated magnifications using a
SIA-15C CCD camera. The final pixel size was 0.42 nm per pixel. Samples for TEM
measurements were prepared as follows: 4 pL of the dilute solution (with a polymer
concentration of 0.1 mg mL~1) was deposited onto a carbon-coated copper grid, and after 2
min, the excess of the solution was quickly wicked away by a piece of filter paper. The
samples were then negatively stained with 1 wt% phosphotungstic acid (PTA) aqueous
solution or 1 wt% uranyl acetate aqueous solution. After 1 min, the excess staining solution
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was quickly wicked away by a piece of filter paper and the samples were left to dry under
vacuum overnight.

Cryogenic transmission electron microscopy was performed in a Tecnai 12 microscope
operated at 120 kV. A small droplet of the solution (1.2 uL) was placed on a 200 mesh lacey
carbon film supported on a TEM copper grid within a Vitrobot vitrification system (FEI
Inc.). The sample was blotted and quickly plunged into a liquid ethane reservoir cooled by
liquid nitrogen. The vitrified samples were transferred to a Gatan 626 cryo-holder and cryo-
transfer stage cooled by liquid nitrogen. During observation of the vitrified samples, the
cryo-holder temperature was maintained below —176 °C. The images were recorded digitally
with a Gatan CCD camera.

Atomic force microscopy (AFM) imaging was performed using a MFP-3D system (Asylum
Research, Santa Barbara, CA) in tapping mode using Si3Ny4 tips (SPM Probes, NSC14/
AIBS: length (L), tip radius <10 nm, force constant 5.7 N m~1; resonance frequency, 160
kHz). The samples as DMF solutions (0.05 mg mL~2, 5 uL) were deposited onto freshly
cleaved mica and allowed to dry under vacuum before analyses. The average height and
diameter values were determined by section analysis, using the IGOR Pro software package.

X-ray diffraction (XRD) was performed on a Bruker D8® Bragg-Brentano X-ray powder
diffractometer. The sample was placed in the sample holder of a two circle goniometer,
enclosed in a radiation safety enclosure. The X-ray source was a 2.2 kW Cu X-ray tube,
maintained at an operating current of 40 kV and 40 mA The X-ray optics were the standard
Bragg-Brentano para-focusing mode with the X-ray diverging from a DS slit (1 mm) at the
tube to strike the sample and then converging at a position sensitive X-ray Detector (Lynx-
Eye, Bruker-AXS). The two-circle 250 mm diameter goniometer was computer controlled
with independent stepper motors and optical encoders for the 8and 26 circles with the
smallest angular step size of 0.0001° 26. The software suite for data collection and
evaluation was windows based. Data collection was automated COMMANDER program by
employing a DQL file. Data were analyzed by the program EVA.

Matrix assisted laser desorption ionization (MALDI) experiments were performed on a
Voyager DE-STR mass spectrometer (Applied Biosystems, Foster City, CA) under
optimized conditions in positive linear mode. lons were generated by a pulsed nitrogen laser
at 337 nm and accelerated through 25 kV. 100 laser shots were used per spectrum. a-
Cyano-4-hydroxycin-namic acid (CHCA) was used as the matrix. The sample and matrix
were dissolved in methanol at concentrations of 1 and 10 mg mL™1, respectively. The
sample solution was mixed with the matrix at a volume ratio of 1 :1. About 0.5 pL of this
mixture was deposited on a stainless steel sample holder. After allowing to air-dry, the
sample was analyzed using MALDI TOF MS.

Dynamic mechanical analysis (DMA) and static mechanical testing were performed on a
Mettler Toledo TT-DMA system. DMA of the 2% (wt/wt) sample in DMF was performed
over three hours in compression as 1 mm thick, 10 mm diameter cylinder. Dynamic
measurements were recorded over a range of 0.1 to 10 Hz at room temperature with a static
stress of 2% and a dynamic range of 1%. Kinetic data presented were obtained as a single
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exponential decay using Origin Pro 8.6 software. Observation of the loss of volume (for
solvent loss kinetics) was obtained using a calibrated digital microscope (Dynolite). The
Young's modulus (E) was obtained for the 2% sample from low deformation compression
from ca. 0.75% stress to 1.25% stress and is presented in Fig. S5. The 1% (wt/wt) sample
was measured with similar stresses for comparison. DMA for the 1% sample was performed
at 1 Hz for 10 cycles for comparison to the 2% sample at ty. The authors acknowledge that
the significance of comparison of the Young's modulus over such a small range is somewhat
limited, however have chosen to include it for completeness.

Synthesis of o.-Allylglycine NCA.32—In a 250 mL three neck flask, o.-allylglycine (5.0
g) was dissolved in 50 mL THF and triphosgene (7.0 g) were added directly to the reaction
flask. Then 15 mL alpha-pinene was added to the reaction mixture and stirred in dry THF
(50 mL) for 3 h at 50 °C. The mixture was constantly flushed with a stream of dry nitrogen.
The crude product was concentrated and precipitated from hexane, recrystallized three times
from ethyl acetate—hexane 1 :1 (v/v), and dried in vacuum; yield: 2.9 g (88%) as a white
crystal. 1TH NMR (300 MHz, DMSO-dg, ppm): §2.51, 2.74 (m, 2H, CH>), 4.38 (m, 1H, CH),
5.29 (M, 2H, H,C=CHy), 5.74 (m, 1H, H,C= CH), 6.35 (br, 1H, NH). 13C NMR (300 MHz,
DMSO-dg, ppm): §35.3, 57.4, 120.5, 131.9,152.3, 171.5. FT-IR (cm™1): 3410-3270, 1828,
1747, 1436, 1402, 1348, 1292, 1197, 1140, 1112, 1070, 1002, 887, 783, 758. HRMS:
calculated [M — H]™ for CgHgNO3: 140.0348, found: 140.0351.

Synthesis of polyethylene glycol)-block-poly(s.-allylglycine)

Synthesis of MPEG45-b-PDLAG,: MPEG45-NH, (M,, = 2000 g mol~1, 70 mg, 0.035
mmol) was added to a solution of o.-allylglycine NCA (150 mg, 1.05 mmol) in dry DMF (10
mL), and the mixture was stirred for 12 h at room temperature under an argon atmosphere in
glove box. The polymerization formed gel after 12 h stirring in glove box. The magnetic stir
bar was gelled in the flask even at highest speed (800 rpm). The gel was precipitated into
diethyl ether under vigorous stirring. The polypeptide block copolymer was collected by
filtration and dried in vacuum at room temperature; obtained as a white powder with 88%
yield. TH NMR (300 MHz, DMSO, ppm): §2.30, 2.41 (m, CH5), 3.51 (br, CH,CH,0 on
PEO), 4.38 (m, CH), 5.02 (m, H,C=CH), 5.69 (m, H,C=CH), 8.03 (br, NH). 13C NMR (300
MHz, DMSO-dg, ppm): (the polymer formed gel immediately during the measurement with
the concentration of 30 mgmL™1, only the signals assigned to PEG domain could be
observed). (Try) =48 °C, (T¢) = 17 °C, (Tg) = =50 °C, 98 °C. TGA in Ny: 0- 160 °C, 2%
mass loss; 160-260 °C, 23% mass loss; 260-380 °C, 34% mass loss, 41% mass remaining
above 500 °C.

Synthesis of MPEG112-b-PDLAG15: The mMPEQO;12-b-PDLAG{, was prepared similar as
MPEG5-b-PDLAG 5. 1H NMR (300 MHz, DMSO, ppm): §2.30, 2.41 (m,CH,), 3.51 (br,
CH,CH,0 on PEO), 4.38 (m, CH), 5.02 (m, H,C=CH), 5.69 (m, H,C=CH), 8.03 (br, NH).
(Tm) =60 °C, (T¢) = 23 °C, (Tg) = —45 °C, 101 °C. TGA in Np: 0-240 °C, 2% mass loss;
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280-370 °C, 33% mass loss; 370- 430 °C, 35% mass loss, 30% mass remaining above 500
°C.

Results and discussion

With our general interest in the creation of well-defined polymer nanomaterials with high
degrees of functionality and degradability, for fundamental studies and applications with
biological systems, we began investigation into the preparation of amphiphilic block
copolypeptides having broadly modifiable allyl side chain groups (Scheme 1), but
surprisingly, found that spontaneous gelation occurred during the polymerization. Several
conditions were screened for the ROP of o.-allylglycine NCA with monomethoxy-
monoamino-terminated poly(ethylene glycol) (MPEG-NH>) as a macroinitiator in a glove
box under argon atmosphere at room temperature,32 to prepare a series of MPEG-b-PDLAG
block copolymers (Table 1). For each polymerization, the DLAG NCA monomer was first
dissolved in dry N,N-dimethylformamide (DMF) followed by addition of 2 kDa or 5 kDa
MPEG-NH, macroinitiator (MPEG45—NH, or mPEG11o-NH>) at a 30 :1, monomer ;
macroinitiator stoichiometry. The reaction mixtures remained transparent and homogeneous
for the first 2 h and gelled after stirring overnight (8 h) (for all entries in Table 1). A
transparent gel was able to be achieved even at very low concentration (6 mg mL™1, 0.6 wt
%) with rapid stirring (800 rpm) (Table 1, entries 3 and 4). When comparatively higher
concentration (30 mg mL™1, 3 wt%, Table 1, entries 1 and 2) was imposed, the gel was of
sufficient stiffness that the magnetic stir bars were trapped at the bottom of the flasks after
stirring overnight (Fig. 1a). The turbidities of the gels also changed when PEG initiators
with different molecular weights (MPEG11o—NH» and mPEG45—NH,) were used. The gel
initiated by using mPEG11,-NH, (Table 1, entry 1) was more transparent than the one
initiated by mPEG45—-NH, (Table 1, entry 2). The gels were precipitated into diethyl ether
and dried under vacuum to yield white powders as products. The ability to process the
mMPEG-b-PDLAG materials as either gels or powders allowed for detailed characterization
of the compositions, structures and properties.

The degrees of polymerization and molecular weights of the polymers were determined by a
combination of NMR spectroscopy and MALDI-TOF mass spectrometry, whereas gel
permeation chromatography studies experienced significant difficulties due to pre-gel
aggregate formation. Dissolution of the powders in DMSO-dg gave a delayed gelation
response, requiring ca. 12 h, which allowed for confirmation of the formation of mPEG-b-
PDLAG diblock copolymers and determination of the PDLAG degrees of polymerization
by 1H NMR spectroscopy measurements (Fig. 2). Comparison of the methylene proton
resonances of the PEG chain at ca. 3.4 ppm with the intensities of the PDLAG alkenyl
protons resonating at ca. 5.0 ppm (e and €’) or methine proton at 5.7 ppm (d), or the proton
signal at 4.3 ppm, allowed for calculation of the DP,, of PDLAG. Interestingly, in all the
experiments performed, the reaction mixture gelled at ca. 40% conversion, to result in
similar PDLAG DP;s ~ 12. MALDI-TOF measurement by using a-cyano-4-
hydroxycinnamic acid (CHCA) as the matrix was also carried out to characterize the
molecular weight of MPEG119-b-PDLAG,. As shown in Fig. 2b, the distribution with
molecular weight centered at ca. 6 kDa was in accordance with the number-average
molecular weight calculated by IH NMR spectroscopy (M,, = 6.2 kDa). Gel permeation
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chromatography (GPC, using DMF as eluent) was also used to characterize the diblock
copolymer, however, significant difficulties were experienced due to pre-gel aggregate
formation within each sample (Fig. 3). Both of the diblock copolymers (MPEG45-b-
PDLAG 5 and mPEG11,-b-PDLAG ) were dissolved in DMF solution at a concentration of
3 mg mL™1 followed by 2 min sonication and passing through a 0.2 p m nylon filter prior to
injection into the GPC. Primary peaks at short and long retention times were observed, along
with other intermediate peaks, in the chromatograms for both the mPEG,45-b-PDLAG, and
MPEG 12-b-PDLAG19. For mMPEG112-b-PDLAG, (Fig. 3a), the short retention time peak
correlated to an ultra-high molecular weight, M, = 722 kDa (PDI = 1.43), which was much
higher than the molecular weight of the diblock copolymer determined by 1H NMR
spectroscopy and was attributed to strong inter-molecular interactions and pre-gel
aggregation in DMF. The second peak calculated to a relatively lower molecular weight, M,
= 22.6 kDa, (PDI = 1.07), more in alignment with the molecular weight obtained by 1H
NMR and MALDI-TOF, and is expected to correspond to the non-aggregated polymer in
DMF. Similarly, the GPC chromatogram for mPEG45-b-PDLAG 5 (Fig. 3b) includes two
primary peaks, M,, = 2240 kDa (PDI = 1.32) and M, = 13.5 kDa (PDI = 1.08),
corresponding to non-covalent aggregation of diblock polymer and solvated diblock
copolymer, respectively, as well as populations of intermediately sized aggregates across the
range of the chromatogram. In both of the traces, the peaks with low molecular weight were
of low intensity, indicating that the majority of the sample was undergoing significant
aggregation by strong intermolecular interactions in DMF. With the shorter PEG segment,
both larger sized aggregates and a larger proportion of aggregated sample were observed,
suggesting that the gelation is driven by the PDLAG segment.

To determine whether the PDLAG interactions that led to 3D-network formation and
gelation were covalent or non-covalent, to afford an irreversible chemical or reversible
physical gel, respectively, the reversibility of gel formation and the influence of radical
inhibitor addition were studied. As noted above, the isolation powder sample could be
dissolved in DMSO, with delayed gelation occurring, as evidence for reversibility of gel
formation. In addition, when 2 wt% 4-methoxyphenol was added as radical inhibitor (Table
1, entry 5) to minimize potential cross-linking between pendant allyl functionalities, there
was no significant difference between the monomer conversions, the gelation times and the
gels formed with or without the existence of radical inhibitor (Table 1, entry 5 vs. entry 2).
Furthermore, 'H NMR spectra of the polymers made from the conditions of Table 1, entry 5
and entry 2 were nearly identical. These results indicated that the driving force for the
formation of the gel was not covalent cross-linking between allyl functionalities.

Transmission electron microscopy (TEM) and atomic force microscopy (AFM) were used to
investigate the microstructure of the organogel. The TEM samples were prepared and
stained by uranyl acetate (Fig. 1b) or phosphotungstic acid (PTA) (Fig. SlT). Micrometer
long nano-fibers with a width of ~12 nm can be observed uniformly throughout the TEM
images collected on the mPEG11,-b-PDLAG1, organogel samples. The organogel prepared
from mPEG,5-b-PDLAG, in DMF was also studied by TEM (Fig. SZT) and a similar
fibrous network with micrometer fiber lengths and widths of ~10 nm were observed. To
diminish the evaporation artifacts, cryo-TEM images of the gel state samples were also
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collected and showed fibrillar network morphology (Fig. S31). Tapping-mode AFM
measurements of MPEG112-b-PDLAG1, gel were also performed. The AFM samples were
prepared by spin coating the solution of MPEG15-b-PDLAG1, (0.05 mg mL~1 in DMF)
onto freshly cleaved mica and drying under vacuum overnight. AFM height image (Fig. 1c)
presented well-defined fibrous structures with an average height of ~2.5 nm and an average
width of ~18 nm. The AFM height vs. width result suggested that the individual fibrous
structures had a ribbon-like rather than a cylindrical morphology. However, an additional
factor that could contribute to the fiber flattening is the highly polar mica surface, which
could lead to significant collapse of the nano-fibers on the substrate, relative to the
hydrophobic carbon surface used for TEM, thereby causing the fibers to exhibit larger than
expected widths and smaller than expected heights.

The supramolecular structure of the dried gel was investigated by attenuated total reflection
Fourier transform infrared spectroscopy (ATR-FTIR) (Fig. 4). The DMF gel made from
MPEG112-b-PDLAG1, was dried under vacuum and then measured by ATR-FTIR. The
strong amide | band at ~1627 cm~1 with a weak shoulder at ~1690 cm™1 can be assigned to
parallel and antiparallel p-sheet conformations of the peptide chains respectively.34:3% In
addition, the peak in the amide 11 region at 1520 cm™1 was also consistent with a -sheet
conformation.3® The B-sheet characteristic of the peptide block was further supported by the
presence of an amide V band at~720 cm=1.37 If polypeptides adopt an a helix conformation,
low or no signal is observed at ~700 cm™1, instead a strong amide V band appears typically
at 620 cm™1.37 In the FT-IR spectra of mPEG and oc-allylglycine NCA, no peaks were
observed at 620 or 700 cm™1, so the peak appearing at 720 cm™1 was assigned to amide V
band of PDLAG adopting a 3-sheet conformation.

The nanoscale structure of the diblock polymers was also investigated by wide angle X-ray
scattering (WAXS). The WAXS pattern for mPEGq1,-b-PDLAG1, (Fig. 5) gave d spacings
of 10.05 and 4.61 A. A d spacing of 4.61 A has previously been attributed to antiparallel p-
sheet formation in poly(.-alanylglycine)38 and has also been observed in the self-assembled
PEG-b-B-sheet-peptides described by Klok and coworkers for solid state organogels,3® and
also by Castelletto et al. for hydrogels.38 The strong sharp signal with an associated spacing
d=4.61 A also included a PEG 120 reflection. Likewise intersheet spacings of 10.05 A
support a f-sheet structure,39-41

Based on TEM, AFM, ATR-FTIR, and WAXS data, a model for the gelation of the diblock
polymer was proposed (Scheme 2). A possible explanation for the well-defined ribbon-like
fibers observed in TEM and AFM is that the ribbons were assembled from the one-
dimensional stacking of block polymers in a monolayer fashion. Using mPEGg4s-b-
PDLAG, gel as an example, the radius of gyration of PEG with a molecular weight of 2000
Da can be estimated as 18 A.3° The axial distance between adjacent a.-amino acids is ~3.5
A; with the rigid B-sheet feature, the width of peptide domain can be estimated to be 42 A.
Therefore, the width of the self-assembled ribbon can be estimated as ~114 A, which is in
agreement with the ribbon width observed in TEM (Fig. S2™).

In addition, the physical properties of MPEG11,-b-PDLAG5 organogel were also
investigated (Table 2). The apparent critical gelation concentrations (Cge|, below which the
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solution exists as a viscous fluid) were measured by inversion tests at room temperature in a
variety of organic solvents. We found that the diblock polymer could not be dissolved in
non-polar or low polarity organic solvents, such as hexanes, ethyl acetate, dichloromethane,
chloroform and tetrahydrofuran, but could be dissolved in relatively highly polar organic
solvents such as DMSO, DMF and methanol. After being maintained at room temperature
for 8-72 h, transparent gels were obtained. The organogels showed thermal and sonication
responsive properties. When elevated to certain temperatures (Tgg), the gels transformed
into solution states, while after being cooled down and kept at room temperature for certain
periods, the solutions changed back to form gels again. The sol—-gel transitions were
reversible for a minimum of 3 cycles (Fig. S4T). Besides the thermal stimulus, the 0.1 wt%
MPEG1,-PDLAG1, DMF gel was transformed to solution after 2 min sonication at room
temperature. This transition was also reversible, with the gel reforming after the solution
was maintained at room temperature for 8 h. The sol-gel transition temperature (Tge)
measured at Cgej in DMF, DMSO and methanol are summarized in Table 2. Relative to
other recently reported polypeptide based organogels,1”-20:42 the gels formed from either
MPEG112-b-PDLAG1, or MPEG45-b-PDLAG , diblock copolymer exhibited extremely low
critical gelation concentrations, and furthermore, occurred for a racemic homopolypeptide
chain segment.

The mechanical properties of the gel systems were characterized by dynamic mechanical
analysis (DMA) for gels at concentrations sufficiently high to produce a robust gel that
could withstand the DMA high frequency operation. For the DMF gel made by using
MPEG45-b-PDLAG 5 at 2 wt% concentration assessment by DMA at 25 °C, operated at 1
Hz, the initial storage modulus (E* was found to be 15.1 + 0.2 kPa, with loss modulus (E)
and tan(¢) values of 13.1 + 0.1 kPa and 0.866, respectively. Static stress—strain in
compression provided a Young's modulus (E) of 25.1 + 0.5 kPa (Fig. SST). This value is
slightly higher than a E= (E2 + E2)/2 assumption of 20 kPa, attributed to the very low
strain (0.5%) used in the static configuration preventing the engagement of loss processes
and a transition into nonlinear behavior. As the evolution of solvent from the gel, and the
frequency of operation, can grossly affect the nature of the material response, a series of
experiments whereby frequency was varied from 0.1 to 10 Hz over ca. 3 h is presented in
Fig. 6. The gelation cross-over point initially (tan(é) <1 — tan(8) > 1) was found to be at
2.5 Hz with <2.5 Hz expressing gel behavior and >2.5 Hz expressing fluidic response. This
finding is important for understanding the shear/deformation rates at which gel behavior
crosses back over to fluidic behavior. The total volume of gel studied decreased by 5.1%
during this time, allowing the assessment of a less solvated system. Through evaluation of
the atmosphere exposed area, determination of the DMF evolution rate was made from
kinetic fitting of the change in storage modulus. Single exponential fitting kinetics at 1 Hz
indicates a rate constant of 120 + 10 minutes to an asymptotic limit of 20.7 + 0.3 kPa. The
half-life for this initial phase of solvent evaporation is 80 min, with a rate of mass loss over
this period being 0.1% per cm? per min. Correlating the volume loss at 3 h to the kinetic
rate, a calculated critical value for mass loss due to solvent evaporation (before some change
of state/surface reordering becomes eminent) is 7.0%. By 160 min (4.8% mass loss) all
frequencies observed had reached the gel point.
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Conclusions

In conclusion, organogelation characteristics were discovered for a known synthetic hybrid
diblock polypeptide, which is of surprisingly low compositional and structure complexity,
being based upon a hydrophilic PEG and a hydrophobic racemic homopolypeptide chain
segment. Detailed characterization studies indicated that gelation is driven by the
supramolecular assembly of -sheets in the peptide blocks. The one-dimensional stacking of
block copolymers in a monolayer fashion, then leads to the construction of well-defined
ribbon-like morphologies. These supramolecular interactions are sufficiently strong to
achieve ultra-low critical gelation concentrations. Investigation of the mechanical properties
of the gels indicated a tunable system, where solvent concentrations can be used to alter the
viscoelastic properties with increases in storage modulus 5.4% per 1% solvent lost. The
results illustrate a novel and general mode of self-assembly for amphiphilic hybrid diblock
synthetic polypeptides and demonstrate an attractive approach to fabricate supramolecular
nanomaterials derived from racemic synthetic polypeptides. Moreover, the polypeptide
segment carries reactive side chain functionalities, which are being explored for
transformation into a variety of functional polymers, together with determination of their
gelation characteristics in organic solvents or water.
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Fig. 1.
(a) Picture of reaction flasks of entry 1 of Table 1 after 12 h at rt (left) and entry 2 of Table 1

after 12 h at rt (right). (b) TEM image of the DMF gel of entry 1 of Table 1, negatively
stained with 1 wt% uranyl acetate aqueous solution. (¢) AFM height image of DMF gel of
entry 1 of Table 1.
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Fig. 2.
(@) TH NMR spectrum of MPEG12-b-PDLAG15. (b) MALDI-TOF spectrum of mPEG12-b-
PDLAG5.
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Fig. 3.
GPC (DMF eluent) traces of (a) of MPEG112-b-PDLAG5, and (b) MPEG45-b-PDLAG 5.
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Fig. 4.

The ATR-FTIR spectrum of dried DMF gel made from mPEG12-b-PDLAG 5.
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Fig. 5.
WAXS patterns of mPEGq1,-b-PDLAG 5.
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Fig. 6.

Dynamic mechanical responses from 0.1 to 10 Hz over 3 h.
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Scheme 1.
Synthesis of MPEG-b-PDLAG.
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Scheme 2.
A schematic illustration of the nanofiber formed in the network structure of the DMF gel of

MPEG-b-PDLAG5.
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Table 2
Characterization and gelation properties of diblock copolymers
Block polymers Solvent  Cge [Wt%0] Tg@[°Cl TimeP [h]

MPEG,1,-b-PDLAG;, DMF
MPEGs-b-PDLAG;,  DMF
MPEG,1,-b-PDLAG;, DMSO
MPEG11,-b-PDLAG;,  Methanol

MPEG,5-b-PDLAG;,  Methanol

0.1 48 8
0.2 56 8
0.3 75 12
0.5 —_ 72
0.5 — 72

a‘l’he sol-gel transition temperature measured with the organogels at Cgel.

b_.
Time needed to form stable gel at room temperature.
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