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Abstract: The oral route is the most popular way of drug administration because of good patient
compliance and ease of use. However, the oral delivery of peptides and proteins is difficult, mainly
due to poor oral bioavailability. In past decades, researchers have developed several strategies
to improve oral bioavailability by avoiding losing activity in the gastrointestinal (GI) tract and
enhancing the intestinal permeability of these drugs. Methoxy poly(ethylene glycol)-poly(L-alanine)
(mPEG-PA) is a thermo-sensitive hydrogel exhibiting a sol-to-gel phase transition property. This
characteristic is appropriate for encapsulating peptide or protein drugs. To enhance the adhesion
ability to intestinal mucus, a thermo-sensitive polymer, mPEG-PA, modified with charged amino
acid lysine was developed. This positively charged material would help to bind the negatively
charged mucin in mucus. The synthesis was conducted by individually synthesizing mPEG-PA and
poly(L-lysine) (PLL) of different lengths via ring-opening polymerization. Then, mPEG-PA and PLL
were combined using an NHS ester reaction to synthesize the triblock copolymer (mPEG-PA-PLL).
Biocompatibility and the release of calcitonin from the synthesized hydrogel particles under different
pH were examined. The initial data showed that the newly design material had a promising potential
for the oral delivery of peptide drugs.

Keywords: hydrogel; calcitonin; temperature responses; oral delivery

1. Introduction

Oral delivery is the primary drug administration route due to its convenience. How-
ever, for macromolecules such as peptides or proteins, oral administration leads to enzy-
matic degradation and a mucus barrier in the GI tract [1-3]. Therefore, protecting peptides
and proteins from degradation and increasing their absorption are the vital areas that need
to be addressed [4,5]. These kind of efforts can be seen in the development of intestinal
patches, intestinal microneedles, particle formulations, permeation enhancers, and ionic
liquids [2]. In recent years, some studies have also offered different oral delivery system
for peptides and proteins, such as liposome [6], hydrogel [7], lipid carrier [8],and other
nanosystems [9].

Hydrogels, with their three-dimensional (3D) network structures, are an excellent can-
didate for peptides/proteins delivery, where the variation of water absorbency, swelling be-
havior and stimuli sensitivity can help to control drug release. A lipase enzyme-responsive
hydrogel is also a good candidate [10,11]. Hydrogels can confer protection to drugs from
enzymatic degradation or low pH in the gastrointestinal (GI) tract [12,13]. Stimuli-sensitive
hydrogels can be tailored to meet specific environmental changes and respond by changing
their shape or volume [14,15].

Thermo-sensitive hydrogels with a low sol-gel transition property are widely used in
drug delivery [16,17], cell scaffolds [18-20], and postoperative antiadhesion [21]. In partic-
ular, poly(ethylene glycol) (PEG)-polypeptide hydrogels have a good bio-compatibility and
provide an in situ gelling ability for easy drug encapsulation [17,22], while poly-L-lysine
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(PLL) was also found to be useful in drug delivery [23,24]. The sequential nucleophilic
substitution reaction has been applied for the preparation of other thermo-sensitive hydro-
gels [25-27].

In this study, a segment of more positively charged PLL is added to the terminal amino
acid end of methoxy poly(ethylene glycol)-poly(L-alanine) (mPEG-PA) to obtain a polypep-
tide triblock copolymer with pH- and temperature-sensitive properties. pH-sensitive
hydrogels can exhibit a swelling behavior in response to surrounding external conditions
such as ionic strength and pH value [28]. In addition, PLL can help to adhere to GI mucus, a
gel-like barrier rich in negative charge on its surface due to its electronic effect [29,30]. Thus,
a longer residence time and increased permeability of active compounds may be expected.

Calcitonin produced by parafollicular cells of the thyroid is a 32-amino-acid peptide
use to reduce blood calcium (Ca2*) [31-33]. Synthetic or recombinant calcitonins from
different species, such as human, porcine, and salmon, have been used for treatments on
hypercalcemia and certain bone problems such as Paget’s disease and postmenopausal
osteoporosis. In particular, salmon calcitonin (sCT) is mostly used via injection or nasal
spray. Due to the short half-life of sCT in serum, better formulations for prolonged action
and bioavailability are needed [34,35].

The synthesis and characterization of a thermo-sensitive triblock copolymer (mPEG-
PA-PLL) was undertaken first in this study. mPEG-PA was modified with PLL to increase
the electrostatic effect. Then, physicochemical properties of the copolymers in solubilized
and hydrogel forms were studied in terms of their assembly and transition in response to
temperature or pH change. Peptide release rates and the biocompatibility of the hydrogels
were also studied.

2. Results and Discussion
2.1. The Synthesis and Characterization of mPEG-PA-PLL Triblock Copolymer

This study focused on mPEG-PA-PLL triblock copolymer for the synthesis and appli-
cations. The synthesis route of mPEG-PA-PLL is illustrated in Scheme 1. The mPEG-PA was
prepared by ring-opening polymerization (ROP) of L-Alanine-carboxyanhydride (NCA)
with mPEG as initiator. The 'H NMR spectra of PLL(Z)-NH,, mPEG-PA diblock copoly-
mer and mPEG-PA-PLL triblock copolymer are presented in Figure 1. 'H-NMR spectrum
(TFA-dg) of mPEG-PA displayed the characteristic peaks at 64 1.51 ppm (-COCH(CH3)NH-),
da 3.56 ppm (-CH,CH,OCH3-), 8, 3.89 ppm (-OCH>CHj-), and 6. 4.75 ppm (-COCH
(CH3)NH-). Then, poly(Cbz-L-Lysine) (PLL(Z)) was synthesized with an initiator, iso-
propylamine, by ROP of Cbz-L-Lysine-carboxyanhydride (NCA). The 'H-NMR spectrum
(TFA-dg) of PLL(Z)-NH; displayed characteristic peaks at 5, 1.28 ppm (-CH(CH3),NH-),
5 1.91-2.12 ppm (-NHCH,(CH,;)3CHy- of the side chain), &, 4.71 ppm (-COCHNHy), ¢
3.32 ppm (-(CH3)3;CH,NH- of the side chain), 6 5.53 ppm (-OCH,C-) and &y, 7.48 ppm
(protons on benzyl group, Cbz). Finally, mPEG-PA copolymer and PLL(Z) was coupled by
NHS—-ether reaction. The mPEG-PA-PLL(Z) reacted with 33% HBr in TFA to remove Cbz
groups in PLL. The 'H-NMR spectrum (TFA-dg) of the mPEG-PA-PLL triblock copolymer
showed the disappearance of the characteristic peaks at 4 5.53 and 7.48 ppm (protons
on Cbz) to indicate that mPEG-PA-PLL triblock copolymers were obtained. The number
average molecular weight (Mn) of mPEG-PA-PLL could be calculated by integrating the
proton signals of the 'H NMR spectra.

The FTIR spectra of mPEG-NH;, mPEG-PA, PLL(Z)-COOH, and mPEG-PA-PLL are
illustrated in Figure 2. The FTIR spectrum of PLL(Z)-COOH showed characteristic peaks
at 1522 em~! (C=0 of amide I), 1647 cm~! (N-H of amide II), and 1683 cm~! (C=O of
carboxylic group), respectively, indicating the conjugation and modification of PLL(Z). The
FTIR spectrum of mPEG-PA-PLL showed the existence of amide I at 1507 cm !, amide II at
1626 cm 1, and a C-O bond at 1073 cm !, indicating that the conjugation of mPEG-PA-PLL
was successful.
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Scheme 1. Synthesis scheme of mPEG-PA-PLL. (a) Synthesis of mPEG-NH; and the cyclization of Ala
and Lys(Z). (b) Synthesis of mPEG-PA by ROP and synthesis of PLL(Z)-COOH by ROP and chemical
modification. (c) Synthesis of mPEG-PA-PLL(Z) by NHS ester coupling reaction and deprotection.

In this study, two triblock copolymers with different PLL chain lengths were syn-
thesized and are shown in Table 1. The designed number of L-Ala units in mPEG-PA
diblocks copolymer was 28, but the actual number was higher than the original. In the
ring-opening polymerization of NCA-L-Lysine(Z), the designed numbers of L-Lysine units
in PLL(Z) polymers were 10 and 20, but the actual numbers in the received polymers were
9 and 19. Then, mPEG-PA and PLL(Z)-COOH were directly coupled by an NHS ester to
synthesize polypeptide triblock copolymer (mPEG-PA-PLL(Z)). After deprotection of the
Cbz groups in PLL(Z), the actual number of L-Lysine was less than the original because of

acid degradation.
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Figure 1. TH-NMR spectra of PLL(Z)-NH;, mPEG-PA, and mPEG-PA-PLL. a-h were labeled respec-
tively as the chemical structure position corresponding to the peak.
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Figure 2. FT-IR spectrum of mPEG-NH;, mPEG-PA, PLL(Z)-COOH, and mPEG-PA-PLL.

Table 1. Characterization of the mPEG-PA, PLL(Z), and mPEG-PA-PLL triblock copolymers.

Designed Actual

Block Copolymer Ratio 3 Ratio b Mn ¢ Mz 4 PDI ¢
mPEGy5-PAjyg 1:28 1:31 4315 4983 1.060
PLL1o(Z) 1:10 1:9 2496 - -
PLLy(2) 1:20 1:19 5435 - -
mPEGys5-PA,g-PLL1g 1:28:10 1:34:4 5343 6204 1.024
MPEGys5-PAgg-PLLyg 1:28:20 1:30:14 6741 6039 1.027

2 The molar ratio of monomer NCA-amino acid to initiator in feeding. P The molar ratio of monomer NCA-amino
acid to initiator determined by 'H-NMR spectra. ¢ Determined by 'H-NMR spectra. ¢ Determined by MALDI-TOF
spectra. ¢ Determined by MALDI-TOF spectra.

As shown in Table 1, the molecular weights of mPEG-PA-PLL measured by MALDI-
TOF did not exactly match the data calculated from 'H-NMR. However, the MALDI-
TOF spectra of mPEG-PA-PLL showed a monomodal curve, as shown in Figure 3. This
result indicated mPEG-PA-PLL was a copolymer, not a blend. Due to different ionization
efficiency of polymers, the molecular weight distributions measured by MALDI-TOF were
affected by the selected matrix, cationization reagent, solvent, mixing ratio of cationization
reagent to polymer, mixing ratio of matrix to polymer, and laser intensity [36]. Therefore,
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the molecular weights of the copolymers calculated from 'H-NMR spectra were used in this
study. Overall, the above results confirmed that mPEG-PA-PLL was successfully produced.

9 MPEG-PA »
E MPEG-PA-PLL10 »
i &

90

60

30

0

6000 9000 12000 15000 18000
miz

Figure 3. The MALDI-TOF spectra of mPEG-PA and mPEG-PA-PLL with different PLL length.

2.2. Sol-Gel Phase Transition and Rheological Properties

The sol-gel transition phase diagram is illustrated in Figure 4a. mPEG-PA and mPEG-
PA-PLL copolymers were prepared in deionized water at the different concentrations from
3% to 11% and mixed overnight at 4 °C. The results showed a higher gelation temperature
of mPEG-PA-PLL than that of mPEG-PA, due to lysine’s ionic, thus hydrophilic, nature.
However, as the L-lysine repeated unit increased, the gelation temperature of mPEG-PA-
PLL noticeably decreased at the same concentration because of its large molecular weight.
The above result was also consistent with the rheological test, as shown in Figure 4b. The
highest viscosity value of mPEG-PA-PLL;y and mPEG-PA-PLLyj was 34.2 dPa x s at 42 °C
and 10.7 dPa x s at 30 °C, respectively.

(a)

—o—mPEG-PA
—=—mPEG-PA-PLL10

——mPEG-PA-PLL20

Temperature (C)
N N
o o\

—_
o

0 1 2 3 4 5 6 7 8 9 10 11 12
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Figure 4. Cont.
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Figure 4. (a) The sol-gel transition diagram of mPEG-PA and mPEG-PA-PLL with different PLL
length. (b) The viscosity of 5 wt% mPEG-PA-PLL with increasing temperature.

2.3. SEM Observation

The structures of mPEG-PA and PEG-PA-PLL hydrogel were observed by SEM as
shown in Figure 5. As the number of L-Lysine unit increases, the microstructure of the
hydrogel changed from a plate-like structure to a fibrous network. Although the internal
morphology of the lyophilized hydrogel may be different with the swelling hydrogel, it
is still helpful to realize the details of internal microstructure [19]. This porous structure
enables a hydrogel’s ability to act as the carriers for drug delivery.

(b)
Figure 5. SEM images of lyophilized mPEG-PA and mPEG-PA-PLL hydrogel (5 wt%). (a) mPEG-PA;
(b) mPEG-PA-PLL;y; (c) mPEG-PA-PLLyg.

2.4. Biocompatibility Testing

The hydrogels must be checked not to cause any toxicity for use in biomedical appli-
cations. In the previous study [17,18], mPEG-PA had a good biocompatibility. Therefore,
293T, a human embryonic kidney cell, was used to investigate cell biocompatibility for
mPEG-PA-PLL hydrogel. The cell lines were incubated in an atmosphere containing 5%
CO; at 37 °C for 1 day and 3 days, respectively, and fresh medium was provided on the
second day. As shown in Figure 6, after 1 day of incubation, the cell viability of 293T was
only approximately 59% and 55% for mPEG-PA-PLL;y and mPEG-PA-PLLy, respectively.
As shown in Figure A1, the live/dead staining images also displayed the similar results.
However, after 3 days of incubation, the cell viability of 293 increased to approximately
79% and 84% for mPEG-PA-PLL;y and mPEG-PA-PLLy, respectively. The past several
studies showed that PLL caused the rupture of cell membranes because of its strong cation
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on the side chain [37-39]. These results also indicated that the toxicity of the mPEG-PA-PLL
triblock copolymer was consistent with previous studies of PLL. However, the previous
in vivo studies actually demonstrated no toxic effect of PLL in mice or rat [23,38]. After
culture medium renewal on day 2, 293T cell line could grow normally and showed non-
toxicity effect. In summary, mPEG-PA-PLL triblock copolymer could potentially be used in
oral delivery.

100 -
9 | OmPEG-PA-PLL10

80 | B mPEG-PA-PLL20
70
60

50

40

The relative viability (%)

30 -

20

Day 1 Day 3

Figure 6. The relative viability of mPEG-PA-PLL with a different PLL length (1 = 3). The white bar is
mPEG-PA-PLL1g and the black dot bar is mPEG-PA-PLLy.

2.5. In Vitro Biodegradability

The in vitro degradation of the mPEG-PA-PLL hydrogel within 3 days is presented
in Figure 7. The elastase in a Tris-HCI buffer with pH 8.5 (the optimum pH for elastase)
was used, because elastase could catalyze the cleavage of carboxyl groups in hydrophobic
amino acids, such as alanine [40]. Both hydrogels showed no clear change in Tris-HCl buffer
without an enzyme over 3 days. This indicated that mPEG-PA-PLL would be stable in
normal state. However, the mPEG-PA-PLL; hydrogels in a Tris-HCl buffer with enzymes
showed a slow degradation within 3 days. In the previous study [18], mPEG-PA hydrogel
had a fast degradation in a PBS buffer with an enzyme. According to SEM imagines,
the mPEG-PA-PLL hydrogel has a more complicated network structure than mPEG-PA.
Elastase should not easily enter the interior of the hydrogel. Aside from this, elastase could
be affected by the charge on the side chain of lysine to lose its activity. Overall, these results
suggested that mPEG-PA-PLL hydrogel should exhibit a slower degradation because of the
charge interaction with enzymes and the more complicated 3D microstructure.

1300

1200 |
1100
100.0 eememoomsococomnn T Qe a
____________________ I -y
900 e e e e e A
£ 800
T
g 700 |
£
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Figure 7. The degradation profiles of mPEG-PA-PLL with different PLL length in Tris-HCI buffer
(pH 8.5) with or without 5 U/mL elastase (1 = 4).
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2.6. Encapsulation Efficiency and In Vitro Drug-Release Studies

Calcitonin was used as a model drug for encapsulation efficiency and the release study.
The encapsulation of calcitonin in a mPEG-PA-PLL hydrogel with a different chain length of
PLL was released in specific time intervals with different pH values of the release medium.
Generally, 0.1 N HCl and potassium phosphate-buffered solution (pH 6.8) were chosen as
pharmaceutical release mediums to mimic the environment in the gastrointestinal tract. The
encapsulation efficiencies (EE) and loading content of the mPEG-PA-PLL hydrogel were
measured by HPLC as shown in Table 2. The results indicated that the EE of mPEG-PA-PLL
hydrogels were over 96% and recommended the mPEG-PA-PLL hydrogel encapsulated
calcitonin as a reservoir to apply in drug delivery.

Table 2. The encapsulation efficiency and loading content of mPEG-PA-PLL (1 = 3).

mPEG-PA-PLLyg mPEG-PA-PLL,,
Encapsulation Efficiency (EE) (%) 99.37 £ 0.03 96.80 + 1.76
Loading content (LC) (%) 1.25 + 0.04 1.00 + 0.03

This is the equation of the encapsulation efficiency (EE):
EE = (Experimental drug loading) / (Theoretical drug loading) x 100%. (1)
This is the equation of the loading content (LC):
LC = (Experimental drug loading) / (Theoretical hydrogel loading) x 100%. (2)

In vitro drug release profiles of mPEG-PA-PLL hydrogel during 24 h are presented in
Figure 8a. The drug release of mPEG-PA-PLL hydrogels had a burst effect in 0.1 N HCI
solution within the first half hour and were 14.5 £ 4.8% and 20.7 £ 1.7%, respectively.
However, the swelling capability of pH-sensitive hydrogels was affected by several factors
such as ionic charge, the pK; or pKj, values of ionizable groups, degree of ionization,
hydrophilicity, polymer concentration, and pH of the swelling medium [15]. In the buffer
solution of pH 6.8, the calcitonin contents released from the hydrogels within 24 h were
65.9 £ 18.5% and 100.3 & 12.1%, respectively. The drug release from the hydrogel of
mPEG-PA-PLLy was relatively slower than mPEG-PA-PLL; after 24 h; therefore, the latter
shows a better bioavailability, considering the resident time of the dosage form in the GI
tracts. The results suggested that this difference may be affected by a degree of ionization
of the polymer and the pH of the swelling medium.

As shown in Figure 8b, mPEG-PA-PLL;( hydrogel continued to steadily release the
drug, but the mPEG-PA-PLLy release rate decreased with time. These results also showed
that the drug release rate of mPEG-PA-PLL hydrogel depended on the number of L-Lysine
units in PLL. There are two models to explain the release rate in a reservoir. One is a
zero-order release with a constant rate of drug released. Another is a first-order release
being proportional to the drug concentration [41]. Due to its constant rate, the release
profile of mPEG-PA-PLL1 should be a zero-order release. However, a first-order release is
difficult to conceptualize when using a basic theory.

The release of the drug that follows first-order kinetics can be expressed by the equation:

dC/dt = —kC 3)

where C is the concentration of drugs within hydrogels, and k is the first-order release
constant expressed in units of time .

Equation (3) can be express as:

logC = log Cyp — kt/2.303 4)
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where Cj is the initial concentration of the drug within hydrogels, k is the first-order rate

constant, and t is the time [42,43].
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Figure 8. In vitro drug release profiles of mPEG-PA-PLL with different PLL length (1 = 3). (Mean
=+ SD) (a) cumulative drug release profiles within 24 h; (b) drug concentrations data in the release
solution taken at specific time points. The profile in (a) was compiled from the data points in (b).

As shown in Figure A2, the experimental data obtained are plotted as a log cumulative
percentage of the drug remaining versus time, which yields a straight line with a slope
of —k/2.303. The coefficient of determination (R?) values of mPEG-PA-PLL;y and mPEG-
PA-PLLyy were 0.9031 and 0.9961, respectively. Therefore, the release model of the mPEG-
PA-PLL;g hydrogel suggested that it should be a first-order process. Its first-order rate
constant is 0.514 h~!. The sustained release of calcitonin indicates that the mPEG-PA-PLL
hydrogels have a potential for oral drug delivery, especially the mPEG-PA-PLyg hydrogel.
Calcitonin could be fully released from the mPEG-PA-PLL;, hydrogel after 24 h. Therefore,

this dosage form can achieve better bioavailability.
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3. Conclusions

In this study, a newly designed triblock copolymer, mPEG-PA-PLL was successfully
synthesized and applied to a hydrogel system. The characteristics of mPEG-PA-PLL
triblock copolymer were confirmed by 'H-NMR, FTIR, and MALDI-TOF. This hydrogel
system had a thermo-sensitive property with a low gelling concentration. Because of 3D
microarchitecture, the hydrogel was a good reservoir for the peptide drug. In addition, the
calcitonin-loaded hydrogel based on mPEG-PA-PLL also performed a pH-responsive drug
release behavior. The drug release study showed that it could be suitable for oral delivery
due to a sustained-release for one day. In medical use, calcitonin injection is subcutaneously
or intramuscularly administered. The recommended dosage is 100 L.U. daily or 50 L.U. twice
daily for 2 to 4 weeks. (100 I.U. is equivalent to approximately 15 micrograms). The oral
dosage form developed here is more convenient and could improve patient compliance.
The mPEG-PA-PLL hydrogel has a low gelling concentration so as to reduce polymeric
material use and has a good encapsulation efficiency for various compounds, including
peptides or proteins. Overall, the mPEG-PA-PLL hydrogel has the potential to be a new
approach for macromolecule delivery.

4. Materials and Methods
4.1. Materials

Poly(ethylene glycol) methyl ether (mPEG, Mn = 2000), L-alanine, sodium hydroxide,
and potassium phosphate, monobasic anhydrous were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Calcitonin salmon was obtained from ChemScene (Monmouth Junc-
tion, NJ, USA). Succinic anhydride, 4-(Dimethylamino)pyridine (DMAP), trimethylamine
(TEA), isopropylamine, N’,N’-Dicyclohexycarbodiimide (DCC), N-Hydroxysuccinimide
(NHS), trifluoroacetic acid-d (TFA-d), trifluoroacetic acid (TFA), hydrogen bromide (33%
HBr/acetic acid), and tetramethylammonium hydroxide pentahydrate were purchased
from Alfa Aesar (Wall Hill, MA, USA). Nepsilon-Carbobenzyloxy-L-lysine (98%) (Cbz-
L-Lysine) was obtained from ACROS (Morris Plains, NJ, USA). Diethyl ether, n-hexane,
ammonium hydroxide (28~30%), and ethanol (95%) were purchased from Echo Chemi-
cals (Toufen, Miaoli, Taiwan). Dimethyl sulfoxide (DMSO), and acetonitrile (ACN) were
obtained from J.T. Baker (Radnor, PA, USA). Toluene and tetrahydrofuran (THF) were ob-
tained from TEDIA (Fairfield, OH, USA), and chloroform, dichloromethane (DCM), and
N,N-dimethylformaide (DMF) were purchased from AVANTOR (Center Valley, PA, USA). Hy-
drochloric acid (37%) and phosphorus acid (85%) were obtained from Merck (Burlington, MA,
USA). Tris(hydroxymethyl)aminomethane (TRIS) and tris(hydroxymethyl)aminomethane
hydrochloride (TRIS HCl) were purchased from Apollo (Bredbury, Stockport, UK). Elastase
was purchased from CHUMEIA (Hsinchu, Taiwan). All solvents were dried over CaH;
before used.

4.2. Synthesis of mPEG-PA-PLL
4.2.1. Synthesis of mPEG-PA Diblock Copolymer

The synthesis of mPEG-PA was prepared as described in a previous study [18]. The
mPEG-PA diblock polymer was synthesized with mPEG-NHj; as initiator by ring-opening
polymerization (ROP) of L-alanine-N-carboxyanhydride (NCA-Ala).

4.2.2. Synthesis of Cbz-L-lysine-N-carboxyanhydride (NCA-Lys(Z)) and Monocarboxylic
Acid-PLL(Z)

The synthesis of NCA-Lys(Z) was similar with NCA-Ala. Cbz-L-Lysine (10 g, 35.7 mmol)
and triphosgene (6.35 g, 21.4 mmol) were dissolved in anhydrous THF (150 mL) and gently
stirred at 50 °C under the nitrogen flux for 3 h. Then, the mixture was condensed to a final
volume of about 15 mL through rotary evaporation. Finally, an excess of n-hexane was
added the mixture to obtain NCA-Lys(Z). The precipitate was collected by filtration and
dried under vacuum for 2 days at room temperature.
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The poly(Lys(Z)), PLL(Z) polymer was synthesized with isopropylamine as initiator
by ROP of NCA-Lys(Z). NCA-(Lys(Z)) (10 or 20 mmole) was dissolved in anhydrous DMF
(30 mL), and then isopropylamine (1 mmole) was added to synthesize PLL(Z) at room
temperature for 72 h under the nitrogen flux. An excess of anhydrous diethyl ether was
added to obtain PLL(Z). The precipitate was collected by centrifugation (3000 x g for 5 min)
and dried under vacuum for 2 days at room temperature.

Monocarboxylic acid of PLL(Z) was conducted with PLL(Z) (1 mmole), succinic anhy-
dride (1.2 mmole), DMAP (1.2 mmole), and TEA (1.2 mmole) in DMF at room temperature
for 24 h under the nitrogen flux. An excess of anhydrous diethyl ether was also added to
obtain PLL(Z)-COOH. Then, the precipitate was collected by centrifugation (3000 x g for
5 min) and dried under vacuum for 2 days at room temperature.

4.2.3. Synthesis of mPEG-PA-PLL Triblock Copolymer

To synthesize mPEG-PA-PLL(Z) triblock copolymer, mPEG-PA (1 mmole), PLL(Z)-
COOH (1 mmole), NHS (1.2 mmole), and DCC (1.2 mmole) were dissolved in anhydrous
DMF (50 mL) at room temperature for 72 h under the nitrogen flux. An excess of anhy-
drous diethyl ether was added to obtain mPEG-PA-PLL(Z). Then, the precipitation was
collected by centrifugation (3000 g for 5 min) and dried under vacuum for 2 days at
room temperature.

mPEG-PA-PLL(Z) was dissolved in TFA, and 33% HBr/acetic acid was added to the
deprotection of Cbz group on Lys at room temperature for 1 h. An excess of anhydrous
diethyl ether was added to obtain mPEG-PA-PLL. Then, the precipitate was collected by
centrifugation (3000 g for 5 min) and solubilized in DMSO. After dialyzing against water
for 3 days (molecular weight cut-off (MWCO): 3.5 kDa), the product was collected via
lyophilization and stored under vacuum.

4.3. Characterization of mPEG-PA-PLL Copolymers and Polypeptide Hydrogels
4.3.1. Fourier Transform Infrared Spectroscopy (FT-IR)

The functional group identification of mPEG-PA-PLL co-polymer was carried out
by Fourier transform infrared spectroscopy (FT-IR). Infrared spectra of co-polymers were
performed using an FTIR spectrometer (NicoletTM iS50, Thermo Fisher Scientific, Waltham,
MA, USA). Spectra were collected 32 times in the wavelength range from 650 to 4000 cm !,

and the resolution was 1 cm 1.

4.3.2. 'H Nuclear Magnetic Resonance ('H-NMR) Spectroscopy

The 'H NMR spectra of the 3 wt% copolymer solution in TFA-d was obtained using
a NMR spectrometer (Varian Unity INOVA 500, Palo Alto, CA, USA) at the Instrument
Center of National Tsing Hua University and was used to verify the chemical structure of
the copolymers.

4.3.3. MALDI-TOF Mass Spectroscopy

A MALDI-TOF mass spectroscopy (Autoflex III smartbeam LRF200 CID, Bruker
Daltonics, Billerica, MA, USA) from the Department of Chemistry of National Tsing Hua
University was used. Copolymers were dissolved in DMF at the concentration of 2%. The
a-cyano-4-hydroxycinnamic acid (HCCA) was selected as a matrix solution by mixing 1 uL
sample solution on ground-steel MALDI target plate with 1 uL HCCA solution (53 mM, in
ACN and water with 0.1% TFA). Once the samples were dry, the target plate was analyzed
by MALDI-TOF MS.

4.3.4. Sol-Gel Phase Transition and Rheological Properties

The sol-gel transition behavior of copolymers prepared at various concentrations was
observed using the test tube inversion method. Samples were prepared in 2 mL Eppendorf
(EP) tube at 3 to 10 wt% in deionized water and placed in a tube rotator overnight at 4 °C
until the solutes were completely dissolved. The inverted Eppendorf tube was used at
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a temperature range of 4-50 °C, at increments of 2 °C. For temperature equilibrium, the
sample was placed in dry-bath incubator for 10 min. The gelation point was designated as
the temperature at which the solution stopped flowing.

The viscosity of the polymer solutions was measured at different temperatures by
using rheometer (AR2000ex system, TA Instrument, New Castle, DE, USA). The sample
solution was prepared at 5 wt% and allowed to fully equilibrate at 4 °C overnight. Ap-
proximately 500 pL of sample solution was loaded on a prechilled test plate at 10 °C on
a system with a 25 mm parallel plate geometry and gap of 1 mm. The rheometer was
conducted using a dynamic temperature from 10 to 50 °C in 15 min. A shear rate of 10%
and an angular frequency of 1 rad/s were set up.

4.3.5. Scanning Electron Microscopy (SEM)

Next, 5 wt% of the copolymer solution was prepared at 4 °C overnight before use. The
hydrogels were frozen in liquid nitrogen and lyophilized for 72 h. Then, the hydrogels
were sputtered with gold before observation. The morphology of hydrogels was examined
using an SEM system (JEOL JSM-7001F, Peabody, MA, USA). Briefly, hydrogels were gelled
at 37 °C for 30 min and then frozen in liquid nitrogen prior to lyophilization. To investigate
the cross section of hydrogels, lyophilized samples were carefully cut by using a scalpel
blade. Then, the hydrogels were sputtered with gold before observation.

4.4. In Vitro Degradation Testing of mPEG-PA-PLL

In vitro degradation of hydrogels (100 pL) in Tris-HCl buffer (pH 8.5) and Tris-HCl
buffer (pH 8.5) containing elastase (5 U/mL) was conducted. Briefly, copolymer solutions
(5 wt%) were gelled in 1.5 mL Eppendorf tube at 37 °C for 30 min prior to adding 1 mL of
Tris-HCl buffer or Tris-HCl buffer with elastase. The Eppendorf tube was removed from
incubator at each time point and at 37 °C; the residual was weighted after washing twice
with the de-ionized water and lyophilizing for 2 days.

4.5. Biocompatibility

Human embryonic kidney cells (293T) were used for in vitro cytotoxicity test. The
cytotoxicity test of the hydrogels was carried out by MTT assays. The cytotoxicity test was
similar to the previous study [11,13]. The 293T cell line was loaded onto a 24-well transwell
plate at concentration of 8 x 10 cells per well with DMEM media supplemented with 10%
fetal bovine serum (FBS) and 1% antibiotic-antimycotic. The copolymer solutions were
prepared in DMEM media at the concentration of 5 wt%. Then, 100 uL of the copolymer
solutions were loaded onto the transwell insert to gel at 37 °C and overlaid with 1 mL of
DMEM media. Subsequently, every well was treated with 50 uL of MTT agent (5 mg/mL in
PBS buffer) and incubated for 4 h, before 200 puL of DMSO was added to stop the reaction.
The solution was then collected and analyzed. The absorbance was measured by using
an ELISA Reader (Bio-Tek Synergy HT, Winooski, VI, USA) at 570 nm. All assays were
repeated in triplicate for each sample.

This is cell viability of an equation:

Absorbance of cells with hydrogel
Absorbance of negative control cells

Cell viability = x 100%. (5)

4.6. Methodological Study of HPLC

HPLC (Chromaster, Hitachi, Tokyo, Japan) with a column (COSMOSIL Packed Col-
umn, 5C;3-AR-II, 4.6 mm x 250 mm) was conducted to quantify the concentration of
calcitonin. Solution A: dissolve 3.26 g of tetramethylammonium pentahydrate in 900 mL of
water, add 100 mL of acetonitrile, and mix; adjust with phosphoric acid to a pH of 2.5, pass
through a filter of 0.22 mm, and degas. Solution B: dissolve 1.45 g of tetramethylammonium
hydroxide pentahydrate in 400 mL of water, add 600 mL of acetonitrile, and mix; adjust
with phosphoric acid to a pH of 2.5, pass through a filter of 0.22-mm, and degas. The



Gels 2022, 8, 282

13 of 16

flow rate was 1.0 mL/min with a detector set at 220 nm. Injection volume of the sample
was 20 pL.

4.7. In Vitro Drug-Release Studies

Initially, 100 pg of calcitonin-loaded mPEG-PA-PLL hydrogels (10 wt%) were im-
mersed in 1.5 mL of 0.1 N HCl solution and added to 2 mL Eppendorf (EP) tubes under
the condition of 37 & 0.2 °C and 50 rpm for 2 h. At specific time intervals (0.5 and 2 h),
1 mL of the release media was withdrawn, and an equal volume of medium was added to
maintain the volume constant. Finally, the drug-loaded hydrogels were transferred into
1.5 mL of potassium phosphate-buffered solution (pH 6.8), and 1 mL of release media was
collected again at specific times (4, 6, 8, 12, and 24 h) until 24 h. HPLC was determined to
ascertain the calcitonin concentration. A linear calibration curve over the concentration
range of 0.00391 mg/mL to 2.0 mg/mL was constructed, and the calcitonin concentration
was accordingly interpolated.
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Appendix A

(a) Day 0 (b) Day 1

Figure A1l. The live/dead staining images of 293T cell. The live cells stained green and dead cells
were red. (a) control; (b) co-culture with mPEG-PA-PLL after Day 1.
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Figure A2. Cumulative release of calcitonin from the hydrogels. (a) Remaining drug percentage (Q)
versus time, (b) Log Q versus time.
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