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Abstract: Novel adhesive polyaspartamides containing catechol
and primary amine pendent groups were synthesized through
successive ring-opening aminolysis reactions of dopamine
(DOP) and ethylenediamine (EDA) with polysuccinimide (PSI).
The oxidative gelation of aqueous dopamine-modified polyas-
partamide was observed by adding NalO, as the oxidizing
reagent. FTIR, UV-vis and oscillatory rheometry was used to
elucidate the oxidative cross-linking toward gel formation. The
prepared gel was characterized by the swelling degree, ther-
mogravimetric analysis (TGA), and by scanning electronic
microscopy (SEM).
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Introduction

In recent years, bio-inspired poly(dopamine) and dopamine-
modified polymers have attracted considerable attention for
their versatile utility in adhesive and surface modification of
solid materials."
critical functional constituent of dopamine, have a very strong
affinity to a variety of organic/inorganic surfaces (e.g. metal,

o-Dihydroxyphenyl (catechol) groups, the

metal oxide, ceramics, organic polymers) and even biomac-
romolecules.* Under oxidizing (or alkaline) conditions, the
catechol group transforms its chemical structure to a quinone
form which further participate in a variety of inter-molecular
crosslinking reactions. It is known that the oxidized quinone
can react with various functional groups including thiols,
amines, and quinone itself via Michael-type additions, Schiff
base reactions or aryl-aryl coupling®*® (Scheme 1). Currently,
the adhesive method for versatile coatings inspired from the
adhesive proteins found in mussels has been extensively stud-

ied by Messersmith group.®” Also, dopamine or catechol func-
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Scheme 1. Crosslinking chemistry of dopamine-modified polymer.
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intended for use as industrial, consumer, or medical adhesives
by many authors.*'* This biomimetic anchor strategy seems
quite robust for surface modification in many applications.

Polyaspartamides (PolyAspAm) include a wide range of
amide derivatives of poly(aspartic acid), PAsp, which can be
easily synthesized from polysuccinimide (PSI). The chemical
modification of pendent groups can provide diverse polyas-
partamide derivatives with specific properties.''® These poly-
meric materials possess physicochemical characteristics suitable
for the development of novel biomaterials in drug delivery sys-
tem and tissue engineering in the forms of polymeric prodrugs,
hydrogels or self-assembled nanoparticles.'”?

Previously, we reported a versatile coating of DOP-con-
jugated polyaspartamide onto various substrates in dilute aque-
ous solution.”! In this study, the oxidative gelation behavior of
concentrated polyaspartamide aqueous solution was investi-
gated along with basic characterization of the gel.

Experimental

Materials. L-aspartic acid (98+%), o-phosphoric acid
(98%), N,N-dimethylformamide (DMF, anhydrous 99.8%),
dopamine hydrochloride (DOP), ethanolamine (EA, 99%), eth-
ylenediamine (EDA, 99%), triethylamine (TEA, 99.5+%),
sodium hydrosulfite (~85%), acetic acid (99+%), tris(hydro-
xymethyl)amino methane (Tris, 99.9+%), and sodium peri-
odate (NalO,, 99.8+%), were purchased from Aldrich Chem-
ical Co. Acetone was obtained from DaeJung Chemical Co.
(Korea). All other chemicals purchased were of sufficient qual-
ity and used as received.

Synthesis of Polyaspartamide Derivative, PolyAspAm
(DOP/EDA/EA). A typical synthetic procedure for dopamine-
modified polyaspartamides from PSI, the precursor polymer,
has already been published in our previous report (Scheme
2).2' PSI was synthesized and purified using a previously

reported procedure. The prepared PSI had a reduced viscosity
of 0.45dL/g in DMF. The estimated molecular weight was
approximately 132000 Da, as calculated from an empirical
equation relating the solution viscosity to the molecular weight.
An approximate mole ratio of 19:24:57 for DOP:EDA:EA in the
pendent group was determined from 'H NMR measurements.

Characterization and Measurement. The '"H NMR spec-
tra were recorded on a Unity Inova-500 NMR spectrometer
(Varian, Palo Alto, CA, USA) using D,O as the solvent. FTIR
spectra were obtained on a Spectrum 2000 FTIR spectrometer
(Perkin Elmer, Norwalk, CT, USA). UV-vis spectra were
obtained on a UV-visible spectrophotometer (Libra S22; Bio-
chrom, Cambridge, UK).

Thermogravimetric analysis was carried out on a Perkin-
Elmer DSC/TGA7 Series thermal analysis system at a heating
rate of 10 °C/min under nitrogen. The modulus variation of the
copolymer aqueous solutions was determined by dynamic
mechanical analysis (Bohlin Rotational Rheometer). A poly-
mer solution (125 mg/mL) in water was placed between a
20 mm diameter plate and a 100 mm diameter plate with a gap
of 250 um. Oscillation mode was employed with a stress of
0.4 Pa and a frequency of 1 rad/s.

The morphology of the freeze-dried polyAspAm(DOP/EDA/
EA) gel was observed by field emission scanning electron
microscopy (FE-SEM, JEOL 6320, Japan). Porous gel samples
were mounted onto a metal stub with double-sided carbon tape
and coated with Pt for 30 s under vacuum (10° Torr) using a
plasma sputtering method (Ion sputter coater HC-21).

Results and Discussion

DOP or catechol functional group was incorporated into
polyaspartamide to exploit the unique adhesive and crosslink-
ing characteristics of the materials. In this study, the oxidative
gelation behavior of concentrated aqueous solution of DOP-
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Scheme 2. Synthesis of dopamine-modified polyaspartamide copolymer.
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conjugated polyaspartamide was investigated along with the
basic characterization of the gel.

Synthesis and Characterization of Dopamine-conjugated
Polyaspartamides. As previously described, novel dopam-
ine-containing polyaspartamide derivatives were synthesized
from PSI through a successive aminolysis reaction with quan-
titative dopamine, EDA and excess EA. Figure 1 shows the 'H
NMR spectrum of a typical polyAspAm(DOP/EDA/EA).
Peaks H were assigned to the aromatic protons of the dopam-
ine phenyl group, and peaks f, g and d, e were assigned to the
methylene proton of the EA and EDA pendants, respectively.
The graft composition of each group in the polyaspartamide
copolymer was determined from the integration ratios between
H (8=6.3-6.8) and g (6 =3.4-3.8) and e (6 = 2.9-3.1), and was
found to correspond to a mole ratio of 19:24:57 for
DOP:EDA:EA groups. FTIR spectral analysis of the prepared
polyaspartamide derivative shows the characteristic strong
amide I & II bands at 1649 and 1545 cm™ along with N-H at
3305 cm™, which corresponds to the aspartamide backbone
structure. The absorption bands of 1394 and 1293 cm™ (phe-
nolic C-O-H) indicate the characteristic functional groups of
catechol (see Figure 4). Both '"H NMR and FTIR analyses con-
firmed the structure of polyAspAm(DOP/EDA/EA).

As well documented in the literature, the oxidation of the
catechol group is the key step, and is responsible for the poly-
merization and crosslinking chemistry of dopamine. To study
the chemical change under oxidizing conditions, UV-vis spec-
troscopic measurement of the aqueous copolymer solution was
performed. As shown in Figure 2, the absorption band of the
catechol functional group appeared at A, =290 nm in its un-
oxidized state. When the pH of the solution was increased to
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Figure 1. '"H NMR spectrum of polyAspAm(DOP/EDA/EA).
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Figure 2. UV-vis spectra of aqueous copolymer solution.

pH 8.5, the absorption band at A, = 350 nm, which is respon-
sible for the oxidized quinone form, was found to increase.
Again, the dopamine chemistry involves the initial oxidation of
catechol to semi-quinone or a quinone intermediate, which will
induce the subsequent reactions such as phenolic radical cou-
pling, Michael addition or Schiff-base reaction to provide the
polymers an insoluble, crosslinked structure.

Gelation of Aqueous PolyAspAm(DOP/EDA/EA) Solution
by NalO,. Figure 3 demonstrates the gelation of a dopamine-
modified polyaspartamide solution by adding NalO, as an oxi-
dant. As the solution color turned dark brown, the polymer
solution became a rubbery gel after a certain period time.
Depending on the polymer concentration and the level of oxi-
dant, the apparent gelation time changed. By using 200 mg/mL
of polymer solution with 10 mg NalO,, gelation was observed
in a minute as determined by a simple vial-tilting method. To
investigate this gelation behavior more quantitatively, an oscil-
latory rheometer was used. With a solution concentration of
125 mg/mL, the content of oxidant NalO, was varied in three
different amounts of 2, 5, and 10 mg, respectively. From the

gelation
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Figure 3. Oxidative gelation of dopamine-modified polyaspart-
amide solution.
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Figure 4. Modulus (or complex viscosity) change as a function of
elapsed time.

rheometric measurement, the modulus (or complex viscosity)
change was monitored as a function of elapsed time, and the
results are plotted in Figure 4. When the oxidant level was rel-
atively low (2mg), bulk gelation was not observed even
though the solution turned dark brown, probably due to an
insufficient degree of crosslinking. When the oxidant amount
was 5 mg, the modulus began to rise in about 700 s, and the
value leveled off after 2000 s. When the oxidant amount was
further increased to 10 mg, the modulus began to increase
immediately upon mixing, and the increase leveled out in
about 1300 s with a much higher modulus value. As can be
expected, the gelation time is dependent on the level of oxidant
and decreases with increasing oxidant quantity.
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Characterization and Properties of DOP-Polyaspart-
amide Gel. The prepared gel was washed with PBS and dis-
tilled water several times and then freeze dried to give a hard
and brittle sponge. Figure 5 shows the FTIR spectra of poly-
mer (before oxidation) and the crosslinked gel (after oxida-
tion). As described previously in the introduction part, the
crosslinking reaction is initiated by the catechol oxidation to
the quinone. The quinones, then, are supposed to undergo a
complex inter-molecular reactions including aryl-aryl coupling
and Michael addition or Schiff-base formation by adjacent
amine groups to result in a crosslinked gel. The bands at 1394
and 1293 cm™ corresponding to catechol C-O-H, and broad
band at around 3300-3400 cm™ of O-H and N-H were found to
be decreased, suggesting the expected chemical change upon
oxidative gelation. Figure 6 shows the swelling curves of the
prepared gels in PBS (pH 7.4). The water absorbency or swell-
ing ratio was observed to be 7-12 g/g. A SEM photograph of
the dry gel is shown in Figure 7. An irregular porous mor-
phology with a plate-like wall structure was observed. Figure
8 shows the TGA thermograms of the original polymer and its
crosslinked gel produced using the oxidative process. The gel
obtained by oxidant NalO, showed an increased thermal sta-
bility as noticed from the shift of the thermal degradation curve
to a higher temperature by approximately 30 °C. The thermal
degradation temperature of the original polymer with a 7, of
~230 °C has increased to 258.5 °C. This improved thermal sta-
bility of gel materials must be due to the development of a net-
work structure induced by the catechol oxidation and the
following crosslinking reactions.
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Figure 5. FTIR spectra of polyAspAm(DOP/EDA/EA) and its crosslinked gel.

Polymer(Korea), Vol. 38, No. 1, 2014



112 Young Sil Jeon, Quang Tri Bui, Jung Hyun An, Dong June Chung, and Ji-Heung Kim

20

—a— A
* B
154
o2
wl Lo a s & 8 .
- 10 -
£ |
" e -
- - -
=1
£ 8-
o
=
w
0+ =
-5 ! N 1 ! T N I N 1 ! 1
0 5 10 15 20 25

Time (hr)

Figure 6. Swelling curves of the prepared gels in PBS (pH 7.4) (A:
NalO, 10 mg, B: NalO, 5 mg).

Figure 7. SEM morphology of dry gel scaffold (gelled by NalO,
5 mg).
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Figure 8. TGA thermograms of polyAspAm and its crosslinked gel.
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Conclusions

Oxidative gelation behavior of novel adhesive copolymers
based on polyaspartamide containing catechol and primary
amine pendants was investigated. The gelation of aqueous
polymer solutions was observed by the addition of oxidant
NalO, and the behavior was monitored by oscillatory rheo-
logical measurement. The prepared gels possessed high ther-
mal stability and a porous network morphology.

Acknowledgement: This research was supported by the
Basic Science Research Program through the National
Research Foundation of Korea (NRF) funded by the Ministry
of Education, Science and Technology (# 2011-0011464).

References

1. J. H. Waite, Integr. Comp. Biol., 42, 1172 (2002).
2. J. H. Waite and M. L. Tanzer, Science, 212, 1038 (1981).
3. H. S. Lee, S. M. Dellatore, W. M. Miller, and P. B. Messersmith,
Science, 318, 426 (2007).
4. J. H. Waite and X. X. Qin, Biochemistry, 40, 2887 (2001).
5. M. Yu and T. J. Deming, Macromolecules, 31, 4739 (1998).
6. A. R. Statz, R. J. Meagher, A. E. Barron, and P. B. Messersmith,
J. Am. Chem. Soc., 125, 4253 (2003).
7. F. Xiaowu, L. Lijun, L. D. Jeffrey, and P. B. Messersmith, J. 4m.
Chem. Soc., 127, 15843 (2005).
8. B.P Lee, L. D. Jeffrey, and P. B. Messersmith, Biomacromolecules,
3, 1038 (2002).
9. H. Shao, K. N. Bachus, and R. J. Stewart, Macromol. Biosci., 9,
464 (2009).
10. C. E. Brubaker, H. Kissler, L. J. Wang, D. B. Kaufman, and P. B.
Messersmith, Biomaterials, 31, 420 (2010).
11. H. S. Lee, Y. H. Lee, A. R. Statz, J. S. Rho, T. G Park, and P. B.
Messersmith, Adv. Mater., 20, 1619 (2008).
12. K. Yamada, T. Chen, G. Kumar, O. Vesnovsky, L. D. T. Topoleski,
and G. F. Payne, Biomacromolecules, 1, 252 (2000).
13. S. H. Ku, J. K. Ryu, S. K. Hong, H. S. Lee, and C. B. Park,
Biomaterials, 31, 2535 (2010).
14. E. P. Holowka and T. J. Deming, Macromol. Biosci., 10, 496
(2010).
15. J. R. Moon and J. H. Kim, Polym. Int., 59, 630 (2010).
16. J. R. Moon, M. W. Kim, D. J. Kim, J. H. Jeong, and J. H. Kim,
Colloid Polym. Sci., 289, 63 (2010).
17. J. R. Moon and J. H. Kim, Macromol. Res., 16, 489 (2008).
18. J. R. Moon, Y. H. Park, and J. H. Kim, J. Appl. Polym. Sci., 111,
998 (2009).
19. J. H. Park, J. R. Moon, K. H. Hong, and J. H. Kim, J. Polym.
Res., 18, 273 (2011).
20. S. I. Kim, C. M. Son, Y. S. Jeon, and J. H. Kim, Bull. Korean
Chem. Soc., 30, 3025 (2009).
21. J. H. An, N. T. Huynh, Y. S. Jeon, and J. H. Kim, Polym. Int., 60,
1581 (2011).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


