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Copper Mediated and Copper Free “Click”
Decoration of Polysialic Acid for RGD-Modification

and Hydrogel Formation

Yi Su, Jiii Palecek, Andreas Kirschning, Gerald Driger*

Summary: This paper describes and compares the copper-catalyzed and copper-
free “click” reaction of N-azido, N-alkynoyl and N-oxanorbornadienyl polysialic acid
for the formation of hydrogels and cyclic RGD conjugates. To proof the molecular
mechanism of the crosslinking reaction, the crosslinking and conjugation reactions
were studied in detail on a molecular level by 'H-NMR spectroscopy and mass
spectrometry as well as MS/MS experiments identifying the non-hydrolyzable

crosslinks.
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Introduction

Polysialic acid (1) is the negatively charged
homopolymer of «-2,8-linked sialic acid
with 8-200 repeating units." This biopoly-
mer is commonly expressed in the embry-
onic and adult vertebrate nervous tissue as
posttranslational modification of the neural
cell adhesion molecule. Here, due to its
highly hydrated polyanionic structure, pol-
ysialic acid modulates cell-cell interac-
tions.?!  Polysialic acid is stable in
mammals due to the lack of the correspond-
ing endosialidases and might therefore
serve as valuable scaffold material in tissue
engineering since most degradable biopol-
ymers suffer from uncontrolled hydrolysis
after implantation.’) Nevertheless the high-
ly stable and reactive polysialic acid degrad-
ing endosialidase NF has been cloned from
phage viruses and heterologously expressed
allowing the in vivo degradation of poly-
sialic acid after injection into the host.[*]
This allows for creating a highly stable
polysialic acid-based scaffold, which can be

Gottfried Wilhelm Leibniz Universitit Hannover,
Centre of Biomolecular Drug Research (BMWZ)/
Institute of Organic Chemistry, Schneiderberg 1b,
D-30167 Hannover, Germany

Fax: (+49) 511 762-3011;

E-mail: draeger@oci.uni-hannover.de

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

selectively hydrolyzed by endosialidase NF
injection.

In our previous work, we described the
synthesis of polysialic acid based hydrogels
which can be completely degraded by
endosialidase NF and disclosed that this
material shows good biological properties
such as perfect cytocompatibility and no
cytotoxicity as judged by viability assays
with cultured Schwann cells.”! Since those
hydrogels were prepared by base-catalyzed
diepoxyoctane cross-linking of an aqueous
polysialic acid solution, a large percentage
of diepoxyoctane was unspecifically hydro-
lyzed and did not provide effective cross-
linkages. The resulting hydrogel mostly
contained the bivalent linker attached to
one polymer chain while the other epoxy
group was hydrolyzed by water. This
encouraged us to design and synthesize
polysialic acid derivatives that contain azido
(2), alkynoyl (3) and oxanorbornadienyl (4)
groups for performing selective Cu-cata-
lyzed and Cu-free “click” cross-linking and
grafting reactions (see Figure 1).1°! Espe-
cially the Cu-free click chemistry for
grafting signal molecules such as cyclic
RGD-peptides was already successfully
applied to alginate.m In this paper, we
describe the hydrogel formation and RGD
decoration of polysialic acid based on Cu-
catalyzed and Cu-free [2 + 3] cycloadditions
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Figure 1.
a-2,8-linked polysialic acid 1 (sodium salt).

of polysialic acid derivatives and azido-
modified cyclic RGD peptide 6.81 For
comparison reasons, RGD containing poly-
sialic acid derivatives were also prepared
using a reductive amination strategy be-
tween N-aldehydo polysialic acid 5 and the
more readily available cyclic RGD penta-
peptide 7. The materials obtained were
studied by NMR spectroscopy and by
electrospray mass spectrometry after acidic
hydrolysis to allow a molecular description
of the conjugation site. The results obtained
should pave the way for further studies
describing the mechanical properties of the
hydrogels in correlation to the degree of
crosslinking.

Materials and Methods

General Remarks

Unless otherwise stated, all chemicals and
solvents were purchased in “per analysis
quality” from Sigma-Aldrich, Steinheim,
Germany or Acros Organics, Nidderau,
Germany and used as received. All dialysis
steps were performed using Visking mem-
brane tubes (regenerated cellulose, 0.025 mm
membrane thickness, 28.6mm diameter,
obtained from Roth, Karlsruhe, Germany)
with a molecular weight cut-off of 14.000
g/mol. All modified polymers were exhaus-
tively dialyzed for 3 to 5 days against
distilled water. Lyophilization was per-
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cyclo-RGDfK

6:R'=N;  7:R'=NH,

formed with a Christ Alpha 2-4 (Christ,
Osterode, Germany) freeze dryer. Mass
spectra and HRMS data were recorded on
a QTof premier (Waters) equipped with an
Acuity UPLC (Waters) and a Waters UPLC
BEH C18-2.1 x 100mm 1.7 pm.

Combustion Analysis of Polysialic Acid-
Based Polymers

All combustion analyses (CHN) were
performed on a Elementar Vario EL
(Version F; Analyse Systeme GmbH;
Germany). Due to the hygroscopic
properties of polysialic acid and polysialic
acid based materials, the measured and
theoretical carbon and nitrogen content is
strongly fluctuating as shown for commer-
cial a-2,8-polysialic acid (sodium salt; 98%
purity; obtained from Nacalai Tesque,
Inc., Japan; dried under vacuum prior to
analysis):

Cmcasurcd =42.18% Cthcorical =34.02%
Nmeasured =4.47% Ctheorical =3.63%

To be able to draw conclusions from the
measured data we choose to report the
quotient C/N, which was not affected by
the degree of water content in the polymer.

C/Nmeasured =944 C/N 9.36

theorical —
The theoretical C/N quotient was cor-
rected with respect to the degree of

derivatization measured by integration of
'H-NMR spectra.
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Polysialic Acid Hydrogel Formation Using
Cu-Catalyzed “Click” Chemistry
N-(4-Azidobutyryl) polysialic acid 2!
(10mg, ds=60%) and N-(4-pentynoyl)
polysialic acid 3'® (10mg, ds=60%) were
dissolved in distilled water (160 ul). Aque-
ous CuSO; (16pL, 0.1m) and sodium
ascorbate (24 L in water, 0.1M) were
added. After vigorous shaking, the reaction
mixture was kept at room temperature for
2-3 days. A stable hydrogel was formed.

In order to analyze the “click” reaction,
the resulting polysialic acid hydrogel
(20 mg) was hydrolyzed by acid treatment
(1.0mL, 0.1 m trifluoroacetic acid in water).
The heterogeneous system was heated at
80°C for 1h and a sample was analyzed
directly by UPLC-MS. Besides N-(4-azido-
butyryl) sialic acid (ESI, [M-H]: found
3771320 Da; calcd. for Ci3H;N4Og
377.1309 Da), N-(4-pentynoyl) sialic acid
(ESI, [M-H]: found 346.1151 Da; calcd. for
C14H20NOg 346.1138 Da) and N-acetyl
sialic acid (ESI, [M-H]: found 308.0997
Da; calced. for C1;H;gNOg 308.0982 Da), the
crosslinking triazole 8 (ESI, [M-H]: found
724.2537 Da; calcd. for C,;H4N5Oqg
724.2525 Da) could be detected.

Polysialic Acid Hydrogel Formation Using
Metal-Free “Click” Chemistry
N-(4-Azidobutyryl) polysialic acid 2[°!
(10 mg, ds =25-60%) and N-oxanorborna-
diene polysialic acid 4! (10mg, ds=20-
25%) were dissolved in distilled water
(200 wl). After short vigorous shaking the
reaction mixture was incubated at room
temperature for 2-3 days to give a stable
hydrogel.

To confirm the “click” coupling reaction
on a molecular level, the hydrogel (20 mg)
was hydrolyzed by acid treatment (1.0 mL,
0.1m trifluoroacetic acid in water). The
heterogeneous system was heated at 80°C
for 1h and a sample was analyzed directly
by UPLC-MS. Besides N-(4-azidobutyryl)
sialic acid (ESI, [M-H]: found 377.1302 Da;
caled. for C3HN4O9 377.1309 Da) and
N-acetyl sialic acid (ESI, [M-H]: found
308.0988 Da; calcd. for C11H;sNOg 308.0982
Da), the crosslinking trifluoromethyl tria-
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zole 9 (ESI, [M-H]J: found 849.2638 Da;
calcd. for C3()H44N6019F3 849.2613 Da)
could be detected.

Preparation of cRGD-Polysialic Acid Via
Cu-Catalyzed “Click” Reaction
N-(4-Pentynoyl) poly sialic acid 3'® (5mg,
0.016mmol) and azido-cRGD 6! (2mg,
0.003 mmol) were dissolved in distilled
water (1mL). Aqueous CuSO, solution
(40 L, 0.1m) and Na-ascorbate solution
(60 nL, 0.1 M) were added to the reaction
mixture. The reaction was heated under
microwave irradiation conditions up to
40°C for 30min. Subsequently, trifluoro-
acetic acid (9.7 pL, 0.1 mmol) was added
and the mixture was heated to 80°C for 1 h.
The hydrolyzed products were directly
analyzed by UPLC-MS and LC-MS/MS.

Preparation of cRGD-Polysialic Acid Via
Metal-Free “Click” Chemistry
N-Oxanorbornadiene polysialic acid 46!
(5mg, 0.015mmol) and azido-cRGD 6!”!
(2mg, 0.003 mmol) were dissolved in dis-
tilled water (1mL). The reaction was
heated under microwave irradiation con-
ditions up to 40 °C for 60 min. Subsequent-
ly, trifluoroacetic acid (9.7 pL, 0.1 mmol)
was added and the reaction mixture was
heated up to 80°C for 1 h. The hydrolyzed
products were directly analyzed by UPLC-
MS and LC-MS/MS.

Preparation of N-Aldehydo Polysialic Acid 5

Preparation of 5-(2,3-Dihydroxypropylamino)-5-
Oxopentanoic Acid (12)
A solution of glutaric anhydride (1.60g,
14mmol) and 3-amino-1,2-propandiol
(1.41g, 15mmol) in anhydrous pyridine
(10mL) was stirred at room temperature
for 12 h. The pyridine was removed under
reduced pressure to give a colorless solu-
tion. The solution was diluted in water
(10mL) and extracted with dichlorome-
thane (5 x 10mL). The aqueous layer was
finally concentrated to yield 12 as colorless
oil (2.34 g, 11.4mmol, 82%).

'H-NMR (400 MHz, D,0) &: 3.75-3.70
(m, 1H, H-2), 3.52 (dd, /=12.0, 4.1 Hz, 1H,
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H-1,), 3.43 (dd, /=11.2, 6.5Hz, 1H, H-3,),
3.26 (dd, J=14.0, 4.8Hz, 1H, H-1), 3.43
(dd, J=11.2, 7.2Hz, 1H, H-3y), 2.32 (t,
J=3.4Hz, 2H, H-4), 2.24 (t,J=7,5Hz, 2H,
H-5), 1.80 (tt, J=7.5Hz, 3.4Hz, 2H, H-6)
ppm

BC.NMR (100 MHz, D,0) 8: 178.5 (s,
COOH), 176.1 (s, NHCO), 70.1 (t, C-2),
63.2 (t, C-1),41.6 (t, C-3),34.7 (t, C-4), 33.1
(t, C-6), 20.1 (t, C-5) ppm.

ESI:  caled for C8H1405
204.0872; found: 204.0865.

[M-H]

Preparation of N-(1,2-Diol) Polysialic Acid 14
The tetra-N-butylammonium salt of y-amino
polysialic acid 13! (1.10g, 2.2mmol) was
dissolved in anhydrous dimethylformamide
(20mL) and cooled to 0°C. N-Hydroxyben-
zotriazole (HOBt) (0.76 mg, 5.6 mmol), N, N-
diisopropylethylamine (DIPEA) (1.1mL,
6.3 mmol) and EDCeHCI (1.07 g, 5.6 mmol)
were added to the reaction mixture followed
by carboxylic acid 12 (861 mg, 4.2 mmol) and
stirred at room temperature over night. To
acetylate the remaining free amino groups
the reaction mixture was cooled to 0°C and
acetic anhydride (0.5mL) was added. After
stirring at room temperature for 8h, the
mixture was dried under reduced pressure
and treated with sodium hydroxide (4mL,
1M). After 8h the mixture was neutralized
with hydrochloric acid (1M) and dialyzed
(2 d against sodium chloride (0.5M); 2 d
against distilled water). The aqueous
layer was lyophilized to yield the desired
product as colorless solid (714.0mg,
1.9 mmol, 87%).

'H-NMR (400 MHz, D,0) &: 4.21-4.05
(2H, H-4 & H-6), 3.90-3.71 (2H, H-5 & H-
9.), 3.70-3.42 (3H, H-8, H-7 & H-9;,) 3.48-
3.58 (0.8H, H-1’, & H-3",), 3.34 (0.4H, H-
1’y), 3.22 (0.4H, H-3%), 2.66 (1H, H-3.),
233 (1.6H, H4 & H-6’), 2.07 (1.8H,
NHCOCH,), 1.90 (0.8H, H-5"), 1.72 (1H,
H'3ax) ppm.

3BC.NMR (100 MHz, D,0) &: [176.6,
176.4, 174.9, 173.2] (s, 4xCO), 100.9 (C-2),
77.8 (d, C-8), 73.1 (d, C-6), 70.2 (d, C-2’),
69.0 (d, C-7), 68.3 (d, C-4), 63.3 (t, C-1"),
61.2(t,C-9),52.4 (d, C-5),41.7 (t,C-3"),39.8

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(t, C-3),35.1 (t, C-4"),34.9 (t, C-6"), 22.5 (q,
NHCOCHs;), 21.5 (t, C-5") ppm.

Degree of derivatization: 40% (accord-
ing to integrations of CH at 3.34 ppm and
NHCOCH3).

Preparation of N-Aldehydo Polysialic Acid 5
Diol 14 (713 mg, 1.9 mmol) was dissolved in
distilled water (10 mL) and cooled to 0°C.
An aqueous solution of NalO,4 (5 gin 70mL
water) was added to the reaction mixture in
the dark ([NalOy,]: 0.3m) and stirring was
continued for 15min at 5°C. To quench the
reaction, ethylene glycol (25mL) was
added and the resulting mixture was
dialyzed against distilled water at room
temperature for 4 days. After lyophiliza-
tion, a colorless, amorphous solid was
obtained (470 mg, 1.3 mmol, 68%).

'H-NMR (400 MHz, D,0) &: 5.10 (0.4H,
CH(OD),)*, 4.25-4.09 (2H, H-4 & H-6),
3.95-3.70 (2H, H-5 & H-9,), 3.69-3.51 (3H,
H-8, H-7, H-9;,), 3.29 (0.8H, CH,CHO),
2.66 (1H, H-3.,), 2.31 (1.6H, H-1" & H-3’),
2.07 (1.8H, NHCOCH3;), 1.90 (0.8H, H-2’),
1.73 (1H, H-3.x) ppm.

BC.NMR (100 MHz, D,0) &: [176.6,
176.4, 174.9, 173.0] (s, 4xCO), 100.9 (C-2),
88.2 (t, CH,CHO), 77.7 (d, C-8),73.1 (d, C-
6),69.0 (d, C-7), 68.2 (d, C-4), 61.2 (t, C-9),
52.4(d, C-5),39.8(t,C-3),35.0 (t,C-1"),34.8
(t, C-3%),22.4 (q, NHCOCHs;), 21.5 (t, C-2’)
ppm.

*Hydrated aldehyde in D,O.

Combustion analysis: C/N=8.91 (theo-
retical: C/N =8.43).

Degree of derivatization: = 40% (accord-
ing to integrations of CH at 5.10 ppm).

Reductive Amination Based cRGD
Conjugation of Polysialic Acid

N-Aldehydo polysialic acid 5 (26mg,
0.07 mmol) was dissolved in distilled water
(5mL) and cooled to 0°C. Cyclic amino-
RGD 7 (5 mg, 0.008 mmol) and one drop of
MeOH was added. The mixture was stirred
at room temperature for 24 and dialyzed
against distilled water (adjusted to pH=9)
for 2 days. The aqueous lays were con-
centrated and lyophilized to obtain the
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corresponding Schiff base as a colorless
solid (24 mg).

For the reductive amination, the result-
ing polysialic acid imine (2mg) was dis-
solved in distilled water (1 mL). A small
amount of NaCNBH; was added to the
solution. The reaction mixture was stirred
at room temperature over night. Subse-
quently, trifluoroacetic acid (9.7 pL,
0.1 mmol) was added. The reaction was
heated to 80°C for 1h and the hydrolysis
products were directly analyzed by UPLC-
MS.

Results and Discussion

Polysialic Acid Hydrogel Formation Using
Cu-Catalyzed “Click” Chemistry

The copper catalyzed crosslinking of the
azide and alkyne containing macromers 2
and 3 resulted in the slow formation of a
flexible hydrogel (Figure 2). Upon pro-
longed incubation in excess phosphate
buffer (50mM, pH 7.2, 37°C, 24h) the
hydrogel was swelling resulting in a 50%
increase of the gel diameter. Still, the gel
was intensively colored due to traces of
copper and several attempts to remove the
copper by treatment with complexation
agents or by electrophoresis failed.
The gelation time highly depended on the
amount of the Cu-catalyst employed, the
degree of derivatization of polysialic acid,
and the molecular weight of the polysialic
acid (Table 1). When polysialic acid with a
molecular weight of 45kDa instead of

15kDa was used, stable hydrogels could
be obtained when a very low degree of
derivatization and a low catalyst loading was
employed (entry 8). After complete acidic
hydrolysis of the polysaccharide backbone,
polysialic acid dimer 8 was identified by high
resolution mass spectrometry showing the
inter-chain crosslinkage.

Polysialic Acid Hydrogel Formation Using
Metal-Free “Click” Chemistry

Since the removal of residual copper salts
turned out to be problematic, copper-free
“click” chemistry was employed to crosslink
N-azido polysialic acid 2 and oxanorborna-
diene polysialic acid 4 (Figure 3). The
methodology applied here is widely used,
but only a few examples use this concept on
polymeric systems.[g] The functionalized
polysialic acid derivatives were dissolved
in water and mixed without any catalyst.
Hydrogel formation depended on the
concentration of the starting materials,
the degree of derivatization, and the
reaction time (Table 2). High concentration
of starting material resulted in the forma-
tion of hydrogels within a short time, which
turned out to be quite brittle (entry 1). In
contrast, very low concentration of starting
materials led to longer gelation times.
When the degree of substitution was too
low, hydrogel formation was impossible
(entry 5).

The optimal conditions for (entry 3)
resulted in a stable and flexible hydrogels
with identical swelling behavior compared
to the Cu-catalyzed approach. Again it was

ONa O ONa OH O _OH
OH N OH
ﬁ\o"'H ; o o~ HowHL\E\O}OH
Cu(l) N TFA N
- o] HO o HO
ONa O, _-ONa OH O.__OH
OH T, OH
= ‘IF\O“' ” 0] o~ S HO“%OH
N, HN N, HN
( NN~ A _HO NN~ 4 _HO
\ o o
3D-hydroge] (Cu-catalyst) crosslinked polysialic acid hydrogel 8
Figure 2.

Polysialic acid hydrogel formation by Cu-catalyzed “click” chemistry (sample size: @ =o0.9 cm, thickness,

0.1cm).
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Table 1.

Hydrogel formation using polysialic acid derivative 2 and 3.

Entry Azide 2 Alkyne 3 Catalyst [mol %] Gelation time
DS weight DS weight A B

1 60% 10mg 60% 1omg 15 10 10s

2 60% 10mg 60% 10mg 12 8 30 min

3 60% omg 60% 1omg 8 6 24h

4 60% omg 60% 10mg 3 2 48h

5 25% 25mg 80% 1omg 3 2 5d

6 25% omg 25% 10mg 3 2 7d

7 80% omg 80% 1omg 15 1 no gel

8 10% omg 10% 10mg 1.5 1 7d

If not stated otherwise, polysialic acid derivatives with a M, of 15 kDa were used; * Cu-catalyst (mol%) A: Na-
ascorbate (0.1m), B: CuSO,(0.1m); ° polysialic acid with a M, of 45kDa was used

OH O, _-ONa
spontaneoug"\ OH o ¥
0" H 0 o
0 HO
OH
<
FaC "TOH
HN N
g weN ¢

crosslinked polysialic acid hydrogel

Figure 3.
Polysialic acid hydrogel formation by metal-free “click” chemistry (only one regioisomer is shown).

possible to isolate and describe the inter-
chain crosslinkage 9 after acidic hydrolysis
of the polysialic acid backbone.

Preparation of RGD-Polysialic Acid Via
Cu-Catalyzed “Click” Reaction

The analysis of the cRGD modified poly-
sialic prepared by copper catalyzed [2 + 3]
cycloaddition of alkyne 3 and azide 6 was
performed by mass spectrometry. After
acidic cleavage, the cRGD-coupled sialic
acid 10 could be detected and analyzed by

Table 2.

LC-MS (Figure 4) and MS/MS spectrome-
try (Figure 7).

Using high resolution data, various
MSMS-fragments could be identified allow-
ing the unambiguous assignment of the
structure (see Scheme 2).

Preparation of RGD-Polysialic Acid Via
Metal-Free “Click” Reaction

In the second route towards cRGD-
modified polysialic acid, metal-free “click”
conditions were applied for the coupling of

Hydrogel formation using polysialic acid derivatives 2 and 3.

Entry Azide 2 Oxanorbonadiene 4 Volume [pL] Gelation time
DS DS

1 25% 25% 90 5h

2 25% 25% 120 nh

3 25% 25% 200 3d

4 60% 25% 200 36 h

5 60% 10% 100 no gel

In all cases, 10 mg of each macromer was used

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4.

UPLC-MS spectrum of the cRGD modified sialic acid 10 (calcd for C,,HggN;,046 [M-H]": 975.4172; found: 975.4186).

Figure 5.
UPLC-MS spectrum of cRGD-modified sialic acid 11 (calcd
only one regioisomer is shown).

oxanorbornadiene functionalized polysialic
acid 4 with azido-modified cyclic RGD
peptide 6. The reaction was carried out in
water at room temperature. In contrast to the

TBA®

L
NH
3
1/ ~OH
OH

Scheme 1.

OH O._OH
nog 161 (1.524) AM (Gen.5, 70.00, Ar,10000.0,554.26,0.70.LS 5) 1: TOF MS ES-
i 11004260 25763 OH
HO'" 0 OH
N
1101.4307 e} HO
% |
862.2745 11024318
7 | 11383517 11
hm,zrsn 935.2006948.2965 10124084 1049302 10824160 | p 1166.34611214 4588 1227 4293
SRV U VDU <SSVl b SOV ol aooulRAN NP 7 IRV | PO (TR o bl F3C
§75 900 925 850 975 1000 1025 1050 1075 1100 1125 1150 1175 1200 1225 HN
N
4N~ TcRGD
|
o wn°N

for C44HeN1304,F; [M-H]: 1100.4260; found 1100.4280;

Cu-catalyzed “click” reaction of N-alkyne
polysialic acid 3, the progress of metal-free
reaction could be monitored by "F-NMR
analysis.”! Figure 8 depicts the F-NMR

Oy _ONa

Preparation of N-aldehydo polysialic acid 5; a) HOBt, EDC*HCI, DIPEA, DMF, 20 °C, 24 h; b) Ac,0, 20°C, 8 h; ¢)

NaOH, 20°C, 3 h; d) NalO,, H,0, 5°C, 15min.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.ms-journal.de



Macromol. Symp. 2013, 334, 82-91

|89
neg 70 (0.663) AM (Cen,5, 70.00, Ar,10000.0,554.26,0.70,LS 10) 1: TOF MS ES- OH (] OH
100- 1008.4614 245
OH
o f HOW 0—7 ~OH
% o HO
1010.4681
973.2045
964.2971
0713251 977.3151 9823172 094.3388 1011.4738 H
968.2003 | y 1005.3317
3 975.2824 9853082 989.8342 1000.2913 ( NH
(SRS | e W N [ Lo b b N—""
965.0 970.0 975.0 980.0 985.0 990.0 995.0 1000.0 1005.0 1010.0 15
O CcRGD
Figure 6.

UPLC-MS spectrum of the amino cRGD modified sialic acid 15. (calcd for C43HggN;,0,, [M-H] : 1008.4638; found
1008.4614).
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Figure 7.
LC-MS/MS spectra of “click” product 10.
OH Oy -ONa
,r< GH OH O -ONa
o7 A L _,OH "
N
N
o HO o HO
v
/ M
o o° ¢ N"craD
| N=N
—h e — -u—....J’M

S 4 -0 s [ppm] 0 w & 70 2 [ppm]
Figure 8.

F-NMR spectra of oxanorbornadiene functionalized polysialic acid 4 with cRGD conjugate 16.
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spectra of polysialic acid derivative 4 and the
corresponding cRGD conjugate. The CF;
group of the oxanorbornadiene system in
compound 4 was detected at -62.3 ppm (left),
whereas in conjugate 16 this signal is shifted
to -58.2 ppm (right).

The final proof for the successful conju-
gation was again obtained by UPLC-MS
(Figure 5) and MS/MS analyses of the
hydrolyzed conjugate 16. The MSMS spec-
trum of the hydrolyzed cRGD-modified
sialic acid 11 displayed the same character-
istic mass losses as seen for conjugate 10
(data not shown).

Reductive Amination Based cRGD
Conjugation of Polysialic Acid

Since several coupling strategies of biopoly-
mer formation involve the reaction of
aldehydes with amino functionalized reac-
tion partners, N-aldehydo polysialic acid
was synthesized. The reaction was per-
formed in analogy to our general route to
polysialic acid derivatives.l! At first, dime-
thylformamide soluble tetra-N-butylammo-
nium salt of deacetylated polysialic acid 13
is N-acylated using peptide coupling con-
ditions to introduce a diol functionality
(Scheme 1). N-Acetylation followed by

OH Oy_OH OH
OH ~H . .»\\OH (-\/H
Ho\u-'H S 0o O/ HO™H ~ (0]
N oN N
(0] HO [e)
Ring Opening M1 : M2
10 mz=975 Oy SN Mz=887
7 & j\ N
N-N N-N OH N
RGD' RGD” [88] RGD’
OH OH
How ~"=xq M1-138 M1-208 or M2-120 | oS
+ HO O« OH
H\/—}O N
o 7H 0N """on
a4 N
,N’N m/z = 837 N—N M3
RGD RGD"  m/z=767
H
0 N\H
/N M3-H,0
N—N
O s H
., H
y&‘N (o] N == H
HN O M4-42
e
OzC\j NH
HN)\/ HN=C=NH 4 .E
N" "o NHz  [42] N—
o H RGD
M5 M4
miz = 707 miz = 749
Scheme 2.

Proposed fragmentation of “click” product 10 according to LC-MS/MS.
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ester cleavage under basic conditions
reconstituted the polysialic acid backbone
in diol 14, which was finally transformed to
aldehyde 5 by rapid sodium periodate
treatment. With this compound in hand,
we initiated the conjugation with the lysine
side chain present in cRGD-peptide 7.
After extensive dialysis 'H-NMR-signals
of the cRGD-peptide moiety were visible
but did not provide final confirmation of
polymer/peptide conjugation. Therefore,
LC-MS as well as MSMS analyses were
utilized. and it turned out to be crucial to
reduce the acid labile Schiff base before
starting acid hydrolysis. After sodium
borohydride treatment and acidic hydroly-
sis, the expected cRGD-conjugated poly-
sialic acid was detected and further
analyzed by MSMS (Figure 6). Again the
MSMS spectrum of the hydrolyzed cRGD-
modified sialic acid 15 displayed the same
characteristic mass losses as seen for
conjugate 10 (data not shown).

Conclusion

In conclusion, we synthesized two hydro-
gels based on polysialic acid by employing
a) copper-catalyzed and b) copper-free
“click” reactions of N-azido, N-alkynoyl
and N-oxanorbornadienyl modified poly-
sialic acids. Since it was not possible to
remove copper-ions from the hydrogel, the
copper-free approach turned to be superior
with respect to gelation times as well as
hydrogel purity. We disclosed three different
routes towards cyclic-RGD conjugated poly-
sialic acid. In each case, the RGD-sialic acid
adduct could be isolated and analyzed in
detail by LC-MS and MS/MS experiments.
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