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ABSTRACT: Glycopolymers with a four-arm star architecture were prepared from poly(vinyl benzyl
chloride) (PVBC) star polymers as reactive scaffold and 1-thio-$-p-glucose sodium salt. The star polymer was
prepared via RAFT polymerization using 1,2,4,5-tetrakis(thiobenzoylthiomethyl)benzene as a rate-retarding
RAFT agent at a polymerization temperature of 120 °C. The occurrence of known side reactions such as
star—star coupling was partly suppressed by optimizing the reaction conditions. The molecular weight distri-
bution in the early stages of the polymerization (< 50% monomer conversion) remained narrow (PDI < 1.3),
but side reaction became more pronounced at higher conversions. The polymers were reacted with equimolar
amounts of 1-thio-f-p-glucose sodium salt in DMSO in the absence of any catalyst. The rate of reaction was
monitored using '"H NMR, confirming full conversion after a reaction time of 110 h. Six different glyco star
polymers with number of repeating units N ranging from 40 to 680 were tested regarding their ability to bind
to Concanavalin A (ConA) using turbidity assay. The rate of reaction and ¢, >, the time to reach half of the
maximum absorption, was found to reach a maximum and minimum, respectively, at a medium molecular
weight. The same molecular weight dependency was obtained using precipitation assay, which determines the
amount of ConA conjugated to the glycopolymer. Comparison with linear glycopolymers reveals however

that the amount of bound ConA and the rate of clustering are not superior in the star architecture.

Introduction

Carbohydrates play a pivotal role in biological processes such
as cell—cell recognition and signaling events. The success of
bacteria and viruses in their quest in invading the human body
is usually derived from their carbohydrate-filled surface. The key
is the ability of carbohydrates to bind selectively to carbohydrate-
binding proteins.' Surprisingly, the interaction between a single
sugar molecule and the protein is rather weak, but the simul-
taneous binding of numerous sugar molecules can result in strong
conjugation. This “glycoside cluster effect™® or multivalency
effect is determined not only by the thermodgfnamics between
the two participants but also by the architecture.” Spherical carbo-
hydrate designs such as dendrimers with their high local carbo-
hydrate concentration accelerate binding to proteins. Therefore,
significant effort has been targeted toward the synthesis of synthe-
tic carbohydrates—glycopolymers—where architecture and carbo-
hydrate concentration can be tailored to achieve an optimum
outcome. While §1ycodendrimer and related structures are now
well established,” star-shaped glycopolymers have long been
overlooked as an alternative. In fact, despite the vast variety of
literature on the synthesis of glycopolymers®*—synthetic poly-
mer with pendant sugar groups—the number of reports on glyco
star polymers is negligible. Only a handful of examples on the
synthesis of glyco star polymers, synthesized mainly via ATRP”
or RAFT,'""'? are known. The need for protective groups, the
occurrence of side reactions, or the tedious procedures to synthe-
size water-soluble initiators for unprotected monomers are a few
reasons that might hamper the synthesis of well-defined star
structures with a known number of arms. Postfunctionalization
emerged in recent years as an alternative to prepare glyco-
polymers. Different sugar molecules were attached to preformed
reactive polymers via efficient and frequently orthogonal reaction
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such as Cu-catalyzed azide—alkyne click (CuAAC) chemistry,'*'*
amide synthesis using aminosugars,">~'” thiol—ene “click reac-
tion”,' ?° and the reaction of thiolsugar with bromides.*'

It is therefore proposed to explore the avenue of postfunction-
alization to synthesize glyco star polymers. Cu(I)-catalyzed click
reactions always pose the risk of toxic copper impurities while
the polymerization of monomers with vinyl pendant groups for
thiol—ene reactions can succumb to cross-linking reactions.”>>*
The reaction between the sodium salt of thiolsugars and alkyl
chlorides—albeit not as fast as click reaction—represent a welcome
alternative since the only side product, NaCl, is not a biological
hazard. In order to prepare a reactive scaffold with chloride
pendant groups, the living polymerization of vinylbenzyl chloride
is encompassed. RAFT polymerization® has already been proven
to be a successful avenue to prepare well-defined linear poly-
(vinylbenzyl chloride).?*° However, the synthesis of star poly-
mers from this monomer via RAFT or any other technique has
yet not been attempted. While RAFT polymerization is a robust
technique in terms of functionalities, the synthesis of star poly-
mers is challenged by potential side reactions such as star—star
coupling or the nonlinearity of the arm growth with monomer
conversion.®' The type of side reaction is dependent on the
attachment of the RAFT agent onto the core, either via R-group
or Z-group.32

Here, we employed a tetrafunctional RAFT agent using the
R-group approach to polymerize vinylbenzyl chloride VBC
followed by the nuclephilic substitution with 1-thio-3-p-glucose
sodium salt. The polymers were tested regarding their ability to
conjugate to proteins.

Experimental Part

Materials. HEPES buffer (4-(2-hydroxyethyl)-1-piperazine-
ethanesulfonic acid), Tris buffer (tris(thydroxymethyl)amino-
methane), Concanavalin A (ConA), 1-thio-f-p-glucose sodium
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salt, and dimethyl sulfoxide (anhydrous) were all purchased
from Sigma-Aldrich and used as received. Vinyl benzyl chloride
(VBC) (mixture of 3- and 4-isomers, 97%, Aldrich) was destabi-
lized via an alumina B column prior to use. The RAFT agent,
1,2,4,5-tetrakis(thiobenzoylthiomethyl)benzene, was prepared
according to a procedure described earlier.

Polymer Synthesis. Synthesis of Poly(4-vinylbenzyl chloride).
VBC (5.0 g,0.033 mol) and 1,2.,4,5-tetrakis(thiobenzoylthiomethyl)-
benzene 4-arm rate-retarded RAFT agent (30 mg, 0.04 mmol) were
added into a polymerization vial and then equally divided and
moved into six polymerization vials. The vials were sealed and
deoxygenated by nitrogen for 30 min before put into a 120 °C oil
bath. Samples were collected and polymerization terminated after
1,2,3,5,8, and 24 h. The polymerization was stopped by immer-
sing the vials into ice water. The resulting mixtures were then each
precipitated in 250 mL of methanol and then collected by centri-
fugal sedimentation.

Linear poly(4-vinylbenzyl chloride) was prepared in a similar
procedure using cumyl dithiobenzoate as controlling agent.

Modification with 1-Thio-3-p-glucose Sodium Salt. Each
PVBC sample (10.0 mg, 6.57 x 10> mol repeating units) was mixed
with 1-thio-B-p-glucose sodium salt (14.3 mg, 6.57 x 10> mol)
and dissolved in 1.5 mL of DMSO. The mixtures were then
transferred into NMR tubes and reacted at 40 °C for 110 h. The
resulting mixture was then added into molecular weight 1000
membrane dialyzing tubes and dialyzed against deionized water
for 72 h. The purified polymers were then freeze-dried for 48 h to
remove any moisture.

Canavalia ensiformis Turbidimetry Binding Assay via UV /vis
Spectroscopy. A solution of 0.5 mgmL ™" of ConA was prepared
in 0.01 M HEPES buffer at pH 7.4. 0.5 mL of this lectin solution
was transferred into a masked quartz semimicrocell and placed
into the holding block of the Cary 300 UV—vis spectrophoto-
meter for temperature equilibration at 25 °C, and a baseline was
subsequently taken. Glycopolymers (1 mg) were dissolved in
0.5 mL of DMSO. HEPES solution (5.5 mL) has been added to
result in a solution at a concentration of 0.16 mg mL™'. 1 mL of
this solution was further diluted with 2 mL of HEPES buffer,
leading to a concentration of 0.053 mgmL~". A small volume of
this solution (50 uL) was added to the cuvette containing the
lectin solution. The solution in the cuvette was thoroughly
mixed using a pipet and immediately returned into the holding
block where an absorbance at 420 nm was recorded for 20 min.
The final glycopolymer—Ilectin solution (0.55 mL) therefore con-
tained 2.65 x 10"~ mg of glycopolymer and 0.25 mg of ConA,
which equates to 35 glucose units to 1 ConA molecule.

Precipitation Assay. The assay was performed at 15 °Cin Tris-
HCI buffer (0.1 M, pH = 7.2, containing 0.15 M NaCl, ]| mM
CaCl,, and 1 mM MnCl,) according to a procedure described
earlier.**-*® For each glycopolymer solution, 1 mg of glycopoly-
mer was dissolved in 0.5 mL of DMSO and then diluted with
5.5 mL of Tris-HCI buffer solution, yielding a stock solution
containing 534 uM glucose residuals. Varying volumes (from 50
to 1000 uL) of this stock solution were moved into Eppendorf
centrifuge tubes and further diluted to 1000 L to yield glyco-
polymer solutions containing 26.7—534 uM glucose residuals.
Each solution was mixed with Con A (500 uL, 9.6 uM), and
the mixtures were allowed to sit for 20 h before centrifuged at
6000 rpm for 10 min. The aqueous phase was removed, and the
solid was washed with 1.5 mL of cold buffer three times. Then
500 uL of 1-methylmannose solution (0.1 M, in Tris-HCl buffer)
was added to each sample to dissolve the glycopolymer—Con A
precipitate. The resulting solutions were diluted with 1 mL of
buffer solution, and 50 uL of DMSO was added to dissolve the
precipitated glycopolymer. The UV absorbance of these solu-
tions was then measured using UV —vis spectroscopy at a wave-
length of 280 nm. In order to determine the absorbance of glyco-
polymers themselves, a series of control samples were prepared
using only glycopolymers without addition of Con A or methyl-
mannose. The absorbance of Con A solutions with various
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Figure 1. Molecular weight distribution of two PVBC star polymers
(PVBCI1: N = 96; PVBC2: N = 360) and their corresponding glyco-
polymer after functionalization with 1-thio-f-p-glucose sodium salt (N =
number of repeating units per star polymer).

concentrations is measured at 280 nm to determine the extinc-
tion coefficient.

Nuclear Magnetic Resonance (NMR) Spectroscopy. All NMR
spectra were recorded using a Bruker 300 MHz spectrometer.
Deuterated chloroform, deuterium oxide, or deuterated dimeth-
yl sulfoxide were used as solvents at a temperature of 298 K.

Size Exclusion Chromatography (SEC). Molecular weight
distributions were determined by SEC with a Shimadzu modu-
lar system having N,N-dimethylacetamide (DMAc) (0.03% w/v
LiBr, 0.05% BHT stabilizer) at 50 °C with a flow rate of 0.85 mL
min~". The system incorporated a DGU-12A solvent degasser,
a LC-10AT pump, and a CTO-10A column oven and was equip-
ped with a RID-10A refractive index detector. Polymer Labora-
tories 5.0 um bead-size guard column (50 x 7.8 mm) followed by
four 300 x 7.8 mm linear PL columns (105, 10, 10%, and 500 A)
were used to separate the samples. The system was calibrated using
narrow polystyrene standards ranging from 3000 to 10° gmol ™.

Fourier-Transform Infrared Spectroscopy (FT-IR). FT-IR
measurements were performed using a Bruker IFS 66/s Fourier
transform spectrometer equipped with a tungsten halogen lamp,
a KBr beam splitter, a DTGS detector, and an ATR (attenuated
total reflectance) unit.

Light Scattering Analysis. An ALV 5022F spectrometer
equipped with a time correlator (ALV5000) and a He—Ne laser
(632.8 nm, 22 mW) was used. Polymers with known concentra-
tion dissolved in toluene were measured at an angle of 90°, and
the My, of polymers were calculated using the dn/dc¢ value of
0.121.

Results and Discussion

According to theory, star—star coupling as well as the forma-
tion of linear RAFT-terminated polymer chains can occur. Both
side products are a function of the radical concentration. Re-
commendation to suppress these side reactions therefore includes
a high ratio of RAFT agent to initiator concentration, a small
number of arms, a high addition rate of the macroradical to the
RAFT agent kg, and a high transfer of the linear macroradical to
a starbound RAFT group ks, @ highly retarded system and a
fast propagating monomer.***” Earlier work on the synthesis of
polystyrene star revealed that sufficiently high polymerization
temperatures, which increases k,, result in a better polymeriza-
tion outcome with obtained molecular weights closer to theoret-
ical values.*® Therefore, we chose a ratio between monomer and
RAFT group concentration of 200 to 1 (maximum 800 repeating
units per star) and an elevated temperature of 120 °C and self-
initiation of vinylbenzyl chloride (mixture of isomers 3-VBC and
4-VBC). The polymerization is rapid after an inhibition period of
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Synthesis of 4-Arm Glycopolymer Stars (Including Their Potential Side Products) with Pendant Glucose Units via RAFT
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“The detailed structure of the star—star coupling product can be found in earlier publications.

~1 h, with almost complete conversion in 24 h (see Supporting
Information, Figure S1). A short inhibition period is commonly
observed in RAFT polymerization and can possibly be assigned
to the slow fragmentation of the pre-equilibrium. The reader is
referred to more detailed literature on the mechanism of the
RAFT process.™®* The molecular weight distributions at lower
conversions were unimodal with PDIs below 1.3 (Figure 1), but
significant broadening is observed at higher conversions. The
potential side reactions with the formation of low molecular
weight products as depicted in Scheme 1 can become more pro-
nounced at higher conversions (see Supporting Information,
Figure S2). Indeed, detailed analysis of the SEC curves (see
Supporting Information, Figure S3) reveals the broadening of the
molecular weight at higher monomer conversions with a visible
low molecular weight shoulder emerging, which can be assigned
to linear macroRAFT agents. Simultaneously, the PDI increases
steadily from 1.13 (5% monomer conversion) to 1.9 (85% mono-
mer conversion). The molecular weight, as measured using SEC
equipped with a RI detector only, evolves close to the calculated
value with conversion. However, at higher conversion a deviation
from the expected value is noticeable, which can be assigned not
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only to the smaller hydrodynamic diameter of stars compared
to linear chains but also to the emergence of linear side products.
To test this hypothesis, the polymers were tested using light
scattering analysis, demonstrating a good agreement between the
theoretical molecular weight calculated using conversion and the
weight-average molecular weight (Table 1).

A set of 4-arm stars with 5, 12, 24, 45, 60, and 85% monomer
conversion (which is equivalent to a 40, 96, 192, 360, 480, and 680
VBC repeating units per star) were purified and modified with
1-thio-3-p-glucose sodium salt in DMSO as solvent (Table 2). In
contrast to earlier work,**~*? no catalyst was employed in order
to avoid toxic impurities while equimolar amounts of VBC
repeating units and 1-thio-f-p-glucose sodium salt were used.
The reaction was monitored online using '"H NMR to determine
the end point of the reaction. The doublet signal of the anomeric
proton at4.26 ppm decreases with proceeding reaction (Figure 2).
Meanwhile, the methylene group of the polymer adjacent to Cl
undergoes a shift from 4.6 to ~3.2 ppm. The integral for the
anomeric proton at 4.26 ppm was employed to quantify the rate
of reaction (Figure 2, inset), confirming that 100% conversion
can be achieved after an extended reaction period of 110 h at low
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Table 1. Comparison of Theoretical Molecular Weight with Molecular Weight Obtained via SEC and LLS

time/h monomer conversion M (theo)/g mol ™! M y(LLS)"/g mol ™! M ,(SEC)/g mol ™" My (SEC)/g mol ™!
1 0.048 6636.8 6950 5580 6030
2 0.123 15756.8 14870 13600 15800
3 0.225 28160 25700 20000 25400
24 0.85 104 160 102010 51400 97600
“ALV5000 (He/Ne laser 632.8 nm, polymer dissolved in toluene).
Table 2. Molecular Weights and PDI’s of Polymers Prepared H,0
Determined via SEC (RI Detector)
PVBC before PVBC after d.2-6
number of functionalization functionalization r'_'L_‘ DMSO 2y
repeating units  M,(SEC)/gmol™'  PDI  M,(SEC)/gmol™! PDI
40 6000 1.08 6000 1.43 c
9 13000 116 24000 127 HOH
192 20000 1.27 34000 1.4 OH U5 Ho
360 36000 1.29 43000 1.57 HPo g 9
480 42000 1.34 47000 1.6 OH 3 20H 1
680 51000 1.9 53000 24 H H
c
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Figure 2. 'H NMR in DMSO-d; recorded at different time intervals of
the reaction mixture of PVBC (M,,(SEC) = 36000 g mol ', PDI = 1.29,
N = 360) and 1-thio-f-p-glucose sodium salt at 40 °C. The arrows
indicate the anomeric signal used for rate determination pointing to the
position at 4.26 ppm.

temperatures with only NaCl as side product. The quantitative
rate determination is only possible using the anomeric signal of
1-thio-f-p-glucose sodium salt while the signals relating to the
polymer shift during the course of the reaction in intensity and
sometimes in position.

The final product was subsequent purified via dialysis against
water; NMR of the 4-arm glycopolymer shows an excellent
agreement between the integral intensity of the backbone signals
at 5.9—7.5 ppm (4H) and the anomeric proton (1H) at 4.1 ppm,
confirming the full conversion. The assignment of the signals was
attempted using 2D-NMR spectra (COSY, NOESY) (see Sup-
porting Information, Figures S4 and S5); however, the detailed
assignment of the carbohydrate signals could not be confidently
carried out. It is concluded that for the thiol—chloride modifi-
cation approach a 1:1 ratio between VBC repeating unit and
1-thio-B-p-glucose sodium salt is therefore sufficient to achieve
full functionalization (Figure 3).

FT-IR spectroscopic analysis of the products is a further indi-
cation of the successful reaction. The sharp signal at 1260 cm ™",

Figure 3. '"H NMR of the reaction product after dialysis against water
(N = 680).
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Figure 4. FT-IR spectrum of PVBC and glycopolymer (N = 680).

which is pinpointing to the CH,—Cl bond,* disappears while the
presence of OH and C—O groups is visible in the region at
3100—3700 cm ™" and 900—1150 cm ™", respectively (Figure 4).

The expected molecular weight shift upon functionalization
was confirmed using SEC (Figure 1). Apart from the molecular
weight shift, SEC reveals the absence of high molecular weight
shoulders indicating that no side products such as cross-linked
polymers are formed.

Only selected results are shown here, but NMR, FT-IR, and
SEC studies were carried out on all products leading to similar
results independent from the molecular weight.

The ability of the glycopolymers prepared to conjugate to
Concanavalin A (ConA), a lectin that is known to specifically
bind to a-p-mannosyl and 5-p-glucosyl residues, was tested using
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Figure 5. Left: absorption vs time of the reaction between 4-arm glyco star polymers with various molecular weight (N = number of repeating units of
star) and a linear glyco polymer with N = 180 with ConA as monitored using UV/vis spectroscopy. Right: rate of reaction and ¢, , (time required to
reach half of maximum absorption) in dependency of N, the number of repeating units of each 4-arm star.

turbidity assay. ConA has four binding sites for these sugar mole-
cules allowing ConA to act like a cross-linker when interacting
with glycopolymer. With the specific binding of glycopolymer to
ConA, cluster formation takes place and the originally clear
polymer solution turns turbid, which can conveniently be moni-
tored using an UV/vis spectrometer. Kiessling and co-workers
investigated in detail the interaction of multivalent ligands with
receptors highlighting frequently the influence of the polymer
architecture and the epitope density as one of many parameters
influencing the multivalent effect.***" A variety of architectures
have been tested ranging from linear polymers to micelles and
dendrimers. To our knowledge, this is the first report on the bind-
ing of lectins to star polymers. (An amphiphilic star polymer was
tested earlier,*® but the binding architecture was not a free star,
but a self-assembled structure.) To test the rate of binding of the
glycopolymers synthesized with ConA, a solution with 0.055 mg
mL ™" of polymer were prepared. To aid the solubility of the star
polymer, a small amount of DM SO was added (< 1 vol %). While
higher molar ratios of more than 30 mol % of DMSO in water
can lead to significant unfolding of ConA, the small amount used
here does not affect the secondary protein structure.*” The clear
polymer solution in HEPES buffer was mixed with a solution of
ConA, which immediately forms precipitate. A very fast con-
jugation was observed with higher polymer concentration, which
led to immediate strong precipitation resulting in maximum
cluster formation before the sample could be inserted into the
UV/vis spectrometer. The measured absorption vs reaction time
is displayed in Figure 5. The dependency of the absorption on the
molecular weight of the star polymer becomes immediately
evident. Further analysis of the rate of reaction (obtained from
the slope of the initial stages of the reaction)*' and the time tia
required to reach half of the maximum absorption®" discloses a
maximum for the rate and a minimum for #,, at a medium
molecular weight of the star polymer. It therefore seems that
higher molecular weights do not always enhance binding with
proteins, and molecular weight optimization may be necessary.
Kiessling and co-workers carried out detailed studies on mole-
cular weight dependency and observed as well that the interaction
with lectins increases with increasing molecular weight, but then
reached a plateau once a certain molecular weight was achieved.*
In other studies by Kiessling’s group a small drop in activity at
very high molecular weight was observed, which is in agreement
with our current study.*® To confirm the results obtained via turbi-
dity assay, more detailed analysis was carried out using precipi-
tation assay.’® For that purpose, glycopolymer solutions of a
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Figure 6. Concentration of ConA bound by glycopolymers in correla-
tion with the concentration of glucose repeating units in the aqueous
solution (initial ConA concentration: 9.6 uM).

wide range of concentrations were incubated with an excess of
ConA. The glycopolymer—ConA precipitate was isolated and
redissolved using 1-methylmannose, a competitive ligand that
with its strength to bind to ConA easily dissolves the network.
The amount of ConA in the network was determined using UV /vis
taking the absorption of the glycopolymer itself into account
(Figure 6). The overall amount of ConA bound is rather small
compared to the more powerful binding between mannose and
ConA. Only around 12% of available ConA is bound using the
most efficient polymer at the highest concentration (N = 360).
Further increase of the glycopolymer concentration is not possi-
ble due to the low solubility of the polymer in water. However, the
point of interest in this study is the molecular weight dependency
of the binding events. The amount of ConA conjugated evidently
increases with number of repeating units N until a maximum at
N = 360 has been reached. Further increase of molecular weight
results then in a decrease of the amount of ConA bound. The
results of the precipitation assay are therefore in excellent agree-
ment with the turbidity assay, confirming that binding goes
through a maximum. It should be pointed out though that both
assays measure different activity. While the turbidity assay
determines the rate of cluster formation, the precipitation assay
allows the calculation of the amount of ConA per polymer.*®
Please note that the bell-shaped curve for very low molecular
weights such as obtained for N = 40 have been observed earlier.*
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A question of importance is the performance of star-shaped
polymers in comparison to linear glycopolymers. Therefore, the
equivalent glycopolymer was obtained using a similar procedure
but with cumyl dithiobenzoate as controlling agent. Interestingly,
both assays reveal an activity of the linear glycopolymer with
N = 180 repeating units similar to a star with N = 192 repeating
units. It therefore seems that there is no noticeable advantage of a
star-shaped polymer in this study. Considering that dendrimers
are advantageous structures when it comes to their ability to bind
to lectins, it is surprising to see that star polymers cannot be found
in the same category. With the set of results presented here it is too
early to draw any conclusions. More experiments are needed.

Conclusion

Postfunctionalization of reactive 4-arm star polymers led to
4-arm glycopolymers with high biological activity. The reaction
between poly(vinylbenzyl chloride) PVBC and with 1-thio-f-p-
glucose sodium salt at 40 °C was slow, but this disadvantage is
outweighed by the absence of any hazardous side products an
toxic catalyst such as amines. This approach was demonstrated
here using the commercially available 1-thio-3-p-glucose sodium
salt, but to generate polymers with high bioactivity, the same path-
way can be employed using mannose derivatives. The biological
activity was observed to be dependent on the molecular weight,
and both turbidity assay and precipitation assay revealed a maxi-
mum activity at medium molecular weights. The amount of bound
ConA is rather low as expected from glucose polymer, and it is
recommended to employ thiol-functionalized mannose to gen-
erate more bioactive polymers. Surprising in this study is the
comparison test with linear polymer. The star polymer seems not
to be advantageous when it comes to its bioactivity. Further
studies are warranted.
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