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Abstract: @-Anhydride-functionalized poly(ethylene oxide) (PEO) obtained from chain-end functionalization and
anionic ring-opening polymerization of ethylene oxide using #-butyllithium with potassium z-butoxide in the pres-
ence of dimethylsulfoxide (DMSO) was found to be an efficient material for the preparation of water-soluble, poly-
meric pro-drugs. The reaction of @-anhydride-functionalized PEO with sulfonamide or with vancomycin provided
an efficient method to produce corresponding, water-soluble, PEO-conjugated sulfonamide or PEO-conjugated,
vancomycin pro-drugs. These were used successfully to prepare water-dispersible, silver nanoparticles. In this study,
the particle sizes were in the range of 5~40 nm. The resulting products were characterized by 'H NMR spectroscopy,
transmission electron microscopy, electron and X-ray diffraction, size exclusion chromatography, and UV/Visible

spectroscopy.

Keywords: water-dispersible Ag nanoparticle, PEO-conjugated pro-drugs, PEO-sulfadiazine.

Introduction

Recent studies on the synthesis of nano-sized metal parti-
cles have received a great attention because of a variety of
their application fields including information technology
and bio-technology fields."” The development of synthetic
procedures of nano-sized silver and iron oxide clusters
becomes a key subject in the academic as well as the indus-
trial fields because of their size- and shape-dependencies of
optoelectronic,®” magnetic,'® and catalytic'' properties.

It has been reported that a controlled growth of silver
nanocrystals can lead to the formation of a variety of well-
defined silver nanostructures.'>* Furthermore, nano-sized
silver particles are well-known to be used in many bacteri-
cidal and antimicrobial applications.'*® The development
of an efficient method for preparation of poly(ethylene
oxide)-stabilized water-soluble silver nanoparticles may
contribute to find analogously synthetic routes for water-
dispersible metal nanoparticles such as gold. Poly(ethylene
glycol) (PEG) having the same architecture as PEO with rel-
atively low molecular weight (depending on synthetic condition)
in biomedical application field has been employed for a
long time because it is cheap, water-soluble and biocompat-
ible.® In this respect, the combination of these two substances
(pro-drug/silver) seems to provide a synergistic effect in the
biomedical as well as the nanotechnology field.
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A number of ions of monocarboxylic and dicarboxylic
acids have been found to be very effective to stabilize silver
surfaces for a long time.'® Polymeric materials such as poly
(vinyl pyrrolidone)(PVP) carrying amine functional group
are also reported to be a good stabilizer for the silver nano-
particle.”® In addition, both vancomycin and sulfadiazine
have been well-known as highly active antibacterial drugs
for a long time.""? Concerning these observations, PEO-vanco-
mycin or PEO-sulfadrug conjugates as precursors of pro-
drugs must be effective to stabilize silver surface because
they retain the active functional groups at the polymeric
chain-ends playing an important role to stabilize metal sur-
faces by ionic-dipole or ionic-ionic interaction.

In this paper, we report the results for preparation of nano-
sized silver particles stabilized by PEO-based pro-drugs
such as PEO-sulfadiazine and PEO-vancomycin conjugates
prepared via chain-end functionalization of ‘living’ poly-
meric alkoxide produced by »-butyllithium-initiated poly-
merization of EO in the presence of potassium #-butoxide in
the mixture of benzene/dimethy! sulfoxide.

Experimental

Materials. Tetrahydrofuran (THF; Oriental Chem. Co.,
reagent grade), benzene (Dae Jung Chem. Co., reagent grade),
and methanol (Oriental Chem. Co., reagent grade) were
purified by following the procedures described in the litera-
tures.”* Sulfadiazine (Sigma Chem. Co.) and vancomycin
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(Sigma Chem. Co., reagent grade) were used as purchased
without further purification. Trimellitic anhydride chloride
(TMAC; Aldrich Chem. Co., 99%) was also used as pur-
chased. Ethylene oxide (Aldrich Chem. Co., 99.5%+) was
dried with Call, below 5 °C under high vacuum for at least
3 h, followed by distillation of required amount into calibrated
cylinder® Potassium fert-butoxide (~-BuOK; Aldrich Chem.
Co., 1.0 M solution in tetrahydrofuran) was also purchased
and used without further purification. n-Butyllithium (#-BulLi;
Aldrich Chem. Co., 1.6 M in hexane) was used as an initia-
tor after titration by Gilman’s method using 1,2-dibromoet-
hane.”

Polymerization and Functionalization. As already described
in the literatures,”* n-BuLi-initiated ring-opening poly-
merization of ethylene oxide with potassium ter-butoxide
was performed in the mixture of benzene/dimethyl sulfox-
ide (10/1, v/v) at 30-40 °C for 48 h under high vacuum; »-
BuLi (3.5x10” mol) reacted with purified EO (40 mL) in
400 mL of the mixture of benzene/THF (99/1, v/v) for 6 h,
followed by adding 40 mL of dimethylsulfoxide (DMSO)
and +-BuOK (3.5x10° mol) solution into the reactor ([K']/
[Li']=1/1 mol/mol) via the break-seal technique, standing
the solution with stirring at 35 °C with intermittently cool-
ing down to 0 °C and heating to 35 °C for 48 h. After an ali-
quot was taken, the trimellitic anhydride chloride ({[Li‘]+
[K'1}/[TMAC]=1/5, mol/mol) THF solution was delivered
into the remained solution of the reactor via a break-seal
technique and the reactor stood at room temperature for 24 h
with vigorously stirring. After complete reaction, the poly-
mer solution was precipitated into excess diethyl ether, fol-
lowed by filtration and drying in vacuum oven at room
temperature for at least 48 h. A calculated amount of sulfa-
diazine (FW=250.52) and that of @-anhydride PEO (M,=
5,100 g/mol) ([Sulfadiazine]/[@-anhydride PEQ]=0.2/0.2,
g/g) was dissolved in the mixture solution of tetrahydrofu-
ran/methanol (60/5, mL/mL) with a drop of HCI (0.2 mL,
95% aqueous) to make an acidic condition and the reaction
proceeded at room temperature for 48 h, followed by pre-
cipitation in excess diethyl ether and removal of excess sul-
fadiazine unreacted. PEO-conjugated vancomycin (PEO-
vancomycin) as shown in Figure 1 was prepared by follow-
ing the similar synthetic procedures to those of PEO-conju-
gated sulfadiazine (PEO-sulfadiazine); 1 g of @-anhydride PEO
(M,=6,000 g/motl) and 0.6 g of vancomycin (FW=1,485.75)
were dissolved in 60 mL of dimethyl sulfoxide with vigor-
ously stirring and the reaction proceeded at 55 °C for 48 h,
followed by precipitation in excess diethyl ether and removal
of excess vancomycin unreacted. The resulting products
were dried in vacuum oven at room temperature for 48 h
prior to the use.

Preparation of Nano-Sized Silver particles. Using the
PEO-sulfadiazine and the PEO-vancomycin, nano-sized sil-
ver particles were prepared in methanol; first, 0.02 g (1.2x
10" mol) of AgNO; (FW=169.88) and 1.06 g (2.0x10* mol)
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Figure 1. Chemical structures of PEO-conjugated pro-drugs; (a)
PEO-sulfadiazine and (b) PEO-vancomycin.

of PEO-sulfadiazine (M,=5,300 g/mol) were dissolved in
methanol (60 mL), followed by adding 23 mg of NaBH,
(2.4x107 mol) as a reducing agent and keeping the reaction
at room temperature for 24 h. Using PEO-vacomycin pro-
drug as a stabilizing agent, silver nanoparticles were also
obtained in aqueous media; 0.02 g (1.2x10* mol) of AgNO;
(FW=169.88) and 0.5 g (5.0x10” mot) of vancomycin-PEQ
(M, ,5=10,000 g/mol) were dissolved in distilled water (60 mL),
followed by adding 25 mg (6.6x10"* mol) of NaBH, (FW=
37.83) as a reducing agent and keeping the reaction at room
temperature for 8 h, followed by precipitation in diethyl
ether and re-dispersion in distilled water.

Characterization. Size exclusion chromatographic (SEC)
analysis was performed at a flow rate of 1.0 mL/min in THF
at 30 °C using the Dionex Softron P680 HPLC component
system equipped with two Shodex GPC columns (LF-804)
and two ultra-p-Styragel columns (500 A) with Wyatt Tech-
nology Interferometric Refractometer MALLS system after
calibration with standard poly(ethylene oxide) samples (Poly-
mer Laboratories) and SEC analysis of product was also per-
formed using a Water GPC 410 system equipped with three
UltrahydrogelTM (120, 150, 500 A) at a flow rate of 0.6 mL/
min in distilled H,O containing 5% NH,OH. 'H NMR spec-
troscopic analysis was performed using a Bruker spectrometer
(Model; Avance 400 (400 MHz)) in deutrated dimethylsul-
foxide (Aldrich Chem. Co.) or CDCl; at 25 °C. The %trans-
mittance change in distilled H,O and buffer solution was
monitored using an Agilent 8453 Diode Array spectropho-
tometer. The formation of water-soluble siliver nanoparticles
was confirmed by the combination of TEM images, electron
diffraction, and X-ray diffraction patterns.
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Results and Discussion

Synthesis of PEO-Based Pro-Drugs. Chain-end functional-
izations of polymeric alkoxides synthesized from s-butyl-
lithium-initiated ring-opening polymerization of EO in the
presence of +~BuOK were successfully performed.?"* Not

only quantitative chain-end functionalization but also con-

trol of molecular weight of polymeric alkoxide generated by
following anionic manner in ring-opening polymerization
of ethylene oxide may be achieved as desbribed in the pre-
vious literature.” The functionalization yields based on the
results for thin-layer chromatographic (TLC) analysis quali-
tatively and 'H NMR spectroscopic analysis quantitatively
were over 90 mol-%. Among them, @-anhydride PEO may
be effectively utilized to improve the water-solubility of water-
insoluble drugs.”* Practically, PEO-based prodrugs such as
PEO-conjugated sulfadiazine and PEO-conjugated vanco-
mycin were able to be readily prepared by following the
reaction procedures as shown in Scheme 1.

Figure 2 shows size exclusion chromatograms of @-anhy-
dride-PEO and the corresponding PEO-sulfadiazine conju-
gate run by using water as an eluent.

The molecular weight of poly(ethylene oxide) was con-
trolled to 5,100 g/mol exhibiting 1.10 of polydispersity. Fig-
ure 3 represents 'H NMR spectrum of PEO-sulfadiazine
conjugate obtained from the reaction of @-anhydride PEO
with sulfadiazine. The chemical shifts in the range of 7.2-
8.6 ppm correspond to the protons on phenyl rings of the
sulfadiazine group and the trimellitic anhydride group. The
functionalization yield was ca. 85 mol-% on the basis of 'H
NMR spectroscopic analysis on the basis of incorporation
of sulfadiazine at the chain-end.

Preparation of Silver Nanoparticles. Silver nanoparti-
cles were prepared by reduction of AgNO; with NaBH, as a

Scheme 1.
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Figure 2. Comparison of size exclusion chromatograms of -
anhydride-PEO and the corresponding PEO-sulfadiazine conju-
gate using H,O as an eluent.
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Figure 3. 'H NMR spectrum of PEO-sulfadiazine conjugate
shown in Scheme 1.

reducing agent in the presence of PEO-sulfadiazine conju-
gate as a steric stabilizing agent in methanol. The optical
properties of nano-sized transition metals are directly related
to their surface plasomon resonances ascribing to a collective
oscillation of conduction electrons in response to optical
excitation, which are strongly size- and shape-dependent.®
It has been found that C, symmetrical nano-sized spheres
have only one peak, whereas O, symmetrical cubic particles
show three peaks.? In addition, three optical spectral peaks
in the case of triangular silver nanoplates were reported to be
observed at 4,,,=335, 470, and 690 nm.”* As shown in Fig-
ure 4, while PEO-sulfadiazine conjugate itself exhibits the
weak absorption peaks at A,,=400 nm and 620 nm, only
one broad absorption peak at 4,,=400 nm in the case of
PEO-sulfadiazine-stabilized Ag-nanoparticles in water informs
that the nanoparticles seem to be spherical particles exhibit-
ing symmetrical cubic lattice structure. A broad absorption
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Figure 4. The electric spectral change of PEO-stabilized Ag
nanoparticles and the corresponding PEO-based polymers in
methanol.

The crystalline structure of nanoclusters can be deter-
mined by their X-ray diffraction (XRD) as shown in Figure
6. While the peaks in the range of 20°~30° had to arise from
the PEO crystalline structure,” the XRD pattern of the
water-dispersible Ag nanoparticles stabilized by PEO-sulfadi-
azine conjugate shows five specific peaks at 38.1°, 44.3°,
64.5°, 77.5°, and 81.6°, which correspond to the {111}, {200},
{220}, {311}, and {222} lattice planes of the face-centered
cubic (fcc) lattice, respectively.®® All nanoclusters obtained
from this experiment exhibited the similar lattice images to
the above one. Therefore, the water-dispersible silver nano-
particles stabilized by PEO-sulfadiazine seem to be the
same single crystallite with the fcc structure as that of the
bulk Ag single crystal.®

PEO-vancomycin conjugate was successfully synthesized
as shown in Scheme I. The vancomycin group at the chain-
end also contains several functional groups such as hydroxyl,
carboxyl, amine, and chloride as shown in Figure 1(b). Con-
sidering this situation, nano-sized silver particles are expected
to be also stabilized effectively by PEO-vancomycin conjugate.
Figure 7 shows SECs of poly(ethylene oxide) and the corre-

™, = 10000 — 250 comycin
PDI = 1.14 T PEC vancomye
lized silver nanoparticles.
band of nano-sized metal particles indicates that the size . : . .
30 35 40 45

distribution of particles formed are not uniform.
The TEM image of silver nanoparticle and its electron Elution Volume (mL)

diffraction pattern are shown in Figure 5. As already Figure 7. Comparison of size exclusion chromatograms of PEO,
described, the particle size distribution looks broad in the w-anhydride PEQ (PEO-TMAC), and PEO-vancomycin conju-
range of 5-30 nm. gate in distilled water as an eluent.
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sponding functionalized PEO. The molecular weight distri-
bution of @-anhydride-functionalized PEO looks like multimodal
arising from incomplete globular coil in distilled water or a
side reaction resulting in the generation of coupled product.
However, PEO-vancomycin conjugate exhibts monomodal
distribution. The observed molecular weight of PEO-vanco-
mycin conjugate was M, ,,=10,000 g/mol compared with the
PEO standard samples. The results for 'H NMR spectroscopic
characterization of PEO-vancomycin conjugate inform that
the functionalization yield was ca. 60 mol-% based on com-
parison of incipient amount of poly(ethylene oxide) used.
Practically, the coupled poly(ethylene oxide) itself produced
from the reaction of trimellitic anhydride chloride with poly-
meric alkoxide seemed to be readily removed via purifica-
tion process of PEO-vancomycin conjugate.

Figure 8 shows the UV/Visible spectra of vancomycin, -
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Figure 8. The electronic spectral change of vancomycin itself, -
anhydride-PEO (PEO-TMAC), and PEOQ-vancomycin conjugate in
distilled water.
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anhydride PEO (PEO-TMAC) and PEO-vancomycin con-
jugate in distilled water. While a weak maximum absorption
peak of PEO-TMAC appears near 290 nm corresponding to
electronic state on the aromatic ring, the strong absorption
peak near 290 nm of PEO-vancomycin conjugate in dis-
tilled water follows that of vancomycin itself in distilled
water. This informs that purified PEO-vancomycin conju-
gate must contain the vancomycin unit at the chain end.

The preparation of nano-sized silver clusters was per-
formed in distilled water by following the analogous proce-
dures to those in the case of preparation of PEO-sulfadiazine-
stabilized Ag nanoparticles except for the reaction media.
Figure 9 represents TEM image and its ED pattern. The
particle size distribution is in the range of 5-20 nm. The
particles must retain a crystalline structure on the basis of
selected area electron diffraction (ED) pattern. The bright
spots on the rings of the ED pattern seem to arise from the
PEO chains not joining in stabilization of silver particles
in the aggregates as shown in the TEM image. Concerning
these results, PEO-conjugated pro-drugs carrying func-
tional groups at the chain-end must be effective to stabilize
silver nanoparticles.

Conclusions

We have successfully synthesized @-functionalized PEOs
containing the drug moieties. The reaction of w-anhydride-
functionalized PEO with sulfonamide or vancomycin led
to production of the corresponding PEO-conjugated pro-
drugs. The functionalization yields were ca. 98 mol-% and
60 mol-% for sulfadiazine and vancomycin, respectively.
The unfunctionalized fractions of both of them were
readily removed via selective precipitation from solubility
difference between two fractions. Using PEO-based con-
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Figure 9. TEM image and the ED pattern of PEO-vancomycin conjugate-stabilized Ag nanoparticles in distilled water.
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jugates, nano-sized silver particles were prepared in water
or methanol and the resuiting nanoparticles were stable in
air or in water over a month. Specifically, PEO-sulfadiaz-
ine-stabilized Ag nanoparticles exhibit the fce crystallite
structure like bulk silver. These materials are expected to
be used for the biomedical field. Further studies on their
applications will be our task.
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