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ABSTRACT: We report the first evidence that the antiviral active (inhibitor of HIV protease) boron cluster
[3-cobalt bis(1,2-dicarbollide)]- anion, CoD-, interacts and forms a stable complex with one of the most
widely used polymeric components of drug delivery systems: poly(ethylene oxide), PEO. The metallacarbor-
ane/polymer complex is insoluble in aqueous solutions. The amount of the precipitate depends on
concentration of alkaline or earth-alkaline cations. The formation of insoluble complex is the result of a
combination of several factors. One of the decisive contributions is the formation of dihydrogen bonds
between negatively charged hydrogen atoms attached to boron atoms and slightly positively chargedHatoms
in repeating-CH2-CH2-O- units. It is also important that alkaline cations interact with oxygen atoms of
PEO. The formation of the insoluble NaCoD/PEO complex can be exploited in design of water-soluble
[3-cobalt bis(1,2-dicarbollide)]-containing nanoparticles which could offer applications in medicine. We
studied the boron cluster interaction with a well-defined double hydrophilic block copolymer: poly(ethylene
oxide)-block-poly(methacrylic acid), PEO-PMA.The interaction leads to a spontaneous formation of core-
shell nanoparticles. The insoluble core contains the PEO/CoD- complex, while the polyanionic PMAblocks,
which do not interact with the cobaltacarborane, form the pH-responsive micellar shell and stabilize the
particles in aqueousmedia. The nanoparticleswere studied by light andX-ray scattering,NMRspectroscopy,
electrophoresis, and microscopy techniques like AFM and cryo-TEM. It was found that the cores are not
completely frozen in aqueous media. Their composition depends on salt concentration, and the metalla-
carborane can diffuse from/into the nanoparticle after the salinity change.

Introduction

Boron clusters exhibit structural features and chemical proper-
ties which offer numerous applications in different research areas
and practical fields.1-6 After the abandoned high-energy rocket
fuel development7 in the 1950s and 1960s, other applications have
been designed ranging from boron neutron capture therapy
(BNCT)2,5,8-18 and radionuclide extraction19 to high tempera-
ture resistant polymers, solid electrolytes, catalysts, etc.1,4,20-26

As concerns the use of boron clusters in medicine, they have been
mostly studied as carriers for BNCT, where their main role
consists in delivering sufficient amounts of boron atoms to tumor
tissues.Other biomedical applications based onuniqueproperties
of boron clusters were investigated to a much less extent. For
example, their strong lipophilicity can be utilized in drug design
for the modulation of hydrophobic interactions with other
biomolecules. Nevertheless, some boron-containing liophilic
pharmacophores and lipophilic components of biologically ac-
tive macromolecules have been proposed and tested.27,28 The use
of carboranes as new types of pharmacophores has been attract-
ing interest of scientists in recent years.29 Typically, the icosahe-
dral carborane cluster has been used as a pharmacophore
replacing phenyl rings.30 The high resistance to catabolism,

kinetic inertness to reagents, exceptionally high hydrophobicity,
and other unique properties facilitate the application of carbor-
ane-based compounds for the treatment of an exceptionally
broad variety of biological targets including the inhibition of
HIV protease31-33 and others.30,34-37

Our main attention is focused on the behavior of metal bis
(dicarbollides), specifically on [3-cobalt bis(1,2-dicarbollide)]-

and on its interaction with water-soluble polymers. The cobalt
bis(dicarbollide) ion, which was first prepared and described by
Hawthorne in 1965,38 plays a crucial role among all metallabor-
anes because it is exceptionally thermally and chemically stable
and possesses all important properties of carboranes, which
differentiate them from other compounds, such as negative
charge delocalized over a large area, low nucleophilic behavior,
hydrohobicity, and interesting solution and ion-pairing proper-
ties. A review on the rich synthetic chemistry of this ion appeared
recently in the literature39 along with reviews on other properties
and applications.19,40

The charge and surface area influence the hydrophobic or
amphiphilic character of different carboranes, their interactions
with receptors, and the transfer through the cell membrane.8,30,36

The [3-cobalt bis(1,2-dicarbollide)]- cluster surface is composed
of hydridic hydrogen atoms that cannot form classical hydro-
gen bonds. The CoD- salts are water-soluble, but the anion itself
exhibits a distinct amphiphilic character. The cobaltacarborane
shows high affinity to positively charged groups of other
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molecules like amino functionalities1,41 and peptides. The boron
clusters form so-called dihydrogen bonds42 that have been
recently studied by quantum mechanics calculations.43,44

In spite of extensive pharmaceutical research on boron cluster-
containing conjugates, very little attention has been paid to the
behavior of their aqueous solutions. Only recently a few reports
appeared describing the strong association tendency of metalla-
carboranes and their bioconjugates in water45-48 and at inter-
faces between water and immiscible solvents.49-51 It is obvious
that the formation of carborane aggregates in aqueous media
complicates their applications in medicine. One of strategies
aimed at the successful utilization of carboranes in medicine
consists in preparation of thermodynamically stable water-solu-
ble complexes of boron clusters with other molecules. Some time
ago, we started a systematic research in this direction. We have
already studied the interaction of carborane conjugates with
surfactants.46 However, the research aimed at possible formation
of stimuli-responsive carborane complexes with biocompatible
polymers is more important because it can result in straightfor-
ward practical applications in a targeted drug delivery.52-55

In this paper, we study the interactions of cobalt bis(dicar-
bollide) ion, CoD-, with high-molar-mass poly(ethylene
oxide), PEO, and with poly(ethylene oxide)-block-poly
(methacrylic acid), PEO-PMA, diblock copolymer. The
PEO/CoD- interaction in aqueous media has not been de-
scribed in the literature until now. However poly(ethylene
glycol), PEG, with relatively low degree of polymerization
was recognized to be an efficient synergist in extraction of
alkaline earth cations by cobalt bis(dicarbollide) into organic
solvents, where the PEG chains act as a ligand of the metal
cation.19 In the studied system, the complex formation leads to
the precipitation of water-soluble compounds, PEO and
CoD-, which seems to be a disadvantage limiting the applic-
ability of PEO in boron cluster containing systems. We will
show that the opposite is true. It opens new opportunities in
applications as well as in basic research. The aim of the work is
(i) a study of interactions that lead to the formation of the
PEO/CoD- complex, (ii) a reproducible preparation of stable
boron-containing polymeric nanoparticles, and (iii) under-
standing the principles that control this type of self-assembly.

We used PEO-PMA diblock copolymer because it can be
prepared in a sufficient quality. Poly(ethylene oxide) is biocom-
patible, and it has been widely used in medical applications.55-57

Poly(methacrylic acid) is a “well-behaving” weak polyelectrolyte
suitable for model studies aimed at the elucidation of basic
principles of self-assembly.58-64 The replacement of the PMA
block by other water-soluble polymer (noninteracting with me-
tallacarboranes) will not significantly modify the behavior of the
systems suitable for practical applications.

Experimental Section

Materials. Sodium salt of metallacarborane anion [3-cobalt
bis(1,2-dicarbollide)]-, CoD- (see Figure 1), was a kind gift of
Dr. Bohumı́r Gr

::
uner and Dr. Jaromı́r Ple�sek (Institute of

Inorganic Chemistry, Academy of Science of theCzechRepublic,
�Re�z near Prague). It was characterized using mass spectrometry
and 1H and 11BNMR spectroscopy and in aqueous solutions by
other techniques.45 All metallacarborane (NaCoD)-containing
mixtures were prepared by a manipulation of stock solution
(c = 0.0242 M) in deionized and filtered water.

The poly(ethylene oxide), PEO, linear polymers were pur-
chased from Fluka. They are characterized as follows: the
weight-averaged relative molecular weights of PEO samples
were 25.8� 103 and 41.5� 103. The polydispersity of all samples
was in the range 1.05-1.15. The poly(ethylene oxide)-block-poly
(methacrylic acid), PEO-PMA, block copolymer were pur-
chased from Polymer source, Inc. (Dorval, Quebec, Canada).

Theweight-averaged relativemolecularweights of the PMAand
the PEO block, provided by the manufacturer, were 41.0 � 103

and 30.7 � 103, respectively.
Preparation of Polymeric Complexes. Dialysis tubes with

0.5 mL of aqueous solutions of PEO were placed into a beaker
of 0.5 L of diluteNaCoD solution (0.25mLof 0.0242MNaCoD
stock solution was added to the beaker). To obtain the uptake/
release degree of NaCoD by/from the polymer-metallacarbor-
ane complexes, the metallacarborane concentration in the bath
was monitored by UV-vis spectroscopy at λ=282 nm. The
samples containing the PEO-PMA copolymer were prepared
and studied in sodium tetraborate (Na2B4O10) buffer (pH=9.2).
The dialysis experiments were arranged in such way that equili-
bration of concentrations in beaker and in water within dialysis
tube above the precipitant by diffusion and sorption on
the membrane was negligible as compared to the total amount
of the PEO/CoD-.

Methods. Infrared Spectroscopy. Infrared spectra were re-
corded on a Thermo Nicolet Magna 760 IR instrument
equipped with Inspector IR using both undiluted and KBr-
diluted samples. The diffuse reflectance technique (DRIFT)
(128 or more scans at resolution 4 cm-1) was used.

Dynamic Light Scattering (DLS) and Static Light Scattering
(SLS). The light scattering setup (ALV, Langen, Germany)
consisted of a 633 nm He-Ne laser, an ALV CGS/8F goni-
ometer, anALVHighQEAPDdetector, and anALV5000/EPP
multibit, multitau autocorrelator. DLS data analysis was per-
formed by fitting the measured normalized intensity autocorre-
lation function g2(t)=1þβ|g1(t)|

2, where g1(t) is the electric field
correlation function, t is the lag time, and β is a factor account-
ing for deviation from the ideal correlation. An inverse Laplace
transform of g1(t) with the aid of a constrained regularization
algorithm (CONTIN) provides the distribution of relaxation
times, τA(τ). Effective angle- and concentration-dependent
hydrodynamic radii, RH(q,c), were obtained from the mean
values of relaxation times, τm(q,c), of individual diffusive modes
using the Stokes-Einstein equation. To obtain true hydrody-
namic radii, the data have to be extrapolated to a zero scattering
angle. The SLSdatawere treated by the standardZimmmethod.
The refractive index increments of theNaCoDandPMA-PEO/
CoD- aqueous solutions obtained by the measurement with the
Brice-Phoenix differential refractometer are 0.312 and 0.617
mL/g, respectively.65

Atomic Force Microscopy (AFM).AFMmeasurements were
performed in the semicontact (tapping) mode under ambient
conditions using a scanning probe microscope NT-MDTNTE-
GRA Prima equipped with a Nanosensors silicon cantilever.
The nanoparticels were deposited from very dilute solutions (ca.
0.01 g/L) on a freshly cleaved mica surface. The samples were
leaved to dry in a vacuum oven.

Cryo-Transmission ElectronMicroscopy (Cryo-TEM).Glow
discharge (Emitech KX100, 2 min/25 mA) treated Quantifoil
R2/2 holey carbon copper grid with the hole size of 2 μm was
transferred into an environmental chamber of FEI Vitrobot
having room temperature and 100% humidity. 3 μL of sample

Figure 1. Skeletal structure of the [3-cobalt bis(1,2-dicarbollide)]
gauche-rotamer, CoD-. Color-coding: orange, BH groups; black, CH
groups; cyan, cobalt atom.
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solution was applied on the grid which was blotted for 1.5 s and
then shot to a 1/1 mixture of liquid ethane and propane of
temperature -180 �C. The grid with vitrified sample film was
cryo-transferred into a FEI Tecnai 12 transmission electron
microscope with Gatan 910 cryotransfer holder at temperature
ca. -185 �C. Bright-field TEM was performed using an accel-
eration voltage of 120 kV, and images were recorded on aGatan
Ultrascan 1000 CCD camera.

Small-Angle X-ray Scattering (SAXS). SAXS experiments
were performed using a pinhole camera (Molecular Metrology
SAXS System) attached to a microfocused X-ray beam gen-
erator (Osmic MicroMax 002) operating at 45 kV and 0.66 mA
(30 W). The camera was equipped with a multiwire gas-filled
area detector with an active area diameter of 20 cm (Gabriel
design). Two experimental setups were used to cover the q range
of 0.005-1.1 Å-1. For a magnitude of the scattering vector, q,
stands q= (4π/λ) sin θ, where λ is the wavelength and 2θ is the
scattering angle. The scattering intensities were put on absolute
scale using a glassy carbon standard (details in the Supporting
Information).66-70

Capillary Zone Electrophoresis (CZE). The electrophoretic
measurements were carried out with 3DCE Instrument (Agilent
Technologies, Waldbronn, Germany) with fused silica capil-
laries (52.8 cm total length, 44.3 cm effective length, 50 μm i.d.,
375 μm o.d.; Composite Metal Services, Hallow, UK). The
instrument was equipped with a built-in photometric diode
array detector (DAD). The separation capillary was thermo-
stated at 25 �C. A separation voltage of þ15 kV and a hydro-
dynamic injection of 120 mbar 3 s were used in all CZE
experiments. Prior to each run, the capillary was flushed
2.5 min with running buffer. The computer programHP Chem-
Station (Agilent Technologies) was used to data collection and
acquisition. The mathematical computer program Origin
8.5 (OriginLab Corp., Northampton, MA) was used for gra-
phical depiction of the results. The background electrolytes
contained 2, 10, 30, and 50 mM sodium tetraborate buffer. An
aqueous solution of thiourea was used as the electroosmotic
flow (EOF) marker. The data were collected at two different
λ values: 220 and 280 nm.

1H NMR Spectroscopy. 1H and 13C{1H} NMR spectra were
measured on a Varian UNITYINOVA 400 in deuterium oxide
(99.5%; Chemotrade, Leipzig, Germany). Spectra were refer-
enced to the solvent signal (4.80 ppm). NOESY 1H NMR
experiments were performed using standard three-pulse techni-
que in phase-sensitivemode.Mixing times were 0.1, 0.3, 0.5, and
0.7 s at 25 �C and 0.3 and 0.7 s at 50 �C. ROESY experiments
were recorded using a standard pulse sequence with the mixing
time set to 0.1 and 0.3 s.

UV-Vis Spectroscopy. UV-vis absorption spectra were
carried out with a Hewlett-Packard 8452a diode-array spectro-
meter.

Results and Discussion

Preparation and Characterization of the Complex of Linear
PEO and CoD

-
. In a series of preliminary experiments, we

found that NaCoD forms an insoluble complex with PEO in
aqueous media. The amount of the precipitate depends
strongly on the added salt concentration. For the quantita-
tive study of the complex formation, we performed a set of
simple dialysis experiments. A semipermeable tube filled
with dilute PEO solution was placed in an excess of NaCoD
solution (details in Experimental Section). The changes in
themetallacarborane concentration in the external bathwere
monitored by the UV-vis spectroscopy. The amount of
CoD- specifically bound to the polymer was recalculated
from the decrease in absorbance at λ=282 nm. This decrease
is very slow and reaches the equilibrium in times exceeding
300 h (the time dependence is shown inFigure 2). The process
is controlled by very slow penetration of bulky CoD- anions

through the membrane, since the precipitation in directly
mixed solutions is much faster.

The inset in Figure 2 shows the amount of CoD- anions
incorporated in the complex as a function of NaCl concen-
tration (concentrations of PEO and CoD- kept constant).
We suppose that the complex composition is probably
similar for all NaCl concentrations, and only the amount
of the precipitate differs. It is interesting that 1 metallacar-
borane molecule per ca. 10 of all the PEO monomeric units
causes almost quantitative precipitation of the well water-
soluble PEO in 0.1 MNaCl. It should be mentioned that the
same ratio we got also in 0.05 M sodium tetraborate
(Na2B4O10) buffer, which suggests that only the concentra-
tion of Naþ plays a role. We carried out dialysis experiments
also with 0.1 M solutions of other salts;LiCl, KCl, CsNO3,
MgCl2, CaCl2, CuCl2, and CoCl2;which were chosen with
respect to their practical importance, however without any
ambition for completeness. For most salts, we obtained
similar results (Figure S1), but we did not study this topic
in detail.

The insoluble PEO/cobaltacarborane complex is deeply
red colored, sticky, and hygroscopic matter. As mentioned
in the Introduction, it has been already reported that
PEG (in fact identical to PEO) displays a synergetic effect
in the extraction of alkaline earth cations with metal bis
(dicarbollide) anions into organic solvents.19 The effect is
explained (see ref 19 and references therein) by an interaction
of metal cation with PEG units (confirmed also by

Figure 2. Time dependence of absorbance at 282 nm of a dialysis bath
containing 0.25 mL of 0.0242 M NaCoD, 0.1 M NaCl, and a dialysis
tube of 0.5 mL of PEO solution (10 g/L) within. Inset: the amount of
NaCoD molecules complexed with PEO as a function of NaCl con-
centration.

Figure 3. IR spectra of NaCoD (bottom), NaCoD/PEO complex
(center), and PEO (top). Interpretation of the bands of PEO:
2900 cm-1 ν(C-H), 1470 cm-1 δ(CH2), 1450 cm-1 sr(CH2), 1360 þ
1340 cm-1 w(CH2) þ ν(C-C), 1280 þ 1240 cm-1 t(CH2), 1150 cm-1

ν(C-O-C) þ ν(C-C), 1100 cm-1 ν(C-O-C), 960 cm-1 r(CH2), and
845 cm-1 r(CH2). Interpretation of the bands of NaCoD: 3040 cm-1

ν(C-H), 1610 cm-1 crystalline water, 2545 cm-1 ν(B-H), 1200 cm-1

δ(C-H), and 1140-680 cm-1 skeletal vibrations. Meaning of the
symbols: r (rocking), sr (scissoring), t (twisting), w (wagging), δ (bend-
ing), and ν (stretching).
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crystallography),71,72 which “increases” its solubility in or-
ganic media. In water, we expect also an interaction of the
boron cluster with polymer chains. Hence, the complex
formation proceeds as a solubilization of CoD- anion in
collapsing polymer coils. Significant contribution comes
from an electrostatic attraction of bulky and amphiphilic
CoD- ions by cations complexed by PEO chains. These
assumptions are in agreement with recently published works
on complexation of Naþ with -CH2-CH2-O- linkers
covalently bound to boron clusters73 and position of CoD-

counterions in protein structures.74

To characterize the precipitant obtained from 0.1MNaCl
solution, we recorded the infrared spectrum of the complex
and compared it with spectra of parent compounds. The
comparison is shown in Figure 3. The analysis based on
literature data75-82 leads to the following conclusions: (i)
The spectrum contains all characteristic bands of PEO and
CoD-, but it is not a simple superposition of both spectra. (ii)
The small band at 3040 cm-1 is only little affected by the
complex formation, which precludes significant interactions
of partially positively chargedH atoms (at metallacarborane
C atoms) with PEO.76 (iii) The mutual PEO and CoD-

interaction is quite weak and do not significantly affect peak
positions in the IR spectrum. However narrowing
and changes in splitting of several bands (2900, 1350,
1100 cm-1) indicates changes in the PEO vibration symme-
try. The IR spectroscopy confirms formation of the complex
(or better said composite) consisting of both parent com-
pounds due to a weak cooperative binding accompanied by
changes in PEO conformation.

To understand the formation of the complex, we carried
out quantum mechanics calculations. The cluster of CoD-,
its counterion Naþ, and the linear pentamer of ethylene
oxide EO5 were studied by the DFTmethod augmented with
an empirical dispersion correction, D.83 We applied the
resolution of the identity, RI, approximation84 with the
TZVP base and the TPSS functional using Turbomole
5.8.85 Hydration free energies were calculated using the
C-PCM implicit solvent model86 implemented in the Gauss-
ian03 code.87 The recommended HF/6-31G* level combined
with the united atom radii, UAHF, model was used.

Because the EO5/CoD
-/Naþ complex geometry is very

difficult to obtain by the QM calculations, we calculated
stabilization energies of all possible interacting pairs. First
we focused on the in vacuo contribution as shown in Table 1.
The results can be characterized as follows: (i) dihydrogen
bonding of boron cluster with EO5 (C-Hδþ...δ-H;B) is
relatively weak, (ii) interaction of Naþwith EO5 represents a
significant contribution, and (iii) interaction energy of Naþ

with CoD- is strongly attractive which indicates the forma-
tion of contact ion pairs in low-permittivity media. It is well-
known that the solvation free energy plays important role
particularly in aqueous solutions. Therefore, we extended
our approach by the C-PCM implicit solvent model to get a
more realistic insight. From the values shown in Table 1 it is
evident that the desolvation contribution effectively weakens

the dihydrogen bonding and the EO5/Naþ interaction. It
also promotes the dissociation of NaCoD, which is a strong
electrolyte in aqueous solutions. The implicit solvent model
includes the hydrogen bond interaction mediated by water
molecules which can furthermore act as bonding partners
with the boron cluster via dihydrogen bonds. However, the
molecular structure of water around the metallacarborane
molecules can be obtained by means of an explicit water
model which we are planning to use in our future research.
From the results of the C-PCM approximation (Table 1), we
can read that the interaction of CoD- with EO5 is more
favorable than simple dissolution of both components in
water. Further, water molecules prefer a mutual interaction
via classical hydrogen bonding. On the other hand, the
experimental observations indicate that the PEO/NaCoD
composite contains inherent water and behaves as the hygro-
scopic matter.

Not yet discussed type of interaction which may take place
in the studied system is a mutual attraction of boron clusters
between each other. In the C-PCMmodel, a desolvation gain
only slightly beats “in vacuo” contribution (electrostatic re-
pulsion of the CoD- molecules). Hence, a tendency to form
complex with EO5 is favored than a metallacarborane aggre-
gation which is otherwise observed in aqueous solutions.

In the optimized structure of EO5/CoD
- (shown in

Figure 4) there are depicted several dihydrogen bonds, where
only one of them is in its optimal geometry (emphasized
bond in Figure 4). The other bonds slightly exceed the
standard length range of dihydrogen bonds (1.8-2.3 Å).
Obviously, CoD- interacts with poly(ethylene oxide) in the
same way as with biomolecules.43,44 Therefore, the pair
interaction of EO5/CoD

- seems to be a sufficient driving
force for the complex formation. Further, a sum of the
individual stabilizing energies obtained using the C-PCM
model in Table 1 is negative (first row). However, the
calculation shows that an attractive interaction between
Naþ and EO5 (or PEO) is probably the key precondition of
the complex formation (the optimized EO5/Naþ structure is
shown in Figure S2).

Formation of Nanoparticles Based on Interaction of CoD-

with PEO-PMA. The above-described behavior can be

Table 1. Interacting Energies of EO5/CoD
-
, CoD

-
/Na

þ
, and EO5/

Naþ Pairs Calculated by Quantum Mechanics Using the C-PCM
Implicit Solvent Modela

interacting pair EO5/CoD
- CoD-/Naþ EO5/Naþ

overall free energy [kcal/mol] -6.3 15.4 -19.0
“in vacuo” interaction

energy [kcal/mol]
-15.8 -92.5 -64.0

desolvation contribution [kcal/mol] 9.6 107.9 45.1
aNegative values represent the complex formation supporting

contributions.

Figure 4. Optimized structure of the metallacarborane and PEO-
pentamer complex as a result of quantum mechanics calculations.
Possible interactions are depicted. Color coding for metallacarborane:
orange, boron; black, carbon; cyan, cobalt; white, hydrogen. Color
coding for EO5: green, carbon; red, oxygen; white, hydrogen.
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exploited in boron-containing drug delivery systems based
on double hydrophilic block copolymers. A suitable system
for this purpose would be an aqueous dispersion of self-
assembled core/shell micelles with insoluble cores containing
the PEO/CoD- complex. In this work, we investigated the
nanostructures formed by CoD- and poly(ethylene oxide)-
block-poly(methacrylic acid) copolymer. The PMA block is
not biocompatible, but PEO-PMA can serve as a well-
defined model system for studying general behavior of
similar systems.58-63 The weak polyelectrolyte PMA block
is soluble in alkaline buffers in the form of highly charged
polyanionwhich does not formany insoluble complexeswith
CoD- and stabilizes the nanoparticles in aqueous disper-
sions. The number of PEO units in PEO-PMA per one
NaCoD molecule in 0.05 M sodium tetraborate determined
by dialysis was found to be roughly the same as that for linear
PEO (ca. 10). We assume that there is no significant differ-
ence between a molecular structure of the PEO/CoD- pre-
cipitant and the complex dispersed in the form of
nanoparticles.

First, we performed the light scattering (LS) measure-
ments of a dilute PEO-PMA solution in 0.05 M borate
buffer after the step-by-step addition of the aqueous solution
of NaCoD.We expected the formation of micelle-like nano-
particles with the PEO blocks “cross-linked” by the metalla-
carborane because a similar behavior provoked by
multivalent ions or other agents has been observed in case
of double hydrophilic polyelectrolytes.88-90 The SLS inten-
sity (proportional to the apparent molar mass), hydrody-
namic radius (RH) and radius of gyration (Rg) as functions
of the amount of added metallacarborane are shown in
Figure 5. The apparent molar mass increases steeply with
the addition of CoD- and reaches a plateau at the PEO unit-
to-CoD- ratio, ξPEO-CoD = 0.1 (compare with Figure S1).
The solutions contain fairly monodisperse particles, the
diameter of which increases in a similar manner like the LS
intensity does. The Rg/RH ratio also increases and reaches
the value of ca. 0.85 at high ξPEO-CoD values, which can be
explained by the fact that the nanoparticles become denser
with the addition of CoD-. We are aware of the fact that the
LS study could be affected by the complicated behavior of
CoD- in aqueous solutions. In our previous paper we found
that the cobaltacarborane itself forms the self-assembled
nanoparticles in aqueous media.45 We assume that these
aggregates disappear as a result of the interaction of CoD-

with the PEO block. Keeping in mind results of QM calcula-
tions and a low value of ξPEO-CoD, the proposed scenario is
more realistic than an incorporation of the whole aggregates
within polymeric nanostructures.

The LS data support our assumption that the formed
nanoparticles resemble block copolymer micelles.59,91 The
particles with ξPEO-CoD ratio of 0.1 in 0.05 M borate
(Na2B4O10) buffer were characterized by SLS and DLS.
The static and dynamic Zimm plots are shown in Figure
S3. The unusually high value of dn/dc, ca. 0.6 mL/g, origi-
nates from a preferential sorption of CoD- and its counter-
ions within the nanoparticles.65,92 From the static Zimm
plot, we obtained Rg = 65.0 nm andMw = 15 � 106 g/mol.
As the nanoparticles contain 25% (w/w) of NaCoD the
weight average of copolymer aggregation number is 157.
The value of RH obtained from the dynamic Zimm plot is
103.5 nm.

Since we assume the formation of core-shell nanoparti-
cles with theweak polyelectrolyte PMAshells, we studied the

Figure 5. Light scattering intensity extrapolated to zero scattering
angle divided by polymer concentration, (Iscatt/c)0, as a function of
the ξPEO-CoD ratio for PEO-PMA copolymer in 0.05 M sodium
tetraborate. Inset: dependence of (curve 1) hydrodynamic radius, RH,
and (curve 2) radius of gyration,Rg, of the PMA-PEO/CoD- particles
in 0.05M sodium tetraborate as a function of the (CoD-)-to-PEOunits
ratio.

Figure 6. Dependence of the hydrodynamic radius, RH, of PMA-
PEO/CoD- particles in 0.05 M sodium tetraborate with the ξPEO-CoD

ratio 0.1 (curve 1) and PEO-PMA copolymer in 0.05 M sodium
tetraborate (curve 2) as a function of pH.

Figure 7. AFM scan of PMA-PEO/CoD- particles with the ξPEO-
CoD ratio 0.1 prepared by a quick titration and deposited onto mica
from basic solution.

Figure 8. Typical cryo-TEM micrograph of PMA-PEO/CoD- parti-
cles with the ξPEO-CoD ratio 0.1 in borate buffer (c = 1 g/L).
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response of particles to pH changes by DLS (see Figure 6).
Curve 2 shows the RH vs pH dependence for pure PEO-
PMA chains. The copolymer is molecularly soluble above
pH 6 but completely insoluble at low pH.64 Curve 1 corre-
sponds to the PMA-PEO/CoD- nanoparticles. The PMA
shell shrinks with decreasing pH (in the region below 7).59 A
sudden increase of the sizes below pH 3 is due to secondary
aggregation of nanoparticles as proven by the SLS data
(apparent molar mass suddenly increases below pH 3). All
these findings were confirmed by AFM (see Figures 7 and
S4a,b) after the deposition on a fresh mica surface. Figure 7
shows the nanoparticles prepared and deposited from borate
buffer, while in Figure S4a,b we can see the secondary
aggregates of individual particles and peculiar wormlike
structures deposited from a low pH solution (see also cryo-
TEM image in Figure S4c).

The most direct information on the size and shape of
nanoparticles in the solution can be obtained by cryo-TEM
imaging. A typical micrograph of PMA-PEO/CoD- nano-
particles is shown in Figure 8, where the dark stains corre-
spond to nanoparticle cores, since the shell is invisible due to
a low contrast. The morphology of nanoparticles observed
by cryo-TEMwas compared with the SAXS data as follows.
The SAXS scattering curves for the nanoparticles in borate
buffer, and the parent samples are shown in Figure S5.
Consistent fits of experimental curves (shown in Supporting
Information) were obtained only after assumptions that the
micellar cores are swollen by bulky CoD- anions. In this
case, the SAXS results are comparable with both SLS and
cryo-TEM data within experimental errors. The value of the
core radius is ca. 18 nm. It is close to the dimensions of the
dark stains in Figure 8. Further, the cryo-TEMmicrographs
visualize PEO/CoD- cores as a uniformmatter with no signs
of inner domains formed by metallacarborane self-assem-
blies which otherwise form spontaneously in water.

Because molecular redistribution in polymeric composites
is usually slow, it is not surprising that the nanoparticle size
depends strongly on the procedure of preparation. The
particles prepared by a quick addition of CoD- to a PEO-
PMA solution are spherical. They haveRH of ca. 100 nm and
aggregation number around 100 (AFM scan shown in
Figure 7). These prepared by a step-by-step addition of
CoD- have radius of ca. 190 nm with aggregation number
reaching several hundred and a tendency to form wormlike
structures (Figure S4d,e). The system obtained by an extre-
mely slow dialysis contains polydisperse particles with RH

reaching more than 300 nm consisting of ca. 3000 PEO-
PMA chains in average (Figure S4f).

Valuable information on the inner structure of nanopar-
ticles and on the mobility of individual domains can be
obtained by 1H NMR spectroscopy. One important feature
of NMR spectra is particularly suitable for our purpose. It is
the broadening of signals of nuclei with hindered motion93

which has been widely utilized in polymer research.94 A
typical 1H NMR spectrum of PMA-PEO/CoD- alkaline
solution in D2O (Figure S6) contains signals corresponding
to the CH2 group of PEO (1), CH2 group of PMA (2), and
CH3 group of PMA (3). The signal of CoD- was not
observed due to low intensity (concentration) and its incor-
poration in the rigid complex. We assume no changes in the
PMA signals after addition of NaCoD in a well-buffered
solution. Hence, the decrease of the relative peak area of
PEO can be attributed to the formation of the rigid PEO/
CoD- complex. In Figure 9 we can see the fraction of the
frozen PEO calculated from the ratio of the peak 1 to the area
of all three NMR signals as a function of added CoD-. We
can conclude that NMR data are consistent with results of

other techniques (LS, dialysis, etc.). The curve shows that ca.
25% of PEO units remain mobile at ξPEO-CoD > 0.1. They
are either unbound PMA-PEO chains or more probably
short parts of PEO chains not involved in the complex
formation. Further we carried out 2D 1H NMR experi-
ments;both NOESY and ROESY;because they can re-
veal possible short-range interactions between PEO and
PMA units. As no cross-peaks due to a close contact of
PEO and PMA units are present in 2D 1HNMR spectra, we
can conclude that the mobile parts of PEO and PMA are
spatially segregated in the nanoparticles.

Remarks on the Dynamic and Stimuli-Responsive Behavior
of PMA-PEO/CoD- Nanoparticles. We have already dis-
cussed the role of small cations in the process of polymer/
metallacarborane complex formation and partially also
the response of the system to changes in their concentrations.
In this section we summarize results of several techniques
used, which allows us to gain a better insight into the
dynamic and stimuli-responsive behavior of boron-contain-
ing nanoparticles.

The process of PEO/CoD- complex formation was stu-
died by a UV-vis spectroscopy during the dialysis as a
function of alkaline or earth-alkaline cations (see the first
section in Results and Discussion, especially Figures 2 and
S1). Besides the already discussed findings, we noticed that
the process is partially reversible and CoD- molecules are
released from both PEO/CoD- and PMA-PEO/CoD-

complexes by dialysis against pure water. However, the
release of CoD- after the drop in c(Naþ) is very slow. After
several weeks of dialysis, only ca. 60% of the boundmetalla-
carborane escapes from the complex into bulk solution.

The salt-induced changes in the complex formation in the
PMA-PEO/CoD- system were investigated also by 1H

Figure 9. Ratio of frozen PEO units in PMA-PEO/CoD- particles in
0.05M sodium tetraborate in D2O as a function of the ξPEO-CoD ratio.
The values were calculated from corresponding 1HNMR spectra like in
Figure S6.

Figure 10. Typical CZE responses of the DAD detector at λ=280 nm
of the PMA-PEO/CoD- particles with the ξPEO-CoD ratio 0.1 in (a) 2,
(b) 10, (c) 30, and (d) 50 mM sodium tetraborate running buffers. For a
better comparison, the experimental responses were recalculated from a
time domain to an electrophoretic mobility domain.
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NMR spectroscopy in D2O. The NMR results indicate that
the amount of frozen PEO units increases during the addi-
tion of sodium chloride due to the penetration of CoD-

molecules from the bulk solution into cores of nanoparticles.
However, the behavior is more complex. The fraction of
frozen PEO surprisingly increases with decreasing c(Naþ)
during dialysis against pure D2O, despite the fact that we
observe a significant CoD- release from nanoparticles by a
UV-vis spectroscopy. It means that other mechanisms like
the PMA/PEO complex formation62 and PEO crystalliza-
tion95 contributing to the PEO immobilization oppose the
effect of PEO/CoD- dissociation.

The changes in particle sizes and structure with c(Naþ)
were monitored by LS techniques. The values ofRg,RH, and
apparent Mw were measured in the system containing a
constant amount of PEO-PMA and CoD- in 0.005 M
borate buffer for a gradually increasing concentration of
NaCl up to c(Naþ)=0.2 M. The value of hydrodynamic
radius (around 108 nm) did not almost change (it decreases
only very slightly). The radius of gyration grew from 80 to
94 nm. The relative molar mass (ratio of the experimental
values of weight-average molar mass for actual and extra-
polated to zero salt concentrations,M andM0, respectively)
is depicted in Figure S7 as a function of c(Naþ). It appreci-
ably increases with increasing salt concentration. TheM/M0

and Rg/RH changes with c(Naþ) reasonably reflect the
nanoparticle mass and density increase due to the metalla-
carborane incorporation in nanoparticles.

The last method we used for studying the dynamic beha-
vior of the complex and the effect of c(Naþ) on the PMA-
PEO/CoD-nanoparticle compositionwas the capillary zone
electrophoresis (CZE). We carried out experiments for the
systemwith ξPEO-CoD=0.1 in the borate buffer as a running
electrolyte in a region of concentrations from 2 to 50 mM.
We compared the CZE data with results for pure PMA-
PEO and NaCoD species in the same buffer. The CZE
responses of PMA-PEO/CoD- monitored at the wave-
length of 280 nm by the DAD detector (280 nm is the
CoD- absorption maximum in water; the polymer is invi-
sible at this wavelength) are shown in Figure 10. In all cases
we can see a double-peak pattern which exhibits a peculiar
U-shape. This shape is typical for systems with a dynamic
equilibrium between two species, and it was described in
detail in the literature for CZE96-98 as well as other separa-
tion techniques (ultracentrifugation, SEC, etc.).99 Each com-
ponent of the system moves with different velocity in the
capillary, and the equilibrium is constantly disturbed and
reestablished. The left part of peaks in Figure 10 can be
assigned to the free metallacarborane, the right part corre-
sponds to the PMA-PEO/CoD- nanoparticles, and the
middle part is a result of a gradual release of CoD- from
the nanoparticles during the separation process. The
CZE measurement also reveals traces of free PEO-PMA
chains in the solution. The corresponding peak was detected
at λ=220 nm in the mobility range higher than the double
peak shown in Figure 10. Although the obtained results
are only qualitative, the CZE data confirm our assumptions
that the nanoparticles are in equilibrium with the metalla-
carborane and that this equilibrium is strongly affected
by c(Naþ).

Conclusions

Our experimental data unambiguously prove a fairly strong
interaction between [3-cobalt bis(1,2-dicarbollide)]- anion and
linear poly(ethylene oxide) leading to the formation of an
insoluble composite. This not yet described phenomenon is of

high practical importance because both compounds find useful
applications in medicine. We performed quantum mechanics
calculations which show that boron clusters interact with PEO
repeating units via several noncovalent bonds between partially
negatively charged hydrogen atoms attached to boron atoms in
CoD- and partially positively charged H atoms in CH2 units of
PEO. Besides the formation of dihydrogen bonds, it is also
important that cations interact with oxygen atoms of PEO.
Hence, the salt concentration is the key factor which can be used
for controlling the release in the drug delivery process.

Using a double hydrophilic block copolymer poly(ethylene
oxide)-block-poly(methacrylic acid) copolymer and a metallacar-
borane compound (NaCoD), we prepared a new type of stable
self-assembled polymeric core-shell nanoparticles in salted aqu-
eous solutions. Their insoluble cores contain a complex formed
by [3-cobalt bis(1,2-dicarbollide)]- anion, poly(ethylene oxide),
and small counterions. The nanoparticle dispersions are stabi-
lized by soluble shells formed by weak polyelectrolyte poly
(methacrylic acid). Their shape depends on a procedure of
preparation and pH of bulk solution, so we can prepare spherical
andwormlikemicelles or particleswith amore complex structure.
The study of a fully biocompatible and biodegradable system is
planned as the next step of our research. Our forthcoming study
should be targeted also on cobalt bis(dicarbollide) conjugates and
other types of boron cluster compounds.
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