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Composite materials based on polymers and metal nanoparticles 
are of biomedical interest.1,2 A polymer matrix provides strength, 
mechanical and adhesive properties of the material, while 
nanoparticles give additional biocide, catalytic and magnetic 
properties.3–5 In creating these materials, it is important to obtain 
a uniform distribution of nanoparticles in the matrix. First, the 
mechanical dispersion of prepared nanoparticles in the polymer 
matrix can be used.6,7 This process can be accompanied by the 
mechanical damaging of polymers, additional aggregation of 
nanoparticles, uncontrollable distribution of the nanoparticles in the 
volume of polymers, etc. Second, the direct synthesis of nanoparticles 
in the presence of a polymer matrix can be performed.8,9 Polymers 
can organize centers for the growth of nanoparticles, sterically 
restrict it, and stabilize nanoparticles with charged groups. It was 
found earlier that carboxymethylcellulose (CMC) can serve as a 
matrix for g-Fe2O3 (maghemite) nanoparticles in one-pot synthesis.10 

The magnetic nanoparticles of magnetite and maghemite are 
the most widespread forms of iron oxides.11 The aim of this work 
was to study the distribution of g-Fe2O3 nanoparticles upon 
synthesis in a CMC polymer matrix depending on the fraction of 
iron in an initial mixture and the physicochemical properties of 
the resulting nanocomposites.

The composites were prepared by synthesizing iron oxide 
nanoparticles in a solution of CMC sodium salt (Na–CMC) with 
a molecular weight of 90000 using Mohr’s salt as a precursor.10 
The nanocomposites were obtained by the treatment of an 
alkaline solution of Mohr’s salt with sodium hypophosphite in 
the presence of Na–CMC at room temperature. The reaction was 
carried out in air since oxygen is required to produce the oxidized 
form of iron. The obtained samples and Na–CMC were dialyzed 
against twice distilled water.

The molar ratio (m) between the monomer units of the poly
saccharide and Fe2+ ions in the synthesis was varied from 0.04 
to 1. The polysaccharide concentration was 2 wt%. Note that only 
water-soluble products were formed with the above 
concentrations and amounts of reagents. As a result, three 

g-Fe2O3/Na–CMC nanocomposites, in which the brown color 
intensity increased with the iron content of the system, were 
obtained (see details in Online Supplementary Materials). 

The sizes of the nanocomposites were evaluated by quasi-
elastic laser light scattering. The diameter of pure Na–CMC in a 
Tris buffer with pH  7 was 285  nm. Incorporation of g-Fe2O3 
nanoparticles in a Na–CMC matrix with m = 0.04 (composite I) 
resulted in a decrease of the mean diameter to 115 nm. A further 
increase in the fraction of nanoparticles in a Na–CMC matrix with 
m = 0.25 (composite II) resulted in a decrease of the mean size to 
95 nm. Finally, for the nanocomposite with m = 1 (composite III), 
the mean diameter was 85 nm. This contraction can be attributed 
to the action of g-Fe2O3 nanoparticles as inter-macromolecular 
cross-linking agents. Nevertheless, this size measurement cannot 
elucidate the overall distribution of nanoparticles within Na–CMC 
macromolecules.

The electrophoretic mobility (EPM) of the nanocomposites 
was measured to evaluate the surface charges of particles (Figure 1). 
The EPM value of composite I was –1.5 mm cm s–1 V–1, which is 
equal to the value for pure Na–CMC. An increase in the fraction 
of nanoparticles in the nanocomposites raised the overall negative 
EPM values to –2.5 mm  cm  s–1  V–1 for composite  II and 
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The distribution of nanoparticles in the volume of the 
composite is determined by a ratio between reagents at the 
stage of synthesis. At low molar fractions of iron in the system, 
nanoparticles are formed inside the coils of macromolecules, 
and nanoparticles expand their formation closer to the 
surface with an increase in the iron fraction. The size of the 
nanoparticles remains independent of the polymer/iron ratio 
in the reaction mixture.
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Figure  1  EPM of pure Na–CMC and composites I–III (Tris buffer solution 
with pH 7.0; concentration of macromolecules, 0.5 mg ml–1).
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–2.8  mm  cm  s–1  V–1 for composite  III. This result seems 
unexpected. The surface charge of maghemite nanoparticles can 
vary in a wide range from completely positive at pH below 3.5 to 
completely negative at pH above 10 with an isoelectric point in a 
range of pH 6.9–7.5.12,13 At pH 7, an expected ζ-potential value of 
nanoparticles is close to zero. One could anticipate no or negligible 
influence of nanoparticles on the EPM of Na–CMC composites; 
however, the observed results indicated a contrast behavior. The 
following explanation can be proposed. It is well known that the 
complexation of weak polyanions with oppositely charged macro
molecules induces additional deprotonation of functional groups.14 
The same situation should be expected for g-Fe2O3 nanoparticles 
due to the effect of positively charged surface groups of maghemite. 

The IR spectra of the samples were measured in a Tris buffer 
solution with pH 7 to control the equilibrium of carboxyl/carboxylate 
groups in the composites (Figure  2). Composite I exhibited an 
intense sharp peak at 1750 cm–1 due to the vibration of protonated 
carboxyl groups, a broad peak at 1690 cm–1 due to the vibration 
of carbonyl group, and a sharp peak at 1580 cm–1 and a doublet 
at 1420 and 1460  cm–1 due to the vibration of deprotonated 
carboxylate groups.15 In a solution of pure Na–CMC, the broad 
peaks of protonated carboxyl and carbonyl groups overlapped 
due  to numerous internal hydrogen bonds between them.16 An 
increase in the intensity ratio between carboxylate and carboxyl 
peaks was observed for composites II and III to indicate a shift 
of equilibrium towards charged forms. As the number of oxide 
nanoparticles in the sample was increased, a noticeable vanishing 
of the peak of stretching vibrations of the double bond C=O was 
observed.15 This effect can be attributed to negative charge 
delocalization between the oxygen atoms of a carboxyl group.10

Note that the data of EPM measurements correspond to the 
surface charge of the particle. A growth in the overall negative 
surface charge of the nanocomposites corresponds to an increase 
in the number of the uncompensated deprotonated carboxylate 
groups. Thus, we concluded that nanoparticles are situated inside 
the marcomolecular coil of Na–CMC rather than on the surface. 
Due to a low negative surface charge of composite I, positively 
charged nanoparticles are settled far from the surface deep close to 
the centre of macromolecule. The distance between nanoparticles 
and the surface is long enough to prevent the charging of surface 
carboxyl groups. With a low ratio of iron to carboxyl groups in 
the reaction mixture, the stabilization of g-Fe2O3 nanoparticles 

with Na–CMC results in the formation of a nanocomposite with 
the nanoparticles situated close to the centre. An increase in the 
fraction of iron in the reaction mixture results in the filling of the 
internal nanocomposite volume with nanoparticles from centre 
to the surface. The statistical distribution of the nanoparticles 
between the surface and the internal volume of Na–CMC is 
highly unlikely.

Thus, the nanocomposites of Na–CMC with g-Fe2O3 nano
particles with different iron contents were obtained by a direct 
one-pot synthesis. With increasing the iron content, the nanoparticles 
distributed from the centre to the periphery of the nanocomposite. 
This finding provides an opportunity to organize the directed 
synthesis of nanocomposites with adjustable size, charge, and 
spatial distribution of nanoparticles.
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Figure  2  IR spectra of nanocomposites I–III (Tris buffer, pH  7.0; 
concentration of macromolecules, 0.5 mg ml–1).


