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Introduction

Polymeric nanoparticles are gaining an increasdedréast in
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Formulation and preparation of stable cross-
linked alginate-zinc nanoparticles in the
presence of monovalent salt

Sara Pistone*, Dafina Qoragllu, Gro Smistad and Marianne Hiorth

Polysaccharide-based nanoparticles can be formed, under the right conditions, when a counterion is
added to a dilute polysaccharide solution. In this study, the possibility of preparing stable alginate
nanoparticles cross-linked with the cation zinc was investigated. The effects of the ionic strength of the
solvent and of the concentration of zinc were studied. The nanoparticles were characterized by dynami
light scattering, zeta potential and pH measurements. The results showed that an increase in the ioni-
strength of the solvent provided nanoparticles with considerably narrower size distributions comparea
to pure water, and a small size. The zinc content was shown to be an important factor for the format

of the nanoparticles. In fact, a critical zinc concentration was needed to obtain nanoparticles, and below
this concentration particles were not formed. A stepwise increase in the amount of zinc revealed L.«
process of formation of the nanoparticles. The stages of the nanoparticle formation process were
identified, and differences according to the ionic strength of the solvent were also reported
Furthermore, the stability test of the most promising formulation showed a stability of over ten weeks.

in many cosmetic and pharmaceutical products, duadk ¢
toxicity® and low cost. Alginate’s most exploited charastir .
in drug formulation is the gel forming propertynse, in thic

pharmaceutical applications, in particular in thregddelivery form, alginate is bioadhesive and the drug releeae k-
field.>® In fact, the encapsulation of a drug in polymerig, - 1iagl7-19

nanoparticles can provide

reduction,

nanoparticles,
especially in virtue
biodegradability. For

of

important advantages,h sas
modification of the drug release proffieargeting’ & reduction
of the drug degradatioh,or bioadhesiod’ Therefore, the
employment of polymeric nanoparticles as drug esasricould
provide, for example, an improvement of bioavaliahi dose
reduction of the frequency of adminisoms

increased stability, and reduction of the sidea#f®f the drug.
Between all the polymers employed for the produrctiof

polysaccharides are of particulaterast,

example;
alginaté® are promising natural polysaccharides used for t‘a(?r
preparation of nanoparticles.
function, polysaccharide-based nanoparticles caldd provide described as the “

Alginate is a linear polymer formed by negativelflaoge 1
blocks of D-mannuronic acid (M) and.-guluronic acid (G),
separated by single units of M and G. Alginate’gate/~",
charged residues can form ionic bonds with divalkattons,
which act as cross-linkers between different algrahains. In
this way an ionotropic gel formation occéfs.The mo-*
common cross-linker investigated for alginate itcican, bu*
other cations can also be employéd?? Different types *
alginate contain different percentages of M andGGshc- -
more affinity to divalent cations compared to M,tke types f
alginate that contain a higher G percentage leadth#
mation of stronger gels, compared to the typkslginat
with a higher content of M The cross-linking mechanic —
egg-box model”, where the divatztions

their biocompatibility and

pecti, chitosan? and

In addition to theiarrier

therapeutical effects depending on the type of sgmdgharide
that constitutes them. In fact, unloaded nanofdegimade of
chitosan and alginate have demonstrated both at¢ibal and
anti-inflammatory effect* Moreover, previous studi®shave
shown that alginate can exert an anti-oxidant &ffec

Alginate is a natural polysaccharide derived fraaavweed, and
is already used as a thickening agent in food imguas well as

This journal is © The Royal Society of Chemistry 2013

complexate with G or M monomers in an egg-box shaf_ *
(Figure 1).
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Figure 1. (a) Structure of the alginate monomers: D-mannuronic acid (left) and L-

guluronic acid (right). (b) Egg-box structure of the cross-linking between a
divalent cation and G monomers of two different alginate chains.

During the gelation process,
overlapped polymer chains
Nanoparticles are created, instead of gels, whenatginate
concentration is lower than the overlap concerrdil 25 7
Consequently, a local gelation of discrete coilspofymeric
chains is promoted.

The most studied nanoparticles prepared by iona@trgelation
are the chitosan-tripolyphosphate (TPP) nanopesfél 283!
while fewer investigations are focused on

the cross-linking lestw

natural origin, the characteristics of chitosan nvayy from
batch to batch.

This article focuses on the formulation of alginagamoparticles
cross-linked by the single divalent cation zinm&ias chosen
as the cross-linker in virtue of its antibacterjoperties
commonly exploited in formulations for local d%eor o..
hygiene?® ' The aim was to investigate how diffe i
important formulation factors affect the ability toroduc
stable nanoparticles, and to scrutinize the mesharfor .he
formation of the nanoparticles in order to factitafutur-
formulation studies. The formulation factors studiwere th
amount of cross-linker and the presence of monovadms i
the solvent. The measured characteristics of th®perticle 3
were the size distribution, the polydispersity ind®DI), the
intensity of scattered light, the zeta potentiahd athe pt..
Atomic force microscopy (AFM) was also employed tbi_
characterization of the samples. Moreover, stgbditudies .
the most promising formulation were carried outro&eperic _.
of ten weeks.

forms a macroscopic QMateriaIs and Methods

Materials

Sodium alginate (Protanal LF 10/60) was provided AdC
BioPolymer (Norway); the content of G was 65 - 75%d tt 2
content of M was 25 — 35% stated by the manufactuiec
chloride (purity > 98.0%) was purchased from Mcrck

alginai@ermany). Sodium chloride (purity 99.9%) was pasd

nanoparticle$? The alginate nanoparticles have been preparggm VWR BDH Prolabo (USA). The water used for the

by alginate-in-oil emulsification methdtor by self-assembly preparation of nanoparticles was purified by a Ml systein
in an aqueous solvefit** The latter method in particular isyith 0.22pum Millipal€ 40 filter (Millipore™, Ireland).

interesting for the entrapment of sensitive molesuue to the
mild preparation conditions and the avoided useomfanic
solvents.

The preparation of alginate nanoparticles by ssdeanbly
generally involves a double cross-linking in tweps with a
divalent cation (calcium) and a polycation (polyyisine or

Purification and characterization of alginate

Commercially available alginate was dissolved irstitiec
water (concentration 1.5%, w/w) and stirred ovenhigt roor
temperature for complete dissolution. Then, theutsmh wa.
dialyzed against distilled water in the refrigeratasing =

chitosany?* The double cross-linking is necessary since calCiuspectra/Por® dialysis membrane (Spectrum Labogsoii..

tends to produce colloidally unstable nanopartictee to

CA, USA) with a molecular weight cutoff of 8000 Dah. The

coagulatior?> ** In some studié®§ the particles have also beeRyater was changed twice a day for three days, tinee a dy

prepared by single cross-linking with the polycatichitosan.
However, a formulation with only a divalent cati@s the
cross-linker could be advantageous. In additiorptovide a
less laborious one-step preparation compared todthedle
cross-linking, it allows to avoid the presence o polycation.
In fact, poly-L-lysine can cause immunogenicity dogicity.>”
The possibility of obtaining stable nanoparticlesdifficult to
predict, and it must usually be determined emplisicédy
varying several variables that can influence thaoparticle

for additional five days. The dialyzed solution Weseze-drieu
(Christ Alpha 2-4 freeze drier, Christ, Germanyhdath :
purified and freeze-dried alginate was stored enrtifrigerator

The molecular weight was determined by obtainirgittrinsi.:
viscosity ] of the purified alginate in 0.1M NacCl.
measurements were performed by means of a MicravaD st
capillary viscometer (Schott Gerate, Germany). Tdemi-
empirical Huggins equation was applied to obtam[t}] valu.

Six samples with alginate concentrations rangimgnfi0.2C ..

e

i 23, 34, 38 H H i
formation. When chitosan is used as the cross-linker, &2 g/dl were measured at a constant temperafug®.6°C,

number of such variables is increased and this triigtiher
complicate the process of formulation. For examihie,degree
of deacetylation, the molecular weight and the pHtle
polymeric solutions also need to be kept in comsitien to

obtaining a good linearity. The relation betweey) ¢f th
polymer and its viscosity average molecular wei@tt) ic
described by the Mark-Houwink equatiom] = KM% where

K and a are empiric constants depending on the solvert, t

. - 38 -
ensure effective complexatidn, *® and, as a product with polymer, and the temperature employed during tradyais. K

2| J. Name., 2012, 00, 1-3
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ando values were previously reportéds 6.9x 10° and 1.13
respectively for alginate with high G content iril. NaCl at
25°C. By the use of these values, the calculatestogity
average molecular weight of the purified alginatesww47 kDa.

Preparation of the nanoparticles

Alginate nanoparticles were prepared by ionotramgtation at
room temperature, using the cation zinc as thesedioker. The
same method for polymeric nanoparticles preparaticas
previously reported by othet$.

Briefly, a solution of alginate and a solution @ha (chloride)
were prepared separately using the same solvehe(eilli-Q

water or 0.05M NaCl), and then filtered respectvelith

0.80um Millex®AA and 0.22um Millex®GV syringe filts
(MilliporeTM, Ireland) in order to avoid dust comwanation.
Afterwards, 15g of zinc solution were dripped ind6g of
alginate solution under constant magnetic stirfiagindrical
stirring bar 6 mm x 20 mm) at 600 rpm, inside a h@l0sial (5
cm diameter). A peristaltic pump was employed Far addition

Soft Matter

measurement on the basis of the Smoluchowski appation
for Henry equation as follows: B &{/n, where the constangs
andn are respectively the dielectric constant and tiseosity
of the solvent at the analysis temperature. Thaeesbfn ande
for pure water at 25°C were used in all the meanargs
(independently of the salinity of the solvent enygd). 1...
results for each sample were obtained as the amevhdiv:
measurements on the same sample aliquot.

PH. The pH of each sample was measured at room teb.p.. ..
with a 744 Metrohm pH meter (Metrohm, Switzerle >~
calibrated between pH 4 and 7.

Atomic force microscopy (AFM) imaging

AFM imaging was performed using a NanoWizard® +. N\.
system (JPK Instruments AG, Germany) with NSC35k...
Ultrasharp Silicon Cantilevers (MicroMasch, Spathyoug:.
intermittent contact mode. The system was set ugroBclips -
TE2000-S inverted optical microscope (Nikon Instams Inc .,
Japan) mounted on an anti-vibration table (Halcg®m1OD-".

of the zinc solution, in order to have a constamd aM plus, Accurion GmbH, Germany).

reproducible flow (9.3 ml/min). All other prepamti Three samples were selected for AFM imaging. Fc
parameters, such as the size, material, and typkeo¥arious sample, 10ul of suspension were placed onto freslds/~
equipment involved in the preparation, were keptstant. The mica. The suspension in excess was wiped away aviiifter

samples were stirred for ten minutes. Subsequeahttysamples paper after allowing three minutes for adsorptiBach slide
were stored overnight at room temperature, and theas rinsed four times with 10ul of Milli-Q watemdéthe slidc s
characterized. were allowed to dry overnight at room temperatudd&M

imaging was performed the following day after thregaratic 1
of the sample.

rea

Characterization of the nanoparticles

DYNAMIC LIGHT SCATTERING (DL S). DLS measurements were
performed on a Zetasizer Nano ZS (Malvern Instrusénd.,
UK). The samples in polystyrene disposable cuvettese The influence of the zinc to alginate ratio on ttenoparticles
irradiated with red light laseri(= 633nm), and all the characteristics and the influence of the ionic rajte of tt 2
measurements were performed at 25°C with backscatielvent were investigated, while the alginate cotregion was
detection at a scattering angle of 173°. The réfradndex and kept constant at 0.05%wi{w). The ratios between zinc . nd

Experimental design

viscosity of pure water at 25°C were used in tHeutations as
constant parameters, independently of the salofithe solvent
employed. An autocorrelation function was obtairted the
intensity fluctuations of the scattered light. Tietasizer
Software (version 6.20) fitted the autocorrelatfonction with
the general purpose fitting method and used thkeSt&instein
equation to calculate the hydrodynamic diameters tlof
particles. The data provided by the software wére mean
sizes and the polydispersity index value (PDI),etbgr with
the intensity-based and volume-based size distabyilots. In
addition, the intensity of the scattered light éach sample was
also obtained by the measurement of the derivechtcmate,
which corresponds to the number of photons detegted
second at the maximum laser power. The resultsefrh
sample were obtained as the average of three nesaents on
the same sample aliquot.

ZETA POTENTIAL. The zeta potential was measured by laser

Doppler electrophoresis technique at 25°C usingetasizer
Nano ZS (Malvern Instruments Ltd., UK). The instemn
determines the electrophoretic mobility (U) of tparticles
when an electric field is applied through laser plep
velocimetry. The zeta potentiab)(is calculated from such

This journal is © The Royal Society of Chemistry 2012

alginate are expressed as weight to weightyj ratios. Twelv~
different combinations were prepared. The factonsl a&h.
levels for the study are listed in Table 1. Thesthisamples
selected for AFM imaging were prepared with 0.05%in. ~
and ratios between zinc and alginate of 0:100,2&d 35:65.

Table 1. Factors and levels in the experimental design.

Factors Experimental levels

Type of solvent Water, 0.05M NaCl

Alginate

concentratiof 0.05

(%, wiw)

Ratid 0:100, 20:80, 25:75,

(zinc : alginate) 30:70, 35:65, 40:60

@ Concentration in the final preparation.
® Expressed as weight to weight () ratio.

The stability of the samples composed of 0.05%nalg ar
35:65 zinc to alginate ratio in 0.05M NaCl was a'"n

J. Name., 2012, 00, 1-3 | 3
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investigated. The particles were stored in refag@r and were when the zinc concentration was increased (figuae Jhe
characterized one week, four weeks, and ten wedtes aminimum PDI value (0.28) was reached at a zinclginate

preparation. ratio of 35:65 in 0.05M NaCl. Hence, the PDI ana tize
At least three parallel batches were prepared fache distribution in 0.05M NaCl were shown to be higlligpendent
combination in the whole study. on the amount of zinc.
Results (a)
0.05M NaCl
1,0

The size distributions for all the experiments i@5M NacCl
can be found in figure 2. The size distributione aeported 0,8
instead of mean size values, since the size digioibs were |
broad and multimodal, therefore the mean size watoelld not :
be estimated correctf?: ** Both the size distributions against 04 !

PDI

0,6

the intensity of the scattered light and againg ttolume

occupied by the particles are given (figure 2a &2l o

respectively). The volume plots show two shiftstiké main 0.0 0100 2080 2575 3070 3565  40.60
peak toward larger sizes when the zinc content ima®ased.

The first slight shift occurred at a zinc to algmaatio of 25:75. (b) 5

At 35:65 a second important shift occurred from steto g 7000 0.05M NaCl
hundreds of nanometers. The intensity plots shaarbt that %‘6000

the size distributions were multimodal for most die & 5000

formulations. However, when the zinc amount wagseaased, i 4000

the broadness of the intensity-based size distobsitdecreased § 3000

until a monomodal size distribution was obtainedziic to 3 2000

alginate ratios of 35:65 and 40:60. For these tanmlainations £ 1000

the intensity plots were relatively well overlappadth the =

volume plots. The average hydrodynamic diametees/éxage) 0:100  20:30 2575 30:70 3585 40:60
for the monomodal distributions were 200nm at zmalginate Zinc : alginate ratio (w:w)

ratio of 35:65, and 230nm at 40:60. Figure 3. (a) The PDI and (b) the intensity of the scattered light of the sampic

prepared with 0.05% alginate in 0.05M NaCl. The error bars are standarc
deviations, and the points without error bars have standard deviations equal o,
smaller than the size of the symbols. The lines between the symbols are guides
to the eye.

(@ (b)

Solvent: 0.05M NaCl Solvent: 0.05M NaCl

Zn : alginate ratio Zn : alginate ratio

0:100 0:100
_/\/\_A_ /\ The intensity of the scattered light was also ddpehon tt e
zinc content, in fact, when increasing the amountioc, the

Zn : alginate ratio z

B

alginate ratio

20:80 20:80 scattered intensity was also increasing (figure Bhg graph f
~J \ /\ the intensity of the scattered light plotted aghithe zinc to
e e e alginate ratio shows a sigmoidal shape, and thep «
25:75 2575 increase in the scattered intensity was recordedirat to

g /\ = / \ alginate ratio of 35:65. This point correspondsh® minimum

g e E P PDI value (figure 3a) and to the monomodal sizerithistior
._g 30:70 A S 30:70 /\’\ (figure 2a and 2b). Three zones can be identifirethé grapt_
in figure 3. In the first zone, a negligible vaiat in the PL®

e T and the scattered intensity is observed (free atgighains)

35:65 35:65 the second zone, PDI decreases together with thedbess
/\ /\ the intensity-based size distributions, while theattere”

Zn:

5
3

e R T mtepsnty . grows faxponentlally (aggregation qf thtglraap
40:60 40:60 chains); in the third zone, the PDI value remams and " _
/ \ increase in the scattered intensity is reducedqpanticles).
When nanoparticle preparation was attempted in nWéww
Figure 2. (a) The intensity-based and (b) the volume-based size distributions of characterlstlcs of the aggregates were also deper.td:e the
the samples with 0.05% alginate prepared in 0.05M NaCl. The curves shown are ~ ZINC content. No data are shown for the Samp|e$a‘an 3
the average curves of the sample repetitions. zinc to alginate ratio of 40:60, because floccomtic... .
sedimentation occurred immediately after prepanati®oth th .

As a consequence of the reduction of the broadoésHie intensity-based and the volume-based size distobsitwer.
intensity-based size distribution, the PDI valuk® alecreased

Hydrodynamic diameter (nm) Hydrodynamic diameter (nm)

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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multimodal for all the samples prepared in wateguffe 4a and 0.52, and increased when zinc was added (20:80 w@nc

4b, respectively).

(a) (b)

Solvent: water Solvent: water

Zn : alginate ratio
0:100 ’ \

Zn : alginate ratio
0:100

Zn : alginate ratio Zn : alginate ratio
20:80 20:80 /\
= —_—
E— Zn : alginate ratio é Zn : alginate ratio
:?:“ 25:75 ] 25:75
@ =
E =
Zn : alginate ratio Zn : alginate ratio
30:70 30:70

N\

Zn : alginate ratio
35:65

_//\/\_

Hydrodynamic diameter (nm)

B AN,

Zn : alginate ratio
35:65

Hydrodynamic diameter (nm)

Figure 4. (a) The intensity-based and (b) the volume-based size distribution plots
of the samples with 0.05% alginate prepared in water. The curves shown are the
average curves of the sample repetitions.

(a)

Water
1,0

08

04
02

0,0

0:100 20:80 25:75 30:70 35:65

(b) Water
7000

6000
5000
4000
3000
2000
1000

Light scattering intensity (kcps)

0:100 20:80 2575 30:70

Zinc : alginate ratio (w:w)

35:65

Figure 5. (a) The PDI and (b) the intensity of the scattered light of the samples
with 0.05% alginate prepared in water. The sample prepared with a zinc to
alginate ratio of 40:60 precipitated immediately after preparation, so no data are
shown for that sample. The error bars are standard deviations, and the points
without error bars have standard deviations equal or smaller than the size of the
symbols. The lines between the symbols are guides to the eye.

The PDI values and the intensity of the scattergiit lof the
samples prepared in water are shown in figure 3.\Rldies in
the absence of NaCl were consistently high. Theasgpy PDI
value in the absence of zinc (0:100 zinc to algatio) was

This journal is © The Royal Society of Chemistry 2012

alginate ratio) (figure 5a). When the zinc amoumtswurther
progressively increased, the apparent PDI valueedsed to a
minimum value (0.53) at a zinc to alginate ratio36t70, and
then it increased again. In the graph of the saadténtensity
against the zinc to alginate ratio, the increas¢hén scatte. .
light seems exponential for zinc to alginate ratietow 25:7.
and linear above 25:75 (figure 5b). The steepestase in t[ _
scattered intensity was observed at a zinc to algimatic c.

30:70 where the minimum apparent PDI value was ~'<0

reached. Such steep increase in the scatterediigdmsity we :
also observed at a zinc to alginate ratio of 35B%e thre
zones found in the graphs for 0.05M NaCl in fig@reannot I 2
clearly defined in water, since in water the diéfietr steps mc,,
seem to overlap with each other (as further expthim the
discussion). Comparing the data obtained in 0.05CNand [..
water, the minimum apparent PDI value in water \Waghe
than the minimum PDI value in 0.05M NaCl, and ocedrat _.
lower zinc to alginate ratio. In addition, in 0.09N&CI it we .
possible to use higher amounts of zinc (40:60 rinalginatc
ratio) and still avoid precipitation.

(a)

Solvent

0.05M NaCl
— - — - water

6,5
6,0 L

55 \

pH

50
45

4.0

0:100 20:80 25:75 3070 35865 4060

(b)
’I—- —

—

-40

-60

Zeta potential (mV)
I
=
~

0:100 20:80 25:75 30:70 3565 4060

Zinc : alginate ratio (w:w)
Figure 6. (a) The pH and (b) the zeta potential of the samples prepared with
0.05% alginate in water and in 0.05M NaCl. The error bars are standar
deviations, and the points without error bars have standard deviations equal or

smaller than the size of the symbols. The lines between the symbols are gui -~
to the eye.

In figure 6 the pH and the zeta potential of thenbmations
both in water and 0.05M NaCl are shown. The higipes._
6.1 was obtained for the combination prepared itemaith.
zinc (0:100 zinc to alginate ratio), while the cadndiior
without zinc prepared in 0.05M NaCl had a lower pH5.L
(figure 6a). In both water and 0.05M NacCl, the p&he~d

J. Name., 2012, 00, 1-3 | 5
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between 4.8 and 5.1 in all the samples containing, and the
pH slightly decreased when increasing the zinc entration,
since the zinc solutions had a lower pH than thginate
solutions. The zeta potential values were negdiveall the
formulations, and were strictly related to the pa&lues (figure
6b); in fact the decrease of the absolute valueshef zeta
potential was correlated to the decrease in the pH.

The sample composed of 0.05% alginate and a ziatginate
ratio of 35:65 in 0.05M NaCl was chosen for theb#iiy
measurements in virtue of its monomodal size distidon and
the lowest PDI value. The particles were stable evE0 weeks
period. The PDI value, the pH, and the zeta patémtid not
change, the size distributions remained monomodal ko
macroscopic flocculation appeared. The only minariation
was a slight increase of 20 nm in the z-average dizing the
whole 10 weeks period, and the highest size inereppeared
during the first week of storage (figure 7). A cegaent slight
increase proportional to the size increase alsaroed in the
scattered intensity.

7000
6000

n
o
o

}
150 & 5000

4000

100 3000
2000

1000

——e—— hydrodynamic diameter

w
o

— - — light scattering intensity

Hydrodynamic diameter (nm)
Light scattering intensity (kcps)

o 1 2 3 4 5 6 7 8 9
Weeks

10

Figure 7. The light scattering intensity and the hydrodynamic diameter (z-
average) of the particles composed of 0.05% alginate and a zinc to alginate ratio
of 35:65 in 0.05M NaCl measured during a 10 weeks period. The error bars are
standard deviations, and the points without error bars have standard deviations
equal or smaller than the size of the symbols. The lines between the symbols are
guides to the eye.

Discussion

The purpose of this study was to investigate thesibdity of
preparing stable alginate nanoparticles cross-tinkéh zinc,
and to identify the optimal formulations that prdei
monomodal size distributions. Additionally, the rhanism of
the nanoparticle formation was analysed, sinceepeleinsight
in such process could facilitate future formulat&tadies.

The pKa value for G and M is around 3%5therefore the
alginate carboxylic groups were negatively chargedall the

Evaluation of the formation of alginate-zinc nanoparticles
in 0.05M NaCl

When evaluating the formation of nanoparticles,ittiensity of
scattered light can be used to assess the levethafn
aggregation and thereby cross-links since the eveattlight
depends on the size and on the compactness ofytiregates.
Previous studies suggested a relation between Hrécli:
formation and the intensity of scattered I&fht> “® or the
turbidity”® during the titration of a cross-linker intc a
polysaccharide solution. Therefore, by combining thata c.
light scattering, PDI, and size distribution, it svpossible o
identify a possible process for the formation ofe u:
nanoparticles. Figure 8 illustrates our proposedhanism fcr
the formation of nanoparticlewhen the zinc content in tne
preparation was increased.

When alginate is dissolved in 0.05M NaCl in the ealz®e or
zinc or in the presence of small amounts of zir@&Q zinc 1)
alginate ratio), the alginate chains are free éstHg In fact, the
high PDI and the multimodal intensity size disttibn showe 1
that no constant sized entities were present, hacxtremelv
low scattered intensity might suggest that no cw. ;"
aggregates were formed. The very small size showr -
main peak of the volume size distribution couldrespond to
the apparent size of the free alginate chainshis dtage, -~
small amount of zinc was not sufficient to provitess-linkin
and molecular aggregation. In fact the cross-liflksnatior
could possibly be discouraged by the competitiotwben th >
zinc and the sodium cations in solution.

When the amount of zinc was increased, zinc outdbe
sodium cations and a progressive chain aggregaimur
(stage 2). The mechanism reported for the aggmyatf
alginate chains due to increasing amount of calcinas bec~
based on the formation of point-like cross-linkeedo sing'.
calcium cationg! followed by formation of dimers with
egg-box conformation, and eventually the assoaiatib th .
dimers into multimeré® In the present study is not possible .o
distinguish such steps of chain aggregation, betftnmatic
of cross-links was confirmed by the increase of sbatterc.
intensity, and by the slight shift of the main péakhe volume
size distribution plot toward higher sizes compatedhe si. >
shown for the free chains (figure 2). Moreover, finegressive
decrease of the PDI and of the broadness of théimude'
intensity size distributions indicated the formatiof colloid: "
entities with a more constant size.

The formation of the highest number of cross-lioksurred in
the sample with a zinc to alginate ratio of 35:85,suggest 2
by the highest increase in the scattered intengigo. =

samples (pH around 5). This was also confirmed by tmonomodal intensity size distribution was obtaifiedthe firs.

negative value of the zeta potential. The presafceegative
charges causes repulsion between the alginate schemal
allows for binding by the positively charged zinc.

6 | J. Name., 2012, 00, 1-3

time, and the lowest PDI was recorded, suggest = *
formation of relatively constant sized colloidal tides. A
further increase in zinc (40:60 zinc to alginatéojaled tc
reduced increase in the scattered intensity, whigjgestec * '~
formation of a reduced number of cross-links. Hos reasor
the zinc to alginate ratio of 35:65 could be coasid as t. =
point of complete formation of the nanoparticlesage ?).

This journal is © The Royal Society of Chemistry 2012
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Moreover, at this stage, the main peak in the vellrased size fact, at stage 3 and 4 where the supposed saturaticurred,

distribution plot went through its second shift rfrotens to
hundreds of nanometers. The two peak shifts invibleme
plots (the first in stage 2 and the second in stdpgéave
previously been observed in a study regarding tlepgration

of chitosan-TPP nanoparticl&sin that study, the first shift wasAs a previous study hypothesized, the reason could

interpreted as formation of primary aggregates frone
chitosan free chains,
interpreted as the aggregation of the primary aggges into the
final secondary nanoparticles. AFM images in figBreeem to
confirm that this theory may also be valid for theepared
alginate-zinc nanoparticles. In fact, when compatime image
of the free alginate chains in the absence of @tage 1) and
the image of the sample with a zinc to alginatéoraf 25:75

(stage 2), it can be observed in the latter imdmge gossible
presence of small primary aggregates together \fige

unreacted alginate. Moreover, the image of the samwjih a

zinc to alginate ratio of 35:65 (stage 3) shows pghesence of
fully formed bigger sized nanoparticles.

The reduced increase in the scattered light hasiquraly®! 4

been interpreted as the point of saturation ofitii&-particle

binding sites of the polymeric chains. Such intetation can
also be applied to our data, where the saturatiomdvoccur at
a zinc to alginate ratio of 35:65. When the zincoant was
increased beyond the saturation level, the onlyniggant

modifications, except a low increase in scatteigdt] was a
slight increase in the apparent mean particle sSihbe reason
could be the formation of a small number of intartigle

cross-linking, probably causing some aggregatiamvéen the
nanoparticles (stage 4). As speculated in othedies(® *°

these data may suggest that, when zinc is addedheo
formulation, intra-particle cross-linking occurseferably, until

saturation of the cross-linking sites in the cofehe particle;
while no cross-linking occurs at the surface of paticle. In

the zeta potential values were negative, indicagngharged
particle surface. After the saturation point, soimter-particle
cross-linking occurs on the particle surface, et aggregation
is reduced compared to the previous intra-partiobss-linking.

higher difficulty in forming stable bonds on thenogarticl .

while the second peak shitis wsurface compared to the core, thus the inter-parbond ar

the neutralization of the nanoparticles surface tuercse
linking would be discouraged. The difficulty in foing stab: >
bonds on the nanoparticle surface might be duern@xtamp!
conformational features, such that only few chargey
accessible to form stable cross-links.

Evaluation of the formation of alginate-zinc nanoparticles
in water

Since both water and 0.05M NaCl were employed &sert
for particle preparation, it was possible to inigete how tt _
presence or absence of monovalent ions could imfleieth .
nanoparticle formation.

In water, in the absence of zinc, alginate seentedo
aggregates of relatively constant size. In factspite t+-
multimodal size distribution, the apparent PDI wafatively
low and the size distribution plots showed the mgjoof the
aggregates sized around 1000nm (figure 4 and Slajna :
chains in solution can form clustéfsin fact they can associaie
for example through hydrogen bonding between therdwy
groups. The very low level of scattered intensityplies thrt
the aggregates are very swollen. This confirmsabakness of
the inter-chains bonds, whose strength is not defit t»
overcome the electrostatic repulsive forces betwbenchains
and to cause the shrinkage of the aggregates.

Nanoparticle Stage 1 Stage 2 Stage 3 Stage 4
formation: Free chains Chain aggregates Nanoparticles Particles aggregates
Zn/alginate ratio: 0:100 and 20 : 80 25:75and 30:70 35:65 40:60

zinc

“|_~ alginate

Zn : alginate 0:100 4

05 1.0

fast [um]

15

fast [um]

Zn : alginate 35:65

1.0 15 20 00 05 1.0

fast [um]

Figure 8. Schematic illustration of the stages of nanoparticle formation. Below, AFM images of samples prepared with 0.05% alginate and a zinc to alginate ratio o

0:100 in water (left), 25:75 (center), and 35:65 (right) in 0.05M NacCl.

This journal is © The Royal Society of Chemistry 2012
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When adding a small amount of zinc to the sample8@ zinc System modificationsinduced by the presence of a

to alginate ratio), the size distribution
polydispersed and the big swollen aggregates déesapg. In
fact, the interaction between zinc and the chargesthe
alginate chains probably breaks the weak bonds detvthe
chains, causing disruption of the aggregates. 05M. NaCl
such swollen aggregates were not formed, probabbatse
NaCl disturbed the formation of the bonds betwdenaiginate
chains.

The same stages of nanoparticle formation seeméddglace
both in water and in 0.05M NacCl, but in water thstidction
between the different stages was not as sharpa@h 0.05M.
Cross-linking occurred already at the lowest zionaentration
according to the increase in scattered light, sizine was not
competing with other cations. When the
concentration was increased, the scattered infensireased
exponentially as in stage 2 in 0.05M NaCl, suggestan
increased aggregation as more zinc was added. pparent
PDI was decreasing, indicating that colloidal éesitof more
constant size were formed, but monomodal size ibigtons
were never obtained at any of the
concentrations. For this reason, it was not possibd

distinguish clearly stage 3. Nevertheless, since highest
variation in scattered light and the minimum appafDI| were

obtained at a zinc to alginate ratio of 30:70sireasonable to
think that at this ratio the highest amount of ¢ant sized
aggregates has been formed. In fact, in the volbased plot a
substantial increase in the peak around 1000nmolasrved,
which could be due to the formation of particlagyfe 4). But

at the same time, smaller entities in the rangdld@m and
bigger aggregates in the micron range were presehigch

might be due respectively to partially bound orefralginate
chains and to the aggregation of the particles. siimelltaneous
presence of colloidal entities belonging to all thiages of
nanoparticle formation might suggest that in w#ter stages of
nanoparticle formation occur simultaneously.

A further increase in the amount of zinc (35:65cZia alginate
ratio) caused an increase in the apparent PDI andhé

tendency for aggregation. The aggregation is nakileein the
increase of the scattered light, which did not disti as in
0.05M NacCl, and in the increase of the clustersakp@ the

micron range in the size distribution plots. In ratonic

bridging between the particles (stage 4) seemsctmroto a
higher extent than in 0.05M NacCl. In fact, evencélolation

and precipitation of a macroscopic gel occurred0a60 zinc to
alginate ratio, and it could be due to the ionicldgping between
particles, which might increase the cluster sizd decrease
their charge. Therefore, the particles preparedater showed
a considerably lower colloidal stability than therticles

prepared in 0.05M NaCl. Aggregation and precipitativere

also observed in previous studies when high amoointsoss-
linker were added during the preparation of chies&P

nanoparticles in watép: 5!

8 | J. Name., 2012, 00, 1-3

became renomonovalent salt

When comparing the results of the samples preparedater
and in 0.05M NacCl, it is possible to point out sodikerences
in the two systems, which can be due to the cortipeti
between monovalent and divalent ions for the bigdiite cn
the polyelectrolytd®

The transitions between the different stages ofndmgoparticie
formation at increasing zinc concentrations seetnegccur At
lower zinc to alginate ratios when the sample wapared ...
water compared to the samples prepared in 0.05MI.NET
reason could be that a higher concentration of niray be
needed in 0.05M NaCl to form the same number ofs
linking bonds formed in water, since sodium term€dmpete

cross-linkglith zinc for the binding sites on alginate.

In water the broadness of the size distributiond #re PDi
values tended to be higher than in 0.05M NaCl. Tikidi
agreement with a previous stutiyvhere the presence of Naci
was shown to decrease the speed of formation ofctbs: -
linking bond due to the ionic competition with thenovalent

investigated Zigﬁlt. During the sample preparation, a zone withigh zu.c

concentration was present for a short time afteratiditior -«
zinc. In the presence of NaCl, the mixing couldtriisite the
zinc uniformly throughout the whole sample, allowifor -
homogeneous distribution of zinc before the algirahc bor
was formed. However, in water the alginate-zinc dbip
occurred fast, so the inhomogeneous distributiothef cros.
linking bonds may cause the simultaneous presehcelloic' -
entities belonging to different stages of the nambple
formation, which explains the high PDI and the nmudtdal siz-»
distributions.

When zinc was employed in excess after nanopaiftciaatio.
(stage 4), in 0.05M NacCl the system remained stabteonly .
slight increase in the size and the PDI was obskerwhile ir.
water aggregation occurred, until macroscopic fldation ar s
precipitation appeared. As previously explained ¢bitosan-
TPP systems which showed the same beh&Vidiar!
increases the stabilization against nanoparticlgreagatio:.,
probably due to the reduced strength of the alghaatc bond
resulting from the zinc-sodium competition. In thisy, th»
inter-particle bridging that causes aggregation ratipitation
could be discouraged.

Storage stability

Alginate nanoparticles have previously been repotie be
colloidally unstable when prepared through a singlilealer t
cation cross-linking, due to the immediate aggriegatausad
by the formation of cation bridges between theiplag3® 3+ ~
As shown in our experiments, the addition of NaGt o

prevented the aggregation occurring during the partizle
preparation, but allowed for a long term stabildyer a *- -~
weeks period.

A slight increase in the particle size was recordedng the
first week of storage, suggesting that the compéetdlibratio
of the system was reached one week after preparéigure

This journal is © The Royal Society of Chemistry 2012
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GRAPHICAL ABSTRACT

Free alginate Chain Nanoparticles
chains aggregates

Stable alginate nanoparticles have for the first time been prepared by ionic cross-linking with a
divalent cation through a simple one-step method. The mechanism of formation was identified.



