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a  b  s  t  r  a  c  t

Starch-stabilized  silver  nanoparticles  (AgNP)  were  prepared  from  amylose–sodium  palmitate  helical
inclusion  complexes  by  first  converting  sodium  palmitate  within  the  amylose  helix  to  silver  palmitate
by  an  ion-exchange  reaction  with  silver  nitrate,  and  then  reducing  the  complexed  silver palmitate  salt
with NaBH4.  This  process  yielded  stable  aqueous  solutions  that could  be  dried  and  then  re-dispersed  in
water  for  end-use  applications.  Reaction  products  were  characterized  by  inductively  coupled  plasma-
eywords:
ilver nanoparticles
mylose inclusion complex
tarch
odium palmitate
et-cooking

atomic  emission  spectroscopy  (ICP-AES),  UV–VIS  spectroscopy,  X-ray  diffraction,  TEM,  SEM  and  light
microscopy.  Addition  of  acid  to reduce  the  pH  of  aqueous  starch-AgNP  solutions  produced  an  increase
in  viscosity,  and  nearly  quantitative  precipitation  of  starch-AgNP  was observed  at  low  pH. Smaller  AgNP
and higher  conversions  of  silver  nitrate  to  water-soluble  starch-AgNP  were  obtained  in this  process,  as
compared  with  a process  carried  out  under  similar  conditions  using  a commercial  soluble  starch  as  a
stabilizer.
. Introduction

Silver nanoparticles (AgNP) have been the subject of numerous
tudies, and a number of practical applications have been sug-
ested for these materials. The antibacterial properties of AgNP are
f major interest, and methods for their synthesis as well as their
ntimicrobial properties have been reviewed (Sharma, Yngard, &
in, 2009). AgNP have been prepared from silver nitrate using
tarches or starch derivatives as stabilizers or protecting agents to
etard the aggregation of AgNP, and sodium borohydride (NaBH4)
s frequently used to reduce silver ion to AgNP. The mechanism
nd by-products of this reduction process have been described
Bromberg, Chen, Chang, Wang, & Hatton, 2010). Božanić et al.
2007, 2011) used NaBH4 to reduce silver nitrate using sago starch
s the protecting agent; and films of sago starch with AgNP were
repared and their antimicrobial properties were examined. AgNP

ere also prepared inside starch-based hydrogels obtained by dis-

olving N-vinyl pyrrolidone, acrylamide or acrylic acid in aqueous
ispersions of starch and then polymerizing the monomers using

� Names are necessary to report factually on available data; however, the USDA
either guarantees nor warrants the standard of the product, and use of the name
y USDA implies no approval of the product to the exclusion of other that may  also
e  suitable.
∗ Corresponding author. Tel.: +1 309 681 6360; fax: +1 309 681 6685.

E-mail address: jim.kenar@ars.usda.gov (J.A. Kenar).

144-8617/$ – see front matter. Published by Elsevier Ltd.
ttp://dx.doi.org/10.1016/j.carbpol.2012.09.016
Published by Elsevier Ltd.

gamma  irradiation (Eid, 2011). Silver nitrate solution was allowed
to diffuse into the water-swollen hydrogels, and the silver ion was
subsequently reduced to AgNP with NaBH4. Vimala, Sivudu, Mohan,
Sreedhar, and Raju (2009) also prepared hydrogels by polymerizing
acrylamide in the presence of starch and a crosslinking agent. The
hydrogels were then equilibrated with aqueous silver nitrate, and
the entrapped silver ions were reduced with NaBH4.

To avoid the use of NaBH4 and the accompanying evolution of
hydrogen, reducing sugars such as glucose have also been used as
reducing agents for silver ion, and the mechanism for this reduction
process has been described (Batabyal, Basu, Das, & Sanyal, 2007).
Raveendran, Fu, and Wallen (2003) and Raveendran, Fu, and Wallen
(2006) added silver nitrate solution to aqueous solutions of soluble
starch and carried out the reduction by adding glucose and then
heating the resulting dispersions. Shervani and Yamamoto (2011)
also reduced silver nitrate with �-d-glucose in an aqueous gel of
soluble starch. A U.S. patent application (Islam, 2010) describes
the use of microwave heating to reduce silver ion to AgNP using
carbohydrates such as glucose, sucrose, fructose, galactose, ribose
and lactose as reducing agents. Valodkar, Bhadoria, Pohnerkar,
Mohan, and Thakore (2010) also prepared AgNP by adding aque-
ous solutions of sucrose, soluble starch and waxy corn starch to
aqueous solutions of silver nitrate and then heating the solutions

in a microwave oven. Gao, Wei, Yan, and Xu (2011) prepared AgNP
using soluble starch as the stabilizer and glucose as the reducing
agent, and the interplanar crystal spacing in the resulting AgNP
was determined. Starch and glucose reducing agent were similarly

dx.doi.org/10.1016/j.carbpol.2012.09.016
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:jim.kenar@ars.usda.gov
dx.doi.org/10.1016/j.carbpol.2012.09.016
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sed by Luo, Chen, Chen, Xu, and Zhang (2012) to prepare AgNP,
nd their antibacterial properties in polyethylene packaging film
as determined.

AgNP were also prepared using soluble starch as both the
tabilizing agent and reducing agent (Vigneshwaran, Nachane,
alasubramanya, & Varadarajan, 2006). Elevated temperatures
ere obtained by heating in an autoclave, where hydrolysis of

tarch can take place to form sugars and dextrins having reduc-
ng end groups. Silver sulfate was also used as a source of AgNP,
nd these reactions were similarly carried out in an autoclave
t 160 ◦C (Valodkar et al., 2010). The reduction of silver nitrate
n an aqueous solution of soluble starch was also carried out by
rradiating the solution with Co60 (Kassaee, Akhavan, Sheikh, &
eteshobabrud, 2008). A mesoporous starch gel was also used as

 stabilizer, support and reducing surface for the preparation of
gNP with antimicrobial properties (White, Budarin, Moir, & Clark,
011). El-Rafie et al. prepared AgNP from silver nitrate using aque-
us alkaline solutions of hydroxypropyl starch as the stabilizing
nd reducing agent (El-Rafie et al., 2011), and AgNP solutions were
hen applied to cotton fabrics to impart antimicrobial properties
Hebeish et al., 2011).

Reducing agents other than NaBH4 and carbohydrates have also
een used to prepare starch-stabilized AgNP. Valodkar, Modi, Pal,
nd Thakore (2011) used ascorbic acid and microwave heating to
educe silver nitrate to AgNP in aqueous solutions of starch; and
u and coworkers (Hu, Wang, Wang, Zhang, & Yu, 2008) used
icrowave heating to prepare starch-stabilized AgNP using basic

mino acids as reducing agents. Mesua ferrea L. aqueous leaf extract
as examined as a reducing agent in the presence of soluble starch

Konwarh, Karak, Sawian, Baruah, & Mandal, 2011), and a mixture of
oluble starch and the supernatant of a fungal culture was also used
Ghaseminezhad, Hamedi, & Shojaosadati, 2012). Kakkar, Sherly,

adgula, Devi, and Sreedhar (2012) prepared AgNP using combi-
ations of starch and trisodium citrate as reducing and stabilizing
gents.

In the present study, starch-stabilized AgNP were prepared from
mylose–sodium palmitate inclusion complexes (Am–Na Palm) by
rst ion exchanging sodium palmitate within the amylose helix
ith silver nitrate to obtain the silver palmitate salt, and then

educing silver ion to AgNP with NaBH4. Although various starches
nd starch derivatives have been used as stabilizers and delivery
gents for AgNP, the use of amylose inclusion complexes for this
urpose has not been reported. The inclusion complex used in
his study was  prepared by blending a water solution of sodium
almitate with a hot, jet-cooked dispersion of high amylose corn
tarch (Fanta, Kenar, Byars, Felker, & Shogren, 2010). Steam jet-
ooking at high temperatures and pressures has been used by the
tarch industry for decades as a rapid, inexpensive and continu-
us method for preparing starch solutions and dispersions (Klem

 Brogley, 1981). Physical modification by steam jet-cooking and
omplex formation is a viable alternative to chemical modifica-
ions of starch with acids or other chemical reagents to increase
ater solubility and improve the functionality of starch as a sta-

ilizing agent for AgNP. Industrially, starch has been made more
ater soluble through the Lintner procedure by treating granu-

ar starch with acid for time periods ranging from days to weeks
Johnston, Mukerjea, & Robyt, 2011; Lintner, 1886; Ma & Robyt,
987). This process is still in commercial use today to produce
roducts referred to as soluble starch. These products however are
nly marginally water soluble (Johnston et al., 2011; Ma & Robyt,
987). Although they can be gelatinized and dispersed in water
t lower temperatures than native unmodified starch, a signifi-

ant percentage of the dispersed starch remains as an insoluble
el, and a major portion of the AgNP produced from these materi-
ls, therefore, remains associated with the insoluble portion of the
nal product. In contrast, Am–Na Palm prepared by our jet-cooking
lymers 92 (2013) 260– 268 261

process is water soluble because the retrogradation of amylose is
inhibited by the water-solubility of complexed sodium palmitate
and also the charge repulsion between amylose macromolecules
due to the ionic nature sodium palmitate within the amylose helix
(Byars, Fanta, Kenar, & Felker, 2012; Fanta et al., 2010). Increases
in the viscosity of Am–Na Palm solutions and the formation of gel
were observed when acid was  added to reduce the pH from its ini-
tial value of 8 to 5.0–5.5. Further reduction of the pH to 3.6 caused
the amylose complex to precipitate from solution due to conversion
of complexed sodium palmitate to water insoluble palmitic acid. In
this study we will show that similar properties are exhibited by the
starch-stabilized AgNP prepared from these amylose complexes.
The ability to prepare aqueous AgNP containing gels and to pre-
cipitate starch-stabilized AgNP onto various substrates by a simple
adjustment in pH are properties that could have commercial utility.
Also, these AgNP preparations can be dried and then re-dissolved in
water at a later time when needed. Although reduction with NaBH4
is not an environmentally friendly process, this reducing agent was
used in this study because it was necessary to confirm the func-
tionality of Am–Na Palm as a stabilizer for AgNP under conditions
that have been proven to rapidly and quantitatively reduce silver
ion to AgNP. Preliminary experiments with glucose as the reducing
agent suggest that more environmentally friendly reducing agents
can be used as an alternative in our system.

2. Materials and methods

2.1. Materials

High-amylose corn starch, containing approximately 70%
apparent amylose, was AmyloGel 03003 from Cargill Inc., Min-
neapolis, MN.  Soluble starch (ASC reagent) was purchased from
Sigma–Aldrich. Percent moisture in starch samples was  determined
by weight loss after drying for 4 h at 100 ◦C over P2O5 under vac-
uum, and all weights of starch-based products are given on a
dry-weight basis. Sodium palmitate (98.5%) was  purchased from
Sigma, St. Louis, MO.  Silver nitrate (99+%) and sodium borohydride
(≥98.5%) were purchased from Sigma–Aldrich, St. Louis, MO.

2.2. Preparation of amylose–sodium palmitate complex (Am–Na
Palm)

The procedure used was  similar to that reported in an earlier
study (Fanta et al., 2010). High-amylose corn starch (150.0 g) was
dispersed in 2700 mL  of water, and the slurry was passed though a
Penick and Ford (Penford Corp., Englewood, CO) laboratory model
steam jet-cooker operating under excess-steam conditions (Klem
& Brogley, 1981). Temperature in the hydroheater was 140 ◦C, the
steam back pressure was  380 kPa (40 psig) and the steam line pres-
sure from the boiler was  550 kPa (65 psig). Pumping rate through
the jet-cooker was  1 L/min. The hot, jet-cooked starch dispersion
was collected in a Waring stainless steel blending container (War-
ing Products Division, New Hartford, CT) that was  previously heated
with 100 ◦C water from the jet-cooker. The jet-cooker was  flushed
with water to maximize the amount of starch collected. The weight
of jet-cooked dispersion collected in the blending container was
3370 g, and the concentration of starch in the jet-cooked disper-
sion was 4.32 wt%, determined by freeze-drying a weighed portion
of jet-cooked dispersion. These values were then used to calculate
the weight of starch collected, which was 97% of the initial weight
of starch used. Quantitative recovery of the initial weight of starch

was not achieved due to retention of small amounts of starch in
plumbing of the jet-cooking assembly.

The weight of sodium palmitate used to form the amylose com-
plex was  7.875 g (7.5% of the weight of apparent amylose in 150 g of
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tarch). Sodium palmitate was dissolved in 300 mL  of water at 94 ◦C,
nd the resulting clear solution was added to the hot starch disper-
ion immediately after it was collected from the jet-cooker. The hot
ispersion was slowly stirred for 2 min, and was then transferred
o a 4-L beaker and cooled in an ice-water bath to 25 ◦C. The cooled
olution was centrifuged (Beckman J2-21 ME  centrifuge (Palo Alto,
A) equipped with a JA-10 rotor rotating at 10,000 rpm and an RCF
relative centrifugal force) of approximately 17,648 × g) to remove

 small amount of insoluble solid (less than 1% of the starting weight
f starch). The centrifuged solution was then freeze-dried. Since
nly 97% of the initial weight of starch was recovered in the jet-
ooked dispersion, the actual percentage of sodium palmitate in
he freeze-dried product was 7.76%, based on apparent amylose.

.3. Preparation of starch-stabilized AgNP from freeze-dried
m–Na Palm

Freeze-dried Am–Na Palm (1.00 g) was dispersed in 100 g of
ater in a 150 mL  beaker, and the dispersion was stirred with a
agnetic stir-bar and heated on a temperature-controlled stirring

ot plate to 80 ◦C. The hot plate was a Model IKA RCT Basic S1 sup-
lied by IKA-Works (Wilmington, NC) and was controlled with an

KA ETS-D4 Fuzzy Temperature Controller from the same company.
 clear solution was obtained at 80 ◦C. The ion exchange reaction
ith silver nitrate was carried out at 80 ◦C by using a microliter

yringe to add measured volumes of a solution of 1.00 g of silver
itrate in 10.0 mL  of water. The resulting mixtures were then stirred
t 80 ◦C for 45 min. The volumes of silver nitrate solution used were
alculated to convert either 75% (235 �L) or 30% (94 �L) of the com-
lexed sodium palmitate to the silver salt. The clear Am–Na Palm
olutions became turbid when silver nitrate solution was  added at
he 75% level; however only slight turbidity was observed at the
0% level. NaBH4 solutions were prepared immediately before use
y dissolving 0.523 g of NaBH4 in 10 mL  of water at room tempera-
ure, and the solutions were added at 80 ◦C. The volumes of NaBH4
olution added to the Am–Na Palm/silver nitrate dispersions were
alculated to provide either a 1.25-fold excess, a 2.5-fold excess
r a 3.12-fold excess over the amount theoretically needed for the
eduction. The dispersions turned dark brown immediately after
ddition, and foaming was  observed due to evolution of hydrogen.
he dispersions were removed from the hot plate and allowed to
tir and cool to room temperature under ambient conditions for

 h. The cooled dispersions were then centrifuged on an IEC HT
entrifuge (International Equipment Co. Inc., Chattanooga, TN) at
500 rpm (10,494 × g) for 45 min, and the insoluble solids were
ashed twice by re-suspending in water followed by centrifuga-

ion. The insoluble solids were dried in tared aluminum pans for
6 h at 70 ◦C, and the weights of dry solids were determined. The
lear, orange supernatant solutions (plus washings) obtained by
entrifugation were freeze-dried to determine percent solids, after
emoval of small amounts for UV–VIS spectroscopy, transmission
lectron microscopy (TEM), and analysis for silver by inductively
oupled plasma-atomic emission spectroscopy (ICP-AES).

.4. Inductively coupled plasma-atomic emission spectroscopy
ICP-AES) analysis for silver

ICP-AES analyses to determine ppm silver were carried out on
he clear supernatants obtained after removal of insoluble solids by
entrifugation. Percent solids in these solutions were determined
y freeze-drying weighed amounts of solution. ICP-AES was  per-
ormed using a Perkin Elmer 7000DV ICP (Shelton, CT) instrument

ptimized at 328.068 nm on aqueous solutions of known solids per-
entages to quantify the amounts of silver contained in the samples.
amples were analyzed axially to establish a lower limit of detec-
ion (effectively less than 0.1 ppm). A three-point calibration at
lymers 92 (2013) 260– 268

1.00, 5.00 and 10.00 ppm was prepared from an external 1000 ppm
standard silver solution (Spex CertiPrep Cat #CLAG2-2Y Lot #CL4-
132AG) by appropriate dilution. A 7.5 ppm verification sample was
made independently and was tested before and after all samples.
A new calibration curve was created for each set of data that was
produced. The percentage of initially added silver (added as sil-
ver nitrate) that was converted to water-soluble starch-AgNP by
our reaction process was  then calculated from the weight of silver
nitrate used in the ion-exchange reaction and the ppm concentra-
tion of silver and wt% solids in the solution analyzed by ICP-AES.

2.5. UV–VIS

Ultraviolet–visible (UV–VIS) absorption spectra were obtained
at concentrations of 0.3% total solids on a Shimadzu UV 1601UV
spectrophotometer (Duisburg, F.R. Germany), scanning from 190
to 900 nm.  Samples were diluted with Millipore-filtered deionized
water and were run in disposable 1.5 mL  plastic cuvettes (Fisher,
Style no.: 14955127). Millipore-filtered deionized water was used
in the reference cell.

2.6. X-ray diffraction

Freeze-dried samples were equilibrated at 23 ◦C and 45% rela-
tive humidity prior to analysis. X-ray powder diffraction patterns
were obtained with a Phillips 1820 diffractometer (Philips Elec-
tronic Instruments Co., Mahwah, NJ) operated at 40 kV with a
graphite-filtered Cu K� radiation and a � compensating slit. Data
were acquired in 2� = 0.05◦, 4 s steps.

2.7. Preparation of starch-AgNP dispersions for rheological
measurements

The product used for these experiments was the freeze-dried,
water-soluble fraction obtained in Experiment 1, Table 1 (AgNO3:
75% of theoretical; NaBH4: 2.5-fold molar excess). To remove
water-soluble inorganic salts, 0.8 g of freeze-dried sample was  dis-
solved in 35 mL  of water at 80 ◦C, and the resulting cooled solution
was dialyzed at room temperature against deionized water. Dial-
ysis was carried out in 2 L of deionized water for 44 h with three
changes of water during this time period. The dialysis membrane
was Spectra/Por® Molecularporous Membrane, MWCO: 6–8000,
flat width: 50 mm (Spectrum Medical Industries Inc., Los Angeles,
CA). The dialyzed solution was freeze-dried.

Solutions for rheological measurements were prepared by dis-
persing 0.200 g of dialyzed, freeze-dried sample in 9.8 g of water in
20 mL scintillation vials. The dispersions were stirred and heated to
80 ◦C to dissolve the sample, and varying amounts of 0.1 M acetic
acid (80, 94, and 140 �L) were added to lower the pH to 6.40, 6.17,
and 5.75, respectively. The samples were stirred for 10 min  at 80 ◦C
and were then removed from the heat and allowed to cool without
stirring to 25 ◦C. The pH of cooled dispersions was measured with
an Orion 8235BN electrode and a ThermoOrion pH meter (Thermo
Fisher Scientific, Waltham, MA).

The concentration of silver (ppm) remaining in the water solu-
tions after acidifying to pH 5.75 and 3.94 was  determined by
ICP-AES, after removing the insoluble, AgNP-containing precipitate
by centrifugation at 14,000 rpm (16,000 × g) using an Eppendorf
microcentrifuge, Model 5451 C (Engelsdorf, Germany). For the
determination carried out at pH 3.94, 7 g of the dispersion previ-
ously prepared at pH 6.40 was  further acidified by adding 100 �L of
1 M acetic acid. The dispersion was then centrifuged as described

above, and the clear supernatant was  analyzed for silver by ICP-
AES. The acid-precipitated solid separated by centrifugation was
washed by dispersing in water and centrifuging as described above.
The water-washed solid was then dispersed in water, 100 �L of the



G.F. Fanta et al. / Carbohydrate Polymers 92 (2013) 260– 268 263

Table 1
Preparation of starch-based AgNP. Amylose–sodium palmitate complex (Am–Na Palm) versus soluble starch.

Experiment Starch material
used

AgNO3 added NaBH4 used Water-soluble fraction

10% solution (�L) % of theorya 5.23%
solution (�L)

X-fold molar
excess

pH % of total
weightb

Ag content
(wt%)c

% of added Ag in
soluble fraction

1 Am–Na Palm 235 75 250 2.5 8.66 98.5 0.46 32.5
2  Am–Na Palm 235 75 125 1.25 7.86 98.5 0.47 33.1
3 Am–Na Palm 94 30 125 3.12 8.57 99.9 0.49 86.4
4  Soluble starch 94 – 125 3.12 8.50 20.0 1.42 49.3
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a Percent of the theoretical amount of AgNO3 solution needed to ion-exchange al
b Percent of the total weight of dry product (soluble + insoluble).
c Percent Ag by weight in the dry water soluble product.

ispersion was  added to 20 mL  of absolute ethanol, and the solid
articles were allowed to settle. The settled solid was  washed with
resh ethanol by re-suspending and settling, and the ethanol-wet
recipitate was critical-point dried with CO2 onto aluminum stubs
or SEM.

.8. Rheological property measurements

Measurements in small amplitude oscillatory shear flow were
onducted on an ARES LS1 controlled strain fluids rheometer (TA
nstruments, New Castle, DE). Tests were performed with a 50 mm
iameter parallel plate geometry at strains within the linear vis-
oelastic region for all samples. A Peltier plate was used to maintain
he temperature at 25.0 ± 0.1 ◦C. Sample edges were coated with

ineral oil, and humidity covers were used to prevent drying of
he samples.

.9. Microscopy

.9.1. Light microscopy
Particles were observed with a Zeiss Axioskop light microscope

quipped with an AxioCam ICc 3 digital camera (Carl Zeiss Inc.,
hornwood, NY) using phase-contrast optics.

.9.2. Scanning electron microscopy (SEM)
Samples were critical-point dried with CO2 onto aluminum

tubs, and the dried specimens were sputter-coated with Au–Pd
nd examined and photographed with a JEOL 6400 V scanning
lectron microscope (JEOL, USA, Peabody, MA).

.9.3. Transmission electron microscopy (TEM)
Silver nanoparticle fractions were diluted 1:10 or 1:100 with

ater. Diluted samples (1 �L) were applied directly to carbon films
n 200-mesh copper grids and allowed to air dry. Specimens were
xamined with a JEOL 2100 LaB6Cryo TEM operating at 200 kV.
mages were obtained with a Gatan UltraScan 2kx2k CCD cam-
ra (Gatan Inc., Pleasanton, CA). Particle size distributions were
btained by analyzing electron micrographs after adjusting image
ontrast to enable threshold detection of individual particles. Par-
icle diameters were determined using Gatan Digital Micrograph
oftware (Gatan Inc., Pleasanton, CA). The number of particles ana-
yzed from TEM images of the soluble fractions of Experiments 1–4
n Table 1 was 383, 1078, 498, and 4,458, respectively. Means and
tandard deviations were based on Gaussian curve fits obtained
ith Origin Pro version 7.5 software (OriginLab Corp., Northamp-

on, MA).

. Results and discussion
Results of reactions carried out under different experimental
onditions are shown in Table 1. In Experiments 1 and 2, the amount
f silver nitrate added was 75% of the amount theoretically needed
e Na+ in the Am–Na Palm complex.

to ion-exchange all of the sodium ion for silver ion in the Am–Na
Palm complex. The amount of silver nitrate used was less than
theoretical to minimize the amount of silver ion that remained un-
associated with the amylose complex. In Experiment 1, the amount
of NaBH4 used was 2.5 times the theoretical amount needed for
complete reduction, whereas a 1.25-fold excess of NaBH4 was used
in Experiment 2. Although the pH of the final dispersion after reduc-
tion was higher in Experiment 1, due to the larger amount of NaBH4
used, similar products were obtained in these two experiments, and
the amounts of originally added silver ion that were converted to
water-soluble starch-AgNP were also similar (32.5% vs. 33.1%). The
low conversions of silver ion to water-soluble starch-AgNP indi-
cate that most of the added silver was  converted to water-insoluble
products, and was  now part of the dark-brown, water-insoluble
material removed by centrifugation. In experiments 1 and 2, this
insoluble material amounted to 1.5 wt%  of the total product.

Since water solubility of starch-AgNP is a desirable property for
many practical applications, we considered methods for increas-
ing the percent conversion of added silver nitrate to water-soluble
starch-AgNP, and thus improve the efficiency of our process with
respect to utilization of the expensive silver component. Experi-
ment 3 (Table 1) shows that one method for accomplishing this
goal is to simply reduce the amount of silver nitrate used in the
ion-exchange reaction. When the amount of silver nitrate was
reduced from 75% to 30% of the amount theoretically needed for
the ion exchange, the insoluble fraction remaining after centrifu-
gation was  reduced from 1.5 wt% to 0.1 wt% of the total isolated
solid, and the percentage of added silver that was incorporated into
the water-soluble fraction was increased to 86.4%. These results
are consistent with our observation that addition of silver nitrate
at the 75% level to a clear solution of amylose–sodium palmitate
complex at 80 ◦C increased the turbidity of the dispersion, prob-
ably due to the reduced solubility of silver palmitate relative to
sodium palmitate in the amylose complex. Once the amylose com-
plex is precipitated from water solution, re-dissolving the complex
can be difficult due to association and hydrogen-bonding between
hydroxyl groups, analogous to the retrogradation process that takes
place in aqueous solutions of amylose. In contrast, only a slight
increase in turbidity, and thus less precipitation of insoluble com-
plex, was  observed when silver nitrate was added at the 30% level.
Although a detailed study of the storage stability of these starch-
AgNP solutions has not yet been carried out, it was  observed that
the water-soluble fraction obtained in Experiment 3 (with solids
content of 0.9%) remained clear and contained no precipitated solid
after standing for 30 days at ambient room temperature. Accord-
ing to the published mechanism for the reduction of silver ion
with NaBH4 (Bromberg et al., 2010), the sodium salt of complexed
palmitic acid is re-formed as the silver ion is reduced to AgNP. In

the case of Am–Na Palm, the silver palmitate obtained through ion
exchange with silver nitrate produces AgNP upon NaBH4 reduc-
tion and reforms the Am–Na Palm complex, thus enhancing the
water solubility of the final starch-AgNP products. Consistent with
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Fig. 1. UV–VIS spectra of water soluble AgNP fractions at solids concentration of
0.3 wt%. (A) Water-soluble fraction isolated in Experiment 2, Table 1; (B) Water-
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Fig. 2. X-ray diffraction patterns of freeze-dried samples of the water-soluble frac-
oluble fraction isolated in Experiment 3, Table 1; (C) Water-soluble fraction isolated
n  Experiment 4, Table 1 (commercial soluble starch used as stabilizer).

his mechanism, our reaction products exhibited a high level of
ater-solubility, and only minor amounts of insoluble material
ere removed by centrifugation.

Since commercial starches have been frequently used as stabi-
izers in the preparation of aqueous AgNP dispersions, Experiment
, Table 1 was carried out with a commercial sample of soluble
tarch (not jet cooked) under the same conditions and with the
ame weights of starch, silver nitrate and NaBH4 used in Exper-
ment 3. In contrast to Experiment 3, the water-soluble fraction
btained with soluble starch amounted to only 20% of the total
solated solid (80% precipitated as a swollen solid after centrifuga-
ion), and only 49.3% of the added silver was incorporated into the
ater-soluble fraction.

As noted earlier, the water-soluble fractions obtained by NaBH4
eduction were deep orange in color, indicative of AgNP. UV–VIS
pectroscopy is commonly used to observe the surface plasmon
esonance bands of metal nanoparticles. Plasmonic properties are

 characteristic optical property of metal nanoparticles and are
ighly dependent on the size, shape and dielectric properties of
he nanoparticle and the adherence of stabilizers to the nanoparti-
le surface. Accordingly, the UV–VIS spectra in Fig. 1 showed strong
urface plasmon resonance band maxima at 403, 424, and 428 nm,
espectively, for the water-soluble fractions isolated in Experi-
ents 4, 2, and 3 of Table 1. Spectra were all obtained at a total solids

oncentration of 0.3%. The spectrum of the water-soluble fraction
rom Experiment 1 is not shown, since the values for �max and
bsorbance of the surface plasmon resonance band for this material
�max = 424 nm;  absorbance = 1.57) were similar to those observed
or the soluble fraction isolated from Experiment 2 (�max = 424 nm;
bsorbance = 1.49 in Fig. 1A). Although �max for the soluble fraction
btained from Experiment 3 (Fig. 1B, �max = 428 nm) was  similar
o that observed for the soluble fraction in Experiment 2, a lower
bsorbance value was observed. A �max value of 403 nm (Fig. 1C)
as observed for the water-soluble fraction obtained from the sol-
ble starch experiment (Experiment 4); and a higher absorbance
alue was observed for this fraction, consistent with the higher per-
entage of silver in the relatively low percentage of water-soluble
aterial isolated (20% of total weight). The � value of 403 nm
max

as similar to that observed by Hu et al. (2008).
Fig. 2A shows the X-ray diffraction pattern of a freeze-dried sam-

le of the water-soluble fraction isolated in Experiment 3, Table 1.
tions isolated in: (A) Experiment 3, Table 1 (Am–Na Palm complex); (B) Experiment
4,  Table 1 (commercial soluble starch used as stabilizer).

The reflections at 12.7 and 20.1◦ 2� are indicative of a 61V amylose
helical complex and match the reflections previously observed for
a Am–Na Palm complex prepared from high-amylose corn starch
(Fanta et al., 2010). Reflections for silver nanoparticles within the
starch matrix were also observed at 37.5, 44.0, 64.7 and 77.9◦ 2�.
Similar reflections have been observed for starch-stabilized AgNP
(Eid, 2011; Gao et al., 2011; Valodkar et al., 2010; Vigneshwaran
et al., 2006) and these reflections have been assigned to the (1 1 1),
(2 0 0), (2 2 0) and (3 1 1) planes, respectively, of the face-centered
cubic structure of silver. The most intense reflection for AgNP in
Fig. 2A was  at 44.0◦ 2�, whereas the other three were less promi-
nent due to the low concentration of silver in the freeze-dried
sample (0.49%). Fig. 2B shows an X-ray diffraction pattern of the
freeze-dried water-soluble fraction obtained from soluble starch
(Experiment 4, Table 1). As expected, the diffraction pattern did
not contain the 61V reflections characteristic of an amylose inclu-
sion complex; however, reflections due to AgNP were observed at
scattering angles similar to those shown in Fig. 2A. The intensities
of the (1 1 1), (2 2 0) and (3 1 1) reflections in Fig. 2B were greater
than those observed in Fig. 2A due to the higher concentration of
silver in the sample (1.42%).

Typical TEM fields for AgNP obtained with amylose–sodium
complexes and with the commercial sample of soluble starch
are shown in Fig. 3A and B, respectively. In both cases, parti-
cles appeared spherical and well-separated, however the particles
obtained with soluble starch were both larger overall and more
heterogeneous in diameter (Fig. 3B, which is one fifth the mag-
nification of Fig. 3A). Many of the nanoparticles were deposited
on the substrate film at an angle that revealed the parallel lat-
tice fringe pattern commonly associated with AgNP (Fig. 4A). The
distance between the crystal planes was 0.223 nm,  which is consis-
tent with the established value for bulk silver crystals (Gao et al.,
2011). Dispersions of the insoluble solids separated by centrifuga-
tion were also examined, and were found to contain, in addition to
AgNP in the same size range as the supernatants, much larger aggre-
gates. These ranged from relatively loose aggregates (Fig. 4B) with
spaces between the individual particles to large, dense aggregates
appearing more tightly packed (Fig. 4C). Occasionally a coating

layer was observed on the larger, denser aggregates (arrows,
Fig. 4C). These coatings, as well as the spaces between parti-
cles in the loose aggregates, suggest that the starch component
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ig. 3. Transmission electron micrographs of water soluble AgNP fractions prepa
Experiment 4, Table 1).

f the dispersions plays a role in stabilizing and separating the
gNP.

The size distribution of AgNP from Experiment 1 (Fig. 5A) was
ssentially Gaussian with a mean particle diameter of 5.24 nm
SD = 1.32 nm). Experiments 2 and 3 (Fig. 5B and C) yielded slightly
maller particles with narrower distributions. Mean particle diam-
ters in Fig. 5B and C were 3.20 nm (SD = 0.66 nm) and 3.65 nm
SD = 0.74 nm), respectively. Since Experiments 1 and 2 were per-
ormed with the same (higher) AgNO3 level while Experiments

 and 3 were performed with the same (lower) NaBH4 concen-
ration in water, it would appear that the reductant level had a
reater influence than the silver content in determining particle
ize in these particular treatments, possibly due to a difference in
he rate of particle formation. In contrast, the AgNP obtained in
xperiment 4 with soluble starch were larger and had a bimodal
istribution (Fig. 5D). Based on the valley observed in the dis-
ribution curve, two populations of particles were considered:
articles <35 nm in diameter with a mean of 12.90 nm and SD

f 3.20 nm,  and particles 35–80 nm in diameter with a mean of
1.82 nm and SD of 10.70 nm.  The much larger size of these par-
icles is consistent with the higher percentage of silver in the dry

ig. 4. Transmission electron micrographs of (A) AgNP from the soluble fraction of Experim
m;  (B) loose aggregate and (C) dense aggregate of AgNP from the insoluble solids fraction
f  some large, dense aggregates.
om: (A) Am–Na Palm (Experiment 3, Table 1) and (B) commercial soluble starch

water soluble product, and also with the observation that about
half of the added silver was  found in the insoluble fraction com-
prising 80% of the total amount of material in this preparation.
A wide range of AgNP sizes has been reported in the literature
among those studies in which starch was  used as a stabilizing agent.
In most cases, typical diameters were in the range of 8–25 nm
or larger (e.g. Božanić et al., 2007, 2011; Eid, 2011; Gao et al.,
2011; Ghaseminezhad et al., 2012; Hu et al., 2008; Kakkar et al.,
2012; Kassaee et al., 2008; Marie Arockianathan, Sekar, Kumaran,
& Sastry, 2012; Valodkar et al., 2010; Vigneshwaran et al., 2006;
Vimala et al., 2009; White et al., 2011) although relatively few
studies revealed particles approximately 5 nm in diameter (e.g.
Raveendran et al., 2003, 2006). The smaller AgNP particle size in
experiments carried out with the amylose complex, as compared
with that observed with soluble starch, may  be due to the fact
the silver ions are ionically bound to anionic palmitate within
the amylose helix prior to reduction as opposed to being more
loosely adsorbed onto the starch matrix. It has been shown that

smaller AgNP diameters provide better antimicrobial performance
than larger ones (Morones et al., 2005; Vimala et al., 2009), which
suggests that the AgNP prepared with Am–Na Palm complexes

ent 3, Table 1, showing the crystal lattice structure with interplanar distance = 0.223
 of Experiment 1, Table 1. Arrows indicate surface coating observed at the periphery
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Fig. 5. Size distribution of AgNP prepared from Am–Na Palm complex in the water-
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Fig. 6. Storage modulus as a function of pH for 2 wt% dispersions of: �
oluble fractions isolated in: (A) Experiment 1, Table 1; (B) Experiment 2, Table 1;
C) Experiment 3, Table 1; and (D) Experiment 4, Table 1 (commercial soluble starch
sed as stabilizer).

s described in this study may  have an advantage with regard to
ntimicrobial applications.

Previously, research has shown that the rheological properties
f aqueous solutions of Am–Na Palm are highly dependent on the
H of the solution (Byars et al., 2012; Fanta et al., 2010). Above
H 6.8 the complexes were water soluble and viscosities were
elatively low. However, when the solutions were titrated with
.1 M acetic acid to a pH of about 6.2, sodium palmitate within
he helical complex was partially converted to water-insoluble
almitic acid. Electrostatic repulsion between amylose complexes
due to the anionic nature of the complexed sodium palmitate
igand) was therefore reduced; and junction zones were formed by
ydrophobic associations between palmitic acid molecules com-
lexed within the amylose helices, producing a gel network. The
trongest gels were obtained at a pH of about 6.2. When excess
cetic acid was added, complexed sodium palmitate was totally
onverted to palmitic acid, causing the amylose complex to precip-

tate from solution and producing a low-viscosity dispersion.

Experiments were carried out under similar conditions with 2%
olids dispersions of the starch-AgNP product prepared in Experi-
ent 1, Table 1. The starch-AgNP product was dialyzed to remove
Amylose–sodium palmitate inclusion complex (Byars et al., 2012). • Water-soluble
fraction isolated in Experiment 1, Table 1.

water-soluble inorganic salts, and 0.1 M acetic was added to reduce
the pH from its initial value of 6.90–6.40, 6.17 and 5.75. Concen-
trations greater than 2 wt% were not examined due to the small
amounts of material obtained from our small-scale experiments.
Dispersions of starch-AgNP were less elastic than those prepared
previously from Am–Na Palm. As indicated by the frequency-
dependent storage and loss moduli and tan ı > 0.4, a viscoelastic
liquid was formed from the starch-AgNP product at pH 6.17, as
opposed to the gel obtained from Am–Na Palm. In Fig. 6, the storage
modulus for the 2% starch-AgNP dispersion at a frequency of 1 rad/s
as a function of pH is compared to the data obtained with Am–Na
Palm at the same concentration (Byars et al., 2012). Although an
increase in storage modulus was  observed for the starch-AgNP dis-
persion at pH 6.17, this value was  less than 1% of the maximum
value of the storage modulus observed for Am–Na Palm. The lack of
gel formation, the decreased values of the linear viscoelastic prop-
erties, and the narrow range of pH dependence all suggest a lower
effective concentration of the complex, possibly due to the fact that
complexes stabilizing the AgNP may  not be available to form the gel
network. Additional experiments are needed at higher concentra-
tion to completely characterize the rheological properties of these
starch-AgNP materials.

As observed with water dispersions of Am–Na Palm (Byars et al.,
2012; Fanta et al., 2010), lowering the pH of the starch-AgNP disper-
sion caused the starch-AgNP complex to precipitate from solution.
ICP-AES analysis of the clear supernatant obtained by centrifuga-
tion of the dispersion acidified to pH 5.75 showed that only 0.3% of
the silver initially present in the starch-AgNP sample still remained
in the supernatant, indicating that essentially all of the starch-
stabilized AgNP initially in solution was  precipitated with the starch
complex. The precipitated material was  observed to consist primar-
ily of irregularly shaped and random sized gel particles (Fig. 7A).
SEM images suggested that the gel particles consisted of aggrega-
tions of small, spherical primary subunits (Fig. 7C). When excess
acetic acid was added to give a pH of 3.94, the supernatant con-
tained only 0.1% of the starch-stabilized AgNPs initially present.
At this lower pH, the precipitated particles appeared more com-

pact and denser in phase contrast micrographs (Fig. 7B), and SEM
revealed aggregates of somewhat larger primary subunits (Fig. 7D).
The morphologies of these precipitated particles are similar to
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ig. 7. Phase contrast light micrographs (A, B) and scanning electron micrographs (
A,  C) and pH 3.94 (B, D).

hose previously observed for acid-precipitated samples of Am–Na
alm (Fanta et al., 2010). The AgNP contained in this material could
ot be seen with light microscopy or SEM, due to their small size
nd the fact that they are embedded in the polymer matrix of the
recipitated Am–Na Palm complexes. The ability to generate AgNP

n a soluble form and then render the dispersions more viscous, or
recipitate the material as small gel fragments, provides a flexible
pproach for delivering AgNP in different applications.

. Conclusions

Starch-stabilized silver nanoparticles were prepared from
mylose–sodium palmitate helical inclusion complexes by first
onverting sodium palmitate within the amylose helix to silver
almitate by an ion-exchange reaction with silver nitrate, and then
educing the complexed silver salt with NaBH4. This process yielded
table aqueous solutions of starch-stabilized AgNP that could be
ried and then re-dispersed in water for end-use applications.
he rheological properties of these aqueous solutions were highly
ependent on the pH of the solution. Addition of dilute acetic acid
roduced viscous dispersions, and nearly quantitative precipitation
f the starch-stabilized AgNP was observed at low pH. When com-
ared with a process carried out under similar conditions using a
ommercial soluble starch as a stabilizer, smaller AgNP and higher
onversions of silver nitrate to water-soluble starch-AgNP were
btained when the amylose–sodium palmitate complex was  used.
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