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The development of a new class of antibiotics is urgently needed, because antibiotic resistance became a
serious problem in the pharmaceutical and medical fields. Recently, silver compounds, composed of silver
and organic molecules, have been developed as effective antimicrobial agents. For instance, silver citrate
(Ag3C6H5O7; Ag-Cit) compounds prepared in the form of precipitates can exhibit a strong antimicrobial
activity. Ag-Cit compounds were easily prepared in the mixture of AgNO3 and trisodium citrate dihydrate
(C6H5Na3O7�2H2O) solutions. Herein, we demonstrated that simple mechanical stirring significantly chan-
ged the morphology (shape and size) of Ag-Cit from bulk (bulk Ag-Cit) to rod-like nanostructures (Ag-
Cit nanorods). Ag-Cit nanorods exhibited antimicrobial activity stronger than that of bulk Ag-Cit against
both Gram-negative and -positive bacteria. These data indicate that the bactericidal activity of Ag-Cit
compounds is dependent on their morphology and will provide valuable information for the development
of antimicrobial materials based on Ag-Cit compounds.

Keywords: Antimicrobial activity, Silver citrate compound, Asymmetric growth, Nanorods, Mechanical
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Introduction

From the pre-Christ era, ancient people (e.g., Egyptians)
used silver (Ag) vessels for storing water or other liquids.1,2

Although they lacked knowledge of the germicidal effect of
Ag, from their experiences, they knew that Ag vessels
could prevent water from spoiling, and just empirically
used them for storage. It was not until the late 1800s that
Ravelin and Naegeli undertook scientific investigation of
the biocidal effect of Ag. They found that low concentra-
tion of silver ions (Ag+) from metallic Ag exhibits antimi-
crobial activity.3,4 Since then, silver salts (e.g., AgNO3)
and compounds (e.g., silver sulfadiazine) have been used in
clinical practice as therapeutic compounds.5,6 Even though
antimicrobial activity of Ag+ has been confirmed in the
clinical field for many decades, its mechanism of action is
still not clear, and is controversial. The most generally
accepted mechanism is that Ag+ interacts with thiol (−SH)
groups of amino acid residues in proteins. Ag+ easily forms
chemical bonds with thiol groups of cysteine, and can inac-
tivate proteins or enzymes containing a cysteine residue,
resulting in malfunction of ion pumps in cell membranes or
generation of reactive oxygen species.7–9

In addition to silver, various organic molecules, such as
mafenide and citrate, are known to exhibit antimicrobial
activity. Because most of the microorganisms are fastidious

and require appropriate environmental conditions for pro-
longed survival and growth, altering the environmental con-
dition can influence or inhibit their growth. For example,
one effective way to limit the growth of microorganisms is
by decreasing the pH values lower than the tolerance limit
for survival or growth of microorganisms. Hence, most of
the acids, such as citric acid and malic acid, can show anti-
microbial activity. Sodium citrate, which is an acid–base
pair of citric acid, can also exhibit antimicrobial activity,
but its mechanism of action is quite different from that of
citric acid. It is believed that citrate plays a key role in ger-
micidal effect of sodium citrate, because citrate can form a
chelate compound with ions essential for growth of micro-
organisms. Several scientific papers have reported the
inhibitory effect of citrate.10–12

Because many organic molecules also have antimicrobial
activity, a synergistic effect, owing to combinatorial use of
Ag+ ions and biocidal organic molecules, can be expected.
Silver sulfadiazine (SSD) is a representative combinatorial
compound, which is prepared by combining Ag+ and a
derivative of mafenide, which is an antimicrobial organic
molecule. SSD has been generally used as a topical cream
for patients with burn wounds in clinical practice. Due to
the same reason, one can also expect that silver citrate com-
pounds (Ag-Cit) will exhibit a synergistic antimicrobial
effect. As an example, recently, it has been reported that
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the precipitates of Ag-Cit are dissolved into citric acid solu-
tion as a complex form [Ag3(C6H5O7)

n+1]3n−, and such
complexes exhibit strong antimicrobial activity.13 This type
of Ag-Cit complex is already commercially available.14–16

In addition to the combinatorial use of different biocidal
materials, size of the material is also an important factor
determining their antimicrobial activity. As the concentra-
tion of ions of biocidal materials (Ag+ or citrate ion),
released from Ag-Cit compounds, is proportional to the
contact surface area of Ag-Cit compounds with the environ-
ment, it can be anticipated that smaller Ag-Cit compounds
would have a stronger antimicrobial activity than that of
larger Ag-Cit compounds.17–20 To decrease the size of Ag-
Cit compounds and increase their contact surface area, we
introduced mechanical stirring, which can generate more
nuclei under same volume condition, resulting in smaller-
sized Ag-Cit compounds. When Ag-Cit compounds are
prepared with mechanical stirring, it was found that not
only their size but also the shape is dramatically changed
from bulk to rod-like nanostructure.
The morphology of both the Ag-Cit compounds (bulk

Ag-Cit and Ag-Cit nanorods) was characterized by scan-
ning electron microscopy (SEM), and their chemical com-
position was analyzed using Fourier transform infrared
spectroscopy (FT-IR) and X-ray diffractometry (XRD). The
antimicrobial activity of both the Ag-Cit compounds was
examined against to various bacteria (Escherichia coli, Sal-
monella typhimurium, Pseudomonas aeruginosa, Bacillus
subtilis, Staphylococcus epidermidis, and Staphylococcus
aureus) by paper-disc diffusion assay and minimal inhibi-
tory concentration (MIC) was determined. These studies
suggest that the antimicrobial activity of Ag-Cit compounds
depends on their shape and size, providing valuable infor-
mation for the development of new antimicrobial agents.

Experimental

Chemicals and Synthesis. Silver nitrate (AgNO3, ≥99.0%,
Aldrich, Seoul, Korea) and trisodium citrate dihydrate
(TSC, C6H5Na3O7�2H2O, 99.0%, OCI Ltd., Seoul, Korea)
were used without any further purification, and highly puri-
fied deionized (DI) water (18.2 MΩ cm) generated using
QPAK1 (Millipore, Massachusetts, United States) was used
for preparing all aqueous solutions. For the synthesis of
Ag-Cit precipitates, firstly two aqueous solutions (AgNO3

[0.2 M] and TSC [0.2 M]) were separately prepared at
room temperature in different beakers. As soon as they
were mixed, white precipitates were formed. The mixed
solution containing white precipitate was covered with an
aluminum foil, and was divided into two fractions. One
batch was stirred at ~340 rpm for 0.5 h at room tempera-
ture to synthesize Ag-Cit nanorods, and the other one was
not stirred, but placed on an experimental bench without
any perturbation for the same period (0.5 h) at room tem-
perature to prepare bulk Ag-Cit.

Characterization. To observe the morphology of Ag-Cit
precipitates, the mixed solutions containing Ag-Cit precipitates
(bulk Ag-Cit or Ag-Cit nanorods) were drop-casted on an Si
wafer, and allowed to dry for several hours. While the solvent
was evaporated from the mixed solution on the Si wafer, con-
densed ions covered the surface of the Ag-Cit precipitates.
Because the layer of condensed ions hinders observation of the
morphology of Ag-Cit precipitates in SEM, the Ag-Cit precipi-
tates should be washed with DI water several times, after com-
plete drying of the solvent. To increase the conductivity of the
sample, platinum was deposited onto the surface of Ag-Cit
precipitates at a coating rate of 6 nm/min for 60 s using an ion
sputter (E-1030; Hitachi, Tokyo, Japan), and then the morphol-
ogy of Ag-Cit precipitates (bulk Ag-Cit or Ag-Cit nanorods)
was observed by SEM (S-4800; Hitachi, Tokyo, Japan). Com-
position analysis was performed by FT-IR (Nicolet 6700;
Thermo, Massachusetts, United States) using KBr pellet
method and XRD (X0pert PRO MPD; Panalytical, Almelo,
Netherlands) using Cu Kα radiation.
Paper-Disc Diffusion Method. The paper-disc diffusion
assay was used to determine the antibacterial activities of Ag-
Cit precipitates (bulk Ag-Cit or Ag-Cit nanorods). Bacteria
were initially cultured in Luria-Bertani (LB) media at 37�C for
4 h. A suspension of E. coli (KCTC 1682) (50 μL with
1 × 107 colony forming units/mL [CFU/mL]), which were
obtained from the Korean Collection for Type Cultures
(KCTC) at the Korea Research Institute of Bioscience and Bio-
technology, were inoculated on Mueller Hinton agar (MHA)
plates. Whatman filter paper discs (4 mm diameter) were placed
on the inoculated plates and 20 μL samples (in the concentra-
tion range 0–16 μg/mL) were added and allowed to dry for
15 min, after which they were incubated at 37�C for 16 h.
MIC Measurements. The antibacterial activities of the Ag-
Cit precipitates (bulk Ag-Cit or Ag-Cit nanorods) were exam-
ined in sterile 96-well plate as follows. Aliquots (100 μL) of
the cell suspension at 4 × 106 CFU/mL in 1% peptone were
added to 100 μL sample solutions (dilutions in 1% peptone).
After incubation for 15 h at 37�C, the MIC was determined by
visual examination based on the lowest concentration of sample
solution in cells with no bacterial growth. Three Gram-negative
bacteria (E. coli [KCTC 1682], S. typhimurium [KCTC 1926],
and P. aeruginosa [KCTC 1637]) and three Gram-positive bac-
teria (B. subtilis [KCTC 3068], S. epidermidis [KCTC 1917],
and S. aureus [KCTC 1621]) were obtained from KCTC at the
Korea Research Institute of Bioscience and Biotechnology.

Results and Discussion

Ag-Cit (Ag3C6H5O7) is a commercially available com-
pound that can be easily obtained in the form of a precipi-
tate in a laboratory by simply mixing up two aqueous
solutions—AgNO3 and TSC (Na3C6H5O7) (Eq. (1)).

3AgNO3 aqð Þ + Na3C6H5O7 aqð Þ! Ag3C6H5O7 sð Þ #
+ 3NaNO3 aqð Þ ð1Þ
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This reaction is rapid, and white precipitate of Ag-Cit is
formed (Ksp = 6.4 × 10−14)13 in the mixture as soon as the
two aqueous solutions are mixed (inset of Figure 1(a)).
After mixing the two aqueous solutions without stirring
(0 rpm), the vial containing mixed solutions is covered with
an aluminum foil to eliminate the chance of external light
influence, and is placed on an experimental bench without
any perturbation for 0.5 h. The precipitates were loaded on
an Si wafer, and their morphology was investigated by
SEM (Figure 1(a)). The precipitates show micron-sized
(large) and nano-sized (small) spheroid-like structures (bulk
Ag-Cit) with an average dimension of 4.1 � 1.0 (large)
and 1.4 � 0.2 (small) μm length (ave. 2.7 � 1.6 μm) and
1.1 � 0.2 (large) and 0.48 � 0.08 (small) μm diameter
(ave. 0.8 � 0.4 μm) (Figure S1(a), Supporting Informa-
tion). The standard deviations at each size were high, which
means that the size distribution of bulk Ag-Cit is broad as
shown in Figure 1(a).
According to the homogeneous nucleation theory,21 as

the number of nuclei increases, the size of particle
decreases at a given concentration of the solute. For nuclei
to be formed in mixed solutions (AgNO3 + TSC), Ag+ ions
should encounter with citrate ions. When two solutions
(AgNO3, TSC) are mixed with each other under stirring,
we can expect that the two solutes are mixed well with each
other, resulting in increased probability of the formation of
large number of nuclei. For a given concentration of solute,
due to the formation of large number of nuclei, the concen-
tration of growth species (Ag+ and citrate ions) and the size
of final product decreased. To decrease the size of bulk Ag-
Cit, we introduced mechanical stirring, which can rapidly
generate more nuclei in the mixed solutions. The precipi-
tates of Ag-Cit compounds were prepared with stirring at
340 rpm for 0.5 h, and the color of precipitate was white

(the inset of Figure 1(b)), which was similar to that pre-
pared without stirring (the inset of Figure 1(a)). However,
their microscopic morphology (Figure 1(a) and (b)) was
completely different. Ag-Cit compounds prepared with stir-
ring had a morphology similar to rod-like nanostructures
(Ag-Cit nanorods), which was completely different from
that of bulk Ag-Cit. The length and diameter of Ag-Cit
nanorods were 1.3 � 0.44 and 0.13 � 0.03 μm, respec-
tively (Figure S1(b)). Comparing them with the variation in
the average dimensions of bulk Ag-Cit, the length of Ag-
Cit nanorods slightly changed from 2.7 � 1.6 to
1.3 � 0.4 μm, whereas the diameter of Ag-Cit nanorods
significantly decreased from 0.8 � 0.4 to 0.13 � 0.03 μm,
resulting in an increase in aspect ratio from 3.4 to 10.0
(Figure S2). It should be noted that there were some slight
variations in the average length and diameter of Ag-Cit
nanorods, according to the experimental conditions
(Figure 1(c) and (d)). For example, when low concentra-
tions of AgNO3 (0.10 M) and TSC (0.10 M) are mixed and
stirred at 340 rpm for 0.5 h, the average length and diame-
ter of Ag-Cit nanorods were slightly changed to
0.68 � 0.19 and 0.11 � 0.02 μm, respectively (Figures 1
(c) and S1(c)). The dimensions of Ag-Cit nanorods can also
be changed by varying the duration of stirring. The length
and diameter of Ag-Cit nanorods are decreased to
0.7 � 0.3 and 0.09 � 0.02 μm, respectively, when the Ag-
Cit nanorods are prepared by prolonged (2 h) stirring
(Figures 1(d) and S1(d)). The average length of Ag-Cit
nanorods has large variations (0.68–1.3 μm) under different
experimental conditions, and large standard deviation
(28–43%) in each sample. Because the average diameter of
each sample, however, is quite similar (0.09–0.13 μm), and
each standard deviation is also small (18–23%), their rod-
like structures and aspect ratios are maintained within the
concentration range (0.1–0.2 M) and stirring period
(0.5–2 h) (Figure S2).
As aforementioned, we could explain the size reduction

of Ag-Cit compounds by mechanical stirring with homoge-
neous nucleation theory. The large number of nuclei gener-
ated by mechanical stirring hinders excessive growth of
seeds, and lead preferentially to smaller crystals with nar-
row size distribution. On the contrary, the change in shape
of Ag-Cit compounds to rod-like nanostructure by mechan-
ical stirring was unexpected. In the following section, we
will provide a rough but plausible mechanism for such
shape change, or anisotropic growth of crystal, although
further experimental data would be needed to verify its
mechanism. There have been several research papers
regarding the effect of stirring on morphology change of
various crystals,22–25 where anisotropic growth of crystals
resulting in the formation of rod-like structures, is demon-
strated experimentally and theoretically. These papers
explain the anisotropic growth of Ag-Cit compounds and
the formation of rod-like structures by mechanical stirring.
Crystal growth proceeds through sequential steps (diffusion
followed by integration) at diffusion and adsorption layers,

Figure 1. Morphology of Ag-Cit compounds prepared by mixing
silver nitrate and trisodium citrate dihydrate solutions at different
concentrations (a) 0.2 M and 0.2 M, (b) 0.2 M and 0.2 M,
(c) 0.1 M and 0.1 M, and (d) 0.2 M and 0.2 M, and at different
stirring rates (a) 0, (b) 340, (c) 340, and (d) 340 rpm for different
stirring periods (a) 30, (b) 30, (c) 30, and (d) 120 min,
respectively.
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respectively. In diffusion layer (step), solvated species (e.g.,
Ag+ or citrate ions surrounded by solvent molecules) dif-
fuse through a concentration gradient from the bulk toward
the proximity of the adsorption layer, which forms interfa-
cial region with a thickness of ~1 nm between the surface
of crystals and diffusion layer. Reaching the adsorption
layer, solvated species are desolvated (removal of their sol-
vent molecules) from Ag-Cit compounds, and then inte-
grated into crystals.26 Stirring process can introduce liquid
flow on exposed facets of crystals in parallel direction with
the solid–liquid interfaces, and this liquid flow will gener-
ate different shear stresses depending on the intrinsic prop-
erties of exposed crystal surfaces (e.g., Miller indices).
Thus, environmental conditions of diffusion or adsorption
layers would be different and crystal grows asymmetri-
cally at different facets, resulting in Ag-Cit rod-like
nanostructures.27

To confirm the chemical composition of the precipitates
prepared with or without stirring, FT-IR spectroscopy was
employed (blue or red line in Figure 2(a), respectively).
Both the spectra were obtained in the solid state using KBr
pellet method, and showed identical characteristic peaks
corresponding to traditional Ag-Cit compounds at 1600,
1400, 1100, and 500 cm−1. A strong band that appeared at
1600 and 1400 cm−1 should be designated as asymmetric
and symmetric stretching of carboxylate of Ag-Cit com-
pounds, respectively. Because of the resonance effect of
carboxylate, double bond character between carbon and
oxygen is partially lost resulting in a red shift from the
original carbonyl peak positions (~1700 cm−1). A strong
band positioned at 1110 cm−1 can be assigned as C O
stretching in C OH. Because Ag-Cit compounds are a
third alcohol, the vibrational peak of C O is shifted to the
low energy region from 1200 cm−1, which is the character-
istic peak position of C O stretching in first alcohol. The
vibrational peak appeared at low frequency, 500 cm−1, due
to Ag O stretching. The atomic mass of Ag is heavier than
that of C, and thus vibrational frequency of Ag O is lower
than that of C O. For further confirmation, we compared
both IR spectra with that of commercially obtained Ag-Cit
compounds (black line in Figure 2), and the three spectra
are exactly the same, which means that the precipitates pre-
pared with or without stirring are composed of Ag-Cit
compounds.
IR spectroscopy is a powerful tool for detecting func-

tional groups of molecules, and we successfully revealed
that the chemical structure of both the precipitates is Ag-Cit
compounds by comparing the IR spectra of three com-
pounds; however, we did not investigate their crystalline
structure. Thus, we employed XRD to compare crystalline
phase of the three compounds. The blue or red line in
Figure 2(b) is XRD spectrum for precipitates prepared with
and without stirring, respectively. The peak positions and
relative intensities of both spectra are exactly same, imply-
ing that both the precipitates are composed of the same
crystalline structure. These two spectra are also compared

with the spectrum (black line in Figure 2(b)) of commer-
cially purchased Ag-Cit compounds. Relative intensities of
the three spectra coincide and their peak positions appear to
be at the same diffracted angles. In conclusion, three com-
pounds are composed of the same crystalline phase. We
also compared three XRD spectra for the three compounds
with 2θ values in JCPDS files of silver citrate (JCPDS 001-
0030) (pink bars in Figure 2), and found that most of the
peaks of the three spectra, but not all, are equal to the refer-
ence values. It can be concluded that the three compounds
are Ag-Cit compounds with the same crystalline phase, but
they have a slightly different crystalline structure from that
of the reference (JCPDS 001-0030). This difference is not
resulted from incomplete exchange of silver ions in sodium
citrate because the sodium was not detected in energy-

Figure 2. (a) IR spectra for commercially obtained Ag-Cit com-
pounds (black), prepared by stirring (blue), and without stirring
(red). All spectra are in good agreement, which means that the
three compounds are chemically identical. (b) XRD patterns of
commercially obtained Ag-Cit compounds (black), prepared by
stirring (blue), and without stirring (red) are compared with those
of standard Ag-Cit (pink) (JCPDS 001-0030).
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dispersive spectrum of Ag-Cit nanorods (Figure S3). In
addition, the thermal gravimetric analysis of Ag-Cit nanor-
ods shows 36% loss in mass, which corresponds to the
residual percentage of 63% for theoretical Ag content.
These data confirm that sodium ions in sodium citrate are
fully exchanged with silver ions, and Ag-Cit nanorods are
formed.
It is well known that the ratio of surface area to volume

of particles is increased, as the size of particles is
decreased. The surface area per volume of Ag-Cit nanorods
(33 μm−1) is 3–24 times larger than that of bulk Ag-Cit
(9.8 μm−1 for small, 1.4 μm−1 for large). As the concentra-
tion of ions (Ag+ or citrate ion) released from Ag-Cit com-
pounds, which have biocidal activity, is proportional to the
contact surface area of Ag-Cit compounds, it can be easily
anticipated that Ag-Cit nanorods will have a higher antimi-
crobial activity than that of bulk Ag-Cit as demonstrated
for Ag nanoparticles in previous reports.22–25 To test the
antibacterial activities dependent on the surface area per
volume of Ag-Cit compounds, we initially assessed the
antibacterial activity using a paper-disc diffusion method
for a Gram-negative E. coli. We loaded different concentra-
tions (0, 0.5, 1, 2, 4, 8, and 16 μg/mL) for both samples
(bulk Ag-Cit and Ag-Cit nanorods). As shown in Figure 3
(a), bulk Ag-Cit inhibited bacterial growth at only 16 μg/
mL concentration; however, Ag-Cit nanorods showed the
inhibitory effects from 4 μg/mL concentration. These pre-
liminary data suggest that the Ag-Cit nanorods display
higher antibacterial activity than that of bulk Ag-Cit. To
quantitatively assess their antibacterial activities, we meas-
ured the MIC values of the samples against three Gram-
negative and three Gram-positive bacteria. The results are
shown in Table 1. The average MIC values of bulk Ag-Cit
were 2.0 μg/mL for the three Gram-negative and 10.0 μg/
mL for the three Gram-positive bacteria, respectively. It
seems that the Gram-negative bacteria are more susceptible
to bulk Ag-Cit than Gram-positive are. Among Gram-
positive bacteria, S. aureus seems to be relatively resistant
to bulk Ag-Cit. Similar to the results of the disc diffusion
assay, the results for MIC showed that the Ag-Cit nanorods
had a higher inhibitory effect than that of bulk Ag-Cit to
both Gram-negative and Gram-positive bacteria. The aver-
age MIC values of Ag-Cit nanorods were decreased about
1.5 times for Gram-negative and 1.8 times for Gram-
positive bacteria. Figure 3(b) shows that the relative anti-
bacterial activity of Ag-Cit nanorods compared to bulk
Ag-Cit, and all bacteria, except for P. aeruginosa, is more
susceptible to Ag-Cit nanorods up to 3.3 folds. Taken
together, the antibacterial experiments clearly suggest that
the nanorods enhance the antibacterial activity of the Ag-
Cit compounds.

Conclusion

In this article, we introduced a facile synthetic method to
transform the morphology of Ag-Cit compounds from

micron-sized bulk (bulk Ag-Cit) to rod-like nanostructures
(Ag-Cit nanorods). This change increased the surface area of
Ag-Cit compounds by 3–24 times, and resulted in enhanced
antimicrobial activity. Antimicrobial activity of bulk Ag-Cit
and Ag-Cit nanorods was investigated against three Gram-
negative bacteria (E. coli, S. typhimurium, and P. aeruginosa)
and three Gram-positive bacteria (B. subtilis, S. epidermidis,
and S. aureus) and were compared with each other. Ag-Cit

Figure 3. (a) Photographs of the antibacterial test results using the
paper-disc diffusion method for bulk Ag-Cit (left) and Ag-Cit
nanorods (right) against Gram-negative E. coli. (b) The relative
antibacterial activities of Ag-Cit nanorods against Gram-negative
E. coli, S. typhimurium, and P. aeruginosa and Gram-positive
B. subtilis, S. epidermidis, and S. aureus.

Table 1. Summary of minimal inhibitory concentration (μg/mL)
against Gram-negative and Gram-positive bacteria.

Bulk Ag-Cit Ag-Cit nanorods

Bacteria Each Average Each Average

Gram (−) E. coli 2.0 2.0 0.8 1.3
S. typhimurium 2.0 1.0
P. aeruginosa 2.0 2.0

Gram (+) B. subtilis 8.0 10.0 6.0 5.5
S. epidermidis 2.0 0.6
S. aureus 20.0 10.0
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nanorods exhibited stronger biocidal effect than that exhibited
by bulk Ag-Cit by 1.3–3.3 times for most of the bacteria
tested, except P. aeruginosa.
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