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ABSTRACT: Whereas the antimicrobial mechanisms of silver have been extensively
studied and exploited for numerous applications, little is known about the associated
bacterial adaptation and defense mechanisms that could hinder disinfection eﬃcacy or
mitigate unintended impacts to microbial ecosystem services associated with silver release to
the environment. Here, we demonstrate that extracellular polymeric substances (EPS)
produced by bacteria constitute a permeability barrier with reducing constituents that
mitigate the antibacterial activity of silver ions (Ag+). Speciﬁcally, manipulation of EPS in
Escherichia coli suspensions (e.g., removal of EPS attached to cells by sonication/
centrifugation or addition of EPS at 200 mg L−1) demonstrated its critical role in hindering
intracellular silver penetration and enhancing cell growth in the presence of Ag+ (up to 0.19
mg L−1). High-resolution transmission electron microscopy (HRTEM) combined with Xray photoelectron spectroscopy (XPS) and energy-dispersive spectrometry (EDS) analyses
showed that Ag+ was reduced to silver nanoparticles (AgNPs; 10−30 nm in diameter) that
were immobilized within the EPS matrix. Fourier transform infrared (FTIR) and 13C nuclear magnetic resonance (NMR) spectra
suggest that Ag+ reduction to AgNPs by the hemiacetal groups of sugars in EPS contributed to immobilization. Accordingly, the
amount and composition of EPS produced have important implications on the bactericidal eﬃcacy and potential environmental
impacts of Ag+.

■

INTRODUCTION
Various silver compounds and silver nanoparticles (AgNPs) are
being increasingly used in a wide range of applications,
including medical, bactericidal, and electrical products.1 This
raises the likelihood of incidental and accidental release of silver
to the environment and underscores the importance to
understand bacterial adaptation and defense mechanisms that
could mitigate unintended impacts to microbial ecosystem
services or hinder antimicrobial applications.
Recent research has demonstrated that released silver ions
(Ag+) are the critical eﬀectors of the antimicrobial activity of
AgNPs.2 Ag+ is one of the most toxic metal cations to bacteria,3
in part because of its strong aﬃnity to proteins and nucleic
acids, particularly to thiol groups in proteins (e.g., cysteine−
SH). However, Ag+ has a higher propensity than AgNPs to be
scavenged by inorganic ligands and organic matter in aqueous
systems, making AgNPs often an eﬀective vehicle to deliver Ag+
to bacteria.4
Whereas microbial physiologic adaptation and defense
mechanisms to cope with Ag+ are poorly understood, previous
work with other toxic heavy metals suggests that extracellular
polymeric substances (EPS) secreted by bacteria could play a
signiﬁcant protective role.5 Bacteria can secrete and embed
themselves in EPS that are comprised mostly of polysaccharides
and proteins.6,7 EPS play key roles in cell surface attachment
and microhabitat formation to protect cells against environ© 2013 American Chemical Society

mental stresses, such as desiccation, predation, antibiotic agents,
high salinity, and extreme temperature and pH conditions.7−9
Because of the large content of chelating groups (e.g., amino,
carboxyl, and phenol), EPS can eﬀectively bind heavy metal
cations (such as Cu2+, Pb2+, and Zn2+) and act as a permeability
barrier to hinder intracellular penetration of the metal, thus
attenuating toxicity.5 EPS can also reduce high-oxidation-state
metals, such as UVI and CrVI, which are subsequently
immobilized on the cell surface,10,11 although the underlying
reduction mechanisms are not fully understood.
This study provides the ﬁrst direct evidence that EPS
secreted by Escherichia coli can reduce Ag+ and entrap it as
AgNPs, thus serving as a permeability barrier to hinder
intracellular penetration by silver. The EPS content of E. coli
suspensions exposed to Ag+ was manipulated to demonstrate
the critical role of EPS in mitigating silver uptake and toxic
eﬀects. Combined spectroscopic analyses using high-resolution
transmission electron microscope (HRTEM), selected area
electron diﬀraction (SAED), X-ray photoelectron spectroscopy
(XPS), and energy-dispersive spectroscopy (EDS) corroborated the formation of AgNPs from Ag+ both in the presence of
Received:
Revised:
Accepted:
Published:
316

August 26, 2013
November 12, 2013
December 12, 2013
December 12, 2013
dx.doi.org/10.1021/es403796x | Environ. Sci. Technol. 2014, 48, 316−322

Environmental Science & Technology

Article

standard. The content of DNA (0.52 mg g−1) was measured
by the diphenylamine colorimetric method16 using calf thymus
DNA as the standard. These contents were in agreement with
previous reports.17 The low DNA content in EPS indicated
negligible cell lysis during the EPS extraction.
Eﬀect of EPS on E. coli Growth. The eﬀect of EPS content
on E. coli growth was investigated in the presence of various
Ag+ concentrations. To initiate the bacterial growth experiments, 200 mL of chloride-free medium was added to a 250 mL
glass conical ﬂask equipped with a permeable silica gel stopper,
followed by aqueous stock solutions of Ag+ (200 mg L−1) to
obtain the desired Ag+ concentrations (0−0.25 mg L−1). The
volume ratio of Ag+ stock solution, if added, was kept below
0.1%. The bacterial growth was monitored under three diﬀerent
EPS conditions, namely, low EPS, medium EPS, and high EPS.
The low EPS culture refers to inoculation of E. coli cells with
removal of their own EPS using the above-mentioned
sonication/centrifugation method. The high EPS culture refers
to inoculation of E. coli cells incubated in extra aqueous EPS
(200 mg L−1, dry weight basis). The medium EPS (control)
refers to inoculation of E. coli cells without manipulation of
EPS. For the three diﬀerent EPS conditions, the cell density (E.
coli survival) was initially inoculated equally at 1.3 × 107 cell
mL−1. The samples were incubated and shaken in an orbital
shaker in the dark at 37 ± 0.5 °C. The E. coli cells were grown
for 16 h to reach the exponential growth phase (see Figure S1
of the Supporting Information) and then harvested by
centrifugation (6000g at 4 °C for 10 min).18 After removal of
the supernatant, the cell pellets were resuspended with Milli-Q
water. The concentration (E. coli survival) was measured by
correlating optical density (measured spectrophotometrically)
to viable plate counts.19 First, a series of bacterial suspensions
were prepared separately under the same conditions as the test
samples but without silver. The optical density (OD) of these
suspensions was recorded by the light absorbance at 600 nm
wavelength (OD600) using an ultraviolet−visible (UV−vis)
spectrophotometer. After dilution by 106-fold, 50 μL of each
bacterial suspension was placed on an agar plate with chloridefree medium. The cell colonies were counted after incubation at
37 °C for 24 h. A calibration curve between the absorbance
(OD600) and the cell density was generated.

E. coli and in vitro with aqueous EPS. Fourier-transform infrared
(FTIR) and solution-phase 13C nuclear magnetic resonance
(NMR) analyses were performed to identify the structural
components in EPS responsible for Ag+ reduction and
immobilization.

■

MATERIALS AND METHODS
Materials. Triton X-114 (polyethylene glycol tert-octylphenyl ether, TX-114) was purchased from Acros Organics
(Geel, Belgium). Nitric acid (65%), hydrogen peroxide (20%),
and silver nitrate (99%) were purchased from Merck
(Darmstadt, Germany). Sodium thiosulfate of guaranteed
reagent grade was purchased from Sigma-Aldrich (St. Louis,
MO). Ultrapure water (electric conductivity of 18.2 MΩ cm)
produced by a Milli-Q gradient system (Millipore, Bedford,
MA) was used to perform all experiments. Tris(hydroxymethyl)aminomethane (Tris) was purchased from
Amresco Co., Ltd. (Amresco, Solon, OH). Other chemicals
used to prepare the chloride-free bacterial cultural medium
were purchased from Nanjing Chemical Reagent Co., Ltd.
(Nanshi, China).
Chloride-free medium was used in this work to culture
Gram-negative E. coli K12. The medium contained3 40 μM
Tris, 28 μM K2HPO4·H2O, 2.2 μM KH2PO4·3H2O, 18.7 μM
NH4NO3, 9.9 μM succinic acid, 0.001 μM CaSO4, 2.0 μM
K2SO4, 1.0 μM MgSO4·7H2O, and 10 mL/L chloride-free trace
element solution. The chloride-free trace element solution (pH
7−8) contained 5.0 g L −1 Na 2 EDTA·H 2O, 0.37 g L −1
Fe2(SO4)3, 0.05 g L−1 ZnO, 0.015 g L−1 CuSO4·5H2O, 0.01
g L−1 Co(NO3)2·6H2O, 0.01 g L−1 (NH4)6Mo7O24·4H2O, and
0.01 g L−1 H3BO3. The pH of the medium was adjusted to 7.4
with sulfuric acid.
EPS Extraction. E. coli K12 was initially cultured in 20 mL
of chloride-free medium at 37 °C for 12 h and then transferred
to 1 L of fresh medium and grown for another 48 h to reach the
stable growth phase (see cell growth curve in Figure S1 of the
Supporting Information). The bacteria were separated from the
medium by centrifugation (6000g at 4 °C), followed by
repeated washing with Milli-Q water until the ultraviolet (UV)
absorbance (280 nm) of the supernatant was constant (less
than 0.01). The bacteria were then suspended to 50% of the
original volume (about 1.3 × 108 cell mL−1). EPS were
extracted from the bacterial suspension, as described in the
literature,12 with a slight modiﬁcation. The suspension was ﬁrst
processed by ultrasound with an intensity of 2.7 W cm2 at a
frequency of 40 kHz at 4 °C for 10 min to separate EPS from
the pure cells and then centrifuged at 10600g at 4 °C for 20
min to separate the cells. The supernatant was collected and
ﬁltered through a 0.45 μm membrane (Anpel) to remove
unsettled cells. The ﬁltrate (aqueous EPS) was stored at 4 °C
for later chemical analyses. The extracted aqueous EPS were
freeze-dried at −65 °C and stored at −30 °C for later batch
reaction experiments within 1 week.
The total organic carbon (TOC) content (20.83 mg L−1) of
EPS solution was measured on a TOC-5000A (Shimadzu,
Kyoto, Japan). The dry weight of EPS (after drying at 105 °C
for 24 h) was 58.36 mg L−1. The content of protein (97.33 mg
g−1) in EPS was measured by the Lowry method13 using bovine
serum albumin as the standard. The content of humic acid
(3.60 mg g−1) was measured by the modiﬁed Lowry method14
using a commercial humic acid (Fluka) as the standard. The
content of carbohydrate (309.41 mg g−1) was determined by
the phenol−sulfuric acid method15 using glucose as the

cell density (cell mL−1) = (1.976OD600 − 0.009) × 108;
R2 = 0.997

The cell concentration (E. coli survival) of the sample was then
determined on the basis of the obtained calibration curve
according to its OD600 value.
Extraction and Analysis of Ag+ and AgNPs. After
bacterial growth for 16 h, the batch samples were analyzed to
detect concentrations of Ag+ and AgNPs in culture medium,
EPS attached to cells, and inside cells. The bacterial suspension
was ﬁltered through a 0.45 μm membrane under vacuum,
followed by repeated washing with Milli-Q water. Note that
AgNPs had particle sizes of 10−30 nm in diameter (see more
details below) and could readily pass through the membrane.
The concentrations of AgNPs in the ﬁltrate were analyzed using
the cloud point extraction (CPE) method.20,21 First, 1 mL of
TX-114 (10%, w/v) and 0.5 mL of Na2S2O3 (1 mol/L) were
added to 100 mL of ﬁltrate. After the pH was adjusted to 3.0
with 0.5 M HNO3, the samples were placed in a water bath at
40 °C for 30 min. AgNPs in the sample were concentrated into
the TX-114-rich phase, whereas Ag+ was complexed with
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h at 37 °C in the dark were recorded on a UV−vis
spectrometer (UV2550, Shimadzu).
FTIR and 13C NMR Characterization of EPS. To identify
the structural components in EPS responsible for Ag +
reduction, FTIR and solution-phase 13C NMR analyses were
performed to characterize the chemical structures of EPS before
and after reaction with Ag+ for 16 h. The FTIR spectra of
freeze-dried EPS mixed with KBr (mass ratio of 1:100) were
acquired on a Nicolet NEXUS870 (Nicolet). Prior to the 13C
NMR analysis, 6 mg of EPS granule obtained by vacuum freezedrying were dissolved in 0.5 mL of H2O/D2O (volume ratio of
4:1). The spectra were collected on a 600 MHz Bruker Avance
(Bruker, Ettlingen, Germany) at 4 °C.

S2O32− and remained in the aqueous phase.21 The two phases
were separated by centrifugation at 6000g for 10 min. The
pellets of TX-114-AgNPs were resuspended in 50 mL of MilliQ water. The suspension containing AgNPs and the solution
containing Ag+ were both microwave-digested at 120 °C for 10
min in the presence of 0.5 mL of 65% (w/w) HNO3 and 2 mL
of 30% (w/w) H2O2. The samples were concentrated to
approximately 10 mL and were adjusted to pH 4.0 with 0.5 M
NaOH. The silver concentrations in the samples were analyzed
using the electrode method with a detection limit of 10 μg
L−1.20,22
To determine Ag+ and AgNPs in the EPS matrix, the ﬁltered
bacterial pellet was ﬁrst resuspended in Milli-Q water and EPS
were extracted from the bacterial suspension using the
sonication/centrifugation method, as mentioned above. The
supernatant containing aqueous EPS was ﬁltered through a 0.45
μm membrane to remove unsettled cells. The ﬁltered cells on
the membrane were resuspended in Milli-Q water and ﬁltered.
Such a process was repeated at least 5 times to make sure that
EPS and associated silver contents sorbed to cells were
completely washed out (veriﬁed by non-detectable silver
content in the ﬁnal ﬁltrate after microwave digestion). The
ﬁltrates were collected and analyzed for the concentrations of
Ag+ and AgNPs using the electrode method in combination
with CPE, as described above.
After the removal of EPS and associated silver contents, the
remaining cell pellets were disrupted by repeated freeze (with
liquid nitrogen) and thaw for 3 cycles,23 followed by sonication
with an intensity of 6 W cm2 at a frequency of 40 kHz at 4 °C
for 10 min. The cell lysate was collected and analyzed for the
concentrations of Ag+ and AgNPs using the electrode method
in combination with CPE. Triplicate samples were run for the
analysis of Ag+ and AgNPs at each added Ag+ concentration.
The data were reported as the mean ± standard deviation.
Spectroscopic Analyses of AgNPs. A separate set of
experiments were performed to produce AgNPs from Ag+ in
the presence of E. coli cells or EPS for the purpose of structural
characterization. After mixing for 16 h at 37 °C in the dark, the
samples originally containing Ag+ (0.165 mg L−1) and E. coli
cells (1.0 × 107 cell mL−1) or EPS (200 mg L−1) were
centrifuged at 10600g at 4 °C for 10 min. The cell/EPS pellets
were resuspended and washed with Milli-Q water. Such a
centrifugation/resuspension process was repeated 3 times to
adequately remove the culture medium. One portion of the
pellet was placed onto a carbon-coated copper grid for
transmission electron microscopy (TEM) imaging using a
bright ﬁeld detector on a JEM-200CX (JEOL, Japan). The
image of SAED was also recorded.
The nanoparticles produced from Ag+ in the presence of E.
coli cells or aqueous EPS were extracted using TX-114, as
mentioned above, followed by repeated washing with Milli-Q
water and freeze-drying under vacuum. XPS analysis was
performed on the nanoparticles at 30.0 eV pass energy in the
broad survey scan and at 70.0 eV pass energy in the highresolution scan using a PHI 5000 VersaProbe spectrometer
(UlVAC-PHI, Japan).
EDS analysis was performed on nanoparticles formed from
Ag+ in the presence of E. coli cells using a EX-250 spectrometer
(Horiba, Japan). The spectrum was recorded at 20 kV
accelerating voltage and 133 eV resolution on a scanning area
of 1 × 1 μm.
The UV−vis spectra of mixtures containing 0.6 g L−1 Ag+
and aqueous EPS at 0, 40, 100, or 200 mg L−1 after mixing for 6

■

RESULTS AND DISCUSSION
EPS Enhance E. coli Growth in the Presence of Ag+.
Figure 1 shows the eﬀect of EPS on the growth yield of E. coli

Figure 1. Eﬀect of EPS on E. coli growth in the presence of various Ag+
concentrations after 16 h of incubation. The succinate-amended
chloride-free growth medium is described in the Materials and
Methods. The dose−response relationships were determined under
three EPS conditions: low (i.e., EPS removed by sonication/
centrifugation), medium (control, no manipulation of the EPS
content), and high (aqueous EPS added at 200 mg L−1). For all
three EPS conditions, the cell density was initially inoculated at 1.3 ×
107 cell mL−1. Error bars represent standard deviations calculated from
triplicate samples.

(cells mL−1) at various initial concentrations of Ag+. Three
treatments reﬂecting diﬀerent EPS conditions were considered:
low (EPS removed from the cells by sonication and
centrifugation), medium (no manipulation of EPS content or
no treatment “control”), and high (EPS added at 200 mg L−1).
In all treatments, the extent to which the E. coli concentration
grew on succinate-amended chloride-free medium decreased
with an increasing Ag+ concentration, reﬂecting the bactericidal
eﬀect of Ag +. Nevertheless, this inhibitory eﬀect was
signiﬁcantly mitigated by EPS. For example, at an Ag+
concentration of 0.13 mg L−1, the E. coli population reached
(3.0 ± 0.1) × 107 cell mL−1 in the control (no EPS
manipulation) compared to (5.0 ± 0.9) × 106 cell mL−1 for
the low-EPS treatment (83% lower) and (7.2 ± 0.1) × 107 cell
mL−1 for the high-EPS set (140% higher). The enhanced eﬀect
of EPS on cell growth was not due to its potential role as a
growth substrate because ﬁnal cell concentrations were nearly
identical for the three treatments in the absence of Ag+ (Figure
1). Furthermore, the lethal Ag+ concentration that killed nearly
all E. coli cells increased with EPS content (corroborating its
318

dx.doi.org/10.1021/es403796x | Environ. Sci. Technol. 2014, 48, 316−322

Environmental Science & Technology

Article

protective role), from 0.16 mg L−1 (low EPS) to 0.25 mg L−1
(high EPS). These lethal concentrations are signiﬁcantly lower
than those for E. coli grown in Luria−Bertani medium (6.35 mg
L−1),24 which contains a relatively high chloride concentration
(10 g L−1) that promotes precipitation of AgCl and decreases
the bioavailable Ag+ concentration.4
Formation of AgNPs from Ag+ Reduction. Figure 2A
shows a TEM image of E. coli exposed to Ag+ (0.165 mg L−1)

interplanar spacing (0.236 nm) of the lattice-fringe ﬁngerprinting of the nanoparticles is consistent with the crystal face
of elemental metallic silver (Figure 2B). AgNPs were also
produced in vitro from Ag+ in the presence of aqueous EPS
(200 mg L−1) (Figure 2C), which was similarly corroborated by
SAED combined with HRTEM analyses. The formation of
AgNPs from Ag+ was also validated by XPS analysis (Figure 3).

Figure 3. XPS analysis of AgNPs formed from Ag+ (0.165 mg L−1) in
the presence of (A) E. coli cells (1.0 × 107 cell mL−1) or (B) EPS (200
mg L−1).

For both treatments (with live cells or in vitro with EPS), the
binding energies in the Ag 3d region were observed at 373.9
and 367.9 eV, characteristic of the Ag 3d3/2 and Ag 3d5/2
signals of metallic silver.26 The results of EDS analysis
reaﬃrmed the formation of AgNPs from Ag+ in the presence
of E. coli cells (see Figure S3 of the Supporting Information).
Figure 4 presents the formation of AgNPs from Ag+ at
various aqueous EPS concentrations. As the EPS concentration
increased from 40 to 200 mg L−1, the color of the AgNPs
formed in aqueous solutions changed from pale brown to
reddish brown. Furthermore, the UV−vis absorbance of the
AgNP samples showed a red shift in wavelength, with a
maximum absorbance observed at 430 nm for 40 mg L−1 EPS,
440 nm for 100 mg L−1 EPS, and 470 nm for 200 mg L−1 EPS.
Both the change to a darker color and the red shift in UV−vis
absorbance suggest enhanced aggregation of AgNPs22 with an
increasing EPS concentration. No AgNPs were produced in the
absence of EPS. Overall, these results provide unequivocal
evidence that EPS can reduce Ag+ to AgNPs and hinder
intracellular penetration, hence antagonizing the bactericidal
activity of Ag+.
Fate of Ag+ and AgNPs in E. coli Suspensions. After 16
h of incubation with diﬀerent initial Ag+ concentrations, Ag+
was present in all compartments under consideration (i.e., the
culture medium, EPS matrix, and inside cells), whereas AgNPs
were found suspended in the medium and entrapped in EPS
but not inside cells (Figure 5A). The recovery of total silver
ranged from 94.6 to 105.3%. AgNPs in the culture medium and
in the EPS matrix, as well as intracellular Ag+ in the EPS matrix,
exhibited similar bell-shaped mass distribution proﬁles, peaking
when the added Ag+ was 0.13 mg L−1. In contrast, the
concentration of Ag+ in the culture medium was nearly
constant or slightly increased up to 0.13 mg L−1 and then
increased abruptly for higher initial Ag+ concentrations.
Accordingly, while AgNPs were the dominant silver species
(55−60% of total silver) for treatments with less than 0.13 mg
L−1 Ag+, the predominant species was Ag+ in culture medium

Figure 2. TEM images of AgNPs formed from Ag+ (0.165 mg L−1).
(A) AgNPs formed in the presence of E. coli (1.0 × 107 cell mL−1).
Arrows point to the AgNPs (10−30 nm in diameter), ampliﬁed in the
upper-left corner. (B) HRTEM lattice-fringe ﬁngerprinting of these
AgNPs. The interplanar spacing (0.236 nm) is consistent with the
crystal face of element silver. (C) AgNPs formed in vitro with aqueous
EPS (200 mg L−1).

for 16 h, with clustered silver particles (10−30 nm in diameter)
accumulating on the cell surface. SAED analysis (see Figure S2
of the Supporting Information) indicates that these nanoparticles had an identical pattern to that of metallic silver
crystal; these nanoparticles show a pattern of polycrystalline
rings, indexed to the cubic crystal structure of metallic silver.25
Furthermore, HRTEM analysis reﬂects that the measured
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Figure 4. In vitro formation of AgNPs from Ag+ (0.6 g L−1) at various EPS concentrations. (A) Photograph of various suspensions. (B) UV−vis
absorbance spectra. Sample 1 containing EPS (40 mg L−1) but no Ag+ and sample 2 containing 0.6 g L−1 Ag+ but no EPS were shown for
comparison. The arrows represent the red shift in wavelength as a result of the formation of AgNPs as the EPS concentration was increased from 40,
100, to 200 mg L−1 (samples 3, 4, and 5, respectively).

Figure 5. Fate of silver in E. coli suspensions (initially inoculated at 1.3 × 107 cell mL−1) after 16 h of incubation. (A) Mass distribution of Ag+ and
AgNPs in culture medium, entrapped in EPS attached to cells, and inside cells. (B) Intracellular concentration of silver decreased with an increasing
EPS content: low (i.e., EPS removed from suspension by sonication/centrifugation), medium (no manipulation of EPS content), and high (aqueous
EPS added at 200 mg L−1). Error bars represent standard deviations calculated from triplicate samples (those associated with the total silver
recovered are calculated through error propagation).

(71−92% of total silver) at higher initial Ag+ concentrations.
Such high Ag+ concentrations were toxic (Figure 1) and
eliminated live cells as a potential sink. This inhibited EPS
production, which, in turn, suppressed the formation of AgNPs
from Ag+, and Ag+ in the cultural medium increased rapidly.
Note that intracellular Ag+ concentrations decreased with EPS
content (Figure 5B), which further corroborates that EPS can
serve as a permeability barrier that antagonizes the bactericidal
activity of silver.
Ag+ Reduction Mechanisms. Whereas Ag+ reduction in
various biological systems ranging from bacteria, fungus, to
plants is possible,33−36 little is known about which organic
moieties and functional groups are involved and no previous
study had considered Ag+ reduction by EPS. Here, we show the
involvement of reducing sugar components in EPS in Ag+
reduction, by comparing the FTIR spectra of EPS before and
after reaction with Ag+ (Figure 6). For the pristine EPS (Figure
6A), the band at 1650 cm−1 is ascribed to the CO stretching
(amide I), while the band at 1550 cm−1 is ascribed to the N−H
bending and C−N stretching (amide II) in peptides.27,28 The
band at 1457 cm−1 is ascribed to the deformation vibration of
CH2.27 The bands at 1399 and 1385 cm−1 are related to the
stretching of C−O and CO, respectively, in carboxylate,28,37

Figure 6. Comparison of FTIR spectra of EPS before and after
reaction with Ag+: (A) pristine EPS and (B) EPS reacted with Ag+
(0.165 mg L−1). Baselines (dashed) are set according to the stretching
band of polysaccharide hydroxyl, which is inert to reaction with Ag+.

while the band near 1238 cm−1 is related to the deformation
vibration of CO in carboxylic acid.27 The bands near 1045
and 1110 cm−1 are assigned to the stretching of hydroxyl and
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C−O−C, respectively, in polysaccharides.28,29 The band at 988
cm−1 is related to the rhamnose components with two
glycosidic linkage types of the furanoid compounds in
saccharides.30 The bands at 924 and 853 cm−1 are related to
the rings of pyranose31 and galactopyranose,32 respectively, in
polysaccharides. After reaction with Ag+, the bands of rhamnose
(988 cm−1) and pyranose (924 cm−1) structures become much
weaker, whereas the band of carboxyl groups (1385 cm−1)
becomes much sharper and stronger (Figure 6B). This
indicates that the aldehyde groups in these reducing sugars
were oxidized to carboxyl groups by Ag+. Consistently, a
comparison of solution-phase 13C NMR spectra of EPS before
and after reaction with Ag+ (results presented in Figure S4 of
the Supporting Information) indicates that the hemiacetal
groups of rhamnose (indicated by the peak at 100.8 ppm) were
involved in Ag+ reduction. Overall, these results imply that both
the amount and content of reducing sugars produced can be
important determinants of the bactericidal eﬃcacy and
potential environmental impacts of Ag+.
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