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Abstract In this paper, we report a simple and low-energy
strategy for the preparation of silver decorated polymer col-
loids. The reported constrained-volume synthesis integrates
polymer nanoprecipitation and metal deposition in a
one-step continuous-flow fashion. The deposition of Ag nano-
particles (NPs) associated with different optical properties is
easily controlled by varying processing parameters. The
as-synthesized colloidal NPs have good antimicrobial proper-
ties. In addition, the sensitivity of the colloids towards hydro-
gen peroxide exhibits a linear response over a wide concen-
tration range with a detection limit of 0.03 μM.
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Introduction

Metal nanoparticles (NPs) with high surface-to-volume ratios
have many important applications in biological engineering,
energy storage and conversion, as well as pollution remedia-
tion [1–5]. During the past few decades, silver nanoparticles
(Ag NPs) have attracted a great interest in academic and in-
dustrial research due to their excellent plasmonic, catalytic,
sensing, and antibacterial properties [6–9]. Conventionally,
colloidal Ag NPs are prepared through the reduction of metal
precursors (e.g., AgNO3 or Ag (NH3)2

+) using reducing
agents. The design of highly monodispersed and stable Ag
NPs has been continuously investigated. One important chal-
lenge is the implementation of green chemistry and processing
to maximize synthesis efficiency while minimizing the envi-
ronmental impact [10]. Another challenge is the development
of a stabilizing agent inhibiting the irreversible coagulation of
particles since the ease of oxidation and aggregation greatly
limits the use of Ag NPs in practical applications [11].

A variety of stabilizing agents have been widely used, in-
cluding organic surfactants, polymers, and inorganic oxide.
Among them, of particular interest are polymeric supports
because of their great diversity in functional groups, or in
some cases, biocompatibility [12, 13]. Usually, polymers sta-
bilize metal NPs through either steric effects or electrostatic
attractions, and in some instances, a combination of both. A
variety of polymers incorporating different multivalent sites
have been designed to control the deposition of metal NPs and
the degree of coverage. In one common technique, pre-
synthesize metal NPs are dispersed in a polymer solution or
three-dimensional matrix to create Ag-polymer composites.
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For example, pre-synthesized Ag NPs with polymerizable
groups have been used as cross-linkers in a suspension poly-
merization for the preparation of robust Ag-loaded spherical
polymer microbeads [14]. Another synthetic method uses the
preformed polymer acting as a nanoreactor where metal NPs
are generated inside the polymer phase from ametal precursor.
A typical example is a Bnano-tree^ type spherical polymer
particle consisting of a solid polystyrene core and a bottle-
brush polyacrylic acid shell. The core-shell particles have
been used as well-defined nanoreactors for the generation of
stable Ag NPs from AgNO3 on the surface of polymeric sup-
ports [15, 16]. However, both of the processes require a com-
plex and tedious experimental procedure or additional toxic
reagents. Therefore, the development of a facile and feasible
approach to prepare polymer coated with uniformAgNPs still
remains to be a great challenge.

Recently, one-step strategy has emerged as an important
technology for the synthesis of robust, low-cost and environ-
mentally benign supported nanomaterials or other nanocom-
posites [17, 18]. The advance of novel synthetic and process-
ing techniques makes possible the consolidation of multiple
preparation steps into one step. For example, Priestley and co-
workers have reported a facile one-step Stöber approach to
produce uniform metal-silica-polymer core-shell-shell tem-
plates for metal-carbon yolk-shell nanostructures [19, 20].
Later, Liu and Priestley showed another one-step
nanoprecipitation route to polymer supported Au NPs through
simultaneous polymer self-assembly and metal coating [21,
22]. Herein, we expand our previous work and report a facile
constrained-volume approach for the rapid synthesis of silver
decorated polymer colloids. During the one-step formation
process, the self-assembly of polymer transforms into an ex-
cellent stabilizer, while Ag NPs in-site deposit on the surface
of polymer support. The obtained hybrid colloids exhibit ex-
cellent antimicrobial and H2O2 sensing properties.
Demonstrated here is a strategy for the continuous
precipitation-induced self-assembly and in situ deposition of
metal-polymer nanocomposites within a confined solution
volume. Our results illustrate the fabrication of polymer sup-
ported metal particles using a one-step constrained-volume
approach with facile and low-energy features.

Experimental

Materials

Poly(styrene-b-4-vinyl pyridine) (PS793k-b-P4VP35k,
PDI = 1.08, Polymer Source Inc) block copolymer was used
as the polymer support. Silver nitrate (AgNO3, 99.8%), sodi-
um borohydride (NaBH4, 98%), and sodium dodecyl sulfate
(SDS, 99.0%) were supplied by Aladdin chemistry Co. Ltd.
(Shanghai, China). All reagents were used without further

purification, and Milli-Q water with a resistivity of 18.2 MΩ
was used throughout the experiments.

Synthesis of Ag decorated polymer colloids

To prepare Ag decorated polymer colloids, a hand-operated
confined impinging jet (CIJ) mixer with two separate streams
was used. One syringe containing 1 mL of 3 mg mL−1

PS-b-PVP in THF was placed at the inlet of stream 1, and
another syringe containing 1 mL of AgNO3 aqueous solution
at a given concentration was placed at the inlet of stream 2.
Subsequently, fluid was expressed manually from both syrin-
ges and merged into a mixing stream. The mixed stream was
then diluted into a 10-mL water reservoir containing 1 mg
NaBH4 and 10 mg SDS.

Characterizations

Transmission electron micrographs (TEM) were carried out
on a JEOL JEM-2100F instrument at 200 kV equipped with
a Gatan 894 Ultrascan 1 k CCD camera (Japan). X-ray dif-
fraction (XRD) pattern was recorded on a DX-2700 X-ray
diffractometer. UV-Vis spectra were recorded on an
Evolution 220 recording spectrophotometer (Thermo fisher,
America).

Evaluation of antimicrobial activity

The antimicrobial activity of hybrid colloids from
0.2 mg mL−1 AgNO3 feed concentration was evaluated
against Escherichia coli (E. coli) MG1655. Log phase
E. coli culture containing 108 cfu mL−1 grown in nutrient
broth was inoculated in Luria-Bertan broth containing 5 mg
of colloidal NPs and incubated at room temperature. Then, the
treated bacterial suspension (100 mL) after various time inter-
vals was spread over the Luria-Bertan agar plates after
incubation.

H2O2 sensing test

To a series of 5 mL calibrated test tubes, 100 μL of crude
colloid solution from 0.2 mgmL−1 AgNO3 feed concentration
were diluted to 2 mL with ultrapure water. Twenty microliters
of H2O2 standard solutions with different concentrations were
added, respectively. The solutions were mixed via gentle vor-
tex and allowed to remain for 1 min. Then, the absorbance of
the above solutions was measured using 1 cm × 1 cm quartz
cells on an Evolution 220 recording spectrophotometer
(Thermo fisher, America) at room temperature. The sensing
test is also performed with same procedure by using colloid
solution from 0.1 mg mL−1 AgNO3 feed concentration.
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Results and discussion

Characterization of synthesized colloids

Figure 1 illustrates the one-step process for constrained-volume
synthesis of Ag decorated polymer colloids. Polymer and metal
precursors may transfer to metal-polymer colloids in a control-
lable manner by confining the volume and time scale of mixing.
The technique, also term flash nanoprecipitation (FNP), in-
volves a rapid mixing of two high velocity linear jets of fluid
in a small chamber [23–26]. We demonstrate herein the suc-
cessful synthesis of Ag decorated PS-b-PVP polymer colloids
by inducing the simultaneous precipitation of polymers from a
common solvent and metal deposition via a constrained-
volume mixing. In detail, a confined impinging jet mixer com-
posed of two separate streams is used. A syringe containing PS-
b-PVP dissolved in THFwas placed at the inlet of stream 1, and
a syringe containing AgNO3 in H2O was placed at the inlet of
stream 2. Subsequently, fluid was expelled manually from both
syringes at the same rate (~1 mL per second), causing the two
streams to collide in a small chamber. Due to the coordination
capacity of Ag+ with pyridine group from the PVP block [27,
28], the formation of polymer-Ag+ complex was driven to
occur within precipitating nanodroplets as the solvent rapidly
exchanges with an anti-solvent during micromixing. The exit
stream then was diluted into a water reservoir containing the
reducing agent, i.e., NaBH4 and stabilizer, i.e., SDS. NaBH4 in
water reservoir reduced Ag+ into Ag NPs while, at the same
time, water reservoir quenched the precipitated Ag@PS-b-PVP
NPs. The surfactant SDS acted as stabilizer to make the NPs
well-dispersed in the water, and a stable colloid solution was
finally formed.

The main advantages of FNP that render it a synthetic route
to colloids include: (i) one-step and continuous process, (ii)
low-energy consumption and high reproducibility, and (iii)
proven scalability [29, 30]. Compared to polymer NPs syn-
thesized from its constituent monomers through different po-
lymerization techniques at a certain temperature or pressure,

polymer chain during FNP dissolved in a solvent are mixed
with anti-solvent, e.g., typically water, to precipitate out NPs.
On the other hand, the constrain-volume synthesis makes pos-
sible the one-step preparation of polymer supported metal NPs
at room temperature and avoids steps of synthesis, separation,
and purification in conventional post-deposition or
nanoreactor methods. Regarding production ability, using
continuous flow in the current geometry would enable the
production of 3.5 kg/day of NPs. The scale-up is possible from
laboratory apparatus to industrial continuous production at
1400 kg/day of colloids [29].

A transmission electron microscopic (TEM) image in
Fig. 2a shows that the obtained NPs have a regular spherical
morphology with a uniform diameter of ~180± 13.3 nm. The
dynamic light scattering (DLS) data (Fig. S1a) show that the
composite nanoparticles are well-dispersed in water with hy-
drodynamic diameter of ~195 nm. The larger size value of
DLS than TEM is consistent with our reported Au@PS-b-
PVP due to the hydrated state under DLS solution conditions
[21]. It is clearly observed that the NP consists of a PS-b-PVP
nanosphere with Ag NPs uniformly embedded on the surface
of the polymer supports. The diameter of Ag NPs is about
5 nm, and the 2.32 Å lattice spacing corresponding to the
(111) crystal plane of Ag NPs [31, 32] is visually confirmed
(Fig. 2a inset). XRD pattern of Ag@PS-b-PVP in Fig. S2
exhibits the characteristic peaks for face-centered cubic silver
[33] and demonstrates the successful synthesis of Ag NPs.
Similar to the mechanism of our previous reported Au@PS-
b-PVP [21], a constrained-volume mixing induced the
precipitation of the block copolymers with ionic/hydrophilic
PVP dominated on the outer surface that formed complex with
Ag+. Then, the complex dispersed into a water reservoir
containing NaBH4 for reduction, and finally a stable
Ag@PS-b-PVP colloid solution was formed. Lowering the

Fig. 1 Schematic process of a one-step constrained-volume synthesis of
silver decorated polymer colloids

Fig. 2 TEM images ofAg@PS-b-PVP NPs at different feeding AgNO3

concentrations: a 0.2 mg/mL, b 0.05mg/mL, c 0.1 mg/mL, and d 0.4 mg/
mL
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AgNO3 feed concentration results in a sparser distribution of
Ag NPs (Fig. 2b, c), while increasing AgNO3 feed concentra-
tion produces a denser distribution and slight aggregation of
Ag NPs (Fig. 2d). However, the overall particle size remains
unchanged when fixing the polymer feeding concentration
constant (TEM in Fig.2a–d). Photographs of colloidal solu-
tions (Fig. 3a) show that the composite NPs are well-dispersed
in water and a gradual yellowish coloration of the colloidal
solutions deepens as a function of AgNO3 feed concentration.
The UV-Vis absorbance of the colloids was measured and
investigated for the surface plasmon resonance (SPR) peak
associated with the presence of Ag NPs. The spectrum of the
colloids at 0.05 mg mL−1 feed concentration in Fig. 3b does
not show an obvious plasmon band, indicating a discrete dis-
tribution of Au NPs. As AgNO3 concentration in the feed is
increased, a sharper and more intense plasmon absorption
band with the maximum absorption peak of around 410 nm
is observed.

Antimicrobial activity

The antibacterial properties of the as-prepared Ag@PS-b-PVP
NPs were evaluated with E. coli as a model bacterium. The
results show that as-synthesized colloidal NPs had antibacte-
rial activity against the bacteria under study, and the killing
kinetics shows a typical time dependent antibacterial activity
against E. coli. Figure 4a–c displays photographs of bacterial
colonies grown when E. coli cells were applied to the LB agar
plate at different times. The results clearly indicate that the
NPs inhibited microbial growth, and more than 65.5% of bac-
teria were killed within an hour of interaction. The killing
efficiency increased with an increase in exposure time, and
nearly 80% inhibition of these pathogens was achieved after
120 min (Fig. 4d). The direct contact of Ag NPs with bacteria
makes the inhibition rate of the as-prepared Ag@PS-b-PVP
NPs higher than that of Ag NPs trapped inside polymer mi-
crospheres [34], which usually takes 1 week to kill most of the
bacteria. On the other hand, although Ag-based nanocompos-
ites (e.g., Ag-graphene oxide [35] and Ag-chitosan [36]) can
achieve inhibition effect within hours, the synthesis of most

Ag-based nanocomposites requires tedious steps or employ-
ment of instruments. The comparison evidently indicates that
our Ag@PS-b-PVP NPs exhibit excellent antibacterial activ-
ity as well as incorporate the advantage of simple synthesis.

H2O2 sensing property

To evaluate the optical SPR-based hydrogen peroxide sensing
properties, different concentrations of H2O2 solutions were
introduced into the colloidal solution. As can be seen in
Fig. 5a, the absorbance of the colloidal solution from
0.2 mg mL−1 AgNO3 feed concentration at 410 nm decreased
as the solution concentration of H2O2 increased, indicating a
decrease of the Ag NPs concentration as a result of catalytic
decomposition of H2O2 at different level of H2O2. When
H2O2 concentration reached 0.1 mM, Ag NPs was completely
etched and resulted in the color change of the colloidal solu-
tion from yellow to colorless (see photographs in Fig. S3) and
the disappearance of the absorption at 410 nm. The black line
in Fig. 5b is the relationship between the absorbance strength
and H2O2 concentrations, which ensures a linear response
over the wide concentration range from 0.1 to 9.0 μM
(r2 = 0.996). The achieved detection limit is 0.03 μM at three
times the standard deviation of the blank response. For esti-
mating the precision, a series of 11 repetitive measurements of
H2O2 yielded reproducible signals with a relative standard
deviation of 2.8%. The selectivity of the Ag@PS-b-PVP
NPs to H2O2 sensing is investigated. As shown in Fig. S4,
cationic and ionic ions, oxidants, and reductants have no in-
terference on the determination of H2O2. These results imply
that our materials show a highly selective response to H2O2.

When using the colloidal solution from 0.1 mg mL−1

AgNO3 feed concentration as sensing platform, the detection
limit is 0.96 μM (red line in Fig. 5b). The comparison indi-
cates that the different size and distributions of Ag NPs on
polymer supports derived from the variation of feed concen-
tration would result in the tunable sensing property. The sens-
ing property of Ag@PS-b-PVP NPs is also compared with
other reported results. In the literature, the detection limit of
SPR-based H2O2 sensor is 10, 1, and 0.9 μMcorresponding to

Fig. 3 a Photographs of colloidal
solutions and b UV-Vis
absorption spectra of colloidal
solution in which the feeding
AgNO3 concentration was varied
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Ag-locust bean gum [37], Ag-poly(vinyl alcohol) [38],
Ag-starch [39], respectively. An apparent sensing enhance-
ment is achieved and believed to come from the synergetic
effect of Ag@PS-b-PVP NPs, including stable polymer sup-
port and uniformly Ag deposition with a narrow size
distribution.

Conclusion

In conclusion, we have reported a constrained-volume
nanoprecipitation process for the preparation of silver deco-
rated polymer colloids. The obtained hybrid nanocolloids
consisted of a polymer spherical support with evenly

Fig. 5 a UV-Vis absorption
spectra of the sensing system after
addition of various amounts of
H2O2. b The relationship between
the absorption spectra and the
concentration of H2O2.(black
line: NPs from 0.2 mg mL−1

AgNO3 feed concentration; red
line: NPs from 0.1 mg mL−1

AgNO3 feed concentration)

Fig. 4 Inhibition of bacterial
growth after exposure to Ag@PS-
b-PVP NPs at various time: a
0 min, b 60 min, and c 120 min;
and d Plot of pathogenic bacteria
concentration versus time
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distributed Ag NPs. Control over distribution of Ag NPs and
optical response has been achieved by changing the AgNO3

feed concentration. The as-synthesized colloidal NPs show a
good antibacterial activity against E. coli and a linear response
over wide H2O2 concentration range of 0.1 to 9.0 μM with
detection limit of 0.03 μM.
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