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Poly(ferrocenylsilane) electrolytes as a gold
nanoparticle foundry: “two-in-one” redox
synthesis and electrosteric stabilization, and
sensing applications†

J. Song,a Y. N. Tan,*a D. Jańczewski, b M. A. Hempenius,c J. W. Xu, *a H. R. Tana

and G. J. Vancso *‡d

Gold nanoparticles (AuNPs) coated with responsive polymers gained considerable interest due to their

controllable size, good stability, and fast environmental response suitable for biological applications and

sensing. Here we report on a simple and efficient method for the synthesis of stable and redox responsive

AuNPs using organometallic polyelectrolytes in aqueous solutions of HAuCl4. In the redox reaction, posi-

tively or negatively charged poly(ferrocenylsilanes) (PFS+/PFS−) served as reducing agents, and also as sta-

bilizing polymers. Due to their unique tunable electrostatic and electrosteric protection, AuNPs coated

with PFS−, (PFS+)@AuNPs, possess high redox sensitivity, with reversible, repetitive, sustainable color

switching between the assembled (purple color) and disassembled (red color) states as evidenced by

UV-Vis absorption and TEM measurements. Feasibility studies reported here indicate that the particles

described can be applied as a colorimetric probe for the detection of redox molecules, e.g. vitamin C, in a

controlled and facile manner.

Introduction

Preparation, structure–property relationships and the assembly

of functionalized gold nanoparticles (AuNPs) have been exten-

sively studied, among others, due to numerous applications

including sensing, optoelectronics and catalysis.1–9 AuNPs of

various sizes, shapes, and functionalities are typically syn-

thesized through the chemical reduction of gold precursors

(such as HAuCl4) in the presence of a steric stabilizing species.

A ligand, polymer or surfactant as a specific coating layer can

be employed to protect the bare gold NP core from aggregation

and to control the interfacial properties of the AuNPs.10–14

AuNPs functionalized with a responsive polymer that is sensi-

tive to external stimuli (pH, temperature, ionic strength, light,

enzyme, etc.) have gained considerable interest for “smart”

applications.15–17 For example, thermoresponsive poly(N-iso-

propylacrylamide) (PNIPAM) tethered AuNPs showed remark-

able temperature sensitivity with a sharp, reversible clear-

opaque transition in solution between 25 °C and 30 °C.18

AuNPs protected with block copolymers (i.e. polylactic acid

and polyethylene glycol, PLA-b-PEG-b-PLA) formed pH-respon-

sive complexes. At pH = 7, these complexes were aggregated to

exhibit strong near IR absorbance, while under physiological

conditions, at pH = 5, the aggregates disassembled into sub

5 nm nanoparticles allowing for the renal clearance of the par-

ticles.19 A new class of photo-switchable AuNPs was fabricated

by crosslinking of the capping material, azobenzene-modified

oligonucleotides, to form aggregates, which dissociate into

single discrete nanoparticles upon exposure to UV light.20

Specific protein or enzyme assisted AuNPs can be used as bio-

logical assays for nucleic acid detection, enzyme activity

screening and metal ion sensing with high efficiency and

selectivity.21–23 When the particles are exposed to a biological

target, molecular recognition events trigger changes in mole-

cular interactions that lead to particle responses such as assem-

bly or aggregation. However, the reported examples often
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require complex post functionalization treatments in order to

achieve a stimulus responsive effect.24,25 In addition, other

concerns such as the formation of toxic byproducts during

synthesis, multi-step fabrication, time consuming purification,

and limited solubility in the aqueous environment26,27 fre-

quently hamper applications. Therefore, there is a strong need

for simple, facile, and well-controlled approaches to afford

functional and responsive AuNPs. It is desirable to avoid, if

possible, the use of additional reducing agents and surfac-

tants,28 to perform the NP formation in aqueous media, and

to directly fabricate stimulus responsive coatings during the

synthesis of AuNPs using a one pot approach.

In this study, we report on a one-pot, green synthetic prepa-

ration protocol for redox stimulus responsive AuNPs using a

spontaneous reduction reaction between HAuCl4 and poly

(ferrocenylsilane) (PFS) polyelectrolytes. Organometallic PFS

polymeric matrixes have attracted attention owing to their

redox responsive behavior (originating from the ferrocene) and

many unusual properties derived from the presence of Fe and

Si atoms in the main chain.29,30 Ferrocene groups in PFS can

be oxidized into the ferrocenium form using chemical agents

under mild conditions.31–35 It has been reported that ferrocene

containing polymers have a strong reduction capability for

metal ions. For example, ferrocenyl branched poly(ethylene

imine) (PEI) micelles were used as a reductive template for the

preparation of AgNPs.36 Hydrogel thin films possessing ferro-

cenyl groups were also employed as a reducing environment

for the in situ formation of metal NPs.37–39 The resulting

hydrogel-PdNP composites, described in this work, were used

for example in the electrocatalytic oxidation of ethanol.37

Astruc et al. reported on a new mixed-valent triazolylbiferro-

cenium polyelectrolyte network encapsulating AuNPs.40 In the

above-mentioned examples, once the ferrocene containing

polymers reduced the metal ions to synthesize the particle, the

particle itself did not show further redox responsiveness. In

this current article, we describe the design and use of PFS

derivatives41 featuring ferrocene units in their main chain with

either positively or negatively charged side groups. These PFS

macromolecules serve as a reducing agent and an electrosteric

stabilizer to enable the simultaneous in situ formation and

stabilization of redox-responsive AuNPs in aqueous environments.

Two types of PFS polyelectrolytes with positively and nega-

tively charged side groups in their structure were used as

depicted in Fig. 1a. The reduction and stabilization of the

AuNPs show differences in the electrosteric stabilization

mechanism, depending on the sign of the Coulombic charge

on the side groups of the polymer. It was also found that the

as-synthesized PFS−@AuNPs will undergo a reversible color

change from purple to red (aggregation–dispersion) in

response to reducing (e.g., vitamin C) and oxidizing agents

(e.g., FeCl3) in multiple cycles. The properties, such as high

colloidal stability, reversible color change, and simple assay

protocol without the use of sophisticated instrumentation for

sensing enable the use of PFS−@AuNPs as a smart sensing

probe for the detection of redox responsive molecules, e.g. in

bio(medical) research.

Experimental
Materials

Hydrogen tetrachloroaurate(III) trihydrate (HAuCl4·3H2O,

≥99.5%), iron(III) chloride reagent (FeCl3, >97.0%), L-ascorbic

acid (Vit C) (C6H8O6, 99%) and sodium chloride (NaCl) were

purchased from Sigma-Aldrich Chemicals. Milli-Q water (18

MΩ Millipore) was used as the universal solvent.

PFS polyelectrolyte synthesis

Positively and negatively charged poly(ferrocenylsilane) (PFS+

and PFS−) with Mw = 16.7 × 103 g mol−1 and PDI = 1.3 were syn-

thesized by ROP of strained, [1](3-chloropropyl)methyl-

silaferrocenophane, followed by side group modification as

described previously.41 The symbol PFS+/− used in this study

indicates either positively or negatively charged polyions, and

is introduced for simplicity.

AuNP preparation

For the in situ synthesis of AuNPs, PFS+/− was added to water,

followed by introducing the gold precursor HAuCl4. PFS con-

centrations ranged between 1 µM and 60 µM. The polyelectro-

lytes were used in a vigorously stirred, mixed solution. By con-

trolling the feedstock of gold precursor solutions and PFS poly-

electrolytes, PFS capped AuNPs can be obtained by this route.

Fig. 1 (a) Molecular structure of PFS polyelectrolytes (cationic and

anionic) and the schematic diagram illustrating the in situ synthetic pro-

tocol for preparing PFS@AuNPs. (b) Typical absorption spectra of

PFS+@AuNP solutions. CPFS+ :CHAuCl4
= 60 μM : 1 mM. (c) Typical absorp-

tion spectra of PFS−@AuNP solutions. CPFS− :CHAuCl4
= 60 μM : 1 mM. (d)

Typical TEM image of PFS+@AuNPs. (e) Typical TEM image of

PFS−@AuNPs. The sizes of the NPs are shown above the TEM images.

The scale bar is 100 nm for both TEM images.
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Within a few seconds, the color of the solution changed indi-

cating the formation of AuNPs. All measurements were con-

ducted at room temperature (25 ± 2 °C).

Characterization

The synthesis of AuNPs was monitored by UV-Vis spectroscopy

(TECAN Infinite M200, Switzerland). All spectra were recorded

in the wavelength range of 400–800 nm. A digital camera was

used to record the color of the solution. The size and the mor-

phology of AuNPs were investigated by transmission electron

microscopy (TEM) and atomic force microscopy (AFM). TEM

(JEOL JEM-2100) measurements were carried out at an acceler-

ating voltage of 200 kV. The samples were prepared by the

deposition of a few drops of sample solutions onto standard

copper grids with a micropipette and dried in a vacuum at

room temperature. The average particle size was determined

from the TEM images with Image J software. AFM measure-

ments were carried out with a Dimension ICON (Bruker,

Germany) instrument in the tapping mode. Si tips with a canti-

lever spring constant of 40 N m−1 and a resonance frequency

of 300 kHz were purchased from Nanosensors (Bruker,

Germany). AFM samples were prepared by casting a droplet of

AuNP solution on freshly cleaved mica surfaces and dried in a

vacuum at room temperature. The zeta potentials of AuNPs

were measured with a ZetaPlus system (Brookhaven Instrument

Corporation, USA).

Salt stability test

AuNP solutions of constant concentrations (CPFS : CHAuCl4
=

60 μM : 1 mM) were mixed with NaCl at varying concentrations

(ranging from 0.1 M to 3 M). The AuNP salt stability was moni-

tored by UV-Vis spectra and by TEM measurements.

Colorimetric assay procedure

FeCl3 and L-ascorbic acid (Vit C) were freshly prepared from

10 mM stock solutions for each experiment. The solutions

were used within 1 hour of preparation. A fixed percentage of

gold nanoparticles (volume: 50 µL) were added to varying

amounts of water in a small centrifuge tube, followed by the

addition of 0.5 mM FeCl3 while keeping the total volume of

the resulting solution constant at 90 µL. The solution was

then pipetted into the Corning microplate within 1 minute of

addition to test for its absorbance. Subsequently, varying

concentrations of Vit C were added to the FeCl3-treated gold

nanoparticle solution at a 2 min interval. Again, the total

volume of the solution was fixed by adding water, to make

up a constant volume of 100 µL. UV-Vis absorption spectra

of the gold nanoparticle solutions were again recorded.

Photographs were taken after each absorbance reading was

obtained.

Results and discussion

AuNPs were fabricated by the direct reduction of the Au precur-

sor in water. Fig. 1a shows variants of the water-based syn-

thesis of PFS@AuNPs in a “burst” process. The reaction was

performed by the rapid mixing of PFS polycation or PFS poly-

anion solutions (typically at concentrations of 60 μM) with a

1 mM solution of HAuCl4 at room temperature. Within

seconds, the colour of the solution changed from light yellow

to dark red, indicating a fast reduction of AuIII to Au0 and the

formation of AuNPs. The AuNPs formed were stable in water

without changing their properties for periods of months. As

no additional surfactants were used, we postulate that the col-

loidal stability was provided by the adsorbed PFS chains at the

surface of the AuNPs, as discussed later. Fig. 1b and c show

the UV-Vis absorption spectra of the PFS-coated AuNP samples

with a sharp, localized Surface Plasmon Resonance (LSPR)

peak centered around 532 nm and 528 nm for PFS+@AuNPs

and PFS−@AuNPs, respectively. In contrast, both the PFS poly-

cation and polyanion have a weak absorption at λ = 440 nm,

which is the characteristic visible d–d band absorbance of the

ferrocene moiety.42 The TEM images (Fig. 1d and e) show that

the AuNPs were well dispersed in water and indicate an average

size of 16.5 ± 7.4 nm for PFS+@AuNPs and 13.8 ± 12.0 nm for

PFS−@AuNPs.

The morphology and the size of the AuNPs were also inves-

tigated using AFM (ESI, Fig. S1†). The height values of the

AuNPs on solid substrates by AFM were typically in the range

of 10–14 nm for (PFS+@AuNPs) and 4–10 nm for

(PFS−@AuNPs) which is consistent with the mean size of the

NPs as observed by TEM.

AuNPs are small in size, large in specific area but have a

tendency to form aggregates.43–45 To gain insight into the

mechanism of AuNP formation and to study the influence of

PFS concentration on the formation process, experiments with

various ratios between the capping polymer and HAuCl4 were

conducted. Fig. 2a shows the UV-Vis absorption spectra of

AuNP solutions obtained at a fixed gold precursor concen-

tration (CHAuCl4
) at 1 mM with varied PFS+ concentrations

(CPFS+) from 1 µM to 60 µM. Within a few seconds following

the start of the mixing, the solution color of the HAuCl4 and

PSF+ reaction mixture (except for the PFS+ concentration of

1 μM) turned purple-red, indicating the formation of stable

AuNPs. No color change for 1 μM PFS+ was observed due to the

fact that the polyelectrolyte is insufficient to facilitate NP for-

mation at this low concentration. With increasing CPFS+ from

1 μM to 40 μM, more AuNPs are produced as evidenced by the

increase in the LSPR peak intensity from 0.06 to 1.13. This is

accompanied by a blue shift in the λmax position from 543 to

532 nm, suggesting the formation of AuNPs with a smaller size

in the reaction mixture of PFS+ with increasing PFS+ concen-

tration. It can also be noted that in the UV-Vis spectra the

absorbance of the AuNPs obtained at a PFS+ concentration of

60 µM remained almost identical with the results obtained at

CPFS+ = 40 μM, suggesting that PFS+ was in excess from the

40 μM concentration at the fixed gold precursor concentration

of 1 mM. Similar experiments were carried out on the PFS

anion in the PFS−@AuNP synthesis. No obvious color change

was observed for PFS− polyanions at a concentration of 1 μM

(Fig. 2b). For PFS−, a gradual sharpening of the LSPR absor-
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bance peaks can be seen with an increasing PFS− concen-

tration from 5 to 40 μM, which is accompanied by a slight blue

shift of λmax in the range of 570–580 nm, indicating the for-

mation of a purplish (agglomerated as seen by the presence of

precipitates) AuNP solution. A stable, red color solution of

AuNPs with a sharp absorbance peak centered at 528 nm was

observed when the PFS− concentration reached 60 μM.

To systematically study the effects of the variation of CPFS to

CHAuCl4
ratio on the optical properties of PFS@AuNPs, we also

varied the CHAuCl4
while keeping the polyelectrolyte molarity

constant at CPFS = 60 μM throughout the nanoparticle syn-

thesis for both PFS+ and PFS−. In Fig. 2c, data are shown for

the PFS+ polycation. It can be seen that at CHAuCl4
= 60 μM,

there is no obvious LSPR peak of nanoparticles observed and

the weak absorption signal at ∼440 nm is caused by the pres-

ence of the PFS polyelectrolyte. At CHAuCl4
= 0.6 mM, however,

the absorption peak of PFS+@AuNPs appears at around

540 nm. The intensity of the LSPR peak of AuNPs becomes

stronger, and the absorption becomes sharper and blue

shifted with increasing CHAuCl4
to 1.5 mM, suggesting a higher

yield and a decrease of the nanoparticle size with increasing

salt concentration. At CHAuCl4
= 2 mM, the absorption peak

does not change further, and remains essentially overlapped

with the signal observed for CHAuCl4
= 1.5 mM under the same

reaction conditions. A weak shoulder peak in the longer wave-

length region (∼630 nm) is observed due to the presence of

oxidized ferrocene, i.e., ferrocenium.42 Fig. 2d shows the

optical absorbance for polyanionic PFS− at 60 μM. Here, the

HAuCl4 concentration was varied from 0.06 μM to 1.5 mM.

When CHAuCl4
= 60 μM, there is an insufficient amount of the

HAuCl4 precursor to allow for the formation of AuNPs, thus

only a weak absorption of PFS at ∼440 nm is observed. A plas-

monic signal becomes noticeable at 0.6 mM HAuCl4 concen-

tration. Upon further increase of the HAuCl4 concentration up

to 1 mM, the intensity of the LSPR peak of AuNPs at ∼530 nm

increases. Further increase in the precursor concentration to

CHAuCl4
= 1.5 mM yielded a broad absorbance peak centered at

560 nm. The drop in the maximum intensity indicates a

certain degree of aggregation of AuNPs as confirmed by the

TEM images. (ESI, Fig. S2†). Fig. 2e and f summarize the

characteristics (λmax and davg) of PFS@AuNPs prepared under

the different reaction conditions. Nanoparticle nucleation and

growth is enabled by the reduction of Au ions. Since Fc is the

reducing unit in both PFS+ and PFS−, we considered the molar

concentration ratio CFc : CHAuCl4
instead of CPFS+/− : CHAuCl4

as

an independent variable (labeled by R) to analyze the LSPR

peak wavelength and the particle size. The corresponding

results are shown in the plots in Fig. 2e and f, depicting the

value of λmax and the particle size as a function of R. In Fig. 2e

and f, solid and open symbols are used to label (a) fixed pre-

cursor and varied PFS, and (b) fixed PFS and varied precursor

concentrations. These two different sets of experiments

(regardless of the polyelectrolyte and precursor concentrations)

show the same behavior for λmax and for the particle size as a

function of R. However, there are clear differences in the

corresponding λmax and NP size behavior when the pendant

group charge on PFS is changed.

To better understand the relationship between the wave-

length shift and the nanoparticle characteristics, TEM was

used to image the morphology (ESI, Fig. S2†) and determine

the average particle size (davg) for different R values for both

polycationic and polyanionic PFS. It was found that for AuNPs

synthesized using PFS+, the average nanoparticle size

decreased from davg = 42.3 nm to davg = 15.8 nm with an

increase in R values from 0.04 to 2.5 (Fig. 2e). The size of the

as-synthesized PFS+@AuNPs remains unchanged for R > 2.5,

indicating the completion of the reaction between the polyelec-

trolyte and gold precursor. Thus, the blue shift of the LSPR

Fig. 2 (a) UV-Vis spectra of PFS+@AuNP solutions at varying PFS+ con-

centrations, CHAuCl4
= 1 mM. Inset: Color of PFS+@AuNP solution, CPFS+

from left: 1 µM, 5 µM, 10 µM, 20 µM, 40 µM and 60 µM. (b) UV-Vis

spectra of PFS−@AuNP solutions at varying PFS− concentrations, CHAuCl4
=

1 mM. Inset: Color of PFS−@AuNP solution, CPFS− from left: 1 µM,

5 µM, 10 µM, 20 µM, 40 µM and 60 µM. (c) UV-Vis spectra of

PFS+@AuNP solutions at varying HAuCl4 concentrations, CPFS+ = 60 μM.

Inset: Color of PFS+@AuNP solution, CHAuCl4
from left: 0.06 mM,

0.6 mM, 1 mM, 1.5 mM and 2 mM. (d) UV-Vis spectra of PFS−@AuNP

solutions at varying HAuCl4 concentrations, CPFS− = 60 μM. Inset: Color

of PFS−@AuNP solution, CHAuCl4
from left: 0.06 mM, 0.6 mM, 1 mM, and

1.5 mM. LSPR peak wavelength and diameter of (e) PFS+@AuNPs and (f )

PFS−@AuNPs as a function of R (for definition see the text). The different

symbols mark the AuNPs synthesized under different reaction con-

ditions: Solid symbols (■ and ) represent the fixed precursor CHAuCl4

and varied CPFS; open symbols (□ and ) represent fixed CPFS and varied

CHAuCl4
. The lines are a guide to the eye (polynomial fit).
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peak wavelength as observed (λmax) from 544 nm (R = 0.04) to

532 nm (R < 2.5) is mainly attributed to the increase in the

nanoparticle size. On the other hand, for the NPs with PFS−,

the particle size essentially remains constant with varying R,

but the λmax values shift from 570 (R = 0.22) to 530 nm

(approximately R = 2.5) and remain constant (at 528 nm) for

2.5 < R < 6.5. How can the constant particle size and the

decrease of λmax values with increasing R be understood then?

To answer this question, we need to analyze the TEM images.

Although the as-synthesized PFS−@AuNPs are small in size

(davg is around 12.8 to 14.6 nm) when R < 2.5, most NPs are

heavily aggregated (Fig. S2(f )–(i)†). As shown in Fig. S2( j),†

well dispersed stabilized AuNPs were formed when R > 2.5.

From these observations, we concluded that the red shift of

the LSPR peak as observed in Fig. 2f is mainly due to nano-

particle aggregation instead of the formation of larger AuNPs.

As both PFS+ and PFS− used in this study are of similar

molar mass (Mw = 16.7 × 103 g mol−1, PDI = 1.3), i.e. a similar

chain length and a similar number of ferrocene units, their

reduction capability is expected to be comparable.46 However,

the role of the polyelectrolyte in the nanoparticle formation

and stabilization process is dependent on the sign of the side

group charge (+ or −). Based on the data we discussed above,

we propose two mechanisms for the nanoparticle formation

and stabilization depending on the Coulombic charge on the

PFS side groups (Scheme 1).

A general chemical reduction of metallic cations to form

NPs involves induction, nucleation and particle growth

stages.28,47–49 A similar mechanism can be considered for the

synthesis of AuNPs using PFS as the two-in-one chemical

reagent (two-in-one, as PFS has a reducing and an electrosteric

stabilizing function). Firstly, the ferrocene units in the

polymer main chain would donate electrons to the gold pre-

cursor, AuCl4
−, generating neutral gold atoms (by reducing

Au3+ to Au0 in stepwise reactions) while Fc would become oxi-

dized and converted into positively charged ferrocenium

species. Gold NP nuclei are then formed by clustering of the

gold atoms. Secondly, the polyelectrolytes are adsorbed on the

surface of the gold nuclei, providing colloidal stabilization.

However, prior to reaching completion of the redox reaction

(oxidation of all available Fc units), the NPs continue growth

while Au0 is added until there is no more available Fc for Au3+

reduction. Thirdly, AuNPs are stabilized by a polymer capping

process of the adsorbed polyelectrolytes.

The side chains of the PFS+ and the polymer are positively

charged. Upon reduction of the gold precursor by the ferro-

cene units, the oxidized PFS+ becomes more positively charged

and can adsorb additional AuCl4
− through electrostatic inter-

actions while stabilizing the AuNPs. The surface charge of

PFS+@AuNPs measured with a zeta potential analyzer is 25.3 ±

4.9 mV (for R > 2.5). Since the capping layer of PFS+@AuNPs is

positively charged, it has a very thin layer of steric protection

as no additional PFS+ in the solution can further adsorb onto

this layer due to charge repulsion. As shown earlier, PFS+ has a

good capability to stabilize the nanoparticles formed even at

low polymer concentrations. We observed that the size of the

PFS+@AuNPs decreases with the increase of the concentration

of PFS+. This can be explained assuming that the capping

capability of PFS+ competes against the adsorption of AuCl4
−,

which determines the final size of the gold nanoparticles.

In contrast, the negatively charged side chains on PFS− may

cause repulsion of the precursor AuCl4
− ions during the induc-

tion stage of the particle growth, even though the precursor

ions are still able to become reduced by the surrounding ferro-

cene of the polymer side chain to form AuNPs. The oxidized

PFS− main chains, which contain ferrocenium units, would

introduce additional positive charge to the backbone and

promote aggregation of PFS−@AuNPs due to charge neutraliz-

ation. This electrostatic neutralization of the Au-PFS particles

can be destabilized especially at low PFS− concentrations (for

R < 2.5). However, at the high PFS− concentration, free (unoxi-

dized) PFS− can adsorb onto the oxidized layer of PFS− covered

on the AuNP surface, giving rise to a thicker layer of polymer

coating. The zeta potential of the as-synthesized PFS−@AuNPs

was in this case −3.76 ± 4.7 mV, which is lower than that

measured for the PFS+@AuNPs synthesized under the same

reaction conditions (CPFS− : CHAuCl4
= 60 μM : 1 mM). This result

suggests that the good stability of PFS−@AuNPs at a high poly-

electrolyte concentration (R > 2.5) is mainly attributed to the

electrosteric protection.

Scheme 1 (a) Proposed mechanism of AuNP formation and stabiliz-

ation using polycation PFS+ and (b) polyanion PFS−.
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To further confirm the nanoparticle growth and stabiliz-

ation mechanisms as proposed above, we investigated the

effect of ionic strength on the stability of the AuNPs in solu-

tion. Fig. 3a–c show the representative TEM images of

PFS+@AuNPs with various NaCl concentrations. The particles

were obtained at R = 2.5 (i.e., 60 µM PFS+/1 mM HAuCl4).

Aggregations can be observed on the TEM images for

PFS+@AuNPs with 0.1 M NaCl (Fig. 3b) and 3 M NaCl (Fig. 3c),

respectively, which was further confirmed by UV-Vis absorp-

tion spectra (Fig. 3g). The red shift of λmax from 530 nm (0 M

NaCl) to 620 nm (3 M NaCl) and the drop in the maximum

intensity also indicate the aggregation of PFS+@AuNPs in

NaCl.

Salt induced aggregation is a well-known process in col-

loidal metal nanoparticle suspensions. High concentrations of

salts in aqueous solution can decrease the screening length of

charged PFS+@AuNPs thus limiting sufficient repulsion to

stabilize AuNPs. Consequently, instantaneous and irreversible

aggregation can happen.50 In addition, this salting-out effect

increases the contribution of hydrophobic interactions

between the capping PFS layers of the AuNPs and can induce

aggregation.51 PFS+@AuNPs is thus mainly protected by the

electrostatic repulsion forces. On the contrary, PFS−@AuNPs

synthesized under CPFS− : CHAuCl4
= 60 μM : 1 mM remain stable

in salt stability tests. The representative TEM images of

PFS−@AuNPs with various NaCl concentrations are shown in

Fig. 3d–f. No obvious color change was observed from the well-

dispersed PFS−@AuNPs with 0.1 M and 3 M NaCl. It can also

be noted in the UV-Vis spectra (Fig. 3h) that the λmax of

PFS−@AuNPs obtained without NaCl remained almost identi-

cal with the results obtained with 0.1 M and 3 M NaCl,

suggesting that PFS−@AuNPs were stable at high salt concen-

trations. This observation corroborates our proposed particle

growth mechanism and supports the hypothesis that the thick

PFS− layers indeed play an important role in providing

additional steric protection to the particles and their negative

charges are not screened by the added salt.

Over the past few years, several studies based on the metal

nanoparticle aggregation method has been demonstrated as

colorimetric assays for detection of various analytes such

as Vc, alkaline phosphatase, etc.52–54 Combining the redox-

responsive properties of the PFS polymer and the interparticle

distance dependent SPR properties of AuNPs, we propose the

application of PFS−@AuNPs for the detection of reversible

redox reactions with a colour change as a readout signal to

indicate the concentration of the analyte. To this end, we

investigated the suitability of well-dispersed PFS−@AuNPs as a

colorimetric probe for the detection of the oxidizing agent

(FeCl3) and the reducing agent, ascorbic acid, (Vit C) in homo-

geneous solutions. The assay principle is schematically illus-

trated in Fig. 4a. We argue that PFS−@AuNPs possess a rela-

tively thick polymer coating including both oxidized and non-

oxidized PFS−. Under the assay conditions, the FeCl3 oxidizes

the excess of non-oxidized ferrocene units in the polymer, thus

creating more domains which are positively-charged, while the

other side chains remain negatively-charged. This results in

the aggregation of AuNPs. Fig. 4b shows the red-shift in the

UV-Vis spectra of PSF−@AuNPs (as the control solution) upon

mixing with 0.5 mM of FeCl3 accompanied by an immediate

color change of the nanoparticle solution from red (i) to

purple (ii) (see color photographs in the inset of Fig. 4b). The

PFS−@AuNPs in the presence of FeCl3 were found to be heavily

aggregated as seen from the TEM image (ii) in Fig. 4a, as com-

pared to the PSF−@AuNPs in control (i) which are well-dis-

persed in the solution. In contrast, when Vit C which was

added subsequently into the FeCl3-treated PFS−ox@AuNP solu-

tion, a reverse colour change from purple (ii) to red (iii) (see

color photographs in the inset of Fig. 4b) was observed.

A blue-shift of the absorbance maximum back to the control

Fig. 3 TEM images of (a) PFS+@AuNPs without NaCl; (b) with 0.1 M

NaCl; (c) with 3 M NaCl; (d) PFS−@AuNPs without NaCl; (e) with 0.1 M;

(f ) with 3 M NaCl; (g) UV-Vis spectra of PFS+@AuNP solutions at varying

NaCl concentrations; (h) UV-Vis spectra of PFS−@AuNP solutions at

varying NaCl concentrations. Synthesis conditions: CPFS = 60 µM;

CHAuCl4
= 1 mM HAuCl4. The scale bar is 100 nm for all TEM images.

Fig. 4 (a) Schematic illustration of the assay principle for detecting oxi-

dizing (FeCl3) and reducing (Vit C) agents using PFS−@AuNP colorimetric

probes, and TEM images of the (i) PFS−@AuNPs (control), (ii) after the

addition of 0.5 mM FeCl3 to the PFSox−@AuNPs, and (iii) after the

addition of 0.5 mM Vit C to the FeCl3 treated Vit C solution. (b) UV-Vis

spectra of (i), (ii), (iii); inset 2b shows the sequential color changes of the

respective PFS−@AuNP solution (from i to iii). (c) Plot of the relative

extent of aggregation (induced by the fixed concentration of FeCl3) as a

function of varying concentration of Vit C. (d) Repeatability test of the

PFS−@AuNP colorimetric assay test.
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(i) is seen as well, suggesting that the aggregated nanoparticles

are now re-dispersed in the solution, as also evidenced by the

TEM image displayed (iii) in Fig. 4a. The Vit C reduces the fer-

rocenium ion in the previously oxidized polymer back to its

neutral form. In the reduced form of the polymer, the posi-

tively charged domains are absent, causing the particles to

have weaker interactions. As a result, the particles become re-

dispersed in the solution. Thus the color change of the colori-

metric assay is regulated by aggregation/redispersion, which is

a function of the redox active species concentration.

In the colorimetric assay for the detection of Vit C, 0.5 mM

of FeCl3 was first added to a series of samples containing a

fixed amount of PFSox−@AuNPs, followed by the progressive

addition of Vit C at a constant time interval. The absorbance

ratio values obtained at two wavelengths (A650/A530) was used to

quantify the degree of aggregation, ψ. The relative extent of the

aggregation was defined as ε = ψ(PFSox−@AuNPs + Vc)/

ψ(PFSox−@AuNPs). Fig. 4c shows the values of ε as a function

of varying concentrations of Vit C used. As is shown, the rela-

tive extent of aggregation is a linear function of Vit C concen-

tration, and provides calibration for the sensing assay. The

detection limit (DOL) for Vit C was found to be 0.01 mM.

Interestingly, the effect of redox reaction-induced aggregation

of PFS−@AuNPs is reversible, which can enable the repeatable

use of this colorimetric probe for detecting the redox reaction

in a one pot solution. Fig. 4d shows the degree of aggregation

of the nanoparticle versus the number of cycles. As can be

seen, the sensor remains useable for 13 repeated sensing

events. The reason for decreasing the difference as observed

with the increasing number of sensing cycles is related to the

overall growth of the concentration of the oxidizing and redu-

cing agents in the assay.

Meanwhile, interference factors such as temperature, pH

and the effects of introducing other substances have been

studied (ESI, Fig. S3–S5†). PFS− is not a pH sensitive and temp-

erature sensitive polyelectrolyte. The synthesized PFS−@AuNPs

are stable in 60 °C aqueous solution or in the solutions with a

pH range from 2 to 10. In some “inert” bio-substances, such as

L-lysine, galactose, and horseradish peroxidase, the particles

maintain their redox responsiveness for Vit C detection.

Other kinds of redox reagents fulfill the following require-

ments: (a) the oxidant of the ferrocene unit or the reducing

agent of the ferrocenium unit; (b) no additional linkage for-

mation between the particles and redox reagents can be

detected by this colorimetric method (ESI Fig. S6†). To further

verify the usefulness of this sensing system, other experi-

mental studies that focus on enhancing the detection sensi-

tivity and selectivity, and the detection of Vit C serum are cur-

rently underway.

Conclusions

In summary, we presented an easy and effective one-step

process for the preparation of redox-responsive AuNPs capped

with stabilizing PFS polyelectrolytes. The PFS polyions featured

either positively or negatively charged side-groups. PFS was

employed as a reducing agent and as a stabilizer. By judicious

design and control of experimental parameters such as the

concentration ratio of Fc and AuCl4
−, ionic strength of NaCl,

and the type of charges of PFS, PFS@AuNPs were synthesized

with a controlled size and stability. In addition, redox-respon-

sive PFS−@AuNPs with localized SPR nanostructures provided

a unique tunable color and UV-Vis spectral parameters, as well

as reversible redox kinetics. We indicate possible applications

for the colorimetric detection of other oxidizing and reducing

agents in a one-pot solution using Vit C as a model substance.
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