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ABSTRACT: Ferrocene-modified poly (N-isopropylacrylamide) - based microgels were 

synthesized, characterized and used to construct optical devices (etalons). The response of the 

microgels and etalons to H2O2 was investigated, and we show that both the microgel diameter, 

and the optical properties of the etalons, depended on the solution concentration of H2O2 from 

0.6 mM to 35 mM. This behavior is a direct result of the oxidation of ferrocene, which influences 

the microgel diameter. This was also demonstrated by electrochemical-mediated 

oxidation/reduction of ferrocene using cyclic voltammetry. We go on to show that these 

materials could be used to monitor H2O2 that is generated from enzymatic reactions. Specifically, 

we show that the H2O2 generated from the oxidation of glucose catalyzed by glucose oxidase 

could be quantified. Finally, the devices can be reused multiple times via a regeneration process. 

This investigation illustrates the versatility of the etalon system to detect species of broad 

relevance, and how they could potentially be used to quantify products of biological reactions. 

1. INTRODUCTION 

Hydrogen peroxide (H2O2) plays a vital role in the regulation of many physiological 

processes, and is the by-product of many metabolic processes in living organisms. Generally, 

changes in H2O2 homeostasis can affect cell proliferation, death and signal transduction.1 

However, excessive amounts of H2O2 in the human body has been linked to irreversible 

oxidative damage, causing aging,2 neurodegeneration,3 DNA damage, 4 and cancer.5 Due to the 

significant role of H2O2 in biological processes, determination of the concentration of H2O2 in 

samples is of critical importance. To date, various analytical techniques have been developed 

that are capable of H2O2 quantitation, such as chemiluminescence,6 spectrophotometry,7 

fluorescence,8 and electrochemical methods.9 In one case, platinum based amperometric sensors 

have been developed to detect H2O2, which exhibited high sensitivity and low limit of detection 
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due to the high catalytic activity of the platinum nanoparticles.10 Through combination with 

enzymes, the application of amperometric biosensors was extended to sense various 

biomolecules via determining H2O2 levels generated from enzymatic reactions.11-13 While each of 

these approaches have their own benefits, some are time consuming to implement, require 

expensive reagents/instrumentation, a laboratory setting, and trained personnel.14 In particular, 

electrochemical methods while sensitive suffer from electrode poisoning and chemical 

interferences. 

Over the past few decades, photonic materials have emerged as useful sensing motifs that 

can provide alternatives to the traditional sensors mentioned above. This is in part due to their 

low cost, ease of signal readout (a visual color change), simple operation, and straightforward 

modification to allow the detection of multiple analytes.15 The Asher group demonstrated in 

many publications that two-dimensional photonic crystals could be fabricated by entrapping 

colloidal particles packed in an ordered array in a responsive polymer-based hydrogel matrix.16,17 

They went on to show that the materials could be used for sensing and biosensing.18 Relatedly, 

many three-dimensional photonic crystals have also been developed and used to detect various 

analytes, such as pH,19 alcohols,20 cholesterol,21 bacteria,22 and tetracycline.23 Our group 

published the first report of a specific microgel-based optical device construct (i.e., an etalon) in 

2010 (Scheme 1a).24,25 We have investigated their optical properties in many subsequent 

publications, and showed that their optical properties change in response to the environment and 

the presence of certain analytes, e.g., solution temperature and pH,26 triglycerides,27 Tabun,28 

Cu2+,29 CO2,
30 protein,31 and DNA32. In short, etalons are constructed by "painting" a 

concentrated microgel solution on an Au-coated glass substrate, followed by copious rinsing 

with deionized water to remove microgels not directly attached to the Au.33 Finally, the microgel 
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layer is dried, and an additional layer of Au deposited on the microgel layer. The optical 

properties of the devices can be predicted by eqn (1): 

m λ = 2 n d cos θ                             (1)                                                        

where (n) is the refractive index of the dielectric layer, (d) is the Au–Au distance, (θ) is the angle 

of incident light relative to the normal, and (m) is the order of the reflected peak (can be any 

integer). Therefore, the position of the peaks in reflectance spectra (and hence the device color) 

depends on the distance between two Au layers and the refractive index of microgels (at a single 

observation angle).33 Furthermore, the device color (and optical properties) depends primarily on 

the distance between the two Au layers.25 In this paper, we demonstrate that etalons could be 

fabricated that change optical properties in response to H2O2, and were subsequently used to 

quantify H2O2 concentration in solutions (Scheme 1a).  

(a) 

 

(b) 
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Scheme 1. (a) Etalon structure and responsivity. In presence of H2O2, the distance between the 

two gold layers decreases, which leads to a blue-shift in the peaks of the reflectance spectra. The 

peaks in the reflectance spectra return to their original position upon exposure to ascorbic acid. 

(b) Microgel synthesis scheme, and resulting microgel chemical composition. 

2. EXPERIMENTAL SECTION 

2.1 Measurements 

Transmission electron microscope (TEM) images were obtained on an ultrahigh-resolution 

transmission electron microscope (JEOL JEM-2010FEF) using an accelerating voltage of 200 

kV. Reflectance measurements were conducted using a USB2000+ spectrophotometer, a HL-

2000-FHSA tungsten light source, and a R400-7-VISNIR optical fiber reflectance probe, all from 

Ocean Optics (Dunedin, FL). The spectra were recorded using Ocean Optics Spectra Suite 

Spectroscopy Software over a wavelength range of 400–1000 nm. Dynamic light scattering 

(DLS) measurements were carried out by using a DLS/SLS-5000 compact goniometer (ALV, 

Langen) coupled with an ALV photon correlator. Electrochemical experiments were carried out 

using an auto-lab electrochemical workstation at room temperature with a three-electrode setup; 

the etalons top and bottom Au layers were used as the working, and auxiliary electrodes, 

respectively. A homemade Ag/AgCl electrode was used as the reference electrode. The 

experiments were conducted using a scan rate of 10 mV s−1 in a pH = 7 buffer solution (0.1 M 

NaH2PO4/Na2HPO4 and 0.1 M KCl). 

2.2 Synthesis of carboxylic acid containing microgels (MG-AAc). 

A 3-necked round bottom flask was fitted with a reflux condenser, nitrogen inlet, and 

temperature probe, and charged with a solution of N-isopropylacrylamide  (11.9 mmol), acrylic 

acid (0.65 mmol), and N,N’-methylenebisacrylamide (0.65 mmol) in 99 mL deionized (DI) water, 

previously filtered through a 0.2 μm filter. The solution was purged with N2 gas while being 
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heated to 70 °C. The reaction was then initiated by addition of a solution of ammonium 

persulfate (0.2 mmol) in 1 mL of deionized water. The reaction proceeded at 70 °C for 4 h under 

a blanket of nitrogen. The resulting suspension was allowed to cool while stirring, and then 

filtered through Whatman #1 filter paper to remove any large aggregates. The microgel solution 

was then distributed into centrifuge tubes and purified via centrifugation at ~8300 rcf to form a 

pellet, followed by removal of the supernatant and resuspension with deionized water; this 

process was repeated 6 times. The cleaned microgels were recombined and stored in a brown 

glass jar. 

2.3 Synthesis of ferrocene containing microgels (MG-Fe). 

To a solution of MG-AAc (AAc composition is 0.1 mmol) in anhydrous DMF was added 

ferrocenylmethanol monomer (0.3 mmol). After complete dissolution, 1-ethyl-3-(3-

dimethyllaminopropyl) carbodiimide hydrochloride (EDC-HCl, 0.2 mmol) and a catalytic 

amount of 4-(dimethylamino) pyridine (DMAP) were added into the stirred solution. The 

reaction mixture was allowed to react at room temperature for 2 days. The microgel solution was 

then distributed into centrifuge tubes and purified via centrifugation at ~8300 rcf to form a pellet, 

followed by removal of the supernatant and resuspension in fresh DMF 6 times, followed by 

centrifugation and resuspension in DI water 3 times. The cleaned microgels were recombined 

and stored in a single brown glass jar. The amount of unreacted AAc was determined by titration 

using NaOH and methyl red as indicator. 

2.4 Etalon preparation. 

Etalons were fabricated using techniques previously reported elsewhere.31 In short, 25 x 25 

mm ethanol rinsed and N2 gas dried microscope coverslips (Fisher’s Finest, Ottawa, ON) were 

coated with 2 nm Cr followed by 15 nm of Au via thermal evaporation at a rate of 1 Å s-1, and 



 7 

0.1 Å s-1, respectively (Torr International Inc., thermal evaporation system, Model THEUPG, 

New Windsor, NY). The Cr/Au substrates were annealed in a Thermolyne muffle furnace at 

250 °C for 3 h and cooled to room temperature prior to microgel film deposition. Then, a 40 μL 

aliquot of concentrated microgels was spread onto an annealed 25 mm x 25 mm Au-coated glass 

coverslip. The film was allowed to dry on a 30 °C hotplate for 30 minutes before the excess 

microgels not bound directly to the Au layer were rinsed away with DI water. The samples were 

then soaked overnight at 30 °C in a DI water bath. The samples were then rinsed with DI water, 

dried with N2 gas, and another Au layer (2 nm Cr for adhesion, followed by 15 nm Au) was 

added. The completed device was soaked overnight in DI water at 30 °C before use. 

3. RESULTS AND DISCUSSION 

First, ferrocene-modified microgels were synthesized, and used to construct etalons. Briefly, 

MG-AAc microgels were synthesized via free radical precipitation polymerization of N-

isopropylacrylamide, acrylic acid, N,N’-methylene bis(acrylamide) (crosslinker), as shown in 

Scheme 1b. Then, ferrocene was covalently attached to the microgels via reaction of 

ferrocenylmethanol with the carboxylic acids on/in the microgels. Following the esterification 

reaction, the pH of the microgel solution changed from 4.2 to 6.8, which is indicative of the 

acrylic acid being converted to the ester. The amount of unreacted carboxylic acid on the 

microgels was determined by titration with NaOH (0.01 M) using methyl red as an indicator. 

From these data, we determined that the amount of unreacted carboxylic acid was below 0.2%. 

TEM images of the microgels are shown in Figure 1. As can be seen, the microgels are spherical, 

with average dry diameters of 400 nm (± 10 nm) for MG-AAc and 340 nm (± 8 nm) for MG-

Fe2+. The diameter of the solvated microgels was characterized by DLS (Figure S1). DLS 

revealed hydrodynamic diameters of 730 nm (± 12 nm) for MG-AAc and 550 nm (± 8 nm) for 
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MG-Fe2+ at 30 oC. These values are averages of three repeat analyses of the microgel solution. 

The decrease of the diameter after the esterification reaction was attributed to the increased 

microgel hydrophobicity by replacing the carboxylic acid with the relatively hydrophobic 

ferrocene.  

The responsivity of MG-Fe to H2O2 was subsequently investigated. In the presence of H2O2, 

the microgel diameter decreased to 120 nm in dry state (Figure 1c) and 290 nm in swollen state 

(Figure S1). We attribute the decrease in diameter to the interaction of the polar amide groups of 

the microgels with the 1+ charge on ferrocene. That is, when MG-Fe was exposed to H2O2, the 

Fe2+ of ferrocene could be oxidized to Fe3+ causing it to transition to a +1 charge state.34 This 

phenomenon was also observed for hydrogels composed of anionic poly (ferrocenylsilane).35 

(a)                                                (b)                                               (c) 

 

Figure 1 TEM images of (a) MG-AAc (scale bar is 1 μm), (b) MG-Fe2+ (scale bar is 1 μm), (c) 
MG-Fe3+ (scale bar is 200 nm).  

With the response of the microgels to H2O2 verified, they were subsequently used to 

construct microgel-based etalons and their response to H2O2 exposure determined. The 

reflectance spectrum of a resultant device at 30 oC can be seen in Figure 2. As can be seen, a 

characteristic multipeak reflectance spectrum was observed, with peaks at 561 nm, 655 nm, and 

786 nm at 30 oC. From the relative positions of the reflectance peaks, and using eqn (1), the 

order (m) of each peak can be calculated. The peak at 786 nm is m = 5 (noted as λ5), λ6 is 655 
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nm, while λ7 is 561 nm. When conducting these experiments, it is important to compare the same 

order reflectance peaks before and after introduction of H2O2. As can be seen in Figure 2a, a 95 

nm total blue shift of λ5 could be observed after exposure to 11.8 mM H2O2. We note that a 

detectable change is observed within 5 min, although it takes ~20 min for the signal to stabilize 

(Figure S2). Furthermore, as the H2O2 concentration increased from 0.6 mM to 35 mM, λ5 blue-

shifted from 10 nm to 155 nm, with the signal saturating at 35 mM (Figure 2b). The limit of 

detection of the etalon was calculated to be ~ 40 μM H2O2. As a control, etalons were 

constructed from pNIPAm-based microgels that did not contain ferrocene, and exposed to H2O2; 

these devices had relatively little response to H2O2 (Figure S3). This demonstrates that the blue-

shift of the MG-Fe etalons was due to the oxidation of ferrocene by H2O2. In order to explore the 

function of the etalons in more complex environments, their response to H2O2 was also 

investigated in presence of 15 ppm ascorbic acid (physiological levels are ~0.08 mM). We found 

that in this case the etalon's response to H2O2 was virtually unaffected by the presence of 

ascorbic acid (Figure S4 and S5). Furthermore, the etalons exhibited similar response behaviour 

to H2O2 in milk (1:100 dilution), as shown in Figure S6.  

(a)                                                                   (b) 

 

(c)                                                                   (d) 
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Figure 2 (a) Reflectance spectra of etalon upon exposure to the indicated concentrations of H2O2, 
the direction of the peak shift is indicated with the red arrow; (b) λ5-Peak shifts as function of 
H2O2 concentration; (c) Cyclic voltammetry of the MG-Fe and MG-AAc etalons using 
homemade Ag/AgCl as reference electrode; (d) λ5 as function of time at the indicated potentials. 
The etalon was immersed in pH 7 buffer solution (NaH2PO4/Na2HPO4). 

The electrochemical properties of the redox active MG-Fe were also studied using cyclic 

voltammetry (CV) in a pH = 7 buffer solution (0.1 M NaH2PO4/Na2HPO4 and 0.1 M KCl). The 

two Au layers were used as working and auxiliary electrodes. Figure 2c shows the CV for an 

etalon composed of MG-Fe. As can be seen, anodic and cathodic peaks were observed at 0.20 V 

and -0.07 V, respectively, which is near what is expected for ferrocene (0.17 V/0.047 V). The 

large redox peak separation could be the result of sluggish electron transfer kinetics as a result of 

the presence of the microgel dielectric layer. For comparison, the CV of a MG-AAc etalon was 

also obtained, which showed no redox peaks. The diagonal voltammetric response of MG-AAc 

etalon was due to resistance as a result of non-conductive dielectric microgel layer near the 

conductive thin porous gold film. This phenomenon was eliminated by presence of redox 

species-ferrocene in MG-Fe. Therefore, it could be concluded that the redox peaks for the MG-

Fe etalon were related to the oxidation and reduction of the ferrocene in the microgels. We then 

investigated how the optical properties of the etalons depended on the oxidation state of the 

ferrocene. To do this, the optical properties of the etalons were monitored using reflectance 

spectroscopy. As can be seen in Figure 2d, when the microgels were oxidized at + 0.3 V, λ5 blue 

shifted 85 nm within 6 mins. Furthermore, when the microgels were reduced at – 0.3 V, λ5 
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returned to its original position. Again, this change is a result of the microgels size modulating 

the distance between the etalons Au layers, which ultimately depends on the oxidation state of 

ferrocene. 

Next, we determined the ability of MG-Fe etalons to quantify H2O2 concentration in 

solution. As a reactive oxygen species, H2O2 is generated from nearly all biological oxidative 

cycle reactions and has the ability to diffuse in and out of cells and tissues.36 For example, 

choline oxidase catalyzes the oxidation of choline in the presence of oxygen, which produces 

betaine aldehyde and H2O2.
37 H2O2 is also a metabolic product of lactate oxidation reaction 

catalyzed by lactate oxidase.38 Therefore, the detection of H2O2 can be used to indirectly monitor 

various biological enzymatic reactions. In this submission, the enzymatic reaction between 

glucose oxidase and glucose, which generates H2O2, was chosen as model reaction. Specifically, 

glucose can be oxidized by glucose oxidase in the presence of O2 to generate H2O2 and gluconic 

acid (Figure 3a). H2O2 has been shown to be stable in human cells for 6 h, and therefore its 

detection in solution is feasible.39,40 To conduct this study, MG-Fe containing etalons were 

exposed to various concentrations of glucose in presence of glucose oxidase (0.1 mg mL-1), and 

the reflectance spectra collected as a function of time. As can be seen in Figure 3b, λ5 blue-shifts 

as the reaction time increases, and stabilizes at ~2 h. Furthermore, the magnitude of the blue 

shifts increased from 67 nm to 163 nm, as the glucose concentration increased from 2.2 mM to 

7.8 mM (Figure 3c). This was a direct result of the H2O2 generated from the glucose oxidation 

oxidizing the ferrocene, which causes the microgels to collapse; the extent of the collapse is 

proportional to glucose concentration, which is directly related to H2O2 concentration. The etalon 

exhibited similar response kinetics toward glucose in presence of physiological levels of ascorbic 

acid, indicating that the etalon could be used to test glucose in real samples (Figure S7). We 
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point out that the blood glucose level recommended by National Institute for Clinical Excellence 

is in the range of 3.9-5.5 mM. Therefore, the device can respond in a physiologically relevant 

range. Finally, since the oxidation/reduction of Fe2+/Fe3+ is reversible, the microgel diameter 

(and etalon optical properties) can be returned to their initial state by the reduction of ferrocene, 

which can be done by exposure to reducing agents or appropriate reduction potentials. In this 

study we showed that the etalons optical properties were reversible over many cycles upon 

exposure to ascorbic acid (reduction) at concentration of 1000 ppm and reoxidation (Figure 

S8).41 The stability of etalon was also evaluated by determining its glucose response after freezer 

storage. We found no obvious performance loss after 4 weeks storage (Figure S9). 

(a) 

 
(b)                                                     (c) 

  
Figure 3 (a) Glucose oxidation reaction catalyzed by glucose oxidase; (b) Peak shifts as function 
of time upon exposure to 4.4 mM glucose; (c) Peak shifts as function of glucose concentration. 
The experiment was conducted in pH 7 buffer solution (NaH2PO4/Na2HPO4). 
 

4. CONCLUSIONS 

In summary, ferrocene-containing microgels were synthesized, and etalons fabricated by 

sandwiching them between two thin Au layers. The resultant microgels, and etalons, were shown 

to H2O2 exposure by shrinking in a manner that depended on H2O2 concentration. Furthermore, 
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we showed that the response to H2O2 concentration was linear in the range of 0.6-35 mM. 

Finally, we showed that H2O2 generated from biological enzymatic reactions could be detected 

using the H2O2-responsive etalons. Due to their low cost of ~$0.1 CAD per square inch and ease 

of use, these devices could find various real world applications. 
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