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Abstract: The present report describes a comparative study on chemical synthesis of processable Prussian blue 
Nanoparticles (PBNPs) suitable for developing PB-based devices. Controlled nucleation of PBNP from single 
precursors, Potassium hexacyanoferrate, has been recorded as a function of reducing and stabilizing ability of some 
active organic reducing agents. The use of organic reagent control the nucleation process yielding PBNPs displaying 
both homogeneous and heterogeneous catalysis. Four different systems of active organic reducing agents i.e.: (1) 
3-aminopropyltrimethoxysilane (3-APTMS) and cyclohexanone, (2) tetrahydrofuran hydroperoxide, (3) tetrahydrofuran 
and hydrogen peroxide and (4) tetrahydrofuran hydroperoxide and 2-(3, 4-epoxycyclohexyl) ethyltrimethoxysilane 
resulted the formation of PBNP1, PBNP2, PBNP3 and PBNP4 displaying sensitivity of analysis to the order of 480, 330 
350 and 400 µA mM-1 cm-2 respectively. The as reported process also enable the controlled synthesis of noble metal 
nanoparticles introducing new rout for yielding Prussian blue-noble metal nanoparticle nanocomposite that manipulate 
the catalytic/elecrocatalytic activity for targeted system. As made PBNPs undergo the formation of homogeneous 
nanodispersion with gold nanoparticles and ruthenium bipyridyl with gradual enhancement in the catalytic activity. 
The typical application in probing glucose oxidase catalyzed reaction based on both homogeneous and heterogeneous 
catalysis has been recorded. In addition the synthetic approach could also be explored to incorporate Prussian blue and 
palladium nanoparticles in mesoporous matrix for developing variety of PB-based devices.
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1. Introduction
The development of nanomaterial displaying variety of properties typically electrocatalytic ability, magnetic 

susceptibility, electrochromic and photophysical ability have received closer attention for research and innovation. One 
of well known synthetic coordination compound, Prussian blue (PB), commonly referred as metal hexacyanoferrate, 
simultaneously display these properties [1-16]. The presence of iron in two oxidation states allows the resemblance 
of PB with peroxidase enzyme being used as label during many clinical applications. The replacement of peroxidase 
by PB seems to be quite attracting for generating Bioanalytical systems where susceptibility of enzymatic activity to 
various environmental conditions could be controlled. However, many exciting properties of PB could not be explored 
for practical application mainly due to non-processability of synthetic materials attributed to uncontrolled nucleation 
during many conventional synthetic strategies. Accordingly synthetic strategy controlling the nucleation process 
during PB crystal formation has been an exciting and promising research interest. Such process might yield into the 
formation of PB nanoparticles that may further be processed into various formulations for specific applications. The 
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ferrrocyanide/ferricyanide complex ions undergo interaction with ferric/ferrous ions resulting a network of high-
spin iron (III) ions bound to the nitrogen of cyanide ions and the low-spin iron(II) ions bridge the high-spin iron 
(III) and low spin iron (II) ions so effectively resulting in an intense charge transfer generating to the blue color in 
PB. Accordingly, the synthetic process involves the participation of either double precursors method i.e. potassium 
ferricyanide and ferric ions or potassium ferricyanide and ferrous ions and or may also be associated with single 
precursor method i.e. preferably potassium ferricyanide, in the presence of species that allow the dissociation of 
some fraction of single precursor into ferrous or ferric ions. Double precursors method is conventional and lead to 
uncontrolled nucleation rendering the practical usability of pigment and has been limited to electrochemical synthesis 
of PB film on desired electrode surface as efficiently studied by Karykin et al [1-2] covering various combination 
of transition metal cations yielding electrodeposited Prussian blue and its mixed metal analogues in form of 
commercial printed electrodes useful in biosensing. Kurihara et al [13-14] studied in details on the processing of the 
insoluble PB pigment in both non-aqueous and aqueous media and innovated the formation of ideal soluble PBNPs 
inks for potential applications. Although these methods yielded model PB preparation with subsequent limitation 
in yielding many PB-based designs. Single precursor method can be easily controlled from the use of organic 
reagent, thus not requiring any further processing, that is not part of the MHCF network however, allow controlled 
dissociation of fraction of single precursor, e.g. potassium ferricyanide, into ferrous or ferric ions thus enabling 
controlled formation of PB nanoparticles (PBNP) followed by stabilizing the as generated PBNPs as given below;

	  		          
3 3+

3 6 6K Fe(CN) [Fe(CN) ] + Fe−→+
Organic reducing Agent/

H 			                  (1)

	  			              3+ 2+Fe Fe→Organic reducing Agent 					      (2)

	  		           3 2+
6[Fe(CN) ] + Fe PBNPs− →Organic reagent/Stabilizer

				     (3)

Accordingly the choice of such organic reagent is very important that may further affect the processability, 
electrochemical activity and stability of PBNP for specific applications along with added novelty in manipulating 
the properties of the same. Further the efficiency of these organic reducing agent may allow variable rate for the 
formation of   dissociation product of Prussian blue precursor followed by conversion of the oxidation state of Prussian 
blue component which is key point in yielding pigment with better Prussian blue character. Accordingly we have 
already demonstrated various organic reagents [26-31] to yield PBNPs with further requiring a comparison on the 
electrochemical activity for further applications. 

Several heterostructured systems that combine noble metal nanoparticles with MHCF have been studied because 
of their enhanced catalytic activity or because of an association of the magnetic or optical properties of the inorganic 
NPs with the porosity and the electrochemical or magnetic properties of the coordination polymers [17-18]. Among 
these inorganic cores, gold NPs are particularly appropriate for the design of multifunctional systems owing to their 
catalytic properties and the optical features that arise from the surface plasmon band and directed us to manipulate the 
electrocatalytic activity of PBNP in the presence of noble metal nanoparticles (MNP) i.e. gold, silver and palladium 
through the formation of PBNP-MNP hybrids. Accordingly the choice of organic reagent that not only allow the 
controlled conversion of single precursor into PBNP but simultaneously also enable the controlled conversion of noble 
metal cations into respective nanoparticles may have greater impact in the synthesis of functional nanomaterials. We 
have demonstrated the role of these organic reducing agent during the synthesis of mono-metallic, bimetallic and 
trimetallic nanoparticles [19-22]. Accordingly, we attempted to make hybrid of PBNP and metal nanoparticles especially 
AuNP to understand variation in electrocatalytic activity if any for catalytic applications. In addition the processability 
of the PBNP may further be explored to make homogeneous dispersion of the hybrid with other active molecule like 
Ruthenium bipyridyl if such incorporation may further manipulate the catalytic properties of PBNP hybrid.

In addition it has been shown that  nanocatalysts confined in the interior of porous showed much better catalytic 
activity and selectivity in comparison with those located outside the matrix associated to unique confinement effect 
of functional nanoparticles. Such system may allow to design switchable molecular materials [23] that are attractive 
for the design of multifunctional innovative devices since their physical properties can be tuned by the application of 
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various external stimuli [24] and reveals that the properties of such material can be tuned to desired application within 
confined mesoporous matrix as compared to that of in unconfined geometry [23-25]. Accordingly, the choice of organic 
reagent that also allow the confinement of PBNPs within mesoporous matrix along with noble metal nanoparticles may 
further results into the switchable molecular material of specific applications [26-31]. The present article describe the 
role of 3-amnopropyltrimethoxysilane, cyclohexanone, tetrahydrofuran hydroperoxide that enable the PBNPs formation 
as homogeneous suspension of PBNPs, hybrid of PBNP and MNP along with enabling the synthetic incorporation of 
PBNPs and PdNP within mesoporous matrix and reported in this article.

2. Experimental section
2.1 Materials

3-aminopropyltrimethoxysilane, cyclohexanone, 2-(3, 4-epoxycyclohexyl) ethyltrimethoxysilane, glucose oxidase, 
tetrahydrofuran, Graphite powder (particle Size 1-2 µm), Nujol oil (density 0.838g mL-1) were obtained from Sigma-
Aldrich Chemical Co. India. Potassium ferricyanide and hydrogen peroxide (H2O2) were purchased from Merck, India 
all other chemicals used were obtained from the commercial source and were of analytical grade. Double distilled water 
was used in all experiments.

2.2 3 -APTMS and cyclohehanone mediated synthesis of PBNP1

The typical process of PBNPs synthesis is similar to those reported earlier [27]. The process involves mixing of 50 
µL aqueous solution of potassium ferricyanide (0.05 M) and 10µL of 3-APTMS (0.5 M) under stirred conditions over 
a vertex cyclo mixer followed by the addition of 2 µL cyclohexanone (9.62 M) resulting into bright green color and 
subsequently converted to deep blue PBNPs sol after vigorous stirring. The resulting deep blue PBNPs sol was mixed 
with 5 µL HCl (6.5 M) under stirred condition. The optimum concentrations of cyclohexanone/potassium ferricyanide/3-
APTMS required for best PBNP1 sol formation were achieved by varying the concentrations of one component while 
keeping fixed concentrations of other two components

2.3 Tetrahydrofuran hydroperoxide mediated synthesis of PBNP2

The typical process of PBNP2 synthesis was similar to that described earlier [28]. 50 µL aqueous solution of 
potassium ferricyanide (0.5 M) and 200 µL of THF-HP was mixed under stirred conditions over a vertex cyclo mixer. 
The mixture immediately turns into green color which was left to stand for 12 h. After this, the color of the solution 
turned to blue indicating the formation of PBNP2. The PBNP2 may be treated with ethyl acetate to eliminate residual 
organic moiety and collected by centrifugation followed by washing and drying.

2.4 Tetrahydrofuran and hydrogen peroxide mediated synthesis of PBNP3

The typical process of PBNP3 synthesis was similar to that described earlier [29]. 70 µl aqueous solution of K3 [Fe 
(CN)6] (0.05 M) and 10 µl of THF(12 M) were mixed under stirred condition over vertex cyclo-mixture followed by 
addition of 20µl of H2O2 (3.5 M). The resultant mixture was kept at 60°C for 20 minutes in an oven. The yellow colour 
solution of K3 [Fe (CN)6] was turned into deep blue colour solution which indicates the formation of PBNP3. PBNP3 
may be treated with ethyl acetate to eliminate residual organic moiety and collected by centrifugation and dried the 
precipitate.

2.5 2-(3, 4-epoxycyclohexyl) ethyltrimethoxysilane mediated synthesis of PBNP4

The typical process of PBNP4 synthesis as described earlier [30] that involves the mixing of optimum concentration 
of 2-(3, 4-epoxycyclohexyl) ethyltrimethoxysilane and an aqueous solution of potassium ferricyanide followed by 
addition of tetrahydrofuran hydroperoxide (THF-HPO) under stirring condition. The resulting green colored solution 
was allowed to stand in an oven at 60oC for 3-5 h to yield deep blue PBNP4 homogeneous suspension and was initially 



Nanoarchitectonics 4 | Prem C. Pandey, et al.

purified by solvent extraction using ethyl acetate.

2.6 Synthesis of PBNP-PdNP suspension

Synthesis of PBNP and its nandispersion with PdNP.
The procedure adopted for the synthesis of PBNP-PdNP hybrid is similar to that reported earlier [31]. 50 µL 

aqueous solution of potassium ferricyanide (0.5 M) was mixed with 200 µL of tetrahydrofuran hydroperoxide (THF-
HPO) under stirred conditions and left to stand for 12 h. The colour of the solution turned to blue indicating the 
formation of PBNP. PdNP were synthesized by mixing an aqueous solution of K2PdCl4 (0.003 M, 50 µL) and 10 µL 
of two different concentrations of 3-APTMS i.e. 0.5 M and 1 M under stirred condition over a cyclo mixer followed 
by the addition of THF-HPO (15 µL) in each one at room temperature resulting the formation of PdNP1 and PdNP2 
respectively. The mixture turns into light black colour within < 15 min which subsequently converted to dark black 
colour of PdNP sol of different size i.e. PdNP1 and PdNP2 as a function of 3-APTMS concentrations (0.5 M, 1 M). The 
nanocomposite formation involves the mixing of 100 µl of PBNP and 50 µl of PdNP1 or PdNP2 solutions, leading to the 
formation of a homogeneous nanodispersion of PBNP-PdNP1 and PBNP-PdNP2 respectively. 

2.7 Tetrahydrofuran hydroperoxide mediated synthetic insertion of Prussian blue and PdNP 
nanoparticles within mesoporous silica nanoparticles

200ml aqueous solution of K2PdCl4 (0.003 M) was added to 5 mg of mesoporous silica nanoparticles. After addition 
of 3-APTMS (1 M, 40 µL) the resulting suspension was continuously stirred for 1-2 h at 25oC. The 3-APTMS treated 
mesoporous silica nanoparticle was collected by centrifugation and washed with methanol. 60 ml tetrahydrofuran 
hydroperoxide (0.2 M) was then added to the mixture which was allowed to react under constant stirring for 1-4 h at 
25oC to yield PdNP inserted Mesoporous nanoparticles. The as made PdNPs within mesoporous silica nanoparticles 
was collected by centrifugation followed by washing with ethanol for several time to ensure complete removal of any 
unbound palladium species.

THF-HPO (200 ml) treated Potassium ferricyanide (100 ml, 0.5 M) was then added to PdNP-inserted Mesoporous 
silica nanoparticle and continuously stirred for 1-2 h at 25oC. After The mixture was incubated at 35oC for 12 h to 
yield the conversion of potassium ferricyanide into PBNPs within mesoporous silica spheres. PdNP-PBNP inserted 
mesoporous silica spheres was collected by centrifugation followed by washing with ethanol several times to ensure the 
removal of any unbound PBNP from Mesoporous nanoparticles. The as formed PdNP-PBNP inserted Mesoporous silica 
nanoparticle could be dried at 60oC to yield blue coloured powder or to be used as homogeneous suspension.

3-APTMS and organic reducing agents mediated synthesis of AuNP, PdNP and Pd-Au nanoparticles
The procedure for the synthesis of gold nanoparticles using 3-APTMS and cyclohenone/tetrahydrofuran 

gydroperoxide was similar to that reported earlier [19-22]. These reagents also enable the formation for Pd-Au or AuPd 
either through simultaneous or sequential mode of metal cation reduction as described earlier [21-22].

Measurements and characterization:
The UV-Vis absorption spectra of PBNPs were recorded using a Hitachi U-2900 Spectrometer. Transmission 

electron microscopy (TEM) studies were performed using Hitachi 800 and 8100 electron microscopy (Tokyo, Japan) 
with an acceleration voltage of 200 kV. IR spectra recorded on an ALFA FTIR Bruker-ATR, Ettington, Germany. 
Electrochemical experiments were accomplished on an Electrochemical workstation Model CHI660B, CH Instrument 
Inc., TX, in a three-electrode configuration with a working volume of 3 ml. An Ag/AgCl electrode served as reference 
and counter electrode, respectively. All potentials given in the text are relative to the Ag/AgCl. The working electrode 
was a PBNPs-modified carbon paste electrode (CPE). The active paste of PBNPs was made by mixing 100 μl of PBNPs 
suspension with 60 mg spectroscopic grade graphite powder (particle size 1-2 μ), followed by ultrasonication for 30 
minutes and left to dry in a vacuum oven overnight. Electrode body used for electrochemical measurement has been 
purchased from Bioanalytical systems (West Lafayette, In (MF 2010). The composition of the typical active paste was 
found to be, graphite powder = 68%, w/w, and nujol oil = 28%, w/w, PBNPs = 4% w/w.
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3. Result and discussion
3.1 Role of organic reducing agents in controlled conversion PBNPs

The finding demonstrated earlier clearly predict the occurrence of uncontrolled nucleation when Prussian blue 
are made from double precursors unless other wise under specific conditions required to control the nucleation step 
is adopted [13-14]. Accordingly we demonstrated the role of 4 different organic reagents that enable the controlled 
conversion [26-31] of single precursors into PBNPs; (i) 3-APTMS and cyclohexanone, (ii) tetrahydrofuran 
hydroperoxide, (iii) tetrahydrofuran and hydrogen peroxide and (iv) tetrahydrofuran hydroperoxide and 2-(3, 
4-epoxycyclohexyl) ethyltrimethoxysilane. These reagents precisely control the nucleation of PBNP due to slow 
dissociation of fraction of single precursors followed by variation in the oxidation state of as generated iron. Such 
process is the dissociation and reducing ability of these reagents and allow the formation of four different type of 
PBNPs namely PBNP1, PBNP2, PBNP3 and PBNP4. Figure 1 show the absorption spectra along with visual photographs 
of PBNP formation as a function of organic reducing agents. The finding clearly predicts that the absorption at 670 
nm is different in all four types of systems. The relatively better PB character is recorded in the system derived 
from; (a) 3-APTMS and cyclohehexanone and (b) tetrahydrofuran hydroperoxide and 2-(3, 4-epoxycyclohexyl) 
ethyltrimethoxysilane as evidence from TEM analysis as shown in Figure 2a (I). The average size of PBNP1 and 
PBNP4 are found to 7-11 nm with 3-APTMS and cyclohexanone and 8-12 nm with tetrahydrofuran hydroperoxide and 
2-(3, 4-epoxycyclohexyl) ethyltrimethoxysilane. The other two system i.e. (i) tetrahydrofuran hydroperoxide and (ii) 
tetrahydrofuran and hydrogen peroxide yielded the formation PBNP2 and PBNP3 having average size to the order of 
20-40 nm. Such variation in PBNP properties is mainly the efficiency of organic reagent that allow the dissociation of 
single precursor that subsequently control the nucleation process. This results variation in polycrystallinity of as made 
PBNP as shown in Figure 2a (II) justifying the presence of all planes attributed to face centered cubic structure [Figure 
2a (II)] of PBA.
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Figure 1. Effect of four different organic reducing systems (i) 3-Aminopropyltrimethoxysilane and cyclohexanone, (ii) tetrahydrofuran hydroperoxide, 
(iii) tetrahydrofuran and hydrogen peroxide, and (iv). 2-(3, 4-epoxycyclohexyl) ethyltrimethoxysilane and tetrahydrofuran hydroperoxide for the 

synthesis of PBNP1, PBNP2, PBNP3 and PBNP4; The inset to Figure 1 show the visual images of the respective systems
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Figure 2a. (II) SAED of PBNPs (i-iii) along with XRD pattern (iv)

These regents also enable the reduction of noble metal cations into respective nanoparticles. It has been 
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demonstrated [19-21] that 3-APTMS capped noble metal cations i.e. Au3+, Ag+, and Pd++ undergo control conversion 
into AuNPs, AgNPs and PdNPs. In addition bimetallic and trimetallic nanoparticles are also efficiently made through 
the participation of the these organic reagents [23, 32], in the presence of 3-APTMS. Figure 2b shows the TEM images 
of as made AuNPs, PdNPs and bimetallic Pd-Au nanoparticles. It is also possible to control the morphology and 
dispersibility of these metal nanoparticles in different solvent as per requirement based on the choice of 3-APTMS-
tetrahydrofuran hydroperoxide or 3-APTMS and cyclohexanone. The use of similar reagent in yielding both PBNPs and 
metal nanoparticles also facilitated in the formation of nanodispersion of metal nanoparticles embedded PBNP hybrids. 
Figure 3a shows the TEM images of PBNP-PdNP and PBNP-AgNP hybrids. Similarly Figure 3b shows the HR SEM 
images of PBNP and PBNP-PdNPs derived from similar organic reagents. These finding clearly predicts the valuable 
contribution in yielding the PBNPs of desired size that further enable the formation of PBNP and metal nanoparticles 
hybrids in order to manipulate the catalytic activity of PBNPs which is one most wanted requirement in catalytic science 
and technology.

AuNP-1

50nm

50nm 50nm

50nm

PdNP Pd-Au

AuNP-2

Figure 2b. TEM images; AuNP1 and AuNP2 made from 3-APTMS and cyclohexanone and 3-APTMS and tetrahydrofuranhydroperoxide; PdNP and 
Au-PdNP made from 3-APTMS and tetrahydrofuran hydroperoxide
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Figure 3a. PBNP-PdNP hybrid made from 3-APTMS and tetrahydrofuran hydroperoxide; PBNP-AgNP hybrid made from 3-APTMS and 
cyclohexanone

PBNP PBNP-PdNP

Figure 3b. HR SEM images of PBNP and PBNP-PdNP made from 2-(3, 4-epoxycyclohexyl) ethyltrimethoxysilane and tetrahydrofuran hydroperoxide

In order to further expand the contribution of these organic reagents we further attempted on simultaneous insertion 
of both PBNP and noble metal nanoparticles like PdNP within mesoporous silica nanoparticles. Such insertion of both 
PBNP and metal nanoparticles may allow to introduce several advances not only as vehicle for drug loan and deliver as 
reported earlier [25] but may allow a specific reaction to take place within mesoporous matrix and as generated reaction 
intermediate may undergo selective oxidation at electrode surface [30]. Indeed interesting findings on the synthetic 
insertion of these nanoparticles within mesoporous network of silica nanoparticles (MSNP) has been recorded. Figure 
4a shows the TEM images of simultaneously inserted PBNP and PdNP within MSNP having pore size to the order of 
6-7 nm. Figure 4b show the HR SEM and EDX of simultaneously inserted PBNP and PdNP within MSNP and clearly 
justify that these reagent allow synthetic insertion of both PBNP and metal nanoparticles within mesoporous architecture 
for specific application. Such finding provide novelty on using organic moieties/reagent that only allow selective 
insertion of metal nanoparticles along with PBNP within mesoporous matrix which is difficult to achieve either through 
electrodeposition or other techniques incorporating double precursors methods. The selective applications of such as 
made porous nanopmaterials are underway and will be reported in due course.
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Figure 4a. TEM and SAED pattern of PdNPs (A) and simultaneously synthesized Pd-PBNPs (B), inserted within mesoporous silica nanoparticles
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3.2 Electrochemistry of PBNPs and PBNP hybrids

After justifying the role of organic reagents in the synthesis of PBNP1, PBNP2, PBNP3 and PBNP4 and PBNP 
hybrids, it is important to examine the variation in electrochemical properties of these nanomaterials since two reversible 
redox couples corresponding to the oxidation of Prussian white (PW) and reduction of Prussian blue (PB) at (0.2 V), 
and another (0.9 V) owing to Prussian blue (PB) oxidation and reduction to Berlin green (BG) with potassium ion as 
the counter ion have been already very well established. Fiure 5a show redox electrochemistry of four type of PBNPs, 
i.e. PBNP1

-, PBNP2-, PBNP3
-nd PBNP4

- modified electrode in 0.1 M KCl at the scan rate of 10 mV/s. The results 
clearly predict variable redox electrochemistry as a function of nanogeometry. The Electrochemical behavior of PBNP1 
and PBNP4 are much better as compared to that of PBNP2 and PBNP3. Infact the finding based on voltammograms 
clearly demonstrate the existence of both reversible redox couples reflecting the role of organic moieties that relatively 
affect the reversibility of redox couples from ideal behavior normally recorded in j reducing agent however the size of 
PdNP2 was found smaller as compared to that of PdNP1 [31]. Apart from PdNP, AuNP and AgNP are important metal 
nanoparticles for further exploration. Subsequently the finding on the performance of PBNP-AgNP is evaluated on 
the elecrocatalytic reduction of hydrogen peroxide. Figure 5b show cyclic voltammofgrams of PBNP, PBNP-AgNP in 
absence (i) and after the presence of 1mM hydrogen peroxide (ii). The findings clearly predicts the followings; (1) the 
presence AgNP improve the redox activity of PBNP [Figure 5b (i)], (ii) the catalytic activity of PBNP-AgNP is much 
better on selective reduction of hydrogen peroxide as compared to that of only PBNP [Figure 5b (ii)]. The sensitivity of 
analysis is recorded in table 1 revealing the dependence of the same on the nanogeometry of PBNPs. These conclusion 
has further been supported from the amperometric measurement made at constant potential of 0.05 V vs Ag/AgCl [Figure 
5b (iii)] along with calibration curve for cathodic sensing of hydrogen peroxide at the surface of PBNP-AgNP hybrid 
modified electrode.
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Figure 5b. (I) Cyclic voltammograms of PBNP (a) and PBNP-AgNP (b) modified electrode; (II) Cyclic voltammograms of PBNP (a) and PBNP-
AgNP (b) modified electrode in absence (1) and the presence (2) of 5 mM hydrogen peroxide; (III) Amperometric responses of PBNP, PBNP-AgNP 
modified electrodes at 0.05 V vs AgCl on the addition of varying concentrations of hydrogen peroxide 0.1 M phosphate buffer pH-7.0 containing 0.1 
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Table 1. Organic reducing agent mediated formation of various metal nanoparticles and their property

Type of 
Nanomaterials

Organic reducing agents mediated 
formation of Prussian blue from 

single precursor, potassium 
hexacyanoferrate

Electrocatalytic performance 
for H2O2 reduction/sensitivity of 

analysis/µA mM-1 cm-2

Advantage of organic 
reducing agent mediated 
formation of Noble metal 

nanoparticles

Size of 
Prussian Blue 
nanoparticles

(nm)

PBNP-1 3-APTMS= and cyclohexanone 480 AuNP, AgNP, PdNP, Pd-Au/
Pd-Ag, Au-Pd/Ag 7-10

PBNP-2 Tetrahydrofuran hydroperoxide 330 AuNP, PdNP, Pd-Au/Au-Pd 40-50

PBNP-3 Tetehydrofuran and hydrogen 
peroxide 350 Does not enable the reduction 

of noble metal cations 30-40

PBNP-4 Tetrahydrofuran hydroperoxide  and 
EETMS== 400 AuNP, PdNP, Au-Pd 8-15

 *3-APTMS = #-Aminopropyltrimethoxysilane
 **EETMS = [2-(3,4-Epoxycyclohexyl) ethyl] trimethoxysilane

We subsequently studied the PBNP hybrid formation between PBNPs and AuNP in presence and absence of other 
important functional materials like ruthenium bipyridyl (Rubpy) since Rupby is photoactive material and the hybrid of 
the same with PBNP may establish excellent photoelectrochemical significance. Figure 5c shows the electrochemical 
behavior of PBNP, PBNP-AuNP, PBNP-Rubpy and PBNP-Rubpy-AuNP modified electrodes. These hybrid materials 
display inherent electrochemical behavior of PBNP in the presence of these functional material and could be explored in 
specific applications. It is to be noted the presence of AuNP along with PBNP in the hybrid affect the both redox couples 
of PB. Nevertheless, the PB electrochemistry remains analogous to maximum extent in PBNP hybrid and need to be 
evaluated through electrocatalytic evaluation based on hydrogen peroxide sensing.
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Figure 5c. Cyclic voltammograms of PBNP, PBNP-AuNP, PBNP-Rubpy, PBNP-Rubpy-AuNP in 0.1 M KCl at scan rate of 10 mV/s

3.3 Glucose biosensing based on PBNPs and PBNP hybrid modified electrodes

The PBNP is commonly designated as peroxidase mimetic. However the catalytic properties of the same should be 
tuned similar to that of peroxidase based on their turn over numbers. Nevertheless, we have been working on evaluating 
the peroxidase mimetic activity using hydrogen peroxide as natural substrate to precisely establish the comparative 
catalytic performance of peroxidase and PBNPs.

Hydrogen peroxide does not undergo mediated electrochemical interaction accordingly hydrogen peroxide may be 
electrochemically evaluated through catalytic reduction/oxidation of the same. Hydrogen peroxide undergo selective 
PBNP mediated reduction at lower potential accordingly the same could electrochemically detected based on the 
measurement of cathodic current (Figure 5b). The specific activity of horseradish peroxidase (HRP) has been found 
much better accordingly HRP has been selectively explored in electrochemical sensing of hydrogen peroxide. On the 
other hand, hydrogen peroxide also undergo oxidation at relatively high anodic potential and the dynamics of same 
is faster compared to that of H2O2 reduction as reported earlier [33]. Accordingly anodic current could be explored 
during hydrogen peroxide sensing with much better sensitivity however, the oxidation of same involve relatively large 
overvoltage and proceed close to 1.0 V vs AgCl at efficient measurable rate. If the overvoltage is reduced significantly, 
more sensitive electrochemical sensing could be desirable. Further the catalytic activity of Prussian blue could be 
precisely manipulated in the presence of other known electrocatalyst or functional material, the artificial catalytic 
system replacing natural enzyme. All oxidases catalyzed reactions allow the formation of hydrogen peroxide and 
electrochemical sensing of the same may only be realized via electocatalysis and not by mediated mechanism. Further, 
under anaerobic condition the redox centre of the oxidase enzyme may be regenerated either through the mediated 
mechanism [34-35] or through redox electrocatalysis [36]. Accordingly the PBNP hybrid electrode may serve as 
electrocatalyst as reported earlier [37] for both hydrogen peroxide and reduced oxidase enzyme that directed to probe 
glucose oxidase catalyzed reaction based on electrochemical biosensing using the PBNP hybrid electrode made with 
AuNP and Rubpy. The GOD along with PBNP and its hybrid was incorporated within graphite paste and the formation 
of  hydrogen peroxide/reduced glucose oxisase as a function of glucose oxidase catalyzed reaction was monitored. 
Figure 5d show the cyclic voltammograms of PBNP-GOD, PBNP-AuNP-GOD, PBNP-Rubpy-GOD and PBNP-
Rubpy-AuNP-GOD modified electrodes in absence (1) and the presence (2) of 200 mM glucose. The results clearly 
predict introduction of electrocatalysis in PBNP-Rubpy-AuNP-GOD during glucose biosensing. Such observation 
is further confirmed from the results sas hown in Figure 5e based on amperometric glucose biosensing as shown in 
Figure 5e PBNP-Rubpy-AuNP-GOD system showed much better electrochemical signal as compared to that of other 
three systems and predicted the introduction of electrocatalysis during redox enzyme based glucose biosensing. It is 
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noteworthy to discuss the mechanism of glucose biosensing at the surface of PBNP-GOD hybrid modified electrode 
based on anodic current measurement. In fact hydrogen peroxide may be generated based on the availability of oxygen 
at the site of reaction as a function of glucose oxidase catalyzed reaction. Accordingly the electrocatalytic oxidation 
of as generated hydrogen peroxide was performed at 0.6 V vs Ag/AgCl and the sensitivity of electrochemical sensing will 
ultimately depend on the electrocatalytic efficiency of hybrid material derived from PBNP. Apart from little difference 
in electrocatalytic sensing of glucose oxidase catalyzed reaction involving only PBNP-PBNP-AuNP and PBNP-Rubpy 
nanohybrid modified electrode, the behavour of PBNP-AuNP-Rubpy system responded exceptionally well as compared 
to other three systems. The reason behind this may be predicted from the consideration of following bioelectrochemical 
reaction;

Glucose + GOD[FAD] → Gluconolactone + GOD[FADH2]

GOD[FADH2] + [Ru(bpy)3]
3+ → GOD[FAD] + [Ru(bpy)3]

2+

[Ru(bpy)3]
2+ HCF/HCF-AuNP/HCF-AuNPs-Rubpy

Electrode
→ [Ru(bpy)3]

3+ + e-

Scheme 1. Mechanism of Rubpy mediated bioelectrochemical reaction
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Figure 5d. Cyclic voltammograms of PBNP-GOD, PBNP-AuNP-GOD, PBNP-Rubpy-GOD, PBNP Rubpy-AuNP-GOD modified electrodes in 
absence (1) and the presence (2) of 200 mM glucose in 0.1 M phosphate buffer pH-7.0 containing 0.1 M KCl at the scan rate of 10 mV/s
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Figure 5e. Amperometric responses of PBNP-GOD, PBNP-AuNP-GOD, PBNP-Rubpy-GOD, PBNP-Rubpy-AuNP-GOD modified electrodes at 0.6 
V vs AgCl on the addition of varying concentrations of glucose in 0.1 M phosphate buffer pH-7.0 containing 0.1 M KCl

It is to be noted that fraction of glucose oxidase may also undergo Rubpy mediated regeneration as shown in 
scheme-1 that may be regenerated electrochemically at 0.6V vs Ag/AgCl depending on electrocatalytic ability of PBNP 
hybrid electrode. We are working in details on such system and detailed output would be available in due course.

3.4 Homogeneous catalysis of PBNP and PBNP hybrid as peroxidase mimetic

The advantages of organic reagents can further be evaluated from the processability of as made PBNP useful as 
homogeneous catalyst involving o-dianisidine-H2O2 system. The catalytic mechanism involves the PBNP mediated 
catalysis of the two electron reduction of H2O2 to H2O to form an intermediate complex; the colour substrate binds to 
the complex by a nucleophilic attack, thus allowing the oxidation reaction to occur with a colour change from colourless 
o-dianisidine to brown coloured product  that can be monitored spectrophotometrically at 430 nm (Figure 6 a for 
PBNP and Figure 6b for PBNP-AuNP). Typical Michaelis-Menten curves can be obtained for the nanodispersion of 
PBNPs, PBNP-AuNP with H2O2 as substrates shown in Figure 6a and d respectively. The results recorded in Figure 6 
clearly predict the use of PBNP as homogeneous catalyst and the catalytic activity may further be tailored by making 
nanohybrid of the same with metal nanoparticles.
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Figure 6. UV-Vis spectra of o-dianisidine-H2O2 system on the addition of PBNP (a) and PBNP-AuNP (b) with various concentrations of H2O2 (0.1, 0.2, 
0.4, 0.8, 1.61, 3.23, 6.46, 25.84, 51.67 x 10-3); Kinetic analysis of PBNP (c), and PBNP-AuNP (d) system with H2O2 as substrate. The inset show the 

visual image on the formation of coloured reaction product

4. Conclusion
In summary, we have demonstrated the role of four different organic systems; (1) 3-APTMS and cyclohexanone, 

(2) tetrahydrofuran hydroperoxide, (3) tetrahydrofuran hydrogen peroxide and (4) 2-(3, 4-epoxycyclohexyl) 
ethyltrimethoxysilane and tetrahydrofuran hydroperoxide in making four different types of PBNPs i.e. PBNP1, PBNP2, 
PBNP3 and PBNP4. These organic systems also enable the formation of monmetallic and bimetallic nanoparticles that 
can be further explored in making PBNP hybrids in order to tune the electrocatalytic activity for specific application. 
In addition these reagents also enable synthetic incorporation of both PBNP and metal nanoparticles especially PdNP 
within mesoporous network of silica nanoparticles or other similar materials for innovating PB based designs.
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