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Abstract: Each chemical reaction has its own energy profile that represents the energy changes 13 

during the transformation of reactants into products. Together with other sources, it provides 14 

information about the reaction mechanism. Here, we show how a complementary metal-oxide-15 

semiconductor (CMOS)–compatible field effect transistor can be used to register an energy 16 

pathway of a chemical reaction. As a proof of concept we record an energy profiles (energy 17 

changes vs. reaction coordinate) of 3,3′,5,5′-tetramethylbenzidine oxidation catalyzed by 18 

horseradish peroxidase. This approach can be potentially extended to study other enzymatic and 19 

non-enzymatic reactions. 20 

Main Text:  21 

Understanding the mechanism of a chemical reaction makes it possible to control the 22 

course of the reaction, its direction, and its efficiency. Despite the clear significance of this 23 

knowledge, to date, energy profiles are assessed by indirect methods 
1-3

 combined with 24 



theoretical predictions by computer modeling methods 
4,5

. A field effect transistor (FET) is a 1 

popular transducer for engineering sensors and biosensors. These sensors are capable of 2 

detecting small molecules 
6
, various biomarkers 

7
, molecule–molecule interactions 

8
, and cell 3 

activity 
9
. They were designed by replacing the metal gate of a metal-oxide-semiconductor FET 4 

(MOSFET) with an electrolyte solution and an immersed reference electrode. Historically, this 5 

design was called an ion-sensitive FET (ISFET) 
10

. Most of the principles for detection by FET 6 

sensors proposed to date have been based on selective adsorption or increasing analyte 7 

concentration using ion-selective membranes at the electrolyte–field transistor interface, which 8 

lead to a change in the effective surface charge 
11

. This charge changes the electrolyte–9 

semiconductor potential, which is detected by the transistor. However, the electrolyte–10 

semiconductor potential depends on the internal characteristics of the solution, which is the gate 11 

material. This fact is well known for MOSFETs, in which the threshold voltage of the transistor 12 

depends on the work function of the electrons from the gate material. Further, the work function 13 

of the material is determined by the chemical potential of the electrons. In the case of ISFETs, 14 

the gate is replaced by an electrolyte; as such, the threshold voltage depends on the chemical 15 

potential of the electrons in the solution,   .    is characterized by the equilibrium state of the 16 

redox reactions in solution (redox system) and corresponds to the oxidation–reduction potential 17 

on a vacuum scale:             (         ), where       (         ) is the potential 18 

relative to the vacuum level, and   is the number of electrons involved in the redox reaction 
12

. 19 

Therefore, changes in the component composition of the redox system, caused by the 20 

initialization of a homogeneous chemical reaction in solution, will be accompanied by a change 21 

in   . If the reaction rate is much lower than the rate of equilibrium established in the redox 22 

system, then the extent of the reaction    will be associated with the specific    value for each 23 

reaction. By initializing the reaction in the gate solution, we show that it is possible to measure 24 

the transient characteristics of   ( ) in the system. Each extent of reaction    will correspond to 25 

the time t from the beginning of the reaction, such that transient “redox” reaction profiles can be 26 



obtained. For the homogeneous redox reaction in which all solution components are involved, 1 

the relative changes in the chemical potential of the electrons are equal to the relative changes in 2 

Gibbs free energy during the reaction (refer to supplementary materials). 3 

To support our hypothesis we investigate energy changes in gate solution during 4 

horseradish peroxidase (HRP) catalytic cycle. It is well known that enzymatic reactions have 5 

complicated energy profiles that are interest of science and could be a good demonstration as a 6 

proof of concept. 7 

In this study we used a fully depleted silicon-on-insulator (FD-SOI), 100 × 100 μm, n-8 

channel ISFET with a SiO2-sensitive area and a platinum electrode (Fig.S1). The sensors were 9 

designed for operation in subthreshold transistor mode and were fabricated according to the 1.2 10 

μm complementary metal-oxide-semiconductor (CMOS) standard process, with a sensitivity of 11 

40 mV/pH and an average subthreshold swing value of 137.3 ± 12.1 mV/dec (Fig. S2). The 12 

reaction considered was that of 3,3′,5,5′-tetramethylbenzidine (TMB) oxidation catalyzed by 13 

horseradish peroxidase (HRP). HRP is a hemoprotein peroxidase that catalyzes the oxidation of a 14 

broad range of substrates and is extensively used in the fields of immunochemistry, biocatalysis, 15 

bioremediation, and medicine 
13,14

. The general scheme of the HRP catalytic cycle with H2O2 16 

and TMB is presented in Fig. 1.  17 



 1 

 2 

Fig. 1 Reaction scheme for the HRP reaction with TMB 
15,16

.  3 

 4 

The catalytic cycle includes the donation of two electrons to hydrogen peroxide by 5 

hemoprotein, forming Compound I (HRP-I)—a first two-electron transfer reaction. Next, HRP-I 6 

accepts one electron from the second substrate (TMB), forming Compound II (HRP-II). HRP-II 7 

recovers to the native state by taking an additional electron from a second TMB molecule 
15

. 8 

The formation of HRP-I does not require a second substrate 
17

, and this makes it possible 9 

to separate the investigation of enzyme oxidation and reduction. To study this part of the HRP 10 

cycle, we initiated an HRP oxidation reaction by simply adding HRP and H2O2 to a citrate–11 

phosphate buffer in a well-like structure formed on a chip. The time-dependent changes in    in 12 

the well after reaction initiation was monitored by measuring relative changes in the ISFET IDS 13 

over time.  14 

The result of these experiments is shown in Fig. 2. In the case of H2O2–buffer mixture, a 15 

straight line with a low drift of ~0.4 mV/min was observed. For HRP injection, a typical 16 

potential drop curve with base stabilization was observed. The value of the final potential drop 17 

was correlated with the added enzyme concentration and decreased with the reduction in enzyme 18 



concentration. The addition of 1 pM of HRP to 520 µM H2O2 had no influence on the potential 1 

behavior (data not shown). We gradually increased the enzyme concentration to increase the 2 

number of enzyme redox states in solution. When the HRP concentration exceeded 3.8 µM, the 3 

redox equilibrium shift in the gate solution become detectable by the ISFET. The observed time-4 

dependent change in    was reproducible and exhibited specific pattern, showing a sequence of 5 

different energy states during the reaction.  6 

Today, it is largely accepted that the reaction of HRP with H2O2 proceeds via a Poulos–7 

Kraut-based mechanism 
18

 and has three intermediate states. At the very early stages of the 8 

catalytic process, the protonated H2O2 molecule coordinates to the heme iron with formation of 9 

intermediate [Fe(III)–HOOH] (HRP-0*). It is believed that this intermediate is required to make 10 

the hydrogen peroxide sufficiently acidic to be deprotonated by the distal His42 residue 
19

, 11 

forming the next intermediate state [Fe(III)–OOH], called Compound 0 (HRP-0) 
20

. The released 12 

proton is then delivered by His42 to the terminal oxygen of the ferric hydroperoxide, forming 13 

complex [Fe(III)–OOH2], containing a water-leaving group. H2O debonding leads to cleavage of 14 

the O–O bond, and the [Fe(III)–OOH2] intermediate is transformed to [Fe(IV)=O]*, that is, 15 

HRP-I 
21

.  16 

Thus the obtained results are consistent with the Poulos–Kraut mechanism for HRP-I 17 

formation. The obtained energy pathway has three minima, corresponding to three intermediate 18 

iron states in the catalytic core. The characteristic time between registration of the first minimum 19 

(corresponding to HRP-0*) and end of the reaction (HRP-I formation) was ~750 s. Similar times 20 

for the reaction of H2O2 with HRP were reported previously using the stopped-flow technique 
21

.  21 
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Fig. 2 Relative change in chemical potential of electrons,   , in gate solution during initiation of 2 

the reaction between HRP and H2O2. Black: response to addition of HRP to 100 mМ citrate–3 

phosphate buffer (pH 5.5) at 60 s to achieve a final concentration of 3.8 µM; red: 100 mМ 4 

citrate–phosphate (pH 5.5) buffer containing 520 µM H2O2 without HRP; blue: response to 5 

addition of HRP to 100 mМ citrate–phosphate buffer (pH 5.5) containing 520 µM H2O2 at 60 s 6 

to achieve a final concentration of 3.8 µM. Inset: enlarged part of region corresponding to the 7 

energy pathway of HRP-I formation. 8 

 9 

Currently, the rate-limiting step in HRP-I formation is still being studied. The energy 10 

profile data obtained demonstrates that after H2O2 coordination in the catalytic core, the process 11 

of deprotonation with formation of [Fe(III)–OOH] and the O–O bond cleavage of [Fe(III)–12 

OOH2] are faster than the conversion from intermediate [Fe(III)–OOH] to [Fe(III)–OOH2]. 13 

Moreover, the ISFET is capable of detecting additional transition states extended in time 14 

corresponding to the proton flow in His170−heme−OOH−His42−Arg38 in the binding pocket 22
. 15 



Figure 3A demonstrates the difference in energy profiles for TMB oxidation by HRP and 1 

by HRP-I. As HRP and H2O2 react in the absence of the second substrate, their preincubation 2 

accelerates the oxidation of the second substrate owing to the HRP-I accumulation. Moreover, 3 

with the preliminary incubation, the obtained profiles lack the stage of HRP-I formation that is 4 

present for the full reaction in the potential well. It was observed that preincubation of HRP with 5 

H2O2 for less than 1 min leads to a decrease in the time before system energy begins to grow. 6 

 7 

Fig. 3 (A) Effect of preincubation of HRP with H2O2 on the obtained signal. Reaction conditions: 8 

5 µM TMB, 520 µM H2O2, 3.8 µM HRP in 100 mМ pH 5.5 citrate–phosphate buffer solution. 9 

(B) Red: real-time FET-sensor response for the reaction of 1.8 nM HRP with 200 μM H2O2 and 10 

500 μM TMB; black: formation and decay of charge-transfer complex in microplate reader at the 11 

same conditions. 12 

 13 

The detected energy growth corresponds to TMB* and HRP-II formation in the gate 14 

solution; this assumption was confirmed by spectrophotometric studies. According to the TMB 15 

oxidation mechanism, free radical forms of TMB* and HRP-II are formed after interaction with 16 

HRP-I. TMB* exists in an equilibrium with the intermediate charge-transfer complex (the 17 

complex of the diamine (electron donor, TMB) and the diimine (electron acceptor, TMB-18 

oxidized)) (Fig. 1), which can be detected by monitoring the adsorption at 650 nm 
16

. The 19 



formation and decay of cation radicals follow a time course similar to that for the charge-transfer 1 

complex. The energy peak detected by ISFET coincides with times for existence of the charge-2 

transfer complex as detected by adsorption measurements at similar reaction conditions (Fig. 3 

3B). 4 

Variation in substrate concentrations leads to predictable peak changes corresponding to 5 

the established mechanism for TMB oxidation by HRP. At the start of peak formation, the height 6 

and peak area grew with an increase in the substrate concentrations (Fig. 4). After addition of 7 

H2O2 to the well containing 7.4 nM HRP and 500 µM TMB to achieve a final concentration of 8 

0.2 µM, there was no noticeable change in    . An increase in H2O2 to 20 µM led to a typical 9 

peak that became larger after addition of 200 µM H2O2 to the same concentrations of HRP and 10 

TMB (Fig. 4A). It is notable that at low H2O2 concentrations in the presence of 500 µM TMB 11 

and 7.4 nM HRP, we did not observe the stage of HRP-I formation. 12 

 13 



 1 

 2 

Fig. 4 Real-time FET-sensor response for TMB oxidation by HRP at different reagent 3 

concentrations under reaction initiation by addition of H2O2. (A) Various H2O2 concentrations at 4 

7.4 nM HRP, 500 µM TMB, reaction initiation at 60 s. (B) Various TMB concentrations at 18 5 

nM HRP, 200 µM H2O2, reaction initiation at 35 s; arrow shows the area of HRP-I formation 6 

reaction. (C) Various TMB concentrations at 5 nM HRP, 200 µM H2O2, reaction initiation at 113 7 

s. (D) Various HRP concentrations at 500 µM TMB, 200 µM H2O2, reaction initiation at 50 s; 8 

arrow shows the area of HRP-I formation reaction.  9 

 10 

However, at low TMB concentrations under relatively high H2O2 concentrations, the 11 

peak corresponding to HRP-I formation was noticeable. With an increase in TMB concentration 12 

in solution, the HRP-I formation signal became less detectable, whereas the peak corresponding 13 

to TMB oxidation grew (Fig. 4B).  14 



According to the reaction mechanism (Fig. 1), the oxidation of one molecule of TMB 1 

requires half a molecule of H2O2 
23

. At a 2:1 ratio of TMB:H2O2, corresponding to maximum 2 

charge-transfer complex formation conditions 
16

, we observed the largest peak formation and its 3 

full decay; additionally, the final color in the well became yellow, indicating that the reaction 4 

finished with the formation of TMB-oxidized diamine when signal recording was stopped. With 5 

increasing TMB concentration, we observed that after reaching the peak top point, the potential 6 

stopped falling, and at a higher ratio (TMB:H2O2 ratio of 22.5:1) it plateaued at the top point, 7 

indicating that not all TMB oxidized to the final diamine form (Fig. 4C). At these conditions, the 8 

solution in the well changed from blue to green, indicating that the charge-transfer complex still 9 

existed in the final product mixture. Interestingly, the potential minimum corresponding to HRP-10 

I formation decreased in time with an increase in the ratio (Fig. 4C). These results demonstrate 11 

that energy changes in the gate after HRP-I formation are governed by TMB* radical 12 

accumulation and disproportionation with formation of the final diamine form.  13 

To increase the contribution of HRP intermediate states in the general energy 14 

rearrangement, we varied the enzyme concentration under fixed substrate concentrations. Figure 15 

4D demonstrates that the slopes of the curves increase with increasing HRP concentration. The 16 

peak height increased from 10 mV to 200 mV when the final enzyme concentration changed 17 

from 18 pM to 1 µM. Thus, an increase in enzyme leads to faster TMB* accumulation and decay 18 

in the system. Another noticeable effect is the appearance of HRP intermediate states in the 19 

redox profile at high enzyme concentrations against the background of TMB* evolution in the 20 

system. The small peak corresponding to HRP-I formation was reproducible at the large enzyme 21 

concentrations (1–10 µM) in the gate solution at 500 µM TMB, 200 µM H2O2. However, the 22 

reaction rates did not permit high resolution of the intermediate and transition states in this area 23 

to be achieved. High resolution in this area (energy change vs. time) throughout the reaction was 24 

achieved by lowering TMB concentrations in the gate solution (Fig. 5) under relatively high 25 

enzyme concentrations. At these conditions, the pattern corresponding to HRP-I formation 26 



before TMB oxidation was similar to the pattern obtained for the half-reaction of HRP with H2O2 1 

(Fig. 3). The pattern obtained at lower TMB concentrations have the same three minima, but 2 

signal oscillations were substantially compressed in time compared with the half-reaction curves. 3 

Thus, Fig. 5 shows the final energy trajectory of enzymatic reaction in the gate solution. This 4 

trajectory includes intermediate steps during HRP-I formation under interactions with H2O2 as 5 

well as the accumulation of radical TMB* during HRP-II formation. The high impact of TMB* 6 

did not permit the detection of intermediate states in the catalytic core during [Fe(IV)=O]* 7 

transformation to [Fe(IV)–OH]. However, with TMB* decay in the system, we observed an 8 

additional shell in the profile that may correspond to residual concentration of HRP-II and its 9 

transformation to native HRP. The stabilization of the curve after 700 s indicates that the 10 

chemical reactions in the gate finished and the enzyme returned to its native form.  11 

 12 



 1 

Fig 5 Energy pathway equal to the relative changes in Gibbs free energy during the reaction of 2 

TMB oxidation catalyzed by HRP with suggested intermediates (50 µM HRP, 500 µM TMB, 3 

200 µM H2O2). Reaction was initiated by addition of H2O2 at 70 s. Enlarged area: 0.05 µM HRP, 4 

200 µM H2O2; red, 70 μM TMB; blue, 90 μM TMB; purple, 200 μM TMB.  5 

 6 

Conclusion 7 

In this work, we introduce a novel and promising experimental method for recording 8 

energy changes during chemical reactions. As a proof of concept to support our hypothesis we 9 

record energy profiles of HRP catalytic reactions under different conditions. Our findings 10 

demonstrate the possibility of using ISFET sensors to study the energy pathway during reactions. 11 

In the case of redox reactions occurring in the gate, these changes under constant pressure and 12 

temperature are equal to the changes in the Gibbs free energy of the system caused by the 13 

chemical reaction. The proposed method allows the detection of transition and intermediate steps 14 



during the reaction and can be used to study the influence of different conditions on the reaction 1 

mechanism.  2 

 3 

Taken together, these opportunities can provide new insights into the nature of chemical 4 

reactions. 5 

 6 

Methods 7 

FET Sensor Setup 8 

Fully depleted silicon-on-insulator (FD SOI) ISFETs with a SiO2-sensitive area were 9 

fabricated according to the 1.2 μm CMOS standard process, in which a Pt electrode was used as 10 

the redox electrode. All experiments were performed in well structures formed on a chip surface. 11 

Between measurements, the well containing the sensors was carefully washed, and the surface of 12 

the Pt electrode was cleaned in a Caro’s acid solution. The system was stabilized by immersing 13 

the sensors in buffer solution and holding the structure at a constant voltage bias in subthreshold 14 

mode for 900 s. 15 

 16 

Electrical Measurements 17 

Measurements of     during the chemical reaction were carried out using the ISFET in 18 

subthreshold mode. 19 

The electrical potential at the ISFET surface (i.e., the solution–oxide interface) corresponds 20 

to the metal gate potential in a conventional MOSFET. Therefore, the ISFET subthreshold 21 

current     depends on the surface potential   , as in the MOSFET, at source voltage       22 

and drain-source voltage         as follows 
24

: 23 

              (     )     (1) 24 



where     is the transistor channel ratio,    the threshold voltage,    the slope factor,    the 1 

current constant, and    the thermal voltage.  2 

Therefore, for small changes in     , it follows from (1) that 3 

     (   )                         (2) 4 

The    value in an ISFET can be controlled through the voltage on the electrode, U, which can 5 

be written in the form of (S.13) as 6 

     (  )                  (3) 7 

Then, from experimental measurements and using (3), it is possible to determine the ISFET 8 

slope factor     (     )  . As shown in the Supplementary Information, changes in     with 9 

fixed U are equivalent to changes in U with fixed   . Thus, for a fixed U, a small change in     10 

(S.14) can be expressed as 11 

 
                (4) 12 

When the reaction was initialized, a small change in     was ensured by implementing a 13 

relatively small discrete time between measurements (in the given measurements, ∆t = 100 ms 14 

would be sufficient): 15 

 
   ( )(  )      ( )   ( )     (5) 16 

where    ( ) and     ( ) are the changes in values at the jth step of the measurement time. 17 

Measurements were made on an Agilent B1500A semiconductor device analyzer and a 18 

Cascade PM5 probe station using Agilent VEE Pro software. 19 
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Figures

Figure 1

Reaction scheme for the HRP reaction with TMB 15,16.



Figure 2

Relative change in chemical potential of electrons, , in gate solution during initiation of the reaction
between HRP and H2O2. Black: response to addition of HRP to 100 mМ citrate–phosphate buffer (pH
5.5) at 60 s to achieve a �nal concentration of 3.8 µM; red: 100 mМ citrate–phosphate (pH 5.5) buffer
containing 520 µM H2O2 without HRP; blue: response to addition of HRP to 100 mМ citrate–phosphate
buffer (pH 5.5) containing 520 µM H2O2 at 60 s to achieve a �nal concentration of 3.8 µM. Inset:
enlarged part of region corresponding to the energy pathway of HRP-I formation.



Figure 3

(A) Effect of preincubation of HRP with H2O2 on the obtained signal. Reaction conditions: 5 µM TMB,
520 µM H2O2, 3.8 µM HRP in 100 mМ pH 5.5 citrate–phosphate buffer solution. (B) Red: real-time FET-
sensor response for the reaction of 1.8 nM HRP with 200 μM H2O2 and 500 μM TMB; black: formation
and decay of charge-transfer complex in microplate reader at the same conditions.



Figure 4

Real-time FET-sensor response for TMB oxidation by HRP at different reagent concentrations under
reaction initiation by addition of H2O2. (A) Various H2O2 concentrations at 7.4 nM HRP, 500 µM TMB,
reaction initiation at 60 s. (B) Various TMB concentrations at 18 nM HRP, 200 µM H2O2, reaction
initiation at 35 s; arrow shows the area of HRP-I formation reaction. (C) Various TMB concentrations at 5
nM HRP, 200 µM H2O2, reaction initiation at 113 s. (D) Various HRP concentrations at 500 µM TMB, 200
µM H2O2, reaction initiation at 50 s; arrow shows the area of HRP-I formation reaction.

Figure 5

Energy pathway equal to the relative changes in Gibbs free energy during the reaction of TMB oxidation
catalyzed by HRP with suggested intermediates (50 µM HRP, 500 µM TMB, 200 µM H2O2). Reaction was
initiated by addition of H2O2 at 70 s. Enlarged area: 0.05 µM HRP, 200 µM H2O2; red, 70 μM TMB; blue,
90 μM TMB; purple, 200 μM TMB.
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