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A B S T R A C T   

Direct electron transfer based enzymatic biosensors are highly efficient systems where electrons are transferred 
directly from the enzyme’s electroactive site to the electrode. One way of achieving it is by ‘wiring’ the enzyme 
to the electrode surface. The wiring of enzymes to electrode surfaces can be reached in many different ways but 
controlling its orientation towards the electrode surface is still a challenge. In this study we have designed a 
Flavin-adenine dinucleotide dependent glucose dehydrogenase that is fused to a minimal cytochrome with a site- 
specifically incorporated unnatural amino acid to control its orientation towards the electrode. Several site- 
specifically wired mutant enzymes were compared to each other and to a non-specifically wired enzyme using 
atomic force microscopy and electrochemical techniques. The surface and activity analyses suggest that the site- 
specific wiring through different sites maintains the correct folding of the enzyme and have a positive effect on 
the apparent electrochemical electron transfer rate constant kapp

ET . Electrochemical analysis revealed an efficient 
electron transfer rate with more than 15 times higher imax and 10-fold higher sensitivity of the site-specifically 
wired enzyme variants compared to the non-specifically wired ones. This approach can be utilized to control 
the orientation of other redox enzymes on electrodes to allow a significant improvement of their electron transfer 
communication with electrodes.   

1. Introduction 

Electrochemical enzymatic biosensors are widely used for the 
detection of different metabolites such as glucose (Algov et al., 2017), 
cholesterol (Huang et al., 2018), alcohol (Mohan et al., 2017), lactate 
(Calabria et al., 2017), ammonia (Sasaki et al., 2018) and many more. 
Analytes can be reduced or oxidized by an enzyme while currents can be 
produced and correlated to analyte concentration. Electron transfer (ET) 
between the enzyme active-site to an electrode can be mediated using an 
electrochemical mediator molecule (Bingham et al., 2020; Vilian et al., 
2019; Wang et al., 2019) or directly to the electrode (Bollella and Katz, 
2020; Ito et al., 2019; López Marzo et al., 2020). Direct electron transfer 
(DET) type biosensors allow high efficiency and low costs while medi
ated electron transfer (MET) based biosensors are often limited by 
diffusion and require the addition of external molecules that are 
expensive and at times toxic. Hence, DET type biosensors are highly 
desirable (Habermüller et al., 2000). The use of enzymes allows the 
detection of many different molecules with high specificity, selectivity 
and sensitivity. On the other hand, proteins are insulating molecules, 

their activity is dependent on different conditions such as pH and tem
perature, their catalytic activity decreases overtime due to misfolding or 
aggregation and substrate accessibility to the enzyme active-site is 
sometimes deterred due to enzyme orientation on the electrode surface 
(Bollella and Gorton, 2018; Bollella and Katz, 2020; Okuda-Shimazaki 
et al., 2020). 

In order to allow DET, several different wiring approaches were 
taken for protein immobilization onto electrode surfaces. One efficient 
wiring approach is the use of redox active polymers, which requires the 
use of modified polymers, to encapsulate the enzyme, allowing prox
imity to the active-site and ET through active redox centers (Heller, 
1990; Marquitan et al., 2020; Yuan and Minteer, 2019). Another 
approach is the use of semi-conductive hydro-gels such as reduced 
graphene oxide to entrap the protein and allow access to its redox active 
co-factor (Palanisamy et al., 2019; Ravenna et al., 2015; Zhou et al., 
2019). The use of such materials allows encapsulation of the enzyme 
which gives it stability, however, without the ability to control its 
orientation. To overcome that, it is possible to wire the enzyme directly 
to an electrode. 
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With the emergence of more wearable biosensing devices (Alfonta, 
2021; Min et al., 2021; Sempionatto et al., 2021), the need for 
non-invasive biosensing devices increases. However, sensing of bodily 
fluids such as sweat, tears and urine requires much more sensitive de
vices then those designed for blood metabolites and biomarkers sensing 
(Strakosas et al., 2019). In order to achieve such sensitivity, direct 
wiring and orientation of enzymes is needed. Direct and site-specific 
wiring of enzymes can be achieved by using chemical modifications 
such as exploiting thiol-gold chemistry with gold electrodes via protein’s 
surface exposed cysteins or deletion mutations that result in a single 
cysteine residue (Holland et al., 2011). N-Ethyl-
N′-(3-dimethylaminopropyl)carbodiimide (EDC) coupling through 
lysine or carboxylic residues of native amino acids (Lopez et al., 2015; 
Willner and Katz, 2000), biological modifications through fusion of 
gold-binding peptides (Lee et al., 2020) or carbon nano tubes (CNT) 
binding peptides (Wang et al., 2003) to the N- or C- termini of the target 
enzyme. The use of native amino acids such as lysines for EDC coupling 
or cysteines for thiol-gold chemistry requires highly purified samples 
and can result in undesirable binding of misfolded proteins, which may 
expose core residues, resulting in an insulating film on the electrode 
surface. Moreover, the use or the deletion of surface exposed lysines or 
cysteins often critically affects protein folding and eliminating them may 
lead to misfolding of the protein of interest. Using gold or CNT binding 
peptides is restricted to the N- or C- termini of the protein sequence, 
hence limited to one or two possible orientations of the redox enzyme 
towards the electrode. The use of a biorthogonal chemical handle in a 

pre-selected site that could be in a non-structured domain of the enzyme, 
may help with the above-mentioned limitations. 

The use of unnatural amino acids (UAAs) with a designated residue 
that allows biorthogonal chemical modification which can be encoded in 
any given site of the protein, resulting in a precise and controlled site- 
specific wiring of the protein to an electrode (Amir et al., 2013; Schle
singer et al., 2018; Xia et al., 2019). The use of a UAA can provide a 
unique functional group that allows enzyme orientation towards the 
electrode, which is a key factor on the way to efficient DET. In this study, 
we have used the UAA Propargyl-l-lysine (PrK) (Fig. 1B (1)) to 
site-specifically wire Flavin-adenine dinucleotide glucose dehydroge
nase (FAD-GDH) fused to a minimal cytochrome c domain (MCD) (FGM) 
mutants (Fig. 1A) (Algov et al., 2017) as well as Flavin-adenine dinu
cleotide glucose dehydrogenase (GDH), through Copper(I)-catalysed 
azide-alkyne cycloaddition (click) reaction to an azide-pyrene (Fig. 1B 
(2)), to a glassy-carbon electrode (GCE) and compared its immobiliza
tion on the electrode surface and its electrochemical performance to a 
non-specifically wired FGM using EDC coupling to a pyrene-carboxylic 
acid linker (PCA) (Fig. 1B (3)). Atomic force microscopy (AFM) 
revealed that the site-specifically wired enzyme showed a scattered 
surface coverage and electrochemical measurements revealed ca. 10 
times higher catalytic currents compared to the non-specifically wired 
FGM with higher ET rates. We have also found that site-specific wiring of 
the enzymes through different sites affect the kapp

ET value. In addition, the 
combination of AFM and cyclic voltammetry (CV) measurements have 

Fig. 1. FGM structural model A. The 
structure of FGM was modeled by fusing 
the crystal structure of FAD-GDH from 
burkholderia cepacia (γ-subunit in silver, 
α-subunit in gold, PDB ID: 6A2U) to the 
crystal structure of MCR2 domain from 
MamP crystal structure in dark green 
(PDB ID: 4JJ0). Dimensions of protein’s 
height and width were estimated using 
UCSF chimera software (Pettersen et al., 
2004). PrK at positions S247 and T558 
are labeled in light blue, FAD co-factor 
is blue, heme is dark red. B. Chemical 
structures of PrK (1), 
pyrene-diethyleneglycol-azide (PDAz) 
(2) and PCA (3). C. Distance measure
ments between S247PrK residue and the 
FAD co-factor (i) and between the 
T558PrK residue and the heme domain 
(ii). D. Schematic illustration of the 
glassy-carbon electrode modification 
procedure E. Schematic illustration of 
the expected orientation of 
FGM-S247PDAz, FGM-T558PDAz and 
FGM-S247PCA on the electrode surface. 
(For interpretation of the references to 
color in this figure legend, the reader is 
referred to the Web version of this 
article.)   
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revealed, that while site-specific wiring through a single-site of attach
ment retained enzyme fold and activity, the non-specifically attached 
enzyme through EDC coupling has aggregated and mostly lost its native 
structure and activity. 

2. Experimental section 

2.1. UAA incorporation into FGM 

Escherichia coli(E. coli) BL21 bacterial expression system was used for 
the expression of the FGM enzyme with site-specifically incorporated 
UAA. Pyrrolysyl orthogonal translation system (pylOTS) DNA sequence 
was amplified from the pEVOL plasmid using polymerase chain reaction 
(PCR) and cloned into the backbone of pec86 plasmid using Gibson’s 
assembly to generate a new plasmid called pec86-pylOTS (Fig. S4A). 
pylOTS allows the continuous expression of an orthogonal translation 
system (orthogonal tRNA and aminoacyl tRNA synthetase) for incor
poration of PrK (1) using the amber (TAG) stop codon suppression 
(Chemla et al., 2018), while the pec86 plasmid is responsible for the 
continuous expression of E. coli cytochrome c maturation system (Arslan 
et al., 1998). The second plasmid, pETDuet-FGM (Fig. S4B) was used for 
the expression of FGM with a TAG mutation encoded in the desired 
incorporation site. Four different TAG mutants were prepared using 
site-directed mutagenesis, according to GDH crystal structure. Our 
guiding rational for mutation sites was to control the enzyme orientation 
in a manner that will allow proximity of 14 Å or less between the FAD or 
heme site and the electrode, without interference with the protein 
structure and correct folding. The sites that were tested were R42TAG 
and S247TAG, which are in close proximity to the FAD binding-site, 
while T558TAG (Fig. 1Cii) is in a close proximity to the heme domain. 
For the FAD proximity mutation site, we had the highest expression 
levels and activity with the S247TAG mutant (Fig. 1Ci). Hence, from 
here on we have focused our studies on S247TAG and T558TAG mu
tants. As a control that will allow us to find out whether the MCD affects 
ET properties of a site-specifically wired enzyme, we have also gener
ated an S247TAG mutant GDH that lacks its MCD domain. 

2.2. Protein conjugation with pyrene containing linkers 

For the site-specific wiring of FGM-S247PrK, FGM-T558PrK and 
GDH-S247PrK we have used a pyrene-diethyleneglycol-azide (PDAz) 
linker (2). The azide in (2) was clicked to the alkyne residue of (1). 3 μM 
of protein sample was mixed with 400 μM (2), 2 mM tris pH = 8.2, 10 
mM KCl, 1 mM Cu(I), 1.2 mM THPTA, 2.5 mM Sodium L-ascorbate 
(NaAsc) and 10% Dimethyl sulfoxide (DMSO). The reaction was incu
bated for 1 h in the dark at room temperature with shaking, then 
transferred to 4 ◦C for two days before use. For the non-specific wiring of 
FGM-S247PrK we have used a standard EDC-N-Hydroxysuccinimide 
(NHS) coupling with a PCA linker (3). 3 μM of protein sample was 
mixed with 200 mM EDC, 400 mM NHS, 25 mM 4-(2-hydroxyethyl)-1- 
piperazineethanesulfonic acid (HEPES) buffer pH = 7.0 and 100 μM (3) 
and incubated for 12 h at RT with shaking. 

2.3. Electrode preparations and electrochemical measurements 

Glassy carbon electrode was first polished on 0.05 μm alumina pol
ishing pad followed by five minutes sonication in DDW and drying using 
pure argon gas. Protein wiring to electrode was performed by dropping 
5 μL of 3 μM pyrene-conjugated protein sample on GCE surface for 10 
minutes incubation at RT (Fig. 1D) to allow the wiring of the protein 
through pi-pi stacking interactions between the pyrene groups and the 
GCE surface (Milton et al., 2016; Stergiou et al., 2020). After 10 minutes, 
the electrode was rinsed with DDW to remove unbound molecules and 
measured using a standard 3-electrodes electrochemical system with 
Ag/AgCl reference electrode and a pencil rod as the counter electrode. 
The expected orientations of all FGM variants towards the electrode are 

presented in Fig. 1E. GDH-S247PDAz is not presented since it is expected 
to be oriented like FGM-S247PDAz, lacking MCD. All measurements 
were performed using Palmsense 3 potentiostat (Palm Instruments, 
Houten, The Netherlands) at RT in 100 mM acetate buffer pH = 5.0 
under argon atmosphere and at variable scan rates. DPV measurements 
were performed with potential pulse of 100 mV for 0.1 sec, with scan 
rate of 25 mV/sec. In the multistep amperometry measurements the 
electrode’s potential was biased from (-200) mV to 0 mV, framing the 
onset potentials of all modified electrodes, measuring the current decay 
for 10 sec for each step. In case of negative current values, a constant 
value was added to allow current decay linearization using natural 
logarithm (ln) transformation. To test the enzyme-electrode perfor
mance in the presence of interfering molecules, we have used acetate 
buffer supplemented with 50 μM ascorbic acid, 10 mM lactate and 10 
mM urea (ALU) and measured the current response upon application of 
150 mV vs. Ag/AgCl reference electrode. 

3. Results and discussion 

3.1. Enzyme characterization 

FGM-S247PrK expression was first verified using anti His-tag West
ern-blot analysis (Fig. S1A). Two expression cultures were grown, while 
only one of them was supplemented with 2 mM of (1), the cells were 
then lysed and analyzed. It can be seen that only with the supplemen
tation of (1) to the expression culture we could observe a 67 kDa band 
indicating the successful expression of a full-length His-tagged protein. 
In the absence of (1) in the growth culture, we could not detect any 
protein band in the relevant size. The incorporation of (1) into the 
protein was verified by “clicking” a tetramethylrhodamine-Azide 
(TAMRA-Az) to the FGM-S247PrK, GDH-S247PrK and FGM-T558PrK 
protein variants. Fluorescent gel image (Fig. S2) has demonstrated 
that the mutants of FGM and GDH indeed had (1) incorporated into their 
amino-acid sequence. One band in the expected size indicated that the 
FGM/GDH mutants are the only proteins in the sample that contain the 
alkyne residue of (1). Next, we have used in-gel heme staining to verify a 
proper minimal cytochrome c maturation process (Fig. S1B), where a 
band of around 67 kDa was observed, indicating a successful heme 
maturation. The enzyme’s catalytic activity towards glucose was tested 
biochemically using 2,6-Dichlorophenolindophenol (DCIP) colorimetric 
assay for glucose oxidation (Fig. S1C). The colorimetric activity assay 
indicated that FGM-S247PrK, GDH-S247PrK and FGM-T558PrK are all 
capable of oxidizing glucose with a similar specific activity (data not 
shown). 

3.2. AFM measurements 

Understanding protein orientation on carbon surface can be realized 
by the combination of the knowledge we have from the protein crystal 
structure (Fig. 1A) with AFM measurements. We have analyzed the 
topography of an atomically flat carbon surface after wiring FGM-S247 
using different methods and compared it to the known expected size of 
the protein. Fig. S6 shows the AFM measurements of HOPG surfaces 
after 10 minutes of incubation in acetate buffer (i), FGM-S247 wired 
through (2) (ii) and FGM-S247 wired through (3) (iii). Since HOPG is 
atomically flat, we could measure the height of the bound enzyme on the 
HOPG surface and compare it to an approximate enzyme foot-print and 
height calculated from the crystal structure of FAD-GDH (Fig. 1A) taking 
into account the estimated lengths of the respective linkers. As a control, 
acetate buffer added to the surface, did not result in salt accumulation 
(Fig. S6(i)). Measurement of the FGM-S247 linked through (3) showed 
islands of bound molecules averaging around 70 nm in height, almost 10 
times higher than the height expected from a monolayer of FGM. These 
islands may be a result of protein aggregation caused by the wiring of the 
enzyme through multiple sites through non-specific wiring. Coupling to 
(3) may result in multiple pyrene molecules on each protein. The 
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adhesion of the protein to the surface through multiple pyrene residues 
can expose the hydrophobic core of the protein, which may result in the 
aggregation observed in the AFM measurements. However, measure
ment of the FGM-S247 clicked to (2) showed scattered particles on the 
surface with an average height of ca. 6 nm. When taking into consid
eration the anchoring point of the protein (S247) and the length of (2) 
(which is estimated to be 0.6 nm in its stretched form), this observation 
is very close to the estimated height of a single layer of a wired FGM in 
its expected orientation (Fig. 1A) on the HOPG surface. These results 
suggest that using site-specific wiring affords a relatively good control 
over the protein orientation towards the surface as well as better surface 
coverage of active and correctly folded enzyme with a mono-layer 
pattern, although not a densely packed one, rather than multi layered 
and partially unfolded aggregates. 

3.3. Electrochemical characterization 

For the electrochemical characterization of the wired enzyme, three 

different enzyme variants were compared using a site-specific wiring 
approach with the PDAz linker. In addition, the site-specific wiring 
approach was compared to a non-specific wiring approach using EDC- 
NHS coupling of one of the mutants to the electrode (FGM-S247PCA). 
In order to see whether we can detect the electroactive peaks and 
differentiate between the wiring approaches we have conducted DPV 
measurements that are more sensitive and less prone to background 
from non-Faradaic currents. Fig. 2A shows DPVs of FGM-S247PDAz and 
FGM-S247PCA in the absence of glucose. While FGM-S247PCA shows 
two well-defined peaks at (-100) mV and (+75) mV, FGM-S247PDAz 
shows a minute peak at (-250) mV and a defined albeit wide peak at 
ca. 0 mV vs. Ag/AgCl reference electrode. A control experiment where 
the DPV was performed on the conjugation reagents only (without 
adding protein samples) shows that the observed peaks indeed originate 
from FGM electroactive-sites (Fig. S7) and not from the presence of other 
factors in the reaction mixture. 

In order to elucidate the source of the two defined peaks in the non- 
specifically bound enzyme compared with the broad peak in the site- 

Fig. 2. Electrochemical characterization of wired FGM and GDH. A. DPV measurements of FGM-S247PDAz (red) and FGM-S247PCA (blue) under argon in the 
absence of glucose. Peaks are indicated by black arrows. B. Linearized multistep amperometry current decay plot of FGM-S247PDAz (red), FGM-T558PDAz (green), 
GDH-S247PDAz (purple) and FGM-S247PCA (blue). C. CVs of FGM-S247PDAz, FGM-T558PDAz, GDH-S247PDAz and FGM-S247PCA in high scan rates before (black) 
and after (red, green, purple and blue, respectively) the addition of 5 mM glucose. D. CV of heme-binding domain attached to the electrode surface before (black) and 
after (blue) the addition of 5 mM of glucose. E. CVs in scan rate of 10 mV/sec for FGM-S247PDAz, FGM-T558PDAz, GDH-S247PDAz and FGM-S247PCA before 
(black) and after (red, green, purple and blue, respectively) the addition of 5 mM glucose (scan rate 10 mV/sec). F. Glucose-current calibration curves of FGM- 
S247PCA (blue), FGM-S247PDAz (red), FGM-T558PDAz (green) and GDH-S247PDAz (purple) measured using chronoamperometric detection upon application of 
300 mV vs. Ag/AgCl reference electrode. The current from each glucose concentration (10 μM - 10 mM) was measured in triplicates; curves of the mean currents are 
presented with standard deviations. Inset presents the current response of FGM-T558PDAz towards glucose in physiologically relevant glucose concentrations of 
sweat and tears. G. FGM-T558PDAz response to glucose in ALU interference solution that was measured upon application of 150 mV vs. Ag/AgCl reference electrode. 
Black arrows indicate 0.1 mM glucose additions. H. The current response of FGM-T558PDAz in physiologically relevant range of glucose in the presence of interfering 
molecules. The current was measured in triplicates and the mean current values were used for the linear regression and are presented with error bars. (For inter
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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specifically bound enzyme, we have calculated the apparent ET coeffi
cient (kapp

ET ) using multistep amperometry as was previously described by 
us (Schlesinger et al., 2018). In Fig. 2B it can be seen that the linearized 
current decay of the site-specifically wired enzyme has a 
mono-exponential decay characteristic (R2>0.93) while the 
non-specifically wired enzyme has a bi-exponential decay dependence, 
which indicates ET from one or two redox-active sites. It cannot be 
excluded that the observed mono-exponential characteristic signal is an 
average from both, FAD and heme domain, but it can be deduced from 
this result that only one orientation is dominant on the electrode surface. 
Hence, we could extract kapp

ET values from the slope of the linearized 
current decay curve as summarized in Table 1. Since we have observed a 
mono-exponential current decay from the site-specifically bound en
zymes variants and a bi-exponential current decay from the 
non-specifically bound one, it could be an indication of the source of the 
two peaks: whereas one peak origin is a direct communication between 
the heme and the electrode and the other is a mediated ET from the FAD 
to the heme and then to the electrode. We hypothesize that the 
porphyrin, in the case of non-specific attachment is adsorbed directly on 
the electrode due to two lysine residues in a close proximity to its 
binding-site. Whereas an internal ET (between the FAD and the heme) 
can be hardly observed when fast scan rates are being used as no elec
trocatalytic current is apparent in the presence of glucose under higher 
scan rates regime and only the two separate peaks are visible and are 
well defined (which is an indication of Faradaic processes but not cat
alytic ones) (Fig. 2C). This result is in agreement with a control exper
iment that have shown that no electrocatalytic current is observed from 
attaching the heme binding domain only to the electrode in the presence 
of glucose as it cannot oxidize glucose in the absence of the FAD binding 
domain (Fig. 2D). 

Fig. 2E shows the bioelectrocatalytic currents of three site- 
specifically wired variants and one non-specifically wired enzyme in 
response to 5 mM glucose addition using CV with a slow potential scan 
rate of 10 mV/sec. As oppose to high-potential-scan rate measurements 
(Fig. 2C), at a low scan rate, we can observe the catalytic currents from 
the different variants almost independently from ET rates (provided that 
those ET rates are faster than the potential scan rate). The catalytic 
response of the site-specifically wired enzymes is much higher compared 
to the non-specifically wired enzyme (ca. 10 folds higher increase in 
maximal currents) and its onset potential is lower (-100 mV for all the 
site-specifically wired enzymes compared to -45 mV for FGM-S247PCA). 
This result indicates better accessibility of the protein’s electroactive site 
towards the electrode. Within the site-specifically wired enzymes, both 
GDH-S247PDAz and FGM-S247PDAz, which are bound with proximity 
to the FAD domain, present almost the same catalytic current while the 
FGM-T558PDAz shows almost two-fold higher catalytic current 
compared to both of them. In the site-specifically wired enzyme the 
substrate has a direct access to the catalytic site and the electrons can be 
transferred directly to the electrode without any barriers. By comparing 
the two points of attachment, it was evident that higher catalytic cur
rents are observed when the enzyme was wired close to its cytochrome 
domain (FGMT558TAG) rather than through sites that are close to its 
FAD binding-site (FGMS274TAG). While with the non-specifically wired 
enzyme, ET can be deterred by proteins covering the electrode in 
different orientations that are not optimal for efficient ET. 

For a given glucose concentration, the highest catalytic current was 
observed for FGM-T558PDAz variant, followed by FGM-S247PDAz and 

the lower catalytic current was observed with the GDH-S247PDAz 
electrode. Using high potential scan rates can help us understand 
whether the MCD has a role in the electron transfer to the electrode. 
While using low potential-scan rates resulted in almost the same cata
lytic current for both GDH and FGM, which are wired through the S247 
site, using high scan rates resulted in higher currents for FGM. This 
observation suggests that the MCD participates in the ET process to the 
electrode, rendering it more efficient. 

Apparent electron transfer rate constants were determined for the 
different variants. The highest kapp

ET was observed for FGM-T558PDAz 
wired to the electrode close to its MCD, next was the FGM-S247PDAz 
wired close to its FAD binding-site, a lower value was that of GDH- 
S247PDAz which is wired in a close proximity to its FAD however, in 
the absence of MCD and the lowest value was that of the non-specifically 
wired FGM-S247PCA. Glucose concentration vs. current calibration 
curves of all variants are presented in Fig. 2F. It can be seen that the site- 
specifically wired enzymes show much higher currents than the non- 
specific wired ones. The apparent electrochemical Michaelis-Menten 
constants were determined based on a non-linear fit of the calibration 
curves shown in Fig. 2F (Table 1). Kapp

M of all samples did not differ 
significantly between variants within the error of the measurements in 
the range of 1.55-1.89 mM which is an indication that the mutagenesis 
and the site of UAA incorporation did not modify the enzyme affinity to 
glucose. However, imax values were calculated to be more than 15 times 
higher for FGM-S247PDAz with 8.88 ± 0.40 μA cm-2 vs. 0.55 ± 0.02 μA 
cm-2 for FGM-S247PCA. The site of attachment has also an effect on the 
imax values. Wiring through the T558TAG site with a proximity to the 
heme domain resulted in the highest current value, a slightly lower 
value was that of the S247TAG variant and the lowest value was that of 
the GDH-S247TAG. This result is another indication that the MCD has an 
effect on the ET abilities of the protein and are in correlation with the 
calculated kapp

ET values. In comparison with our previously reported imax 

value for non-wired FGM (Algov et al., 2017) which was 2.0 ± 0.5 μA 
cm-2, the site-specific wiring demonstrates more than four times higher 
imax value which is a significant improvement. Those high currents allow 
much higher resolution for glucose biosensing with higher sensitivity, 
which could be very useful and physiologically relevant for samples with 
low glucose concentrations such as sweat, subcutaneous plasma or tears 
samples (Iguchi et al., 2007; Li et al., 2016; Zhao et al., 2019). The limit 
of detection (LOD) was found to be 10 μM glucose for the 
site-specifically wired enzymes compared to 100 μM for the 
non-specifically wired enzyme, with a signal to noise ratio that is larger 
than 3. Since FGM-T558PDAz showed the highest currents in response to 
glucose, we have presented its current response to the physiologically 
relevant concentrations in tears and sweat in the inset of Fig. 2F. 
FGM-T558PDAz presents a resolution of 10 μM glucose and high line
arity (R2 = 0.988) of the current measured in the 0.01 to 0.6 μM of 
glucose concentrations regime. The broader linear range of 
FGM-T558PDAz was found to be 0.01–2 mM glucose while 
FGM-S247PCA showed a linear range of 0.1–2 mM only (both with R2 >

0.92) (Fig. S5). Improving the surface coverage will allow more avail
able reaction sites (in a similar manner as improving enzyme specific 
activity, this could be achieved by using porous electrodes for example) 
that can result in a broader dynamic range. To test our wired enzyme 
response in the presence of interfering molecules, we have used known 
interfering molecules in tears samples as previously described (Yao 
et al., 2011). The current response of FGM-T558PDAz was tested in ALU 
solution upon the addition of 0.1 mM glucose increments (Fig. 2G). The 
current response in the physiologically relevant glucose concentrations 
in tears (0.1-0.6 mM) was found linear under these conditions as shown 
in Fig. 2H, no interference was observed under these conditions. Being 
able to detect glucose in the relevant concentrations without being 
interfered by the ALU solution makes our system suitable for glucose 
detection in bodily fluids other than blood. 

Table 1 
Apparent electrochemical constants of the different tested variants.  

Enzyme variant Kapp
M (mM)  imax (μA cm-2)  kapp

ET (s-1)  

GDH-S247PDAz 1.55 ± 0.16 3.74 ± 0.12 8.0 ± 0.6 
FGM-S247PDAz 1.90 ± 0.10 8.88 ± 0.40 11.2 ± 0.7 
FGM-T558PDAz 1.60 ± 0.20 9.80 ± 0.20 13.4 ± 1.4 
FGM-S247PCA 1.80 ± 0.20 0.55 ± 0.02 4.80 ± 0.02  
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4. Conclusion 

In conclusion, we have presented the importance of a redox enzyme 
orientation towards an electrode. Non-specific wiring methods such as 
EDC-NHS coupling allows the covering of GCE with proteins but without 
the ability to control their orientation. By using site-specific UAA 
incorporation, we have created a unique orthogonal “chemical handle” 
that allows the conjugation of a linker in only one anchoring point in the 
protein sequence, and by that allowed determination of a specific 
orientation towards the electrode. The controlled orientation results in 
ca. 20 times higher catalytic currents in response to glucose, higher ET 
efficiency that was shown by the ability of the enzyme to transfer 
electrons in a scan rate as high as 500 mV/sec and a scattered mono- 
layer pattern on the surface as observed by AFM measurements. Wir
ing of proteins through different sites result in a significant effect on 
their ET characteristics and their ability to communicate with an elec
trode. Using this method allows high flexibility in the UAA incorpora
tion site which makes it a powerful tool for advanced protein 
engineering for enzyme-based biosensors. When site-specifically ori
enting a glucose oxidizing enzyme on the surface of an electrode, we 
could observe a gain in sensitivity (down to a concentration of 10 μM 
glucose), however, this gain in sensitivity comes with a cost, in gaining 
sensitivity we have lost the dynamic range that allows for higher glucose 
concentrations sensing. Testing FGM enzyme-electrode in ALU solution 
demonstrated no interference when using known interfering molecules 
present in tears. This makes the enzyme more suitable for non-invasive 
biosensors for bodily fluids other than blood such as sweat, tears and 
urine. 
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Yao, H., Shum, A.J., Cowan, M., Lähdesmäki, I., Parviz, B.A., 2011. A contact lens with 
embedded sensor for monitoring tear glucose level. Biosens. Bioelectron. 26, 
3290–3296. https://doi.org/10.1016/j.bios.2010.12.042. 

Yuan, M., Minteer, S.D., 2019. Redox polymers in electrochemical systems: from 
methods of mediation to energy storage. Curr. Opin. Electrochem. 15, 1–6. https:// 
doi.org/10.1016/j.coelec.2019.03.003. 

Zhao, J., Lin, Y., Wu, J., Nyein, H.Y.Y., Bariya, M., Tai, L.C., Chao, M., Ji, W., Zhang, G., 
Fan, Z., Javey, A., 2019. A fully integrated and self-powered smartwatch for 
continuous sweat glucose monitoring. ACS Sens. 4, 1925–1933. https://doi.org/ 
10.1021/acssensors.9b00891. 

Zhou, F., Jing, W., Xu, Y., Chen, Z., Jiang, Z., Wei, Z., 2019. Performance enhancement of 
ZnO nanorod-based enzymatic glucose sensor via reduced graphene oxide deposition 
and UV irradiation. Sensor. Actuator. B Chem. 284, 377–385. https://doi.org/ 
10.1016/j.snb.2018.12.141. 

I. Algov et al.                                                                                                                                                                                                                                    

https://doi.org/10.1021/acs.analchem.5b02949
https://doi.org/10.1021/acs.analchem.5b02949
https://doi.org/10.1246/cl.180692
https://doi.org/10.1246/cl.180692
https://doi.org/10.1039/c8cp00041g
https://doi.org/10.1038/s41551-021-00685-1
https://doi.org/10.1016/j.pmatsci.2020.100683
https://doi.org/10.1016/j.pmatsci.2020.100683
https://doi.org/10.1038/s41598-019-46302-9
https://doi.org/10.1016/j.bios.2019.111549
https://doi.org/10.1016/j.talanta.2018.09.018
https://doi.org/10.1016/j.talanta.2018.09.018
https://doi.org/10.1038/nmat833
https://doi.org/10.1038/nmat833
https://doi.org/10.1002/(SICI)1521-3773(20000403)39:7
https://doi.org/10.1002/(SICI)1521-3773(20000403)39:7
https://doi.org/10.1002/ange.201909203
https://doi.org/10.1002/ange.201909203
https://doi.org/10.1016/j.bios.2010.12.042
https://doi.org/10.1016/j.coelec.2019.03.003
https://doi.org/10.1016/j.coelec.2019.03.003
https://doi.org/10.1021/acssensors.9b00891
https://doi.org/10.1021/acssensors.9b00891
https://doi.org/10.1016/j.snb.2018.12.141
https://doi.org/10.1016/j.snb.2018.12.141

	Site-specifically wired and oriented glucose dehydrogenase fused to a minimal cytochrome with high glucose sensing sensitivity
	1 Introduction
	2 Experimental section
	2.1 UAA incorporation into FGM
	2.2 Protein conjugation with pyrene containing linkers
	2.3 Electrode preparations and electrochemical measurements

	3 Results and discussion
	3.1 Enzyme characterization
	3.2 AFM measurements
	3.3 Electrochemical characterization

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


