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ABSTRACT: Biofilms can cause many bacterial diseases, such as dental disease. An in vitro detection of biofilms may help to 
screen anti-biofilm drugs. An impedance measurement based on an Au electrode has been successfully used for in vitro real-
time monitoring of animal and human cell growth. However, microbial growth on Au electrode produced poor signal because 
of the small size of microbial cells. We have recently demonstrated that graphene derivatives can be produced on a carbon 
electrode through a facile electrochemical activation, thus forming a reduced graphene oxide-carbon electrode (rGO-CE). 
Based on this fact, we hypothesized that an in vitro formed rugose graphene layer of rGO-CE may provide a large surface area 
for the growth of microbial biofilms and can therefore produce a strong impedance signal in response to a change in biomass. 
In this study, three oral bacteria, Streptococcus mutans (S. mutans), Actinomyces viscosus (A. viscosus) and Lactobacillus 
fermentum (L. fermentum), were cultured on the surfaces of rGO-CE. As a result, the impedance response signal of rGO-CE to 
the growth of S. mutans and A. viscosus was found to be 3.3 times and 6.0 times stronger than that of the Au electrode at 1.17 
kHz and 54.7 kHz, respectively. In particular, the poorly adhering strain of L. fermentum also produced a detectable signal on 
the graphene electrode but not on the Au electrode at 1.17 kHz. Furthermore, destructions of the biofilms grew on the rGO-
CE by cetylpyridinium chloride were successfully monitored by impedance changes. Overall, it is promising to develop a 
graphene-based impedance biosensor platform for biofilm study and anti-biofilm drug screening. 

Microbial biofilms are an important survival strategy 
for microorganisms, and these biofilms consist of 
microorganisms and the accumulation of an extracellular 
matrix composed of one or more polymeric substances such 
as proteins, polysaccharides, humic substances, 
extracellular DNA and sometimes other molecules1. 
Contamination from a biofilm is a common occurrence, 
especially in clinics, where wound infections, bacterial 
endocarditis, cystic fibrosis airway infections, indwelling 
medical device infections, and mouth and genitourinary 
tract infection can be found2. The long-term accumulation 
of oral biofilm, a typical biofilm, will develop into dental 
plaque3, which may lead to several detrimental effects on 
gingival tissues, teeth and their supporting structures. The 
Global Burden of Disease Study in 2016 estimated that oral 
diseases affected at least 3.6 billion people worldwide. It is 
particularly important to efficiently and sensitively screen 
compounds that damage or destroy biofilms. 

In recent decades, several approaches have been 
proposed to monitor and characterize biofilm 
growth. These methods include weighing dried cells, 
manual or automated cell counting and several optical 
techniques such as turbidity and fluorescence 
measurements4. In addition to these approaches, 
techniques exist that correlate parameters such as the 
oxygen consumption rate or the carbon dioxide production 
rate to the cell density5, 6. Even so, the above methods are 
tedious, time-consuming, manual operations and labour-
intensive. Electrochemical impedance spectroscopy (EIS) 
has been used to assess cell growth due to it being a fast, 
sensitive and label-free technique that can characterize 
(bio)physical processes at the substrate-biomaterial 
interface. Briefly, when the cells are exposed to an electric 
field generated by a continuous sweeping of an alternating 
current voltage over a range of frequencies, the cells act as 
insulating particles that impede the flow of electric current 
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when they distribute on the electrode, thus increasing the 
impedance of the system. In recent years, EIS had been used 
to study the biofilms formed on various metal electrode 
surfaces, such as stainless steel 7-9, Indium-tin-oxide (ITO) 
10,11, platinum and Au 12. Au electrode has been successfully 
used in electrochemical impedance spectroscopy (EIS) 
assays of growth of animal cells, yet being problematic in 
the assays of bacterial biofilms due to much smaller size and 
less interfacial adhesion of bacterial cells than that of animal 
cells. Even if bacteria can form a biofilm, the impedance 
signal of the biofilm on the Au electrode is insufficient in 
impedance assays13-17. This would also cause response 
delay and deteriorate the sensitivity in biofilm monitoring, 
especially in the early stage detections of the biofilm. On the 
other hand, unideal microstructure and/or 
microenvironment of the interface of the electrodes may 
also be a reason 18. Therefore, it is necessary to improve the 
sensing interface per se or develop novel ones to enhance 
the sensitivity of biofilm detections. Graphene has long been 
attracting attentions from electrochemical analysts due to 
its outstandingly high conductivity and biocompatibility19-

21. Wang et al 22 developed an interface of graphene-based 
electrical impedance sensor for metastatic cancer diagnosis 
at single-cell resolution, the collected electrical signals from 
graphene bio-interface were about two times stronger than 
those from the Au interface. As far as we have known, there 
are few studies using graphene interfaces to detect biofilms. 
Therefore, we attempted to construct graphene-modified 
electrode interface to enhance the electrochemical sensing 
effect of bacterial biofilms. Initially, suspensions were 
prepared by coating chemically synthesized graphene oxide 
(GO) on pretreated Au or glassy carbon electrodes; 
unfortunately, heterogeneous modifications of GO have 
been found to be insufficiently robust on classic electrode 
interfaces, which has hindered their application (Figure S1). 
Based on this fact, an in situ electrochemical method is 
adopted in our study to prepare a graphene-modified 
electrode. The proposed method was verified herein 
featuring simplicity in fabrication and low cost while 
satisfying the EIS assay of bacterial biofilms.

Here, we fabricated a graphene-modified carbon rod 
with a wrinkled and rough electrode surface based on our 
previous finding that the surface of a carbon electrode (CE) 
will form a graphene derivative layer after simple 
electrochemical activation23. Compared with a graphene 
layer formed by a drop-casting modification from 
chemically synthesized GO, the in situ modified graphene 
layer avoids exfoliation and fissuring. Streptococcus mutans 
(S. mutans), Actinomyces viscosus (A. viscosus) and 
Lactobacillus fermentum (L. fermentum), the oral pathogens 
and the model of bacterial biofilm formation 24-26, were 
studied in this work.    We assume the rGO-CE should have 
better electrochemical activity compared to Au electrodes 
and a bare CE, and its wrinkled surface can accommodate 
more biomass so that more bacteria can be captured to 
facilitate the formation of a biofilm; thus, the detection 
sensitivity can be improved. Results proved the predictive 
advantages of this method, when it was used to EIS 
detection of biofilms of oral bacteria. Compared to the Au 

electrode and bare CE, rGO-CE showed a significantly higher 
impedance signal to the biofilm of the three bacteria at a 
characteristic frequency. Furthermore, parallelly evidence 
by crystal violet staining showed the growth tendencies of 
the bacteria follow the results revealed via the EIS 
measurements. This work is particularly important for 
detecting biofilms with poor adhesion, especially for the 
low impedance signals generated by Au electrodes used in 
conventional impedance testing15, 27. In addition, we use 
cetylpyridinium chloride for biofilm damage experiments. 
The results show that the relative impedance change rate of 
rGO-CE is also better than that of the Au electrode and CE. 

EXPERIMENTAL
All materials, reagents, instruments and experimental 

methods used in this study are described in detail in the 
Supporting Information.

RESULTS AND DISCUSSION
Characterization of the electrode. The morphologies 

of the working electrodes were investigated by SEM 
(Figures 1a-d). The surface of the CE before treatment was 
uneven as shown in Figure 1b, and even the Au electrode, 
which looked extremely smooth, had a surface that was 
defective under SEM magnification (Figure 1a). After 
oxidation, the surface roughness of the CE was increased, 
and there were significant wrinkles (Figure 1c). It has been 
reported that dramatic changes in electrode surface 
roughness and uniformity are caused by electrochemical 
etching effects at extreme potentials28-30. Subsequently, we 
electrochemically reduced the electrode and obtained a 
coarser and fluffy layered structure as shown in Figure 1d, 
which indicated that the surface of the anodized CE was 
forced to be rearranged by electrochemical reduction. The 
same phenomenon has been reported for chemically 
reduced graphene oxide (crGO) samples31. Moreover, the 
structure was similar to chemically synthesized reduced 
graphene32-34. This was also consistent with the SEM results 
of our previous electroactive carbon paste electrodes23. 
Through an XPS analysis (Figure S2), we obtained detailed 
information on the elements and structural composition of 
the structure obtained by an electrochemical treatment. 
The largest changes in the peak intensity were the C 1s and 
O 1s bands (Figure S2a). Figure S2b shows that the oxygen 
content of GO-CE after oxidation was significantly higher 
than that of CE and rGO-CE due to the increase in C-O-H/C-
O-C (286.5 eV) and C=O (288.0 eV) functional groups 
(Figures S2c, d). This was because prolonged anodization 
would cause lattice rupture and the formation of edge plane 
defects, which would become hydroxyl and carboxyl groups 
35, 36. The oxygen content of reduced rGO-CE was lower than 
that of GO-CE, indicating that the removal of edge defect 
sites was not complete (Figure S2e). Moreover, because of 
the low degree of redox reaction, changes in the carboxyl 
functional group throughout the electrochemical process 
were not detected23. The increase in peak intensity of C-C 
(285.0 eV) and the decrease in peak intensity of C=C (284.7 
eV), and subsequent decrease and their increase, 
respectively, revealed the interconversion of sp3 carbon and 

Page 2 of 11

ACS Paragon Plus Environment

ACS Sensors

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



3

sp2 carbon during redox. Thus, an in situ XPS analysis further 
verified the graphene nature of the surface structure on the 
CEs obtained by redox processing.

We also studied the electrochemical behaviour of 
several working electrodes in a chemically inert electrolyte 
containing a 5 mM [Fe(CN)6]4/3- probe, for the further 
elucidate the difference in the activated surface of the CE 
after a redox reduction. As shown in Figure S3a, the 
response curent of the CE was very weak. However, after an 

oxidation treatment, the current dramatically increased. 
Both GO-CE and rGO-CE exhibited greatly improved 
electrical conductivity, but GO itself was insulated 16. This 
could be attributed to the electrochemical etching effect due 
to the dissociation of graphite particles on the electrode 
surface, which resulted in more defects/edge plane 
exposure and led to an increase in the specific surface area 
of the electrode. Then, 

Figure 1. SEM images of (a1, a2) Au electrode, (b1, b2) CE, (c1, c2) GO-CE and (d1, d2) rGO-CE. The images of a2, b2, c2 and d2 are 
at a higher magnification.

the [Fe(CN)6]4/3- probe was used to reveal the 
electrochemical performance of the three working 
electrodes. As seen in Figure S3b, the CE showed weak and 
irreversible (the peak potential difference was ΔE≈130 mV) 
oxidation and reduction reactions. After the oxidation 
treatment, a pair of excellent redox peaks appeared, 
indicating an increase in the sensitivity and reversibility of 
GO-CE (ΔE<100 mV). This was due to the etching effect, 

which increased the surface area of the electrode during the 
oxidation process. Furthermore, through a subsequent 
reduction treatment, rGO-CE obtained a further increase in 
peak intensity. This indicated that the in situ generated rGO 
further reduced the electrode surface resistance because it 
had better conductivity than GO. In summary, the in situ 
produced graphene-modified interface was verified to be 
successfully obtained. 

Figure 2. a, CV curves (3th) of the pristine CE, GO-CE and rGO-CE. Dashed lines are the responses in a 0.1 M KCl solution, and solid 
lines represent the responses in a 0.1 M KCl containing 20 mM potassium ferrocyanide. The curves are all recorded at a scan rate of 
20 mV/s. b, Typical Nyquist plots of the bare Au (a), CE (b), GO-CE (c) and rGO-CE (d) in a 50 mM phosphate buffer (pH 7.0) containing 
5 mM [Fe(CN)6]4-/3- and 0.1 M KCl within a frequency range of 100 kHz to 0.1 Hz.
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To further illuminate the difference between the CE 
surfaces, the electrochemically active surface area (EASA) 
of the different working electrodes was calculated. CV 
curves were recorded in a 0.1 M KCl solution containing 20 
mM potassium ferrocyanide at ambient temperature (scan 
rate is 20 mV/s). The value of the electroactive surface area 
was calculated according to the Randles-Sevcik equation37:

   Ip=2.69×105A C                                                               (1)𝐷
1
2𝑛

3
2ʋ

1
2

where A is the area of the electrode (cm2), D is the diffusion 
coefficient of the molecule in solution (0.65×105 cm2/s) 38, n 
is the number of electrons participating in the redox 
reaction, ʋ is the scan rate (V/s), and C is the concentration 
of the probe molecule in the bulk solution (mol/cm3). 
According to the results given in Figure 2a, the EASAs of the 
bare Au electrode, CE, GO-CE and rGO-CE were 0.048 cm2, 
0.049 cm2, 0.060 cm2 and 0.068 cm2 respectively. Compared 
to the bare Au electrode and CE, the GO-CE showed an ~25 
and ~22% increase in EASA, respectively, and the following 
rGO-CE showed an ~42 and ~39% increase, respectively. 
Undoubtedly, both electrochemical activation processes 
contributed to the increase in EASA of the electrode, and in 
the electro-oxidation process, an etching effect could be 
very beneficial. This effect was very helpful for obtaining an 
enlarged electrode surface area. 

EIS assays were carried out in parallel. The Nyquist 
plots of the bare Au electrode, CE, GO-CE and rGO-CE 
presented in Figure 2b demonstrated that the CE showed a 
flat and slightly larger semi-circular area recorded in the 
high frequency zone relative to that of the bare Au 
electrode, which represented a large electron transfer 
resistance (Rct) and was due to the relatively weak 
conductivity of pristine graphite 28 and its uneven surface. 
However, on GO-CE, the Rct decreased because pure GO is a 
material with often less conductivity than its parental 
graphite 23, 39. Therefore, the obviously reduced Rct could be 
attributed to the electro-etching effect caused by the 
anodizing treatment, which produced an increase in the 
specific surface area of the electrode. rGO-CE exhibited an 
almost straight line, which was characteristic of a diffusion 
limiting step in the electrochemical process40.

Based on all the characteristics of the formed rGO-CE, 
we assumed that the rough surface formed by this wrinkled 
microtopography was very likely to provide a larger 
interface for the growth of microbial biofilms, increase the 
loaded biomass and thus significantly improve the 
detection of biofilms. Therefore, we tried to use rGO-CE to 
culture three models of oral bacterial biofilms to verify our 
hypothesis.

Biofilm formation and morphology analysis. To 
obtain a robust biofilm for subsequent experiments, we 
selected 12 h, 12 h and 20 h as the biofilm culture periods 
for S. mutans, L. fermentum and A. viscosus, respectively 
(Figures S4a-c). In addition, we also used crystal violet 
staining to verify the biofilm formation time of the three 
oral bacteria. The results showed that biofilm was present 

in the corresponding inoculation wells, which appeared to 
be weaker in the BHI medium without an additional supply 
of carbon (Figures S4d, e). However, L. fermentum did not 
appear to show any signs of biofilm formation, even in the 
wells with high concentrations of sucrose (Figure S4f). The 
increase in the cell index (CI) value of L. fermentum was 
most likely due to its dense proliferation behaviour on the 
microelectrode surfaces.

CLSM was chosen to characterize the actual biofilm 
morphology in situ due to its non-invasive and non-
destructive characteristics, and it is actually considered an 
effective tool for the in situ study of biofilms. We cultured 
the three bacteria for 12 h, 20 h and 12 h to observe the 
actual morphology of the three biofilms. Syto9 plus 
propidium iodide (PI) offers the possibility of selectively 
staining live and dead bacteria and has therefore been 
widely used to analyses bacterial viability. Syto9 plus PI 
which kept bacterial cells with intact cytoplasmic 
membranes (emitting green fluorescence) to be 
differentiated from bacteria with damaged membranes 
(emitting red fluorescence) 41. Syto9 is a DNA-intercalating 
dye that penetrates all bacterial membranes and stains the 
cells green, while PI only penetrates cells with damaged 
membranes and displaces Syto9 because of its stronger 
affinity to DNA and thus quenches S-yto9 emission, 
producing red fluorescing cells. As shown in Figure 3a, S. 
mutans was more likely to form macro-colonies in the 
presence of sucrose, while the other two bacteria formed a 
uniform dense biofilm (Figures 3b, c; Figure S4d). After 12 
h, 20 h and 12 h of culture, the biofilm was not stained red 
by PI, and the colour of the merge was also green, so it can 
be stated that a stable biofilm was formed, which was also 
consistent with the biofilm formation time obtained from 
Figure S4.

Figure 3. Morphology of oral bacterial biofilms measured with 
inverted confocal laser scanning microscopy (CLSM). 

Page 4 of 11

ACS Paragon Plus Environment

ACS Sensors

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



5

Projections of biofilms structures stained with a BacLight 
bacterial Viability Kit. Fluorescent dyes were cocultured with S. 
mutans (a), A. viscosus (b) and L. fermentum (c) for 12 h, 20 h 
and 12 h, respectively, and the distribution of green (SYTO 9 for 
live bacteria), red and yellow/colocalized (PI for dead bacteria) 
was observed in the biofilm. 

Biomass analysis of biofilm on an electrode 
surface. The assay for biofilm formation used for this study 
was adapted from an O’Toole and Kolter method 42, which 
was based on the ability of bacteria to form biofilms on solid 
surfaces, which were then stained with crystal violet (Cvio). 

Cvio binding to negatively charged molecules, including 
nucleic acids and acidic polysaccharides, it thereby serves 
as an overall measure of the whole biofilm. As shown in 
Figure S5, the biomass of the three bacteria attached to rGO-
CE was larger than that of Au and CE. Specifically, the 
biomass of biofilms attached to rGO-CE of S. mutans and A. 
viscosus was 1.1 times and 1.2 times higher than that of Au 
electrodes, respectively, and 1.2 times and 1.8 times higher 
than that of CE, respectively, while the biofilm biomass of L. 
fermentum was 1.7 times that of Au electrodes and 2.0 times 
that of CE.

Figure 4. Mean (n=5) impedance amplitude and phase spectrum of the three kinds of bacteria. Bode impedance spectra of S. mutans 
(a), A. viscosus (c) and L. fermentum (e) on the Au, CE and rGO-CE interface. Phase spectra of S. mutans (b), A. viscosus (d) and L. 
fermentum (f) on the Au, CE and rGO-CE interface.
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This was mainly due to the relatively large and rough 
surface of rGO-CE facilitating the adhesion of bacteria, since 
the roughness helped provide niches where bacteria could 
adhere to and get protected from the outside world. This 
also        confirmed our hypothesis that rGO-CE increased the 
biomass when compared to that of the Au electrode.

EIS detection of biofilm. The detection of bacteria by 
an impedance assay is based on the phenomenon that live 
cells become polarized in an electric field, whereas dead 
cells do not respond to the electric field as sensitively as 
viable cells because they lack an intact cell membrane 43, 44. 
Polarization occurs at a certain frequency which is 
characteristic for the type of bacteria. When the 
characteristic frequency is exceeded, the charges at the cell 
membrane cannot follow the electric field, and the bacteria 
stop contributing to the measured impedance. Therefore, it 

is especially important to make a full frequency impedance 
spectrum and select the appropriate characteristic 
frequency.   

After 12 h or 20 h bacterial culture, an increase in 
impedance magnitude was achieved, indicating the bacteria 
were attached and biofilms were formed. A clear distinction 
between the impedance amplitude and phase value of the 
biofilm produced by the three bacteria was observed in a 
frequency ranging of 1~100 kHz (Figure 4) when compared 
to the bacteria-free state. A greater impedance amplitude 
was observed from rGO-CE, compared with that of Au and 
CE; however, the change rule of the phase value was 
inconsistent. For the graphene bio-interface, the 
nanotexture-induced matching effect 45 obviously enhanced 
the contact ar-
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Figure 5. Statistical analysis of the impedance values of S. mutans (a), A. viscosus (b) and L. fermentum (c) attached to the surface of 
the different electrodes before and after biofilm formation. The data represent the mean of five results ± standard deviation. The ΔZ 
of three kinds of bacteria at different frequencies (d).

ea, which forcefully allowed current penetration into the 
bacterial biofilms in the attached state. The statistical 
analysis of the impedance values of the three bacteria at the 
following four frequencies of 1.17 kHz, 5.47 kHz, 11.7 kHz 
and 54.7 kHz before and after the attachment of the biofilm 
on the three electrodes is shown in Figures 5a-c, 
respectively. The average values are given as the result ± 
standard deviation. Interestingly, we found that in the same 
medium environment (electrochemically inert support 
solution) and at the same frequency, the intrinsic 
impedance value of the electrode surface of the carbon 
material and the impedance value after attaching the 
biofilm were smaller than the impedance value detected on 
the surface of the Au electrode. This was the same for the 
entire frequency of 10 Hz~100 kHz, especially below 1 kHz. 
This could be because that the surface area enhancement 
and the fluffy wrinkled morphology of carbon material 
electrodes allow an increase in the charge injection per unit 
area at the electrode-electrolyte interface, resulting in 
significant reduction in the electrochemical impedance of 
the electrodes 46. Compared with the control group of the 
biofilm-free state, the three bacteria showed different 
impedance intensities at the same frequency and the 
frequency of the maximum impedance increase of the three 
bacteria were also different. The increment in impedance 
ΔZ of the three bacteria (which was the difference between 
the impedance of the latter state and that of the former 
state, for example, ΔZ= = -𝑍𝑏𝑖𝑜𝑓𝑖𝑙𝑚  𝑍𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 𝑤𝑖𝑡ℎ 𝑏𝑖𝑜𝑓𝑖𝑙𝑚 𝑔𝑟𝑜𝑤𝑡ℎ  

) obtained at the four frequencies of 1.17 𝑍𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 𝑤𝑖𝑡ℎ 𝑚𝑒𝑑𝑖𝑢𝑚 
kHz, 5.47 kHz, 11.7 kHz and 54.7 kHz is shown in Figure 5d. 
The ΔZ value of rGO-CE with bacterial growth at the four 
frequencies was 1.7 to 6.0 times larger than that of the Au 
electrode and 1.6 to 4.8 times that of the CE. Among them, 
the impedance signal of A. viscosus on rGO-CE was 6.0 times 
larger than that on the Au electrode at 54.7 kHz, S. mutans 
was 3.3 times larger than that on the Au electrode at 1.17 
kHz, and L. fermentum was 4.9 times larger than that on the 
Au electrode at 11.7 kHz (Figure 5d). We ascribed the 
enhancement of the signal of rGO-CE to a large effective 
surface area and high electrical conductivity. Additionally, 
this might be ascribed to the larger number of capture 
bacteria on rGO-CE than on the Au electrode. Furthermore, 
stronger changes in impedance measurements indicated 
that this method might be more suitable for tracking small 
changes in biofilm growth than Cvio measurements. Unlike 
the other three frequencies, L. fermentum had a negative ΔZ 
(-1.9 Hz) measured with the Au electrode at 1.17 kHz, 
indicating that the impedance tests before and after biofilm 
growth based on the Au electrode did not differ at this 
frequency. Therefore, at least for L. fermentum, the 
impedance detection using the Au electrode at this 
frequency was not optimal. In addition, we selected two 
bacteria, S. mutans and A. viscosus, which produced more 
biomass, and plotted ΔZ at OD590 nm (Figure S6). The 
results showed that the biomass of the biofilm on rGO-CE of 
both bacteria had a good correlation with ΔZ at the four 

frequencies. In comparison, the relationship between ΔZ 
and the biomass of S. mutans on the Au electrode was 
irregular and ΔZ of A. viscosus was negative in the case of a 
low biomass at 1.17 kHz; thus, for Au electrodes, this 
frequency was not suitable. This indicates that rGO-CE had 
a wider detectable frequency range and a superior 
sensitivity. In short, rGO-CE had inherent advantages over 
Au electrodes for the detection of three oral bacterial 
biofilms.

Drug treatment. During mature biofilm formation, 
0.075%~0.1% cetylpyridinium chloride (CPC) inhibited dry 
weight, viability, and acidogenicity 47. CPC is the main 
ingredient in common mouthwashes. In the early stage of 
biofilm maturation, we used EIS to detect the response of 
Au electrodes, CE and rGO-CE to changes in biofilm 
impedance after a 0.075% CPC treatment. Three 
representative frequencies of 5.47 kHz, 11.7 kHz and 54.7 
kHz were selected. The impedance value of the drug-treated 
biofilm was the difference between the drug-treated 
electrode with an attached biofilm and the drug-treated 
electrode ( =𝑍𝑑𝑟𝑢𝑔 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑏𝑖𝑜𝑓𝑖𝑙𝑚 

- ).  𝑍𝑑𝑟𝑢𝑔 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 𝑤𝑖𝑡ℎ 𝑏𝑖𝑜𝑓𝑖𝑙𝑚 𝑎𝑡𝑡𝑎𝑐ℎ𝑒𝑑
 

 𝑍 𝑑𝑟𝑢𝑔 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑒𝑙𝑒𝑐𝑡𝑜𝑑𝑒 

The relative impedance change rate was used to compare 
the response of the three electrodes to the detection of 
bacterial biofilm damage, and was calculated as follows: 
relative impedance change rate = (

×100%. After the  𝑍𝑏𝑖𝑜𝑓𝑖𝑙𝑚
 

―  𝑍𝑑𝑟𝑢𝑔 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑏𝑖𝑜𝑓𝑖𝑙𝑚 ) 𝑍𝑏𝑖𝑜𝑓𝑖𝑙𝑚 

CPC treatment, the bacterial cell membrane was destroyed, 
causing damage or death of the bacteria, and the impedance 
changed accordingly; the results are shown in Table 1. It 
was clearly indicated that under the same experimental 
conditions, the biofilm impedance values of the three 
bacteria treated with 0.075% CPC had different degrees of 
change. The most obvious of which was the measurement 
by rGO-CE, where the relative impedance change rate was 
above 70% at the three detection frequencies. The 
impedance change rate measured by the Au electrode was 
obvious at 5.47 kHz, and CE only responded well to the 
viscous actinomycetes. It was indicated that the CE modified 
with the in situ graphene layer was more sensitive than the 
Au electrode and CE in estimating the effect of bacterial 
biofilm destruction owing to a drug. Since the characteristic 
micro-topology formed by the fluffy graphene layer on rGO-
CE surface could produce larger changes in the impedance 
signal by loading more bacterial biomass, when the 
bacterial cell became damaged or dead, a loss of the 
complete cell membrane would also lead to more 
distinguishable changes in the detected impedance value. It 
could also be supported by Figure S6, in which a larger ΔZ 
on rGO-CE was found based on the same changing degree of 
biomass. Table S1 shows the relative impedance change 
rate produced by the 0.075% CPC itself on different 
electrode surfaces. It had an impedance signal in the 
medium with different sucrose concentrations. However, it 
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was not a threat compared to the relative impedance change 
rate produced by biofilm disruption. In summary, rGO-CE 
had a high impedance signal in response to screening for 
biofilm-damaging drugs.

Circuit model. The Impedance of an electrode is 
determined primarily by the ion environment both at the 
electrode/solution interface and in the bulk solution. Under 
an applied electrical field, the ions undergo field-directed 
movement and concentration gradient-driven diffusion. 
The total electrode impedance has two components: the 
resistance of the electrolyte solution and the impedance at 
the electrode/solution interface. The presence of the 
bacteria will affect the local ionic environment at the 
electrode/solution interface, leading to an increase in the 
electrode impedance. In the case of non-Faraday impedance 
detection, i.e. in the absence of a redox probe, the total 
electrode impedance has three components: the resistance 
of the electrolyte solution, the impedance of the bacteria, 
and the impedance at the electrode/solution and 
electrode/bacteria interfaces. The biological status of the 
bacteria, including bacterial viability, bacterial number, 
bacterial morphology, and degrees of adhesion, will affect 
the measurement of electrode impedance 48. 

Figure 6. Equivalent circuit model for the interaction on the 
electrode without (a) a biofilm and with (b) a biofilm.

An electrical equivalent circuit model of the biofilms 
attached to the electrode interface is provided to better 
understand the biofilm-electrode interaction. The electric 
behaviour of the electrode in a BHI medium with and 
without biofilm can be represented by the equivalent circuit 
shown in Figure 6. 

In our circuit, the double-layer capacitor was 
connected in series to Rs, which was determined by the ion 
concentration in the solution between the working 
electrode and the reference electrode. After the biofilm was 
formed, the capacitance of the biofilm Cb was introduced in 
parallel with the biofilm resistance Rb

 49, 50. However, due to 
the unevenness of the electrode surface that we could 
clearly see from Figure 2, the double-layer capacitance at 
the electrode interface deviated from the nature of an ideal 
capacitance, so a constant phase element was introduced to 
represent the capacitance impedance of the electrode 
interface. The impedance of the constant phase element, 
which represents the interfacial capacitance impedance, 
was defined as ZCPE = (jω)-n, where ω is the angular 

1
𝑄

frequency, Q is the magnitude of ZCPE, and n is a constant (0 
≤ n ≤ 1) representing the inhomogeneity in the surface 51. 
Thus, the entire impedance of the biofilm-electrode 
interface could be defined as (Eq. (2)):

     + ZCPE                                         (2)𝑍𝑤𝑖𝑡ℎ 𝑏𝑖𝑜𝑓𝑖𝑙𝑚 = 𝑅𝑠 +  
𝑅𝑏

1 +𝑅𝑏𝑗𝜔𝐶𝑏

Table 1. Relative impedance change rate of bacterial biofilm after the CPC treatment at 54.7 kHz, 11.7 kHz and 5.47 kHz. 
(n=5).

S. mutans A. viscosus L. fermentum
Frequency

Au CE rGO-CE Au CE rGO-CE Au CE rGO-CE

54700 Hz 24.8% 33.2% 84.3% 29.5% 61.3% 75.1% 3.8% 30.3% 85.4%
11700 Hz 31.3% 22.4% 80.2% 44.3% 65.0% 72.8% 16.4% 33.2% 76.7%
5470 Hz 48.1% 23.6% 78.7% 75.8% 66.7% 73.0% 64.9% 37.0% 74.3%

Based on our circuit model, we fitted the parameters of 
the three bacteria on the three electrodes in Figure 6 (which 
had a χ-2 value of 10-3). The data are summarized in Tables 
S2-S4. It should be noted here that the fitted Rs was not 
necessarily a solution resistance. It included all possible 
ohmic resistances in the electrode system, and the ohmic 
resistances of the electrodes themselves due to differences 
in conductivity were one of them 50. Therefore, as seen in the 
three tables below, the initial Rs measured by the three 
electrodes of each bacteria in their own broth varied. The Rs 
values of all three electrodes increased after the biofilm was 
formed on them. rGO-CE increased by 36.5 Ω compared 
with13.4 Ω with the Au electrodes and 4.7 Ω with CE, as 
shown in Tables S2-S4 also showed the same trend. After 
the growth of the biofilm, even the CPE changed, but the 
change trend of the CPE with the three kinds of bacteria in 
the low frequency region was different, such as the increase 
of CPE with S. mutans and L. fermentum, and the decrease of 

CPE with A. viscosus. Although Rb and Cb were generated in 
the formation of biofilms, the total impedance changes of 
the two in parallel was not as obvious as in the high 
frequency region. In our test range, the frequency region 
represented by Rs was between 10 and 100 kHz for the Au 
electrode, and between 1 and 100 kHz for the carbon 
material electrode. This could be seen from the phase angles 
being close to 0 deg in the phase diagrams of Figures 4b-f, 
which was also exactly the area where we directly selected 
the characteristic frequency by relying on the magnitude of 
the change. Therefore, we concluded that regardless of 
which electrode was used, the increase of the impedance 
signal after biofilm formation was mainly caused by the 
increase in the medium resistance Rs.

CONCLUSIONS
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CE modified with an electrochemically in situ 
generated graphene layer has obvious advantages over Au 
electrodes with the use of EIS to detect bacterial biofilms. 
When bacterial biofilms grow on the surface, the ΔZ value of 
rGO-CE is 1.7~6.0 times that of the Au electrode at 5.47 kHz, 
11.7 kHz and 54.7 kHz. In particular, the impedance signal 
of A. viscosus on rGO-CE is 6.0 times larger than that of the 
Au electrode at 54.7 kHz. Furthermore, when using the rGO-
CE interface for drug test, the relative impedance change 
rates of the three bacteria after a 0.075% CPC treatment 
were more than 70% at three detection frequencies. 
Furthermore, greater loading of biomass on the rough 
surface of rGO-CE enables the destruction of the biofilm by 
drug to be detectable, which is undetectable by the Au 
electrode. The results confirmed our hypothesis that 
compared to the classic Au interface, in situ generated 
graphene as an interface material for impedance detection 
can significantly enhance the impedance sensing sensitivity 
to bacterial biofilm growth and decay by increasing 
bacterial capture efficiency. It is promising to develop a 
graphene-based impedance biosensor platform for biofilm 
study and anti-biofilm drug screening.
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