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Abstract 

 

Bacterial biofilms are a leading cause of infections in health-care settings. Surface plasmon 

resonance (SPR) biosensors stand as valuable tools not only for the detection of biological 

entities and the characterisation of biomaterials but also as a suitable means to monitor bacterial 

film formation. This article reports on a proof-of-concept study for the use of an angular-based 

SPR biosensor for the monitoring of bacterial cell growth and biofilm formation and removal 

under the effect of different cleaning agents. The benefit of this custom-made SPR instrument is 

that it records simultaneously both the critical and resonant angles. This provides unique 
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information on the growth of bacterial cells which is otherwise not obtainable with commonly 

used intensity-based SPR systems. The results clearly showed that a multilayer biofilm can be 

formed in 48 hours and the steps involved can be monitored in real-time with the SPR instrument 

through the measurement of the refractive index change and following the evolution in the shape 

of the SPR curve. The number, the depth and the sharpness of the reflection ripples varied as the 

film became thicker. Simulation results confirmed that the number of layers of bacteria affected 

the number of ripples at the critical angle. Real-time monitoring of the film breakdown with 

three cleaning agents indicated that bleach solution at 4.5% was the most effective in disrupting 

the biofilm from the gold sensor. Our overall findings suggest that the SPR biosensor with 

angular modulation presented in this article can perform real-time monitoring of biofilm 

formation and has the potential to be used as a platform to test the efficiency of disinfectants. 

 

Keywords: Surface plasmon resonance, biosensor, bacterial cells, real-time monitoring, biofilm 

formation and removal, disinfectants 

 

 

1. Introduction 

 

Biofilms are three-dimensional structures composed of microcolonies of microorganisms 

cocooned in an extracellular matrix of lipids, polysaccharides, proteins and DNA. Several stages 

are involved in the formation of a biofilm [1, 2, 3]. The bacterial cells first adhere on a surface 

with an initially reversible attachment. They start to secrete an extracellular polymeric substance 

which attaches them irreversibly to the surface. They then multiply to form microcolonies while 
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still generating and strengthening their extracellular matrix. Once the biofilm is mature, channels 

within and between microcolonies allow for oxygen and nutrient transport as well as for 

communications. Bacteria can undergo mutation in this secure structure and eventually release 

single cells to form new biofilm elsewhere. Bacterial cells in a biofilm are much stronger and 

more resistant to their environment, cleaning agents and antibiotics than their planktonic 

counterparts [4, 5]. The protection offered by the extracellular matrix as well as the exchange 

taking place between bacterium inside this matrix make the bacterial biofilms an important 

source of infectious diseases in health-care settings. 

 

Proper cleaning of surfaces and medical tools is a key step in reducing the number of infections 

in hospitals. Various cleaning agents with different action mechanisms are used to eliminate 

undesirable microorganisms. These agents can be grouped in two categories: detergents and 

disinfectants. Detergents remove and limit the adhesion of contaminants on surfaces and often 

require a mechanical action, such as friction, to be efficient. Detergents must be used prior to a 

disinfectant treatment as they remove organic contaminants that would otherwise reduce the 

efficiency of the disinfectant. They also increase the contact surface of the disinfectant with the 

microorganisms [6]. Disinfectants, on the other hand, attack the constituents of microorganisms, 

for example proteins and cell membranes, and are divided in a few classes based on their action 

mechanism. Examples of disinfectants are chlorine (e.g. sodium hypochlorite found in common 

household bleach), alcohols (e.g. ethanol), quaternary ammonium compounds (e.g. 

benzalkonium chloride) and oxidizer (e.g. hydrogen peroxide) [6, 7]. 
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Current methods to investigate biofilm formation include plate counting complemented by 

fluorescence of metabolic indicators, confocal scanning laser microscopy, atomic force 

microscopy and scanning electron microscopy [8]. Similarly, to assess the efficiency of 

disinfectant, the most commonly used method is also plate counting before and after exposure of 

the bacteria to a disinfectant. This method comprises multiple steps and the required 

manipulation of the biofilm can alter the results. In the last decades, surface plasmon resonance 

(SPR) has emerged as a sensitive technique for a wide range of sensing applications including 

the detection of proteins, DNA and other biological components at very low concentration [9, 10, 

11], the characterisation of biomaterials [12], and more recently, for the detection and monitoring 

of whole cells [13, 14, 15, 16]. This optical technique consists in measuring the intensity of the 

light reflecting from a thin metal film through a glass prism as a function of the incident angle. 

Its high sensitivity is linked to the variation in resonance conditions that can be observed for 

small bulk or surface refractive index changes of the sample adjacent to the metal. However, the 

intensity-based SPR biosensors are unable to instantaneously capture the entire angular SPR 

curve. This may be required in some situations such as bacterial growth and formation of 

biofilms. Herein, a custom-made surface plasmon resonance biosensor that simultaneously 

records both the critical and resonant angles was used to acquire information on the growth of 

bacterial cells and biofilm formation in real-time. We demonstrated the capabilities of this 

angular–based biosensor not only for monitoring the whole biofilm formation process from the 

attachment of bacterial cells to its maturation but also its suitability as a platform to test cleaning 

agents for bacterial film removal by following their actions as they occur. 
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2. Material and Methods 

 

2.1 Surface plasmon resonance biosensor 

 

The details of the SPR instrument along with the corresponding data analysis method were 

reported in a paper published previously by the authors [18]. Briefly, the biosensor consists in a 

collimated light emitting diode (LED) source centered at 630 nm, a polariser, a 50 mm 

cylindrical lens, an SF11 equilateral prism, another 50 mm cylindrical lens and a camera (Figure 

1). The polariser is oriented to ensure TM polarisation is incident on the gold and the lenses 

generate an angular range of 10 degrees centered at 53°. The use of a cylindrical lens allows us 

to capture at once the whole SPR curve including both the critical and resonant angles. 

 

The instrument operates in real-time where an angular SPR curve (reflectivity versus incident 

angle) is captured on the camera. The two significant locations of an SPR curve are the critical 

angle and the resonant angle. The critical angle is characterised by a sharp inflection on the left-

hand side of the SPR curve and is where total internal reflection occurs while the resonant angle 

is where the reflectivity is at its minimum (Figure 1). Using the SPR curve, the effective 

refractive index of the medium above the sensing surface is calculated through a projection 

method in Matlab [19, 20]. In this method, the measured SPR reflection spectrum is expressed as 

a column vector v with one element for each camera pixel. In advance of the experimental 

measurement, a rectangular matrix A is calculated in which each row corresponds to the 

simulated reflectivity for a given refractive index within the dynamic range of the instrument. 

The inner product A·v results in a column vector s which has one value for each simulated 
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refractive index. By interpolating over s to find the refractive index value where s is a maximum, 

the refractive index that most closely matches v is obtained. Changes in refractive index below 

1x10-6 refractive index units (RIU) have been measured using this method [20]. 

 

2.2 Gold coated glass 

 

The sensing surface was an SF11 glass slide coated with 2 nm of chromium and 40 nm of gold 

(Sydor Optics). Before each measurement in the SPR instrument, the coated glass was cleaned 

by soaking it in acetone and isopropanol for one minute each and by rinsing it in distilled water. 

The coated glass was dried with compressed air. 

 

2.3 Preparation of bacterial cell samples & buffer solution 

 

The buffer was a mixture of 30% Luria-Bertani (LB) growth medium (Fisher Biotech: LB Broth, 

Lennox (Powder), Fisher Scientific, Fair Lawn, New Jersey, USA) with serum, an isotonic 

solution with a concentration of 9g of NaCl per litre of water. For the bacterial cell samples, 10 

µl of stock solutions of Escherichia coli DH5α was inoculated in 3 ml of LB broth and placed in 

an incubator at 37°C with shaking (250 RMP) for 17 hours. The bacterial cells were centrifuged 

and re-suspended in serum three times to wash away the growth medium. The initial 

concentration was defined by the total number of bacteria in one ml of serum and it was 

calculated every time in serial dilution and plate counting. A ten-fold dilution of this initial 

concentration was used for the experiments and the resulting concentration of the sample was 

around 2x108 cfu/ml. 
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2.4 Disinfectants & detergents 

 

Three cleaning agents were used for the biofilm removal efficiency tests: Bleach LAVO PRO6 

(LAVO Inc., Montréal, Canada) diluted to 4.5% in MilliQ water, anhydrous ethyl alcohol 

(Commercial Alcohols, Ontario, Canada) diluted to 70% and Versa-Clean multi-purpose cleaner 

(Fisherbrand, Fisher Scientific, Nepean, Ontario, Canada) diluted to 20%. The biofilm removal 

experiments were performed with cleaning agent concentrations in the order recommended by 

the manufacturers. 

 

2.5 Experimental conditions 

 

The experiments were conducted at room temperature and with no prior surface chemistry. First, 

the flow cell and microfluidic circuit were cleaned with 70% ethanol for 20 minutes and rinsed 

with sterile water. The buffer was then introduced at a flow rate of 26.8 µl/min and the SPR 

response was left to stabilize for an hour. This flow rate was retained throughout the entire 

experiment. The bacteria sample was injected through a 1200 µl injection loop and left to adhere 

and to grow on the gold surface. 

 

The flow cell used on the sensing surface had two chambers that allowed for the simultaneous 

measurement of the refractive indices of both the growing bacteria on the gold surface and of the 

reference bare gold surface. This helped decipher between changes occurring on the bacterial 

film and a simple change in refractive index resulting from a change of buffer. 
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2.6 Micrographs of bacterial cells on gold 

 

The bacterial cells were grown on the sensing surface for one, 20 and 48 hours (using a different 

gold sensor and a new bacteria sample for each time point) under the conditions described in 

section 2.5. Afterwards, the gold sensor was removed without disturbing the bacteria layer and 

was placed under a microscope (WITec Alpha300RS, Germany). Images were captured with a 

20X objective lens. 

 

2.7 SPR monitoring of bacterial attachment and removal 

 

For the biofilm formation experiments, the growth of the bacterial cells was monitored for three 

days under the conditions described in section 2.5. 

 

For the disinfectant tests, the bacteria grew on the sensing surface for 48 hours. The buffer was 

replaced with sterile water to halt the bacterial growth. Once the signal stabilized, the 

disinfectant was injected through a 600 µl injection loop. At the end of each biofilm removal 

assay, the sensing surface was cleaned by injecting a 20% bleach solution, was then removed 

from the instrument and cleaned again with the procedure described in section 2.2 for reuse in 

the next experiments. The biofilm removal assay was repeated three times for each cleaning 

agent. 

 

3. Results & Discussion 
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3.1 Real-time monitoring of bacterial cell attachment and growth on gold  

 

A flow rate of 26.8 µl/min was used to inject a bacteria sample in the flow cell adjacent to the 

gold surface. Figure 2 shows the attachment and the growth of bacterial cells. The inset 

illustrates distinct transitions in refractive index upon the bacteria injection and attachment. 

Initially, the refractive index corresponds to the buffer on the bare gold. The first increase 

indicates the change in refractive index caused by the suspended bacteria in buffer as soon as 

they entered the flow cell. The signal then varied as the bacteria started to attach on the gold 

surface while the amount of bacteria in suspension decreased. Finally, the sample containing 

unattached bacteria was washed out from the flow cell. In this case, the changes in refractive 

index could be only associated with the attached bacterial cells that were starting to grow on the 

sensing surface in buffer media. The difference in refractive index value between the baseline 

and the post-injection signal then was regarded as an indication of the bacterial attachment on the 

sensor. 

 

The refractive index signal was monitored during three days under continuous buffer flow made 

of 30% LB in serum running at a rate of 26.8 µl/min. The refractive index increased substantially 

with respect to the baseline but also slowly fluctuated over time. The refractive index calculated 

with the projection method [20] was mostly influenced by the location of the resonant angle. 

Since bacteria are thicker than the sensing region of the plasmon (around 200 nm), the resonant 

angle only responds to the first layer of bacteria, i.e., the cell envelope and part of the cytoplasm 

[21]. The refractive index measured over time was therefore an effective refractive index 
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resulting from the cytoplasm of the bacteria, their secretions and the buffer. Figure 2 shows the 

monitoring of the refractive index as the bacterial cells grew on the gold surface and built their 

biofilm. The refractive index initially increased largely due to the multiplication of bacteria on 

the surface. The bacteria then reached a certain growth level where they started to produce their 

extracellular matrix, form microcolonies and re-organised their structure into a biofilm. The steps 

in the formation of a biofilm involve a variation in the surface coverage [22] that is believed to 

induce the fluctuation of the refractive index observed over time, particularly, the decrease and 

following increase around 25 hours. The multiplication of bacterial cells and the secretion of 

their extracellular matrix generate an increase the refractive index measured at the surface. On 

the other hand, only the expected shift in surface coverage upon the formation of biofilm 

accounts for a decrease in signal.  Since a biofilm is mostly composed of the extracellular matrix 

with the bacteria representing a lower percentage [22], the generation of the extracellular 

polymeric substance contributed to the change in refractive index with an increase in the bulk 

refractive index in the surrounding of the bacteria by slowly dominating the space previously 

occupied by the buffer. The result shown in Figure 2 was repeated over a dozen times with the 

same outcomes in the variation of the refractive index over time. 

 

Interesting results were obtained from the modification in shape and position of the SPR curve 

during bacterial growth. The SPR curve is the reflected intensity on the gold sensor as a function 

of the incident angle. The two important locations on this curve are the critical angle where total 

internal reflection occurs (around 49°) and the resonant angle at minimum intensity (around 55°). 

As the bacteria multiplied and built more layers, it generated clear features on the SPR curve 

around the critical angle. The position of the resonant angle depends only on the surface changes 
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since the evanescent wave of the surface plasmon only penetrates the first 200 nm of the sample. 

The features at the critical angle on the other hand, are influenced by the entire multi-layer 

structure on the sensing surface while its location depends on the bulk refractive index. Figure 3 

(a) shows the evolution of the experimental SPR curves with bacterial cell growth over time. A 

recording of the SPR curves in real-time is also available in the supplementary material (Video 

S1). Initially, the curve was typical with a sharp inflection at the critical angle. During the 

formation of the biofilm, the shape of the curve in that region was altered, and ripples appeared. 

The number, the depth and the sharpness of the ripples varied as the film became thicker. 

Simulation results obtained with Matlab confirmed that the thickness of the biofilm, representing 

an increasing number of layers of bacteria, affected the number of ripples at the critical angle 

(Figure 3 (b)). They also showed that the depth and sharpness of the ripples were affected by the 

refractive index of the surrounding medium with respect to the refractive index of the bacteria. 

These simulations consisted in generating an SPR curve through the transfer matrix method 

where the sample is represented by a multi-layer system. While experimentally the sample is not 

uniform, the simulations were performed with defined layers of chosen refractive indices. The 

bacteria were simulated with a refractive index of 1.340 for their cytoplasm and the thickness of 

the film was varied by taking into account an E. coli cell diameter around 1 µm. Also, the bulk 

refractive index was varied from 1.334 to 1.370. When the bulk refractive index was lower than 

that of the cytoplasm, the ripples were deep and sharp. As the bulk refractive index value 

converged towards the refractive index of the cytoplasm, the ripples almost disappeared. They 

reappeared and became deeper as the bulk refractive index exceeded the one of the cytoplasm 

and continued to increase. Since the shape of the experimental SPR curve observed over time 

confirmed an increase in the bulk refractive index and the buffer was not changed during the 

Page 11 of 19 Analyst

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

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
0 

M
ay

 2
01

7.
 D

ow
nl

oa
de

d 
by

 C
or

ne
ll 

U
ni

ve
rs

ity
 L

ib
ra

ry
 o

n 
20

/0
5/

20
17

 1
0:

12
:5

9.
 

View Article Online
DOI: 10.1039/C7AN00068E

http://dx.doi.org/10.1039/c7an00068e


12 
 

growth, this increase thus indicated the secretion of the extracellular matrix and the formation of 

the biofilm. The location and shape of the critical angle therefore offer key information about the 

multi-layer systems on the sensing surface. 

 

3.2 Microscopic analysis of surface coverage by bacteria  

 

To validate the SPR results, the surface coverage on the gold sensors at different stages in the 

growth of bacteria in the SPR biosensor was analysed by light microscopy after one hour, 20 

hours and 48 hours of growth in the SPR instrument. As it can be seen in Figure 4 a, b, c and d 

respectively, after one hour, a few isolated bacteria were attached on the gold. After 20 hours, 

clusters of bacteria started to form while single bacteria were still visible. After 48 hours, 

bacteria showed the feature of microcolonies. The forming units were no longer apparent since 

they were wrapped in their extracellular matrix. Once the surface was irrigated with 20% bleach, 

the biofilm was removed and the surface could be regenerated. 

 

Using image processing functions in Matlab and separating the bacteria from the background 

through an intensity threshold, the surface coverages were estimated at 14%, 43% and 62% for 

one, 20 and 48 hours, corresponding to refractive index changes of 3.5e-3, 7.0e-3 and 9.8e-3 RIU 

respectively. Once the bacterial growth reached confluence, the extra layers of bacteria started to 

form. 

 

3.3 SPR biosensor as a platform for testing disinfectants and detergents efficiency for biofilm 

breakdown  
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Three cleaning agents, namely bleach (solution of sodium hypochlorite), ethanol and soap 

(multi-purpose cleaner) were used to monitor the degeneration of the formed biofilm on the SPR 

sensor. The first two are disinfectants with different action mechanisms as compared to the soap 

which is a detergent. The chlorine ion of sodium hypochlorite attacks the cytoplasmic 

membrane. Alcohol, on the other hand, denatures proteins [6]. Each agent was diluted to its 

recommended value. For bleach and soap, the dilution ratios were 4.5% and 20% respectively. 

For ethanol, the common 70% dilution was used [23, 24, 25]. Sterile water and 20% bleach were 

the negative and positive controls respectively. Figure 5 shows the effect of the negative and 

positive controls on the SPR signal after three days of growth. In the case of water, the SPR 

curve was slightly displaced due to the change in refractive index. This variation in the refractive 

index is due to two phenomena: the first is the difference in refractive index between the buffer 

and water at the surface since the bacterial film is not uniform and the second is the change in 

morphology experienced by the bacteria due to the change in salt osmolarity [26, 13, 27]. This 

second effect is emphasized by the comparison of the signals of the bacterial film and the bare 

gold in Figure 5 (b). Indeed, if the surface coverage of the bacterial film had not changed, the 

variation in refractive index should have been at most as large as the signal shift on bare gold 

which was only caused by the replacement of the buffer with water. The refractive index for the 

bacterial film and its surrounding is therefore an effective refractive index. Since the resulting 

variation in refractive index was greater for the bacterial film than the bare gold, one can 

conclude that the surface coverage must have changed with the replacement of buffer with water. 

However, the bacteria layers, assessable by the shape of the critical angle, clearly remained 

unaffected by the change of buffer to water. For 20% bleach, the features at the critical angle of 
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the SPR curve corresponding to the bacterial film disappeared, the curve returned to its initial 

shape and the refractive index decreased to baseline. These observations confirmed that the 

bacterial film had been removed. A recording of the effect of bleach on the SPR curves in real-

time is available in the supplementary material (Video S2). It should be noted that the observed 

changes in the SPR curve was not due to the alteration of the gold surface; it was verified 

experimentally that the cleaning agents did not affect the quality and the characteristics of the 

gold sensing surface (Figure S4). 

 

Figure 6 shows the effect of the three cleaning agents on bacterial films. The ratio in percentage 

of the refractive index change before and after the exposure of the biofilm to the cleaning agent 

(∆RIagent) and the change in refractive index resulting from the 48-hour growth of the biofilm 

with respect to the buffer baseline (∆RIgrowth) can be calculated using Eq. 1: 

 

 ∆%	 =
∆����	
�

∆����
���
�100 (1) 

 

The change in surface refractive index reflected by the variation at the resonant angle was first 

calculated using the whole SPR curve. The change in bulk refractive index was also estimated 

using only the total internal reflection section of the SPR curve. This change was associated with 

the variation at the critical angle caused mainly by the thickness of the biofilm. The difference in 

the refractive index of the cleaning agent with respect to the buffer did not affect this calculation, 

since the refractive index was measured before and after the exposure to the cleaning agent under 

the same buffer conditions. In the case of 70% ethanol, the signal both at the critical and the 

resonant angles barely changed after the bacterial film exposure to the disinfectant suggesting 
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that the layers of bacteria were unaffected by the product and remained on the surface. This 

could be due to the high hydrophobicity of biofilms in ethanol solutions as was demonstrated by 

Epstein et al [28]. The hydrophobicity would minimise the contact of the disinfectant with the 

biofilm and prevent it from affecting the bacteria. For the soap solution, the features displayed at 

the critical angle of the SPR curve revealed a change in the structure of the bacterial film. This 

feature in SPR curve at the critical angle suggested that in all three runs with this detergent, a 

few layers of bacteria were removed while some were still present on the gold surface. The small 

changes at the resonant angle also indicated variation in the surface coverage and/or removal of 

some of the extracellular matrix. The results with 4.5% bleach showed run-to-run variations 

regarding the elimination of the bacterial film. In all three runs, the surface refractive index 

increased. A possible explanation of this effect is the death of the remaining bacterial cells. A 

distinction between killing and removing a biofilm with bleach was discussed by Gomes et al. 

[29]. Their results showed that bleach could kill sessile bacteria while they remained adherent to 

the surface. This would explain the experimental results observed where the refractive index 

increased with the alteration of the bacterial cells that remained in the biofilm. The experimental 

SPR curves for before and after the exposure of the bacterial films to the three cleaning agents 

are available in the supplementary material (Figure S3). The changes in the shape of the critical 

angle were used in combination with the change in refractive index measured through the 

location of the resonant angle to evaluate the effect of the cleaning agents. The abrupt and fast 

changes on the SPR curve that occurred from the exposure of the biofilm to the disinfectants and 

detergent were different from the more gradual and smooth changes observed during a change in 

surface coverage. Thus the two phenomenon could be differentiated. 
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4. Conclusion 

 

The results presented in this work demonstrate that a surface plasmon resonance biosensor with 

simultaneous capture of the entire angular spectrum can be used to monitor the formation of 

bacterial biofilms over 48 hours and to determine the effect of cleaning agents on the biofilm 

removal. The advantage of this instrument is its capture of the entire SPR curve at once that 

permits the measurement of refractive index change during the growth of bacterial cells using the 

location of the resonant angle while the shape of the critical angle supplies crucial information 

on the steps involved in the formation of a biofilm which would not be possible with a traditional 

SPR imaging system or with many other existing techniques. The three tested cleaning agents, 

bleach, ethanol and a multipurpose soap showed varying efficiency towards biofilm removal 

formed after 48 hours when 2x108 cfu/ml of E. coli DH5α was introduced in the SPR flow 

chamber. We therefore believe that the proposed SPR system could be employed to test various 

bacterial growth conditions and validate growth inhibitors. Its applications could also be 

extended to the characterisation of biomaterials and develop new means to prevent the 

attachment of bacteria or the formation of biofilm on medical devices.  
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