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  Abstract 

Microbial activity in the water injection system in oil and gas industry leads to an 
array of challenges, including biofouling, injectivity loss, reservoir plugging, and mi-
crobiologically influenced corrosion (MIC). An effective mitigation strategy requires 
online and real-time monitoring of microbial activity and growth in the system so 
that the operators can apply and adjust counter-measures quickly and properly. The 
previous study [1] identified DNA staining technology-with PicoGreen and SYBR 
Green dyes—as a very promising method for automated, online determination of 
microbial cell abundance in the vast Saudi Aramco injection seawater systems. This 
study evaluated DNA staining technology on detection limit, automation potential, 
and temperature stability for the construction of automated sensor prototype. DNA 
staining with SYBR Green dye was determined to be better suited for online and 
real-time monitoring of microbial activity in the Saudi Aramco seawater systems. 
SYBR Green staining does not require sample pre-treatment, and the fluorescence 
signal intensity is more stable at elevated temperatures up to 30˚C. The lower detec-
tion limit of 2 × 103/ml was achieved under the optimized conditions, which is suffi-
cient to detect microbial numbers in Saudi Aramco injection seawater. Finally, the 
requirements for design and construction of SYBR-based automated sensor proto-
type were determined. 
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1. Introduction 

Microbial activity is the cause of a variety of problems in water injection systems, e.g., 
microbiologically influenced corrosion (MIC), system or reservoir plugging, and bio-
fouling [2] [3]. Therefore, monitoring of microbial growth and activity is a cornerstone 
in any mitigation strategy, enabling operators to apply and adjust counter-measures 
quickly and properly. In the oil industry, the microbial number and activity are tradi-
tionally monitored with conventional growth methods that require manual sampling 
and handling [4]-[8]. Saudi Arabian Oil Company (Saudi Aramco) has the largest water 
injection system in the world. An online and real-time microbial monitoring technolo-
gy, suitable for the harsh environmental conditions in Saudi Arabia, is needed in order 
to guarantee the continued high quality of the water in the company’s seawater injec-
tion pipelines and at remote injection wells. 

In the proof of concept study [1], five single-analyte methods were evaluated in the 
laboratory setup for the suitability of automation, for detection of microbial activity in 
the Saudi Aramco injection seawater system. Staining of cells with DNA binding fluo-
rescent dyes (PicoGreen and SYBR Green) followed by quantification of fluorescence 
signals was identified as a reliable single-analyte method, with a very promising poten-
tial for automated, online determination of microbial cell abundance in the injection 
seawater system. PicoGreen dye is very sensitive to double-stranded DNA (dsDNA), 
yielding high signal intensity with low background levels [9] [10]. But the dye is less to-
lerant to the Saudi Aramco injection seawater conditions as the stain fades fast in high-
ly saline environments [11]-[13], and the fluorescence signal decreases if pH is above 8 
or below 7 [13]. SYBR Green is a less sensitive dye to dsDNA than PicoGreen [14] [15], 
but it is more tolerant to the Saudi Aramco system conditions [16] [17].  

The objective of the current study is to optimize the DNA staining technology for the 
design of a robust and automated sensor prototype for real-time monitoring of the mi-
crobial load and activity in the vast Saudi Aramco injection seawater system. The study 
covers: 
 Optimizing DNA staining technology. 
 Simplifying the DNA staining procedure to overcome technical barriers for tech-

nology automation. 
 Testing the temperature stability of the DNA staining technology to determine the 

requirements for temperature control in the sensor prototype. 
 Developing design specifications and requirements for the automated sensor proto-

type. 

2. Experimental Approaches 

The DNA staining technology for automated detection of biomass has to be optimized 
and simplified to work under the typical conditions in Saudi Aramco seawater injection 
system and Saudi Arabia desert environment. 
 Salinity of the injection seawater is approximately at 5.5%. 
 pH of the injection seawater is between 6.8 and 7.5. 
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 Biocides are injected once a week for 1 - 2 hours to minimize microbial growth. 
 The injection seawater contains approximately 600 - 1000 particles/ml larger than 2 

µm. 
 Temperature in the dessert ranges from 5˚C to 53˚C. 
 The temperature of the injection seawater varies from 15˚C to 49˚C. 

In our previous study, the DNA staining technology using PicoGreen and SYBR 
Green dyes was successfully applied for quantification of bacterial cells in high saline 
(5.5%) seawater with detection limit at 106 cells/ml and 104 cells/ml, respectively [1]. To 
clarify how low a detection limit is needed to obtain a successful sensor-based moni-
toring system, injection seawater samples were collected and analyzed to determine the 
baseline bacterial load using quantitative polymerase chain reaction (qPCR) method [8] 
and/or most probable number (MPN) tests [4] [6]. qPCR, a culture-independent ge-
netic technique, targets 16S rRNA genes for the detection and quantification of total 
bacteria using Rotor-Gene Q real-time PCR cycler and QuantiTect Probe PCR Kits 
(Qiagen) [18]. 

DNA staining technology was then optimized for the lower detection limit and sim-
plified to overcome technical barriers for technology automation. Saudi Arabia desert 
environment presents a significant challenge to DNA staining technology since high 
temperature and temperature variation are likely to influence dye stability and signal 
intensity. Therefore, the requirement for temperature control in the sensor prototype 
was also investigated. 

To be specific, the schematic diagram (Figure 1) illustrated the experimental ap-
proaches where various parameters were tested and optimized for the potential appli- 
 

 
Figure 1. Schematic diagram of experimental approaches for the optimization of DNA staining 
technology. 

Determine the optimal excitation and emission spectra 
for the most sensitive detection of fluorescent dyes

Determine the effect of sample pre-treatment 
on fluorescence signal intensity

Determine the requirements for temperature 
control in the sensor prototype

Determine the requirements for sample 
pre-treatment and necessity of sample pre-filtration

Determine the detection limits with the 
optimized DNA staining technology
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cation of DNA staining technology in an automated sensor prototype using a high- 
sensitivity 920 FLS spectrofluorometer (Edinburgh Instruments, UK). 

Finally, design specifications and technical requirements and solutions were deter-
mined for the construction of automated sensor prototype. 

3. Results and Discussion 
3.1. Baseline Cell Numbers in the Saudi Aramco Injection  

Seawater System 

A microbial survey for the Saudi Aramco seawater injection system was conducted in 
March 2010. The seawater samples were collected from the outlet of originating seawa-
ter treatment plant (OSTP), intermediate water injection stations (IWIS), and an injec-
tion well for determination of total microbial load (total bacteria and archaea) using 
qPCR method. 

The results of microbial survey were summarized in Table 1. Microorganisms were 
detected in the injection seawater system, occurring in numbers of 103 - 104 cells/ml. 
The water collected at the outlet of the OSTP contained a low number of microorgan-
isms, in the order of 103 cells/ml. The number of microorganisms in the water increased 
from the OSTP to the IWIS. The increase was more significant in the uncoated ship-
ping line than the coated line. At the injection well, the cell number had decreased a lit-
tle. The reason for this decrease is not fully clear. According to our best judgment, a 
continued general increase in cell numbers throughout the system is more likely than a 
general decrease. 

In February 2012, nine injection seawater samples were collected from injection wells 
in three oil fields, and the baseline microbial load was determined by qPCR method. 
Both bacteria and archaea were detected in low numbers in field samples from Saudi 
Aramco injection water wells (Table 2). The number of archaea ranged from being be-
low detection limit (BDL) to 1.3 × 103 cells/ml, while bacteria numbers ranged between 
BDL to 5 × 103 cells/ml. It should be noted that the samples where no bacteria were de-
tected are very likely due to the presence of biocides in the samples. High levels of for-
maldehyde are known to decrease the efficiency of the qPCR assay for cell enumeration 
[19]-[22]. 

Finally, in May 2015, four seawater samples were collected from injection wells in 
two oil fields, four to five days after previous biocide dosing. The samples were sub- 
 
Table 1. Number of bacteria and archaea in injection seawater samples determined by qPCR 
analysis in 2010.  

Sample location 
Sampling  

date 
Bacteria  
(#/ml) 

Archaea  
(#/ml) 

Total microbial  
load (#/ml) 

OSTP outlet 3/16/10 2.50E+03 2.2 2.50E+03 

IWIS, coated shipping line 3/16/10 2.30E+04 35 2.30E+04 

IWIS, uncoated shipping line 3/16/10 7.10E+04 74 7.11E+04 

Field 1, Injection well#1 3/16/10 9.20E+03 1.8 9.20E+03 
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Table 2. Baseline microbial load in injection seawater determined by qPCR analysis in 2012.   

Sample location Sampling date Bacteria (#/ml) Archaea (#/ml) 
Total microbial  

load (#/ml) 

Field 1, Injection well#1 2/13/2012 4.5E+02 BDL 4.5E+02 

Field 1, Injection well#2 2/13/2012 2.3E+03 1.3E+03 3.6E+03 

Field 1, Injection well#3 2/14/2012 4.4E+02 2.1E+01 4.6E+02 

Field 2, Injection well#1 2/20/2012 4.9E+03 5.3E+02 5.4E+03 

Field 2, Injection well#2 2/20/2012 3.3E+02 1.6E+02 4.9E+02 

Field 2, Injection well#3* 2/20/2012 BDL ND BDL 

Field 3, Injection well#1* 2/27/2012 BDL ND BDL 

Field 3, Injection well#2 2/27/2012 1.4E+03 1.2E+03 2.6E+03 

Field 3, Injection well#3 2/27/2012 3.4E+01 7.4E+02 7.7E+02 

BDL = below detection limit; ND = not detected. *The sample appeared viscous and foamed during DNA extraction, 
suggesting that biocide may have been present at time of sampling. 

 
jected to MPN test and qPCR analysis to determine the total number of bacteria and 
sulfate-reducing bacteria (SRB). The results were shown in Table 3. Compared to the 
results in 2010 and 2012, the injection seawater samples collected in 2015 showed high-
er bacteria number, ranging from 4.2 × 104 to 8.8 × 104/ml determined by qPCR me-
thod, and 9.3 × 105 to 2.3 × 106/ml determined by MPN test. qPCR analysis also de-
tected SRB in range of 3.6 × 103 to 9.2 × 103/ml. The higher microbial number detected 
may be a result of recovery and growth of microbes from previous batch treatment of 
biocides. 

In summary, the microbial number found in Saudi Aramco injection seawater varies 
widely depending on system, location, sampling season, and enumeration method. It 
ranges from 4.5 × 102 to 8.8 × 104 cells/ml (qPCR analysis), and can be as high as 2.3 × 
106 cells/ml (MPN test). With proper optimization and sensitive signal detection sys-
tem, DNA staining technology can provide useful information about the microbial 
numbers in the vast Saudi Aramco seawater injection system and at remote injection 
wells, and whether the countermeasures to reduce the microbial load should be taken. 

3.2. Optimization of DNA Staining Technology 
3.2.1. Determination of Optimal Excitation and Emission Spectra 
The signal intensity obtained from the stained cells can be improved significantly by 
performing the detection of the fluorescent signal at certain excitation and emission 
spectra. The optimal excitation and emission spectra are dye dependent and can fur-
thermore be influenced by environmental conditions such as salinity [11] [13] [16]. 

A detailed analysis of the excitation (EX) and emission (EM) spectra for PicoGreen 
and SYBR Green dyes was performed to determine which spectra should be imple-
mented in the sensor prototype to obtain the lowest possible detection limit. A 
high-sensitivity 920 FLS spectrofluorometer was applied for the experiments. The tests 
were performed in seawater from Aarhus bay spiked with NaCl to match the salinity of 
Saudi Aramco injection seawater. An example of the test results is presented in Figure 
2, which shows the variation in the signal intensity for the PicoGreen and SYBR Green 
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Table 3. Number of bacteria and SRB in injection seawater determined by qPCR and MPN tests 
in 2015. 

Analytical methods Sample location Sampling date Bacteria (#/ml) SRB (#/ml) 

qPCR 

Field 4, Injection well#1 5/19/15 4.18E+04 3.59E+03 

Field 5, Injection well#1 5/20/15 7.71E+04 4.49E+03 

Field 5, Injection well#2 5/20/15 8.77E+04 9.15E+03 

Field 5, Injection well#3 5/20/15 8.34E+04 6.06E+03 

MPN 

Field 4, Injection well#1 5/19/15 2.30E+06 93 

Field 5, Injection well#1 5/20/15 9.30E+05 0.93 

Field 5, Injection well#2 5/20/15 2.30E+06 1.5 

Field 5, Injection well#3 5/20/15 4.30E+05 0.93 

 

 
(a) 

 
(b) 

Figure 2. Excitation (red line) and emission (blue line) spectra for PicoGreen (a), SYBR Green 
(b) dyes.  
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stain, when different EX and EM spectra were applied. The optimal EX and EM spectra 
for PicoGreen and SYBR Green dyes were determined to be EX490 - 505 nm/EM 518 - 
523 nm and EX490 - 498 nm/EM 518 - 522 nm, respectively. The optimal spectra were 
used for the optimization of DNA staining and for the selection of sensitive and highly 
specific detector implemented in the sensor prototype. 

3.2.2. Effect of Sample Pre-Treatment on Fluorescence Signal Intensity 
SYBR Green is a cell permeable DNA stain, while PicoGreen cannot penetrate the cell 
membrane and needs cell permeation treatment prior to staining to increase DNA 
binding efficiency and thereby improve the bacterial detection limit [11]. Several per-
meation treatment methods [11] [13]-[15] [23], including ionic and nonionic deter-
gents (sodium dodecyl sulfate or SDS, and Triton X-100), formaldehyde fixation, and 
cell destruction by liquid nitrogen, have been tested with enrichment culture grown in 
artificial seawater media with 5.5% salinity and pH 6.8 to mimic the conditions in Saudi 
Aramco injection seawater system.  

The signal intensity for PicoGreen could be significantly increased by either destroy-
ing cells with liquid nitrogen or treating cells with Triton X-100 (Figure 3(a)). SYBR 
Green staining showed equally high signals with destroyed cells and non-treated cells 
(Figure 3(b)). This illustrates that SYBR Green is able to penetrate efficiently into the 
living cells without any pre-treatment. Triton X-100 method was excluded from further 
testing as this viscous material is likely to cause tubing clogging in the sensor and erro-
neous measurement of the cell density caused by air bubbles formed during mixing 
[24]. SDS pre-treatment and formaldehyde fixation were also excluded, as they did not 
improve the fluorescent signal. The treatment marked with green in Figure 3 was se-
lected for further experiments to determine the detection limit of DNA staining tech-
nology. 

3.2.3. Detection Limits Obtained with the Optimized DNA Staining Technology 
The detection limit of the DNA staining technology was tested for PicoGreen and SYBR 
Green stains, applying the optimum excitation and emission spectra and the optimum 
pre-treatment of the cell sample. The detection limits were determined by applying the 
staining technologies on a serial dilution of bacteria in seawater with 5.5% salinity. 

Both SYBR Green and PicoGreen stains had detection limits down to 2 × 103/ml 
without any preceding treatments of the cells (Figure 4 and Figure 5). This confirms 
that the optimized method for these stains will be sufficient to detect the low cell num-
bers in the Saudi Aramco injection seawater system. The signal intensity for SYBR 
Green (Figure 4(b)) was higher at low cell concentration than PicoGreen (Figure 
5(b)), and therefore, SYBR Green was evaluated to be more reliable for detection of the 
low cell number found in Saudi Aramco injection seawater. 

When applied on destroyed enrichment culture grown in artificial seawater media, 
the detection limit of SYBR Green and PicoGreen was 1 × 105 cells/ml and 1 × 104 cells/ 
ml, respectively (Figure 6 and Figure 7). The higher detection limit was very likely 
caused by high background fluorescence from residual DNA of yeast extract [25],  
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(a) 

 
(b) 

Figure 3. Influence of selected treatments on fluorescence intensity after staining with PicoGreen 
(a) and SYBR Green (b). Perm A—Triton X-100, Perm B—SDS, Fixated—formaldehyde, and 
Destroyed—liquid nitrogen. 
 
which had been added to the artificial growth medium to stimulate bacterial growth. 
Therefore, the detection limit obtained in seawater will presumably best represent the 
detection limit in Saudi Aramco injection seawater. 

The detection limit of 2 × 103 cells/ml for SYBR Green and PicoGreen without prior 
treatment will be sufficiently low to detect the increases in biomass in Saudi Aramco 
injection seawater. 
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(a) 

 
(b) 

Figure 4. Correlation between fluorescence signal intensity and cell density, when staining a di-
lution series of bacterial cells in seawater with SYBR Green dye. 
 

 
(a) 
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(b) 

Figure 5. Correlation between fluorescence signal intensity and cell density, when staining a di-
lution series of bacterial cells in seawater with PicoGreen dye. 
 

 
(a) 

 
(b) 

Figure 6. Correlation between fluorescence signal intensity and cell density, when staining a di-
lution series of destroyed bacterial cells with SYBR Green dye. 
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(a) 

 
(b) 

Figure 7. Correlation between fluorescence signal intensity and cell density, when staining a di-
lution series of destroyed bacterial cells with PicoGreen dye. 

3.3. Simplification of Technology for Improved Automation Potential 

To construct a robust automatic online monitoring sensor with minimal maintenance 
needs, it is important to apply as simple procedures as possible, required in the DNA 
staining technology. Method simplification was investigated in pre-treatment and pre- 
filtration of the sample. 

3.3.1. Simplification of Sample Pre-Treatment 
Pre-treatment of sample may increase signal intensity and sensitivity of the sensor 
technology, but will also complicate sensor construction. Several chemical and me- 
chanical pre-treatment methods were evaluated for SYBR Green and PicoGreen dyes 
(Figure 3). The results indicated that SYBR Green can penetrate into the living cells ef-
ficiently without any pre-treatment with a low detection limit of 2 × 103 cells/ml 
(Figure 4(b)). PicoGreen also achieved the same detection limit without any preceding 
treatments of the cells; however, signal intensity was lower at low cell concentration 
than SYBR Green (Figure 5(b)). 
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The detection limit of destroyed cells with PicoGreen and SYBR Green was 1 × 105 
cells/ml and 1 × 104 cells/ml, respectively, higher than the detection of non-treated cells 
with corresponding stains (Figure 6 and Figure 7). In addition, cell destruction proce-
dure requires energy and will significantly complicate the construction of an online 
sensor. 

SYBR Green staining of non-treated cells is therefore the recommended technology 
for application in the automated sensor prototype. 

3.3.2. Necessity of Sample Pre-Filtration 
Larger particles can interfere with fluorescence emission from the cells [26]. The par-
ticles interfere by causing scattering of the fluorescence signal, resulting in decreased 
detection limit. Pre-filtration at the sampling inlet of the sensor removes larger particles 
from the sample, but complicates automation of the technology, as filters may need 
frequent replacement due to clogging and/or bacterial growth on the filter surface. The 
need for incorporating a filtration step in the DNA staining technology was evaluated. 

The Saudi Aramco injection seawater contains a low number of particles larger than 
2 µm (approximately 600 - 1000 particles/ml). The majority of particles observed in the 
2010 survey were very small, with only 10% of the particles being larger than 2.89 µm. 
Raw Danish seawater contains markedly more particles than Saudi Aramco injection 
seawater, and can be reckoned as a worst-case scenario. Filtration of raw Danish sea-
water samples (10-µm filter) did not influence the standard deviation of fluorescence 
readings (16 samples) compared to non-filtered seawater (Figure 8). The fluorescence 
reading before and after filtration was approximately the same. It is therefore con-
cluded that pre-filtration of Saudi Aramco injection seawater was not necessary before 
bacterial quantification with DNA staining technology. 

A simple automated microbe sensor can be designed and constructed based on the 
SYBR Green staining technology, where a low detection limit is achieved without 
 

 
Figure 8. Fluorescence signal detected from Danish seawater without any preceding treatment 
(seawater) and coarse filter seawater (10 µm filter).   
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chemical or mechanical pre-treatment of the injection seawater sample. Furthermore, 
automation of the staining procedure can be further simplified by omitting sample fil-
tration prior to analysis. 

3.4. Requirements for Temperature Control in the Sensor Prototype 

The automated sensor is designed to work under the conditions prevailing in the Saudi 
Arabian dessert where temperature varies between approximately 5˚C and 53˚C. High 
temperature variation will likely influence the stability of the staining solution and the 
fluorescence signal output. Therefore, the temperature sensitivity of the DNA staining 
technology was evaluated for three essential steps: i) stability of staining reagents dur-
ing long-time storage; ii) fluorescence signal output; and iii) binding of the stain to cel-
lular DNA. 

3.4.1. Temperature Sensitivity of Staining Reagents during Storage 
The fluorescent dyes may lose stability during prolonged storage at elevated tempera-
tures [13] [14]. The demand for temperature regulation in the dye storage compart-
ment of the sensor was tested by incubating the stain at different temperatures for pro-
longed time (26 days for SYBR Green and 30 days for PicoGreen). 

SYBR Green storage stability was tested with concentrated and pre-diluted (1:10) dye 
at −20˚C, 5˚C, 20˚C and 30˚C. PicoGreen was incubated at 5˚C (recommended storage 
temperature), 20˚C and 40˚C. The fluorescent signal intensity of the concentrated 
SYBR Green was very stable and independent of storage temperature (Figure 9(a)). 
The signal intensity after staining with pre-diluted SYBR Green dye was more fluctuat-
ing (data not shown). We therefore recommend that SYBR Green is applied in the sen-
sor prototype in its concentrated form, and that the solution is stored below 30˚C. 

The signal intensity of the PicoGreen stain decreased gradually during 30 days’ sto-
rage at elevated temperature. The results indicated that storage at 5˚C is required for 
PicoGreen, to avoid a false decrease in detected cell densities, due to dye degradation 
(Figure 9(b)). 

3.4.2. Temperature Sensitivity during Signal Detection 
The temperature can affect the fluorescence signal intensity either by influencing dye 
stability or by causing dissociation of DNA strings and thereby hindering dye binding 
to cellular DNA [9] [10] [13] [14]. The need for temperature regulation during detec-
tion of the fluorescence signal was investigated by measuring the fluorescence intensity 
at different temperatures with 5˚C intervals from 25˚C to 65˚C on seawater and sterile 
seawater. 

The fluorescence intensity of both PicoGreen and SYBR Green dyes was highly in-
fluenced by temperature during signal detection (Figure 10). Fluorescence signal from 
SYBR Green remained stable at temperatures between 25˚C and 35˚C, while PicoGreen 
fluorescence decreased as soon as the detection temperature increased from 25˚C. Due 
to the high temperature fluctuations expected in the Saudi Arabian dessert, it is re- 
commended to incorporate temperature regulation in the chamber of the sensor proto-
type where the fluorescence signal is detected. 
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(a) 

 
(b) 

Figure 9. Fluorescence intensity of samples stained with SYBR Green (a) and PicoGreen (b) after 
long-term storage (26 and 30 days, respectively) of the dye at selected temperatures. Blue bar = 
sterile seawater, orange bar = seawater, red bar = spiked seawater. 
 

 
(a) 
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(b) 

Figure 10. The temperature during fluorescence measurement influences the fluorescence inten-
sity of SYBR Green (a) and PicoGreen (b) significantly (red bar = sterile filtered seawater, blue 
bar = seawater). 

3.4.3. Temperature Sensitivity during Cell Staining 
Temperature variations may influence binding of the dye to the cellular DNA and the-
reby influence signal intensity obtained [9] [10]. The need for temperature control 
during sample staining was tested by comparing the fluorescence signal obtained from 
cells, which had been incubated with stain at different temperatures.  

PicoGreen fluorescence intensity was independent of whether the sample was incu-
bated at 22˚C or 30˚C, while the fluorescence intensity for samples incubated at 37˚C 
decreased slightly (Figure 11(a)). The signal intensity from SYBR Green stained sam-
ples incubated at different temperatures showed no clear-cut pattern (Figure 11(b)). 
Overall, the fluorescence intensity was only slightly influenced by the incubation tem-
peratures during staining. 

Temperature control is needed for obtaining stable fluorescence signal intensity with 
DNA staining technology, if the sensor is required to take fluorescence readings at any 
given time. SYBR Green signal intensity was not influenced by elevated temperatures 
up to 30˚C, and SYBR Green is therefore again the better suited dye for the sensor pro-
totype. 

4. Conclusions of Optimization and Automation  

1) Bacterial numbers in Saudi Aramco injection seawater 
 The total microbial numbers in Saudi Aramco injection seawater varied widely, 

from 4.5 × 102 to 8.8 × 104 cells/ml (qPCR analysis), and up to 2.3 × 106 cells/ml 
(MPN test). 

2) Detection limit 
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(a) 

 
(b) 

Figure 11. Fluorescence intensity of PicoGreen and SYBR Green stained seawater after incuba-
tion of the staining reaction at 22˚C, 30˚C, and 37˚C for 10 and 20 minutes, respectively. 
 
 The DNA staining technology for bacterial quantification in seawater was suc-

cessfully optimized to detect 2 × 103 cells/ml, when applying the fluorescent stains 
SYBR Green, combined with a high-sensitivity fluorescence spectrophotometer 
adjusted to the optimal excitation and emission spectra. 

 The DNA staining technology is suited for detecting increases in cell numbers in 
the Saudi Aramco injection seawater system. 

3) Automation potential  
 The optimized DNA staining technology could be simplified for method automa-

tion in the sensor prototype, by applying SYBR Green stain without any pre-
treatment and pre-filtration of the sample. 

4) Requirements for temperature control 
 SYBR Green stain tolerated elevated temperature during storage (30˚C), without a 

significant reduction in signal intensity.  
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 Cell staining and fluorescencemeasurement of SYBR Green dye are sensitive to 
high temperature (up to 35˚C). 

 Temperature control is recommended in the sensor prototype for obtaining stable 
fluorescence signal intensity with the DNA staining technology. 

5. Requirement for Sensor Prototype Design and Construction 

Based on the experimental outcome of the optimization, the following recommenda-
tions were made for the design and construction of the sensor prototype: 
 A simple sensor construction can be obtained with SYBR Green staining, as the 

stain can be added directly to the injection seawater sample without any additional 
chemical or mechanical treatment of the sample. 

 For optimal signal intensity, the sensor should incorporate a high sensitivity fluo-
rescence detector with EX 490 - 498 nm and EM 518 - 522 nm. 

 With large temperature fluctuations in the Saudi Arabian dessert, temperature re- 
gulation within the sensor prototype is recommended to ensure stable fluorescence 
signal intensity.  

 Sensor prototype needs to be designed and constructed with robust components for 
equipment functionality and durability in challenging dessert environment. 

The sensor prototype shall be designed to autonomously detect microorganisms in 
Saudi Aramco seawater injection systems based on system salinity, pH, temperatures, 
biocides and particle distribution. The prototype will be controlled by an automated 
timer, which turns on an industrial panel computer with custom-made sensor software. 
The software controls the sensor operation and equipment shut-down following mea-
surements. 

Future work consists of the determination of design specifications and construction 
of sensor prototype. The constructed autonomous microbe sensor will then be tested 
and optimized in laboratory and validated in the Saudi Aramco injection seawater sys-
tem, which will be presented in a subsequent paper. 
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