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Abstract
Food safety and quality are issues of great concern to food producers and consumers. Key challenges towards achieving 
these include availability of rapid, user-friendly, economic and reliable techniques to detect problems such as antibiotic 
residues. Therefore, the present study was conducted to evaluate performance of plastic film test plate (PFTP) as influenced 
by antibiotic type, test bacterium, inoculum volume and concentration. Comparison was made to the microtiter test plate 
(MTP) and the National Standard method (SN/T 3979-2014). For this, antibiotic susceptibility testing was conducted on four 
bacterial types (Micrococcus luteus, Streptococcus thermophillus suspensions, Staphylococcus aureus and Coliform bacteria) 
against three antibiotics (penicillin G, sulfadiazine and tetracycline). Results showed high susceptibility of Micrococcus 
luteus to penicillin G with minimum inhibitory concentration of 3 µg  L−1 and 1 µg  L−1 via PFTP and MTP respectively. 
Optimum performance was realized at bacterial concentration of  104 CFU ml−1 with detection limit of 1 µg  L−1, sensitivity 
and predictive positive value (PPV) of 81–83% and 97–100% respectively. Detection time was recorded as 6 and 9 h for MTP 
and PFTP respectively compared to the 18–24 h of the National Standard method (SN/T 3979–2014). The microbiological 
plastic film test plate under optimized bacterial culture conditions demonstrated tremendous potential for rapid and reliable 
detection of antibiotics in milk.
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Introduction

Detection of antibiotic residues along the food supply chain 
is an issue of great concern not only to food producers but 
also food regulatory bodies in most developing countries. 
Antibiotics are most commonly used for treatment of live-
stock diseases such as mastitis. Excessive use of these vet-
erinary drugs without observation of withdrawal periods 
can result in important economic losses in production of 
fermented dairy products such as cheese and yoghurt [1, 2]. 
Furthermore, consumers are exposed to major health risks 
including allergic reactions, interference with gut microbiota 

and development of antibiotic resistance which can cause 
failure of antibiotic therapy [3, 4]. Moreover, health prob-
lems such as carcinogenicity, mutagenicity, reproductive 
disorders and chemical poisoning have also been reported 
[5, 6]. Withholding period enables reduction of antibiotic 
residues to negligible concentration in the animal products 
following their treatment. Approximately 700,000 deaths per 
year occur globally as a result of antibiotic-resistant infec-
tions [7].

In an effort to address food safety and quality chal-
lenges, countries have established monitoring programs 
which determine antibiotic residue levels and establish 
maximum residual limits (MRLs) [8]. So far a number of 
highly sophisticated, sensitive and selective analytical tools 
have been developed including physic-chemical, chromato-
graphic, immuno-chemical, and biosensors methods [9–14]. 
However, most of them are complex, expensive and labour 
intensive, hence the need for continuous development of new 
rapid screening techniques and improvement of traditional 
test methods specifically to meet the needs of developing 
countries [15, 16].
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Due to their non-specificity, high throughput and cost-
effectiveness relative to most tests, microbiological screen-
ing techniques have been the most commonly used meth-
ods. Techniques such as BR-AS Special, CMT-Copan Milk 
Test, Delvotest SP-NT, Delvotest T, Brilliant Black Reduc-
tion Test MRL, Charm Blue Yellow II, Nouws antibiotic 
test and Screening test for antibiotic residues (STAR) are 
some of the few commercial screening tools which are used 
for routine antibiotics analysis in milk [17–20]. However, 
accessibility of these tools in developing countries is a chal-
lenge due to the cost involved. Moreover, some of them are 
specific for particular groups of antibiotics. Nevertheless, 
other microbiological screening techniques which are rela-
tively cheaper and effective have also been developed and 
successfully tested under various conditions for rapid and 
sensitive antimicrobial residues detection in many livestock 
products [21–27].

Furthermore, complimentary techniques such as plastic 
film test plate have also been developed. This is a portable 
and highly cost-effective technique which has been used for 
rapid detection of viable colony counts, molds, yeasts and 
antibiotics in food [28–30]. In addition to that, the use of 
cold-water soluble gelling agent which requires no heat-
ing for gelation to occur makes it highly energy efficient 
relatively to the conventional test methods. For antibiotic 
detection, the technique has only been tested for penicillin 
G using Micrococcus luteus as a test bacterium. However, a 
number of factors can influence the performance of micro-
biological plastic film test plate. These include antimicro-
bial concentration, volume of test solution, inoculum den-
sity, gelling agent thickness, growth medium composition, 
and incubation temperature [19, 31, 32]. To the best of our 
knowledge no study has been done on the effect of bacterial 
culture on the plastic film test plate. It was therefore upon 
this basis that the present study was conducted to determine 
the effect of bacterial culture volume and concentration on 
the microbiological plastic film test plate performance rela-
tive to the commonly used microtiter plate and the Chinese 
National Standard method (SN/T 3979-2014).

Materials and methods

Materials

Guar gum and konjac glucomannan were purchased from 
West Asia Biochemical Reagent Development Co., Ltd 
(Beijing, China). Beef heart infusion powder, sodium pyru-
vate, yeast extract powder, peptone, tryptone and triphenyl-
tetrazolium chloride (TTC) were purchased from Aladdin 
Reagent Co, Ltd (Shanghai, China). Nutrient agar was pur-
chased from Tianjin Xingkai Chemical Factory (Tianjin, 
China). Micrococcus luteus, Streptococcus thermophillus, 

Staphylococcus aureus and Coliform bacteria were bought 
from China Center of Industrial Culture Collection (CICC, 
Beijing, China). Penicillin G, tetracycline and sulfadiazine 
were all purchased from Latin Reagent Limited Company 
(Shanghai, China). Skimmed milk powder was purchased 
from WALMART supermarket (Changchun, China). All 
chemicals used were of analytical grade.

Compound gel preparation

Compound gel was prepared in accordance with Ntakatsane 
et al. [28]. Briefly, powdered gels of guar gum (GG) and 
konjac glucomannan (KG) were finely ground separately 
with Taiqi gas crusher and sieved with 120-mesh sieve to 
give powders with particle size of 0.125 mm. Then they 
were thoroughly mixed at the ratio of 4:6 (GG:KG).

Preparation of plates

Plastic film test plate (PFTP)

Plastic film disks for antimicrobial detection were pre-
pared according to Xu et al. [30] with slight modifications. 
The disk structure (8 cm × 7 cm) was made of three-lay-
ers; transparent PET silicone film coated with cold water 
soluble compound gel of guar gum and konjac glucoman-
nan at the ratio of 4:6 (w/w) (upper layer); transparent PP 
polypropylene with a 6 cm diameter pierced through and a 
60 g m−2 non-woven fabrics as culture medium carrier (mid-
dle layer); and the bottom layer was a white art paper which 
held the non-woven fabric in position. Enrichment medium 
was composed of tryptone (20 mg ml−1), yeast extract pow-
der (15 mg ml−1), sodium chloride (10 mg ml−1), glucose 
(10 mg ml−1), sodium pyruvate (5 mg ml−1) and beef heart 
infusion powder (20 mg ml−1). Then 0.2 mg ml−1 triph-
enyl-tetrazolium chloride (TTC) was added to the enrich-
ment medium. Bacterial inoculation was done according 
to Ren et al. [29] with slight modifications. Briefly, a vol-
ume of 600–1000 µl of bacterial solution with dilutions 
 (103–106 CFU mL−1) was dropped on the center of the PFTP. 
Then 5–20 µL of milk sample spiked with different concen-
trations of antibiotics was shortly dropped on the center of 
the plate after complete dispersion and diffusion of inocu-
lum on the culture region. The plates were then placed in a 
thermostatic box (Lab Incubator 1925A, VWR International, 
Hamburg, Germany) at 37 °C for 6–18 h.

Microtiter plates (MTP)

Preparation of the plates was done under aseptic conditions 
in accordance with Tumini et al. [33] and Sarker et al. [34] 
with slight modifications. A volume of 100 µL of culture 
medium was dispensed in each well on the 96-well microtiter 
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plates (Nunclon ™ surface; Nunc, Roskilde, Denmark). Milk 
sample (100 µL) spiked with antibiotics which were pre-
pared in 0.85% (w/v) sterile saline solution was pipetted into 
the first row of the plate. Serial dilutions were performed in 
such a way that 100 µL was transferred from the first row 
down to the tenth row (100 µL discarded after mixing) leav-
ing a 100 µL solution in each well in serially descending 
concentrations.

Final ly,  5–20 µL of  bacter ial  suspensions 
 (103–6 CFU mL−1, each replicated twice on each plate in 
three different plates) were added to each well (1st–11th 
row). The last row was the blank with no antibiotic and 
bacterial suspension. The plates were covered and sealed 
to avoid dehydration during incubation (Lab Incubator 
1925A, VWR International, Hamburg, Germany) at 37 °C 
for 6–18 h.

Determination of antibiotic susceptibility

Three different antibiotics, namely penicillin G (PG), tet-
racycline (TC) and sulfadiazine (SF) were tested on four 
bacterial cultures: Micrococcus luteus, Streptococcus ther-
mophillus suspensions, Staphylococcus aureus and Coliform 
bacteria. Antibiotic stock solutions (PG 100 mg mL−1, TC 
12.5 mg mL−1 and SF 1 mg mL−1) were prepared in appro-
priate sterile buffers and serially diluted to prepare work-
ing solutions (PG 100 µg  L−1, TC 1250 µg  L−1, and SF 
1000 µg  L−1). Then reconstituted non-fat milk was spiked 
with different antibiotic concentrations in such a way that 
each antibiotic had 12 samples with a total of 36 for the 

three antibiotics: 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 and 11 µg  L−1 
(PG) and 0, 10, 25, 50, 75, 100, 150, 200, 250, 300, 400 
and 500 µg  L−1 (for both TC and SF). The plates were then 
prepared as previously explained. Development of micro-
bial inhibition zones (MIZ) on the PFTPs and color change 
on the microtiter plates were monitored and then visually 
assessed. The change of color to light yellow/orange on the 
microtiter plates and MIZ > 2–3 mm on the PFTPs were 
recorded as positive results (Fig. 1).

Determination of minimum inhibitory 
concentration (MIC)

Establishment of MIC value was done in accordance with 
standard techniques of CLSI [35]. For PFTP, the low-
est antibiotics concentration that led to development of 
MIZ > 2–3 mm was regarded as MIC for that particular test 
antibiotic at specified concentration of test bacterial strain. 
For microtiter plate, the lowest antibiotic concentration at 
which color change occurred was taken as the MIC value.

Effect of bacterial concentration and volume on MIC

Different bacterial concentrations and volumes were tested 
to establish optimum conditions for determination of MIC 
for the three antibiotics (penicillin G, tetracycline and sul-
fadiazine) using the plastic film test plate and microtiter 
plate. Bacterial suspensions between  103–6 CFU mL−1 at 
600, 700, 800, 900 and 1000 µL were dispensed onto sterile 
thin plastic film test plates. Same bacterial concentrations at 

Fig. 1  Micrococcus luteus sus-
ceptibility to various antibiotics 
under different test plates, [plas-
tic film test plate; a penicillin 
G (PG), b tetracycline (TC), c 
sulfadiazine (SF)], d agar plate 
test; and e microtiter plate test. 
Zones of inhibition on each 
plate are developed from the 
same antibiotic concentration
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5, 10, 15 and 20 µL were dispensed onto sterile flat-bottomed 
96-well polystyrene microtiter plates. Both plates contained 
culture medium and antibiotic spiked milk samples at seri-
ally decreasing concentrations. The two plates were then 
incubated at 37 °C and monitored over a period of 6–18 h.

Analysis of dose–response curves

Dose–response curve for each antibiotic was constructed in 
accordance with Codex Alimentarius [36]. For this, recon-
stituted non-fat milk fortified with 12 different antibiotic 
concentrations was assayed for each antibiotic (penicillin 
G, PG: 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 and 11 µg  L−1 and tetra-
cycline, TC: 0, 10, 25, 50, 75, 100, 150, 200, 250, 300, 400, 
and 500 µg  L−1) in such a way that the lowest two concentra-
tions gave negative results and the two highest concentra-
tions gave positive results. A volume of 50 µL of antibiotic 
spiked milk samples was added to the wells containing 40 
µL of enriched culture medium and 10 µL of bacterial cul-
ture  (104 CFU mL−1). Then the microplates were sealed and 
incubated at 37 °C for 6–18 h while closely monitoring the 
color change. To ensure high accuracy of the calculation of 
the detection limits, photometric readings of each microplate 
were taken at 560 nm using a Multimode Plate Reader (VIC-
TOR Nivo ™, PerkinElmer Inc., Waltham, MA, USA). Per-
cent relative absorbance was calculated according to Tumini 
et al. [33] using the following equation:

where: A = relative absorbance,  Ax = absorbance of sam-
ple with antibiotic concentration ‘x’;  A0 = absorbance of 
antibiotic free (ATB-free) sample (negative control), and 
 A100 = absorbance of sample that yielded 100% positive 
results. Subsequently, the relative absorbance values were 
analyzed through SPSS 20 for windows (SPSS Inc., Chi-
cago, IL, USA). The detection Limits were then calculated 
as the concentration of ATBs that produced 45% of relative 
absorbance [37].

Effect of bacterial concentration on bioassay 
response

The effect of Micrococcus luteus concentration on assay 
response time and detection limit for penicillin G and tetra-
cycline were evaluated. Analysis was carried out using four 
Micrococcus luteus  (103 to  106 CFU mL−1 at 10 µL) sus-
pensions prepared in a culture medium. Subsequently, the 
dose–response curves of penicillin G (PG: 0, 1, 2, 3, 4, 5, 6, 
7, 8, 9, 10 and 11 µg  L−1) and tetracycline (TC: 0, 10, 25, 50, 
75, 100, 150, 200, 250, 300, 400 and 500 µg  L−1) were ana-
lyzed as in the previous section. A logistic regression model 

(1)A =
(

Ax − A0

)

∕
(

A100 − A0

)

was used to plot the dose–response curves and to calculate the 
detection limits:

where  Lij = linear logistic model;  Aij = relative absorbance 
(Eq. (1)); β0 = intercept; β1, β2, β3 = estimated parameters for 
model;  ATBi = antibiotic concentrations (i: 1, 2…12 levels); 
 logBCj = logarithmic transformation of bacterial concentra-
tion;  logBCj

2 = square of the logarithmic transformation of 
the bacterial concentration and εij = residual error.

Sensitivity of bioassay

Milk samples (12) spiked with antibiotics above the MIC were 
analyzed in triplicate (total of 36 measurements) with two bio-
assays (plastic film test plate and microtiter plate) containing 
Micrococcus luteus. Two of the 12 samples were antibiotic 
free. For this purpose, 10 and 700 µL of the bacterial sus-
pension  (104 CFU mL−1) were dispensed on microtiter plate 
and plastic film test plate respectively. A volume of 10 and 50 
µL of antibiotic spiked milk samples was used on PFTP and 
MTP respectively. The plates were then incubated at 37 °C 
for 6–18 h. For the study of specificity, visual interpretations 
of bioassay responses were performed, allowing a dichoto-
mous classification according to the presence (positive result: 
“orange/light yellow” color on the microtiter plate; microbial 
inhibition zone ≥ 2 mm on the PFTP) or absence (negative 
result: “red” color on the microtiter plate; microbial inhibition 
zone < 2 mm on the PFTP) of inhibitors. For this purpose, 
visual interpretations of the microtiter plates and measure-
ments of MIZ were done by three individuals separately. For 
ease of calculation of this parameter, positive results were 
considered as those presenting at least two coincident visual 
interpretations. Then sensitivity was calculated using the fol-
lowing mathematical equation: 

Statistical analysis

All experiments were run in triplicate and the data are 
expressed as means ± standard deviation. Data was subjected 
to analysis of variance (ANOVA), and mean comparisons 
were carried out using Duncan’s multiple range test. The 
significant level was set at P < 0.05. Statistical analysis was 
performed using SPSS 20 for windows (SPSS Inc., Chicago, 
IL, USA).

(2)
Lij = LogithAij = �0 + �1ATBi + �2LogBCj + �3LogBC

2
j
+ �ij.

(3)Sensitivity (%) = (positive∕total samples) × 100.

(4)

Positive Predictive Value (%)

= true positives∕(true positives + false positives)

× 100.
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Results and discussions

Determination of antibiotic susceptibility

Table 1 shows susceptibility of four bacterial cultures 
(Micrococcus luteus, Staphylococcus aureus, Streptococ-
cus thermophiles and Coliform bacteria) to three antibi-
otics (penicillin G, sulfadiazine and tetracycline) using 
two bioassays (PFTP and MTP). All the bacterial cultures 
except Coliform bacteria showed susceptibility to penicil-
lin G (PG). Only Micrococcus luteus and Staphylococcus 
aureus demonstrated susceptibility to tetracycline (TC) 
while none of the bacterial cultures displayed any suscep-
tibility to sulfadiazine (SF). However susceptibility was 
higher in MTP than in PFTP which may describe why the 
test tube or microtiter technique has been used more often 
than the agar diffusion test. Although Staphylococcus 
aureus has shown susceptibility to both penicillin and tet-
racycline, it can resist or be protected from antimicrobial 
activity due to its tendency to reside in biofilm [38–40]. 
Figure 1 displays Micrococcus luteus susceptibility to the 
three antibiotics under the PFTP (Fig. 1a–c) in compari-
son to the Chinese National Standard method (SN/T 3979-
2014) (Fig. 1d). Sulfadiazine was not detected by any of 
the methods including the MTP (Fig. 1e). The red color 
in wells of the plate indicates absence of antibiotics in 
the samples as seen with the control and blank (negative 
samples), while orange/yellow color suggested presence of 
antibiotics (positive samples) as demonstrated by PG and 

TC. Intensity of yellow color diminishes with decreasing 
antibiotic concentrations.

Minimum inhibitory concentration (MIC)

MIC refers to the lowest concentration of antimicrobial 
agent under defined in vitro conditions which inhibits visible 
growth of micro-organisms within defined period of time 
[41]. This growth prevention leads to development of micro-
bial inhibition zone (MIZ) greater than 2–3 mm in PFTP, 
and change of color in MTP. The MICs for penicillin G and 
tetracycline were found to be 3 and 150 µg/L, 1 and 75 µg/L 
under PFTP and MTP respectively as shown in Table 2. The 
PFTP results were not significantly different (p > 0.05) from 
those obtained from the National Standard method (SN/T 
3979-2014) while MTP showed significantly lower MICs 
(1 µg  L−1). The lowest MIC was displayed when using Mic-
rococcus luteus followed by Staphylococcus aureus, Strep-
tococcus thermophiles and then Coliform bacteria. PFTP 
displayed MIC of 4 µg  L−1 which is at the same level as the 
maximum residue limit established by EU [36]. MIC of bac-
terium determines the size of inhibition zone, which in turn 
depends on the bacterial lag phase, generation time of the 
bacterial strain and its inoculum size, volume of antibiotic 
and its diffusability into the gel [42].

Bacterial concentration and volume on MIC

Effect of bacterial concentration and volume on MIC of 
penicillin G was evaluated using Micrococcus luteus and 
Staphylococcus aureus. Penicillin G was chosen because 

Table 1  Susceptibility test of 
bacterial cultures to antibiotics 
under two tests

PFTP plastic film test plate, MTP microtiter test plate, MCL Micrococcus luteus, STA Staphylococcus 
aureus, STT Streptococcus thermophiles, CFB Coliform bacteria

Bioassay

PFTP MTP

Antibiotic MCL STA STT CFB MCL STA STT CFB

Penicillin G ✓ ✓ ✓ – ✓ ✓ ✓ ✓
Sulfadiazine – – – – – – – –
Tetracycline ✓ ✓ – – ✓ ✓ ✓ –

Table 2  Effect of test bacteria 
and method on minimum 
inhibitory concentration (MIC)

Values are presented as mean ± standard deviation (n = 3)
PFTP plastic film test plate, MTP microtiter test plate, MCL Micrococcus luteus, STA Staphylococcus 
aureus, STT Streptococcus thermophiles, CFB Coliform bacteria

Antibiotic Bioassay

PFTP MTP

MCL STA STT CFB MCL STA STT CFB

Penicillin G 3. ± 0.43 5. ± 0.12 6. ± 0.23 – 1. ± 0.51 3. ± 0.47 4. ± 0.71 7. ± 0.54
Tetracycline 150 ± 1.21 300 ± 2.61 – – 75 ± 1.84 100 ± 1.59 – –
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it is the one used with Chinese National Standard method 
(SN/T 3979-2014), and it also belongs to a large group of 
antibiotics (beta-lactams) which are most commonly used in 
treatment of dairy animal diseases [1, 4]. Bacterial volume 
and concentration did not show significant effect on MIC 
(Table 3). This was in agreement with Eloff [43] who found 
no change in MIC for 1% of Staphylococcus aureus incu-
bated for 1–24 h using a 50% inoculum in the serial micro-
dilution assay. However, a significant effect of inoculum size 
on MIC has also been reported [44, 45]. The difference in 
results might be related to the sensitivity of bioassay, test 
bacteria and type of antibiotics. Eloff [31] hypothesized that 
with low inoculum, bacterial cells need some time for adap-
tation to the new environment, which is not the case with 
large inoculum, hence the significant difference in MIC due 
to inoculum size. However, the initial microbial population 
size plays an important role towards the extent of increase 
in MIC [44, 46]. Efficacy for antibiotics is influenced by 
bacterial density or inoculum which shows substantial effect 
such as decrease in the rate and extent of microbial growth 
inhibition and increases in MIC [47]. For the concentra-
tion of Micrococcus luteus, MIC varied between 4–6 and 
1–2 µg  L−1 in PFTP and MTP respectively. On the other 
hand, for Staphylococcus aureus concentration, MIC varied 
from 6–7 to 4–5 µg  L−1 in PFTP and MTP respectively. 
These results were not significantly different (p > 0.05) from 
those obtained from the Chinese National Standard method, 
(SN/T 3979-2014), and they were also at or not far from 
the maximum residue limit of 4 µg  L−1 penicillin G in milk 
established by the European Union [36, 48].

Furthermore, detection time for the bioassays was closely 
monitored. Bacterial culture volume and concentration did 
not show significant difference (p > 0.05) in detection time. 
Development of orange/yellow color and microbial inhibi-
tion zones on the MTP and PFTP were observed after 6 

and 9 h respectively. Detection time for the PFTP was in 
line with the study of Ntakatsane et al. [28] who reported 
the results after 9–15 h. For the MTP, detection time was 
similar to that of 5.5 and 6 h when using the spores of Bacil-
lus licheniformis & Geobacillus stearothermophilus respec-
tively [33, 49]. The detection time of both bioassays was 
significantly shorter than the 18–24 h of the conventional 
disk diffusion test. This can be associated with properties of 
the gelling agent as previously described [28]. Furthermore, 
Bidlas et al. [44] also indicated that under optimum envi-
ronmental conditions, time to detection of bacterial culture 
depends on the initial inoculum size.

Dose‑dependency analysis

Figure 2 shows the dose-dependency curves for penicillin 
G and tetracycline constructed from antibiotic concentra-
tions and relative absorbance. As antibiotic concentration 
increases, relative absorbance increased faster for penicil-
lin G (Fig. 2a) than tetracycline curve (Fig. 2b). Detection 
limits were then calculated as 1 µg  L−1 and 300 µg  L−1 for 
penicillin G and tetracycline respectively, and this was in 
accordance with Althaus et al. [37] who reported detection 
limit as the concentration of antibiotics that produced 45% of 
relative absorbance. The rate of increase in relative absorb-
ance could be associated with sensitivity of bacterial culture 
to a particular antibiotic. Micrococcus luteus was earlier in 
this study reported to be more sensitive to penicillin G than 
tetracycline.

Bacterial volume and concentration on assay 
performance

Assay performance was evaluated using Micrococcus luteus 
and penicillin G. Relative absorbance for various bacterial 

Table 3  Effect of bacterial 
concentration and volume on 
MIC of penicillin G

Values are presented as mean ± standard deviation (n = 3)
MIC minimum inhibitory concentration, PFTP plastic film test plate, MTP microtiter test plate; MCL Mic-
rococcus luteus, STA Staphylococcus aureus

Bioassay Vol. (µL) Bacterial concentration (µg/L)

103 104 105 106

MCL STA MCL STA MCL STA MCL STA

PFTP 600 3 ± 0.14 5 ± 0.32 3 ± 0.25 5 ± 0.43 3 ± 0.16 5 ± 0.19 4 ± 0.27 6 ± 0.82
700 3 ± 0.42 5 ± 0.83 3 ± 0.08 5 ± 0.47 3 ± 0.64 4 ± 0.12 3 ± 0.31 5 ± 0.76
800 3 ± 0.05 5 ± 0.96 3 ± 0.02 5 ± 0.45 4 ± 0.11 4 ± 0.23 4 ± 0.15 5 ± 0.89
900 3 ± 0.01 5 ± 0.37 3 ± 0.03 5 ± 0.16 3 ± 0.07 5 ± 0.13 3 ± 0.11 6 ± 0.31
1000 3 ± 0.06 6 ± 0.19 3 ± 0.10 5 ± 0.24 4 ± 0.12 5 ± 0.18 4 ± 0.09 6 ± 0.76

MTP 5 1 ± 0.02 3 ± 0.51 1 ± 0.10 3 ± 0.21 1 ± 0.09 4 ± 0.52 2 ± 0.01 4 ± 0.31
10 1 ± 0.11 4 ± 0.23 1 ± 0.08 3 ± 0.43 1 ± 0.01 4 ± 0.19 2 ± 0.06 5 ± 0.09
15 1 ± 0.07 3 ± 0.14 1 ± 0.03 4 ± 0.11 2 ± 0.10 5 ± 0.24 2 ± 0.11 5 ± 0.86
20 1 ± 0.04 4 ± 0.19 1 ± 0.11 3 ± 0.32 2 ± 0.03 4 ± 0.12 2 ± 0.14 4 ± 0.53
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volume-concentration combinations are plotted in Fig. 3, 
and the assay detection limits (DL) for penicillin G and tet-
racycline are shown in Table 4. Bacterial culture volume 
and concentration showed significant (p < 0.05) effect on 
the assay detection limit. At low  (103 CFU ml−1) and high 
 (106 CFU ml−1) concentrations (Fig. 3a, d), bioassay per-
formance was negatively affected as shown by high detec-
tion limits of 9–10 µg  L−1 and 7–10 µg  L−1 respectively. 
This display was ascribed to the low (5 µL) and high (20 
µL) bacterial volume. At low bacterial concentration and 
volume, the cells might be too few to effect change while 
they also take some time for adaptation to the new growth 
conditions. Nevertheless, low inoculum size has also been 
associated with increased number of viable colonies [50]. 
At the concentration of  104 CFU ml−1, DL was improved to 
the range of 1–3 µg  L−1 at the volume of 5–20 µL (Fig. 3b). 
However, beyond  104 CFU ml−1 (Fig. 3c), DL increased up 
to 5 µg  L−1. Optimum assay performance was realized at 
the concentration of  104 CFU ml−1 and volume of 10 µL. 
These results were in agreement with previous studies which 

indicated that bacterial concentration of  104–5 CFU ml−1 is 
ideal for microbiological test methods [28, 29, 45].

The effect of bacterial concentration on the assay detec-
tion limit for tetracycline is reflected in Fig. 4. Assay 
performance improved with increasing concentration 
from  103 CFU ml−1 to  105 CFU ml−1 (Fig. 4a–c), beyond 
which it started to decline as displayed in Fig. 4d. The 
DL improved from the initial minimum concentration of 
250 µg  L−1 down to 100 µg  L−1 at the volume of 10 µL 
(Table 4). This was in line with the Clinical Lab Standards 
Institute (CLSI) which recommends the inoculum size of 
 105 CFU ml−1 for microbiological tests of antibiotics [45]. 
Therefore, an optimum assay detection conditions for tet-
racycline are at the bacterial concentration and volume of 
 105 CFU ml−1 and 10 µL respectively.

Bioassay sensitivity

Sensitivity of the bioassays was calculated for the two anti-
biotics, penicillin G and tetracycline as shown in Table 5. 
There was no significant (p > 0.05) difference in the sen-
sitivity between the two techniques (PFTP and MTP). 
PFTP displayed sensitivity and predictive positive value 
(PPV) of 81 and 97% respectively for penicillin G while 
75 and 90% was found for tetracycline. For both antibiot-
ics, high sensitivity and PPV (83 and 100% respectively) 
were found when using MTP. Similar high sensitivity of 
microbiological bioassay has also been reported by Tumini 
et al. [14] using Bacillus pumilus.

Conclusion

It can be concluded from this study that the performance 
of plastic film test plate and microtiter plate can be influ-
enced by test bacterium and test conditions such as inocu-
lum concentration and volume. Micrococcus luteus proved 
to be the most susceptible bacterium to penicillin G and 
tetracycline. MIC was not significantly affected by the 
inoculum volume and concentration as was the detection 
limit. Sensitivity of PFTP was higher for penicillin G than 
tetracycline, and MTP proved to be more sensitive than the 
PFTP. Nevertheless, PFTP has shown great potential as a 
simple portable antimicrobial screening tool with several 
advantages such as simplicity, cost-effectiveness, energy 
saving and relative speed compared to the conventional 
agar plate test. Time to detection was recorded as 6 and 
9 h for MTP and PFTP respectively.

Fig. 2  Dose-dependency curves for a penicillin G and b tetracycline. 
Sample name reflects type of antibiotic (PG and TC), Micrococcus 
luteus suspension volume (10 µL) and concentration  (104 CFU ml−1) 
respectively. DL detection limit
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Fig. 3  Effect of bacterial concentration on bioassay detection limit of penicillin G (PG). Sample name reflects type of antibiotic (PG), Micrococ-
cus luteus suspension volume (5–20 µL) and concentration  (103–106 CFU ml−1) respectively

Table 4  Effect of bacterial 
concentration on assay detection 
limit

Values corresponding to each antibiotic within each column with different superscripts show significant 
difference. Values are presented as mean ± standard deviation (n = 3)

Antibiotic Conc. (µg/L) Volume (µL)

5 10 15 20

Penicillin G 103 9 ± 1.12a 10 ± 1.32a 10 ± 1.87a 9 ± 1.59a

104 2 ± 0.13b 1 ± 0.04b 2 ± 0.11b 3 ± 0.15c

105 3 ± 0.09b 2 ± 0.10b 2 ± 0.03b 5 ± 0.21bc

106 10 ± 1.46a 9 ± 1.97a 10 ± 1.25a 7 ± 1.81ab

Tetracycline 103 250 ± 1.65ab 450 ± 1.87a 450 ± 1.91a 450 ± 1.98a

104 150 ± 0.78b 300 ± 1.75b 400 ± 1.84ab 450 ± 1.93a

105 250 ± 1.32ab 100 ± 0.69d 200 ± 0.98c 250 ± 1.59b

106 300 ± 1.94a 150 ± 0.93c 300 ± 1.42b 300 ± 1.87bc
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