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Abstract

This study developed and validated a low-cost, on-pack freshness tag for buffalo meat (carabeef) stored under
commercial modified-atmosphere refrigeration (30 % CO, : 20 % O, : 50 % N,, 4 = 1 °C). Bromothymol blue (BTB, 1 %
w/v) was immobilised on Whatman No. 1 paper strips, affixed to high-barrier pouches, and evaluated both in an ammonia-
challenge model and alongside 500 g muscle cuts over nine days. Indicator hue shifted reproducibly from yellow — very
pale green — greenish yellow — light bluish green as spoilage progressed. The first discernible change coincided with pH
5.9, TVBN = 10 mg 100 g~" and total viable counts = 3 log CFU g~ (day 3); the final bluish-green stage appeared when
TVBN reached 18 mg/100g, ammonia 5 mg/100g, and microbial loads exceeded 6 log CFU/g (day 9), matching sensory
rejection (overall acceptability =~ 2.0). Parallel physicochemical trends, declining water-holding capacity (86.6 to 77.8 %),
rising TBARS (0.09 to 0.71 mg MDA/kg), tyrosine (0.19 to 20.1 mg/100g) and free amino acids (5.1 to 31.7 mg/100g),
confirmed progressive spoilage and underpinned the colour transitions. The strip remained stable during handling,
showed no dye bleed and responded within minutes to 25 mg gaseous ammonia in the model system, demonstrating
sensitivity to volatile bases typical of carabeef decomposition. These findings establish the BTB paper sensor as an
effective, non-invasive tool for real-time monitoring of buffalo-meat freshness in MAP supply chains, offering processors
and retailers a practical means to enhance safety, minimise waste and bolster consumer confidence.
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Microbiological spoilage remains the principal threat to the safety, market value and consumer acceptance of
buffalo meat (carabeef), a commodity that now accounts for more than half of India’s red-meat exports. Carabeef’s high
water activity, abundance of soluble proteins, and relatively open fibre architecture foster the growth of psychrotrophic
spoilers such as Pseudomonas spp., Brochothrixthermosphacta and members of the Enterobacteriaceae(Bevilacqua et
al.,2024). Their enzymatic activity generates basic volatiles and reductive pigments that shift the meat’s pH dull its bright
red colour and impart off-odours and surface slime long before conventional laboratory tests can be completed (Reddy,
2021). Routine surveillance by plate count or total volatile basic nitrogen (TVBN) therefore offers little protection once
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product has left the abattoir.

There is a clear need for an on-pack, real-
time indicator that can signal incipient spoilage without
laboratory intervention. Rukchon et al. (2011) integrated
phenol red and bromothymol blue into a dual-indicator
system for TVBN detection from chicken meat which
produced a distinct combined colour transition that
intensified with spoilage progression. The present work
develops and evaluates a colour-change label based on
bromothymolblueimmobilised onapaper carrier, calibrated
specifically to the biochemical kinetics of carabeef stored
under commercial modified-atmosphere packaging at
4+1 °C. Through parallel monitoring of microbial loads,
physicochemical indices, volatile bases and sensory
scores, we establish the point at which the indicator
delivers an unequivocal visual warning and demonstrate
its concordance with established spoilage thresholds. The
outcome is an inexpensive, non-contact freshness tag that
could be embedded throughout the buffalo-meat supply
chain to enhance food safety, curb waste and strengthen
consumer confidence in this increasingly important protein
source.

Materials and methods

The study was conducted on Murrah
buffaloes (aged 4 - 6 years) from KVASU Buffalo
Farm, Mannuthy that were humanely slaughtered and
inspected at the Meat Technology Unit, Mannuthy.
Carcasses were electrically stimulated (100-110 V for
1.5-2 min), hot-deboned and muscles from the round
region were collected. Visible fat and connective tissues
were removed, and the trimmed muscles were packaged in
HDPE pouches and stored at -18 + 1 °C for later analysis.

Selection and fabrication of indicator

Various indicator solutions, used either
individually orin combination, were assessed for their ability
to exhibit a colour change in response to the production
of volatile bases during meat storage. The selection of
these chemicals was guided by specific criteria: firstly,
elevated sensitivity to total volatile basic nitrogen (TVBN)
to ensure a rapid and measurable response to spoilage-
related metabolites; secondly, an appropriate dissociation
constant (pK,) aligned with the pH range typically observed
during the early stages of spoilage, facilitating effective
proton exchange and colour transition; and thirdly, a high
molar extinction coefficient, which enhances absorbance
at the indicator’s characteristic wavelength and improves
the visual clarity of the colour change.

Various grades of Whatman® filter paper were
evaluated and rectangular strips (2 cm x 1 cm) prepared
from Whatman No. 1 wereused for further testing. These
strips were immersed in a one per cent (w/v) indicator
solution placed in centrifuge tubes to ensure complete
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saturation. To achieve uniform dye deposition, the tubes
were centrifuged at 3000 rpm for 15 minutes. The treated
strips were then dried overnight at room temperature in the
dark to prevent photodegradation.

Evaluation of indicator sensor in a simulated
indicator-metabolite reactive model system

To evaluate the indicators’ performance, a
model system was developed to simulate the volatile
basic nitrogen release observed during meat spoilage. A
standardised quantity of concentrated ammonia solution
(25 mg, 27.1 pl, 91% purity) - representing typical spoilage
emission levels (Shukla et al., 2015) was placed in a
500 mL transparent PET container. An indicator strip
was attached to the container’s inner lid before sealing,
exposing it to the ammonia-enriched headspace. Upon
contact with ammonia vapours, the indicator underwent
a rapid pH-induced colour transition. This visual response
was documented to assess each formulation’s sensitivity
and reaction kinetics under controlled conditions.

Modified-atmosphere packaging (MAP)

For MAP approximately 500 g of frozen round-
muscle cuts were transported to the Department of
Livestock Products Technology, VCRI-Namakkal, thawed
at 4 °C overnight, blotted dry and placed in transparent
high-barrier retort pouches (12 x 18 cm). Packs were
evacuated to 30 mbar and back-flushed with a premixed
food-grade gas blend containing 30% CO,: 20% O,: 50%
N,(MAP20) using a table-top vacuum/gas sealer (Multivac
C200, Germany); the head-space-to-product ratio was
maintained at 2:1 (v/w). Gas composition in three randomly
selected pouches was verified immediately after sealing. A
bromothymol-blue indicator strip was affixed to the inner
panel just below the heat seal before closure. Packaged
samples (n = 6 per sampling day) were stored at 4 + 1 °C
and takenfor analysis on days 0, 3, 5, 7 and 9.

Physico-chemical parameters

The pH of cattle and buffalo meat was measured
using a digital pH meter (1 pH System, Systronics, India)
following the method outlined by O’Halloran et al. (1997).
Total volatile basic nitrogen (TVBN) content was estimated
using the micro diffusion technique described by Pearson
(1968). Ammonia concentration during storage was
determined according to the procedure of Sastryet al.
(1999). Tyrosine value was measured following the method
of Strange et al. (1977), while the free amino acid content
was estimated using a modified version of the method
proposed by Rosen (1957). The thiobarbituric acid reactive
substances (TBARS) value of carabeef was assessed by
the extraction method of Witte et al. (1970). Water holding
capacity of cattle and buffalo muscles was determined
using the filter paper press method described by Grau and
Hamm (1957).
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Colour values

The instrumental colour was measured using
a calibrated colour reader (Lovibond LC 100 Spectro
colourimeter) with diffuse illumination. The instrument
was set to measure L, a and b values. It was calibrated
using black and white calibration tiles before starting of the
measurement and the colourimeter score was recorded
with L of black equals zero and L of white equals 100, a
of lower numbers equals more green (less red), higher
numbers equal more red (less green) and b of lower
numbers equals more blue (less yellow), higher numbers
equals more yellow (less blue). The colour coordinates L
(lightness), a (redness) and b (yellowness) of the samples
were measured ten times and mean values were taken
(Navneet & Kshitij, 2011).

Microbiological quality

Allmicrobiological analyses of buffalo meat during
storage were carried out following the standard procedures
outlined by APHA (2015). Commercially prepared media
from Hi-Media Laboratories Pvt. Ltd., Mumbai and Sisco
Research Laboratories Pvt. Ltd., Mumbai, were used
for the enumeration of total plate count, psychrotrophic
count and pseudomonas counts. All samples were plated
in duplicate, and the results were expressed as colony-
forming units (CFU) per gram of meat.

Sensory evaluation

The sensory quality of buffalo meat during both
ambient and refrigerated storage was evaluated based on
colour, odour and surface sliminess. Approximately 100
g of meat, stored in LDPE pouches, was taken out from
storage for assessment. Each sample was evaluated in
quadruplicate by a panel of seven trained members using
a five-point scale to assess changes in sensory attributes.

Results and discussion

In this study we developed a bromothymol blue
(BTB) based paper strip indicator for on-pack, real-time

Fig. 1. Performance of indicator in the ammonia-challenge model

Indicator sensor for real-time monitoring of buffalo meat spoilage in MAP storage.

monitoring of buffalo meat spoilage under modified-
atmosphere refrigerated storage and evaluated its
performance against conventional quality criteria. Dye-
based sensors form one of the simplest and most cost-
effective classes of indicators in which chromogenic dyes
respond to specific spoilage metabolites and BTB proved
to be a reliable pH sentinel. As hydrogen ion concentration
fell during spoilage the dye deprotonated and its
resonance system shifted which drove a clear yellow to
blue transition that paralleled the rise in pH and TVBN. In
the present work the BTB strip was first characterised in
an ammonia-challenge model then applied inside MAP
pouches containing carabeef cuts stored at 4 + 1 °C and
its stepwise colour transitions were interpreted alongside
changes in physico-chemical, microbiological and sensory
attributes to establish the point at which the visual signal
corresponded to established spoilage thresholds.

Performance of indicator in the ammonia-challenge
model

The BTB sensors demonstrated a rapid and
distinct colour transition, shifting from yellow to bluish
green within minutes of exposure (Fig.1). The change was
consistent across the entire surface, with no evidence of
dye bleeding or background discolouration, indicating the
stability of the 1% (w/v) dye concentration in Whatman®
filter paper. These results confirmed the suitability of BTB
paper strips as reliable reference sensors for further meat
storage studies.

Response of indicator with quality changes of
carabeef in MAP under refrigerated storage

Colour response of the BTB-based indicator

The BTB system displayed a gradual and distinct
colour progression that aligned well with biochemical
indicators of spoilage (Fig. 2). The observed transitions
were as follows: yellow (day 0) to very pale green (day 3),
then to yellowish green (day 5) to greenish yellow (day 7)
and finally to light bluish green (day 9). This subdued colour
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Fig.2. Colour response of the BTB-based indicator in MAP buffalo meat in refrigerated storage condition.

shift reflects the reduced build-up of TVBN commonly seen
under MAP conditions.

pH

During storage, the pH of buffalo meat showed
a significant increase (P<0.05), which correlated with
observable colour change from yellow to bluish-green
(Fig. 2) in the indicator sensor (Table 1). This alkaline shift
was attributed to microbial proliferation and proteolytic
activity, resulting in the accumulation of basic nitrogenous
compounds. These findings align with Bagdatli and
Kayaardi’s (2015) observations in modified atmosphere-
packaged beef steaks, where pH values rose to 6.6 by the
storage endpoint, demonstrating a comparable spoilage
pattern.

Water Holding Capacity (WHC)

The WHC of buffalo meat exhibited a significant
decline (P<0.05) during storage, which corresponded
with visible colour change from yellow to bluish-green
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(Fig. 2)in the indicator sensor (Table 1). This reduction in
WHC resulted from progressive protein denaturation, pH
fluctuations, and oxidative damage to muscle proteins.
Thesefindingscorroboratetheworkof BagdatliandKayaardi
(2015), who reported a comparable deterioration in WHC
for modified atmosphere-packaged beef steaks during
refrigerated storage.

Thiobarbituric Acid Reactive Substances (TBARS)

A progressive and significant (P<0.05) increase
in TBARS values was observed in buffalo meat during
storage, accompanied by distinct colour changes in
the indicator sensor (Table 1). This rise in lipid oxidation
products, measured as malonaldehyde equivalents,
reflects the ongoing oxidative deterioration of unsaturated
fatty acids in meat lipids. The findings align with Cortez-
Vega et al. (2012), who reported a similar oxidative pattern
in modified atmosphere-packaged chicken breast, with
TBARS values increasing from 0.082+0.01 to 0.696+0.01
mg malonaldehyde/kg over 9 days of refrigerated storage.

Midhun et al.
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Ammonia

Buffalo meat exhibited a significant (P<0.05) rise
in ammonia levels during storage, which corresponded
with visible colour transitions in the indicator sensor (Table
1). This accumulation likely resulted from proteolytic
degradation and subsequent amino acid deamination
during spoilage, as previously reported by Balamatsia
et al. (2007). Comparable ammonia generation patterns
were documented by Abdullah et al. (2017) in refrigerated,
modified atmosphere-packaged organic  chicken,
confirming this biochemical spoilage pathway across
different meat types.

Total Volatile Basic Nitrogen (TVBN)

The TVBN level of buffalo meat increased
significantly (P<0.05) with a change in colour of the
indicator sensor during the storage period (Table 1).This
was mainly due to microbial and enzymatic degradation
of proteins and non-protein nitrogenous compounds over
time.Blacha et al. (2014) observed a similar increase in
TVBN values, which reached 28.20 mg/100 g of turkey
meat in MAP by day 12 of refrigerated storage.

Tyrosine Value

The tyrosine level of buffalo meat increased
significantly (P<0.05) with a change in colour of the
indicator sensor during the storage period (Table 1). The
tyrosine value went from 0.19+0.02 to 20.07+0.23(mg
/100g) by the end of storage period. This increase could
be attributed to the activity of proteolytic enzymes (both
endogenous and microbial) that remained active at a
reduced rate.These enzymes break down proteins into
smaller peptides and amino acids, increasing the tyrosine
concentration.

Free Amino Acid (FAA)

The tyrosine level of buffalo meat increased
significantly (P<0.05) withachange in colour of the indicator
sensor during the storage period (Table 1). Modified
atmospheric packaging slows down aerobic spoilage
microbes due to high CO, concentrations. However, it
might favour Lactic Acid Bacteria (LAB) and facultative
anaerobes, which also have proteolytic capacity. During
prolonged refrigerated MAP storage (e.g., beyond 6 to
7 days), the cumulative effect of autolysis and microbial
activity increases the pool of free amino acids.

Colour values of regrigerated carabeef under MAP

The L* value of refrigerated carabeef (4 + 1°C)
stored under modified atmosphere packaging (MAP)
showed a significant increase (P < 0.05) over the storage
period (Table 2). Similar findings were reported by
Smiecinska and Daszkiewicz (2020) in beef stored under
refrigeration in MAP. The rise in lightness values may
be attributed to factors such as oxygen exposure, lower
microbial spoilage, and improved moisture retention.

A progressive and significant (P<0.05) reduction
in a* values was observed throughout the storage period
(Table2),consistentwiththefindingsofBagdatliandKayaardi
(2015).This colour deterioration primarily resulted from the
oxidative conversion of oxymyoglobin to metmyoglobin,
coupled with the cumulative effects of microbial activity
and lipid oxidation that contribute to meat discolouration.

The b* values of carabeef showed a significant
increase (P<0.05) throughout the storage period (Table 2).
This progressive yellow discolouration likely resulted from
oxidative processes affecting both lipids (peroxidation) and
muscle proteins, along with chemical alterations in meat

Table 1: Mean () SE values of physico-chemical parameters of buffalo meat in MAP packaging during refrigerated

storage (4 = 1 °C)

Storage period (days)
Parameters Overall mean| p-value
0 3 5 7 9
pH 5.32+0.012| 5.66+0.01° | 5.88+0.01¢ | 6.12+0.02¢ | 6.69+0.01¢ | 5.93 = 0.01 | 0.000**
TVBN (mg /100g) 5.83+0.212| 8.4+0.31° | 10.36+0.24¢| 13.81+0.5¢ |17.78+0.43¢| 11.64 = 0.34 | 0.000**
Ammonia level a b o d o -
(mg /100g) 1.80+0.12 | 2.64+0.15° | 3.17+0.08° | 4.39+0.169 | 5.95+0.35 3.59+0.17 | 0.000
Water h°'?:/':)9’ capacity | gg 65,0 4¢| 84.02+0.3¢ | 82.53+0.23° | 80.68+0.2° |77.78+0.242| 82.33 = 0.27 | 0.000**
Tyrosine value . b c J o -
(mg /100g) 0.19+0.022| 1.15+0.04° | 3.42+0.05° | 8.67+0.15 |20.07+0.23°| 6.70 = 0.10 | 0.000
TBARS (mg a b o d e o
malonaldehyde /Kg) 0.09+0.012| 0.17+0.01° | 0.27+0.01 0.42+0.01 0.71+£0.02° | 0.33 £0.01 | 0.000
FAA (mg /100g) 5.08+0.062(10.08+0.12°| 16.1+0.18° | 24.46+0.27¢|31.65+0.28%| 17.07 = 0.18 | 0.000**

Means bearing different superscripts between columns (a,b,c) differ significantly (p<0.05). ,_ g
* - Significant at 0.05 level, **- Significant at 0.01level, NS- Non significant at 0.05 level
TBARS - Thiobarbituric acid reactive substance | TVBN - Total volatile basic nitrogen

Indicator sensor for real-time monitoring of buffalo meat spoilage in MAP storage.
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Table 2: Mean (+) SE values of CIE lab colour values (L*, a* and b*) of buffalo meat in MAP packaging during refrigerated

storage (4+1°C)
Storage period (days) Overall
Parameters p-value
0 3 5 7 9 mean
Lightness Value (L*) | 24.10+0.8% | 30.3+0.43" | 33.2+0.26° | 35.15+0.37¢| 36.73+0.3° |31.50 + 0.43| 0.000**
Redness Value (a*) | 10.62+0.15° | 9.42+0.14¢ | 8.28+0.14° | 7.25+0.14" | 6.02+0.14® | 8.32 +0.14 | 0.000**
Yellowness Value (b*)| 7.22+0.132 | 8.73+0.18° | 9.65+0.14° [ 11.05+0.189| 12.93+0.13° | 9.92 + 0.15 | 0.000**

Means bearing different superscripts between columns (a,b,c) differ significantly (p<0.05). h_ go
* - Significant at 0.05 level, **- Significant at 0.01level, NS- Non significant at 0.05 level

Table 3: Mean (+) SE values of Microbiological parameters of buffalo meat in MAP packaging during refrigerated storage

(4+1°C)
Storage period (days) Overall
Parameters p-value
0 3 5 7 9 mean
Total viable count | 4 59,6 03+ | 2.13£0.01° | 3.1420.05° | 4.870.07¢ | 6.3120.12° |3.61 + 0.06| 0.000""
(log,,CFU/g)
Psychrotrophic count| , 5o ) 602 | 2.0040.02 | 3.1420.03° | 4.83:0.06° | 6.24+0.06° |3.56 = 0.05| 0.000**
(log,,CFU/g)
Pseudomonascount | 4 4q.( 12 | 1.96:0.01° | 3.16:0.03° | 4.85:0.06 | 6.22:0.11° |3.54 £ 0.04| 0.000**
(log,,CFU/g)

Means bearing different superscripts between columns (a, b, c) differ significantly (p<0.05).n= g

* - Significant at 0.05 level, **- Significant at 0.01level, NS- Non significant at 0.05 level

pigments.These findings corroborate the observations of
Smiecinska and Daszkiewicz (2020) in similarly stored
beef, demonstrating comparable oxidative colour changes
across bovine species.

Microbiological Parameters
Total Plate Count (TPC)

Thetotal plate count (TPC) of buffalo meatshowed
a significant increase (P<0.05) during storage, correlating
with visible colour changes in the indicator sensor (Table
3). This microbial growth pattern reflects the progressive
multiplication of psychrotrophic and facultative anaerobic
bacteria under refrigerated conditions. These results align
with findings of Bingoland Ergun’s (2012), they reported
similar microbial proliferation, reaching 6.66+0.3 log
CFU/qg after 10 days of storage in comparable conditions.

Pseudomonas count

A significant increase(P<0.05) in Pseudomonas
counts was observed in buffalo meat during storage,
corresponding with distinct colour changes in the indicator
sensor (Table 3). This proliferation can be attributed to the
bacteria’s psychrotrophic characteristics, ability to thrive in
modified atmosphere conditions, and common presencein
meat processing environments, which collectively enhance
their competitive advantage over other microbial species.
These findings are consistent with the observations made
byBingoland Ergun (2012), for MAP-packaged ostrich meat
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under refrigeration, demonstrating similar Pseudomonas
growth patterns across different meat types.

Psychrophilic count

The psychrophilic bacterial count in buffalo
meat demonstrated a significant increase during storage,
which was clearly reflected by the colour transition of
the indicator sensor (Table 3). This microbial shift occurs
as cold-adapted (psychrotrophic and psychrophilic)
organisms selectively proliferate under refrigeration
and modified atmospheric conditions. Notably, the MAP
environment,characterised by reduced oxygen and
elevated CO,levels inhibits typical aerobic spoilage
bacteria (e.g., Pseudomonas) while promoting facultative
and obligate anaerobic psychrophiles, including lactic
acid bacteria (LAB) and enterobacteria, as previously
documented by Koutsoumanis and Sofos (2004).

Sensory evaluation of MAP stored carabeef

Carabeef exhibited a significant (P<0.05)
deterioration in visual appearance during storage,
which correlated with progressive colour changes in the
indicator sensor (Table 4). This quality decline resulted
from multiple spoilage-related phenomena: oxidative
changes in myoglobin pigments leading to discolouration,
progressive dehydration, and microbial induced surface

slime formation from proteolytic activity.
carabeef declined

The colour scores of

Midhun et al.
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Table 4: Mean (+) SE values of sensory characteristics of buffalo meat in MAP packaging during refrigerated storage

(4+£1°C)
Storage period (days)
Parameters Overall mean | p-value
0 3 5 7 9
Appearance 4.94+0.03° | 4.65+0.05¢ | 4.02+0.05° | 3.35+0.07° | 2.13+0.072 3.82 +0.05 | 0.000**
Colour 4.90+0.04° | 4.69+0.05¢ | 4.02+0.04° | 3.54+0.04°> | 1.96+0.06% | 3.82+0.05 | 0.000**
Odour 4.92+0.04° | 4.58+0.04° | 4.02+0.04° | 3.44+0.09® | 2.02+0.122 | 3.80 +0.07 | 0.000**
Sliminess 4.98+0.02° | 4.79+0.09¢ | 4.04+0.03° | 3.00+0.03° | 2.11+0.09% | 3.78 £ 0.05 | 0.000**
Acc?e‘;,)etraa:)l:lity 4.94+0.03° | 4.52+0.05° | 4.04+0.03° | 3.35+0.05°* | 2.06+0.112 | 3.78 £0.05 | 0.000**
Means bearing different superscripts between columns (a,b,c) differ significantly (p<0.05). n= 42
* - Significant at 0.05 level, **- Significant at 0.01level, NS- Non significant at 0.05 level
Table 5: Cost of production of indicator
Particulars | Quantity Cost
BTB paper strip type
Cost of Bromothymol Blue @ Rs 54.2/g 0.1g Rs 5.42
Cost of Filter paper @ Rs 1590/ 100 paper 1 Rs 15.9
Total No of Paper strips prepared 24
Total Cost of 24 Strips Rs 21.32
Cost of one BTB Paper strip Rs 0.89 (approx. 90 paise)

significantly (P<0.05) throughout the storage period (Table
4). This reduction was mainly attributed bythe oxidation of
oxymyoglobin into metmyoglobin, resulting in browning
and the gradual loss of the bright redcolourof meat.

The odour scores of buffalo meat declined
significantly (P<0.05) over the storage period (Table 4).
This reduction in odour quality was primarily due to the
build-up of volatile spoilage compounds such as ammonia,
hydrogen sulphide, and short-chain fatty acids, which
results from microbial activity and protein breakdown.

The sliminess scores showed a significant
(P<0.05)decrease(P<0.05) in MAP-packaged carabeef
during refrigerated storage (Table 4). This textural change
was primarily caused by surface slime formation resulting
from psychrotrophic bacterial growth and their production
of extracellular polysaccharides and proteinaceous
metabolites. However, the observed slime formation
remained minimal throughout the storage period, ranging
from trace to slight levels.

Overall acceptability

Carabeef quality under MAP refrigeration showed
progressive deterioration. Initial high scores (4.94+0.03)
reflected excellent freshness, gradually declining to
acceptable levels by day 5 (4.04+0.03). By day 9, scores
fell to 2.06+0.11 (P<0.05), indicating spoilage. This
matched critical thresholds: TVBN (18mg/100g), ammonia
(5mg/100g), and microbial counts (6 log CFU/g). Notably,
colour-changing indicators provided visible spoilage
warnings before sensory rejection, demonstrating their

Indicator sensor for real-time monitoring of buffalo meat spoilage in MAP storage.

utility for shelf-life monitoring.
Cost of production of developed indicator

The table 5 depicts the cost parameters of the
indicator indicating that it is a low cost technology to
evaluate the safety of stored carabeef samples.

Conclusion

The developed bromothymol blue (BTB)-based
indicator effectively monitored buffalo meat spoilage in
modified atmospheric packaging (MAP) by undergoing
distinct colour changes (yellow to bluish-green) inresponse
to rising pH, volatile bases (TVBN, ammonia), microbial
growth (TPC, Pseudomonas) and physicochemical
deterioration (WHC, TBARS). The indicator’s real-time
response aligned with sensory rejection thresholds,
offering a cost-effective, non-invasive tool to enhance
meat safety and reduce waste across the supply chain.
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