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The study presents the development of Ca?*-crosslinked starch—
alginate beads encapsulating ternatin-loaded nanoemulsions (SAB) for
rapid detection of milk spoilage. The beads exhibited strong, stable
colorimetric responses (AE > 50) across the pH range (5-7), shifting
from light blue in fresh milk, dark blue in spoiling milk and blue-grey in
spoiled milk. Encapsulation of the nanoemulsion within the bead
effectively prevented the leaching of ternatin, while structural integrity
was confirmed by FTIR and TGA analyses. Dry SAB showed superior
stability in liquids and 87% cell viability, confirming its non-toxic
nature. Unlike conventional techniques, SAB enabled fast, non-
destructive on-site spoilage monitoring, highlighting its potential for
real-time food safety applications.

Fresh milk (pH 6.5-6.8) is a nutrient-rich medium highly
susceptible to microbial contamination. Pathogenic species
pose health risks, while spoilage microorganisms and their
enzymes rapidly degrade proteins, fats, and sugars, leading to
acidification, rancidity, off-flavors, and reduced shelf life, even
under refrigeration or pasteurization.' Several detection tech-
niques, including ELISA, PCR, ATP sensors, wireless RFID
sensors, and electronic noses,> have been explored (Table S.1,
SI). However, routine monitoring of spoilage still relies on pH
measurements because of their simplicity and cost-
effectiveness.

Synthetic pH indicators such as methyl red, bromothymol
blue,? cresol red,* and bromocresol green® provide distinct color
changes during milk spoilage. Yet, their non-biodegradable
nature, potential toxicity, and incompatibility with bulk food
monitoring limit practical use. For example, methyl red causes
acute oral and dermal toxicity and respiratory tract irritation,®
while bromothymol blue and methylene blue, though less
harmful at low concentrations, can disrupt cellular activity and
cause adverse health effects at higher levels.” To mitigate such
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concerns, natural halochromic indicators derived from black
carrot,® blueberry,”® acai,** jaman,*> and mulberry** have been
investigated. Nevertheless, these anthocyanin-based sensors
generally exhibit weak colorimetric responses (AE < 20), poor
stability above pH 5, and leaching into milk,*** compromising
analytical reliability.

To address these shortcomings, this study introduces ter-
natins, a distinct class of polyacylated anthocyanins from
butterfly pea (Clitoria ternatea) flowers (Table S.2, SI). Their
structural stability confers a longer shelf life at neutral pH
compared to most anthocyanins,'® making ternatins practical
for monitoring milk freshness. Unlike conventional anthocya-
nins, ternatins exhibit superior thermal stability (up to 70 °C),
good storage stability at ambient temperature,” and strong
halochromic responses within the range of milk spoilage (pH 5-
7). Their antimicrobial and antioxidant properties further
enhance their suitability for food applications.'® However, when
incorporated into hydrophilic polysaccharide matrices such as
starch and alginate, ternatins show excessive leaching, even
after crosslinking.

For the first time, this limitation was addressed by impreg-
nating ternatins into oil-in-water (O/W) nanoemulsions of
coconut oil, glycerol monostearate (GM), and cetyltrimethyl-
ammonium bromide (CTAB), followed by their encapsulation
within a Ca*'-crosslinked starch/alginate shell. The resulting
sensor beads (SAB) were stable, leach-proof, and capable of
producing strong, reproducible colorimetric responses without
contaminating the milk.

Butterfly pea flowers were collected locally. Ethanol (CAS 64-
17-5, API grade), sodium alginate (CAS 9005-38-3, food grade),
glycerol monostearate 40-55 (GM), and -cetyltrimethyl-
ammonium bromide (CTAB, CAS 57-09-0) were purchased from
Merck Life Science Pvt. Ltd, while coconut (Cocos nucifera) oil
was obtained from the local market.

A 40 w/v% suspension of butterfly pea petals in 60% ethanol
was stirred for 2-3 h at 250-300 rpm. The resulting deep-blue
extract was filtered, concentrated using a rotary evaporator,
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Table1 Sensitivity of BPE (0.1 w/v%) towards 0.1 M buffer solutions at the spoilage pH of milk. Data: average + SD, n = 3, using Microsoft Excel
2019; statistical analysis using Jamovi software: Shapiro—Wilk test: 1 > p > 0.1; Tukey's HSD test: (p < 0.05), effect size >1 (for alphabetical

notation)

Color parameters Blank pH
5 6 6.5 7

R 117.45 +10.582 87.28 + 3.99b 105.00 + 7.842 160.63 + 9.02¢ 104.73 +£10.072
G 164.82 + 34.002 115.71+2.87° 172.91 +£7.052 208.18 + 7.852 170.00 £9.072
B 203.09 + 10.982 169.14 + 3.08 189.18 £+ 7.412 229.27 +7.43¢ 187.91 £9.922
AE — — 63.14 +9.782 77.12 £4.262 79.34 +7.742
Color

(e)

Fig.1 Phase contrast microscopic images of (a) O/W microemulsion containing BPE and (b) ruptured beads of wet SAB. (c) Optical microscopic
images of SAB in both wet and dry forms. SEM images of dry SAB and its surface when washed with (d) distilled water and (e) acetone, generated

by capturing secondary electrons at an acceleration voltage of 20 kV.

dried in a hot-air oven at 50 & 5 °C, and stored in an airtight
container under cool, dry conditions.

The absorption spectrum of 0.1 w/v% aqueous butterfly pea
extract (BPE) showed four characteristic bands corresponding
to polyacylated anthocyanins (290-300 nm), flavylium cation
(540 nm), neutral quinonoid base (570-575 nm), and anionic
quinonoid base (590-620 nm)." Variation in the intensity of
these bands determined the color response of BPE across pH
buffers (Fig. S.1, SI). In the pH range 5-7, which corresponds to
milk spoilage, BPE exhibited a distinct transition from dark
blue to cyan due to changes in the relative concentrations of
neutral and anionic quinonoid base forms of ternatins®
(Fig. S.2, SI and Table 1).

A solution was prepared by adding 0.18 g glycerol mono-
stearate (GM) to 1 g coconut oil and heating at 40 °C until clear.
To this, 0.01 g BPE, 83 mL distilled water, and 0.5 g
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cetyltrimethylammonium bromide (CTAB) were added, stirred,
and stored in a 15 mL airtight vial at 4 °C for 30 min. The non-
ionic surfactant GM facilitated the formation of oil-in-water (O/
W) emulsion,®* while the cationic surfactant CTAB promoted
the stabilization of the indicator-loaded nanoemulsion,?
Fig. 1(a).

Separately, 0.86 g starch and 0.21 g sodium alginate* were
dispersed in 20 mL distilled water, stirred at 60 °C for 30 min,
and cooled to room temperature. To this gelatinized mixture,
0.01 g BPE and 0.2 g calcium chloride were introduced in
9.79 mL distilled water. Although starch and alginate allow high
indicator loading, their hydrophilicity often results in excessive
ternatin leaching into milk, even after crosslinking.”® To miti-
gate this, the gelatinized mixture was instead added dropwise to
10 g of the O/W nanoemulsion containing the indicator and
0.2 g calcium chloride. Excess CTAB in the system induced the

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) FTIR-ATR spectra of SA, SAS, and SAB (scan rate: 16 scans per 19 s; spatial resolution: 4.0 cm™); (b) thermogram and derivative

thermogram of dry SAB (obtained from TGA: heating rate: 10 °C min~% accuracy: + 0.1 °C; N, flow: 200 mL min™?;

reference: alumina);

comparison of absorption spectra of leachates of (c) wet and (d) dry SAB with that of 0.1 w/v% BPE solution; (e) colorimetric response of SAB to
cow milk at an interval of 12 h during its storage at room temperature. Data plotted with average + SD, n = 3, using Origin Pro 8.1 software.

formation of starch-alginate shells that encapsulated the
nanoemulsion, yielding stable sensor beads.>®

Microscopic examination of ruptured wet SAB confirmed the
presence of encapsulated nanoemulsions, with droplet sizes
ranging from 40-190 nm oozing out of the starch-based shell,
Fig. 1(b). The wet beads were dried in a hot-air oven at 50 + 5 °C
for 24 h and equilibrated at 75% RH for 48 h, yielding dry SAB
(Fig. S.4, SI). The resulting beads were firm, easy to handle, and
required only partial contact with milk, allowing convenient
retrieval after freshness monitoring.

As shown in Fig. 1(c), dry SAB displayed a slight surface
indentation compared to wet SAB, attributed to moisture loss
during drying. Furthermore, Fig. 1(d and e) highlights the
distinct surface morphology of dry SAB, with a coarse exterior
resulting from Ca**-mediated crosslinking, and a smooth, non-
porous interior encapsulating the nanoemulsion.

The FTIR-ATR spectra (Fig. 2(a)) show a shift in the O-H
stretching peak of the Ca®'-crosslinked starch-alginate bead

This journal is © The Royal Society of Chemistry 2025

(SA) from 3300 cm ™" to 3376 cm™ ' in the starch-alginate-
surfactant (CTAB) hollow bead (SAS),*® indicating stronger
intermolecular hydrogen bonding. The C=0 stretching peak at
1744 cm™" confirms the presence of fatty acids in SAB.>” The
O-H bending peak at 1619 cm™ " was masked by the aromatic
C=C stretching vibration at 1642 ecm ' in SAB, evidencing
ternatin incorporation.”®*® Peaks corresponding to -CH, scis-
soring and —-CH; bending vibrations of CTAB*® shifted from
1462 cm™! and 1363 cm ' to 1466 cm ' and 1378 cm ™’
respectively, upon nanoemulsion encapsulation, highlighting
CTAB's role in both hollow bead and nanoemulsion formation.
The bands observed at 1250-1000 cm™" and 1000-700 cm ™"
correspond to C-O-C stretching of glycosidic linkages and ring
vibrations, confirming the presence of polysaccharides such as
starch and alginate.®** TGA of dry SAB [Fig. 2(b)] exhibited
a distinct degradation peak at 226 °C, attributed to oil,”” vali-
dating the proposed bead structure.

Anal. Methods, 2025, 17, 8115-8119 | 8117
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Table 2 Colorimetric response of SAB beads towards cow milk at room temperature for different time durations. Data: average &+ SD, n = 3,
using Microsoft Excel 2019; statistical analysis using Jamovi software: Shapiro—Wilk test: 1> p > 0.1; Tukey's HSD test: (p < 0.05), effect size >1 (for

alphabetical notation)

Dry SAB absorbed ~4.5 times its weight in water to reach the
mass of wet SAB. However, its solubility (29%) was markedly
lower than that of wet SAB (87%). Despite this, the residual
moisture content (5.46%) in dry SAB supports the presence of
a W/O emulsion within the dry bead, accounting for its
enhanced stability in aqueous environments (Table S.3, SI).

Table 2 illustrates the colorimetric response of the beads,
with a variation of AE > 50. The beads appeared light blue in
fresh milk (pH > 6.5), dark blue in spoiling milk (pH < 6.5), and
blue-grey in spoiled milk (pH < 5). The prominent blue hue that
appears during acidification corresponds to the accumulation
of lactic acid, fatty acids, and amino acids from the breakdown
of lactose, milk fats and casein, respectively. At neutral pH, the
anionic quinonoid base form of ternatin imparts a cyan hue,*®
responsible for the lighter bead color in fresh milk. As acidity
increases, the anionic quinonoid base converts to its neutral
counterpart,'®® imparting a darker blue hue to the bead,
providing a clear visual indication of spoilage (Fig. S.5, SI).

Absorption spectra of bead leachates in distilled water, fresh
milk, and spoiled milk showed no peaks at 571 nm and 615 nm
(wavelengths characteristic of the neutral and anionic quino-
noid base forms of ternatin at pH 5-7), confirming stable
encapsulation of the indicator even after extended exposure to
liquid analytes. Cytotoxicity assay of dry SABs, quantified by
MTT assay (Section S.1.4, SI), demonstrated a cell viability of
87% for 1 h incubation (see Fig. S.6, SI), establishing the non-
toxic nature of the technique.

In summary, we developed Ca®'-crosslinked starch-alginate
beads encapsulating ternatin-loaded nanoemulsions (SAB) for
milk spoilage detection. Both wet and dry SAB were compre-
hensively assessed for functionality and storage stability, with
dry SAB showing superior robustness in liquid analytes. Unlike
conventional methods, which require both time and specialized
instrumentation, SAB provides rapid, on-site spoilage detection
through a distinct color change visible to the naked eye.
Notably, SAB avoids indicator leaching and weak colorimetric
responses common in the existing systems, instead exhibiting
a pronounced AE without contaminating the milk. These find-
ings highlight the potential of integrating Dry SAB into storage
vessels with engineered caps for real-time monitoring of milk
freshness, advancing both food safety and environmental
sustainability.
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Properties Storage time (h)
0 12 24

pH 6.58 6.46 4.58

Color parameters R 73.50+0.712 44.17 £ 5.04b 60.67 + 3.56¢
G 147.33 £ 3.27? 110.17 + 3.49° 84.33 +5.57¢
B 205.33 + 4.752 173.00 + 4.562 126.67 + 5.75¢
AE — 54.82 +4.292 55.56 + 3.39P
Color
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