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Introduction

Coffee is one of the most widely consumed beverages worldwide, with an estimated annual intake of about
500 billion cups. Roasting is a key step in coffee processing that develops the desirable color, flavor, and aroma,
but it also promotes the formation of acrylamide through the Maillard reaction. Acrylamide is classified as a
probable human carcinogen and has attracted increasing attention due to its occurrence in a variety of heat-treated
foods. Given the growing popularity of coffee among the Iranian population, determining acrylamide levels in
espresso and assessing the associated health risks are of public health importance. Therefore, this study aimed to
determine acrylamide levels in commercially available espresso coffees and assess the related cancer and non-
cancer risks in adolescents and adults.

Materials and Methods

In this study, a total of 35 espresso coffee samples were collected from the market. Of these, 26 samples were
obtained from coffee shops (ES-C), and 9 were prepared at home from commercial coffee powders using a
household espresso machine (ES-H), following common local preparation practices. Acrylamide concentrations
in all samples were determined using HPLC-DAD with a mobile phase composed of water/acetonitrile (97:3, v/v)
at a flow rate of 0.7 mL/min and a detection wavelength of 202 nm. The average daily intake (ADI) of acrylamide
(pg/kg body weight/day) was estimated for adolescents and adults based on the measured acrylamide
concentrations and the available consumption data. Health risk assessment was performed by calculating the
margin of exposure (MOE) for carcinogenic effects, estimating the incremental lifetime cancer risk (ILCR), and
evaluating the non-carcinogenic risk using the target hazard quotient (THQ). The obtained MOE values were
compared with the reference value of 10,000. In addition, carcinogenic and non-carcinogenic risks were evaluated
against internationally accepted benchmarks, including those established by the United States Environmental
Protection Agency (USEPA).

Results and Discussion
Acrylamide was detected in all analyzed espresso samples. The concentration of acrylamide in ES-C ranged
from 2.15 to 9.16 pg/100 mL and was consistently higher than that observed in ES-H, which ranged from 0.93 to
4.00 ng/100 mL. Despite the presence of acrylamide in all samples, the estimated dietary exposure via espresso
consumption was relatively low. The EDI of acrylamide from espresso was calculated to be 0.004 pg/kg bw/day
for adolescents and 0.007 pg/kg bw/day for adults. For all samples and both age groups, the MOE values were
greater than 10,000, indicating a low level of concern and a low priority for risk management regarding
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carcinogenic effects. The incremental lifetime cancer risk attributed to acrylamide exposure from espresso
consumption was estimated at 0.244 x 10 for adolescents and 0.221 x 10 for adults. Since both values were
below the 10~° benchmark proposed by the United States Environmental Protection Agency (USEPA), the
associated carcinogenic risk was considered to be low. Non-carcinogenic risk indices were 0.0019 for adolescents
and 0.0026 for adults, clearly below the threshold of 1, suggesting that non-cancer effects are unlikely at the
observed exposure levels. For all evaluated parameters, acrylamide exposure and the associated health risks were
higher in adults than in adolescents. This difference can be attributed to higher consumption rates and greater body
weight-adjusted intake among adults.

Conclusion

This study shows that acrylamide was present in all espresso coffee samples collected from the market, with
coffee shop espresso generally containing higher levels than household espresso coffees. Nevertheless, acrylamide
exposure through espresso consumption alone does not appear to pose a serious health risk to the studied adolescent
and adult populations. The high MOE values, low estimated cancer risks, and non-carcinogenic indices well below
1 collectively support a low level of concern. However, espresso is considered only one contributor to total dietary
acrylamide intake, as acrylamide can also be formed in other thermally processed foods. Therefore, evaluation of
combined exposure from various dietary sources and further investigation of cumulative health risks are
recommended to provide a more comprehensive risk assessment.

Keywords: Acrylamide, Carcinogenicity, Coffee, Maillard reaction, Risk assessment
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3- C18-octadecylsilane (C18)

4- Polyvinylidene fluoride (PVDF)
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Caz )5 Spglaer e g A Ay, 490 kb )b (st
prke Ve bod (gilecSh o)lae il o Vo jiiey (gilupalls
5305 0yl b Saudy5ls s 5 ool C18 55 o B 5 PSA

32,5 HPLC-PDA & PVDF | S5y 5l 5l joue jlan oles

O35 Ioazee ¢ Sl Bl 18 4y 0,5 (4885 g0 De v e dddd
Sl Y 23,5 )15 413l g ond 8L ) (gla Joloo
Cop b o jee HLB gt Sl i slugalls coe
b ol e Y10 5 o 2 o Y10 o s gt (55loolel
ool a5 5l a1 0303 5 S ) B lon)S sl
S el o) 0 ¥ 88 5 o sVl Blad 6 2l Lo

O3 oyl )3 gaw ! (SBAIg0 A (51 03] D50 (S WDeRE Olasuio -Y Jgus
Table 1— General description of ground coffees used for preparation of espresso coffee brews in the present study

gRd &y ,ylg Cwils Joo N g1 A 43
digos 95 Coffee variety Origin Roasting degree
Sample code (ES-C) bl (B j1 00si (5 59l@0n (sWaigai
*Samples from coffee shop (ES-C)
1 (25 ) baogagy [ (15+) Ko plagl Josy bugie
Arabica (40%) / Robusta (60%) Brazil/Vietnam Medium
2 - - -
3 (AR S Speul] g8l ] xin oy
Robusta (100%) India/Ethiopia/Indonesia Dark
4 - - -
5 - - -
6 (A7) asgrsy | (V) e (s 759l) Logesy / (ss) Sy bogie
Arabica (70%) / Robusta (30%) Arabica (Ethiopia) / Robusta (Indonesia) Medium
7 (Vo) K balS Lwgio
Arabica (100%) Colombia Medium
8 - - -
9 - - -
10 - _ 035 U lawgie
Medium to dark
1 (%) gy | (AY+) Kagpe sn / LalS Lusgio
Arabica (70%) / Robusta (30%) Colombia / India Medium
Arabica (70%) / Robusta (30%) Colombia / Ethiopia
13 (7)) Bae i bwgis
Arabica (100%) Brazil Medium
14 - - -
15 - - -
16 (9+) asgisy | (Z¥+) e (pLitig) Lwgagy / (jn) Banse 05 b lawgie
Arabica (40%) / Robusta (60%) Arabica (Brazil) / Robusta (Vietnam) Medium to dark
17 - - -
18 - - -
19 - - -
20 (7<) ogag) | (ZA+) Sy (plag) Lwgesy / (j) Bane bwgie
Arabica (80%) / Robusta (20%) Avrabica (Brazil) / Robusta (Vietnam) Medium
21 - - -
22 - - -
23 - - -
24 - - -
25 l"’.‘“’y” 9 K’:’)'c d)'_v'}.ﬁ‘ / L"‘"’J{ _
Arabica & Robusta Colombia / Indonesia
26 (A)- ) Sape . basgie
Arabica (100%) Medium
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(ES-H) (S5 jlugus ppul bawogi 015 dstg sladiges
Samples prepared using household espresso machine (ES-H) **

27 Lusgrgy g Baope
Arabica & Robusta
08 (AN e+) By
Arabica (100%)
29 (4y-+) Koo
Arabica (100%)
20 (hree) S
Arabica (100%)
31 t‘“%} 9 lS"’)‘"
Arabica & Robusta
3 (N e0) Ky
Arabica (100%)
33 t‘“’%” 9 K"’)"
Arabica & Robusta
2 (hree) S
Arabica (100%)
35 Lsgzg) 5 S pe

Arabica & Robusta

b).i.? L ]a.w92.n
- Medium to dark

o] 0y U Lawgio
Ethiopia Medium to dark
oy
Dark
bwgie
Medium
c),,‘:' ] ja..w}fw
Medium to dark
bgio
Medium

B

Ligh

bogio
Medium

W d)ﬂié‘? 0l (gl 5 slrogrd (sdbdius (59, leMbl | (Sao s b leMbl ** Gad 6)5]6“? Lols B gt | St b cleMb| *
*Information was collected from coffee shops. **Information was collected from labels of packaging

TWRESRCNY I SIS KN (Relo) JPSC IC IS IFAREIN
SIN bleo oyl 53 .0 okl (V) dsleo 51 LOQ 4 LOD y5ldo
(V+ o LOQ (sl 5 Y Jolao LOD (sl) 5295 2 JuSpw g
eyl H g sals diges plolid o g jlde N ciges cdale C
Khaloo Kermani et al., ) 5L o dige5 ololid yloj 50 JUSuw

(2023
C XS/NxXN
LOD,L0Q = ~————— V)
b byl wy
S a0 B3y 5 (EDI) saala STl g &l 3 (p2ads
}w‘,;\.l.ul 0 943

uae (Nematollahi et al., 2020) ), Sen 5 U] coass

Sygods |y Glpl dmels 3 Gglite o (slaog)S )3 (59)/p)5) ok
Oblezgs )3 /A £ Y/o¥ (o Y=V4) 483657 5 +/FY £ V/Ve
olie doe 13 .00)S" 5155 (Jle £V-AF) cpune Dl y81 > < /55 £
ook 3 VWS )5 g (Ulsrg lp i Sg) 3 25 Vg +/AD
Karami et al.,, 2022;) cé,5 |3 oolitwl 3ys0 jo ol
W I Glers S o5e (wSke (Nematollahi et al., 2020

2- Limit of quantification (LOQ)

818 33l 98 gy 43 sl ST e (pmans

36 Gk 4 (oWl KNAUER) HPLC i jghaie oyl sl
kB 4 YO+ Jobo L (Eurospher 100-5 C18 jgiw oS by ysSao
ot 4 ere HFSlsS o ad pbl oo Y5
Smartline ) byl Juew (Smartline Pump 1000)
PDA) Sy iduld  jl,lKsl 4 (Autosampler 3900
—(aY) ol Sy Jols e 16 .>g (Detector 2800
3 g Yo g ey o i ue IV o poo b (AY) g
YO slod pd ygiw 4 (5)lkiw] sl Joloee b o 5005 0)lac) digos
a5 Jsb 2l o1 Gl 5 1,5 50,5 oS sl 420
Bl 35 31,5 5o sliesls iy 28,5 plosl taslh ¥
Wges ) bl Jlade yond s A3 plisl EZChrom Elite
2 Ol (o may g (28 2kl (g, Jeeme
ebolis a5 odlazul O )y p)S e +/YO-Ye Slale odgae
Gl 5 ol ooy dwalie b Jppme latiges > 2l L ST
285 &ygo 3 kil Jslomo g Jspme diged )3 el o ST

SIS gl g S gy (e yluicl
oy slagell (48,5 a5 3 b o B1)Sgileg)S A g,
5 (LOD)' asuts jlaie Jiho (2bjk b)) como (R?) (s

1- Limit of detection (LOD)
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2 R 033 PSS 2 p 5555 P 5 7Y+ AV- cwBMDLig
..\:u.é)f )])5 DJLR..:.AA:I .))9.6 5}5)

MOE = ——= (%)

28 Jgb 53 Gl e il B sl (yaedd
3 el ST 8l iboas jas Jsb ) Glop l33l s
i cblis uilil g o (o G pas bl ) (e 025y )b
ool el 005 gy (USEPA)Y oaito VL] Gy jlagieas
(32 o9 yelyb) ILCRMsleo (pl j3 il dwlxo () dsles
Febly WS o pla 1y 38 S (S5 sk 3 gl il Sl
o3lo U pao a0 IRi (ROIKG) T 213 o3Lo ;> suol ST e Ci
e > 5355 )8 loj ED® (glday) (s 09,5 2 01 ol
B oYLS)h e o ¥ ol Jlo cus ) sl oS
(b 52 59, Y50) a0l ST (5520 )3 (285 8 oglis EFY (( Jlus
19518 CPYY ((mg/kgyday)? /0) sl bo,ST cws Jole SFY
&ly) oy & dsly Jsaw5 oy ADAFY (V-7 MO/ug) uscas
5 15 5V Jlo V8§l st ot sly o ¥ Jle N0 b Y
AT 5 (Kg) s 5y50 (g 09,5 13 38 1 (3j5 BW (5550
Ve o sl 2 gy YOOB:) Blge (bl slp loj (ke

[(al., 2020
ILRC (¥)
C; X IR; x ED x EF x SF x CF x ADAF
B BW x AT
20ty pad gl (uads

s S opesS pghiea (THQ)™ Gua jld oy
SoS w i olie osle 5 el o ST il s plin @ ol
S g G jhs cups THQ o o a8 i dulxe (8) doles

odlo 3oyl 5l el s ,ST cdlys liae EDI sl dm 29 yzelyb

7 - United States Environmental Protection Agency
(USEPA)

8- Incremental lifetime cancer risk (ILCR)

9- Exposure duration (ED)

10- Exposure frequency (EF)

11- Slope factor of acrylamide (SF)

12- Correction factor (CF)

13- Age-dependent adjustment factor (ADAF)

14- Average time (AT)

15- Target hazard quotient (THQ)

YO 5 (Jlo £o JOA) JUSs5 5 p)SskS £ g o (Lo
oy (Nematollahi et al., 2020) 15 «3)5 a5 5 pSelS
5 (nafkg bwiday) sl b ST ail5e, by suess Hlude o wlal
(V) daleo g9y Jl (o 09)5 2 (sl gl 0908 b )b
i 2lie oole o sl Jo)ST Jlade Ci ol o a5 wd )5 awlxe
% 039 DW 5 (0/day) | 13 o Sy oo IR (ug/k)
Nematollahi et al., ) cuwl w slog)S yolwl 5 (KG) 2,8

(2020
Estimated Daily Intake (EDI)
_ i G X IR (v)
bw x 1000
sl ST o L agalga (s

(e 5y 3l oad by wel b ST s lise b)) sl

ol (MOE) Vsl 51 Jas s a5l s oo 5
Wblro Cpl 53 0 dusloes (V) dolre 53,4l 51w (slaog )5 (gl &S
s> BMDLio (s (39%) el s ST s | agslge ansls MOE
HO/KG ) i ol ol Gpan o)l 5l el ST &g, il
Sl w5 sl (Nematollahi et al., 2020) ¢l (bw/day
00,5 FAOWHO  Syuie aieS atwel ST ol oo
1103 )57 g ,\.\.aTJ))ﬂ sy )BMDL1p fles b Soxe 590
Eard Sly 9y 2 0N 0l PSS 2 PSS VY- ()
P95 WA () 9 odlo (2l (sl Sge 5 (Sl (sl )y9095
P T 0se (glayseg Sap sy 59y 20 Y 0jg PSS
i EFSAP gyl lié rorl gye 45 Casl Joy3 ) ge
sbsely jop sl 1y Jay 0> 0% Qg S 2 p)S9See V-
Sl D) 3s) 0 o Gis PSS ¢ eSS TY 5T S Mgl

1- Margins of Exposure (MOE)

2 - Benchmark dose lower confidence limit 10

(BMDL10)

3- Joint FAO/WHO Expert Committee on Food Additive

(JECFA)

4- Harderian gland

5- European Food Safety Authority (EFSA)

S Saleg (st ) slasgorme & Vgane Seiwdlygts aul, -5

b (S 2) mdUgs Wlgioe &5 Cl (Bl b i ) oDy
bl (S y) iy
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b gl 4 e oS Al gyl Gbajlugu el 2 YL
A Algd SlS 5 5l g
SOl cal oad 03> LS Y Jado 3 &S s jliel gl
s b i p 59 Sen YOF oo e o3gioms 3 o gl
Ol G pd 50392 98 B Loosly (6 0dg)l S5 090 +[AAY (e
ol Canddy (12 y> +[FO-YIOR) 20> ¥ 5l S Jlgio o) aw b
G 3 PSS 2 p59sSen YoIF 58 polis & 50 aeloxs
£S5 5,5 YV 4§ & (Endeshaw & Belay, 2020) HPLC-DAD
5 (Haiyan Wang, 2008) SPE-HPLC-UV 3, b jl p,55LS 5
Oroian, ) HPLC-UV lLwg \WWOA-VF/Yy YE-F/Y odgixe
olbe ;3 LOQ 4 LOD (¢l cuiya (Amariei, & Gutt, 2015
a0 b Io e dopd Ve ogrd diges I obiL duoyd w00 6Ll
@ 6T ela 3y elgsl o)l el Cawts A EV/D bawgie Sty
o Sy 5 )1 (S T g gl il U2g) 4 298 JB U
5 zlzel sla b, glgl (Sebastia et al., 2023) xol> (6)g50
S 0ol L5 sy A B o 350 Sl o ST 3L
VoA B Vel adllas 3y90 Ve o yd Aol o )ST SbjL so s

.‘)9{ )..«—i:.;o M).)

gyl (5120 968 wsal s ST lude
odimd L5 48 oad aoME Y S 53 ladiges el ST jlade
i A8l o adlls 3,50 (lagus sl 3 2ol ST (lsimo 55
ke Voo pSesSes T8 2 YN diged YO 5 S0k
ES-C ;5 el o )ST el clyess cib «Jlo oyl b .5 s)liS
RO BYN £ /N IES-C s i oyl 93 ES-H I 03,25
G /AT £ [o0 JES-H 15 5 s doe Voo s p)Se 50 AV £
4ol dogi b ool Cowts i Lo Voo g p 59,80 Y00 E /)Y
o eamd ial381 1y il o s Wl go el o ST (VL joolie
A3 lad 0393 )3 (385 (nl )3 () 2 3)90 akiged | go )
Ohgy ST caby male ol 4 i gl ise 0 o5 25,5
Loyls o B 55l oged ,o awel o )ST cdale 1y 0gad 3,8 o
Syan LS plo b Gingsy ool J Jeols polie Jio ol
2 PSS9y VI¥ = ¥/ g VIV = 0/A polae 4 &Ylie p> sl
OB Ggde 9 0B Slagw el Sl cga e Ve
Alves, Soares, Casal,) L ;0 35350 sy slaydg
Voo ppSe,Sue +/VY = ¥/ (Fernandes, & Oliveira, 2010

2- Tolerable daily intake (TDI)

b ael ST (Shes a5 539 RFDY 5 (ug/kg bwiday) i i
el Sy ol (TN Joss 6 alisy Gy S len
2 eSS ¥ Y o sl ST ¢l 1) RFD jlaie JECFA
e adllae cpl 53 &S Cunl 03,5 (e G9) 3 O O)y PITS
51 yio THQ 81 0 a8 )3 jlas s (ug/kg bw/day) ¥ lewsis
Ceodls 8l S st 5 0l Jhd Sy gy Sk el S
Aghvami et al., 2023; Karami ) cuol asdlles 550  Slusl dxol>

[(etal., 2022
EDI
THQ = oop (0)
oty (g bl i g 4 5o

Cygods gulis g ol ploal )S5 93 53 ladiges oled gl yscil

obly oS g 42328 3,90 gl 000 Gl Jlaae Byl £ (S
b ooeg] (shaosls (xSls olus slise 5 45,5 15 (ANOVA
5 2y plool (P /+0) 2o y3 B lisalsl s 53 5SS (y90)]
Excel ,l38lay 5 odlil b ayloges 9 3JUT Minitab ,l53ls 5 L

e

SISl g S Lh gy (e luisl
i b oged 3 39230 Aol b ST Lulit jglatens SOl o 5
Ve 5 ids il e oIV co g 5 (1Y) Jeyiisil [ (Z3V) O
5 il gl eSS & e (AS) JSE) el
leli (Sl &S 10,5 w905 I Sy (S ssnb g La S S5l
L .(B-) JS3) 5,5 walyp 4ids £ 5l a8 Sloj )3 1y sl o ST
Michalak, Gujska, & Kuncewicz, ) -yiisce ylo gulis 4y as g5
M= (2013; Wang, Feng, Guo, Shuang, & Choi, 2013
9 Bged S il ) sy 2Uly Jplie & s i
235 8 5 xS |y Sy Suong sl ol S sl
Job 3 Jyisgil &S cnl den I Sere w30 i) g
55 Jgio 4 Com |, UV G5 (taglhs Y- 15) oS (sloge
gl bd o) o gp GBI Jsas a0 53 9 S o0 Ol
olialie (Shimadzu, 2021) 35 salgs jloye8 5 (b @S
5| osgll ilye 4y ES-C elapl Sgilog s o5 ol sl bo o0
) ookl c0ge8 yidu polie 3l eolaiwl Juody wilgs o 4S54y ES-H
b g lod b g agliste (Sidyy oy g (oland <S5 L looged

1- Oral reference dose (RFD)
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Michalak, ) gwywl o odd  ld gouild « S5 ogd
Czarnowska-Kujawska, Gujska, Klepacka, & Tonska,

Han, ) 5w o588 ) yid oo Vor o p,Soib YA+ — 00+ (2020
Voo ppSel FVe—0F. 4 Ya.-¥Y. 4 (Boo, & Chung, 2020

Kang, Lee,) sy ogd 5 p)5 omd » culy yulsba
Cuwl 005 oLl (Davaatseren, & Chung, 2020

Mesias, & Morales, ) 'l yile sy (g puwl jd yiJ oo
ogad il oo Yoo yd el o )ST 259,50 VO/A I /¥ (2016
&y oolel 03,5 25 0908 VY (S5 i 0988 Y (5599 0983 YY)
Y/Ao JI V- (Basaran, Aydin, & Kaban, 2020) (b
{Galuch et al., 2019) oais y2ld o508 yi Juo Yooy p)59,500
2 gy 35 ) e Voo g 59,800 VY 4 Y/A0 XN /Y-

A B
1000 = f
-l f
o j‘ 60 r |
2 =4 - |
£ e /
g % oo =7 -
_ci —Z" §' 43 : Acrylamide
=} B o=
2 .4 E f
<2 ] o2 ‘\\ e
. =
04 if )
200 22'5 2(:0 2';5 30’0 32‘5 3,"»0 3;5 400 T
Wavelength (nm) ci )
() 232 Jso e
(Karpe a0 yd Vo) (2Blg digod 015 95k0g 8 () el s 5T 5 lusibins Jglomo cpb (1) =Y JSU5
Fig. 1. (A) Spectra of acrylamide standard solution. (B) Chromatogram of real sample (100% Arabica coffee)
YU o5 b @lo (S5 5keg 5 bawgi wmelihy ;5T 5001 (o el (sl il Y Jogsr
Table 2- Validation parameters for acrylamide analysis using HPLC-DAD
sl e
Parameters Values
B | JE | o 5 o,
NN 25-3000
Linearity range (ug/L)
N =5) s co s
o (N=P) o . 0.997
Coefficient of determination (N = 6)
jaseis BB clale J8las 019
Limit of detection (LOD) (ug/L) ™ '
CSoilul B cdale Jslas 30.62
Limit of quantification (LOQ) (ug/L)™ '
bk
92+15
Recovery (%)
T dgio 59y dw (b 5ylukl Jobre aw (slyy (CV0) @l s i 250 pg/L 35+0.29
Coefficient of variation (%CV) for three standard solutions during the three 500 pg/L 2.8+0.11
"™ sequential days 1000 pg/L 0.65+0.02
Vorr g 0ee YO laclale ™ (6 pSoilul 1) Vo g (L 1) T g 4y Ui G 1 0 dlre ¥ ¢ pul y IS e 5yl (glaJsloxe slass N *

85 5118 (ge3l 3)90 Jlgie 9y d (o Sl o e (sl g 08 QLR (pgnl,JIST deie 3L g Lawgie (o5 ok plyied i Sa U e e S
*N number of calibration curve standard, **Calculated from the signal to noise ratio of 3 (LOD) and 10 (LOQ), *** The
concentrations of 250, 500, and 1000 ug/L were selected as the low, medium, and high levels of the calibration curve,
respectively, and were tested to determine the coefficient of variation over three consecutive days.

1- Vending machines



YEV VLS5 g Ulazgi 50 of ©dlys phas (b))l g Cdalé coasl tgww panl 0508 50 ol o 55T 1,80 9 soi

10

© 2 S 955ea) sl ST ylaie

Acrylamide content (pg/100 mL)

(2 (oo N

1 23 456 7 8 910111213 14 1516 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35

Code of espresso coffee brews

aslllas 5yg0 (s digas A

gyl 095 53 (A oo Vo0 )3 0,59 ,500) ol STl =Y USWS
(Yo JITY 58) (2,b s gies 9 (ES-C) e gan SL (B 51 0 (5 pglaon slrdiges (Y1 JN ) ) (o s oygiw
il oo (ES-H) (S 5lurgw sl bawsgs s a glos!
Fig. 2. Concentration of acrylamide (ng/100 mL) in espresso coffee analyzed in the present study

Blue columns (code 1 to 26) are espresso coffee obtained from coffee shops (ES-C); Orange columns (code 27 to 35) are
espresso prepared using household espresso machine (ES-H)

0dgde 4 Hlde cpl b a8 0 Glusbre (gjlwslubivl
gl 4y 295 b g )15 58 gus penl s gl Jghite olie Jola>
able 4 bl 4 iy ojlul olBiwd g9
oid g e oBly Lulyd 33 el Sen o EAISC puae
calllas oyl Slusls ynle 5 4l e oyl 5| e 2150 e
Mo gyl @2 o s (sl 0988 g1yl Jlade I edlatl
4o )3 5 098 39 p)S5hS 52 £)55)Se0 e g1 Bl el s ST
VIO Jlade jl eslil ¢ oplpl Ams o ialS 1y ailjg, cély,d 5yl
5005 &ySele jhd g arzlse 1 3ygl0eS jlellns 3 p )5
Jaie s oJlo cpl b amde 4l gl Salaibes (3,0,
by o9l g omd g e & Gudy slue I el ST
OBBgR > Cal open CusaBpse Sl (Sl b plomen il
3 Mogd gy blie el o )ST Jlade" gt (slaosls ¢pols
o3le ;3 dael ST Jlie plen b Ci plgisds (san Slusbmo alos
Sge skad byl adlhe cax (pSkS 2 pSeSwe) T (23
4 Loyl 4ol il yyie 3udo a8 canl S5 LS A58 )5 )8 solatuwl
sy 2ol 58T e gdaws ¥+ VY Lo Ggaan YIOAY VY o )lo
AB+ ()95 o9 (Sl 9 PS5k 32 )9S ¥ov ol o

Strocchi, Rubiolo, ) cuwl oads 48,3 Jlas 13 p,56lS 1 5,590
.(Cordero, Bicchi, & Liberto, 2022

B b)) e

098 Sy Bajb 3 saels ST il g bl o (2ads
S gl

9 e dlse Brms 303k 3l Al ST a2lge (ress (ol
(oxelcawdas 0ged 4> sl s ST clale) g48g (slmodls Jolis 03l> g4
Carer S bawgd olie Jaame cdlyd l5u0) B pas slaodly
» 8,5 1,8 (Nematollahi et al., 2020) cusl 5L 350 ((pene
o3y 90yl Ly b (slie odle Bpns 3k el s,ST 3o
9 s el Camedr G (139 (e 2 e 9 294000 dpmla
2o 0 S5k » el ST 50,800 b p S e g0
asllas ol )5 (Akbari-Adergani et al., 2023) 395 o0 (b jo,
o o5 oy i sl Ve B ¥ g el oo
2 &S yolailen cpolal cpl poad 485 e 53 2 oo 0 (1SSl
22 50 el b )ST Jlade bwgie jobody conl o 03l (L ¥ Joas
YIEY £ AT i ESH g ES-C sl o6t e O+ lond
2)90 903 YO g90me 53 9 il oo 00 )3 p)59)Sue <AV £ 4 [0V 4
028 b el Cands i e 00 (3 259,500 VoY £ V)5 adlas
o918 92 p5 VIB gyl yid o B0 pa gl Sl (lp &Sl
alllas 3,90 0985 )51 ;> yblize drel ST ke Al 005 8y
soaieds (B8 cnl & Cawl S5 4 oY (1 Join) 3)5 dnule
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Table 3- Minimum, maximum and average concentration of acrylamide in espresso coffees and estimation of its respective content
in coffee powder*

. Ldiged dluxs POVRON) YT P IO [ TR A KT 0908 139 45 Bl wuel by ST Hludio
Vgod C- . T . )
Number of Acrylamide content in espresso Acrylamide content in respective coffee
Sample
samples samples (ug/50 mL) powder (ug/kg)
JEIKTS Sl eSSl BEIKES S5 Nas oSSl
Min Max Average Min Max Average
s (B — gy
Espresso — Coffee shop 26 1.08 4.58 241+£0.92 143.33 610.50 320.90 £ 122.57
(ES-CS)
JFe 3 00d 45— gyl
Espresso — Household 9 0.46 2.00 0.93+053 61.83  266.99  124.30 +71.59
espresso machine
(ES-H)
adess
oo Eroe 35 - - 2.03+1.06 - - 270.35 + 140.90
All samples

3L o gzl sl o Ol oged p,5 /D 31 g w3l yid Lo B+ olao g ppusl 00B lonid yn 45 5 (153 lndiges aled 5 *
* |t was assumed that each espresso cup contains 50 mL and was prepared using 7.5 g coffee powder

o2 b e BB Ogls (/YY) Bgw g (+/VFA) awsl s (VY F)
Sigdig > od 4 ogad 5l el b,ST by jlade dLiluol y3 .50
Oy P ASIpS9sSe) <1205 (I T WA e3gaze > apile
3 &Sy (Mesias, & Morales, 2016) i (y5)135 (jo,/ o
[ dgas 50 Jlo £ A Gl s ilisee (slaeg S EDI
Basaran, & ) sol cusy (joloot 0is pr55kSTpS9,5ue)e /)

(Aydin, 2020

— o[+ odge Ll g (slp EDI (l5se cdoMs ol

der¥ = IS edgime s YWS)n s ofee)
@@y bV Joi) 39 pesite (59, 0% G £ 9kST RS 95%)
L agalse olp (Tolaio polie c olie cble 5 Xa 3,0 wigles
O3S il slo)giS 53 ogrE Bpae By 3l el ST
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Table 4- Estimation of dietary intake of acrylamide (ug/body weight/day) via espresso coffee in adolescents (11-17 years)
and adults (18-60 years)
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Fig. 3. Margin of exposure (MOE) values for carcinogenicity of acrylamide based on BMDL10= 170, 310, 430

(ng/kg bw/day) for (A) adolescents (11-17 years), and (B) adults (18—60 years). ES-C (espresso obtained from
coffee shops), ES-H (espresso prepared using household espresso machine)
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Table 5- Estimation of incremental lifetime cancer risk (ILCR) and target hazard quotient (THQ)
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Introduction

In recent years, consumer interest in traditional and natural dairy products has increased due to their perceived
health benefits, cultural value, and unique sensory properties. Among traditional Iranian dairy products, sarshir is
widely consumed and valued for its rich taste and high energy content. Sarshir is a traditional Iranian high-fat dairy
product obtained through heat-induced creaming of milk. However, its industrial production faces several
challenges, including long processing time, low vyield, high susceptibility to lipid oxidation, and variability in
texture and quality. Milk protein concentrate (MPC), rich in casein and whey proteins, is widely used in the dairy
industry due to its functional properties such as emulsification, gelation, and texture enhancement. Therefore, the
incorporation of MPC into sarshir formulations may improve structural stability, enhance sensory properties, and
potentially enable partial fat reduction. Accordingly, this study aimed to evaluate the effects of different cream fat
levels (50%, 60%, and 70%) and MPC concentrations (0%, 1%, and 2%) on the physicochemical, textural, sensory,
yield, and shelf life of Sarshir, and to determine and introduce an optimal formulation for industrial production.

Materials and Methods

Raw milk was obtained from Sepidan Shir Company (Mashhad, Iran), and milk protein concentrate (MPC-80)
was supplied by Pegah Isfahan Company (Isfahan, Iran). Sarshir samples were prepared by standardizing milk fat
content to 50, 60, and 70% (w/w) using cream, along with MPC addition at 0, 1, and 2% (w/w). Raw milk was
heated to 40-45 °C and centrifuged (7000 rpm) to obtain cream fractions, which were recombined with skim milk
based on mass balance calculations. MPC was hydrated at 40 °C for 20 min under stirring. The mixtures were then
heated to 90 °C and incubated at 43 °C for 3 h, followed by cooling at 5-6 °C for 24-48 h to form the sarshir layer.
The sarshir layer was separated and analyzed for different properties. Shelf life was evaluated at 4-5 °C every 2
days based on sensory acceptability.

Results and Discussion

The highest dry matter and fat contents were observed in the samples containing 70% fat and 2% protein (68.03
g/g and 72.50%, respectively), whereas the lowest values were recorded in the control treatment (50% fat and 0%
protein). The increase in MPC significantly affected the physicochemical properties, particularly pH and acidity
(p<0.05), with higher pH and lower acidity observed in formulations with higher fat and protein levels. The highest
protein content (5.44%) was also recorded in samples containing 50% fat and 2% protein. Texture profile analysis
indicated that increasing fat content from 50% to 70% significantly reduced hardness (61.00 to 21.00 g),
consistency (5.00to 1.75 g-s), and adhesiveness (25.50 to 9.50 g-s). In contrast, MPC addition generally increased
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textural parameters, suggesting a strengthening effect of milk proteins on the gel structure, while fat had a softening
effect on product consistency. Accordingly, the lowest textural values were observed in the 70% fat and 2% protein
treatment, whereas the highest hardness was associated with the control sample. Production yield was significantly
influenced by formulation (p< 0.05), reaching a maximum in the 70% fat and 2% protein treatment (approximately
58%) and a minimum in the control sample (approximately 30%). However, storage time showed an inverse trend,
decreasing with increasing fat and MPC levels, with the shortest storage time (7 days) observed in the 70% fat and
2% protein sample and the longest (16 days) in the control. Sensory evaluation revealed that although high-
fat/high-protein samples showed improved creaminess and mouthfeel, the formulation containing 50% fat and 2%
protein received the highest overall sensory scores, particularly for flavor intensity, dairy flavor, and creamy mouth
feel aftertaste.

Conclusion
The results indicated that the addition of milk protein concentrate (MPC) significantly influenced the
physicochemical, textural, and sensory properties of sarshir. Increasing both fat and MPC concentrations improved
total solids, fat content, production yield, and textural attributes; however, such increasing trend was associated
with a reduction in shelf life. The sample containing 50% fat and 2% MPC demonstrated the highest sensory
acceptability. Overall, this formulation achieved an optimal balance between quality and stability, and is therefore
recommended for industrial production.
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Table 2- Definition of parameters for sensory attributes

) Capoguad Ly y25
Parameter Introduce the charactritic
0l wlusl 030 (S i 050 s
Taste intensity: Overall intensity of perceived taste
b goje 036 b pabo i) el

Taste and flavor

Dairy flavour: Fresh, sweet milk flavor

Creamy flavor: Creamy and fatty flavor

O3 53 bz plp > Cunglie sclalé 5 plod
Viscosity and consistency: Resistance to flow in the mouth

S el PP g sl €L icdlal g oy
Mouthfeel Smoothness and softness: Silky and soft texture
Creaminess: Sensation of fat and richness in the mouth
&l 3l o o yo edile BL Y gl ide
b Mouth coating: Residual layer remaining in the mouth after swallowing
Aftertaste & 3l o Sl o> 1gldels o

Creamy aftertaste: Creamy sensation perceived after swallowing
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Cedil 39 Fomb g el Gl Joa & 9500 PH (yialS
Foroughinia, Abbasi, &) cuwl ,ubmw slacpbay (4,30
0,8l i el b Jb ol b (Hamidi Esfahani, 2007
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Table 3- Physicochemical properties of Sarshir in the presence of different cream fat levels and milk protein concentrate

(MPC)
. s b il
e o 08l Parameters
Cream fat MPC - .
(%) (%) S5 wel> o3l 3 g« A o9
Total solids (9/9) Fat (%) pH Acidity Protein (%)
0 0.00+64.62 0.00+49.80  0.00+6.78  0.00%+9.90  0.00°+4.99
50 1 0.04+65.04 0.14%451.10 0.01+6.77 0.01%+9.79  0.04+5.07
2 0.00+65.58 0.07%452.05 0.01+6.75 0.00%%+9.75  0.00%5.44
0 0.00+£66.04 0.07°+59.65 0.00+6.84 0.00%¢+9.70  0.00¢+3.02
60 1 0.01466.41 0.21°460.45 0.01+6.82 0.02°+0.64  0.1193.26
2 0.02+66.97 0.00%+61.20 0.01+6.80  0.01°%:9.49  0.11%+3.55
0 0.00+67.08 0.14%:69.80 0.00+6.96  0.00%9.45  0.00%2.57
70 1 0.01+67.47 0.21%+71.15 0.14+6.92  0.02°+9.34  0.03°+2.65
2 0.02+68.03 0.00%:72.50 0.03+6.88  0.07°+9.30  0.03%+2.81

(P> +1+0) 5,85 SosSo b (sl ime sled M laSs By b slauSibio ol 18G9 (sl slne Byl £ Kike &0ty ol
All data are expressed as mean * standard deviation of two determinations. Values followed by the same letters show no significant
differences (Tukey test, P > 0.05).
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Allen, ) S o Hlnk 5 Ciw 1y Hldlo a5 20 0 Hlul (glasiis

(Murray, & Dickinson, 2008

B slaSiag
2 o 5 oSen M ol & oh gl cdl sl
S0 o 53 pl3B g Sty s Jals 380 (sl ey
Wges g o 0blic ¥ Jodo 3 a5 jab slan (p<0.05) )l
(p)S V¥10+) 3w (i (SB) Bgn AY=(o 70+ 5>
ol ) (4l 53 p)S FIA) (Saiswa g (458 3 p)5 TV 0) plod
oS (ST) oulign Jormar T+ sl iges &S Jb p s
S g (4655 )5 VYD) plgd p)S YV ¢ r) (B pdlia
b eonBgn ol e Rl bty 1) (4l )3 p )5 A/0¢)
Dickinson, ) sad o Juols yidw plgd 5 (St b (s 5o
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Table 4- Textural charactristics of Sarshir in the presence of different cream fat levels and milk protein concentrate (MPC)

@ B 5ol
o
Crean‘f)f:\t o g9 0 yiilS : Parameters -
(%) MPC o Plgd P Sy
(%) Hardness (g) Consistency (g.s) Adhesiveness (g.s)
0 61.00+£1.52 5.00+0.42 25.50+2.12bc
50 1 63.00+0.00 5.50+0.28 27.00+0.0012b
2 73.50+1.41 6.90+0.70 31.00+1.418
0 45,50+0.71 3.85+0.21 19.00+1.41¢%
60 1 52.50+0.71 4.20+0.14 20.50+0.71¢
2 59.50+1.12 5.15+0.21 24.50+0.71b°
70 0 21.00+£1.41 1.75+0.63 9.50+2.12f
1 30.00£2.21 2.50+0.28 17.50+0.71¢
2 43.0040.00 3.65+0.07 19.50+0.11¢%

(P> 1+0) )5 5038 b (s sime (bl M LSy Ggp b (olayuSilen -l 51,55 95 (sl sline Bl o0l £ Silie &0y 2l
All data are expressed as mean + standard deviation of three determinations. Values followed by the same letters show no significant
differences (Tukey test, P > 0.05).
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Fig. 1- Yield percentage of Sarshir in the presence of different cream fat levels and milk protein concentrate (MPC)
(a-i, means followed by the different are significantly different (Tukey test, P < 0.05))
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Fig. 2. Storage time of Sarshir in the presence of different cream fat levels (50, 60 and 70%) and milk protein concentrate

(MPC) (0, 1 and 2%)
(a-c, means followed by the different are significantly different (Tukey test, P < 0.05))
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Table 5- Nine-point hedonic rating of Sarshir in the presence of different cream fat (F) levels and milk protein concentrate

(MPC)
Sl 4 Sigad fwly (g,
solyb Como g Nine-point hedonic rating
Parameter Charactritic Js! 090 oo ol ey i PEETY (i PR
First Second Third Fourth Fifth Sixth Seventh Eighth Ninth
o . oL . S3 S2 S1 S6 S5 S4 S9 S8 S7
Taste intensity
W"Jo X3S LE"J f""‘lo
Taste and = S3 S1 S2 S6 S5 S4 S7 S9 S8
flavor Dairy flavour
st ool S3 S2 S1 S6 S5 S4 S7 S9 S8
Creamy flavor
clalé g plod
Viscosity and S3 S2 S1 S6 S5 S4 S9 S8 S7
consistency
Mouthfeel Iy S3 S S2 S6 S5 S4 S9 S8 S7
Smoothness and softness
ks
st S3 S2 s1 S6 S5 sS4 S9 S8 s7
Creaminess
o> o 3 %2 st 6 S5 S4 s9 8 s7
b Mouth coating
ks
Aftertaste sl pabiry s3 s1 S2 6 s4 S5 s9 s8 s7

Creamy aftertaste

&2 5.7, :S6 ‘O,_:JMX\—&)% £.7.:S5 ‘Oﬁjjﬁ)iz'_@)? 5.7.:S4 ‘o,;.‘:mZY—@ﬁ 87 :S3 sdﬁ5)¢Z\—&)% a7 :S2 gy Z'—L;j)% YA (MLu) S1

uﬁJ})JZY—uJP V~Z :S9 ‘L)“:J5)"Z\_u’)> V~Z :S8 ‘u‘*‘“?)‘lz'_u’P V’Z S7 su.oj)})—'vz
S1 (control): 50%F-0%MPC, S2: 50%F-1%MPC, S3: 50%F-2%MPC, S4: 60%F-0%MPC, S5: 60%F-1%MPC, S6: 60%F-2%MPC,
S7: 70%F-0%MPC, S8: 70%F-1%MPC, S9: 70%F-2%MPC
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Introduction
Olive Seeds is a major by-product of the olive oil industry, produced in millions of tons annually. It contains
significant amounts of protein (approximately 13.5%) along with fiber, lipids, and phenolic compounds. However,
native proteins have low solubility and complex structures that limit their functionality. Enzymatic hydrolysis is
an eco-friendly method to release bioactive peptides with antioxidant, ACE-inhibitory, and cholesterol-lowering
activities. The choice of enzyme is crucial; alcalase (a broad-specificity serine protease) and trypsin (a specific
protease cleaving at lysine and arginine residues) produce different peptide profiles. Process variables such as
hydrolysis time and enzyme-to-substrate (E/S) ratio significantly affect the degree of hydrolysis and antioxidant
activity. Response Surface Methodology (RSM) is a powerful statistical tool for optimizing such multi-variable
processes. Moreover, the stability of hydrolysates during storage, thermal processing, freeze-thaw cycles, and pH
changes is essential for industrial applications. This study aimed to optimize the hydrolysis conditions (time and
E/S ratio) for olive seeds protein using alcalase and trypsin via RSM, evaluate the antioxidant activities, and assess
the stability of the optimal hydrolysates under different pH, heat, refrigeration, freeze-thaw, and ambient storage

conditions.

Materials and Methods

Olive seeds were obtained from local market at Gorgan then dried, ground, defatted with hexane (AOAC
method), and protein was isolated by alkaline extraction (pH 11) followed by isoelectric precipitation (pH 4).
Protein isolate (5% w/v) was hydrolyzed in Tris-HCI buffer (pH 8 for alcalase, pH 7 for trypsin) at 50°C (alcalase)
or 37°C (trypsin) with E/S ratios of 1-3% and 30-210 min according to a Central Composite Design (CCD)
approach. The reaction was stopped by heating at 85°C for 30 min, then centrifuged and freeze-dried. Antioxidant
activities were measured by different methods namely: DPPH radical scavenging, reducing power, and total
antioxidant capacity (phosphomolybdenum method). Stability tests included: pH stability (pH 3-8, 30 min),
thermal stability (95°C for 15-75 min), refrigeration storage stability (4°C for 15 days), freeze-thaw cycles stability
(15 days), and ambient storage (25°C for 7 days). Data were analyzed by Design Expert, ANOVA followed by
Duncan's multirange test (SPSS), and graphs prepared by Excel software.

Results and Discussion
RSM analysis showed that both time and E/S ratio had significant quadratic effects on DPPH, FRAP, and TAC
for both enzymes. For alcalase, response surfaces exhibited a dome-shaped central peak with optimal conditions
around 150 min and E/S 2%. For trypsin, a rising quadratic plateau was observed, with optimal conditions around
139 min and E/S 2%. These patterns confirm that excessive hydrolysis reduces antioxidant activity due to over-
degradation of active peptides into free amino acids. Alcalase hydrolysates consistently showed higher antioxidant
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activities than trypsin hydrolysates, attributed to alcalase's preference for hydrolyzing at hydrophobic/aromatic
amino acids (Phe, Tyr, Trp, Leu, Val) which are strong electron donors. Stability studies revealed, pH: Maximum
TAC at pH 7-8, minimum at pH 3-4 (near isoelectric point). Alcalase hydrolysate was more stable. Heat (95°C):
Gradual time-dependent decrease in both FRAP and TAC; alcalase hydrolysate retained higher activity after 75
min. Refrigeration (4°C, 15 days): Progressive decline in TAC and FRAP; alcalase hydrolysate showed slower
decay. Freeze-thaw (15 days): Significant reduction after each cycle, mainly due to ice crystal damage and
cryoconcentration; alcalase hydrolysate more resistant. Ambient (25°C, 7 days): Faster decline than refrigeration;
alcalase hydrolysate.

Conclusion
The optimal hydrolysis conditions for olive seeds protein were determined using RSM. Alcalase-produced
hydrolysate exhibited superior antioxidant activity and stability compared to trypsin-hydrolysate due to the release
of hydrophobic/aromatic-rich peptides. Stability decreased in all tested conditions (heat, freeze-thaw, storage), but
alcalase hydrolysateconsistently showed higher retention. These findings support the valorization of olive seeds
protein as a source of stable antioxidant peptides for food and pharmaceutical applications.

Keywords: Antioxidant, Bioactive peptide, Olive seeds, Optimization, Protease
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Fig. 1. Three-dimensional response surface plot of DPPH radical scavenging activity as a function of hydrolysis time and
alcalase-to-substrate ratio
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Fig. 2. Three-dimensional response surface plot of DPPH radical scavenging activity as a function of hydrolysis time and
trypsin-to-substrate ratio
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Fig. 3. Three-dimensional response surface plot of ferric reducing power as a function of hydrolysis time and alcalase -to-
substrate ratio
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Fig. 4. Three-dimensional response surface plot of ferric reducing power as a function of hydrolysis time and trypsin-to-
substrate ratio
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Fig. 5. Three-dimensional response surface plot of total antioxidant capacity (TAC) as a function of hydrolysis time and
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Fig. 6. Three-dimensional response surface plot of total antioxidant capacity (TAC) as a function of hydrolysis time and
trypsin-to-substrate ratio
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Table 2- Antioxidant activity responses of the optimal hydrolysate produced under laboratory conditions
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*Within each row, different superscript letters indicate a significant difference between the experimental and software-predicted
values (P < 0.05), while the same letters indicate no significant difference.
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Table 3- Analysis of variance (ANOVA) and goodness-of-fit statistics of the quadratic models for response variables of olive
pit protein hydrolysates produced using Alcalase and Trypsin
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Fig. 7. Total antioxidant capacity of hydrolyzed olive seeds protein in the pH range of 3 to 8
«Different letters indicate differences at the level (P>0.05).
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Fig. 8. Ferric reducing power of hydrolyzed olive seeds protein in the pH range of 3 to 8
*Different letters indicate differences at the level (P>0.05).
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Fig. 9. Total antioxidant capacity of olive seeds protein hydrolysate at 95°C for 15 to 75 minutes
«Different letters indicate differences at the level (P>0.05).
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Fig. 10. Ferric reducing power of olive seeds protein hydrolysate at 95°C for 15 to 75 minutes
sDifferent letters indicate differences at the level (P>0.05).
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Fig. 11. Total antioxidant capacity of olive seeds protein hydrolysate during 15 days of storage at refrigerated temperature
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«Different letters indicate differences at the level (P>0.05).
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Fig. 12. Ferric reducing power of olive seeds protein hydrolysate during 15 days of storage at refrigerated temperature (4°C)
«Different letters indicate differences at the level (P>0.05).
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Fig. 13. Total antioxidant capacity of olive seeds protein hydrolysate during 15 days of storage under freeze-thaw cycles
*Different letters indicate differences at the level (P>0.05).
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Fig. 14. Ferric reducing power of olive seeds protein hydrolysate during 15 days of storage under freeze-thaw cycles
*Different letters indicate differences at the level (P>0.05).
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Fig. 15. Total antioxidant capacity of olive seeds protein hydrolysate during 7 days of storage at ambient temperature (25°C)
*Different letters indicate differences at the level (P>0.05).



YA o laly (3l g dewly el 95 b (yaie ) A (pudig 1 (009 35T 3dgs0u (63 Lwdine oy, 0 9 i

OgelieaST plyy 5> (503,88 Jldlo g (ot Jud 9 Jdda
el e o ol 263 5l gy Cuglie lause slod I 5L
lod jd s Ysb (£)lS &S o LS i sl yiag
awolie )3 amd Lials |y ey Sl sl el wlg e 36l
o5 0yl o3l lgieas YIIT (Sidgiig p calisen (slanen 5]
slaodygl 3y cladllan p3 .ol onds aslids s ol clas
Woya oL Y W53 5155 s posl Ses cuseS oy
o cllsd Jols slajidgynn g 4Ldl a5 4 s 65V
Hwang ) ssls o)lis pls adgl slge a4y s (65 3151 (sla SIS0,
slwiigy (Esteve etal., 2015) S ¢ sl (et al., 2024
sy 4 sl oy aluoga 1) o clols Sl Jols
53905 byl 1y byl SlaST ol cudlad 05,8 bas b
S5 5y Gxe )»b ool dy90 w3l g9 a5 b ol s
open 2 boligue sl bl oy
Olpisar ol el owlie Jeusly ordidyy glaclidg)im

Lash glie mlo ) 0 Sles wluS

[y

700nm)

o

o vk vN

Ferric reducing power

(Abs

= Alcalase ;Y

oAl (Saiis Ll
G gy SaSlidgun el (Suslel ¢y L)
sl cad)b ool (Ui lasme slod 53 (6514 g, V (b (i
3 Jols Clidgyam gy o (TFe2) 58 4 (TFe?) b slapysy
lod 3 .8l alS (5SS ploy Gl b a5 g YIS
OselienS] g5 3l Baas o 55 (3,5 5l 43 )3 YV-Y0) e
b slos 31,0 o1 (sl JISGal, St 5 ke slaeg S (05
s Josu slod b awslie j3 ol e p 45 ol Lauso 4y 5uS]
Wil jeS (OIS le 4 A0) ol L oawlie
b slod ) & SYsame (Habinshuti et al., 2023)
OsmolignST ply 53 (g clble diajls Wigd e (551055
plos 5o YT 51 Jols clidgyin (bl 93 awglio ) i
CuBlS Cppm 5 & g VL (Sl )08 ()l sl
Sslogyl g 2,5 dial (slasanl ) 28 slariy Wy Joa o
J(Liu et al., 2023; Mardani et al., 2023) cuwl YT bwgs
SYSIT 5 ool @lidgyiun oS ol odls ojlis Slasdiss ¢ piomon

Aa Ba
Ab  Bp
' . T T
1 3 5 7
S ploj s
Storage time (day)

B Trypsin e 5

SRS 59y ¥ e (b o (5lod 43 (45§ dansd 85 5l e (i 2 (SNl )08 VT UK
Lol (P <e/+0) pdaws )3 BB 355 oaimd Ui dsliie e gyt
Fig. 16. Ferric reducing power of olive seeds protein hydrolysate during 7 days of storage at ambient temperature (25°C)
*Different letters indicate differences at the level (P>0.05).
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Introduction

Fresh leafy vegetables contain vital macronutrients and micronutrients such as carbohydrates, fiber, minerals,
and vitamins that are essential for body health. People are now consuming less vegetables in their diet because
their preparation is time-consuming. These nutrients play a critical role in keeping physiological functions stable,
boosting immune responses, and preventing chronic diseases such as cardiovascular disorders or some kinds of
cancer. Therefore, the market for packaged ready to eat fresh leafy vegetables has grown worldwide. This has
created a new opportunity to bridge the gap between traditional and modern lifestyles, increase fresh product
consumption, expand convenience foods, and promote well-documented health benefits. Although many
vegetables are not available in high-quality packs, basil is a popular leafy vegetable in Iranian food preparation
and consumption. This vegetable has a key flavor that is used as a garnish, in salads, stews, or traditional dishes,
and gives cultural and culinary significance beyond its nutritional value. Basil (Ocimum basilicum) is one of the
most sensitive plants, with a very short shelf life and a unique aroma and flavor, which has made it an integral part
of Mediterranean cuisine, too. Its sensory profile is attributed to its essential oil composition, mainly containing
linalool, eugenol, and methyl chavicol, which are highly volatile and susceptible to degradation during postharvest
handling. It has a soft and thin texture that makes it more sensitive to mechanical damage and environmental
stresses. Therefore, even the smallest changes in the storage conditions can cause quick quality loss. Various
negative quality effects that are reported during the storage time of fresh basil leaves include weight loss,
chlorophyll degradation, leaf rot, browning, and loss of sensory properties, which lead to increased waste and
reduced shelf life of this leafy vegetable. Weight loss primarily results from respiration and causes wilting and
limpness, while chlorophyll breakdown increases yellow carotenoid pigments, giving leaves an undesired
appearance that is a sign of aging and reduced freshness. Many parameters have been studied to reduce the spoilage
rate of basil leaves, including changes in temperature, humidity, packaging materials and types; however, these
methods could not successfully manage the negative quality effects to optimize the shelf life of fresh, cleaned basil
leaves. For instance, using Ethylene producing inhibitors is a common way to maintain basil leaf quality; however,
the most important challenge in storing this vegetable is its high sensitivity to low temperatures, and the absence
of ethylene in the atmosphere makes the inhibitors useless. Also, using the inhibitors alone can cause moisture loss
and wilting of the vegetable. Applying controlled temperature and moisture could limit browning and sensory
degradation, but the loss of freshness and aroma remains a key unsolved challenge caused by essential metabolism
in the leaf's cells. Moreover, using ionized or salt-based coatings caused off-flavors and limited the edibility of
basil leaves. Inorganic coatings are effective moisture barriers in some cases, but often interact with the leaf surface
in ways that alter the natural flavor profile, leading to bitterness or metallic notes that are unacceptable to
consumers. Accordingly, it is not possible to scale up the production of packed clean basil leaves, and an essential
need has been sensed in this area. Therefore, investigating appropriate methods to maintain the quality
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characteristics of basil during storage is a determinant research. The first accessible, facilitated method is leaf
coating with controlled process parameters that decrease mechanical and physical damage to leaves on one hand
and increase the stability of fresh quality on the other hand. Therefore, protective, insensitive amino acids might
be a logical option to manage the chemical degradation processes. The amino acids are safe and low-cost, which
makes them a useful choice for industrial applications. They can be used both as a foliar spray and as a dip or spray
on the leaves. Amino acids not only coat the leaves but also inhibit some vital processes like oxidation, cellular
respiration, and ethylene production, which helps keep cell and membrane integrity. However, not all amino acids
are desired for this application and do not have the same result on a specific leafy vegetable. Therefore, the present
study aimed to investigate the appropriateness of cysteine as a coating formed by the dip method on the quality
parameters of basil leaves and the interaction effect of that with the application of modified atmosphere packaging
to increase the shelf life and freshness of the leaves. Cysteine was especially chosen in this study due to its thiol
group, which can confer strong antioxidant activity and has high potential to chelate metal ions that might be
catalyzed in oxidative reactions, making it a promising candidate for fresh basil leaf preservation and maintaining
its biochemical balance.

Materials and Methods
In this study, basil leaves with edible cysteine coating at three levels (0, 0.1, 0.5%), packaging type (normal air
packaging and passive modified atmosphere packaging) and storage time (0, 5, 12, 9 days) at 4°C, were prepared
and the concentrations of oxygen and carbon dioxide gases inside the package, pH, weight loss percentage, color
parameters (a*, b*, L*), browning rate and sensory properties were determined.

Results and Discussion
The findings showed that the use of passive modified atmosphere packaging had a significant effect on
reducing the amount of oxygen and carbon dioxide gases, along with reducing the respiration rate and increasing
the storage time of basil leaves. The samples with normal air packaging showed the highest weight loss (3.07%)
and the modified atmosphere packaging showed the lowest weight loss (1.88%). Increasing the concentration of
cysteine in basil resulted in a reduction in weight loss and inhibition of the browning reaction compared to control
(p<0.05). .

Conclusion
Using a concentration of 0.1% cysteine in the coating was able to maintain the sensory properties of basil
samples. Accordingly, the combined use of edible cysteine coating and modified atmosphere packaging has
provred to preserve the quality of packaged basil samples and increased the storage time by up to 12 days.

Keywords: Basil, Cysteine, Modified atmosphere, Storage time
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Table 1- The effect of cysteine concentration treatments, packaging type, and storage time on the average changes in oxygen
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*The average number the result of three repetitions and the comparison of the averages with the same letters has no significant
difference (P<0.05).
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Fig. 1. The interaction effect of packaging type and storage time variables on changes in color parameters of fresh basil
samples stored at refrigerator temperature
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Fig. 2. The interaction effect of cysteine concentration variables and packaging type on changes in the browning rate of fresh
basil samples stored at refrigerated temperature
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Table 3- The interaction effect of cysteine concentration, packaging type and storage time variables on changes in browning
scores of fresh basil samples stored at refrigeraed temperature
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*The average number of the results of three repetitions and the comparison of the averages with the same letters have no significant
difference (P<0.05).
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Table 4- The interaction effect of cysteine concentration and packaging type variables on changes in sensory scores of fresh
basil samples stored at refrigerated temperature

syl i SRS EN L £ 3 bl glas Sl
Sensory parameter ~ Cystein concentration(%) Type of packaging  Standard error £ Mean
0 Air 3.79+0.01
MAP 2.69 £0.01
[ 10 Air 448 £0.01
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05 Air 424 +0.01
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0 Air 3.75+0.03
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cél 01 Air 4.54 +0.03
(Teture) ' MAP 3.11+0.03
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Fig. 3. The interaction effect of cysteine concentration and storage time variables on changes in sensory scores of fresh basil
samples stored at refrigerator temperature
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Introduction

The Food and Agriculture Organization (FAO) estimates that by 2050, food production must increase by
70% to feed the world’s projected 9.9 billion people. Consequently, the development of novel and innovative
solutions to address existing challenges and improve food sustainability has become crucial. Three D food printing
(3DFP) is an emerging technology in the food industry, categorized as an additive manufacturing method, which
serves as an innovative alternative to conventional production technologies. This technology offers freedom in
customized production and greater flexibility in product design based on consumer demand. 3D food printing
holds the potential to produce highly customized foods in terms of shape, texture, flavor, structure, and nutritional
value, while enabling the creation of unique formulations and edible alternatives. Given its advantages over
traditional methods, 3DFP is increasingly attracting the attention of academia and industry; it is plausible that it
may replace current food production methods in the near future. These printers operate via various mechanisms,
most notably extrusion, powder bed fusion, binder jetting, and inkjet printing. This study discusses the raw
materials suitable for food 3D printers.

Methods
A standard search methodology was employed across several databases, including ScienceDirect, Scopus,
PubMed, Google Scholar, and ISC. The selection criteria focused on articles published between 2009 and 2025
concerning food applications of additive manufacturing technology. Ultimately, 64 articles were selected and
reviewed.

Results and Discussion
The results indicate that raw materials for 3DFP are generally categorized into three groups: natively printable,
non-printable, and alternative materials.

Natively printable materials can be further classified into three sub-groups: sugars and confectionery products,
dough-based foods and pastes, and food gels. Hydrogels, oleogels, pastry cream, cheese, hummus, ice cream,
chocolate, powdered sugars, and starch-based ingredients belong to this category. The composition of these
materials—specifically the ratio of carbohydrates, lipids, proteins, and fibers—is critical in determining the
printability and final quality of the edible structures, often requiring minimal pre-processing.

The second category includes materials that are not naturally printable and thus require specific pre-
processing, such as the addition of food additives or blending with suitable printable materials, to achieve
printability. Traditional foods, such as vegetables and fruits (rich in fiber), meat products (protein sources), and
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items with high moisture content, can be challenging to print because they often contain lower amounts of
structural components like carbohydrates, proteins, and fats. However, these foods are valuable sources of fiber,
antioxidants, vitamins, and minerals essential for human health. By incorporating hydrocolloids into non-printable
materials and adjusting their rheological properties—such as viscosity, concentration, and flowability—these
materials can be rendered printable. Hydrocolloids are hydrophilic polymers containing hydroxyl groups that
typically possess polysaccharide or protein structures and may originate from plants, seaweed, animals, or
microorganisms. Furthermore, the use of additives such as egg yolk, egg white, starch, and rice, wheat, or millet
flours can enhance the printability of non-printable materials.

The third category includes alternative materials such as insects, algae, mushrooms, and lupin seeds, which are
rich in nutrients but are generally considered unconventional food sources. Additionally, waste streams and by-
products from food processing lines—such as fruit and vegetable peels, meat scraps, and fish parts—can be
effectively utilized as raw materials for 3D printing. Constructing 3D structures from these alternative sources can
significantly reduce carbon dioxide emissions and serve as a promising solution to global hunger, particularly
regarding malnutrition among infants and adolescents. Furthermore, food printing enables value creation from
food waste, contributing to a greener circular economy.

In the long term, 3D printing is expected to transform food production by integrating multiple processing stages
into a single unit and simplifying the supply chain. This study comprehensively addresses the printability and
classification of food raw materials used in 3D printing.

Keywords: Alternative materials, Natively printable foods, Non-printable, Printability
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Chocolate Hot-melt (32 °C) with heated  Cadbury and Callebaut v Varyin% et percerf’tage Y
bed (15-16 °C) dark chocolate
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hocol (£--¥¥ C°) ‘é’t; ""”:”’ hocol The successful deposition of chocolate depends upon the
Chocolate Hot-melt extrusion (32-40 °C) Cadbury milk chocolate material characteristics and printing variables
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Table 3— Summary of the mechanism of printability of cereal-based material
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Cereal-based ink

o 4l oy Jj
sl el
Gels made out of
selected cereal grains

wwlis Jj
Starch gel

@S5 )
Indigenous composite
flour

T o>
Rice dough

Slostd g e
Brown rice paste

T ol
Rice starch

Oy dlds g g6y
Potato, rice, and corn
starches

Room temperature
(21°C)

(v C°) bl slos
Room temperature
(25 °C)

(0 C%) 5 w5
Hot-melt (45°C)

(vo C°) &bl los
Room temperature
(25°C)

(vo C°) &bl los
Room temperature
(25°C)

(vo C°) &bl los
Room temperature
(25°C)

(vo C°) &bl los
Room temperature
(25°C)

(Ao-v- C%) o5 g
Hot-melt
(70-85 °C)

Wheat flour, wheat starch, and egg
white protein

(loged @ ol
obgy sy o ile casS ¢
Black rice, Brown rice,
Buckwheat, Mung bean, Job’s tear
seeds

O Aol p S Al ¢ glue jom Atwldd

Potato starch, Wheat starch, Corn
starch
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Gram, fried gram, barnyard millet,
and ajwain seeds
o B 9 Kokl @ Sigle @y
Japonica rice, indica rice, and
waxy rice

Sloges bl shogwd @ 9
ol 5 55
Brown rice powder, xanthan gum-
guar gum mix

5 TR o9 €Y
Indigenous rice variety ponni

Dimensional attributes and quality behaviours of samples
are quantitatively studied
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A g bl gl olygy Sl
Among the tested materials, mung bean gel yields the
strongest gel while job’s tear seeds possessed weak
structure
@9 Sl g poml ajeSany Glisboj) Jl plaie sl (gl puiS arlis
D9 e
Wheat starch possessed a regular network of
microstructure, lower viscosity with better extrudability
b Ol (53938 g g eSan 9 bl (58 (o2 S o )
Fibre and protein rich indigenous composite flour was
printed without any additives
b (o 03D Sla @i 2 (e SLE CuS dlse (oS
Effect of material formulation on the quality of the
.examined printed rice-based foods was
I3 ke 5 0058 0 o515 Wle Ol (slapesite b ord @ (8L sl (S
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Textural properties were strongly correlated with the
printing variables such as infill density, perimeters, and
nozzle size
31 oolizasl b o] (3 ol3e lge (sim dw Ula (sl (ale b S adllae oyl
A3 o &) gy analits
This study provides a scientific base for future 3D
printing of foods using rice starch.
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Starch suspensions of concentration 15-25% (w/w)
possessed excellent extrudability and mechanical integrity




RVRPXETPOWRK ¥ I ol5iws yo solax > S 03l v
IV ol saman Sl bolluws 1o soliwl B (S1)95 adgl olge (590 co0l) Jurows! 9 6

Sl yoriz g pgwpe dnlB 3 W3S SIS sdman Ol
Wi ool 9wl Sl sl (Sas S5 CusS conyge silooslel
ap] 3 Al BN hnd slmojl L (gly IS plSoctl
Ji N8 Sl SRy deme Sy eed eji Aol
Gl (g5l (ooryge J5 &5 2b QL5 @l 08y ) 4 o5
Fer Bl b oohen (awlie (J ol Sl e (dueju
slaonSon ole Jilite (abigy Jdsa (Sh ol ol loyes
Bl & 3 (pyed rojuw dlwli 9 (alo M pudose
Gaslie (samts Sl (sl 1) o g 450 Sl oo g SIS

.(Dong et al., 2019) >3l o

G g 3 3 (sie 0l 9o
oy ol 55 2 8505 b g, ilisee el
Joia) cwl bl Jlo g3 (1S9 2 (diee (2l 3o Olo B
50,58 ubsS g ) 5355 sty A8l almed gl B adgi (F
Olejer Sl 5 lbe)sly pilies wlis CVgame o
Bl ol dge 4 anlE ol & cul By claySlse
Dong et al., ) o )Ken g SS9 .05 0 K8 ol Jparmo
b o> sonygw J5 Sl bl o)lyy sladllae (2019
Sl ol syl oaiScagl Ko plgisd (npd Gusji

g Al 90 Sl Cobill 030 51 glaos —€ Jgu

Table 4- Summary of the mechanism of printability of protein-based material
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= Hot-melt oo S M“K Among the tested samples, the gel-sol transition ranged from
Cheese (60°C) Cheese with different calcium levels 52 to 60 °C that si niﬁc’antl decreased with decreasin;
of 15.8 to 31 mg of Ca/g of protein gniticantly g
calcium levels.
ol ol g 0l gD 0l Hlows (glb yu
: V8 C) o5 P s T e SR 255 0 e 5 9 W5 o s 15be 8 slo Sy
- ( ees wlaled This study showed that the textural properties like hardness
Cheese Hot-melt (75°C) Untreated, melted,printed cheeses at Y prop

different extrusion rates

could be tailored through 3D printing.
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Table 5- Summary of the mechanism of printability of puree, food paste and composite dough
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material temperature Material composition Results
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Mashed temperature Potato (steam cooked), 15% This study establishes a significant correlation between the material

otato o 1 970 roperties and printability with increased proportion of potato
P (25°0C) trehalose (w/w), and prop P vy prop P

6T (o 0)92
Commercial
potato puree

(SR 09
Potato puree

S e
Cookie dough

gl ed
Baking dough

Sy oS
Composite
dough

lglyes
Baking dough

S e
Cookie dough

b3y
Plasma protein
based dough

(es¥e ¥ C%)p 5
Hot
(10, 20, and
30°C)

(v+ C°) &bl slos
Room
temperature
(20°C)

(vo C°) &bl slos
Room
temperature
(25°C)

(vo C°) &bl slos
Room
temperature
(25°C)

(v C°) bl slos
Room
temperature
(25°C)

(v C°) bl slos
Room
temperature
(25°C)

(vo C°) &bl los
Room
temperature
(25°C)

(v C°) bl slo>
Room
temperature
(20 °C)

starch (0, 1, 2, and 4%) potato

Sl b g (o i 032
Potato puree and whole milk

©)5 (455 (F9) TSR 0y KB (se i
STyl
Cooked potato, carrot puree,
olive oil, butter, alginate, and
agar

iy 90)S ool (puiS 3] iy )1
g b o0 S
Rice flour, wheat flour, tapioca
flour, butter and shortening,
sugar, milk powder, and water

5 59I8 o8 3] e 035 05 (B S
Icing sugar, butter, egg, low
gluten flour, and water

Uhey 4 ol Sutd 4l o (paiS )
Sy s o) «sdlea]
Wheat flour, freeze

dried mango
powder, olive oil,
and water

g Er0 055 0,8 (925 S ciglf o8 3]
Low gluten flour, icing sugar,
butter, egg, and water

5055 S iglS o5 o)1 paS ol
&3S
Wheat starch, low gluten flour,
sugar, butter, and egg

O slreluiS (Sl lawdly g
by (g dgnl 5 3550
Porcine plasma
protein, pea protein
concentrates, and
soy protein isolate

starch
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Results showed that printability increased with consistency index
and decreased with the behaviour index.

Al ()l Sem Sl 2 (0L3s2 5 99,50l Liele)S) cy il (slaag, I
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The effect of different cooking methods (microwave heating and
boiling) on microstructural changes of starch for 3D printing was
studied.
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Functionality of the starch molecules greatly affected
physiochemical
Jproperty of printing mixture
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Post-process fast cooling of the 3D printed structures (—65 °C for

approximately 10 min) was beneficial in structure and shape
stability during baking
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Effect of the material composition on the 3D printing
characteristics of dough was analyzed
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A pseudoplastic gel with higher gel strength, extrudability,
elasticity, and a lower ductility were desirable for achieving higher
print fidelity
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Microwave pre treatment significantly increased the degree of
gelatinization and improved viscosity, hardness, and elasticity of
dough.
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Dough with porcine plasma protein between 42.5 and 47.5% (w/w)
showed higher printing performance. Also, mixed dough with pea
protein concentrate and soy protein isolate of 10-15% (w/w)
possessed better printability.
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Fig. 7. Methods used for hydrogel fabrication (Anandharamakrishnan et al, 2022)
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Table 6- Summary of the mechanism of printability of Gel-based food systems
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Milk protein Milk protein concentrate and sodium caseinate Milk protein gel containing 400-450g of total

composite gel
e gl 4
25 090
Milk protein
food simulant

oS Ji
LSS
Pea protein gel

oSen Ji
S5
Pea protein gel

Jigre

Hydrogel

s sl
Carrot moulds

Jigra

Hydrogel

ol Jj
bgw (eSo
Soy protein
isolate gel

Jigsen

Hydrogel

Jigsen

Hydrogel

Jigrk

Hydrogel

(25 °C)

(vo C°) &bl slos
Room temperature
(25°C)

(vo C°) &bl slos
Room temperature
(25°C)

(vo C°) &bl slos
Room temperature
(25°C)
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Room temperature
(25°C)
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temperatures
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Room temperature
(25 °C)

(v C°) bl slos
Room temperature
(25 °C)
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Room temperature
(25 °C)
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Room temperature
(25°C)
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Whey protein isolate, milk protein concentrate,
glycerol, and xanthan gum
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Pea protein, xylose, protease, glycerol, and
potato starch

el 22)J8 g S )30, 0956 059,
Pea protein, alginate powder, and calcium
chloride
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Agar and gelatin (used individually)
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Carrot puree, Guar gum, xanthan gum, and
gelatin
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Xanthan and Konjac gum
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Soy protein isolate, xanthan gum, and sodium
chloride
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Cassava starch
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Xanthan, locust bean, carrageenan, pectin, agar,
sodium alginate, guar, gum Arabic, maltodextrin,
iota carrageenan, and gelatin
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Cassava starch

protein possessed best print fidelity
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Milk protein concentrate: whey protein isolate of 5
showed better printing performance : 2 proportion
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Xylose Maillard reaction products had the highest
degree of cross linking showed a strongest adhesion
and cohesion
Bl s gy ol 0, Sdee Yo Ar 3956 g 4 Sl cons
Alginate to pea protein proportion of 80 : 20
showed better printing performance
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Tested formulation of gel systems had hardness
ranged from 8 to 45kPa possessing a soft jelly-like
texture
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The samples with gelatin and xanthan gum
possessed higher hardness and densest texture
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Increasing syrup content resulted in a
weakgel.Material composition had significant
impact on textural and rheological properties.
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Soy protein isolate gel with xanthan gum and NaCl
solution at 1 g/100 ml showed better printability.
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Dry heat treatment 3D printed samples exhibit
better printability than native starch samples
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The phase angle and relaxation exponent could be
used for understanding of viscoelastic behaviour of
the material supplies.
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The effects of ozone treatment in starch
modification that can be used for production of
printed starch based food

Sl ) gl cagllas Jgoro jgboss o (ol Shig it

2 dlge ated 3 1y bl o )3 g amd e el gdmdw

S50 OS5 3 65ia8 polin sl e B adyl dgo & s

Caviwd ola il b A glalas |

Wnoguo) yusd 3l (i el dlo 00 (2l ) 5> (s slalic
YL gl g (55 soodgl 3) (slacd) oy Sl om 9



A\AA 108 guwdw Yl roliws 4o solasiwl B ST,95 adgl of w03l | W
I goman Sl 3 2 197 4yl olgo 3 (55950 00y Jurowl 9 5

(LS Wl sliie a5 wisl aBen b o Slo Ll sl kisle
SasdglS e G (Y Jpir) cul gy b g o Seb
lgsds Jos ol Gl b )b (58l dax 5l xmsg slod,)l8
(S N Dgebs d.mO%MJ}oI Cuds wdsShle 9 Siwd; Jele
Sa5olS g 0 ¢g) cpl jl 298 oo Jali |) B s g (ygm¥ 5 0
Wgd oo 485 Jlas 13 plie glaylsle (ol SWl Glacay olie
J(Lu, Nishinari, Matsukawa, & Fang, 2020)
i) skateas ) (sladllas (Kim et al., 2018) ,Kan 5 oS
WY geo lsS feo dlox jlacilize clandglSg s (slanlie
sks Jete Jugre (Syyen wlS ) sl oo (o5l o
ol ploal olde slge Cla 33 048 (sl (oY g ok o
2 e GMdb gl S o)l ddlas ol G
e o3 3390 GIslS 930 (e )3 09 Ol bl L))
g0l ol 1y (alié Sl S5 s 18, (53l (2Bl ko
b 2le lapiums 2STL &5 35 5088 5 (255 (S )b
ladlas 45 (Kim et al., 2018) ol )15 jls goiio sl joSunsg
S5 Sl |y Sy e (i Sl S ione S0
s S sto a0 186 gl ol 0l drug (cnaw Ol
S oy Jlail bole plyisds mads gl clale L Sy
aS ol i @l cuh i WS 0 S8 ol el
S S8 b cos was 4 QliE Slse jase gV gesd
9581 2 )18 panlS (sloig b ol b ye Jlail )3 5 (s yeely
ol g 4iliS 5l S VleSung Hldy o ol dlgo 4 w3
opile B jean 3l atily cute b3yl Ol el b wlg e
JS5 b1y 3l J5 musilSo bl 5l 5 03,5 SISy (el
YL SV Jgdo 4y yoxie a5 403 00 (a3l (559 ) abign
Vancauwenberghe, ) sad 0 yciw 1S J5 domid )0 o
J(Katalagarianakis, Wang, & Meerts, 2017
Wy ol dapge¥e s 0 bausslSg e Gubas L
w5 5 Gl CllB S gl 5 bl b 1 J5 sl
Sl U5 dmaw ol o)l (oasie Slalllae oyl ogMe D9 0
5 ol o (Sp0E Clless d i 5 e
09y 9 Bao fye (S glS CudgS wile (555 slaodgl 8
slie camanw Ol clll wldllas oyl plod .l oad 555
Gl ) 4Bldgu (S35 g (oo (Bl sla Sy by plle (i
sbagslSgne oS
.(Anandharamakrishnan et al., 2022)

A8 o b e

SbS P s (ol Gl 9 BosSyn Bolamg S )
«$ioglyy cmlhidn (oY) Glapusle Jsue o8
b ekl culyd 3 g At (ACdn) (LS 5 (sjlwodg
Anukiruthika, Moses, &) suisy o adgl dlge & 1)
4 jeSang ¢ BSL dtwzwd (Anandharamakrishnan, 2020
ol O Plo by (Lol JY5 i (Sl Canglio 5 ol
55 5l oYL Cullw WLe slgo oyl 0ygy wdids olie dlge I dwd
b i gl (B (6 g IS g sty 286 5 am3 0o LS
lyoe bdlge 5 cudyd @S g ol oMo el Ol I
Ao Gl le 2T g )3 (JU sl jlas Y (g 3l5k
@ hles e (6500 il (Wl jaw g 0gme adgl dlge 3590 5>
O Cad o 53 g (29)See A8 (M logeS grlisns]
313 3529 5 amaw Ol wul8 (b > gl CudS 5 2lie ()]
asio e Slge ol s S5 o il 5gms b (Li et al., 2022)
3loil Sl 92908 (ixe dlge g o ppeling Al | 31 51 (28
$50 gl 5 @il (Jo ol b Bigd o g (1 sl
e ol 3 oadailid layille Sl (S lge ol 6 slapsis
Gzl plo b cuSy o ko dayus (Lille et al., 2018) ol
S g0 1 (s paply bl daaSalsg am g sl Ale (g yauly
bas 4y S8 el aiins goaxie Sloyd sblje oyl o yud
s oS g o 3B paw S8 (Jgpids (ialS 039, oMl
Sl Glen 5 ol (Sl pl olaglen 4 M
@ 5 (Yegin, Kopec, Kitts, & Zawistowski, 2020)
&S (g o o dou] B b W jud (sdmdis Ol e 0 Jlalllas
015 plos] (S (SaS (5 IS bl g i b e tmlS & g5 o
S9stc g5 (Slodygl,8 5 Sl s (6 b Cunple 4 45 L
ol oliondgSozd ol 380 wlal piline gl plioly
(oSl oSl ) culie bz g el 4 ol sl
(0l 2 09l el (6y908 ogmgayd Sliale lise (ygmsl S
2 & Cwl 0l (gilme sl Blge 13 derge Cliels gaezee
Ricci, Derossi, ) 3,135 o b ols sdmdw sbrojlo (s)lul

(& Severini, 2019

la Cubili o gags yo (2108 gladks ls g yua (il
NP SRy mhal b Oliie ) ol LBy g
02938l Gk 3l ol Sl g cble WSy il dag
oadslSg)nm 5,8 b (gamw Ol LB dlge 4 daiols
S5l o aitd g3 clo ol sl olLisl ) & jsbolen
ot Wlgiee ogS opl idliee JeSg)in (sloog)S



VP8 LT o0 F o )lod TY wler ol ! (108 aluo g pole Gltidgs 4 ot FYY

IS )3 (5,0 pieo (Lol g )b WA 51 slaoMs -V Jgu

Table 7- Summary of the role of commercially important hydrocolloids in foods

Source Origin of extraction Hydrocolloid Food category Function
s it bl Ly lingus (b o VLo oo
) ) SV game g Ty sl (b iy pid eSS
obls wolis e Sheds g easlals ol
Plants Starch Salad dressing, sauces, soups, jam, Thickening and gelling agent
jellies, ice cremes, cakes, candies,
muscle foods, and cultured dairy
products
e 5 Bl o e i) (o (sl s e gl 04538 dlgo s g oS lade oS by Jole
L sYlelo Stabilizer, thickening, and gelling
Pectin - . t
Bakery fillings, frozen dairy desserts, agen
jam, jellies, and marmalades
Slogide (slels sla s (sl Y g a4 S8 g Lo 5 Sl wans ol bele
Hoko orsilojl (e Y guasme g Sl o ¢ S]yo> o
Cellulose Bakery products, whipped toppings, Stabilizer, thickening, gelling, agent
edible coatings, confectioneries, and and whipping aid
reformed food products
ol o o L3GI/ e o gy (oS by s (Lm@:x,,:,s L yd g 5 oaiS e «plind gl codivns 08l Jole
Tree gum exudates Gum arabic/ i s g v Sidg . - -)LJJ) -
gum acacla Soups, desserts, beverages, dressings, Stabilizer, binder, emulsifier,
spreads, candies, puddings, and fillings thickening and gelling agent
WS oSy sine (JSI gl Sbgh by Lo yuod e g guded oind Jlasl codime waindcdly Jole
2 [egend - i -
’ M g T sl e oS
Gum karaya . . . L
Desserts, sauces, egg-based liqueurs, Texturizer, adhesive, binding,
nut coatings, and snacks suspension, and thickening agent
515 1SS 5 ciliigh dacsloo] 03z (sl pwd da st xS e o plavadgel Jole
BB oo

tragacanth Gum

Y .
Botanical e
Gum ghatti
bl S5 koo
Seeds Guar gum
gy Al rewo

Locust bean

A5 Ll
Tara gum

R
QB yod oo
Tamarind gum
xyloglucan

L (95
Soy protein

Ice-creams, frozen desserts, candies,
fondant, and cakes

5 2Pl Y guams ¢ il ¢ ymald] dacsli]
Ol (e
Candies, chewing gum, pastilles, bakery
products, and confectioneries

a5 ) Y guarmo dmosiiS s 5 (lgil Y e
DYl (e g (i) 0355 (gl yuod
Bakery products and fillings, cultured
dairy products, frozen dairy desserts,
and salad dressing
03570 (g yuwd @Vl Lyuuws (0055 (d &Y guasmo
Ob oxiiSy dlga 5 1
Cultured dairy products, salad dressing,
frozen dairy desserts, and bakery
fillings
0530 (5B pd () Y guazes oy Y
L 2ily g o s 0156 y91 8 S Y guaseo ol
Baked goods, dairy products, frozen
desserts, jellies, processed meat
products, sauces, and dressings
5 b gdudgs (el clic] oVle)ls i dype
&b OY gae
Jam, jelly, marmalade, candy, chewing
gum, beverages, and bakery products

9 by gl Y game olig e ladse)s
o glabgls
Infant food formulas, dairy products,
beverages, and health mix

Emulsifying and thickening agent

5 0amd by 0 Lalé (0aiS s «plard ol
)
Emulsifier, stabilizer, thickener,
coating, and gelling agent
osle g jloJs xS pgeudgal oS lae Jole
05l
Thickener, emulsifier, gelling, and
preserving agent

ol oaslade g jluJj oSk
Stabilizer, gelling, and thickening
agent

oS b g oauSlade Jole
Thickener and stabilizer agent

B g oy 0l oS Gl J 0aiSlade Jole
[EW-%]

Thickening, gelling, stabilizing,
adhesive, and binding agent
LB 5 ¢33 o ¢polinand gl colimICEL fole
ows e 5 5l ;

Texturizer, emulsifier, whipping,
binding , gelling, and thickening
agent
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Tubers Konjac Bakery products and fillings Protective and edible coatings,
glucomannan stabilizer, emulsifier, and gelling
agent
Ny s 9 (kom0 55l b (565 Y guaes i pusd il 9038, lL (bble Jidg 0aiSGlad Jole
L o) Jey Ladcdals
Collagen Gelatin ) o g o ° ) ]
Candies, desserts, processed meat Clarifying agent, protective coating,
products, ice cream, and dairy products stabilizer, and thickening agent
Lais om0 « plivdgal o blis sl s
oS glal} oS s o oo Jlsb Jale agbs,
wf u_b‘y”:f ) Y gasme da e 5 S oauSlale
Chitin Chitosan Cakes and pastries, dairy products Protective coatings, emulsifier,
texturizer, humectant, surfactants,
stabilizer, gelling, and thickening
agents
Lo o)l oo Son s e ¢ o I
i slacl gl mdugwy o b gddg o d Y gz ol S il 5 sl
- Hyaluronan Jelly, dairy products, beverages, and . .
. Connective tissues . Thickener and stabilizer
Slo health drinks
Animal o o i 5 oS dap S oy epplindgol ¢jlociS” g sl 5 conmscdale Lol
&> &S 0t (g CBl 0aimdgy g 04l 0 IS Nixio
E Eqa white protein Sauces, custards, cakes, and ) - o -
g9 g9 p confectioneries Thickening, gelling and foaming,
emulsifier, coagulant, binding agent,
and texture enhancer
- Lo g oS ol syl ol
s cljls Sl s 5 bliol daalj i) &Y i : IR
0 55 >t Loliol dadlj (o) oY gaxe - : : :
] : . S - Stabilizer, thickening, and gellin
Milk Caseinat Dairy products, jellies, candies, and agentsg getiing
confectioneries
N bl 5 lo_siuss e olylb &9 Jole A..su; bl an;sJim ol
;’w -y Bakery products, beverages, and soft s 5 (b 055 Job 05 g
Whey protein drinks Texture modifier, thickening,
encapsulating agent, surface active
agent, and gelling agent
. P WSS Sy g dnogeard o3 il e 03555 13l plisadgol coAiS Byle cortiSazsd Jole
. b s, ] 9 045,k « plasudge
00200 SrOw ) o OV gaxe g 35lS daKidg ol
Red seaweeds Agar (agarose) Jam, jelly, soft candies, fruit juices, ice- e o
creams, icings, puddings, custard, and Coasgg:)eﬁ?zré:h:rz]léen:;ﬁhen;u:]ltfler,
dairy products ' gelling ag
25¢S oY o, Ao Sabe ¢ gl oY
Ll 9 H7 Npae b bl ) SVpae by S Gl s oS e Jele
o Bl 5 b oale Thickening, gelling, stabilizing, and
<s Carrageenan Milk products, beverages, dressings, suspending agent
meat and fish products, bakery, and
Algal - !
confectioneries
iy p ¢ g5 Y wlbgiloil olie ol
o SN pae il (2BE e WSS (oS dyel oSy ole
5 Ll (slaoaisS Mae lie oVl s ‘
B el o s g oaiSlade ouiS Bula onims iy
dloged (2lyd oSl bl J o3 & )9 - g R
A G 035 & o Stabilizer, emulsifier, chelating
Brown seaweeds Alginate ' “0
Restructl:rzddfood_s, meat prlodfuctcsj, agent, encapsulation agent,
Syrups, salad dressing, muscle 100ds, suspension agent, thickening, and
bakery fillings, and frozen dairy :
gelling agent
desserts
(2l Y gazo (b jd b o @Yl Yo s
S ) SN gae 5 (L) 025 sle e 015 plisadgol 028 3l oS Lale Jale
. Gooasls sl 2 . . S ¢ 2Ll 9o - .
oS gl Rl e Salad dressing, salad, gravies, desserts, sl
Xanthomonas campestris Xanthan gum bakery . o .
roducts. frozen dairy desserts. and Thickener, suspension, emulsifier,
P ' Y ' stabilizer, and binding agent
cultured
dairy products
95 ) Nos 9 5 o g (Blo o (DS Y guasce 9 boyrand «dl oaiSe Mol @Sk ol
Microbial IS8 ISl ° [ Slads
. . Curdlan . - .
Alcaligenes faecalis Meat products, fish paste, sausages, Stabilizer, texture modifier, fat
hamburgers, and noodles mimetics, and gelling agent
i o el sla 53,8 s ol Y guazes
Bsgll ubipnsSisin OY5 geo (PSPPSR REAN NV P T Sleds g ot Jole oS lul euShle folo
. Gellan gum
Sphingomonas elodea

Dairy products, bakery fillings, jam,
jelly, beverages, dairy products,
desserts, and sauces

Thickener, stabilizer, binding agent,

and gelling agent
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Acetobacter and Cellulose
Agrobacterium

ombing osluoly RSP

Bacillus subtilis Hyaluronan
SsrogisS o) sl
ribige oS g ol ¢ oSy ile DA
Lactobacillus, Leuconostoc Dextran
mesenteroides,

Streptococcus mutans

SS9y 9 b il i b ( 2lgil Y guases

Bakery products, confectioneries,
dressings, and edible coatings

G by Saubgi 5 b Sandgh ¢ gl Y guaro
Jelly, dairy products, beverages, and

st 9 LT ol dyo diy yuals]
Gums, jam, jellies, candies, and ice-

o 4 S g jlu 5 eaiShle wais lul Jole
Shys o
Stabilizer, thickening, gelling, and
whipping aid
0aiS Ik g oaiSlade ol

health drinks Thickener and stabilizer

Jole g oimcily « pylivdgel oriS ke Jole
Sed;
Thickener, emulsifier, texturizer,

cream -
and gelling agent
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Introduction

Temperature control throughout the food supply chain plays a pivotal role in preserving product quality and
safety as well as extending shelf life. In recent years, phase change materials (PCMs) have emerged as a promising
component of intelligent packaging systems due to their ability to regulate temperature through the absorption and
release of latent heat. This passive thermal management mechanism effectively minimizes temperature
fluctuations, reduces reliance on active refrigeration systems, and enhances the overall thermal stability of food
products during storage and transportation. In particular, temperature fluctuations during transportation, retail
display, and temporary interruptions in refrigeration can accelerate undesirable physicochemical, microbiological,
and sensory changes in perishable foods. Therefore, maintaining a stable thermal environment is essential for
products such as dairy products, meat, seafood, fresh produce, and other temperature-sensitive foods. Unlike
conventional cooling systems that continuously consume energy, PCM-based approaches can store excess thermal
energy when the surrounding temperature increases and release the stored latent heat when the temperature
decreases. This characteristic makes PCMs particularly attractive for passive thermal buffering and for mitigating
short-term temperature deviations within the cold chain.

Materials and methods

This review was conducted through a comprehensive search of the scientific literature available in major
databases, including Scopus, Web of Science, PubMed, ScienceDirect, and Google Scholar. Relevant studies
investigating the application of phase change materials (PCMs) in food packaging and cold chain systems were
identified using carefully selected keywords. The retrieved publications were screened and selected based on their
relevance to PCM properties, incorporation strategies, thermal performance, and their role in preserving food
quality during storage and transportation. The selected studies were then critically evaluated and synthesized to
provide a comprehensive overview of the current state of knowledge, recent technological advances, existing
challenges, and future research directions in this field. Particular attention was given to studies addressing the
physicochemical characteristics of PCMs, including phase transition temperature, latent heat capacity, thermal
stability, and compatibility with packaging matrices. In addition, reported effects on temperature regulation,
product quality, storage stability, and cold-chain performance were considered in order to identify the practical
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potential of these technologies. The available evidence was compared across different PCM types and packaging
configurations to highlight the factors that determine their effectiveness under realistic food storage and
transportation conditions.

Results and Discussion

The findings of recent studies indicate that current attention has primarily focused on the development of
biocompatible and biodegradable PCMs, the enhancement of thermal conductivity through the incorporation of
nanomaterials, and the improvement of physical stability using encapsulation and shape-stabilization technologies.
Significant advances in microencapsulation and nanoencapsulation techniques, the use of polymeric and
biopolymeric shell materials, and the development of stable composite structures have contributed to reducing
PCM leakage, enhancing thermal and mechanical stability, improving heat storage efficiency, and maintaining
long-term performance over repeated melting and freezing cycles.

Despite these considerable advancements, several challenges continue to hinder the large-scale industrial
application of PCM-based technologies. High production costs, the risk of material leakage during phase
transitions, the inherently low thermal conductivity of some PCMs, and the difficulty of selecting an appropriate
operating temperature range remain among the major limitations that must be addressed for broader commercial
implementation.Recent research also suggests that the selection of an appropriate PCM should be closely related
to the temperature requirements of the target food product and the conditions encountered throughout the cold
chain. Organic PCMs, including fatty acids and paraffin-based materials, have received considerable attention
because of their relatively suitable phase transition characteristics and chemical stability. At the same time, bio-
based and biodegradable materials are increasingly being investigated to reduce environmental concerns associated
with conventional packaging systems. The use of encapsulated PCMs can further improve their compatibility with
packaging matrices and reduce direct contact between the PCM and food, which is particularly important when
considering food safety and regulatory requirements. Moreover, combining PCMs with polymers, biopolymers,
nanomaterials, or other functional components may provide multifunctional packaging systems capable of
simultaneously improving thermal regulation and mechanical or barrier properties.

Conclusion

Overall, this review provides a comprehensive overview of the current state of research and demonstrates that
the development of sustainable, biocompatible, and cost-effective phase change materials (PCMs) can play a
significant role in improving the performance of intelligent packaging systems, enhancing food safety, increasing
the efficiency of the cold chain, and reducing the environmental impact of the packaging industry. The evidence
reviewed in this study further indicates that the future development of PCM-based food packaging should move
beyond simple thermal regulation toward integrated systems that combine effective heat management with
sustainability, food safety, and improved packaging functionality. Greater emphasis on scalable encapsulation
methods, biodegradable carrier materials, standardized performance evaluation, and validation under real cold-
chain conditions will be essential for successful commercialization. Overall, continued interdisciplinary research
involving food science, materials engineering, nanotechnology, and packaging technology can contribute to the
development of reliable PCM-based solutions capable of reducing temperature-related quality losses and
supporting a more sustainable and efficient food supply chain.

Keywords: Cold chain, Food quality, Phase change materials, Temperature control, Temperature fluctuation
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