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Why are air f |
ryers attracting scientific attention for baking

Consumer
Perspective

Rapidly increasing
use of air-fryers in

domestic cooking

Widely perceived as a
healthier alternative 0

conventional ovens
and frying systems

Reduced oil usage and
convenient food
preparation

biscuits?

Scientific
Concern

High-temperature
processing
promotes Maillard
reactions

Process
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Widely consumed worldwide

appealing sensory Convienence and

popular snack

properties long shelf life

across all age group

Nutritional potential

energy dense quick satiety

added nutritional value

formulated with whole grains, fibre, and functional
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Nutritional concerns

P

high in sugar saturated fat refined flours

During baking

i ¢$4¢ 2 *High Temperature Applied

‘ *Formulations
OBESITY TYPE 2 CARDIOVASCULAR a promote Maillard reactions

DIABETES DISEASES

Acrylamide formation?
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COVID-19

Pandemic led to
lockdamwns, remoie work |
and more time at home.

Thej joumey from COVID 19 to the food safety question
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HOME COOKING 1 HOME BAKING 1 AIR FRYER BISCUIT FOOD SAFETY
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-l. \ | 2 p . - o : \
‘ ¥ Aow ' .
* ‘ + "‘ '
h ¥ ®
e®e - J e®e |
“ g == i g
More mealk prepared Growing interest in Air fryers became e fryers are now How do air fryer design
at beme for health, tning New recpes poputar due to usad not only for and heat trarster affect
economy and safiety and baking at homa convenience, speed, fryng, but also for process contaminants
reasons, and perceived baking biscuits and (e.g., acrylamide) in
health benefits biscuits?

| other bakary prodkicts.

Q Increasing popularity, but are we sure it is safe?
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« The European Chemical Agency. One Hazardous Chemical Added to the Candidate List. Available online: hitps:

Q Moisture loss Poian I

)SW Surface Temperature ¢$4¢

_ _ _ _ vary considerably across
Maillard-driven contaminant formation domestic cooking appliances

« “Possibly carcinogenic to humans” compound by the
International Agency for Research on Cancer (IARC) in 1994
and classified in group 2A.

« The European Commission has classified acrylamide in Category
1B as a carcinogen and mutagen, and in Category 2 as a
reproductive toxicant.

* The European Chemical Agency (2022) included acrylamide in the
List of Substances of Very High Concern
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Why is acrylamide a concern?
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BENCHMARK LEVEL INDUSTRIAL PRODUCTION @ HOME BAKING

FOR BISCUITS
Mitigation strategies
rarely applied

' Mitigation measures
350 e

k Lower acrylamide Limited informaticn
"lg/ g levels achleved avallable

Acrylamide

benchmark level Focus on raducing
 Zoaas o asparagine and

S A, reducing sugars,
e and controlling

L baking conditions
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While acrylamide mitigation strategies are well established
KNOWLEDGE GAP \ in industry, their application in domestic biscuit baking

remains largely unexplored.

+ EC (European Commission). (2017). Commission regulation (EU) 2017/2158 of 20 November 2017 establishing mitigation measures and
benchmark levels for the reduction of the presence of acrylamide in food. Official Journal of the European Union, L304, 24—-44.
http://data.europa.eu/eli/req/2017/2158/0j
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Objective of Study

To evaluate the formation of

N
baked using different
and a
under

conditions that mimic typical
domestic practices

?

7 The overarching goal was to identify potential

risks associated with air-fryer use and to

Can air fryers really provide consumers with evidence-based
help us prepare safer recommendations for preparing healthier, safer

biscuits at home? biscuits at home.



Refined Wheat
(Triticum
aestivum)

Whole Wheat
Flour (Triticum
aestivum)

Whole Grains
Rye (Secale cereale),
Spelt (Triticum spelta),
Oat (Avena sativa),

Buckwheat (Fagopyrum

esculentum)

Raw Material Processing Technology

> 3

Does flour type influence
acrylamide formation in
cereal-based biscuits?
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Wheat Flour Rye Flour Spelt Flour
‘ ) - .
A l‘ 4N - 78 %'{
AN
r‘.‘,’ ’ & ]
L Qut Flour Buckwhest Flour ]
: .‘ l“l‘.
Q Acrylamide
\)]\ NI 42 {Primary outcome)

- Different cereal and pseudocereal flours may provide
. different precursor compositions and therefore
influence acrylamide formation,

N

s
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Rotating-basket

Does baking technology influence
acrylamide formation?

Static-basket
Air-Fryer

Conventional

Air-Fryer Oven

Acrylamide

(Primary outeome)

Different heat-transfer mechanisms In domestic appliances
may lead to different acrylamide levels.




Formulation . .
(AACC Method 10-54) Processing Conditions
Dough Composition = Mixed with an artisan KitchenAid
(per batch) (model 5KSM125) stand mixer
= 64 g shortening under controlled conditions
= 70g granulated sugar = Rested at room temperature:
D g salt 30 min
= 1.6g sodium bicarbonate = Rolled out and cut into uniform
NaHCO; disc
= 0.8 g ammonium bicarbonate || " Standardised size: 5cm diameter
NH,HCO, x 3 mm thickness (experimental
= 309 distilled water consistency)
= 160 g sifted flour (variable) = |dentically scaling for all samples




By,

_ — 0
P B = [ OH

NH, NH
| == Nﬂ ™
Lyophilization Key Maillard Reducing Sugars
Samples were first Precursors analysis « Reducing sugars (glucose,
lyophilised to ensure fructose, and sucrose) were
(1) moisture removal High-Performance Anion- measured as carbonyl
Exchange Chromatography Precursors.

(il) stabilise the matrix for _ _
subsequent chemical With Pulsed Amperometric

analyses Detection (HPAEC-PAD)



ANALYSIS OF SUGARS:
SAMPLE PREPARATION AND HPAEC-PAD QUANTIFICATION

€@ exmracrion © cusation €© rerriceration O cevrrucanion © rurranon 0O recva
For each sample, - The mixture was The samples were The samples were The resulting Q)[ The fitrate was
200 mg were vortaxed Incubated in a allowed to rest for centriiuged (9000xg supamatant was | 1 transierred to an
for 30 min with 9 mL Vortamp {UnEquip) for 20 min) st 4 °C. fitered througha | HPLC vis! for
of Milll-Q water at l ) frthatSOC > ! ) 0.2 pm filter and > HPAEC-PAD
50 °C and 1 mL of J and 900 rpm. > e colected in an analyss.
sorbitel (0.5 mg/mL) . HPLC vial ’
used as intamal ) £
standard. : S/ .;
L =)
e A0 R § o ) opm (L1 3 mn [ so00eg [ Li2oma § 4 5 e2um
g . - b

HPAEC-PAD ANALYSIS RESULTS EXPRESSION
AND CALCULATIONS

INSTRUMENTATION COLUMN OPERATING CONDITIONS -

u—‘ﬁ:‘._u- . tho&e, "Umic, sSuCrose .
- Ohroms . Rasults were a sod
Hgh-Pedommance Arvon Exchange MGVO!Qp Cart 2 column : and maltoss were Quan"ﬂed 7 xpres
Chromatography coupled with (250 x 4 mn pm, @ Flow rste: 0.5 mbmin . by an intemal stardard lll as mg(g fresh sample.
Pulsed Amperometnc Detection Meteohm AG, CH) \',-{' Fructoe methed using the \
[HPAEC-PAD) 1 - tugae/ sorbitol rerponses ° Froe reducing sugars
5] # | Wnjection volume: 10 pl KA @  werecalcuated as the
LL = . - R Sucrose ¢ sum of glucose and
71 = — o~ fructoce,
Vo f\. ) s ?,'
18 | i MOBILE PHASE App Dk e Gl Maltoso ™
hié ‘ ¥ 300 mM sodium bydrowide | | S i S " i b o ™ Total reducing sugars
it . o St/ E ! (PAD) o oM g O i incded sucrose
— - and 1 M sodim acetane

' and maitose.
lon chrominegraphy system |{Matrohm AG, CH} equipped ] Sorbitol

with 745 Prodessional Detector Vario, Metrohm AG, CH, ~

@ PERFORMANCE The limit of quantitation (LOG) was set ot 0.20 mg/g. Rezuits were expressed as mp/g frosh sample



FREE ASPARAGINE ANALYSIS

(Major precursor of acrylamide formation in cereal-based products)

0 SAMPLE e EXTRACTION CENTRIFUGATION o DERIVATIZATION 6 RP-HPLC-DAD DETECTION &
COLLECTION & FILTRATION ANALYSIS QUANTIFICATION
® " Free
= » asparagine
= a5 B by content was
- &0 ap-
| )= ¢ L quantified as
W [ TELL TR | the primay
2ml of 0.1 N HCl o OPA derivatives: 338 nm amino acid
Deugh sample containing 5547 x g, 15 min Derivatization with Agilent 1200 System FMOC-Lys derivatives: 262 nen precursor.
(200 mg) “°”"|'/"° Fitration through OPA + FMOC Zorbax Echpse Plus C18 Quantification based on
.( At 0.22 pm nylon membrane for amino acid detection (8.6 x 250 mm, 5 pm) calibration curve
ol standend Column temperature: 40 °C 10 - 1,000 nmol/mL.
MOBILE PHASES - i DERIVATIZATION REAGENTS DETECTION @
L A TOmMNeHPO,  B: Acetonitril : Methael L Agitent Zorbax Z’I OPA: 10mg/mlin 338 nm > FF'? EE f{SfPARAGINE\
10 mM Na 8,0, (4510, viv) 1.5 ml/enin e Min 18 } I-mercaptopropionic acid “‘W" (OPA derivatives) (mg/g of fresh sample)
582, 5 mMNeN, o iy z and 0.4 M barate buffer “
N A ' (pH 10.2) 262 nm
|Aguecus buffer) l 1 ‘ il
3 o 40°C FMOC: 2.5 mg/mLin [FMOC derivatives) crylamice
scobenivile Formation Potential

@ Accurate quantification of free asparagine helps to predict acrylamide formation potential and supports risk assessment and mitigation strategies.



e AVERAGE OPERATING

o TEMPERATURE

TEMPERATURE
ASSESSMENT MEASUREMEN.T : TEMPERATURE ESTABLISHED
Rotating Basket Air-Fryer External Probe Monitoring

225 |

Mean Temperature

200 | 175 °C
o
® 175
>
g O
o
g 150 » 1 7 5 ad
€
K

Average operating
temperature

established
100 - — :
' 0 3 6 9 12
Time (min)
The operating temperature of the Temperature was monitored Based on these measurements,
rotating basket air-fryer was during the preheating and an average operating temperature
initially assessed using an cooking phase. The average of 175 °C was established for
external probe to estimate the (mean) operating temperature biscuit preparation
mean working temperature of was calculated.

the device.



preheated to the target
temperature before placing
the samples inside

Rotating-basket Static-basket air-fryer
air-fryer, fixed upper Convective,
top-mounted resistance and high- air-forced, electric
heating element, velocity airflow, oven, 53 L internal
1400 W, no allowed 1500 W, adjustable capacity
temp control temp control

Eight biscuits were prepared in duplicate




Color Determination

operating in the CIELAB colour space

» Measured on the surface in both doughs and biscuits (top
and bottom)
a portable Konica Minolta CM- - FSUI_’ separate measurements of
3500D spectrophotometer ~ ® L™ (lightness),
(Konica Minolta, Osaka, Japan) = g* (redness) and
= b* (yellowness) were taken at different spots on the food
surfaces to evaluate colour distribution.
E index calculated as= (L*2 + a*2 + b*2)12




Acrylamide determination by
L C-ESI-MS/MS

**Determination of acrylamide by LC-ESI-MS/MS (liquid chromatography coupled with electrospray
lonization tandem mass) spectrometry using 3Cs-acrylamide as Internal Standard

**Validated isotope-dilution LC/MS-MS method with external proficiency verification

prey

P — 2
) =

c

3

E————— E

e e

)
N

7

Mesias, M., & Morales, F. J. (2025). Acrylamide- and hydroxymethylfurfural-forming capacity of alternative flours in heated dough systems.
Foods, 14(9), 1597. https://doi.org/10.3390/foods14091597



ACRYLAMIDE ANALYSIS (LC-ESI-MS/MS) ~ Aevenee

- - - . - . - 13 . .
Determination of acrylamide in biscuits using *Cj-acrylamide as internal standard N’\NHZ
SAMPLE INTERNAL o o e ESI-MS/MS MRM MONITORING o e
PREPARATION STANDARD Mol e DETECTION (QUANTIFICATION i RS
— =) @ }é::: h H
= - - _ R
<, ».\«,-M =5 » S5 W | » J | = i
: . - Column: \w iz ‘
e L —
= — ;;oml&OS-?. Sy | Postivwlorizationmode  Acrylamide (ative)
. -, g1 : miz 72.1 = 55.1 Isotope dilution ;
« Homegenize isotope dilution Temperature: 30 °C Needle voltage: 1.0 kV - | sotope approach Acrylamide content
biscuit sample with 13Cy-acrylamide Injecticn vokume: Mobile phase: Nebulizer gas (N): Ca;Acw'am'de (%) Catbration with '*C3- reported as
. N 1= X
o Betench nerybiniiie (added to samples 10 L 0.2 mL formic acid 12.04/min e Aryamice ka/kg (ppb)
with water and standards) i 100 mL wetar Source temperature: le,w_ m/z 751, 78.1 Samples analyzed of biscuit
(validated procedire) ECNG . 30°C Qualfication: m/z 58.1, 5.1 in duplicate
Flow rate: 0.4 mL/min Acavisition mode: MRM

METHOD PERFORMANCE ," EXTERNAL VALIDATION (FAPAS PROFICIENCY TESTS)

@ 0 % @ .Ill é (Test 30117} . (Test 30118) ‘P::"wcr:;‘

J

RECOVERY REPEATABILITY REPRODUCIBILITY LOD " . 0.1 e iD
94 -103 % (same day) (multiple days/analysts) 4.5 ug/kg 15 pg/kg ’
(fortified camples) RSD < 10% RSD < 10 % (S/N=3) (S/N = 10)

—

‘ @ The method is validated for accuracy, repeatability and reproducibility sccording to Mesias & Morales (2025).

% /
~ vy

Q Reliable and accurate results confirmed by external proficiency testing.

LC system: Agilent 1200 | MS systern: Agillent Trple Quadrupole | Data acquisition and processing: Agilent MassHuater




Eﬁﬁﬁ Statistical Analysis ﬁﬂ

All statistical analyses were conducted using IBM SPSS 25.0 (SPSS IBM
Inc., IL, USA) and Statgraphics Centurion XVI.I software.

Results were expressed as means and standard deviations (SD).

The normality of data distribution was assessed using the Shapiro-Wilk test
and homogeneity of variances was verified using Levene’s test.

Differences between the mean values were evaluated using one-way
analysis of variance (ANOVA) followed by the Tukey’s post-hoc test at a 95%
significance level.

Relationships between the parameters analyzed were explored using

Pearson’s linear correlation coefficients, considering statistical significance at
p <0.05.



3.5

w

2.5

15

'A

0.5

FREE REDUCING SUGARS

Refined Wheat ® \Whole Wheat
Spelt Oat

m Rye ' m Buckwheat

free reducing sugars

(3.23 mg/g; 250

calculated as the

sum of glucose and :
fructose) ;200
| 150
. 100
50
0

Refined Whole Spelt Rye Buckwheat

Wheat Wheat

TOTAL REDUCING SUGARS
(SUM OF GLUCOSE, FRUCTOSE,
SUCROSE, MALTOSE)

Refined Wheat m Whole Wheat

Spelt Oat
Hm Rye l Buckwheat
234
I mg/g I
Refined Whole Spelt Rye Buckwheat

Wheat Wheat




FREE ASPARAGINE
Refined Wheat ®m\Whole Wheat

Spelt Oat
B Rye B Buckwheat
1)
Recognised as the key precursor

018 acrylamide and a limiting factor
0.16 in cereal-based products
0.14
0.12

0.1

% ASPARAGINE TO TOTAL
AMINOACID CONTENT

Refined Wheat ® Whole Wheat
Spelt Oat
W Rye ® Buckwheat

Importantly, the amount of *t
asparagine alone does not fully
explain acrylamide formation.
Other amino acids, as well as
the relative balance between
asparagine and the broader
amino acid profile, also play a

role in determining acrylamide
levels




KEY FINDING: DRIVERS OF ACRYLAMIDE FORMATION

Positive and significant correlations were observed, consistent with previous observations.
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Q ACRYLAMIDE FORMATION IN BISCUITS IS INFLUENCED BY PRECURSOR AVAILABILITY:
ASPARAGINE, ITS RELATIVE PROPORTION AND REDUCING SUGARS ALL PLAY A SIGNIFICANT ROLE.

Zili¢, S., etal. (2020). Acrylamide formation in biscuits made ~ 2 T B B
of different wholegrain flours, depending on their free | +v— | These findings are consistent with previous observations

. . " 2 Y 4
asparagine content and baking conditions. Food Research | v — | and support the key role of Maillard reaction precursors.

International, 132, 109109. \ G
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v' Acrylamide levels varied substantially

by flour type and heating technology,
ranging from 81 to 1320 pg/kg.

The static-basket air-fryer produced
the highest acrylamide (up to 1320
ng/kg), whereas the r otating-bask et
air-fryer yielded levels comparable to
those of conventional oven baking (up
to 515 pg/kg and 540 ng/kg,
respectively).

Buckwheat-based biscuits consistently
showed the lowest contaminant levels
among other cereal types.

Even with identical dough
formulations and nominal
temperature-time settings, the design
of the heating element and resulting
heat-distribution patternswithin each
device are critical determinants of
acrylamide for mation.

Acrylamide (ug/kg) levelsin biscuits formulated with different flours and baked using different devices.
Vdues are mean + SD. Different lowercase letters indicate significant differences among devices within the same flour type (p < 0.05),
whereas different uppercase letters indicate significant differences among flours within the same device (p < 0.05).



Biscuits

Refined wheat

Whole wheat

Buckwheat

Rotating basket Static basket Oven convective,
air fryer 1400 W  air fryer 1500 W air-forced

E index
overall color

Top  Bettom Bottom Bottom intensity

68.9 69.9
+1.9 +1.9

v No significant correlation
between E-index and
acrylamide

52.8
+0.9

v' Darker color # higher
acrylamide

55.8
+1.8

v Flour composition
strongly influenced color
devel opment

E4 Device design and flour type influenced brownmg Intensity.



Color Development Findings

Color development (E index) followed similar trends to acrylamide
formation, supporting its use as a rapid indicator of thermal processing
Intensity.

Static-basket air-frying showed darker and more heterogeneous
surfaces than those baked In the rotating-basket air-fryer or
conventional oven.

Flour type remained the primary determinant of biscuit colour, with
wholegrain formulations exhibiting distinct browning patterns
compared with refined wheat biscuits.

Buckwheat Dbiscuits exhibited moderate colour development
together with the lowest acrylamide levels among the tested
formulations.

Device design significantly influenced surface browning,
highlighting the role of air-distribution geometry in thermal reaction
pathways.




Main Findings

v'Acrylamide ranged from 81 to 1320 ug/kg, depending on the flour and the
device.

v'Static-basket air-frying promoted the highest acrylamide formation
among the evaluated technologies.

v Air-fryer air-distribution geometry significantly dictates acrylamide
formation.

v Buckwheat biscuits showed the greatest mitigation potential, because
they yielded the lowest contaminant levels across all devices.

v'While rye was the most susceptible flour to acrylamide formation.




TAKE-HOME MESSAGE

DEVICE ENGINEERING DRIVES ACRYLAMIDE FORMATION

Even when dough composition, baking time and temperature are constant,
differences in air-fryer design can lead to different acrylamide levels.

\J++

SAME DOUGH SAME BAKING TIME SAME TEMPERATURE DIFFERENT AIR-FRYER

< & & DESIGN
. _ . A : | RESULT
KEY DESIGN FACTORS THAT INFLUENCE ACRYLAMIDE FORMATION

DIFFERENT
HEATING ELEMENT > AIRFLOW DYNAMICS HEAT-TRANSFER ACRYLAMIDE LEVELS
CONFIGURATION 7 EFFICIENCY &
Airflow velacity and THERMAL GRADIENTS -
= Position, type and circulation patterns f
Higher efficie
geomatry determine affect moisture loss 1 ‘agfw adbmnscz:erm .
heat distribution and and surface drying. e
AR Malllard reactions and
acrylamide formation. EVEN UNDER IDENTICAL
BAKING CONDITIONS

IS AS IMPORTANT AS THE

O Recent reviews emphasize that heating-element geometry, airflow velocity and thermal gradients APPLIANCE DESIGN MATTERS.
are primary determinants of acrylamide formation in cereal-based foods (Pandiselvam et al., 2024). CONSUMER SAFETY DEPENDS ON IT.



Future Directions

v Air-frying is not inherently a safer alternative to conventional
baking.

v'Future mitigation strategies should consider not only recipe
reformulation but also appliance design and heat-transfer
dynamics.
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