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ABSTRACT

Ensuring food quality, safety, and authenticity has become increasingly critical due to the growing complexity of global
food supply chains and the rising incidence of food adulteration. Rapid technological advancements have significantly
enhanced the ability to authenticate food products and detect fraudulent practices. Traditional food authentication
approaches primarily relied on the assessment of a limited number of indicators against predefined standards. In con-
trast, modern analytical strategies employ targeted profiling and untargeted fingerprinting techniques that integrate
advanced spectroscopic methods with sophisticated statistical analyses, enabling more accurate and reliable detection of
adulteration. Although several reviews have examined conventional spectroscopic techniques and general food authen-
tication methods, limited attention has been given to the emerging field of portable and smartphone-based spectroscopy.
The increasing availability of smartphone-integrated analytical platforms offers new opportunities for rapid, cost-effec-
tive, user-friendly, and on-site food analysis. Therefore, a comprehensive evaluation of these technologies is timely and
necessary. This review explores the application of smartphone-assisted spectroscopic technologies for food adulteration
detection. It discusses the integration of smartphones with spectroscopic systems, smartphone-based biosensors, fluo-
rescence spectroscopy, and colorimetric approaches for food quality assessment. Recent smartphone spectroscopy plat-
forms and their analytical performance are critically summarized, highlighting advances in portability, sensitivity, and
real-time monitoring capabilities. Furthermore, the review also examines current challenges, technological limitations,
and future market prospects for smartphone-enabled food analysis. By providing a focused and updated assessment of
recent developments, this review addresses gaps in previous literature and highlights the potential of smartphone-based
spectroscopy as an accessible and effective tool for food authentication and adulteration detection.

Keywords: Smartphone Spectroscopy, Food Adulteration Detection, Food Authentication, Portable Analytical Devices,
Biosensors, Food Quality Assessment

Introduction expects.” Traditional approaches to food authenticity have

been based on the evaluation of one or a small number
Technology has improved rapidly, making it possible to of indicators and comparison with predefined thresholds
more precisely, swiftly, and successfully check foods for . Over the past 20 years, the number of analytical sig-
integrity issues in order to guarantee the quality, safety,and nature-based food authentication methods has increased.
authenticity of meals in supply chains ['l. Food authentic- These methods use either unexplained traits (untar-
ity is defined as “ensuring that the food offered for sale or ~ geted—fingerprint) or recognized substances (targeted—
sold is the type, substance, and quality that the consumer profiling). Most of these methods combine complex
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statistical methods with spectrometric or spectroscopic
data. Analytical equipment is becoming easier to use out-
side of laboratory settings. This includes handheld, porta-
ble, and non-intrusive devices, some of which are built into
or linked to phones. Spectroscopy has been a significant
industrial and research tool. It is widely and successfully
used in applications such as drug analytical testing, envi-
ronmental sensing, diagnostics, and food quality assess-
ment. The process is rapid and non-destructive by nature.
New microtechnologies including micromirror arrays,
microelectromechanical systems (MEMS), and microop-
to-electromechanical systems (MOEMS) can now be used
in microspectrometers . These developments result in
reduced size and cost, good performance, and high volume
manufacturability. Miniaturized systems must be a black-
box that consistently generates the required data without
the help of spectroscopy, in contrast to lab-based instru-
ments. Mobile diagnostics is growing in popularity in the
agri-food, health care, and environmental monitoring
sectors because it enables rapid on-site analysis to collect
crucial and preliminary data . By minimizing the need
for expensive and time-consuming instrumentation-based
routine testing performed by qualified personnel, the goal
is to reduce cost and time. Because cellphones are so widely
used, accessibility can take many different forms. There are
several situations where smartphones can be used, includ-
ing isolated or undeveloped rural areas. Currently, routine,
resource-intensive laboratory testing of chemicals and/
or foodborne microbes is the main means of guarantee-
ing food safety °l. Sending specimens to a lab for analy-
sis may be difficult in isolated areas with few resources.
Reflectance is used with smaller optical sensors in UV-VIS
and IR spectroscopy. Larger and heavier laser-excitation
sensors include Raman spectroscopy and LIBS [©. Imaging
devices are often larger, much like the latter. Sensor arrays
can be used in machines of any scale. While certain gad-
gets come in both huge, heavy versions and smaller, lighter
versions, there are some differences in size and weight
based on the sort of technology. Therefore, the size is
determined by the characteristics of the technology in use.
To ensure food integrity, each portable equipment must
have a database containing reference values and/or cali-
bration curves. Because color is such an important factor
in food evaluation, efforts are being undertaken to create
analytical procedures based on optical principles .. The
consumer’s visual perception of the objects under exam-
ination is most strongly associated with visible light pro-
cedures, which are easy to implement. The color grade of
the samples reflected off the samples appear on the phone’s
screen, depending on the colorant concentration but eval-

uating non-colored items, such as milk, is more difficult.
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Smart phones in spectroscopy

The rapid multicore CPU, digital camera, battery, visual
display, and user-friendly interface of a smartphone are
the components that can be measured and detected.
Additionally, a number of wireless data transfer technol-
ogies found in smartphones, such as Bluetooth, Wi-Fi,
and cellular data service, can transmit test results to cloud
databases or visualized directly to the user '*l. However, cell
phones cannot be utilized as independent laboratory appa-
ratus. However, they require additional equipment. The
upgraded devices show great potential as portable diag-
nostic instruments for food analysis. A variety of external
sensor modules have been created and installed in recent
years to enhance smartphones’ capacity to collect more
intricate diagnostic data. Routine testing now be com-
pleted rapidly at the point of care using portable, inexpen-
sive technologies due to the widespread use of cellphones
worldwide. These tests are currently administered by qual-
ified personnel using lab apparatus. The smartphones can
now discern physical numbers due to new embedded sen-
sors, cable and wireless connection options, and advanced
visual interfaces that allow them to receive measurements
from a variety of external systems. The development of
point-of-care systems for biomedical applications has been
the subject of numerous studies, according to Xu et al. !

Biosensors in smartphones

Biosensors are analytical tools that identify target analytes
by using a bio-receptor and an appropriate transduction
mechanism %!, A quantitative signal highlighting the pres-
ence of the desired component is produced by the pre-
cise interaction between the target analyte and receptor.
Because the target analyte is immediately detected, the
method is highly selective. However, an invasive sample
pre-treatment step is always required to induce trans-
duction. In addition to their potential for portability and
shrinkage, biosensors offer rapid, inexpensive analysis
and produce data in minutes. Biosensor-based analytical
systems are appealing instruments for on-site detection
of analytes such pollution, medicines, pesticide residues,
and foodborne pathogens, because they combine smart-
phones with customized biochemical assays !"!l. Because
biosensors and cellphones offer portable, rapid, sensitive,
and user-friendly detection platforms, their combina-
tion is emerging as a promising trend in food analysis.
Smartphone-assisted biosensing systems integrate sens-
ing principles such as fluorescence detection, colorimet-
ric assays, electrochemical sensing, immunoassays, and
microfluidic technologies with advanced photo processing
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and computational capabilities. With detection thresholds
of 5-10 CFU mL-1 and 0.50 ug mL-1, respectively, fluo-
rescence-based methods have demonstrated remarkable
sensitivity for the detection of microbiological contami-
nation and residues, such as Escherichia coli in water and
antibiotic residues in milk 2. The detection of allergies,
toxins, and pollutants such as peanut allergens, aflatoxin
B1, okadaic acid, and saxitoxin has also made extensive use
of immunological methods such as colorimetric ELISA,
lateral flow immunoassays, and competitive immunochro-
matographic testing. Smartphone-enabled colorimetric
platforms have been used to analyze glutamate, biogenic
amines, fluoride levels, and food quality indicators. Faster
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testing, reduced sample sizes, more portability, cloud
access, and remote data transfer are all made possible by
the integration of cellphones with microfluidic equipment.
The identification of E.coli has been made possible by the
analytical performance of DNA-based biosensing tech-
niques for pathogen detection. Salmonella enterica and E.
Coli O157:H7 at incredibly low genomic copy numbers %!,
Investigations on food authenticity, such as honey char-
acterization and red wine differentiation, have effectively
employed electrochemical and chemometric assays that
are supported by cellphones. Decentralized, real-time, and
reasonably priced food monitoring apps could greatly ben-
efit from smartphone-integrated biosensors.

Table 1. Typical Smartphone-Based Biosensing Systems for Environmental and Food Monitoring

Analyte/Target

Sensing Principle

Key Components

Analytical
Performance

Smartphone
Functionality

Ref.

Escherichia coli in
water

rbST antibodies in
milk

Lactose and
galactose in food
matrices

Peanut allergen
contamination

Aflatoxin B1 in
maize

BDE-47 in food
products

Red wine
characterization

Biogenic amines in
meat

Antibiotic residues
in milk

Glutamate in soups

and wines

Alkaline phosphatase

(ALP) in milk

Fluorescence-based
detection

Fluorescent microsphere
immunoassay

Bacterial fluorescence
biosensing

Colorimetric ELISA

Lateral flow immunoassay

Microfluidic competitive
ELISA

Paper microfluidic
colorimetry with PCA

Membrane-based
colorimetric sensing

Fluorescence spectroscopy

Enzyme-mediated
colorimetric assay

Lateral flow-through assay

Antibodies, quantum
dots, UV illumination

Antibodies, quantum
dots, UV and white LEDs

Engineered bacterial
cells, blue-light
excitation, optical filter

Commercial ELISA Kkit,
dual-LED accessory

Paper strip, LED source,
magnifying lens

PCB circuit, Arduino
Nano, microfluidic chip

Chemical indicator dyes

Dye-coated membrane
system

Fluorescent lightbox
system

Glutamate-specific
enzyme

Disposable strip and
sample pad
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Detection limit:
5-10 CFUmL™

Image capture
through camera
adaptor

[14]

80% sensitivity Smartphone-

and 95% assisted image [
specificity acquisition
Quantification Fluorescence (16]

range: 1-1000 mM

~1 ppm; assay
completed within
20 min

image analysis

Camera-based
signal recording

[17]

ST Smartphone
Detkec‘fllon limit: 5 LFIA reader 0s)
HEXE interface
Reduced assay Eﬁ‘giﬁfupp 1y,
time (15 min) and ging (1]

and cloud
sample volume .
connectivity
Successful
discrimination of ~ Digital image (201
wine varieties and  acquisition

oxidation status

Detectable at
concentrations as

Camera-enabled

[21]

low as 1 ppm monitoring
LoD: 0.50 pg Smartphone
mL™%; LoQ: 1.50 functioning o
mijl o as portable

" spectrometer
Detection limit: Image ' .
0.028 mmol L™! processing and

. quantification

Detection range:
0.1-150 U L™
assay time <10 min

Image capture
with software
analysis

[24]
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Analyte/Target

Okadaic acid (OA)
and saxitoxin (STX)

Fluoride in drinking
water

Catechol compounds
in water

Vibrio
parahaemolyticus in
fish

E. coli O157:H7 and
Salmonella enterica

Clenbuterol

Brazilian honey
authentication

Sensing Principle

Competitive
immunochromatographic
assay

Smartphone colorimetry

Sensor-array colorimetric
imaging

Colorimetric immunoassay

DNA-based microfluidic
detection

Electric field-enhanced
immunoreaction

Cyclic voltammetric
fingerprinting
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Key Components

3D-printed strip holder

Compact sample chamber
attachment

96-well array, LED
illumination box

Biosensor cartridge,
CMOS sensor, Wi-Fi
module

Magnetic bead-assisted
transduction system

Functionalized electrode
biochip

Gold electrode and
portable potentiostat

Analytical
Performance

LoD: 2.8 ng mL™
(OA), 9.8 ng mL™!
(STX)

Smartphone

Functionality Ref.

Adapter-assisted
image analysis

[25]

Linear response Portable
between 0-2 mg colorimetric 1261
L™ measurement
Qualitative and
quantitative Smartphone-
discrimination linked remote 27
using chemometric analysis
tools
Dedicated
Detection limit: 1.4 mobile 28]
x 10* CFUmL™  application and
cloud upload
Mobile
Detection down to  application 29]
20 genomic copies for image
interpretation
Detection limit: USB-connected
0.076 ngmL™'in  smartphone 301
6 min reader
Accurate Smartphone-
generation of based B31]
electrochemical chemometric
fingerprints analysis

Florescence spectroscopy in smart phones

Fluorescent dyes are used in fluorescence imaging to
identify biological or chemical targets of interest. The
locations of gene and protein expression, and molecu-
lar interactions in cells and tissues are possible using this
fluorescence spectroscopy. A fluorescent marker capable
of binding the target molecule must be added in order
to label a biological molecule of interest. Similar to this,
advanced fluorescence imaging systems use a monochro-
matic light source typically a UV LED to excite the dye and
a smartphone camera as the detector to record and track
the fluorescence intensity 1*2. The employment of vari-
ous molecular dyes to target multiple targets of interest is
beneficial for a specific detection application. Zhu et al.
133 created a portable Escherichia coli detection technique
for food and water sample screening. A particular use of
the smartphone-based fluorescence imaging technique for
the measurement of bacteria in a water sample enclosed in
glass capillaries have been suitably functionalized with an
antibody against E. coli. When the secondary antibodies
were coupled with quantum dots, the fluorescence signal
spread throughout every capillary. UV-LEDs were used to
provide the excitation signal. The emission from the quan-
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tum dots was collected by the phone camera unit using a
different lens . Each capillary tube’s fluorescent light output
and the relevant quantity of E.coli were measured. Ludwig
et al. [34] detected anti-recombinant bovine somatotro-
pin (rbST) antibodies in milk naturally produced after
dairy calves were administered rbST, a milk production
enhancer that is prohibited in the EU and considered
harmful to public health in the US. Using a set of immu-
noassay microspheres, each designed to identify a specific
antibody, the study simultaneously monitored the pres-
ence of this biomarker in a small volume of a single sample.
Extracts of milk samples from cows treated and untreated
with rbST were successfully subjected to the cell phone-
based diagnostic technique. The true negative rate was
95%, whereas the true positive rate was 80%. In order to
determine the content of lactose or galactose in undiluted
food samples and to reveal its diffusion behavior, Mora et
al. P! created a biosensor based on genetically engineered
bacteria (E. coli) that fluoresces in reaction to the analyte.

Colorimetry in smartphones

In biochemistry, the colorimetric assay has been widely



Jha et al.

used to identify the presence of many analytes of interest,
including peptides, enzymes, and antibodies. The meth-
od’s fundamentals is the measurement of a chromogenic
reagent’s or reaction product’s absorption of light for a
specific amount of time. It has a different wavelength
than the reagent being tested. To identify allergens in food
samples with high sensitivity and specificity, Coskun et
al. developed a cellphone-based technique for tube-based
colorimetric testing .. Two tubes for the test and control
solutions and two LEDs with wavelengths that match the
absorbance of the active reagent in the test tube were used
to create the cellphone attachment (Fig 1) .

a b

Camera

Flash LED

Sample cell

Fig: 1. Smartphone Colorimeter
For the purpose of identifying aflatoxin-B1 in maize, Lee
et al. created a straightforward, rapid, and precise smart-
phone-based lateral flow immunoassay (LFIA) reader.
One kind of maize mold produces dangerous secondary
metabolites called aflatoxins. Analytes can be identified
and quantified using a paper strip-based technique called
lateral flow immunoassay (LFIA). To increase the LFIA
sensitivity and detection limit for AFBI in maize and
lower the amount of read-out errors by visual inspection,
a Samsung Galaxy S2 smartphone with a close-up lens and
white LED as the LFIA reader was employed. The opera-
tor’s subjective interpretation had no bearing on the out-
come. By combining microfluidics and competitive ELISA,
Chen et al. developed a portable smartphone-based system
for the mobile detection of BDE-47, a frequent environ-
mental contaminant, in food samples ©*”). The smartphone’s

Portable & Smartphone Spectroscopy for Food Adulteration

USB port served as the power supply, and an Arduino
Nano microcontroller connected to a PCB handled power
management. The designed microfluidic-based ELISA
device was powered by the microcontroller to start the
analyte-mediated reaction. The smartphone’s camera then
collected the colorimetric read-out and wirelessly sent it to
a computer server for additional processing. Conventional
ELISAs typically take at least two hours, however our lab
on a chip test showed a significantly shorter reading time
of fifteen minutes. Using paper microfluidic channels and
chemical dyes in a colorimetric test, Park et al. developed a
portable quality-control tool to evaluate the characteristics
of red wine. Six different red wines were included in the
“model sample set,” and four were included in the “evalua-
tion sample set” The smartphone measured and processed
the colorimetric data, and PCA analysis was used to inter-
pret the results. The red wines and grape varieties’ oxida-
tion was effectively detected 8. PC2 was described as the
body (light or heavy) of red wine, and PC1 as the sweetness
(sweet or dry). To improve repeatability with less error and
decrease sample-to-sample variance, the single red wine
sample (i.e., undiluted) was split into eight distinct wells.
Particle components were filtered using paper. As a result,
the PCA plot became more segregated. PCA and image
processing are used in cloud computing or as stand-alone
smartphone apps. In endemic regions of India, where flu-
orosis—a chronic condition brought on by high fluoride
consumption—occurs, Levin et al. created a colorimeter
for field use to screen groundwater for fluoride.

Recent smartphone spectroscopy system

Kumar et al. ! used a smartphone-based visual diagnos-
tic technique to detect beef microbiological deterioration
(Figure 2). After exposing a near-infrared (NIR) LED at 880
nm perpendicular to the ground beef’s surface, the scatter
signal was recorded using a smartphone digital camera at
angles of 15°, 30°, 40°, and 60° from the incoming light.
A software application used the Gyrosensor included into
the iPhone to control the angle of incidence between the
camera and the NIR LED light source. The E. Coli concen-
trations ranged from 101 to 108 CFU/mL*. The Ecoli was
calculated using the “pattern” of these scatter intensities
along the angles.

Table 2. Recent Smartphone-Assisted Spectroscopic Platforms for Food Safety and Quality Assessment

Spectroscopic  Core

Analytical

Key Findings/ Smartphone

Analyte/Application . . Reference
yte/App Approach Components  Performance  Applications Integration
Microbial spoilage in Mie scatterin, Positioning Detection range:  Enabled rapid frilc;lt-nrlocs?:)leéa
beef poriag shectrosco & stages, 880 nm 10'-108 CFU assessment of microbial use dgg)r ¢ elc) ral 1391
P py NIR LED mL™! growth in meat products P

45

acquisition



Jha et al.

Analyte/Application Approach Components  Performance  Applications Integration Reference
3D-printed Sp ef:trg ! Produced spectra Connected as
General . enclosure, LED deviation .
. Spectroscopic closely matching an lIoT-enabled
spectroscopic . array, VIS (dE/E) . (401
. colorimetry certified reference smartphone
analysis spectrometer,  between standards ACCESSO
Phidgets board  0.5-1.5% i
FTIR Miniaturized
Glucose and ethanol spectroscopy Graphite light Spectral Demonstrated spectroscopic
e with source, ATR . simultaneous module “
quantification in . . resolution of o ) (a1]
independent prisms, 2D determination of designed for
beverages 0.057 pm .
component detector array beverage constituents smartphone
analysis attachment
oviepvis - CE mobite
Chlorophyll uv spectrometer, . Effective evaluation .
. between fruit . . application o
fluorescence (ChlF)  fluorescence Arduino Pro . of fruit maturity and 421
o . ripeness and for data
monitoring in apples  spectroscopy =~ Mini, Bluetooth freshness L
fluorescence visualization
module . . .
intensity and analysis
High-power Successfull Real-time
Escherichia coli Fluorescence =~ LEDs, CCD . SSUEY Facilitated rapid wireless
L . . . identified most . . 5
contamination on imaging camera, optical o localization of fecal transmission (43]
. . L contamination S
meat surfaces spectroscopy filter, Wi-Fi sites contamination to smartphone
transmitter devices
MEMS Spectral range:
. Fabry—Perot 450-550 nm;  Enabled portable Smartphone—
Food quality Hyperspectral — interferometer . compatible “
L LI resolution: hyperspectral food S (441
monitoring imaging (FPI), . imaging
Bluetooth 815 nm analysis latform
o (FWHM) P
connectivity
. Diffractive Semlcopductor Detection Accurate refractive Smartphone-
Food quality . laser, Si . _4 index measurement based 45
. interference limit: 4 x 10 o 3]
evaluation refractometr detectors, RIU for food transmission-
Y PDMS chip characterization mode interface
Near-infrared . ) .
(NIR) Tungsten R= (1'96’ Reliable prediction of Wireless
Sugar content epectrosco lamps, LVF SEC =0.29 fruit sweetness and smartphone f46]
estimation in pears P! py filter, CMOS °Bx; SEP = . . control and
with PLS o quality attributes .
. detector array ~ 0.46 °Bx monitoring
regression

Spectroscopic

Core
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Analytical

Key Findings/

Smartphone

The proof-of-concept for SpiderSpec, a compact colorim-
eter with a potential use in food management is built on
a 3D printed cylindrical shell that contains a tiny spec-
trometer for detection and an array of LEDs for lighting.
As is customary for reflectance measurements, the optical
head’s 12 visible LEDs were positioned in a circle at a 45°
angle from the center detecting axis. The chosen spec-
trometer works in the 350-800 nm wavelength range . A
proprietary Labview software interface was used to control
both the spectrometer and the LEDs. For on-site research
in food or beverage production plants, Fourier trans-
form infrared (FTIR) spectrometers with attenuated total
reflection (ATR) are expensive and heavy. A small FTIR
spectroscopic imager that uses independent component
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analysis to assess ethanol and glucose in alcoholic bev-
erages simultaneously were used. A portable instrument
forassessing Using a prototype portable spectrometer, the
authors investigated the UV fluorescence of chlorophyll
(ChIF) in fruits. This technique makes it possible to assess
fruit ripeness without causing injury. Using ChlF emission
upon UV light activation, the smartphone spectrometer
assembly has been employed to rapidly assess the maturity
of several apple varieties. The spectrometer had a range of
340-780 nm, and the excitation source was a UV LED with
a wavelength of 360-380 nm [**l. Meat fecal contamination
is one facet of food safety and quality. In slaughterhouses,
human inspectors physically evaluate and in order
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iPhone 45
and holder

ground beef
sample

-
NIR LED
| | and holder
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X

Figure 2: Schematic representation of smartphone-based near-infrared light scattering system for microbial spoilage detec-

tion in beef samples.

to enable human inspectors to more accurately detect fecal
contamination on the red meat, fat, and bone surfaces of
cattle under varying light intensities, Bui et al 4. created
a portable fluorescence-based imaging device. In order to
accomplish hyper-spectral imaging in the vis-NIR band of
450-550 nm, the researchers built a MEMS Fabry-Perot
interferometer (FPI) with tunable optical filters connected
to an iPhone 5s camera. Bluetooth was used to connect
the MEMS FPI module to the iPhone 5 . The device
included a charge-coupled device (CCD) camera, an opti-
cal filter at 670 nm, four 405 nm 10 W LEDs for fluores-
cence excitation, and a Wi-Fi transmitter for real-time data
transfer to a tablet or smartphone. The majority of fecal
contamination on beef surfaces can be detected at about
670 nm. Rissanen et al. presented a mobile phone-com-
patible hyper-spectral imager based on a tunable MEMS
Fabry-Perot interferometer for identification and counter-
feit detection, as well as future food sensing and health/
wellness applications 141,

Future market for food analysis smart
phones

Many start-ups have suggested using mobile devices to
evaluate food quality and identify its ingredients due to
the growing popularity of crowdfunding. These gadgets
are compact, portable labs with a single target detection
capability. These are specialized smartphone applications
that provide easy-to-use interfaces for controlling and
presenting Bluetooth Low Energy (BLE) link test results.
Professor Aydogan Ozcan launched Cellmic LLC (pre-
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viously Holomic LLC), which created a number of quick
diagnostic test readers for sophisticated mobile diagnos-
tics 7). Using an ELISA kit and a test tube module that
connects to a smartphone camera, UCLA researchers
have created a device that detects allergies. The enterprise
ARS Lab and Kaunas University of Technology have col-
laborated to develop the patented smart electronic nose
FOODsniffer (previously PERES). It is based on gas sen-
sors and seeks to identify gases that signify fish and meat
deterioration. Near-infrared spectroscopy-based sensors, a
novel and promising method, are being offered by several
new companies. After years of study at the VI'T Technical
Study Center in Finland, Spectral Engine OY has devel-
oped a variety of high-tech devices, all of which include
a highly unique component: a changeable optical filter.
Subsequently, a number of patent applications were sub-
mitted “*). The Wireless NIR sensor device platform can
be used with a PC, tablet, or smartphone and is intended
for the creation of portable applications. In order to accu-
rately determine the fat, protein, sugar, and overall calo-
rie content of food products, the Food Scanner solution
concept relies on a wireless NIR sensor with complex algo-
rithms, cloud connectivity, and a sizable material library.

Challenges

Each phone has a slightly varied color profile due to hard-
ware variances. It is necessary to calibrate every phone.
There might be actual variations in the lamps’ spectral
emittance, the digitizer’s parts, and the cameras’ spectrum
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responsiveness . Because JPEGs are compressed, infor-
mation is lost when taken. It is processed by the camera to
create a JPEG. The image is then given a preset color space
and white balance. This integrated processing’s reliance on
the camera is a drawback. Since all sensor data is recorded
in RAW, post-processing options such as adjusting the
white balance and choosing the appropriate color space to
export the image in are always available. For mobile food
diagnostics, which seeks to reduce the need for expensive
and time-consuming instrumentation-based assays by
qualified specialists, sample preparation represents a bot-
tleneck. Measurements taken by non-expert users may be
compromised by inadvertent contamination. For instance,
if the solutes in the sample buffers have a positive or neg-
ative impact on light absorption, a colorimetric assay pro-
duce false positives or false negatives .. Sampling is an
essential initial step, and this fundamental constraint pri-
marily affects detection systems. By comparing the mea-
sured intensity of an unknown with the certified values,
dye and glass standards are used to calibrate the relative
intensity of fluorescence emission. The colorimetric test’s
software module must first be calibrated using a set of
images produced from the reference concentrations in

order to accurately identify unknown chemicals.

Future Research and Regulatory Consider-
ations

Future research should focus on improving the analytical
sensitivity, specificity, robustness, and reproducibility of
smartphone-based spectroscopic systems across diverse
food matrices and adulterants. The integration of artificial
intelligence, machine learning algorithms, cloud-based
analytics, and Internet of Things (IoT) platforms may
enhance predictive accuracy and facilitate real-time deci-
sion-making. Large-scale multicenter validation studies
are required to establish standardized calibration models
and assess performance under real-world conditions. In
addition, efforts should be directed toward the develop-
ment of universal protocols for sample preparation, data
acquisition, and result interpretation to improve inter-de-
vice comparability.

From a regulatory perspective, widespread implementa-
tion of smartphone-assisted food analysis requires compli-
ance with food safety and analytical validation standards
established by regulatory agencies such as the Food and
Drug Administration, European Food Safety Authority,
and International Organization for Standardization.
Standardized performance criteria, quality assurance pro-
cedures, and certification frameworks must be established
before these devices can be routinely used for official food
inspection and regulatory monitoring. Furthermore, issues
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related to data security, cloud-based data management, user
training, and regulatory acceptance of smartphone-gen-
erated analytical results require careful consideration.
Addressing these challenges will be essential for translating
smartphone spectroscopy from laboratory prototypes into
reliable, commercially viable tools for food authentication
and adulteration surveillance.

Conclusion

Smartphone-based spectroscopy has emerged as a prom-
ising platform for rapid, portable, and cost-effective food
adulteration detection. The integration of spectroscopic
techniques, biosensors, fluorescence analysis, and colo-
rimetric approaches with smartphones has enhanced the
accessibility and efficiency of food quality assessment.
Recent smartphone spectroscopy systems demonstrate
considerable potential for on-site, real-time monitoring,
reducing reliance on laboratory-based analyses. Despite
these advances, challenges related to standardization, sensi-
tivity, calibration, and large-scale validation remain. Future
developments in artificial intelligence, cloud computing,
miniaturized sensors, and Internet of Things integration
are expected to further improve analytical performance
and expand commercial adoption. The growing market for
smartphone-based food analysis highlights the increasing
demand for user-friendly and decentralized testing solu-
tions. This review provides a comprehensive overview of
current technologies, applications, and limitations, serving
as a valuable resource for researchers, industry stakehold-
ers, and regulatory agencies working toward enhanced
food authenticity, safety, and consumer protection.

Conflict of interest

Conflict of interest declared none.
Declarations

Funding

This review received no specific funding from any public,
commercial, or not-for-profit sector funding agency.

Declaration of Competing Interests

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.



Jha et al.

Author Contributions

All authors contributed to conceptualization, literature
curation, critical appraisal, and manuscript preparation.
All authors reviewed and approved the final submitted
version.

Data Availability

No new data were generated or analyzed for this review.
All data sources are cited within the manuscript and are
publicly available through the referenced databases.

References

Haider, A., Igbal, S. Z., Bhatti, I. A., Alim, M. B., Waseem, M.,
Igbal, M., & Mousavi Khaneghah, A. (2024). Food authen-
tication, current issues, analytical techniques, and future
challenges: A comprehensive review. Comprehensive
Reviews in Food Science and Food Safety, 23(3), e13360.
https://doi.org/10.1111/1541-4337.13360

Usman, I, Sana, S., Afzaal, M., Imran, A., Saeed, F, Ahmed,
A., Shah, Y. A, Munir, M., Ateeq, H., Afzal, A., & Azam,
I. (2024). Advances and challenges in conventional and
modern techniques for halal food authentication: A review.
Food Science & Nutrition, 12(3), 1430-1443. https://doi.
org/10.1002/fsn3.3870

Siesler, H. W.,, Yan, H., & Neves, M. D. (2023). On-site qual-
ity control and protection against product counterfeit-
ing by handheld near-infrared spectroscopy: Anywhere
and anytime. In Next-Generation Spectroscopic
Technologies XV (Vol. 12516, pp. 18-24). SPIE. https://doi.
org/10.1117/12.2665231

Uchegbulam, J. C., Okoronkwo, S., Ugama, P. C., Monago, I.
N., Chidiebere, O. E, & Monago, C. O. (2025). The role
of digital technologies in enhancing food safety and the
enforcement of food quality control in Nigeria’s agrifood
industry. Path of Science, 11(11), 7008-7018. https://doi.
org/10.22178/pos.124-70

Das, B., Kalita, B., Hazarika, R., & Patra, S. (2023). Microbial
adulterants in food: Challenges to overcome. In Engineering
Aspects of Food Quality and Safety (pp. 53-75). Springer.
https://doi.org/10.1007/978-3-031-30683-9_3

Shin, S., Doh, I. ], Okeyo, K., Bae, E., Robinson, J. P., & Rajwa, B.
(2023). Hybrid Raman and laser-induced breakdown spec-
troscopy for food authentication applications. Molecules,
28(16), 6087. https://doi.org/10.3390/molecules28166087

Momtaz, M., Bubli, S. Y., & Khan, M. S. (2023). Mechanisms
and health aspects of food adulteration: A comprehen-

49

Portable & Smartphone Spectroscopy for Food Adulteration

sive review. Foods, 12(1), 199. https://doi.org/10.3390/
foods12010199

Younis, M. L, Sallam, Y. I., Mahmoud, K. E, Ruan, Z., Tlay, R. H.,
& Abedelmaksoud, T. G. (2025). Smartphones as catalysts
for synergistic nutrition: A new era in bioactive detection,
personalization, and food system intelligence. Food Science
& Nutrition, 13(9), €70880. https://doi.org/10.1002/
fsn3.70880

Xu, X., Akay, A., Wei, H., Wang, S., Pingguan-Murphy, B.,
Erlandsson, B. E., Li, X., Lee, W,, Hu, J., Wang, L., & Xu, E.
(2015). Advances in smartphone-based point-of-care diag-
nostics. Proceedings of the IEEE, 103(2), 236-247. https://
doi.org/10.1109/JPROC.2014.2378776

Qin, S., Sun, X., & Zhao, X. (2025). Advances in smart-
phone-based biosensors for food testing. Current Opinion
in Food Science, 61, 101236. https://doi.org/10.1016/j.
c0fs.2024.101236

Han, B, Xie, X., Zhao, Y., Zhang, ]., Yang, X., Jiang, Y., Zhang, W.,
& Zhang, X. (2026). Recent development and applications
of emerging biosensing technologies and on-site analytical
devices for food adulteration detection: A critical review.
Critical Reviews in Food Science and Nutrition, 66(11),
2139-2158. https://doi.org/10.1080/10408398.2025.25642
16

Sateriale, D., Forgione, G., De Cristofaro, G. A., Facchiano,
S., Boscaino, E, Pagliuca, C., Colicchio, R., Salvatore, P,
Paolucci, M., & Pagliarulo, C. (2022). Towards green strate-
gies of food security: Antibacterial synergy of essential oils
from Thymus vulgaris and Syzygium aromaticum to inhibit
Escherichia coli and Staphylococcus aureus pathogenic
food isolates. Microorganisms, 10(12), 2446. https://doi.
0rg/10.3390/microorganisms10122446

Wasiewska, L. A., Juska, V. B., Seymour, 1., Burgess, C. M,
Duffy, G., & O’Riordan, A. (2023). Electrochemical nucleic
acid-based sensors for detection of Escherichia coli and
Shiga toxin-producing E. coli: Review of recent develop-
ments. Comprehensive Reviews in Food Science and Food
Safety, 22(3), 1839-1863. https://doi.org/10.1111/1541-
4337.13132

Rojas-Barboza, D., Park, E., Sassenfeld, R., Winder, J., Smith, G.
B., Valles-Rosalles, D., Delgado, E., & Park, Y. H. (2021).
Rapid, simple, low-cost smartphone-based fluorescence
detection of Escherichia coli. International Journal of
Agricultural and Biological Engineering, 14(3), 189-193.
https://doi.org/10.25165/j.ijabe.20211403.5865

Saini, R. V,, Vaid, P, Saini, N. K., Siwal, S. S., Gupta, V. K., Thakur,
V. K., & Saini, A. K. (2021). Recent advancements in the
technologies detecting food spoiling agents. Journal of
Functional Biomaterials, 12(4), 67. https://doi.org/10.3390/
jfb12040067



Jha et al.

Zhou, W., Dou, M., Timilsina, S. S., Xu, E, & Li, X. (2021). Recent
innovations in cost-effective polymer and paper hybrid
microfluidic devices. Lab on a Chip, 21(14), 2658-2683.
https://doi.org/10.1039/D1LC00414]

Zhang, Y., He, X,, Liu, N., Peng, D,, Xiao, J., Xu, D., & Yang, N.
(2026). Smartphone-assisted dual-mode portable sensor for
highly sensitive detection of ochratoxin A in foods. Talanta,
300, 129220. https://doi.org/10.1016/j.talanta.2025.129220

Li, S., Zhong, X., Xu, Y., Zheng, Y., Shi, X., Li, E, Guo, S., & Yang,
J. (2021). Smartphone-based reading system integrated
with phycocyanin-enhanced latex nanospheres immunoas-
say for on-site determination of aflatoxin B1 in foodstuffs.
Food Chemistry, 360, 130019. https://doi.org/10.1016/j.
foodchem.2021.130019

Abdelhamid, M. A,, Ki, M. R,, Yoon, H. J., & Pack, S. P. (2025).
Microfluidic sensors for micropollutant detection in
environmental matrices: Recent advances and pros-
pects. Biosensors, 15(8), 474. https://doi.org/10.3390/
bios15080474

Lou, Y, Shi, X., Zhou, S., Tian, J., & Cao, R. (2024). Smartphone-
based paper microfluidic detection implementing a ver-
satile quick response code conversion strategy. Sensors
and Actuators B: Chemical, 406, 135393. https://doi.
org/10.1016/j.snb.2024.135393

Singh, H., Singh, G., Kaur, N., & Singh, N. (2022). Pattern-
based colorimetric sensor array to monitor food spoilage
using automated high-throughput analysis. Biosensors
and Bioelectronics, 196, 113687. https://doi.org/10.1016/j.
bi0s.2021.113687

Jiang, R., Lin, D., Zhang, Q,, Li, L., & Yang, L. (2022). Multiplex
chroma-response based fluorescent smartphone sensing
platform for rapid and visual quantitative determination
of antibiotic residues. Sensors and Actuators B: Chemical,
350, 130902. https://doi.org/10.1016/j.s1nb.2021.130902

Zheng, Z.,Li, K., Wang, S., Zhao, H., Yang, X., Niu, Y., Li, M., Luo,
X., Li, Z., & Tang, W. (2025). Development of a Zr/Fe-MIL
nanozyme sensor integrated with a user-friendly colorimet-
ric device for glyphosate monitoring. Analytical Methods,
17(22), 4538-4547. https://doi.org/10.1039/D5AY00455A

Al-Shawi, S. G., Nasser, E. K., Kareem, A. K., Suliman, M.,
Shankar, A., Ray, S., Chaudhary, P, Sah, K. K., Abbasi, H.,
& Hulail, H. M. (2025). Smartphone-integrated lateral flow
assays for food safety assessment: Recent trends and future
perspectives. Microchemical Journal, 214, 113978. https://
doi.org/10.1016/j.microc.2025.113978

Fang, J., Qiu, X., Wan, Z,, Zou, Q,, Su, K., Hu, N., & Wang, P.
(2016). A sensing smartphone and its portable acces-
sory for on-site rapid biochemical detection of marine
toxins. Analytical Methods, 8(38), 6895-6902. https://doi.
org/10.1039/C6AY01384H

50

Portable & Smartphone Spectroscopy for Food Adulteration

Mukherjee, S., Shah, M., Chaudhari, K., Jana, A., Sudhakar,
C., Srikrishnarka, P, Islam, M. R., Philip, L., & Pradeep,
T. (2020). Smartphone-based fluoride-specific sensor for
rapid and affordable colorimetric detection and precise
quantification at sub-ppm levels for field applications.
ACS Omega, 5(39), 25253-25263. https://doi.org/10.1021/
acsomega.0c03465

Tian, S., Zhang, C., Yu, M., Li, Y., Fan, L., & Li, X. (2022). Buffer
species-dependent catalytic activity of Cu-adenine as a lac-
case mimic for constructing sensor array to identify multi-
ple phenols. Analytica Chimica Acta, 1204, 339725. https://
doi.org/10.1016/j.aca.2022.339725

Savarolyia, M., Moradi Marinlo, S., Amiri Samani, S., Jafarian,
M., & Taghinia, P. (2026). Smartphone-assisted technolo-
gies for real-time monitoring of meat, seafood, and dairy
products freshness: A critical discussion and comparative
analysis. Food Reviews International, 1-22. https://doi.org/
10.1080/87559129.2026.2637631

Yang, T., Wang, Z., Song, Y., Yang, X., Chen, S., Fu, S., Qin, X,,
Zhang, W.,, Man, C., & Jiang, Y. (2021). A novel smart-
phone-based colorimetric aptasensor for on-site detec-
tion of Escherichia coli O157:H7 in milk. Journal of Dairy
Science, 104(8), 8506-8516. https://doi.org/10.3168/
jds.2020-19905

Dou, Y., Jiang, Z., Deng, W., Su, J., Chen, S., Song, H., Aldalbahi,
A., Zuo, X, Song, S., Shi, J., & Fan, C. (2016). Portable
detection of clenbuterol using a smartphone-based elec-
trochemical biosensor with electric field-driven accelera-
tion. Journal of Electroanalytical Chemistry, 781, 339-344.
https://doi.org/10.1016/j.jelechem.2016.04.022

Wojcik, S., Ciepiela, E, & Jakubowska, M. (2023). Computer
vision analysis of sample colors versus quadruple-disk
iridium-platinum voltammetric e-tongue for recognition
of natural honey adulteration. Measurement, 209, 112514.
https://doi.org/10.1016/j.measurement.2023.112514

Ma, S., Li, Y, Peng, Y., & Wang, W. (2023). Toward commercial
applications of LED and laser-induced fluorescence tech-
niques for food identity, quality, and safety monitoring: A
review. Comprehensive Reviews in Food Science and Food
Safety, 22(5), 3620-3646. https://doi.org/10.1111/1541-
4337.13196

Zhu, H., Sikora, U., & Ozcan, A. (2012). Quantum dot enabled
detection of Escherichia coli using a cell-phone. Analyst,
137(11), 2541-2544. https://doi.org/10.1039/c2an35071h

Ludwig, S. K., Smits, N. G., van der Veer, G., Bremer, M. G., &
Nielen, M. W. (2012). Multiple protein biomarker assess-
ment for recombinant bovine somatotropin (rbST) abuse in
cattle. PLoS ONE, 7(12), 52917. https://doi.org/10.1371/
journal.pone.0052917

Mora, C. A., Herzog, A. E, Raso, R. A., & Stark, W. J. (2015).
Programmable living material containing reporter
micro-organisms permits quantitative detection of oligo-



Jha et al.

saccharides. Biomaterials, 61, 1-9. https://doi.org/10.1016/j.
biomaterials.2015.04.054

Kumar, U., Kesharwani, R. K., & Pal, M. K. (2024). The most
recent developments and applications of smartphone-based
devices in biomedical and mHealth. In Advanced Research
in Electronic Devices for Biomedical and mHealth (pp. 127-
179). CRC Press. https://doi.org/10.1201/9781003424666-6

Xiao, Y., Du, Z, L, Y,, Cao, L., Zhu, B., Kitaguchi, T., & Huang, C.
(2025). A review on the application of biosensors for mon-
itoring emerging contaminants in the water environment.
Sensors, 25(16), 4945. https://doi.org/10.3390/525164945

Avian, C., Leu, J. S., Prakosa, S. W., & Faisal, M. (2022). An
improved classification of pork adulteration in beef based
on electronic nose using modified deep extreme learning
with principal component analysis as feature learning.
Food Analytical Methods, 15(11), 3020-3031. https://doi.
org/10.1007/s12161-022-02361-9

Gorla, G., Taborelli, P, Alamprese, C., Grassi, S., & Giussani, B.
(2023). On the importance of investigating data structure
in miniaturized NIR spectroscopy measurements of food:
The case study of sugar. Foods, 12(3), 493. https://doi.
org/10.3390/foods12030493

Chen, X., Liu, T., Chen, W,, Lin, Z., Zhang, Q., Zhou, B, &
Zhou, X. (2026). From nanotags to precision biomedicine:
SERS-driven progress and innovation in tumor biomarker
profiling, dynamic bioimaging, Al-enhanced diagnostics
and therapy. Theranostics, 16(7), 3447-3478. https://doi.
org/10.7150/thno.126530

Wang, Z., Liu, Y., Liang, M., Chen, Y., Dong, W., Hu, Q., Song,
S., Shuang, S., Dong, C., & Gong, X. (2024). Hydrophobic
carbon quantum dots with red fluorescence: An optical
dual-mode and smartphone imaging sensor for identifying
Chinese Baijiu quality. Talanta, 275, 126064. https://doi.
org/10.1016/j.talanta.2024.126064

Zhou, Z., Zhang, M., Mujumdar, A. S., & Rui, L. (2026). Smart
quality control in logistics for fresh edible nuts/fruits with
rich lipid: Research progress, challenges and potential appli-
cations. Food Reviews International, 42(3), 1558-1586.

51

Portable & Smartphone Spectroscopy for Food Adulteration

https://doi.org/10.1080/87559129.2025.2520456

Ji,S., Xiang, Y., Han, D,, Liu, C., Du, Y., Peng, Y., Li, S., Ren, S., Qin,
K., Wang, Y., & Zhou, H. (2023). Functionalized magnetic
nanobeads for SERS-based detection of Staphylococcus
aureus. Analytical Methods, 15(28), 3393-3403. https://doi.
org/10.1039/D3AY00653K

Bui, T. H., Thangavel, B., Sharipov, M., Chen, K., & Shin, J. H.
(2023). Smartphone-based portable bio-chemical sensors:
Exploring recent advancements. Chemosensors, 11(9), 468.
https://doi.org/10.3390/chemosensors11090468

Chaudhary, V., Sable, H., & Bhadola, P. (2026). Harnessing com-
plex light-matter interactions for point-of-care nano-op-
tical biosensing. Advances in Physics: X, 11(1), 2609776.
https://doi.org/10.1080/23746149.2025.2609776

Li, D., Bai, L., Wang, R., & Ying, S. (2024). Research progress
of machine learning in extending and regulating the shelf
life of fruits and vegetables. Foods, 13(19), 3025. https://doi.
0rg/10.3390/foods13193025

Rateni, G., Dario, P,, & Cavallo, E (2017). Smartphone-based
food diagnostic technologies: A review. Sensors, 17(6),
1453. https://doi.org/10.3390/s17061453

Hartikainen, A., Ihalainen, M., Shukla, D., Rohkamp, M.,
Mukherjee, A., He, Q,, Piel, S., Virkkula, A., Li, D., Kokkola,
T., & Jeong, S. (2025). Photochemical aging of aviation
emissions: Transformation of chemical and physical prop-
erties of exhaust emissions from a laboratory-scale jet
engine combustion chamber. Atmospheric Chemistry and
Physics, 25(16), 9275-9294. https://doi.org/10.5194/acp-
25-9275-2025

Udayanga, D., Serasinghe, A., Dassanayake, S., Godaliyadda, R.,
Herath, V., Ekanayake, M. P., & Malshan, P. (2024). Dual-
mode multispectral imaging system for food and agricul-
tural product quality estimation. IEEE Transactions on
Instrumentation and Measurement, 73, 1-12. https://doi.
org/10.1109/TIM.2024.3369129

Giilekgi, Y., & Yonar, E C. (2024). False positives in luminal test-
ing. Black Sea Journal of Engineering and Science, 7(1),
129-138. https://doi.org/10.34248/bsengineering.1391613



