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ABSTRACT: With the ever-evolving cannabis industry, low-cost
and high-throughput analytical methods for cannabinoids are
urgently needed. Normally, (potentially) psychoactive cannabi-
noids, typically represented by Δ9-tetrahydrocannabinol (Δ9-
THC), and nonpsychoactive cannabinoids with therapeutic
benefits, typically represented by cannabidiol (CBD), are the
target analytes. Structurally, the former (tetrahydrocannabinolic
acid (THCA), cannabinol (CBN), and THC) have one olefinic
double bond and the latter (cannabidiolic acid (CBDA),
cannabigerol (CBG), and CBD) have two, which results in
different affinities toward Ag(I) ions. Thus, a silica gel thin-layer
chromatography (TLC) plate with the lower third impregnated
with Ag(I) ions enabled within minutes a digital chromatographic
separation of strongly retained CBD analogues and poorly retained THC analogues. The resolution (Rs) between the closest two
spots from the two groups was 4.7, which is almost 8 times higher than the resolution on unmodified TLC. After applying Fast Blue
BB as a chromogenic reagent, smartphone-based color analysis enabled semiquantification of the total percentage of THC analogues
(with a limit of detection (LOD) of 11 ng for THC, 54 ng for CBN, and 50 ng for THCA when the loaded volume is 1.0 μL). The
method was validated by analyzing mixed cannabis extracts and cannabis extracts. The results correlated with those of high-
performance liquid chromatography with ultraviolet detection (HPLC-UV) (R2 = 0.97), but the TLC approach had the advantages
of multi-minute analysis time, high throughput, low solvent consumption, portability, and ease of interpretation. In a desiccator,
Ag(I)-TLC plates can be stored for at least 3 months. Therefore, this method would allow rapid distinction between high and low
THC varieties of cannabis, with the potential for on-site applicability.

Cannabis (Cannabis sativa L.) has been used by man since
the stone age as a source of food, fiber, medicine, and

psychoactives. It contains a specific class of phytochemicals
called cannabinoids.1 The most abundant cannabinoids are
THCA and CBDA, derived from the same precursor
cannabigerolic acid (CBGA) with THCA synthase and CBDA
synthase, respectively. These acidic cannabinoids are rather
unstable and may lose CO2 by exposure to light, air, or heat to
produce cannabidiol (CBD),Δ9-tetrahydrocannabinol (THC),
and cannabigerol (CBG) with different bioactivities.2 Further
degradation can occur, for example, cannabinol (CBN) as an
oxidative degradation product of THC is found in aged
cannabis.3 Chemically, these cannabinoids can be roughly
divided into two groups: (1) THC analogues that have a pyran
ring and (2) CBD analogues that have a disubstituted double
bond and a second phenolic group instead of the pyran ring.
THCA is not psychoactive, but it can be converted to THC, the
main psychoactive cannabinoid, during smoking or baking.4

CBN is also psychoactive but has only 10% of the potency of
THC.5 Congeners of the other group like CBG, CBDA, and

CBD are not psychoactive but possess various therapeutic
properties (Figure 1).6

Although there are many classification systems based on the
content of psychotropic components, the drug-type (marijuana)
and the fiber-type (hemp) are the most important cannabis
types for forensic and legislative considerations. Marijuana is
characterized by a high content of the psychoactive compound
THC (>0.3% of dry weight).7 Given that CBN is a degradation
product of THC, it can be included as a relevant parameter when
evaluating the initial THC concentration.8 For assessing the
total THC potential of cannabis, both its precursor THCA and
degradation product CBN should thus be taken into
consideration.9,10 In contrast to marijuana, hemp is charac-
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terized by nonpsychoactive cannabinoids including CBDA and
its decarboxylated form, namely, CBD, as well as some minor
cannabinoids, e.g., CBGA andCBG.11 Since THCA, CBDA, and
CBG are all formed from the common precursor CBGA,12 many
cannabis plants contain THCA, CBDA, and CBG at the same
time. Moreover, in many screening and instrumental analyses, it
is difficult to differentiate between different cannabinoids from
those different groups. As a result, the separation of CBD
analogues from THC analogues is necessary to prevent
interference.
The growing cannabis industry and increasing pressure on

forensic testing have pushed the development of portable, high-
throughput, and easy-to-use tests that can be performed directly
in the field for qualitative and quantitative analysis of cannabis.13

Kurouski et al.14,15 proposed a noninvasive and nondestructive
method to distinguish between freshly frozen plants rich in
THCA and rich in CBD using a handheld Raman spectrometer.
Due to the variation in intensities of characteristic vibrational
bands from cellulose, xylan, carotenoids, lignin, and THCA in
different plant materials, this method could be used to classify
cannabis varieties. However, this method only enables
qualitative analysis by comparison with previously collected
Raman spectroscopic signatures from various cannabis varieties.
Valid quantification of individual cannabinoids still needs
further study. Arce et al.16 applied thermal desorption (TD)-
ion mobility spectrometry (IMS) to analyze dried leaves and
flowers of plant samples for potentially on-site discrimination of
cannabis varieties. However, most signals in the TD-IMS spectra
under both positive and negative ionization modes could not be
clearly identified.
Compared with the above-mentioned instrument-dependent

in-field screening methods, colorimetric tests are attractive
alternatives, as they are cheap and require minimal operational
training. Colorimetric test kits based on fast blue BB salt or
Duquenois−Levine reagent are commonly used by forensic
laboratories for the analysis of marijuana samples. However,
without any pre-separation, false-positive results can be obtained
from nonpsychoactive cannabinoids, e.g., CBD analogues, as
well as noncannabinoids.17 Therefore, separation of individual
cannabinoids before color development is a necessity.
To achieve such separation, the combination of thin-layer

chromatography (TLC) and a chromogenic reagent for
visualization of spots has been demonstrated, leading to simple,
fast, and qualitative or semiquantitative analysis of cannabis.
Different stationary phases,18,19 solvent systems,13 and methods
for semiquantitative image analysis have been tested.20 Liu et
al.13 evaluated different mobile phases for analysis of possibly

illegal cannabis products on silica gel and a reversed-phase (C-
18) plate. Both systems provided good separation for Δ9-THC,
CBD, and CBN in hemp and marijuana samples but could not
adequately separate the acidic cannabinoids like THCA, CBDA,
and CBGA. In other studies, the stationary phase has been
modified to obtain better separations.18,19 Tsujikawa et al.19

recently analyzed five THC isomers (Δ9-THC,Δ8-THC, a pair
of diastereomers of Δ10-THC, and Δ6a,10a-THC), CBD,
CBN, and THCA in samples of CBD heated in acidic ethanol on
silica gel TLC plates modified with 10% AgNO3 and toluene as
solvent. After chromogenic detection, this system resolved Δ9-
THC, CBD, CBN, and Δ8-THC relying on the specific affinity
of Ag(I) toward compounds with different numbers or different
positions of olefinic double bonds, which has been described in
previous work.21−23 This mechanism has also been used in our
recent work for the differentiation of isomers THC and CBD by
Ag(I)-impregnated paper spray mass spectrometry.24 However,
a disadvantage of the method developed by Tsujikawa et al. was
that the THCA spot was tailing and overlapped with the CBD
spot. Considering this overlap and the fact thatΔ8-THC is not a
target compound for analysis of herbal cannabis, the authors
explicitly stated that this system is not suitable for cannabis plant
samples. Furthermore, because the entire TLC plate was
modified by AgNO3, significant background color from the
reaction of Ag(I) ions with the basic ammonia solution
interfered with the detection of cannabinoids.
In addition to the use of a TLC for the separation of different

cannabinoids, the listed applications are based on the use of
chromogenic reagents for qualitative analysis. For TLC-based
quantitative analysis, research has relied on using a photoelectric
densitometer to scan spots,20,25,26 which is not suitable for
instrument-free on-site analysis. The portability, low cost,
versatility, and wide availability of smartphones create
opportunities for the instrument-free analysis of TLC plates.
Scientific efforts have focused on smartphone-based qualitative
and quantitative analyses and led to applications in the detection
of (heavy) metals, herbicides, pesticides, antibiotics, biochem-
ical indicators, allergens, bacteria, viruses, and so on.27−29

The aim of this research was to improve both the TLC
separation of THC analogues using a partially modified silica gel
TLC plate with Ag(I) ions and the detection step by
semiquantitatively scanning the colored THC spots with a
smartphone. This combination of techniques would allow for a
fast, instrument-free, in-field screening of cannabis varieties in a
greenhouse setting or for on-site forensic purposes with a low
solvent consumption.

Figure 1. Structures and formation process of important cannabinoids: cannabigerolic acid (CBGA), tetrahydrocannabinolic acid (THCA), Δ9-
tetrahydrocannabinol (Δ9-THC), cannabinol (CBN), cannabigerol (CBG), cannabidiolic acid (CBDA), and cannabidiol (CBD).
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■ MATERIALS AND METHODS
Overview of the Experiments. The aim of this work is to

semiquantify psychoactive cannabinoids with a fast and portable
tool. To achieve this, the experimental design, given in Figure 2,
was followed. This started with sample preparation, including
standard solutions, cannabis extracts, and mixed cannabis
extracts. Next, Ag(I)-TLC plates were designed and optimized
for the digital chromatographic separation of THC analogues
fromCBD analogues, and their storage stability was investigated
with respect to light, humidity, and time. Following that, samples
were loaded on the optimized Ag(I)-TLC plates and went
through the separation and color development process. The
quality of the separation was then validated by HPLC-MS/MS,
by recovering cannabinoids from different regions of the TLC
plates, and analyzing those. Subsequently, calibration curves
were constructed, based on smartphone analysis of the colored
spots on the TLC plate, and the LODs of THCA, THC, and
CBN were evaluated. Finally, the total THC potential
percentages of cannabis extracts and mixed cannabis extracts

were semiquantified by the developed smartphone analysis and
benchmarked against HPLC-UV.
Chemicals and Reagents. Acetonitrile (ACN, HPLC-

grade) and methanol (MeOH; HPLC-grade) were purchased
from Sigma-Aldrich (St. Louis). Hexane (HPLC-grade), tert-
butyl methyl ether (MTBE; HPLC-grade), and acetic acid
(AcOH; HPLC-grade) were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). Deionized
water was prepared by a Milli-Q water purification system
(Millipore). AgNO3 (AR, 99.8%) and NaOH (AR, 99.8%) were
purchased from Aladin Biochemical Technology Co. Ltd.
(Shanghai, China). 4-Benzoylamino-2,5-diethoxybenzenediazo-
nium chloride hemi (zinc chloride) salt (Fast Blue BB; FBBB;
AR grade) was obtained from Sigma-Aldrich (St. Louis).
Olivetol (5-pentylbenzene-1,3-diol, AR, 99.7%) was bought
from Shanghai Haohong Biomedical Technology Co., Ltd.
(Shanghai, China). Aluminum-backed silica gel 60 F254 20 × 20
cm2 TLC plates were purchased from Merck (Darmstadt,
Germany). THCA (99.2%), THC (99.0%), CBN (99.2%),

Figure 2. Overview of the experimental workflow (created partly with biorender.com).
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CBDA (99.3%), CBD (99.8%), and CBG (99.1%) standards
were obtained from Henan Wanjia Reference Material R&D
Center Co., Ltd. (Zhengzhou, China). Pure CBD powder
(99.5%) and 10% (w/w%) CBD oil (hemp seed oil as matrix)
were bought from Yuxi Hongbao Biological Technology Co.,
Ltd. (Yunnan, China). Dry plant materials were purchased
online in China, and are referred to as cannabis_1, cannabis_2,
and cannabis_3. Marijuana extract was prepared frommarijuana
inflorescence and concentrated by the evaporation of most
solvent.
HPLC-(PDA) MS/MS Setup. A high-performance liquid

chromatograph (HPLC Prominence; Shimadzu, Kyoto, Japan),
equipped with an Ultimate LP-C18 column (4.6 × 150 mm2, 5
μm; Welch Materials, Inc., West Haven) and an SPD-M20A
photodiode array detector was coupled to a triple-quadrupole
mass spectrometer (MS8050; Shimadzu, Kyoto, Japan). The
mobile phase consisted of 0.1% (v/v%) formic acid in both water
(mobile phase A) and acetonitrile (mobile phase B), and the
flow rate was 1.0 mL·min−1: 0−12min 80% B; 12−13min linear
ramping to 100%; 13−18 min 100% B; 18−19 min linear
decrease to 80% B; 19−28 min reequilibration at 80% B. Mass
spectrometry was performed in positive multiple reaction
monitoring (MRM) mode (see Table S3 for settings) with an
atomizer flow rate of 3 L·min−1, a heating gas flow rate of 10 L·
min−1, a drying gas flow rate of 10 L·min−1, DL temperature 250
°C, ion source interface voltage of 4 kV, and heating block
temperature of 400 °C.
Sample Preparation. Standard Solutions. THCA, THC,

CBN, CBDA, CBD, and CBG methanol stock solutions (1.00
μg·μL−1) were diluted withMeOH to obtain a series of standard
solutions for subsequent analysis. A “standard_mixture” was
prepared containing 83.3 ng·μL−1 THCA, THC, CBN, CBG,
CBDA, and CBD in MeOH.
Cannabis Extracts.MeOH (300 μL) was added to 100.0 mg

of dried, homogenized, and ground herbal cannabis_1,
cannabis_2, and cannabis_3 one by one with a pipette
(Eppendorf 3120000267, 100−1000 μL). The extraction was
performed by vortexing for 3 min with Vortex-Genie 2
(Scientific Industries, Inc.). The extracted samples were filtered
using a 0.2 μm PTFE membrane syringe filter (⌀13 mm).
Marijuana extract concentrate was diluted with MeOH to 10.00
and 1.00 mg·mL−1. 10% CBD oil was diluted with MeOH 50-
fold. All solutions except for 10.00 mg·mL−1 marijuana extract
concentrate were analyzed by HPLC-UV at 228 nm for
quantification of six cannabinoids according to external standard
calibration curves (Figure S1 and Table S1). A “sample_mix-
ture” was prepared by mixing 60.0 μL of cannabis_1 extract,
120.0 μL of cannabis_2 extract, 60.0 μL of cannabis_3 extract,
60.0 μL of marijuana extract, and 60.0 μL of CBD oil extract.
Mixed Cannabis Extracts. Different volumes of marijuana

extract (high levels of THC analogues) were spiked into
cannabis_3 plant material (no THC analogues, blank matrix) to
produce samples containing different concentrations of THC
analogues (mixed cannabis extracts set I, Table S2). Next,
different volumes of marijuana extract (high levels of THC
analogues) and 1.00 mg of CBD powder were spiked into
cannabis_3 plant material (no THC analogues, blank matrix) to
produce samples containing both THC analogues and CBD
(mixed cannabis extracts set II, Table S2).
Ag(I)-TLC Plates Design, Optimization, and Storage

Stability. Ag(I)-TLC Plate Design. The 20 × 20 cm2 aluminum-
backed silica gel TLC plates were cut with scissors into
rectangular plates. The plates were made with three regions: (1)

Ag(I) retention zone, (2) detection zone, and (3) reference
zone, as shown in Figure 2 (see Figure S2 for more details).
Ag(I)-TLC Plate Optimization. THCA, THC, CBN, CBDA,

CBD, and CBG standard solutions were analyzed (see protocol
below) and the resolution between the pairs THCA-CBD,
THC-THCA, and THC-CBN were investigated to optimize (i)
the total height of the TLC plate, (ii) AgNO3 concentration for
TLC modification, (iii) Ag(I) retention zone height, and (iv)
drying method of modified TLC plates step by step (see
Protocol S1 for details).
Ag(I)-TLC Plates Storage Stability. A batch of Ag(I)-TLC

plates was prepared and stored in sealed plastic bags with the
aluminum side up, under three different conditions: on a desk, in
a black box, and in a brown desiccator with anhydrous calcium
chloride as a drying agent at room temperature (Figure S3). At
regular intervals, three pieces of Ag(I)-TLC plates under each
storage condition were tested with THC and CBD standards to
evaluate the separation performance over time.
Sample Loading, Separation, and Color Development.

Sample Loading and Separation. To load a sample on the
TLC plate, 1.0 μL of an extract solution was applied on both the
sample loading line and the reference sample loading line of the
TLC plate with a pipette (Eppendorf 3120000216, 0.1−2.5 μL).
After drying, the TLC plate was placed into a sealed chamber
(width 4 cm, height 10.5 cm, with removable lid) conditioned
with mobile phase (MTBE/hexane = 1:4 v/v with 0.1% AcOH)
vapor for at least 5 min with a piece of filter paper on the wall of
the tank to facilitate the equilibration.30 When the mobile phase
reached the mobile phase boundary line, the TLC plate was
taken out and dried in a fume hood. The loaded samples on the
reference sample line were not eluted by the mobile phase but
were included in the color development procedure.
Color Development. The color developing procedure needs

A and B solutions consisting of 0.2 M NaOH solution in water/
MeOH (1:9 v/v) and a 5 mg·mL−1 FBBB MeOH solution,
respectively. A and B solutions were ready for use in glass spray
bottles (Figure S4). For color development, solution A was
evenly sprayed by applying five pumps on the developed TLC
plate, and then solution B was evenly sprayed by applying 10
pumps. After 2 min, the TLC plate was moved to a custom-made
light box (Figure S5) and an Apple iPhone 11 camera was used
for image acquisition.
Confirmation by HPLC-MS/MS. Extracts were made of the

scraped-off silica from the different regions of the TLC plates,
and these were evaluated by HPLC-MS/MS to (i) confirm the
identity of the cannabinoids present in the different regions, (ii)
to quantify those cannabinoids to assess the separation
efficiency, and (iii) to evaluate whether other cannabinoids are
present at low levels that are missed by the colorimetric analysis.
The detailed procedures can be found in Protocol S2. In short,
the “standard_mixture” and “sample_mixture” were analyzed by
both unmodified TLC plate and Ag(I)-TLC plate. The silica gel
in the upper part and lower part of each plate was scraped off
separately and extracted with MeOH for HPLC-MS/MS
analysis of separated cannabinoids.
Smartphone Analysis and Semiquantification. Cali-

bration Curve Construction. To achieve semiquantification of
major psychoactive cannabinoids with smartphone analysis,
calibration curves of THCA, THC, and CBN were constructed
and the LODs were evaluated. THCA, THC, and CBN
methanol solutions (0.20, 0.50, 0.80, and 1.00 μg·μL−1) (1.0
μL) were loaded on the sample loading line of an Ag(I)-TLC
plate, and 1.0 μL of a 1.00 μg·μL−1 solution of each analyte was
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loaded twice to have an absolute amount of 2.00 μg. Each
solution was analyzed on three different TLC plates. Olivetol
(1.0 μL of 0.10 μg·μL−1 in MeOH loaded on a square TLC
plate) was chosen as reference to correct for variation in color
development and image acquisition because it also reacts with
FBBB to form a colored product. ImageJ (NIH) software was
used to obtain three image parameters, namely, hue (H),
saturation (S), and brightness (B).27 Each spot on the image was
analyzed, and the obtained value for saturation was normalized
against the obtained saturation value of the olivetol reference
spot. The normalized saturation values for THCA, THC, and
CBN were plotted as a function of their concentration.
Evaluation of LOD. The LOD was calculated as follows:

LOD = 3× SD of blank/slope of curve, in which the blank is the
normalized background saturation of analyzed TLC plates.
Additionally, to check whether the calculated LODs match with
actual observations by the naked eye, 1.0 μL of 62.5, 31.3, 15.6,
and 7.8 ng·μL−1 of THCA, THC, and CBN was loaded on
Ag(I)-TLC plate and went through solvent-development as well
as color development processes.
Analysis of (Mixed) Cannabis Extracts. (Mixed) cannabis

extracts (1.0 μL) (Table S2) were analyzed by Ag(I)-TLC plates
with smartphone detection. The normalized THCA saturation
value was used to calculate THCA content in samples by the
above-constructed THCA calibration curve. The normalized
THC and CBN saturation value was used to calculate the sum
content of THC + CBN in samples by the above-constructed
THC calibration curve unless noted otherwise. Further image
analysis in RGB space was explored to assess whether the color
of the THC and CNB spot could be used to assess whether it is
high in THC or CBN, as pure spots produce purple and orange
spots, respectively. Subsequently, total THC potential percent-
age was expressed as follows

%THCA THCA (VOL/DW) 100= [ ] × ×
%THC and %CBN were calculated similarly.

total THC potential percentage

(%THCA 0.877) %THC %CBN= × + +
where [THCA] is the measured concentration of THCA (μg/
mL), VOL is the external volume (300 μL), DW is the dry
sample weight (100.0 mg), and 0.877 is the molecular weight
ratio of cannabinoids to cannabinoid acids under study.31,32

Validation by HPLC-UV. The concentration of THCA, THC,
and CBN in cannabis extracts was determined by external
standard calibration curves (Figure S1 and Table S1) with
HPLC-UV at 228 nm. The total THC potential percentages in
(mixed) cannabis extracts were calculated in the same way as for
smartphone analysis except for the following difference in mixed
cannabis extracts.

%THCA ( THCA 10 spiked volume)/DW 100= [ ] × × ×

[THCA] (μg·mL−1) is the measured concentration in 1.00
mg·mL−1 marijuana solution from HPLC-UV at 228 nm, and
the spiked volume is 0, 0.12, 0.14, 0.2, 0.3, 0.4, 0.5 or 0.6 mL,
DW is the dry sample weight (100.0 mg), and %THC and %
CBN were calculated similarly.

■ RESULTS AND DISCUSSION
Comparison of Ag(I)-TLC and Unmodified TLC for

Separation of Standards. As colored products are formed by

coupling FBBB to the para position relative to the phenolic
group in slightly alkaline solution, the colorimetric reaction is
highly selective for phenols, but does not distinguish individual
members within the cannabinoid group.33 There are many
varieties of cannabis containing both THC analogues and CBD
analogues, which are difficult to separate by traditional TLC
methods.34 The difference in affinity of Ag(I) ions with a single
alkene C�C bond (weak) versus a 1,5-diene (strong)21 was
exploited here to allow the separation of these two groups.
As shown in Figure 3A, when applying unmodified TLC,

THC and CBD (isomers) have similar Rf values (0.55 and 0.60,

respectively) as well as the pair THCA and CBDA (isomers)
(0.29 and 0.34, respectively). The resolution of the closest two
spots (one from THC analogues and the other one from CBD
analogues) was only 0.6, making it difficult to distinguish the
THC analogues and CBD analogues, which is necessary for
assessing the total THC potential without interference from
CBD analogues. However, after extensive optimization (Figures
S6 and S7), a partially coated Ag(I)-TLC plate was successfully
developed and could be used to separate CBD analogues from
THC analogues (Figure 3B). The resolution between the
highest CBD analogue and the lowest THC analogue was 4.7,
which is almost 8 times the resolution on an unmodified TLC
plate.
Storage Stability of Ag(I)-TLC Plates. After obtaining the

optimized Ag(I)-TLC plates, storage stability was investigated
for robust applicability, considering the sensitivity of Ag(I)
toward light and humidity (Figures 4 and S8).35 There is little
difference in separation between THC and CBD for the first 37
days between plates stored under different conditions. This is

Figure 3. THC, CBD, CBN, CBG, THCA, and CBDA standards (from
left to right) loaded and separated on (A) an unmodified silica gel TLC
plate and (B) an Ag(I)-TLC plate.

Figure 4.Changes in resolution between THC andCBDduring storage
in plastic sealed bags and put on a desk, in a black box, or in a brown
desiccator. Error bars represent standard deviation (n = 3).
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probably because all Ag(I)-TLC plates were put in plastic, sealed
bags with the aluminum side up so that the influence of light and
humidity could be somewhat prevented during the initial storage
stage. With extended storage time, however, the separation
performance of Ag(I)-TLC plates stored on the desk dropped
sharply. During this process, the Ag(I) retention zone became
visibly and increasingly darker due to the photodegradation of
Ag(I) (Figure S8), which resulted in the compromised retention
effect toward CBD.Moreover, the absolute Rf of THC and CBD
increased (Figure S9), possibly due to the competitive binding
of water molecules on silica. When these plates are stored in a
black box, the effect from light can be excluded, and the
separation quality was constant for 44 days but did eventually
deteriorate upon storage between 44 and 88 days. Storage in the
brown desiccator with a drying agent yielded the best result, as
separation performance remained good during the entire
stability study, which lasted 88 days. Therefore, when suitably
stored, mass-produced Ag(I)-TLC plates could be used for
large-scale application.
Assessment of Ag(I)-TLC Separation by HPLC-MS/MS.

After obtaining a digital chromatographic separation (Figure
S10), HPLC-MS/MS was used to identify and quantify the
cannabinoids in the upper and lower parts of the TLC plate, in
the “standard_mixture” and “sample_mixture.” THCA, CBDA,
THC, CBD, CBN, and CBG were identified by comparing with
standards to match retention time and MRM signals (see
Figures 5A and S11). Other cannabinoids found in sample
extracts were identified by matching MRM signals and relative
retention times with the literature (Figures S12 and S13).36−38

THC, CBN, and THCA were identified in the detection zone,
while CBD, CBG, and CBDA were detected in the retention
zone of the Ag(I)-TLC plate (Figure 5B,C), which is consistent
with the observed colorimetric results. In contrast, when
applying unmodified silica TLC, all of these six standards were
found in the detection zone (Figure S11). During the HPLC-
MS/MS analysis of the “sample_mixture,” 12 cannabinoids
could be identified. On unmodified silica TLC, signals of all 12
cannabinoids were found in the upper part, and most
cannabinoids, except CBDV, CBG, and CBDA, were also
found in the bottom part (Figure S12). For Ag(I)-TLC plates,

all THC analogues (THCV, THC, CBN, THCVA, THCA,
CBLA) were found in the upper part (detection zone) and there
were no signals of any CBD analogues (CBDA, CBD, CBG,
CBDVA, CBDV, CBGA); in the bottom part (Ag(I) retention
zone), the main signals were from the CBD analogues (CBDV,
CBD, CBG, CBDVA, CBDA, and CBGA) (Figure S12). Two
minor signals of THCVA and THCA were also found in the
Ag(I) retention zone. However, the peak area of THCVA only
accounts for 4.0 ± 1.0% of the corresponding signal peak area
found in the upper part (detection zone), while for THCA the
value is 4.7 ± 1.0%. The retention of these two acidic
compounds in the bottom part is also found on normal TLC
plates, probably due to the interaction between the carboxyl
moieties and silica-based silanol.
Based on the colorimetric detection and mass spectrometric

identification of cannabinoids separated with Ag(I)-TLC plate,
it can be seen the Ag(I)-TLC plate has the ability to divide
cannabinoids into two groups. Structurally, in the bottom part
(Ag(I) retention zone), all cannabinoids share a 1,5-diene
moiety, while the cannabinoids in the detection zone have no or
only one double olefinic bond (Figure S13). From the
perspective of psychoactive effects, two compounds are most
relevant: THCV, which is the decarboxylated product resulting
from (nonpsychoactive) THCVA, and possesses ∼25% of the
psychoactive potency of THC,39 while CBLA is a rare and
poorly investigated cannabinoid, whose decarboxylated product
CBL was initially named “THC III”.40 For the CBD analogues,
CBD (decarboxylated from CBDA), CBG, and CBDV
(decarboxylated from CBDVA) are not psychoactive and have
various therapeutic properties. Thus, it appears that the
cannabinoids found in the detection zone tend to be
(potentially) psychoactive, while those retained in the Ag(I)
retention zone are nonpsychoactive.
Ag(I)-TLC Coupling with Smartphone for Semiquanti-

tative Analysis of THC Analogues. After fully assessing the
separation performance of Ag(I)-TLC plates, smartphone
analysis was used for semiquantification of THC analogues.
Calibration Curves and LOD.Calibration curves between the

absolute amount of THCA, THC, or CBN loaded on the plate
and the saturation values were first constructed (Figure S14),

Figure 5. HPLC-MRM chromatograms of detected cannabinoids in (A) “standard_mixture,” (B) extract of Ag(I)-TLC detection zone silica after
separating “standard_mixture,” and (C) extract of Ag(I) retention zone silica after separating “standard_mixture”.
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which showed good linearity (R2 = 0.96−0.98) in the range of
0.2−2 μg and LODs of 11 ng for THC, 54 ng for CBN, 50 ng for
THCA. The lowest visible amount on a developed TLC plate
was 15.6 ng for THC, 31.3 ng for CBN, and 31.3 ng for THCA
(see Figure S15), which are similar to the calculated values.
Distinction between THC and CBN by Image Analysis. By

applying the smartphone calibration curves, separate semi-
quantitative analysis of THCA in samples can be achieved.
However, since the spots of THC and CBN on Ag(I)-TLC
plates overlap (Figure 3B), separate analysis of THC andCBN is
challenging. In a previous study, the sum of THC + CBN has
been used to assess the initial THC level and thus indirectly
cannabis potency.32 Similarly, in this work, the combined THC
and CBN spot was used to estimate the total amount of THC +
CBN from the THC calibration curve. Due to the slightly
different smartphone signal contributions from individual THC
andCBN (as shown in their separate calibration curves in Figure
S14), some error can be expected when analyzing samples
containing various relative compositions of THC and CBN. To
investigate this, a series of THC + CBN standard mixtures with
same absolute amount but different CBN/(THC + CBN) ratios
were analyzed by the Ag(I)-TLC plates (Figure S16A), and the
smartphone saturation signal from each spot was compared with
that from the pure THC spot. When the CBN/(THC + CBN)
ratio is between 0 and 0.6, the saturation signals showed little
differences with that from pure THC; however, when the CBN/
(THC + CBN) ratio is larger than 0.6, saturation signals
accounted for around 70% of the signal from pure THC (Figure
S16B). Under this circumstance, applying a THC-only
calibration curve to calculate the sum content of THC + CBN
would end up with an underestimation of the THC + CBN
content. Considering the fact that fresh cannabis or relevant
products normally contain little CBN (CBN/(THC + CBN) <
0.6),32,41 this would not lead to issues with our semiquantitative
method in most cases. However, samples could contain higher
CBN content (CBN/(THC + CBN) > 0.6) due to long storage,
possibly at ambient temperature or without protection from
light.32 It was thus investigated whether smartphone image
analysis could be used to at least identify when this would be the
case. This check is based on the fact that pure THC produces an
orange color, whereas pure CBN produces a purple color, after
reacting with FBBB. The distinction between such high and low
CBN samples could be achieved by RGB color analysis. In short,
the relative difference between the R and B components was
measured in ImageJ and normalized to a value ranging between
100%THC (1) and 100%CBN (0) (see Figures S17 and S18 for
more details). This method allows identification of samples
containing higher ratios of CBN/(THC + CBN) (>0.6), for
which the application of the CBN calibration curve would then
be appropriate.
Analysis of (Mixed) Cannabis Extracts. Mixed cannabis

extracts set 1 and mixed cannabis extracts set II (see Table S2)
were analyzed by Ag(I)-TLC coupled with smartphone
detection (Figure S19A,B). The THC calibration curve was
applied to calculate the sum content of THC + CBN since the
RGB color analysis showed that the marijuana extract has a
CBN/(THC + CBN) ratio smaller than 0.6 (Figures S17 and
S18). The total THC potential percentage was calculated and
plotted against the spiked total THC potential percentage. As
shown in Figure 6, the calculated total THC potential
percentages have good correlation with the spiked total THC
potential percentages for these two sets of samples (R2 = 0.97),
up to ∼1%. Apart from that, the curves representing two sets of

samples almost overlap, which means that there is no obvious
interference from CBD for the analysis of THC analogues, due
to the digital chromatographic separation by the developed
Ag(I)-TLC plate. The results of CBD spiked samples also show
the potential application of screening illegal CBD products
according to diverse legislative status toward THC (legal limit
varies from 0.05 to 1%) and CBN (controlled substance in the
U.K.) in CBD-related products among the world.42,43

Considering that the Ag(I) retention zone has the ability to
retain CBD, CBG, and CBDA up to 10 μg (Figure S20) and the
linear range for THC and CBN is 0.2−2 μg, the detectable ratio
range of THC/CBD would be limited to 0.02−0.2. However,
according to our previous analysis results of commercially
available oils labeled as “CBD oil,” four out of 10 CBD oils
contained a THC/CBD ratio higher than 0.02,21 which means
they could also have been detected by this Ag(I)-TLC coupled
with a smartphone.
To explore the method for real samples, two cannabis samples

and one commercial CBD oil were analyzed as well (Figure
S19C). When performing RGB color analysis, cannabis_1 and
cannabis_2 gave a result that indicated a CBN/(THC + CBN)
ratio higher than 0.6 (Figures S17 and S18), which matches with
the HPLC-UV results with a CBN/(THC + CBN) ratio 0.7 for
cannabis_1 and 0.9 for cannabis_2 (Table S1). Therefore, the
CBN calibration curve instead of THC calibration curve was
applied for calculating the sum of THC + CBN. The obtained
total THC potential percentages from cannabis_1, cannabis_2,
and CBD oil were compared with the HPLC-UV analysis
(Figure 6). These results were consistent with HPLC-UV
results, although the precision was worse (for HPLC-UV, RSD
varies from 1.2 to 3.1%; for smartphone, RSD varies from 5.9 to
10.8%). The calculation of total THC potential in this studymay
result in an overestimation toward the psychoactive effects of the
tested samples considering the lower potency of CBN (around
10%) compared with THC. However, as a screening method, it
can minimize false-negative results by reflecting the maximum
psychoactive potential.

■ CONCLUSIONS
The Ag(I)-TLC smartphone method that we describe in this
paper allows for a reliable semiquantitative analysis of total
THCA, THC, and CBN, which could be potentially applied in
the field as a fast screening method for the classification of
cannabis varieties. The method is based on a different

Figure 6. Relationship between total THC potential percentage and
normalized saturation of THC analogues.
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complexation of THC analogues and CBD analogues with Ag(I)
ions, leading in turn to good separation of these cannabinoid
classes. As THC analogues migrate out of the Ag(I) area,
interference from Ag(I) with the color analysis is avoided.
Afterward, smartphone image analysis affords a semiquantitative
tool for determining total THC analogues percentage.
Furthermore, based on different RGB color information of
THC and CBN spots, a distinction between high ratio (>0.6) of
CBN/(THC + CBN) and low ratio (≤0.6) of CBN/(THC +
CBN) could be achieved. Multiple cannabis herbal samples can
be analyzed simultaneously by the developed method within 10
min, requiring only a few milliliters of solvent. The good
correspondence between HPLC-UV and the Ag(I)-TLC
methods for different samples confirms the applicability of the
current method. Samples identified as positive by our cheap and
fast screening method can then be re-tested in the lab by a
validated quantitative method, such as HPLC-UV. The
developed method reinvigorates TLC analysis of THC
analogues and requires no special instruments. Thus, it could
be useful on-site and affordable to local authorities and small
laboratories due to its simplicity, low operating cost, and use of
inexpensive and general instruments, and seems an ideal
approach to conduct large-scale surveillance programs for the
rapid detection and content determination of cannabinoids.
Apart from that, this method is also promising to be applied for
cannabis freshness identification and THC screening in CBD
products.
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