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T
oday, adulteration extends to almost
all types of products. Fuels, high-
value cosmetic oils and foodstuff (such

us extra virgin olive oil), medicines, and
other chemicals are routinely counterfeited
to produce illegitimate profit. Fuel stealing
or illegal treading is a real problem in many
countries, being responsible for huge mon-
ey losses for governments.1,2 For this rea-
son, several oil authentication programs
have been promoted. Extra virgin olive oil
adulteration with cheaper oil has become
more frequent in recent years.3,4 Authenti-
city determination of olive oil product is fun-
damental for both trader interests and con-
sumer health. Essential oils are expensive
oils with a variety of cosmetic, therapeutic,
and culinary uses which are also often
adulterated to increase profit.5 However,

only pure products contain a full range of
components in the right ratios, imparting
unique aroma, cosmetic, and therapeutic
properties that fake imitations cannot
replicate.
Several tagging approaches have been

proposed against adulteration, making use
of imperceptible labels attached or inte-
grated within products and identifiable by
specific instruments and procedures. Be-
sides being invisible, a product tag should
be inert, resistant, and harmless. Addition-
ally, it should not affect product properties
and should be cheap and easily detected.
Tagging technologies include magnetic
inks,6 fluorescent labels,7 photochromic
and thermochromic inks,8 isotopic tracers,9

and Raman-active components.10 Polypep-
tides11 and nucleic acids12�14 have also
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ABSTRACT A method to encapsulate DNA in heat-resistant and

inert magnetic particles was developed. An inexpensive synthesis

technique based on co-precipitation was utilized to produce Fe2O3
nanoparticles, which were further functionalized with ammonium

groups. DNA was adsorbed on this magnetic support, and the DNA/

magnet nanocluster was surface coated with a dense silica layer by

sol�gel chemistry. The materials were further surface modified with

hexyltrimethoxysilane to achieve particle dispersibility in hydro-

phobic liquids. The hydrodynamic particle sizes were evaluated by

analytical disc centrifugation, and the magnetic properties were

investigated by vibrating sample magnetometry. The obtained nanoengineered encapsulates showed good dispersion abilities in various nonaqueous fluids

and did not affect the optical properties of the hydrophobic dispersant when present at concentrations lower than 103 μg/L. Upon magnetic separation and

particle dissolution, the DNA could be recovered unharmed and was analyzed by quantitative real-time PCR and Sanger sequencing. DNA encapsulated

within the magnetic particles was stable for 2 years in decalin at room temperature, and the stability was further tested at elevated temperatures. The new

magnetic DNA/silica encapsulates were utilized to developed a low-cost platform for the tracing/tagging of oils and oil-derived products, requiring 1 μg/L =

1 ppb levels of the taggant and allowing quantification of taggant concentration on a logarithmic scale. The procedure was tested for the barcoding of a fuel

(gasoline), a cosmetic oil (bergamot oil), and a food grade oil (extra virgin olive oil), being able to verify the authenticity of the products.
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been used as taggants. Above all, DNA offers unique
opportunities in this field, supported by mature DNA
synthesis and analysis procedures.
Nucleic acids are Nature's method to store and

transmit instructions. Double helix conformation and
stability allow DNA to accomplish this vital function.
Since DNA-related technologies were established, sev-
eral artificial DNA structures for a broad range of
applications have been designed.15�23 The use of
DNA codes has also been developed: DNA barcoding
is now a well-known strategy to identify biological
species, as DNA fingerprinting is used to prove the
identity of people (paternity test, forensics, victim
recognition) and the biological origin of foodstuff.3

Instead of using natural occurring genomic sequences,
artificial DNA with a unique sequence can also be
introduced into goods to be marked.12�14 In this
way, identification of any branded product becomes
possible.
The idea of writing, storing/carrying, and retrieving

nongenetic information on DNA is powerful.14,24�28

However, incredible capabilities of DNA as Nature's
storage system also arise from the ability of organisms
to repair DNAwhen lesions occur. DNA stability per se is
limited29 because it can be damaged by metabolic
processes as well as by several environmental factors.
When DNA is used as information storage/carrier out-
side living organisms (an idea dating back about 20
years), there is lack of repairing processes and DNA can
be severely damaged. To avoid its degradation and
preserve its integrity DNA has to be preventively
protected. While good protection against enzymatic
degradation can be achieved by DNA complexation
with positively charged molecules/particles,30,31 or
encapsulation in polymeric capsules,32 prevention of
damage produced by radiation, temperature fluctua-
tions, chemical (e.g., redox) exposure is more challen-
ging. Several cold and dry storage strategies,
eventually combined and improved by storage
additives,33,34 are used to store/transport DNA. Alter-
native solutions, such as DNA encapsulation into por-
ous silica matrix35,36 or within layered metal hydrox-
ide,24,25 have also been proposed.
In previous studies,14,28 we have encapsulated

ssDNA and dsDNA of various lengths in silica to
produce radical-resistant and heat-resistant “synthetic
fossils”. These silica materials could be dissolved with
fluoride comprising buffers (i.e., buffered oxide etch,
BOE) to recover intact DNA. This approach allows for a
protection of DNA against chemical attack because it
provides a physical barrier that completely isolates
DNA from the external environment, a situation very
similar to that in natural fossils.
For the recovery of analytes from solution, magnetic

separation methods are currently applied in different
areas of analytical chemistry because of the advan-
tages offered in comparison to similar nonmagnetic

techniques.37�39 Therein, magnetic separation of ana-
lytes allows for better sample handling and up-
concentration and is suitable for use in a variety of
automated analytical procedures. Fast and easy recov-
ery of magnetic particles, as well as the absence of
sample volume limitations, results in their broad utili-
zation in separation, identification, and quantification
of several chemical and biological species. For these
reasons, the use of magnetic biotechnology22,23 for
tracing/tagging is very attractive.13,40

In the present article, we present how the above-
described concepts of DNA analytics, magnetic separa-
tion, and silica encapsulation can be combined to
generate potent (read out at 1 ppb) and low-cost
(0.02 ¢/L of product) tracers for the marking of oil-
based items.
We tested our tagging/tracing technology with

three model oils, a fuel oil (gasoline), a cosmetic/
therapeutic oil (bergamot oil, used in perfumery and
cosmetics), and a food grade oil (extra virgin olive oil),
to scan a range of different oil types and present the
applicability of the newly designed materials.

RESULTS AND DISCUSSION

Iron oxide nanoparticles were produced by a con-
ventional co-precipitationmethod under ambient con-
ditions. Since maghemite and magnetite XRD patterns
are nearly identical, the iron oxide form obtained could
not be identified by this method. However, the aerobic
synthesis conditions predicted formation of γ-Fe2O3.

41

The nanocrystallite size, calculated from the XRD pat-
tern (Figure 1a) by means of the Scherrer formula, was
estimated to be 12 nm.
Magnetization data (Figure 1b and Table 1) revealed

soft magnetic behavior of the nanoparticles, with a
saturation magnetization of 50 emu/g and nearly zero
hysteresis, as shown by the inset of Figure 1b, indicat-
ing superparamagnetic properties.
Hydrodynamic size distribution of the produced

Fe2O3 nanoparticles was obtained using an analytical
photocentrifuge (LUMiSizer, see Supporting Information).
The mean hydrodynamic particle size according to
Stokes' law (calculated using a density of 5.6 g/cm3)
was 43 nm.
The Fe2O3 nanoparticles were reacted with N-

trimethoxysilylpropyl-N,N,N-trimethylammonium chlo-
ride (TMAPS)14,28,42 to have surface ammonium groups
able to interact with negatively charged DNA (Figure 2).
The surface functionalization of the iron oxide with
TMAPS was studied by IR spectroscopy (Figure 3), by
zeta-potential measurements, and by element micro-
analysis (Table 2).
DNA was readily adsorbed on the surface of the

positively charged magnetic nanoparticles, as evi-
denced by the IR spectrum (Figure 3), the zeta-
potential value (Table 2), and by Qubit (see Supporting
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Information) fluorometric quantitation (1.0 ( 0.5 μg
DNA per mg of particles). In the following step, the
particles were encapsulated in silica by using TMAPS as
co-interacting species and tetraethoxysilane (TEOS) as
a silica precursor,14,28 as illustrated in Figure 2.
A dense silica coating was grown to ensure com-

plete sealing of dsDNA adsorbed onto the iron oxide
nanoparticles. Electron microscopy (Figure 1c) of the
obtained nanostructured particles illustrates the ma-
ghemite cores embedded in the silica matrix. The
presence of the nanometer thick silica coating was
also verified by IR spectroscopy (Figure 3, band around
1090 cm�1) and by zeta-potential measurements
(Table 2). As expected, the presence of the SiO2 shell
reduced the magnetic performance of the material.

The observed decrease of the saturation magnetiza-
tion from 50 to 19 emu/g suggested the presence of
∼60 wt % silica in the final material.
For read out of the presence and concentration of

the tag, DNA has to be released from the particles. It is
well-known that silica dissolves rapidly in fluoride-
containing solutions (forming SiF6

2�), but with the
aid of some acidity, iron oxide is also attacked and
dissolved in buffered fluoride solutions. Indeed,
uponmixing aqueous suspensions of the particles with
a buffered fluoride-containing solution (BOE, F� =
0.025 wt % in water, pH∼4), the silica top layer as well
as the iron oxide cores were dissolved, and the DNA
molecules were freed. The compatibility of dilute BOE
solutions and DNA (DNA is not affected by F� ions) has
previously been shown.14,28 After dissolving Fe2O3 and
SiO2, the released DNA was amplified directly using a
standard quantitative PCR protocol, without the need
for purification prior to analysis. Even at the highest
concentration of particles in water (106 μg/L = 1 g/L),
the concentrations of the ionic species in the final PCR
mix did not affect the polymerase efficiency (SiF6

2�,
Fe2/3þ, NH4

þ, and F� at calculated concentrations of
e12, 2, 41, and 63 μg/mL, respectively). Figure 4 shows

Figure 1. (a) XRD pattern of Fe2O3 nanoparticles prepared by co-precipitation; (b) hysteresis loops of Fe2O3 nanoparticles
(solid line) and of Fe2O3/TMAPS/DNA/SiO2�C6 particles (dashed line); (c) TEM micrograph of Fe2O3/TMAPS/DNA/SiO2

particles; (d) particle size distributions of Fe2O3 nanoparticles in water (solid line) and of Fe2O3/TMAPS/DNA/SiO2�C6
particles in toluene (dashed line).

TABLE 1. Saturation Magnetization and Corresponding

Coercivity and Remanence Data for Pristine Fe2O3

Particles and for Fe2O3/TMAPS/DNA/SiO2�C6

sample

magnetization

(emu/g)

coercivity

(Oe)

remanence

(emu/g)

Fe2O3 50 2 0.2
Fe2O3/TMAPS/DNA/SiO2�C6 19 2 0.1
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standard curves (left, triangles) and amplification
curves (right) obtained from dilution series of DNA
particle dispersions in water.
In order to show the advantages of magnetic separa-

tion, the particles present in 1 mL of solution were
separated from an Eppendorf tube with the use of an
external magnet prior to dissolution in BOE. With this
procedure, 100 times more particles (and DNA) could be
sampled, resulting in an∼8 cycle lower thresholdCT anda
consequently∼100 times lower detection limit. One part
perbillion (1μg/L) ofparticles couldbedetected (CT∼24).

To obtain tags dispersible in oils, the silica surface
was further reacted with N-hexyltrimethoxysilane to
obtain hydrophobic particles. Besides observing sub-
stantially increased compatibility with hydrophobic
organic solvents, C6 surface functionalization was con-
firmed by IR spectroscopy (Figure 3; bands at 2957,
2926, and 2858 cm�1 indicating C�H bonds) and ele-
ment microanalysis (Table 2).
The suspension stability in toluene and the corre-

sponding particle size were assessed by photocentri-
fugation (LUMiSizer). The hydrodynamic particle size
distribution in toluene, with a mean value of 135 nm, is
displayed in Figure 1d. It was obtained from Stokes'
law, assuming a particle density of 3.3 g/cm3 (60 wt %
SiO2, 40 wt % Fe2O3; see Supporting Information for
density calculation). This corresponds to a calculated
particle sedimentation velocity (in the absence of addi-
tional centrifugal or magnetic forces; see Supporting
Information for sedimentation velocity calculation) of
4� 10�8m/s (i.e., sedimenting at a rate of 4mmperday).
The surface-functionalized particles were dispersed

in toluene at various concentrations (ranging from 1 to
106 μg/L), and the release of the DNA from the particles
was attempted after evaporation of the toluene. How-
ever, DNA recovery was far from quantitative and
differed in about 10 cycles compared to the aqueous
sample. It seems that residues from the evaporated
toluene were interfering with the polymerase reaction.
In this scenario, magnetic separation becomes essen-
tial since it permits collection of the encapsulates and
discards the supernatant instead of drying it. Addition-
ally, bigger volumes can easily be used, increasing the
amount of collectable encapsulates and recoverable
DNA. As expected, via magnetic separation, we ob-
served DNA amplification for all evaluated particle dilu-
tions (from 104 down to 1 μg/L = 10 ppm to 1 ppb),

Figure 2. (a) Synthesis of Fe2O3/TMAPS/DNA/SiO2�C6 particles and (b) analytic route of DNA recovery from oil particle
suspensions and subsequent quantification by qPCR.

Figure 3. IR spectra of (a) Fe2O3 nanoparticles, (b) Fe2O3/
TMAPS, (c) Fe2O3/TMAPS/DNA, (d) Fe2O3/TMAPS/DNA/SiO2,
and (e) Fe2O3/TMAPS/DNA/SiO2�C6 particles.

TABLE 2. Zeta-Potential Data and Element Microanalysis

for Carbon, Hydrogen, and Nitrogen

sample C% H% N% zeta-potential (mV)

Fe2O3 0.22 0.75 0.09 6
Fe2O3/TMAPS 2.81 1.15 0.49 34
Fe2O3/TMAPS/DNA 3.39 1.15 0.93 �24
Fe2O3/TMAPS/DNA/SiO2 3.12 1.33 0.64 �24
Fe2O3/TMAPS/DNA/SiO2�C6 5.13 1.60 0.66
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both in water and toluene. In all cases, the cycle
threshold difference from the positive sample to the
negative control was g7 (Figure 4). No statistical dif-
ference between the aqueous sample and the toluene
sample was evident.
A proper tagmust not only be dispersible in the final

fluid but also be invisible, still being detectable. There-
fore, it was important to assess the optical properties of
particle dispersions. Visible absorption spectra and
photographs of particles in toluene suspensions of dif-
ferent concentrations are shown in Figure 5 in compar-
ison to pure toluene. We observed that the tags did not
affect the transparency of the dispersant at concentra-
tions below 103 μg/L: particle suspensions appeared
like pure toluene to the naked eye and possessed
identical visible absorption spectra (max visible absor-
bance <0.02).
Via magnetic separation, we were also able to

detect and quantify DNA from particle dispersions in
decalin and oils. Decalin was chosen as a nonpolar
high-boiling model compound. Where necessary
(decalin and olive oil; see Methods), the oil was first
diluted with toluene to decrease its viscosity, and the
particles were separated by the use of a magnet and
were washed with toluene prior to DNA release in BOE
buffers. The taggant information (base sequence) was
maintained during the procedure, as evidenced in the
sequencing chromatograms (Sanger sequencing) in
Figure 6.28

We tested temperature stability of the taggants in
comparison to unprotected DNA. We performed the
temperature treatment in water (before the hydropho-
bization step) because water represents the only good
solvent for free DNA and encapsulated DNA. The two
systems were heat treated at 95 �C for durations of up
to 24 h (Figure 7a). After 4 h treatment at 95 �C, almost
all of the free DNAwas degraded (<0.002% remaining),
while about 15% protected DNA survived. We also
performed a stability test for shorter durations and

higher temperatures (Figure 7b) to show the increased
stability of protected DNA to high level of stress. For
this purpose, we used dispersions of the particles in
decalin (bp = 189�191 �C), which were heat treated at
temperatures between 100 and 160 �C for 30 min. For
comparison, unprotected DNA solutions in water with

Figure 4. Standard curves (left) and amplification curves (right) of 10-fold serial dilution of particle dispersions obtained both
by direct sampling (triangles) and by magnetic separation (squares) from water and by magnetic separation from toluene
(spheres). At each particle dilution, the use of magnetic separation allowed for sample preconcentration, lowering the cycle
threshold CT to significantly lower values (∼8 cycles, i.e., 100� more concentrated).

Figure 5. Visible absorption spectra of several Fe2O3/
TMAPS/DNA/SiO2�C6 suspensions in toluene, at different
particle concentrations. A photograph insert of toluene
(center) of 1 μg/L (left) and 104 μg/L (right) Fe2O3/TMAPS/
DNA/SiO2�C6 particles in toluene is included.

Figure 6. Sequencing chromatograms of base 95�109 of
unprocessed dsDNA sequence (top panel) and encapsu-
lated/recovered from decalin (bottom panel).
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similar DNA concentrations were also treated. About
80% DNA in Fe2O3/TMAPS/DNA/SiO2�C6 particles re-
sisted the treatment at 100 �C for 30 min, conditions at
which less than 0.05% unprotected DNA survived
(Figure 7b). Although considerable amounts of DNA
were degraded at treatments at higher temperatures,
the taggants were still detectable after heating to
160 �C for 30 min (unprotected DNA was no longer
detectable after heating in water to 120 �C). We addi-
tionally tested the long-term storage capability of the
particles in decalin by an accelerated aging test at 65 �C
for 35 days (equivalent to storage at RT for 2 years),
without substantial losses (Figure S3).
To show the applicability of the magnetic taggants,

we utilized gasoline as an example for a fuel, bergamot
oil as an example of a cosmetic oil, and extra virgin
olive oil as an example of a food grade oil. The taggants
formed dispersions in all three systems. Particle sizes
were assessed in gasoline and limonene (the major
constituent of bergamot oil), yielding 160 and 162 nm
average diameters (see Figure S4, Supporting Informa-
tion; particle analysis using analytical photocentrifuga-
tionwas impeded by the high viscosity and color of the
olive oil). The particle size and the low concentration
used suggest that sedimentation/aggregation phe-
nomena are not significant (see calculations in Sup-
porting Information). A dilution series over the particle
concentration range of 1�100 μg/L was obtained for
each oil by qPCR. Mean CT value for negative control
(qPCR reaction set up with water instead of sample)
was also recorded. All samples showed a clear depen-
dence of the CT (and hence of DNA concentration) on
the amount of taggant present (Figure 8). To statisti-
cally analyze qPCR results, we carried out two-sample t
test (Supporting Information), showing for each oil
that mean CT values of any pair of standard curve
points recorded were significantly different if averages

were taken from five independent samples (Figure 8

and Supporting Information for complete data set).

Oil samples with merely 1 μg particles per liter were

also differentiated from the negative control group to a
certainty of >99.9% (p < 0.001 for each oil), which en-
sures discrimination of adulterated oil-based products.
This is close to the limit of detection of the method: an
additional 10-fold dilution of the oil sample would only
allow differentiation from blanks to a certainty of <80%
(p > 0.2 for CT g 30.5), too low for a commercial use of
the product. Closer differentiation of dilution would be
possible if more individual samples were averaged but
is limited by the intrinsic logarithmic scale of the qPCR
method.
All three fluids are known objects of adulteration,

and chromatographic and spectroscopic techniques
are currently being used to gain insight into the
modifications involved.1,2,4,5 Results are often

Figure 7. (a) qPCR analysis of encapsulatedDNAheat stability inwater at 95 �C for durations of up to 24 h compared to that of
unprotected DNA in water. Gray bars represent protected DNA, patterned bars free DNA. (b) qPCR analysis of encapsulated
DNA heat stability in decalin at temperature between 100 and 160 �C (30 min treatment) compared to that of unprotected
DNA in water (pressurized at 120 �C). Rhombus patterned bars represent protected DNA in decalin, line patterned bars free
DNA in water. Asterisk (*) indicates data below detection limit (<10�7 μg/mL DNA). (**) Free DNA samples were not evaluated
for temperatures exceeding 120 �C due to water evaporation.

Figure 8. qPCR analysis of DNA in oil dispersions (100, 10,
and 1 μg/L Fe2O3/TMAPS/DNA/SiO2�C6 particles in berga-
mot oil, gasoline, and olive oil), showing significant CT value
differences (two-sample t test) between oil samples at
different concentrations: (*) p < 0.05; (**) p < 0.001; (***)
p < 0.1.
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unsatisfactory since it is not always possible to discri-
minate components added/substituted. DNA finger-
printing has been applied to identify fraudulent olive
oil and/or determine its origin. However, it involves
DNA extraction procedures which not always ensure
enough DNA for analysis and have to be optimized
based on the amount/type of PCR inhibitors present in
the oil sample.3 In contrast, the technology presented
here is a universal method which could be applied to
each oil type and oil sample without the need for
specific optimization.
At a taggant concentration of 1 μg/L (=1 ppb) and a

calculated material cost of the taggant of∼200 USD/g,
the financial burden of marking a given oil with this
technology is 0.02 ¢/L (calculated from chemical costs
on laboratory scale, worst case; see Supporting Infor-
mation for details). This is well below 0.02% of the final
product value for a bulk commodity and even lower if
used tomark a branded product. Furthermore, the cost
is in the range of current expenses for the most
accepted methods of product labeling (printing bar-
code on cardboard).
The taggants were designed with biocompatbility

in hindsight, as both iron oxides and silica particles
are considered biocompatible and a recent study
showed that iron may enhance the biodegradability
of silica.43 Also, both materials are approved as
food additives (amorphous silica = E551, iron oxide
pigment = E172) and the Experts group on Vitamins

and Minerals set a safe upper level for silicon intake at
700 mg per day.44 Still, the use of the magnetic
taggants to regulated applications in pharmaceutics,
food, and cosmetics will require further toxicity testing
and approval.

CONCLUSIONS

We developed a method to produce inert taggants
for oil items. They consist of hydrophobic nano-
engineered particles embedding artificial dsDNA se-
quences. The particles have a core/shell structure,
made of iron oxide and silica. The iron oxide is respon-
sible for the magnetic properties, while the surround-
ing silica matrix acts as protective barrier and confers
heat stability and surface functionality. DNA could
be recovered from the particles upon dissolution in
fluoride-containing solution and analyzed by qPCR
and Sanger sequencing. The magnetic core of the par-
ticles facilitated handling and allowed for sample con-
centration. The magnetic tags were easily retrieved
from oils, identified and quantified on a logarithmic
scale: we could successfully detect them in bergamot
oil, olive oil, and gasoline suspensions and statistically
discriminate 10-fold dilution steps of the products. In-
credibly small amounts of particles (down to 1 μg/L)
and minute volumes (1 mL) were sufficient to perform
authenticity tests of the oil products. Furthermore,
the method is universal because it does not require
procedure optimization based on oil type.

METHODS
Fe2O3/TMAPS/DNA/SiO2�C6 Particle Synthesis. Fe2O3 particles

were synthetized by conventional co-precipitation of Fe2þ/3þ

ions (Fe2þ/Fe 3þ = 1:2) under alkaline conditions. Four grams of
FeCl2 3 4H2O (Aldrich, 99%) and 10.8 g of FeCl3 3 6H2O (Aldrich,
98%) were dissolved in 50 mL of distilled water. The solution
was added dropwise into 500 mL of a 1 M NH4OH (prepared
from Sigma Aldrich, 25%) solution under vigorous stirring at
room temperature. The obtained particles were washed five
times and stored in water at a concentration of ∼50 mg/mL.

The prepared magnetic particles were functionalized with
ammonium groups using N-trimethoxysilylpropyl-N,N,N-trimethyl-
ammonium chloride (TMAPS, 50% in MeOH, ABCR GmbH).14,28,42

Tenmicroliters of TMAPSwas added to 1mL of particle suspension
in isopropyl alcohol (∼50 mg/mL), and the mixture was stirred
overnight (900 rpm) at room temperature. Particles were washed
three times and stored in isopropyl alcohol at ∼50 mg/mL.

The dsDNA (50-ATT CAT GCG ACA GGG GTA AGA CCA TCA
GTA GTA GGG ATA GTG CCA AAC CTC ACT CAC CAC TGC CAA
TAA GGG GTC CTT ACC TGA AGA ATA AGT GTC AGC CAG TGT
AAC CCG AT-30 , purchased by Microsynth AG) was adsorbed on
the particles by mixing 1 mL of a 16 μg/mL DNA solution in
water with 15 μL of particle suspension, followed by three
washing cycles and redispersion in water (0.5 mL).

An additional layer of TMAPSwas adsorbed onto the particle
surface before growing SiO2 by using tetraethoxysilane (TEOS,
g99%, Aldrich) as Si source.14,28 One microliter of TMAPS was
added to the particle dispersion, which was then vortexed
before adding 1 μL of TEOS. The mixture was stirred
(900 rpm) for 4 h at room temperature, and then additional
8 μL of TEOS was added. The reaction was run for 4 days and
stirred at 900 rpm.

C6 functionalization was achieved by conducting hydro-
lysis of N-hexyltrimethoxysilane according to the following
procedure. Fe2O3/TMAPS/DNA/SiO2 particles were redispersed
in ethanol (260 μL, ∼4 mg/mL). Forty microliters of NH4OH
(Sigma Aldrich, 25%) was added, and the dispersion was stirred
(900 rpm) for 30 min at 40 �C. A solution consisting of 100 μL of
N-hexyltrimethoxysilane (TCI, >96%) and 50 μL of ethanol
was then added. The mixture was stirred overnight at 40 �C.
The particles were washed three times and stored in toluene
(100 μL, 10 mg/mL).

DNA Recovery. Encapsulated dsDNA was recovered using a
buffered oxide etch solution (NH4FHF/NH4F, 0.23 g of NH4FHFþ
0.19 g of NH4F in 10 mL of water) prepared and handled as
described in Paunescu et al.28 Since C6-functionalized particles
are highly hydrophobic and the etching solution is aqueous,
more time was required for their complete dissolution than
the time needed to dissolve the nonfunctionalized ones (few
minutes).

qPCR Standard Curves. Standard curves were obtained from
10-fold dilution series (in water for unfunctionalized particles,
in toluene, bergamot oil, gasoline, and extra virgin olive oil for
particles bringing C6 modification) of the original particle dis-
persions. For comparison, both curves without and via mag-
netic separation were produced. Without magnetic separation:
300 μL of diluted buffered oxide etch (1:100) was added to 10 μL
of particle dispersion at each dilution to dissolve the particles.
When toluenewas the dispersant, the sample was dried at 45 �C
(Concentrator plus, Eppendorf AG) for 15min before adding the
etching solution. The solution was directly analyzed by qPCR.
With magnetic separation: 1 mL of particle dispersion was
placed in a magnetic separator and left to allow for complete
particle separation. Olive oil suspension was diluted with
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toluene (1 mL of oil þ 1 mL of toluene) to facilitate separation.
Particles collected from oil suspensions were washed once with
toluene. Again, drying (3 min) was necessary to remove residual
toluene. Then, 300 μL of diluted buffered oxide etch was added
as before, and qPCR was performed. A standard qPCR protocol
(Roche LightCycler 96) was used, with the following primers
sequences: 50-ATT CAT GCG ACA GGG GTA AG-30 (forward
primer) and50-ATCGGGTTACACTGGCTGAC-3 (reverse primer),
purchased from Microsynth AG. Experiments with water and
toluene particle suspensions were performed in triplicate (n = 3)
and repeated twice, with similar results, to determine both qPCR
analysis reproducibility and reproducibility of the experiments.
In the case of the oils, five samples for each taggant concentra-
tion considered were analyzed, each assayed by qPCR six times
(n = 30). Each qPCR reaction was assessed against a negative
control, which contains water instead of sample DNA. Data are
provided as mean CT value ( standard deviation.

DNA Absolute Quantification. Sample absolute quantification
was accomplished using a standard curve (Figure S2 in the
Supporting Information), generated from DNA samples of
known concentration (determined by Qubit dsDNA HS assay,
Invitrogen). Any unknown sample concentration was then de-
termined by interpolation from this curve.

Thermal Stability. For comparison, both encapsulated and
free dsDNA were heat treated. Free DNA: 100 μL of dsDNA in
water (0.08 μg/mL) was treated at 95 �C for a duration up to 24 h
(two samples per time point, each analyzed in triplicate by
qPCR) and at various temperatures (100 and 120 �C) for 30 min
(two samples per temperature, each analyzed in duplicate).
Protected DNA: 100 μL of a 106 μg/L Fe2O3/TMAPS/DNA/SiO2

particle dispersion in water was heat treated at 95 �C for periods
of time up to 24 h (two samples per time point, each analyzed in
triplicate). Then, 300 μL of diluted buffered oxide etch (1:100)
was added to 10 μL of treated particle dispersion, and the ob-
tained DNA solution was analyzed and quantified by qPCR. One
hundred microliters of a 105 μg/L Fe2O3/TMAPS/DNA/SiO2�C6
particle dispersion in decalin (mixture of cisþ trans, 98%, Sigma
Aldrich) was heat treated at temperatures between 100 and
160 �C for 30 min (two samples per temperature, each analyzed
in duplicate). After treatment, the dispersion (100 μL) was
diluted with toluene (900 μL) to reduce the viscosity, before
separating the particles by magnetic means. The separated
particles were dried for 3 min at 45 �C and dissolved using
300 μL of 1:100 BOE. The DNA solution was directly analyzed
and quantified by qPCR.

Data and error bars represent concentration mean values
and standard deviations obtained.

Sanger Sequencing. Particles were separated from 100 μL of
106 μg/L dispersion in decalin by magnetic means. After a
washwith toluene, particleswere dissolved in 100 μL of buffered
oxide etch. DNA solution was then purified (QIAquick PCR
purification kit) and sequenced. DNA was sequenced in the
direction 50-30 with the primer 50-CAG GGG TAA GAC CAT
CAG-30 (Microsynth AG).
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