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Luminescent metal-organic frameworks (MOFs) are known to
spontaneously self-assemble on human fingerprints. Here, we
investigate the different chemical components of fingerprints and
determine that MOF growth is predominantly induced by insoluble
fatty acids. This finding shows that these simple biomolecules can
be employed for the precise positioning of luminescent MOFs.

Spatially controlled self-assembly processes on substrates
underpin MOF patterning protocols that are necessary for the
fabrication of MOF-based devices (e.g. sensors)." Biomimetic
replication is an emerging, bottom-up, water-based patterning
strategy that capitalizes on the affinity of MOF precursors for
certain biomolecules."”” For example, proteins and carbohy-
drates that have a negative surface charge (isoelectric point,
p. I. < 7)® are efficient heterogeneous nucleation agents for
MOFs.*® To this end, the water-soluble protein bovine serum
albumin (BSA, p. L. = 5.3)* has been microcontact printed on
silicon wafers and immersed in solutions containing
MOF precursors to yield patterns of zeolitic imidazolate
framework-8 (ZIF-8) and different luminescent MOFs (ie.,
Ln,(BDC);*(H,0)4, BDC = 1,4-benzene dicarboxylic acid, Ln =
lanthanide metal).” By assuming the presence of proteins and
amino acids in fingerprint residues, biomimetic replication
was tested on sebaceous secretions.>®’ In minutes, MOF
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crystals could be selectively grown on fingerprint residues thus
producing a fluorescent pattern (Fig. 1a and Fig. S1, ESIt). The
potential of MOFs for forensic applications was investigated by
Moret et al. and de Jong et al.>” However, sebaceous secretions
are composed of numerous molecular species that could poten-
tially promote MOF formation and only a minor fraction is
made of water-soluble proteins and amino acids (vide infra).
Thus, we were motivated to systematically investigate which of
the chemical species present in fingerprints engendered MOF
crystallization. Our study revealed two significant findings
relevant to both the application of MOFs to forensics and for
applications that require precise positioning on substrates: (1)
proteins do not contribute to the growth of Tb,(BDC);*(H,0),
MOFs on fingerprints, rather crystallisation is triggered by the
fatty acid component (Fig. 1a); and (2) with respect to the
biomimetic replication process, biomolecules with low solubi-
lity prevent the seeding of, uncontrolled, crystal growth in
solution (Fig. 1b), which is crucial for the fabrication of MOF
films and patterns.”>"®'? Both aspects are demonstrated here
for the first time. Chemical fingerprint analyses revealed that
their composition is similar from person to person; however,
the relative amount of the chemical components can vary
depending on factors including age, gender, and habits."*™°
Fingerprint residues on surfaces are typically a mixture of
specific biomolecules including triglycerides, fatty acids (e.g.
palmitic, oleic, and myristic acids), wax esters and squalene
(Table 1).'%20722

Proteins and amino acids are only minor components of the
biomolecule mixture: the weight percentage (w%) in eccrine
secretions ranges from 0.002% to 1%. The main amino acids in
fingerprints have been identified as r-Serine, Glycine and
t-Alanine and the protein content consists of a broad variety
of mostly unknown macromolecules.**'*2°2 Given the
assumption that the MOF growth was induced by this low
amount of amino acids and proteins of unknown p. I. in
sebaceous secretions and that the molecular components have
not been investigated yet, here, we examine the crystallization
of Th,(BDC);*(H,0),, a green fluorescent MOF (for details on
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Fig. 1 (a) Human fingerprint and major biomolecules present in sebac-
eous and eccrine secretions. Tb-MOF can grow on fingerprints residues
(see Fig. S1, ESIT). By investigating one biomolecule at the time, we found
that fatty acids are the most effective biomimetic replication agents.
(b) Film of biomolecules on a substrate and influence of its water solubility
on the fabrication of a MOF film via biomimetic replication.

Table 1 Composition of fingerprint residue

Sebaceous secretion®®?? Eccrine secretion®®2%*>

Compound Content [w%]  Compound Content [w%]
Triglycerides 30-40 Amino Acids 0.002-0.02
Free fatty acids 15-25 Lactate 0.1-0.2

Wax esters 20-25 Urea 0.004-0.04
Squalene 10-12 Proteins 0.002-1
Cholesterol 1-3 Inorganics 0.02-0.6
Cholesterol esters 2-3 Water 98-99

absorption and emission of Tb-MOF, see Fig. S2, ESI{), on each
of the main molecular components present in fingerprint
residues.

We examined the molecular components of sebaceous and
eccrine secretions (Table 1) along with BSA (the model protein
previously used to simulate fingerprints)>®'"** as the biomi-
metic replication agent. For each class of molecule, we selected
a representative compound: for triglycerides, trimyristin was
selected;'®'® for fatty acids, we selected palmitic acid;'>"® for
wax esters, we chose palmityl palmitate;'®'® squalane was used
instead of squalene due to its chemical stability towards oxida-
tion;'®'%2* and for amino acids, we selected r-serine.'®?’
Finally, cholesterol, lactate and urea were used as themselves.
Each molecule was dissolved in water (2 mg mL ') and 2 pL
drops of the respective solutions were cast on a glass slide. After
drying, the samples were immersed for 30 s in a freshly
prepared aqueous solution of MOF precursors (see ESL for
details). Then, the substrates were washed with water and the
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glass slides were illuminated using a UV lamp (254 nm) to
qualitatively verify the presence of the luminescent MOF.
Surprisingly, the fatty acid was the only sample that showed
a homogenous luminescent spot (Fig. 2a and Fig. S3, ESIY),
which is indicative of Tb-MOF growth via biomimetic replica-
tion. To observe the luminescent signal from drop-cast BSA
solution, 30 mg mL™" solution (15 times more concentrated
than the fatty acid solution) was required. The MOF grown from
BSA forms a luminescent ring (Fig. 2a and Fig. S3, ESIY). This
inhomogeneity can be attributed to the Marangoni effect (i.e.,
during the solvent evaporation the solvated molecule concen-
trates at the edge of the spot).>® Thus the higher local concen-
tration of BSA at the perimeter of the ring promotes biomimetic
replication. On exposing the samples to longer reaction times
(1 min, 5 min and 15 min), a qualitative increase in lumines-
cence intensity under UV illumination was observed only in the
case of the fatty acid spot (Fig. S3, ESIT). For BSA, the sharp ring
that was initially observed appears to decompose over time (Fig.
S3, ESIt). This may be caused by the high solubility of BSA in
water,”*” as the protein would dissolve in solution and initiate
the detachment of the MOF crystals grown on the BSA film. For
other samples (e.g. wax and triglyceride), the increased lumi-
nescence from longer reaction time was qualitatively compar-
able to the background (uncoated SiO,). Thus, the increase in
luminescence intensity is likely due to the spontaneous for-
mation of the Tb-MOF. It is noteworthy that without any
seeding agents the Tb-MOF can be detected with the naked
eye after 5 min. We quantitatively examined biomimetic repli-
cation as a function of the reaction time (1, 5 and 15 min), by
measuring the optical response of the different films of bio-
molecules using a confocal fluorescence microscope (ESLt for
details, Fig. S15-520). Intense luminescent signals with increas-
ing intensity were measured only in the case of fatty acid and
BSA (Fig. 2b and Fig. S15, S20, ESIt). The other biomolecules
displayed only a few random luminescent spots after 5 minutes
of reaction. The box-plot representation (Fig. 2b and Fig. S22,
ESIt) shows the narrowest distribution of intensities and the
most intense luminescence signal collected from the MOF
grown on fatty acid films, suggesting the formation of a
homogeneous MOF film. To investigate the formation of MOF
crystals both on the substrate surface and in bulk solution, we
monitored the luminescence intensity over time (15 minutes in
total) using a camera. In each vial, a different biomolecule was
deposited via drop-cast (see ESILt for details) and dried to
obtain a film. Then, the MOF precursor solution was added,
and the formation of the luminescent material was detected
only in the vial with the palmitic acid film (Fig. S21 and Video
V1, ESIt). Optical and electron microscopy analyses were also
performed to examine the growth of Th-MOF on surfaces. The
results are entirely consistent with previous observations and
confirm that Tb-MOF grows homogeneously on fatty acids, that
the concentrated ring of BSA decomposes with time and that
the other biomolecules do not significantly promote MOF
crystallization on surfaces (Fig. 2c-e and Fig. S4-S10, S23-
S25, ESIt). In addition, complete dissolution of the biomacro-
molecule film was observed when water-soluble molecule films

This journal is © The Royal Society of Chemistry 2020
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(a) Glass slide with spots of biomolecules after 30 seconds of exposure to Tb-MOF precursors (upper row, f.ltr.: cholesterol, squalene,

triglyceride, wax, fatty acid; lower row: f.L.t.r.. BSA (30 mg mL™%), BSA, lactate, urea, amino acid). (b) Box-plot representation of luminescence intensity
calculated from fluorescence micrographs (UV source: 340 nm, investigated area 250 by 150 pum; see Fig. S2, ESI,} for absorption and emission spectra)
acquired at different MOF growth times for the different biomolecule spots (Fig. S15-S20, ESIt). For details about the interpretation of box-plots, see Fig.
S22 (ESIt). (c) SEM micrograph of the Tb-MOF grown on drop-cast fatty acid (15 minutes of growth). (d) SEM micrograph of the Tb-MOF grown on drop-
cast BSA (15 minutes of growth). (e) Growth-time dependent Tb-MOF surface coverage calculated from SEM micrographs (100x magnification,

Fig. S23-S25, ESIY).

(e.g. BSA 2 mg mL ™', urea, lactate and amino acid) were
immersed in the MOF precursor solution.

Fourier-transform infrared spectroscopy (FT-IR) was used to
evaluate the chemical composition of the biomolecule films
after exposure to the MOF precursor solution. Close inspection of
the data from the fatty acid (2 mg mL ') and BSA (30 mg mL ™)
films confirmed the presence of vibrational modes that could be
assigned to Tb-MOF (e.g., 1540 and 1400 cm ', de-protonated
and coordinated 1,4-benzene dicarboxylic acid; 510 and 440 cm ™,
Tb-O stretching modes,*®* Fig. S11, ESIt). Furthermore, FT-IR
confirmed that all the other molecules were ineffective biomimetic
replication agents as vibrational modes of the Tb-MOF were not
detected (Fig. S12 and S13, ESIY).

Next, XRD was performed to examine the crystallinity of the
MOF films. The diffractograms of the control Tb-MOF (formed
in solution without biomolecules), and the Tb-MOF on BSA
were identical to those of previously reported Th-MOF (Fig. S14,
ESIT).>**7° However, the XRD pattern of the Th-MOF grown on
a fatty acid substrate showed additional peaks (Fig. S14, ESIT):
in addition to the (010) peak assigned to Tb,(BDC);*(H,0),4, we
measured peaks attributed to the crystallisation of the fatty acid
molecules (4.9°, 7.4°, 12.3° and 17.3°)*"*? and to the presence
of Tb-palmitate (6°, 6.6°, 8° and 10°).>* The absence of the Th-
MOF peaks at 11.3° 14.6° and 15.6° indicates that the MOF
crystals grown on fatty acids have a preferential direction
of growth ((010)).** The morphology of these crystals, as

This journal is © The Royal Society of Chemistry 2020

determined using SEM, supports this hypothesis (Fig. 2c).
The formation of Tb-palminate indicates a strong affinity
between the fatty acid (carboxylic group) and the Tb
cation.>*?* Thus, we were motivated to explore the fabrication
of microscopic MOF patterns from palmitic acid. A micropat-
tern of palmitic acid was fabricated using micro-contact print-
ing (uCP)***” (see ESI, 1 for details, Fig. 3 and Fig. $24-526), and
the pattern was used for the controlled growth of Tb-MOF. This
soft lithographic method allows for the facile preparation of
complex patterns of fatty acids on several substrates including
glass, silicon, polystyrene, and flexible polypropylene foils
(Fig. 3 and Fig. S26-S28, ESIT). After exposing the patterned
substrate to the MOF precursor solution, the MOF crystals were
found to selectively grow on the fatty acid pattern (Fig. 3 and
Fig. S27, ESIt).

In summary, we established that it is the presence of fatty
acids that promotes the selective growth of luminescent MOF
films on fingerprint residues. Indeed, fatty acids are signifi-
cantly more efficient as biomimetic replication agents than
BSA, a model protein used in previous studies. For example,
after 1 minute of reaction, the drop-casting of a low concen-
tration fatty acid solution (2 mg mL ™", 20 pL) afforded a MOF
film with a 300% more intense luminesce signal compared
to that of the drop-cast high concentration BSA solution
(30 mg mL™", 20 pL). Due to both the affinity of palmitic acid
for cations and the low solubility in water of fatty acids, these

Chem. Commun., 2020, 56,12733-12736 | 12735
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Fig. 3 (a) Photograph of the Tb-MOF pattern on glass under UV light

(254 nm); (b and c¢) magnified patterned regions under UV light (254 nm);
(d and e) optical microscopy image of the Tb-MOF in a square pattern and
its magnification; (f and g) optical microscopy image of the Tb-MOF in a
TU Graz Logo pattern and its magnification. All these Tb-MOF patterns
were obtained via the biomimetic replication of palmitic acid patterns.

biomolecules are ideal candidates for the water-based synthesis
of MOF patterns and films.
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