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Abstract

The artistry and the amazingly beautiful hierarchical three-dimensional (3D)
patterning of diatoms make them an ideal biological scaffold. Here, fraction-free and
ultra-high-purity diatomaceous earth has been successfully prepared by low speed

centrifugation in saturated sucrose solution and calcination at 600 °C for 2 h. The

1


mailto:qingw@smm.neu.edu.cn

Journal of Materials Chemistry C

prepared citrate-stabilized 1842.4 and 3245.4 nm Au nanoparticles were singly,
uniformly and densely self-assembled onto amino-functionalized diatomaceous earth
templates following their surface morphologies via electrostatic interactions, during
which the control experiment and appropriate parameter exploration were performed.
The formed 18#2.4 and 3235.4 nm Au nanoparticle coated diatomaceous earth
fine-grained composite materials were pressed into hard, button-like tablets with a
fixed diameter of 13 mm and a thickness of 2 mm, and then the two fabricated types
of button-like portable tablets were used for surface-enhanced Raman spectroscopy
(SERS) detection, and their enhancement factors (EFs), SERS reproducibility and
long-term stability were testified using rhodamine 6G (R6G) as the probe molecule.
The button-like portable tablet composed of diatomaceous earth-templated 3245.4 nm
Au nanoparticle arrays had a higher EF and was successfully applied to SERS
analysis of the trace chemical composition of eccrine sweat in latent fingerprints. It
may reveal the medical condition of an individual by analyzing the obtained SERS
spectra, suggesting that the SERS-based methodology, due to its high sensitivity, has
potentially wide applications in fields that need trace detections, such as medical
diagnostics and forensic investigations. Moreover, the button-like, 3D periodically
ordered tablet as a portable SERS substrate composed of a synergistic combination of
diatomaceous earth with Au nanoparticles in this work is robust, easy to carry around,

and applicable to on-site SERS detection.

1. Introduction

The visualization and identification of latent fingerprints plays an important role in
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forensic investigations, access control, and individual credentials due to the
uniqueness of fingerprints to each person.™™ Traditional visualization means of latent
fingerprints include magnetic filings dusting, iodine fuming, silver nitrate fuming,
ninhydrin fuming, and cyanoacrylate fuming.”® Recently, with developments in
nanotechnology, nanomaterials (such as quantum dots, metal nanoparticles) and
advanced approaches (such as electrochemiluminescence and spectral imaging
techniques) have been successfully applied in the visualization of latent fingerprints to
enhance the sensitivity and contrast.** In addition to gaining patterns from latent
fingerprints, investigation of the chemical composition of latent fingerprints is also of
great importance, as by analyzing metabolites in sweat and exogenous contaminations
in latent fingerprints, the physical condition of an individual, drugs of abuse,
explosive residues and other specific chemical information can be detected.

The chemical composition of a latent fingerprint is a complex mixture of eccrine
sweat secreted directly onto the fingers®? as well as contaminants from touching
areas of the body or the environment. The detection of contaminants present in latent
fingerprints such as sebum, illicit drugs, and explosive particles has been extensively
studied by using ultraviolet fluorescence spectroscopy, gas chromatography-mass
spectrometry (GC-MS), Fourier transform infrared spectroscopy (FTIR), and Raman
spectroscopy.l***® pure eccrine sweat consists of water, inorganic salts (such as
sodium chloride and potassium chloride) and organic compounds (such as amino
acids, polypeptides, proteins, glucose, and urea).™ However until now, there have

been few reports on the analysis of the chemical composition of eccrine sweat in
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latent fingerprints, such as amino acids, proteins and polypeptides, although they may
contain more biological and medical information that can be further used for medical
diagnostics.

Surface-enhanced Raman spectroscopy (SERS) is an ultra-sensitive, nondestructive,
and fast analytical technique that can offer rich and distinguishable vibrational
information used for molecule identification and can fulfill trace detection or even

single molecule detection.[**%!

Moreover, SERS requires little or no sample
preparation, and water is a weak Raman scatterer, leading to little or no interference in
SERS detection. All of the above features make SERS an ideal spectroscopy
technique for analyzing the chemical composition of eccrine sweat in latent
fingerprints.

Despite the prominent progress of SERS in recent years, developing novel Au, Ag
SERS nanostructures with three-dimensional (3D) ordered geometries and highly
enhanced capabilities over large areas still remains an active research pursuit.?*2®
Lithographic techniques, especially electron beam lithography (EBL), have proven

effective in the generation of periodic SERS arrays.”"*4

However, the
lithographically produced SERS arrays normally have moderate enhancement factors
(EFs, ~10°-10°), and the low-throughput, significant cost, and low efficiency of these
techniques make the generation of large areas of SERS sensing platforms extremely
difficult.®>*! An alternative approach to obtain finely controlled SERS plasmonic

nanostructures is the template-mediated fabrication technique, in which the assembly

of nanoparticles onto template surfaces can be fulfilled by in situ growth, nonspecific
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adsorption, or specific interaction so that larger-scale SERS structures can be
produced.B®3") Biological materials such as bacteria,*® viruses,®? fungi,*” and
diatoms,*Y  whose intrinsically sophisticated architectures provide uniquely
species-specific details that man-made templates can hardly offer, have been exploited
as ideal templates.k”

Diatoms, a form of single cell photosynthetic algae, are encased within two half cell
walls made of amorphous hydrated silica called “frustule”.l*>**! Diatoms possess a
combination of structural, optical, chemical, mechanical features™** and have found
application in catalysis, optics, microfluidics, drug delivery, and separation
science.l***® Here, the artistry and the amazingly beautiful hierarchical 3D patterning
of diatom silica shells, together with their good biocompatibility and potential for
chemical functionalization, make diatoms the ideal biological scaffold for assembling
Au and Ag nanoparticles. The obtained biohybrid materials will exhibit good
properties and have broad applications as they combine the morphological
characteristics of diatoms with the properties of nanoparticles. Payne et al. reported
silver-coated diatoms and 3D free-standing silver microshell diatom replicas produced
by thermal evaporation, and their SERS EFs were calculated to be 10°~10° by using
rhodamine 6G (R6G) as the analyte.*”! In Jantschke’s work, three types of
diatom-templated noble metal nanoparticle (Pt, Au, and Ag, with their diameters all
less than 10 nm) arrays were prepared by layer-by-layer deposition or covalent linking,
and the SERS EF of the diatom-templated Ag nanoparticle arrays was calculated to be

2x10°") In Rosi’s paper, the sequence-specific assembly of nanoparticles was
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performed by DNA-functionalized diatoms interacting with complementary
DNA-functionalized 13 nm Au nanoparticles.®

Although the above reports have demonstrated that several protocols could be used
for the fabrication of diatom-templated SERS arrays, there still exist limitations. For
example, the uniform distribution of Au or Ag nanoparticles on the diatom templates
cannot be well controlled by employing the physical deposition technique. Moreover,
Au or Ag nanoparticles will deposit on only one side of the diatoms due to the
limitations of the physical deposition technique. Thus, the reproducibility and
homogeneity of the SERS signals cannot be guaranteed. The specific adsorption
technique will ensure the uniform assembly of Au or Ag nanoparticles onto the
diatoms, but they require complex operation procedures (such as DNA or
protein-modification) and are normally involved with small Au or Ag nanoparticle
(diameters less than 14 nm) attachment, which is not the ideal size for SERS
detections.

In this work, two different sizes of citrate-stabilized Au nanoparticles (18+2.4
nm, 3245.4 nm) were singly, uniformly and densely assembled onto fraction-free and
ultra-high-purity amino-functionalized diatomaceous earth templates via electrostatic
interactions, respectively. Then, the prepared Au nanoparticle coated diatomaceous
earth granulated composite materials were pressed into button-like portable tablets for
the SERS analysis of the trace chemical composition of eccrine sweat in latent
fingerprints. The EF, reproducibility and long-term stability of the 3D periodically

ordered diatomaceous earth-templated Au nanoparticle substrates were also evaluated.
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The advantages and improvements of the fabrication technique used in this work are
listed below. (1) Different from by employing living diatoms as templates, in our
work, a large and cost-effective source of diatom silica, diatomaceous earth, was used
as the template. Diatomaceous earth is not an earth but is formed by the accumulation
of the fossil siliceous frustules of diatoms, which is ready-made, without needing to

be cultivated further.*344!

(2) A strong relationship exists between the Au
nanoparticles size and their SERS effect due to the variation of the localized surface
plasmon (LSP) with the nanoparticle size.*! It is generally accepted that Au
nanoparticles of tens of nanometers in size will have better SERS activities.’***!
However, the uniform attachment and distribution of Au nanoparticles onto templates
will become harder as the nanoparticle size becomes larger. Here, compared to
previous work on diatom-templated small Au nanoparticle (diameters usually less
than 14 nm with weak SERS capabilities) arrays, two relatively larger Au
nanoparticles with moderate sizes of 1842.4 nm and 3245.4 nm were produced. Thus,
both higher SERS enhancements and good attachment and distribution will be
guaranteed at the same time. (3) The two different sizes of Au nanoparticles were
densely coated in an ordered fashion onto diatomaceous earth by electrostatic
interactions, one simple but powerful technique. Moreover, dense adsorption creates
numerous “hot spots” and thus ensures high SERS enhancement; ordered assembly
means that good reproducibility will be fulfilled. (4) The above fabricated granulated

composite materials were pressed into button-shaped portable SERS tablets with a

fixed diameter of 13 mm and a thickness of 2 mm, that are robust, easy to carry
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around, and suitable for on-site SERS detections.

2. Experimental Section

2.1 Chemicals and Materials

Diatomaceous earth (food-grade) was collected from Changbai, Jilin Province, China.
HAuUCI, 4H,0, trisodium citrate dihydrate (Na3CsHsO; 2H,0), NaOH, HCI, ethanol,
glacial acetic acid, sucrose were all of analytical grade and purchased from
Sinopharm Chemical Reagent Co., Ltd. (3-Aminopropyl)triethoxysilane (APTES,
98%) was purchased from Aladdin Industrial Inc.. Rhodamine 6G (R6G) (> 95.0%,
analytical standard) was purchased from Sigma-Aldrich. Ultrapure water (18.2
MQ-cm) was used throughout the experiments. All reagents were used without further
purification. All glassware used was cleaned in freshly prepared aqua regia solution
(HCI/HNOg, 3:1), then rinsed thoroughly with H,O before use.

2.2 Functionalization of Diatomaceous Earth Surfaces

2.2.1 Separation of Diatomaceous Earth

To remove diatomaceous earth fractions, separation procedures were performed. An
appropriate amount of diatomaceous earth was put into a saturated sucrose solution,
and low speed centrifugation was performed at 500>y for 5 min. Then, the
supernatant was discarded, and the bottom diatomaceous earth was collected and put
into the saturated sucrose solution again. The above procedure was repeated two more
times, and the final bottom diatomaceous earth was copiously washed with water via
centrifugation.

2.2.2 Purification of Diatomaceous Earth
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After the separation procedure, diatomaceous earth was further processed by
calcination at 600 °C for 2 h to remove the organic components and impurities, both
on the surface and in the pores of the fossil diatom frustules.

2.2.3 Surface Modification of Diatomaceous Earth

The above processed diatomaceous earth (2 g) was well-suspended in a mixture of
ethanol (100 mL) and ultrapure water (2 mL) by ultrasonication, followed by vigorous
stirring in a 35 °C water bath. Then, a solution containing 10 mL of ethanol, 2 mL of
APTES, and 100 uL of glacial acetic acid (to activate the diatomaceous earth cell
walls) was added dropwise into the above suspension, and the reaction was allowed to
run for another 12 h. The precipitate was collected via centrifugation and washed in
ethanol three times.

2.3 Synthesis of Gold Nanoparticles

2.3.1 Synthesis of 1842.4 nm Au Nanoparticles™

A solution of 150 mL, 2.2 mM of sodium citrate in a 250 mL three-necked flask was
brought to boil while being stirred, and 1 mL of 25 mM HAuCI, was injected. The
reaction was allowed to run until the solution reached a wine red color. A condenser
was used to prevent the evaporation of the solvent.

2.3.2 Synthesis of 3245.4 nm Au Nanoparticles®

A 100 mL, 0.25 mM of aqueous HAuUCI, was prepared in a 250 mL three-necked flask,
and HCI (1 M) or NaOH (1 M) were added to adjust the solution pH to reach 7.0.
Then the solution was heated to boil while being stirred, and 490 uL of 5% sodium

citrate solution was added immediately. The reaction was allowed to run until the
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solution reached a wine red color. A condenser was used to prevent the evaporation of
the solvent.

2.4 Assembly of Au Nanoparticles onto Amino-functionalized Diatomaceous Earth
Templates

To make the Au nanoparticles present with a greater monodispersity on the
diatomaceous earth surface, an appropriate amount of ethanol was added into the
above citrate-stabilized Au nanoparticle aqueous solution to make the volume ratio of
water : ethanol 4 : 1.5% Then, the amino-functionalized diatomaceous earth (0.025 g)
was added into the above mixture and ultrasonication was used to make the
amino-functionalized diatomaceous earth well-dispersed, followed by continuous
stirring for 24 h. The precipitate was collected via centrifugation (3000>g, 5 min) and
washed with water and ethanol three times.

2.5 Fabrication of Portable SERS Substrates

The above Au nanoparticle coated diatomaceous earth granulated composite material
was pressed into hard tablets by a tablet press for the following SERS detection. The
two punches and a die in the tablet press were cleaned with acetone and ethanol
before use. The formed SERS tablets were placed in sterile petri dishes in the dark at
room temperature prior to use.

2.6 SERS Signal Reproducibility and Enhancement Capability Measurement

R6G was used as the probe molecules. 10 uL of 10* M R6G solution was dripped
onto a portable SERS tablet, and SERS spectra were acquired immediately after the
substrate was dried under ambient conditions. Normal Raman spectrum of 10% M
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R6G solution was also acquired.

2.7 SERS Analysis of the Chemical Composition of Eccrine Sweat in Latent
Fingerprints

Hands were washed using ordinary soap and water and dried with a paper towel. Then,
one hand was enclosed in a disposable PE glove, and a rubber band was used to fasten
the end of the glove to let the hand sweat. Next, one of the sweaty fingers was pressed
onto the portable SERS tablet, and the SERS spectra were acquired immediately from
the latent fingerprint. Tweezers cleaned by acetone and ethanol were used to move the
SERS tablet.

2.8 Long-term Stability Measurement of SERS Substrates

After 90 days, the button-like portable SERS tablets composed of diatomaceous
earth-templated 1842.4 and 3245.4 nm Au nanoparticle arrays which were stored in
sterile petri dishes in the dark were carefully taken out to test their SERS performance.
R6G was employed as the probe molecules, and 10 pL of 10* M of R6G solution
was dropped onto each SERS tablet.

2.9 Characterization

Transmission electron microscopy (TEM) observations of the samples were
performed using JEM-2100F, JEOL, with the acceleration voltage of 200 kV. Field
emission scanning electron microscopy (FE-SEM) was carried out on JSM-7001F,
JEOL, with the operation voltage of 15kV. The confocal laser scanning microscope
(Olympus LEXT OLS3100) was carried out to get the images of diatomaceous earth.
All SERS and bulk spectra were obtained using a confocal Raman spectrometer
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(Horiba Scientific, XploRA ONE) equipped with a 638 nm laser and a 50> objective.
The incident laser power was attenuated to 0.1 mW or 1 mW for SERS spectra
acquisitions, and the laser power for the normal Raman spectrum acquisition of 107
M bulk R6G solution was set as 10 mW. The frequency of the Raman instrument was
calibrated by referring to a silicon wafer at the vibrational band of 520.7 cm ™. All the
measurements were carried out under ambient conditions. Ultraviolet-visible (UV-vis)
absorption spectra were recorded wusing a Shimadzu UV-2100 UV-vis
spectrophotometer. Zeta potential measurements were performed using Zetasizer
Nano ZS system from Malvern. Fourier transform infrared (FT-IR) spectra were
recorded using a Spectrum One spectrometer (Perkin Elmer Co., USA). Specific
surface area was measured by a surface area and porosity analyzer (TriStar 1I 3020,
Micromeritics Instrument Corporation).

3. Results and Discussion

3.1 Separation and Purification of Diatomaceous Earth.

3.1.1 Separation of Diatomaceous Earth

Raw diatomaceous earth contains fractions and impurities, and separation and
purification procedures are necessary before the diatomaceous earth is modified. The
fossil diatom frustule fractions and the intact fossil diatom frustules in raw
diatomaceous earth would have different sedimentation rates when they were
centrifuged in viscous saturated sucrose solution, as they had different sizes. The
intact fossil diatom frustules would have a higher sedimentation rate due to their
larger size, whereas the fossil diatom frustule fractions would have a lower

12
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sedimentation rate due to their smaller size; thus, within the same centrifugation time,
the separation of diatomaceous earth could be fulfilled, as the fractions and the intact
diatom frustules would be located in different layers of the saturated sucrose solution
following the low speed centrifugation. Figure 1a, 1b are the corresponding confocal
laser images of the raw diatomaceous earth and raw diatomaceous earth after
separation. Figure 1a shows that the raw diatomaceous earth is a mixture of fractions
and the intact remains of dead diatoms that still maintain their shapes. Then, a
separation procedure was performed to remove the unwanted fraction sediments.
Large numbers of disc-shaped diatoms remain present in Figure 1b, indicating that a
great part of the fossil diatom frustules fractions has been effectively removed by the
low speed centrifugation in the saturated sucrose solution.

3.1.2 Purification of Diatomaceous Earth

To further remove organic components and impurities and to activate the fossilized
diatom frustules, the diatomaceous earth after the separation procedure was processed
by calcination at 600 °C for 2 h. The temperature of 600 °C was chosen because at this
temperature, the organic portions and most of the impurities in the fossil diatom
frustules can be removed without damaging their delicate morphology and surface
hydroxy.®"! Figure 1c presents the FT-IR spectra of diatomaceous earth before and
after calcination at 600 °C for 2 h. The band at 3433 cm™ corresponds to the O-H
and/or N-H stretching vibrations, while the weak bands at 2924 and 2851 cm™ are
related to the asymmetric and symmetric stretching vibrations of the C-H bond. The
band at 1636 cm™ can be assigned to the N-H bending vibration, while the band at
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1083 cm™ is ascribed to the Si-O stretching vibration. After being calcined at 600 °C
for 2 h, the peaks at 2924 and 2851 cm™ were gone, and the bands at 3433 and 1636
cm™ were reduced, indicating that most of the organic components have been
effectively removed. Figure 1d and le are the FE-SEM images of an intact fossil
diatom frustule before and after calcination, respectively. After being calcined at 600
°C for 2 h, the diatom fossil presented a sculptured discoid form with a clean surface.
Thus, the fraction-free and ultra-high-purity diatomaceous earth was prepared and

was ready for the following modification.

—— Raw Diatomaceous Earth
—— Diatomaceous Earth after Calcination at 600 °C for 2h

-
5 I
& |

1636

3433

Transmittance / %

1083

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm”

Figure 1 Confocal laser images of (a) raw diatomaceous earth and (b) raw
diatomaceous earth after separation by low speed centrifugation in a saturated sucrose
solution. (c) FT-IR spectra of diatomaceous earth before and after calcination at 600
°C for 2 h. (d) FE-SEM image of an intact fossil diatom frustule after the separation
but before being calcined. (e) FE-SEM image of an intact fossil diatom frustule after
the separation and calcination at 600 °C for 2 h.

3.2 Preparation of Au Nanoparticles of Two Different Sizes.
The TEM images, size distribution histograms, and UV-vis absorption spectra for the
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two types of Au nanoparticles produced with different sizes are shown in Figure 2.
According to Figure 2a, 2b, Au nanoparticles prepared by the method described in
section 2.3.1 were nearly spherical and had a mean size of 1842.4 nm with a relatively
narrow size distribution (relative standard deviation (RSD) ~ 13%). Figure 2c, 2d
show that monodisperse, almost spherical, Au nanoparticles with a larger mean
diameter of 3245.4 nm and a relatively uniform size distribution (RSD ~17%) were
synthesized using the procedure in section 2.3.2. Figure 2e shows Au nanoparticle
plasmon absorption band red shifts from 522 to 530 nm along with the increase of the

nanoparticle size from 1842.4 to 3245.4 nm.
: 1 - c

] ; ; T
400 500 500 700 500
204 b d Wavelength / nm

Intensity / a.u.

Percent frequency
|

Percent frequency

0+ 0+

12 14 20 22 20 25 35 40 45

16 18 30
Particle size (nm) Particle size (nm)

Figure 2 (a) TEM image and the corresponding (b) size distribution histogram of
184#2.4 nm Au nanoparticles. (¢) TEM image and the corresponding (d) size
distribution histogram of 3245.4 nm Au nanoparticles. (€) UV-vis absorption spectra
of 1842.4 nm and 3245.4 nm Au nanoparticles.

3.3 Assembly of Au Nanoparticles onto Amino-functionalized Diatomaceous Earth
Templates and Fabrication of Portable Button-Like Tablets

The amino-silane functionalization of the fraction-free and ultra-high-purity

diatomaceous earth templates and their interactions with the citrate-stabilized Au
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nanoparticles, together with the formed portable button-like tablets used for the SERS
detection of the chemical composition of the eccrine sweat in latent fingerprints were
illustrated in Scheme 1. After the separation and purification, the fossil diatom
frustules were modified by amino-silane, and their zeta potentials were investigated
(Table 1). At first, raw diatomaceous earth and diatomaceous earth after separation
and purification both have negative potentials due to the existence of silanol groups
on the surface of the unfunctionalized diatomaceous earth. The zeta potential of the
diatomaceous earth changed significantly to positive after the modification by APTES,
indicating that amino-functionalized diatomaceous earth had been prepared. Then, the
amino-functionalized diatomaceous earth templates were exposed to two sizes of
citrate-stabilized Au nanoparticles that were negatively charged.

As we aim at SERS detection, the assembly of Au nanoparticles onto
amino-functionalized diatomaceous earth templates should be uniformly separated
and densely coated, which will ensure the reproducibility and high enhancement of
the SERS signals. In Halas’s work,™® a systematical investigation of the influence of
the solvent composition on the attachment of small gold nanoparticles to the
amino-functionalized large silica nanoparticles was performed. Since the primary
component of diatomaceous earth is silica, the solvent composition of 80% water and
20% ethanol was employed directly in our work by referring to Halas’s work, as at
this solvent composition, the attached gold nanoparticles were well-separated from
their neighbors because of the appropriate ionic strength.*® As for the “densely
coated”, different amounts of amino-functionalized diatomaceous earth were studied,

16
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and the amount of 0.025 g was chosen (see Supporting Information for details).

The corresponding TEM images of diatomaceous earth-templated 1842.4 and 32145.4
nm Au nanoparticle arrays assembled under the optimal parameters are displayed in
Figure 3a, 3b, showing that the two types of Au nanoparticles were uniformly and
densely attached to the amino-functionalized diatomaceous earth templates following
their surface morphologies via electrostatic interactions, and thus 3D periodically
ordered diatomaceous earth-templated Au nanoparticle arrays have been successfully
fabricated. Figure 3c, 3d shows TEM images of the corresponding control
experiments in which diatomaceous earth after separation and purification but without
the amino-silane functionalization was mixed with 18+2.4 and 32454 nm Au
nanoparticles. Figure 3c, 3d reveal that, except for the very few Au nanoparticles in
the red circles that were accidentally adsorbed, both types of Au nanoparticles could
hardly attach to diatomaceous earth templates, indicating that electrostatic interactions
played a pivotal role in the assembly of Au nanoparticles. Compared to the
amino-functionalized diatomaceous earth, the zeta potentials of diatomaceous
earth-templated 1842.4 and 3245.4 nm Au nanoparticle arrays both decreased
correspondingly because the attached citrate-stabilized Au nanoparticles were
negatively charged (Table 1). The interactions between the diatomaceous earth and Au
nanoparticles can be monitored by the naked-eye or UV-vis absorption spectra. When
Au nanoparticles cannot be adsorbed onto the diatomaceous earth templates, after
stirring and centrifugation, the supernatant still presents dark red (Figure 3e, left inset),
and its UV-vis absorption spectrum exhibits a strong band (Figure 3e, the red curve);
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whereas the supernatant will become light pink after the Au nanoparticles and
diatomaceous earth have interacted with each other (Figure 3e, right inset), and the
UV-vis absorption spectrum exhibits a very weak band (Figure 3e, the dark curve).l®®!
The digital camera images of raw diatomaceous earth, diatomaceous earth after the
separation and purification, amino-functionalized diatomaceous earth, and
diatomaceous earth-templated Au nanoparticle arrays are displayed in Figure 3f, and
the diatomaceous earth-templated Au nanoparticle arrays present deep purple because
of the coating of the Au nanoparticles. Figure 3g is the digital camera image of a
portable SERS tablet formed by pressing the Au nanoparticle coated diatomaceous
earth granulated composite material. The formed hard tablet is button-shaped with a
diameter of 13 mm and a variable thickness depending on the amount of the
granulated composite material used for the pressing (a fixed thickness of 2 mm was
used throughout this work); it is robust, easy to carry around, and applicable to on-site

SERS detections.
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Citrate-stabilized
Au Nanoparticles

Laser Being Pressed
into Tablets

SERS

o: A Fossil Diatom Frustule after the Separation and Purification Y :APTES

® :Citrate-stabilized Au Nanoparticles : Molecules in Latent Fingerprint

Scheme 1 Schematic diagram of the assembly of Au nanoparticles onto
amino-functionalized diatomaceous earth templates and the fabricated button-like
portable tablet for SERS detection of the chemical composition of eccrine sweat in
latent fingerprints.

Table 1 Zeta Potential Values of Diatomaceous Earth and its Composite Materials®

Material Zeta potential (mV)
Raw diatomaceous earth -27.3#.1
Diatomaceous earth after the separation and purification -22.441.6
Amino-functionalized diatomaceous earth 42.743.5
Diatomaceous earth-templated 1842.4 nm Au nanoparticle arrays 13.540.9
Diatomaceous earth-templated 3245.4 nm Au nanoparticle arrays 6.2440.5

®Values are averaged from three measurements
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Intensity / a.u.

400 500 600 700 800
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Figure 3 TEM images of amino-functionalized diatomaceous earth-templated (a)
18+2.4 and (b) 3245.4 nm Au nanoparticle arrays. TEM images of the corresponding
control experiments in which diatomaceous earth after separation and purification but
without amino-silane functionalization were mixed with (c) 1842.4 and (d) 3235.4 nm
Au nanoparticles; the very few Au nanoparticles in the red circles were accidentally
adsorbed. (e) The supernatant of amino-functionalized diatomaceous earth-templated
Au nanoparticle arrays in (a) and (b) appears light pink (right, inset) and exhibits a
weak UV-vis absorption spectrum (the dark curve); the supernatant of the control
experiments in (c) and (d) appears dark red (left, inset) and exhibits a strong UV-vis
absorption spectrum (the red curve). (f) The digital camera images of (1) raw
diatomaceous earth, (2) diatomaceous earth after separation and purification, (3)
amino-functionalized diatomaceous earth, and (4) amino-functionalized diatomaceous
earth-templated Au nanoparticle arrays. (g) The digital camera image of a button-like
portable SERS tablet formed by pressing diatomaceous -earth-templated Au
nanoparticle array granulated composite material.

3.4 SERS Reproducibility
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Reproducibility is an important index for the evaluation of SERS substrate
performance. Here, R6G was selected as the probe molecule to test the reproducibility
of the button-like portable SERS tablets composed of diatomaceous earth-templated
1842.4 and 3245.4 nm Au nanoparticle arrays. 10 uL of 10* M R6G solution was
dropped onto the above two types of SERS tablets, and SERS spectra were acquired
from 10 random spots on each SERS substrate under identical experimental
conditions. From Figure 4a, 4b, the SERS spectra of R6G in these ten different
positions are consistent with each other in terms of Raman peaks as well as Raman
intensity. Figure 4c gives an even clearer clarification in that the RSDs of the peak
intensity at 771 cm™ are approximately 6.8% and 8.7% for Figure 4a and 4b,
respectively. The low RSDs indicate good reproducibility and suggest that the
button-like portable SERS substrates in this work are reliable and good candidates for

the trace detection of the chemical composition of eccrine sweat in latent fingerprints.
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Figure 4 SERS spectra of 10 M R6G solution acquired from 10 random spots on the
button-like portable SERS tablets composed of diatomaceous earth-templated (a)
1842.4 and (b) 3245.4 nm Au nanoparticle arrays. Excitation wavelength: 638 nm;
laser power: 0.1 mW. (c) Plots of the peak intensities of R6G at 771 cm™ obtained
from 10 random spots on the abovementioned two portable SERS substrates.

3.5 EF Calculations, Relationship between SERS Intensity and R6G Concentration,
and Enhancement Mechanism Analysis.

The EF is another key factor to assess the performance of SERS substrates. Here,
21
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R6G was employed as the probe molecules to evaluate the enhancement capabilities.
By referring to the procedures we used before,®®®Y the portable SERS tablets
composed of diatomaceous earth-templated 18+2.4 and 3245.4 nm Au nanoparticle
arrays were calculated as 1.99x10” and 2.78x10’, respectively (see Supporting
Information for details). The results testified that within the size range of tens of
nanometers, larger Au nanoparticles would give a higher SERS enhancement, which
was in agreement with previous studies.[®2%%!

Next, a series of SERS spectra of R6G at different concentrations were detected to
demonstrate the sensitivity of the two portable SERS tablets. From Figure 5a, 5b, the
SERS spectral intensity decreases as the concentration decreases, and both of the
diatomaceous earth-templated 1842.4 and 3245.4 nm Au nanoparticle arrays can
realize a detection of 10™° M R6G solution with a low laser power (0.1 mW).

As a control, a mass-equivalent amount of Au nanoparticles was dripped directly onto
the naked glass substrate. Because of the surface tension and “edge effects”, this Au
nanoparticle covered substrate tends to be non-uniform and forms aggregates (Figure
S3a, S3b). Figure S3c, S3d show the SERS spectra of 10* M R6G solution acquired
from 10 random spots on 18+2.4 and 3245.4 nm Au nanoparticle covered glass
substrates under identical experimental conditions, respectively. From Figure S3c,
S3d, the SERS spectra of R6G in these ten different positions are consistent with each
other in terms of Raman peaks, but vary considerably in Raman intensity, indicating a
broad distribution in SERS EF values. Figure S3e gives an even clearer clarification,

from which the RSDs of the peak intensity at 773 cm™ are approximately 56.6% and
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62.2% for Figure S3c and S3d, respectively. The high RSDs indicate the poor
reproducibility of the Au nanoparticle covered glass substrates. Furthermore, the
average EFs of the 1842.4 and 3245.4 nm Au nanoparticle covered substrates were
calculated as 8.83x10%and 1.49x107, respectively. Next, as for the template-assisted
SERS substrate fabrication, some other interestingly naturally occurring
nanostructures were also employed. For example, in Stoddart’s work, cicada wings
were used as the template for the fabrication of the SERS substrate, with an EF of
approximately 10°.1%* Garrett et al. reported that the Graphium butterfly wing was
used as a template for SERS substrate fabrication, and the EF was calculated to be
1.9510° for gold.!*

Hence, compared to the mass-equivalent amount of Au nanoparticles supported on a
glass substrate, diatomaceous earth-templated 1842.4 and 3245.4 nm Au nanoparticle
arrays in this work present higher EFs and much better reproducibilities, which is in
agreement with Lee’s result’®® and Schmit’s report’®”. In Lee’s work, gold-coated
ZnO composite nanoarrays presented much higher SERS EFs than Au nanoparticle
aggregates.®® In Schmit’s work, a larger SERS signal was observed on Au
nanoparticle coated buoyant silica bubbles than on the aggregated colloidal Au
nanoparticles.’®”! Compared to some other natural templates, such as cicada wings and
butterfly wings, diatomaceous earth template-assisted SERS substrates also show
higher EFs. The reasons for the higher EFs upon using diatomaceous earth as a
template can be explained from the following aspects. (1) Diatomaceous earth has a
high specific surface area (19.9843 m?/g after calcination at 600 °C for 2 h). Thus,
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abundant Au nanoparticles can be fully adsorbed, not only on the surface but also
around the pores of the diatomaceous earth (Figure S4). (2) When citrate-stabilized
Au nanoparticles are very close to each other, the strong electrostatic repulsive force
would make the neighboring capping ligands instantaneously stripped off, which
generates some naked area on the surface of the Au nanoparticles. To decrease the
surface free energy, these naked areas would weld to each other, % thus resulting in
the loss of the “hot spots™.'! The appropriate spacing between Au nanoparticles on
diatomaceous earth template ensures that no welding happens between neighboring
Au nanoparticles, and thus more “hot spots” can be created for SERS enhancement.
Therefore, diatomaceous earth-templated Au nanoparticle arrays present higher EFs
than the mass-equivalent amount of Au nanoparticles supported on glass substrates. (3)
More adsorbed Au nanoparticles, together with the appropriate interparticle distances
making sure that no interparticle welding occurs, enable a larger surface area of Au
nanoparticles to expose on the diatomaceous earth template, thus resulting in more

analyte molecules adsorbing.["”

a 104 M Izooo cps b 104 M J2000 cps

; 101 M 5 101 M

g @

© -

= >

= Z

2 o

2 =

E —_—

= S

E §

- WW/\/\/\‘JW\\ . /\/\/f\’\/wv\m
W\w/\&ﬁm /J\”M/\w\__/\%

T T T T T T T T T T T T T T T T T T T T T T
600 800 1000 1200 1400 1600 600 800 1000 1200 1400 1600
Raman Shift / c:m'1 Raman Shift / cm'1

Page 24 of 38



Page 25 of 38

Journal of Materials Chemistry C

Figure 5 Concentration-dependent SERS spectra of R6G (10™~10 M), which were
obtained from the portable SERS tablets composed of diatomaceous earth-templated
(a) 18+2.4 and (b) 3245.4 nm Au nanoparticle arrays. Excitation wavelength: 638 nm;
laser power: 0.1 mW.

3.6 Long-Term Stability

Long-term stability is also a significant index for SERS substrates, as an ideal SERS
sensor system needs a long time stable running without the loss of enhancement or
degradation. Here, the two types of button-like portable SERS tablets composed of
diatomaceous earth-templated 1842.4 and 3245.4 nm Au nanoparticle arrays were
detected after they were saved in sterile petri dishes in the dark at room temperature
for 90 days, and R6G was used as the probe molecule. Each SERS spectrum in Figure
6 is an average result of ten detections within each SERS substrate. After 90 days, the
enhancement of SERS substrates composed of diatomaceous earth-templated 1842.4
(Figure 6a) and 3245.4 nm (Figure 6b) Au nanoparticle arrays were reduced by 43.6%
and 42.5%, respectively (average results of the vibration mode at 771 cm™, 1187 cm™,
and 1506 cm™), compared to the SERS spectra obtained from the freshly prepared
substrates (Figure S2b, S2c). The long-term stability data of diatomaceous
earth-templated 18+2.4 and 3245.4 nm Au nanoparticle arrays are comparable to
those of Halas’s work!™ and Kim’s work[’?, in which the SERS enhancements were
reduced by 50% and 40% after 90 days, respectively. The loss in SERS enhancement
may be ascribed to the oxidization of Au nanoparticles in the air, and the decrease of
the number of “hot spots” resulting from the surface diffusion of Au atoms and the

interparticle welding process.®®
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Figure 6 SERS spectrum of 10 M R6G solution acquired from button-like portable
SERS tablets composed of diatomaceous earth-templated (a) 1842.4 and (b) 3245.4
nm Au nanoparticle arrays after they were saved in sterile petri dishes in the dark at
room temperature for 90 days. Laser power: 0.1 mW.

3.7 SERS Analysis of the Chemical Composition of Eccrine Sweat in Latent
Fingerprints.

The portable SERS tablet composed of diatomaceous earth-templated 3245.4 nm Au
nanoparticle arrays, which has a higher EF, was applied to analyze the chemical
composition of eccrine sweat in latent fingerprints. A clean sweaty finger was pressed
onto the portable SERS tablet, and SERS spectra were acquired immediately from the
latent fingerprint. Figure 7a is the corresponding recorded SERS spectrum after the
subtraction of substrate interference, which was well obtained with a good ratio of
signal to noise under low incident laser power (1 mW) at 638 nm. As a control, Figure
7b (after the subtraction of substrate interference) is also the SERS spectrum of
eccrine sweat in latent fingerprints but acquired from a glass substrate covered with a
mass-equivalent amount of 3245.4 nm Au nanoparticles. It was facile for us to obtain

the SERS spectra of latent fingerprints from diatomaceous earth-templated Au
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nanoparticle arrays rather than from the Au nanoparticle covered glass substrate,
which may result from the higher EF and uniformity of the former SERS substrate.
Comparing Figure 7a with Figure 7b, they basically match well with each other, even
though they were obtained from different SERS substrates, indicating the reliability of
the SERS technique. The SERS spectra with sharp and distinguishable vibrational
bands in Figure 7a, 7b delivered the inherent chemical information, especially the
molecular vibrational structures. The detailed assignments of the SERS bands in
Figure 7a, 7b were interpreted in Table 2, giving us an idea of what chemical groups
are in the eccrine sweat of latent fingerprints. Furthermore, by comparing the
fingerprint SERS spectrum with the Raman spectrum of the analyte of interest, we can
obtain a preliminary result on whether this analyte is contained in the eccrine sweat of
latent fingerprints, assisting in medical diagnostics. The flat spectrum feature in
Figure 7c is the Raman spectrum of eccrine sweat in latent fingerprints acquired on a
glass substrate, indicating without the existence of the intense electromagnetic
enhancement arising from surface plasmon resonances between Au nanoparticles that
the Raman signals of the chemical composition of eccrine sweat in latent fingerprints
cannot be enhanced and thus cannot be obtained.

As a tentative exploration, the successful analysis of microgram levels of the
components of eccrine sweat in a latent fingerprint using the SERS substrate
developed in this work suggests that the SERS-based methodology can have wide
applications in the analysis of the trace components in latent fingerprints and can be
potentially developed into a complementary technique for many researches. Future
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work of SERS analysis in latent fingerprints can be performed in the following two

main aspects: the structural analysis and the chemical analysis. The structural analysis:

(1) determining what chemical groups are in a latent fingerprint; (2) the identification
of the secondary structure of the proteins and polypeptides in latent fingerprints can
be carried out by combining fingerprint SERS spectra with related techniques in
molecular biology, because the Raman bands are closely related to the structures of
the proteins and polypeptides.”” The chemical analysis: (1) the latent fingerprint
SERS analysis can be used for forensic investigations, such as drugs of abuse and
explosive residues, by matching spectra to the known databases; (2) if the
SERS-based methodology is combined with mass spectrometry, the specific proteins
and polypeptide in latent fingerprints can be targeted, which can reveals the physical

condition of an individual and can be further used in the medical diagnostics.
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Figure 7 SERS spectrum of eccrine sweat in a latent fingerprint after the subtraction
of the substrate interference, which was acquired from (a) the button-like portable
SERS substrate composed of diatomaceous earth-templated 3245.4 nm Au
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nanoparticle arrays, and (b) a glass substrate covered with a mass-equivalent amount
of 3245.4 nm Au nanoparticles. Excitation wavelength: 638 nm; laser power: 1 mW.
(c) Raman spectrum of eccrine sweat in a latent fingerprint acquired from a glass
substrate. Excitation wavelength: 638 nm; laser power: 10 mW.

Table 2 Tentative Band Assignments for the SERS Spectra of Eccrine Sweat in Latent
Fingerprints (378

diatomaceous 32454 nm Au Assignments
earth-templated 3245.4 nm nanoparticle covered
Au nanoparticle arrays glass substrate
Raman Shift / cm™

528 S-S stretch
566 581 Glycosidic ring
685 669 N-H bend
737 745 C-C stretch
814 823 C-H out-of-plane bend
1232 1229 C-N stretch
1293 1286 C-H deformation
1397 1378 o-amino acids

1449 -CH,, -CH3; bend
1478 Aromatic rings stretch
1522 1506 N-H deformation
1568 N-H bend in primary amines

and amides

4. Conclusions

Fraction-free and ultra-high-purity diatomaceous earth was successfully prepared by
low speed centrifugation in saturated sucrose solution and calcination at 600 °C for 2
h. The prepared citrate-stabilized 1842.4 and 3245.4 nm Au nanoparticles were
singly-attached and densely and uniformly distributed on the amino-functionalized
diatomaceous earth templates. The formed 1842.4 and 3245.4 nm Au nanoparticle
coated diatomaceous earth granulated composite materials were pressed into hard,
button-like tablets with a fixed diameter of 13 mm and a thickness of 2 mm. Then,
their SERS reproducibility, EFs, and long-term stability were evaluated. Finally, the

button-like portable tablet composed of diatomaceous earth-templated 3245.4 nm Au
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nanoparticle arrays was successfully used for the SERS analysis of the chemical
composition of eccrine sweat in a latent fingerprint, suggesting that the SERS-based
methodology can have wide applications in the analysis of the trace components in

latent fingerprints, assisting in medical diagnostics and forensic investigations.

Supporting Information Available: Exploration of the appropriate amount of
amino-functionalized diatomaceous earth templates used for the assembly of Au
nanoparticles. EFs calculation of the two button-like portable SERS tablets composed
of diatomaceous earth-templated 1842.4 and 3245.4 nm Au nanoparticle arrays.
FE-SEM images of the mass-equivalent amount of 1842.4 and 32454 nm Au
nanoparticle covered glass substrates and their reproducibilities. TEM images of
diatomaceous earth-templated 1842.4 and 3245.4 nm Au nanoparticle arrays, showing
Au nanoparticles not only adsorb on the surface but also around the pores of the
diatomaceous earth.
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The button-like, periodically ordered SERS tablets were fabricated by pressing
diatomaceous earth-templated Au nanoparticle arrays, and were used for the analysis
of the trace chemical composition of eccrine sweat in latent fingerprints.
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