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1 | INTRODUCTION

| Adrienne C. Eastlake? | Sara A. Brenner?

Abstract

A significant hurdle in conducting effective health and safety hazard analysis and risk assess-
ment for the nanotechnology workforce is the lack of a rapid method for the direct visualization
and analysis of filter media used to sample nanomaterials from work environments that repre-
sent potential worker exposure. Current best-known methods include transmission electron
microscopy (TEM) coupled with energy dispersive x-ray spectroscopy (EDS) for elemental identi-
fication. TEM-EDS is considerably time-, cost-, and resource-intensive, which may prevent
timely health and safety recommendations and corrective actions. A rapid screening method is
currently being explored using enhanced darkfield microscopy with hyperspectral imaging
(EDFM-HSI). For this approach to be effective, rapid, and easy, sample preparation that is ame-
nable to the analytical technique is needed. Here, we compare the sample preparation steps for
mixed cellulose ester (MCE) filter media specified in NIOSH Method 7400—Asbestos and Other
Fibers by Phase Contrast Microscopy (PCM)—against a new method, which involves saturation
of the filter media with acetone. NIOSH Method 7400 was chosen as a starting point since it is
an established technique for preparing transparent MCE filters for optical microscopy. Limita-
tions in this method led to the development and comparison of a new method. The new method
was faster, easier, and rendered filters more transparent, resulting in improved visualization and
analysis of nanomaterials via EDFM-HSI. This new method is suitable for a rapid screening pro-
tocol due to its speed, ease of use, and the improvement in image acquisition and analysis.
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microscopy

been applied to the analysis of nanoscale materials (Anderson et al.,
2015; Badireddy, Budarz, Chellam, & Wiesner, 2012; Badireddy,

Hyperspectral imaging (HSI) has historically been used for geospatial
and other large-scale analyses (Roth, Tahiliani, Neu-Baker, & Brenner,

2015; van der Meer et al., 2012). More recently, the technology has

Abbreviations: DF, darkfield; EDFM, enhanced darkfield microscopy; EDS,
energy-dispersive x-ray spectroscopy; FOV, field of view; HSI, hyperspectral
imaging; MCE, mixed cellulose ester; MWCNT, multiwalled carbon nanotubes;
NP, nanoparticle; PCM, phase contrast microscopy; REL, recommended expo-
sure limit; TEM, transmission electron microscopy.

Wiesner, & Liu, 2012; Dillon, Bezerra, Sosa Pefa, Neu-Baker, &
Brenner, 2017; Idelchik et al., 2016; More & Vince, 2015; Mortimer
et al,, 2014; Roth, Sosa Pefia, Neu-Baker, Tahiliani, & Brenner, 2015;
Roth, Tahiliani, et al., 2015; Shannahan, Sowrirajan, Persaud, Podila, &
Brown, 2015; Sosa Pefia et al., 2016; von der Kammer et al., 2012).
The CytoViva (Auburn, AL) enhanced darkfield microscopy (EDFM)
and hyperspectral imaging (HSI) system is increasingly used for analy-

sis of nanoscale materials in a variety of biological and environmental
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matrices (Anderson et al, 2015; Badireddy, Budarz, et al., 2012;
Badireddy, Wiesner, & Liu, 2012; Dillon et al., 2017; Idelchik et al.,
2016; Mercer et al., 2011; Mercer et al.,, 2013; More & Vince, 2015;
Mortimer et al., 2014; Roth, Sosa Pefia, et al., 2015; Roth, Tahiliani,
et al., 2015; Shannahan et al., 2015; Sosa Pefa et al., 2016; von der
Kammer et al., 2012). Spectral data collected from pixels in a hyper-
spectral image may be used to identify materials of interest
(Badireddy, Wiesner, & Liu, 2012; Husain et al., 2015; Idelchik et al.,
2016; Idelchik et al., 2018; Mortimer et al., 2014; Sosa Pefa et al.,
2016), which cannot be achieved with transmission electron micros-
copy (TEM) or phase contrast microscopy (PCM) alone. Additionally,
this modality is amenable to nanoparticle (NP) visualization and analy-
sis since it easily detects NPs on a dark background from light scat-
tered by the particles. Since NPs have dimensions that are less than
the wavelength of visible light (Stark, 2011) with closely packed
atoms, there is greater light scattering. The CytoViva enhanced dark-
field microscopy with hyperspectral imaging (EDFM-HSI) system
detects scattered light in the sample and, thus, NPs stand out from
the surrounding matrix with high contrast. However, EDFM-HSI
examination of NPs captured on filter media poses a problem due to
the scattering of light by the filter itself. This significantly reduces the
contrast between NPs and filter, thereby affecting the ability to detect
and analyze NPs in the filter section. The methods described here
considerably reduce the light scattering of the filter media, enabling
the detection of NPs by EDFM-HSI. As such, this modality shows
promise as a rapid screening tool for occupational exposure samples
of airborne nanoparticulate collected on filter media.

Current best-known methods for analysis of filter media from
exposure assessments include off-line direct visualization by transmis-
sion electron microscopy (TEM) (CDC-NIOSH, 1994a), often coupled
with energy-dispersive x-ray spectroscopy (EDS) for compositional
analysis. Since TEM-EDS is costly and time-intensive, and since the
analytical methods for TEM-EDS of filter-captured particulate were
developed using informal and qualitative approaches for nanomaterials,
there is an urgent need for a rapid screening protocol for the direct
visualization and identification of NPs. While EDFM-HSI cannot replace
TEM-EDS, it is poised to fill the role of a rapid screening tool due to its
ability to quickly visualize and identify NPs captured on filter media and
identify which samples might truly benefit from more intensive analysis
by TEM-EDS. If TEM-EDS continues to be used as the gold standard
for direct visualization of NPs from occupational exposure assessments,
the high volume of samples expected will cripple any attempts to make
timely health and safety recommendations, whether for an individual
company or industry or for the entire nanotechnology workforce. This
new analytical protocol will therefore expedite time-to-knowledge.

An effective rapid screening protocol must also include a rapid
sample preparation method. NIOSH Method 7400—Asbestos and
Other Fibers by PCM (CDC-NIOSH, 1994b)—was identified as a
potential method for preparing filters for EDFM-HSI since it is an
established, published method for making mixed cellulose ester (MCE)
filters transparent for optical microscopy. However, while NIOSH
Method 7400 is appropriate for clearing filter media for PCM analysis,
it was determined that it is not ideal for clearing MCE filter media for
EDFM-HSI since it does not effectively render the filter transparent.

Instead, it leaves an opaque background that interferes with the
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visualization and analysis of NPs and particularly of less reflective
NPs, such as silica, where the hyperspectral data associated with the
silica NPs is similar to that of the background. As such, a new sample
preparation method for clearing MCE filters is needed.

Here, we compare the filter sample preparation technique
described in NIOSH Method 7400 (CDC-NIOSH, 1994b) to a new
method that uses acetone to saturate the MCE filter media, with par-
ticular attention paid to: (a) ease of use, (b) speed of preparation, and
(c) quality of HSI images and data. This new acetone saturation
method expands on work previously presented (Beach, 2012).

2 | MATERIALS AND METHODS

21 |

An aerosol of silica NPs (Sigma Aldrich, St. Louis, MO; 10-20 nm in diame-
ter) was created via a Venturi aerosolization system (NIOSH DART; Cincin-
nati, OH) (Evans, Turkevich, Roettgers, Deye, & Baron, 2013). This is a

reproducible method that produces samples that resemble high-energy

MCE filter media exposed to silica NPs

particle dispersal in the workplace. Nanoscale silica powder was placed into
an exterior holding tube that is attached to the holding chamber. Air is
pulled through the holding tube at a given volumetric flow rate
(Q = 60 L/min), resulting in a flow rate of approximately 70 m/s. The aero-
solized product in the chamber is then pulled through two different filter
samples onto 37 mm-diameter filters. One sample is the respirable fraction
pulled through a size-selective GK2.69 cyclone (BGI Mesa Labs, Butler,
NJ), operating at flow rate of 4.2 L/min and having a 50% cut point of
4.5 mm. The other total inhalable particle sample is collected at a flow rate
of 2 L/min through a closed-face cassette with no size classification. Dupli-
cate filter samples (n = 8) were created by introducing 3.0 mg silica NP into
the Venturi chamber. Filter blank samples (n = 2) were collected using the

Venturi system, but without introduction of product into the chamber.

2.2 | MCE filter media exposed to multiwalled
carbon nanotubes

An aerosol of Nanocyl NC 70000 multiwalled carbon nanotubes
(MWCNTSs) (Nanocyl SA, Belgium; average diameter of 9.5 nm; average
length of 1.5 pm) was created via an aerosol generation system (NIOSH
HELD; Morgantown, WV). This system is capable of sustaining an aero-
sol concentration of 0.5 mg/m>. Leland pumps were used to create
MCE filter samples at a goal flow rate of 4 L/min. Loading concentra-
tions included 17.91 mg/m? [equivalent to 8 hr time-weighted average
(TWA) of 3.7303 pg/ms); 3.07 mg/m? (equivalent to 8 hr TWA of
1.279 pg/m3); and a filter blank exposed to filtered air only.

2.3 | Sample preparation using NIOSH method
7400: Asbestos and other fibers by PCM

The objective of the NIOSH Method 7400 is to prepare a transparent
MCE filter media sample by collapsing the filter using acetone vapor and
triacetin (CDC-NIOSH, 1994b). A wedge (approximately 20-25%) of the
MCE filter is cut with a clean scalpel and placed onto a cleanroom-
cleaned glass microscopy slide (NEXTERION, SCHOTT North America,
Inc., Tempe, AZ). A Small Wonder Acetone Vaporizer (Wonder Makers
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Environmental, Inc., Kalamazoo, MI), or “hot block,” was warmed to
approximately 70°C, the optimal temperature for this method. The glass
microscopy slide with the filter portion is then inserted into the chamber.
Approximately 250 ml acetone is slowly pipetted into the inlet of the hot
block. The pipet and slide are removed after 3-5 s, at which point the fil-
ter is expected to be cleared. Triacetin (3-3.5 pl) is immediately pipetted
onto the filter. The filter is then coverslipped with cleanroom-cleaned
coverslip (NEXTERION) and sealed with clear nail polish. A total of 16 fil-
ters (nine exposed to silica, four exposed to MWCNTSs, three blanks)
were prepared by this method.

2.4 | Sample preparation using new method
designed for enhanced darkfield microscopy with
hyperspectral imaging

A wedge (approximately 20-25%) of the MCE filter is cut with a clean
scalpel and placed onto a cleanroom-cleaned glass microscopy slide
(NEXTERION, SCHOTT North America, Inc., Tempe, AZ). A cleanroom-
cleaned glass coverslip (NEXTERION) is placed on top of the filter but
not adhered. Using forceps, the coverslip is held in place while approxi-
mately 500 pl acetone is pipetted in between the coverslip and slide to
completely saturate the filter until the filter becomes transparent
(Figure 1). It is necessary to sandwich the filter between the coverslip
and slide so that the filter remains flat against the slide and does not
curl up or wrinkle when saturated with acetone. If bubbles appear, for-
ceps may be used to gently press down on the coverslip to dislodge the
bubbles, taking care not to laterally move the coverslip, which may also
disrupt the filter. The coverslip is then sealed with clear nail polish. Lig-
uid acetone should be present under the coverslip when it is sealed. A
total of 16 filters (nine exposed to silica, four exposed to MWCNTSs,
three blanks) were prepared by this method.

25 |

Filter samples were imaged by EDFM as previously described (Dillon
et al,, 2017; Guttenberg et al., 2016; Idelchik et al., 2016; Roth, Sosa Pefia,
et al., 2015; Sosa Pena et al., 2016). Briefly, filter samples were visualized

Imaging by EDFM-HSI

with a CytoViva EDFM-HSI system (CytoViva, Inc., Auburn, AL) mounted
on an Olympus BX-43 microscope with an EDFM condenser. The source
(Fiber-Lite DC-950, 150 W quartz halogen light source with 0-100%
intensity control; Dolan-Jenner Industries, Boxborough, MA) brightness
was kept constant at 75% power for all image acquisition. Darkfield
(DF) images were captured with an optical camera (DAGE-MTI, Michigan
City, IN) mounted to the microscope. DF images were captured at 40x
magnification to optimize the number of nanostructures in a given field of
view (FOV). For each DF image captured, a hyperspectral image was also
captured as previously described (Dillon et al., 2017; Idelchik et al., 2016;
Roth, Sosa Pefia, et al., 2015; Sosa Pefia et al., 2016) Briefly, hyperspectral
images were collected using a Pixelfly hyperspectral camera that captures
a spectrum from 400 nm to 1,000 nm in each pixel. Hyperspectral images
(501 lines) were captured at 40x to correspond with the 40x magnifica-
tion DF images. Exposure times for hyperspectral image acquisition ran-
ged from 0.2 s/line for samples prepared with the new method to over
1.5 s/line for samples prepared by NIOSH 7400.

3 | RESULTS

3.1 | Filter clearing by each method

Both sample preparation methods were tested on MCE filters exposed to
silica NPs. NIOSH Method 7400 was slower to execute, ranging from
approximately 10-15 min for the first sample and approximately 3 min
per subsequent sample. However, it often took upwards of 30 min if the
vaporization chamber exceeded the optimal working temperature of
70°C and needed to cool down. Typically, only three samples could be
prepared before needing to wait for the chamber to cool down to the
optimal working temperature. The new method of liquid acetone satura-
tion was much faster, taking a total of approximately 1-2 min per sample.

3.2 | Direct visualization and hyperspectral analysis
of filters via EDFM-HSI

Filters prepared by either NIOSH Method 7400 or the new method
were visualized by EDFM-HSI at 40x magnification. After sample

FIGURE 1

New sample preparation method. (a) A portion of an MCE filter exposed to silica NPs was cut with a clean scalpel, placed onto a

cleanroom-cleaned glass microscopy slide with a cleanroom-cleaned glass coverslip placed on top, but not adhered. Forceps are used to gently
hold the filter and coverslip in place to prevent the filter from curling. (b-d) Acetone (approximately 500 pl) is pipetted in between the slide and
coverslip to saturate and clear the filter. (e) When the filter is completely saturated and cleared, the coverslip is sealed with clear nail polish. Photo
credit: Ana Segarceanu (SUNY Polytechnic institute) [Color figure can be viewed at wileyonlinelibrary.com]


http://wileyonlinelibrary.com

NEU-BAKER ET AL.

MICROSCOPY

WILEY-L_2

preparation, filters appeared transparent to the naked eye, regard-
less of which sample preparation was employed. However, on visu-
alization by EDFM, it was apparent that NIOSH Method 7400 did
not completely render the filter transparent; an opaque filter back-
ground was visible, which interferes with the visualization and anal-
ysis of less reflective materials, like silica. The new method of liquid
acetone saturation cleared the filter to a greater extent than
NIOSH Method 7400: there was no opaque filter background
remaining in these samples, which facilitated visualization by EDFM
(Figure 1).

Hyperspectral images of filters prepared via NIOSH Method 7400
showed low contrast between the silica NPs and the filter back-
ground, which remained somewhat opaque (Figure 2). This low con-
trast translated into low signal-to-noise: the overall light intensity was
higher due to background scatter, but this rise in background light
reduced the signal-to-noise of spectral features tied to NPs. Here, the
spectra for the nanostructures were approximately 1,700 arbitrary
units (AU) and the spectra for the background pixels were approxi-
mately 1,200 AU. Generally, background is considered to have spec-
tral intensity of approximately 1,000 AU or less. Spectral intensities of
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2,000 AU or greater, or intensities that are at least twice that of back-
ground, are ideal for pixels corresponding to NPs. To acquire a similar
signal-to-noise to the new method using NIOSH 7400, the acquisition
time per line must be increased by upwards of 7.5 times. This was
possible for some samples prepared via NIOSH Method 7400, but this
added a considerable amount of time to the overall imaging process
and did not always yield improved results. Furthermore, any silica NP
that was embedded deeper into the filter was more difficult to visual-
ize via HSI due to the low contrast between the NPs and the filter.
Conversely, when samples were prepared by the new method, there
was increased contrast between the silica NPs (11,000 AU) and the
background (200 AU; Figure 2) and the exposure time could remain

low (~0.2 s), expediting analysis.

4 | DISCUSSION

The new sample preparation method proposed and described here is
simple, fast, and generates better EDFM-HSI images and spectral data
when compared to NIOSH Method 7400. This new method does not

require specialized equipment, reagents, or extensive training, making
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FIGURE 2 Hyperspectral images of MCE filters prepared by each method. A filter sample was prepared by each method. (a) MCE filter exposed
to silica NPs prepared by NIOSH method 7400. Note the low contrast between the NPs (bright white spots) and background. (b) MCE filter
exposed to silica NPs prepared by the new method of acetone saturation. Note the high contrast between the NPs (bright white spots) and
background. Both images were captured at 40x magnification with exposure times of approximately 0.2 s/line. (c) Spectra from background

(BG) pixels and silica NP pixels are shown: The maximum spectral intensity of the BG pixel prepared by NIOSH method 7400 is approximately
1,200 arbitrary units (AU) with noise, which is typical of background (blue spectrum); the maximum spectral intensity of the silica NP pixel
prepared by NIOSH method 7400 in (a) is approximately 1,700 AU (green spectrum). Conversely, the maximum spectral intensity of the BG pixel
from the filter prepared by the new method in (b) is approximately 200 AU with noise, which is typical of background, while the maximum
spectral intensity of the silica NP pixel from the filter prepared by the new method is approximately 11,000 AU [Color figure can be viewed at

wileyonlinelibrary.com]
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FIGURE 3 Hyperspectral image of MWCNTSs on MCE filter prepared with the new method. An MCE filter was exposed to MWCNTSs prepared
by the new method presented here. (a) Note the high contrast between the MWCNTs (bright fiber structures) and black background. HSI image
was captured at 40x magnification with exposure time of approximately 0.2 s/line. (b) Spectra from a background pixel (BG) and a MWCNT pixel
are shown: The maximum spectral intensity of the BG pixel (red spectrum, corresponding to a pixel within the red box in the image) is
approximately 80 AU with noise, which is typical of background; the maximum spectral intensity of the MWCNT pixel (green spectrum,
corresponding to a MWCNT+ pixel within the green box in the image) is approximately 10,000 AU [Color figure can be viewed at

wileyonlinelibrary.com]

it an ideal sample preparation technique for a rapid screening proto-
col. Acetone is a standard reagent in most research and commercial
laboratories. Other glass microscopy slides and coverslips could
potentially be used instead of the cleanroom-cleaned slides and cover-
slips (Mercer et al., 2017; Roth, Sosa Pena, et al., 2015) used here only
if they have been shown to be free of contaminants, like dust or other
particulates, that may interfere with analysis. In future work, various
cleaning and decontamination methods will be assessed for their abil-
ity to appropriately remove particulates from microscopy slides. Addi-
tionally, while this new sample preparation method seems to provide
better contrast without artifacts compared to traditional MCE filter
preparation per NIOSH Method 7400, further work is needed to
ensure that particulate is not lost using this technique. This method is
also not NP-specific and can therefore be used for any MCE sample
that has been used to collect nanoparticulate, from either lab-
generated samples, as shown here, or from field sampling. The
researchers are currently utilizing this sample preparation method for
EDFM-HSI analysis of other ENMs on MCE filter media, including
MWCNTs. To illustrate the applicability of the method for other NPs
captured on MCE filters, Figure 3 shows MWCNTs on MCE filter
media prepared using the new method.

Sandwiching the filter between the slide and coverslip and hold-
ing it with forceps while pipetting acetone in between is critical so
that the filter does not curl or fold. In developing this sample prepara-
tion method, attempts were made to pipette a drop of acetone
directly onto the filter, place the filter on top of a drop of acetone on
a slide, and to pipette acetone in between the coverslip and slide
without holding with forceps, but these methods all resulted in filters
that would instantaneously fold, wrinkle, or curl, which would impede
EDFM-HSI data acquisition. Clamping the coverslip to the slide may
be done using a small clamping device instead of forceps may be
appropriate to maintain consistent pressure; however, care must be
taken not to exert too much pressure that would break the coverslip
and/or prevent the flow of acetone. This is an area for further
exploration.

As EDFM-HSlI is increasingly utilized for nanoscale analysis of bio-

logical and environmental samples, it is therefore more accessible to

the research community for other applications, such as for analysis of
filter samples of airborne nanoparticulate collected for occupational
exposure assessments. As such, commercial and research laboratories
that utilize EDFM-HSI will also benefit from this new sample prepara-
tion method, since it is not only faster and easier than NIOSH Method
7400, but will also save money, in terms of cost of reagents
and equipment as well as in person-hours. As EDFM-HSI is increas-
ingly adopted—particularly for occupational exposure assessment
applications—its advantages, coupled with ease of sample preparation,
will yield more occupational exposure data that will be invaluable to
the research community and will enable companies and industries to
make informed decisions regarding protection of worker health.

5 | CONCLUSIONS

This new sample preparation method for visualization of NPs on MCE
filters using EDFM-HSI is inexpensive, rapid, simple, and clears the fil-
ter more completely than NIOSH Method 7400, yielding images with
increased signal relative to background, thereby improving HSI data
quality. Further work is needed to ensure that particulate is not lost
using this technique versus the NIOSH Method 7400 and to compare,
in detail, HSI to TEM-EDS regarding specific fiber sizes for a given
material. The current TEM-EDS methods for direct visualization of
particulate captured on filter media from occupational exposure
assessments present a significant hurdle for companies and industries
to comply with current or future recommended exposure limits (RELs)
or safety recommendations regarding potential exposure to ENMs. A
new, rapid screening protocol is, therefore, critical to advance the
state of the science. A simple, cost-, and time-effective sample prepa-
ration method must be incorporated into any new analytical protocols
to expedite safety recommendations for the nanotechnology work-
force and protect worker health.
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