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Abstract

We present periodic nanohole arrays fabricated in free-standing metal-coated nitride films as a
platform for trapping and analyzing single organelles. When a microliter-scale droplet containing
mitochondria is dispensed above the nanohole array, the combination of evaporation and capillary
flow directs individual mitochondria to the nanoholes. Mammalian mitochondria arrays were
rapidly formed on chip using this technique without any surface modification steps, microfluidic
interconnects or external power sources. The trapped mitochondria were depolarized on chip using
an ionophore with results showing that the organelle viability and behavior were preserved during
the on-chip assembly process. Fluorescence signal related to mitochondrial membrane potential
was obtained from single mitochondria trapped in individual nanoholes revealing statistical
differences between the behavior of polarized vs. depolarized mammalian mitochondria. This
technique provides a fast and stable route for droplet-based directed localization of organelles-on-
a-chip with minimal limitations and complexity, as well as promotes integration with other optical
or electrochemical detection techniques.

Introduction

Mitochondria play important roles in cell-maintenance,! cell-death,? are linked with the
aging process, diseases like cancer,* and recently were used for bioenergy generation on
chip.® Technologies facilitating on-chip bioanalytical analysis of mitochondria are therefore
extremely relevant for their improved understanding and derived applications. Existing
platforms for on-chip mitochondrial analysis are generally dependent on steps such as
surface modification of the chip,® 7 microfluidic assemblies or electrical connections,8-12
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which limit the ease of sample delivery and analysis. Attempts have been made recently to
overcome these limitations, utilizing platforms such as PDMS wells or optical fiber bundles
for the analysis of yeast-derived mitochondria.13 14 These substrates are still reliant on
random mitochondrial attachment with no directional control over localization of these
organelles, require surface hydrophilization for organelle capture and have little scope for
combination with other analytical techniques. Random distribution of mitochondria as well
as staining of PDMS substrates by fluorescent dyes such as JC-1 can result in increased
background fluorescence, which interferes with sensitive analysis of these organelles. We
propose that substrates based on metallic nanohole arrays fabricated in silicon nitride
membranes present significant improvements over existing limitations leading to efficient
and stable analysis of complex bioparticles such as organelles.

Metal-coated nanohole arrays'® have emerged as a versatile bioanalytical platform having
been widely used for analytical sensing including surface plasmon resonance,6 surface-
enhanced Raman spectroscopy (SERS),1” plasmon-enhanced fluorescence,® and single-
molecule analysis.1® They have also been utilized for on-chip detection and analysis of
complex bioparticles such as exosomes,20 viruses,?! and virus-like particles.22: 23 However,
these platforms have also primarily relied on non-directional capture of molecules and
particles, though some examples have spatially-heterogeneous surface chemistry for
selective capture of particles. Nanoholes fabricated in free-standing silicon nitride (SigNy)
films have been shown to be efficient at directing the flow of solution through them, which
can be used for directed trapping of particles suspended in solution.24-28 As this trapping
methodology works well with aqueous media, it can be readily applied for the capture and
array-based analysis of biological particles such as organelles.

In this technical note, we demonstrate that a nanohole-based passive flow-driven technique
facilitates directed assembly of mammalian mitochondria arrays with exact positioning of
single mitochondria inside individual nanoholes. Single mitochondria analysis can enable us
to identify differences within as well as between organelle subpopulations, which is an
improvement over analysis of aggregated organelles.® 22 Spatial control over the
localization of mitochondria can reduce random adsorption of organelles improving the
signal-to-noise ratio, facilitating array-like analysis and improving integration with other
analytical methods such as SERS.27: 28 As the evaporation-driven flow minimizes the
limitations imposed on the setup by surface-treatment or external attachment, it can be
applied towards the stable analysis of complex bioparticles including other organelles and
cells. Furthermore this metallic nanohole array system has the potential to utilize plasmonic
or electrochemical methods for label-free organelle analysis.1?: 30

Details of chip fabrication, preparation of mammalian mitochondria samples, imaging and
data analysis can be found in the supporting information file.

Sample loading

To capture mammalian mitochondria in nanoholes, 10 pL of buffer solution containing
mitochondria was added to the backside reservoir of the nanohole array chip.
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The setup was left undisturbed for 10 minutes to direct mitochondria over the nanohole
array region and eventually trap them inside nanoholes. To remove untrapped mitochondria
from the chip, the reservoir area was washed by addition and suction of 10 pL of fresh
buffer solution using a micropipette. This step was repeated three times. To confirm the
trapping of single mitochondria in the nanoholes, two mitochondria samples were prepared.
One sample contained mitochondria tagged with DsRed?2 fluorescent protein, whereas the
other sample had mitochondria tagged with MitoTracker Green (MTG). Equal volumes of
the samples were mixed together before loading on the nanohole array substrate. For the
depolarization of mitochondria on chip, 10 pL of buffer solution with mitochondria
containing JC-1 was added to the nanohole array substrate. Once the mitochondria were
trapped, 1 uL buffer solution containing valinomycin at a concentration of 20 uM was added
to the reservoir. After dilution, the actual valinomycin concentration in the reservoir was
approximately 2 M. The samples were imaged after being exposed to valinomycin for 2
minutes.

Results and Discussion

Nanohole array chips with a 100-nm-thick suspended nitride membrane were prepared as
discussed elsewhere (Figure 1).2” Mammalian mitochondria in suspension were added to the
etched backside reservoir of the chips, on the silicon-nitride surface. Wetting of the
nancholes is initiated by the silicon-nitride layer (contact angle ~ 45°), and the gold films
also have favorable conditions for wetting (contact angle ~ 70°). Contact angle for non-
wetting liquids should be greater than 90°. The assembly of mitochondria arrays in
nancholes is driven by evaporation from the open end of the nanoholes (Figure 2a). This
process works on the principles of the coffee-stain effect where capillary flow towards
pinned edges of a water drop results in concentration of particles.3! In this case, the
meniscus of water inside the nanoholes undergoes constant evaporation and is replenished
by flow of water from the large drop of mitochondrial suspension.2” This directed flow
drags any particles suspended in the aqueous solution towards the nanoholes, where they are
trapped. We believe the adherence of mitochondria to the nanoholes is primarily a result of
the trench-like nature of the nanoholes. If the size of the mitochondria is relatively close to
the diameter of the holes, they can be “tucked-in” the holes and the washing does not
provide sufficient vertical drag to displace them. In fact, previous reports have shown that
such tucking-in prevents the removal of particles if the hole diameter and particle size are
relatively well-matched, when a squeegee-like surface cleaning procedure is used.32 In case
the mitochondria are loosely adhered or have size much larger than the holes, their removal
during the washing step is more likely. Once assembled, the samples were imaged through
the gold-coated side of the nanoholes. An image of a suspended membrane area with four
mitochondria arrays can be seen in Figure 2b. These mitochondria were tagged with a
mitochondrial-selective fluorescent label MitoTracker Green (MTG).

These arrays were formed within minutes simply by the addition of solution on the substrate,
enabling rapid trapping and simultaneous fluorescence analysis of many mitochondria in a
periodic array. The nanoholes have a diameter of 600 nm and their depth, which is defined
by the thickness of the nitride membrane and the thin metal film, is 300 nm. Typical sizes of
isolated mitochondria are about 630 nm, with standard deviation of 180 nm (Figure S3). We
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chose 600 nm as a starting point for these experiments since we wanted the holes to be
optimally sized to trap mitochondria while reducing the chance of multiple mitochondria
cohabiting the same hole. We expected the limited size combined with diluted mitochondria
suspension to facilitate trapping and visualization of isolated single mitochondria in the
nanoholes. This was tested using two mitochondria samples, each tagged with a different
fluorophore. In one sample mitochondria were tagged with DsRed?2 fluorescent protein
whereas in the other sample mitochondria were tagged with MTG. Equal volumes of the
samples were mixed, added to the nanohole array substrate and then imaged. An image
showing overlap of the two fluorescence channels for these experiments can be seen in
Figure 2c. The arrays were analyzed to record the number of holes with green, red and
overlapping colors (Figure S1). Green fluorescence was observed from 63% of the occupied
holes (# of holes = 51), red from 35% (# of holes = 34), whereas overlap of colors was seen
in a small fraction of the holes (2%) in the arrays (# of holes = 2).

The relative excess of MTG to DsRed2 mitochondria (63 % vs. 35 %) can be due to a few
factors. First, prior to mixing, the mitochondria concentration in the MTG-tagged sample
may have been greater than that of the DsRed2 sample, creating an excess of MTG relative
to DsRed2 mitochondria. Second, DsRed2 fluorescence is dependent upon expression of
DsRed?2 protein, which varies across mitochondria and may not be expressed in some
mitochondria. In fact, some of the apparently empty nanoholes in the array may be occupied
by mitochondria from the DsRed2 sample that do not express DsRed?2 or express it at
concentrations below the detection threshold, which would skew the apparent distribution
toward an excess of MTG-tagged mitochondria. The variation in red fluorescence intensities
visible in Figure 2c can be due to difference in expression of DsRed2 protein amongst the
trapped mitochondria. Using the known number of nanoholes and observed number of
mitochondria in Figure 2c, we estimated the probability of observing overlaps (calculation in
supporting information). We expect to see overlap in 4 out of 500 nanoholes on average,
which is close to the observed number.

We demonstrate an application of the organelle-on-a-chip system for fluorescence-based
analysis of mitochondrial properties, in particular their membrane potential. The
transmembrane potential in mitochondria is an important indicator of function.33 Trapped
mitochondria were treated with valinomycin that depolarized mitochondria on chip.
Valinomycin is a potassium ionophore, which facilitates the transport of potassium ions
through the membrane leading to decrease of the mitochondrial membrane potential i.e.
depolarization of the membrane.34 This change in mitochondrial membrane potential can be
visualized using a membrane-permeant JC-1 dye, whose accumulation in the mitochondria
is dependent on the transmembrane potential 3> The dye can exist in a monomeric form
(green fluorescence, emission ~529 nm) or can form J-aggregates (red fluorescence,
emission ~590 nm). Increase in the mitochondrial membrane potential causes accumulation
of the dye in the mitochondria, facilitating the increase in the formation of aggregates and
leading to higher red-to-green fluorescence ratio. Depolarization of the mitochondrial
membrane is indicated by a decrease in ratio of red-to-green fluorescence emission from red
(~590 nm) to green (~529 nm). For samples under observation, this ratio of red-to-green
fluorescence intensity is recorded to monitor the changes in mitochondrial membrane
potential .35
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The schematic for two approaches of mitochondria depolarization is shown in Figure 3a. In
the first approach valinomycin was added to polarized mitochondria trapped on the chip
(Case A), whereas in the second approach mitochondria were depolarized off-chip in bulk
suspension (control) and then added to the chip (Case B). These samples were imaged
before and after on-chip valinomycin treatment. The JC-1 fluorescence values were
monitored and the ratios were calculated. Plots showing the fluorescence ratios before and
after on-chip addition of valinomycin for twenty-five holes on a single array are shown in
Figure 3b—c. The decrease in the red-to-green fluorescence ratio for each nanohole can be
tracked from the plot. The variation in the fluorescence ratio for the polarized samples can
be due to in-sample heterogeneity i.e. difference in the transmembrane potential or
functional states of different trapped mitochondria. Fluorescence ratios for all nanoholes in a
single array are shown in the form of vertical scatter plots (Figure S2). Before valinomycin
addition, the mean value of red-to-green fluorescence for the polarized samples was 0.55
and the median was 0.47. After valinomycin addition, the mean value changed to 0.31
whereas the median changed to 0.30. For the bulk-depolarized control samples, the mean
and median fluorescence ratios before on-chip valinomycin addition were both 1.01, and
showed no change after on-chip valinomycin addition. Unpaired t-tests performed for the
two cases calculated a statistically significant difference in the means for the polarized
samples (P < 0.0001), whereas for the control samples the change was not significant (P =
0.1138).

The change in the red-to-green fluorescence ratio before and after on-chip addition of
valinomycin were calculated. This change is defined as the difference between the
fluorescence ratio before and after addition of valinomycin on chip (A(R/G) = R/G before -
R/G after). A scatter plot for calculated A(R/G) for the nanoholes in a single array for both
cases is shown in Figure 3d. The mean change for the polarized samples was about 0.25
units, whereas the change for the bulk-depolarized control samples was close to zero. A t-
test comparing the calculated change for a polarized sample vs. control also showed that
there is statistically significant difference (P < 0.0001) between the changes in fluorescence-
ratios observed. The observed response aligns well with our expectations from the samples
and confirms that the mitochondria maintain their viability and function during this on-chip
assembly process. The setup allows us to monitor individual mitochondria localized at
multiple identifiable spots on the same chip with the ability to perform multiple assays.

Concluding Remarks

We have shown that nanohole arrays fabricated on nitride membranes can be used as a
platform for directed, localized trapping of mitochondria by addition of a micro-droplet. The
application of this simple, efficient, self-propelling and biocompatible platform was
demonstrated through trapping and subsequent array-based analysis of individual
mammalian mitochondria. The effect of external chemical stimulus in the form of
valinomycin on polarized mammalian mitochondria was recorded and compared to pre-
depolarized mitochondria. The observed difference in their response clearly indicated that
the mitochondria maintain their viability and function after the passive flow-driven on-chip
assembly process, indicating the potential of this platform for stable analysis of fragile
bioparticles including organelles and cells. A limitation of the discussed platform remains
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non-selective trapping of particles, which can be an issue working with complex biological
solutions with diverse components. To overcome this problem, samples pre-enriched with
desired particles or receptor-labeled nanoholes can be used. Fabrication techniques such as
nanoimprinting can be used in the future to obtain large-scale arrays, allowing us to analyze
larger sample sizes.28 Importantly, this platform can be easily combined with techniques
such as SPR imaging,3¢ nanohole-enhanced SERSY: 28 or electrochemistry30 for high-
throughput multimodal organelle-on-a-chip analysis. Hence we believe this platform is a
uniquely attractive tool for stable organelle analysis as it promotes directed localization with
minimal limitations and complexity, while supporting diverse analytical techniques.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(a) A photograph showing the backside of a 1 inch x 1 inch silicon chip with 16 KOH

membrane with hole size 600 nm and periodicity 1200 nm.
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Figure 2.
Sample analysis in an array format. (a) Sample was added to the backside reservoir on the

chip and mitochondria were allowed to assemble on to the nanoholes. The samples were
washed and then imaged from the gold-coated end of the nanoholes. (b) Image shows 4
arrays containing trapped mitochondria tagged with MitoTracker Green dye. (c) Two
samples containing mitochondria tagged with a fluorescent marker (DsRed2 in one sample
and MitoTracker Green in the other) were diluted and mixed. The mixed mitochondria
suspension was then added to the chip over the nanohole arrays for the capture of
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mitochondria. Image shows 5 arrays containing captured mitochondria tagged with either
DsRed2 or MitoTracker Green.
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Figure 3.

Mitochondria tagged with JC-1 dye were treated with valinomycin and the change in the
ratio of red-to-green fluorescence was monitored for each nanohole. (a) Depiction of the
experimental scheme using two samples of mitochondria. On-chip valinomycin addition to
polarized mitochondria has been termed as Case A whereas addition of valinomycin to
already depolarized mitochondria has been termed as Case B. (b) 25 holes on an array
containing polarized mitochondria i.e. case A. Vertically aligned data points were obtained
from the same hole before and after on-chip valinomycin addition. (c) 25 holes on an array
containing bulk-depolarized mitochondria i.e. case B. Vertically aligned data points were
obtained from the same hole before and after on-chip valinomycin addition. (d) The
difference in the red-to-green fluorescence ratio (i.e. A(R/G) = R/G before — R/G after)
shown for an array with polarized mitochondria (case A) and pre-depolarized mitochondria
(case B). T-test indicates significant difference in the change observed for the two cases,
***p < 0.0001. Dashed line indicates the mean value for all the plots.
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