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Raman spectroscopy compatible PDMS droplet
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Lipids produced by microalgae are viewed as a potential renewable

alternative to fossil fuels, however, significant improvements in

productivity are required for microalgal biofuels to become econo-

mically feasible. Here we present a method that allows for the use

of Raman spectroscopy with poly(dimethylsiloxane) (PDMS)

droplet microfluidic devices, which not only overcomes the high

Raman background of PDMS, but also achieves pairing of the high-

throughput single-cell resolution advantages of droplet microflui-

dics with the direct, chemically specific, label-free, and non-

destructive nature of Raman spectroscopy. The platform was suc-

cessfully utilized for in situ characterization of microalgal lipid pro-

duction over time within droplets, paving the way towards high-

throughput microalgal lipidomics assays.

Introduction
Biofuel feedstock-producing microalgae have been heavily
investigated as a renewable alternative to crude oil.1–3

Microalgae convert light and CO2 into a diverse range of lipids,
from triacylglycerols (TAG) to long-chain hydrocarbons.1

Lipids such as TAGs are generally produced when cells are
stressed under adverse conditions such as nitrogen depri-
vation or photo-oxidation.1 Current attempts to commercialize
microalgal biofuels have only resulted in lipid yields that are
estimated to be at least 10 to 20 times lower than that of the
theoretical maximum, and thus are currently not economically

feasible.1,4 Further improvement in yield can be achieved
through various ways, including developing better microalgal
strains, optimizing culture conditions, and subsequently
scaling up to large-scale cultures.2,5,6 To reach these goals,
extensive research in almost all aspects of microalgae is still
needed, however, current microalgae culture systems such as
open raceway ponds, closed photobioreactors, lab-scale flasks,
and conventional multi-well culture plates lack high-through-
put single-cell resolution screening capabilities, and thus are
not suitable for many studies that require large numbers of
testing to be conducted. New approaches overcoming these
limitations can greatly accelerate and advance the current state
of microalgal biofuel production.

Testing many different culture conditions in parallel can be
increased by several orders of magnitude over existing flask or
multi-well plate experimentation when utilizing droplet micro-
fluidics, where pico- or nano-liter scale water-in-oil emulsion
droplets are used as miniature isolated bioreactor or culture
vessels.7–10 These systems use carrier oil to section small
volumes of water-based fluids such as cell-containing culture
media into droplets, each encapsulating one or more cells.
These droplets can be individually transported, mixed,
merged, split, and analyzed, which allows for complex biologi-
cal assays to be conducted with single-cell resolution at extre-
mely high-throughput.7–10 Thus, droplet microfluidics-based
systems have emerged as a powerful tool for broad ranges of
biological assays requiring high-throughput assays, and have
started to be utilized in microalgal biofuel developments,
including various screening applications to identify microalgal
strains showing enhanced growth and/or lipid production and
to quickly optimize culture conditions that results in improved
productivity.10–12

In any of these efforts, the lipid content, both in terms of
quantity and lipid type, needs to be continuously or period-
ically measured throughout the culturing process. Lipid ana-
lysis methods typically used in droplet microfluidics rely on
optical detection of fluorescent markers. Lipophilic fluo-
rescent dyes such as Nile red or BODIPY is commonly used
and convenient, however, these dyes only allow for single time-
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point lipid analysis as they photobleach quickly over time and
also cause cytotoxicity due to chemicals (e.g., dimethyl sulfo-
xide (DMSO)) in which the dyes have to be dissolved, making
time-course analysis challenging or impossible.13 Additionally,
fluorescent dyes can only provide information regarding total
lipid amount as these dyes indiscriminately stain all neutral
lipids,13 thus significantly limiting the on-chip lipid analysis
capability. Destructive analysis techniques commonly used in
conventional cultures such as solvent extraction and sub-
sequent chromatography (HPLC or GC),14 NMR,15 or mass
spectrometry,16 are capable of examining both quantification
and identification of lipid types, but cannot be applied to
droplet microfluidics, mainly due to the large sample amounts
required for analysis, which is very challenging to realize in
micro-scale devices that handle very small volumes. In
addition, the destructive nature of these assays are not compa-
tible with single-cell resolution analysis where the target cells
to be analyzed have to be also preserved.

Recently, Raman spectroscopy has emerged as an alterna-
tive method for microalgal lipid analysis, which provides both
chemical identification and quantification without the need
for molecular tagging or destroying cell samples.16–18 The
Raman spectrum is unique to a given set of molecular bonds,
thus providing chemical specificity for lipid analyses, and the
spectrum peak intensities can be used to quantify each lipid
component as they correlate with the number of molecules in
the focal volume.19–22 Therefore, Raman spectroscopy is a
promising tool for label-free and non-destructive lipidomics
with single-cell resolution. The pairing of high-throughput
droplet microfluidic platforms with Raman spectroscopic
analysis23–28 will allow for rapid quantification and identifi-
cation of in vivo lipid production at the single-cell level
without necessitating any downstream destructive processing.
However, there are two barriers to overcome for achieving this
integration. First, poly(dimethylsiloxane) (PDMS) is the
primary material of choice used for microfluidic cell culture
devices, specifically due to its excellent gas permeability that is
necessary for successful multi-day microalgal culture, and its

optical transparency, which allows for the provision of light for
photosynthesis as well as optical monitoring of the cell
culture.29 In addition, PDMS devices are easy to microfabri-
cate, and thus droplet microfluidic systems have almost exclu-
sively been fabricated in PDMS. However, PDMS generates an
extremely strong Raman scattering signal,30 which overwhelms
the relatively weak signal from single cells. Second, the carrier
oil needed in droplet microfluidics can mask the Raman
signal of the microalgal lipids to be analyzed within the
droplets.31

Herein, we describe a method that allows for the use of
Raman spectroscopy with PDMS-based microdevices to
perform on-chip, droplet-based in vivo biomolecular analysis
(i.e., microalgal lipid analysis) with single-cell resolution. The
system was characterized and demonstrated by conducting on-
chip Raman spectroscopic analysis of lipid accumulation in
the microalgae Chlamydomonas reinhardtii and Botryococcus
braunii in the droplet microfluidic systems. Particularly, the
ability of the system was validated through time-course track-
ing and analysis of differential lipid accumulation in
C. reinhardtii cells under 8 different culture conditions.

Materials and methods
Design and fabrication of microfluidic devices

The microfluidic device (height: 100 µm) consists of a tra-
ditional T-junction droplet generator9,10 that is placed directly
upstream of an array of eight large droplet culture chambers
(Fig. 1). The droplet generator is composed of two crossing
channels, a 200 µm wide channel for carrier oil flow and a per-
pendicular 160 µm wide channel for cell solution flow. Each
downstream culture chamber has a volume of 10 µl in which
approximately 1000 droplets can be stored, cultured, and
examined over time. Eight culture chambers in the micro-
device allows for 8 different culture conditions to be tested in
parallel on a single chip for examining microalgal lipid pro-
duction under the given culture conditions.

Fig. 1 Overview of Raman spectroscopy integrated with a PDMS droplet microfluidic platform for on-chip droplet formation, culture, and in vivo
cellular lipid analysis.
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The device was fabricated in PDMS (Sylgard® 184 Dow
Corning, Inc., Midland, MI) using the soft-lithography method
as previously described.9,10 After PDMS device replication
(layer thickness: 4 mm), the droplet generator and
culture chamber layer was bonded to a 24 × 60 mm2 cover
glass slide (VWR, West Chester, PA). The thin cover glass was
chosen as the device substrate to further decrease spectral
background originating from the device materials. The
assembled device was pre-treated with Aquapel (Pittsburg
Glass Works, LLC) to improve channel surface hydrophobicity
for consistent droplet generation and also to minimize device-
to-droplet wetting interactions.32 After the coating, each
channel was dried using nitrogen gas and subsequently filled
with Fluorinert Electronic Liquid FC-40 (3M), which was used
as the carrier oil.

Preparation of Botryococcus braunii and Chlamydomonas
reinhardtii

The colony-forming green microalga Botryococcus braunii race
B, Showa (or Berkeley) strain33 (single cell size: 13 μm ×
7–9 μm), and the unicellular microalga Chlamydomonas rein-
hardtii, CC-4333 (cw15 arg707 sta6-1) strain (single cell size:
5–10 µm), were cultured in standard Chu-13 34 and tris-acetate-
phosphate (TAP) medium35 (100% nitrogen), respectively,
under a 13W compact fluorescent (65K) light that generates an
irradiance of 80 µmol photons per m2 per s. The cultures
underwent a 12-hour light–dark cycle for 7 days before being
loaded onto the microdevices for Raman spectroscopic lipid
analysis. For time-course tracking of lipid accumulation under
different culture conditions, C. reinhardtii cells were diluted
(concentration: 1.65 × 106 cells per mL) and resuspended in
TAP medium having 8 different nitrogen concentrations (0, 15,
30, 45, 60, 75, 90, and 100% nitrogen) prior to on-chip droplet
encapsulation and culture. Centrifugation and resuspension
was repeated at least three times to ensure complete change-
over to the new medium.

Cell encapsulation

Water-in-oil emulsion droplets (diameter: 250 µm) that con-
tained 10–15 cells were generated by flowing a cell solution
and FC-40 carrier oil having 1% 008-FluoroSurfactant (RAN
Biotechnologies) at flow rates of 300 µL h−1 and 500 µL h−1,
respectively, into the T-junction device. Once the droplets
moved into and completely filled the downstream culture
chamber, the inlet and outlet tubings were clamped to seal
droplets in the chamber. After droplet encapsulation, the
microdevices were maintained in a humidified environment
throughout the experiments to prevent droplet evaporation
through the gas-permeable PDMS layer.12

Raman spectroscopy

Raman spectra were collected using a confocal Raman micro-
scope (Horiba LabRAM HR Evolution, Jobin–Yvon). A 50×
objective (NA: 0.75) was used for focusing a 532 nm wavelength
laser (spot size: approximately 1.5 µm) onto single cells and
for collecting Raman scattered light, which was then dispersed

by a 1800 lines per millimeter grating. The 532 nm laser was
chosen compared to 660 nm and 785 nm excitation, as this
excitation acquired higher signal-to-noise ratio Raman spectra
and also provided faster bleaching of background chlorophyll
autofluorescence. The acquisition time was fixed to 20 seconds
with two accumulations for each collection window. To deter-
mine confocal reduction of PDMS background spectra, 200 µm
(= 4.6 Airy units) and 25 µm (= 0.58 Airy units) pinholes were
used and the results were compared. The laser was manually
aimed at single cells and spectral data were only retained if the
cell was still in the same location after all spectra have been
collected.

Time-course analysis of microalgal lipid production

The Raman spectral peak at 1657 cm−1 (CvC stretching) has
been shown to be specific for fatty acid cis CvC bonds,36–39

and thus selected as a reference peak to measure microalgal
lipid (TAG) accumulation under 8 different nitrogen concen-
tration conditions. The peak intensity was collected and aver-
aged from 10 different droplets every 24 hours for each culture
condition. For comparison with conventional fluorescent
tagging based lipid analysis, C. reinhardtii cells grown under
8 different nitrogen concentrations were also stained with Nile
red, a fluorescent lipophilic dye previously shown to stain
microalgal lipids,10,13,40–42 every 24 hours. After staining,
microscopic images of chlorophyll autofluorescence and Nile
red fluorescence were taken using a Zeiss Axio Observer
Z1 microscope equipped with a Hamamatsu ORCA-Flash2.8
CMOS camera (excitation: 450–490 nm, emission for chloro-
phyll >610 nm, emission for Nile red: 560–600 nm). To quan-
tify lipid production per unit cell volume, the Nile red fluo-
rescence intensity sum was divided by the chlorophyll auto-
fluorescence intensity sum, and then averaged over 5 cells for
each nitrogen culture condition. The Raman peak intensity
and Nile red staining results were then correlated to each time
point and culture conditions for comparison.

Results and discussion
Raman spectra background reduction

The Raman spectra of the microalga Botryococcus braunii
inside PDMS devices were collected in both a standard upright
orientation and an inverted orientation to compare the effect
of PDMS thickness on the Raman background signal. Similar
to previously reported studies,26,43 inversion of the PDMS
microfluidic culture device drastically reduced the Raman scat-
tered light from PDMS, thereby allowing for in vivo microalgal
lipid spectra to be accurately acquired (ESI and Fig. S1†). The
inverted microfluidic device containing B. braunii was then
used to investigate the confocal reduction of background
spectra resulting from out of focus materials. A large confocal
pinhole diameter (4.6 AU) was chosen to obtain the spectra
without confocal sectioning (Fig. 2A). Raman peaks derived
from lipids were detectable in the spectra at 1440 cm−1 and
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Fig. 2 Adjusting confocal pinhole size to further reduce PDMS Raman background. (A) Comparison of Raman spectra of B. braunii using 4.6 (black)
and 0.56 (red) Airy unit confocal pinholes. Peaks resulting from PDMS are marked with black arrows, whereas red arrows indicate peaks resulting
from lipids. (B) Raman spectra of B. braunii when using a 0.56 Airy unit confocal pinhole (black), B. braunii on a fused silica substrate (red), and the
difference of the two spectra (blue). Peaks resulting from PDMS are marked with a black arrow, whereas red arrows indicate peaks resulting from
carotenoids.

Fig. 3 Comparison of spectra from free-floating and droplet-encapsulated C. reinhardtii cells. (A) Illustration showing the confocal focusing of cells
(highlighted in red) encapsulated in a droplet (top) and floating freely in a PDMS channel (bottom). (B) Microscopic images showing droplet gene-
ration through the T-junction droplet generator, the culture chamber filled with droplets, and an enlarged view of droplets inside the culture
chamber, which contain 10–15 C. reinhardtii cells as visualized by chlorophyll autofluorescence colored in red. (C) Raman spectra of C. reinhardtii
cells encapsulated in a droplet (black; 0% nitrogen, blue; 100% nitrogen) and free floating in culture media within a PDMS channel (red; 0% nitrogen,
green; 100% nitrogen). (D) Background spectra of FC-40 carrier oil compared to C. reinhardtii spectra. Peaks resulting from FC-40 with
FluoroSurfactant (black) and pure FC-40 (red) are not observed in the microalgal spectra (blue). Lipid peaks are marked with red arrows.
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1657 cm−1 (CH2 bending and CvC stretching, respectively),37

however the strong PDMS scattering overwhelmed much of the
spectra (Fig. 2A). By reducing the confocal pinhole size by a
factor of eight, the Airy unit parameter was brought down
close to one-eighth, which greatly reduced the out of focus
background to almost negligible levels (Fig. 2A).

For ease of comparison, the spectra of cells in the inverted
device were subtracted from that of cells on a fused silica
(quartz) substrate (Fig. 2B). The background from the glass
coverslip is shown to be roughly equivalent to that of the fused
silica. The major spectral differences between the two samples
result from a weak PDMS signal at 2968 cm−1 and 2904 cm−1

as well as three strong peaks assigned to carotenoids at
1524 cm−1, 1155 cm−1, and 1006 cm−1 (Fig. 2B).37,39 The sand-
wiching of the sample between the silica slide and coverslip
squeezed B. braunii colonies, where a 3D colonial shape
spread into a 2D-like planar structure, allowing for more
precise examination (i.e., carotenoid detection).10 The lipid
spectra in the on-chip microalgal cells can be clearly visualized
in situ with little impact from background Raman scattering
coming from the device material itself, and were comparable
to traditional microscope slide based Raman spectroscopic
analysis.

Compatibility with droplet microfluidic systems

Droplet-based microfluidic devices can provide extremely high-
throughput operations, and thus have broad applicability in
microalgal biofuel development. To determine whether on-
chip Raman analysis of microalgal lipids is also possible and
compatible with droplet microfluidic systems made out of
PDMS, non-motile C. reinhardtii cells were prepared both in
droplet format and free-floating in a microfluidic channel
(Fig. 3A and B). The spectra for cells in both conditions were
collected and compared to determine if the fluorinated carrier
oil FC-40 would introduce any background peaks to the lipid
spectra (Fig. 3C). As can be seen, there were no additional
peaks observed in both cases (Fig. 3C), and therefore the
differences in peak intensities between cells accumulating
lipids (cultured in 0% nitrogen medium) and those without
lipids (cultured in 100% nitrogen medium) can be attributed
to different intracellular lipid concentrations. To further inves-
tigate the potential background contributions of the FC-40
carrier oil, the Raman spectra was collected for the oil itself
with and without the dissolved FluoroSurfactant (Fig. 3D). The
FC-40 carrier oil spectra with and without FluoroSurfactant
were shown to not contain any additional peaks within the
region of interest between 1800 cm−1 and 1400 cm−1 (Fig. 3D).

Time-course analysis of C. reinhardtii lipid production under
different in-droplet culture conditions

C. reinhardtii cells are known to produce TAG lipids under
stressed conditions such as nitrogen deprivation, and the
accumulated amount of lipid is also known to be dependent
on the level of stress applied.10 Droplets containing
C. reinhardtii cells under 8 different culture conditions (0, 15,
30, 45, 60, 75, 90, and 100% nitrogen in TAP medium) were

prepared and cultured on-chip to investigate and compare the
effects of different amounts of nitrogen in culture media on
microalgal lipid production. The CvC stretch Raman scatter-
ing peak at 1657 cm−1 was chosen as the indicator of cellular
fatty acid lipids in the form of TAGs (Fig. 3D) and used to track
lipid production by cells cultured under the 8 different culture
conditions over 4 days. Droplets stored in the culture chamber
were stable, where no droplet merging or evaporation were
observed during the entire culture period. In this analysis,
Raman spectroscopic measurement across multiple time
points without any preparation steps allowed for quantifi-
cation of daily lipid changes in the same C. reinhardtii cells
over time. The results show that cells under the stressed low-
nitrogen conditions accumulated the most amount of lipids
(Fig. 4A). In addition, the level of lipid accumulation at the
final time point corresponded well with the level of nitrogen
depletion (Fig. 4A).

Fig. 4 Time-course Raman spectroscopic analysis of lipid production
in C. reinhardtii under 8 different nitrogen concentration culture con-
ditions. (A) Average Raman peak intensity of C. reinhardtii cells inside
droplets at 1657 cm−1, analyzed for 4 days under 8 different nitrogen
concentrations (n = 10). All data shown are mean ± standard error. (B)
Correlation between average Raman peak intensity at 1657 cm−1 and
average Nile red fluorescence intensity per unit cell volume (fluorescence
intensity of Nile red stained lipid divided by chlorophyll autofluores-
cence intensity) in C. reinhardtii cells for all measured culture conditions
(R2 = 0.8614). Inset shows an example of a Nile red stained C. reinhardtii
cell (yellow; stained oil bodies) cultured in 0% nitrogen condition for
3 days. Red color indicates chlorophyll autofluorescence. Scale bar =
5 µm.
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To compare the Raman spectroscopic analysis with conven-
tional fluorescent dye based analysis, the Raman intensities
obtained from the time-course measurements were compared
to the Nile red staining results (Fig. 4B). The two quantifi-
cation methods showed a strong correlation (R2 = 0.8614;
Fig. 4B), indicating that the on-chip Raman spectra can be
used to quantify the amount of intracellular lipids produced
by cells without the need for any invasive fluorescent staining.

Conclusion
Here we present a method that allows for the use of Raman
spectroscopy with droplet microfluidic devices made with
PDMS, where the PDMS Raman spectral background was mini-
mized through the use of a confocal pinhole and inverse
device orientation. Using two different microalgal cells, we
demonstrated the compatibility of droplet microfluidic
systems that utilize oil as the carrier liquid for the water-in-oil
emulsion droplets with Raman spectroscopy for microalgal
lipid analysis. We then used a droplet microfluidic culture
platform having 8 different droplet culture chambers and suc-
cessfully demonstrated the ability for in vivo analysis of lipid
production from both colony-forming and unicellular micro-
algal strains, including demonstration of the effect of nitrogen
depletion on lipid production in both free-floating culture and
droplet-culture formats. These findings will allow for the
pairing of Raman spectroscopy with droplet microfluidics
based microalgal culture/screening assays to enable label-free,
real-time, non-destructive, single-cell resolution lipid analysis
for the development of next-generation microalgal biofuels.
Furthermore, we expect that the application of such a platform
could be expanded to real-time investigation of any intracellu-
lar processes in microfluidic cell culture platforms using
Raman spectroscopy, particularly those benefitting from
increased parallelization and high-throughput features of
droplet microfluidics.
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