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Supplementary text

1.

Flowing Particle Analysis

The pump beam was tuned to 794 nm to cover major Raman
peaks from the beads in the C-H vibration region. For the SRS-FC
data shown in Fig. 3, we concentrated the solution of the mixed
beads to 3% solids. The concentration of the beads was measured
using a cell counter (Countess II FL, ThermoFisher Scientific, USA)
before mixing at different ratios. The beads were injected at a flow
speed of 11.6 μL/min when SRS-FC data were collected. This
corresponds to a flow speed of ~0.4 m/s at the laser focus for a
flow chamber having a 70-μm inner diameter. In 1 s, 200,000
spectra were acquired; each flowing particle occupied ~5
continuous spectra. This indicates a signal-collection time of ~25
μs for a single bead. Since the diameter of the beads was 10 μm, we
can derive a ~0.4 m/s flow speed as previously calculated. The
flow speed in other cases was calculated similarly. Water has
almost negligible SRS signal in our spectral window. The low water
Raman background collected in the absence of sample was
subtracted from data used for subsequent CPCA analysis. Unless
otherwise mentioned, all CPCA was performed for all 32 channels.
To acquire Raman fingerprint spectra of mixed PS and PCL
beads, the pump beam was tuned to 938 nm. The slit width in the
Stokes beam was 875 µm, corresponding to a spectral resolution
of ~66 cm-1. For SRS-FC analysis of 3T3-L1 cells, the pump beam
was tuned to 800 nm.
At 0.4 m/s flow speed, our sample stream cross-section was
~50 μm in diameter. Assuming the laser is at the center of the
sample stream, and the particles were 10 μm in diameter, the
particles flow through the center (20 μm diameter) of the sample
stream can be detected. This corresponds to < 1/6.25=16%
percentage of the beads in total. Such an efficiency can be

significantly improved by applying hydrodynamic focusing to the
sample flow, which will be done in the future.

2. Compositional Principal Component Analysis
(CPCA)
The measured SRS cytometry data were output as a
temporal-spectral matrix of 32 columns (representing 32 spectral
channels) and n rows (representing spectra measured over a
period of time), where n=200,000 for a 1-s measurement. First, we
normalized the results to [0,1] interval. Subsequently, we created a
1×n matrix of the spectral maxima. The minimal integration
threshold was defined by estimating the background (via
frequency-based filtering) and computing the background mean
plus 3 standard deviations. The intensity values were integrated in
the temporal-spectral regions in which the spectral maxima were
higher than the threshold. The integration produced a new matrix
with 32 columns, and m rows, where m is the number of identified
particles. The spectrum of each particle was subsequently
normalized by dividing the spectral signal vector by its sum.
Therefore, a vector of 32 numbers that summed to 1 characterized
each particle. The isometric log-ratio transformation was used to
move this data matrix from the 32-dimensional simplex into a 31dimensional real-number domain. Finally, principal component
analysis of the transformed matrix was performed, and the first
one or two compositional principal components were plotted.

3. SRS-FC Detection of Small Particles
In our previous paper published by Liao et al. (Light Sci. Appl. 4,
e265, 2015), we reported a detection limit of 5×10-6 modulation
depth. The time constant of the array used in our previous work
was 15 µs. In the SRS flow cytometry, the time constant for the
photodiode array was ~4 µs. Therefore, we calculated a detection
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sensitivity of the system ~1×10-5 modulation depth. This
sensitivity allowed the detection of small particles and single
bacteria.
We measured a mixture of smaller poly(methyl methacrylate)
(PMMA) and polystyrene (PS) beads. We found that beads as small
as 1 μm in diameter can be detected and differentiated. Fig. S8A
shows the composition principle component analysis (CPCA) map
of SRS spectra from mixed 1-μm beads (ratio PMMA:PS=1:2)
recorded in the C-H stretching region (Fig. S8B). The PMMA (red)
and PS (blue) beads formed separate clusters which can be easily
separated using agglomerative clustering (Fig. S8A). We recovered
a ~1:2 ratio at a throughput ~1200 particles per second.
Next, we explored the feasibility to detect Staphylococcus
aureus (S. aureus) bacteria using SRS-FC. Fig. S8C shows a timelapse spectrum acquisition in the C-H region for an S. aureus
solution in water. In 0.62 ms, we detected 3 particles that had a
Raman shift centered at 2930 cm-1 (Fig. S8C). In order to confirm
the detection of bacteria, we acquired spontaneous Raman spectra
from single S. aureus cells. These spectra showed good agreement
with our detected SRS spectrum (Fig. S8D). The flow speed used in
this experiment was ~100 mm/s; each particle produced 2-3
spectra during the continuous measurement. This corresponded
to a size of ~1-1.5 μm per particle, matching the size of a single
bacterium. At this flow speed, we detected ~1380 cells in 1 s.

4. Hyperspectral (HS) SRS Imaging
HS-SRS imaging was performed using a spectral-focusing
scheme (see reference 12) on a custom-built SRS system based on
a commercial microscopy platform (Olympus BX51, Japan). The
laser used for SRS imaging was the same as that for SRS-FC
(InSight DS, Spectra-Physics, USA). The pump and Stokes beams
used for HS-SRS imaging of PMMA and PS beads were centered at
794 nm and 1040 nm, respectively. For the imaging of cells, the
pump beam was tuned to 800 nm. The pump beam had a ~120-fs
pulse width, and the Stokes a ~200-fs pulse width. The beams
were collinearly combined and chirped using two 15-cm SF-57
glass rods (Lattice Electro Optics, USA). After the rods, the pump
and Stokes power were 30 mW and 100 mW, respectively. The
beam was scanned using a 2D galvo scanner mentioned
previously. A photodiode (S3994, Hamamatsu Photonics, Japan)
paired with a filter (980 nm shortpass, Chroma Technology
Corporation, USA) was applied to detect the stimulated Raman loss
signal. The signal was extracted using a lock-in amplifier (HF2LI,
Zurich Instruments, Switzerland). Changing the time overlapping
between pump and Stokes beams, 60 frames were collected to
generate a HS-SRS image stack. Each image frame was scanned in
2.6 s and contained 500×500 pixels. HS-SRS imaging of 100 mM
Rhodamine 6G solution was performed to calibrate laser power
variations on images. The images were obtained by a labdeveloped LabView-based software package. Raw images in ASCII
format were converted to 8-bit tiff files for display. Only brightness
and contrast were optimized and no other image processing was
used. Multivariate curve resolution (a variant of nonnegative
matrix factorization) analysis (see reference 30) was used to
separate the spectra, resulting in the pseudo-color image shown in
Fig S3B. For each SRS image in Fig. 5 and Fig. S9, only a single
frame in the image stack was selected to demonstrate the
distribution of lipids in a cell.

5. Spontaneous Raman Micro-spectroscopy

Spontaneous Raman micro-spectroscopy was performed on a
lab-built multimodal microscopy platform. The polymer beads and
S. aureus bacteria were dispersed on coverslips for Raman signal
acquisition. Each Raman spectrum was accumulated for 20 s. The
spectral background was manually subtracted using Origin
software.

6. Materials
Different sizes of PMMA, PS, and polycaprolactone (PCL)
beads were purchased from Phosphorex Inc., USA. The particles
were suspended in a 0.1% solution of Tween 20 (Sigma Aldrich,
USA) to prevent aggregation. A glass capillary tube with 300-μm
inner diameter (Xinpeng Glass Apparatus Co., China) was used to
fabricate a capillary flow chamber with ~70μm inner diameter.
For cell culture, the DMEM medium (high glucose w/l-glutamine),
fetal bovine serum (FBS), phosphate buffered saline (PBS), and
Luria Broth medium were purchased from Thermo Fisher
Scientific, USA. Penicillin, streptomycin, dexamethasone, insulin,
and 3-isobutyl-methylxanthine were purchased from Sigma
Aldrich, USA.

7. 3T3-L1 Culture and Differentiation
3T3-L1 cells, a mouse fibroblast cell line, were cultured at
37ºC in a humidified atmosphere containing 5% CO2 and grown
continuously in growth medium (DMEM medium supplemented
with 10% FBS, 1% penicillin, and 1% streptomycin). 1×105 cells in
1 mL growth medium were seeded into a petri dish and incubated
for 3 to 4 days to encourage adherence and cell confluence. The
culture media were changed every 2 days. For 3T3-L1 adipogenic
differentiation, cells of 100% confluence were kept in growth
media for 2 days followed by induction with induction medium
(DMEM with 10% FBS, 2.85 µM insulin, 0.3 µM dexamethasone,
and 0.63 mM 3-isobutyl-methylxanthine). The induction medium
was changed every day. After 2 days induction, cells were cultured
in differentiation medium (DMEM, 10% FBS, 200 nM insulin, 1%
penicillin, and 1% streptomycin) for 4 days. The cells were then
detached from the culture dish using 0.25% trypsin solution and
suspended in PBS. Cell suspension was centrifuged at 40 g for 15
min to separate fully differentiated cells from non-differentiated
cells. The fully differentiated cells were separated from the rest of
the population by the average density difference. High lipid
content reduces the density of the fully differentiated cells so that
the cells float on top of the whole suspension. After separation, the
top layer of fully differentiated cells were collected for SRS-FC
analysis. Non-differentiated 3T3-L1 cells were harvested before
the introduction of the induction media.

8. Preparation of Staphylococcus aureus
S. aureus cells were harvested from one colony grown in
liquid Luria Broth medium at 37 °C for 16 hours. Then 1 ml
suspension was centrifuged at 5000 rpm for 1 min; the
supernatant was discarded. Cells in the pellet were washed twice
in purified water to remove residual growth medium. For each
wash, the pellet was suspended in 1 ml purified water and
centrifuged at 5000 rpm for 1 min. Finally, 200 µL purified water
was added to the pellet and the suspension was ready for
subsequent SRS-FC analysis.
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