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ABSTRACT

Due to their short lifespan, rapid division andesa$ genetic manipulation, yeasts are popular
model organisms for studying aging in actively dimg cells. To study replicative aging over
many cell divisions, individual cells must be cownitbusly separated from their progeny via a
laborious manual microdissection procedure. Miaidics-based soft-lithography devices have
recently been used to automate microdissectiohebtidding yeast Saccharomyces cerevisiae.
However, little is known about replicative aging$chizosaccharomyces pombe, a rod-shaped
yeast that divides by binary fission and sharesyntamserved biological functions with higher
eukaryotes. In this report, we develop a versatiidtiphoton lithography method that enables
rapid fabrication of three-dimensional master dtrres for PDMS-based microfluidics. We
exploit the rapid-prototyping capabilities of mphioton lithography to create and characterize a
cell-capture device that is capable of high-resofuimicroscopic observation of hundreds of
individual S. pombe cells. By continuously removihg progeny cells, we demonstrate that cell
growth and protein aggregation can be trackeddividual cells for over ~100 hours. Thus, the
fission yeast lifespan microdissector (FYLM) praasda powerful on-chip microdissection
platform that will enable high-throughput studiésaging in rod-shaped cells.



Table of Contents

1. DEVICE FaBIICALION .cceeieee ettt e e e e e e e bbbt b e e e e e e e e e e eeeeeas 4
Fabrication INPEGDA ... e e e e e e e e e e e e e e e aaaa e e e e e e s e e e e e e e e e e e e e e e e e e e e e aaaaaaaaens 4
Capabilities of the Long Scan USDP SYSIEM.... e iiiiiiiiiiiiiiiiiiiiiiier e emsnneeeeeessessssenrernnenn 4
Comparison With EXiStING MELNOUS ........eeeiiit e 5
Fabrication Of SU-8 RE-IMASTEIS .........uuuiiiicr ettt eeeaeae s 5

2. Loading Cells INt0 the FYLM.....uuu i eeena e e s e e e e e e e e e e e e eeeeennes 6

3. Characterizing Growth Within the FYLM ......cooiiiiiiiieee e 7

S 0 o] o1 [T 0 g [T ¢ L o {1 =SSR 8

5. Supplemental TabIES...........uuuui e e e e e e e e e e e e 15
Table S1.S. pombestrains used in this STUAY. ...........uuiiiiiiiier e 15
Table S2. Cell doubling times within the FYLM. ..., 15

6. Supplemental REfEIENCES ............uuuuutimmmre et e e e e e e e 16



1. Device Fabrication

Fabrication in PEGDA

We routinely use a low molecular weight (700 Dalypthylene glycol diacrylate (PEGDA) for
fabricating devices. Rose bengal (RB), which dbson the 500-550 nm range, acts as the
photosensitizer. To generate high-resolution (9lvthxels, we use a high peak power, 740 nm
titanium:sapphire lasér® This voxel resolution can be achieved because i4plditon
absorption, which has a very narrow absorptionsgetion, is required to activate the RB at
this wavelength.

We found that PEGDA has four advantages as a pu8isg material. First, PEGDA solutions
can be prepared for fabrication using standardtbéme equipment. In contrast, fabrication with
SU-8 requires a chemical fume hood, spin coatet, aotess to other specialized clean room
equipment” Second, the densely cross-linked PEGDA structdoerot warp or deform when
transferred from water to ethanol or even when dedtgd. Third, PEGDA irreversibly cross-
links to the surface of an acrylated microscopdesli This is a crucial requirement for any
structure that will be used as a master for mdtiplunds of PDMS-based soft lithography.
Finally, this combination of PEGDA and RB is combkg with our 740 nm fabrication laser, the
digital micromirror device (from a consumer-gradejector) and the scan mirror (from a
confocal microscope). The optics in our rig wepéiraized for visible wavelengths, permitting a
single setup to be used for both protein- and PES:d fabrication®

Capabilities of the Long Scan u3DP System

The voxel size for all direct-write fabrication rhetls is governed by many factors including
photosensitizer concentration, 2-photon action 8ection of the photosensitizer, wavelength
of the laser, pulse width and peak energy of teerland the numerical aperture of the objective.
Below, we consider some addition considerations$ #ina unique to the p3D-printing method

described in this manuscript.

Device width (x-axis):

In our current implementation, the maximum widthlo# fabricated structures (x-axis) is limited
by the quality and magnification of the microscagigective. To produce wider structures, the
beam is scanned through the objective at ever+langgles. All objectives begin to act as lossy
apertures at very large cone-angles, causing @aeein the crosslinking efficiency.

Structures with a maximum width of ~120 um couldddaricated with the 40x objective used in
this study. However, Figure S3 shows that we caadily print up to three different FYLM
variants side-by-side in one fabrication run. Thermitted rapid prototyping of all FYLM
dimensions. Using a 40x objective, each individuallddressable mirror of the digital
micromirror device (DMD) that served as our dynammask had a theoretical x-axis resolution
of ~0.2 um. As the smallest feature on the FYLM vVaager than 1 um (see Figure S2), we did
not attempt to push our resolution beyond 1 um.



Device length (y-axis):

The range of travel on the microscope stage lithiésy-axis fabrication length and resolution.
All the devices described in this manuscript (Fegu2B and S2) were ~0.5 mm long, but
structures up to 2 mm long have been fabricateatioer applications. The y-axis resolution is
limited by the intensity of the excitation beam aih step-size of the microscope stage.
According to the manufacturer’s specifications, stage is capable of making 100 nm steps.
We did not attempt to produce features smaller thhnum, the smallest size required by the
FYLM device (see Figure S2).

Device height (z-axis):

The maximum height of our fabrication method isotte¢ically limited by the maximum z-travel
available on the microscope stage. In the configaradescribed in this manuscript, it is limited
by the working distance of the objective. The resoh is defined by the voxel size (see
discussion above) and the step-size between pgigeez-layers. For the FYLM device
described in this manuscript, the fabrication sobersed a series of 20 vertical steps to produce
a device that was 10 pum tall.

Comparison with Existing Methods

Our long scan p3DP method combines the flexibititydynamic mask-based p3D printirfy
with the millimeter-length scales achieved by poesi stage-scan methots.Kumi et al.
successfully fabricated master structures for ometer-scale microfluidic channels with
arbitrary cross-sections using SU-8 and a photoseidgitisef. Liu et al. used off-the-shelf SU-8
to fabricate millimeter-scale microfluidic micromus structures with a similar optical
configuration’ We extended these long-range stage-scan methodsupling them with our
dynamic mask method. In the long scan u3DP approdehlong axis (y-axis) features are
encoded as movement of the microscope stage habdingubstrate, while the short axis (x-axis)
features are encoded as instructions for the DMpc@rdinating the microscope stage and the
DMD, a single arbitrary layer can be fabricated. 8fictures such as those seen in figure S3 are
built layer-by-layer at different z-axis locationghus, our long scan u3DP method permits the
fabrication of long branching structures with amdy cross-sections in all 3 dimensions.

Fabrication of SU-8 Re-Masters

Although the pu3D-printed PEGDA masters could bedusemediately for generating PDMS
flowcells, we found that the PDMS molds could dbedfilled with SU-8, allowing us to replicate
a large set of new SU-8 masters from a single PE®&bAicated device. These SU-8 “re-
masters” faithfully replicated the feature sizeshs original PEGDA masters and could be used
as subsequent masters for PDMS flowcell constructarthermore, the SU-8 re-masters could
be laminated with off-the-shelf dry film photoresisfor prototyping the FYLM with different
flow schemes and cell-loading protocols. The faddran protocol for making SU-8 re-masters is
described below and summarized in supplementatdil.



PDMS molds for making SU-8 re-master structuresewerepared by first mixing PDMS
prepolymer and hardener (Dow Sylgard 184) at a Weight ratio for 30 min on a rotating
mixer. The mixed polymer was then centrifuged a®Q%pm for 90 s to remove large air
bubbles. Master structures were placed in a shatiomtainer and covered with ~5 g of liquid
PDMS (Figure S1, step 1). The filled container \pésced in a vacuum chamber and degassed
under vacuum (~630 mm Hg) for ~15 min to remove aibdtes. The PDMS was cured
overnight (14-20 h) at 60 C.

Once cured, the PDMS mold was trimmed at the etigesisure a flat surface (Figure S1, step
2). Glass slides (3" x 1”; Fisher) were cleanedw® liquid detergent (Hellmanex lll; Helma
Analytics) followed by a rinsing in water and isopanol before drying at 60 C on a hot plate.
The PDMS mold was then placed over a cleaned glass, separated by 300-um-thick PDMS
spacers. SU-8 2010 (Microchem) was warmed to 4 & water bath to reduce viscosity, then
700 pL was injected into the space between the PDidi and the glass over a 10-min. period
(Figure S1, step 3). The slide with the SU-8 andviBDmold was placed into a gel-imaging
transilluminator (SynOptics InGenious) and exposedhear-UV light for 30 min. The PDMS
mold was then removed, leaving a high-fidelity raster structure on the glass slide (Figure S1,
step 4). Edges of the re-master were then trimmethsure a flat lamination surface.

To produce the ~1-mm-wide flow channels that intsefavith the microfluidic device, a 3" x 1”
strip of dry-film resist (DuPont MX5050) was lamted onto a re-master structure using an
office laminator (ProLam Photo Pouch Laminator)aatate of 14 mmSat 95 C. After
lamination, the slide was heated for 80 s on a ®5hot plate prior to UV exposure. The
protective polyester film was then removed from tegist and a mask aligner (Karl Suss MAG)
was used to align the interface mask with the reterastructure. The film was exposed through
a photomask (CAD/Art Services) at a power dendity3® mW cm-2 with a peak wavelength of
315 nm. The slide was then heated for 60 s at 8&fGre being developed. The UV-cured resist
was developed with 60 s of gentle agitation in th ko 1% potassium carbonate, followed by an
isopropanol rinse. This cycle was repeated 4 timésy which the developed slide was dried
using clean nitrogen gas.

2. Loading Cells Into the FYLM

The FYLM was filled with ~150 pL of filtered 70% EHD All tubing and valves (IDEX Health
and Science) and the injection port of a manuattypated 6-way injection valve (Cheminert
C22-3186, Vici) were sonicated for 20 min in 2% idahnex, then rinsed with deionized water
and sonicated for 20 min in 70% EtOH. Parts wersead with EtOH and dried on a hot plate or
oven at 70 C. Parts were connected to 1/16” OD RiAng (IDEX 1512), then flushed with
70% EtOH with all valves open. A syringe (3096BQ) Biosciences) containing 30 mL of 0.2
pum filtered (25-244 Olympus Plastics) YES medianf$e Science Products) was placed in a
syringe pump (Legato 210, KD Scientific). After gung air bubbles from the tubing, flow was
halted. The interface tubing was then connecteathiéananoports on the FYLM, taking care not
to introduce air bubbles into the device. Flow wggated again to remove all remaining 70%



EtOH from the system. In all, ~1 mL of YES was fladhthrough all sections of the system to
ensure that the FYLM was prepared for cell loading.

Log phaseS. pombecells were grown overnight at 30 C in YES mediumato OD600 < 1.0.
Cells were filtered through a 20 um filter (SCNY@Q0Q Millipore Steriflip) to remove any large
clumps of cells or debris that could cause a blgekan the FYLM. 3 mL of cells were
centrifuged at 3000 RPM for 3 minutes, then halfhef supernatant was removed from each tube
and cells were resuspended in the remaining YES.

Figure S4 summarizes the fluidic interface for ’¥eLM device. Concentrated cell solution was
drawn into a sterile 1 mL syringe (309659, BD Biesces) and attached to (closed) V3 of the
interface (Figure S4). V1 and V2 were opened, &edsiringe pump was started at 20 pL Tin
After ~1 minute, V3 was opened and ~100 pL of thé s@ution was injected into the FYLM
(Figure S4, Step 1). Cell loading was monitoredtio microscope. After the catch channels
were filled with cells, V3 was closed and the ssltinge was removed. V3 was then reopened,
V2 was closed, and the tubing flushed for 15 miskgure S4, Step 2). Flow was reduced to 2
puL min® gradually (over 10 minutes) to reduce backflowtire FYLM. Flow was then
maintained at 2 pL mihfor the remainder of the experiment (Figure S4pS).

In experiments where cells were dosed with YES medntaining 1 mM bD,, V3 was closed
and V2 reopened, while the 20 pL loop on the ingectdevice was loaded with the,®h
solution. V1 was then closed and the injection paat then switched to the injection position
for 10 minutes (Figure S4, Step 4) before beingdweid back to load position.

3. Characterizing Growth Within the FYLM

To rule out that cell growth was not perturbed witthe FYLM, we compare the division times
of both trapped and free cells. Figure S6 showsnansary of the results. Using the procedure
described in Section 2 above, we measured theiaivisnes of cells subjected to media flow in
the catch channels. This data was also used te ritek histogram in Figure 5A. For cells
subjected to flow outside of the catch channeks sdme loading procedure was followed, except
that the FYLM was not purged. This ensured thes frells were present throughout the device.
Additional fields of view were acquired upstreamtloé FYLM to record the division of these
free cells.

We also confirmed that the perfusion of fresh meftias not adversely affect cell growth. For

cells not subjected to media flow, the procedurscdbed in Section 2 above was used, except
that the FYLM was not purged after loading, thergye pump was halted, and all valves were
closed for the duration of the experiment.

For all cases, a two-minute time-lapse acquisivas initiated. We manually noted the doubling
times of all cells that divided at least two timd$e data in Figure S6 reports at least 50
observations for each growth condition.



4. Supplemental Figures
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Figure S1.Process for creating a fluidic interface for theLM. (1) A master structure is u3D-
printed in PEGDA. (2) PDMS is then molded over BR#GDA structure. Master structure can be
reused >3 times. (3) The PDMS mold is positionethwspacers above a glass slide and back-
filled with SU-8. SU-8 is cured with UV light, creag a “re-master” of the original FYLM. (4)

A dry-film photoresist is applied to the SU-8 reste using an office laminator, then a low-
resolution (>10 um features) transparency maslsésl uo pattern a fluidic interface around the
FYLM (shown in green). (5) A complete FYLM device molded with PDMS. Once cured, the
PDMS is removed from the re-master and plasma libitale cover slip. By creating several
SU-8 “re-masters” from a starting PEGDA structusge can rapidly produce multiple

microfluidic devices in parallel.
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Figure S2. A schematic of the FYLM device showing a 60 deviddeasurements were
identical for 45 and 90 devices, except for thegle of the catch channel (45 and 90
respectively.



Figure S3.SEM image of three FYLM devices with catch chasr@iented at 90, 60, and 45
relative to the central trench. The three devicesewfabricated in PEGDA during a single
fabrication run as described in the Supplementahblis above. Total fabrication time was less
than 45 minutes for all three devices. Scale bad&Gum.



Figure S4. A schematic illustration showing steps for loadengd operating the FYLM. Lines
represent PEEK tubing (IDEX Health & Science). Avsoshow direction of flow during
different phases of operation. Dark circles repneddanoports on the FYLM. Bisected circles
represent valves (V1-V3) with lines parallel to ihd representing open valves, and lines
perpendicular to tubing representing closed valvésop” represents a manually-actuated
injection loop used for dosing cells. 1) To loadls;ehe FYLM is first flushed out with filtered
YES media. Then, ~100ul of cells (at an §P1.0) is injected via a manually operated syringe
connected to V3. 2) To reduce the accumulationnciught cells, V2 is closed, the cell-loading
syringe removed, and the cell-loading tubing isHied for a few minutes with YES media. 3)
Constant flow through the FYLM is established otieetubing has been purged. Sufficient flow
can be established with either V1 or V2 open, baving both open reduces the occurrence of
air bubbles. 4) Cells can be treated with drugsilbyg the injection loop with the desired dose
(e.g. YES + HO,). Changing the length of the injection loop defirthe length of the treatment.



Figure S5.A FYLM device with 4 um-wide catch channels waaded withS. pombecells.
This image was formed by stitching six optical dilof-view togethef.Single cells can be seen
in ~50 % of the catch channels (marked with whitengles). The loading efficiency did not
depend appreciably on the angle of the catch chsn@eale bar is 100 um.



Figure S6.S. pombecells exhibit robust growth in the FYLM. The box plots summarize the
distribution of doubling times for cells immobiliden the catch channels or free within the
central trench. In the presence of media flow,scetiuld freely flow through the central trench.
However, we scored the doubling times of freelyilog cells that are transiently captured on
minor PDMS imperfections. For each distributione tied line indicates the median doubling
time. The edges of the box report the first anddtiquartiles of the distribution, with the
whiskers indicating the 5% and 95% confidence waks: Individual outliers are marked with
red plus symbols. The number of cell replicatioerég measured for each condition is indicated
above each box. There was no statistical diffexdsetween the doubling times of cells grown
with the perfusion of fresh media (blue boxes; u&a0.6). In the absence of fresh media (white
boxes), cells doubled more slowly (** denotes p.€1Q. Without media flow, the cells rapidly
clogged the nano-fluidic device (within ~4 genenasip Thus, we conclude that a gentle
perfusion of fresh media stimulates robust growtithiw the catch channels. All further
experiments were conducted in the presence of nikdia A summary of these results is also
included in Table S2.

Video S1.Process for generating dynamic masks for u3DFA FYLM design is rendered as a
stack of 2D masks, where each 2D mask represefatsriaated layer of the final FYLM. Each
2D mask is translated to a timed sequence of limemks. The linear masks are displayed on the
DMD and scanned with the fabrication laser. Syaolred movement of the microscope stage
translates the PEGDA substrate, fabricating a nantis layer of the FYLM master. After each



layer is complete, the fabrication beam is shuttestage movement stops, and the stage is
stepped along the optical axis, after which theess is repeated for the next layer.

Video S2.Continuous observation of cells dividing for over © hours. Cells were loaded in
the FYLM device and fresh media was introduced ratte of 2 pL miif. The top cell continued
to divide for the duration of the movie (43 genimasg), whereas the lower cell ceases to divide
after ~78 hours (36 generations). These movieglgldamonstrate that we can continuously
observe individual cells within the FYLM.

Video S3. Observation of cells after KD, treatment. Cells were loaded in the FYLM device
then treated with YES containing 1 mM@®4 as described in Figure S4. YES + 1 mMOdwas
injected into the system at the 3:47 (hh:mm) timigh the flow rate set to 2 pL min At this

flow rate, the HO, solution required ~20 minutes to travel from thgdation point to the cells.
Numerous bright Hsp104-GFP puncta are visible 2% 4Puncta form a large, bright aggregate
that localizes at the old pole end of the cell (HBpis also enriched as the nucleus, seen as a
faint fluorescent mid-cell signal). At 17:02, thexde aggregate appears to be displaced to the
new pole end by an unknown mechanism. Note thatrakof the sister cells appear to die
shortly after cell division.



5. Supplemental Tables

Table S1.S. pombestrains used in this study.

Name Genotype Source
L972 Wild-type h- Leupold (1970)
DN111 h- hsp104-GFP-S65T:kan Nilssen and Sunnerhgf¥ 1)

Table S2. Cell doubling times within the FYLM.

Cell Population

Mean doubling time + standa
deviation (minutes)

d

Catch Channel (N=139) With fresh media flow 1315+ 2
Central Trench (N=51) 130+ 18
Catch Channel (N=53) No media flow 152 + 23
Central Trench (N=52) 152 + 33
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