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microscope imaging throughout the lifespan of the cells. Our method allows detailed
characterization of the lifespan, molecular markers, cell morphology, and cell cycle
dynamics of single cells. In addition, our microfluidic device is able to trap a significant
amount of fresh mother cells that can be identified by downstream image analysis,
making it possible to measure the lifespan with higher accuracy.
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SHORT ABSTRACT:

This article presents a protocol optimized for the production of microfluidic chips and the setup
of microfluidic experiments to measure the lifespan and cellular phenotypes of single yeast
cells.

LONG ABSTRACT:

Budding yeast Saccharomyces cerevisiae is an important model organism in aging research.
Genetic studies have revealed many genes with conserved effects on the lifespan across
species. However, the molecular causes of aging and death remain elusive. To gain a systematic
understanding of the molecular mechanisms underlying yeast aging, we need high-throughput
methods to measure lifespan and to quantify various cellular and molecular phenotypes in
single cells. Previously, we developed microfluidic devices to track budding yeast mother cells
throughout their lifespan while flushing away newborn daughter cells. This article presents a
method for preparing microfluidic chips and for setting up microfluidic experiments. Multiple
channels can be used to simultaneously track cells under different conditions or from different
yeast strains. A typical setup can track hundreds of cells per channel and allow for high-
resolution microscope imaging throughout the lifespan of the cells. Our method also allows
detailed characterization of the lifespan, molecular markers, cell morphology, and the cell cycle
dynamics of single cells. In addition, our microfluidic device is able to trap a significant amount
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of fresh mother cells that can be identified by downstream image analysis, making it possible to
measure the lifespan with higher accuracy.

INTRODUCTION:

Budding yeast is a powerful model organism in aging research. However, a conventional
lifespan assay in yeast relies on microdissection, which is not only labor intensive but also low
throughput®2. In addition, the traditional microdissection approach does not provide a detailed
view of various cellular and molecular features in the single mother cells as they age. The
development of microfluidic devices has enabled an automated procedure to measure yeast
lifespan as well as to follow molecular markers and various cellular phenotypes throughout the
lifespan of the mother cells38. After yeast cells are loaded into a microfluidic device, they can
be tracked under a microscope using automatic time-lapse imaging. With the help of imaging
processing tools, various cellular and molecular phenotypes can be extracted®®, including
lifespan, size, fluorescent reporter, cell morphology, cell cycle dynamics, etc., many of which
are difficult or impossible to obtain using the traditional microdissection method. Microfluidic
devices have gained prominence in yeast aging research since their successful development a
few years ago3*%7. Several groups have subsequently published on variations of the earlier
designs®, and many yeast labs have employed microfluidic devices for their study.

In a cell culture undergoing exponential growth, the number of aged mother cells that are
available for observation is miniscule. Therefore, the general design principle of the microfluidic
device for lifespan measurements is to retain mother cells and to remove daughter cells. One
such designs makes use of the fact that yeast undergoes asymmetric cell division. The
structures in the device will trap bigger mother cells and allow smaller daughter cells to be
washed away. The microfluidic chip described in this article uses a soft polydimethylsiloxane
(PDMS) pad (vertical pensile columns) to trap mother cells (Figure 1). Devices of similar design
have been reported previously®>*%7, This protocol uses a simpler procedure to fabricate
microfluidic devices and a straightforward cell-loading method that is optimized for the time-
lapse imaging experiments. One of the key parameters in the microfluidic device is the width of
the PDMS pads used to trap mother cells. Our device uses wider pads that can keep more
mother cells under each pad, including a significant fraction of fresh mother cells that can be
tracked throughout their lifespan. In addition to lifespan measurements, this protocol is useful
for single cell time-lapse imaging experiments when the cells need to be tracked for many
generations or when an observation throughout the entire lifespan is necessary.

PROTOCOL:

1. Silicon Wafer Mold Fabrication

NOTE: The photomask is designed with AutoCAD software and manufactured by a commercial
company. This design contains three layers of different patterns (Supplementary File 1). The
heights of the first, second, and third layers are about 4 um, 10 um, and 50 um, respectively.
The silicon wafer mold was created from the photomask using soft lithography®°.

1.1 Bake a silicon wafer at 200 °C for 10 min to evaporate the water vapor. Spin coat
negative photoresist SU-8 onto the silicon wafer.



NOTE: Spin coat SU-8 3005 at 5,000 rpm for 30 s to generate the first layer, SU-8 2010 at 3,000
rom for 30 s to generate the second layer, and SU-8 3025 at 2,000 rpm for 30 s to generate the
third layer.

1.2 Soft-bake the coated wafer before the pattern transfer. Align and expose the wafer in
“direct contact” mode using a mask aligner.

NOTE: Soft-bake the wafer for 2 min at 95 °C for the first layer, 3 min at 95 °C for the second
layer, and 15 min at 95 °C for the third layer. Use the exposure dose at 100 mJ/cm? for the first
layer, 130 mJ/cm? for the second layer, and 200 mJ/cm? for the third layer.

1.3 After exposure, post-bake the wafer and develop it using SU-8 developer. Dry the wafer
using an N2 gun and hard-bake the wafer at 200 °C for 30 min.

NOTE: The silicon wafer mold is fixed to a 15 cm-diameter plastic Petri dish using scotch tape,
with the pattern side facing up. Usually, we put several identical chip structures on the same
mold, which allows multiple microfluidic chips to be fabricated at the same time. Each mold can
be re-used many times to fabricate microfluidic chips.

2. Microfluidic Chip Fabrication
2.1 Place a clean weighing boat on a balance and tare the balance. Pour 20 g of PDMS base
into the weigh boat.

2.2 Add 2 g of PDMS curing agent to the weigh boat (w/w ratio of 1:10 to the PDMS base).
NOTE: This volume is based on a 15 cm-diameter Petri dish with the mold. Adjust the amount of
reagent if using a Petri dish of a different size.

2.3 Stir the PDMS base and the curing agent with a disposable pipette. Start from the edge
of the weighing boat and slowly move inwards. Stir thoroughly for several minutes until small
bubbles form throughout the mixture; thorough mixing is essential for PDMS polymerization.

2.4 Pour the mixture slowly into the Petri dish; the mixture must completely cover the
silicon wafer mold.

2.5 Place the Petri dish in a vacuum for 10 min to remove all the air bubbles from the PDMS
mixture. If bubbles remain on the surface of the mixture, use a pipette to blow them out.

2.6 Incubate the silicon wafer mold with PDMS in an oven at 75 °C for about 2 h.

2.7 Gently peel the layer of polymerized PDMS off the silicon wafer mold, avoiding any
damage to the construction of the wafer mold. Alternatively, cut the PDMS directly from the
silicon wafer mold with a minimum 5-mm margin around the pattern using a single-edge
industrial razor blade; gently peel the PDMS layer off the wafer mold.



2.8 Place the PDMS layer on the bench with the pattern side facing up. Carefully cut out the
individual chip with a single-edge industrial razor blade, retaining an adequate margin from the
edge of each single chip to avoid construction damage.

2.9 With the pattern side facing up, use a punch pen (0.75-mm 1.D.) to punch holes straight
down through the inlet and outlet circles on each side of the channels.

NOTE: These holes create the pathway for the flow of medium. Therefore, it is crucial to go
through the circles and punch all the way through the PDMS layer. Make sure to remove the
PDMS columns from the hole.

2.10 Check every punched hole by inserting the punch pen needle again into the hole. Make
sure the needle can come out from the other side, indicating that there is no blockage. Apply
tape to the pattern surface, then gently peel off the tape to clean dust particles. Repeat this
step at least three times. Leave a clean piece of scotch tape on the PDMS to maintain
sterilization.

2.11 Repeat this procedure on the opposite side of the PDMS and leave the last piece of tape
on as well.

2.12 Prepare a 24 mm x 40 mm cover glass with a thickness of 0.13-0.17 mm. Spray 75%
ethanol on the glass and dry with dust remover to sterilize the surface.; additionally, the glass
can be washed with autoclaved water and dried with dust remover.

2.13 Transfer the cover glass and PDMS to a plastic plate. Remove the scotch tape from the
PDMS and place the pattern side facing up. Avoid any contact with the pattern surface during
the transfer.

2.14 Place the plastic plate in the plasma machine. Apply oxygen plasma treatment to the
PDMS and the cover glass to render the surfaces hydrophilic with the following operation
parameters: exposure, 75 s; gas stabilization, 20 cc/min; pressure, 200; and power, 100 W.

2.15 Carefully place the PDMS onto the cover glass, connecting both hydrophilic surfaces (the
surfaces that faced up during the plasma treatment). Make sure that there are no air bubbles
between the PDMS and the cover glass.

2.16 Incubate the PDMS chip in an oven at 75 °C for at least 2 h.

NOTE: Deficient microfluidics may cause liquid leakage onto the microscope during the
experiment. Therefore, it is important to check the bond between the PDMS and the cover
glass by slightly lifting the PDMS from the edges with tweezers. Gently lifting the PDMS should
not separate it from the cover glass, indicating a successful bond.

3. Preparing for the Experiment
3.1 Tube preparation.



3.1.1 Submerge the input and output tubes in 75% ethanol solution separately 1 day before
PDMS chip preparation.

3.1.2 Fill a 5-mL syringe with autoclaved water to wash the tubes. Wash each tube by plugging
the tube on the syringe and flushing the tube with water.

3.1.3 Repeat the washing step at least 3 times to clean ethanol residue.

3.2 Examine the PDMS channels under an optical microscope with a 10x objective to make
sure the structure is consistent and intact. Stabilize the PDMS chip onto the microscope
platform using scotch tape.

NOTE: Make multiple chips at one time in step 2 to ensure that there are backup chips,
especially if making the device for the first time.

33 Fill a 5-mL syringe with autoclaved water. Secure the syringe to a syringe pump and
insert the corresponding input and output tubes. Set the washing speed to 750 pL/h to rinse
the chip for about 10 min. The air bubbles on the branch channels should be washed away
during this period; if there are remaining bubbles, manually adjust the speed to eliminate the
bubbles.

34 Yeast sample preparation.
341 Transfer 1 mL of prepared yeast sample (OD600 0.6-0.8) into two 1.5-mL
microcentrifuge tubes and centrifuge for 5 min at 3,000 x g.

3.4.2 Remove the majority of the supernatant from each tube and combine the remainder to
form a 0.5-mL sample.

3.5 Pause the syringe pump and remove the input tubes from the PDMS chip.

3.6 Manually reverse the syringe pump to suck a small air bubble (1 to 2 cm in length) into
each input tube. Move on to suck in the yeast sample; the air bubble will show the sample
boundary and indicate how much sample has been drawn.

NOTE: Avoid sucking the sample into the syringe.

3.7 Insert the input tube back into the PDMS chip and restart the pump to load the cells at a
speed of 750 uL/h.

3.8 Leave the syringe pump on for 10 min then and examine the cell loading progression
under the microscope; a successful loading will trap cells under more than 60% of suspend
pillar.

3.9 Switch to nutrition solution and adjust the speed to 400 uL/h for cell culturing.

3.10 Select observation positions for the microscope.



NOTE: For lifespan measurements, images were taken once every 15 min by an optical
microscope with a 40x objective. For the fluorescent reporter analysis, images were taken once
every 15 min by a fluorescence microscope with a 60x oil objective.

REPRESENTATIVE RESULTS:

After the experiments, the lifespans of the cells and many cellular and molecular phenotypes
can be extracted from the recorded time-lapse images. Since there are a number of different
features that can be extracted from each cell, the first step of the analysis is to annotate the
cells and events, including the positions and boundaries of the cells and the timing of various
events that are being tracked, such as the budding events. These annotations will make it easier
to return to the same set of cells and analyze different features in the future. Using image
analysis software, such as ImageJ! and the associated plugins, a list of phenotypes can then be
extracted from the image data using the recorded annotations of the cells.

The following are a few examples of phenotypes measured with the microfluidic device. The
lifespan phenotype of yeast can be obtained by counting the number of buds produced by each
trapped mother cell and estimating with the Kaplan-Meier estimator. The cells initially trapped
in the microfluidic devices are of unknown ages. To minimize the bias of lifespan measurements
originating from these unknown ages, previous methods used the average number of bud scars
on the trapped cells to calibrate the lifespan®’. However, bud scar measurements require the
additional staining of cells and provide only an indirect estimation of the bias. Using this
protocol, the device frequently traps fresh daughter cells that budded off from already trapped
cells. These cells then turn into mother cells. Such cells can be identified using our downstream
image analysis software (Movie 1). These fresh mother cells provide a more accurate lifespan
measurement. As shown in Figure 2, the lifespan curves of fresh mother cells were compared
with those of the cells of unknown age. In this experiment, the average lifespan of the fresh
mother cells was slightly longer (about 2 generations of difference in median lifespan).

In addition to the number of buds, other interesting phenotypes, such as the time interval
between two successive budding events, as shown in Figure 3, can be extracted from the
imaging data®’8. Cells entered a period of faster budding following a few slower initial
buddings. The budding slowed down dramatically towards the end of their lifespan, indicating
the unhealthy state of these aged cells. The cell cycle dynamics contains very useful information
regarding the cellular state of the young and old cells and has been used, for example, to
characterize telomerase mutants!?. Importantly, this device can be used to measure
fluorescence signals throughout the lifespan (Figure 4), allowing for the tracking of molecular
markers that may be the driver of the aging process.

FIGURE LEGENDS:

Figure 1: A schematic of the design of the microfluidic device. The device consists of 6
independent functional modules that can operate in parallel. Each module is made of one main
channel connected to two side channels. Each side channel has 113 pensile columns. An
additional bridge is added in the middle to connect the main channel with the two side



channels. Mother cells are trapped underneath the pensile columns, while the smaller daughter
cells are washed away by the flow.

Figure 2: Fresh mother cells live longer than cells with unknown history. The replicative
lifespan of fresh mother cells versus cells of unknown history (cells trapped from the beginning
of the experiment) in SD media, 30 degrees. On average, fresh mother cells live about 2
generations longer.

Figure 3: The length of budding intervals changes as cell aged. Budding intervals measured as
time frames between buddings were color-coded, cells were ordered by their replication
lifespan, and fresh mother cells were separated from cells of unknown history.

Figure 4: Measuring the activity of Heat Shock Factor 1 (HSF1) using a microfluidic device. The
Hsfl-activity reporter is constructed by a green fluorescent protein (GFP) fused to a
crippled CYC1 promoter with HSE upstream?2. Fluorescence images were taken every 30 min.
GFP intensity was then quantified using a customized MATLAB code'*. Data points for each
single cell are connected and indicated with a colored line. In this experiment, the strain was
grown in SD medium with 2% glucose (wt/vol) at 30 °C overnight; it was then diluted with the
same medium for recovery. Afterward, SD medium with 0.05% glucose (wt/vol) was used to
grow cells in the microfluidic chip during the fluorescence measurement.

Movie 1: An example of fresh mother cells being trapped within the device for the whole
lifespan. The movie shows a fresh mother cell born from a trapped cell. The red arrow at the
beginning of the movie marks the position of the fresh mother cell and its first budding. This
mother cell was trapped in the microfluidic device for its whole lifespan.

DISCUSSION:

The PDMS device needs to be freshly made. Otherwise, the air bubbles caused by inserting
tubes into the device will be difficult to remove. Step 3.4 is important to improve the cell
loading efficiency by concentrating the cells. To increase the throughput of the experiment, 4 to
6 modules on the same PDMS chip connected to independently operating pumps are typically
used to perform 4 to 6 different experiments (different strains or media compositions)
simultaneously.

Compared to the conventional yeast replicative aging assay (which uses microdissection), the
microfluidic method presented here is less laborious and time-consuming. Moreover, the
microfluidic device allows for the detailed quantification of various cellular or molecular
parameters, including cell size, cell cycle dynamics, cell morphology, and various molecular
markers. This microfluidic method achieves long-term cell tracking with high-resolution
microscopy by retaining mother cells under PDMS micro-pads as daughter cells are flushed
automatically.

This device uses soft PDMS micro-pads to trap mother cells*, with the basic structure similar, as
Huberts et al. described in his work’. There are a number of differences in the device design



and experimental protocols. The wider PDMS pad in this device allows some newborn daughter
cells to be trapped and analyzed (Figures 2 and 3, Movie 1). To identify such cells, we annotated
the daughter cells budded from already trapped mother cells, ignoring the daughter cells that
flushed away without budding. On average, we got about 2 fresh mother cells per PDMS pad.
The ratio of these fresh mother cells to the cells of unknown history was about 1:2, among
which about one third were kept in the device for the whole lifespan. These cells allow a more
accurate lifespan measurement and make it possible to analyze correlations between mother
and daughter cells. In this device, a deeper main channel is connected to two shallower side
channels where the observations are made; this design helps to reduce the chance of the side
channels being blocked by big air bubbles. For microfluidic chip production, this protocol also
uses a simple method to bond the PDMS and cover glass, just using plasma exposure and oven
baking, which increases the success rate.

With this protocol, the microfluidic device is able to robustly trap at least one cell (3-5 cells on
average) per PDMS pad at the beginning of the experiment for wild-type haploid yeast strains
(i.e., BY4741 or BY4742). About 30% of the cells can be retained throughout their whole
lifespan. It is worth noting that the performance of the PDMS device depends on the gap size
between the pensile columns and the glass and the size of the yeast cells. For wild-type haploid
yeast strains, the suitable size for the gap is 3.5-4.5 um. Outside this range, the loading
efficiency and cell retention rate decline sharply. Thus, new devices for yeast strains with much
larger or smaller cell sizes’” must be fabricated by modifying the height of the first layer made in
step 1.

In summary, the device and protocol described in this article are not only suitable for yeast
aging studies but are also applicable to other experiments that require the tracking of mother
cells and the monitoring of molecular markers for many generations or throughout the lifespan.
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Figure 4 Click here to download Figure Fig 3.pdf =
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Animated Figure (video and/or .ai figure files)
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Excel Spreadsheet- Table of Materials/Equipment

Name of Material/ Equipment Company
Addison

Engineering
SU-8 2000 and 3000 Series MicroChem

3" <111> silicon wafer

SYLGARD® 184 SILICONE

ELASTOMER KIT ellsworth
Petri dishes VWR
Harris Uni-core™ punch(1.D. : :
0.75 mm) Sigma-Aldrich
24 mm x 40 mm SLIP-RITE® Thermo Fisher
cover glass Scientific
3M Scotch Tape ULINE
VWR® Razor Blades VWR
PURE ETHANOL, KOPTEC VWR
WHOOSH-DUSTER™ VWR
. Becton,
SmLBD Syrmge (Luer- Dickinson and
Lock™Tip)
Company.

PTFE Standard Wall Tubing  COMPONENT
(100ft, AWG Size:22, Nominal SUPPLY

ID: 0.028) COMPANY
COMPONENT
Needle Assortment SUPPLY
COMPANY

Desiccator HACH

Click here to download Excel Spreadsheet- Table of Materials/Equipment
JoVE_Materials.xls

Catalog Number Comments/Description

Include Sylgard®
2065622 silicone elastomer
base and curing agent

391-1502

29002513
102440
S-10223

55411-050

64-17-5
16650-027

309646

SWTT-22

NEKIT-1

2238300
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FISHER

Lab Oven SCIENTIFIC 13246516GAQ
Nikon TE2000 microscope with :
o Nikon
40x and 60x objective
Zeiss Axio Observer Z1 with 40x Zeiss

and 60x objective
Syringe Pump Longerpump TS-1B
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ARTICLE AND VIDEO LICENSE AGREEMENT
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Author(s):

Ke Zou , Diano Ren, (3; 0 n—}/m{ Heo L3, Jvulm , 4"%(’»

Iltem 1 (check one box): The Author eIecEﬁto have the Materials be made available (as described at

http://www.jove.com/publish ) via: x Standard Access

Item 2 (check one box):

I Open Access

Y|
'_X:? The Author is NOT a United States government employee.

| The Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.

—

|
LI The Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

1. Defined Terms. As used in this Article and Video License
Agreement, the following terms shall have the following
meanings: “Agreement” means this Article and Video License
Agreement; “Article” means the article specified on the last
page of this Agreement, including any associated materials
such as texts, figures, tables, artwork, abstracts, or summaries
contained therein; “Author” means the author who is a
signatory to this Agreement; “Collective Work” means a work,
such as a periodical issue, anthology or encyclopedia, in which
the Materials in their entirety in unmodified form, along with a
number of other contributions, constituting separate and
independent works in themselves, are assembled into a
collective whole; “CRC License” means the Creative Commons
Attribution-Non ~ Commercial-No  Derivs 3.0  Unported
Agreement, the terms and conditions of which can be found
at: http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version, sound
recording, art reproduction, abridgment, condensation, or any
other form in which the Materials may be recast, transformed,
or adapted; “Institution” means the institution, listed on the
last page of this Agreement, by which the Author was
employed at the time of the creation of the Materials; “JoVE”
means MyJove Corporation, a Massachusetts corporation and
the publisher of The Journal of Visualized Experiments;
“Materials” means the Article and / or the Video; “Parties”
means the Author and JoVE; “Video” means any video(s) made
by the Author, alone or in conjunction with any other parties,
or by JoVE or its affiliates or agents, individually or in
collaboration with the Author or any other parties,
incorporating all or any portion of the Article, and in which the
Author may or may not appear.
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2. Background. The Author, who is the author of the Article,
in order to ensure the dissemination and protection of the
Article, desires to have the JoVE publish the Article and create
and transmit videos based on the Article. In furtherance of
such goals, the Parties desire to memorialize in this Agreement
the respective rights of each Party in and to the Article and the
Video.

3. Grant of Rights in Article. In consideration of JoVE agreeing
to publish the Article, the Author hereby grants to JoVE,
subject to Sections 4 and 7 below, the exclusive, royalty-free,
perpetual (for the full term of copyright in the Article,
including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Article in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Article into other languages, create adaptations, summaries or
extracts of the Article or other Derivative Works (including,
without limitation, the Video) or Collective Works based on all
or any portion of the Article and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works and
(c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically necessary
to exercise the rights in other media and formats. If the “Open
Access” box has been checked in Item 1 above, JoVE and the
Author hereby grant to the public all such rights in the Article
as provided in, but subject to all limitations and requirements
set forth in, the CRC License.
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4. Retention of Rights in Article. Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JoVE website is
provided and notice of JoVE's copyright in the Article is
included. All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video — Standard Access. This Section 5
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in Item 1 above. In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video. To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE.

6. Grant of Rights in Video — Open Access. This Section 6
applies only if the “Open Access” box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above. The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such

612542.6
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statute. In such case, all provisions contained herein that are
not in conflict with such statute shall remain in full force and
effect, and all provisions contained herein that do so conflict
shall be deemed to be amended so as to provide to JOVE the
maximum rights permissible within such statute.

8. Likeness, Privacy, Personality. The Author hereby grants
JoVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties. The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials. If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party. The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion. If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution. If more than one
author is listed at the beginning of this Agreement, JoVE may,
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the
Author’s institution as necessary to make the Video, whether
actually published or not. JoVE has sole discretion as to the
method of making and publishing the Materials, including,
without limitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, length, quality, content
and the like.

11. Indemnification. The Author agrees to indemnify JoVE
and/or its successors and assigns from and against any and all
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein. The Author further agrees to indemnify and
hold harmless JoVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Author’s or the
Author’s institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE, or publication in
JoVE or elsewhere by JoVE. The Author shall be responsible
for, and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JoVE its employees, agents or
independent contractors.  All sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author’s
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expense. All indemnifications provided herein shall include
JoVE’s attorney’s fees and costs related to said losses or
damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, acts or omissions of JoVE, its employees, agents or
independent contractors.

12. Fees. To cover the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a US$1,200 fee to
cover pre-production expenses incurred by JoVE. If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13.  Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement. A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission.

CORRESPONDING AUTHOR' - -

Name: l :{[MS}\MV\ Z}ld’ o _,‘_NN________;%
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Department: —
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Article Title: V)% o ;ﬁz I — *"::‘:‘?"’2,,,
: |
Signature: L - | Date: 1

Please submit a signed and dated copy of this license by one of the following three methods:
1) Upload a scanned copy of the document as a pfd on the JoVE submission site;
2) Faxthe document to +1.866.381.2236;
3) Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02139

For questions, please email submissions@jove.com or call +1.617.945.9051
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line by line revision letter Click here to download Rebuttal Comments

revision_jove_linebyline.docx

In this revision letter, we highlighted our revision in red below each editorial and reviewer’s
comment.

Editorial comments

The manuscript requires thorough copyediting for grammar and formatting, ideally by a native
English speaker.

The revised manuscript has been copyedited by two native English speakers.

-Throughout the manuscript, Sl units should be used (e.g. mL rather than ml) and units should
not be crashed. At present the units are inconsistently formatted.

Changed: all ml to mL

-The micro- prefix should be indicated with the mu symbol () rather than a letter u.

Changed: all um to um, uL to pL

-Ranges of values (e.g. 0.13-0.17 mm) should be indicated with a hyphen rather than a tilde (~).

Changed: 0.13~0.17mm to 0.13-0.17mm

-Step 2.1: "Place a clean weigh boat on a balance and tare the balance, pour 20g PDMS base
into the weigh boat." - This should either be split into two sentences, or needs an "and."

As suggested, this has been split into two sentences.

-Step 2.3: "Using a disposable pipette to stir the PDMS base and the curing agent.”

Changed to: Stir the PDMS base and the curing agent with a disposable pipette

-Step 2.4: "Pour the mixture slowly into the Petri dish, the mixture must cover the silicon wafer
mode completely."

Changed to: Pour the mixture slowly into the Petri dish. The mixture must cover the silicon wafer
mode completely.

-Step 2.7: "Peel the layer of polymerized PDMS off the silicon wafer mold gently, avoid[ing] any
damage to the construction of the wafer mold. "

Changed to: avoiding any damage to the construction of the wafer mold

L]
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-Step 2.8: "Place the PDMS layer on the bench with pattern side facing up, carefully cut out the
individual chip with a single edge industrial razor blade, retain adequate margin from the edge of
a single chip to avoid construction damage."

Changed to: Place the PDMS layer on the bench with the pattern side facing up. Carefully cut

out the individual chip with a single edge industrial razor blade, retaining adequate margin from
the edge of a single chip to avoid construction damage.

-Step 2.10: "Check every punched hole by inserting the punch pen needle again into the hole, if
the needle can come out from the other side, indicates there is no blockage."
Changed to: Check every punched hole by inserting the punch pen needle again into the hole.

Make sure the needle can come out from the other side, indicating there’s no blockage

-Step 2.12: "The glass can additionally be washed with sterilized water and then dry with dust
remover." (Should probably be "dried")

Changed to: The glass can additionally be washed with autoclaved water and then dried with
dust remover.

-Step 2.13: "Transfer the cover glass and PDMS in a plastic plate, " Should this be "to" a plate?

Changed to: Transfer the cover glass and PDMS to a plastic plate

-Line 165: "Deficient microfluidic can cause medium leakage into the microscope..."

Changed to: Deficient microfluidic may cause liquid leakage onto the microscope during the
experiment. Therefore, it is important to check the bonding between the PDMS and the cover
glass by slightly lifting the PDMS from the edges with a tweezer. Gently lifting the PDMS should
not separate it from the cover glass, indicating a successful bonding.

-Step 3.1.2: "Full fill 5 ml syringe with autoclaved water..."
Changed to: Fill a 5 mL syringe with autoclaved water to wash the tubes. Wash each tube by

plugging the tube on the syringe and flushing the tube with water.

-Step 3.2: "Make multiple chips at one time, use the rests as backup chips especially if you are
making the device for the first time."

Changed to: Make multiple chips at one time to ensure there are backup chips - especially if
you are making the device for the first time.



-Lines 218-219: One can select one of the many freely available image processing tools to
analyze the images, for example, the ImageJ and the plugins.”

-Line 221 should be rewritten to avoid using second person ("you").

Changed to: Since there are a number of different features that can be analyzed for each cell,
the first step of the analysis is to annotate the cells and events, including the positions and
boundaries of the cells and the timing of various events that are being tracked, for example, the
budding events. These annotations will make it easier to return to the same set of cells and
analyze different features in the future. A list of phenotypes can be then extracted from the
image data using the recorded annotations of the cells with image analysis software such as
ImageJ!! and the plugins.

-Figure 2 heading reads a bit awkward: "The dynamics of budding intervals as cell aged."

Changed to: The length of budding intervals changes as cell aged.

-Line 260, "Fluorescent" does not need to be capitalized here.

Changed to: fluorescent

*Unnecessary branding must be removed:
-Step 2.14 - Plasma Tech, Inc.

Changed: the branding has been removed

-Figure 3 legend - The MathWorks, Inc.

Changed: removed

*The first paragraph of the Results section might be better moved to the Discussion, although

this is not required.

We did not change this.

«If your figures and tables are original and not published previously, please ignore this comment.
For figures and tables that have been published before, please include phrases such as “Re-
print with permission from (reference#)” or “Modified from..” etc. And please send a copy of the
re-print permission for JOVE’s record keeping purposes.

Our figures are original.



*JoVE reference format requires that the DOIs are included, when available, for all references
listed in the article. This is helpful for readers to locate the included references and obtain more
information. Please note that often DOIs are not listed with PubMed abstracts and as such, may
not be properly included when citing directly from PubMed. In these cases, please manually
include DOls in reference information.

Changed: We double checked the three references with a DOI information and add the DOI for
all of them manually.

IMPORTANT: Please copy-edit the entire manuscript for any grammatical errors you may find.
The text should be in American-English only. This editing should be performed by a native
English speaker (or professional copyediting services) and is essential for clarity of the protocol
and the manuscript. Please thoroughly review the language and grammar prior to resubmission.
Your JoVE editor will not copy-edit your manuscript and any errors in your submitted revision
may be present in the published version.

*NOTE: Please include a line-by-line response letter to the editorial and reviewer comments
along with the resubmission.

Reviewers' comments:
Reviewer #1:
Manuscript Summary:
N/A

Major Concerns:

1. The authors write: "In our experiments, our device frequently traps fresh mother cells, which
budded from already trapped cells." How is this established? What fraction of the cells are fresh
mothers? At the moment, it is just an assertion by the authors.

We have modified the manuscript in the discussion adding the estimated ratio of fresh mother
cells observed from our experiments and a brief description on the method to obtain the
numbers.

2. This paper would be considerably more useful if the authors provided the CAD files for the
masks described in steps 1.1, 1.2, and 1.3. Otherwise, the likelihood that researchers will use
the protocol is small.

We have provided the CAD file for the mask used in this protocol.

3. The description of the soft lithography process is both short and incomplete.

We have added more descriptions of the soft lithography process and cited references for the
standard procedures.

4. The authors don't make any comments on the robustness of the cell traps. What's the
frequency at which mother cells are retained/lost? This is an important parameter of interest for
those who might consider implementing this protocol.

We have added the retention rate of trapped cells estimated from multiple experiments in the
discussion. We also discussed the key parameters to ensure a robust cell retention.



Minor Concerns:
| recommend altering the title of the paper slightly to read "Using Microfluidic Devices To
Measure Lifespan and Cellular Phenotypes In Single Budding Yeast Cells".

Changed to: "Using Microfluidic Devices To Measure Lifespan and Cellular Phenotypes In
Single Budding Yeast Cells"

Additional Comments to Authors:
N/A

Reviewer #2:

Manuscript Summary:

This manuscript describes a microfluidic method to determine yeast replicative lifespan.
Detailed steps are provided from wafer preparation to PDMS device fabrication, to microfluidic
operation. This manuscript will provide necessary technical references for researchers who
want to adopt the microfluidics-based method to measure yeast replicative lifespan.

Major Concerns:

The manuscript should provide a flow chart to overview the experimental process and a
microfluidic design schematics. Microfluidic design should be described in detail and the design
file should be provided.

We have added a new figure 1 for the microfluidic device design schematic and provided the
CAD file for the mask used in this protocol. We feel that it is unnecessary to provide a flow chart
since the experimental steps have been described in details in the protocol.

Minor Concerns:
N/A

Additional Comments to Authors:
N/A



supplementary AUTOCAD file for microfluidic design

Click here to access/download
Supplemental File (as requested by JoVE)
single cell trap.dwg
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