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F
rom at least the time of Hippocrates, 

biologists have been transfixed by 

the mystery of how a single cell de-

velops into an adult animal with 

multiple organs and billions of cells. 

The ancient Greek physician hypoth-

esized that moisture from a mother’s 

breath helps shape a growing infant, 

but now we know it is DNA that ul-

timately orchestrates the processes by which 

cells multiply and specialize. Now, just as a 

music score indicates when strings, brass, 

percussion, and woodwinds chime in to cre-

ate a symphony, a combination of techno-

logies is revealing when genes in individual 

cells switch on, cueing the cells to play their 

specialized parts. The result is the ability to 

track development of organisms and organs 

in stunning detail, cell by cell and through 

time. Science is recognizing that combination 

of technologies, and its potential for spurring 

advances in basic research and medicine, as 

the 2018 Breakthrough of the Year.

Driving those advances are techniques 

for isolating thousands of intact cells from 

living organisms, efficiently sequencing ex-

pressed genetic material in each cell, and 

With a trio of techniques, scientists are tracking embryo 
development in stunning detail  By Elizabeth Pennisi

 DEVELOPMENT 

 CELL BY CELL

2018
BREAKTHROUGH

 of the YEAR
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using computers, or labeling the cells, to 

reconstruct their relationships in space and 

time. That technical trifecta “will transform 

the next decade of research,”   says Nikolaus 

Rajewsky, a systems biologist at the Max 

Delbrück Center for Molecular Medicine in 

Berlin. This year alone, papers detailed how 

a flatworm, a fish, a frog, and other organ-

isms begin to make organs and appendages. 

And groups around the world are applying 

the techniques to study how hu-

man cells mature over a lifetime, 

how tissues regenerate, and how 

cells change in diseases.

The ability to isolate thousands 

of individual cells and sequence 

each one’s genetic material gives 

researchers a snapshot of what 

RNA is being produced in each cell 

at that moment. And because RNA sequences 

are specific to the genes that produced them, 

researchers can see which genes are active. 

Those active genes define what a cell does.

That combination of techniques, known 

as single-cell RNA-seq, has evolved over the 

past few years. But a turning point came 

last year, when two groups showed it could 

be done on a scale large enough to track 

early development. One group used single-

cell RNA-seq to measure gene activity in 8000 

cells extracted at one time point from fruit fly 

embryos. About the same time, another team 

profiled gene activity of 50,000 cells from one 

larval stage of the nematode   Caenorhabditis 

elegans. The data indicated which proteins, 

called transcription factors, were guiding the 

cells to differentiate into specialized types.

This year, those researchers and others 

performed even more extensive analyses on 

vertebrate embryos. Using a variety of sophis-

ticated computational methods, they linked 

single-cell RNA-seq readouts taken at differ-

ent time points to reveal the turning on and 

off of sets of genes that defined the types of 

cells formed in those more complex organ-

isms. One study uncovered how a fertilized 

zebrafish egg gives rise to 25 cell types; an-

other monitored frog development through 

early stages of organ formation and deter-

mined that some cells begin to specialize ear-

lier than previously thought. “The techniques 

have answered fundamental questions re-

garding embryology,” says   Harvard Univer-

sity stem cell biologist Leonard Zon.

Researchers interested in how some ani-

mals can regrow limbs or whole bodies have 

also turned to single-cell RNA-seq. Two 

groups studied gene expression patterns in 

aquatic flatworms called planaria—among 

biology’s champion regenerators—after they 

had been cut into pieces. The scientists dis-

covered new cell types and developmental 

trajectories that emerged as each piece re-

grew into a whole individual. Another group 

traced the genes that switched on and off in 

  axolotls, a type of salamander, that had lost 

a forelimb. The researchers found that some 

mature limb tissue reverted to an embryonic, 

undifferentiated state and then underwent 

cellular and molecular reprogramming to 

build a new limb.

Because cells must be removed from an 

organism for single-cell sequencing, that 

technique alone can’t show how those cells 

interact with their neighbors or 

identify the cells’ descendants. 

But by engineering markers into 

early embryonic cells, research-

ers can now track cells and their 

progeny in living organisms. At 

least one team exposes early em-

bryos to mobile genetic elements 

that carry genes for different 

colored fluorescent tags, which randomly 

settle into the cells, imparting different col-

ors to each cell lineage. Other teams have 

harnessed the gene-editing technique called 

CRISPR to mark the genomes of individual 

cells with unique barcodelike identifiers, 

which are then passed on to all their de-

scendants. The gene editor can make new 

mutations in progeny cells while retaining 

the original mutations, enabling scientists 

to track how lineages branch off to form 

new cell types.

By combining those techniques with sin-

gle-cell RNA-seq, researchers can both moni-

tor the behavior of individual cells and see 

how they fit into the organism’s unfolding 

architecture. Using that approach, one team 

determined the relationships of more than 

100 cell types in zebrafish brains. The re-

searchers used CRISPR to mark early em-

bryonic cells, then isolated and sequenced 

60,000 cells at different time points to track 

gene activity as the fish embryo developed.

Other groups are applying similar tech-

niques to track what happens in developing 

organs, limbs, or other tissues—and how 

those processes can go wrong, resulting in 

malformations or disease. “It’s like a flight 

recorder, where you are watching what went 

wrong and not just looking at a snapshot at 

the end,” says   Jonathan Weissman, a stem 

cell biologist at the University of California, 

San Francisco. “We can ask questions at a 

resolution that was just not possible before.”

Although those technologies cannot be 

used directly in developing human embryos, 

researchers are applying the approaches to 

human tissues and organoids to study gene 

activity cell by cell and characterize cell 

types. An international consortium called 

the   Human Cell Atlas is 2 years into an effort 

to identify every human cell type, where each 

type is located in the body, and how the cells 

work together to form tissues and organs. 

Already, one project has identified most, if 

not all, kidney cell types, including ones that 

tend to become cancerous. Another effort 

has revealed the interplay between maternal 

and fetal cells that allows pregnancy to pro-

ceed. And a collaboration of 53 institutions 

and 60 companies across Europe, called the 

LifeTime consortium, is proposing to har-

ness single-cell RNA-seq in a multipronged 

effort to understand what happens cell by 

cell as tissues progress toward cancer, diabe-

tes, and other diseases.

High-resolution movies of development 

and disease will only get more compelling. 

Papers already posted online extend devel-

opment studies to ever-more-complex or-

ganisms. And researchers hope to combine 

single-cell RNA-seq with new microscopy 

techniques to see where in each cell its dis-

tinctive molecular activity takes place and 

how neighboring cells affect that activity .

The single-cell revolution is just starting. j
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PEOPLE’S CHOICE
Our readers weigh in with their picks 
for the top breakthrough of 2018

Visitors to Science’s website are 

in agreement with the magazine’s 

reporters and editors: Development cell 

by cell is the Breakthrough of the Year. 

We invited online readers to 

vote on a dozen candidates for the 

breakthrough. The first round of voting 

narrowed the choices to four, and a 

second round, in which more than 

12,000 votes were cast, determined 

the top People’s Choice.

The combination of techniques 

that enables scientists to track 

development at the cellular level, 

in stunning detail and over time, was 

the clear winner. The approval of a 

gene-silencing drug after 20 years 

of development took second place, 

followed by the detection of a neutrino 

traced to a source outside our galaxy. 

The fourth contender, a set of images 

of the fruit fly brain showing individual 

synapses, just missed Science’s top 10.

For more on the 
Breakthrough of 
the Year, including 
a video and a 
podcast, go to: 
https://scim.ag/
Breakthrough2018

ON OUR WEBSITE

Development cell by cell 35% 

RNAi drug approved 30%

Neutrinos from a blazar 23%

Fly brain revealed  12%

1  

2  

3  

4  

A representation of cell lineages in a zebrafish embryo, 

color-coded by time. The first cells are gray; 

by 6 hours (gold), three major branches have formed.  
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��������%%%cYdY_̀�èŶ fO,>>0:.9>F�P0>04:0>.�O0664�.,�g8049.=�;>7�?>h90.=�i;>5;+=�jG�STIJ10B�12k2k�l9+0:.,+�i;>5;+=�mG�STIJk9,-079:;6�W040;+:/�39F/69F/.07�9>�P:90>:0n4�STIj�k+0;D./+,5F/4i;>5;+=�SG�STIJop94�./0�P0;4,>�*,+�q,,7�O/00+�l0:0-80+�STG�STIjoAh0+:940�3,+-,>0n�p907�.,�k,>0rP.+0>F./0>9>F�k0>0s.4�l0:0-80+�IjGSTIjtu]v�wxdyz[YfP060:.�H,>./
{{{{{w|]}̀�̀yY�~e���zxYd̀]x
Case 1:15-cv-00152-RGA   Document 534   Filed 01/24/19   Page 29 of 77 PageID #: 42511



�������� ��	
��������������������������������������������������	����������� ����	�!����	�

���"�#�������	��$�	�%���%�	&������������$�	
�����'�������'�����������'��'�����'
���(����'����'$�������	����� ���

)*+,-./�01�2344.,/5�61715�89171:;;<=>?@A�?B@�CD?B�E=F@G?<F�<H�IJK�LM�NF@O=A@>?PQFQGR�SLQTQ�Q>A�G<>UFT@A�LM�?B@�V@>Q?@W�K@�XQOOX<F>�=>�<>�:YZYO?�C[\�]̂ _̂W�S>�̀Y>@�D\�]̂C[WNF@O=A@>?�E<>QaA�bFYT;�Q>><Y>G@A�B=O�O@a@G?=<>�<HEFW�c<aa=>O�?<�G<>?=>Y@�?<�O@Fd@�QO�?B@�IJK�E=F@G?<FWe<F@�QL<Y?�EFW�c<aa=>Ofghi7.*j-k3*�3,�lm.kkj*V@>@OG@>?�G@aaO�BQd@�L@@>�?=@A�?<�Q�X=A@�FQ>Z@�<H�nB@Qa?B�;F<La@TO�F@aQ?@A?<�nQZ=>ZW�:F@�?B@M�L@B=>A�n<L@O=?MoF@aQp�B??;Oqrr?WG<rY[DsH[tbuv�w�xyz{|}~y�ỲO?�BQA�?B@�OX@QF=>Z�=>�G@F@T<>M�H<F�>@X��IJPJPZ<d�E=F@G?<F�EFW�PFYG@bF<TL@FZ�?B=O�T<F>=>ZW��@aG<T@�?<�?B@�nIJK�Hp�B??;Oqrr?WG<rtG��sS�[HZ���}��}~y�:�O?YAM�H<Y>A�G@aaO�=>�?B@�ZY?�;F<AYG@�Q>?=L<A=@O�?BQ?�T=ZFQ?@�?<�?B@�LFQ=>�?<F@AYG@�=>�QTTQ?=<>�AYF=>Z�eV��QF@op�B??;Oqrr?WG<rT�JHS�[VOK����}�|�}~y�� �� �<aa<X��IJKE=F@G?<Fghi��,�)+-j�33��<aa<X�<>��QG@L<<R�43��h,�3
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NCI has announced several 
funding opportunities that align 
with the Cancer Moonshot.

See Funding Opportunities

Generation of Human Tumor Atlases

Cancer development, progression, and metastasis require 
complex interactions within the local tumor 
microenvironment that are mediated by many factors. 
Although researchers have made progress in 
understanding these interactions and their role in cancer 
processes, there are currently major knowledge gaps 
about the complete multidimensional architecture of 
tumors. In particular, little is known about how the 
biological composition and interactions within a tumor change over time and in response to cancer 
treatments.

This recommendation focuses on the generation of human tumor atlases that describe the various 
cellular, structural, and molecular characteristics of human cancers over time. Tumor atlases aim to 
characterize tumors from a diverse population of cancer patients and to describe tumor interactions 
with the microenvironment and the immune system, to help reveal the processes that underlie 
malignancy. Additionally, tumor atlases should map multiple stages in cancer ranging from 
precancerous lesions to advanced cancer metastasis.

The ultimate goal of this recommendation is to predict how cancers develop and respond to 
treatment in different populations, which will be used to assist researchers in developing new cancer 
treatments and strategies for cancer prevention.

NCI has awarded funding to the following research project that aligns with this recommendation's 
goal to generate human tumor atlases:

Human Tumor Atlas Network (HTAN)

HTAN is a collaborative network that is constructing 3-dimensional atlases of the cellular, 
morphological, molecular features of human cancers over time. There is a focus by the network on 
generating atlases representing a diverse cancer patient population and high-risk cancers. 
Additionally, the atlases being created by the network describe important transitions during cancer, 
such as the transition of pre-malignant cancers to malignant tumors, the progression to metastatic 
cancer, the response to cancer treatment, and the development of resistance to treatment.

The Human Tumor Atlas (HTA) Research Centers are focused on understanding the behaviors of 
advanced cancers in an organ-specific manner. The Pre-Cancer Atlas (PCA) Research Centers are 
focused on conditions that are likely to become cancer. The HTAN Data Coordinating Center manages 
the data storage, sharing, and compilation of the atlases constructed by the network.

Page 1 of 4Generation of Human Tumor Atlases - Cancer Moonshot Recommendation - National Ca...
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The HTAN aims to represent a diverse patient population, including minority and underserved patients. Preference was 
given to pediatric and adult cancers that are highly metastatic, cancers that are promising candidates for 
immunotherapy or not responsive to immunotherapy, and high-risk hereditary tumors.

The comprehensive human tumor atlases that are being created by HTAN will accelerate the biological understanding 
of cancer and clinical decisions for the care of cancer patients.

Human Tumor Atlas Projects Awarded Cancer Moonshot Funding





Awarded Projects

Funding Opportunity Project Title Institution Principal Investigator
(s)

Human Tumor Atlas 
Network: Data 
Coordinating Center 
(U24)

Human Tumor Atlas 
Network: Data Coordinating 
Center

Dana-Farber 
Cancer Institute

Cerami, Ethan; 
Guinney, Justin; 
Reynolds, Sheila; 
Schultz, Nikolaus

Human Tumor Atlases 
(HTA) Precancer Atlas 
Research Centers 
(U2C)

Integrative Single-Cell Atlas 
of Host and 
Microenvironment in 
Colorectal Neoplastic 
Transformation

Vanderbilt 
University

Coffey, Robert J; Lau, 
Ken Siu Kwong; 
Shrubsole, Martha J

Breast Pre-Cancer Atlas 
Center

Duke University Hwang, Eun-Sil 
Shelley; Maley, Carlo; 
West, Robert B

Precancer Atlas of Familial 
Adenomatous Polyposis

Stanford 
University

Snyder, Michael P; 
Ford, James M

Pre-cancer Atlases of 
Cutaneous and Hematologic 
Origin (PATCH Center)

Harvard Medical 
School

Sorger, Peter Karl; 
Aster, Jon C; 
Santagata, Sandro

Boston University 
Medical Campus

Spira, Avrum E; 
Dubinett, Steven M
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Posted: October 22, 2018 

Funding Opportunity Project Title Institution Principal Investigator
(s)

The Lung PCA: A Multi-
Dimensional Atlas of 
Pulmonary Premalignancy

Human Tumor Atlases 
(HTA) Research 
Centers (U2C)

Washington University 
Human Tumor Atlas 
Research Center

Washington 
University

Ding, Li; Achilefu, 
Samuel; Fields, Ryan 
C; Gillanders, William 
E

Omic and Multidimensional 
Spatial Atlas of Metastatic 
Breast and Prostate Cancers

Oregon Health & 
Science University

Gray, Joe W; Corless, 
Christopher L; Goecks, 
Jeremy; Mills, Gordon 
B

The Cellular Geography of 
Therapeutic Resistance in 
Cancer

Dana-Farber 
Cancer Institute

Haining, William 
Nicholas; Regev, Aviv

Transition to Metastatic 
State: Lung Cancer, 
Pancreatic Cancer and Brain 
Metastasis

Sloan-Kettering 
Institute for 
Cancer Research

Pe'er, Dana; Iacobuzio-
Donahue, Christine A

Center for Pediatric Tumor 
Cell Atlas

Children's Hospital 
of Philadelphia

Tan, Kai; Hunger, 
Stephen Patrick

National Cancer 
Institute Program 
Project Applications 
(P01)

Integrative Oncogenomics 
of Multiple Myeloma

Dana-Farber 
Cancer Institute

Munshi, Nikhil C
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Cancer Moonshot℠

The Cancer Moonshot to accelerate cancer research 
aims to make more therapies available to more 
patients, while also improving our ability to prevent 
cancer and detect it at an early stage.

To ensure that the Cancer Moonshot's goals and 
approaches are grounded in the best science, a Cancer 
Moonshot Task Force consulted with external experts, 
including the presidentially appointed National Cancer 
Advisory Board (NCAB).

A Blue Ribbon Panel of experts was established as a 
working group of the NCAB to assist the board in 
providing this advice. The panel's charge was to provide 
expert advice on the vision, proposed scientific goals, and 
implementation of the Cancer Moonshot.

Congress passed the 21st Century Cures Act in December 
2016, authorizing $1.8 billion in funding for the Cancer 
Moonshot over 7 years. The funding must be appropriated each fiscal year over those 7 years. 
Congress appropriated $300 million to NCI for fiscal year (FY) 2017, $300 million for FY 2018, and $400 
million for FY 2019.

Get email updates from NCI on 
the Cancer Moonshot

Page 1 of 4Cancer Moonshot℠ - National Cancer Institute
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Blue Ribbon Panel

A Blue Ribbon Panel of experts was established as a working group of the NCAB to ensure that 
the Cancer Moonshot's approaches are grounded in the best science. Their report outlines 10 
recommendations to accelerate progress against cancer.

Page 2 of 4Cancer Moonshot℠ - National Cancer Institute
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Cancer Moonshot℠ Research Initiatives

Implementation teams are considering multiple ways to fund new programs as well as 
expansions of ongoing efforts to advance the goals of the Cancer Moonshot.

Page 3 of 4Cancer Moonshot℠ - National Cancer Institute
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copyright and permissions. In the case of permitted digital reproduction, please credit the National Cancer 
Institute as the source and link to the original NCI product using the original product's title; e.g., “Cancer 
Moonshot℠ was originally published by the National Cancer Institute.”

Funding Opportunities to Support Cancer Moonshot

New Cancer Moonshot funding opportunities from NCI support goals articulated in the 
recommendations made by the Blue Ribbon Panel.

Page 4 of 4Cancer Moonshot℠ - National Cancer Institute
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Single Cell RNA-Seq Methods

Adapted from Ziegenhain et al. 2017 Molecular Cell

Seq-Well

Gierahn et al. 2017 Nat. Methods

Drop-Seq

Macosko et al. 2015 Cell

10X Chromium

Zheng et al. 2017 Nat. Commun.

CEL-Seq2

Hashimshony et al. 2016 Nat. Commun.

Smart-seq2

Picelli et al. 2013 Nat. Methods
(modified by Monika Kowalczyk)

inDrops

Klein et al. 2015 Cell

sci-RNA-seq

Cao et al. 2017 Science

Cell
isolation

Reverse
transcription

2nd strand
synthesis

cDNA
amplification

Library
construction

Summary

We thank Leslie Gaffney for help with figures, the Broad 
Genomics Platform for sequencing, the Broad Flow 
Cytometry Facility for FACS, Michael Cuoco for sample 
transport, Allon Klein for advice, and Jane Lee and Anna 
Neumann for project management.

Computational Analysis

Prepared all libraries in parallel — starting processing at same time.
Aimed for 384 cells (plate-based), ~3000–4000 cells (bead-based), 
~7,500 cells (in situ)
Sequenced all libraries usually pooled together (minimize batch effects), 
except inDrops because of read structure. 
Performed two replicates for each sample type
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Experimental Design

Results Future Directions

Statement of Purpose: We are directly comparing single cell RNA-Seq 
methods to understand their relative advantages and disadvantages.

Background
Single-cell RNA sequencing (scRNA-Seq) has emerged as a powerful tool 
to understand many areas of biology. 
For Human Cell Atlas (HCA) and many other single cell transcriptomic 
projects, there is a critical need to assess which scRNA-Seq methods are 
best for particular applications. 
An updated comparison of methods is needed.

Methods
Plate-based: Smart-seq2, CEL-Seq2
Bead-based: 10x Chromium, Drop-Seq, Seq-Well, inDrops
“In situ”: sci-RNA-seq

Metric/Method Smart-
seq2 CEL-Seq2 10X 

Chromium Drop-Seq Seq-Well 
(v1)

Seq-Well 
(v2) inDrops sci-RNA-

seq

Total reads 327M 361M 354M 287M 287M 111M 133M 459M

# cells (expected) 376 383 4,000 3,500 2,500 2,500 4,000 7,680

# cells (detected) 343 347 3,187 3,812 1,012 837 2,529 5,023

Total reads / cell 
(detected) 952,738 1,039,165 111,149 75,326 283,795 133,108 52,727 91,385

Doublets 
(detected) 0.0% 0.6% 1.2% 3.5% 3.2% 3.1% 3.4% 3.1%

Basic Metrics (Mixing #2)

Metric/Method Smart-
seq2 CEL-Seq2 10X 

Chromium Drop-Seq Seq-Well 
(v1)

Seq-Well 
(v2) inDrops

Total reads 250M 278M 319M 704M 236M 606M 503M

# cells (expected) 376 383 4,000 3,500 5,000 5,000 5,000

# cells (detected) 309 303 3,362 6,412 5,125 5,640 7,053

Total reads / cell 
(detected) 775,555 917,666 95,003 109,769 45,972 107,382 71,288

Basic Metrics (PBMC #2)

Grew NIH3T3 (mouse) and 
HEK293 (human) cell lines
Prepared aliquots as cell 
suspensions (mixtures with 50% 
of each cell line) in appropriate 
buffers for each method

Thawed human Peripheral Blood 
Mononuclear Cells (PBMCs) 
Prepared aliquots as cell 
suspensions in RPMI + 2% 
human serum, resuspended in 
buffers for each method

Genes / cell

Genes / cell

Violin plots: each dot represents a cell and each box represents the median (# shown) and first and third quartiles.Note: sci-RNA-seq was unsuccessful for PBMCs in 4 attempts.

Mixing PBMCs

Genes / cellClusters Clusters

Genes / cell

Mixing: For each experiment, reads sampled to compare data sets with same # of reads/cell (separately for plate-based or other methods).

Mixing #1 Mixing #2

PBMC #1 PBMC #2

Created universal pipeline for data from all methods.
De-multiplexed CEL files, allowing one error per index.
Aligned reads to combined human hg19 & mouse mm10 genomes (mixing) or 
GRCh38 (PBMCs) using HISAT2 (Smart-seq2, CEL-Seq2) or STAR (others).
Generated cell-gene UMI/read matrices from aligned reads; and cell-gene
expression matrices (grouped UMIs based on Hamming distance of one).
Mixing: Selected 
for bead based and 'In situ' methods. 
Mixing: Modeled number of reads per cell as a mixture distribution & 
removed cell barcodes with fewer reads.
PMBC: Selected 2x expected # cell barcodes, cluster, remove cells in “low 
quality” clusters. Permits recovery of cell types with low RNA content.

How many cells did we detect?
Not possible to predict well how 
many cells will be detected.
Choosing more cells lowers the 
median # genes/cell.
One solution is to plot genes/cell vs. 
cells ranked from most to least 
genes/cell. 

Cluster scoring
Louvain algorithm used to partition 
undirected KNN graphs into non-
overlapping clusters
Each cell assigned cell-type scores 
using known marker genes
Area Under Curves (AUCs) 
calculated from cell-type scores used 
to assign cell types to clusters

Finish down-sampling (reads & cells) for firmer 
conclusions 
Compare to standard computational pipelines
Compare single nucleus methods (with mouse 
cortex): Smart-seq2,10X Chromium, DroNc-
Seq & sci-RNA-seq (analysis in progress)
Evaluate ability to identify cell sub-types: CD8 
T cells (analysis in progress)
Assess value of Smart-seq2 full length data in 
combination with 3’ end transcriptome data

PBMC analysis preliminary – not downsampled
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Aqueous droplets of 250 pL formed in a microfluidic channel in a
continuous flow of a water-immiscible fluid act as microreactors that
mix the reagents rapidly and transport them with no dispersion. These
droplets may also be used to control chemical reaction networks on
millisecond time scale. For more information see the following
publication by R. F. Ismagilov et al.
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High-Throughput Measurements

A Microfluidic System for Controlling Reaction
Networks in Time**

Helen Song, Joshua D. Tice, and Rustem F. Ismagilov*

We present here a microfluidic system that may be used to
control networks of many chemical reactions on the milli-
second scale. It allows to control when each reaction begins,
for how long each reaction evolves before it is separated or
combined with other reactions, and when each reaction is
analyzed or quenched. The system uses flow of fluids to
linearly transform space (length of capillaries) into time
(reaction time). For a chemical reaction in an open system this
transformation is simple and well known: A solution of
reagent A and a solution of reagent B are injected as steady
streams into a microfluidic channel at initial point d= 0 where
the reaction between them begins (t= 0). As the reaction
mixture is transported by the fluid stream at a constant
velocity U, every spatial point d corresponds to a time point t,
the reaction time, where t= d/U. If such a system is
implemented, interactions of multiple chemical reactions in
time could be controlled simply by creating a network of
converging and diverging channels carrying reaction mixtures,
and varying flow velocities to adjust reaction and interaction
times. If the reactions are accompanied by an optical signal
(e.g. changes in fluorescence or absorption), time-resolved
measurements of the reactions in the entire network could be
obtained from a single spatially resolved optical image.

Networks of microfluidic channels[1–3] are especially
attractive for this distance-to-time transformation because
they can be easily fabricated and used to manipulate small
volumes of reagents; they are becoming essential for chemical
and biological analysis and synthesis.[1–3] Flow in microfluidic
devices is laminar; it occurs at low values of the Reynolds
number,Re (~ 0.01–100).Re is defined as lU1/m, where l [m] is
the diameter of the capillary,U [ms�1] the velocity of the flow,
1 [kgm�3] the density, and m [kgm�1 s�1] the viscosity of the
fluid.[4] This laminar flow makes it difficult to implement the
distance-to-time transformation in microfluidic devices for

two reasons (Figure 1a). First, mixing is slow—two streams
injected into a channel flow side-by-side with mixing only by
diffusion,[4–6] therefore d= 0 does not correspond to a well-
defined starting point (t= 0) of the reaction. Significant
research efforts have been devoted to solving this problem of
slow mixing.[2,3, 7] Turbulent flows provide both rapid mixing
and low dispersion,[8] but turbulence occurs at values of
Re> 2000 reached in microchannels only at high flow rates
(~ 10 ms�1). Achieving such flow velocities requires undesir-
ably high sample consumption (~ 1 mLs�1) and high pres-
sures. Second, the dispersion of solutes along the channel is
large—the flow profile is parabolic, and the reagents are
transported at a range of velocities.[4] Therefore, a given
distance d corresponds to a range of reaction times t=d/U.

We developed a simple microfluidic system that over-
comes both problems—it transports solutions with rapid
mixing and no dispersion (Figure 1b). This system uses
networks of microchannels with rectangular cross sections
and hydrophobic surfaces fabricated using rapid prototyping
in polydimethylsiloxane (PDMS).[9] We controlled the volu-
metric flow rates through each channel using syringe pumps.
Dispersion was eliminated by localizing the reagents within
aqueous plugs (droplets large enough to block the channel)
separated by a water-immiscible oil. Immiscible fluids have
been used to localize reagents in both commercial[10] and
laboratory[11–13] systems. Here we describe methods for
forming plugs of multiple solutions of reagents, for using
chaotic advection to achieve especially rapid (~ 2 ms) mixing
within the plugs, and for splitting and merging these plugs in
order to create complex microfluidic networks.

To form droplets from two solutions of reagents without
bringing the reagents into prior contact we flowed these

Figure 1. Schematic comparison of a reaction A+B conducted in a
standard pressure-driven microfluidic system device (a) and in the mi-
crofluidic device described here (b). a) Reaction time t¼6 d/U. b) Reac-
tion time t=d/U. Two aqueous reagents (red, A and blue, B) can form
laminar streams separated by a gray “divider” aqueous stream in a mi-
crochannel. When the three streams enter the channel with a flowing
immiscible fluid, they form droplets (plugs). The reagents come into
contact as the contents of the droplets are rapidly mixed. Internal recir-
culation within plugs flowing through channels of different geometries
is shown schematically by arrows.
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solutions in a microchannel as two laminar streams,[14] and
used an inert center stream to separate them. These three
streams were continuously injected into a flow of water-
immiscible perfluorodecaline (PFD) in the main microchan-
nel, where they spontaneously broke up into streams of plugs
(~ 500 pL) separated and surrounded by PFD (Figure 2).
Diffusion through the central stream was too slow for the
reagents in the two side streams to interact prior to the
formation of a plug. Plugs of three or more reagents could be
formed in the same manner. PFD is an attractive choice of
carrier fluid because it is inert, immiscible with water and
organic solvents, and does not swell PDMS. Emulsions of
perfluorocarbons such as PFD are used as blood substitutes in
humans during surgeries[15] and should be compatible with a
range of biological molecules. We controlled the wetting of
PDMS by PFD by adding 9% v/v of C6F11C2H4OH to PFD.
Water-in-oil emulsions are known to form in pressure-driven
flow in microchannels,[16,17] often at high values of the
dimensionless capillary number, Ca (Ca=Um/g, g [Nm�1]:
surface tension at the PFD/water interface).[18] Our system
was operated at low values ofCa because at high values ofCa,
the shear flow broke up the aqueous phase into small droplets
that did not block the channels and were not transported
reliably over long distances. Complex behavior in this latter
regime has been carefully characterized.[16]

A plug moving in a straight channel generates a steady,
recirculating flow.[19] This flow mixes the fluid within the left
and the right (along the direction of the flow) halves of the
plug (black arrows in Figure 1b, right), but not between the
two halves. Laminar flow is preserved during plug formation
that occurs at low Re ; the reagent solutions end up in the two
halves of the plug, and internal recirculation within elongated
plugs enhances mixing only moderately (Figure 2).

Chaotic advection accelerates mixing by using unsteady
fluid flow to stretch and fold a volume of fluid. Stretching and
folding leads to a rapid, exponential decrease of the striation

length—distance over which mixing has to occur by diffusion.
At intermediate Re (Re~ 70), chaotic advection can be
generated in three-dimensional microfluidic systems.[20] An
elegant system used asymmetric ridges on the floor of a
microchannel to induce chaotic advection at both low and
intermediate values of Re (Re= 0–100).[7] Here we show how
the principles of chaotic advection can be applied to mixing
inside plugs.

The principle of chaotic advection has been illustrated
with flow-cavity experiments.[21] In a flow cavity, motion of the
top and bottom walls induces flow within a volume of fluid.
Simultaneous motion of these walls induces steady flow that
mixes solutions slowly (Figure 3a). Time-periodic, alternating
motion of the walls induces unsteady, chaotic flow that mixes
solutions rapidly (Figure 3b). Crossing of streamlines in this
time-periodic flow is a necessary condition for chaos.[21]

Fluid flow in a flow cavity is similar to fluid flow in a plug
moving inside a channel, except for the frame of reference—
in a flow cavity walls move relative to the fluid, and in a plug
fluid moves relative to the walls. Steady flow in a flow cavity is
similar to steady, recirculating flow in plugs moving in a
straight channel (black arrows in Figure 1b right). For
arbitrary initial conditions, mixing by this steady flow is
inefficient (efficiency decreases as 1/t)[19,21] because solutes
become trapped on the streamlines that do not cross.[21] For
example, this flow mixes the contents within the left and right
halves of the plug, but not between the two halves (Figure 2).
The two-dimensional component of this flow responsible for
mixing of the solutions can be envisioned as two counter-
rotating vortices located in the left and right halves of the plug
(white arrows in Figure 1b). In the flow cavity shown in
Figure 3 the two vortices are co-rotating.

Pairs of co-[22–24] and counter-rotating[24,25] vortices both
generate chaos in periodic time-dependent flow. We induced
such a flow in plugs by replacing a straight channel with a
winding channel (Figure 4). A plug moving through a curved
part of the winding channel is moving at different velocities
relative to the two walls, similar to fluid in a flow cavity of
Figure 3b. We have deduced the streamlines shown by the

Figure 2. Spontaneous formation of uniform plugs out of multiple
aqueous streams. Left: Schematic diagram of the microchannel net-
work. Volumetric flow rates for all streams (in mLmin�1) are given in
parenthesis. Middle: Microphotograph (10 ms exposure) of plug forma-
tion and transport. Right: Magnified microphotographs (10 ms expo-
sure) of the plug-forming region at different time points. All micro-
channels had 50B50 mm2 cross sections. Total flow rate in the main
channel: 7.5 mLmin�1 (50 mms�1 average flow velocity); Re~2.5 (wa-
ter), ~0.93 (PFD). PFD here stands for a 10:1 mixture of perfluorode-
caline and C6F11C2H4OH. Red stream: solution of [Fe(SCN)x](3�x)+ pre-
pared by mixing 0.067m Fe(NO3)3 with 0.2m KSCN; colorless streams:
0.2m KNO3.

Figure 3. Mixing by steady (a) and time-periodic (b) flows in flow cavi-
ties. a, b) Top: Schematic illustration of the flow cavity. The vertical
walls are stationary and the horizontal walls move as shown. Bottom:
Images (reprinted with permission of Cambridge University Press from
ref. [21]) that illustrate the flow patterns. For details, see text.
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white arrows in Figure 1b by observing asymmetric plugs
traveling through curved channels; these streamlines are
similar to those shown in Figure 3b. In plugs moving through

winding channels we observed flow patterns that correspond-
ed to very rapid mixing (Figure 4a). These flow patterns were
reproducible, and were similar for plugs moving at different
speeds, except for some blurring by diffusion at lower speeds.
At these low values ofRe, winding channels did not accelerate
mixing in laminar flow in the absence of PFD (Figure 4b).

In Figure 4c,d we show that this system can be used to
measure the rates of chemical reactions on the millisecond
time scale, and that these rates can be used to quantify
mixing.[6] This was done by measuring the rate of rapid
binding (kon= 7.1 C 108

m
�1 s�1)[26] of Ca2+ ions to the calcium-

sensitive dye fluo-4 (Figure 4c). Fluo-4 is weakly fluorescent
in the absence of calcium whereas the complex fluo-4·Ca2+

shows strong fluorescence; accordingly, increase in fluores-
cence corresponds to mixing. At every flow rate we obtained a
complete time-resolved reaction profile by acquiring a single
spatially resolved long-exposure image of the fluorescence.[8]

Each image was integrated over two seconds to give the
average fluorescence intensity of hundreds of moving plugs
(~ 60 pL in volume) and non-fluorescent PFD, and consumed
less than 50 nL of fluo-4 solution. For the laminar flow of
these solutions in the absence of PFD only weak fluorescence
was observed (Figure 4e) consistent with negligible mixing
shown in Figure 4b. Mixing of CaCl2 and fluo-4 solutions in
the plugs was achieved within a short distance (~ 500 mm,
Figure 4d), which was not very sensitive to the PFD/water
ratio, and was weakly dependent on flow velocity. At higher
flow rates it corresponded to mixing in about 2 ms (Fig-
ure 4d).

These facts and the flow patterns in Figure 4a are
consistent with chaotic mixing, but detailed modeling would
be required to identify the chaotic regions within the plugs.
Such modeling would have to account for the three-dimen-
sional recirculation within both aqueous plugs and PFD in a
given geometry and should suggest the geometry of the
winding channels—symmetric or asymmetric, regular or
random—required for most efficient mixing.

A key attractive feature of microfluidics is the possibility
of creating large fluidic networks.[27] To demonstrate how, in
principle, a network with complex connectivity could be
created with this system we designed methods for combining
two streams of plugs into a single stream in a main channel
(merging plugs), and for dividing one stream of plugs into two
streams (splitting plugs). Merging was rare when the main
channel was of the same width as the channels in which the
plugs formed as plugs merged only if they entered the main
channel simultaneously (in phase). Plugs that entered out of
phase continued through the main channel separated by PFD
because they all moved at the same constant velocity. By
contrast, merging was achieved in a wide main channel, even
for streams of plugs that were out of phase (Figure 5a). We
formed small and large plugs in 30-mm and 60-mm wide
channels, respectively. These plugs did not block the expand-
ed 100-mm wide main channel and could move at two different
velocities until they coalesced.[28] Small droplets moved more
slowly than large droplets;[16] this effect is well known and is
the basis of hydrodynamic chromatography.[29] Sufficiently
large fluctuations in the relative flow rates in the two channels
disrupted merging, but more than 95% of the plugs merged

Figure 4. a), b) Microphotographs (10 ms exposure) illustrating rapid
mixing inside plugs (a) and negligible mixing in a laminar flow (b)
moving through winding channels at the same total flow velocity;
same solutions as for Figure 2. c) A false-color microphotograph (2 s
exposure, individual plugs are invisible) showing time-averaged fluo-
rescence arising from rapid mixing inside plugs of solutions of Fluo-4
(54 mm) and CaCl2 (70 mm) in aqueous sodium morpholine propane-
sulfonate buffer (20 mm, pH 7.2); this buffer was also used as the
middle aqueous stream. d) Relative normalized intensity (I) of fluores-
cence obtained from images such as shown in (c) as a function of dis-
tance (left) traveled by the plugs and of time required to travel that
distance (right) at a given flow rate. The total intensity across the
width of the channel was measured. Total PFD/water volumetric flow
rates (in mLmin�1) were * 0.6:0.3, * 1.0:0.6, * 12.3:3.7, * 10:6, *
20:6. e) A false-color microphotograph (2 s exposure) of the weak fluo-
rescence arising from negligible mixing in a laminar flow of the solu-
tions used in (c). All channels were 45 mm deep; inlet channels were
50 mm and winding channels 28 mm wide; Re~5.3 (water), ~2.0 (PFD).
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correctly when flows were simply driven with pressure of
compressed air from a house line, regulated manually.

Reliable splitting of plugs at branching points of micro-
channels was achieved by constricting the channels at the
branching points. When the channels were not constricted,
short rounded plugs often showed a complicated behavior
dominated by the surface tension at the PFD/water interfaces.
In constricted channels the plugs became long and narrow and
behaved simply like laminar flows subjected to pressure
gradients (Figure 5b). The size of the split plugs was propor-
tional to the relative flow rates in the two outlet channels; we
controlled these flow rates by varying the relative hydrostatic
pressures at the two outlets. Splitting and subsequent merging
of plugs could become useful for high-throughput parallel
measurements. These methods of merging and splitting rely
on a simple control of widths of channels and should become
especially useful in combination with advanced methods of
pumping.[30]

Overall, the phenomena described here allow us to
construct a microfluidic system that linearly converts distance
into time by achieving millisecond mixing and transport with
no dispersion. We believe that it will be useful for both
chemical analysis and synthesis, and for studies of complex
reaction networks.[31] The system is easy to fabricate and
operate, has no active or moving components, and can be
controlled simply by varying the rates of fluid flow. The

uncertainty of the distance-to-time transformation is limited
by the mixing distance. Both short (ms) and long (min) time
scales can be accessed in the same microfluidic device simply
by varying the flow velocity. Sub-millisecond time scales
should be accessible by decreasing the size of the channels,
and by increasing the flow rate (as long as the capillary
number remains small). In a serpentine microfluidic network
an entire time course of a chemical reaction can be obtained
with millisecond resolution by analyzing fluorescence from a
single image. Because the flows are steady this image does not
have to be time-resolved[8] and can be obtained with long
exposures of a CCD or even a photographic camera. This
system consumes samples at a rate about 10000 times lower
(mLmin�1) than devices that rely on turbulence for mixing
(mLs�1). It may serve a broad community of chemists,
biochemists, and biophysicists as an inexpensive compliment
to stop-flow instruments. In addition to a planar, trivial to
fabricate, disposable plastic chip it only requires equipment
already present in most laboratories: a source of pressure,
such as a syringe pump or a cylinder of compressed gas, and a
microscope with a CCD camera. We believe that this system
for conducting reactions in sub-nanoliter plugs will also
become valuable in traditional areas of microfluidics where
miniaturization and speed are important—for example, high-
throughput screening, combinatorial synthesis, analysis, and
diagnostics—both as a self-contained platform, and in combi-
nation with the existing technologies, especially those using
flows of immiscible fluids.[32,33]
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This paper reports an experimental characterization of a simple method for rapid formation of droplets,
or plugs, of multiple aqueous reagents without bringing reagents into contact prior to mixing. Droplet-
based microfluidics offers a simple method of achieving rapid mixing and transport with no dispersion.
In addition, this paper shows that organic dyes at high concentrations should not be used for the visualization
of flow patterns and mixing of aqueous plugs in multiphase flows in this system (fluorinated carrier fluid
and PDMS microchannels). It reports an inorganic dye that can be used instead. This work focuses on
mixing in plugs moving through straight channels. It demonstrates that, when traveling through straight
microchannels, mixing within plugs by steady recirculating flow is highly sensitive to the initial distribution
of the aqueous reagents established by the eddy flow at the tip of the forming plug (twirling). The results
also show how plugs with proper distribution of the aqueous reagents could be formed in order to achieve
optimal mixing of the reagents in this system.

Introduction

This paper characterizes a method of using flow of
immiscible fluids in microfluidic channels to form plugs
containing multiple aqueous reagents, mix these reagents
inside the plugs under optimal conditions in straight
channels, and then reliably transport them through the
channels. We define plugs as droplets that block the
channel but do not wet the walls. This method solves two
problems of microfluidicssmixing and dispersion. In the
preliminary studies reported recently,1 we have shown
that droplet-based microfluidics can be successfully used
to measure the rate of a chemical reaction on a millisecond
time scale.

Dispersion of the solutes along the length of microfluidic
channels is a problem associated with pressure-driven
laminar flow; it is known as Taylor dispersion.2 Dispersion
leads to dilution of the samples injected into the micro-
channels, leads to cross-contamination of the samples,
and limits the throughput of a microfluidic system. Some
dispersion occurs due to flowsthe pressure-driven flow
profile is parabolic, with the fluid in the center of the
capillary moving at a higher velocity than the fluid near
the walls. Additional dispersion also occurs due to
diffusion; even in the absence of flow, molecules are free
to diffuse along the length of the channel. The dispersion
due to flow can be removed by the use of electroosmotic
flow (EOF), which has a flat flow profile,3 although there
is still some dispersion around bends of microchannels.
EOF has been used very effectively for DNA separations.4,5

However, EOF is not sufficiently robust for many ap-

plications: it requires high voltages, and it is highly
sensitive to contaminations of the charged surfaces used
to drive the flow. In addition, only low flow rates can be
achieved using EOF.

The simplest solution to the dispersion problem is to
localize the reagents within droplets surrounded by an
immiscible fluid. Reagents no longer disperse along the
whole length of the channel; rather dispersion is confined
to the volume of the plug. A similar approach has been
used for many years in biochemical blood analyzers,6
although, in the case of analyzers, the stream of the
aqueous reagent fluid wets the walls of the glass capillary
and nonwetting air bubbles are used to segment the
reagent fluid. The droplets have been successfully used
to localize reagents in microfluidics.4,7-11 An elegant
dropletmeteringsystemhasbeenused inaDNAanalyzer.4

Mixing is the second problem associated with the
laminar flow. Two streams injected into a channel at low
Reynolds number2, Re, flow laminar side-by-side, with
mixing only by diffusion.2,12,13 Rapid mixing of chemical
reagents in microchannels is difficult to achieve, and a
significant research effort has been devoted to solving this
problem.14-17 Hydrodynamic focusing,18,19 injecting streams
of reagents into a common channel as multiple lamina,20

chaotic advection at intermediate21 and low16,17 values of
Re, and the use of beads in microchannels22 are some of
the methods developed to enhance mixing. These methods
do not eliminate dispersion, although chaotic advection
has been shown to reduce it significantly.16,17
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All methods of mixing attempt to reduce the striation
length, stl (m), the distance over which mixing can occur
by diffusion. For diffusion in one dimension the mixing
time, tmix (s), is given by

where D (m2/s) is the diffusion constant. For a protein
with a diffusion constant of D ) 10-10 m2/s, reducing stl
from 100 to 1 µm reduces tmix from 50 s to 5 ms. A droplet
moving through a channel develops recirculating flow,
that enhances mixing by reducing the striation length.23

Our preliminary results1 indicated that mixing in moving
plugs can be as fast as a few milliseconds. Thus, droplet-
based microfluidics is attractive because it has the
potential to solve both the mixing and dispersion problems.

This paper describes how we (i) experimentally char-
acterized a simple method1 for rapid formation of plugs
of multiple reagents without bringing reagents into prior
contact, (ii) designed a set of dyes useful for visualization
of flow patterns inside aqueous plugs, (iii) determined
that, in straight microchannels, mixing within plugs by
the steady recirculating flow is highly sensitive to the
initial distribution of the reagents, and (iv) established
how plugs with proper distribution of the reagents can be
formed in order to achieve rapid mixing in straight
microchannels.

Experimental Section
Networks of microchannels with rectangular cross-sections

were fabricated using rapid prototyping in poly(dimethylsiloxane)
(PDMS).24-26 The PDMS used was Dow Corning Sylgard Brand
184 Silicone Elastomer, and devices were sealed using a Plasma
Prep II (SPI Supplies). The surfaces of the devices were rendered
hydrophobic by baking the devices at 120 °C for 2-4 h.

In Figure 2, the red aqueous streams were McCormick red
food coloring (water, propylene glycol, FD&C Reds 40 and 3,
propylparaben), the green aqueous streams were McCormick
green food coloring (water, propylene glycol, FD&C yellow 5,
FD&C blue 1, propylparaben) diluted 1:1 with water, and the
colorless streams were water. In all other figures, red aqueous
streams were Fe(SCN)x

(3-x)+ complexes prepared by mixing 0.067
M Fe(NO3)3 with 0.2 M KSCN. All remaining colorless aqueous
streams were 0.2 M KNO3. PFD used was a 10:1 mixture of
perfluorodecalin (mixture of cis and trans, 95%, Acros Organics)
and 1H,1H,2H,2H-perfluorooctanol (Acros Organics).

Aqueous solutions were pumped using 100 µL Hamilton
Gastight syringes (1700 series, TLL) or 50 µL SGE gastight

syringes. PFD was pumped using 1 mL Hamilton Gastight
syringes (1700 series, TLL). The syringes were attached to
microfluidic devices by means of Hamilton teflon needles (30
gauge, 1 hub). Syringe pumps from Harvard Apparatus (PHD
2000 Infusion pumps; specially ordered bronze bushings were
attached to the driving mechanism to stabilize pumping) were
used to infuse the aqueous solutions and PFD.

Microphotographs were taken with a Leica MZ12.5 stereomi-
croscope and a SPOT Insight Color digital camera (model #3.2.0,
Diagnostic Instruments, Inc.). SPOT Advanced software (version
3.4.0 for Windows) was used to collect the images. Lighting was
provided from a Machine Vision Strobe X-Strobe X1200 (20 Hz,
12 µF, 600 V, Perkin-Elmer Optoelectronics). To obtain an image,
the shutter of the camera was opened for 1 s and the strobe light
was flashed once with the duration of the flash being ∼10 µs.

Images were analyzed using NIH Image software, Image J.
Image J was used to measure periods and lengths of plugs from
microphotographs such as those shown in Figure 7b. Periods
corresponded to the distance from the center of one plug to the
center of an adjacent plug, and the length of a plug was the
distance from the extreme front to the extreme back of the plug
(see Figure 1b for definitions of front and back).

Surface tensions were measured using the hanging drop
method. A small (∼1 µL) drop of the fluorinated fluid was extruded
into ∼1 mL of the aqueous solution inside a disposable optical
cell. A microphotograph of the drop was taken with a CCD camera
equipped with a zoom objective. The shape of the drop, determined
by the balance of gravity and surface tension, was analyzed as
described previously.27-29

To make measurements of the optical intensity of Fe(SCN)x(3-x)+

complexes in plugs, microphotographs were saved in CMYK color
mode in Adobe Photoshop 6.0. Using the same program, the yellow
color channels of the microphotographs were then isolated and
converted to gray scale images, and the intensities of the gray
scale images were inverted. The yellow color channel was chosen
to reduce the intensity of bright reflections at the extremities of
the plugs and at the interface between the plugs and the channel.
Following the work done in Photoshop, regions of plugs containing
high concentrations of Fe(SCN)x

(3-x)+ complexes appeared white
while regions of low concentration appeared black. Using Image
J, the intensity was measured across a thin, rectangular region
of the plug, located halfway between the front and back of the
plug (white dashed lines in Figure 7a). The camera used to take
the microphotographs of the system was not capable of making
linear measurements of optical density. Therefore, our measure-
ments of intensity were not quantitative. Several of the plots in
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Figure 1. (a) Schematic illustration of the approach charac-
terized in this paper to forming plugs of multiple aqueous
solutions by injecting them into a stream of water-immiscible
fluorinated fluid, PFD. Droplets were mixed rapidly by recir-
culation shown by white arrows. Plugs (droplets that block the
channel but do not wet the walls) were transported with no
dispersion. (b) Notation used throughout the paper to identify
different regions of the plugs, relative to the direction of motion.

tmix ) stl 2/2D (1)
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the graphs of intensity versus relative position across the channel
(Figure 7c) were shifted vertically by <50 units of intensity to
adjust for nonuniform illumination of different parts of the
images. These adjustments were justified because the shape of
the distribution rather than absolute concentration was discussed
in the paper.

Results and Discussion

Formation of a plug of multiple reagents1 is schemati-
cally shown in Figure 1a. Two reagent streams were
combined in a microchannel, separated by an inert stream.
Since the flow was characterized by low values of the Re,
the three streams remained laminar. The streams were
continuously injected into a stream of flowing carrier fluid
where they broke up into plugs transported by the carrier
fluid. Microfluidic devices were fabricated using PDMS.24-26

We chose perfluorodecaline (PFD) as the water immiscible
carrier fluid because fluorinated fluids, in contrast to
hydrocarbon fluids, do not swell PDMS.

Visualization. We visualized flow patterns inside
moving plugs by injecting marked streams of fluid into a
plug and monitored the distribution of the marker as the
plug proceeded through the channel. Marking streams in
microchannels with absorption dyes requires high con-
centration of the dye, because thin microchannels provide
only a short optical path. All organic dyes that we
investigated, including the food dyes shown in Figure 2,
affected the interfacial properties of aqueous solutions
when dissolved at high concentrations. Therefore, visu-
alizations made with these dyes were not representative
of the flow patterns in plugs composed of dilute aqueous
solutions.

By comparing Figure 2a and b, it becomes apparent
that our food dyes did not act as inert markers in the
aqueous phase (Figure 2). If the dyes acted as inert mar-
kers, one would expect that switching the inlets through
which the red and green streams enter the plug-forming
region would lead to the formation of plugs with comple-
mentary flow patterns (flow patterns with switched colors
but otherwise identical). This is not what was observed
(Figure 2)sthe gross features of the flow patterns, and

not just their colors, changed when the two streams were
switched. The shape of the plugs also changed (black
arrows in Figure 2). We have not characterized the details
of the flow of food dyes in microchannelssa better-defined
system where both the viscosity and interfacial tension
can be varied independently would be required for a
conclusive study. Nevertheless, these data were sufficient
to conclude that organic dyes at high concentrations were
unsuitable for visualization of flow patterns in aqueous
plugs of multiphase flow in this system.

To observe flow patterns without perturbing the flow
in aqueous plugs, we used a red aqueous solution of an
inorganic complex Fe(SCN)x

(3-x)+ (x ∼ 3, absorption
maximum λmax ∼ 480 nm, extinction coefficient ε ∼ 5 ×
103 cm-1 M-1) prepared by mixing 0.067 M Fe(NO3)3 with
0.2 M KSCN (the viscosity of the solution of the complex
was 1.08 ( 0.05 mPa s). The two colorless aqueous streams
were 0.2 M KNO3 (viscosity 1.00 ( 0.05 mPa s). Both
Fe(SCN)x

(3-x)+ and KNO3 solutions had interfacial tension
with the fluorinated carrier fluid of 12-14 mN/m. These
solutions did not perturb the flow patterns inside plugs
(Figure 3). Switching the position of the colored stream
leads to the formation of plugs with complementary
distribution of the dye; for example, white areas in plugs
shown in Figure 3a corresponded to dark areas in plugs
shown in Figure 3b and c. Flow patterns within plugs
were reproducible. At different flow rates, flow patterns
were similar except for blurring by diffusion at lower flow
rates, consistent with the low value of Re for these flows.
We used these aqueous solutions in all subsequent
experiments.

Formation of PlugssSurface Tension and the
Capillary Number. To obtain clean transport of the
reagents, the carrier fluid must wet the walls of the

Figure 2. Concentrated solutions of organic dyes cannot be
used to visualize true flow patterns and mixing inside plugs
described in this paper because they perturbed the flow inside
plugs. Left: Diagram of the microfluidic network. Right:
Microphotographs of the plug-forming region of the microfluidic
network. The colored aqueous streams were solutions of red
and green food dyes. Plugs were traveling at 50 mm s-1. The
insets show enlarged microphotographs of plugs and their flow
patterns. Arrows emphasize the difference in contact angles of
the green and the red dyes with PDMS, indicating preferential
wetting of the surface of the channels by the green dye.

Figure 3. Aqueous solutions of Fe(SCN)x
(3-x)+ complexes and

KNO3 can be used to visualize flow patterns and mixing in
plugs. Left: Diagram of the microfluidic network. Right:
Microphotographs of the plug-forming region of the microfluidic
network. The insets show enlarged microphotographs of plugs
and their flow patterns. Changing the position of the dyed
stream yielded plugs with complementary (switched) colored
regions that were characteristic of the same flow patternsfor
example, white areas in part a correspond to red areas in either
part b or c. Plugs were traveling at 50 mm s-1.
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microchannels preferentially over the aqueous phase. If
this condition is satisfied, the aqueous phase does not
come in contact with the walls and remains separated
from the walls by a thin layer of the carrier fluid;30,31 the
plugs are stable and do not leave any residue behind as
they are transported through the channels. To achieve
this condition,29 the surface tension at the water/PDMS
interface (∼38 mN/m)32 has to be higher than the surface
tension at the water/PFD interface (∼55 mN/m). We added
1H,1H,2H,2H-perfluorooctanol to PFD as a surfactant,
which reduced the surface tension at the water/PFD
interface. Using the hanging drop method,27-29 we mea-
sured the surface tension at the interface of water (or
various aqueous buffers or solutions of Fe(SCN)x

(3-x)+

complexes) and the fluorinated 1H,1H,2H,2H-perfluo-
rooctanol/PFD mixture to be 12-14 mN/m. In this paper
we refer to this mixture of fluorinated fluids as carrier
fluid or simply as PFD.

The surface tension at the water/PFD interface must
be sufficiently high in order to avoid destruction of plugs
by shear. Formation of plugs can be characterized by the
dimensionless Capillary number, Ca,

where U (m s-1) is the velocity of the flow, γ (N m-1) is the
surface tension at the water/PFD interface, and µ (kg m-1

s-1) is the viscosity of the fluid. U was determined by
dividing the total volumetric flow rate by the cross-
sectional area of the channel. The viscosity of PFD is 5.10
× 10-3 N m-1, and the viscosity of water is 1.00 × 10-3 N
m-1. Water-in-oil droplets are commonly formed in
microchannels.33-35 When shear is used at high values of
Ca, the diameter of the droplets r (m) is then described
by the equation33,36

where w (m) is the cross-sectional dimension of the channel
and U/w is the shear rate (s-1). At values of Ca > 1, droplets
with the diameter smaller than the dimensions of the
channel form. Under these conditions, the size of droplets
linearly depends on the inverse of the flow velocity (eq 3),
and droplets of various sizes form a range of interesting
patterns.33

We operated our system at low values of Ca (< ∼0.1).
Equation 3 did not predict the size of plugs in our system.
The length of plugs was virtually independent of the total
flow rate (Figure 4a and Figure 5) and of Ca. In addition,
the period (p (m), the center-to-center distance between
adjacent plugs) remained relatively constant as the flow
rate (and Ca) was varied (Figure 4a). Assuming that the
period is known, then the mass-conservation can be used
to estimate the length of plugs l (m) from the “water
fraction”, wfsthe value of Vw/(Vw + Vf), where Vw and Vf

are the relative volumetric flow rates of water, Vw

(µL/min), and the fluorinated fluid, Vf (µL/min) (eq 4).

The length of plugs could be easily controlled by varying
the relative volumetric flow rates of the aqueous and
fluorous streams (Figure 4b). Short plugs formed when
the flow rate of the aqueous stream was lower than that
of the fluorous stream, and long plugs formed when the
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(31) Bico, J.; Quere, D. J. Colloid Interface Sci. 2002, 247, 162-166.
(32) Reiter, G.; Khanna, R.; Sharma, A. Phys. Rev. Lett. 2000, 85,

1432-1435.
(33) Thorsen, T.; Roberts, R. W.; Arnold, F. H.; Quake, S. R. Phys.

Rev. Lett. 2001, 86, 4163-4166.
(34) Sugiura, S.; Nakajima, M.; Seki, M. Langmuir 2002, 18, 5708-

5712.
(35) Anna, S. L.; Bontoux, N.; Stone, H. A. Appl. Phys. Lett. 2003,

82, 364-366.
(36) Taylor, G. I. Proc. R. Soc. London A 1934, 146, 501-523.

Ca ) Uµ/γ (2)

r ∼ wγ/(µU) ) w/Ca (3)

Figure 4. Data showing the spatial periods and the lengths
of plugs as a function of (a) total flow velocity and (b) water
fraction (defined in text). Values of Capillary (Ca) and Reynolds
(Re) numbers are also shown. Plugs in part b are traveling at
50 mm s-1. All measurements of length are reported relative
to the width of channels (50 µm). Relative size is defined as the
ratio of the length of the plug to the width of the channel.

Figure 5. Microphotographs illustrating weak dependence of
periods, length of plugs, and flow patterns inside plugs on total
flow velocity. Left: Diagram of the microfluidic network.
Right: Microphotographs of plugs formed at the same water
fraction (0.20), butatdifferent total flowvelocities.TheCapillary
numbers were 0.0014, 0.0036, 0.0072, and 0.011, respectively,
from top to bottom. The corresponding Reynolds numbers were
1.24, 3.10, 6.21, and 9.31.

l ) pVw/(Vw + Vf) ) p × wf (4)
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flow rate of the aqueous stream was higher than that of
the fluorous stream. The dependence of the length of the
plugs on the water fraction deviates from the linearity
suggested by eq 4 for two reasons: (i) This equation is
approximate because it ignores the curvature at the sides
of the plugs and assumes that plugs are parallelepipeds.
This assumption predicts length that is too low for the
small, almost spherical plugs. (ii) The period p itself
depends on the water fraction. The period should become
infinite at extreme values of wf ) 0 and wf )1. As water
fraction was changed from ∼0.15 to ∼0.85, the period
varied by a factor of ∼2, passing through a minimum at
the water fraction of ∼0.50 (Figure 4b). This dependence
of p introduced additional positive curvature to the graph
of l versus wf in Figure 4b. Despite these deviations, the
length of plugs l could be easily estimated.

Plugs of constant length could be formed reproducibly
at intermediate values of water fraction, 0.20 < wf < 0.80
(Figure 6). We have collected statistics describing the
lengths of plugs l formed when water fraction was set to
0.20, 0.40, and 0.73. Irregular motion of the syringe pumps
induced fluctuations in relative flow rates; therefore,
fluctuations in period were observed (for these experi-
ments, we used two separate syringe pumps for the
fluorous and aqueous phases). The fluctuations of flow
rates affected the water fraction and became especially
noticeable when the flow rates of the aqueous and the

fluorous streams became significantly different (Figure
6a and c). The period was also more sensitive to changes
in water fraction at extreme values of water fraction
(Figure 4b). The length of plugs formed in flows driven by
a syringe pump varied by about 3-20% of their length,
depending on the water fraction. This level of monodis-
persity was adequate for the studies of mixing described
below.

Mixing. Mixing in moving plugs occurs by recirculating
flow (white arrows in Figure 1) caused by the shearing
interactions of the fluid inside the plug with the stationary
wall.37 These closed recirculation flows are localized in
the left and right halves of the plug (Figure 1). Theoretical
studies by Burns23 indicate that, for ideal initial conditions,
the recirculating flow reduces the striation length, stl (m):

as a function of l/d, where d (m) is the distance traveled
by the plug and l (m) is the length of the plug;23 stl(0) is
the initial striation length in a plug, and stl(d) is the
striation length after a plug has traveled a distance d
through the channel.

According to eq 5, reduction of stl by these steady flows
depends on both d and l. One complete cycle of recirculation
occurs when the plug has traveled its length, d ) l. After
d/l complete cycles of recirculation, the stl will have
decreased inversely proportionately to the number of
cycles. Therefore, eq 5 predicts that shorter plugs will
mix in a shorter distance, d, and therefore in a shorter
time, tmix, at constant U. This prediction is certainly valid
under ideal initial conditions.23 In our system, the process
of plug formation leads to a nonideal distribution of the
solutions in the plug, and mixing may occur faster or much
slower than predicted for the ideal initial conditions.

When the two solutions to be mixed are initially located
in the front and back halves (defined in Figure 1b) of the
plug, then recirculation effectively reduces the stl and
this results in efficient mixing after several d/l cycles
(Figure 7a1). However, if the two solutions are localized
in the left and right halves (defined in Figure 1b) of the
plug, then the stl is not affected by recirculating flows and
therefore mixing is inefficient (Figure 7a2).

The initial distribution of the marker in the plug
depended strongly on the details of plug formation. As the
stationary aqueous plug was extruded into the flowing
carrier fluid, shearing interactions between the flow of
the carrier fluid and the aqueous phase induced an eddy
that redistributed the solution of the marker to different
regions of the plug. We refer to the formation of this eddy
as “twirling”. Inertial effects did not induce twirling;
twirling was present at both the low values of Re and the
high values of Re, and it occurred at all flow velocities,
although the flow pattern of this eddy was slightly affected
by the velocity (Figure 5).

Twirling redistributed the marker by transferring it
from the right to the left side of the plug (Figure 7b).
Twirling was present during the formation of plugs of all
lengths, but its importance for mixing depended on the
length of the plug. Twirling occurred only at the tip of the
forming plug before the tip made contact with the right
(defined in Figure 1b) wall of the microchannel. The
amount of twirling in a plug was related to the amount
of the carrier fluid that flowed past the tip; this amount
was significantly larger for short plugs than for long plugs

(37) This interaction may be modulated by the thin wetting layer of
the carrier fluid separating the droplet from the wall, but this effect is
small because the carrier fluid has slightly higher viscosity than the
aqueous fluids.

Figure 6. Histograms demonstrating the distribution of
periods and lengths of plugs where the water fractions were (a)
0.20, (b) 0.40, and (c) 0.73. The total flow velocity was 50 mm
s-1, Ca ) 0.0036, and Re ) 3.10 in all cases. The period p (m)
is the center-to-center distance between adjacent plugs. “Fre-
quency” refers to the number of plugs or periods of a particular
size in the histogram.

stl(d) ) stl(0) × l/d (5)
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(Figure 7b). Twirling affected only a small fraction of the
long plugs and had a small effect on the distribution of the
marker in these plugs (Figure 7b). Recirculating flow did
not significantly accelerate mixing in longer plugs (Figure
7b, wf ) 0.73) because not enough of the marker was
transferred into the left side of the plugsthe initial
conditions for mixing in large plugs were similar to those
shown in Figure 7a2. Mixing in the longest plugs was
similar to mixing in a laminar flow in the absence of PFD
(Figure 7b, wf ) 1.00). In contrast, twirling accelerated
mixing for shorter plugs (Figure 7b, wf ) 0.30). Here,
twirling redistributed the marker just enough into the
left side such that nearly ideal initial conditions were
created, like those in Figure 7a1. Under these conditions,
we observed that the initial striation length was reduced
by the formation of a spiral flow pattern shown schemati-
cally in Figure 1a. However, for even shorter plugs, mixing
was worse (Figure 7b, wf ) 0.14 and wf ) 0.20) due to
“overtwirling”. In this case, too much of the marker was
transferred into the left side of the plug. When overtwirling
occurred, mixing was less efficient because initial condi-
tions resembled those observed for longer plugs (Figure
7b, wf ) 0.40), except that the red markers occupied the
opposite side of the plug.

We have created two intensity plots (Figure 7c) that
show the relative concentration of the marker within the
plug across the channel at the different water fractions
(Figure 7b). For these plots, the general shape of each
curve can qualitatively identify which initial condition

results in the most efficient mixing. The most efficient
mixing corresponds to a curve with minimal fluctuations
in intensity (the marker is evenly distributed across the
plug). To further investigate the effects of twirling on
mixing, intensity was measured across each plug after it
traveled a distance d of 4.4 times its length l (Figure 7c1).
If twirling is ignored, under these conditions of constant
d/l for all plugs, eq 5 predicts equivalent mixing in all
plugs. Equation 5 is undoubtedly valid23 for the ideal initial
conditions (Figure 7a1), and deviations from the predic-
tions of the equation can be safely attributed to the effect
of twirling. For the longer plug with wf ) 0.73 and wf )
0.60, the plugs were not well mixed: the relative intensity
curve was much higher on the right side of the plug than
on the left side of the plug. For the shorter plug with wf
) 0.30, the mixing curve was fairly smooth and so the
plug was well mixed. For wf ) 0.30, we estimated mixing
time ∼ 25 ms under these conditions. Mixing time could
be reduced further by increasing the flow rate, but we
have not been able to reach the ∼2 ms mixing time
observed for mixing by chaotic advection.1 This fact is
consistent with the lower mixing efficiency of steady
recirculating flows rather than that of time-dependent
flows.38 For the shortest plugs with wf ) 0.14, the relative
intensity was higher on the left side of the plug, and

(38) Ottino, J. M. The Kinematics of Mixing: Stretching, Chaos, and
Transport; Cambridge University Press: Cambridge, 1989.

Figure 7. Effects of initial conditions on mixing by recirculating flow inside plugs moving through straight microchannels. (a1)
Recirculating flow (shown by black arrows) efficiently mixed solutions of reagents that were initially localized in the front and back
halves of the plug. Notations of front, back, left, and right are the same as those in Figure 1b. (a2) Recirculating flow (shown by
black arrows) did not efficiently mix solutions of reagents that were initially localized in the left and right halves of the plug. (b)
Left: Schematic diagram of the microfluidic network. Right: Microphotographs of different length plugs near the plug-forming
region of the microfluidic network, for water fractions of 0.14-1.00. Plugs were traveling at 50 mm s-1. (c1) A graph showing the
relative optical intensity of Fe(SCN)x

(3-x)+ complexes in plugs of different lengths. Intensities were measured from left (x ) 1.0)
to right (x ) 0.0) across the width of a plug (shown by white dashed lines in parts a1 and a2) after the plug had traveled 4.4 times
its length through the straight microchannel. The gray shaded areas indicate the walls of the microchannel. (c2) Same as part c1,
except each plug had traveled 1.3 mm. The d/l for each water fraction was 15.2 (wf ) 0.14), 13.3 (wf ) 0.20), 11.7 (wf ) 0.30), 9.7
(wf ) 0.40), 6.8 (wf ) 0.60), 4.6 (wf ) 0.73), and 2.7 (wf ) 0.84).
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therefore, this plug was overtwirled, in agreement with
the images in Figure 7b.

The second graph (Figure 7c2) shows the intensity
measured across each plug after it traveled a fixed
distance, d ) 1.3 mm. Except for the longest plug of wf
) 0.73, all plugs have traveled a longer distance in the
second graph than in the first graph. Therefore, in this
second graph, more mixing took place and the intensity
curves showed more uniform distribution of the marker,
especially for short plugs. For the longer plugs, the
intensity curves remained similar to those observed in
Figure 7c1. Under these conditions, if twirling was ignored,
one would have expected that the shortest plugs (wf )
0.14) with the highest d/l ratio would have mixed faster
than medium plugs (wf ) 0.30). However, this was not
the case, and we still saw the effects of overtwirling. We
concluded that twirling was the most important factor in
determining ideal conditions for mixing in plugs moving
through straight microchannels.

Conclusions
In this paper, we have characterized experimentally a

simple method for rapid formation of plugs of multiple
reagents without bringing the reagents into prior contact.
Plugs were formed at low values of the Capillary number
and at low values of the Reynolds number, and therefore,
the length of plugs and the flow patterns within them
were only weakly dependent on the flow velocity. In ad-
dition, we have shown that organic dyes at high concen-
trations should not be used for the visualization of flow
patterns and mixing in these systems. We found that an
inorganic complex with a high extinction coefficient may
be used to visualize unperturbed flow patterns in mul-
tiphase fluid flow. We used these experimental results to
establish that, in straight microfluidic channels, mixing
by steady recirculating flow within plugs was sensitive to
the initial distribution of the reagents, and we described
how the process of formation of the plugs affected this
initial distribution. To achieve optimal mixing of the
reagents in straight microchannels, plugs with the proper
initial distribution of the reagents could be formed simply
by adjusting the relative flow rates of the aqueous and
fluorous streams to the experimentally determined op-
timal value. The following questions remain to be an-

swered: What are the factors that determine the period
of the instability leading to the formation of plugs? Is
mixing by chaotic advection in plugs1 less dependent on
the initial conditions and the length of plugs than the
mixing by twirling described here? What is the range of
viscosities and interfacial tensions of the solutions and
the carrier fluids where these two methods of mixing are
applicable? These questions will serve as the basis for
future experimental and theoretical work and will comple-
ment current developments in multiphase microfluid-
ics.39-42 We are beginning to use these systems as the
basis of a microfluidic platform with rapid mixing and
transport with no dispersion, useful for controlling
chemical and biochemical systems on time scales from
milliseconds to days. We are developing this platform for
applications in rapid chemical synthesis and biochemical
analysis, especially in proteomics.43-46
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