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Abstract

This paper introduces string microfluidics (SM), which consists of stretchable strings trapping
discrete microdroplets within a porous matrix, and the realization of elementary microfluidic
operations such as droplet formation, transport, splitting, merging, and mixing by moving and
stretching the strings. While performing these operations, SM was shown to be compatible with
colorimetric biological assays. SM represents a new form of microfluidics that integrates the
concepts of thread microfluidics and digital microfluidics, along with mobile or reconfigurable

microfluidics where liquid transport is realized by manipulating the substrate.
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1. Introduction

Microfluidics is the manipulation of small volumes of liquids and was initially realized as
systems with continuous flow inside microchannels, followed by the development of droplet
microfluidics based on the segmentation of flow into discrete droplets. Discrete droplet

microfluidics comprises on one hand two-phase flow droplet microfluidics in channels (Thorsen
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et al., 2001) that allows rapid formation of thousands of droplets and high-throughput
biochemical and biological assays, and single-cell analysis (Abatemarco et al., 2017; Guo et al.,
2012; Mazutis et al., 2013) but without simple methods for addressing and tracking individual
droplets. On the other hand, digital microfluidics uses planar electrodes to electrically actuate
droplets which provides addressability (Cho et al., 2003; Miller et al., 2011; Norian et al., 2014),
but at the cost of throughput, cost and complexity as advanced electronic are required to actuate

and track droplets.

Mobile microfluidics comprises devices with vertical liquid transfer such as pin spotting
(Safavieh et al., 2010) or slide-to-slide transfer of droplets arrays such as the ‘SnapChip’(Li et
al., 2012; Li et al., 2015). Lateral liquid transfer include the ‘SlipChip’ (Du et al., 2009; Zhukov
et al., 2019) that delivers liquid to reconfigurable networks as well as microfluidic probes
(Juncker et al., 2005; Qasaimeh et al., 2011; Safavieh et al., 2015). These systems are powerful

but require precise alignment and microfabrication.

Capillary microfluidics can operate autonomously and perform complex fluidic operations
(Olanrewaju et al., 2018; Olanrewaju et al., 2017; Safavieh and Juncker, 2013; Yafia et al., 2022)
without need of any peripheral equipment, and can be made at very low cost using paper (Fu et
al., 2011; Giokas et al., 2014; Toley et al., 2015), threads (Rumaner et al., 2019; Safavieh et al.,
2011; Tomimuro et al., 2020; Zhou et al., 2012) and flock (Hitzbleck et al., 2013). Threads can
be readily functionalized and assembled or knotted into circuits to carry out assays (Weng et al.,
2019) and integrated in wearable devices such as skin patches, fabrics and clothing, and wearable

devices (Promphet et al., 2020; Xia et al., 2021; Zhao et al., 2021). While fluidic operations in
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thread-based devices are simple and can be performed through preassembled threads that overlap
or tied together, fluid flow on and between the threads are the result of passive wicking, resulting

in unreliable fluidic transfer, mixing and retrieval, thus limiting sensitivity and reproducibility.

Herein, we demonstrate a novel mobile and reconfigurable platform for droplet microfluidics.
String microfluidics (SM) consists of stretchable strings that trap droplets within a porous fiber
matrix and are used to complete microfluidic operations by active contraction and stretching of
the strings to complete fluidic transfer operations. The strings are made of elastic, hydrophilic
threads patterned with hydrophobic barriers that isolate the reagent droplets stored in the porous
string. Microfluidic operations are performed by pulling, intersecting, twisting, and stretching
strings for the transport, transfer, copy, and rapid mixing of droplets. SM represents a new form
of microfluidics that integrates the concepts and benefits of (i) digital microfluidics (Choi et al.,
2012; Shang et al., 2017; Sohrabi et al., 2020), (ii) thread microfluidics (Agustini et al., 2021;
Tan et al., 2021) and (iii) mobile microfluidics where liquid transport is realized by manipulating

the substrate (Goyette et al., 2019; Lyu et al., 2019).

2. Experimental

2.1 String patterning

Strings (Oral-B® Ultra-floss™ and woolly nylon overlock thread) were first washed by
sonication in 70% ethanol for 10 min and rinsed in deionized (DI) water. For silanization after
washing, the strings were hydrolyzed in 10% hydrochloric acid for 10 min and once again rinsed
in DI water. After drying with a nitrogen gun, the strings were silanized with

Trichloro(1H,1H,2H,2H-perfluorooctyl)silane (Sigma-Aldrich, Oakville, ON, Canada) for two
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hours. In the second method, a PAP pen for immunostaining (Sigma-Aldrich, Oakville, ON,
Canada) was used that writes with green hydrophobic ink directly creating the barriers once dry.
Finally, 4 pL of 1% BSA and 0.05% tween 20 in 1x PBS was spotted onto the strings to create

the hydrophilic reservoirs for both patterning methods.

2.2 String microfluidics handling
After patterning, the strings were manipulated by hand to achieve transfers, mixing, and copying
operations. To facilitate manipulation, the passive strings were taped to holders of various shape

or size depending on the application.

2.3 Glucose assay

The glucose assay solution consists of a 5:1 solution of glucose oxidase (Sigma-Aldrich,
Oakville, ON, Canada) to horseradish peroxidase (Sigma-Aldrich, Oakville, ON, Canada) (150
units of glucose oxidase to 30 units of horseradish peroxidase), 0.6 M potassium iodide, and 0.3

M trehalose at pH 6.0.

3. Results and discussion

For the implementation of SM, we selected elastic strings made of curly fibers that straighten
when stretched and curl back when loose. In loose strings, the curls in the fibers define large
pores, which can accommodate a large volume of liquid. As the string is stretched, the fibers
straighten and become closely aligned, reducing the pore size and the volume of the reservoir.
These elastic strings constitute an adaptive material as capillary flow can be triggered by

stretching the strings (Figure 1a) (Yao et al., 2013). Discrete droplet reservoirs are defined on a
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stretchable string by forming hydrophobic barriers using fluorosilanes or a hydrophobic marker
forming hydrophilic reservoirs that can be loaded with a pipette. Upon stretching the strings, the
droplets are drawn out, like liquid being wrung out of a towel (Hadfield, 2013), and remain
connected to the hydrophilic fibers by surface tension to form one or several hanging droplets
(Figure 1b). When the tension on the string is released, the fibers return to their original, porous
conformation, and the liquid is drawn back into the string. Whereas hydrophobic patterning has
been used in thread microfluidics to direct fluid flow (Mostafalu et al., 2016), this patterning
defines individually addressable reservoirs, enabling easy sample retrieval and manipulation of

fluids.

a Non-patterned

Figure 1. Elastic woolly nylon strings for SM. (a) Non-patterned woolly nylon allows flow along
the string when stretched. (b) Patterned woolly nylon extrudes a droplet when stretched, but does

not allow flow. Scale bar is 2 mm.
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Two strings, Oral-B® Ultra-floss™ and woolly nylon overlock thread were used for SMs. Both
strings are made of similar nylon material, but the woolly nylon has a lower fiber count, is
thinner, and is more stretchable with a fully stretched strain of ~0.66 (compared to 0.58 for
Ultra-floss). Three reservoir states are possible based on the volume of liquid contained: under-
loaded, over-loaded and operational range. The string is under-loaded when it contains
insufficient volume to form beads when the string is stretched. In the case of woolly nylon, this
is less than ~0.17 uL. mm™! whereas it is slightly higher for Oral-B® Ultra-floss™ as it is 0.5 pL
mm-!. The operational range for SM manipulations occurs from the minimum volume to form a
droplet to volumes of roughly 1 uL. mm! for woolly nylon and 2.1 uL. mm! for Oral-B® Ultra-
floss™. Above the operational range, the reservoir becomes over-loaded and a hanging droplet
will form in the reservoir, even while the string is loose. When the hanging droplet is large
enough, manipulating the string can cause it to fall. It is important to note that the Oral-B® Ultra-
floss™ can take larger volumes than the woolly nylon but that both strings have the same
functionality and are otherwise used interchangeably. It is expected that one could tune the
volumes used in SM by simply adjusting the number of fibers in the string. This would allow

smaller or larger volumes to be used depending on the desired application.

Basic SM operations are illustrated in Figure S1 and demonstrated in Figure 2. The transfer of a
droplet from a donor to a receiver string can be accomplished by stretching the donor, and
contacting it with the loose receiver (Figure 2a, Video S1). The initial volume in the reservoir
and the degree to which the string is stretched control the volume transferred. When the donor is
fully stretched and contacted to the receiver, the receiver string absorbs all of the droplets and

only a minute residue is left on the donor. The mixing of two reagents requires the transfer of an
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aliquot to a string with a pre-filled reservoir. Since backflow from the receiver to the donor string
is a concern, as it would lead to contamination of the donor reservoir, this can be addressed by a
gravity-assisted transfer, where the donor string contacts the receiver string from the top for a
short time. To demonstrate the limited contamination, a yellow solution was transferred from a
donor string to a receiver string filled with a blue solution. The green color on the receiver string
highlights successful transfer while the yellow hue retained by the donor string suggests that no
significant backflow of blue solution occurred (Figure 2b and Video S2); it is therefore possible

to establish unidirectional flow between two droplets on strings.

a Transfer to an empty reservoir b One way transfer
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Figure 2. Basic functionality of SMs. (a) Transfer to an empty receiver reservoir. In this transfer,
nearly all of the fluid is transferred from the donor to the receiver, leaving only a residue of
yellow dye behind, Video S1. (b) One-way reagent transfer of a yellow dye to a receiver string

preloaded with a blue dye, Video S2. Contamination of the donor by the blue dye does not occur
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based on the color integrity. (c) Rapid mixing by cyclic stretching, Video S3. The string is
stretched and loosened repeatedly until the reservoir becomes uniform. The procedure was
completed in 29 cycles and ~ 25s in this example. (d) Copying by twisting and stretching, Video
S5. Initially, a single string has fluid in the reservoirs. To copy the reagents from one string to
the others, all strings are combined, twisted, and stretched. Upon separation, all strings are
loaded with reagent. (e) Serial copying by sliding, Video S4. The right string’s pattern is

transferred to the left string by sliding them past one another. Scale bar is 5 mm.

Following unidirectional transfer, if the droplets do not dry, mixing of the reagents on a string

could occur simply by diffusion. The characteristic diffusion time scales as

2
X
o ——

2D
thus, for a reservoir measuring > 1 cm in length and a molecule such as an immunoglobulin G
antibody with a diffusion constant of D = 3.89 x107 cm? s™! (Jossang et al., 1988), the time is
357 h, while complete mixing would take even longer. Even for a small molecule, such as
fluorescein (Dy=4.25 x 10 cm? s™!) (Culbertson et al., 2002), the characteristic mixing time is
on the order of 33 h. Both mixing times are prohibitively long but are easily reduced using the
elasticity of the string to actively mix the reagents by repeatedly stretching the string. Complete
mixing of a blue dye transferred to a ~1 cm-long reservoir with a yellow dye was achieved in

only 25 s with 29 stretch/release cycles (Figure 2c, Video S3).

A major advantage of SM is that multiple fluidic operations can be achieved by simple
manipulations. For example, a common operation in fluidic handling using microwell plates is

replicating (or copying), which is done by pipetting reagents from one plate to another. Using
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SMs, reagents can be rapidly copied onto another string either serially, by sliding two strings
across one another (Figure 2e), or in parallel, by twisting multiple receiver strings with a single
donor string (Figure 2d). When equal tension is applied to the strings, the fluid is distributed
uniformly between the reservoirs. Replicating in series involves contacting the donor and
receiver strings and sliding them along their contact point at the same rate such that loaded
reservoirs of the donor string come into contact with empty reservoirs of the receiving string one
after the other. A transfer rate of one reservoir per second was realized manually. Automation
could help increase the transfer rate, but strategies to mitigate string-to-string friction will need

to be implemented if considerably higher speeds are desired.

Copying by twisting and stretching allows distributing a liquid to multiple strings simultaneously
and is compatible with short strings. Patterned strings, including one with loaded reservoirs, are
aligned, brought together, and twisted, then stretched to accomplish copying to all receiving
reservoirs simultaneously (Figure 2e, Video S5). We have tested this method using up to 5
woolly nylon receiver strings simultaneously. Above this number, the success rate of copying
decreases as there is not enough liquid in the initial reservoir to spread to every string. As it is
necessary for the fluid to bead up to bridge the gap and transfer between strings, it is possible to
copy one filled reservoir with 1 pLL. mm™! to a total of 6 equally sized reservoirs for a final
volume of 0.17 pL mm'! in each reservoir. However, above this number of stings, each reservoir
doesn’t have sufficient liquid to create droplets when stretched and the copying fails. In our
experiments, all strings were woolly nylon, but one could easily envision using a thick donor

string and transfer it to more than 6 thin receiver strings.
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To demonstrate the SM’s compatibility with bio-analysis, a colorimetric glucose assay was
performed. This assay is based on a color change produced as iodide is enzymatically oxidized to
iodine by horseradish peroxidase (HRP) and glucose oxidase (GOx). For biocompatibility, the
support matrix needs to maintain the enzymatic activity of both HRP and GOx as well as ensure
that evaporation does not interfere with the reaction. It has previously been used to demonstrate
the biochemical compatibility of paper substrate (Martinez et al., 2007), and in development of

thread-based biochemical assays (Reches et al., 2010).

A standard curve for the glucose assay was established by patterning one string of three
reservoirs with 3 pL of test solution each and then twist copying this donor string to two other
receiver strings, resulting in a total of nine test reservoirs. After air drying, a 5 puL aliquot of
glucose solution from a dilution series was pipetted to each of the nine glucose test reservoirs
and allowed to react for 20 min until dry. The mean RGB intensity was obtained with a desktop
scanner and normalized relative to the negative control reservoir (0 mM glucose), yielding a
standard curve for the assay (Figure 3). The linear range extends from 0.5 mM to 5 mM, closely
matching the results obtained on paper substrates (Martinez et al., 2008). These results indicate

that SMs and specifically elastic strings are compatible with enzymatic assays.
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Figure 3. Glucose assay on SMs. (a) Representative color change for glucose dilution series and
(b) the color change from three experiments. Error bars represent standard deviation. Scale bar is

3 mm.

4. Conclusions

We have introduced SMs which implements the functionality of digital microfluidics on a low-
cost platform using porous stretchable threads, hydrophobic barriers to form discrete droplet
reservoirs, and physical manipulation by moving and stretching; the stretchable fibrous structure
of the string underpins the functionality of SMs. Using SM, arrays of reservoirs can readily be
produced and used to conduct biochemical assays. SM stands out by the one-dimensional
geometry, and the mechanical actuation scheme.

Flexible strings/threads are building blocks of SM, and form an important class of substrate
materials in wearable sensing devices. Strings/threads that are functionalized with enzymes,
affinity capture agents and conductive coatings have the capacity of sensing electrolytes,
metabolites and biomarkers, and can be integrated in adhesive skin patches, clothing, and other
wearable devices (Ates et al., 2022; Weng et al., 2019; Xia et al., 2021). SMs are compatible

with reel-to-reel processing for high throughput manufacturing and applications, and can
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complement other developments towards creating, simple, low cost digital microfluidics, such as
paper-based digital microfluidics (Fobel et al., 2014; Ko et al., 2014) or chemically-propelled
droplet operations (Cira et al., 2015; Launay et al., 2020). SM enables active fluidic operations
such as reagent addition, mixing, and sample retrieval, which can be performed easily by the
end-user, and may be combined with other fluidic technologies and materials to establish new
microfluidic process flows that take advantage of the unique features of SM. Challenges such as
string-to-string cross-contamination, evaporation (and possible re-hydration), will need to be
investigated prior to widespread application of SMs. Notwithstanding these challenges, the
simplicity of SMs make it an attractive platform to explore linear and random access fluidic

operations, and realize complex chemical and biochemical reactions at a low cost.
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Appendix A. Supplementary data

The following is the Supplementary data to this article:
Supporting figure S1 (PDF)

Video S1: Transfer (MP4)

Video S2: One way transfer (MP4)

Video S3: Mixing (MP4)

Video S4: Copying by Sliding (MP4)

Video S5: Twist mixing (MP4)
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