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Fluorosurfactants have expanded the landscape of high-value
biochemical assays in microfluidic droplets, but little is known
about how the spatial geometries and polarity of the head group
contribute to the performance of fluorosurfactants. To decouple
this, we design, synthesize, and characterize two linear and two
dendritic glycerol- or tris-based surfactants with a common
perfluoropolyether tail. To reveal the influence of spatial geometry,
we choose inter-droplet cargo transport as a stringent test case.
Using surfactants with linear di- and triglycerol, we show that the
inter-droplet cargo transport is minimal compared with their
dendritic counterparts. When we encapsulated a less-leaky sodium
fluorescent dye into the droplets, quantitatively, we find that the
mean fluorescence intensity of the PFPE-dTG stabilized PBS-only
droplets after 72 h was ~3 times that of the signal detected in
PBS-only droplets stabilized by PFPE-ITG. We also demonstrate that
the post-functionalization of PFPE-ITG having a linear geometry
and four hydroxy groups enables the ‘from-Droplet’ fishing of the
biotin—streptavidin protein complex without the trade-off between
fishing efficiency and droplet stability. Thus, our approach to design
user-friendly surfactants reveals the aspects of spatial geometry
and facile tunability of the polar head groups that have not been
captured or exploited before.

Droplet microfluidics has gained a momentum in bioanalytics
where millions of pico- to nanoliter-volume drops are created,
monitored, and sorted at kHz rates." These drops are often
metastable, leading to premature coalescence, and to enhance
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biochemical assaysf

@ Wenshan Zheng,® Abhishek Kumar Singh,?
9 Abbas Faghani,’
9 and Rainer Haag () *?

their metastability fluorosurfactant is employed.> However,
cell-mimetic micro- and nano-compartments have also been
engineered for a variety of biological studies using phospholipids
and polymer-based surfactants.’ Typically, the fluorosurfactant is
dissolved in a compatible bio-inert-fluorinated oil that contains a
high amount of dissolved oxygen and is immiscible in aqueous
and organic solvents, making it an ideal platform for immersing
biomolecule captured droplets.*” This feature has galvanized
many exciting micro-droplets based research and product devel-
opments in chemistry and biology,” including synthesis of small
organic molecules,® single-cell barcoding,” single-cell ChIP-seq,’
directed enzymatic evolution,® therapeutic antibody discovery,’
combinatorial drug screening,'® and digital ELISA."* To produce
the water-in-fluorinated oil (w/o) emulsion droplets, typically,
poly(dimethyl siloxane) (PDMS)-based microfluidic devices are
used which provide an unprecedented control over droplet size,
droplet scalability, and droplet analyses, covering a broad
spectrum of miniaturized applications requiring a high-throughput
platform."

Commercially available PEG-PFPE,, poly(ethylene glycol)-
perfluoropolyether tri-block fluorosurfactant, is widely used to
make monodisperse emulsion droplets.”® Although it enables
many droplet-based applications, it primarily suffers from four
key issues: rapid inter-droplet molecular transport, low droplet
stability, synthesis complexity due to the use of polydisperse
polymer chains, and batch-to-batch variation, limiting its use in
high-throughput drug-screening and directed enzymatic
evolution."*™*® Ultimately, the droplets stabilized with this
surfactant do not resemble a sealed micro-reactor that should
not suffer from these limitations. To address these issues, we
recently reported a dendronized di-block fluorosurfactant that
clearly outperformed the PEG-PFPE, surfactant in many
aspects.” Even though other small polar molecules, such as
oligo(ethylene glycol), monosaccharides, and poly(ethylene
glycol), have been used to generate di-block PFPE surfactants,
they often suffer from droplet instability.">*® However, fluoro-
surfactant with hexaethylene glycol was found to be more
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effective than its cyclic crown ether counterpart.'® Remarkably,
an earlier study shows that, although both linear and dendritic
small compounds can have the same molecular weight, their
spatial geometries can profoundly influence the anti-fouling
properties of a 2D surface modified with a self-assembled
monolayer (SAM),>' justifying the importance of different
spatial geometries of small molecules in different respects.

Furthermore, fluorosurfactants that can be readily post-
modified to customize the droplet interface are scarce. Although
heterobifunctional PEG-based di-block copolymer fluorosurfactants
have been reported, they are not user friendly either because of the
tedious synthesis protocols of their effective head groups before
surfactant synthesis, lack of controllable coupling reaction, and
purification complexity as PEG-based surfactants readily form
emulsion with organic solvents, or because they often compromise
with the stability of the droplets, their monodispersity, and, most
importantly, with the number of functional groups at the droplet
interface.>*® Hence, a fluorosurfactant that can be readily post-
modified with a wide variety of chemical functionalities, using a
facile and user-friendly chemistry, and easily purified in a high
yield is advantageous. Therefore, novel polar groups that can meet
these requirements are needed to design and synthesize a tunable
fluorosurfactant and to cover a broad spectrum of bioanalytics in
microfluidic droplets.

Here, we contribute to the goal of rational surfactant design,
demonstrate a new microfluidic device for parallel droplet
generation, and report four surfactants containing either a
linear or a dendritic spatial geometry with three and four
hydroxy groups and a common fluoro-tail. Using thin layer
chromatography, we measured their polarity indices to explore
how different polarities can potentially alter their physicochemical
functions. In addition, we evaluated their surface tension
values to demonstrate whether a polar head group with
different spatial geometries can alter the surface activity of
the surfactants and influence downstream applications. When
these surfactants were tested to stabilize micro-droplets and
minimize inter-droplet small-molecule transfer, we detected that
although they could stabilize the droplets, their performance in
cargo retention varied significantly. This is particularly important
because a high cargo retention capability can greatly increase the
data quality of drug-screening assays. Besides, we chose PFPE-ITG,
the best-performing surfactants among all, for post-modification.
We found that it can be easily customized under mild conditions.
Most importantly, the functional surfactant could generate robust
water-in-oil emulsions and provide a reactive droplet interface
which would allow the selective extraction of molecules of interest
from the droplet interior to the droplet interface; we refer this as
‘fishing biomolecules from droplet’. Moreover, the functional
surfactant can be easily purified and could be isolated in a high
yield. We thus systematically exploit the aspects of these surfac-
tants with respect to inter-droplet molecular transport and from-
droplet fishing. In addition, we provide some novel insights into
the effective fluorosurfactant design. It was indeed a serendipity
that we found the linear triglycerol to be the best performer
despite having equal number of hydroxy groups to the dendritic
triglycerol.

This journal is © The Royal Society of Chemistry 2021
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To synthesize linear and dendritic di-block fluorosurfactants,
we freshly prepare activated perfluoropolyether (PFPE) tails,
bearing acyl chloride at the terminal, which further react with
acetal-protected, amine-containing head groups to generate a
stable amide bond between the tail and the head groups.
Following a facile acetal deprotection under mild acidic
conditions, the head groups become highly polar which creates
a di-block fluorosurfactant, typically, in high yields of 70-80%.
We employed excess of the head group components to achieve
full conversion of the activated fluorous tail. As fluorous solvents
such as HFE7100 and HFE7500 are immiscible in organic
solvents,” multiple post-reaction washings with an excess of
either methanol or dimethylformamide (DMF) removes the
unreacted head groups and other possible impurities.
We synthesize two triglycerol-based surfactants, both having
four hydroxy (-OH) groups and a commercial PFPE tail: one is
a linear triglycerol, 1TG, and the other is a dendritic triglycerol,
dTG. The surfactants produce a linear and a dendritic diblock
surfactants: PFPE-ITG and PFPE-dTG, respectively (Fig. 1).
In addition, we also synthesized two surfactants that were
composed of three OH groups containing linear diglycerol or
tris and a PFPE tail, creating PFPE-IDG or PFPE-Tris, respectively
(Fig. 1).

Both the less polar PFPE-IDG and PFPE-Tris surfactants help
us demonstrate three crucial things: how the interfacial tension
(IFT) may vary due to the lack of one -OH, the minimum
number of -OH groups needed to obtain an optimal droplet
stability and cross-check the impact of three-hydroxy-carrying
linear or dendritic spatial geometries with the four-hydroxy-
carrying linear or dendritic one, respectively. Although different
spectroscopic methods can be used to characterize the
surfactants, for instance, NMR and IR,”> we analyzed them
using thin layer chromatography on silica plates (TLC) to
investigate the polarity index of all four surfactants by means
of a retardation factor (Ry), which would otherwise be extremely
difficult using the available spectroscopic means due to solubi-
lity issues. We found that PFPE-dTG and PFPE-ITG showed
marginally different Ry values: ~0.33 and ~0.3, respectively
despite having an equal number of hydroxy groups. By contrast,
PFPE-Tris had a maximum R; of ~0.46 among all four
surfactants, whereas its counterpart PFPE-IDG had Ry ~0.41
(see Fig. 2a and Fig. S2, ESIt). We attribute this polarity variation
between the surfactants containing equal hydroxy groups to the
ratio of primary vs. secondary hydroxy groups in the head
groups, reflecting their different interactions with the polar silica
surface. Additionally, we found no unreacted PFPE-COOH in the
surfactant bands, qualitatively, suggesting that no PFPE acid
impurity was left and the amide coupling between the polar head
and the non-polar tail was successful.

To understand the influence of the -OH group number and
spatial geometry of the head on interfacial tension (IFT), we
tested the surface tension of all four surfactants. We use 1%
surfactant by weight in HFE7500 oil to measure the IFT in MQ
water. We found that PFPE-dTG reduces the IFT more than
the other three surfactants do, where IFTs of PFPE-ITG and
PFPE-Tris show significantly higher values, indicating different
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(@) Synthetic approach to linear triglycerol fluorosurfactant through amide coupling: (i) (COCl),, HFE7100, cat. DMF, rt, overnight; (ii) acetal

protected linear triglycerol-NH,, TEA, rt, overnight; and (i) H", CHsOH-HFE7100, reflux, overnight. (b) Schematic illustration of the surfactants with
different head groups. (c) A microfluidic approach for parallel droplet generation (left). Top insets show the droplet pinch-off at the nozzle area and the
orientation of the perfluoropolyether-based surfactant molecules at the interface of water (light blue) and oil (yellow). The polar head groups are shown
using black circles and the non-polar tail groups are shown using black wavy lines. Dimension of the nozzle cross-section is shown on the bottom left
inset. The height of the channel was 50 um. The 15 mm long serpentines after the nozzles were used to allow the surfactant molecules to better adsorb at
the water—oil interface. A further detail of a microfluidic setup and a parallel droplet making PDMS chip are shown in Fig. S1, ESIt. The bottom right panel
shows the droplet emulsions generated using surfactants with four different polar head groups. Emulsions were collected in Eppendorf tubes where the
white layer contains the emulsion droplets, and the residual surfactant solution (transparent) remains below the emulsion layer because of the high

density of HFE7500 oil (p = 1.614 g mL™).

surface interactions (Fig. 2b). However, the different IFT
profiles of the fluorosurfactants did not cause a similar variation
in the case of droplet size distribution (see Fig. S3, ESIt), while
we generated the droplets at the constant oil and aqueous flow
rates for all fluorosurfactants. For each surfactant, the droplet
size distribution analysis demonstrated that the mean average
droplet diameter remained within the range of ~90-93 um,
which suggests that the variation in droplet diameter is primarily
governed by the geometry of the microfluidics channel and by
the flow rates of oil and water.

Although the difference in the IFT values between PFPE-ITG
and PFPE-dTG surfactants is at the minute level, this result
encouraged us to investigate the inter-droplet molecular

7262 | Soft Matter, 2021,17, 7260-7267

transport behavior by these surfactants to justify a known
concept that a higher IFT is advantageous to reduce the inter-
droplet molecular transport.>* Besides, this stringent test helps
to understand how the linear or dendritic spatial geometry of the
four-hydroxy-containing surfactants PFPE-ITG or PFPE-dTG,
respectively, influence the inter-droplet molecular transport.

To test the inter-droplet molecular transport, we used 3 pM
sodium fluorescein salt as a water-soluble and less-leaky dye.
By using a parallel droplet maker,"> we produced a
mixture comprising an equal proportion of PBS-only and
PBS + fluorescein dye droplets. We collected the water-in-oil
emulsion droplets in an Eppendorf tube and incubated them at
37 °C.

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 (a) R¢ values on silica indicating the polarity of fluorosurfactants
(left). A mixture of 20% methanol (v/v) and HFE-7100 was used as the
elution solvent. (b) Interfacial tension (IFT) of the fluorosurfactants measured
under identical test conditions (right) by the hanging drop method.
Deionized water and 1% (w/w) surfactant containing HFE-7500 oil were
used to measure the IFT between the water drop and HFE-7500 oil at 25 °C.
To obtain the average IFT value five measurements were performed.
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Surprisingly, droplets stabilized with the linear PFPE-ITG
surfactant were found to prevent inter-droplet dye diffusion
more than those that had been stabilized with its dendritic
counterpart, PFPE-dTG (Fig. 3a). Quantitatively, on day 3,
the mean green fluorescence signal of PFPE-dTG stabilized
PBS-only drops was ~3 times the signal detected in PBS-only
drops stabilized by PFPE-ITG, which suggested that, although
both the surfactants were featuring four -OH groups, both the
spatial geometry and the slightly different surface tension were
playing pivotal roles in displaying different transport behaviors
(Fig. 3a and b). Additionally, we assume that the marginal
polarity variation due to different spatial geometries and ratios
of primary vs. secondary ~-OH groups in the polar heads could
also impact the cargo retention phenomena. Furthermore,
when we tested the three -OH group containing surfactants,
we found that the linear diglycerol-based surfactant, PFPE-IDG,
performed slightly better than its dendritic counterpart
PFPE-Tris (as shown by the difference between the mean intensity
values in Fig. 3b), even though there is no big difference in their
surface tension values measured, justifying the undeniable
influence of head group polarity. Clearly, these data suggest that
a higher surface tension alone is not the deciding factor to control
the inter-droplet leaching, rather the number of -OH groups, ratio

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 (a) Micrographs showing the inter-droplet diffusion of a
fluorescence dye sodium fluorescein salt after 72 h where two populations
of empty and dye-containing droplets were stabilized with PFPE-ITG or
PFPE-dTG. Two representative initially empty droplets are marked using
dotted lines characteristic for intensity measurements. (b) A quantitative
fluorescence intensity analysis of five randomly selected PBS-only-
droplets using Image J plot profiling tool where the droplets were
stabilized with either PFPE-ITG, PFPE-dTG, PFPE-IDG, or PFPE-Tris after
three days (see Fig. S4, ESIT). Scale bar, 100 um.

of primary vs. secondary -OH groups, the overall polarity, and the
head group’s spatial geometry, collectively, play a major role in
controlling the inter-droplet transport kinetics. The study of inter-
droplet transport kinetics with the 3 pM sodium fluorescein salt
also revealed that for each fluorosurfactant a minimal leakage at
day 1 and day 2 occurs when compared to the leakage on day 3
(see Fig. S5, ESIt). To gain more insights, we further investigated
the inter-droplet transport behavior using 10 pM sodium
fluorescein salt where we used only the triglycerol-based
fluorosurfactants. Under this test condition, a quantitative analysis
showed that both the fluorosurfactants showed a significant
amount of dye leakage on day 3. However, PFPEITG performed
marginally better than PFPE-dTG (see Fig. S6, ESIT), which suggests
that the higher the concentration of the dye, the higher will be
the inter-droplet leakage. To demonstrate that the superior
performance of PFPE-ITG is not dye selective, we then tested both
the triglycerol-based fluorosurfactants using 2 pM resorufin sodium
salt. This fluorescence dye is more-leaky and shows inter-droplet
leakage at a time scale of minutes."” Under this testing
condition, after 30 min of incubation, the intensity profile of the

Soft Matter, 2021,17, 7260-7267 | 7263
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PBS-only-droplets stabilized with PFPE-ITG showed a repeating
trend of minimal leakage compared to the droplets stabilized with
PFPE-dTG. This justified that the minimal inter-droplet leakage
offered by PFPE-ITG is independent of the dye types (see Fig. S7,
ESIT). Overall, we think a linear polar head group with a minimum
of four hydroxy groups is needed to design a more effective
surfactant when leakage of small molecule is concerned. We
further investigated the ability of the linear and dendritic surfac-
tants to stabilize ~95 micron-sized large droplets prior to and
during PCR reactions at an elevated temperature. Surprisingly, we
found that during the miniaturized PCR reactions, surfactant
with dendritic-triglycerol effectively stabilized the droplets with no
merging, but when the linear-triglycerol-based surfactant was used
nearly 50% droplets merged and the remaining 50% droplets were
polydisperse (Fig. S8, ESIt). By contrast, the emulsion droplets
merged completely when they were stabilized with the linear or
dendritic surfactants lacking hydroxy groups, justifying two crucial
things: irrespective of the spatial geometry a minimum of four
hydroxy groups is inevitable and a dendritic spatial geometry is the
key to stabilize the droplets during high temperature reaction. The
high performance of PFPE-ITG to achieve a minimal inter-droplet
leakage and its spatial geometry motivated us to exploit it further by
post-functionalization for more sophisticated applications such as
from-droplet fishing of a protein complex. It is worth mentioning
that a PEG-based di-block copolymer fluorosurfactant can also be
used for post-modification, but since it cannot make robust and
monodisperse droplets, for quantitative analysis, it is unattractive
to use the PEG-based di-block copolymer surfactants.”’®** We,
therefore, investigated the post-modification of the linear triglycerol
surfactant with bromoacetic acid followed by substitution of the
bromine with azide (Fig. 4a). The covalently coupled azido moiety
in the linear triglycerol head can be clearly confirmed by the strong
azide signal at ~2100 cm ' in FT-IR spectroscopy (Fig. 4b).
Besides, the FT-IR data also confirmed a newly formed ester bond

View Article Online
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by displaying the ester signal ~1750 cm™". Moreover, when the
functional surfactant reacted with slightly excess of cyclooctyne
containing DBCO-PEG4-Biotin, the azide peak ~2100 cm *
disappeared, and the ester peak remained, confirming that the click
reaction was successful. Although azido acetic acid is commercially
available, we wanted to demonstrate that a multi-step
post-modification could be easily conducted which is not
feasible with the widely used commercial PEG-based tri-block
copolymer surfactant PEG-PFPE,, because there is no reactive
site in its main chain.

We used a single-drop maker-device to generate ~70
micron-sized droplets with the azide-coupled linear surfactant
PFPE-ITG-N; (Fig. 5a). We employed one equivalent of bromo
acetic acid to react with statistically one -OH per head group,
incorporating one azide functionality per surfactant molecule.
Using PFPE-ITG-N3, we first encapsulated strained cyclooctyne-
containing DBCO-Sulfo-Cy-3 fluorophore in the aqueous core of
the droplet. We found that under this tested condition this
functional surfactant effectively fishes from 5 to 10 uM DBCO-
Sulfo-Cy-3 within 10 minutes via the azide-cyclooctyne click
reaction (Fig. S9, ESIT). Next, we tested a more complex system
that consisted of biotin and streptavidin. It is worth mentioning
that the protein complex of biotin and streptavidin is widely
used in many biosensing applications, in which streptavidin
carries four biotin binding sites, offering multivalency for many
applications, including robust cross-linking,>® antibody-drug
conjugation,”® capturing antibody, and antigen.>” However, the
biotin-streptavidin interaction is highly sensitive to its
surroundings, such as linker chemistry, ionic concentration,
PH, and hydrogen-bonding, making the assay highly tricky unless
the reaction conditions are optimized.”®* Therefore, we used
Milli-Q water and freshly prepared the protein complex using one
equivalent of Cy5-streptavidin (My, ~ 60000 g mol ') and eight
equivalents of DBCO-PEG4-Biotin, providing two biotins for each
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a) Schematics of a PDMS-based single droplet maker-device to encapsulate biotin—streptavidin protein complex mixture in microdroplets, and a

water-in- 0|l emulsion droplet stabilized with either PFPE-ITG-Nz or PFPE-ITG surfactant, illustrating the from-droplet fishing ability by each surfactant
individually. The single droplet making device had the same nozzle cross-section as mentioned earlier for the parallel droplet making device in Fig. 1c.
Here, the protein complex is comprised of DBCO-PEG4-Biotin and streptavidin®Cy-5. (b) 2D and 3D confocal fluorescence images of the protein
complex encapsulated droplets stabilized with either PFPE-ITG-N3 (top row) or PFPE-ITG (bottom row) surfactant. Unlike PFPE-ITG, PFPE-ITG-Nsz
enables the from-droplet fishing via azide—cyclooctyne click reaction between surfactant and protein complex, which is clearly shown by the strong

fluorescence intensity at the droplet interface. Images were taken 10 minutes after droplet generation. Scale bars, 25 um.

biotin-binding site in the streptavidin. In this way, we found that
using the PFPE-ITG-N; surfactant, from-droplet fishing of the
biotin-streptavidin protein complex could also be conducted
effectively within 5-10 minutes after encapsulation (Fig. 5b).
Undoubtedly, the from-droplet biomolecules fishing approach
can be highly useful for droplet-based bioanalytical assay,
requiring capture and immobilization of target molecules at the
droplet interface, that would benefit from this readily tunable
functional surfactant in many aspects. For example, droplet-based

This journal is © The Royal Society of Chemistry 2021

rapid isolation of therapeutic cells can be conducted®® where the
surfactants can be functionalized with a capture antibody before
or after droplet generation. Thus, it will eliminate the need of
beads decorated with capture antibody and ultimately simplify the
droplet-based cell-isolation assay.

In summary, relative to dendritic triglycerol,
lacking hydroxy groups, triglycerol with a linear spatial geometry
appears to be the most effective polar head group for a
minimal inter-droplet leakage of a water-soluble fluorescein dye.

and those
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Consequently, we envision that linear triglycerol-based fluorosur-
factants have high potential as robust and easily sourced water-in-
oil emulsion stabilizers. Most importantly, they are extremely
useful to improve the data quality of assays such as droplet-
based high-throughput drug screening which should not suffer
from inter-droplet leakage.

Additionally, we show that a multi-step post-modification of
the linear triglycerol-based surfactant can be easily performed
to alter its chemical functionality by grafting a small functional
group to the hydroxy group. Thus, when an azido moiety was
linked to the linear triglycerol head, the post-functionalized
surfactants effectively stabilized the droplets, created a reactive
droplet interface, and enabled from-droplet fishing, in addition
to providing biocompatibility. Which hints, to alter the
chemical environment of the droplet interface, other bio-
molecules or small molecules with diverse functional groups
could also be easily coupled to the linear triglycerol-based
fluorosurfactants without trading off the stability of the droplets
and their monodispersity. Additionally, the on-demand
tunability of the fluorosurfactants can be further explored, for
example, to discover therapeutic antibodies by screening single
B cells where the functional surfactants will be the alternatives
to the bead-based assays. This new linear triglycerol-based fluor-
osurfactant offers a broad range of user-defined biochemical
assays in microfluidic droplets.
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