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Abstract: Fluorocarbon oils are uniquely suited for many biomed-
ical applications due to their inert, bioorthogonal properties. In or-
der to interface fluorocarbon oils with biological systems, non-
ionic fluorosurfactants are necessary. However, there is a paucity
of non-ionic fluorosurfactants with low interfacial tension to stabi-
lize fluorocarbon phases in aqueous environments (such as oil-
in-water emulsions). We developed non-ionic fluorosurfactants
composed of a polyethylene glycol (PEG) segment covalently
bonded to a flexible perfluoropolyether (PFPE) segment that con-
fer lower interfacial tensions (IFTs) between a fluorocarbon oil,
HFE-7700, and water. Synthesis of a panel of surfactants span-
ning a molecular weight range of 0.64—66 kDa with various hydro-
philic-lipophilic balances allowed for identification of minimal IFTs,
ranging from 1.4 to 17.8 mN m™'. The majority of these custom
fluorosurfactants display poor solubility in water, allowing their co-
introduction with fluorocarbon oils and minimal leaching. We ap-
plied the PEGsPFPE; surfactant for mechanical force measure-
ments in zebrafish, enabling exceptional sensitivity.

Introduction

Perfluorocarbons form an inert “fluorous phase” that is orthogonal
to aqueous and organic solutions. The abiotic nature of the fluor-
ous phase provides unique opportunities to engineer sensors,’
delivery agents,? and microcompartments® that do not interfere
with living systems. From the chemical perspective, a critical com-
ponent of all these fluorous technologies is the ability to control
the interface between the perfluorocarbon and water phases,
while retaining orthogonality to biological systems.*®

Interfaces between two immiscible phases are stabilized by
surfactants. The efficiency of the surfactant can be quantified by
the interfacial tension (IFT) between the phases.® While consider-
able efforts have been directed toward elucidating structure-prop-
erty relationships for the stabilization of water/organic interfaces,”
the selection of surfactants to stabilize the water/perfluorocarbon
interface is limited. Efforts toward fluorosurfactant development
surround two main areas: 1) the stabilization of perfluorocarbon-
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in-water droplets for emulsion polymerizations® and 2) the stabili-
zation of water-in-perfluorocarbon droplets®'® for microfluidics.
Surfactants toward the former have primarily contained an anionic
carboxylate appended to a short (Ce—C1o) perfluoroalkyl moiety.
While their ability to stabilize perfluorocarbon/water interfaces is
excellent, with interfacial tensions as low as 15-20 mN m™',' they
are “PFAS” which display significant bioaccumulation con-
cerns.'® Furthermore, their ionic nature promotes interactions
with biomolecules and changes in pH or ionic strength can con-
siderably alter the IFT.™7 Thus, these ionic fluorosurfactants are
not optimal for use in biological applications.

Conversely, fluorosurfactants developed for microfluidics are
considerably more biocompatible as they are commonly used to
form droplets which contain living cells.*#%'81% These surfactants
are often composed of a hydrophilic poly(ethylene glycol) (PEG),
which displays minimal protein adsorption, and a fluorous per-
fluoropolyether (PFPE) (Figure 1a). One of the most successful
custom surfactants for water-in-perfluorocarbon microfluidics is
the triblock copolymer KP600 consisting of a short PEG segment
(n = 13) flanked by two longer PFPE segments (m = 41) (Figure
1b,c).* More recent work exploring a series of diblock surfactants
has also yielded low IFT water-in-perfluorocarbon droplets.®

We aimed to retain the biocompatibility of fluorosurfactants
established for water-in-perfluorocarbon microfluidics,?>?! yet op-
timize them for stabilizing perfluorocarbon-in-water droplets,
which are more relevant to in vivo applications. Perfluorocarbon-
in-water droplets have seen utility as blood substitutes,?? biomol-
ecule delivery vehicles,?*-2°> multifunctional materials for photody-
namic therapy,? and ultrasound contrast agents,?’~*° among oth-
ers. Moreover, cell-sized perfluorocarbon-in-water droplets are
essential for in vivo measurements of intercellular forces,3'%? tis-
sue material properties,®** and osmotic pressures.’ These latter
applications require low IFT droplets, ideally less than 2 mN m™',
and that the IFT does not change in response to the surrounding
biological environment. Additional considerations for fluorosurfac-
tant development for in vivo applications include preferential fluor-
ous solubility over aqueous and organic mixtures, which
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Figure 1. Non-ionic fluorosurfactants composed of a) water soluble polyethylene glycol (PEG, n repeats) and perfluorocarbon (PFC) soluble perfluoropolyether
(PFPE, m repeats) segments for stabilization of b) water-in-PFC droplets with c) previously reported triblock copolymer surfactants, including commercially avail-
able KP600 and a diblock copolymer surfactant (n = 6, m = 3) that provides a low interfacial tension (IFT) benchmark. d) PFC-in-water microdroplets stabilized
by e) diblock copolymer surfactants 1-10 (n = 3-22, m = 1-32) synthesized and reported herein to optimize low IFT and high PFC solubility for PFC-in-water
microdroplets. Surfactant 8, or PEGsPFPE+, (n =5, m = 1) surpassed previous low IFT benchmarks with an IFT= 2.88 mN m™' and a mixed surfactant system of

KP600 + PEGsPFPE+ produced a minimal IFT=1.09 mN m™.
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minimizes leakage of the fluorosurfactant to the surrounding en-
vironment while also facilitating co-introduction of the surfactant
and perfluorocarbon.

Here we report a series of non-ionic PEG,-PFPEm, surfac-
tants to stabilize perfluorocarbon-in-water droplets. We synthe-
size a series of surfactants and characterize their IFT for wa-
ter/perfluorocarbon interfaces with HFE-7700 (structure in Figure
S1) as the perfluorocarbon oil. We correlated IFT to the hydro-
philic lipophilic balance of the surfactants. Then we select the
PEGsPFPE+ surfactant which has optimal solubility and IFT prop-
erties for in vivo measurements of mechanical forces, and meas-
ure cellular and tissue scale mechanical stresses within develop-
ing zebrafish embryos. Ultimately, we find that a mixture of the
custom diblock fluorosurfactant PEGsPFPE1 and KP600 provides
the most sensitive in vivo force measurements reported to date,
enabling previously unattainable measurements.

Results and Discussion

Fluorosurfactant design and synthesis

To stabilize perfluorocarbon-in-water droplets, we focused on a
diblock copolymer scaffold. The diblock copolymer geometry en-
ables efficient packing of the surfactant molecule at the droplet
surface (Figure 1d) without the need for bending the central hy-
drophilic group, as seen with KP600 (Figure 1b). Based on the
success of PEG and PFPE as hydrophilic and fluorous compo-
nents of KP600, we chose these functionalities for the diblock sur-
factant panel. Specifically, we envisioned the flexibility of the
PFPE segment (as compared to rigid perfluoroalkyls) would help
with fluorous solubility, while the PEG would provide hydrophilicity
without imparting ionic character. The PFPE lengths were dic-
tated by commercial availability and the PEG lengths were then
chosen to access a range of surfactants with varied hydrophilic—
lipophilic balances (HLB). An amide bond was chosen for the link-
age due to its small size, stability in biological environments, and
straightforward synthesis. The PEG-amine reagents all contained
a methoxy cap to prevent any esterification that would lead to the
formation of triblock copolymers.

We synthesized a panel of 10 non-ionic, PEG,PFPEm, diblock
copolymer surfactants (1-10, Scheme 1). PFPE carboxylic acids
(PFPE-COOH, m = 32, 9, 1) were activated as an acid chloride
(11-13) and combined with an amino terminated PEG segment
(methoxyPEG,-amine, n = 3, 5, 10, 22). Quantitative conversion
to the acid chloride and subsequent reaction with methoxyPEG,-
amine was essential as remaining PFPE,-COOH was difficult to
remove (with exception to m = 1) and displayed substantial
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Scheme 1. Synthesis of amphiphile surfactants 1-10. Activation of commer-
cially available PFPE»-COOH to acid chlorides 11-13 followed by reaction
with commercially available methoxyPEGnr-amine to form surfactants 1-10.

surface activity which prevented accurate IFT measurements.
Surfactants 1-6 were synthesized with a molar excess of anhy-
drous PEG to ensure quantitative coupling of 11 or 12 and facile
removal of the water-soluble PEG starting material via dialysis
(42-90% isolated yields). Surfactants 7-10 were synthesized with
a molar excess of PFPE acid chloride 13, as PFPE1-COOH is vol-
atile and could easily be removed with reduced pressure. Com-
pounds 7 and 8 were isolated in 86% and 77% yield, respectively,
while compounds 9 and 10 had reduced isolated yields (£ 55%,
using NMR determined values of n) as the starting methoxy-
PEG1o-amine was disperse and the final products were resolved
from the same starting reaction via silica gel column chromatog-
raphy. To ensure formation of the amphiphilic surfactant and pu-
rification from parent PFPE acid, surfactants 1-10 were charac-
terized by ATR-IR to confirm changes in the carbonyl stretch (Fig-
ure S2). ATR-IR analysis was further validated by 'H- and °F-
NMR end-group comparison using trifluorotoluene (PhCF3) as an
internal standard (Figure S3).

Surfactant solubility and stability

The overall water solubility of surfactants 1-10 was assessed by
°F NMR (Figure S4). Neat surfactants 1-10 were vortexed
against Milli-Q water for 5 min then rocked at room temperature
for 24 h. An aliquot was lyophilized and redissolved in 5:2
CsFe/CsDs with a PhCF3 internal standard for quantification. Sur-
factants 1-5, 7, and 8 were not detected. Surfactants 6, 9, and 10
were determined to have solubilities of 4.1, 24, and 19 mM in wa-
ter, respectively (Figure S4). For end use in biological applications,
absence of water solubility is requisite for preventing the partition
of the surface stabilizing surfactants into the aqueous matrix;
therefore, surfactants 1-5, 7, and 8 have promising hydrophobic
character.

A potential chemical liability of the surfactants is hydrolysis
of the amide bond joining the amphiphilic segments. Hydrolysis of
surfactants 1-10 would convert the non-ionic surfactant fluorosur-
factant into an ionic PFPE-carboxylate, which would be detri-
mental to in vivo applications that require stable interfacial prop-
erties and long incubation times. The stability of the amide bond
upon exposure to water was assessed over 6 d using liquid chro-
matography mass spectroscopic (LCMS) analysis. Representa-
tive surfactant 8 was incubated in 5% MeCN in water at 37 °C and
analyzed at 0, 1.5, 2.5, and 6.0 d (Figure S5). No evidence of
hydrolysis was observed by mass extraction analysis for both hy-
drolysis products, methoxyPEGs-amine and PFPE+1-COOH, sug-
gesting the amide bond is sufficiently stable within aqueous envi-
ronments.

Measurement of surfactant IFTs at HFE-7700/water in-
terface

Next, we investigated the ability for surfactants 1-10 to stabilize
perfluorocarbon/water interfaces by assessing their ability to re-
duce the IFT. IFTs were measured by pendant droplet tensiom-
etry where a droplet of perfluorocarbon oil containing the fluor-
ous surfactant was suspended within water, the continuous
phase (Figure S6a). Solutions of surfactants 1-10 at various
concentrations were measured by pendant or spinning droplet
tensiometry and values were recorded after an equilibrium was
reached, the equilibrium IFT (IFTequ; Table S1). In general, as
the concentration of surfactant increases, the measured IFT de-
creases to a minimal IFT value once the cmc is reached. IFTs
measured from solutions with surfactant concentrations above
the cmc were used to compare custom surfactants 1-10 (Table
1) against commercially available triblock copolymer surfactant
KP600 (PFPEn-PEGr-PFPEm, m=32,n =13; IFTequ=5.4+0.4
mN m™ at 3 mM, 2 wt%).

Surfactants 1-3 all consisted of a fluorous PFPE group with
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Table 1. Measured interfacial tensions (IFTs) of fluorous surfactants 1-8 us-
ing pendant droplet tensiometry and 8—10 using spinning droplet tensiometry.
Unless otherwise specified, all measurements were taken in triplicate using
a droplet of perfluorocarbon solvent with surfactant pre-dissolved at the
stated concentration and dispensed into bulk water. Reported IFTs are at
concentrations above the cmc for each surfactant, as the average and stand-
ard deviation from multiple droplets. Additional data is available in Table S1.

Surfactant HLB Concentration  Concentration TFTequ
(n, m)& ol (mM) (Wt%) (mN m)
1(5,32) 0.95 52 14% 14+0.1
2 (10, 32) 1.6 26 8% 3.57+0.03
3(22,32) 3.1 2.6 1% 17.8 + 0.7
4(5,9) 2.7 35 4% 143+0.5
5(10,9) 4.4 1.3 0.2% 14.63 £ 0.03[]
6(22,9) 7.3 0.26 0.04% 9+1
73, 1) 5.9 470 14% 11.33 +0.09
8(5 1) 7.6 336 12% 2.63 +0.08
8(5 1H 7.6 214 8% 2.88 £ 0.0914
9(9, 1) 10 26 1.3% 1.7+0.16
10 (12, )@ 11 15 0.9% 1.40 + 0.07%

[a] n is the number of PEG repeat units; m is the number of PFPE repeat units. [b]
Hydrophilic-lipophilic balance (HLB) is calculated using the following equation:
HLB=20*MWpEG+amide/(MWotal), using the molecular weight (MW) of the PEG seg-
ment and amide. [c] Measured in duplicate. [d] Measured by spinning droplet tensi-
ometry by pre-dissolving the fluorosurfactant in HFE-7700. [e] Measured by spin-
ning droplet tensiometry by pre-dissolving the fluorosurfactant in water.

m = 32 and resulted in moderate to low IFT values: 1 (n =5), 14
+ 0.1 mN m';2(n=10),3.57 £ 0.03 mN m™; 3 (n=22),17.8 +
0.7 mN m™", showing a minimum with surfactant 2. Surfactants 4—
6 consisted of a PFPE group with m =9 and also resulted in mod-
erate IFT values: 4 (n =5),14.3+0.5mNm™; 5 (n =10), 14.63 £
0.03 mN m™; 6 (n =22), 9 £+ 1 mN m™", showing a minimum with
surfactant 6. Among surfactants 7-10 (m = 1), only surfactants 7
and 8 demonstrated appreciable HFE-7700 solubility allowing
measurement of IFT by pendant droplet tensiometry; surfactant 7
(n = 3) gave an IFT value of 11.33 £ 0.09 mN m™ and 8 (n = 5)
showed the lowest IFT value of all the fluorous soluble surfactants
measured, with a value of 2.88 + 0.07 mN m".

All attempts to measure water-soluble fluorosurfactants 9 and
10 via the pendant drop tensiometer were inconclusive because
their IFT appeared lower than the detection limits of pendant drop-
let tensiometry (approximately 2 mN m-'). To obtain IFT values
for these surfactants we used spinning droplet tensiometry, where
a droplet of water in HFE-7700 is inserted within a capillary that
spins along the long axis, enabling measurements of low IFT val-
ues (Figure S6b). We checked that both techniques provide simi-
lar readings of IFT by measuring the IFT of KP600 using both
pendant and spinning droplet tensiometry. Our results for both
methods are in agreement with previously reported values for
KP600 (5.4 + 0.4 mN m™).3> We found that both 9 and 10, when
dissolved in the continuous water phase, displayed very low IFTs
of 1.7 £ 0.1 mN m™ and 1.40 + 0.07 mN m"", respectively. Surfac-
tant 8 was also measured by spinning droplet tensiometry, dis-
solved in bulk HFE-7700, and an IFT of 2.88 + 0.09 mN m™" was
measured, corroborating the performance of this surfactant.

A common metric employed to predict surface activity of am-
phiphiles is the hydrophilic lipophilic balance (HLB), herein de-
fined as 20*MWopeg+amiste/MWrota. TO evaluate how well IFT-HLB
trends hold for the PEG-PFPE surfactants, we plotted the IFT vs.
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Figure 2. Dependence of minimum IFTs for surfactants 1-8 dissolved in
HFE-7700 vs. bulk water, determined by the pendant droplet method, and
surfactants 9 and 10 dissolved in water vs. bulk HFE-7700, determined by
the spinning droplet method, at concentrations above the cmc on the hy-
drophilic-lipophilic balance (HLB) (see values in Table 1).

HLB for 1-10. (Figure 2). Although there is no clear linear rela-
tionship across surfactants 1-10, it can be seen that overall there
is decreasing IFT with increasing HLB (i.e. proportion of PEG
within the surfactant molecule). This trend holds even when the
surfactant preferentially partitions into the aqueous phase (sur-
factants 9, 10).

Overall, four of the ten custom diblock PEG,PFPEn surfac-
tants (2, 8-10) displayed an IFT for the perfluorocarbon/water in-
terface lower than that of commercial KP600 (Figure 2). Surfac-
tant 2 is an outlier in the IFT vs. HLB analysis. We are confident
in the measurement of 2 but future investigations are necessary
to determine the cause of its outlying nature. Surfactants 8—10
are those with the highest HLB ratios, with 9 and 10 being so
hydrophilic that they display significant water solubility, which
complicates their use in in vivo applications. Surfactant 8 provides
the lowest IFT values while retaining fluorous solubility. Hence,
we selected surfactant 8 as the most promising surfactant of the
panel, being able to lower the IFT of the HFE-7700/water interface
to nearly half that of KP600. We further characterized the ability
of surfactant 8 to stabilize biologically relevant interfaces.

Further characterization of low IFT fluorous soluble
PEGsPFPE; surfactant

Having identified surfactant 8, now deemed PEGsPFPE;1, as be-
ing able to stabilize perfluorocarbon/water interfaces with a low
IFT, we looked to fully understand its behavior before using it in
vivo. A thorough set of concentration dependent pendant droplet
tensiometry measurements indicated that the cmc of PEGsPFPE+
in HFE-7700 was 180 mM (Figure 3a), which corresponds to 6.8
wt% in HFE-7700. This cmc value is quite high, which is con-
sistent with the excellent fluorous solubility observed for
PEGsPFPE+ (up to 900 mM, Figure S8).

Next, we analyzed the effect of salt on the IFT. Generally,
non-ionic surfactants provide robust interfacial stability3® when the
ionic strength or pH of the continuous phase is altered and only
very minor shifts in IFT at high ionic strength conditions are seen
when compared to ionic surfactants.3-3 We measured the IFT of
PEGsPFPE1 within increasing ionic strength saline by pendant
droplet tensiometry (Figure 3b; Table 2). Upon increasing NaCl
concentration from 0 to 100 mM, a negligible decrease in IFT was
seen (-0.06 mN m™"). Further increases in NaCl concentrations to
500 and 1000 mM resulted in moderate increases in measured
IFT (+0.79 and +0.87 mN m-', respectively); however, these ion
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Table 2. Measured IFTs of PEGsPFPE1 (469 mM, 16 wt%) using pendant
droplet tensiometry against bulk aqueous solutions of various ionic
strengths. Values reported are the average measured value of three drop-
lets and the standard deviation.
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Figure 3. Interfacial tension (IFT) analysis of surfactant by pendant droplet
tensiometry of PEGsPFPE4. a) Relationship of the log concentration of
PEGsPFPE+ in HFE-7700 with the equilibrium IFT measured by pendant
droplet tensiometry in water; a representative droplet is shown in the inset
(scale bar= 0.25 mm). b) Measured equilibrium IFT values of PEGsPFPE
(469 mM, 16 wt%) vs. bulk aqueous solutions of various ionic strengths:
water, NaCl solutions (100, 500, and 1000 mM), and cell culture media
(RPMI, 10 vol% fetal bovine serum, and 1 w/A/% penicillin/streptomycin).

concentrations are above those commonly encountered in biolog-
ical systems: zebrafish embryos and mammalian cell culture have
typical equivalent ion concentrations between 105-193 mM."

To further mimic a living system, we performed IFT meas-
urements of PEGsPFPE+ in HFE-7700 vs. mammalian cell culture
media (RPMI) containing 10 vo/% fetal bovine serum and 1 w/A/%
penicillin/streptomycin antibiotic. A minimal increase in IFT was
seen with bulk cell culture media (+0.11 mN m™), corroborating

the NaCl results and suggesting minimal interactions with proteins.

Although only PEGsPFPE1 was tested in cell culture media, we
anticipate that all diblock PEG,PFPEm surfactants show robust in-
terfacial stabilization in moderate ionic strength conditions owning
to their non-ionic character. Overall, these data suggest that
PEGsPFPE+ is well-suited for biological applications. We there-
fore proceeded to test its performance in direct in vivo measure-
ments of mechanical stresses within developing zebrafish em-
bryos.

Applications of PEGsPFPEj to in vivo force measure-
ments

Over the past decade, Campas and coworkers have developed
technologies to measure intercellular forces,*'? tissue material
properties,®>3* and osmotic pressures' in situ and in vivo. These
technologies involve fluorescence imaging of perfluorocarbon mi-
crodroplets previously inserted into tissue.3'33% |n the case of
force (or mechanical stress) measurements, cell-sized PFC mi-
crodroplets are inserted into living tissues and, if the IFT is low
enough, the cellular and tissue forces deform the droplet.>' The

Tonic Solute Ion Concentration IFTequ.
(mM) (mN m™)
none 0 2.56 £0.02
NaCl 100 2.50+0.01
NaCl 500 3.29+0.02
NaCl 1000 4.16 £0.03
Cell culture medial® 169 2.7+0.1

[a] Mammalian cell culture media formulated with RPMI (inorganic salts, vita-
mins, etc.), 10 vol% fetal bovine serum (FBS), and 1 w/A% penicillin/streptomy-
cin.

shape of the droplet is reconstituted in 3D using confocal micros-
copy, and the endogenous stresses are then quantified from the
deformations of the droplet and knowledge of the droplet
IFT.314041 |f the IFT is too large, cells cannot deform the droplet,
precluding any measurements. Therefore, lower IFT values en-
hance the measurement sensitivity (better signal-to-noise) as
they allow cells to deform the droplets more easily. To date these
technologies have relied on commercially available KP600 to
lower the IFT of the PFC droplet,3%42 such that intercellular forces
can deform the droplet. While mechanical measurements were
possible in mouse tissues,*? albeit with limited sensitivity, force
measurements in zebrafish tissues or in many other systems were
not possible because cells in these other organisms feature
smaller forces. PEGsPFPE4, with an IFT approximately half that
of KP600, appeared primed to expand the capabilities of in vivo
force measurements to a wide range of organisms.

To demonstrate the potential of PEGsPFPE1, we aimed to
measure forces in the presomitic mesoderm of developing
zebrafish embryos, which are below the limit of detection with
KP600. We first characterized the IFT of PEGsPFPE in the pres-
ence of the fluorophores (FCy5*, Figure S1), zebrafish embryo
media (E3), and potential co-surfactants (KP600) using the spin-
ning drop tensiometer benchmarked to KP600 (Figure 4). Previ-
ously KP600 (2 wt%) was used to lower the IFT of HFE-7700 vs.
water (5.4 £ 0.4 mN m™"). PEGsPFPE1 (8 wt%, 3.01 mN m™") alone
decreases the IFT with water to about half (45% reduction) that of
KP600 (2 wt%), similar to findings from pendant droplet tensiom-
etry measurements. Inclusion of FCy5 with PEGsPFPE leads to
only a minor increase in IFT vs. PEGsPFPE1 alone (3.17 mN m"',

I I . . B

8 + FCy5 8 + KPGOOB + KP6008 + KP600
+FCy5 +FCy5
(vs. E3)

KP600

PFC Formulation

Figure 4. Formulation analysis of PEGsPFPE1 (8), commercial KP600, and
fluorescent dye FCy5. Measured vs. water unless otherwise specified using
spinning droplet tensiometry. A representative droplet is shown in the inset
(scale bar=1 mm).
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Figure 5. Comparison of droplet deformations with different surfactants. (a-a”’) Spherical droplets (HFE-7700 with KP600 at 2 wt% and FCy5) are inserted into
warm (fluid) low MP agarose (a) and imaged under confocal microscopy after the agarose jellified (a’). Droplets are reconstructed in 3D, the mean curvature H
is obtained at every point of the surface (a”), and the normalized frequency of H-Ho (Ho being the average mean curvature) is obtained (a™’). The purple shaded
region in the histogram denotes the 95" percentile of the H-Ho distribution, which provides a quantitative estimate of the deformation detection threshold. (b-c™")
Confocal sections of droplets containing KP600 (2 wt%) and FCy5 (b-b’) or KP600 (2 wt%), PEGsPFPE1 (8 wt%) and FCy5 (c,c’) inserted in the anterior
presomitic mesoderm (aPSM) region of zebrafish embryos at approximately 10 somite stage (b’, c’; FCy5, magenta; cell membranes, yellow). Droplets are
reconstructed in 3D, the mean curvature H is obtained at every point of the surface is obtained (b”, c”), and the normalized frequency distribution of H-Ho are
obtained (b, c”’) in each case. Light blue and pink dashed lines indicate two standard deviations. The purple shaded region in the histogram denotes the
detection threshold obtained in a”". (d) Comparison of the density distributions for each condition (orange: KP600 (2 wt%) in LMP agarose; green: KP600 in
zebrafish aPSM; purple: KP600+PEGsPFPE+ in zebrafish aPSM). (e) Mechanical stresses at each point on the droplet surface for a representative droplet
containing the novel KP600+PEGsPFPE+ in the aPSM of a developing zebrafish embryo at the 10-somite stage. (f) Measured total mechanical stresses, as well
as stresses at cell- and tissue-scales in the aPSM of zebrafish embryos (n=5), obtained from droplets with the novel KP600+PEGsPFPE4 system. Scale bars,

black = 50 um; white= 10 pm.

+2%). We note that we have previously observed FCy5 to asso-
ciate at perfluorocarbon/water interfaces and thus it may possess
some surfactant-like properties; however these appear minimal
compared to the efficacy of PEGsPFPE:.

Since KP600 and PEGsPFPE feature different physical sizes,
we envisioned that their combination may lead to a better surface
packing of the surfactants and a further reduction in IFT. A mixed
surfactant system consisting of KP600 (2 wt%) and PEGsPFPE+
(8 wt%) indeed results in an even lower IFT of 1.32 mN m™, a
~75% reduction from KP600 alone. Introduction of FCy5 to the
KP600+PEGsPFPE+ surfactant system retained a low IFT (1.28
mN m™") in water. Finally, we measured the complete system in
E3 embryo media used for zebrafish embryo development and
determined a remarkably low IFT of 1.09 mN m for the full sys-
tem. We find a reduction of approximately 5-fold compared to us-
ing KP600 alone, which should translate to a substantial increase
in the sensitivity of mechanical stress measurements.

To quantify the ability of PEGsPFPE+ to improve microdroplet
mechanical force sensing in vivo, we first characterized the sen-
sitivity threshold of oil droplets by embedding spherical PFC drop-
lets (KP600 (2 wt%) and FCy5 (100 uM) in HFE-7700) in low-
meting point agarose (1 w/v%; Figure 5a). In this system, any de-
viations from the spherical state are noise, as the gel-confined,
spherical microdroplet experiences no net forces. We imaged the
spherical droplets in 3D using confocal microscopy (Figure 5a’)
and reconstructed the surface deformations using previously de-
veloped STRESS software*' (Figure 5a”). The width of the distri-
bution of surface mean curvature, H, quantifies the deviations of
the droplet curvature from the expected constant mean curvature,
Ho, of the spherical droplet. Therefore, H-Ho provides direct quan-
tification of the curvature measurement noise, defining the detec-
tion threshold for droplet deformations at absolute values of mean
curvatures above 0.0046 pum™ (Figure 5a™). Measured relative

errors of the mean curvature were below 10%, as previously es-
tablished.*°

Having determined our measurement sensitivity, we inserted
the fluorous formulation (KP600 (2 wt%) and FCy5 (100 uM) in
HFE-7700) without and with PEGsPFPE+1 (8 wt%) into the anterior
presomitic mesoderm (aPSM) of developing zebrafish embryos.
Inserted microdroplets, without (Figure b-b”’) and with
PEGsPFPE1 (Figure c-c’”), were imaged using confocal micros-
copy (Figure 5b, b’ and c, c’), 3D reconstructed and the distribu-
tion of droplet mean curvature, H, was quantified using the
STRESS software*! (Figure 5 b”, ¢”). We then obtained the nor-
malized frequency distribution of the deviations of the mean cur-
vature H from the average mean curvature Ho in each condition
(Figure 5b’”, ¢”). Our measurements indicate that PFC micro-
droplets containing KP600 alone deform less (Figure 5b™’) than
droplets containing both KP600 and PEGsPFPE+ (Figure 5¢’”), as
shown by the considerably wider mean curvature distribution with
PEGsPFPE. (Figure 5c’). For droplets containing only KP600 in
the embryos, we see that the curvature distribution (Figure 5b™’)
is very close to the detection limit quantified with spherical drop-
lets (Figure 5a’’), indicating that measurements of mechanical
stresses with KP600 are close to noise levels. Gaussian fits of
each distribution are shown in Figure 5d, allowing their compari-
son.

To avoid errors associated with outliers, we obtained the larg-
est and smallest curvature values after removing the top and bot-
tom 2.5% of the curvature distribution (demarcated by the pink
and blue vertical dashed lines in Figure 5b™, ¢’”’). The measured
maximal and minimal values of H—H, for droplets with only KP600
are £0.0148 um™', which correspond to a relative difference factor
from the detection threshold of 2.2, indicating that the measured
deformations are relatively close to the detection threshold, high-
lighting the low signal-to-noise ratio in measurements with only
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KP600. Droplets with both KP600 and PEGsPFPE+ display maxi-
mal and minimal values of H-Hp of £0.047 um™', corresponding to
a relative difference factor from the detection threshold of 9.2, in-
dicating a much larger signal-to-noise (nearly a factor of 10).
Droplets with PEGsPFPE1 and KP600 feature signal levels 4.2
times larger than droplets without PEGsPFPE4, a factor similar to
the relative change in IFT in the two conditions (a factor of 4).

Using the measured IFT value of droplets with KP600 and
PEGsPFPE+ in E3 media, we quantified the anisotropic stresses
in the aPSM of living zebrafish embryos, both for a single droplet
(3D stress map; Figure 5e) and also the stress measurement sta-
tistics for multiple droplets (Figure 5f). The measured values of
both the cellular-scale stresses (deviations from the ellipsoidal
mode) and tissue-scale stresses (ellipsoidal deformations) are
comparable to those previously quantified with magnetic micro-
droplets within same tissues;*® however, this novel system is
drastically less experimentally demanding and does not require
magnetic actuation. The measured values of stresses obtained
herein display substantially reduced dispersion compared to
measurements with magnetic microdroplets, which we attribute to
the well-defined, low IFT of non-ionic PEGsPFPE+1 droplets com-
pared to magnetic droplets that contain poorly characterized ionic
surfactants. Our results show that PEGsPFPE1 enables robust
mechanical measurements of cell and tissue stresses with un-
precedented resolution and simplicity.

Conclusions

The synthesis of novel non-ionic fluorosurfactants covering a wide
molecular weight range (MW= 0.64-66 kDa) and mass balance
of the hydrophilic and fluorophilic segments (HLB= 0.95-11) has
allowed us to identify surfactants that give low IFT values and high
PFC solubility, requisite for sensitive mechanical measurements
with fluorocarbon oil microdroplets. PEGsPFPE1 (MW= 0.73 kDa,
HLB= 7.6) was identified as the premier surfactant demonstrating
a low minimum IFT (2.63 + 0.08 mM m™") combined with high PFC
solubilities (cmc= 180 mM in HFE-7700). Synergistically, the com-
bination of commercially available KP600 with PEGsPFPE1 al-
lowed for an approximately five-fold reduction in the IFT of formu-
lations of PFC force sensing microdroplets. This drastic decrease
allows for sensitive measurements of mechanical stresses in de-
veloping embryonic tissues in a manner that is more facile, more
stable, and more sensitive than previous methods containing
fluorous ferrofluids with ionic surfactants. This increased sensitiv-
ity afforded by addition of PEGsPFPE: is anticipated to allow for
measurements of intercellular and tissue level forces in a wider
array of samples, including embryos from different species and a
wide range of organoids.

Although optimized for perfluorocarbon-in-water micro-
droplets, fluorous surfactants described herein may be of utility in
applications beyond that of in vivo force sensing. For example,
enabling functionality in ultrasonic manipulation?’-3° of perfluoro-
carbon emulsions. PEGsPFPE1 may also find utility in microfluidic
systems comprised of water-in-perfluorocarbon microdroplets as
a synthetically accessible and purifiable component that can be
produced at scale.> PEGsPFPE1 can be adopted into multi-com-
ponent and complex nanoemulsions as an additional tool to sta-
bilize increasingly complex architectures, whereas high solubili-
ties of PEGsPFPE: in perfluorocarbons can ostensibly reduce the
fraction of perfluorocarbon solvent and phase densities. Beyond
biomedical applications, fluorosurfactants have also found utility
in greener syntheses with supercritical CO, (scCO,) as an effi-
cient surfactant that can be recycled from products by chromatog-
raphy.*—4® With exceptional IFT lowering capabilities, high per-
fluorocarbon solubility, facile synthesis and purification,
PEGsPFPE+, composed with a short perfluoropolyether fluorous
segment, is privileged to control the interface of fluorocarbons in
a variety of complex environments, including tissues.
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