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The curious chemistry observed in microdroplets has captivated chemists in recent years 
and has led to an investigation into their ability to drive seemingly impossible chemistries. 
One particularly interesting capability of these microdroplets is their ability to accelerate 
reactions by several orders of magnitude. While there have been many investigations into 
which reactions can be accelerated by confinement within microdroplets, no study has 
directly compared reaction acceleration at the liquid|liquid and gas|liquid interfaces. Here, 
we confine glucose oxidase, one of life’s most important enzymes, to microdroplets and 
monitor the turnover rate of glucose by the electroactive cofactor, hexacyanoferrate (III). 
We use stochastic electrochemistry to monitor the collision of single femtoliter water 
droplets on an ultramicroelectrode. We also develop a measurement modality to robustly 
quantify reaction rates for femtoliter liquid aerosol droplets, where the majority of the 
interface is gas|liquid. We demonstrate that the gas|liquid interface accelerates enzyme 
turnover by over an order of magnitude over the liquid|liquid interface. This is the first 
apples-to-apples comparison of reaction acceleration at two distinct interfaces that indi-
cates that the gas|liquid interface plays a central role in driving curious chemistry.

electrochemistry | microdroplet | enzyme

 Microdroplets have recently captivated the scientific community as confined reaction vessels 
that can perform unlikely chemistries not observed in bulk. From their ability to spontaneously 
promote typically unfavorable reactions ( 1             – 8 ) to their effect on key biological and environ-
mental processes ( 9             – 16 ), microdroplets have been implicated in a multitude of interesting 
reactions, even those central to the origins of life ( 17 ). Of particular interest is the ability of 
microdroplets to accelerate reactions by several orders of magnitude ( 18         – 23 ). Typically, reaction 
acceleration in microdroplets is studied in electrospray or atomized microdroplets in gas and 
the gas|liquid interface is implicated as essential to the observed acceleration ( 24   – 26 ). Our 
group has previously shown that this curious chemistry extends to enzyme kinetics affected by 
the liquid|liquid interface, where an enzymatic reaction (FADGDH oxidation of glucose) 
confined in emulsion droplets can accelerate turnover rates of the enzyme by two orders of 
magnitude. We further showed that the rate increases inversely with droplet radius ( 27 ). While 
there have been reports of reaction acceleration promoted both by the gas|liquid and liquid|liq-
uid interfaces, there has yet to be a direct comparison of a single reaction for the two interfaces. 
This is because methods typically suitable for analysis of droplets in gas (i.e., mass spectrometry) 
do not extend to emulsion droplets or droplets in oil. Recently, our group detailed a method 
for the analysis of single aerosolized droplets with a novel electrochemical cell, extending 
electrochemistry to the gas|liquid interface ( 28 ).

 In this report, we detail the first direct comparison of reaction acceleration of the same reaction 
for the liquid|liquid and gas|liquid interfaces. Here, we confine a more familiar enzyme, glucose 
oxidase, to microdroplets containing the substrate (glucose) and the electrochemically active 
cofactor (hexacyanoferrate (II)) to create a system that can be observed via electrochemistry. This 
enzymatic system was monitored both in droplets in oil (with the previously reported method 
( 27 )) and droplets in gas with an adaptation of the electrochemical cell mentioned above for the 
capture and analysis of aerosol droplets ( 28 ). Both methods allow for the determination of 
enzyme turnover rate on a droplet-by-droplet basis (as opposed to an ensemble measurement 
of average acceleration). This report marks the first direct comparison between reaction acceler-
ation of the same chemical system in droplets in oil (liquid|liquid interface) and droplets in gas 
(gas|liquid interface). Through this investigation, we reveal that the gas|liquid interface leads to 
higher reaction acceleration by nearly an order of magnitude for all measured droplet sizes. 

Results and Discussions

 To create an electrochemical cell capable of analyzing aerosol particles in their native state 
(i.e., without dilution), a platinum wire working electrode (d  = 100 µm) was placed in an 
ionic liquid droplet (~50 µL) that was pipetted onto a platinum foil, which acted as the 
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quasireference & counter electrode (QRCE, h  = 0.25 mm). A sche-
matic of this electrochemical cell can be seen in  Fig. 1A  . This system 
was adapted from our previous work, where a cylindrical electrode 
threaded through a suspended ionic liquid collector acted as the 
working electrode for single liquid aerosol interrogation. We also 
showed that the aerosol sizes realized from the electrochemical data 
aligned well with results from a commercial particle sizer ( 28 ). In 
this work, an ionic liquid, 1-butyl-3-methylimidazolium hexafluoro-
phosphate (BMIM-PF6 ), droplet acted as a hydrophobic collector 
volume where intact aerosol droplets and their contents could inter-
act with the working electrode without being significantly absorbed 
or diluted. The working electrode used was a platinum wire (d  = 100 
µm) partially sealed within a glass capillary for stability. An example 
of a working electrode used for these experiments along with elec-
trochemical characterization is in SI Appendix, Fig. S1 .        

 For the enzymatic experiments, the above electrochemical sys-
tem was used to analyze aerosol droplets that contained the 
enzyme of interest, glucose oxidase, the substrate, glucose, and 
the precursor for the electrochemically generated cofactor, hexa-
cyanoferrate (II). Our droplets are loaded with 200 mM buffer at 
pH 6.6 to ensure no significant pH changes during the oxidation 
of glucose. Thus, we do not expect pH fluctuations imposed by 
aerosolization. In our studies, we chose hexacyanoferrate due to 
its high solubility in water and lack of partitioning into 
1,2-dichloroethane. We expect other more bioavailable redox mol-
ecules to lead to similar trends. When such an aerosol droplet 
contacts the working electrode [biased sufficiently (0.5 V. vs. Pt 
foil QRCE) to oxidize hexacyanoferrate (II)], the enzymatic cofac-
tor hexacyanoferrate (III) is generated. This process results in a 
sudden current spike. After generation of the cofactor, glucose 
oxidase is then able to turn over glucose within the droplet (to 
glucanolactone) and regenerate hexacyanoferrate (II), which can 
then be reoxidized at the electrode surface. This catalytic process 
creates an observable limiting current when the transients are 
observed via amperometry ( Fig. 1B  ). Because the native cofactor 
of glucose oxidase is oxygen, all experiments were performed in a 
deoxygenated chamber to ensure the enzymatic reaction is depend-
ent on the electrogenerated hexacyanoferrate (III). In addition, 
argon was used as the carrier gas for the nebulization of glucose 
oxidase-containing aerosols. The particle size distribution for aer-
osols generated under such conditions can be seen in SI Appendix, 
Fig. S2 , where the average particle diameter was determined to be 
~1 µm, but a distribution of droplets exists from 5 to 45 µm. The 
applied potential for these experiments was determined from cyclic 
voltammetry taken before and after ~1 min of nebulization of 
hexacyanoferrate (II) containing aerosols onto the electrochemical 
cell where the observed half-wave potential was ~0.3 V vs. Pt foil 

QRCE (SI Appendix, Fig. S3 ). Thus, 0.5 V vs. Pt foil QRCE was 
chosen because it was a sufficient overpotential to ensure the oxi-
dation of hexacyanoferrate (II) at mass-transfer limitation without 
any other background processes (i.e., water oxidation). After a 
sufficient potential was chosen, amperometry was performed dur-
ing the active nebulization of aerosols that contained hexacyano-
ferrate (II) and glucose in phosphate buffer with or without added 
enzyme. Example amperograms taken during the nebulization of 
aerosols with and without added enzyme can be seen in 
﻿SI Appendix, Fig. S5 . Without added enzyme, the transients show 
an exponential decay, characteristic of hexacyanoferrate (II) oxi-
dation in aerosols as shown in our previous report ( 28 ). The inte-
gration of these transients can be related to the aerosol size as 
explained in (SI Appendix, Fig. S4 ) and the average calculated 
aerosol size was determined to be 12 ± 6 µm (N = 50), with the 
aerosol sizes ranging from 3 to 30 µm (SI Appendix, Fig. S2 ). These 
results align with the larger distribution of droplets measured with 
the particle sizer, as mentioned above (SI Appendix, Fig. S2 ). These 
results indicate that the analysis of individual aerosol droplets in 
this system is possible.

 For the enzyme-containing experiments, the droplet volume 
and the turnover rate (kturn ) of the enzyme within the droplet can 
be determined from the characteristic transients ( Fig. 1B  ). The 
derivation of equations used for these values stems from a previous 
publication on the determination of enzymatic rates in droplets 
( 27 ). Briefly, the observed limiting current (which is corrected by 
the background current) can be related to the turnover rate of the 
droplet by

﻿﻿   

 where kturn   is the turnover rate of the enzyme within the aerosol, 
﻿ilim   is the background-subtracted limiting current of the transient, 
﻿q  is the elementary charge of an electron, n  is the number of 
electrons involved in the enzymatic reaction (2), Cenzyme   is the 
concentration of the enzyme in the aerosol droplet, Vaerosol   is the 
volume of the aerosol (relevant equation below), and NA   is 
Avogadro’s number. The volume of the aerosol (Vaerosol  ) can be 
determined using

﻿﻿   

 where Q  is the integrated charge of the transient, F  is Faraday’s 
constant, n1   is the number of electrons involved in glucose oxida-
tion(2), Cglucose   is the concentration of glucose, n2   is the number 

[1]kturn =
ilim

qnCenzymeVaerosolNA

,

[2]Vaerosol =
Q

F
(

n1Cglucose+n2Chexacyanoferrate(II )

) ,

Fig. 1.   (A) Schematic of experimental set-up. Aerosol droplets containing glucose, glucose oxidase, and hexacyanoferrate (II) [Fo] are sprayed at a platinum wire 
working electrode in contact with an ionic liquid droplet on a platinum foil (h = 0.25 mm) quasireference & counter electrode. (B) Current vs time plot for a single 
aerosol droplet colliding with the platinum working electrode. The limiting current (purple dashed line) was corrected by the background current (black dashed line).D
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of electrons involved in hexacyanoferrate (II) oxidation (1), and 
﻿Chexacyanoferrate(II)   is the concentration of hexacyanoferrate (II).

 It should be noted that only the very first transient observed 
during amperometry was used for droplet volume and kturn   deter-
mination. This is because after an initial transient is observed, the 
aerosol responsible will act as a collector volume for future impact-
ing aerosols. While a droplet volume and kturn   determination could 
be made from future transients, the values would not report on 
true values as there would be some dilution by the parent aerosol 
responsible for the first transient rendering the values inaccurate. 
Because of this, each amperometric experiment with enzyme- 
containing aerosols was only performed until the first transient 
was observed (and not for a set time interval). Example transients 
obtained and analyzed in this fashion and the calculated values 
can be seen in SI Appendix, Fig. S6 . The values were then plotted 
as kturn   vs. aerosol radius, and the resulting plot can be seen in 
 Fig. 2 . Values for the measurements of the kturn   determined for 
glucose oxidase in bulk solution (2 mL) and aqueous droplets in 
oil can also be seen in  Fig. 2 . The bulk kturn   was determined via 
amperometry (SI Appendix, Fig. S7 ) and UV-vis spectroscopy 
(SI Appendix, Fig. S8 ) as outlined in our previous work ( 27 ). From 
these experiments, the bulk kturn   value was determined to be 0.44 
± 0.07 s–1 . For the droplets in oil, the same droplet solution used 
for the aerosol experiments was ultrasonicated in an oil phase (100 
mM tetrabutylammonium perchlorate in DCE) to give rise to 
microdroplets suspended in oil, as previously reported ( 27 ). 
Examples of analyzed transients and the resulting kturn   and droplet 

radius values for the droplets in oil can be found in SI Appendix, 
Fig. S9 .        

 While the observed dependence of kturn   on aerosol radius mim-
ics the trend observed for droplets in oil ( 27 ), the observed accel-
eration factor in these experiments (maximum calculated kturn   
divided by the bulk kturn  ) is ~3,000. This means that the observed 
turnover rate for glucose oxidase confined to small aerosol droplets 
(~1 µm diameter) is over three orders of magnitude greater than 
the observed value in bulk. It should be noted that the minimum 
aerosol size that can be observed by this method is limited by the 
noise in the background of the measurement (from the nebuliza-
tion of aerosols), and droplets smaller than 1 µm in diameter are 
difficult to observe. For droplets in oil, droplet sizes of 100 s of 
nm are easily observable ( 27 ). Even with a smaller range of droplet 
sizes accessible, the maximum observed acceleration factor in these 
experiments was ~100. In general, the observed kturn   in aerosol 
droplets are an order of magnitude larger than those for droplets 
in oil, even for droplets which are considerably large (>20 µm 
radius). The kturn  values for similarly sized droplets in gas and oil 
as well as the bulk kturn  value are plotted in  Fig. 3A  . Here, a ~900 
nm radius droplet has a calculated kturn   value of 560 and 15 s−1  
for aerosol droplets and droplets in oil, respectively. While the 
observation that aerosol droplets, which have a gas|liquid interface, 
promote glucose oxidase turnover rate acceleration an order of 
magnitude greater than droplets in oil, which have a liquid|liquid 
interface, may seem striking, several groups have previously dis-
cussed the possibility of this phenomenon ( 21 ,  22 ,  29   – 31 ). 
However, directly correlated measurements that probe both a 
liquid|liquid and gas|liquid interface have not been previously 
accessible. With the observations reported herein, we are able to 
demonstrate that the gas|liquid interface promotes greater reaction 
acceleration than the liquid|liquid interface.        

 The notion that the gas|liquid interface promotes stronger reac-
tion acceleration than the liquid|liquid interface can have several 
possible explanations ( 32 ). First, the electric field strength at the 
gas|liquid interface (~109  V/cm) is proposed to be two orders of 
magnitude greater than the liquid|liquid interface (~107  V/cm) ( 6 , 
 25 ,  26 ,  33 ,  34 ). This proposed field strength may play a large role 
in observed reaction acceleration ( 21 ,  22 ,  30 ,  33 ,  35 ). Second, 
molecular organization and pH gradients at the interface are 
thought to be more pronounced at the gas|liquid than the liq-
uid|liquid interface ( 29 ,  30 ,  36 ). This interfacial pH at complex 
interfaces likely plays a key role in the overall acceleration mecha-
nism ( 37 ,  38 ). For instance, this pH may facilitate enzymatic 
adsorption to the phase boundary. Previously, Ben-Amotz has 

bulk

Aerosol Droplets, N = 22
Droplets in Oil, N = 11

Fig. 2.   Plot of calculated kturn values versus droplet radius in oil (black dots, N 
= 11) and aerosol droplets (blue dots, N = 22). The bulk (2 mL solution volume) 
kturn value was determined to be 0.44 + 0.07 s−1.

Fig. 3.   (A) kturn values for droplets of similar size for droplets in gas (blue bar, r = 915 nm) and droplets in oil (purple bar, r = 875 nm) (B) Schematic demonstrating 
the differences between the gas|liquid and liquid|liquid interfaces.D
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demonstrated the importance of reactant versus product adsorption 
affinity to the phase boundary in reaction acceleration ( 39 ). Many 
of these physicochemical considerations, including the role of the 
interfacial electric field, are likely at play and responsible for enzy-
matic rate enhancement. Such factors, shown in  Fig. 3B  , could 
potentially affect the organization of glucose oxidase, and its active 
site, at the interface, making substrate binding more favorable.  

Conclusion

 Recently, many groups have reported on reaction acceleration and 
other curious chemistry that occurs in confined microdroplets 
( 40                 – 49 ). Enzymes have traditionally been studied in bulk solu-
tions, however their native environment is confined within cells. 
Here, we use a novel electrochemical cell to probe enzymatic reac-
tion kinetics in microdroplets in oil and microdroplets in gas. 
While the gas|liquid interface has been thought to increase reac-
tion rates more than the liquid|liquid interface, this is the first 
direct comparison between droplets with the same chemical sys-
tem at different interfaces. We found that the reaction rate of 
glucose oxidase was increased in droplets in gas by over an order 
of magnitude, implying the importance of this interface compared 
to the liquid|liquid interface. In aggregate, our results indicate the 
importance that multiphase boundaries, especially under confine-
ment, have in key biochemical processes, which may have direct 
implications to reaction acceleration and cellular compartmental-
ization ( 50   – 52 ). This finding adds direct evidence to the hypoth-
esis that the gas|liquid interface accelerates reactions much more 
than the liquid|liquid interface.  

Materials and Methods

Reagents and Materials. Potassium ferricyanide (99+%, ACS reagent), Platinum 
wire, 0.1 mm (0.004in) dia, Premion™, 99.997% (metals basis), Platinum foil, 
0.25 mm (0.01in) thick, 99.95% (metals basis), and potassium phosphate dibasic 
(98+%, ACS reagent) were purchased form Thermo Scientific. All reagents were 
used as is without further purification. Sulfuric acid (Certified ACS grade), hydro-
gen peroxide (ACS grade), potassium chloride (99%), and potassium phosphate 
monobasic (Certified ACS) were purchased from Fisher Chemical. Gallium (99.9% 
trace metal basis), potassium hexacyanoferrate (II) trihydrate (≥99.95% trace 
metals basis), dextrose (meets EP, BP, JP, USP testing specifications, anhydrous), 
1-Butyl-3-methylimidazolium hexafluorophosphate (BMIM-PF6, for catalysis, 
≥98.5%), tetrabutylammonium perchlorate ([TBA][ClO4], for electrochemical 
analysis, >99.0%), 1,2-dichloroethane (DCE, 98%), and glucose oxidase from 
Aspergillus niger (Type VII, lyophilized powder, ≥100,000 units/g solid (without 
added oxygen)) were purchased from Sigma Aldrich. 22AWG silicone hook up 
wire (OD: 1.7 mm)—22 gauge stranded tinned copper wire with silicone insu-
lation, six colors (black, red, yellow, green, blue, white) 23 ft/7 m each, hook 
up wire kit from Plusivo was used for making electrical connection to the fab-
ricated electrodes. Borosilicate glass capillaries (O.D.: 1.0 mm, I.D.: 0.50 mm) 
were purchased from Sutter Instruments. All aqueous solutions were prepared 
in ultrapure water (Millipoer Milli-Q, 18.2 MΩ cm). 200 mM phosphate buffer 
was prepared with 200 mM potassium phosphate monobasic, 200 mM potas-
sium phosphate dibasic, and 200 mM potassium chloride and was sonicated 
using an Ultrasonic Cleaner with Digital Timer (VWR, Radnor, Pennsylvania) until 
all solid was dissolved. The buffer pH was determined to be 6.6 with an Orion 
VeraStar Pro Advanced electrochemistry Monitor (Thermo Scientific). All enzyme 
concentrations were corrected by the reported purity of the enzyme (60%) and 
all prepared enzyme solutions were kept refrigerated after preparation and 
remade fresh after ~5 h. All electrochemical experiments were performed on a 
CH Instruments 6284E potentiostat. Experiments were performed in a deoxygen-
ated chamber which was kept under constant Argon purging. The chamber used 
for these experiments was a modified Precise Basic Glove Box (Labconco) with 
fittings created for the potentiostat leads and other wiring. Cylindrical platinum 
electrodes were positioned with a Line Tool Co. A LH linear micropositioner. Henry 

Schein Nebulizers Adult Mouthpiece Ea, 50 EA/CA (PN-1118D) purchased from 
Grayline Medical were used for the nebulization of aerosols for all experiments. 
A Grimm Aerosol Spectrometer 11-D (“The Dust Decoder”) was used for aerosol 
sizing. A Vernier Go Direct SpectroVis Plus was used for the determination of bulk 
kturn via UV-vis spectroscopy.

Fabrication and Characterization of Cylindrical Platinum Electrodes. 
Platinum wire electrodes were fabricated by sealing a ~3 cm platinum wire (d = 
100 µm) into a borosilicate glass capillary (O.D.: 1.0 mm, I.D.: 0.50 mm, Sutter 
Instruments). The glass capillary was partially sealed by exposing the threaded 
capillary to a propane torch (Benzomatic) for several seconds. A portion of the 
threaded wire should be left exposed at the end of the capillary (typically ~2 to 
3 mm of wire was left exposed). The resulting electrode should have a portion of 
wire exposed, a portion sealed within the capillary, and a portion left unsealed 
within the capillary (such that electrical connection can be made). After the plat-
inum wire was sealed as described, electrical wire (Plusivo [purchased through 
Amazon]) which was dipped in gallium (stored at 55 °C to maintain a liquid state) 
was then threaded into the capillary to make electrical connection. The electrical 
wire was secured in place with heat-sealed plastic (Plusivo [purchased through 
Amazon]). All electrodes were cleaned in concentrated piranha solution (3:1 sul-
furic acid: hydrogen peroxide) before use. The electrodes were then tested via 
cyclic voltammetry in a solution containing 2.5 mM hexacyanoferrate (II/III) in 250 
mM KCl by scanning from −0.1 to 0.5 V vs. Ag/AgCl at a scan rate of 100 mV/s. An 
example of a fabricated electrode as well as the electrochemical characterization 
can be seen in SI Appendix, Fig. S1.

Determination of Bulk kturn with Amperometry and UV-vis Spectroscopy. 
A stock solution of 2.5 mM hexacyanoferrate (III) and 100 mM glucose in 200 mM 
phosphate buffer was prepared for both methods. Then, 2 mL of the stock solution 
was either added to a vial or a cuvette for amperometry and UV-vis spectroscopy, 
respectively. A stock solution of 0.1 mM glucose oxidase was prepared in 200 mM 
phosphate buffer and was kept refrigerated between measurements. In all meas-
urements, 50 µL of stock enzyme solution was spiked in after approximately 60 s. 
For amperometry, a CHI Au UME (r = 6.25 µm) was used as a working electrode, a 
Pt wire [0.25 mm diameter] (Alfa Aesar, Stoughton, MA) was used as the counter 
electrode and an Ag/AgCl (CH Instruments, Austin, Texas) reference electrode con-
nected by a salt bridge (1 M KCl suspended in agarose) was used. Amperometry 
was held at 0.5 V vs. Ag/AgCl for 1,800 s with the solution being stirred on a battery-
powered stir-plate. For UV-vis spectroscopy, an excitation wavelength of 420 nm was 
used and a plastic cuvette with a 1 cm pathlength was used. All experiments were 
performed in a deoxygenated chamber under constant argon purging.

Aerosol Electroanalysis. Solutions of 2.5 mM hexacyanoferrate(II) 100 mM 
glucose both with and without ~0.2 mM glucose oxidase were prepared in 
200 mM phosphate buffer. All solutions were nebulized with argon within the 
deoxygenated chamber (described above) with a Henry Schein Nebulizer. A new 
nebulizer was used for each solution. The Pt foil quasireference counter electrode 
and platinum wire working electrode were cleaned with Millipore water between 
experiments. To prepare the electrochemical cell used for these experiments, a 
50 µL droplet of ionic liquid was pipetted onto the platinum foil (connected to 
the reference and counter leads of the potentiostat) and a platinum wire working 
electrode was placed into the ionic liquid droplet with a Line Tool Co. micropo-
sitioner such that a portion of the wire was submerged into the droplet (but not 
touching the Pt foil QRCE) and another portion was left exposed (such that it 
could interact with incoming aerosols). For each amperometric i–t experiment, 
amperometry was run for 400 total seconds, where background amperometry 
in the ionic liquid droplet was taken for ≈20 s before solution nebulization. 
The solution was then nebulized for the remaining amperometry time, with 
the nebulizer held ≈5 in. from the electrochemical cell. For enzyme containing 
experiments, amperometry was ended when a transient was observed. Sizing of 
the liquid aerosols was performed with a Grimm 11-D Aerosol Spectrometer and 
electroanalytical techniques.

Collision Experiments with Droplets in Oil. A solution of 2.5 mM hexacyano-
ferrate(II) 100 mM glucose both and 0.25 mM glucose oxidase was prepared 
in 200 mM phosphate buffer. Then, 15 µL of the enzyme solution was pipetted 
into 2 mL of a continuous oil phase (100 mM TBAP in DCE) and the solution was D
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ultrasonicated (500 W, 40% amplitude) for 5 s with a horn sonicator (QSONICA 
Q500, 6.4-mm diameter tip). A gold ultramicroelectrode (CHI, r = 6.25 µm) was 
used as the working electrode, a platinum wire (d = 0.5 mm) was used as a 
counter electrode, and an Ag/AgCl reference electrode (CHI) was connected via 
a salt bridge. Chronoamperometry was run on a CHI 6284E potentiostat with a 
0.45 V starting potential and a 0.5 V final potential for a single step which was 
300 s at a sample rate of 0.0167 s. The working electrode was polished by a brief 
soak in 1 M HNO3 followed by 1 min of polishing on a clean polishing pad wet 
with Milli-Q water (BASi).

Data, Materials, and Software Availability. All study data are included in the 
article and/or supporting information.
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