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ABSTRACT: Recently, microdroplet reactions have aroused much interest
because the microdroplet provides a unique medium where organic reactions
could be accelerated by a factor of 103 or more. However, microdroplet
reactions of proteins have been rarely studied. We report the occurrence of
multiple-step reactions of a large protein, specifically, the digestion, reduction,
and deglycosylation of an intact antibody, which can take place in
microseconds with high reaction yields in aqueous microdroplets at room
temperature. As a result, fast structural characterization of a monoclonal
antibody, essential for assessing its quality as a therapeutic drug, can be
enabled. We found that the IgG1 antibody can be digested completely by the
IdeS protease in aqueous microdroplets in 250 microseconds, a 7.5 million-
fold improvement in speed in comparison to traditional digestion in bulk solution (>30 min). Strikingly, inclusion of the reductant
tris(2-carboxyethyl)phosphine in the spray solution caused simultaneous antibody digestion and disulfide bond reduction. Digested
and reduced antibody fragments were either collected or analyzed online by mass spectrometry. Further addition of PNGase F
glycosylase into the spray solution led to antibody deglycosylation, thereby producing reduced and deglycosylated fragments of
analytical importance. In addition, glycated fragments of IgG1 derived from glucose modification were identified rapidly with this
ultrafast digestion/reduction technique. We suggest that microdroplets can serve as powerful microreactors for both exploring large-
molecule reactions and speeding their structural analyses.

■ INTRODUCTION

Microdroplets have been recently found to be a unique
reaction media in which reaction acceleration can occur.1 It has
aroused much attention in the field of chemistry and has been
extensively investigated.2−22 Various reactions of organic
molecules are markedly promoted in sprayed micron-sized
droplets (microdroplets) compared with the same reactions in
bulk-phase solution.23 Numerous explanations have been
offered for why reaction rate acceleration occurs in aqueous
microdroplets. These explanations include evaporation, in-
creased autoionization, partial desolvation, presence of an
intrinsic strong electric field at the interface, enhanced
concentration of solutes on the surface of the microdroplet,
and restricted orientations.24−33 The factors that are dominant
in any given situation still need to be identified. However, most
previous work focused on one-step reactions of small
molecules. Biochemical reactions involving proteins have
been rarely investigated, except a recent report of trypsin
digestion of proteins in microdroplets.34

Therapeutic monoclonal antibodies (mAbs) are one of the
fastest growing classes of drugs. More than one hundred mAbs
for treatment of many pathologies such as cancer and
autoimmune diseases have been approved or are in regulatory
review in the US and EU.35,36 This ever-growing abundance
has created a need for rapid technologies to characterize mAbs
to secure drug product safety, quality, and efficacy.37−39

Traditional mass spectrometry (MS) mAb characterization

methods include intact and subunit mass analyses and peptide
mapping.40−44 To characterize mAbs in a bottom-up or
middle-down proteomics approach, mAbs must be subjected
to enzymatic digestion into peptides or polypeptides before
peptide mapping analysis by MS. However, digestion is usually
a time-consuming step that can take from 30 min to overnight
incubation.45,46 In addition, commonly used digestion methods
often include additional steps of protein denaturation,
reduction, and alkylation to unfold the mAb structure and
facilitate digestion; these additional steps may also lengthen
the process time and reduce the analysis speed and
throughput.47 To accelerate digestion of mAb (or other
proteins), a variety of methods have been investigated,
including increasing the digestion temperature, adding organic
solvents, applying microwave energy, using high-intensity
focused ultrasound, or employing a microchip reactor.48−56

Nevertheless, an alternative method that is very fast for mAb
digestion would be highly valuable.
In this study, we present unprecedented and fast micro-

droplet reactions involving a large protein substrate (i.e., an
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antibody), which would have high impact in proteomics for
rapid characterization of antibodies. In this work, ultrafast
digestion of the NIST IgG1 antibody in 250 microseconds in
microdroplets was achieved. The IgG1 was selectively cleaved
by IdeS protease into antigen-binding fragment F(ab′)2 and
single-chain, crystallizable fragment scFc (Figure 1a). When we
included the reductant tris(2-carboxyethyl)phosphine (TCEP)
in the spray solution, simultaneous disulfide bond reduction
occurred, leading to digested and reduced IgG1 fragments that
included light chain (LC), N-terminal half of heavy chain Fd′,
and scFc subunits (Figure 2a). These fragments could be either
collected for further analysis or detected online by MS. In
addition, we achieved ultrafast deglycosylation of IgG1 by
including PNGase F glycosylase in the microdroplets (Figure
4a), which constituted an alternative method to rapidly remove
glycans from antibodies. In addition, following incubation with
glucose, we successfully digested and characterized glycated
IgG1 fragments in microdroplets, which suggested a fast way to
detect antibody modifications in general.

■ EXPERIMENTAL SECTION

Chemicals. NIST monoclonal antibody reference material
8671 (NIST mAb, humanized IgG1k monoclonal antibody)
was obtained from the National Institute of Standards and
Technology (Gaithersburg, MD). The IdeS enzyme was
purchased from Genovis Inc (Cambridge, MA). TCEP

hydrochloride (bioultra grade), ammonium bicarbonate
(bioultra grade), sodium phosphate dibasic (bioultra grade),
and sodium phosphate monobasic (bioultra grade) were
purchased from Sigma-Aldrich (St. Louis, MO). D-(+)-Glucose
(98% purity) was obtained from TCI America (Montgomery-
ville, PA). Acetonitrile (ACN, HPLC grade), formic acid (FA,
LCMS grade), and trifluoroacetic acid (TFA, LCMS grade)
were purchased from Fisher Scientific (Fair Lawn, NJ). A
Millipore Direct-Q5 purification system (Burlington, MA) was
used to obtain purified water for sample preparation.

Microdroplet Generation. Microdroplets were generated
by spraying an aqueous sample solution (NIST IgG1 mixed
with IdeS, TCEP, PNGase F, or all reagents together) through
a home-made sprayer with the assistance of nitrogen gas as a
sheath gas at 120 psi. The home-made sprayer was built exactly
as previously described for an electrosonic spray source.57

Briefly, the aqueous sample solution was delivered through a
fused-silica capillary (100 μm i.d. and 200 μm o.d., Polymicro
Technologies, Phoenix, AZ). Another coaxial fused-silica outer
capillary (250 μm i.d. and 300 μm o.d.) was used, and the
small size difference between two capillaries was capable of
providing nebulizing gas at high velocity.14 Based on the
previous reports,14,34 such a sprayer with the use of 120 psi
nitrogen nebulization gas pressure produces small micro-
droplets of 13 ± 6 μm in diameter which is critical for

Figure 1. Microdroplet digestion of IgG1 (the NIST IgG1 monoclonal antibody reference material 8671) by the IdeS enzyme: (a) Schematic
drawing of intact IgG1 and IdeS-cleaved IgG1 fragments; the LC, heavy chain, and hinge region are highlighted in green, blue, and gray,
respectively. Black solid lines indicate disulfide bonds connecting heavy chain and LC. The IdeS cleavage site is indicated with a scissors and a dash
line. (b) Workflow of microdroplet digestion of IgG1 by IdeS; nESI-MS spectra of (c) antibody fragments obtained from microdroplet digestion of
IgG1 by IdeS at room temperature and (d) in-solution digested IgG1 by IdeS for 5 min at 37 °C.
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achieving the reaction acceleration effect in microdroplets. The
sprayer does not need an applied voltage.
Microdroplet Digestion with nESI-MS Analysis. For

the experiment shown in Figure 1b, 50 μL of 1 mg/mL IgG1 in
5 mM NH4HCO3 buffer (pH 8) was loaded in one syringe.
Then, 50 μL of 2 units/μL IdeS enzyme in 5 mM NH4HCO3

buffer (pH 8) was loaded in the other syringe. The flow rate of
both the syringes was 5 μL/min, and the reactants were mixed
by a Tee. The length of the capillary between the mixing Tee
and the sprayer was 2 cm. The microdroplets were generated

through the sprayer and collected in a vial containing a
quenching solvent of 50 μL of H2O and 1% FA. The distance
between the sprayer tip and the surface of the quenching
solution was 20 mm. After 5 min collection, desalting and
reagent removal was performed with a C4 Ziptip (Milli-
poreSigma, Burlington, MA). The desalted sample was
analyzed by nano-electrospray ionization (nESI) in front of a
Q Exactive Orbitrap mass spectrometer (Thermo Scientific,
San Jose, CA). The injection flow rate was 2 μL/min, and +3
kV was applied for ionization. The temperature of the MS inlet

Figure 2. Simultaneous microdroplet digestion and reduction of IgG1. (a) Schematic representation of intact IgG1 and fragment structures of IgG1
after IdeS digestion and TCEP reduction. (b) Schematic drawing of the microdroplet digestion and reduction workflow. (c) Expanded MS
spectrum with LC, Fd′, and glycosylated scFc fragments detected and annotated. (d) Corresponding deconvoluted MS spectrum of (c). (e)
Schematic drawing of simultaneous microdroplet digestion and reduction coupled with online EESI-MS detection. (f) Deconvoluted MS spectrum
of digested and reduced IgG1 from online EESI-MS detection. Note that asterisk (*) in (f) denotes a harmonic peak of Fab [equivalent to half of
F(ab′)2].
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was 250 °C. The mass spectrometer resolution was set to
17,500 for the MS analysis. All sample mixing and injecting
steps were performed rapidly without delay time between each
step to avoid reaction occurring in the bulk solution under
ambient temperature. For the experiment in Figure 2b, 50 μL
of 1 mg/mL IgG1 in 5 mM NH4HCO3 buffer containing 5
mM TCEP (pH 8) was loaded in one syringe. Then, 50 μL of
2 units/μL IdeS enzyme in 5 mM NH4HCO3 buffer (pH 8)
was loaded in the other syringe. The remaining steps were the
same as the steps in the aforesaid Figure 1b experiment.
Microdroplet Digestion with Online EESI-MS Anal-

ysis. In the online workflow, the extractive electrospray
ionization mass spectrometry (EESI-MS) method reported by
Chen and co-workers58 was adopted with minor modifications.
The schematic drawing is shown in Figure 2e. Briefly, one
sprayer was used to generate microdroplets from a one-pot
mixture of NIST IgG1, IdeS, and TCEP solution without
applying any voltage. The mixed sample solution consisted of 5
μL of 10 mg/mL NIST IgG1, 2 μL of 50 units/μL IdeS

enzyme, and 93 μL of 5 mM NH4HCO3 buffer containing 5
mM TCEP. The other sprayer emitted ACN/H2O/FA solvent
(50:50:0.5%), and +3 kV voltage was applied to the solvent
through a metal alligator clip attached to the stainless steel tip
of the syringe used for solvent infusion. The flow rate of both
the sprayers was 10 μL/min. The pressure of nitrogen gas for
both the sprayers was 120 psi. The distance between the tip of
the solvent sprayer and the MS inlet was 15 mm, and the
distance between the tip of the mixed sample sprayer and the
MS inlet was 20 mm. The EESI source was aligned carefully to
the MS inlet to achieve the highest sensitivity. The
temperature of the MS inlet was 250 °C.

Glycated IgG1 Characterization. Twenty microliters of
10 mg/mL NIST IgG1 was added to 180 μL of 200 mM
NH4HCO3 buffer containing 200 mM glucose (pH 8). The
final concentration of IgG1 was 1 mg/mL. Then, the sample
solution was incubated at 37 °C for 0, 2, and 5 days. After
incubation, 10 μL of 1 mg/mL glycated IgG1 was drawn out
and mixed with 2 μL of 50 units/μL IdeS in 88 μL of 5 mM

Figure 3. Microdroplet digestion and reduction for analysis of glycated IgG1. In this “one-pot reaction” approach, glycated IgG1, IdeS, and TCEP
were mixed and reacted together. The subunits of LC (and glycated-LC), Fd′ (and glycated-Fd′), and scFc fragments were produced
simultaneously. (a) Expanded view of the MS spectrum of nonglycated IgG1 (at day 0) after microdroplet digestion and reduction; (b) MS
spectrum of glycated IgG1 (incubated with glucose for 2 days) after microdroplet digestion and reduction; (c) MS spectrum of glycated IgG1
(incubated with glucose for 5 days) after microdroplet digestion and reduction; (d) deconvoluted MS spectrum of glycated IgG1 after 5 days of
incubation and microdroplet reactions; and (e) 2D spectrum of glycated IgG1 after 5 days of incubation and microdroplet reactions, with m/z
along the x-axis and charge number along the y-axis.
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NH4HCO3 buffer containing 5 mM TCEP (pH 8). The final
concentration of glycated IgG1 was 0.1 mg/mL in the resulting
mixture, which was sprayed to trigger microdroplet reactions at
a flow rate of 10 μL/min for 5 min. Then, 50 μL of H2O
containing 0.1% TFA was added to reconstitute the collected
microdroplets and terminate the enzymatic reaction. Desalting
and reagent removal was performed with a C4 Ziptip. The
desalted sample was analyzed by nESI using the Q Exactive
Orbitrap mass spectrometer. The injection flow rate was 2 μL/
min, and +3 kV was applied for ionization. The temperature of
the MS inlet was 250 °C.
Deglycosylation of IgG1 by PNGase F. Five microliters

of 10 mg/mL NIST IgG1 was mixed with 45 microliters of 5
mM NH4HCO3 buffer (pH 8) and loaded in one syringe. The
final concentration of IgG1 was 1 mg/mL. Then, 100 μL of 1
unit/μL mM PNGase F in 5 mM NH4HCO3 buffer (pH 8)
was loaded in the other syringe. The remaining steps were the
same as the steps in the aforesaid Figure 1b experiment.

■ RESULTS AND DISCUSSION

We first investigated the direct microdroplet digestion of IgG1
by the IdeS enzyme. The IdeS enzyme, cloned from
Streptococcus pyogenes and expressed in Escherichia coli,
specifically digests IgG1 below the hinge region and generates
F(ab′)2 and scFc fragments (Figure 1a). In our experiment,
IgG1 and IdeS were preloaded in two syringes separately
(Figure 1b). Both syringes were pumped at a flow rate of 5 μL/
min, and the reactants were brought together in a mixing Tee
connected to a sprayer via a piece of 2 cm fused-silica capillary.

The mixed sample was sprayed for 5 min, and the
microdroplets were collected into a vial containing 1% FA in
water as a quenching solvent (IdeS is inactivated at pH < 5).
The vial lid was closed, and a hole was drilled on the lid to
allow the insertion of the sprayer tip into the vial for spray. The
distance between the sprayer and the quenching solution in the
vial was 2 cm, and the speed of the sprayed microdroplets was
84 ± 18 m/s as previously measured.14 Thus, the flight time of
the microdroplet between the sprayer and the quenching
solution was only 250 μs [2 cm/(84 m/s) ≅ 250 μs]. Even in
such a short spray time, we achieved optimal digestion
efficiency of the antibody in the microdroplets. The collected
sample was desalted and analyzed by nESI MS (see the
workflow shown in Figure 1b). Figure 1c shows that all IdeS-
cleaved subunits [i.e., F(ab′)2 and scFc] were clearly observed
in the MS spectra. In addition, we efficiently detected and
resolved different glycoforms (G0F, G1F, and G2F) of scFc
fragments (sequence coverage 100%). Furthermore, we did not
observe any remaining intact IgG1 after microdroplet
digestion, which indicated 100% digestion efficiency in
microdroplets. In addition, 100% digestion efficiency was
obtained during nine individual runs, suggesting the high
reproducibility of IdeS digestion of IgG1 in microdroplets (see
the deconvoluted MS spectra in Figure S1, Supporting
Information). The time of 250 μs in microdroplets for
completely digesting an intact antibody at 25 °C represented
a 7.5 million-fold speed improvement in comparison with
traditional digestion in bulk solution that requires at least 30
min to 1 h at 37 °C.45 To prove that IgG1 was truly digested in
microdroplets during the spray process (Figure 1b), we also

Figure 4. “One-pot” microdroplet reactions with IgG1, PNGase F, IdeS, and TCEP. (a) Schematic illustrating the PNGase F deglycoylation; (b)
expanded MS spectrum with LC, Fd’, and scFc (both deglycosylated and glycosylated) fragments detected and annotated; (c) deconvoluted MS
spectrum of (b).
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conducted a control experiment in which 1 mg/mL IgG1 was
mixed and incubated with 2 units/μL IdeS (the same
concentrations as used in the microdroplet digestion) in
solution for digestion at 37 °C for 5 min, and no notable
digestion was observed (Figure 1d). Clearly, the microdroplets
did markedly accelerate enzymatic digestion of the intact
antibody. Note that, in Figure 1b of the microdroplet
experiment, the residual time of IgG1 and IdeS in the 2 cm
connection capillary after Tee mixing was only 4.4 s (see
calculation in the Supporting Information), which we did not
expect to lead to noticeable digestion inside the capillary.
Furthermore, we halved the amount of IdeS in the micro-
droplet digestion of IgG1 (1 unit IdeS for 1 μg of IgG1), and
100% digestion efficiency was still obtained in nine individual
runs (Figure S2, Supporting Information).
Strikingly, we found that adding another reagent into the

spray solvent enabled another ultrafast reaction step. For
example, addition of the reducing reagent TCEP in the spray
solution containing IdeS and IgG1 accelerated disulfide bond
reduction of the antibody, leading to simultaneous digestion
and reduction of the antibody in the microdroplets, which is
illustrated in Figure 2a. Following the workflow shown in
Figure 2b, IgG1 and TCEP were premixed in one syringe, and
IdeS was preloaded in the other syringe. Both syringes were
pumped at a flow rate of 5 μL/min. Reactants were mixed via a
Tee and transferred to the sprayer for generating micro-
droplets, which were again directed to a collection vial
containing an acidic quenching solution (Figure 2b). After
digestion in the microdroplets, we clearly observed all of the
digested and reduced fragments, LC, Fd′, and glycosylated
scFcs including scFc + G0F, scFc + G1F, and scFc + G2F in
the MS spectrum (Figure 2c) and the deconvoluted MS
spectrum (Figure 2d), with the mass of each fragment within
the measurement accuracy (Table S1, Supporting Informa-
tion). In addition, in the full deconvoluted MS spectrum
(Figure S3, Supporting Information), neither the intact
antibody nor F(ab′)2 peaks were seen, suggesting that both
digestion and reduction were complete. In antibody character-
ization, reduced fragments are valuable because they are
amenable to MS/MS techniques that provide high-sequence
coverage and localization of structural modifications.
Besides conducting the microdroplet reaction in an “one-pot

reaction” manner as described above, the dual reaction of
digestion and reduction could be performed stepwise.
According to the stepwise workflow shown in Scheme S1a
(Supporting Information), we mixed IgG1 and IdeS via a Tee
mixer and sprayed the mixture as microdroplets to digest IgG1.
The collected microdroplets were then mixed with TCEP in a
vial and sprayed again to accelerate reduction in microdroplets.
The F(ab′)2 fragment was further reduced to LC and Fd′
fragment. The collected microdroplets were reconstituted and
desalted for nESI-MS analysis. Figure S4 (Supporting
Information) shows that all IdeS-cleaved and TCEP-reduced
subunits (i.e., LC, Fd′, and scFcs) were clearly observed in the
MS spectra. Different glycoforms (G0F, G1F, and G2F) of
scFc fragments were also detected and resolved efficiently. In
addition, this workflow successfully digested and reduced IgG1
in phosphate buffer (see Figure S5, Supporting Information),
which indicated that microdroplet digestion could be
performed in a nonvolatile buffer solution. Likewise, for the
stepwise workflow, we could mix IgG1 and TCEP first for
microdroplet reduction and then further mix with IdeS for
digestion (Scheme S1b, Supporting Information). All IdeS-

cleaved and TCEP-reduced fragments (LC, Fd′, and scFcs)
were also observed (Figure S6, Supporting Information),
suggesting that the reduction and digestion reaction order can
be switched.
To accelerate further the analysis process, one can use online

MS detection in combination with simultaneous microdroplet
digestion and reduction. It would be worthwhile to conduct
microdroplet digestion and MS detection simultaneously as a
real-time analysis because simultaneous operation would
condense the digestion and reduction time to a minimum.14

For the online workflow, EESI-MS58−61 was used, in which
two sprayers were aligned and used together in the front of the
MS inlet (Figure 2e). One sprayer served as the sample sprayer
to generate microdroplets containing a mix of IgG1, IdeS, and
TCEP without applying any voltage. The other sprayer worked
as a solvent sprayer to generate microdroplets of ACN/H2O/
FA (50:50:0.5%) with +3 kV voltage applied to produce
charged solvent microdroplets to assist the ionization of
resulting fragments contained in the sample spray micro-
droplets. The IgG1 was cleaved with IdeS and reduced with
TCEP into smaller fragments at the same time in the sample
microdroplets in air at room temperature. Charged micro-
droplets of the solvent mixed with and contacted the sample
microdroplets and enabled sample ionization; the LC, Fd′,
scFc + G0F, scFc + G1F, and scFc + G2F fragments were all
detected by online MS analysis (Figure 2f). This approach
allowed us to online detect digested and reduced IgG1
fragments directly from the sprayed microdroplets without any
sample pretreatment or preparation. We noted a peak at
24,402 Da (asterisked in Figure 2f) corresponding to a
harmonic peak of Fab (see the deconvoluted MS spectrum in
Figure S7a, Supporting Information) and a small F(ab′)2 peak
(Figure S7b, Supporting Information) as well as a small intact
antibody peak (Figure S7c, Supporting Information). It is
likely that the IdeS digestion of antibody and TCEP reduction
for F(ab′)2 were not complete because of the shortened travel
distance of the sample microdroplets in the EESI experiment
(intercepted by the EESI solvent spray before traveling 20 mm
to reach MS inlet) in comparison to the offline experiment
described in Figure 2b. Note that the ion intensity of antibody
fragments in the online EESI experiment was lower (Figure 2f)
in comparison to the offline experiment (Figure 2d). One
possible reason is that more water and less organic solvents
were sprayed into the MS inlet when using an online EESI-MS
approach. Another possible reason is that the excess amount of
TCEP and ammonium bicarbonate could reduce the ion signal
of antibody fragments as there was no sample purification step
in this online process. One possible solution for this issue
might be to perform online desalting62 by increasing the
organic solvent composition in the solvent spray of EESI, so
that salts from the sample droplets could be excluded in the
newly fused secondary droplets for ion generation.
Glycation is a nonenzymatic protein modification that

occurs between reducing sugars (e.g., glucose, fructose, and
galactose) and proteins.63 The primary amine groups of lysine
residues and the N-termini of proteins react with aldehyde
groups from reducing sugars to form Schiff base intermediates,
which are further converted via Amadori rearrangement into
more stable ketoamines. Glycation has been commonly
observed in therapeutic antibodies during manufacturing and
storage, and glycation could affect drug product stability,
safety, and efficacy.64 Thus, it is of major importance to
characterize and determine the effect of glycation on the mAb
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structure. However, conventional methods, such as boronate
affinity chromatography, capillary isoelectric focusing, and
liquid chromatography−MS, suffer from low throughput
because of the required long separation times. Fit-for-purpose
assays are still lagging to meet the high-throughput demands of
the pharmaceutical industry. It has been stated that the top
priority of the US Food and Drug Administration is the
development of new tools for high-throughput therapeutic
protein characterization.65

Consequently, we were motivated to attempt a rapid
characterization method for glycated IgG1 using microdroplet
digestion and reduction. After incubation with glucose, the
glycated NIST IgG1 underwent microdroplet digestion and
reduction in the “one-pot reaction” workflow (i.e., mixing with
both IdeS and TCEP), and Figure 3a−c presents the MS
spectra of IgG1 obtained after 0, 2, and 5 days of incubation
with glucose after microdroplet digestion and reduction. Figure
3a shows the digested and reduced IgG1 fragments from the
IgG1 sample without incubation with glucose. After 2 days of
incubation, monoglycated LC and monoglycated Fd′ frag-
ments were seen (Figure 3b). With 5 days continued
incubation, diglycated LC and diglycated Fd′ fragments were
also detected and resolved in the MS spectra (Figure 3c). In
addition, after 5 days of incubation, both monoglycated LC
and Fd′ fragments appeared to be more abundant (Figure 3c)
in comparison to the sample after 2 days of incubation (Figure
3b). With a longer incubation time, more glycated fragments
were produced and detected (data not shown). All antibody
fragments including mono- and diglycated LC and Fd′
fragments were detected and resolved in the deconvoluted
MS spectrum (Figure 3d) and 2D spectrum (Figure 3e). The
microdroplet-based digestion facilitates rapid glycation analysis
of mAb subunits subjected to glycation stress. Microdroplet
digestion of glycated IgG constitutes a proof-of-concept of a
method to analyze other modifications of mAbs, such as
oxidation, small molecule or peptide conjugation, and
sequence variations, truncations, and extensions. Thus, the
mAb subunits generated via microdroplets add to the toolbox
of methods available for antibody characterization and product
quality assessment during development and manufacturing.
Antibody glycosylation is heterogeneous, and variables in

cell culture can increase glycan diversity. A conserved N-glycan
at Asn297 of the scFc region of IgG1 is critical for stability,
conformation, aggregation, and effector function of therapeutic
antibodies.66 Removing glycosylation during mass spectro-
metric analysis would be beneficial to ease the characterization
of antibodies and to obtain the correct N-linked oligosacchar-
ide (N-glycan) profile. N-Glycosidase F (PNGase F), a
recombinant glycosidase from Elizabethkingia miricola, is one
of the most effective enzymes to cleave N-glycans from
proteins (illustrated in Figure 4a). In our experiment, first we
preloaded IgG1 and PNGase F in two syringes, respectively
(see the workflow in Figure S8, Supporting Information). Both
syringes were pumped at a flow rate of 5 μL/min, and the
reactants were mixed by a Tee and then sprayed to generate
microdroplets. The microdroplets were quenched with H2O
containing 1% FA in the collection vial and collected for 5 min.
The distance between the sprayer and the quenching solution
was kept as 2 cm. The collected sample was desalted and
analyzed by nESI-MS. Figure S8c (Supporting Information)
shows the MS spectrum of deglycosylation of IgG1 by PNGase
F in microdroplets at ambient temperature. In comparison to
the intact IgG1 MS spectrum (Figure S8d, Supporting

Information), new antibody peaks appeared (Figure S8c,
Supporting Information). The deconvoluted MS spectrum
(Figure S8b, Supporting Information) clearly presents
deglycosylated IgG1 peaks and a small amount of IgG1 with
one glycan attached. This analysis indicated a high micro-
droplet reaction efficiency of deglycosylation. The deglycosy-
lation yield for producing fully deglycosylated IgG1 was
estimated to be 96.1 ± 3.2% (calculated using the ratio of fully
deglycosylated IgG1 peak intensity and the sum of the fully
deglycosylated IgG1 and the partially deglycosylated IgG1
peak intensities in Figure S8b) based on five individual runs.
We further tested a stepwise workflow in which the IgG1

was first deglycosylated by PNGase F and then reduced and
digested by addition of IdeS and TCEP in the second step
(Figure S9a). In this workflow, IgG1 and PNGase F were
mixed via a Tee and sprayed as microdroplets to remove N-
glycans from IgG1. Then, the collected microdroplets were
mixed with IdeS and TCEP and sprayed again to accelerate
reduction and digestion in the microdroplets. The deglycosy-
lated IgG1 was reduced and digested into LC, Fd′, and
deglycosylated scFc fragments. The collected microdroplets
were reconstituted and desalted for nESI-MS analysis. Figure
S9b shows that all fragments were observed clearly in the MS
spectra. In addition, we did not observe any glycosylated (G0F,
G1F, and G2F) scFc fragments; thus, deglycosylation in the
microdroplets appeared to be 100% efficient, a fact that was
confirmed in the deconvoluted MS spectrum (Figure S9c).
Therefore, by conducting deglycosylation in the microdroplets,
nonglycosylated antibody fragments can be obtained for rapid
structure characterization, thereby avoiding the influence of the
complex profiles of the N-glycans.
We went on to perform an “one-pot reaction” test, in which

IgG1, PNGase F, IdeS, and TCEP were mixed and sprayed for
triggering deglycosylation, digestion, and reduction simulta-
neously in the microdroplets. We observed the LC, Fd′, and
scFc (both deglycosylated and glycosylated) fragments by
nESI-MS analysis after microdroplet reaction and sample
collection (Figure 4b,c). Although deglycosylation of scFc was
not complete in this trial (38.0 ± 2.6% deglycosylation
efficiency in eight individual runs), the results indicated that
antibody digestion, deglycosylation, and reduction can occur
simultaneously in the microdroplets in a short amount of time
(250 μs).

■ CONCLUSIONS
Currently, microdroplet reactions have been applied to many
small-molecule substrates for various purposes, including (1)
synthesis of organic products and nanoparticles,17,67 (2)
kinetic measurements,14 (3) rapid derivatization1,68 or
degradation,69 and (4) chemical behavior and fundamental
studies.18 Typically, only a one-step reaction was involved in
these reported microdroplet reactions. Biochemical reactions
in microdroplets were rarely reported so far, with the exception
of the syntheses of sugar phosphates and uridine ribonucleo-
side via condensation19 and trypsin digestion of peptides and
small proteins in microdroplets.34 Our work represents the first
report of multiple-step reactions involving a large protein of
intact antibody in microdroplets.
In summary, we demonstrated ultrafast IdeS digestion of

intact antibody in microdroplets. We achieved and detected
digestion in 250 microseconds, a vastly improved speed
compared with conventional in-solution digestion. Further,
ultrafast reduction is feasible by doping the spray solvent with

Analytical Chemistry pubs.acs.org/ac Article

https://dx.doi.org/10.1021/acs.analchem.0c04974
Anal. Chem. 2021, 93, 3997−4005

4003

http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.0c04974/suppl_file/ac0c04974_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.0c04974/suppl_file/ac0c04974_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.0c04974/suppl_file/ac0c04974_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.0c04974/suppl_file/ac0c04974_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.0c04974/suppl_file/ac0c04974_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.0c04974/suppl_file/ac0c04974_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.0c04974/suppl_file/ac0c04974_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.0c04974/suppl_file/ac0c04974_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.0c04974/suppl_file/ac0c04974_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.0c04974/suppl_file/ac0c04974_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.0c04974/suppl_file/ac0c04974_si_001.pdf
pubs.acs.org/ac?ref=pdf
https://dx.doi.org/10.1021/acs.analchem.0c04974?ref=pdf


TCEP, leading to the IdeS-cleaved and TCEP-reduced
fragments (LC, Fd′, and scFc with different glycoforms).
Moreover, we have shown that microdroplet digestion can be
achieved in both volatile and nonvolatile aqueous buffers; thus,
other biochemical reactions are likely to occur in micro-
droplets. In addition, glycated IgG1 after incubation with
glucose was digested successfully in microdroplets and
analyzed by MS. Furthermore, microdroplet reaction coupled
with online EESI-MS analysis would be an alternative approach
having the least time for digestion, reduction, and detection
without sample pretreatment. We also achieved rapid
deglycosylation of IgG1 by the PNGase F enzyme in the
microdroplets. Although only NIST IgG1 was selected as a test
sample, we believe that all these workflows and approaches are
general and will greatly aid in the efforts to reduce the analysis
time and improve the throughput of mAb characterization.
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