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ABSTRACT: Hydrogen/deuterium exchange monitored by
mass spectrometry (HDX-MS) has become a routine approach
for sensitive analysis of the dynamic structure and interactions of
proteins. However, transient conformational changes and weak
aﬃnity interactions found in many biological systems typically
only perturb fast-exchanging amides in proteins. Detection of
HDX changes for such amides require shorter deuterium labeling
times (subsecond) than can be performed reproducibly by
manual sample handling. Here, we describe the development and
validation of a microﬂuidic chip capable of rapid on-chip protein
labeling and reaction quenching. The fastHDX thiol-ene
microchip is fabricated entirely using thiol-ene photochemistry.
The chip has a three-channel design for introduction of protein
sample, deuterated buﬀer, and quench buﬀer. Thiol-ene based monolith plugs (i.e., polymerized thiol-ene emulsions) situated
within microchannels are generated in situ using a 3D-printed photolithography mask. We show that eﬃcient on-chip mixing
can be achieved at channel junctions by spatially conﬁned in-channel monolith mixers. Using human hemoglobin (Hb), we
demonstrate the ability of the chip to perform highly reproducible HDX in the 0.14−1.1 s time frame. The HDX of Hb at 0.14−
1.1 s, resolved to peptide segments, correlates closely with structural features of the crystal structure of the Hb tetramer, with
helices exhibiting no or minor HDX and loops undergoing pronounced HDX even at subsecond time scales. On-chip HDX of
Hb at time points ranging from 0.14−1.1 s demonstrates the ability to distinguish fast exchanging amides and thus provides
enhanced detection of transient structure and interactions in dynamic or exposed regions of proteins in solution.

M

subjected to liquid chromatography−mass spectrometry (LC−
MS) analysis.
Unfortunately, current state-of-the-art HDX-MS technology
is sometimes limited by the requirement for extensive, and
occasionally error prone, sample pretreatment steps. For
example, transient conformational changes and weak aﬃnity
interactions found in many biological systems typically only
perturb fast exchanging amide groups in a protein.4,5 The
detection of HDX changes of such amides requires shorter
labeling times (milliseconds) with deuterium buﬀer than are
routinely feasible without introducing too high an error using a
conventional workﬂow, which currently allows for a minimum
labeling time of 10−15 s. Thus, while HDX-MS is potentially
an ideal approach to study such transient protein structures
and interactions, current state-of-the-art HDX-MS setups are
not applicable to the routine study of highly dynamic systems.
Eﬀorts to label at shorter time points have primarily made use
of capillary-based quenched-ﬂow HDX-MS setups6−9 to enable

any proteins of scientiﬁc interest are not amenable to
traditional gold standard structural analysis techniques,
such as NMR and X-ray diﬀraction, as they either are too
complex in terms of size and covalent modiﬁcations, too
unstable, too dynamic or cannot be produced in the quantities
required. Hydrogen/deuterium exchange coupled to mass
spectrometry (HDX-MS) has emerged as a powerful, uniquely
sensitive biophysical tool for the study of proteins in solution.
By measuring the exchange of backbone amide hydrogen for
deuterium, the method can relay peptide or residue speciﬁc
structural information and generate new insights into the
solution-phase structure and dynamics of proteins inaccessible
by other methods.1 Complex and fragile biological systems,
such as protein−protein complexes,2 or weakly bound
protein−drug complexes,3 can be probed using HDX-MS as
only small quantities of material (picomoles) are required
allowing analyses to be completed with dilute samples (<5
μM). The classical bottom-up HDX-MS workﬂow, which
involves digestion of protein following deuterium labeling, is
compatible with proteins systems of theoretically unlimited
size as the proteolytic peptides, and not the entire protein, are
© 2018 American Chemical Society
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including labeling over a variable time-range with online
digestion and direct interfacing with MS.32,34,35 Other liquid
mixing approaches include channel geometries promoting
chaotic ﬂow, hydrodynamic focusing,36−38 and acoustic wave
nebulization.39 The use of monolith plugs for the mixing of
liquids has previously been explored;40,41 however, the exact
mixing mechanism remains unexplored and further optimization of monolith morphology and polymerization is required.
Here, we describe the development and validation of a
thiol−ene microﬂuidic chip capable of rapid on-chip protein
labeling with deuterium and subsequent sample quenching.
This fastHDX microchip does not make use of capillaries and
is made entirely of thiol-ene-based polymers. The chip
comprises protein, deuterium buﬀer, and quench buﬀer
channels and allows collection of quenched samples compatible with subsequent injection onto conventional HDX-MS
systems. Eﬃcient on-chip mixing at channel junctions is
achieved by use of a custom 3D-printed photolithography
method to create spatially deﬁned regions of monolith plugs
within the chip microchannels. Two monolith plugs are
selectively photocured in situ at the convergence of the protein
and the deuterated buﬀer microchannel and the following
convergence with the quench buﬀer microchannel. We verify
monolith morphology and show that the channel volume
constrictions resulting from the monolith plug create a
nanoscale ﬂow-mixer, which allows for very eﬃcient mixing
of solutions. Using the model protein hemoglobin (Hb), we
validate the performance of the fastHDX chip in terms of
deuterium labeling reproducibility and robustness in comparison to data from manual sample handling and demonstrate the
ability of the chip to facilitate HDX in the 0.14−1.1 s time
frame. The deuterium loss during operation (back-exchange) is
also assessed in comparison to manual sample handling, and
the nonspeciﬁc binding capacity and protein carry-over of the
chip is quantitated using a mixture of proteins.

the detection of structure on a millisecond time scale.
Quenched-ﬂow setups can, however, require signiﬁcant
expertise to implement and operate and can lack versatility,
for instance, requiring long sample loading times, thus
increasing sample consumption and limiting the time-range.
Furthermore, these setups can lack robustness requiring
signiﬁcant day-to-day calibration/maintenance. Nonetheless,
it should be noted that, for instance, the capillary-based
quench-ﬂow setup by Keppel et al.10 combined high
repeatability with both access to extended time-ranges
(0.05−5 s) and ﬂow-injection via a sample loop to limit
sample consumption. Another HDX approach to study
transient structure has been to decrease pH during labeling
with deuterium4,11 to reduce the rate of exchange and thus the
need for fast sampling of the deuterium labeling reaction.
Labeling proteins with deuterium at nonphysiological pH may
incur artifactual structural changes, and furthermore, many
proteins with transient structure are pH sensitive and therefore
not amenable to low pH experiments resulting in incorrect
structural information.
Microﬂuidic chip-based devices provide a compelling
alternative to quenched ﬂow systems for the HDX-MS analysis
of challenging systems. Microﬂuidic devices consist of
microscale structures fabricated for the precise handling of
liquid samples. Microﬂuidics provides signiﬁcant advantages
over traditional bulk solution chemistry; lower sample volumes
are required, and the prospect of multiple microchips allows
for high throughput. Microﬂuidic devices are also highly
portable, and multiple diﬀerent processes can be incorporated
into a single device. The use of microﬂuidic devices to perform
a variety of analytical experiments is a rapidly expanding ﬁeld
of research; microﬂuidic devices are now utilized in
applications such as biosensing,12 optical detection,13,14 and
electrophoresis.15,16 Several excellent reviews detailing the
history and applications of microﬂuidics can be found
here.17−23
Traditionally, microﬂuidic devices are fabricated using glass
or silicon, although polymeric materials, in particular
polydimethylsiloxane (PDMS), are now routinely used in
academia. Another such polymeric material used is the thiolene polymer family; the thiol-ene click reaction is characterized
by a radical addition reaction between a thiol and an alkene to
produce an alkyl.24 Multifunctional thiol-ene monomers can be
used to synthesize thiol-ene polymers, with modiﬁcations to
the thiol-ene polymerization reactants’ stoichiometry yielding
an excess of functional groups at the polymer surface.25,26
Thiol-ene photochemistry provides mild reaction conditions,
site-speciﬁcity, and high spatial resolution and eliminates the
lengthy, expensive, and labor-intensive fabrication steps
associated with commonly used glass-based chips. Oﬀstoichiometric thiol-ene (OSTE) polymerization has recently
been exploited for the in-channel immobilization of biomolecules26−28 as well as the formation of monolithic
structures with varying morphologies in a single step method.29
The use of microﬂuidic devices for the mixing of liquids is an
expanding area of research. Microﬂuidic devices used for
subsecond labeling of proteins with deuterium have previously
been demonstrated.9,30−32 A chip-based microﬂuidic device
with an adjustable capillary for subsecond HDX of proteins has
previously been reported.32,33 This device mixed liquids via
restriction of the microchannel dimensions using an external
capillary,9,33 thereby decreasing the diﬀusional path and
demonstrating considerable versatility and applicability,

■

MATERIALS AND METHODS
Chemicals and Reagents. All reagents were purchased
from Sigma-Aldrich (Brøndby, Denmark) and are of analytical
grade except where otherwise stated. Lucirin TPO-L was
obtained from BASF (Ludwigshafen, Germany). The Sylgard
184−poly(dimethylsiloxane) (PDMS) elastomer kit was
obtained from Dow Corning (Midland, MI). Acetonitrile
(ACN) (LiChrosolv) was obtained from VWR (Søborg,
Denmark). Phenolphthalein, potassium iodide and sodium
hydroxide were obtained from (Merck, Darmstadt, Germany).
Immobilized pepsin beads were purchased from (Thermo
Scientiﬁc). HDX reference peptide P7I was synthesized by
GenScript (Piscataway Township, NJ). Pentaerythritoltetrakis(3-mercaptopropionate), “T4”; triallyl-1,3,5-triazine2,4,6-(1H,3H,5H)-trione, “A3”; ﬂuorescein sodium salt (BioReagent); albumin−ﬂuorescein isothiocyanate conjugate; poly(ethylene glycol) methyl ether thiol (M = 2000 Da); guanidine
hydrochloride (GdnHCl); Trizma hydrochloride; and human
hemoglobin (Hb) (lyophilized powder) were obtained from
Sigma-Aldrich (Brøndby, Denmark). “Black Pro1” ﬁlament
(2.85 mm, Innoﬁl 3D, Emmen, The Netherlands)) was
purchased from 3DPrinthuset (Copenhagen, Denmark).
Fabrication of Microﬂuidic Chips. A stoichiometric (ST)
mixture of “T4” and “A3” was used for the manufacturing of
thiol-ene (TE) chips by the two-step replica molding process
described in detail elsewhere.27,42 In addition to the previously
described workﬂow, the assembled chip was further exposed to
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UV ﬂood light for 10 min after demolding to ensure full
bonding of the two polymer parts used to make a chip (Figure
1A).

Figure 2. Monolith optimization and improved in-channel spatial
localization. (A−C) SEM images of monolith optimization. Monolith
plugs with diﬀerent photo initiator (TPO-L) concentrations: 0.01%
w/w (A), 0.04% w/w (B), and 0.1% w/w (C). FastHDX chip channel
without monolith (D), with monolith generated by blue prototype
mask (E, I) and the monolith generated by the optimized black mask
(F, I). Channels have been outlined by a black line (D−F). Stray light
from the two masks are referenced each by an image with no backlight (G,H). The red circles (G−I) indicate the location of the mask
apertures.

Figure 1. Image of a representative fastHDX chip and schematic
representation of the fastHDX setup: (A) fastHDX chip photograph
and schematic with annotations of inlets and dimensions. Protein
sample (inlet A), ﬁrst, converges and mixes with deuterium buﬀer
(inlet B) at the monolith plug junction (white), and second, labeled
protein sample is quenched by mixing of quench buﬀer (inlet C) at
the second monolith plug junction (white) before exiting at the outlet.
The red circles in panel A indicate the placement of monolith mixers.
(B) The fastHDX setup consists of an LC pump system, two injection
valves, and a chip holder. Carrier buﬀers (20 mM tris, LC inlets A and
B) ﬂush protein and deuterium plugs to the chip holder and quench
buﬀer (300 mM phosphate, pH 2.3 LC inlet C) is infused directly.
The labeled and quenched protein sample is collected in a tube
cooled by a mixture of dry ice and ethanol (<−50 °C).

in-house custom designed 3D-printed mask was used for the
site-speciﬁc exposure of collimated UV light (40 s, 20.5 mW
cm−2 at 365 nm, LS-100-3C2 near UV light source, Bachur and
Associates, Santa Clara, CA) to the chip channel junctions,
followed by removal of nonpolymerized emulsion from the
channels with nitrogen-gas and exposure to UV light for an
additional 10 s.
FastHDX Chip Setup. The fastHDX chip setup (Figure
1B) consists of one HPLC-pump system (2 × Auxillary
Solvent Managers, nanoACQUITY, Waters, Milford, MA), and
two Rheodyne injection valves each equipped with a loop (5
and 100 μL, respectively). Capillaries (25.4 cm in length, 75
μm i.d.) ensure a low dead volume connection between the
injection valves and chip holder. The fastHDX chip holder
(Figure S1) is a modiﬁed version (contains four ﬂuidic
connectors) of a custom designed 3D-printed chip holder for
digestion, described in detail elsewhere.27 HDX buﬀer (20 mM
Tris, pH 7.4, 150 mM NaCl) was used as the carrier buﬀer for
the protein and deuterium buﬀer plugs to the fastHDX chip
(Figure 1B). Quench buﬀer (300 mM phosphate buﬀer, pH
2.3) was supplied to the chip through an ice cooled metal loop.
In the fastHDX chip (Figure 1A), the injected protein and
deuterium buﬀer plugs (inlets A and B) converge and mix in
the monolith mixer of the ﬁrst channel junction. This is
followed by an additional mixing of the labeled sample with

Fabrication of Custom Designed 3D-Printed Mask.
Spatially conﬁned monoliths were realized by use of a custom
designed 3D-printed lithographic mask (Figure 2I). The mask
(mask dimensions: 29 mm × 29 mm × 2 mm deep, with 1 mm
deep pocket for chip alignment of the two 0.68 ± 0.02 mm
circular apertures to the channel junctions) was designed using
a computer-aided-design (CAD) software (Autodesk Inventor
Professional 2015, San Rafael, CA) and printed using an
“Ultimaker 2+” 3D printer (Ultimaker, Geldermalsen, The
Netherlands) loaded with “Black Pro1” ﬁlament (Innoﬁl 3D,
Emmen, The Netherlands) at 80 μm layer height, 1.2 mm wall
thickness, and 100% inﬁll.
Monolith Preparation. Monoliths were generated from an
emulsion of ST-TE and methanol (80% w/w) by a method
described in detail elsewhere.27 In addition to this method, the
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with 1% (w/w) poly(ethylene glycol) methyl ether thiol
(Sigma-Aldrich) (average M = 2000 Da) and 1% (w/w)
Lucirin TPO-L in methanol. The reaction was initiated by
exposure of collimated UV light (3 min, 20.5 mW cm−2 at 365
nm, LS-100-3C2 near UV light source, Bachur & Associates,
Santa Clara, CA), while a ﬂow of 10 μL/min of the coating was
infused into the chip. Nonspeciﬁc binding assessment of
PEGylation of thiol-ene fastHDX chips (60% excess ene) was
carried out using the same fastHDX collection method and
running conditions as was applied to study the regular thiolene (stoichiometric) fastHDX chips.
Data Analysis. Peptide Mapping. Identiﬁcation of
peptides from Hb digestion was carried out using four data
independent acquisition (MSE)27 runs of nondeuterated Hb
digests following a database search using ProteinLynx Global
Server 3.0 (PLGS, Waters, Milford, MA) software. The
assigned peptides were ﬁltered using the software DynamX
3.0 (Waters, Milford, MA) based on the following parameters:
minimum two product ions, minimum 0.2 product ions per
amino acid, maximum 10 ppm mass error on precursor ion,
and the additional criteria of identiﬁcation of peptides in a
minimum of three out of four consecutive MSE runs for the
peptide to be included in a reference peptide list.
Deuterium Incorporation. Deuterium contents and standard deviations were calculated by DynamX 3.0 for each peptide
and plotted in uptake curves. To compare the HDX of
diﬀerent peptide segments of Hb and allow for structural
interpretations to be made and/or to compare the HDX of Hb
resulting from on-chip and manual labeling, peptide deuterium
contents were normalized (in %) to the deuterium contents of
the maximally labeled control sample and plotted as a function
of peptide number (from N- to C-terminus). Normalization of
labeling data to the maximally labeled control was carried out
using the following equation Dcorr = (m − m0%)/(m100% −
m0%).43
Statistical Analysis. An unpaired two-tailed student t test
or a one-way ANOVA were employed for determining
statistically signiﬁcant diﬀerences (α = 0.05) in the HDX of
the hemoglobin alpha chain (Hbα). Multiple comparisons (t
tests, α = 0.01, no correction) were employed for determining
statistically signiﬁcant diﬀerences in HDX at the peptide level.
All signiﬁcance determinations, regression, and slope comparison analyses were performed using GraphPad Prism 6.01 for
Windows (GraphPad Software Inc., La Jolla, CA).44
Data Representation. Scale bars on images are reported
relative to a channel width of 500 μm, or in the case of images
missing a channel for reference, a reference length was used
(ImageJ, U.S. National Institutes of Health, Bethesda, MD).
Results from peptide mapping were exported from DynamX
3.0 to Microsoft Excel 2016 MSO (Microsoft Corp., Redmond
WA) to enable the input to GraphPad 6.01. Adobe Illustrator
CS 6 was used to present crystal structure and uptake curves/
helices in close proximity to the GraphPad produced graphs.
To allow access to the HDX data of this study, the HDX
Data Summary Table (Table S4) and the HDX Data Tables
(Tables S5−S8) are included in the Supporting Information
according to the community-based recommendations.45

quench buﬀer (inlet C) in the monolith mixer of the second
channel junction, before proceeding to the outlet that connects
to an in-house sharpened PEEK tubing (i.d. 250 μm). The
deuterium labeled and quenched protein is collected in a tube
submerged in dry ice cooled ethanol (temperature less than
−50 °C) using timed collection. The collected fraction is
immediately manually transferred to a freezer (−80 °C) for
storage.
On-Chip Solution Mixing by Monolith Plugs. Two twochannel syringe pumps (2 × NE-4000, New Era Pump
Systems, Inc., Farmingdale, NY) were used to supply distilled
deionized water (DDW), ﬂuorescein, and another supply of
DDW water (each at 3 × 16 μL/min) to a fastHDX chip. The
mixing eﬃciency of in-channel monoliths was assessed by
ﬂuorescence detection using an inverted microscope Olympus
IX71 (Olympus Corporation, Tokyo, Japan) with a Canon
550D digital camera (Tokyo, Japan).
Hydrogen−Deuterium Exchange (HDX). Manual HDX.
Manual HDX was carried out using 5 μL of Hb spiked with the
reference peptide P7I (1000:2 Hb to P7I, both prepared in
HDX buﬀer, P7I contained 0.1% ACN), 45 μL of deuterated
water spiked with HDX buﬀer (1:100) and 50 μL of quench
buﬀer. Short deuterium labeling times were obtained by
involving two people; ﬁrst labeling the protein sample with
deuterium buﬀer (1:9) and afterward quenching the reaction
in ice cooled quench buﬀer (1:1) in a timed fashion. The
labeled and quenched sample was transferred directly to a
freezer (−80 °C) for storage.
FastHDX. HDX was performed using the fastHDX chip by
applying a constant ﬂow rate ratio of the protein containing
buﬀer, the deuterium buﬀer, and the quench buﬀer (1:9:10)
(Table S1). Prior to use, all chips were presaturated with at
least three injections of nonlabeled sample (see Supporting
Information page S-8) and blanks were injected in between
each on-chip labeling reaction to maintain low carry-over. The
maximally labeled controls were prepared manually using
deuterated HDX buﬀer spiked with 6 M Gnd HCl for 24 h at
room temperature.
Liquid Chromatography−Mass Spectrometry. All
labeled samples were thawed and injected (50 μL) onto a
cooled UPLC−MS system (nanoAcquity UPLC and HDX
manager, Waters, Milford, MA) equipped with a guard column
(2 cm in length, 2 mm i.d.) that is packed with pepsin
immobilized agarose beads (Thermo Scientiﬁc, 125 μm).
Trapping was carried out using mobile phase A (0.23% formic
acid, pH 2.5, 200 μL/min) onto a trap column (Waters 2.1
mm × 5 mm VanGuard 1.7 μm BEH C18 precolumn, 1.7 μm).
Elution at 40 μL/min with a 7 min gradient from 8% to 40%
mobile phase B (ACN with 0.23% formic acid) and ionized by
positive ESI to a Q-TOF mass spectrometer (Synapt G2-Si
mass spectrometer, Waters, Milford, MA) with Glu-ﬁbrinopeptide B for lock mass correction of all spectra.
Carry-Over and Nonspeciﬁc Binding. The protein mixture
(Hbα, Hbβ, beta-lactoglobulin, and ubiquitin) was injected
(10 μM, 5 μL) on the fastHDX chip setup and mixed with
DDW to a ﬁnal volume of 100 μL to be collected and
subsequently injected onto an automated UPLC system
(nanoAcquity; Waters, Milford, MA). Trap and analytical
columns were identical to that used for analysis of labeled
samples but with a diﬀerent gradient (8−50% mobile phase B,
9 min).
PEGylation of fastHDX Chips. PEG-coating of newly
fabricated fastHDX chip (60% excess ene) was carried out

■

RESULTS AND DISCUSSION
Microﬂuidic Chip Fabrication. The fastHDX chip was
fabricated entirely by thiol-ene photochemistry using the twostep replica molding technique entailing the patterning of a
poly(methyl methacrylate) (PMMA) plate, demolding of
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polydimethylsiloxane (PDMS) molds, and ﬁnally casting of
thiol-ene microchips (see Materials and Methods). The chip
has a three-channel design for introduction of protein sample,
deuterated buﬀer, and quench buﬀer (Figure 1A) and was
operated via a custom designed 3D-printed chip holder (Figure
S1A,B) to allow operation by a simple HPLC pump system
and switching valve setup (Figure 1B). Thiol-ene monoliths,
placed at channel junctions, were generated by an optimized
procedure (Figure S2) to achieve a stable monolith network
with a wide range of interstitial spaces (<1−20 μm in
diameter) and improvement in the spatial conﬁnement of the
monolith plugs (Figure 2A−C).
Development of Method for Precise Monolith Plug
Placement for Eﬃcient In-Channel Mixing. In situ
photopatterning of monolith plugs was performed using a
custom-designed 3D-printed photolithography mask (Figure
2I). 3D printing of masks enabled rapid prototyping and swift
application of newly implemented design features. The optimal
design consisted of two holes (D, 0.7 mm), acting as light
apertures, and a chip-to-mask alignment pocket. This method
substantially enhanced the workﬂow for in-house generation of
monoliths plugs (length, 500−2000 μm) in contrast to
implementing standard photolithography workﬂows entailing
time-consuming alignment. Improving on the ﬁrst mask
prototype, which produced monoliths with only limited spatial
conﬁnement (Figure 2E), an optimized mask was printed using
black ﬁlament. This substantially limited stray light (Figure
2G,H) and in turn generated more spatially conﬁned
monoliths (Figure 2F).
On-Chip Solution Mixing by Monolith Plugs. Liquid
ﬂow in open microﬂuidic channels is characterized by laminar
ﬂow and mixing of two solutions is solely due to diﬀusional
transport. Monolith mixing plugs were developed with the
prospect of generating tortuous ﬂow paths to decrease the
necessary diﬀusion length and thereby substantially decrease
the time for the solutions to be fully mixed. Due to the
inherent variability in the morphology of monolith plugs, a
ﬂuorescence-based assay was developed to monitor mixing and
control the quality (QC) of manufactured chips before further
use in HDX-MS experiments.
A ﬂuorescent dye (ﬂuorescein) and DDW were infused by
syringe pump into the protein and deuterium channel of the
chip, respectively. The channel situated right after the
convergence of the two streams was visually inspected for
nonmixed laminae using an inverted microscope. This assay
enabled the veriﬁcation of the functionality of monolith mixers
in manufactured microﬂuidic chips prior to use in HDX-MS
experiments. Figure 3A−C shows the outline of the
ﬂuorescence-based mixing assay; an empty channel was used
as reference for the assay displaying only limited mixing in the
channel due to diﬀusion (Figure 3B). In contrast, the channel
with a functional monolith mixer (Figure 3C) displays
complete in-channel mixing also observable as an intensity
drop to approximately 50% at a ﬂow rate ratio of 1:1
(ﬂuorescein/DDW). Furthermore, complete in channel mixing
and reaction was conﬁrmed in a QC approved fastHDX chip
by exploiting the pH sensitivity of an indicator dye
(phenolphthalein) (Figure S3). Additionally, solutions of 10
μM albumin−ﬂuorescein isothiocyanate conjugate (FITCBSA) and 500 mM potassium iodide (KI) were applied and
mixed on-chip for direct comparison of mixing and distribution
of proteins in the microchannels (Supporting Information page
S-7 and Figure S4). A clear intensity drop of the FITC-BSA

Figure 3. On-chip solution mixing using monolith plugs. (A) Empty
chip channel. (B, C) Two solutions are pumped into the chip at 16
μL/min each, from left to right; ﬂuorescein is supplied from one
channel and DDW from the other. (B) Solutions converge in the
channel but remain as two distinct laminae. (C) Solutions converge at
the monolith plug and the ﬂuorescence intensity drops after the
monolith to about 50%.

signal was observed immediately after the mixing monolith
(Figure S4A), and the substantially lower intensity of FITCBSA along the channel after the mixing was constant and
evenly distributed in the full width of the channel (Figure
S4B). Hence, immediate and complete in-channel mixing also
of protein containing samples was achieved by the monolith
plugs of the fastHDX chip.
Investigating the Deuterium Labeling and Quenching Eﬃciency of the fastHDX Chip. The mixing eﬃciency
of the two in-channel photopatterned monolith plugs for
sequential mixing of (a) protein sample with deuterium buﬀer
and (b) labeled protein with quench buﬀer was measured by
comparing the deuterium uptake of Hbα in a chip without and
with monolith mixers. A signiﬁcant increase in the total
deuterium uptake of Hbα was observed when labeling with
deuterium and quenching using the chip containing monolith
mixers (14.3 ± 0.5 D, p = 0.005) to that of the chip without
the mixers (11.8 ± 0.5 D). The monolith mixers therefore
substantially improve the labeling eﬃcacy inside the microﬂuidic channels. Furthermore, a widening of the isotopic
envelope of Hb peptides would be expected in the case of
incomplete mixing.46 This was tested by comparing the width
of isotopic envelopes as produced by on-chip labeling with
deuterium (from 0.14−1.1 s) to that of manual labeling with
deuterium (1 s). For all Hbα−β peptides tested, the isotopic
envelope peak width resulting from on-chip labeling was
comparable or lower than that achieved by manual labeling,
providing further support for very eﬃcient mixing at both
channel junctions (Figure S6).
Nonspeciﬁc binding of injected protein samples to the chip
was investigated by injection of BSA and a protein mixture
(ubiquitin, bovine lactoglobulin, insulin, Hb) and found to be
minimized and acceptable following a few injections of the
protein of interest (see Supporting Information pages S-8 and
S-9 and Table S2). More importantly, protein carry-over was
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in good agreement with those resulting from manually
performed HDX (Figure 4).

assessed in three subsequent blanks after injection of protein
mixture with very low levels in the ﬁrst blank, and a further
reduction was seen in the subsequent two blanks (see
Supporting Information, pages S-8 and S-9, Table S2). Thus,
while nonspeciﬁc binding is not a major issue for application of
the chip on the proteins tested, we also successfully
manufactured a fastHDX chip (same design) in which the
monolith plugs were selectively PEGylated to increase
hydrophilicity. Nonspeciﬁc binding to this monolith
PEGylated thiol-ene chip (60% excess ene) was substantially
decreased for all tested proteins. Comparison to the standard
non-PEGylated monolith chip showed a decrease in unspeciﬁc
binding of ubiquitin, Hbα, Hbβ, and β-lactoglobulin of 49%,
14%, 77%, and 57%, respectively. Thus, PEGylation of the
monoliths as an approach to decreasing nonspeciﬁc protein
binding was therefore highly useful and could be particularly
relevant for minimizing nonspeciﬁc binding in the case of
particularly “sticky” proteins.
Comparison of On-Chip and Manual HDX. To allow a
more comprehensive comparison across a broader time-range,
we performed experiments using both the standard fastHDX
chip (capable of 0.14−1.1 s labeling time range) and a chip
with the same design except with an extended labeling channel
(capable of 1.1−8.5 s labeling time range). Two volumes were
deﬁned in the fastHDX chip, the volume within the monolith
mixer (“mixer” volume) and the volume that spatially separates
the two monolith mixers (“labeling” volume); for simplicity,
both volumes are represented by a residence time, either
“mixing” time or “deuterium labeling (HDX)” time,
respectively. To perform a quantitative comparison of manual
HDX to on-chip HDX, the on-chip HDX time (tHDX) was
calculated using the following equation tHDX = V“labeling” channel/
Q“labeling” channel, where Q“labeling” channel is the combined ﬂow rates
of protein and deuterium buﬀer passing through the labeling
channel volume, V“labeling” channel that is the volume of the
labeling channel (Figure 1A). The deuterium “labeling”
channel volume was determined to be 550 nL (all chip
channels are rectangular, see Figure 1A for dimensions). A
comparison of manual and chip performed HDX of Hb at
uncorrected 1, 2, and 4 s revealed that the on-chip deuterium
uptake was 20.1 ± 1.3% compared to manual deuterium
labeling at any given time point. This diﬀerence in deuterium
uptake corresponds to a labeling time oﬀset. To further
investigate the origin of this, the diﬀerence in deuterium
uptake of the Hbα resulting from several deuterium labeling
times of both manual and on-chip HDX was ﬁtted as a
function of log HDX time (Figure S5). Regression analysis
revealed a goodness of ﬁt (R2) of 0.96 and 0.97, respectively,
for the two data series, and when comparing the slopes of the
two regressions, the diﬀerences were found to be insigniﬁcant
(p > 0.05). Thus, Hb is labeled to the same degree per unit of
time in the chip as by manual HDX. The y-intercepts, on the
other hand, were as expected found to be signiﬁcantly diﬀerent
(p < 0.05).
The exact mechanism causing the labeling time oﬀset is yet
to be determined and may arise from a number of factors; for
further discussion, please refer to the Supporting Information
pages S-10−S-12). To account for this oﬀset, regression
analysis was used to perform a simpliﬁed correction of the
deuterium labeling time scale for the on-chip performed HDX
(Table S3). After this correction, the measured deuterium
uptake of all peptides of Hb resulting from on-chip HDX were

Figure 4. Comparison for 1 s HDX manually and on-chip.
Normalized deuterium uptake proﬁle of (A) Hbα and (B) Hbβ
labeling for 1 s manually and 1.1 s on-chip. Hb peptides are denoted
by their sequence identiﬁer (residue, start, and end).

Quantitating On-Chip Back-Exchange. To assess the
loss of deuterium label (back-exchange) in HDX samples
prepared using the fastHDX chip, the deuterium content of
bradykinin and angiotensin II was determined after 4 s of
deuterium labeling, quenching, and sample collection,
performed both on-chip and manually. Compared with manual
labeling, we observed insigniﬁcant diﬀerences (p > 0.05) of 0.5
± 1.8% and 0.6 ± 1.5% in the back-exchange for on-chip
labeling of bradykinin and angiotensin II, respectively. The
chip used for this comparison was identical to the regular
fastHDX chip design (for labeling times 0.14−1.1 s) but had a
longer “labeling” channel to achieve the 4.3 s on-chip labeling
time. The on-chip residence time of the quenched sample
before sample collection is approximately 1.1 s, and therefore,
shorter labeling time points (e.g., 550, 270, 190, and 140 ms)
obtained with higher ﬂow-rates should have even lower
residence time and thus back-exchange. Back-exchange when
using the fastHDX chip was therefore determined to be
comparable to (or lower) to that of manually performed HDX.
Chip-to-Chip Reproducibility. To assess the reproducibility of the fastHDX chip, on-chip labeling of Hb for 550 ms
in four fastHDX chips (chips A, B, C, and D) with identical
running conditions and solutions was performed. The
deuterium uptake of Hbα obtained from the four chips was
13.9 ± 0.4 D, 14.6 ± 0.8 D, 14.2 ± 0.5 D, and 15.4 ± 0.6 D,
respectively, with no statistically signiﬁcant diﬀerence between
these values (one-way ANOVA, p > 0.05). Peptides from onchip labeled and digested Hbα were also monitored as a
measure for interchip HDX reproducibility (Figure S7).
Deuterium uptake diﬀerences for Hb peptides were found to
be insigniﬁcant, with only 0−5 of the total 115 peptides in each
comparison of the four microchips tested displaying minor
(<10%) statistically signiﬁcant diﬀerences (p > 0.01). Thus, the
peptide-level results also demonstrate that the on-chip labeling
methodology is highly reproducible between separately
manufactured fastHDX chips that passed the QC assay as
described earlier.
Assessing the Robustness of the fastHDX Chip
Methodology. The analytical robustness of the method was
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corresponds to the structural importance of the F helix role
during quaternary shifts between the deoxy (T) and oxy (R)
conformational states of Hb.50 Strong protection is also
observed for Hbβ helices (βA-βC, βG-βH) with the remaining
helices (βD-βF) exhibiting moderate protection. However,
limited redundancy in peptides with identical N-termini limits
the information available from this method. Second, the
normalized deuterium uptake of 1.1 s on-chip HDX was
mapped to the crystal structure (PDB 4HHB) to allow for
closer structural inspection. Fraying was hereby determined in
most helices (A-B, F-H) of Hbα,β as also reported for
homologues elsewhere51 (Figure 6). In some instances, fraying

assessed by comparing the measured 550 ms on-chip HDX of
Hb directly after fabrication (“run 1”, injections 1−3; see
Figure S8) to HDX of Hb following heavy use (“run 2”,
injections 21−23), and subsequently after 2 months of use and
storage (“run 3”, injections 30−32). The three on-chip
experiments were thus performed with at least a month in
between and therefore subject to variations in external factors
to the HDX workﬂow (temperature ﬂuctuations and LC−MS
performance). However, the robustness of the fastHDX chip is
apparent, and the data show that on-chip HDX of Hb at 550
ms is of comparable magnitude even following extensive use
and prolonged storage of the fastHDX chip (Figure S8).
Investigating the HDX of Hb by fastHDX Labeling. To
demonstrate the versatility of the fastHDX chip for
investigating protein conformation, ﬁrst, the normalized
deuterium uptake of on-chip HDX for 0.14 s of Hb peptides
was used to make a crude secondary structure map (adapted
from ref 33) (Figure 5). The resulting peptides from Hb

Figure 5. Secondary structure map of Hb HDX at 0.14 s. The
deuterium uptake of Hb after 0.14 s, normalized to a maximally
labeled control, is shown in relation to the residue number (in blue)
of Hbα (A) and Hbβ (B). The total sequence coverage is shown as
bars (in gray). The peptides that have their normalized deuterium
uptake mapped to a residue have been highlighted (in green).
Secondary structure (helix) is shown as cylinders (in red, PDB
4HHB).

Figure 6. Crystal structure of human Hb mapped with on-chip HDX
for 1.1 s and deuterium uptake proﬁles of representative peptides in
the 0.14−1.1 s time frame (PDB 4HHB). Coloring of the crystal
structure is based on measured HDX values normalized to the
maximally labeled control. Deuterium uptake of four peptides (A−F)
with diﬀerent HDX proﬁles are shown from 0.14−1.1 s with the
deuterium uptake of the maximally labeled control indicated by a red
cross.

digestion available for on-chip HDX analysis are shown as bars
(gray). Each residue was assigned the normalized uptake of the
peptide that overlapped with it (green) and, if possible, that
enabled more localized uptake information in other parts of the
sequence, by subtraction of longer peptides with identical Ntermini (partly colored green) (Figure 5). Sublocalization of
deuterium levels by subtraction of peptides was furthermore
only performed when the peptides had identical N-termini and
exhibited similar (below 10%) average back-exchange as
measured in the maximally labeled control sample.47−49 The
two maps of Hb allow us to identify four protected regions
(αB, αE, αG, and αH) of Hbα. Fraying is observed in both Hbα
(αF) and in the hemoglobin β chain (Hbβ) (βF) and

is observed to start at speciﬁc residues responsible for binding/
stabilization of heme groups (αHis87, αPhe98, βPhe103). An
increase in HDX is observed in the middle of two helices (αH
and βH) at residues αLys127 and βGln13; this agrees with the
presence of salt bridges to residues αArg141 and αHis103,
respectively, bridging the complex of α1β1−α2β2, as also
reported in the literature.52−54 Additionally, the on-chip HDX
of Hb ﬁts with the manual HDX information, but the on-chip
data also ﬁt some of the dynamics of the structural homologue
bovine Hb as reported by Sowole and Konermann.55 Thus,
using human Hb as a model, we demonstrate the ability of the
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was found comparable to that observed for manually prepared
HDX reactions. The robustness of the fastHDX chip
methodology was investigated by performing triplicate 0.55 s
on-chip HDX reactions of Hb before and after heavy usage and
after 2 months of usage/storage. Good agreement between the
peptide-resolved deuterium uptake demonstrated the stability
of the chip fabrication and good robustness of the fastHDX
chip method. The HDX of Hb at 0.14 s, resolved to peptide
segments, correlates closely with known structural features of
the Hb tetramer crystal structure. On-chip HDX of Hb at time
points ranging from 0.14 to 1.1 s (Figure S9) exemplify the
ability of the fastHDX chip to resolve the HDX of fast
exchanging amides and thus to improve detection of the
conformational features such amides are involved in. This
capability of the fastHDX chip, together with its robustness
and ease of use, should prove very useful for improving the
HDX-MS method to detect weak ligand binding interactions
and transient structure in dynamic or exposed regions of
proteins.

chip to perform highly reproducible HDX in the 0.14−1.1 s
time frame that agrees well with previous studies.
Comparison to Other Quench-Flow Devices for Fast
HDX Reactions. The current microﬂuidics device is distinct
as it does not make use of capillaries and is manufactured
entirely from thiol-ene polymer. Furthermore, the mechanics
of the in-channel solvent mixing are unique and achieved very
eﬃciently by use of in situ placed monoliths. These distinct
features of the device provide advantages in terms of ease of
manufacture, physical stability, and robustness. Furthermore,
chip-to-world interfacing is achieved by a custom-made 3D
printed chip-holder, making it possible to use conventional LC
ﬁttings and ensuring pressure tolerances up to at least 700 psi.
While the current chip design does not allow the same
extended time range as some of the earlier HDX quench-ﬂow
devices,10,33 we demonstrate that the chip design provides very
good method robustness and repeatability in the 0.14−1.1 s
time frame. Extended time-regimes (>1.1 s) can readily be
achieved using the same chip-design template but require a
longer labeling channel, and we manufacture and show use of
such a chip variant (Table S3). A previously reported chipdesign used an external adjustable capillary for HDX9 and also
incorporated immobilized pepsin to allow proteolysis and
direct interfacing with MS, albeit without chromatographic
separation. In contrast, the current chip-design aimed to
achieve fast, eﬃcient, and reproducible labeling and quenching,
while ensuring that the quenched samples were compatible
with subsequent oﬄine analysis on conventional top-down or
bottom-up HDX-MS systems. Furthermore, the 3D printed
chip holder should also allow direct online interfacing of the
designed chip with conventional HDX-MS systems via a
sample collection loop. These features could widen the use of
the designed chip, as the conventional workﬂow with
chromatography provides considerable beneﬁts in terms of
robustness, tolerance to sample buﬀers, protein size, and
lowered sample concentrations. In this manner, the applicability and performance of the current chip-design is similar to
that of the nonchip, capillary-based setup described by Keppel
et al.,10 which also allows ﬂow-injection for minimal sample
consumption and produces samples compatible with injection
onto conventional HDX-MS systems.
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CONCLUSIONS
In this article, we described the development and demonstrated the utility of a microﬂuidic chip for performing fast
hydrogen−deuterium exchange (HDX) reactions. The microﬂuidic chip is comprised of protein, deuterium, and quench
buﬀer channels with two monolith plugs selectively photocured
in situ at the convergence of the protein and deuterium buﬀer
microchannels.
On-chip HDX reactions of Hb performed for 0.55 s on a
chip without and with monolith plugs at each channel junction
revealed that monolith mixer plugs enabled eﬃcient and
precise labeling. At an HDX labeling time of 1.1 s, the fastHDX
chip produced a deuterium uptake of Hb comparable to that
resulting from a more complicated manual sample handling
procedure. By altering the ﬂow rate of solutions, on-chip
protein labeling times from milliseconds to seconds were
reproducibly achieved.
The ability of the chip design to perform highly reproducible
HDX was established by comparison of the performance of
four fastHDX chips, and the loss of deuterium label (backexchange) during on-chip quenching and sample collection
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