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Abstract
An integrated microfluidic device has been developed to perform 1024 in situ click chemistry
reactions in parallel using the bovine carbonic anhydrous II (bCAII) click chemistry system as a
proof-of-concept study and a rapid hit identification approach using SPE purification and
electrospray-ionization mass spectrometry, multiple reaction monitoring (MRM) analysis, all of
which improves the sensitivity and throughput of the downstream analysis.

“In situ click chemistry” is a target-guided synthetic (TGS)1–8 method for the fast and efficient
production of multiple potential biligand enzymatic inhibitors. One of the best known examples
of click chemistry is the assembly of complementary azide and acetylene building blocks inside
the binding pockets of the target through a Huisgen cycloaddition reaction.7,9 Over the past
six years, the TGS methodology has been successfully applied for the preparation of inhibitors
for a variety of targets, such as acetylcholine esterase (AchE),7,10,11 bovine carbonic
anhydrase II (bCAII),12,13 protein tyrosine phosphatases,14,15 HIV protease,16 and
metalloproteases.17,18 Recently, the application has been extended for in situ templated
synthesis of a small molecule at the protein-protein binding site in an important apoptosis
pathway – Bcl-XL. 19 However, there have been challenges which hampered the broader
application of the approach – namely inadequate flexibility in the platform which restricted
the number of possible permutations of a given synthetic route, the high consumption of target
proteins and reagents (typically 1–10 nmol range), some of which are scarce and difficult to
obtain, and the lack of efficient/sensitive screening technologies for checking reaction products
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and subsequent hit identification. A solution to these challenges is the development of an
operational platform capable of multiplexing in situ click chemistry reactions with
simultaneous improvements in the throughput and sensitivity of the hit-identification approach
in order to accelerate screening speed and reduce protein/reagent consumption. Most
importantly, this new platform must be operated in an automated fashion to avoid human errors,
and to enhance operation efficiency and fidelity. With intrinsic advantages including sample/
reagent economy,20–29 precise fluidic delivery,30 scalability and automation,31–33 integrated
microfluidic devices provide an excellent operational platform for efficiently performing
multiplexed in situ click chemistry applications.

Previously, we constructed an integrated microfluidic chip platform for parallel synthesis and
screening of 32 in situ click chemistry reactions. 13 In the 1st-generation design, the known
bCAII click chemistry system composed of an acetylenic benzenesulfonamide and multiple
complementary azides, achieved a 5–12-fold improvement in sample/reagent economy and
comparable experimental fidelity over that obtainable with conventional 96-well plates.12 The
flexible design provided ample opportunity for further improvement, especially to increase the
number of screening reactions, to reduce the consumption of sample/reagent, and to accelerate
operational speed for not only the formation of a screening library but also for hit identification.

Herein, we describe a 2nd-generation integrated microfluidic platform in which 1024 click
chemistry parallel syntheses were performed with subsequent off-line hit identification. Due
to the improved design, the time required for preparing a single click reaction was reduced
from 1.0 min (1st-generation) to 17 s (2nd-generation). In parallel, a miniature reverse phase
clean-up step (ZipTip®, Fig. S1, ESI†) was developed to remove polar/charged reagents (in
this case DMSO and PBS salts) from the reaction mixtures that would otherwise interfere with
direct electrospray ionization (ESI) mass spectrometry (MS) used for hit identification. This
step eliminated the need for a time-consuming liquid chromatographic (LC) step in the process.
Furthermore, by using parent → fragment ion (P → F) transitions, created during collisionally
activated decomposition and monitored on a triple quadrupole mass spectrometer, the resulting
traces (multiple reaction monitoring (MRM) traces) simplified the hit identification procedure
into an easily interpreted, and potentially automatable, format. As a result, the time required
for hit identification is significantly reduced (15 s per reaction, 2 min/8 samples) compared to
the original LC–MS-based method (40 min per reaction). The combined applications of
ZipTip® and ESI-MRM enhanced the sensitivity for hit identification, resulting in reduced
enzyme and reactant consumptions. The 2nd-generation platform described here utilized a total
reaction volume of approximately 400 nL, containing approximate 12.4 pmol (360 ng) of
enzyme, 120 pmol of both the acetylene and azide, compared with the 4 µL reaction mixture
containing 0.655 nmol (19 µg) of enzyme, 2.4 nmol of acetylene, and 3.6 nmol of azide,
employed in the 1st-generation platform. Overall, a 20–50-fold improvement in sample
economy was achieved with the 2nd-generation platform. A side-by-side comparison of sample/
reagent consumption and reaction times among the conventional 96-well approach and the two
generations of microfluidic platforms is summarized in Table S1(ESI†).

To reliably produce over a thousand reactions in a single operation, the 2nd-generation
microfluidic chip (Fig. 1) comprises four components: (i) a pair of
microfluidicmultiplexers31 for regulating the 2 × 16 individually addressed reagent inlets; (ii)
a 150 nL rotary mixer for mixing reagents for each reaction; (iii) a 250 nL serpentine channel
to accommodate additional PBS to give each reaction the volume (400 nL) required for
subsequent manipulation, and to complete the mixing of reagents; (iv) a replaceable 20-cm
long poly(tetrafluoroethylene) (PTFE) tube (Fig. 1c) connected to the outlet of the chip to serve
as a reservoir for accommodating the reaction mixture slugs emerging from the chip. Following
our previous protocol,13 a click chemistry library composed of 8 acetylenes (I–VIII, deployed
in duplicate) and 16 azides (1–16) was assembled (Table 1). Four different types of reaction
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conditions were tested in parallel to give 1024 individual reaction mixtures. These four
conditions are: (i) 128 duplicated reactions with CuI-catalysis to generate reference products;
(ii) 128 duplicated reactions between eight acetylene (I–VIII) and 16 azide (1–16) reactants
in the presence of bCAII; (iii) 128 duplicated control reactions performed as in (ii) but in the
presence of inhibitor 17 to confirm the active-site specificity of the reactions; and (iv) 128
duplicated blank reactions performed as in (ii), but in the absence of bCAII, to monitor
catalysis-independent product formation. Under these conditions, each reaction consumes 20
nL of one acetylene solution (6 mM, 120 pmol), 20 nL of one azide solution (6 mM, 120 pmol),
and 110 nL of bCAII (113 µM in PBS) solution. The CuI catalyst solution contained 0.15 mM
CuSO4, 3 mM sodium ascorbate and 0.06 mM tris((1-benzyl-1H-1,2,3-triazol-4-yl)methyl)
amine in PBS (pH 7.4). The inhibitor 17 was dissolved in DMSO and then diluted with the
bCAII solution to give final concentrations of 17 and bCAII of 2 mM and 113 µM, respectively.
In the blank reactions, the bCAII solution was replaced with PBS.

By using a computer-controlled interface (LabView, National Instrument Inc.) multiple steps
were programmed for automated control of the introduction of all reagents for each reaction.
The operation was pneumatically controlled via valve-regulated back-pressure and vacuum
suction to control the movement of each reaction slug through the channels (Fig. S1, ESI†).
Using the bCAII reaction between acetylene I and azide 1 as an example, the sequence of steps
involved in the preparation of each reaction mixture were: firstly, simultaneous introduction
of 20 nL of acetylene I and 20 nL of azide 1 solutions into the rotary mixer; secondly, this was
followed either by 110 nL of the bCAII solution, or the CuI, the bCAII with inhibitor or PBS
solutions to generate the enzymatically catalyzed, CuI-catalyzed, inhibited, and blank
reactions, respectively; thirdly, the reaction mixtures were mixed by continual cycling in the
rotary mixer; fourthly, additional PBS was introduced to bring the reaction volumes to 400 nL
and to flush the mixtures into the serpentine channel used for final mixing; fifthly, the reaction
mixture solution was then expelled into the PTFE tube in the form of a slug. To prevent cross
contamination between two reaction mixture slugs, air and PBS buffer slugs were introduced
in-between each reaction slug.34–36 Eight reaction mixtures were stored in each PTFE tube,
which were then manually replaced for the next batch of eight reaction mixtures. Excluding
the time required for replacing the PTFE tubes, the entire procedure for preparing the 1024
reaction mixture screening library was completed in 290 minutes (ca. 17 s/cycle). The reaction
mixtures were sequentially generated and stored in 128 separate PTFE tubes which were placed
in a moisture-regulated incubator at 37 °C for 40 h to complete the reactions. There was no
visible volume change of the reaction mixture slugs inside PTFE tubing during the incubation.
Once the incubation was completed, the reaction slugs inside the PTFE tubes generated from
the reaction conditions (i) and (iv) were pneumatically expelled with water (10 µL) into 200
µL microcentrifuge tubes; those under the conditions (ii) and (iii), were expelled with 10 µL
guanidine solution (0.1M) to denature the bCAII and release the triazole products. A
miniaturized solid phase extraction procedure (SPE) with ZipTip® (Millipore, C18) pipette
tips were then used to pre-purify the products of the reactions (see details in Fig. S2, ESI†).
DMSO and PBS salts in the reaction mixtures were not retained, and the retained triazole
products were eluted with H2O/acetonitrile/formic acid (50/50/0.1, v/v/v, 20 µL) prior to MS
analysis.

The mass spectra and MSMS spectra of each product were first collected from the CuI-
catalyzed reactions by direct manual injection of the eluted materials into the ESI source of a
triple quadrupole mass spectrometer. Then the remaining elutes were screened for product
formation by MRM. The P → F transitions were used to manually identify the presence of
eight triazole products from a single injection (Fig. S3, ESI†). The limitation on monitoring
only eight reactions simultaneously is imposed by the mass spectrometer used in this work,
and could be expanded to one hundred or more with contemporary instrumentation. Continuing
the bCAII reaction between acetylene II and azide 1–5, 7, 8, 13, as an example, a positive result
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among the eight pairs of MRM transitions was recognized by a significant and reproducible
peak in the corresponding P → F transition for azides 1 and 13 only, and the absence of peaks
in reaction mixtures containing inhibitor 17 and PBS only (Fig. 2). The procedure carries an
in-built control in that the intensity of the transitions can be directly compared with the result
obtained from CuI-catalysis, so regardless of the efficiency of product ionization and fragment
ion yield, the results can be expressed as a percentage of the control reaction. Thus in this
example there is a strong hit for II + 1 and II + 13 (about 65 and 60%, respectively) and a
modest hit recorded for II + 8, as it is only about 10% of the control (Fig. 2).

All the click chemistry reactions between the acetylenes I–VIII and the azides 1–16 under the
4 reaction conditions (i)-(iv) were screened twice with consistent results which are shown in
Fig. S4.† The screening results for the in situ click chemistry reactions between the acetylenes
I–VIII and the azides 1–16 (summarized in Table 2) identified 39 hit reactions including 4
modest hit reactions using the 2nd-generation microfluidic platform. We also compared the
results of 8 in situ click chemistry reactions between acetylene I and 8 azides 2, 7, 8, 12–16
performed with the 1st- and 2nd-generation platforms (Table 2) but using two different hit-
identification methods. The result shows a consistency of 75% (6 out of 8 click reactions
showed consistent results), although the current enzyme consumption is only 1/50th of that
used by our 1st-generation platform.13

Conclusions
We have developed an improved platform for screening an in situ click chemistry library with
1024 reactions carried out in parallel by combination of integrated microfluidic, SPE
purification and ESI-MS MRM technology. The current platform not only accommodates
screening of up to 1024 reactions in parallel, but also significantly reduces reagent consumption
and screening time. Contemporary instrumentation could be directly interfaced with the next
generation of chips to handle on-line screening of large numbers of reactions. Furthermore,
the nature of the MRM readout lends itself to computerized interpretation so that the process
could be further automated. The construction of a fully automated system has the potential to
vastly increase the throughput of enzyme inhibitor discovery.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig 1.
(a) Schematic representation of the 2nd-generation integrated microfluidic platform. The
operation of the circuit was computer controlled using color-coded pressure-driven valves: red
– positive pressure, off/on; yellow – peristaltic pumping; green – vacuum. (b) Optical image
of the actual device. The various channels were loaded with dyes to visualize the different
components: red, yellow and green as in part (a) and blue indicated the fluidic channels. (c)
The PTFE tubing for off-chip incubation and storage of the reaction mixture slugs. Again, blue
and red dyes are used for visualization. Black scale bars are 3 mm.
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Fig 2.
Parallel MRM screening for 8 different products from the 2nd-generation platform between
acetylene II and azides 1–5, 7, 8 and 13 under 4 types of reaction conditions in the presence
of: i) CuI, (ii) bCAII, (iii) both bCAII and inhibitor 17, (iv) PBS only. These MRM traces were
obtained from 5 sequential injections (a–e) of SPE pre-processed samples. The arrows indicate
the time of each injection.
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Table 2

Summary of the screening results from the 256 in situ click chemistry reactions using the nd-generation
microfluidic platform including some results from the st-generation one. The results on the first row were obtained
via the LC-MS with the 1st-generation platform. For MRM-based hit identification, a threshold of 15% of control
is used for a positive result.

*
Peak heights for the MRM responses were expressed as a percentage of the response obtained with CuI-catalysis. Hit, modest-hit and no-hit reactions

were defined as >15%, 5–15% and <5% of the CuI-catalysis response, respectively.
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